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Abstract and Figures

In present work, the doping of ZnO nanoparticles has been achieved successfully by the
addition of intentional impurity in the ZnO lattice by two transitions and one other metal
namely iron, silver, and bismuth, respectively (Zn 1−x O-Fe x , Zn 1−x O-Bi x , and Zn 1−x
O-Ag x ; x = 10%). The aim of the work is to enhance the optical and antimicrobial
efficiency of ZnO by doping with different metals and study the effect on structural,
morphological, and optical properties. The as-synthesized pure and doped ZnO were
characterized using advanced tools i.e. TEM, SEM, XRD, FT-IR, EDX, UV-DRS, BET,
AFM, and Raman spectroscopy. The antimicrobial activity of pure and doped ZnO was
tested on Gram-positive and-negative bacteria by agar disc diffusion assay. The significant
change was observed in the optical and morphological properties of ZnO after doping
clearly due to the influence of dopant ions. "The final publication is available at
link.springer.com".
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... The surface area of SnO 2 is in agreement to what is reported in literature (Mallikarjuna et al. 2020). Microporous
materials are materials with pore sizes less than 2 nm, mesoporous materials have a pore size range of 2-50 nm, and
macroporous materials have a pore size of 50-100 nm (Sameera et al. 2020) . Mesoporous materials result in the
accelerated transportation of the electrons which lead to more reactive sites and thereby achieving higher photoactivity
(Chuanxin et al. 2021). ...

View Show abstract

... This enhanced HER performance was attributed to the synergetic effects of Co, MoS 2 , and rGO by high conductivity
and interconnectivity, which formed abundant defects and accelerated the electron transfer. Several doping methods
have been developed in recent years [44][45][46][47][48] [49] . Moreover, to overcome the poor charge transfer ability of
transition-metal-doped MoS 2 , carbonaceous materials (such as graphene, carbon nanotubes, rGO, etc.) have been
widely applied in the fabrication of HER catalysts due to their large specific surface area, superior electronic
conductivity, and good stability [33,[50][51][52]. ...

View Show abstract

... Overall, the FESEM analysis indicates that the addition of Gly and oils to the BC/CMC composite membrane reduced
the surface roughness. These results are in accordance with previous reports [44, 45] . ...
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... These observations are in accordance with previous reports of developing BC-based composites with Ag [40,56,57]
or Ag-ZnO hybrid. [54, 58]  The decreased intensity of cellulose peaks was further verified quantitatively by determining
the crystallinity of pristine BC and BC/Ag nanocomposite. The relative crystallinities of pristine BC and BC/Ag
nanocomposite films were found to be 69.51% and 52.77%, respectively. ...
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Abstract

Coastal cities worldwide are witnessing large-scale salinity both inland as well as coastal salinity,
especially in semi-arid regions. The economic aspiration and changes in land use associated with
the excavation of unsustainable groundwater withdrawal is leading to saline up-coning as well as
seawater intrusion in the coastal aquifers. The present study has been conducted in Anand
district of Gujarat, India, to evaluate the genesis of salinity in the coastal aquifers. In the current
study, both conservative elements and stable isotopes are used to explain the controlling factors
of groundwater salinization and its hydrogeochemical processes. LISS-IV (Linear Imaging Self-
scanning) was used to map land use land cover to understand the impact of land use practices on
groundwater conditions and salinity mapping. From 2006 to 2018, the surveying and mapping of
saline soil showed an increasing trend, which indicates high salinity in groundwater regime and
soil characteristic. The chemical constituents coming from reverse ion exchange mineral
dissolution as well as anthropogenic sources of saline water are demarcated using saturation
index and ionic ratio. The origin of water salinity is described using δ O and δD, the
relationship regression line below LMWL suggests significant evaporation of recharging water
before infiltration.
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Introduction

Global land use/land cover change (LULC) has different natural hydrological imbalances. Land
cover in any area affects evaporation as well as infiltration since the atmospheric precipitation
passes through the soil media (Ford and William, 2013; Zhao et al., 2018). Various authors have
reported the effect of LULC changes in hydrometeorological factors such as land surface
temperature (Tan et al., 2017; Li et al., 2017), precipitation (Robertson and Sharp, 2015; Zhao et al.,
2018), evapotranspiration (Bronstert et al., 2002; Raymond et al., 2008), recharge and runoff
(Fletcher et al., 2013; Valle et al., 2014). This process is more intense in the semi-arid zone where
evapotranspiration is more as compared to the humid zone which leads to negative water balance
throughout the year (Gomez et al., 2017). Therefore, studying the water cycle pattern in these
regions under different land uses is of great significance to address regional environmental
issues related to hydrology (Marfia et al., 2004; Zhao et al., 2018). LU/LCC in Semi-arid alluvial
plains is more significant due to productive land thus inland and coastal salinity both have a
substantial effect on the aquifer. Several studies conducted in the coastal areas of India confirmed
the salinity intrusion by using different geochemical, isotopic and numerical models like
Maharashtra (Keesari et al., 2014; Omprakash and Gadikar, 2018), Odisha (Mohanty and Rao,
2019), West Bengal (Maity et al., 2017; Behera et al., 2019; Majumdar et al. 2014, 2016), Southern
India (Thilagavathi et al., 2012; Singaraja et al., 2015; Satheeskumar et al., 2020; Sivaranjani et al.,
2019), Gujarat (Chandrasekharan et al., 1997; Singh et al., 2008; Desai and Desai, 2012; Rina et al.,
2013; Maurya et al., 2019). There are multiple side effects of groundwater salinity on community
health like increased cases of cardiovascular diseases, diarrhea, autoimmunity and abdominal
pain are observed in coastal cities (Muller et al., 2019; Shammi et al., 2019).

The study area has been identified as the semiarid coastal zone, so the coastal salinity is more
noteworthy in groundwater (Smith and Compton, 2004; Duncan et al., 2005; Lorenzen et al., 2012;

https://ars.els-cdn.com/content/image/1-s2.0-S2352801X21001302-ga1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2352801X21001302-ga1.jpg


Rina et al., 2013) along with inland salinity due to leaching of evaporites or the mineral
weathering (Selle et al., 2010). In the coastal environment, aquifers are affected by marine
evaporates (e.g. halite and gypsum), connate water (stored water in sedimentary rocks), or
intrusion of seawater in freshwater aquifers (Weert et al., 2009; Rina et al., 2013) along with
polluted seepage in the upper unconfined aquifer, or anthropogenic origin (e.g industrial activity
and agricultural runoff ) (Custodio, 2002; Calvache and Pulido-Bosh, 1997; Ghabayen et al., 2006;
Trabelsi et al. 2007, 2012; Hchaichi et al., 2014; Carreira et al., 2014; Ouhamdouch et al., 2017). In
density-dependent aquifers, natural discharge or abstraction wells may lead to up-coning of the
saline water interface under low-pressure anomaly (Herzberg, 1901). The vertical up-coning and
mixing of freshwater/saltwater by about 2–3% make it unsuitable for drinking and agriculture use
(Bear et al., 1999; Gaaloul et al., 2012). The scenario of global groundwater overdraft indicates that
exploitation of natural resource from shallow aquifers reduces the freshwater outflow towards the
sea and create water table depression, causing seawater to migrate inland and rising towards well
(Van Camp et al., 2014). The other responsible factors are lithology, coastal topography,
groundwater recharge, and hydraulic gradient (Freeze and Cherry, 1979; Rina et al., 2013; Kazakis
et al., 2016). Taken the view on account of groundwater abstraction through human activities, the
groundwater is vulnerable to salinity in unconfined coastal aquifers (Werner et al., 2013).

In the past few decades, due to sporadic rainfall and high evapotranspiration, extensive research
has been conducted on the salinity of arid and semi-arid coastal areas. The developmental
activities are entirely dependent on groundwater in these regions. Therefore, the coastal water
seems to be a complicated environment requiring multiple survey methods. The major chemical
elements are the useful tracer at inland as well as coastal salinity (Vinson et al., 2013; Isawi et al.,
2016; Li et al., 2016; Kumar, 2016; Najib et al., 2017). One such anion indicator is Br , which is
widely used to distinguish the causes of salinity (Alcala and Custodio, 2008; Mollema et al., 2013;
Li et al., 2016). The other combined applications of geophysical approach (Beaujean et al., 2014;
Binley et al., 2015; Costall et al., 2018), numerical modeling (Dose et al., 2014; Surinaidu et al.,
2015; Chang et al., 2018), geochemical indicators (Hernandez-Antonio et al., 2015), and isotopes
are studied to characterize the brackish saline and freshwater origin and evolution (Guler and
Thyne, 2004; Fernandez-Martinez et al., 2019; Kanagraj et al., 2018; Maurya et al., 2019; Bagheri et
al., 2019). Multiple vulnerability assessment methods also provide encouraging results for the
migration of pollutants in various types of aquifers (Motevalli et al., 2018). Among the available
methods, the application of geochemistry and isotopes is an effective and simple way to quantify
the origin of salinity in groundwater.

In the present study, LULC change detection intends to fill the gap between ongoing land-use
effects on natural resources for both inland and coastal salinity using various hydro-chemical
data in Anand district, Gujarat, India. Several problems of water quality had been identified like
sea-level rise, declining water table and salinization makes it important to study (Rina et al., 2013;
CGWB, 2014). LULC analysis shows that from 2006 to 2018, the population density doubled, thus
the impacts are significantly important for the present study. This study also uses Cl/Br ratio and
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stable water isotope to trace the origin of salinity of different water masses and various
agriculture indices to see the impact of groundwater on soil salinity.

Section snippets

Study area

The present analysis is done in Anand district which is a part of the Sabarmati basin catchment
area. Being a part of the outlet of the flow towards the coast, this area is having shallow aquifers
near the coast and covers an area of 3092 sq km between north latitudes 22°06' & 22°43′ and east
longitude 72°20' & 73°12'. The lowest boundary is covered by the Gulf of Khambhat where river
Mahi and Sabarmati are draining the district in east and west respectively. The region is known
for its fertile …

Material and methods

Groundwater samples (n = 33) were collected in Anand district for quality analysis from 33
operating wells in pre-monsoon dated May 13, 2018 and monsoon season on September 24, 2017
(Fig. 1a) in the vicinity of agriculture, coastal, and built-up areas. Since there are only a limited
number of wells near the coast, tube wells and stable canal drainage are used to provide water for
operational activities. The samples are collected in a clean polypropylene bottle, treated with 5%
concentrated HNO …

Effect of changes in LULC on water regime

The changes in LULC have a significant effect on the water regime based on altered energy and
hydrological balance (Quesada et al., 2017). The LULC change impact was assessed on the quality
of groundwater. In the present study, eight LULC classes were demarcated during the year 2006–
2018 as given in Table 1 in supplementary data and the map is given in Fig. 2. The accuracy
statistics and kappa coefficient were computed which demonstrated a good correlation between
the referenced and classified…

Conclusion

Inland and seawater salinity has led to the deterioration of groundwater quality in coastal cities
which affects the availability of useable groundwater and has forced the closure of water supply at
coastal areas. Hydrogeochemical and isotopic analyses along with the changes in LULC were
applied to provide insights into regional hydrogeological processes and the degree of

3



groundwater salinity in the coastal aquifers of the Sabarmati River basin. The concentration of
nitrate was found to cross…
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Abstract
It has been strongly endorsed that mangroves should be considered as a treasured source for
phytochemical ingredients with potential medicinal, environmental, agricultural,
biotechnological and nanobiotechnological applications. They are able to produce lots of natural
structures, significant enough for widely acceptable in today's scenario, to generate various
commercial and valuable products. The pneumatophore roots of Avicennia marina reported many
botanical reference materials and bioactive compounds that found to display countless
applications in pharmacognosy, pharmacy, biotechnology and nanobiotechnology. In this present
investigation, different fingerprinting methods were designed and developed for the specific class
of phytochemicals and their patterns were studied by using HPTLC to check and understand the
phytochemistry, qualitatively and quantitatively. As Lupeol and Caffeic acid were previously well-
known compounds having various pharmaceutical and nanobiotechnological applicability
respectively, so validated HPTLC methods for quantification has also been discussed and
developed.
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Abstract
River basins play an essential role in ecosystem stability; they receive water through either snowmelt or precipitation which helps
in groundwater resource development. Thereupon, land and water are ecologically linked which sustain the livelihood and food
security. Since the river flows from higher to lower elevation, it carries sediment, nutrients or pollutants along with water flow to
the outlet of the basin via channels. From the last few decades, the rapid change in land-use practices has led to water scarcity
especially in the semi-arid region where there is an imbalance between precipitation and evapotranspiration. Therefore, there is a
crucial requirement for water resource planning. The present morphometric analysis work has been performed on the Sabarmati
River Basin, which falls in the semi-arid region of western India. Digital elevation model data, geostatistical tools and ArcGIS
have been used to explore the hydrological and geomorphic processes in the basin. The morphometric variables like relief and
areal and linear aspects were calculated to delineate the basin’s drainage network. The area showed a dendritic drainage pattern
with drainage density of 0.42 km−1 which infers the less permeable surface of the basin with thin vegetation and moderate to high
elevation. The highest stream order of the basin is seventh order with an area of 31,921 km2 and basin length of 481.75 km. The
circulatory ratio of 0.18 and low-form factor of 0.14 infer the basin’s elongated nature which increases the chances of water
infiltration. This work will assist the decision-makers for allocation of artificial recharge points to reduce runoff in the basin for
sustainable soil and water resource planning.
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Introduction

Semi-arid and arid regions cover around one-third of the total
land surface area of the Earth (FAO 2019), and water shortage
is a severe issue in such areas due to lower replenishment than
consumption. India, especially western India (semi-arid re-
gions), receives intense solar radiation which makes it more
vulnerable to scarce and unreliable rainfall coupled with ex-
treme temperatures, strong wind regions and high potential
evaporation resulting in a low groundwater table and also
influencing the phases of the hydrological cycle. Moreover,
India has been observed vulnerable to water scarcity due to its

low gross per capita of water availability of 1800 m3/year in
2001, which is in the verge of shrinking to about 1100m3/year
in 2050 as per Gupta and Deshpande (2013). During the last
few years, there has been a drastic variation in the rainfall
pattern with fewer rainy days due to climate variability.
Further, land-use and land-cover variation affects convention-
al food production and apparently water balance in the semi-
arid tropics. Being an agro-centric country, India has the
highest irrigated land area and it is expected to increase for
agricultural purposes in future with the population outburst.
Therefore, there is a requirement for sustainable water re-
source management plans to facilitate the water at a human
timescale.

River basins are important fluvial landforms whose fea-
tures are controlled by active tectonic activity. The extraction
of the drainage network from a basin uncovers the linkage
among surface activity and structural changes (Burbank and
Anderson 2001). Some researchers have focused on proximity
between stream orientation and tectonics (Beneduce et al.
2004; Hodgkinson et al. 2006). In a river basin, physiography
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and climate govern the hydrological processes. So, it is crucial
to identify basins’ features and their hydrological significance.
Various hydrological processes are correlated to physiograph-
ic features like size, aspect, shape and slope of the drainage
area (Gregory and Walling 1973; Magesh et al. 2012). The
present work focuses on morphometry of the Sabarmati basin
which is situated in the western semi-arid part of India having
a total population of 3,69,08,052 (2011 census) with a per
capita average annual water availability of 308 m3 (10,900
cu ft), which is significantly lower than the national average
of 1545 m3 (54,600 cu ft) per capita (Central Water
Commission 2016), due to scanty rainfall. The increasing de-
mand by the growing population and the rapid industrializa-
tion have increased tremendous stress on the basin. So, there is
an urgent need for water resource management for this water-
scarce region.

Morphometry provides a quantitative assessment of the
earth’s surface characteristics and dimensions (Horton
1945; Strahler 1952a; Pareta and Pareta 2011). A quantitative
evaluation of the drainage network was proposed by Horton
(1945) and revised by Strahler (1964) to evaluate the type,
nature and empirical characteristics of the basin. The basin
morphometry was governed by lithology, geology and tecton-
ic activity as well as the climate of the study area (Hack 1973;
Cox 1994; Keller and Pinter 2002). The morphometric char-
acteristics play a prominent role in the dynamic nature of
runoff and hydrologic phenomena like mass movement and
flooding (Eze and Efiong 2010) which depends upon soil
physical properties at the basin or watershed scale (Dar and
Bhat 2013). It also helps to realize the catchment behaviour
and their hydrological implication, watershed prioritization
and surface water potential (Astras and Soulankellis 1992).
In the last few decades, many authors have described the role
of drainage networks (Horton 1945; Leopold and Maddock
1953; Abrahams 1984) and various methods to quantify mor-
phometric parameters (Schumm 1956; Nookaratnam et al.
2005). Earlier, conventional methods included topographic
maps or field observation data for drainage extraction.
However, with the advancement of geostatistical technique
and remote sensing datasets, it is possible to reduce time and
effort along with high accuracy (Verstappen 1983; Rinaldo
et al. 1998; Bertolo 2000; Macka 2001; Ozdemir and Bird
2009). Consequently, digital elevation model (DEM) datasets
are considered as a very exceptional and efficient method for
catchment area delineation and drainage pattern extraction.
Moreover, the integration of GIS with remote sensing helps
in monitoring the morphometric parameters (Jain et al. 1995).
Morphometric constraints like areal, linear, and relief features
of the channel network have been estimated to assess the
hydrological regimen in the basin (Nag and Chakraborty
2003). In some cases, morphometric evaluations of major
streams like the Ganga and Godavari with their respective
parameters are strenuous and complex. In such cases, the

evaluation was restricted to limited sub-basins of the river
tributaries or sub-tributaries with a lithological variation.
Prabu and Baskaran (2013) extracted the drainage network
of the Western Ghats sub-basin whereas Bhatt and Ahmed
(2014) assessed the flood using Cartosat DEM in the upper-
most Krishna basin. Bajabaa and Masoud (2014) used
ASTER DEM to spot flash flood–prone areas and recom-
mended possible mitigation strategies. Thus, GIS-based stud-
ies have been done for the hydrological response, basin char-
acterization, and watershed prioritization (Abdel-lattif and
Sherief 2012; Romshoo et al. 2012; Patel et al. 2013;
Wakode and Dutta 2013; Yadav et al. 2014). However, stud-
ies highlighting the basin drainage are few confined to some
small regions of the Sabarmati basin. Patel focused on the
Hathmati watershed to identify an appropriate location for
water restoration using multi-criterion-based decision and
morphometric analyses to combat soil erosion during
excessive rainfall. Sinha et al. (2012) computed the morphom-
etry of the Wakal River basin using LISS III satellite data and
SOI toposheets. Thakkar and Dhiman (2007) prioritized mini-
watersheds of the Mohr River basin which are primary tribu-
taries of the Sabarmati River and recommended control action
for soil erosion. Pancholi et al. (2017) quantified Sabarmati-
Cambay River basin drainage and geomorphic change to an-
alyse tectonic activities for understanding the seismicity pat-
tern in the region. As the present work was done in the semi-
arid region of the western part of Gujarat, there is steady water
scarcity in the Sabarmati River Basin, primarily in the upper
part of the basin. The Sabarmati River is monsoon fed, so for
the most part of the year it faces water scarcity, with little or no
flows post-monsoon. The varying elevation in the basin
makes it prone to runoff as the upper basin is at a higher
elevation than the middle alluvial plains and the lower estua-
rine zone. The present research is an effort to delineate the
drainage feature of the Sabarmati River by geospatial tools
and techniques, which will further help to mark artificial re-
charge points for water harvesting. Hence, this morphometry
study of the Sabarmati basin will help to comprehend the
landform’s impact on the watershed. Furthermore, these will
aid to develop a better developmental plan for sustainable
freshwater management plans and to identify check places to
prevent erosion and runoff.

Material and methods

Study area: general physiography and climate

The research area of the Sabarmati basin lies in topical and
semi-arid regions of the western part of India and is located
between 70° 58′ and 73° 51′ E longitudes and 22° 15′ and 24°
47′ N latitudes (as shown in Fig. 1). The river extends from
Rajasthan to Gujarat states and runs through a south-westerly
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direction with a total basin area of 21,674 km2 and 371 km of
total river length (Central Water Commission 2009).
Sabarmati is a monsoon-fed river originating from Aravalli
Hills with an altitude of 782 m above MSL (mean sea level)
in the Udaipur district of Rajasthan state, and it traverses
48 km in Rajasthan and 323 km in Gujarat and finally meets
in Bay of Khambhat of the Arabian Sea. The temperature
ranges between 42 and 45 °C in summer during March to
June, and inwinter duringOctober to February it has moderate
temperature ranging from 6 to 12 °C. The magnitude of rain-
fall varies from region to region within sub-basins as low
plains of the south-western parts receive low rainfall than the
uplands. The average annual rainfall is approximately
750 mm (June to September); 80.7% and 19.03% area of the
basin falls in Gujarat and Rajasthan, respectively. The basin
outstretches in the Udaipur, Pali, Dungarpur and Sirohi dis-
tricts of Rajasthan, as well as six districts of Gujarat, in
Ahmedabad, Banaskantha, Gandhinagar, Kheda, Mehsana
and Sabarkantha. The present basin has black, alluvial and
sandy types of soil. The main tributaries are Wakal,
Hathmati, Harnav, Vartak and Sei with their sub-tributaries
in the basin. Guhai and Indrasi are two sub-tributaries of
Hathmati. Shedhi, Khari, Mazam and Meshvo are sub-
tributaries of Watrak. Sei and Wakal flow in the Rajasthan
part of the basin in the south-west part parallel to the
Sabarmati River up to their confluence with the river in

Gujarat (GOG 1996). Some reservoirs like Dharoi dam,
Hathmati dam, Harnav dam, Guhai dam, Mazam dam and
Watrak dam have been constructed to support major and mi-
nor irrigation projects, domestic purposes and industries (as
per mowr.gov.in). The basin has hilly terrains in the early
reaches (northern part) till Dharoi dam afterwards (southern
part) where the river flows mostly in plains having a gentle
slope. As per a study performed by Sareen, Tandon, and
Bhola (1993), the Sabarmati basin exhibits a N-S to NNE-
SSW topography at locations of alluvial plains with a regional
slope of NE-SW topography in Gujarat due to non-tectonic
action in the basin. The tectonic fault which originated during
the cretaceous period is the East and West Margin Cambay,
i.e. EMCBF and WM-CBF in the basin, respectively (Biswas
1987).

Data sets used, software and methodology

The data used for the current morphometric analysis of the
Sabarmati basin includes ASTER DEM (downloaded from
https://earthexplorer.usgs.gov.) with a 30-m spatial resolution
and reference Survey of India (SoI) toposheet map at the 1:
250,000 scale with WGS UTM 1984, Zone 43N projection of
the study area.

This work uses software like ERDAS Imagine 2014 for
basic image processing and geoprocessing software like

Fig. 1 Location map of the study area (Sabarmati basin)
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ArcGIS 10.3 for basin demarcation and drainage network ex-
traction with extensions like Spatial Analyst toolbox and Arc
Hydro toolbox for related hydrological parameters of streams
(Ahmed et al. 2010).

Different steps involved calculating drainage networks,
and different aspects are shown in Fig. 2. It involves fill, flow
accumulation, flow direction and stream order steps to gener-
ate a stream network. The automatic extraction of a drainage
network is performed in ArcGIS software, and other related
parameters are calculated manually. The Arc Hydro toolbox
shows water current from one given cell into an adjoining cell,
with the forth steepest slope assigned from 1 to 128 in various
directions. The first step is filling the voids of DEM data using
the hydrology toolset. The fill step is performed to remove or
minimize unevenness or discontinuities in DEM elevation to
estimate the proper stream network. Subsequently, the flow
direction is estimated to discover stream flow for each cell in
the landscape (Bhatt and Ahmed 2014). Then, flow accumu-
lation is executed which displays the highest flow path of each
cell on the terrain grid and the cells with flow accretion higher
than the given threshold value were displayed in the stream
networks (Thomas et al. 2014). The threshold value is re-
quired to maintain a minimum upstream drainage area, and
in the present study threshold value the limit is 5000
(Gopinath et al. 2014). It is also a determining factor of total
length and number of streams, as well as order of the basin
(Quinn et al. 1995; Gandolfi and Bischetti 1997). Then, the
stream network is extracted using a hydrology tool and
different stream orders were assigned following Strahler's
(1957) method. The total stream number and stream length
are summarized for the different orders. Further, different pa-
rameters of each aspect are estimated and explained in
‘Discussion’. Thus, basin geomorphic properties are regarded

as essential indices of surface processes. This helps in several
studies related to surface-water hydrology and basin geomor-
phology (Jolly 1982; Ogunkoya et al. 1984; Breinlinger et al.
1993). The three key morphometric factors like linear, areal
and relief aspects are analysed with the Hydrology toolbox of
ArcGIS software, as suggested by various researchers like
Strahler (1964), Schumm (1956) and Horton (1945). As per
various researches performed by renowned scientists such as
Horton (1932), Smith (1950). Hadley and Schumm (1961),
Strahler (1964) and Mesa (2006), this study adopted different
mathematical equations and formulae.

Results

The quantitative evaluation of the Sabarmati basin has been
done by estimating various morphometric factors. These fac-
tors are classified into linear, areal and relief aspects. Linear
aspects illustrate drainage channel patterns. The stream net-
work properties are very significant; these comprise stream
order, stream number, stream length, stream length ratio, bi-
furcation ratio, mean stream length and mean bifurcation ratio
of the basin which have been determined for analysing basin
features. Different areal morphometric parameters are area,
perimeter, basin length, drainage density, stream frequency,
form factor, drainage texture, infiltration number, length of
overland flow and constant of channel maintenance. These
areal parameters are computed by the formula suggested in
different literature (Horton 1932; Smith 1950; Hadley and
Schumm 1961; Strahler 1964; Mesa 2006). Different relief
parameters basin relief (H), relief ratio (Rhl), relative relief
(Rhp), absolute relief (Ra), ruggedness number (Rn) and slope
have been derived. The estimated relief parameters were used

Fig. 2 Flow diagram showing the
methodology followed for
Sabarmati basin drainage
extraction
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to assess the denudation properties of the basin for predicting
the degree of erosion. It impacts biodiversity as well as agri-
cultural productivity of the area because received solar radia-
tions rely on the aspect and reflection formed by topography.

Stream order (u)

For a hydrodynamic assessment of the drainage basin, a hier-
archical arrangement of streams is fundamental. The stream
hierarchy position in a basin is termed as stream order (Ali
et al. 2016). Strahler (1964) proposed a well-versed method
for stream ordering. The drainage pattern of the Sabarmati
basin is a dendritic type as shown in Fig. 3a, with the highest
order of seventh order as is shown in Table 1. Variation in
stream order is mostly controlled by the physiographical, geo-
morphological and geological conditions of the basin (Rai
et al. 2017; Mahala 2019). According to Ritter, Kochel, and
Miller (1995), the prompt accumulator of rainwater is lower-
order streams, which is also a better flood predictor. Thus, in
the present basin, the stream-distributed area of the first order
is maximum which can be used to allocate recharge points,
and there are high chances of the overflow of water in higher-
order streams which can be managed by forming small or
large storage realms in such areas.

Drainage density (Dd)

As defined byHorton (1932), drainage density (Dd) is the total
length of the stream per unit area which represents channel
closeness or spacing. The drainage density map is generated
using ArcGIS shown in Fig. 3b. Its value varies with relief,
soil, vegetation and rock features, and the area with greater
drainage density and stream frequency has more runoff. The
semi-arid zone primarily has a finer drainage texture relative
to humid regions. The obtained drainage density value of the
basin is 0.42 km−1 as shown in Table 2. The values indicate
effectual tectonic complexity, varying high reliefs and rocks
of low-permeability properties of the basin which impact
drainage density (Prasannakumar et al. 2013).

Slope

The slope plays a vital role as a significant parameter for
geomorphic and hydrologic studies. The slope angle in-
fluences gravitational pull acting on a surface which pro-
duces changes in surface and subsurface flow (Strahler
1956) and impacts many earth processes (Wilson and
Gallant 2000). It directly affects the permeation and run-
off of any terrain. As per Wentworth (1930), the erodibil-
ity of a basin can be computed from its average elevation.
Aster DEM data is being used to develop the aspect and
slope map in the present analysis. Presently, the slope
varies from 0° to 45° as shown in Fig. 3c. In the present
work, the upper region of this basin has a steep slope than
the middle and lower regions of the basin, and there will
be high rates of erosion from the upper parts, causing
siltation in the lower parts of the basin (Vittala et al.
2004; Samal et al. 2015). So, slope data can be used for
planning settlements or structures by engineers, mechani-
zation of agriculture and various conservation practices to
combat the mass flow.

Aspects

Aspect applies to where the mountain slope faces. It is
measured in degrees clockwise from the north and gener-
ally flat areas with an assigned aspect value of 1. It influ-
ences its local atmospheric condition as the sunlight re-
mains in the west at the warmest period of daytime in the
afternoon, and so in most cases, the area with the west-
facing slope sensed warmer than the shaded east-facing
slope (Magesh et al. 2011). It impacts biodiversity as well
as agricultural productivity of the area because received
solar radiations rely on the aspect and reflection formed
by topography. The basin’s aspect map was established
using the ArcGIS Aspect tool. 0° is the true direction of
the north, 90° is the dimension of the east, 180° in the
south, etc. The basin aspect map created is shown in Fig.
3d.

Table 1 Generated Results obtained of linear aspects for the Sabarmati Basin

Stream order
(u)

Stream number
(Nu)

Stream length
(Lu)

Stream length ratio
(RL)

Mean stream length
(Lsm)

Bifurcation ratio
(Rb)

Mean bifurcation ratio
(Rbm)

1 3790 6419.38 0.52 1.69 2.04 --

2 1859 3322.71 0.58 1.79 1.69 --

3 1100 1929.07 0.54 1.75 2.22 --

4 496 1050.29 0.42 2.12 1.72 --

5 289 436.05 0.39 1.51 2.81 --

6 103 171.16 0.11 1.66 4.29 --

7 24 18.83 -- 0.78 -- --

Total 7661 13347.48 14.76 2.46
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Stream number (Nu)

Stream number is composed of the total stream sum-up of
individual stream orders (Horton 1945). Its formula is (Nu =
N1+N2+N3+…Nn). The stream number is negatively linked to
the stream order as the stream number declines with the stream
order increase which is shown in Fig. 4a. The stream numbers
of different orders are calculated with various geospatial plat-
forms. The Sabarmati basin has a total of 7661 streams, and
out of it 3790 are of the 1st order, 1859 are of the 2nd order,
1100 are of the 3rd order, 496 are of the 4th order, 289 are of
the 5th order, 103 are of the sixth order and 24 are of the
seventh order, as shown in Table 1. It shows the maximum
number of the first-order streams, and it decreases further with
increasing order which will create more infiltrations in the
stream of a lower order than successive orders in the basin
by management.

Stream length (Lu)

Stream length is a cumulative sum of stream section lengths
for each specific order (Lu= L1+L2+...Ln) in a basin (Horton
1945). It is an expression of hydrological physiognomies of
the bedrock. The total lengths of streams are 6419.38 km,
3322.71 km, 1929.07 km, 1050.29 km, 436.05 km,
171.16 km and 18.83 km respectively for the first-, second-,
third-, fourth-, fifth-, sixth- and seventh-order streams as
shown in Table 1. Usually, total stream length decreases with
the increase in stream order as shown in Fig. 4b. It acknowl-
edges surface run-off properties as smaller streams occur in
high/steep slope areas with fine texture and longer streams
found in low-lying/flatter areas. Thus, diverse lithologies
and varying elevations across the basin create chances of more
surface flow in irregular upper basin areas than in the lower
areas.

Mean stream length (Lsm)

As per (Strahler 1964), Lsm demonstrates the distinct
structure of a drainage system and its respective stratum.

Its value is obtained by using formula Lsm= Lu/Nu where
Lu is the total stream length of order ‘u’ and Nu is the
number of streams of particular stream order ‘u’. Its value
varies due to slope, size and topography within the basin
for different orders (Hajam et al. 2013). The values range
from 0.78 to 2.12 which is shown in Table 1; this varia-
tion is probably due to changing topographic slope and
elevation.

Stream length ratio (RL)

Stream length ratio (RL) is the ratio of the mean length of
one order to the next lower order of the stream segment
(Horton 1945). Its formula is RL = Lu/Lu−1). The stream
length ratio value varies inconsistently with elevation
(Sreedevi, Subrahmanyam, and Ahmed 2005). In the cur-
rent work, the RL value varies from 0.11 to 0.58 as shown
in Table 1. Its increasing value from lower-order to
higher-order stream reflects the mature geomorphic devel-
opment of the basin whereas the late youth stage of the
geomorphic stage shows a decreasing trend. This study
suggests the tectonically active nature of the terrain which
affects the fluvial pattern of the Sabarmati River Basin
which impacts discharge and sediment deposition.

Bifurcation ratio (Rb)

As per Schumm (1956), Rb is a ratio of a given order’s
stream number to the number of the next higher-order
stream segments (Rb = Nu/Nu+1). The basin area with fewer
structural disturbances has a lower bifurcation ratio values
whereas a higher value indicates a major disparity between
con secu t i ve o rde r s due to ma tu r e t opog r aphy
(Chandrasekar and Magesh 2014) and steep areas have a
potential for flash flooding (Kumar et al. 2000). In this
work, the value of the bifurcation ratio varies from 1.69
to 4.29 as shown in Table 1. The mean bifurcation ratio
(Rbm) of the basin is 2.46, i.e. the average bifurcation ratios
of all orders. The Rbm value suggests the need for structural
control due to higher permeability and more geological
complexity (Nag 1998), which can be done by more veg-
etation and check dam formation in the basin.

�Fig. 3 Generated map of the Sabarmati basin. a Drainage network with
stream order of the basin. b Drainage density map of the basin. c Slope
map of the Sabarmati basin. d Drainage density map of the Sabarmati
basin

Table 2 Generated results of areal aspects for the Sabarmati Basin

Basin
area (A)
(km2)

Basin
perimeter
(P) (km)

Drainage
density (Dd)
(km-1)

Stream
frequency
(Fs) (km

−2)

Drainage
texture (T)
(km−1)

Infiltration
number (If)
(km)

Constant of
channel
maintenance (C)
(km)

Length of
overland flow
(Lg) (km)

Basin
length
(Lb) (km)

Form
factor
(Ff)

Circulatory
ratio (Rc)

31921 1503 0.42 0.24 8.88 0.10 2.39 1.20 481.75 0.14 0.18
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Stream frequency (Fs)

As per Horton (1945), it is the number of stream sections
per unit area (Fs= Nu/A). It is also called ‘channel fre-
quency’ or ‘drainage frequency’. It depends upon texture
and lithological characteristics and mainly depends on
rainfall (Veeranna et al. 2017). The present study area
has 0.24 per km2 of stream frequency which is shown in
Table 2; therefore, there is a chance of recharge in more
permeable sub-surface areas. The stream frequency and
drainage density are rightly linked to each other, and their
value increases with an increase in stream number.

Drainage texture (T)

Drainage texture (Horton 1945) is the ratio of total stream
numbers of all orders and the perimeter (km) of the basin
(T = Nu/P). It describes the comparative array of drainage
lines to study geomorphology. It depends on the geology
of terrains at different stages of development (Smith
1950). Very fine texture is present in unprotected vegeta-
tion and soft or weak-rock areas which give high erosion
rates and lesser chances for groundwater recharge, where-
as coarse texture is present in massive and resistant rocks

(Reddy et al. 2004). The drainage texture, as per Smith
(1950), has been categorized into five distinct textures:
very coarse (< 2), coarse (2 to 4), moderate (4 to 6), fine
(6 to 8) and very fine (>8). Here, the basin’s drainage
texture is 8.88 per unit area, as shown in Table 2, indi-
cating that the basin has a finer texture and more chances
of erosion but can be reduced by proper sustainable wa-
tershed management.

Length of overland flow (Lg)

It refers to the length of water channel flow over the surface
prior to getting accumulated into the specific stream segment.
Its value is (Lg = 1/Dd*2) half reciprocal of drainage density
(Horton 1945). Generally, streams and rivers receive water
from rainfall or snowmelt. The low length of overland flow
value shows moderate to abrupt slope and more surface runoff
while higher (Lg) value indicates less structural disturbance
with less runoff and gentle slope (Parveen and Kumar
2012). The estimated length of the overland flow value is
1196 km as shown in Table 2, suggesting a faster surface
runoff because of the hilly terrain of the watershed and the
runoff concentrate to form rills and gullies causing erosion.
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Constant of channel maintenance (C)

The constant of channel maintenance (C) is the drainage
density reciprocal (Schumm 1956). This represents the
drainage area needed to sustain the channel unit length
(Strahler 1957). It has the dimension of the length with
the scale of the landform units. A low value is incorpo-
rated with weak resistance soils with mountainous terrain
and sparse vegetation consequently where water dis-
charges rapidly, while a high value indicates resistance
soils with almost plain topography. Its value for the pres-
ent study area is 2.39 exhibiting steep to very steep slopes
with scarce vegetation cover as shown in Table 2.
Through proper planning, vegetation cover can be in-
creased in the basin which will help to restore biodiversity
and water recharge.

Basin relief (H)

The basin relief is a salient feature in conceding denuda-
tion landforms which affects drainage patterns (Samal
et al. 2015). It occurs as a consequence of active earth
processes with varying geomorphic phenomena to form
different landforms such as pediments and pediplains.
Basin relief is the difference between the maximum and
minimum elevations in the basin. In the present study,
relief varies from 2 to 1196 m above MSL and the basin
relief value is 1194 as shown in Table 3. It influences the
flood pattern and sediment load in river flow (Hadley and
Schumm 1961). The assessment will help in managing the
landform, drainage and erosional extent in the basin.

Relief ratio (Rh)

As per Schumm (1963), relief ratio (Rh) is the ratio of
basin relief to basin length (Rh = H/Lb). The basin area
with high values of Rh refers to mountainous regions and
low Rh values denote pediplains and valleys. It is a di-
mensionless attribute as it is a height-length ratio. The
relief ratio value is 2.48 as shown in Table 3. This stands
for the basin’s steepness and impacts peak discharge and
runoff intensity.

Relative relief (Rhp)

Relative relief (Rhp) is the ratio of maximum basin relief and
the basin perimeter (Rhp = H × 100/P) suggested by Melton
(1957). The ‘Rhp’ value of this study as is shown in Table 3 is
0.79. It is also a dimensionless entity.

Ruggedness number (Rn)

Ruggedness number (Rn) is the product of basin relief (H) and
drainage density (D), and it represents the structural complex-
ity or roughness of the terrain and erosion possibilities of the
surface (Strahler 1964 and Vijith and Satheesh 2006).
Generally, ruggedness index data were employed by earth
scientists to analyse the terrain morphology formed due to
the complex geomorphic process (Bera et al. 2018). An ex-
tremely high ruggedness number value is observed until both
parameters are large, i.e. D and H, and high elevation spread
over a large area (Strahler 1956). In the present study, the
value of Rn is 0.50 which denotes being more prone to erosion
(Table 3).

Hypsometry curve

The hypsometric analysis was proposed by Langbein (1947).
It illustrates the region above or below a specific elevation of
the watershed (Strahler 1952b). It predicts the potential of
watershed erosion and helps to prioritize for conservation. It
has been mainly used to analyse small or large watersheds but
is also possible to access the entire planet (Hurtrez et al. 1999).
Hypsometry is described either as a hypsometric curve or as
an integral called the ‘hypsometric integral’ just under the
hypsometric curve (Schumm 1956). The hypsometric integral
(HI) value is 0.18 as shown in Fig. 5. The shape of the hyp-
sometric gives an idea of the evolving situation of watersheds.
As per Strahler (1952b), the hypsometric curve of convex
shape is characteristic of the youth stage of a watershed and

Table 3 Generated results of relief aspects for the Sabarmati Basin

Minimum
height of
basin mouth
(z) (m)

Maximum
height of the
basin (Z) (m)

Basin
relief
(H)
(m)

Relief
ratio
(Rh)

Relative
ratio
(Rhp)

Ruggedness
number (Rn)

2 1196 1194 2.48 0.79 0.50

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

H/hthgie
H

evitale
R

Relative Area a/A

 Hypsometry Integral

HI=0.18

Fig. 5 The hypsometric curve of the Sabarmati Basin
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an S-shaped curve forming a concave upwards at higher ele-
vations and convex downwards formed at lower elevations
represent the mature phase of watersheds, whereas a concave
hypsometric curve indicates old or peneplain watersheds
(Gajbhiye et al. 2014). The hypsometric curve of this basin
is concave indicating a complex and mature landform with
more denudation (Sharma andMahajan 2020). The hypsomet-
ric curve forms a relation with basin hypsometry, and it will
help to find erosion proneness due to flood phenomena to
prevent soil abrasion.

Validation of obtained results

In the current study, an approach of drainage network extrac-
tion was performed by calculating the linear, areal and relief
aspects. The results obtained were validated with the help of
Google Earth Pro software. For this purpose, the extracted
drainage network was converted into KML file and, later on,
it was exported/overlaid on Google Earth Pro. The extracted
drainage network was overlaid on corresponding basin areas
with diverse order streams. Furthermore, junction points of
stream order were extracted as point shape file with the help
of the ArcCatalog GIS tool. The points were converted to
KML file format for further overlay on drainage networks.
A corresponding map was generated in Google Earth showing
different stream orders, and points to represent validation of
streams are shown in in Fig. 6.

Discussion

Morphometry provides a quantitative assessment of the
earth surface characteristics and dimensions to evaluate
the type, nature and empirical characteristics of the basin.
The present study focuses on the morphometry of the
Sabarmati basin which is situated in the western semi-
arid part of India, where evapotranspiration exceeds pre-
cipitation due to scanty rainfall. This problem of water
scarcity is aggravating with the growing population and
industry, ultimately having increased stress on the basin.
The present research is an effort to delineate the drainage
feature of the Sabarmati River by geospatial tools and
techniques for management in the water-scarce region of
the basin. This will help to identify such area to increase
the infiltration of water in the basin. The drainage pattern
is of a dendritic type, with the highest order of seventh
order in the present basin. As a matter of fact, the stream
having no tributary is a first-order stream, then two first-
order streams converge into a second-order stream and
similarly two same-order streams join to form a higher-
order stream, and so on.

In the present study, there is maximum area distribu-
tion of first-order streams which creates a chance to

allocate recharge points in such areas and there are high
chances of overflow of water in higher-order streams
which can be managed by forming small or large storage
areas. The total number of streams estimated in the basin
is 7661. The stream distribution for different orders in the
basin is in following percentage, where 49% is of the 1st
order, 24% is of the 2nd order, 14% is of the 3rd order,
6% is of the 4th order, 3% is of the 5th order, 1% is of the
6th order and 0.3% is of the 7th order. This shows that
stream frequency is maximal for the first stream order but
frequency declines with the stream order upswing. The
low-frequency value of the stream typically shows porous
sub-surface matter along with low relief, while higher-
frequency values of streams indicate the resistant sub-
surface matter and more elevation. The total lengths of
streams are 6419.38 km, 3322.71 km, 1929.07 km,
1050.29 km, 436.05 km, 171.16 km and 18.83 km respec-
tively for the first-, second-, third-, fourth-, fifth-, sixth-
and seventh-order streams. Usually, total stream length
decreases with the increase in stream order. It acknowl-
edges surface run-off properties as smaller streams occur
in high/steep slope areas with fine texture and longer
streams found in low-lying/flatter areas.

The varying drainage density maps of the basin shown
in Fig. 3b occur due to high relief and rock of low per-
meability property. The elevation directly affects the in-
filtration and runoff of any terrain. In the current work,
the RL value varies from 0.11 to 0.58 and Rb varies from
1.69 to 4.29, which suggests the tectonically active nature
of the terrain which affects the fluvial pattern of the
Sabarmati River Basin which impacts discharge and sed-
iment deposition. This can be managed by more vegeta-
tion and check dam formation in the basin at specific
locations prone to erosion.

Aster DEM data is being used to develop the aspect
and slope map in the present analysis. Presently, the slope
varies from 0° to 45° as shown in Fig. 3c. Thus, the upper
region of this basin has a steep slope than the middle and
lower regions of the basin; there will be the high rate of
erosion from the upper parts, causing siltation in the lower
parts of the basin. Further, slope data can be used for
planning settlements or structures by engineers, mechani-
zation of agriculture and various conservation practices to
combat the mass flow. The obtained value of Rn is 0.5 and
that of Rh is 2.48 which also denotes being more prone to
erosion. Moreover, the hypsometric curve of this basin is
concave indicating a complex and mature landform with
more denudation. The hypsometric curve forms a relation
with basin hypsometry, and it will help to find erosion
proneness due to flood phenomena to prevent soil abra-
sion. Through proper planning, vegetation cover can be
increased in the basin which will help to restore biodiver-
sity and water recharge.
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Conclusion

The current research work utilizes the geospatial approach in
combination with remote sensing datasets to delineate morpho-
metric variables of the basin by evaluating linear, areal and relief
aspects. The present study considers the Sabarmati basin, which
is an elongated basin with a dendritic drainage pattern. The
elongated basin gives a longer duration for surface water flow
which creates more chances of recharge. The elevation derived
from the DEM varies from 2 to 1196 m above mean sea level.
The basin has a seventh-order drainage pattern having area
31,921 km2, perimeter 1503 km and basin length 481.75 km.
The basin has a total of 7661 streams of which 49% is of the 1st
order, 24% is of the 2nd order, 14% is of the 3rd order, 6% is of
the 4th order, 3% is of the 5th order, 1% is of the sixth order and
0.3% is of the seventh-order stream. The basin has a maximum
distribution of lower-order streams, and also the first order has a
maximum total stream length which creates more chances of
water potential recharge in the Sabarmati River Basin. The bi-
furcation ratio ranges from 1.69 to 4.29, and its higher value
indicates that the basin is affected by geological structures. The
value of the ruggedness number was estimated to be 0.50, and
the region is more vulnerable to erosion. The basin drainage

density is 0.42 km−1, suggesting scant vegetative area and
moderating-to-high relief. The value of the circulatory ratio
(0.18) and low form factor (0.14) represent the basin’s elongated
nature, which will help in water infiltration. The slope varies
from 0° to 45° which influences the surface and subsurface flow
of water or soil particles. Mostly, slope data is also used by
engineers for planning settlements or structures and mechaniza-
tion for agriculture and various conservation practices. The
drainage network and structural details will help planners and
decision-makers in sustainable watershed development and also
allocate artificial recharge structures for resource management
at the different regions of the basin.
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Abstract

The present study is an attempt to assess the spatial and seasonal variation of nutrients and heavy
metals in mangroves water in the Gulf of Kachchh, India. The surface water samples were
collected during pre- and post-monsoon to evaluate the hydrochemical processes occurring in
the region. Seasonal changes and anthropogenic inputs have influenced the nutrients and metal
concentrations. The results suggest high salinity (Pre-monsoon ±45.59 PSU; post-monsoon
±45.36 PSU) and chloride (Pre-monsoon ±30251 mg/L; post-monsoon ±29536 mg/L) concentration
in both the seasons. Average values of Sulfate (SO ), Nitrate (NO ), Dissolved silica (DSi), and
Phosphate (PO ) was 2503.69 mg/L, 10.47 mg/L, 35.41 mg/L and 0.85 mg/L in pre-monsoon, and
3474.50 mg/L, 13.66 mg/L, 31.54 mg/L and 0.64 mg/L in post-monsoon, respectively. Nutrient
ratios indicate phosphorus limitation in both the seasons. Cluster and Principal Component
analysis signifies that sampling locations in cluster 3 and factor 1 majorly impacted due to
seawater mixing, high evaporation and discharge of brine from saltpans, while cluster 2, 3 and
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factor 2 indicates the anthropogenic source. Metal concentration was higher during pre-
monsoon and among the metals, Fe, Sr, Zn and Mn were observed in high concentration. The
hydrochemical characteristics of water found to be dependent on the peculiarity of sampling
locations such as high tidal amplitude, less freshwater input, arid climate, extensive saltpans,
tidal flushing, instinctive reducing environment and anthropogenic discharge. Gulf of Kachchh is
an industrial hub of the country, where anthropogenic activities (such as fertilizer, cement, and
chemicals industries, oil and petroleum refineries, metal processing units, thermal power plants
and ports activities) are the prime sources of contamination, which are affecting water quality.
The relatively high concentration of nutrients and metals suggests that water is in very dreadful
condition, which will ultimately affect flora and fauna of this ecosystem. This study provides
baseline information on mangrove water quality and impacts of ongoing anthropogenic activities
on the Gulf of Kachchh.
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Introduction

Coastal areas contribute approximately 77% of the total economic value of the biosphere however
they represent almost 10% of the ocean surface (Dhame et al., 2016). Where the coastal ecosystems
are the regions that contribute to remarkable global marine primary productivity and play an
important role in the balance of the environment as they interrelate and interact dynamically.
Mangroves are one of the coastal ecosystems in the tropics and subtropics, representing area <1%
of the world's coastal zones (Alongi, 2018). These are highly specialized ecosystems characterized
by salt-tolerant plants, broadly recognized and valued for their ecological functions and socio-
economic values at local to global scales (Castaneda-Moya et al., 2013; Alongi, 2014).

https://ars.els-cdn.com/content/image/1-s2.0-S0013935121000979-fx1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0013935121000979-fx1.jpg


They support the coastal food web, mitigate the nutrient pollution, sequestrate carbon, act as a
buffer from catastrophic events such as tsunamis, cyclone, hurricanes, can dampen shoreline
erosion, provides habitat for terrestrial and marine flora and fauna (Sappal et al., 2016). Further,
mangroves exchange a significant amount of nutrients with the adjoining ocean, which maintains
the nutrient dynamics (Maurya et al., 2021). Despite their importance, mangroves are being
depleted and degraded rapidly due to increasing climate change and anthropogenic pressure.
Globally 30–50% of mangrove has been lost in the last 50 years, and they are continue to be lost at
a rate of 1–3% per year (Duke et al., 2007; Marchand et al., 2016). These losses have propelled by
deforestation for coastal development, agriculture, aquaculture, upstream dams, dredging, and
timber (Alongi, 2014; Jennerjahn et al., 2017). Further, natural losses of mangroves being caused
due to pressure by extreme weather events, altered rainfalls and sea-level rise (Pendleton et al.,
2012).

Water quality of mangroves becomes a major concern at present era because they are facing
immense pressure due to the ever growing industrialization and urbanization. Coastal water has
received plenty amount of waste from a variety of sources such as industrial effluents, sewage
waste, saltpan brine, agricultural runoff, aquaculture effluents and discharge from the upstream
river (Zhou et al., 2007), these situations resulting in degradation of water quality. As an outcome,
the proportion of dissolved nutrients in mangrove water becomes altered which leads to changes
in nutrient stoichiometric ratios (Si:N, N:P and Si:P), considerably influence the coastal food web
structure and nutrient dynamics (Zhao et al., 2005; Manju et al., 2012). The periodic and
consistent variations in hydro-metrological factors like temperature, salinity, oxygen and
nutrients composition and climate synchronized with seasons and anthropogenic factors
ultimately affect the environmental parameters, which in turn have a direct or indirect influence
over flora and fauna. The seasonal distribution, abiotic and biotic processes also influence the
nutrient cycling of the ecosystem (Saravanakumar et al., 2008). Mangroves act as a sink for
pollutants (heavy metals, oil pollution, organic and inorganic nutrients) and having good
phytoremediation potential. But due to human intervention, higher disposal rates of pollutants
were observed, which is much higher than their uptake potential to remediate (Satheeshkumar
and Khan, 2012).

For determining the health status of mangroves a thorough assessment of all the integrating
factors at the ecosystem level is needed to select suitable indicators that can suitably reflect its
instantaneous health status. Considering these environmental problems, the number of studies
has been done on water quality monitoring in mangrove regions, especially to give a broader
picture of the forces acting on the ecosystem. Indices for ocean health have been developed to
assess several marine ecosystems (Tian et al., 2011; Marigomez et al., 2013). Nevertheless, indices
to evaluate the status of mangrove ecosystem health are very limited. To assess the trophic status
of marine water, Karydis and Tsirtsis (1996) suggested five useful phytoplankton variables (species
number, abundance, Menhinick's index, Kothe's index, and evenness index). Beltrame et al. (2006)
used four water quality variables (salinity, turbidity, pH and dissolved oxygen) for the hydrological



index. To construct an extensive assessment of the environmental status of coastal habitats,
Berezina et al. (2017) utilized different variables such as water salinity, phosphorus, trace metals,
polycyclic hydrocarbon, phytoplankton and benthic organisms. Samsudin et al. (2019) have
employed spatial discriminant analysis for marine water quality index using 13 parameters (i.e.
dissolved oxygen, total suspended solids, fecal coliform, nitrogen, nitrate, phosphate, oil and
grease and heavy metals). Whereas in India, very few studies have been done related to the water
quality of mangroves which are following: Bhitarkanika, Orissa (Chauhan and Ramanthan, 2008);
Pondicherry coast (Satheeshkumar and Khan, 2012); Kerala (Manju et al., 2012); Mumbai (Pawar,
2013); Odisha (Behera et al., 2014); Sundarban Mangrove (Singh et al., 2016); Andhra Pradesh (Rao
et al., 2018).

The current study has carried out in the Gulf of Kachchh, Gujarat. As this region is being an
ecologically sensitive zone. Gujarat is the economic hub of the country and one of the fastest-
growing economies among the Indian states and holds the 4  highest gross domestic product
(GDP) in India (Maurya et al., 2019). Since it is the host of a large number of industries, it seems
to be acting as sources of environmental stress from the last few decades. The coastal belt of the
Gulf of Kachchh has increasing aggressive developmental activities, such as the fertilizer-
manufacturing industry (IFFCO), vast number of salt manufacturing units, cement industries,
aquaculture, thermal power plant, ship dismantling activities, and chemical manufacturing
industries (like soda ash, sodium bicarbonate, caustic soda, petrochemicals) (Shirodkar et al.,
2010; Chakraborty et al., 2014). Industries such as Reliance Industries Limited (petroleum
terminal at Sikka), Indian Oil Corporation Limited and Bharat Oman Refineries Limited
(Vadinar), Essar Oil Refinery (Vadinar), Shree Digvijay Cement Company Limited and many other
industrial setups are situated in the study area, which may a potential threat to mangrove habitat
(ICMAM, 2004; Prerna et al., 2015). Gulf has several ports such as Navlakhi, Bedi, Sikka, Vadinar,
Okha, Kandla, Mundra, Mandvi, along with various jetties, pipelines, and single points harbors
are associated with refineries. Incidental oil spilling from vessels during the unloading of large
quantities of petroleum and its crude products is also a serious matter in the study area, which
can cause a threat to marine flora and fauna (Vethamony et al., 2007). Thus, these multiple
sources lead to high nutrient load causes eutrophication and also increases the heavy metal load
in mangrove water. Maintenance of hydrochemical characteristics of mangroves is very important
to its conservation, management, and sustainable development. So, it is requisite, to control and
prevent water pollution, and enforce regular monitoring programs, which will help us to
comprehend the spatial and temporal variation along with the present status of mangrove water
quality. To our knowledge, this is the first study in the Gulf of Kachchh, which studied the entire
gulf region. The present research work aims to investigate the water quality at different sites
along the horizontal transect with respect to nutrients and heavy metals load in the mangrove
water.
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Section snippets

Regional setting

The present research work has been carried out between 23°22′25.44″N - 22°23′54.24″N latitude
and between 68°35′33.05″E − 69° 3′20.57″E longitude in Gulf of Kachchh (GoK). The GoK is
situated in the west coast of India, Gujarat which is covering an area approximately 7350 km
(Thivakaran et al., 2020). GoK is a semi-closed basin encircled by Kachchh mainland in the north,
Saurashtra peninsula in the south and Arabian Sea to its west (Prizomwala et al., 2012). It is east-
west oriented,…

Physical and chemical parameters

The seasonal variation of hydro-geochemical characteristics of the mangrove water at various
locations has depicted in Table 1a, and a comparison of data with other studies has given in Table
1b.

The pH in GoK varied from 6.79 (S16) to 8.81 (S34) in pre-monsoon, while pH value in post-
monsoon varied from 7.18 (S15) to 8.41 (S30). The pH in pre-monsoon observed acidic to alkaline,
while in post-monsoon, alkaline pH was observed at all the locations. The alkaline pH can be
attributed to the mixing …

Heavy metals distribution and sources

Mean heavy metal concentration in pre-monsoon are in following order: Sr> Fe> Zn> Cu> Li>
Mn> As> Ni> Pb> Ti> Tl> Mo. While, in post-monsoon mean concentration are as follows: Fe>
Sr> Zn> Mn> Cu= Li> Ti> As = Pb> Ni> Tl= Mo. Heavy metal concentrations of both the seasons
are depicted in Table 1a.

In both the seasons, the highest concentration of metals observed in pre-monsoon. At S21, the
highest concentration of strontium (Sr) has observed in pre-monsoon, whereas in post-monsoon
highest at…

Correlation

To evaluate the strength of relationship between the investigated parameters, pre and post-
monsoon data sets were statistically analyzed with the correlation matrix is given in Table 2,
Table 3. In pre-monsoon very high correlation observed between EC-TDS (r =0.93), EC-Salinity
(r =0.99), EC- Cl  (r =0.80), suggests the seawater mixing is a major contributing factor in the

2

2

2 − 2



studied region. Besides, this climatic condition (such as high temperature, low precipitation, and
high wind velocity) also …

Conclusion

The present study summarizes the spatial and seasonal variation in the water hydrochemistry at
various locations of the Gulf of Kachchh. The nutrient balance in mangrove water in GoK was
highly influenced due to high tidal amplitude, extensive saltpans, industrial, and seaport
activities. The results suggested that there is a pronounced variation in most of the water quality
parameters with variation in the seasons and geographical locations. The study area has
experienced very high salinity…
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Abstract
Toxic metal pollution in the coastal ecosystem is becoming a serious problem, particularly in
developing countries as a result of the industrial revolution. In recent years, mangroves are
continuously contaminating with toxic metals and receiving global attention due to its toxicity,
non-degradability, abundance, subsequent bioaccumulation, and biomagnification through
successive trophic levels. This study aims to investigate the toxic metal content and pollution
status in mangroves surface sediment and plants. Results showed that toxic metals in sediments
were higher than natural background levels indicate anthropogenic sources. Fe, Mn, Sb, Ti found
higher in concentration among all toxic metals, and site 9, 15, 18, 19, 21, 31 found the highest
total metal load. Contamination indices like enrichment and contamination factor, geo-
accumulation index, suggest minimal to extremely high level of contamination, and sediments
have found extremely contaminated with Sb and As. Contamination degree and modified
contamination degree suggest very high degree of contamination at all sites. Pollution load index
indicates significant deterioration of sediment quality. Ecological risk and potential ecological
risk index also indicate about 72% of sites come under higher ecological risk. Toxic metal in
Avicennia marina was found higher in root than leaf. High bioconcentration factor has observed
for Pb, Cu, Mo, Zn. Translocation factor for Cu and Zn at all sites, and As, Ni, Pb, Fe, Sr, Mn at
some sites indicate high-efficiency in plants for toxic metal translocation.
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a b s t r a c t

In this study, partially submerged iron scraps were allowed to react to the contaminants
at the headspace air and liquid interface for pollutants removal in the serum bottle
reactors. The experiments were conducted using Box–Behnken design of Response
Surface Methodology in anaerobic batch reactors (120 ml) at different concentrations
of sulfate (0.5, 1.75, 3 g/L), nitrate (0.25, 0.375, 0.5 g/L) and iron scraps (0, 0.125, 0.250
g/50 ml). The sulfate reducer enriched mixed culture was used for simultaneous removal
of SO2−

4 and NO−

3 . The highest sulfate removal of 49.37 % was achieved at 0 g/50 ml
ISs, 3 g/L SO−2

4 , and 0.375 g/L NO−

3 . Even at a higher concentration of both SO2−
4 (3

g/L) and NO−

3 (0.5 g/L), a significant SO2−
4 removal of 44.65% was achieved at an iron

concentration of 125mg/50ml accompanied with NO−

3 conversion. Both the lower and
higher concentrations of iron scraps were showing effective interaction at higher SO2−

4
and NO−

3 levels. The results of the confirmatory experiments with iron scraps of 0.039
g/50 ml with the desirability of 0.92 showed a maximum SO2−

4 removal of 50.62 % with
complete conversion of nitrate.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The discharge of untreated sulfate (SO4
2−) and nitrate (NO3

−) rich wastewater from industrial processes and other
sources in large quantities may contribute to serious environmental pollution (Singh et al., 2011; Yamashita and
Yamamoto-Ikemoto, 2014). The SO4

2− rich wastewater discharged into surface water under anaerobic conditions results
in the biological reduction of SO4

2− to sulfide and increases the corrosion potential of receiving water bodies (Sarti et al.,
2009). The sulfates can adversely affect human beings leading to several problems related to kidney dysfunction, liver
damage, unconsciousness, brain disorders, lungs damage, breathlessness, endocrine disorders, heart problems, and sleep
disorders (Duong et al., 2001; Hussain et al., 2016). Also, nitrates can infiltrate through the vadose zone due to their high
solubility and eventually find their way to groundwater. In addition, nitrogen compounds are responsible to increase
toxicity, bad odor, eutrophication, and other serious ecological threats to the receiving water bodies (Sun and Nemati,
2012; Xu et al., 2014). Additionally, it is also responsible for causing hemoglobin M disease and cyanosis in newborn
babies. In some countries, groundwater resources have already been polluted with exceeded concentrations beyond the
acceptable limits of NO3

− (Show et al., 2013).
Instead of the expensive Physico-chemical methods which may generate toxic residuals, the biological treatment tech-

nologies are preferred to remove SO4
2− and nitrogen contaminants (Midha et al., 2012). The treatment of contaminants by

biological methods using microorganisms is a promising approach for wastewater treatment. Under anaerobic processes
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SO4
2− is reduced to sulfide by Sulfate-reducing bacteria followed by its oxidation to elemental sulfur (S0) at micro-aeration

by sulfide oxidation bacteria (SOB) (Xu et al., 2014) and thus are helpful in the application for treatment of certain
types of industrial wastewater (Lens et al., 1998; Muyzer and Stams, 2008). Simultaneous ammonium oxidation and
sulfate reduction (80%) to dinitrogen gas and elemental sulfur respectively were observed in the treatment of Vinasse
in an anaerobic fluidized-bed reactor (Fdz-Polanco et al., 2001). The approach towards SO4

2− reducing, autotrophic
denitrification, and nitrification integrated (SANI) process derive beneficial application of SRB for wastewater treatment
(Van Den Brand et al., 2015). However, the mechanism of denitrifying sulfide removal (DSR) process which can remove
nitrogen–sulfur–carbon (N–S–C) simultaneously is still unclear (Show et al., 2013). The DSR process having an unlimited
supply of NO3

− can partially oxidize sulfide (S2−) to elemental sulfur (S0) with the help of the autotrophic denitrifiers,
whereas NO3

− can also be converted into nitrogen in an anaerobic or anoxic environment (Reyes-Avila et al., 2004). Under
the limited NO3

− supply, fierce competition occurs among autotrophic and heterotrophic denitrifiers (Chen et al., 2008).
The multiple sulfate-driven ammonium oxidation (ANAMMOX) reactions performed by anaerobic ammonium oxidizing

bacteria (AnOB) result in the formation of dinitrogen (Eqs. (1) and (2)) (Schrum et al., 2009).

4NH4
+

+ 4SO4
2−

+ 5‘‘CH2O′′
→5CO2 + 2N2 + 11H2O + 4HS− (1)

8NH4
+

+ 3SO4
2−

→4N2 + 3HS−
+ 12H2O + 5H+ (2)

Several studies have also reported the irreversible toxic effects of sulfide on the ANAMMOX process due to the
denaturation of proteins of anammox bacteria (Zhu et al., 2018). Ferrous or ferric iron has been proven to remove sulfide
toxicity by the formation of precipitates as ferrous sulfide (Pomeroy and Bowlus, 1946; Kiilerich et al., 2018). The iron
sulfides also act as a possible electron source for autotrophic denitrification ((Hu et al., 2020; Tong et al., 2018). Iron under
anoxic conditions can completely reduce nitrate producing ammonia as a major product (Hao et al., 2005). Ammoniacal
nitrogen is also considered as one of the major pollutants of the leachate generated from the landfill site and has the
potential to deteriorate the environment as well as health (Mor et al., 2019). The elevated ammonia levels (>1,800 mg/L)
can also hinder the growth of methanogens that largely consume hydrogen and acetate for CH4 production at low sulfate
levels (Krakat et al., 2017; Raskin et al., 1996). The anammox bacteria can perform nitrate-dependent iron oxidation
and thus oxidize ammonium with nitrite to produce nitrogen gas. Very limited research has been carried so far in the
simultaneous removal of sulfate and nitrate in wastewater treatment. Also, the use of iron scraps for the simultaneous
removal of both components further required more study. This study highlights the effect of iron scraps for the efficient
removal of high sulfate and nitrate concentrations anaerobically using sulfate-reducing bacteria mixed culture. Moreover,
the novelty of the work is also suggested by the fact that the iron scraps used for the study have been kept under partially
submerged/floating conditions using porous plastic pouches. The submerged ISs were able to react with both the gases
and contaminants lifted upwards during treatment as well as with the dissolved pollutants in the reactors. It also ensured
better leachability of soluble iron and increased surface area for adhesion of culture on the ISs surface within the reactors
to enhance pollutant removal rates.

2. Materials and methods

2.1. Inoculum source

The anaerobic sludge was collected from the Zydus Infrastructure Pvt. Ltd., Ahmadabad, Gujarat, India. The culture
sample was collected from MBR tank of the treatment plant in a 5L cane. The culture was kept for settling and the
supernatant was removed from the culture. 2.5 L of this thick culture of 4000 mg L−1 (MLSS) was added to the modified
Postgate growth media (Postgate, 1984) in a 5 L reactor and purged with nitrogen (99.999%) to ensure the anaerobic
conditions. The culture in the reactor was maintained constantly by continuous feeding at week intervals at room
temperature. The Postgate medium is as follow: KH2PO4 0.5 (g/L); Na2SO4 1.0 (g/L); NH4Cl 2.0 (g/L); CaCl2 0.06 (g/L);
FeSO4 0.005 (g/L); sodium citrate 0.3 (g/L); yeast extract 0.1 (g/L); glucose 5 (g/L).

2.2. SO4
2−reduction study

The experiments were conducted in anaerobic batch reactors (Serum bottle 120 ml) at different concentrations of
SO4

2− (0.5, 1.75, 3 g/L), NO3
− (0.25, 0.375, 0.5 g/L) and iron scraps (0, 0.125, 0.250 g/50 ml) by modifying the Postgate

medium for simultaneous SO4
2− and NO3

− removal. 25 ml of the well-mixed culture was taken in the serum bottle and
amended with the required amount of the supplements as suggested by the response surface methodology model. 25 ml
of the Postgate medium was taken in each bottle and purged with nitrogen gas (99.99% purity) for 2–3 min to provide
anaerobic conditions. The serum bottles were sealed with 20 mm rubber septa and aluminum crimp caps. The bottles were
then incubated at 37 ◦C in the incubator under static conditions. The total gas produced was measured by withdrawing
headspace samples at periodic intervals of 48 h, 96 h, and 120 h using the 20 ml glass syringe. The culture samples were
harvested on the 5th day after incubation.

2
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Table 1
Experimental factors and responses observed at various variables levels.
Std Factors Responses

ISs
(mg/50 ml)

Sulfate
(g/L)

Nitrate
(g/L)

Sulfate
(g/L)

COD
(mg/L)

NH4
+

(µg)
TG
(ml)

H2S
(%)

1 0 0.5 0.375 65.63 ± 61.87 2426.67 ±302.87 2445.71 ± 779.84 21.17 ± 3.15 5.57 ±2.47
2 250 0.5 0.375 67.71 ± 135.68 2133.33 ± 394.63 2632.38 ± 734.62 28.17 ± 1.1 7.94 ± 4.35
3 0 3 0.375 1687.71 ± 51.91 1760 ± 60 3030 ± 30.30 24.87 ± 0.8 9.97 ± 0.44
4 250 3 0.375 1618.13 ± 25.37 1226.67 ± 777.002 1200.95 ± 589.59 23.83 ± 0.85 6.75 ± 3.73
5 0 1.75 0.25 660.63 ± 126.51 1893.33 ± 670.92 1245.71 ± 569.17 32.2 ± 2.55 10.14 ± 2.33
6 250 1.75 0.25 745.21 ± 35.71 1600 ± 138.6 1092.86 ± 167.69 35.93 ± 1.20 9.38 ± 0.30
7 0 1.75 0.5 868.75 ± 48.61 1200 ± 339.41 854.29 ± 16.16 34.97 ± 3.07 9.77 ± 5.16
8 250 1.75 0.5 741.88 ± 35.99 1786.67 ± 230.94 1731.43 ± 92.93 28.5 ± 2 6.13 ± 0.54
9 125 0.5 0.25 116.88 ± 34.03 2240 ± 922.6 3348.57 ± 1834.26 26.73 ± 1.9 7.59 ± 3.37
10 125 3 0.25 1494.79 ± 34.96 1386.67 ± 166.53 1253.33 ± 363.01 24.63 ± 1.65 5.92 ± 0.68
11 125 0.5 0.5 103.75 ± 2.65 1813.33 ± 725.9 2404.76 ± 752.58 27.57 ± 0.94 4.36 ± 3.00
12 125 3 0.5 1526.46 ± 46.85 1013.33 ± 323.32 2718.57 ± 345.47 25.73 ± 2.19 7.06 ± 1.84
13 125 1.75 0.375 755 ± 30.94 1840 ± 423.32 2448.57 ± 561.64 25.27 ± 2.2 5.81 ± 2.184
14 125 1.75 0.375 721.25 ± 99.9 1520 ± 835.22 2931.43 ± 864.69 26.43 ± 0.75 5.46 ± 0.300
15 125 1.75 0.375 765.21 ± 30.01 1520 ± 499.59 2321.43 ± 272.74 27.03 ± 0.98 6.22 ± 1.011
16 125 1.75 0.375 903.13 ± 37.12 1680 ± 240 2171.43 ± 965.71 24.3 ± 1.18 5.17 ± 0.482
17 125 1.75 0.375 786.14 ± 22.38 1640 ± 246.53 2446.43 ± 412.82 24.5 ± 0.72 5.66 ± 0.362

2.3. Analytical methods

The harvested samples were centrifuged at 5000 rpm at room temperature to prepare the cell-free supernatant
for further analysis of different parameters SO4

2−, NO3
−, chemical oxygen demand and dissolved ammonical nitrogen.

The instrument used for SO4
2−, NO3

− and dissolved ammonical nitrogen measurement was Systronics Double Beam
UV spectrophotometer 2203. The analysis of SO4

2−(turbidity method), NO3
− (phenol disulfonic acid method), dissolved

ammonical nitrogen (nesslerization method) and COD (open reflux method) were carried accordingly using APHA (APHA,
2012). Lead acetate (10%) was used to measure the hydrogen sulfide (Kalia et al., 1992).

2.4. Box–Behnken design model

The response surface model of Box–Behnken design (Box and Behnken, 1960) based on Design-Expert software (Stat
Ease version) was considered in the present study. In the present design, effect of individual variables, i.e. SO4

2− (0.5,
1.75, 3 g/L Na2SO4), NO3

− (0.25, 0.375 and 0.5 g/L KNO3) and ISs (0,125, 250 mg/50 ml) were studied on responses,
i.e. SO4

2− and NO3
− removal accompanied with its effects on dissolved ammonia, COD, H2S and gas production. The

study of the effect of these variables was carried after designing and running 17 experiments as suggested by the model.
The data obtained from experiments were analyzed and the confirmatory conditions were obtained by considering the
minimum residual sulfate and nitrate, highest gas production, and the lowest residual COD. The model variables were kept
at different ranges to achieve the highest desirability. The following confirmatory experiments were run as suggested by
the model with different concentrations of ISs (38.46, 37.15, 14.58, 10.8, and 4.06 mg/50 ml) added in the Postgate media
having Na2SO4 and KNO3 concentration as 3 and 0.5 g/L respectively. These experiments were performed to check the
validity of the model’s equation generated (Eq. (3)). The incubation for the confirmatory experiment was continued for
48 h after which no gas formation was observed during the optimization study.

3. Results and discussion

The effects of different concentrations of SO4
2−, NO3

− and ISs on the removal of SO4
2−, NO3

−, COD, total gas and H2S
production is discussed as follows. A total of 17 sets (replicates) of experiments were conducted to understand the factor
space using the central point (Table 1). The models were reduced for the stepwise regression with α to enter and to exit
at 0.1. The common quadratic equation based stepwise regression on the experimental response was generated (Eq. (3))

Response = a1 + a2A + a3B + a4C + a5A2
+ a6B2

+ a7C2
+ a8AB + a9AC + a10BC (3)

Where regression coefficients are, for the intercept (a1), linear (a2–a4), quadratic (a5–a7) and interactive (a8–a10) and A is
ISs (mg/50 ml), B is sulfate concentrations (g/L) and C is nitrate (mg/L).

3.1. Effects of factors variables on responses

3.1.1. Effects of varying SO4
2− and NO3

− concentration
The varying concentrations of SO4

2− and NO3
− showed maximum SO4

2−(49.37%) and COD removal at higher levels of
NO3

− (0.4 g/L) and SO4
2− (2.96 g/L). The increase in COD removal was observed only at NO3

− and SO4
2− concentrations

3
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exceeding 0.38 g/L and 0.85 g/L. The SO4
2− removal efficiency of 51.6% in SRB system was improved to 76.3% for Fe2+

amended SRB system at SO4
2− concentration of 3 g/L (Hu et al., 2018). The SO4

2− removal was efficient by the addition
of NO3

− up to the highest concentration which might be possible due to the increased efficiency of SRBs which can
outcompete methanogens in presence of NO3

−. The addition of NO3
−has already shown to inhibit the methane formation

in various studies, may be due to the formation of intermediates during NO3
− reduction leading to suppression of

methanogenesis (Klüber and Conrad, 1998; Tugtas and Pavlostathis, 2007, 2008). The presence of NO3
− has also been

found to suppress SO4
2− reduction activity by SRBs in situ (Jenneman et al., 1986; Davidova et al., 2001). Although it

has also been observed in various studies that the SRBs were capable of showing possible resistance in the contaminated
sites with high levels of NO3

− (Gu et al., 2005; Bagwell et al., 2006). In a study, the nitrite stress has resulted in the
up-regulation of Fur and PerR regulon as indicating oxidative stress response against nitrite toxicity (He et al., 2006).
The maximum total gas was observed at SO4

2− of about 1.68 g/L and NO3
− of 0.25 and 0.5 g/L. The saddle point at

which gas production was found to decrease was in the vicinity of SO4
2− at 1.61 g/L and NO3

− decreasing towards 0.37
g/L respectively as clearly observed in Fig. 3 A and 3B. The total gas production increased with increasing one of the
components at a time. However, the H2S production was least at highest NO3

− (0.5 g/L) and lowest SO4
2− (0.5 g/L) which

increased by increasing SO4
2− and decreasing NO3

− towards the saddle point in the vicinity of 2.63 g/L of SO4
2− and 0.38

g/L of NO3
−. Sulfides as the reduction products of sulfate are highly toxic to microbes including SRB (Singh et al., 2011). It

has been observed in various studies that the addition of NO3
− has reduced the sulfide production with NO3

− being the
preferred electron acceptor as well as the production of nitrite inhibiting the SRBs population (Myhr et al., 2002; Hubert
et al., 2003; Hubert, 2010). The ammonia production was least at the highest SO4

2− of 3 g/L and lowest NO3
− of 0.25

g/L which may be a result of denitrification. The decreasing SO4
2− to the lowest concentration of 0.5 g/L at 0.32 g/L of

NO3
− and increasing SO4

2− and NO3
− towards highest concentrations of 2.96 g/L and 0.45 g/L respectively had increased

ammonia production beyond the saddle point near 2.05 g/L of SO4
2− and 0.42 g/L of NO3

− (Fig. 2B). The H2S generation
or elemental sulfur production from sulfide due to SO4

2− reduction might have possibly contributed to the dissimilatory
reduction of NO3

− resulting in ammonium formation (Brunet and Garcia-Gil, 1996). It has been observed that both NO3
−

and sulfide converted 38 ± 1.6% of NO3
− to ammonium (700 ± 23 µM) after 24 h in the anaerobic microcosm (Jones

et al., 2017).

3.1.2. Effects of varying ISs and SO4
2− concentration

The lowest and highest level of the iron showed maximum SO4
2− and COD removal at the highest value of 3.0 g/L of

SO4
2− variable. Moreover, the highest gas production was also observed at the highest and lowest iron concentrations,

keeping SO4
2− levels to 1.5 g/L and 2 g/L respectively (Fig. 3 A). The saddle point was observed in the vicinity of 100 mg/50

ml of ISs and 1.83 g/L of SO4
2−. The saddle point for less H2S production within the vicinity of ISs of 135.65 mg/50 ml and

1.94 of SO4
2−was observed, while moving towards the lowest iron concentrations with the highest SO4

2− concentrations
and vice versa (Fig. 4 A). The SRBs can reduce SO4

2− provided the oxygen reduction potential (ORP) must be less than
−200 mV which is also suitable for iron reduction (Cabrera et al., 2006). Thus, the reduction of ISs had possibly favored
H2S depletion by precipitating the ferrous (Fe+2) state to FeS. A similar trend was observed in ammonia production with
saddle point lying in the vicinity of 96 mg/50 ml of ISs and 1.93 g/L of SO4

2− and its formation decreased keeping values
of the variables away from saddle point (Fig. 2 A). The ammonia production decreased significantly at a higher value of
SO4

2− and ISs. The existence of SO4
2− reducing ammonium oxidation was reported in sedimentary pore water (Schrum

et al., 2009).

3.1.3. Effects of ISs and NO3
− concentration

The maxima of SO4
2− removal was observed at the lowest level of the ISs and the highest level of the NO3

−, reversing
the levels of the variables decrease its removal as inferred from the saddle point in the vicinity of 200.96 mg/50 ml
of ISs and 0.37 mg/L of NO3

−. The appearance of the saddle point in the vicinity of 200 mg/50 ml of ISs and 0.4 g/L
of nitrate indicating either NO3

− or ISs was necessary to be increased for efficient COD removal (Fig. 1B). The increasing
concentrations of NO3

− and ISs are individually responsible for decreasing the residual COD. The concentrations of both ISs
and NO3

− with either of the component at the highest or lowest concentration significantly decreased the total gas as well
as H2S production while moving towards the saddle point near to 110.55 and 144.03 mg/50 ml of ISs with NO3

− nearly to
0.40 g/L (Figs. 3B and 4B). However, the reverse trend was observed in ammonia production which was decreasing with
the concentrations moving away from the saddle point.

3.2. Confirmatory experiments

To confirm the validity of the statistical experiments, three replicates of batch experiments were performed under
optimal conditions (Table 4). The confirmatory results were in reasonable agreement with the predicted responses with
maximum desirability of 0.92 (Fig. 5). The iron optimized at 38.46 mg/50 ml was efficiently showing SO4

2− removal
of 50.63% even at higher concentrations of SO4

2− and NO3
−. Both hydrogenase and nitrogenase utilized Fe2+ as an

essential cofactor for hydrogen production biologically (Liu et al., 2019), moreover, optima of hydrogenase activity and
hydrogen production were observed at 300 mg/L and 400 mg/L Fe2+ concentrations respectively (Zhang et al., 2015). It
was also observed that keeping the highest SO4

2−(3 g/L) and NO3
− (0.5 g/ml) and decreasing the iron concentration in the

4
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Fig. 1. (A) Standard error of the design considering the effects of ISs and sulfate concentration at the central point of the nitrate; (B) Interaction
contour plots for the COD removal ISsVs Nitrate.

confirmatory experiment decreased the SO4
2− removal efficiency accordingly with the maximum NO3

− conversion. The

COD removal and the gaseous production under the confirmatory conditions were also in good agreement as predicted

by the model. Quite high level of the headspace H2S and the presence of the NH4
+ in very small concentration under the

optimized conditions indicated the efficient denitrification and sulfate reduction simultaneously. The interaction of SO4
2−

and Fe2+ variables during the response optimization showed the differential H2 production due to background sulfate

levels with an elevated H2 production at its lowest/highest levels during Phase-I. Whereas the optima was at 1300 mg/L

(SO4
2−) in Phase-II during optimization of the variables (Singh et al., 2021).
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Fig. 2. Interaction contour plots for the NH4
+ removal: (A) ISs Vs sulfate; (B) Sulfate Vs nitrate keeping respective third variable at central points.

3.3. Two-factor interaction plots

The positive (AC, +306) and negative (AC, −52.86) interactions for two-factor plots between ISs and NO3
− for responses

of COD and SO4
2− removal can be achieved at higher levels of both the variables with increasing either of the variables

respectively (Fig. 1B). This was also supported by the t value 2.24 and Prob > |t| = 0.0428 with R2 of 0.774 (Table 3). The
interaction coefficient values between ISs, SO4

2− and NO3
− for H2S (AB = −1.40), (AC = −0.72), and (BC = 1.09) inferred

its decreased production adding ISs simultaneously with either increased SO4
2−or NO3

− (Fig. 4 A&B). The decrease in H2S
may be also possible either due to the formation of FeS or the toxicity of added NO3

− towards the SRB. However, the
SO4

2− and NO3
− may also be effectively increasing H2S production when increased simultaneously (Reg coeff = 1.09,

R2
= 0.6468). The ANOVA value (AB = −19.38) showed that there was a negative correlation between the interaction

of ISs and SO4
2− for ammonia production (Fig. 2 A) which was maximum with increasing either of the two variables as

6
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Fig. 3. Interaction contour plots: (A) Total gas production by varying ISs Vs sulfate; (B) Total gas production by varying ISs Vs Nitrate keeping
respective third variable at central points.

supported by the regression coefficient value of −503.93 and R2 of 0.7343 (Table 3). The ammonia production may be
increased at a higher concentration of both ISs and NO3

− (AC = 9.90). The higher concentration of SO4
2− and NO3

− (BC
= 23.16) also increased ammonia production as also predicted by the regression coefficient of 602.26 and Prob > F less
than 0.05 (Table 3). This showed that the higher concentration of ISs was only responsible for efficient denitrification and
less production of ammonia at constant NO3

− when SO4
2− concentration was low and vice versa. The presence of the ISs

in the medium regulate the redox conditions, macro and micro patterns of redox factors create a very complex microbial
community feasibly capable to promote several redox reactions (Bezbaruah and Zhang, 2004; Wiessner et al., 2005). The
ferrous/ferric ions generated from the ISs may react with SO4

2− to form various insoluble species of iron sulfate/sulfide,

7
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Fig. 4. Interaction contour plots for H2S production: (A); ISs Vs sulfate; (B) ISs Vs Nitrate.

moreover, ISs can assist in the process of denitrification as electron donor to enhance nitrogen removal in CWs (Kumar
and Singh, 2017).

3.3.1. RSM model development and validation of stepwise regression selection
The higher concentration of SO4

2− of 3 g/L suggested by the model was found to be a responsible factor for its efficient
removal with varying NO3

− and ISs concentrations. The adjusted R2 of 0.98 value was in reasonable agreement with the
predicted R2 value (0.984). The effect of a high concentration of SO4

2−was highly significant as demonstrated by the
ANOVA (Table 2) following stepwise regression with the Fisher’s F− test with a very low probability (P< 0.01) and non-
significant lack of fit model (P = 0.5364). The SO4

2− was responsible for positively increasing SO4
2− removal showing

a higher t value of 27.93 and lowest Prob > |t| (<0.0001). The addition of SO4
2− alone might also be contributing to

lowering the residual COD which was supported by the negative value of regression coefficient and t as −403.33 and
−4.64 respectively and Prob > |t| = 0.0003. Although, the model suggested the Fisher’s F-test with a very low probability
(P< 0.0001) as the R2 obtained for the model was 0.7898, yet the liability of SO4

2− contribution for COD removal was not
much significant with R2 of 0.5894. The ammonia production was shown to decrease having a regression coefficient of

8
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Fig. 5. Interaction contour plots for confirmatory experiment suggested by the model considering desirability as output by varying ISs Vs sulfate
keeping nitrate at 0.26 (mg/L).

−328.57 and Prob > |t| less than 0.05. However, increasing SO4
2− to its quadratic value showed a lower performance of

microbes in SO4
2− removal. This was also understood by the fact that total gas production was decreasing effectively as

supported by the regression and t values of −3.87 and −2.81 and Prob > |t| = 0.0140. The R2 value of 0.5797 was not
much significantly supporting total gas production by increased SO4

2− concentration. The maximum removal of COD was
achieved at NO3

− of 0.5 g/L without ISs addition (Table 1). The nitrate individually was somehow responsible to decrease
the residual COD as inferred from the negative relationship with the −166.33 regression coefficient at an increasing level.
However, the t value, Prob > |t| and R2 were found as −2.08, 0.0568, and 0.6861 respectively which indicated the efficiency
of COD removal to be slightly uncertain as a function of nitrate. The quadratic effect of nitrate was slight positively related
with total gas production but with very low values of regression coefficient and R2 of 4.53 and 0.3433 respectively and the
significant value of Prob > |t| (<0.05). This may be possible only due to the preference of nitrate consumption over SO4

2− by
microbial community further indicated from the NO3

− removal in terms of dissolved ammonia conversion, as suggested

9
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Table 2
Analysis of variance (ANOVA) output for the various responses obtained.
Source Sum of Squares F Value Prob > F

SO4 COD NH3 TG H2S SO4 COD NH3 TG H2S SO4 COD NH3 TG H2S

Model 4.477E+6 1.744E+6 7.818E+6 224.52 50.17 455.10 11.27 5.55 10.21 13.86 <0.001 0.0005 0.0129 0.0018 0.0006
A 35555.11 1.054E+5 1.31 3.43 0.92 0.60 0.48 7.59 0.3565 0.4615 0.5100 0.0249
B 4.460E+6 1.301E+6 8.637E+5 2.61 2.24 906.76 33.65 4.90 0.95 4.95 <0.0001 <0.0001 0.0577 0.3588 0.0567
C 2.134E+5 73837.76 0.93 4.10 5.52 0.42 0.34 9.07 0.0368 0.5354 0.5760 0.0168
A2 – 1.881E+6 34.62 21.18 – 10.68 12.59 46.80 – 0.0114 0.0075 0.0001
B2 16927.75 – 1.191E+6 62.93 – 3.44 – 6.76 22.88 – 0.0847 – 0.0316 0.0014 –
C2 – – 86.25 3.53 – 7.62 31.36 7.81 – 0.0247 0.0005 0.0234
AB – – 16.13 7.81 – 5.77 5.87 17.25 – 0.0431 0.0417 0.0032
AC 1.936E+5 – 26.00 2.07 5.01 – 9.46 4.58 0.0450 0.0152 0.0648
BC – – – – 4.77 – – 8.24 10.54 – – 0.0208 – 0.0118
Residual 68857.24 4.640E+5 1.409E+6 22.00 3.62 – – – – – – – – – –
Lack of Fit 49553.20 3.936E+5 1.084E+6 16.29 3.01 1.03 2.80 3.34 2.85 4.91 0.5364 0.1679 0.1351 0.1674 0.0762
Pure Error 19304.04 70400.0 3.250E+5 5.72 0.61
Cor Total 4.546E+6 2.208E+6 9.226E+6 246.52 53.79
R2 0.9849 0.7898 0.8473 0.9108 0.9327
Adj R2 0.9827 0.7198 0.6946 0.8215 0.8654

Table 3
Regression coefficients for the models responses by modified process order and stepwise selection.
Coeff. Regression Coeff estimated t for H0 Coeff = 0 Prob > |t| R2

SO4 COD NH3 TG H2S SO4 COD NH3 TG H2S SO4 COD NH3 TG H2S SO4 COD NH3 TG H2S

a1 771.91 1687.06 2463.86 25.51 5.51 – – – – – – – – – – – –
a2 – −66.67 −114.76 0.40 −0.66 – 7.39 −2.08 0.0642 0.8525
a3 746.64 −403.33 −328.57 −0.57 0.53 27.93 −4.64 −2.33 – 1.88 <0.0001 0.0003 0.0419 0.0924 0.9811 0.5894 0.8279 – 0.8942
a4 – −163.33 96.07 −0.34 −0.72 −2.08 – – −1.82 0.0568 – 0.0941 0.6861 – – 0.7231
a5 – – −668.42 2.87 2.24 – −1.97 2.55 3.25 0.0671 0.0240 0.0054 0.2062 0.7202 0.4130
a6 63.22 – 531.82 −3.87 1.86 2.03 −2.81 0.0847 0.0651 0.0140 0.9849 0.6242 0.5797
a7 – – −564.37 4.53 0.91 −1.84 2.80 1.85 0.0885 0.0134 0.0915 0.4951 0.3433 0.7887
a8 – – −503.93 −2.01 −1.40 – – −2.13 −2.57 −2.14 – 0.0561 0.0260 0.0501 – 0.7343 0.8911 0.5581
a9 – 220.0 – −2.55 −0.72 – 2.24 – −2.69 −2.14 – 0.0428 – 0.0195 0.0648 – 0.7737 – 0.8257 0.9327
a10 – – 602.26 1.09 – – 1.86 1.81 – 0.0841 0.0940 – – 0.3635 0.6468

a1is Intercept coefficient; a2 is A; a3 is B; a4 is C, a5 is A2, a6 is B2, a7 is C2; a8 is A*B; a9 is A*C, a10 is B*C; COD: Chemical oxygen demand; TG: Total gas.

Table 4
The responses obtained under the confirmatory experiments.
Exp No. ISs

(mg/50 ml)
SO4
(g/l)

NO3
(g/l)

SO4
−2

(mg/l)
NH3
(mg/l)

COD
(mg/l)

TG
(ml)

H2S
(ml)

NO3
−

(mg/l)

1 38.46 3 0.5 1573.33 ± 118.02 139.10 ± 39.25 1386.67 ± 92.4 25.67 ± 0.6 11.63 ± 1.1 93.04 ± 7.41
2 37.15 3 0.5 1786.67 ± 83.18 198.17 ± 18.06 1333.33 ± 333.1 28.0 ± 0.9 13.83 ± 2.12 98.08 ± 10.24
3 14.58 3 0.5 1857.62 ± 107.71 181.23 ± 12.5 1573.33 ± 333.1 29.5 ± 0.5 13.52 ± 3.04 24.37 ± 27.65
4 10.8 3 0.5 1786.19 ± 29.74 173.90 ± 4.54 1440 ± 499.6 30.43 ± 0.9 10.87 ± 0.23 5.87 ± 8.12
5 4.06 3 0.5 1826.67 ± 13.5 186.36 ± 15.2 1786.67 ± 166.53 30.9 ± 0.4 5.63 ± 0.1 9.04 ± 3.66

by the very near values of 0.847 and 0.694 for the R2 and the adj R2 respectively. The ANOVA of the quadratic regression
model for dissolved ammonia showed the lack of fit of 0.1351 as insignificant which is good for the model to be valid. In
this case, the quadratic effect of iron scraps (A2), SO4

2−(B2), and NO3
− (C2) were also significant as 0.0114, 0.0316, and

0.0247 respectively. The quadratic effect of nitrate related to the decreasing total gas production was also evident from
the fact where the negative regression coefficient and t value were observed as −2.01 and −2.57. The Prob > |t| required
to be less than 0.05 was found 0.026 and a strong R2 value of 0.891 was also obtained at constant nitrate. At constant
sulfate, the interaction of ISs and nitrate for showing a negative relationship with total gas production was supported by
t value and Prob > |t| as −2.69 and 0.0195 respectively. The quadratic effect of iron showed a positive impact on total gas
and H2S production having a t value of 2.55 and Prob > |t| = 0.024 with a supported R2 of 0.7202 and Prob > F = 0.005.
The increase in total gas and H2S production might be possible due to the corrosion of iron scraps by the activity of SRB
and thereby also inducing denitrification by reducing nitrate. The SRB needs a reducing environmental conditions with
an ORP value lower than -100 mV for optimal performance (Postgate, 1984). The Fe ions not only promotes microbial
growth but also the generation of Fe2+ from the ISs may participate in the denitrification and precipitation of soluble
sulfide by reducing its toxicity. The microbial anaerobic growth performance achievement can be attributed by buffering
the VFA generated and declining ORP of the bioreactor, besides, ZVI can also function as an electron donor to attenuate the
competition of SRB with methanogens for substrate and reduce the toxicity of H2S by improving the pH or precipitation
(Zhang et al., 2011; Prajapati and Singh, 2018).
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4. Conclusion

This study suggested that efficient removal of contaminants could be achieved simultaneously at higher concentrations
of SO4

2− and NO3
− keeping ISs at optimized concentration. The highest concentration of iron and SO4

2− showed efficient
removal of SO4

2− and COD with increased total gas production. The ISs in presence of SO4
2− and NO3

− also helped in
declining H2S and ammonia concentrations. However, at the highest iron and NO3

−, the COD and SO4
2− removal were

less and increased ammonia at lower SO4
2− levels following a dissimilatory nitrate reduction. The significant quadratic

effect of nitrate was slight positively for total gas production at very low values of regression coefficient and R2 of 4.53
and 0.3433 respectively. This might be possible only due to the preference of nitrate consumption over SO4

2− by microbial
community indicated in terms of dissolved ammonia conversion, as suggested by the very near values of 0.847 and 0.694
for the R2 and the adj R2 respectively. The confirmatory experiments with optimized iron showed the highest removal
efficiency at the highest SO4

2− and NO3
− concentrations.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� ECP in presence of NaOH of RS fa-

vours the short carbon chain fatty

acids synthesis.

� ECP by H2O, NH3 and H2SO4 fav-

oured longer carbon chain

synthesis.

� ECP in presence of NH3 maximizes

the solubilization of lignocellulosic

biopolymer.

� Recovery of H2 from ECP of RS with

NaOH hydrolysate was found

maximum using SRB mixed

culture.
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a b s t r a c t

The possible impact of bio and electrochemical reactions during pretreatment of rice straw

using solvents, sulphuric acid (SA), ammonia (AM), sodium hydroxide (NA), and distilled

water (W) was investigated. The total volatile fatty acids (tVFAs) of 163.48 ± 10.49 mM in the

electrochemical pre-treatment in the presence of sodium hydroxide (ENA) followed by

sulfate-reducing bacteria (EBA) (140.88 ± 0.07 mM) indicating the involvement of electrolytic

breakdown of lignocellulosic biomass. The hydrogen production of 0.224 ± 0.05 and

0.218 ± 0.10 mM/g of the substrate was found in the ENA and anoxic sodium hydroxide pre-

treatment (CNA) respectively. There was no detectable gasification in SA and AM electro-

chemical pre-treatments. The major advantage of the electrochemical process is the for-

mation of acetic acid at a lower temperature, whereas processes like autohydrolysis form it

at high temperatures during stream explosion pretreatment. The hydrogen production of

1.26 mM/g was found from anoxic hydrolysate pretreated (ECP) rice straw. The SEM and FTIR

analysis show distortion of outer layers of biomass in the electrochemical pretreatment (ECP)

system, which improved its accessibility towards enzymes for value-added product recovery.
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Introduction

The energy recovery from various wastes from treatment

plants is a response to the double challenge of developing

renewable energy sources while providing sustainable

methods of waste management [1,2]. Expansion in the growth

rate of the agricultural and agro-industrial sectors all over the

world in the last few decades increases the significant quan-

tity of waste generation [3]. Utilization of the lignocellulosic

biomass such as agricultural crop residues to biofuel/value-

added products is a sustainable approach over traditional

fossil fuels tomitigate environmental pollution [4]. Rice straw,

the lignocellulosic biomass is the most abundant agricultural

waste with annual global quality production of 685 million

tons [5]. In India, every year approximately 22,289 Gg of sur-

plus rice straw is produced out of which 13,915 Gg is estimated

to be burnt in the open fields causing serious environmental

problems [6]. Apart from greenhouse gas emissions, the

combustion process also produces toxic gasses such as carbon

monoxide, carbon dioxide, nitrogen dioxide, sulfur dioxide,

and hydrocarbons [7]. Lignocellulosic biomass, the rice straw

consists of inorganic components (5e10%), lignin (5e24%),

hemicellulose (19e27%), and cellulose (32e47%). The bio-

hydrogen production economy depends on carbohydrates

contents in the substrate and its biodegradation rate [8].

Theoretically, it can produce 41.0e43.4% of the glucose that

can be utilized for the production of renewable hydrogen en-

ergy in anaerobic digestion (AD) [9].

Hydrogen production from waste lignocellulosic biomass

as a sustainable process is a very interesting alternative. Be-

sides, hydrogen (as well as biohydrogen) is one of the basic

substrates for technologies like the synthesis of aniline from

nitrobenzene, hexamethylenediamine synthesis, hydro-

cracking, synthetic gas generation (ICI process, Lurgi, gasifi-

cation of coal), hydrogenation of hard coal, ammonia

synthesis, methanol synthesis, hydrogenation of fats, oxo-

processes [10].

However, for efficient hydrogen production, the lignocel-

lulosic biomass should be processed using a suitable pre-

treatment method to consider the properties like

crystallinity, adsorption/desorption of enzymes, and its

enzymatic accessibility. The deconstruction of a highly

recalcitrant complex lignocellulosic matrix into in-

termediates presents the principal hurdle to attain the eco-

nomic viability essential to commercialize biomass-based

technologies [11,12]. The enzymatic hydrolysis of hemicel-

lulose and cellulose in untreated rice straw could not take

place as thesematerials are backed by tough lignin dispersed

between the cellulose layers. As lignin is among the major

polymer in the cell wall of the rice straw, therefore it is

necessary to consider all the components extracted in the

hydrolysate for biofuel up-gradation. Therefore, pretreat-

ment is a prior step to break lignin and expose hemicellulose

and cellulose for enzymatic action [13]. To unlock these

problems, several techniques like physical and chemical

preprocessing have been developed to improve the efficiency

of hydrolysis. The pretreatment technology requires a short

operation time without the use of any catalyst and no

reduction in the size of lignocellulosic biomass [14] but each

of these having some limitations. These advanced physico-

chemical pretreatment technologies need expensive in-

struments [15], high energy costs with poor energy efficiency

[16], low sugar yield [17], incomplete degradation of lignin

and hemicellulose and produce high inhibitors [14]. There-

fore, there is an urgent requirement for suitable pretreat-

ment technology having minimum utilization of the

chemical with maximum recovery of the soluble desired

products/hydrolysate components.

The combination of electrical and chemical pre-treatment

technology could be very effective for the recovery of value-

added products from lignocellulosic biomass. This novel

study can be used by applying small voltage for enhancing the

biodegradability of rice straw to accelerate the hydrolysis step

[18]. A significant amount of dead-end products such as sugars

and VFAs in the hydrolysate are produced during the elec-

trochemical treatment of the lignocellulosic biomass. This

hydrolysate consisting of value-added products can be used in

a second phase for hydrogen production to recover high en-

ergy from lignocellulosic biomass [19,20].

In this study, the electrochemical pretreatment of the rice

straw under anoxic conditions offers the advantages of low-

cost and stable technology for hydrogen and other value-

added products production. Very limited studies concen-

trating on the monitoring of the gaseous emission as well as

hydrolysate analysis to evaluate the feasibility of electro-

chemical pretreatments using various solvents are available.

The objective of this study is to estimate the conversion po-

tential of rice straw to gaseous components, volatile fatty

acids, soluble sugar, and overall soluble chemical oxygen de-

mand (sCOD) recovery during various electrochemical pre-

treatment. The hydrolysate produced was further evaluated

for the biohydrogen production potential in a sulfate-reducing

bacteria-based bioelectrochemical system.

Materials and methods

Rice straw collection

The rice straw was obtained from a rice field in Amarapur

village, Gandhinagar District, Gujarat, India in the pre-winter

season. The rice straw dried at room temperature was chop-

ped to 2e4 mm. The chopped rice straw (moisture content

<10%) was stored in plastic airtight zip lock bags. Further, the

dried rice straw was milled to powder form with a mixer

grinder and screened by a sieve (1 mm) before use.

Sulfate-reducing bacteria (SRB) inoculum preparation

The inoculum used in this study was prepared from the sludge

sample collected from the anaerobic digester of Piranha Munic-

ipal Sewage Treatment Plant, Ahmedabad, Gujarat [21]. The

collected sludge was stored at 4 �C for further use. The viscous

sludge (1 kg) was added to a 5L aspirator bottle and fedwith a 3L

Postgate growth medium [22]. The reactor was maintained at
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220 rpm at room temperature. The reactor culture was main-

tained by feeding the Postgatemediumafter regular intervals by

decanting the 3L of the supernatant after settling the culture.

Rice straw pre-treatment experimental design

The present study was carried out in a 120 ml serum bottle

equipped with two graphite electrodes procured from the

local market (S.D. Industries), Ahmedabad (Gujarat). The

graphite electrodes (Length 2.25 cm, Dia 0.6 mm) were sepa-

rated 1 cm apart from each other using silicon tubing (Fig. 1).

The electrodes were aligned vertically in the serum bottle

using the copper wire, which was also used for the applied

potential. The potential of 30 mV was applied and controlled

through voltage controller 1V D.C and 5 V D.C. adaptor, pro-

cured from the local market Gandhinagar (Gujarat) India.

Before use the electrodeswere activated at 500 �C in themuffle

furnace (Model: Sonar) for about 30 min. The serum bottles

reactors were constructed using the air distributor valvemade

of plastic as a sampling port [23]. The reactor was sealed with

rubber septa and aluminium cap fitted with an airtight open

lock device. One end of the open lock device was inserted into

rubber septa and another end was fixed with a 1.5 cm silicon

tube having an internal dia 0.6mm. The septa were punctured

with a needle for the narrow passage of the copper wires for

voltage supply. The aluminium cap and open lock device were

fixed with adhesive and m seal to prevent any leakage. Before

the reactor operation, each reactor was dipped into a water

bucket by over pressurizing with N2 (99.999% purity) using a

60 ml syringe to avoid any leakage.

The quantity of rice strawwas selected in such away that it

completely gets submerged in the 50 ml of the liquid content.

The rice straw (7.5% w/v) was treated with 0.1 N of the

respective solvents (sulphuric acid, nitric acid, ammonia,

Fig. 1 e Experimental system setup: A) Serum bottle reactor fabrication; B) Rice straw pretreatment using various solvents;

C) Voltage converter system; D) Stainless steel caping of reactors; E) Electrochemical hydrolysate generation; F) Experiment

set-up for H2 recovery from hydrolysate.
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sodium hydroxide), and bacterial consortium at room tem-

perature for 15 days. The distilled water having rice straw of

7.5% w/v was kept as control. The microbial based hydrolysis

of the rice strawwas performed bymixing 25ml of the culture

(SRB) and 25 of the Postgate medium/distilled supplemented

with 7.5% of rice straw as the substrate. Each serumbottle was

purged with N2 (99.99% purity) for 3 min and sealed with sil-

icone rubber septa and an aluminium cap. The serum bottles

were shaken manually twice a day to mix the rice straw

properly. The following five sets of experiments were per-

formed: Electrolysis with a combination of BA (Sulfate-

reducing bacteria), NA (Sodium hydroxide), AM (Ammonia),

SA (Sulphuric acid) and DW (Distilled water) supplied with

30mV applied potential. Similar sets of experiments were also

run parallel without electrolysis. The reactors conditions for

the pretreatment of rice straw were coded with the following

aberrations:

CBA: Rice straw pretreated in presence of SRB

EBA: Rice straw pretreated in presence of SRB at an applied

voltage (30 ± 5.0mV) CW: Rice straw pretreated in presence

of water

EW: Rice straw pretreated in presence of water at an

applied voltage (30 ± 5.0 mV)

CAM: Rice straw pretreated in presence of 0.1 N ammonia

EAM: Rice straw pretreated in presence of 0.1 N ammonia

at an applied voltage (30 ± 5.0 mV)

CSA: Rice straw pretreated in presence of 0.1 N sulphuric

acid

ESA: Rice straw pretreated in presence of 0.1 N sulphuric

acid at an applied voltage (30 ± 5.0 mV)

CNA: Rice straw pretreated in presence of 0.1 N sodium

hydroxide

ENA: Rice straw pretreated in presence of 0.1 N Sodium

hydroxide at an applied voltage (30 ± 5.0 mV)

At the end of the experiments the whole reactor bottle was

harvested and process for various parameters analysis.

Experimental design for H2 recovery from hydrolysate

The hydrolysate was generated by treating the rice straw in

the electrochemical system for 48h using the 0.1 N NaOH.

Anoxic electrochemical pretreatment of rice straw was car-

ried out using 7.5% w/v of dried grounded fine powder of rice

straw fully submerged in 0.1 N NaOH solution. A 1.0 L reactor

equipped with vertically placed two graphite electrodes

(length 10 and dia 0.6 cm) at a 5 cm apart supported with a

silicone tube was purged with N2 (99.99% purity) (Fig. 1). The

electrodes were continuously applied with 30 mV potential

using a voltage converter. The reactor was at 240 rpm for 48 h

for the generation of rice straw hydrolysate. The hydrolysate

was separated from the reactor by settling the large particle

and preserved in the refrigerator at 4 �C for later use.

Hydrogen recovery from hydrolysate was performed using

25 ml SRB culture with 25 ml pretreated NaOH hydrolysate in

120 ml serum bottles under anaerobic conditions in two

phases of 72h duration. The SRB consortium was supple-

mented with Fe2þ (50 mg/L) and SO4
2� (600 mg/L) in the Post-

gate media to maximize hydrogen production in Phase-I [21].

The second phase was proceeded by maintaining a pH of 6.5

with 6 N NaOH/HCl without the addition of Fe2þ and SO4
2. The

pre-treatment of SRB culture used in the study was done for

48h at 40 mV applied voltage in a 1 L aspirator bottle equipped

with graphite electrodes (length 10 cm and dia 0.6). The elec-

trodes were placed 5 cm apart [21]. All the experiments for the

H2 recovery from hydrolysate were performed at control

conditions in aMeta-Lab incubator at 37 �C. Following reactors

conditions were used for hydrogen production from the pre-

treated rice straw hydrolysate:

i. RS: Untreated culture with anoxic pre-treated rice straw

ii. RSE: Untreated culturewith anoxic electrochemical pre-

treated rice straw

iii. PTRS: Pre-treated culture at 40± 5.0mVwith anoxic pre-

treated rice straw (Without electrochemical pretreated

rice straw)

iv. PTRSE: Pre-treated culture at 40 ± 5.0 mV with anoxic

electrochemical pre-treated rice straw

v. PTRS(WE): Maintain and pre-treated culture at

40 ± 5.0 mV with anoxic pre-treated rice straw (Without

electrochemical pretreated rice straw)

vi. PTRS þ E (WE): Maintain and pre-treated culture at

40 ± 5.0 mV with anoxic electrochemical pre-treated

rice straw.

Analytical methods

The physicochemical parameters considered in the manu-

script were performed according to the standard method

[24]. The pH and EC were measured using the Eutech In-

strument (pH/CON 700). The Systronic Double Beam (2203)

spectrophotometer was used for measuring the NH3 and

reducing sugars. The samples were digested in the SONAA

COD digester unit for measuring the COD. Most of the pa-

rameters were analyzed within 48 h, whereas the samples

were preserved in the refrigerator before analysis when

required. Analysis of variance (ANOVA) was performed to test

significant differences in the parameters between the various

output data at p < 0.05 using Microsoft Excel 365.

Physicochemical
parameters

Method Reference

Chemical oxygen

demand

Dichromate reflux method [24]

Ammonia Nesslerization method using

Systronic double beam

spectrophotometer 2203

[24]

Total Kjeldahl nitrogen Reflux method [24]

Reducing sugar DNS method [25]
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Gas compositions and volatile fatty acids estimation

The volume of the gas generated was measured at 24 h in-

tervals using a 20 ml glass syringe. The composition of the gas

was analyzed using the gas chromatograph (PerkinElmer-680)

configuredwith a thermal conductivity detector (maintained at

200 �C), using the Elite-plot Q column (30 m � 0.53 mm ID) [21].

Injector temperature was maintained to 150 �C. Initially, the
oven temperaturewas kept to 60 �C for 3min and it was further

increased to 75 �C at the ramping rate of 25 �C/min, where it

was held for 1.5min. N2 was used as carrier gas with a flow rate

of 5.6 ml/min and the final makeup volume was 20 ml.

VFAs compositions were analyzed by gas chromatograph

(PerkinElmer-680) equipped with a flame ionization detector

(FID) using the Elite-wax column (30m � 0.32mm ID) [21]. The

initial oven temperature was set at 95 �C for 5 min and sub-

sequently increased at a rate of 10 �C/min to 140 �C, where it

was held for 6 min. Further, the temperature was increased to

200 �C at a rate of 40 �C/min and hold for 5 min. The injector

and detector temperatures were maintained at 250 �C and

240 �C, respectively. Helium was used as the carrier gas at a

flow rate of 6.0 ml/min. Split injector mode was applied at 7:3

[21,26e28]. Before the analysis, the liquid samples were

centrifuged at 5000 rpm for 15 min at room temperature. The

supernatant collected was diluted 10 times with HPLC grade

water and samples were acidified to pH 2e3 using Ortho-

phosphoric acid. The samples were filtered using 0.2 mm

membranes (Dia. 25 mm). 0.5 ml of the sample was injected

using an auto-injector for analysis. A series of VFAs standards

calibration curve was prepared from volatile free acid mix

10 mM (Sigma Aldrich) aqueous solution of acids: formic acid,

acetic acid, propionic acid, isobutyric acid, butyric acid, iso-

valeric acid, valeric acid, isocaproic acid, hexanoic acid, and n-

heptanoic acid in the range of 0.5e5 mM. The following met-

rics were used for the investigations concerning the amounts

and relative proportions of VFAs products [29].

i. Alkyl groups (Methyl and Methylene groups) (mM) ¼
C2 þ (2*C3) þ (3*C4) þ (4*C5) þ (5*C6), where Cx is VFA (mM)

of the total carbon number x;

ii. Average VFA chain length ¼ (total mM alkyl groups/total

mM VFA) þ 1, where the 1 is non-energetic carbon

(carboxyl group) in the VFA molecule.

Scanning electron microscopy and FTIR analysis

Scanning electron microscopy (SEM ZEISS EVO 18 Special

Edition) with Smart SEM-[SYSTEM] software was used to

analyse the surface morphology of the rice straw before and

after treatment. Samples were prepared according to the

method discussed [30,31]. Small dried pieces of rice straw

samples were primarily fixed in 2.5% glutaraldehyde at 4 �C.
After 3e6 h of fixation samples were washed 3 times at an

interval of 15 min with 0.1 M phosphate buffer and then fixed

in 1% osmium tetroxide for 2 h for post-fixation. The sample

was again washed with 0.1 M phosphate buffer 3 times at an

interval of 15 min at 4 �C. Thereafter dehydration of samples

was done at 4 �C with increasing concentrations such as 30%,

50%, 70%, 90%, 95% acetone and 100% dry acetone for 30 min.

The rice strawwasmounted on aluminium stubswith double-

sided carbon tape sputter-coated with a palladium coater

(Quorum SC7620 Mini sputter coater). After optimizing the

image clarity, the magnification of rice straw was taken on a

maximum 500� to 510 � level.

FTIR analysis was carried out using a JASCO FT-IR-4700

type A model equipped with a TGS detector with a resolu-

tion of 8 cm�1 at scanning speed (2 mm/s). The spectral range

of the peak was recorded 399.193 cm�1 to 4001.57 cm�1 at data

interval 1.92847 cm�1. The samples were dried in the hot air

oven at 50 �C before analysis.

Results and discussion

Compositional analysis of liquid phase

Various pretreatment strategies are being used to enhance

the accessibility towards enzymes by the modification of the

recalcitrant structure of the lignocellulosic material (rice

straw). [32], Tables 1 and 2 show the compositional analysis

of the hydrolysates recovered during various pretreatment of

the substrate. The decrease in pH of the hydrolysate was

recorded for all the pretreatments except, SA, whereas a

small increment to 2.13 ± 0.04 and 2.17 ± 0.02 was observed in

the CSA and ESA respectively. However, the highest drops in

the pH value of >5 were observed in the CNA and ENA

treatments. The more drop in pH indicates a high accumu-

lation of organic matter due to the higher hydrolysis process

which results in the formation of simple sugar, fatty acids,

and amino acids by conversion of carbohydrate, fats, and

protein respectively [18].

The highest electrical conductivity observed in sulphuric

acid electrolyzed treatment indicated the highest rate of

mineralization of the rice straw and corresponds to a higher

concentration of ions in hydrates after treatment. The elec-

trical conductivity of hydrolysate depends on the concentra-

tion of minerals sulfate, chloride, nitrate, carbonate, and

phosphates present in the biomass along with the nitrogen,

sulfur, and alkaline metals which enhanced the electrical

conductivity of hydrates [32]. Thus, the higher electrical con-

ductivity in the acidic pH of sulphuric acid treatment was

observed in comparison to other pre-treatments.

The significantly high level of the sCOD in all the treat-

ments inferred the solubilization of the lignocellulose

biomass. Though alkaline pre-treatment of the lignocellulosic

biomass enables efficient removal of lignin, as well as the

acetyl and uronic acids in hemicellulose [33], while hemicel-

lulose and cellulose solubilization areminor [34]. Interestingly

even higher sCOD of 11600 ± 842.85 mg/L in the EAM treat-

ments associated with electrolysis inferring the higher solu-

bilization of the lignocellulosic biomass as compared to CAM

pretreatment. The absence of a CO2 signature indicating no

loss in the carbon components during the ammonia pre-

treatment. This may be probably due to the formation of

(NH4)2CO3, which further can provide the alkalinity during the

recovery of the energy (hydrogen/methane) at the second

stage. Moreover, more drops in the pH in the EAM ammonia

pre-treatment also confirm the formation of more VFAs and

CO2 in comparison to CAM pre-treatment. The electro-
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Table 1 e Hydrogen production and compositional analysis of liquid samples.

Expt. pH Final Residuals (mg/L) Cumulative Gases

Initial Final EC (mS) COD NH4
þ NO3

� TKN Sulfate Glucose H2 (mM/gs) H2S (mmM/gs) CO2 (mmM/gs)

CBA 6.78 5.05 ± 0.04 17.3 ± 0.47 4160 ± 277.13 94.67 ± 26.23 8.14 ± 2.42 156.8 ± 11.2 N.D 723.12 ± 4.66 0.13 ± 0.04 9.85 ± 1.70 234.7 ± 78.31

EBA 6.78 5.13 ± 0.07 17.73 ± 0.32 5826.67 ± 976.80 44 ± 6.11 11.02 ± 2.23 186.67 ± 26.46 N.D 729.57 ± 9.45 0.06 ± 0.02 14.94 ± 3.70 337.88 ± 85.59

CW 6.85 5.06 ± 0.15 10.48 ± 0.38 4200 ± 848.53 27.3 ± 16.03 25.40 ± 3.79 522.67 ± 45.26 N.D 721.51 ± 2.46 0.093 ± 0.03 N.D 107.16 ± 38.56

EW 6.85 4.97 ± 0.10 9.83 ± 0.69 4720 ± 366.61 N.D 16.07 ± 11.79 444.27 ± 17.11 N.D 737.10 ± 5.82 0.021 ± 0.01 N.D 38.08 ± 16.77

CAM 9.67 9.13 ± 0.18 17.07 ± 2.10 5160 ± 206.17 122.67 ± 14.67 52.35 ± 6.44 3345.07 ± 233.15 N.D 797.31 ± 16.55 N.D N.D N.D.

EAM 9.67 8.96 ± 0.12 19.32 ± 0.76 11600 ± 842.85 186.22 ± 53.70 38.67 ± 1.76 3363.73 ± 161.66 N.D 965.59 ± 160.37 N.D N.D N.D.

CSA 1.9 2.13 ± 0.04 26.17 ± 1.16 3760 ± 366.61 27.33. ± 4.71 21.05 ± 2.78 210.93 ± 26.46 4661.90 ± 16.50 3006.45 ± 75.03 N.D N.D N.D.

ESA 1.9 2.17 ± 0.02 26.87 ± 1.14 4880 ± 603.99 40.0 ± 13.20 30.25 ± 12.03 235.33 ± 29.71 4980.95 ± 423.86 3050.54 ± 57.37 N.D N.D N.D.

CNA 11.4 6.14 ± 0.16 17.22 ± 0.46 4800 ± 831.38 51.56 ± 15.45 45.68 ± 6.04 397.6 ± 14.82 N.D 859.14 ± 74.62 0.218 ± 0.10 N.D 211.94 ± 89.73

ENA 11.4 6.02 ± 0.23 17.48 ± 0.23 6400 ± 733.21 61.33 ± 16.71 46.46 ± 8.85 468.53 ± 11.66 N.D 920.97 ± 57.55 0.224 ± 0.05 N.D 253.75 ± 91.54

The rice straw pretreated with; CBA: SRB; EBA: Electrolysis (30 ± 5.0 mV) in presence of SRB; CW: Water; EW: Electrolysis (30 ± 5.0 mV); CAM: 0.1 N ammonia; EAM: Electrolysis in presence of 0.1 N

ammonia; CSA: 0.1 N sulphuric acid; ESA: Electrolysis in presence of 0.1 N sulphuric acid; CNA: 0.1 N Sodium hydroxide; ENA: Electrolysis in presence of 0.1 N sodium hydroxide; N.D: Not detected.

Table 2 e VFAs production during anoxic incubation in various pre-treatment.

Experiment Set-up Volatile fatty acids (mM)

Acetic Acid Formic Acid Propionic Acid Isobutyric Acid Butyric Acid Iso Valeric Acid valeic Acid Hexanoic Acid n-Heptanoic Acid Cumulative VFAs

CBA 16.69 ± 1.66 10.46 ± 1.87 0.20 ± 0.02 21.20 ± 2.93 49.50 ± 4.13 0.12 ± 0.01 1.34 ± 0.07 0.52 ± 0.08 0.14 ± 0.05 100.30 ± 6.23

EBA 20.80 ± 4.57 13.29 ± 1.60 0.35 ± 0.03 25.61 ± 2.92 70.46 ± 9.68 0.23 ± 0.03 2.01 ± 0.14 1.30 ± 0.40 1.23 ± 0.518 140.88 ± 0.07

CW 11.783 ± 6.602 1.28 ± 0.89 0.22 ± 0.01 10.38 ± 0.08 67.84 ± 2.75 0.17 ± 0.04 N.D N.D N.D 92.316 ± 4.837

EW 40.4692 ± 3.038 1.44 ± 0.33 0.44 ± 0.05 2.39 ± 0.16 58.64 ± 14.83 N.D N.D N.D N.D 105.229 ± 11.493

CAM 7.562 ± 1.66 0.35 ± 0.02 0.18 ± 0.01 N.D 46.97 ± 12.06 N.D N.D N.D N.D 46.15 ± 1.08

EAM 9.65 ± 3.29 0.55 ± 0.10 0.24 ± 0.06 0.24 ± 0.09 51.06 ± 13.23 0.09 ± 0.02 N.D N.D N.D 52.66 ± 4.40

CSA 2.39 ± 0.07 N.D 0.26 ± 0.03 N.D 55.51 ± 8.63 N.D N.D N.D N.D 53.93 ± 6.21

ESA 2.69 ± 0.39 0.65 ± 0.12 0.32 ± 0.10 N.D 46.20 ± 4.78 N.D N.D N.D N.D 54.52 ± 3.44

CNA 77.11 ± 16.3 11.34 ± 2.88 0.34 ± 0.05 6.40 ± 0.91 48.62 ± 0.05 0.12 ± 0.01 N.D N.D N.D 152.53 ± 14.08

ENA 80.14 ± 16.46 12.95 ± 1.87 0.34 ± 0.06 5.85 ± 0.45 66.45 ± 3.70 0.19 ± 0.06 N.D N.D N.D 163.48 ± 10.49

The rice straw pretreated with; CBA: SRB; EBA: Electrolysis (30 ± 5.0 mV) in presence of SRB; CW: Water; EW: Electrolysis (30 ± 5.0 mV); CAM: 0.1 N ammonia; EAM: Electrolysis in presence of 0.1 N

ammonia; CSA: 0.1 N sulphuric acid; ESA: Electrolysis in presence of 0.1 N sulphuric acid; CNA: 0.1 N Sodium hydroxide; ENA: Electrolysis in presence of 0.1 N sodium hydroxide; N.D: Not detected.
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hydrolysis pretreatment destructs the outer lignin layer to

release intracellular and extracellular biopolymers in the

soluble phase which increases the COD [35].

The nitrogenous components could play a significant role

in the anaerobic process. The bacterial pre-treatment pro-

duces the lowest TKN of 186.67 ± 26.46 mg/L and

156.8 ± 11.2 mg/L in EBA and CBA respectively due to the

consumption of nitrogen by bacteria for protein synthesis [36].

Moreover, the lowest ammonia in the electrochemical pre-

treatment (EBA, EW, and EAM) showing more ammonia

availability for its redox reaction. Similarly, outcomes show

that the NO3eN removal was always higher in the MEC inte-

grated CW compared to the normal CW [37]. Whereas the

electrochemical systemoperated in presence of the H2SO4 and

NaOH solvents show a higher level of ammonia.

The highest glucose concentration of 3050.54 ± 57.37 mg/L

and 3006.45 ± 75.03 mg/L was found in ESA and CSA respec-

tively showing electrolytic pretreatment improves high sugar

yield avoiding the use of enzymes in the saccharification stage

[38]. This pretreatment operating strategy involves dilute acid

for high glucose recovery by applying a small voltage at room

temperature to produce value-added products. Interestingly

the residual glucose in the hydrolysate was almost equal in

the CBA, EBA, CB, and EW ranging from 721.51 ± 2.46 to

737.10 ± 5.82 mg/L. A slightly higher level of glucose to

729.57 ± 9.45 and 737.10 ± 5.82 mg/L in the EBA and EW

showing the additional conversion of cellulose into glucose

from the rice straw by the electrolysis of the polymer in

presence of the respective solvents.

Effect of the solvent pretreatment of the gas production

Table 1 shows the cumulative gas and hydrogen production

based on daily monitoring of gas of different pretreatment

methods. The differences among the cumulative values of

hydrogen production indicating NA pretreatment was more

effective for gas production. No gas production was observed

in the pretreatment with SA, AMwith andwithout electrolysis

throughout the experiment.

Hydrogen production during pretreatment
Recovery of hydrogen production during various pre-

treatments was analyzed at regular intervals of time in bio-

reactors and Bioelectrolysis reactors (BESs) with an electrode

potential of 30 mV. Fig. 2 shows the hydrogen production

profile in various pre-treatments for 15 days. As a result of

various pre-treatments, an insignificant variance (p ¼ 0.056)

in the hydrogen production among the treatments having

gas production was observed. Two-dimensional data matrix

plots of hydrogen produced showing the major peaks during

the initial 24h (5.38ml) and 144h (5.69ml) in the CBA and CNA

respectively (Fig. 3A). With few samplings having no

hydrogen production (white colour), all the pre-treatments

showing the hydrogen production of <1.0 ml. The white re-

gion in the figure showing very lesser hydrogen production

whichmay be below detection limits during the analysis. The

direct and indirect electrochemical reactions between the

reactant and the electrode surface directly (direct electrol-

ysis), or by a solution-phase redox mediator (indirect elec-

trolysis) generally involve outer-sphere electron transfer to

the mediators and allow exploiting highly tailored molecular

redox catalysts [39]. This change in the lignocellulosic ma-

terial during the various physicochemical pretreatment, by

various catalysts not only could remove lignin but could also

effectively destroy the interaction of hydrogen bonds be-

tween celluloses as a result of the structural changes as

revealed from the SEM and FTIR data. Moreover, the rice

straw was not sterilized during the pretreatment, the mi-

crobes associated with biomass may also contribute to the

emission of the gases under anaerobic conditions. Though

the variation in the emission of the gases from the different

treatments may be due to the different types of solvent used.

Fig. 2 e Hydrogen production profile as a result of various pre-treatments of rice straw.
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Despite the delayed appearance of the hydrogen production

in the NaOH pre-treatment shown a comparatively much

higher hydrogen production efficiency of 18.31 ml and

18.84 ml in the NA and ENA respectively. Whereas a little

higher variance of 3.52% was observed in the NA in com-

parison to ENA pre-treatment (2.63%). It was observed that

applied potential influences the higher percentage of

hydrogen production by nearly 38%e59% after 216 h of pre-

treatment. This occurs due to the combined effect of elec-

trolysis due to applied voltage [18] and the corrosive nature

of sodium hydroxide [40] which distracts the outermost

lignin layer to form a high concentration of VFAs as soluble

COD [35]. As a result, a large part of lignin is removed, cel-

lulose is depolymerized and its digestibility is improved in

the pretreatment performedwith NaOH [41]. The detection of

the hydrogen was ceased 168h onward of the incubation in

CW, whereas hydrogen detection with few frequencies (4

times) was observed to 288 h of incubation in the EWA pre-

treatment (Fig. 2). The disintegrated organic matter of rice

straw was easily hydrolyzed during anoxic pre-treatment.

Further, these simple monomers formed due to the com-

bined effect of electrolytic and NaOH treatment are con-

verted into H2, CO2, alcohol, and short-chain organic acids.

Hydrogen production during bacterial pre-treatment of rice

straw has been accomplished by extensive hydrogenase ac-

tivity of sulfate-reducing bacteria that produce H2, CO2 and

acetate where sulfate is limited [42]. Interestingly SRB based

BES integrated for pre-treatment comparatively show low H2

yield due to high H2S production during the electrolytic pre-

treatment. Initially, a low percentage of hydrogen was found

in 24 h due to the disturbance of the bacterial population by

suddenly applied voltage in comparison to rector operated

without applying voltage. Researchers have reported that the

applied potential of nearly 44.4 mV reduces the sulfate in the

medium by electron flux for high H2S gas production [21]. It

has also been reported that H2 production influence by sulfate

addition in microbial growth medium that consumes H2 to

generate H2S at lower redox potential [42,43].

Water pre-treatment shows a sudden increase in trend

in H2 production from 15% to 44% from 24 to 72 h, where it

achieved maximum production. A further decline in trend

till 144 h was seen and then its production increased by

nearly 44% in 168 h (Fig. 2). However, beyond this incuba-

tion, no H2 production was observed throughout the

experimental period. Applied voltage triggers the hydroly-

sis steps in anaerobic digestion. Disruption of a complex

Fig. 3 e Two-dimensional data matrix plots of gas produced during various pre-treatment: A) H2; B) CO2. The colour scale

provides the lowest to highest values of the respective gas. The white colour regions missing values showing the no gas

production, red colour for highest gas production. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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rice straw lignocellulose structure by electrophoresis,

ohmic heating, and electro-osmosis results in fragmenta-

tion of polymer into ionized soluble monomer results in the

release of 30% of H2 production in electrolytic pre-

treatment of water [18,44].

CO2 production during pre-treatment
A significant variance in CO2 production (p ¼ 0.003) was

observed during the various pre-treatments (Table 1). The

CO2 emissions of 143.96 ± 109.37%, 35.54 ± 43.49%, and

119.73 ± 102.01% times higher in EBA, EWA, and ENA

respectively in the electrochemically pre-treatment of the

rice straw showing the breakdown of the soluble compo-

nents to CO2 with the application of applied potential. Fig. 3 B

shows the two-dimensional data matrix of CO2 production in

various pre-treatment. Initial monitoring of the bacterial

treatment shows no CO2 production due to sudden distur-

bance of the microbial population by the applied voltage on

the electrodes. The CBA and CW show the CO2 emission in

24h of incubation, whereas in the EBA and EWA the CO2 was

detected in 24 h of incubation followed by 72 h of incubation

in the NaOH pre-treated sets. The CO2 emission starts from

18% in 72 h and is enhanced to nearly 50% in 216 h of pre-

treatment in the system in presence of NaOH. NaOH pre-

treatment removes the lignin by opening the structure of

lignocellulose material by breaking the ester bonds between

lignin, hemicellulose and cellulose, as a result, it efficiently

increases the accessibility of enzymes to the cellulose [45].

When the bacterial population was adapted to the applied

voltage sudden enhancement of the CO2 production occur

after 48 h. The pre-treatment of rice straw coupled with the

BES system was showing nearly 42e60% carbon-di-oxide

emission from 96 h till the end of the cycle, which was

nearly 1.12 times higher than pre-treatment in control. The

highest cumulative CO2 emission (337.88 ± 85.59 mM/g) in the

EBA might be due to the synergistic effect of the microbial

activity and the potential applied.

The lowest CO2 emission of 12.92 ± 1.04 and 6.90 ± 1.77 mM/

g in the CW and EWA might be due to the low accessibility of

the lignocellulosic material for the breakdown in the water

medium. The low hydrolysis of rice straw due to less solubi-

lization of the lignin causes minimal delignification which

results in the least damage to hemicellulose crosslinking

across cellulose for CO2 emission in comparison to NaOH and

microbial pretreatment. Whereas in microbial and NaOH pre-

treatment release enzymes and soluble components of the

lignin respectively might be playing a significant role in the

modification of the lignocellulosic biomass. The CO2, CH4, and

H2 concentrations in the biogas are directly influenced by the

biodegradability of biomass that directly depends on the

disintegration of (i.e., lignin, cellulose, and hemicellulose) [18].

Volatile fatty acids production during pre-treatment

Table 2 shows the VFAs composition analyzed under various

pre-treatments. A significant variance in the VFAs produced

under the various pretreatments was observed (Single-factor

ANOVA p < 0.05), with the highest variance in the acetic acid

(706.15%) followed by butyric acids (145.14%). Other VFAs

except for isobutyric acid (58.04%) and formic acid (21.21%),

the variance observed was less than 0.4%. The electrolytic

pretreatment operations' showing a significantly elevated

level of VFAs production (Times higher: EBA ¼ 207.13%,

EWA ¼ 137.84%, EAM ¼ 53.86%, ESA ¼ 52.77%, ENA ¼ 96.67%)

in comparison to respective without electrolysis treatment.

This observation indicates that the electrolytic treatment en-

hances the degradation of organic matter by hydrolysis and

conversion into value-added products. NaOH pretreatment

was showing a high accumulation of VFAs production. In this

treatment elevated levels of acetic acid and butyric acid were

found. Bacterial pretreatment coupled with bioelectrolysis

system produces butyric acid, isobutyric acid, acetic acid, and

formic acid as the major constituent of the VFAs. The bio-

electrolysis supports the production of these fatty acids which

could be efficient in utilization of the continents in anaerobic

digestion for bioenergy recovery. When acetate is the only

reduced carbon byproduct, the H2 yield is 4 mol mol�1 of

glucose, whereas, if acetate and butyrate are the byproducts,

the maximum theoretical H2 yield is further reduced to

3 mol mol�1 of glucose [46]. The electrolytic treatment with

ammonia shows a high accumulation of VFAs inferring

applied voltage promotes its accumulation with major con-

stituents of butyric acid, Iso-butyric acid, and acetic acid in

EBA and EAM treatment. Studies reported that low pH in-

fluences the formation of acetic acid, propionic acid, and

butyric acid [47].

Butyric acid production was found highest among all the

fatty acids produced which is a vital metabolic product for H2

evaluation and acetate production [48]. Researchers have

found that undissociated butyric acid remains in the undis-

sociated form at pH 4.9 [49]. Acetic acid production was found

to be relatively higher in an alkaline pretreatment (NaOH) and

relatively low accumulation was found high acidic medium of

H2SO4. The highest concentration of acetic acid in the ENA,

confirming the hydrolysis of the acetyl group for acetic acid

formation. This is the major advantage of the electrochemical

pre-treatment of the rice straw to form acetic acids, whereas

another process of autohydrolysis of the acetyl group forming

acetic acid occurs at high temperatures during stream explo-

sion pretreatment [50]. The bacterial (SRB) pre-treatment

shows a significant amount of acetic acid production due to

the inhibition of methanogens by enriched SRBs.

The study illustrates the low detection of propionic acid

was found in all the pre-treatment [51]. This attributes to the

fact of low propionate yield inhibition occurs especially when

the pH is below 6.0. Isovaleric and valeric acid synthesis was

relatively found in minor concentrations in bacterial and so-

dium hydroxide treatments. The EAM and CW pre-treatment

reactors were also showing their production in minor con-

centrations. Normally the higher level of these VFAs is

observed in the degradation of the protein-rich substrates

[52,53]. Hexanoic acid and heptanoic acid were also found in

low concentrations and were only produced in bacterial

treatment their formation was supported by applied voltage

bacterial treatment. The shortest chain length in the VFAswas

observed in the NaOH pretreated hydrolysate (ENA: 2.98,

CNA:2.73), whereas the longest chain length was found in the

sulphuric acid pretreated hydrolysate (ESA:3.85, SA:3.91).

Interestingly except for EBA and ENA, the longer chain length

was found without electrochemically pretreated hydrolysate.
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Overoxidation and re-polymerization of monomers are some

of the main problems found in lignin electrochemical oxida-

tive depolymerization which can be overcome by removing

the low-molecular-weight depolymerization products from

the reaction medium as soon as they are formed [39].

Surface morphological change in rice straw raw solid
residues after pretreatment

The surface morphological changes in rice straw were exam-

ined at the end of the experiments using SEM to reveal the

structural changes in different solvents (Fig. 4). Significant

surface morphological changes were observed in different

solvents pre-treatments. The surface of untreated rice straw

(Fig. 4 UT) showed smooth and compact structure arranged fi-

bers in bundle mainly composed of lignin and hemicellulose

with some ridges and small dots indicating the presence of

silica particles in the outer layers. The SA, AM, and NA treat-

ments were found more severe. These treatments destroyed

the lignin and hemicellulose fibers [54]. The removal of hemi-

cellulose leads to increased porosity and improved enzymatic

digestibility [55,56], when treated with weak acids. The highest

damaged outer surface in the SEM image (Fig. 4 a.m.) of pre-

treated with ammonia shows the possibility of the release of

the polymer in form of COD. Thereby resulting in exposure of

internal structure with clear pore formation. These changes

will allow easier enzyme penetration and absorption to provide

an increased susceptibility for enzymatic hydrolysis [57]. The

Fig. 4 e Scanning electron microscopy of the rice straw: UT) Untreated; B) Pre-treated with bacteria; W) Pre-treated with

water; AM) Pre-treated with ammonia; SA) Pre-treated with sulphuric acid; NA) Pre-treated with sodium hydroxide.
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bacterial and water treatment causes minimal changes in the

surfacemorphology (Fig. 4 B andW). It shows the smooth layer

with minimum destruction of rice straw layer as compared to

sodium hydroxide, sulphuric acid and ammonia treatment

(Fig. 4 NA, SA, AM) which is indicative of the inefficient removal

of hemicellulose/lignin and low enzymatic digestibility of cel-

lulose in rice straw. Fig. 4 (NA) showing NaOH treatment is

quite effective in an increase in the internal surface area of

cellulose, by the disruption of lignin structure.

The structural changes in the electrolytic pre-treated rice

straw analyzed using FTIR spectroscopy are presented in

Fig. 5. The spectra attribute the change in the various con-

centrations of lignin, hemicellulose, and cellulose in treated

rice straw. Similar trends of the peak have been observed in

electrolytic concerning without electrolytic treatment with

the difference in the value of transmittance confirms the

alternation of in chemical bonds [58]. Initial peak appearance

in control and electrolytic treatment in the range of

880e890 cm�1 with nearly 1.7% in all the treatments which

has been reduced to 0.004% in water treatment indicating the

CeHdeformation in cellulose [59,60]. Peak range between 1162

and 1157 cm�1 was found in higher transmittance in electro-

lytic ammonia treatment attribute to CeOeC vibrations in

cellulose and hemicellulose [59,60]. A similar pattern of peak

characteristic was noted in all the electrolytic pre-treatment

with transmittance in a range near to 2.1% except in water

treatment. Sulphuric acid treatment shows higher trans-

mittance nearly 3.49% was found in the 1199-1200 cm�1 peak

range due to symmetric stretching CeOeC glycoside [58]. The

peak range between 1234 and 1244 cm�1 shows higher trans-

mittance of 3.97% in sulphuric acid treatment due to C]O

stretching; methyl, CeC, and CeO stretching vibrations vi-

bration [59]. The peak range between 1319 and 1332 cm�1

nearly 4.1% transmittance was observed in all the treatments

due to CeH vibration in cellulose and CeO vibration of S rings

and peak range of 1363e1376 cm�1 having higher

transmittance of 3.28% was due to CeH deformation of cel-

lulose and hemicellulose [59]. The peak range is between 1513

and 1400 cm�1 aromatic skeletal vibrations of lignin compo-

nents in biomass [59]. The wavenumber of 1520e1590 cm�1 in

all the treatments can be assigned as C]O stretching and

aromatic vibrations of lignin [61]. The peak range between 500

and 1770 cm�1 is the lignin fingerprint region [54]. The

decrease in the intensity of absorbance in electrolytic pre-

treatment indicates the higher digestibility of lignin and

hemicellulose [54]. The appearance of a distinct peak between

1640 and 1740 cm�1 may be due to CeO stretching vibrations

and CeH stretching vibration (CH3, CH2) was noted in the

range of 2292e2296 cm�1 caused by lignin destruction [53,60].

Hydrogen recovery potential from hydrolysate in a BES

Hydrogen production from NaOH hydrolysate recovered under

anoxic electrochemical pre-treatment to access its field

implementation in various phases is presented in Table 3. Re-

sults obtained from ECP of rice straw hydrolysate using pre-

treated anaerobic culture at 40 mV potential shows higher

cumulative hydrogen production in both phases. Anoxic ECP of

rice straw hydrolysate fermentative products were efficiently

utilized for hydrogen production by SRBs. H2 production was

not detected under control conditions as methanogens were

active which consumed H2 and acetic acid for methane pro-

duction [42]. Comparatively lower acetic acid production in the

control conditions and elevated level of acetic acid in a reactor

operated with ECP hydrolysate with a continuous supply of

voltage confirms the inhibition of methanogens the common

substrates for methanogens [21]. Simultaneously pretreatment

of SRB culture at applied potential with the addition of an op-

timum level of Fe2þ and SO4
2� support hydrogenase activity of

the SRB culture in the bioelectrochemical system for higher H2

production [21]. The drops inH2 production in Phase-IImight be

due to the high accumulation of VFAs of 150.04 ± 22.52 mM in

Phase-I which results in a drop in pH nearly 5 with lower H2

production efficiency. The trace amount of H2S production was

found due to a low level of sulfate addition inmedia and a drop

in pH below 6 inhibit the growth of SRB and sulfide production

disappeared at pH 5.5 [62].

The VFAs monitored at the end of each phase are pre-

sented in Table 3 tVFA concentration was found maximum in

ECP supplemented with the optimum levels of Fe2þ and SO4
2�.

Interestingly SRB using ECP rice straw hydrolysate showing in

higher accumulation of acetic acid and lower butyric acid

concentration showing effective growth of SRB and metha-

nogens population inhibition [63]. The major concentration of

acetic acid showed that hydrogen was produced by SRB

through the acetic acid pathway from ECP rice straw hydro-

lysate [21]. The decrease in the concentration of formic acid in

the reactor operated by ECP rice straw hydrolysate from Phase

I to Phase II shows the successful existence of microbial

electrolysis in these reactors. This drop might be due to

polymerization of the chain length or H2 conversion. The

reactor PTRS þ E (WE) showing the highest 26.55 ± 3.51 mM of

Isobutyric acid and continuous supply of voltage to the ECP

hydrolysate decrease its concentration by nearly half showing
Fig. 5 e FTIR spectra of the structural changes of electrolytic

pre-treatment of rice straw.
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that SRB efficiently utilizing it at applied voltage. Profiles of

Iso-valeric acid show that are second-most dominant fatty

acids with nearly 25 mM production was observed. The

prominence of decreasing trend of Iso-caproic acid with the

progression of the phase shows successful utilization of

longer chain fatty acids by SRB [63]. A minor concentration of

hexanoic acid less than 1 mM is found in the entire reactors.

Conclusion

The electrochemical pretreatment of the lignin-rich lignocel-

lulosic biomass proved to be an especially useful method to-

wards better understanding its recalcitrance nature in the

production of value-added products and biofuels in an

economical way. Additionally, the most suitable pH to

6.02 ± 0.23 and reactor study for hydrogen production at an

optimized concentration of ferrous, sulfate with applied

voltage in the ENA pretreated hydrolysate indicating its suit-

ability for microbial biofuel production. Based on the soluble

COD results, alkaline pretreatments are more effective,

whereas cumulative VFAs data show SRB (EBA) and ENA pre-

treatments are more effective. The different constituents

produced as a result of different pretreatment methods

inferred that desired products are possible by controlling the

pretreatment process parameters. Except for biological pre-

treatment of the rice straw in the Electrochemical system, all

other conditions result in the emission of the lesser CO2 gas.

Therefore methods proposed for the pretreatment of the

lignocellulosic biomass could be a good option for processing

the biomass for value-added products recovery at ambient

temperature by applying very little voltage.
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Table 3 e Gases and VFAs production from NaOH pretreated hydrolysate.

Parameters Phase Rectors

RS RSE PTRS PTRS þ E PTRS(WE) PTRS þ E(WE)

pH PeI 6.33 ± 0.06 6.27 ± 0.06 6.27 ± 0.15 5.93 ± 0.21 5.03 ± 0.06 4.90 ± 0.10

P-II 6.60 ± 0.10 6.37 ± 0.06 6.23 ± 0.06 6.03 ± 0.06 5.33 ± 0.12 5.40 ± 0.10

H2 (mM/gs) PeI N.D N.D 0.253 ± 0.029 0.341 ± 0.031 1.049 ± 0.027 0.992 ± 0.141

P-II 0.001 ± 0 0.032 ± 0.005 0.006 ± 0.001 0.039 ± 0.008 0.098 ± 0.028 0.265 ± 0.091

CH4 (mM/gs) PeI 0.008 ± 0.002 0.023 ± 0.005 0.012 ± 0.003 0.023 ± 0.002 N.D 0.005 ± 0

P-II 0.062 ± 0.001 0.109 ± 0.017 0.061 ± 0.026 0.154 ± 0.028 0.008 ± 0.002 0.060 ± 0.018

H2S (mmM/gs) PeI N.D N.D 2.167 ± 0.7324 0.89 ± 0.139 N.D N.D

P-II N.D N.D 35.31 ± 9.40 12.68 ± 1.08 N.D N.D

Acetic acid (mM) PeI 11.38 ± 0.80 12.92 ± 1.38 72.63 ± 5.13 79.77 ± 6.48 25.19 ± 9.86 91.47 ± 16.89

P-II 11.27 ± 2.06 11.55 ± 2.07 26.87 ± 1.20 31.36 ± 1.41 12.63 ± 3.49 48.39 ± 6.03

Formic acid (mM) PeI 1.04 ± 0.16 1.57 ± 0.10 6.24 ± 0.63 6.36 ± 0.52 0.88 ± 0.40 4.88 ± 0.53

P-II 1.91 ± 0.40 9.56 ± 0.64 1.41 ± 0.20 4.75 ± 0.87 0.55 ± 0.16 2.17 ± 0.30

Propionic acid (mM) PeI 0.21 ± 0.00 0.46 ± 0.05 0.73 ± 0.12 0.75 ± 0.07 0.24 ± 0.09 0.72 ± 0.21

P-II 0.25 ± 0.08 0.75 ± 0.22 0.38 ± 0.14 0.56 ± 0.14 0.43 ± 0.21 0.59 ± 0.14

Isobutyric acid (mM) PeI 0.52 ± 0.05 0.54 ± 0.12 7.54 ± 0.23 6.68 ± 0.84 9.96 ± 2.71 26.55 ± 3.51

P-II 5.14 ± 0.41 14.68 ± 2.08 4.96 ± 2.48 9.77 ± 3.91 9.08 ± 2.06 13.32 ± 3.44

Iso-Valeric acid (mM) PeI 27.11 ± 0.79 28.21 ± 0.43 28.10 ± 0.32 26.50 ± 0.36 28.83 ± 0.97 27.84 ± 1.79

P-II 24.21 ± 0.17 26.05 ± 0.22 24.96 ± 0.73 26.90 ± 0.27 25.78 ± 0.83 26.07 ± 0.22

Iso-carporoic acid (mM) PeI 2.47 ± 0.03 2.57 ± 0.09 2.40 ± 0.03 2.54 ± 0.05 2.71 ± 0.01 2.76 ± 0.07
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ND: Not detected.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� SRB enriched culture in a Bio-

electrochemical system (BES)

show higher methane inhibition

efficiency.

� Butyric acid was found the most

dominant volatile fatty acid at all

the temperature treatments.

� Optimum temperature stress for

high H2 yield was simulated by

kinetic modeling to clarify

computed data.
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a b s t r a c t

This study was carried to investigate the effect of thermal pre-treatment at 55 �C, 65 �C,

75 �C, and 85 �C on sulfate-reducing bacteria (SRB) and methanogens to check their po-

tential in a Bio-electrochemical system (BES) for hydrogen and methane production. The

experimental results indicate that SRB culture pre-treated at 55 �C could be used efficiently

in hydrogen production up to 2.814 ± 0.091 M/M of glucose. A significant drop in methane

production from Phase-I to Phase-III with an increase in pre-treatment temperature was

observed. Volatile fatty acids production was found highest in Phase-III, with butyric acid

in major concentration at the pre-treatment temperature range of 55 �Ce65 �C in SRB-

based BES. The higher hydrogen production conditions were tested with various models

i.e. the Gompertz model, Richard model, and Logistic model to confirm its validity and

hydrogen production prediction. Richard's model was found best fitted for cumulative

hydrogen production.
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Introduction

Global energy crises due to exhausting fossil fuel resources

and the impact of energy recovery from this natural resource

on the ecosystem, human health, and global climatic change

promoting the researchers around the world to find out al-

ternatives renewable resource to meet energy demand [1,2].

Having remarkable potential, hydrogen is considered an ideal

substitute for meeting the energy demand. Hydrogen has the

highest energy content of 120 MJ/kg for H2, 44 MJ/kg per unit

weight among the gaseous fuels [3]. Additionally, the oxida-

tion products of hydrogen do not contribute to the emission of

greenhouse gas, depletion of ozone, or acid rain [4]. Tradi-

tionally biohydrogen production is directed to diecy condi-

tions with the emission of CO2 which results in declining

ecological balance [5]. Anaerobically hydrogen production

using mixed culture has been focused particularly because it

has advantages over methane production having no CO2

emission and high energy density [6e8]. Compared to pure

cultures, mixed culture potentially utilizes varieties of sub-

strates, operates in non-sterile conditions, adapted to opera-

tional conditions in engineered bioreactors when cultured

from natural ecosystems [9]. Sulfate-reducing bacteria (SRB)

are a major group of important environmental anaerobes in

the field of bioremediation and wastewater treatment tech-

nology playing a key role in the sulfur and carbon cycle

[10e12]. In natural habitats, SRB has an extremely high hy-

drogenase activity. They produce fermentatively H2, CO2, and

acetate in syntrophy with other organisms in sulfate-limited

environments [12e14].

Under anaerobic conditions in the mixed cultures, SRB

outcompetes with methanogens for substrates such as ace-

tate andH2, resulting in drops in theH2 production rate [10,15].

The inhibition of the bacteria involved in the anaerobic

digestion step of methanogenesis in the mixed bacterial cul-

ture is required for successful H2 production [16]. Several

studies prove that the COD/SO4
2� ratio value of 1.7, dominates

SRB [9,17]. Various methods are being used to enrich the

hydrogen-producing bacteria by suppressing hydrogen

consuming microbes include heat shock pretreatment [18,19],

acid or alkaline pre-treatment [20,21], chemical inhibitors

treatment [22e24], ultrasonication [25] and gamma irradia-

tions pretreatment [19]. Chemical inhibitors are hazardous to

the environment due to their presence in effluents, further

acid and basic treatments need system monitoring and pH

adjustment. So, these pretreatment methods having some

limitations, including novel technologies irradiation, ultra-

sonic, and microwave are not given promising results and are

not economically viable. The heat pre-treatment approached

of microbial pretreatment has the most promising results by

converting COD into biogas by effectively destroys volatile

solids [26,27]. The hear-shock pretreatment (HST) is a useful

method for the selection of the hydrogen-producing inocula

for the utilization of the soluble substrates [28]. Repeated

heating of anaerobic culture simultaneously with sulfate

reduction would inhibit the H2 consuming microorganisms to

enhance hydrogen yield for long-term operation.

The Bioelectrolysis system an innovative promising

green technology can be studied by integrating with

electrochemically active SRB hydrogenase-rich bacteria to

produce hydrogen from organic matter without causing

environmental pollution [29e31]. The application of the

applied potential to a bioelectrochemical system (BES)

enhanced hydrogen production by 1.7e5.2-fold (Approx)

which further increases its production increase with an in-

crease in applied potential [32]. Therefore, culture treatment

and enhanced hydrogen recovery using the small applied

voltage could play a significant role in economical energy

recovery [33].

Kinetic models are beneficial tools in operation and opti-

mization studies [34]. These mathematical models are also

reported for providing and analyzing important aspects of

policies for start-up inhibition pathways associated with the

anaerobic digestion process [35]. The exponential and linear

equations used for the production rate analysis of biogas

showing a rising limb and a decreasing limb like the phase of

bacterial growth [36,37]. The modified Gompertz, Logistic, and

Richards models are used in various studies for simulation of

methane and hydrogen production [38,39].

Although enhanced hydrogen productions in various pre-

treatments are ambiguous as most of the studies are con-

ducted using a specific microbial community and comparison

of the simultaneous impact on different mixed anaerobic

microbial communities are unavailable in the literature [22].

In the present study, we explore the thermal pre-treatment

strategies for SRB, SRB coupled with bio-electrolysis and

methanogens bioreactor system for hydrogen, methane, and

H2S production. The effectiveness of the combination of sul-

fate and heat treatment method in the first phase followed by

only heat treatment in the latter two phases followed by the

comparison of the impact of Bioelectrochemical system in

gases production was evaluated. Our results demonstrate a

very interesting effect of heat shock at various temperature

treatment strategies which can be used in hydrogen produc-

tion using SRB as new microorganisms for hydrogenase

activity.

Materials and methods

Inoculum source and preparation

The inoculum A (methanogens enrich) used in this study was

obtained from a 5 L capacity anaerobic bioreactor [40]. The

reactor was decanted and fed twice a month with a 2 L slurry

prepared bymixing 500 g cow dung in 2 Lwater. For sustaining

the methanogen population the fresh cow dung was collected

near the Central University of Gujarat, Sector-30, Gan-

dhinagar, Gujarat (India) before feeding the reactor. The

inoculum B (SRB enriched) used in this study was maintained

in a 10 L capacity anaerobic bioreactor, prepared by mixing

above collected cow dung with viscous sludge collected from

anaerobic digester of Piranha Municipal Sewage Treatment

Plant, Ahmedabad, Gujarat, (India) in 1:1 in 1 L water [33]. The

inoculum B was further enriched in 5 L of Postgate media [41].

The reactor containing the master culture of inoculum B was

maintained at pH 6.5 ± 0.5 using 6 N NaOH/HCl at room

temperature. Every 5e6 days, the culture was kept for settling,

and 3 L of the Postgate medium was added by replacing an

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
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equal volume of supernatant from the reactor. The anaerobic

condition in all the reactors was maintained by purging with

nitrogen (99.999% purity) for 5 min. The presence of H2S gen-

eration was detected by lead acetate [42], an indication of the

blackening of the medium, and H2S generation recorded as

positive for SRB presence.

Experiment design and conditions

In the present study, InoculumA and InoculumBwere used as

a source for methanogens and sulfate-reducing bacteria (SRB)

respectively. The heat-treatment or extreme pH eliminates

the hydrogen consumers, the non-spore formers [43], whereas

hydrogen producers, the spore-formingmicrobes are resistant

to harsh conditions of high temperature, extreme acidity, and

alkalinity [43,44]. Therefore, experiments were carried out in

three phases of 72 h duration by heat pre-treating the cultures

at various temperatures of 55 �C, 65 �C, 75 �C, 85 �C, and

Control (37 �C) for half an hour in Electroquip hot air oven.

Though the temperature and treatment duration during the

heat shock treatment (HST) varies ranging from 65 �C to 121 �C
[45,46] and from 20min to 24 h, respectively [47,48]. The higher

temperatures beyond the selected range are not suitable for

both the SRB and the methanogens. The mixed culture heat-

treated at a higher temperature of around 95e100 �C, the un-

favorable conditions for hydrogen-producing bacteria, and

eliminate methanogen which produces low hydrogen and

methane [49]. The experiments were performed in the 120 ml

serum bottles. 25 ml of pre-treated culture at different tem-

peratures were mixed with 25 ml of the Postage media fol-

lowed by incubation at 37 �C. Phase-I was conducted in the

Postgate medium; further Phase-II and Phase-III were con-

ducted in the modified Postgate medium (without sulfate).

The SRB-based bioeletrolysis system was constructed

using graphite electrodes procured from the local market,

Ahmedabad, Gujarat (Fig. 1). The electrodes of length

2.25 cm and dia 0.6 mm, were placed 1 cm apart from each

other using the silicon tube. The potential of 40 mV was

applied through voltage controller 1V D.C and 5 V D.C.

adaptor, assembled from the local market, Gandhinagar,

Gujarat. Each bottle was purged with nitrogen gas (99.999%

purity) for 3 min and sealed with 20 mm silicone rubber

septa and aluminium caps for control, whereas bio-

electrolysis system was sealed with a specialized stainless-

steel cap for the accommodation of the potential supply.

During each phase, the gaseous sampling was carried at

24 h regular intervals for 72 h. The volume of the gas

generated was measured using a 20 ml glass syringe. The

liquid samples were taken at the end of each phase. All the

phases were carried out in the same reactor while moving

from one phase to the next phase, 25 ml of the liquid was

drawn and replaced with 25 ml of the modified Postgate

medium. All the reactors were heat-treated at respective

temperatures and purged with nitrogen as mentioned

earlier to ensure the anaerobic conditions while proceeding

towards the next phase.

Gases measurement and composition analysis

The composition of headspace gas was analyzed using gas

chromatography (PerkinElmer 680) configured with a thermal

conductivity detector (200 �C), equipped with the Elite-plot Q

column (30 m � 0.53 mm ID). Injector temperature was

maintained at 150 �C. Initially, the oven temperature was kept

at 40 �C for 3.5 min and then increased with a ramp rate of

40 �C/min to 65 �C, where it was held for 3 min. Nitrogen was

used as the carrier gas with a flow rate of 2 ml/min. The

concentrations of the individual gases in the mixture were

calculated using calibration curves prepared from the H2, CH4,

CO2, and H2S of high purity grades.

Fig. 1 e Bioreactors and Bioelectrochemical systems used in the study.
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Liquid components analysis

Physicochemical characteristics of the liquid samples were

analyzed at the end of each phase after harvesting 25ml of the

sample using the standard method [50]. The pH of the sample

was measured immediately using (pH meter Eutech 700). The

chemical oxygen demand (COD) and volatile fatty acids (VFAs)

analysis were performed by centrifuging the samples at

5000 rpm for 20 min. For the analysis of VFAs, 2.5 ml of sam-

ples were acidified to 2e3 pH using Orthophosphoric acid [50]

and were preserved in Eppendorf tubes at 4 �C for further

analysis. Before analysis of VFAs samples were diluted to 10

times with HPLC grade water and filtered through 0.2 mm

membranes (Dia. 25 mm) passing through the IR 120 regin

filled column. The sample volume of 0.5 ml was injected using

an autosampler in a gas chromatograph (PerkinElmer 680)

equipped with a flame ionization detector (FID) using helium

as a carrier gas in the Elite-wax column (30 m � 0.32 mm ID)

[37]. The initial oven temperature was set at 95 �C for 5 min

and subsequently increased at a rate of 10 �C/min until

reached 140 �C, where it was held for 6 min. The further

temperature was increased at a rate of 40 �C/min to 200 �C,
where it was held for 5 min. The injector and detector tem-

peratures were kept at 250 �C and 240 �C, respectively. The
calibrations curve prepared (0.5e5 mM) using the volatile free

fatty acids mix of 10 mM (Sigma Aldrich) to calculate the

concentration of formic acid, acetic acid, propionic acid, iso-

butyric acid, butyric acid, isovaleric acid, valeric acid, iso-

caproic acid, hexanoic acid, and n-heptanoic acid.

Kinetic modeling

A number of the models are being used to assess the microbial

growth curve, specific growth rate, and lag times in numbers of

the disciplines. The kinetic and model analyses are widely

applied in the design and scale-up of anaerobic digestion re-

actors [51]. The best results obtained for maximum hydrogen

production from the bioreactors of different treatments were

checked for the suitability of kinetic models. The non-linear

models are mostly used for the interpretation of the gases

produced during anaerobic fermentation. An adequate model

can describe a curve, limits the number of interesting param-

eters, and is the one way to discriminate among models to

compare them statistically [52]. The modified Richards, Gom-

pertz, and Logistic models are widely used for the analysis of

kinetics modeling of hydrogen production [37,38]. The Richards

model has some problems sometimes, whereas the Gompertz

and Logistic models never gave problems while fitting the non-

linear curve [52]. The Non-linear fitting was assessed on each

phase using Origin Pro Trial 2019b 64 bit software (Trial

Table 1 e Cumulative H2, CH4 and H2S production in the various consortium.

Experiment SRB SRB þ Electrolysis Methanogens

H2 CH4 H2S H2 CH4 H2S H2 CH4 H2S

M/M of glucose

Control PeI 0.351

±0.009
0.106

±0.022
0.170

±0.020
0.228

±0.064
2.204

±0.275
0.368

±0.005
0.026

±0.003
1.305

±0.117
0.462

±0.045
P-II 1.926

±0.136
N.D 0.289

±0.043
0.879

±0.012
0.194

±0.034
0.188

±0.044
0.155

±0.006
1.009

±0.126
0.199

±0.037
P-III 1.823

±0.165
N.D 0.183

±0.028
0.165

±0.024
N.D 0.088

±0.024
0.701

±0.081
0.149

±0.015
0.125

±0.038
55 �C PeI 0.058

±0.010
2.298

±0.137
0.441

±0.065
0.311

±0.084
1.603

±0.252
0.631

±0.083
0.019

±0.00
1.369

±0.069
0.421

±0.022
P-II 1.173

±0.064
0.077

±0.028
0.115

±0.029
0.459

±0.025
0.322

±0.017
0.116

±0.029
0.207

±0.029
1.152

±0.202
0.154

±0.014
P-III 2.814

±0.091
N.D 0.159

±0.016
1.692

±0.272
N.D 0.072

±0.017
0.814

±0.004
0.101

±0.004
0.088

±0.008
65 �C PeI 0.248

±0.028
2.146

±0.250
0.633

±0.122
0.369

±0.095
0.946

±0.291
0.502

±0.007
0.022

±0.002
1.221

±0.041
0.399

±0.079
P-II 0.784

±0.275
0.174

±0.041
0.099

±0.019
1.341

±0.078
0.023

±0.007
0.229

±0.005
0.391

±0.071
1.556

±0.229
0.129

±0.024
P-III 2.198

±0.268
N.D 0.102

±0.020
1.762

±0.088
N.D 0.158

±0.006
0.819

±0.063
0.135

±0.016
0.090

±0.004
75 �C PeI 0.332

±0.068
0.773

±0.237
0.348

±0.047
0.426

±0.072
0.116

±0.003
0.451

±0.099
0.010

±0.001
0.989

±0.018
0.372

±0.0
P-II 1.020

±0.205
0.023

±0.007
0.096

±0.033
1.146

±0.030
N.D 0.112

±0.030
0.275

±0.037
0.625

±0.056
0.104

±0.020
P-III 1.778

±0.152
N.D 0.086

±0.015
0.243

±0.075
N.D 0.035

±0.005
0.885

±0.026
ND 0.068

±0.007
85 �C PeI 0.199

±0.27
0.101

±0.013
0.230

±0.037
0.527

±0.014
0.018

±0.001
0.414

±0.097
0.042

±0.014
0.653

±0.012
0.281

±0.095
P-II 0.531

±0.056
0.012

±0.004
0.088

±0.014
0.256

±0.058
N.D 0.081

±0.007
0.470

±0.025
0.467

±0.111
0.038

±0.007
P-III 2.075

±0.178
N.D 0.058

±0.005
0.033

±0.007
N.D 0.045

±0.006
0.840

±0.035
ND 0.021

±0.001

N.D: Not detected.
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version). The cumulative hydrogen productions were simu-

lated using the following equations [52,53].

Models Equations

Logistic model C ¼ a/(1þbexp(-kt)) (1)

Richardmodel C¼ a* (1þ(d-1)*exp(-k*x-xc))̂(1/(1-d)), for ds 1(2)

Gompertz model C ¼ a* exp(-exp(-k*(x-xc))) (3)

where,

The Logistic and Richard models- C is cumulative gas pro-

duction (ml); k is kinetic constant (h�1); t is hydraulic retention

time (h); a and b are the constants, xc is the center (¼1).

The Gompertz model- C is cumulative gas production (ml);

a is ultimate hydrogen production potential, exp is exponen-

tial (1); d and k are constants, t is hydraulic retention time (h);

a and b are the constants, xc is the center (¼1).

The statistical analysis or factorial analysis of two factors/

single factor ANOVA of the gaseous and VFAs data was per-

formed using the Microsoft Excel solver (Microsoft 365).

Results and discussion

Effect of heat pre-treatment on hydrogen and methane
production

The effect of the heat pretreatment on SRB and methanogens

culture for hydrogen and methane production in different

phases is presented in Table 1. The insignificant differences of

the heat pretreatment within the subgroups were observed in

SRB-Control culture (p ¼ 0.642), SRB with electrolysis

(p ¼ 0.146), and methanogens (p ¼ 0.705) in hydrogen pro-

duction (Table 2). However, a significant difference in

hydrogen production was observed between the groups of

control cultures (p ¼ 0.001) and cultures treated at 75 �C
(p ¼ 0.0273). Whereas other treatments show insignificant

differences in the hydrogen production between the groups

(p > 0.05). The highest variance of 717.93% in the cumulative

hydrogen production was observed in the SRB-control culture

(preheated at 37 �C), further increasing heating temperatures

decrease the variance at 65 �C (413.36%), beyond this pre-

heating almost same variance of 341.675% and 348.84% was

observed at 75 �C and 85 �C respectively with the progression

of phases (Phase-I to Phase-III). This variance in hydrogen

production decrease with increasing preheat treatment tem-

peratures. The variance in hydrogen production was almost

constant (35.86e52.08%) with increasing preheat treatment

temperature with little increase in the variance (86.09%) at

85 �C treatment of the methanogens. The different tempera-

ture heat treated culture, when applied with potential shows

insignificant (p ¼ 0.146) parabolic type of the variance, having

maxima at 65 �C, (variance, 236.09%; positive limb R2 ¼ 0.996)

beyond this the sharp decreasing variance was recoded

(75 �C ¼ 74.23%; 85 �C ¼ 5.31%, negative limb R2 ¼ 0.949). The

highest variance in the culture heat treated at 65 �Cwhichwas

applied with 40 mV potential showing the enrichment of the

electrochemically active bacteria in the system. The

increasing average hydrogen production (R2 ¼ 0.7314) and

Table 2 e Factorial ANOVA of hydrogen and VFAs produced under various treatment conditions.

Source of variations Phase p-value by Variance

Treatment Process 37 �C 55 �C 65 �C 75 �C 85 �C

SRBC (H2)
a Cum 0.642 717.929 569.373 413.355 341.675 348.835

SRBE (H2)
a Cum 0.146 38.176 176.825 236.098 74.225 5.309

ME (H2)
a Cum 0.705 35.858 40.413 52.081 50.944 86.093

Aceb PeI 0.017 0.108 44.528 0.392 0.000 30.225 43.682

P-II 0.646 <0.01 32.058 20.013 16.235 37.182 22.334

P-III 0.974 0.049 32.810 37.541 4.222 6.469 3.402

Forb PeI 0.220 0.092 0.542 0.041 0.017 2.503 0.181

P-II 0.627 <0.01 0.066 0.116 0.132 0.179 0.036

P-III 0.986 0.026 0.184 0.123 0.026 0.025 0.026

Propb PeI 0.151 0.038 0.011 0.018 0.004 0.013 0.007

P-II 0.287 0.135 0.001 0.009 0.005 0.004 0.003

P-III 0.313 0.111 0.005 0.000 0.004 0.007 0.014

IsoButb PeI 0.606 0.541 4.398 0.191 0.100 0.035 1.335

P-II 0.938 0.018 5.188 3.116 6.317 12.366 3.289

P-III 0.897 0.031 7.859 26.398 1.520 1.420 3.351

Butb PeI 0.252 0.246 4.398 0.191 0.100 0.438 1.155

P-II 0.076 <0.01 51.955 83.618 108.306 115.543 104.987

P-III 0.874 0.021 70.449 34.088 21.266 1.589 4.310

Valb PeI 0.121 <0.01 0.846 0.534 0.050 0.114 0.108

P-II 0.056 <0.01 0.440 0.813 0.540 0.262 0.208

P-III 0.078 0.090 0.000 0.096 0.000 0.039 0.003

Isocapb PeI 0.058 <0.01 6.990 0.329 1.844 1.259 2.076

P-II 0.350 <0.01 6.887 6.423 1.003 0.655 1.041

P-III 0.027 <0.01 0.104 0.130 0.113 0.076 0.080

a Single factor ANOVA.
b Two factor ANOVA; Cum is cumulative hydrogen during all the phases.
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variance in hydrogen production (R2 ¼ 0.7941) with increasing

heat pretreatment temperatures of 37 �Ce85 �C effectively

inhibiting the methanogens (p ¼ 0.705). Similarly in the first

stage of anaerobic digestion, no detectable CH4 was observed

in the reactors pre-treated either with waste frying oil (WFO)

or heat shock, indicating the efficiency of the pre-treatments

on the inhibition of methanogens [24].

The maximum hydrogen and methane production of

2.814 ± 0.091 and 2.298 ± 0.137 M/M of glucose were observed

in the SRB cultures pretreated at 55 �C during Phase-III and

Fig. 2 e VFAs production profiling during heat treatment at different temperatures: A) Acetic acid; B) Formic acid; C)

Propionic acid.
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Fig. 3 e VFAs production profiling during heat treatment at different temperatures: A) Isobutyric acid; B) Butyric acid; C)

Valeric acid; D) Isocaproic acid.
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Phase-I respectively. This observation inferring that repeated

heat shocking at 55 �C required to sufficiently inhibits the

methanogens. Moreover, the lower hydrogen yield in the SRB

heat pretreated culture at 55 �C indicated that the sensitivity

of SRB culture to heat shocks. The hydrogen production po-

tential to 70.35% of the SRB-based heat-treatedmixed cultures

is quite good considering the maximum theoretical hydrogen

yield of 4.0 mol/mol of glucose. Moreover, this value seems to

quite high based on the literature survey which reported

values of 23.75 and 26.25% of theoretical hydrogen production

by the heat and acid-treated mixed cultures [16]. Interestingly

looking at the long-term consistency of the culture application

(up to Phase-III), the present SRB-based heat pretreated cul-

ture showing higher hydrogen production potential (>2.5mol/

mol of glucose). This hydrogen production potential is quite

high in comparison to the similar study of the researcher's
Kan [54] and Yin et al. [55] who heat pretreated the sludge at

100 �C for 15min and obtained hydrogen production of 0.9 and

2.15 mmol/mmol of consumed glucose, respectively using

mixed culture and thermophilic conditions. The methane

production drastically decreases from Phase-I to Phase-III

with increasing heating pretreatment temperatures. This

might be due to the combined effect of heat treatment and the

presence of SO4
2� in media which inhibits non spore-forming

methane-producing bacteria (MPB) at higher temperatures

[56,57]. Simultaneously change in pH nearly from pH 6.5 to 4.4

in the system during anaerobic digestion was due to the

accumulation of VFAs which suppress most of the metha-

nogens growing in a relatively narrow pH range of about

6.8e7.2 [58]. These results in favorable growth conditions for

hydrogen-producing bacteria and enhanced hydrogen pro-

duction from Phase-I to Phase III. Low hydrogen production in

Phase-I obtained may be due to the addition of sulfate which

gets converted into H2S by consumption of hydrogen by SRB.

The SRB-based bioelectrolysis reactor operated at 40 mV

and heat pretreated at 55 �C and 65 �C were showing the

nearly similar hydrogen production of 1.692 ± 0.272 and

1.762 ± 0.088 M/M of glucose in Phase-III which was 1.7 times

lower than reactor equipped without electrolysis. However

cumulative hydrogen production in all phases was 1.4 times

higher at a heat treatment temperature of 65 �C than 55 �C.
This might be due to the lowmicrobial diversity as a result of

heat shock treatment which was unable to adapt to the

bioanodes. Ziara et al. [59], investigated the effect of tem-

perature on hydrogen production of anaerobic sludge and

observed that higher temperature (45 �C) in dark fermenta-

tion could be attributed to an increase in the metabolic re-

actions responsible for the hydrogen production with

enhanced biochemical reaction rate constant. Results also

revealed that SRB bioelectrolysis reactor is more efficient to

complete inhibition of methane production at higher tem-

peratures of 55 �Ce85 �C in Phase- II and Phase III. The study

conducted on hydrogen and methane production in ther-

mophilic conditions (57 ± 1 �C) using the bioelectrochemical

system during anaerobic digestion inhibits methanogenesis

at the applied voltage of 20 mV, 40 mV, and 80 mV, however,

its production start at 120 mV [39].

Hydrogen production using methanogen-rich culture was

found effectively low (<1 M/M of glucose) in comparison to

other SRB bioreactor and SRB bioelectrolysis reactors. The

highest cumulative methane production of 1.556 ± 0.229 M/M

of glucose was found at a temperature of 65 �C in Phase-II and

its production decrease to 0.135 ± 0.016 M/M of glucose in

Phase-III. The thermophilic methanogen is more dominant at

this temperature and an increase in the pre-treatment tem-

perature from 65 �C to 85 �C inhibits methanogen in Phase-III.

The low H2 and CH4 production were observed at a higher

pretreatment temperature of around 95e100 �C, the

Table 3 e Kinetic modeling parameters of cumulative H2 production.

Experiment Model Exp. (ml) Pred (ml) Constants Statistics

A (ml) xc b/d k R2 Adj. R2

Cont. SRB Richards 64.63 66.99 76.996 114.198 1.244 0.019 0.943 0.909

Logistic 64.63 66.55 71.489 34.757 0.029 0.942 0.923

Gompertz 64.63 67.21 80.379 109.604 0.016 0.943 0.924

SRB-55 �C Richards 64.37 63.86 63.862 172.315 77.286 2.024 0.969 0.950

Logistic 64.37 68.02 73.562 350.469 0.039 0.945 0.926

Gompertz 64.37 69.11 95.869 148.178 0.017 0.934 0.912

Cont. SRB (40 mV) Richards 17.30 16.50 16.504 96.566 3.579 0.078 0.959 0.934

Logistic 17.30 16.93 16.982 56.355 0.046 0.954 0.939

Gompertz 17.30 17.33 17.626 76.430 0.029 0.938 0.918

SRB-65 �C (40 mV) Richards 46.53 46.57 104.063 185.679 0.986 0.007 0.978 0.964

Logistic 46.53 46.24 62.894 20.795 0.019 0.976 0.968

Gompertz 46.53 46.56 102.515 184.576 0.008 0.978 0.970

Cont. Meth Richards 13.29 13.29 13.286 168.328 109.382 4.885 0.979 0.967

Logistic 13.29 13.41 13.409 5.04Eþ10 0.163 0.961 0.948

Gompertz 13.29 13.29 13.291 146.809 0.156 0.959 0.946

Meth �75 �C Richards 17.82 17.82 17.825 170.752 103.397 3.001 0.958 0.933

Logistic 17.82 18.99 20.119 607.288 0.043 0.927 0.903

Gompertz 17.82 19.31 2.56Eþ01 145.119 0.0179 0.914 0.886

Cont. SRB: Untreated SRB culture; SRB-55 �C: SRB culture pre-treated at 55 �C; Cont.SRB-40mV: Control SRB with electrolysis; SRB 40 mV-65 �C:
SRB with electrolysis pre-treated at 65 �C; Cont. Methanogens: Untreated Methanogen culture; Methanogens-75 �C: Methanogens pre-treated at

75 �C.
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unfavorable condition for hydrogen-producing bacteria,

which eliminate methanogens [49]. At a mesophilic temper-

ature of 40 �C methanogen inhibition was found less

compared to the thermophilic state [60]. Though considering

the present findings the selection of the appropriate pre-

treatment method for the enrichment of the inoculum of in-

terest might vary from other studies. Moreover, it is not

necessary to use the inoculum prepared using the specific

substrate that could be effectively applied to other substrates

due to the strong effect of substrate biodegradability in

achieving consistency [24].

Liquid phase components

The compositional analysis of the VFAs at different heat pre-

treatments in various bioreactors is presented in Figs. 2 and 3.

The VFAs accumulated during each phase were also analyzed

for factorial analysis of two factors ANOVA (Table 2). Except

for acetic acid and isocaproic acid during Phase-I, and all VFAs

in Phase-II and Phase-III (except for isocarproic acid) insig-

nificant differences in the VFAs accumulation (p > 0.05) as a

result of the heat pretreatment was observed.Whereas, acetic

acid, formic acid, isobutyric acid, and butyric acid in Phase-I,

Fig. 4 e Kinetic modeling of cumulative H2 production of experimental and predicted values: A) Control SRB; B) SRB heat

pretreated at 55 �C; C) Control SRB coupled with bio electrolysis.
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and propionic acids in Phase-II, propionic acid, and valeric

acid in Phase-III, showed insignificant differences (p > 0.05).

These observations indicate that despite different heat treat-

ment as well as types of culture, these acids having insignifi-

cant differences are metabolically synthesized during the

anaerobic fermentation in Phase-I. These findings inferring

that electrolysis enhances the accumulation of VFAs in the

culture heat-treated at a higher temperature. This might be

due to the accumulation of toxic compounds etc. due to

variation in pre-treatment temperature [61]. Acetic acid pro-

duction was found low in methanogens anaerobic bioreactor

in comparison to the SRB bioreactor (Fig. 2A). The highest

variations of 44.53% and 43.68% in acetic acid at the lowest

(37 �C) and highest pre-treatment temperature (85 �C)
respectively were observed, whereas reached to below

detection level in the vicinity of 65 �C heat treatment. In the

SRB-bioelectrolysis, acetic acid accumulation was observed in

the heat-treated culture at 75 �C and 85 �C, whereas it was not

accumulated at lower temperatures of heat treatment. How-

ever, this variation in the acetic acid as a result of heat

treatment at different temperatures was insignificant

(p > 0.05) in Phase-II and Phase-III. The suppression of the

methanogens in the culture heat treated at 85 �C is also indi-

cated by the presence of a higher level of acetic acid. The

Fig. 5 e Kinetic modeling of cumulative H2 production of experimental and predicted values: A) SRB coupled with

bioelectrolysis pretreated at 65 �C; B) Control methanogens; C) Methanogen pretreated at 75 �C.
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methanogens largely consume 70% of acetate and 30% of H2

for the production of CH4 [62,63]. As a result of the pretreat-

ment, an insignificant variation of the formic acids (p > 0.05)

was observed. The formic acids and propionic acid accumu-

lation were very low (<1 mM) in both methanogens and SRB-

based electrolysis bioreactors (Fig. 2B and C). The highest

butyric acid of 38.07 ± 8.09 mM was found in an SRB elec-

trolysis reactor operated under control conditions (Fig. 3B).

During temperature shock propionic acids produced in a

relatively small fraction of VFAs at 37 �C [64], whereas butyric

acid was found the second dominant after acetic acid at 37 �C,
55 �C, and 80 �C, however, our study shows the highest pro-

duction of butyric acid followed by acetic acid.

The SRB bioelectrolysis triggers the production of valeric

acid and butyric acid. Valeric acid concentration gradually

decreases and butyric acid gradually increases from Phase-I to

Phase-III (Fig. 3B and C). This might be due to a drop in pH,

studies reported that a drop in pH in the range of 5e6 triggers

the accumulation of butyric acid [65]. In the methanogen's
bioreactor, a high accumulation of tVFAs was found in Phase-

III at higher temperature heat pretreated cultures. Studies

reported that an increase in temperature led to 10 times

accumulation without pH adjusted due to the increase in hy-

drolysis rate compared to mesophilic conditions [66,67]. Iso-

carporoic acid significantly drops from Phase-I to Phase-III in

both SRB and methanogen culture (Fig. 3D), however, the

applied potential to the SRB culture was not showing this

random drop in concentration.

Kinetic modeling of hydrogen production

The predicted values of cumulative H2 and kinetic modeling

constants (k) for reactors are presented in Table 3. Models are

used to describe the behavior of microorganisms under

different physical or chemical conditions such as tempera-

ture, pH, and water activity [52]. The Richards, Logistic, and

Gompertz models suggested fit model values of hydrogen

production found nearly equivalent to the experiment values

(Figs. 4 and 5). The kinetic parameters obtained by the model

equations showed improved H2 production during the heat

pretreatment in comparison to the control cultures. Hydrogen

production plots of experimental and suggested fit model

values for SRB with bioelectrolysis andwithout bioelectrolysis

pre-treated at 55 �C show the enhanced hydrogen production

in Phase-III, in comparison to without pre-treated culture. The

delay in the hydrogen production (higher lag phase) for heat

shock pretreated cultures might be due to the inhibition of

some extent H2 producing bacteria which required additional

time to produce hydrogen. A significant drop in hydrogen

production was found in the cultures treated beyond the

temperature of 55 �C. A higher pre-treatment temperature of

85 �C was found effective in hydrogen production using

methanogen culture, though production was found <1 M/M of

glucose at the end of Phase-III. Highest R2 (COD) and Adj. R2

was found closer to 1 confirms the fitness of these models

(Table 3).

The experimental data of cumulative H2 simulated for the

Richardsmodel have R2 values in the range of 0.910e0.970 and

Adj. R2 of 0.885e0.970. In comparison to the Richards model

slight variation in R2 and Adj. R2 values were found in the

Logistic and Gompertzmodels. The rate constant (k) valuewas

found highest in Richards models for control methanogens

(4.885) and lowest in the Gompertz model in the SRB applied

with 40mV and heat pretreated at 55 �C (0.010). The lower rate

constant (k) value of SRB culture may be due to the high

conversation of glucose to H2 and CH4. Higher rate constant (k)

value of methanogens might be due to low conversation of

methane and high accumulation of organic matter. The

Gompertz model equation could successfully describe the

growth of microorganisms and estimate the hydrogen pro-

duction in the anaerobic process based on kinetic parameters

obtained [68].

Conclusion

This study investigated systematic evaluation of the effect of

heat pretreatment for enhancement of H2 production using

anaerobic mixed culture enriched with SRB, SRB integrated

with BES, and methanogens. The heat pre-treatment signifi-

cantly enhances the H2 production by suppressing the

methanogen populations. Maximum H2 production was

observed at a heat pre-treatment temperature of 55 �C using

SRB enriched culture. The thermophilic methanogens are

more dominant at this temperature and an increase in the

pre-treatment temperature from 65 �C to 85 �C inhibits

methanogen in Phase-III. The highest cumulative methane

production of 1.556 ± 0.229 M/M of glucose was found at 65 �C
in Phase-II, which further decrease to 0.135 ± 0.016 M/M of

glucose in Phase-III. The lesser H2 and CH4 production at

higher pretreatment temperature showing the unfavorable

conditions for hydrogen-producing bacteria, and eliminates

the methanogens also. Acetic acid the most common product

of the anaerobic shows the highest variations of 44.53% and

43.68% at temperatures of 37 �C, and 85 �C, whereas it reached

the below detection limit level in the vicinity of 65 �C of heat

treatment. The cultures heat-treated at a higher temperature

and inoculated in the bioelectrochemical system enhanced

the VFAs accumulation. The findings in this study, cost-

effectively describe H2 production using sulfate-reducing

bacteria in a single-chamber MEC reactor.
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Abstract: India has always been a disaster-prone country, with multiple states afflicted by 
different types of disasters. The impact of these disasters is exacerbated when an area is 
prone to multiple types of disasters. This study attempts to understand the impact of natural 
and man-made disasters on the people of Jammu and Kashmir (J&K) and Ladakh region 
in India as well as it also examines the resilience mechanisms adopted by the people, and 
identifies measures taken by the government in response to these disasters. To understand these 
disasters’ dynamics, we conducted both offline and online desk reviews for this study. The 
review suggests that J&K and Ladakh region is afflicted not only by multiple natural disasters 
such as floods, earthquakes, avalanches, and landslides but also by the terrorism and violence, 
which has caused unparalleled death and destruction. These natural and man-made disasters 
have adversely affected most aspects of life and development in the region. To mitigate the 
risks, effective disaster risk reduction and management systems, early warning systems and 
infrastructure need to be strengthened. In addition, community engagement needs to be 
enhanced with the goal of addressing the grievances of the population and engaging them in 
the design and implementation of sustainable development programs.
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1. Background
Disasters are a global phenomenon. Natural and man-made disasters have had an impact on 
the development, economy, and health of both developing and developed nations and have 
put pressure on populations across the world. The United Nations International Strategy 
for Disaster Reduction (UNISDR) defines the term disaster as “a serious disruption of the 
functioning of a community or a society involving widespread human, material, economic, 
or environmental losses and impacts, which exceeds the ability of the affected community 
or society to cope using its own resources” (UNISDR, 2009). Disasters that are the result 
of natural hazards such as earthquakes, floods, cyclones, and droughts are called natural 
disasters. Those that are the result of anthropogenic activity such as industrialization, wars, 
global terrorism, political conflicts, and economic crises are defined as man-made disasters 
(Shaluf, 2007). A combination of natural and man-made disasters has affected most countries 
around the world and resulted in large-scale mortality and morbidity, destroyed livelihoods, 
creating millions of refugees, and migrants. Around 1.3 million people died due to natural 
disasters between 1996 and 2015, with low-income countries recording mortality rates that 
were 5 times higher than high-income countries (UNIDSR and CRED, 2016). On the other 
hand, in the year 2016, global terrorism – a man-made disaster – caused 25,673 deaths and 
losses of $84 billion to the global economy (Institute for Economics and Peace, 2017). 
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As a result of its geographical and climatic conditions, poor socio-economic profile, and numerous terrorisms-based 
violence, India is afflicted by multiple disasters. Over a period of 20 years, from 1996 to 2015, natural disasters killed 
97,691 people in India. This represents the fifth highest mortality rate in the world (UNIDSR and CRED, 2016). India 
has also been affected by violent man-made disasters in the form of wars, insurgency, and terrorism. The Bhopal gas 
tragedy in 1984 remains the country’s worst industrial disaster thus far. The recently bifurcated union territories (UTs) 
of Jammu and Kashmir (J&K) and Ladakh (hence forth has been used as J&K and Ladakh region) in the northernmost 
part of India, is one of the most severely affected regions by both natural (Table 1) and man-made disasters. It is a region 
prone to multiple hazards on account of its topography and varying, extreme climate. The region has suffered massive 
floods, devastating earthquakes, and recurrent avalanches and landslides (SDMP, 2017). The earthquake in 2005, flash 
floods and landslides in 2010, and the massive floods of 2014 are among the major natural disasters the state has faced 
over the past 15 years (Kumar, Martha, and Roy, 2006; Gupta, Khanna, and Majumdar, 2012; SDMP, 2017). The state has 
also borne the brunt of disputes between India and Pakistan, witnessing regular cross-border infiltrations, state-sponsored 
terrorism, and violent attacks. The displacement of communities from their homelands, long-drawn-out protests leading 
to curfews, and regular clashes between terrorists and armed forces, have been some of the manifestations of the violence 
(Shekhawat, 2009; Behera, 2016). 

This combination of natural and man-made disasters has had adverse effects on key facets of J&K and Ladakh region’s 
economy, including key sources of revenues such as agriculture, horticulture, handicrafts, and tourism (Sharma, Sharma, 
and Waris, 2012). These disasters have stretched the administrative machinery of the region and left its population 
vulnerable. However, there are lack of studies which have focused on the aftermath of specific natural disasters and 
incidents of terrorism and violence as a form of disaster. There have been lack of studies which have explored the impact 
of natural and man-made disasters on people’s lives and development in a comprehensive way. This article attempts to 
review the impact of different natural and man-made disasters (e.g., terrorism and violence) on the people of J&K and 
Ladakh region. It reviews the impact of disasters and the mechanisms of resilience adopted by the people of the region, 
and identify measures taken by the government in response to these disasters.

1.1. Geography and Weather
As per the recently formed UTs of J&K (as of October 31, 2019), UTs of J&K has 20 districts and UTs of Ladakh has two 
districts, both combined covering the geographical area of 222,236 km2 (Census of India, 2011). The climatic conditions 
vary from tropical heat in Jammu, to temperate conditions of the Kashmir valley, to the arctic cold of Ladakh. There 
is large variation in temperature from the average maximum of 33°C (Jammu) in summers to the average minimum 

Table 1. Deaths due to natural disasters in India and J&K and Ladakh region, 2005-2018.

Year Deaths due to natural disasters

J&K (including Ladakh) India

2005 1157 22,415

2006 345 21,502

2007 278 25,153

2008 307 23,993

2009 226 22,255

2010 575 25,066

2011 314 23,690

2012 321 22,960

2013 308 22,759

2014 518 20,201

2015 387 10,510

2016 280 8,684

2017 127 7143

2018 131 6891

Source: National Crime Records Bureau, Ministry of Home Affairs, Government of India.
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of −14.4°C (Ladakh) in winters. The average annual rainfall for the region is 1028 mm with the months of July and 
August experiencing the maximum rainfall (IMD, 2014). Agriculture is the direct and indirect source of livelihood for 
the majority (75%) of the population while paddy and wheat are the two major crops. Sharecropping along with goat and 
sheep rearing is the sources of livelihood for the nomadic communities. Rain is the major source of irrigation followed by 
spring irrigation and nallah irrigation (SDMP, 2017).

2. Key Findings

2.1. Impacts of Earthquakes
Situated next to the Himalayas, J&K and Ladakh region falls in a mountain building geological zone and thus experiences 
recurring seismic activity (Hassan, 2014). It is an earthquake-prone area that falls under the most active seismic zones in 
India (Zones IV and V). It has endured several earthquakes over the years. Between 1889 and 1990, 170 earthquakes were 
recorded in the region (Hassan, 2014). The year 1885 witnessed one of the deadliest earthquakes to strike the region, the 
effects of which were felt from Srinagar to Gilgit and to Shimla in the neighboring state of Himachal Pradesh (Anees and 
Bhat, 2016).

In 2005, a major earthquake – with a magnitude of 7.6 on the Richter scale – struck the border region between India 
and Pakistan. The fallout affected both countries. More than 80,000 people – majority of them in Pakistan – lost their lives, 
resulting in an enormous humanitarian crisis (SDMP, 2017). The earthquake also resulted in injuries to approximately 
100,000 people in Pakistan and about 6300 people in India (Ali, Mir, Jabeen, et al., 2010). It is considered the deadliest 
earthquake in the recorded history of the Himalayan region (Anees and Bhat, 2016). Around 1300 of those killed were from 
Uri in Baramulla district of J&K. The township saw severe damage to most of its buildings, with 121 of them collapsing 
completely and many villages in the vicinity were severely affected by the earthquake (Kumar, Martha, and Roy, 2006). 
Kumar et al. (2006) also highlighted using remote sensing satellite data that the earthquake and the subsequent landslides 
resulted in collapse of 25% of the buildings in Uri and Poonch townships, collapse of bridges, and road blockage.

In the regions of J&K and Ladakh, earthquakes not only cause immediate destruction but also long-term damage 
to the socio-economic condition of the people in the region (Shah, Khwaja, Shah, et al., 2018; Yousuf, Bukhari, Bhat, 
et al., 2020). The collapsed houses left entire families homeless and the impact on hospitals and government buildings 
interrupted health and other essential services when they were most needed (Hamilton and Halvorson, 2007). A study 
on the morbidity patterns of victims of the 2005 earthquake reveals that a majority of the 6270 injured suffered upper 
and lower limb injuries, followed by spinal injuries (Ali, Mir, Jabeen, et al., 2010). A study based on the mental health 
services provided in the region revealed that within 6 weeks of the earthquake, majority of the respondents had severe 
psychological impacts, with adjustment disorders (39.6%), depressive episodes (21.8%), anxiety (4.6%), and post-
traumatic stress disorder (PTSD) (3.3%) being the most common (Chadda, Malhotra, Kaw, et al., 2007). This study noted 
that a major concern reported by people was the lack of basic mental health services outside the city of Srinagar, which 
can be a journey of up to 8 h for people from the remote areas of the region. 

With existing inequalities interacting with a natural hazard, the earthquakes also had a devastating impact on the women 
of J&K. Women faced an environment of increased personal insecurity and psychological stress due to a lack of sanitation 
facilities and immediate food insecurity due to their social responsibility as caretakers of the family. The disruption in 
health and reproductive facilities also had severe impacts on pregnant women (Hamilton and Halvorson, 2007).

2.2. Impacts of Landslides
Landslides are another geological hazard common in J&K and Ladakh region. The region is home to young mountain 
ranges, which have a fragile rock base that can trigger a flow of debris, mud, and rocks when the stability of the slope 
gets disturbed. Heavy rainfall, cloudbursts, and earthquakes can trigger landslides. Anthropogenic activities such as 
deforestation, road construction, and other unsustainable development activities have further increased the vulnerability of 
the area (Singh, Bhat, Sharma, et al., 2012). Most of the areas in J&K are prone to landslides, with the districts of Bandipora, 
Kargil, Anantnag, Kishtwar, Pulwama, and Shopian being highly susceptible (SDMP, 2017). The environmentally fragile 
region of Ladakh has also been adversely affected by human activities such as encroachment of hill slopes, forest fires, 
terrace farming, and vibrations through heavy vehicular transportation, making it a highly vulnerable zone for landslides 
and mudslides (Barnard, Owen, Sharma, et al., 2001).

In 2010, the Ladakh region witnessed one of its most destructive landslides as a result of a cloudburst. The extreme 
rainfall triggered multiple landslides and flash floods, leading to the deaths of 234 people with foreigners accounting for 
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about 10% of the deaths (Gupta, Khanna, and Majumdar, 2012). The flow of debris from the hills wreaked havoc on its 
path, destroying hospitals, houses, roads, bridges, farmland, and other infrastructure. The traditionally built houses of 
Leh and Ladakh were severely damaged, with over 1000 houses completely washed away by the flow of debris (Gupta, 
Khanna, and Majumdar, 2012). Roads were damaged and freshwater supply was interrupted due to the destruction of 
many canals. The destruction of storage facilities and difficulties in transportation due to heavy rainfall resulted in a 
temporary shortage of food supply. The destruction of hospitals and lack of sanitation facilities meant that public health 
was also severely affected. The remoteness of certain areas also meant that the availability of health services was further 
delayed (SDMP, 2017; Gupta, Khanna, and Majumdar, 2012).

Singh et al. (2012) argue that unplanned development in the form of construction of roads and dams is the major cause 
of landslides in the region. The landslide on the Batote-Doda road along National Highway 1B in 2009 was a case of 
slope failure resulting from the construction of the Baglihar hydro-power project. It washed away 150 m of the highway, 
killed one person, and affected the daily lives, livelihoods, and food security of 600,000 people for over a month (Singh, 
Bhat, Sharma, et al., 2012). Mining sites in the region are also located in highly landslide-prone areas. Laborers work 
under conditions of constant risk and the mining endangers the fragile environment, creating a vicious cycle. The influx 
of tourists and the simultaneous infrastructural development – while positively affecting the J&K and Ladakh region’s 
economy – has also made its environment more fragile and prone to natural hazards such as landslides (SDMP, 2017; 
Verma and Mushtaq, 2013).

The blocking of highways and other roadways, which leads to a disruption of normal life, is a common occurrence 
across the region during landslides. The Jammu-Srinagar Highway, a lifeline of the Kashmir valley, gets blocked every 
year due to landslides and results in hundreds of vehicles being stranded (Indian Express, 2018). This also prevents 
essential commodities from reaching the valley, creating shortages, and increasing prices. Cultural and religious activities 
such as the Amarnath yatra have also been interrupted from time to time due to landslides. Landslides cover agricultural 
land with debris and mud, damaging crops and making the land uncultivable for a long period of time (SDMP, 2017). This 
has an enormous impact on the livelihoods of farmers and of nomadic communities that live in hilly regions. The annual 
migration of the nomadic communities gets affected by the blocked roads. Landslides also cover large areas, preventing 
them from grazing their animals (Anees and Bhat, 2016). Like most other disasters, landslides have a severe impact on 
women due to existing social inequalities. There have been few studies on the psychological impacts of landsides in J&K. 
However, studies conducted in other parts of the world show that survivors of landslides are more likely than others to 
experience PTSD (Catapano, Malafronte, Lepre, et al., 2001).

2.3. Impacts of Floods and Avalanches
Flooding is one of the most common and also one of the most devastating natural disasters across the world (CRED and 
UNISDR, 2015). It is generally a result of overflow of water due to rainfall, melting of snow, or other natural causes, 
which ends up submerging an area of land. Besides these natural causes, there are human activities such as deforestation, 
rapid and unplanned urbanization, construction of dams and bridges without proper research, and changing patterns 
of vegetation that make an area more vulnerable to flooding. The region is prone to floods, with major rivers such as 
Jhelum, Chenab, and Indus flowing through its populated areas (SDMP, 2017). Kashmir valley’s bowl shape, with its vast 
variation in altitudes, makes the low-lying areas of the region specifically prone to floods. In the two-major urban centers 
of the region – Jammu and Srinagar – the number of wetlands such as lakes and ponds, which act as natural sponges, have 
come down severely, resulting in frequent urban flooding (Gupta, 2014). 

In September 2014, extremely heavy rainfall led to one of the most severe and widespread instances of flooding in the 
region. The Jhelum, Chenab, and Tawi basins were overflowing as the amount of rainfall received in just few days was 2-6 
times (depending on location) the monthly normal for September (SDMP, 2017). The floods severely affected ten out of 
22 districts in the region, with districts in southern part of Kashmir being severely affected. About 30% of the urban area in 
the region was submerged and 2600 villages were affected with 400 being completely submerged (Vithalani and Bansal, 
2017). The floods were followed by landslides that damaged roads and bridges, including one that washed away 50 people 
in a bus in Rajouri district (Gupta, 2014). More than 300 people lost their lives during the floods and lakhs of people 
were displaced as more than 80,000 pucca houses and about 21,000 kachha houses were completely damaged (Vithalani 
and Bansal, 2017). Multiple roadways across the region were blocked for days, including the Jammu–Srinagar highway, 
which remained closed for over 3 days, disrupting relief measures (Gupta, 2014). Farmers suffered huge losses as crops 
were destroyed, agricultural land was inundated, and thousands of animals reared for animal husbandry perished (SDMP, 
2017; Shah, Khwaja, Shah, et al., 2018). In the immediate aftermath of the floods, food security was a serious concern. A 
study claimed that 86% of respondents in Kashmir and 36% in Jammu reported a decrease in food consumption (Sphere 
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India, 2014). There was also a substantial decrease in the usage of piped water in affected villages as water resources were 
severely damaged (Gupta, 2014). The region’s healthcare services were completely overwhelmed, with four out of five 
hospitals in Kashmir unable to function due to the floods (Vithalani and Bansal, 2017). The shortage of medical supplies 
affected the most vulnerable members of the society, such as the old and physically challenged and those suffering from 
chronic diseases such as diabetes and cancer. Disruption of electricity and damaged equipment in GB Pant hospital in 
Srinagar resulted in the deaths of 20 neonates (Venugopal and Yasir, 2017). There was an increase in mental illness cases 
in the hospitals of Srinagar, with people showing early symptoms of PTSD (Tabish and Nabil, 2015).

The floods have had a long-term impact on the people of J&K as they had not only lost their homes but also their 
livelihoods, livestock, and important documents. The Federation of Chamber of Commerce in Kashmir estimated the 
economic loss to the region till 2017 at around $15 billion (Tabish and Nabil, 2015). The education of thousands of students 
across the region was affected as several government and private school buildings collapsed, leaving students without 
essential infrastructure (Venugopal and Yasir, 2017; Tabish and Nabil, 2015). As with all-natural disasters, women were 
affected even more than men because of existing gender inequalities and different social and cultural expectations. Their 
sanitation and reproductive health needs came under severe stress and their role as provider for the family led to considerable 
mental trauma. The lack of proper sanitation facilities in the relief camps and the lack of privacy for breastfeeding infants 
emerged as major issues for women in the aftermath of the floods (Gupta, 2014). Flooding of homes and the ensuing 
destruction caused severe psychological stress among people and aggravated existing mental health conditions. A study 
conducted 6 months after the year 2014 flood in Kashmir described that 60% of the population was suffering from severe 
PTSD (Fatima and Maqbool, 2017). The study also found that women and all elderly members of the society (above 60 
years) were more affected by mental health issues such as depression and PTSD in the aftermath of floods.

Flash floods are extreme and sudden events that are usually triggered by a cloudburst or by the failure of dams. They 
trigger a high velocity current of water, submerging an area downstream within minutes or hours (SDMP, 2017). They 
usually occur in areas with steep slopes and, because of their sudden nature, can result in huge damage. Anthropogenic 
activities such as deforestation and unscientific road construction, which can trigger landslides, worsen the effects of flash 
floods. The cloudburst in the Ladakh region in 2010 resulted in the Indus river and its tributaries overflowing, triggering 
flash floods, and landslides. This led to the deaths of 234 people in the Ladakh region, left 800 injured, and caused many 
others to be washed away by the water and debris (Gupta, Khanna, and Majumdar, 2012). Transport was disrupted as 
many roads were washed away and the airport at Leh was flooded. Many buildings suffered severe damage with around 
1000 houses completely collapsing. The damage was not limited to Ladakh region, with around 71 deaths being reported 
in 11 other districts (SDMP, 2017). Leh historically suffers a from lack of drinking water and sanitation facilities. These 
were further exaggerated by the flooding. Being a tourist destination, Ladakh was further hampered economically due to 
the destruction of tourist infrastructure. The district of Baramulla also suffered major losses of around $8.7 million in the 
agricultural sector and $8.3 million in the horticulture sector (SDMP, 2017).

Given the presence of the Himalayas in the region, J&K and Ladakh are also prone to avalanches. An avalanche is the 
flow of snow down a mountain slope and is very common in the high ranges of J&K (SDMP, 2017). Avalanches generally 
occur during episodes of heavy snowfall which can be attributed to the rising global temperature because of climate 
change (Rafiq and Mishra, 2018). Higher reaches of Kargil and Ladakh and the valleys of Kashmir and Gurez are the 
most avalanche-prone areas of the region (Hassan, 2014). Avalanches can also be highly difficult to predict and usually 
occur over a short period of time. The downward movement of snow can bring with it ice, soil, trees, and rocks, causing 
destruction to life and property (Ganju and Dimri, 2004). One of the most destructive avalanches stuck the region in 1995, 
resulting in the deaths of 150 people and the closing of the Jawahar tunnel on the Jammu-Srinagar highway (Hassan, 2014). 

Avalanches have also proven deadly for the Indian armed forces as they are normally posted in inhospitable locations 
of the region. An avalanche in Gurez sector in 2017 killed 20 army men and four civilians and caused destruction to a 
tourist place (Rafiq and Mishra, 2018). Avalanches also lead to the blocking of roadways, creating shortage of essential 
commodities. They essentially paralyze the life of the communities living in the high mountainous areas of the region, 
while also resulting in economic losses due to the impact on tourism. Agriculture is impacted for a longer term as large-
scale movement of snow causes soil erosion making the soil unproductive (Ganju and Dimri, 2004). Historically, J&K 
and Ladakh has been a region with abundant water, but with rapid urbanization and increase in global temperatures, 
occasional droughts have become a reality for the majority of the region (Hassan, 2014). 

2.4. Impacts of Man-made Disasters 
Almost all-natural disasters in J&K and Ladakh region are, to an extent, exacerbated by human activities and their 
destructive potential is linked to human actions. Man-made disasters, on the other hand, are completely dependent on 
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human actions. The political conflict stretching back to India’s independence has contributed to the most lethal, destructive, 
and continuous man-made disaster in the region. The region went through multiple crises in terms of violent insurgency 
and terrorism from the neighbor country in the Kashmir valley after India’s independence (Bose, 2003). There were 
repeated instances of violence against the region’s minority Pandit community, leading to a mass exodus of the Pandit 
community from the valley in 1990 (Shekhawat, 2009). In recent times, the region has witnessed large-scale protests and 
stone pelting as a form of collective civilian resistance, along with a new wave of militancy (Behera, 2016).

According to the South Asia Terrorism Portal (SATP), the militancy or terrorism in J&K and Ladakh region over 
the past three decades has led to 47,689 deaths between 1988 and July 30, 2020; among the casualties were 15,138 
civilians, 6979 security personnel and 25,572 terrorists (SATP, 2020). The terrorism-based violence has also displaced 
lakhs of people – the majority among them being Kashmiri pandits. The people of the region continue to live in a heavily 
militarized zone under the constant threat of violence and terrorism. Normal life gets disrupted on a regular basis and a 
small incident can result in large-scale protests and violence (Behera, 2016). Violence has not only led to physical injuries 
and deaths but also resulted in the disruption of daily life. The family structure comes under stress, traditional and cultural 
events loose significance or get banned for security reasons, and overall community life gets affected (Amin and Khan, 
2009). The violence has impacted the growth of children as they have been born and raised in a militarized zone that 
regularly witnesses violence. Growing up in a society ravaged by violence has not only hampered their mental growth but 
also their cultural growth (EFSAS, 2017). 

All these factors lead to high prevalence of stress, trauma, and deep and lasting psychological impacts on all sections 
of the population. A study conducted in Kashmir highlights that about 55% of the population suffers from some level 
of depression and that the condition is much more prevalent in rural areas compared to urban areas as socio-economic 
factors add to factors like violence (Amin and Khan, 2009). Disability and violation of modesty (Violation of modesty 
is the local equivalent for sexual violence and includes inappropriate touching, in accordance with the WHO’s definition 
of sexual violence) are the most common factors that cause psychological stress among men, whereas for women, the 
most common factors are exposure to violence and a sense of powerlessness (De Jong, Ford, Van de Kam, et al., 2008). 
In the 1990s, the threat of sexual violence was used to terrorize the Pandit community (Shekhawat, 2009). Over the 
years, the terrorism-based violence in J&K has resulted in the deaths of many more men than women, leaving behind 
thousands of widows (Qayoom, 2014). A number of men have disappeared during the violence with no proof of death 
and their wives are referred to as half-widows (Qutab, 2012). The widows and half-widows, who were mainly dependent 
on their husbands economically and socially, have to struggle for their daily survival. Widows from poor backgrounds 
with no education have found difficulty in getting jobs other than manual labor (Qayoom, 2014). Half-widows not only 
suffer from economic deprivation but also stigma and psychological problems as they are unable to get closure due to the 
uncertainty that persists about their partners and their possibility of returning (Qutab, 2012).

The terrorism in J&K has had a major impact on the economic condition of the region. Due to the terrorism, in 1989, 
private investment in the region came to a complete halt and the economy of the region grew at a much slower pace than 
the rest of the country, resulting in high unemployment rates – especially in the private sector (Mahapatra and Shekhawat, 
2008). Given the security concerns, the limited resources of the region are often diverted toward internal security and 
policing. The periods of violence have affected sources of livelihood—especially tourism, horticulture, and handicraft 
industries. The horticulture industry considered the backbone of Kashmir’s rural economy, with numerous orchards 
producing apples, strawberries, almonds, walnuts, and saffron, was severely affected during the 1990s (Sharma, Sharma, 
and Waris, 2012). Kashmir was once India’s favorite tourist destination, but as the terrorism raged on, the industry 
declined, affecting the livelihoods of thousands of people. 

The number of tourists visiting J&K and Ladakh declined from 557,974 in 1989–8026 in 1993 (Sharma, Sharma, and 
Waris, 2012). The progress on increasing the footfall of tourists back to the previous levels has been marginal. This is 
reflected by the fact that only 27,358 tourists visited the region in 2002. Thus, during the most violent years of the terrorism, 
from 1989 to 2002, the valley lost an estimated 27 million tourists leading to tourism revenue loss of approximately $3.6 
billion (Sharma, Sharma, and Waris, 2012). Major tourist destinations and historical sites became militant hideouts. 
Terrorists attacked both Indian and foreign tourists, with tourist hotspots like Srinagar Airport being repeatedly attacked 
(EFSAS, 2017). It severely hampered the business of hotels and houseboats, while also crippling the handicraft industry 
that is dependent on purchases by tourists (EFSAS, 2017). In recent times, the number of tourists visiting the Jammu and 
Ladakh regions has grown faster compared to the Kashmir valley, which used to be the central attraction for tourists in 
the pre-insurgency days (Sharma, Sharma, and Waris, 2012). A study by Barbhuiya and Chatterjee (2020) also highlights 
that severe conflict or violence events affect domestic tourist arrival negatively, while natural disasters negatively impact 
international tourist arrival. Education also suffered during the conflict, with schools and colleges remaining shut during 
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militant attacks, protests, and indefinite strikes. Academic schedules have been disrupted and education has taken a back 
seat, with violence and anger taking their place, resulting in the loss of human talent and potential (EFSAS, 2017). The 
impact of violence on education and the economy has led to the reduction of job opportunities and this has created a 
generation of young people living in despair who can be potential recruits for militant activities.

2.5. Community Resilience and Government Measures on Disasters 
In the aftermath of disasters, among the widespread death and destruction, individuals and communities have adopted 
various mechanisms to cope with the situation. This coping ability is directly linked to the vulnerability profile of the 
individual or the group. The vulnerability is determined by social and economic conditions such as age, gender, health, 
occupation, and other factors (SDMP, 2017). The ability of the population to cope with these natural disasters could 
also be linked to the socio-political history of the state, as noted in a study by Rakesh Chadda and others after the 2005 
earthquake. The study argues that the years of violent conflict could have better equipped the people of the region to cope 
psychologically with natural disasters and to survive in tough conditions (Chadda, Malhotra, Kaw, et al., 2007).

The social capital approach has been a key coping mechanism whereby people have gone out of their way to help 
each other, as was the case in the aftermath of the floods of 2014. Due to the lack of an early warning system, people were 
forced to evacuate in a hurry as the water level rose, which resulted in preventable losses. The Indian Army has been a 
key institution regarding the disaster relief in the regions of J&K and Ladakh. The army and the National Disaster Relief 
Force were brought into action and played a significant role in the rescue operations in 2014 (Venugopal and Yasir, 2017). 
The army also set up medical camps in flood-affected areas and a study shows that this played an important role in the 
aftermath of the disaster, but the low supply of certain drugs and the limited number of doctors available restricted the 
utility of these camps (Singh, Hasan, and Kasi, 2016). While the army and other administrative organizations did their 
best during the flood, it was the local youth networks that went out of their way to rescue people – including tourists – with 
the help of small boats and tyres (Venugopal and Yasir, 2017). There was also material help from other parts of the region 
in the form of food materials such as milk, vegetables, and rice, which helped people sustain themselves in the immediate 
aftermath of the floods (Bukhari, 2014). Organizations that are normally opposed to each other – such as the armed forces, 
non-government organizations (NGOs), separatists, and local youth – were all working toward the same goals during 
the natural disaster (Venugopal and Yasir, 2017). Women have played an important role in the event of disasters. In the 
aftermath of the earthquake in 2005, women organized relief efforts, helped in the building of temporary shelters, and 
prepared food in the aftermath of the earthquake (Hamilton and Halvorson, 2007).

The continuous presence of the armed forces in the rural and urban areas of J&K due to violence and terrorism has 
made the region a highly militarized zone. To avoid the constant patrolling by the armed forces, people have put up 
barriers made of rocks and pipes outside neighborhoods (Anjum and Varma, 2010). A study found that people living in 
J&K have reduced the number of times they leave their homes – especially during violent flare-ups (Khan, Ayoub, and 
Tahir, 2013). The age-old Kashmiri practice of storing dried foods and pickled vegetables due to the inaccessibility of the 
terrain during winters has re-emerged because of the conflict. People have been storing large quantities of food and grains 
at home as a way of coping with unforeseen circumstances such as prolonged protests and stringent curfews (Anjum and 
Varma, 2010). Displacement or migration is another coping mechanism. The biggest displacement from Kashmir was in 
the 1990s, when almost the entire Kashmiri Pandit community migrated to Jammu and other parts of India to escape the 
violence in the valley. Even after three decades, the community continues to live in exile (Shekhawat, 2009). There have 
also been other forms of displacement that is more cyclical in nature. People living in the border regions regularly migrate 
to more inner areas when increased tensions between India and Pakistan lead to cross-border shelling. In 2018, more than 
1,000 people migrated from Uri district after heavy firing from across the border (SATP, 2020). A study conducted in the 
district of Srinagar found that people are open to migrating out of the conflict zone, but socio-economic conditions, and 
family and work commitments inhibit this migration (Khan, Ayoub, and Tahir, 2013). 

During sudden and destructive disasters such as flash floods and landslides, it becomes imperative that the state 
machinery responds quickly and effectively to help people cope with the disaster. When flash floods and landslides wreaked 
havoc in Ladakh, the army, along with the civil administration and local people, launched massive search operations using 
army helicopters (Gupta, Khanna, and Majumdar, 2012). Due to concerns of contaminated water, purification units were 
installed to serve communities. Similarly, in the aftermath of the floods in 2014, Kashmiri student organizations from 
Delhi and other parts of India played an important role in helping people cope with the hazard (Venugopal and Yasir, 
2017). The government has also followed a policy of providing compensation for the losses incurred by the people due 
to disasters. The central government provided $720 million in multiple packages to the government of J&K (then state 
of J&K) for relief and rehabilitation after the floods of 2014 (SDMP, 2017). After the avalanche in 2018, the erstwhile 
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state government provided relief of $5715 to the kin of those killed and $172 to the injured in accordance with the policy 
of State Disaster Relief Fund (SDRF) (New Indian Express, 2018; SDRF, 2015). The government has also attempted to 
integrate Disaster Risk Reduction with schemes such as Mahatma Gandhi National Rural Employment Guarantee Act 
(MGNREGA) and Indira Awas Yojana to enhance the capacities of the most vulnerable sections of the population (SDMP, 
2017). MGNREGA is integrated with disaster management by focusing on generating work related to water harvesting, 
management of irrigation canals, flood control in water-logged areas, tree plantation, and renovation of traditional water 
bodies. The government has also promoted crop diversification and implemented crop insurance schemes to create a level 
of security against disasters for the rural population (SDRF, 2015). The J&K government had aimed at a growth rate of 
4% in the agricultural sector by giving access to quality inputs such as seeds and fertilizers and by giving better inputs 
on soil and water management to the farmers (GOJ&K, 2013). Self-help groups (SHGs) have also been initiated by the 
government and the NGOs, with a special focus toward women. Women’s SHGs have promoted micro-credit schemes, 
generated self-employment by promoting activities such as carpet weaving and goat and sheep rearing (Irshad and Bhat, 
2015). This has helped in building capacity of women in rural areas and made them active participants in the development 
of the state and increased its resilience to disasters.

The victims of terrorist attacks in the region have also been provided compensation. In 2017, the government of 
the erstwhile state of J&K announced compensation of $8572 for the kin of the deceased after the attack on Amaranth 
pilgrims (Jameel, 2017). In 2015, the central government instituted measures to provide a monthly pension – apart from 
the one-time compensation – to widows of civilians killed in militant violence (GOI, 2008). A monthly cash relief of $36 
(with a maximum of $145 per family) is also provided to Kashmiri migrants living in Jammu (GOI, 2015). The State 
Rehabilitation Council (SRC) has instituted schemes to rehabilitate thousands of women who have become widows over 
the many years of militancy. It also offers a one-time remittance of $290 for widow remarriage (GOI, 2008). Himayat, a 
scheme sponsored by the Government of India, was launched in 2011 as a skill development and placement program with 
the goal of providing jobs for the youth of the region (GOI, 2011). It aims to provide jobs for 100,000 youth with socially 
backward youth and school and college dropouts being the priority. There is also a youth exchange program under the 
project Watan Ko Jano, run by the SRC of J&K and Ladakh region, that aims to positively influence children between the 
age of 14 and 24 – especially orphans of militant violence (GOJ&K, 2015).

3. Discussion
The previous sections of this article have clearly outlined the devastating effects of disasters on the everyday lives of the 
people. These disasters have caused death, physical and mental trauma, destroyed livelihoods, and affected the economy 
of J&K and Ladakh region. Landslides and avalanches have been the most common natural disasters in the region, while 
floods and earthquakes, though less common, have caused more death and destruction. The 2014 flood was the most 
widespread natural disaster in the region in recent times while the 2005 earthquake proved most fatal. This study has also 
underscored the importance of human activity in disaster management – the frequency of disasters and their destructive 
potential increases due to unscientific and unsustainable development. The study also shows that while natural disasters 
have caused great death and destruction, terrorism, and violence have been even more destructive in the region, causing 
deaths of more than 20,000 civilians and security personnel, and displacing lakhs of people. Disasters have affected every 
aspect of life in the region – from industries such as agriculture, handicrafts, and tourism to the physical and mental health 
of people. 

This study effectively synchronizes other studies (Sharma, Sharma, and Waris, 2012; Vithalani and Bansal, 2017) that 
have assessed the impact of disasters in the region in a comprehensive manner. The decline of the tourism industry, a 
lifeline of the region’s economy, has led to increased levels of unemployment, which has created further disillusionment 
– especially among the youth of the region. This lack of jobs, when combined with the ongoing violence and widespread 
feeling of injustice, can lead to more and more youth getting attracted to the terrorism and armed struggle. In fact, conflict, 
terrorism, and disaster have created a vicious cycle, where development is hampered due to the ongoing violence and the 
lack of development creates unemployed youth, who then become potential recruits for terrorist organizations seeking to 
further the violence.

Mental or psychological health is an important aspect of human life that is impacted during both natural and man-
made disasters. Conventionally, it has not got the importance it deserves. This study also contrasts the incessant and 
relentless nature of the violence with the more sporadic nature of natural disasters. The physical and mental trauma caused 
by disasters has been highlighted throughout this study. A natural disaster or a violent attack immediately results in major 
challenges for the underequipped and overcrowded health sector of the region, as was evident after the floods in 2014 
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(Vithalani and Bansal, 2017). The widespread violence, repeated disruptions to daily life, and the militarized nature of the 
region have had an adverse psychological impact on the people. Numerous studies have underlined that the prevalence of 
stress, trauma, and depression is quite common among the people and is directly linked to their exposure to the violence 
in the Kashmir valley (De Jong, Ford, Van de Kam, et al., 2008; Amin and Khan, 2009; Housen, Lenglet, Shah, et al., 
2019; Wani, Suhaff, Khan, et al., 2020). Another study after the earthquake in 2005 also highlighted the psychological 
impact of natural disasters, with depression, acute stress, and sleep disturbance being widely reported among the affected 
population (Chadda, Malhotra, Kaw, et al., 2007). The conflict in Kashmir has also left thousands of women as widows 
and half-widows in a volatile and patriarchal society where sexual violence against women is widely prevalent (Qayoom, 
2014; Qutab, 2012). Further, in the aftermath of a natural disaster, women are confronted with an atmosphere of increased 
insecurity and stress and a lack of privacy, sanitation, and reproductive facilities (Hamilton and Halvorson, 2007; Kelman, 
Field, Suri, et al., 2018). In fact, natural disasters could potentially have a greater psychological impact on the people of 
the region than others due to the existing trauma arising from the violent conflict and due to the lack of resources to deal 
with mental health issues. The health facilities in the region require better infrastructure, more trained doctors, and mental 
health practitioners – especially in the rural and remote areas. Mental health needs to be a specific and ongoing focus. As 
the present study shows, psychological stress, trauma, and depression are widespread among the populace. The region 
also lags in health insurance coverage with only 4.2% of households having any insurance (GOI, 2017).

The study, while focusing on the impacts of natural and man-made disasters on the people of J&K and Ladakh 
region, also shows the linkages between the two types of disasters. First, the severity of natural disasters and their impact 
on people is largely determined by human activity. The impact of an earthquake is largely determined by the quality 
of the construction of buildings, whereas in the case of floods and landslides, human activities such as deforestation, 
urbanization, unscientific construction, and mining determine the extent of damage caused (Barnard, Owen, Sharma, 
et al., 2001; SDMP, 2017). Second, the extent of damage can be minimized by immediate and effective responses taken in 
the wake of the disaster. The response by the government after the flash floods in Ladakh in 2010 was considered mildly 
effective, whereas there was a widespread perception of government failure, inadequate preparation, and poor relief 
measures in the aftermath of the 2014 floods (Venugopal and Yasir, 2017; Gupta, Khanna, and Majumdar, 2012). The 
floods laid bare the lack of warning systems, the poor levels of preparation of the authorities, and the inadequate relief and 
rehabilitation measures (Venugopal and Yasir, 2017). Third, conflicts, while being rooted in their specific histories and the 
prevalent political and social condition, are also impacted by natural disasters. The destruction caused by natural disasters 
creates conditions of resource scarcity, aggravates pre-existing inequalities in the society, and can lead to a general sense 
of grievance among people, thus further aggravating the conflict. A study using the data from the second half of the 20th 
century concludes that the risk of violent conflict increases in the short- and medium-term after a rapid-onset disaster like 
a flood or an earthquake (Nel and Righarts, 2008). 

The government has taken steps to mitigate the effects of disasters by integrating livelihood schemes with disaster 
management, by promoting crop diversification, crop insurance, and by providing compensation to people affected by 
disasters. It has also made efforts to implement an extensive disaster management plan. While the plan highlights detailed 
and effective measures against disasters, it is imperative that the policymakers go beyond and take into account the 
diversity of the conditions in the region. There is an urgent need to improve the response and rehabilitation measures in 
rural areas after natural disasters, as was evident after the earthquake in 2005 when remote villages were ignored, and 
most relief measures remained focused on towns and cities (Zahir-ud-Din, 2005). Early warning systems, which were not 
effective during the 2014 floods, need to be made functional for different types of disasters. The structural integrity of 
the existing infrastructure in the state needs to be improved with safety audit of existing buildings and strict adherence to 
earthquake resilience for construction of future infrastructure (Yousuf, Bukhari, Bhat et al., 2020). Social support among 
relatives, neighbors, and the community can also act as a source of resilience for people in the aftermath of disasters. A 
study done among adult survivors of 2014 floods in Kashmir region shows that high level of family and friends’ support 
reduced the association between flood-exposure and symptoms of PTSD and depression to a great extent (Dar, Iqbal, 
Prakash, et al., 2018). There is also a need to engage with people and communities at the local level and formulate disaster 
management plans which makes use of the local and traditional knowledge systems. Dhaji Diwari is one such indigenous 
construction method which uses timber beams as means to reduce the impact of earthquakes on buildings. This method 
has been effective against earthquakes but is no longer widely practiced as people have moved toward more modern ways 
of construction using bricks and concrete which does not suit the unique landscape and climate of the region (Hassan, 
2014; Yousuf, Bukhari, Bhat et al., 2020). Traditional and indigenous industries like handicraft need to be supported 
and private investment should be encouraged in industries such as biotechnology, mineral extraction, and leather goods 
(Mahapatra and Shekhawat, 2008). 
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In a disaster-affected area, while focusing on economic growth, it becomes imperative that the government pursues 
sustainable development which does not negatively affect the fragile natural environment of the region. Economic 
measures are important, but all economic activity such as investment, trade, and tourism depends, to an extent, on the 
security of the area. Over the years, the security situation in the region has improved substantially but remains fragile and 
prone to outbursts in the form of violent protests and terrorist attacks (Khan, 2017). There exists a trust deficit between the 
local population and the administration and this need to be bridged by more inclusive community engagement approaches. 
There is an urgent need to increase the social capital of the people of the region by making local communities’ stakeholders 
in the functioning of the government. It can be done through decentralization of power and authority and through the 
implementation of developmental programs focused on the needs of the community, with their active participation. In 
addition, the recent bifurcation of the UTs and administrative policy change in the region has given government enough 
space to work on the safety, security, and economic development agenda of the region.

4. Conclusions
While our study has managed to present a comprehensive overview of the impacts of disasters on the lives of people in the 
region of J&K and Ladakh, it does have some limitations. The study is based entirely on available literature and no primary 
data were collected for it. In a dynamic situation like the one in J&K and Ladakh region, the study, while being true to the 
intrinsic nature of disasters, terrorism and violence, may fail to present the current situation. The study also leaves scope for 
in-depth research into the different impacts of the disasters highlighted here. Based on the findings, the study recommends 
the strengthening of effective disaster risk reduction and management systems, early warning systems and infrastructure – 
especially health facilities, schools and roads – in J&K and Ladakh region. In addition, emphasis must be laid on reducing 
the underlying vulnerabilities of the population through better community engagement approaches for both development 
initiatives and conflict resolution, with a special focus on the youth. Interventions made by the government to improve the 
resilience of communities should be implemented in a sustainable way, taking into account the risks posed by both natural 
disasters and terrorism. This study strongly recommends in-depth research and advocacy to ensure that resilience measures 
with regard to both natural and man-made disasters in the region are appropriately addressed.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Present study shows high feasi-

bility of H2 production using bio-

electrochemical system.

� NH3 pre-treated electrodes enriched

with SRB's to increased H2 produc-

tion yield.

� CH4 and H2S production was found

completely suppressed after 7th

cycle.

� Kinetic modelling simulation is

presented in residual to more

clarify computed data.
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a b s t r a c t

The presence of undesired methanogens with Sulfate-reducing bacteria (SRBs) is a serious

challenge faced by the bioelectrochemical system (BES). In the present study, we investi-

gate the impact of ammonia pre-treated electrodes on hydrogen production in a 600 ml

anaerobic (BES) enriched with sulfate-reducing bacteria (SRBs) to inhibit the CH4 produc-

tion for achieving the theoretical H2 production. The highest hydrogen production of

3.67 ± 0.31 M/M of glucose was recorded in the BES. The BES completely inhibited the

growth of methanogens after the 7th cycle of operation. The higher hydrogen production

efficiency of BES can be justified by assuming a higher hydrogen mass transfer from the

electrode surface to the biofilm. In presence of sulfate, acetate acid type of the fermenta-

tion was dominating in hydrogen production, while limitation of SO4
2� switch over to the

dominance of butyric acid type fermentative hydrogen production. Despite the sign of

change in the acetate to butyric acid type metabolism, the BES system was able to uncap

the theoretical hydrogen production. The notable change in vector orientation of H2,

butyric acid, and hexanoic acid inferring the significant differences in the microbial

community adapted on the electrodes in the ReNH3 and R-Cont. SEM image clearly

showing ammonia-treated electrode harbour more microbial growth on the electrode

surface. The ratio obtained for CH3 and CH2 for the ReNH3 and R-CONT of 1.316 and 1.755

respectively by FTIR stretching vibrations showing the difference in the bacterial species
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adapted on the bioanodes. Cumulative hydrogen production data was computed to confirm

its validity of the Gompertz model, Richard model, and Logistic model. The Richard model

was found in the best-fitted models for cumulative hydrogen production.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The growing need for energy by human society and depletion

of conventional energy sources demands renewable, safe,

low-cost, and omnipresent energy [1]. Therefore, it is urgent to

develop a cost-effective, sustainable, and eco-friendly tech-

nology for energy recovery, to mitigate the climate change

impacts linked to the emission from fossil fuel consumption.

Biological hydrogen production is an environmental process

that consumes less energy than electrochemical and ther-

mochemical processes [2]. The bio-electrohydrogenesis,

namely the biohydrogen through microbial electrolysis cell

(MEC) obtained the distinct advantage over traditional

fermentation methods of reaching a higher hydrogen yield,

and over traditional water electrolysis of running at greater

energy efficiencies [3]. Among the widely employed microbial

technologies, certain bacteria species are capable of gener-

ating electrons from their cell surface while decomposing

organic matter and have been explored to generate

bioelectricity or modified to produce hydrogen [4]. The SRB's
having the ability to use lactate, ethanol, formate, and buty-

rate, have extensively high hydrogenase activity and produce

H2 in natural sulfate limited conditions [5]. Hydrogenase, an

important electroactive enzyme of SRB, has been discovered

to have the capacity to connect its activity to solid electrodes

by catalyzing hydrogen evolution and oxidation [6].

Microbial fuel cells (MFCs) technology plays a crucial role in

higher hydrogen production through electrochemically active

biofilms from organics rich in waste [7,8]. Sulfate-reducing

bacteria species Desulfovibrio vulgaris, Desulfobulbus, Desulfo-

microbium have been documented as model organisms for

hydrogen production in electrochemical systems [5,9]. More-

over, Desulfobulbus propionicus, a particular species of SRB, is

known to conserve energy to support growth via electron

transfer to insoluble electron acceptors, such as Fe (III) oxide

and graphite electrodes [10].

Generally, due to higher conductivity graphite and copper

electrodes are widely used for H2 production in BES. The first

pilot-scale (1000 L) biohydrogen producing MEC was also

operatedwith the use ofmultiple electrode pairs in continuous

mode for about 100 days, although the gas production could

reach up to 0.19 m3m�1d�1, with the main component of

methane (86%) suggesting that most of the cathodic hydrogen

produced was consumed by the methanogens [11]. The major

challenge in achieving higher hydrogen production is a

mixture of acetate, ethanol, butyrate, and other products

usually formed as end products yield <4 mol of H2 per mole of

glucose [12] further hydrogen production potential can be

reduced by hydrogen consumers methanogens [13] and

propionate-forming bacteria [14]. Therefore, higher hydrogen

yields can be possible by controlling the competition by

inhibiting the methanogens to divert the electrons equivalent

to assist the fermentation process using various strategies.

Engineering, electrochemical and biological factors aswell [15].

Therefore, to improve hydrogen yields in the BES, the in-

hibition of acetate and hydrogen consuming methanogens,

sulfate reducers, and homoacetogens should be considered.

Additionally, modifying materials that are essential for the

increase in power performance can also be effective in

increasing capacitance [16]. The represented example of this

aspect is the nitrogen functionalization of carbon cloth an-

odes using heat ammonia treatment [17,18] or dimethylani-

line [19] to produce protonated amine groups to be conducive

to bacteria adhesion [16]. Therefore by combining the advan-

tage of fermentation type and MECs, the co-cultured MECs

reduced the metabolic inhibition and significantly improve

the hydrogen production efficiency by regulating the distri-

bution of electrons flow [20]. Prevailing literature suggests the

methanogen population is selectively inhibited by ammonia

toxicity and result in enhanced H2 with a mixed culture [21].

Moreover the optimum level of SO4
2� and applied potential

also produce the suitable conditions for the SRB for higher

performance efficiency for the long term operation for

hydrogen production and sulfate reduction on the biocathode

by overcoming a drop in pH problem, otherwise which fail BES

[22,23]. Therefore, the ammonia pre-treated electrode would

enrich the H2 producing bacteria on the electrode by sup-

pressing the methanogen population of anaerobic bio-

electrolysis reactors [24]. The recent advances in BESs show

that properly designed enriched anodic and cathodic biofilms

hinder the need for adding mediators or chemical catalysts

[25,26], as the rate-limiting steps and this limiting effect could

be more significant for bioelectrodes when developed simul-

taneously in one system [27].

In the present study, we explored the potential of sulfate

reducers (considered as hydrogen consumers) for hydrogen

production in the BES system using ammonia pre-treated

electrodes to suppress methanogens to facilitate the easy

electron transfer to minimize the rate-limiting effects. Sulfate

a preferred electrons acceptor by the SRB and the external

applied potential strategies were employed to outcompete the

methanogens from the mixed culture without using any

specific inhibitor which is an innovative way. The kinetic

modelling was applied to the hydrogen production for the

analysis of best-suited conditions.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2

Please cite this article as: Singh NK, Singh R, A sequential approach to uncapping of theoretical hydrogen production in a sulfate-
reducing bacteria-based bio-electrochemical system, International Journal of Hydrogen Energy, https://doi.org/10.1016/
j.ijhydene.2021.03.152

https://doi.org/10.1016/j.ijhydene.2021.03.152


Materials and methods

SRB consortium source and enrichment

The inoculum used in the study was prepared by mixing a

consortium of culture (A) collected from an anaerobic digester

of the PiranaMunicipal Sewage Treatment Plant, Ahmedabad,

Gujarat, (India) with culture (B) cow dung in 1:1 ratio in a 1 L

[23]. The culturewas further fedwith a 5 L of Postgatemedium

[28] in a 10 L capacity anaerobic bioreactor. The composition of

the Postgate mediumwas (g/L): KH2PO4 0.5; Na2SO4 1.0; NH4Cl

2.0; CaCl2 0.06; FeSO4 0.005; sodium citrate 0.3; yeast extract

0.1; glucose 5. The consortiumwas regularly fed with Postgate

medium every 5e6 days under anaerobic condition by N2

(99.99% purity) purging after decanting the 3.0 L supernatants.

The reactor was kept at room temperature (35e40 �C) moni-

tored using a thermometer andmaintained at a pH of 6.5 ± 0.5

using 6 N HCl/NaOH. During the acclimation period and vol-

ume of gas wasmeasured by the water displacement method.

Bioelectrochemical system design and operation

The present study was conducted in a 600 ml BES (working

volume 400 ml) of diameter 6.5 cm and 25 cm height with two

lateral openings on the sidewall and one at the bottom of

length 4 cm having facilities of sealing with 20 mm septa and

aluminium seal. The top central opening of 2.5 cm diameter

equipped with cork was used to ease the wiring for the

connection of the electrodes using the electric couple. Two

graphite electrodes activated in a muffle furnace at 550 �C for

30 min and further pre-treated by dipping in 25% ammonia

solutionwere inserted vertically and supportedwith a silicone

tube. The electrodes (length 10 and dia 0.6 cm) were placed

5 cm apart. The reactor's fabrication and the electrode pro-

curement were done from the local market, Ahmedabad

(Gujarat). 200 ml of the active SRB culture from the master

reactor maintained at room temperature was added to each

reactor. The BES were operated at 400 ml working volume by

feeding 200 ml of Postage medium at 48 h hydraulic retention

time (HRT) by applying 40 mV potential (pre-optimized po-

tential). The initial pH of the reactors was maintained at 6.5

using 6 N NaOH/HCl. During Phase-I the reactors were opti-

mized for constant volumetric gas production to ensure a

steady-state. The headspace air was measured by dragging

out air using a 60ml plastic syringe. After obtaining the almost

constant volumetric gas production from each reactor the

compositional analysis of the gas was started and continued

till Phase-II at a regular interval till the 6th cycle. The addition

of sulfate in the medium was stopped and continue with gas

composition analysis until the completion of the 17th cycle.

After the 17th cycle, two additional electrodes, same in

configuration and treatment were inserted in each reactor.

The anaerobic condition in the reactors was generated by

purging with N2 (99.999% purity) for 5 min after feeding. Based

on the observation of the gas production 60 mle180 ml of

headspace N2 gas was drawn to accommodate the excess of

the pressure generated in the reactors before incubation. The

reactors set in triplicates were operated for the following

phases:

i. Phase-I: This phase was considered the stabilization

phase. In this Phase, 200 ml of the well-mixed culture

was added to each reactor. The ammonia-treated and

untreated two graphite electrodes were inserted in the

respective reactors through the top opening. The re-

actors were filled and decanted at 48 h HRT, by feeding

the Postgatemedium. The headspace gas generatedwas

measured twice a day at 10:00 a.m. and 4:00 p.m. This

phase was operated to insure an equal volume of gas

production from each set of the reactors. The stabili-

zation phase was carried for the completion of the three

cycles. The stability of the reactors was assessed in

terms of equal volumetric gas generation. Each reactor

was producing 200 ± 10 ml of the gas. The qualitative

analysis of the headspace gas (H2, CH4, CO2, and H2S)

was performed at the end of the last cycle.

ii. Phase-II: During this Phase, 40 ± 5.0 mV potential was

applied to each reactor. The reactors were continued till

the completion of the three cycles by feeding with the

Postgate medium at 48 h HRT. The headspace gas

generated was measured both in terms of quantity as

well as quality.

iii. Phase-III: This phase was continued like Phase-II,

except the Postgate medium fed was free of SO4
2�

. This

phase was operated for the completion of the three

cycles. At the start of this phase, the initial pH of the

reactors was adjusted to 6e6.5. This phase was

continued until the completion of 7 cycles.

iv. Phase-IV: This phase was started with increasing the

electrode's surface area by insertion of two more

respective electrodes (NH3 treated and Untreated) in the

reactors. This phase continued to evaluate the effect of

the electrode surface area on gas production.

Gas measurement and composition analysis

The composition of headspace gas was analyzed using gas

chromatography (PerkinElmer-680) configured with a thermal

conductivity detector (200 �C), equipped with the Elite-plot Q

column (30 m � 0.53 mm ID). The injector temperature was

kept at 150 �C. Initially, the oven temperature was 50 �C for

7 min and increased with a ramp of 8 �C/min to 75 �C holding

for 2.5 min. Nitrogen was used as carrier gas at a flow rate of

2 ml/min and makeup to 6 ml.

Liquid components analysis

The physicochemical analysis of the liquid sample was

analyzed using the standard method [29]. 50 ml sample from

each reactor was processed for further components analysis.

pH was measured immediately after harvesting the samples

using Eutech pH 700m. The volatile fatty acids (VFAs) analysis

was done at the initial, middle, and end cycles of each phase

starting from Phase-II onwards. Before analysis, the VFAs

samples were centrifuge at 5000 rpm for 20 min at room

temperature. 2.5 ml of VFAs sample was acidified to 2e3 pH

using Orthophosphoric acid and preserve at 4 �C for further

analysis. Before analysis, the VFAs samples were diluted 10

times with HPLC grade water and filtered through 0.2 mm
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membranes (Dia. 25 mm), and passed to IR 120 Regin. The gas

chromatograph (PerkinElmer 680) equipped with a flame

ionization detector (FID) was used for VFAs analysis by

injecting 0.5 ml sample with autosampler in an elite-wax col-

umn (30 m � 0.32 mm ID) [23]. The initial oven temperature

was set at 95 �C for 5 min followed by an increase of 10 �C/min

until the temperature reached 140 �C, where it was kept for

6 min. Further, the temperature was increased at a rate of

40 �C/min to 200 �C holding for 5 min. The injector and de-

tector temperatures were 250 �C and 240 �C, respectively. The

VFAs concentrations were calculated using a calibration curve

prepared from volatile free acid mix 10 mM (Sigma Aldrich) of

formic acid, acetic acid, propionic acid, isobutyric acid, butyric

acid, isovaleric acid, valeric acid, isocaproic acid, hexanoic

acid, and n-heptanoic acid in the range of 0.5e5 mM. The

following metrics were used for the investigations concerning

the amounts and relative proportions of VFAs products [30].

i. Alkyl groups (Methyl and Methylene groups) (mM) ¼ C2-

þ (2*C3) þ (3*C4) þ (4*C5) þ (5*C6), where Cx is VFA (mM) of

the total carbon number x;

ii. Average VFA chain length ¼ (total mM alkyl groups/total

mM VFA) þ 1, where the 1 is non-energetic carbon

(carboxyl group) in the VFA molecule.

Kinetic and modelling

The data obtained for cumulative H2 from the bio-

electrochemical system were checked for the suitability of

kinetic models. The Non-linear curve fitting was assessed on

each phase using Origin Pro Trial 2019b 64bit software (Trial

version). Cumulative H2 production was stimulated by the

following equations [31,32].

Where,

Logistic and Richard models- C is cumulative hydrogen

production (ml); k is kinetic constant (h�1); t is hydraulic

retention time (h); a and b are the constants.

Gompertz model- C is cumulative hydrogen production

(ml); a is ultimate hydrogen production potential, exp is

exponential (1); d and k are constants, t is hydraulic retention

time (h); a and b are the constants.

The statistical analysis was carried out to evaluate the

significant/insignificant variations between and within the

treatment processes. The statistical evaluation was per-

formed using Microsoft Excel 365 and the PAST software

(version 3). The single factor ANOVA was used to test the

variations in the various components. The principal compo-

nents analysis was performed using the ordination PCA under

multivariate analysis for the biplots preparation and further

analysis.

Surface morphology and functionalities analysis of the
electrodes

Scanning electron microscopy (SEM Zeiss Evo 18 Special Edi-

tion) with Smart SEM-[SYSTEM] software was used to analyze

the surface morphology of the graphite electrodes before and

after ammonia treatment, and electrodes collected from the

ReNH3 and R-Cont. After the completion of the experiments,

the initially inserted electrodes were collected from the re-

actors and processed for the SEM analysis. The electrodes

were dried under anoxic conditions, considering the air-

drying as the only method that maintained the location of

loosely attached bacteria on a surface [33]. A small piece of the

electrode near the bottom (1 cm above) was cut for the anal-

ysis of the surface morphology of the electrodes. The pieces

were cut in such a way so that surface having microbial

growth remains intact. A small piece of the graphite electrode

was mounted on aluminium stubs with double-sided carbon

tape sputter-coated with a palladium coater (Quorum SC7620

Mini sputter coater). After optimizing the image clarity, the

magnification of electrodes was taken on various levels.

FTIR analysis was carried out using a JASCO FT-IR-4700

type A model equipped with a TGS detector with a resolu-

tion of 8 cm�1 at scanning speed (2 mm/s). The spectral range

of the peak was recorded 399.193 cm�1 to 4001.57 cm�1 at a

data interval of 1.92847 cm�1. The samples were dried in the

hot air oven at 50 �C before FTIR analysis. The data was ob-

tained in Excel format as well as FTIR spectrum (pdf file). It

was difficult to compare the FTIR spectra obtained for ReNH3,

R-Cont, NH3-Treated electrodes with a graphite electrode. The

spectra were very well compared to the differences obtained

in the spectra of the respective electrode from the spectra of

the graphite electrode. This difference in % transmittance was

plotted using excel graphs, which clearly showing even min-

ute differences in the peaks and stretching in the FTIR spectra.

The graphite electrodes were further processed for the

analysis of XRD. A small quantity of the powder was collected

from the electrode surface for XRD analysis. The XRD analysis

of the dried microbial film was performed to determine the

change in surface compounds deposited on the electrodes

during the hydrogen production. XRD analysis of dried fine

powder of upper dried layer of electrodes was carried out

using XRD (Bruker AXS D8 Focus P-XRD type model), with 2Ɵ
ranging from 10� to 80� X-ray photoelectron spectroscopy.

Results and discussion

Start-up of the bioelectrochemical system

The present study illustrates the performance of the SRB-

based BES systems equipped with ammonia pre-treated

graphite electrodes operated at 48 h HRT. It is important to

evaluate gaseous production efficiencies and stability in the

BES for H2 production. The BES acclimated with the microbial

community in the ReNH3 and R-Cont. reactors produce volu-

metrically and statistically indistinguishable variation in total

gas (p ¼ 0.972) during Phase-I, the stabilization period. Based

on the stability during Phase-I, the BES systems were further

Models Equations

Logistic model C ¼ a/(1þbexp(-kt)) (1)

Richard model C ¼ a*(1þ(d-1) *exp(-k*x-xc)) (̂1/(1-d)), ds

1

(2)

Gompertz model C ¼ a* exp(-exp(-k*(x-xc))) (3)
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operated for hydrogen production potential. The insignificant

variation in the volumetric gas production showing the

merely NH3 treatment of the electrodes is not affecting gas

production. Interestingly application of the applied potential

to the electrodes results in significant variations in the volu-

metric gas production (p < 0.001) in the ReNH3 and R-Cont.

The enhanced surface area as a result of ammonia treatment

might be promoting good biofilm formation and increasing

the electron transfer between the electrodes and the micro-

organisms. Though for most systems it is still not clear how

microorganisms conduct the electron import, evidence was

provided for some systems that hydrogenases can directly

interact with the cathode and catalyze the production of

molecular hydrogen [34]. At the start of the reactor, the gas

production was 250.67 ± 62.21 and 254 ± 31.73 ml

(mean ± standard deviation) in the R-Cont. and ReNH3

respectively. The respective reactors stabilized to 401 ± 12.17

and 399.5 ± 24.98 ml gas production in the R-Cont. and ReNH3

respectively after achieving the maxima ~450 ml. The

hydrogen yield analysis performance was started once the

systems reached a stable condition as the reproducible cycles.

The performance of the BES systems in terms of average H2,

CH4, and H2S production in M/M of glucose in different phases

is presented in Table 1.

Hydrogen production potential

The H2 recovery was tested under the ammonia-treated

electrode and the untreated electrodes in the BESs. The

hydrogen production on the biocathodes was analyzed for

cathode potentials of 40 ± 5mV for 38 days of Phase-I onwards

in both the BESs (Fig. 1A and B). The much more hydrogen

production efficiency with statistically distinguishable vari-

ance (p ¼ 0.046) by the type the ReNH3 BES was observed in

presence of the applied potential. Modifying the electrode

with a positively charged ammoniacal compound promotes

more bacterial adhesion, a faster start-up period, and an

overall more efficient electron transfer during the MEC pro-

cess [35]. The H2 production profiles and gases (%) in various

phases in the ReNH3 and R-Cont. are presented in Fig. 1(A and

B). The ReNH3 produces higher hydrogen during all the pha-

ses. The amine functionalization of the carbon surface could

be useful to improve microbial adhesion and power genera-

tion [19] by the heat and ammonia treatments that increased

the nitrogen content and the positive surface charge (from

0.38 to 3.99 meq m�2) [17,18,36]. The higher hydrogen pro-

duction in the ReNH3 reactor showing the proper functional-

ization of the electrodes by treating with 25% ammonia

solution for 30 min, otherwise, a highly functionalize surface

can reduce the microbial adhesion [37]. The enriched biofilm

on the ammonia-treated electrode was also observed in the

SEM and FTIR (analysis of functional groups). At the onset of

the applied potential of 40± 5mV, theH2 production improved

with significant variations (p < 0.001) in both the BES in Phase-

II. Though the improvement in the H2 production was very

less from 0.171 ± 0.062 M/M of glucose and 0.472 ± 0.115 M/M

of glucose to 0.225± 0.085M/M of glucose and 0.484± 0.08M/M

of glucose at the end of Phase-II in the R-Cont. and ReNH3

respectively. The lesser hydrogen production during this

phase might be due to the presence of SO4
2� in the medium

which acts as an alternative electron acceptor and will have a

marked influence on its reduction to H2S gas. This might be

due to the presence of sulfate in media in Phase-II, where SRB

consumed H2 as it has a high affinity and a lower threshold

Table 1 e Gaseous compositions during the various phases in the ReNH3 and R-Cont reactors.

Cycles R-Cont ReNH3

(M/M Glu) (M/M Glu)

H2 CH4 H2S H2 CH4 H2S

1 Phase-I** 250.67 ± 62.21 254 ± 31.73

2 448.33 ± 10.51 453.5 ± 2.65

3 401 ± 12.17 399.5 ± 24.98

4 Phase-II 0.17 ± 0.06 0.06 ± 0.02 0.19 ± 0.02 0.47 ± 0.12 0.11 ± 0.07 0.19 ± 0.02

5 0.23 ± 0.16 0.09 ± 0.04 0.19 ± 0.05 0.44 ± 0.11 0.14 ± 0.04 0.19 ± 0.04

6 0.22 ± 0.09 0.11 ± 0.01 0.24 ± 0.03 0.48 ± 0.08 0.13 ± 0.06 0.23 ± 0.01

7 Phase-III 1.82 ± 0.07 0.22 ± 0.01 0.04 ± 0.02 2.21 ± 0.12 0.22 ± 0.02 0.02 ± 00

8 2.57 ± 0.09 N.D 0.01 ± 0.01 2.74 ± 0.08 N.D N.D

9 2.43 ± 0.68 N.D 0.01 ± 0.01 2.86 ± 0.52 N.D N.D

10 3.23 ± 0.33 N.D 0.01 ± 0.01 3.57 ± 0.32 N.D N.D

11 2.81 ± 0.22 N.D N.D 3.23 ± 0.08 N.D N.D

12 2.52 ± 0.26 N.D N.D 3.16 ± 0.10 N.D N.D

13 2.70 ± 0.13 N.D N.D 3.52 ± 0.07 N.D N.D

14 2.49 ± 0.43 N.D N.D 3.30 ± 0.16 N.D N.D

15 2.34 ± 0.84 N.D N.D 3.42 ± 0.24 N.D N.D

16 2.32 ± 0.40 N.D N.D 3.67 ± 0.31 N.D N.D

17 1.87 ± 0.75 0.06 ± 0.10 N.D 3.18 ± 0.25 N.D N.D

18 Phase-IV 0.91 ± 0.52 0.10 ± 0.02 N.D 2.28 ± 0.09 N.D N.D

19 1.99 ± 0.27 N.D N.D 3.41 ± 0.46 N.D N.D

20 2.18 ± 0.51 N.D N.D 3.26 ± 0.32 N.D N.D

21 2.28 ± 0.39 N.D N.D 2.45 ± 0.14 N.D N.D

** Total volume of gas (ml); N.D: Not Detected.
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value for hydrogen. The lesser hydrogen production in the

SRB-based biocathode might be due to the formation of metal

sulfate precipitation as the result of high sulfate content in the

cathode medium which inhibited the biofilm-electrode elec-

tron transfer [27]. Other researchers also reported hydroge-

nase activity of SRB enhancedwith low sulfate addition during

the enrichment phase of microbial growth [38]. During the

subsequent Phase-III operation, the significant increase in

12%e63% hydrogen production coinciding with the decrease

in the acetate concentration over time, when Postage media

was not supplemented with sulfate (Fig. 2B). This was due to

the SRB's extensive hydrogenase activity which fermenta-

tively produces H2, CO2, and acetate in a limited sulfate

environment with other organisms and functions as H2

producers [5]. During Phase-III, hydrogen production was

found in a range of 2.21 ± 0.12 to 3.67 ± 0.31 M/M of glucose.

The results of our study reveal that the integration of HRT

operation with ammonia-treated electrodes in the BES affects

the overall performance of the reactor. Combining the

advantage of fermentation type and MECs, the co-cultured

MECs reduced the metabolic inhibition and further signifi-

cantly improve the hydrogen production efficiency by regu-

lating the distribution of electron flow [20]. Despite being

mixed culture in MECs, hydrogen may also be lost due to the

activity of hydrogenotrophic methanogens and acetogens, in

the present BES system hydrogen recoveries of 56e73% was

observed using graphite electrodes, whereas recoveries for

platinum cathodes of 57e96% were achieved [35,39,40].

Fig. 1 e Gaseous component generated in various phase.
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Ammonia pre-treated electrode enhances the hydrogen-

producing bacteria population on the electrode by inhibiting

the methanogen in anaerobic bio-electrolysis reactors

[41e44]. In our case also the strong peak of the ammonia (FTIR

data) was observed on the ammonia-treated electrode, which

further disappears (diffuse from the surface) on the electrodes

recovered from the BES. This finding inferred that the

ammonia-treated electrodes inhibiting the methanogen bio-

film formation and causing the toxicity by ammonia diffusion

from the surface of the electrode during the initial acclimati-

zation of the reactors. Studies have reported that ammonia

causes toxicity to methanogens by diffusing free ammonia

molecules into the cell through the cell membrane [45,46].

During Phase-IV significant drop in hydrogen production was

found initially in the 18th cycle and its production tremen-

dously increased to 3.41 ± 0.46 M/M of glucose in the 19th

cycle. The sudden drops in hydrogen production initially in

the 18th cyclemight be due to the disturbance of themicrobial

population during the insertion of the additional electrodes.

The production tremendously increased to 3.41 ± 0.46 MH2/M

of glucose in the 19th cycle, which might be due to more

consumption of organic matter due to increase surface area

for bio-electrolysis activity with additional electrodes. How-

ever, the systems were unable to maintain the continuous

significant improvement in hydrogen production with the

insertion of additional electrodes. This can be understood by

the decrease in microbial electrode performance induced by

increasing the electrode size (from 9 cm2 to 50 cm2) by looking

at the current provided by the anodes at the same potential

Emeasured, the larger size the anode worked at potentials

significantly far from applied value presented a broad distri-

bution of local potential [47].

Further continuous drops in H2 production was seen from

20th and 21st cycles might be due to the accumulation of toxic

compound due to high organic degradation reduces the pop-

ulation of hydrogen-producing bacteria by continuous voltage

supply in anaerobic bioreactors. Though despite a change in

the fermentation types (based on the VFAs data), the present

Fig. 2 e VFAs profile during various phases of operation in the reactors; A) ReNH3, and B) R-Cont.
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SRB-based BES system has been successfully uncapping the

theoretical hydrogen production potential as a result of the

higher hydrogenase activities. Increasing butyrate production

will cause the relative acetate to butyrate ratio to decrease

while increasing the quantity of acetate via the homoaceto-

genesis will cause the ratio to increase [48]. Researchers have

evaluated the efficiency of ammonia-treated platinum elec-

trodes using carbonate/phosphate-buffered solutions in H2

production of 1.7 ± 0.4 m3H2-m
�3 d�1 by inhibition of methane

production less than 1% using acetate in a BES system [24]. So

the SRB-based BES has higher potential as evidence is pro-

vided for some systems that hydrogenases can directly

interact with cathodes and catalyze the production of mo-

lecular hydrogen [34].

Methane production

The treated electrodes show insignificant variations in

methane production (p ¼ 0.477) between the ReNH3 and R-

Cont. Though at lesser levels, CH4 production was seen during

Phase-II and up to the 7th cycle in Phase-III in both reactors. At

the end of Phase-II in the 6th cycle, CH4 production was found

to nearly 4e5% in the BES reactors and further enhanced to

nearly 11% in Phase-III in the 7th Cycle (Fig. 1B). The presence

of the SO4
2� in the medium is supposed to outcompete the

methanogen by the SRB. The findings from the present study

showing that the presence of sulfate in the medium success-

fully suppresses the methanogens, but unable to completely

restrict their growth. The disappearance of the methane

peaks/production on applying the potential (40 ± 5 mV)

eliminated the methanogens 7th cycle onwards (Table 1 and

Fig. 1B). In another study researchers completely inhibit the

methane production using a two-chamber BES system fed-

batch reactor feed with butyric acid-producing hydrogen

nearly 80% using glucose [49]. So, the applied potential stra-

tegies for the suppression of the methanogens from the con-

sortium are more prominent in comparison to the addition of

only SO4
2� in the medium. Similarly, the other researcher's

study of the integration of bio-electrolysis at suitable low

voltage with ammonia pre-treated electrode at lower HRT

which inhibits methane production [50e52], due to more

susceptibility towards ammonia toxicity by lowering down

methane production in the anaerobic digesters [21,43,46,53].

H2S production

The SRB utilizes sulfate under its elevated concentration as an

electron acceptor by producing H2 and H2S using a suitable

electron donor. At the end of Phase-I, both the reactors were

producing average H2S equally to 0.188 ± 0.017 M/M of glucose

and 0.188 ± 0.019 M/M of glucose in the ReNH3 and R-Cont.

respectively. Though the H2S production improved to

0.231 ± 0.013 M/M of glucose and 0.241 ± 0.026 M/M of glucose

with insignificant variation (p¼ 0.811) between the ReNH3 and

R-Cont. respectively. Interestingly despite being a higher level

of hydrogen production fed with an equal amount of sulfate,

the lesser concentrations of the H2S were seen in the ReNH3.

This finding inferring the reduction of the H2S to elemental

sulfur/other sulfur compounds on the treated electrode in

presence of the applied potential. Otherwise in absence of

applied potential both the reactors were generating H2S very

equally. Similarly, another study reported that in SRB based

bio-electrolysis reactor, H2 is generated from biocathode

which was used by SRB for sulfate reduction to hydrogen

sulfide (H2S) formation [54e56]. Moreover, the signature of H2S

generation was recorded up to the 7th cycle and 10th cycle in

the ReNH3 and R-Cont. respectively further indicating the

more efficiency of the ammonia-treated electrodes. So, the

residual SO4
2� in themediumquickly vanished in the ReNH3. A

minor concentration of less than 1% of H2S production was

found in Phase-III till the end of the 10th cycle in R-Cont which

might be due to residual sulfate in the media whereas

comparatively, H2S production was found till the 8th cycle in

the ReNH3.

Volatile fatty acids production

The VFAs profiles in the reactors during various phases are

shown in Fig. 2(A and B). There was a significant difference in

the distribution of various VFAs in various phases, which

implied metabolic flux has been changed during various

phases aswell as in the type of reactor. The statistical analysis

of the cumulative VFAs shows statistically indistinguishable

data, however, the ANOVA value is very close to the signifi-

cance level (p ¼ 0.056). Moreover, the variations occurring to

63.829% and 32.544% in the ReNH3 and R-Cont. respectively

inferring the more dynamics (higher variance %) in ReNH3

electrodes. At the end of Phase-I or start of Phase-II, the acetic

acid (23.176 ± 3.417 mM), formic acid (3.831 ± 1.364 mM), and

Isocaproic acids (2.71 ± 0.381 mM) were in the higher level in

the ReNH3. Whereas in the R-Cont., the acetic acid

(18.453 ± 0.292 mM), formic acid (4.069 ± 0.702 mM), and

butyric acid (17.917 ± 2.006 mM) were seen more in concen-

trations. Interestingly the concentration of the isobutyric

acids seen was almost equal to 12.233 ± 5.071 mM and

12.668 ± 1.785 mM in the ReNH3 and R-Cont. respectively.

Moreover, the concentration of the isobutyric acid was stati-

cally indistinguishable from the treatment factor of the elec-

trode (p¼ 0.364). The higher variance in the ReNH3 (26.54%) in

comparison to the R-Cont. (3.61%) also support the finding of

the polymerization of the VFAs in the earlier reactor.

A relative ratio of acetate and butyrate production greater

than 1 indicates homoacetogenic activity as well as

decreasing butyrate production [48]. The acetic acid/butyric

acid can be a good indicator in the assessment of hydrogen

yield. The Ace/But acids ratios of 1.5 and 1.02 in the ReNH3 and

R-Cont. respectively showing the favourable conditions for

the SRB. This might be due to the presence of the SO4
2� in the

medium during the stabilization phase. In presence of SO4
2�

the SRB can outcompete methanogens and homoacetogens

for substrate use. Further, the lesser concentration of the

butyric acids in the ReNH3, the preferred acid substrate by the

SRB's is also a sign of their dominance. The hydrogen yield

increased linearly with the increase of the acetic acid/butyric

acid ratio. In sulfate-rich environments, the SRB outcompete

themethanogens and homoacetogens, due to a higher affinity

and lower threshold value for hydrogen. The regression

analysis shows, the onset of the potential applied, the con-

centrations of the formate decrease from 3.831 mM to

0.969 mM and 4.069 mMe1.089 mM linearly in the ReNH3
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(R2¼ 0.975) and R-Cont. (R2¼ 0.976) from the start to the end of

Phase-II, respectively. Likewise, the impact of the onset of the

applied potential was seen on the acetic acid also, where its

concentrations drop to similar levels from 23.176 mM to

18.264 mM and 18.453 mMe17.487 mM in the ReNH3 and R-

Cont. at the start and end of Phase-II, respectively. The

decrease inmore acetate concentration in the ReNH3 was due

to its more oxidation. Even in the co-culture (E. harbinense and

G. sulfurreducens) hydrogen production, it was recorded that

the co-culture could mitigate the metabolic feedback of ace-

tate [20]. So, the drops in the concentrations of formic acid and

acetic acids suggest the existence of microbial electrolysis

successfully in the reactors. The regression analysis showing

more linearity in the consumption of formic acid in the R-

Cont. (R2 ¼ 0.710) in comparison to ReNH3 (R2 ¼ 0.30). This

trend of the drops in formic acid concentration showing either

its conversion to H2 or polymerization of the chain length

from 3.095 to 3.448 and 3.208 to 3.464 to long-chain fatty acids

in the ReNH3 and R-Cont. respectively. The previous studies

also indicated the hydrogen production has a higher linear

relationship with acetate concentration around a certain

range and suggested a good correlation in pure substrate

culture [57]. Moreover, the treatment of the electrodes with

ammonia enhanced more polymerization of acids and the

carbon chain length and goes on an increase to 4.038 and 3.701

in the ReNH3 and R-Cont. respectively measured at the end of

the operation. The concentration of the isobutyric acid in-

creases from 12.233 ± 5.071 mM to 19.783 ± 0.792 mM and

12.668 ± 1.785 mM to 16.238 ± 1.931 mM in presence of SO4
2�,

onset of the applied potential in the ReNH3 and R-Cont.

respectively. Interestingly onset of the potential (40 ± 5 mV)

shows a statistically indistinguishable level (p ¼ 0.599) of the

isobutyric acids between the groups which changes to around

statically distinguishable (p ¼ 0.059) in the presence and

absence of SO4
2�respectively with higher variance in the

ReNH3. The SO4
2� limitations in the medium continuously

result in the decrease in the isobutyric acid concentrations in

both the reactors and continue till the end of Phase-IV. How-

ever, the isobutyric acid concentration was more in the R-

Cont. during Phase-II onwards. This might be due to the

isomerization of butyric acid triggered by applied voltage [52].

Despite having fluctuations in the concentration of butyric

acids its average phasic concentration increases to

17.545 ± 2.794 mM (Phase-II), 24.157 ± 3.059 mM (Phase-III),

and 30.003 ± 3.802 mM (Phase-IV), and 18.932 ± 3.394 mM

(Phase-II), 27.581 ± 2.921mM (Phase-III) and 28.862 ± 1.572mM

(Phase-IV) in the ReNH3 and R-Cont respectively. Very small

differences in the butyric acid concentrations between the

ReNH3 and R-Cont. reactor shows that its level is not affected

by the electrode'smodification. The prominence of the butyric

acid with increasing trends with the progression of the phases

in both reactorsmight be due to the absence of the SO4
2� in the

medium. This might be due to increasing sulfate reduction

during Phase-II is preferred by SRBs by butyric acid con-

sumption and these microbes consumed lower chain fatty

acid at a higher COD/SO4
2� ratio [58], as was the case in Phase-

III and Phase-IV in the present study. The concentrations of

the isocaproic acid continuously decrease towards the end of

the operation in both the reactors, however, a little higher

concentration was seen in the ReNH3 than the R-Cont.

Principal components analysis

The statistically indistinguishable cumulative VFAs having

values very close to the significance level (p ¼ 0.056) database

was further assessed using the principal components anal-

ysis. The principal component analysis is a significant tool

that helps in the understanding relationship between vari-

ables (correlation), similarities of individual data points

(clustering), and relative importance of the observations to

each independent variable using the biplots [59]. To correlate

the H2 production dataset with VFAs, the values of all the

variables (VFAs and H2) were considered from the same cycle.

The variance in the dataset is presented in Fig. 3(A and B). The

variance of about 83.70% and 87.22% in the ReNH3 and R-Cont.

reactor's data set respectively explain by the first 2 PCs. The

cycles (4, 5, 6, 14, 17, 18, 20, and 21) in the biplots representing

the scores of the respective component. The length and angle

of the vectors showed variance and approximation of the

correlation between the variable, respectively. The higher

variance is seen from the longer length of the formic acid in

the ReNH3. The vectors H2, ValH (<20�), ButH (20�), and HexH

(<30�) directed in the same direction showing highly positively

correlated variables with H2 having correlation coefficients

values of 0.847, 0.764, and 0.906, respectively. Vectors posi-

tioned in opposite directions indicate negatively correlated

variables while orthogonal vectors indicate the absence of a

correlation [60]. The IsoCapH vector angle was almost ~180�

(actual 170�) to the H2 vector angle showing the negative cor-

relation (�1), while the vector ForH is found at 90� to H2 vector

inferring the smaller correlation between the vectors in the

ReNH3 reactor's VFAs profile.Whereas ButH and HexH vectors

having correlation coefficients of 0.762 and 0.958 respectively

followed by ValH (0.734) are very closely related to the H2

vector in the R-Cont. Interestingly the vector angle of 180�

between H2 and AceH reflecting the negative correlation (�1)

with a correlation coefficient of �0.846 in the R-Cont. How-

ever, the vector angle of interaction reduced to 130� depicting
the consumption of the AceH on the NH3 pre-treated elec-

trodes in ReNH3. The significant change in the orientation in

H2, ButH, and HexH inferring the significant differences in the

microbial community adapted on the electrodes in the ReNH3

and R-Cont. which is further confirmed by the surface char-

acterization of the electrodes.

Electrodes (anode) surface characterization using SEM, FTIR
and XRD

The scanning electron microscopy images of the electrodes

used in the study are presented in Fig. 4(AeD). The number of

microbes anchored on the anode surface affects the power

output of MFCs to some extent [61]. The enhancement in the

surface area as a result of the activation of the electrodes can

be observed. It was found that nonuniform biofilm on the

graphite electrodes from different reactors was covered with

different morphologies (Fig. 4D). The SEM imaging of the an-

odes showed clear thick biofilm on the ReNH3 electrode,

whereas it seems thinner in the R-Cont electrode (Fig. 4C),

indicating that the ammonia-treated electrode harbour more

microbial growth on the surface. This electrode surface

enriched with microbial growth could help in the direct
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electron transfer without the mediator and results in efficient

hydrogen production in the ReNH3. SRB has been demon-

strated as having the ability to connect their metabolic activ-

ities with the electron transfer on solid electrodes [6]. Further

enhancing the imagemagnification, the additional interesting

observation of pili-like appendages on the electrode surface

(ReNH3) facilitating the electron transfer and adhesion of the

microbes, which did not appear in the R-Cont. electrode.

These observations agree with a hypothesis in that the NH3

treated electrode promotes the access of the bacteria to the

electrode/electrolyte interface, enabling the electron transfer

with graphite. Similarly, the best performance among the re-

ported carbon-based ones for MFCs to date as a result of the

biocompatibility and enhanced extracellular efficiency of

three-dimensional N-doped macropores carbon foam for the

enrichment of Geobacter was observed [61]. Though extracel-

lular electron transfer efficiency of the biofilm enriched anode

is not only related to the morphological structure but also

associated with the surface chemistry properties of the

electrode.

The difference in FTIR spectra in ReNH3, R-Cont, and

NH3-Treated electrodes were compared to the spectra ob-

tained from the untreated graphite electrode to determine if

differences are due to the interaction of the microbial growth

and treatment of electrode with NH3 as a result of functional

groups happen if any (Fig. 5A). The difference in the spectra

depicting the major changes in the functional group in the

biofilm growth on the electrodes in the ReNH3 reactor anode.

Fig. 3 e Principal Components analysis for the correlation in VFAs and H2; A) ReNH3, and B) R-Cont.
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The comparative results show a high correlation of 0.9984

between the spectra of ReNH3 and R-Cont, whereas it was

0.995 between the untreated and ammonia-treated elec-

trodes. A broad peak at 3200e3600 cm�1 indicates the pres-

ence of amino groups on the graphite electrode surface

(unused) treated with NH3. Interestingly this peak disappears

in both ReNH3 and R-Cont. reactor's anodes as a result of the

microbial growth on the electrodes. The ReNH3 showing

strong bands in comparison to the R-Cont mainly due to

phosphate stretching vibration in polysaccharides and

nucleic acids in the range of 1200e1290 cm�1 and 900-

1147 cm�1 spectral region corresponding to CeOeC and

CeOeP due to healthy biofilm formation on the anode. These

stretching vibrations imply oligo- and polysaccharides pre-

sent in the bacteria [62]. The Naumann's IR region's [63]

strong in the case of ReNH3 whereas a little weak for R-Cont,

are the absorbance peaks in the range of 2800e3000 cm�1

related to the fatty acids region, further supporting more

healthy biofilm on the electrodes in ReNH3. The dominance

of the peaks observed at 1500e1700 cm�1 is associated with

amide I and II of proteins and peptides in the ReNH3 easily

promoting the interface between the electrodes and the

microbial cells. Similarly bending vibrations at 1200-

500 cm�1 attributed to a mixed region of fatty acids, proteins,

and phosphate-carrying compounds [63]. The strong peaks at

877e1141 cm�1 on the anode recovered from the ReNH3

indicate absorption bands of the carbohydrates in microbial

cell walls also inferring the healthier biofilm formation in

comparison to the R-Cont. The ratio obtained for 2960 cm�1

(CH3) and 2923 cm�1 (CH2) asymmetrical stretching vibra-

tions for the ReNH3 and R-Cont of 1.316 and 1.755 respec-

tively showing the difference in the bacterial species [63]

adapted in the anodes, whereas it was 1.0 for the NH3

treated electrode (Unused).

The XRD patterns of all the graphite electrodes showed the

characteristic peaks of carbon at 26.5� [64]. The unmodified

pattern XRD pattern (Fig. 5B) confirming the insignificant

structural modification in the anodes recovered even after

activation in the furnace. The only change in the intensity

values was observed in the ReNH3 and R-Cont.

Kinetics modelling of hydrogen production

The modified Richards, Gompertz, and Logistic models are

widely used for the analysis of kinetics modelling of hydrogen

production [52,65]. The experimental data of cumulative

hydrogen production was used to confirm the performance of

BES as a function of time. The experimental and predicted

values of models are presented in Table 2. The experimental

and predicted values of hydrogen production decided by

Fig. 4 e Scanning Electron Microscopy images: A) Unused electrode; B) NH3 treated electrode; C) R-Control electrode; D)

ReNH3 electrode.
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Fig. 5 e A) FTIR spectra obtained from the differences in the transmittance of the respective samples by subtracting from the

spectra obtained of the graphite electrode; B) XRD spectra obtained for various electrodes (The small window image showing

the intensity obtained at the respective values by subtracting the intensity of the respective electrodes from the untreated

graphite electrode).

Table 2 e Kinetic modelling values and constants of cumulative hydrogen production.

Expt Models Exp. value (ml) Predicted value (ml) Constants Statistics

a xc b/d k R2 Adj. R2

R-Cont Richards 4321.14 4141.91 4880.719 11.153 0.847 0.185 0.998 0.998

logistic 4321.14 4032.41 4207.421 112.204 0.374 0.992 0.991

Gompertz 4321.14 4141.60 4779.232 11.508 0.205 0.998 0.997

ReNH3 Richards 5870.01 5796.68 8242.122 12.729 0.784 0.131 0.999 0.999

logistic 5870.01 5649.35 6171.357 92.836 0.329 0.995 0.994

Gompertz 5870.01 5780.35 7592.940 13.044 0.163 0.999 0.999

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x12

Please cite this article as: Singh NK, Singh R, A sequential approach to uncapping of theoretical hydrogen production in a sulfate-
reducing bacteria-based bio-electrochemical system, International Journal of Hydrogen Energy, https://doi.org/10.1016/
j.ijhydene.2021.03.152

https://doi.org/10.1016/j.ijhydene.2021.03.152


models with time in different phases are very close to each

other. Therefore, it would be very difficult to interpret the

values by plotting the predicted and experimental values over

time. So, in the present study, the data was very clearly

differentiated based on the residuals of the experimental and

predicted values for all themodels (Fig. 6A and B). The residual

values are very scattered around the central lines during

various phases. The highest predicted residuals values in the

H2 production were seen for the Logistic model in the mid of

Phase-III (174.086 ml) and at the end of Phase-IV (288.72 ml) in

the R-Cont. While the residual values of hydrogen production

were lesser in themid of Phase-III (200.44ml) and at the end of

Phase-IV (220.66 ml) in the ReNH3. Similarly, overpredicted

values were also high for the Logistic model inferred from the

lowest values of R2 of 0.991 and 0.994 for the R-Cont. and

ReNH3, respectively. Among the tested models, the Richard

model was found best fitted in the present study for R-Cont.

(R2 ¼ 0.998) and ReNH3 (R
2 ¼ 0.999). When data was stimulated

with theGompertzmodel, the higher value of a andxc constants

was obtained with higher R2 (Table 2) showing higher hydrogen

production during experimental conditions. Zhen et al. reported

that pre-treatment methods, operating conditions, substrate

property, and inoculum types influence the accuracy of the

model [66]. In terms of bio-hydrogen production potential (a),

the reactor with ammonia pre-treatment electrodes had a

higher production potential predicted by all the models.

Fig. 6 e Distribution of the residuals of the experimental and models predicted values; A) ReNH3 and B) R-Cont.
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Conclusion

This study shows sulfate-reducing bacteria-based BES can be

used as an efficient system for hydrogen production. The BES

coupled with ammonia pre-treated electrode is a simple and

efficient approach for higher hydrogen production using

hydrogenase-rich sulfate-reducing bacteria by inhibiting the

growth of methanogens. The VFAs profiling shows acetic acid

and butyric acid were in dominant concentrations. Among

tested models, the Richard model was found best fitted. The

residuals values in the hydrogen production predicted were

highest and lowest for the R-Cont and ReNH3 respectively in

mid of Phase-III and end of Phase-IV for the Logistic model.

Similarly, overpredicted values were also high for the Logistic

model as inferred from the lowest values of R2 of 0.991 and

0.994 for the R-Cont. and ReNH3, respectively. The finding

proved the efficient suppression of the methanogen popula-

tion cost-effectively in the BES system. This technology can be

implemented sustainably for the recovery of energy cost-

effectively from organic waste having limited sulfate using

the single-chambered BES system. Further research on the

mechanism of the acetate/butyric acid metabolism in the

sulfate-reducing bacteria in the BES is necessary.
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ABSTRACT
Groundwater is the most vulnerable, exploited natural

resource which is a key source of freshwater in the world. Its regular
decline in both quality and quantity are an important concern of
research. The focus of the present study is to understand the
important hydrogeochemical processes involved in the groundwater
evolution of Vishwamitri River Basin (VRB), Gujarat, India, using
Principal Component Analysis (PCA) technique. To achieve a
symmetrical data distribution, log-transformation was applied in
this study. This statistical approach decreases the data outlier.  A
Shapiro-Wilk statistic was employed to test the normal distribution
of the data set. The results revealed that ten elements (TDS,
bicarbonate, chloride, sulfate, sodium, calcium, magnesium,
fluoride, iron and strontium) showed normal distribution. The
PCA of 60 groundwater samples using 10 normally distributed
chemical parameters indicates that the dominant geochemical
process is rock-water interaction through dissolution and cation
exchange reactions within the VRB aquifers. This study also reveals
that, due to over use of chemical and fertilizers, the sulfate loading
is high in groundwater. Therefore, the combined process of natural
rock-water interaction, weathering and anthropogenic activities
play a significant role in controlling the chemical composition of
groundwater of VRB.

INTRODUCTION
Overgrowing population, industrialization and environmental

pollution are the most critical issues. Groundwater is extremely
vulnerable and overexploited natural resources in the earth. It is the
only primary source of drinking water (Clark et al., 1997; Leduc et
al., 2017). Therefore, it is very challenging to meet increased
requirements and afford adequate quantity and wholesome quality
groundwater to the population (Stevanovic, 2010). Generally, inorganic
pollutants like heavy metals, organic pollutants like detergents,
fertilizers, pesticides, pharmaceuticals, microorganisms, wastewater,
domestic or industrial effluents are the major sources of contaminants
in groundwater (Foppen, 2002; Trojan et al., 2003; Hrudey and Hrudey,
2007; Hao et al., 2012; Verma et al., 2018). Hydrochemical composition
of groundwater within the aquifer system is usually controlled by
several factors like lithology, solubilization of rock materials,
weathering process, dissolution and ion exchange (Meng et al., 2016;
Ma et al., 2017; Funes et al., 2018).

Hydrogeochemical study and groundwater characterization are an
indispensable element of management of this resource in order to
scrutinize the groundwater quality in an aquifer system (Ballukraya
and Ravi, 1999). Multivariate statistical approaches like Principal
Component Analysis (PCA), has been carried out to facilitate
understanding of complex groundwater system easier (Kshetrimayum
and Hegeu, 2016; Khanoranga and Khalid, 2018; Nnorom et al.,
2019).

India has scarcities of groundwater due to the over-growing

population and industrialization (Central Water Commission, 2014).
Among 29 states of India, Gujarat and Rajasthan are harshly affected
by the shortage of groundwater. More than 77% of its requirement for
irrigation is fulfilled by exploiting groundwater. While considering
the groundwater quality, Gujarat is one of the most affected states of
the country. The main aim of the present study is to understand the
hydrogeochemical evolution of groundwater using principal
component analysis.

MATERIALS AND METHODS

Study Area

In the present study, Vishwamitri River Basin (VRB), Gujarat is
selected (Fig.1). The VRB includes two districts of Gujarat state
namely, Vadodara and a small part of the Panchmahal which lies
between 22°00' and 22°30' N latitudes and 73°10' and 73°38' E
longitudes. The major part of the study area is in Vadodara city, which
is located on the banks of the Vishwamitri river. This river originates
in the Pavagadh hills of Panchmahal district. It is a seasonal river
and flows from east to west in the middle of the Mahi and Narmada
rivers.

This area is most significant both in terms of ecology and industrial
activity. The major industries of this area include agrochemical,
fertilizer, food, cement, textile, pulp and paper, chemical and rubber-
based, mineral and metal-based industries, etc. The Vishwamitri river
has a special importance with regard to ecology as it provides habitat
for a unique species of crocodile called mugger (Crocodylus palustris).
This species has been enumerated by IUCN as one of the threatened
species under the “Red” list. Even with enormous pollution and massive
human interferences, the survival of the crocodile species in a vast
number specifies the special ecological conditions of this river. As per
the census 2011, the approximate population of this region is 4.2
million and major part of this population is usually dependent on
groundwater.

Groundwater Sampling and Analysis
Sixty groundwater samples were collected from different locations

of the study area. Teflon bottles were used to collect these samples.
All these bottles were washed with low sulfate liquid detergents, then
purified several times with double distilled water and dipped into 10%
concentrated nitric acid. Then set aside overnight and again washed
with double distilled water. Two separate groups of bottles were taken
to collect the samples of groundwater. One group of these bottles was
reserved for the analysis of anions such as nitrate, sulphate, chloride,
bicarbonate, phosphate and fluoride and other physicochemical
parameters like pH, EC, TDS, total hardness, total alkalinity. The
second group of sample bottles were slightly acidified with 3 drops of
concentrated nitric acid, and were reserved for the analysis of various
trace heavy metals like iron, zinc, manganese, molybdenum, lithium,
strontium, arsenic, selenium, thallium and vanadium and cations such
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A B S T R A C T   

Among the health-promotional protein-based vehicles, bovine serum albumin nanoparticles (BSA NPs) are 
particularly interesting. Meeting requirements e. g., non-toxicity, non-immunogenicity, biodegradability, 
biocompatibility, and high drug-binding capacity, has introduced BSA NPs as a promising candidate for efficient 
anti-cancer drug delivery and its application is now a rapidly-growing strategy to promote cancer therapy. 
Nevertheless, the leverage of such carriers requires an in-depth understanding of structural/physicochemical 
features of the BSA molecule and its derived nanovehicles, together with the utilized nano-formulation ap-
proaches, effective variables in delivery mechanism, specific shortfalls, and recent nanoencapsulation progresses. 
The current review highlights the novel advances in the application of BSA NPs to engineer drug vehicles for 
delivering anti-cancer agents. The factors influencing the efficiency of the therapeutics in such nano-delivery 
systems, alongside their advantaged and limitations are also discussed.   

1. Introduction 

Despite the tremendous progress in the development of novel ther-
apeutics over the past few decades, cancer is still among the most 
common causes of death worldwide due to enhanced prevalence, 
morbidity, as well as mortality induced by complications [1,2]. Cancer is 
created via the uncontrolled growth and spread of unusual cells, essen-
tially affected by external agents (i.e., unhealthy diet, infectious organ-
ism, etc.) and internal factors (i.e., hormones, immune conditions, and 
inherited genetic mutations) [3,4]. 

Conventional strategies in cancer therapy, like chemotherapy and 
radiotherapy, can destroy cancer cells, yet cause high damages to 
healthy tissues. Besides, the overall therapeutic efficiency of an anti- 
cancer agent is not just relevant to its in vitro capability. Upon physio-
logical circumstances, bioactives/drugs confront biological obstacles, e. 
g., aggregation, degradation, undesired immunogenicity, poor solubil-
ity, non-specific tissue distribution, low tissue penetration, inefficient 
cellular internalization, as well as off-target toxicities [5–7]. A drug's 
effectiveness can also be seriously jeopardized by environmental vari-
ations (e.g., pH, pressure, temperature, humidity, etc.), which can occur 
during storage, administration, and even systemic circulation [8,9]. 

Strategies for tackling such limitations typically relates to the 

application of controlled drug delivery systems of high potency, espe-
cially nature-inspired nanoparticles (NPs)-based vehicles, which can 
preserve anticancers from prompt release and attain a preferential 
accumulation of the bioactive/drug within solid tumors [10,11]. Taking 
benefits of these properties, several natural-based nanoparticulate 
structures have been utilized as carrier systems of various anti-cancer 
agents to promote their efficacy and tolerability while decreasing their 
off-target toxicity [11,12]. These systems may preserve the drug from 
environmental stresses, modify pharmacokinetic and drug tissue distri-
bution profile, increase drug biological stability, promote intracellular 
penetration/distribution, and improve drug absorption via enabling 
diffusion through epithelium [13]. 

In this framework, proteins, as a valuable gift by nature, can be 
applied in the form of drug vehicles for cancer treatment, in part, due to 
their exceptional characteristics such as bioactivity, biocompatibility/ 
biodegradability, exquisite tunability, metabolizability, non- 
immunogenicity, high drug-binding capacity, scalability, as well as 
acceptable (bio)stability in vitro/in vivo [14,15]. Protein NPs with 
unique functional attributes (including emulsibility, foaming, gelling 
capacity, and water-binding property) have the possibility of surface 
modification, facilitating the binding of protein molecules onto many 
therapeutic agents [16,17]. 
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Among the health-promotional protein-based vehicles, bovine serum 
albumin (BSA) NPs are particularly interesting (Fig. 1) as they hold 
certain benefits due to their medical importance [67], lack of toxicity, 
availability, scalability, low immunogenicity, great accumulation at the 
tumor site, ease of delivery by injection, ease of synthesis and purifi-
cation, as well as unusual ligand-binding features [18,19]. By virtue of 
the unique functional groups in the primary sequence of polypeptide, 
BSA NPs can be utilized to create diverse interactions with anticancer 
agents and thereupon form three-dimensional lattices, endowing a va-
riety of possibilities for binding of bioactives/drugs, shielding them 
within a network, and offering their specific targeting to the intended 
locus [20,21]. 

This review therefore aims to offer an in-depth discussion of the 
following aspects: i) a brief overview of BSA with respect to its chemical 
architecture and biological functions; ii) the contemporary art in engi-
neering of BSA NPs together with their diverse features; iii) strategies for 
leveraging engineered BSA NPs for anticancer drug delivery; eventually, 
iv) current pros and cons of the development of BSA NPs for cancer 
therapy. 

2. Background on BSA 

BSA (or “Fraction V”) is one of the interesting serum albumin bio-
molecules that has been introduced as a vehicle for cancer therapeutics 
relying on numerous key features, including: 

(1) Being a nature-derived, non-toxic, non-immunogenic, biocom-
patible, and biodegradable polymeric matrix in addition to its 
easy processability and scalability upon manufacture [19]; 

(2) Potential of binding and transporting diverse ligands and hy-
drophobic bioactives/drugs to the therapeutic site; both exoge-
nous and endogenous [21].  

(3) Its rescuing from systemic clearance and degradation via natural 
mechanisms;  

(4) Offering an interesting platform, as a considerable amount of 
bioactive/drug can be encapsulated within the protein network 
through various drug binding sites present in the BSA molecule 
[20];  

(5) Providing an ideal and attractive delivery mechanism by virtue of 
its high binding capacity for different bioactives/drugs and being 
well-tolerated without any serious side-effects;  

(6) Possessing the defined protein configuration with high level of 
charged bioactive amino acids in the primary sequence of poly-
peptide, facilitating the covalent binding and electrostatic 
adsorption of BSA molecule with positively/negatively charged 
biomolecules;  

(7) Having the great stability under storage and in vivo; and.  
(8) Possessing superior controlled release characteristics as 

compared to liposomal delivery systems, improving the patient 
acceptance and compliance. 

2.1. Structural properties 

BSA, an acidic protein with a single polypeptide chain, exists abun-
dantly in the body fluids and tissues of mammals [22]. BSA is a globular 
protein that presents a remarkably long half-life of 19 days. The protein 
structure comprises of 583 amino acids, bound in a single chain cross- 
linked with 17 cysteine residues (i.e., eight disulfide bonds and one 
free -SH group), and possesses a molecular weight of 69 kDa (583 amino 
acids) and an isoelectric point (pI) of 4.7 in water (at 25 ◦C) [23]. 
Structurally, this protein counts as a non-glycosylated plasma protein 
since it is manufactured in liver without prosthetic units or other addi-
tives [18]. At pH = 5 to 7, BSA comprises 17 intra-chain disulfide 
linkages and one –SH functional group [24]. 

As shown in Fig. 2, the polypeptide chain is contained of three 
analogous yet configurationally distinctive domains (namely I, II, and 
III), split into nine loops (L1 to L9) via –S-S- bridges and designed in a 
triplet structure [26]. Notably, each domain comprises two subdomains; 
A and B [27]. The BSA secondary configuration is principally α-helical 
(~74%), with the residual amino acid chain occurring in turns and in 
flexible/extended domains between subdomains [28]. This unique 
structure enables the colloidal solubilization and efficient delivery of 
hydrophobic bioactives (e. g., liposoluble anticancer agents or long 
chain fatty acids), various ligands (such as metal ions), and drugs (like 
ibuprofen, warfarin, etc.). The binding sites I and II are positioned in the 
subdomains IIA and IIIA, respectively and correspond to the main ligand 
binding sites of the protein [29]. This multifunctional, extraordinary 
characteristic can provide binding sites for wide ranges of anticancers 
and makes BSA a strong delivery system for biomedical and industrial 
applications [30]. 

The low content of tryptophan, methionine, glycine, and isoleucine 
reckon as one of the characteristic architectural attributes of the BSA 
molecule; however, it is rich in ionic residues, e.g., lysine and glutamic 
acid. The ionized units endow BSA with a high level of electric charge (of 
185 ions per molecule at neutral pH), comforting its high water solu-
bility [31]. The BSA molecule possesses two tryptophan units that show 
intrinsic fluorescence property; Trp-134 on the surface of the protein (in 
the first domain) and Trp-212 within a hydrophobic binding pocket of 
the molecule (in the second domain) [25]. In spite of noticeable struc-
tural similarities between BSA and human serum albumin (HSA), HSA 
molecule owns only one tryptophan unit (Trp-214), while BSA protein 

Fig. 1. Biomedical applications of BSA NPs.  

Fig. 2. Three-dimensional structure of BSA [25].  
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comprises two tryptophan residues (namely Trp-212 and Trp-134), as 
fluorophores able to quench fluorescence light [22]. Moreover, the 
presence of some functional groups like amino and carboxylic units on 
the surface of BSA molecule enables the covalent attachment of cell- 
targeting agents (e.g., transferrin, apolipoproteins, surfactants, folate, 
monoclonal antibodies, etc.) and thus promotes the selectivity of these 
structures [32]. 

2.2. Beneficial applications 

BSA is a small, stable, and moderately non-reactive protein molecule, 
which possess a myriad of biochemical applications in ELISAs (Enzyme- 
Linked Immunosorbent Assay), immunoblots, as well as immunohisto-
chemistry. By virtue of its unique physiological functions, BSA is utilized 
extensively as a representative short peptide in drug delivery studies. A 
vast variety of endogenous/exogenous components (i.e., bioactives, 
drugs, hormones, and xenobiotics), once entering the bloodstream, are 
delivered/disposed through their complexation with BSA and other 
serum albumin proteins. Besides its contribution to the colloid blood 
osmotic pressure and the preservation of blood pH, this protein is 
capable of binding to various compounds in a reversible manner, facil-
itating the transport of the BSA NPs within the body and release of the 
drug/bioactive within the therapeutic site of interest. Serum albumin 
proteins' family can enhance the apparent solubility of liposoluble 
therapeutics within plasma and affect the circulation, metabolism, and 
efficacy of bioactives/drugs [33]. 

Upon immunohistochemistry (the process of using antibodies to 
recognize antigens in cells), tissue section is typically incubated with 
BSA blockers to bind non-specific binding sites, increasing the specificity 
and sensitivity of the antibody-antigen binding. BSA is an interesting 
bioactive protein in cell and microbial cultures. It has been widely 
exploited to stabilize enzymes, determine the quantity of proteins, and 
synthesize nanocarriers for drug delivery. The BSA nanocarriers are 
metabolizable to naturally occurring components, as the hydrolysis of 
the proteins lattice via digestive enzymes leads to the generation of 
bioactive peptides, exerting a myriad of physiological properties in vivo. 

2.3. Interactions of BSA with anticancer drugs 

Investigation of BSA-drug interactions is crucial in delivery studies as 
it plays a pivotal role in bioavailability, (bio) distribution, release 
properties, and absorption of therapeutics in vitro/in vivo [34]. As stated 
before, subdomains of IIA and IIIA are two main binding sites on BSA 
structure, which also known as Sudlow's site I and II, respectively [35]. 
Sudlow's site I, a large and flexible multi-chamber cavity located within 
the core of subdomain IIA, binds bulky heterocyclic and negatively 
charged compounds mainly through hydrophobic interactions [36]. 
While at Sudlow's site II, the negatively charged bioactives/drugs typi-
cally bind to the BSA structure via hydrophobic linkages, electrostatic 
interactions, and H2 bonding [36]. 

Essentially, the drug loading within BSA NPs can be executed by two 
main mechanisms; covalent and non-covalent conjugation (vis. physical 
entrapment through electrostatic/hydrophobic interaction or H2 bind-
ing) [33]. Compared to the covalent conjugates, the non-covalent ones 
need less chemical synthetic procedures; however, the reversible BSA- 
drug interactions may jeopardize both stability and reproducibility of 
the protein-drug systems [37]. 

To provide a proper, efficient interaction between the BSA NPs and 
anti-cancer molecules, the protein vehicles should be engineered in a 
way that balance the attractive and repulsive forces within the BSA 
configuration, increase the protein network unfolding, and decrease its 
intra-molecular hydrophobic interactions [38]. During drug encapsula-
tion, the protein architecture undergoes conformational changes 
depending on its molecular concentration, cross-linking agent, and 
conditions like pH, ionic strength or solvent used. 

3. Different preparation approaches for BSA NPs 

BSA NPs can be easily engineered upon soft circumstances using 
different nanoparticulation strategies such as [22,39]: 

3.1. Controlled desolvation (coacervation) 

It is a convenient approach and no specialized equipment or complex 
operating circumstances are needed to fabricate NPs [40,41]. The des-
olvation technique is based on the continuous addition of a dissolving 
agent (e.g., ethanol or acetone) into an aqueous solution of BSA upon 
stirring [39,42]. The anticancer drug is previously added to the protein 
solution or antisolvent medium relying on its solubility. During the anti- 
solvation process, BSA solubility is gradually diminished, and the pro-
duced unstable protein aggregates are hardened via chemical cross- 
linking to avert re-dissolvation phenomenon [17]. The concentration 
of desolvating agent, pH, and temperature of the system are key pa-
rameters affecting the particle size and zeta potential of the final NPs 
[43]. 

3.2. Emulsification 

This strategy lies on the drop-wise incorporation of a non-aqueous 
phase (vis. an organic phase contained of an organic solvent or lipid) 
to aqueous BSA medium (upon stirring) followed by homogenization (i. 
e., high or low-energy homogenization approaches) [44]. Through the 
emulsification process, the water-soluble therapeutics can be incorpo-
rated into BSA aqueous solution and the hydrophobic ones are added 
into the organic phase [45]. Following the application of high pressure 
homogenization techniques, the shear forces provoke the creation of 
new disulfide bridges via oxidation and crosslinking of sulfhydryl units 
in the protein structure [46]. In this approach, both thermal and 
chemical treatments are employed to stabilize BSA NPs. The main pa-
rameters affecting the particle size of developed NPs are protein con-
centration, aqueous phase: organic phase ratio, homogenization rate, 
process time, and the number of cycles [47,48]. 

3.3. Nano-spray drying 

It is an emerging, simple, scalable, and reproducible nanofabrication 
method and plays a critical role in producing BSA NPs with adjustable 
size/shape [49]. Nano-spray drying is generally relying on four main 
steps, including: (i) atomization of the specimen (comprising BSA, drug, 
and/or surfactant); (ii) spray air contact (following the entering a drying 
gas into the system) for the evaporation of solvent used; (iii) drying of 
spray (following the solvent evaporation, the spray dried NPs are 
formed); and finally (iv) collection of the product via an electrostatic 
particle collector comprising of grounded star electrode and cylindrical 
collecting electrode. Variable parameters e. g., inlet temperature, system 
pressure, gas flow rate, as well as mesh size reckon as effective factors in 
drug loading using spray dried BSA NPs [50,51]. 

3.4. Thermal gelation 

It includes the heat-induced unfolding followed by protein-protein 
interactions (e.g., H2 linkages, electrostatic attraction, hydrophobic 
bonding, or disulfide-sulfhydryl linkages) [39,44,52]. 

3.5. Self-assembly 

In this technique, the incorporation of hydrophobic anticancer drugs 
into the aqueous BSA solution enhances the protein hydrophobicity, 
which causes the cleaving disulfide bonds and eliminating primary 
amines [39,44,53]. 
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3.6. Nab (nanoparticle albumin-bound) technology 

It is a new methodology introduced by American Bioscience, Inc. for 
designing albumin NPs loaded with liposoluble drugs via passing the 
albumin-drug mixture through a jet upon high pressure [54]. 

3.7. Sonochemical method 

It is an easy and fast physicochemical technique based on the 
ultrasonication process [55]. The sonochemical engineering of the BSA 
NPs typically occurs in the oil-water or gas-water interface; conse-
quently, liposoluble therapeutics dispersed in the oil phase can be sim-
ply entrapped within BSA NPs, while hydrophilic agents possess no 
access. This method facilitates the encapsulation of the high dosage of 
liposoluble anticancers within BSA NPs, preserving their bio-
functionality/efficiency. Notwithstanding that the production of BSA 
NPs is attributed to the sulfhydryl cross-linking of the cysteine in the 
protein structure, this approach does not influence the main α-helical 
configuration and features of the protein molecule, e.g., biocompati-
bility, hydrophilicity, and so on. Cross-linked disulfide linkages are 
simply disintegrated in reducing conditions, therefore BSA NPs can 
release the hydrophobic bioactives/drugs in a well-controlled manner. 
The sonochemically designed BSA NPs often demonstrate great drug 
loading capacity, outstanding magnetic responsive capability, as well as 
redox responsive controlled release [56]. 

3.8. Other approaches 

The intermolecular disulfide-crosslinking in a microfluidic platform 
[57] and salting out [58] are other novel, effective techniques utilized 
for fabrication of BSA NPs. 

The surface of BSA NPs can be decorated by various natural receptor 
ligands to attain extra functionality to cancer-related receptors [39]. In 
this context, biotin and folic acid are excessively investigated compo-
nents for targeting many types of cancers owing to their high affinity 
with streptavidin and endogenous folate receptors, respectively 
[59–63]. Besides the ligand decoration, antibody functionalization can 
also be another efficient platform for designing more sensitive BSA drug 

delivery systems to target specific cancer cells [29]. Furthermore, BSA 
NPs-based composites have revealed efficiency in loading and trans-
porting of cancer therapeutics [22]. 

Following the nanoparticulation process, drug-comprising BSA NPs 
can be physicochemically characterized in terms of their particle size, 
zeta potential, size distribution, polydispersity index (PDI), morpho-
logical attributes, encapsulation efficiency, and release properties [12]. 
Mostly, the engineered BSA NPs are <300 nm in size, independent of the 
methodology applied, with low PDI, spherical structure, and negatively 
surface charge (when the NPs' surface is not modified). X-ray diffraction 
(XRD) [64], thermogravimetric analysis (TGA), and differential scan-
ning calorimetry (DSC) are also employed to investigate the structural 
features and physical status of the drug following nanosizition and 
encapsulation. Moreover, the circular dichroism technique can be 
applied to assess the thermal resistivity of the protein structure and its 
interaction with other formulation ingredients [65]. 

4. Targeting mechanism of BSA NPs 

Successful cancer treatment is crucially dependent on the method of 
delivery as well as the selectivity of the anticancer agents. There are two 
predominant ways for NPs mediated drug delivery at tumor target sites: 
active targeting and passive targeting. The first involves the interaction 
of NPs with overexpressed or specific receptors in cancer cells, resulting 
in the internalization of NPs in a tumor. In passive targeting, NPs 
accumulate at the tumor target site, commonly believed to involve an 
effect known as enhanced permeability and retention effect (EPR effect). 
In an active targeting, BSA NPs interact with several specific receptors, 
including Glycoproteins (Gp18, Gp30 and Gp60) receptor and Secreted 
Protein Acidic Rich in Cysteine (SPARC) receptor, both of which are 
highly expressed in cancer cells [66]. 

As shown in Fig. 3(a), BSA binding to the 60-kDa Glycoprotein 
(Gp60) on endothelial cells results in activation of caveolin-1 and 
transcytosis of intact BSA NPs across the cell membrane. Further, BSA 
NPs mediated delivery of drugs within a tumor is facilitated by SPARC, a 
key modulator of extracellular matrix proliferation and cell migration 
associated with increased tumor invasion and metastasis in various 
tumor types [68]. In addition to their excellent biocompatibility and 

Fig. 3. Illustration on BSA NPs internalization in a tumor: Interstitial mediated transcytosis with Gp60 and subsequent binding to the SPARC in the extracellular 
tumor matrix (a). The enhanced permeability and retention effect (b). 
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long-circulating half-life, BSA NPs exhibit active targeting. Because of 
these beneficiary applications, recently, several albumin-based formu-
lations have been approved by FDA such as Abraxane, Levimir and 
Victoza. 

In passive targeting, BSA NPs mediated drugs within a size range of 
20 to 200 nm can accumulate at the tumor target site because of the EPR 
effect [69]. The vasculature in an active tumor is different from the 
vessels present in normal tissue. Angiogenesis leads to high vascular 
density in tumors, large gaps exist between endothelial cells in tumor 
blood vessels, and therefore tumor tissues show selective extravasation 
and retention of macromolecules and NPs > 10 nm in a tumor. Below 
this size, drugs can easily diffuse in or out from the blood vessels without 
accumulating. However, NPs within the size range of 20 to 200 nm can 
accumulate at the tumor target site without returning to the blood-
stream, because of their large size (Fig. 3b). So in conclusion, for the EPR 
effect, size of the nano system is an important characteristic and 
therefore it is important for passive targeting too. Tumor microenvi-
ronments passively facilitate the EPR effect that brings the drug-loaded 
BSA NPs into tumor sites from circulation and enhance tumor target 
ability [70]. 

Furthermore, the surface properties of BSA NPs play a vital role in 
the cellular uptake by the cancer cells. A neutrally charged surface does 
not show a tendency to interact with cell membranes, while charged 

groups present on the surface of BSA NPs are actively involved in NPs - 
cell interaction. If we talk about charged surface NPs, then reported 
studies suggest that positively charged surface NPs have greater binding 
affinity to cell membranes than negatively charged surface NPs because 
cationic NPs can bind negatively charged functional groups such as sialic 

Fig. 4. SEM (A, B, and C) and TEM (D and E) images of hydrophilic drugs- 
loaded multifunctional BSA NPs; CLSM images of tumor cells incubated in 
the serum-free medium (SFM) with RhB-encapsulated multifunctional BSA NPs: 
different cells lines (F,I,G,J) and Hela cells following the pretreatment of folic 
acid (H and K) (images F, G, and H were in the bright field, while images I, J, 
and K were in the dark field); flow cytometry of Hela cells incubated in diverse 
nutrient media (pure SFM) (a), pure SFM following the pretreatment of folic 
acid (b), SFM with RhB-loaded BSA NPs (c), and SFM with RhB-loaded BSA NPs 
following the pretreatment of folic acid (d); schematic of cellular uptake of 
hydrophilic drugs-loaded BSA NPs [56]. 

Fig. 5. In vivo anti-tumor efficacy of PTX-Chol-BSA NPs [85].  

Fig. 6. Apoptosis study by Acridine orange/Ethidium bromide (AO/EtBr) 
staining. Effect of BBR-BSA NPs on MDA-MB-231 breast cancer cell line for 24 h 
and 48 followed by fluorescence microscopy [86]. 
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acid, present on the cancer cell surface and initiate translocation [71]. 
Along with this, cationic NPs help masking the negative DNA charge and 
thereby facilitate entrance into cells and enhanced transfection effi-
ciency. Cationic NPs can form nanosized complexes with DNA and small 
interfering RNA (SiRNA) then can deliver encapsulated drug alone or 
with DNA simultaneously for enhanced gene therapy (BSA NPs mediated 
gene therapy discussed in next paragraph) [72]. Moreover, BSA pos-
sesses amine groups that are protonable in acidic conditions. Hence, 
when entering into endosomes, they accept protons, which results in 
resisting the drop in pH; so they can destabilize the encapsulated DNA or 
oligonucleotide, negatively affecting gene transfection. Therefore, these 
unique properties of cationic surface charged NPs provide advantages 
over anionic or neutral charged surface NPs. A wide variety of polymers 
such as chitosan, polyethyleneimine (PEI), poly-L-lysine (PLL) and pol-
ymethacrylates forming dendrimers can be used for the coating of NPs 
with a positive charge. Besides the advantages for cellular uptake, 
unique properties of cationic NPs also cause some unwanted effects such 
as aggregation, instability, toxicity and rapid clearance of the particles 
by the Mononuclear Phagocyte System (MPS) [72]. 

Gene therapy involving plasmid DNA, SiRNA, miRNA and antisense 
oligonucleotides have been showing immense potential in cancer ther-
apy. However, there are limitations associated with nucleic acid delivery 
including enzymatic degradation by nuclease, rapid clearance, trig-
gering the immune system, biological barriers, accessing deeply seated 
tumor sites and effects in non-targeted genes [73]. In addition, negative 
charge, large size and hydrophilicity are challenges for naked nucleic 
acid to enter cancer cells. Considering properties like biodegradability, 
biocompatibility, tumor target specificity and non-immunogenicity of 
BSA NPs, they can be utilized for the delivery of nucleic acid. Various 
studies suggest that to ensure the targeted delivery of DNA and RNA 
complexes to the cancers and enhanced therapeutic potential of these 
complexes, they can be protected from enzymatic degradation, physio-
logical pH and protein binding in circulation when encapsulated into 
BSA NPs or in the form of nanocomplexes [74–76]. 

Another major advantage of BSA NPs is their high binding capacity 
towards water soluble/insoluble drugs because of different binding sites 
available in the BSA molecule [77]. The solubility enhancement of 

poorly soluble drugs is a remarkable application of BSA NPs [78]. 
Almost 60 to 70% of drugs developing as therapeutics are poorly water 
soluble which is a main drawback in drug development because it leads 
to slow absorption and poor bioavailability limiting its desirable clinical 
applications. Solubility of drugs, enhanced by BSA NPs through forming 
reversible binding complexes with ligands, allows the bound molecules 
to move in the blood at higher concentration compared to their initial 
solubility [79]. Also, as discussed in the section of structural properties 
of BSA, it has two main sites where ligands can be binded via hydro-
phobic or electrostatic interactions. Hydrophobic molecules, anionic 
molecules and poorly water soluble drugs have a high affinity to bind 
with BSA via these interactions. Furthermore, BSA has numerous 
accessible free carboxyl and amine groups where acid or basic drugs can 
bind and produce soluble salts. Additionally, the buffer capacity of BSA 
may help in enhancing the solubility of drugs that are ionisable in the pH 
range of BSA. Khoder et al. [79] investigated the use of BSA as a drug 
solubility enhancer for a hydrophobic drug (Indomethacin) and 
demonstrated solubility studies by preparing drug-BSA solid dispersions 
by spray drying and freeze-drying techniques. The study suggested that 
solubility of drug was enhanced by formulating in BSA solid dispersions 
significantly up to 1,00,000 and 71,000 folds through freeze-drying and 
spray drying techniques, respectively. 

To utilize the advantages of NPs for targeted drug delivery, it is 
essential to understand their physiochemical properties such as size, 
shape, flexibility, water solubility, surface charges, etc. The unique 
properties of BSA NPs mentioned above, including long half-life, the 
ability of cellular receptor-mediated transcytosis, surface properties, 
enhanced drug solubility, improved bioavailability and low toxicity 
make them an ideal nanocarrier for the delivery of anticancer thera-
peutics in biomedical applications. 

5. Nanoencapsulation of anti-cancer drugs/bioactives within 
BSA NPs (in vitro/in vivo studies) 

A wide range of bioactive molecules and anti-cancer agents (i.e., 
drugs, curcuminoids, carotenoids, proteins, peptides, etc.) suffer severe 
shortcomings resulted from their short-time release in vivo via liver and 
kidney [80]. This can be suppressed by leveraging the exceptionally long 
half-life of BSA NPs-based carriers and their cancer homing attributes (in 
both preclinical models or clinical trials) along with their intrinsic 
characteristic to accumulate at tumor sites and inflamed tissues, while 
preserving anticancer therapeutics until the vehicle is ruptured at the 
intended locus [81]. In the following parts, we will underscore in vitro/in 
vivo results related to the capability of BSA NPs to promote the phar-
macokinetic features of anti-cancer therapeutics/bioactives i.e., (bio) 
distribution, (bio)stability, efficiency, and tumor targeting. 

In a study performed by Zhao et al. [82], mannosylated BSA NPs 
(formulated via 4-isothiocyanatophenyla-α-mannopyranoside) were 
designed for drug-resistant cancer therapy to target cancer cells and M2 
Macrophages. The protein structure was denatured by urea/BH4, and 
then the subsequent incorporation of liposoluble therapeutics (i.e., 
disulfiram/copper complex and regorafenib) and altering the salt con-
centration led to the self-assembly into drug-encapsulated BSA NPs. The 
co-encapsulation strategy using BSA nanocarriers efficiently averted the 
growth of drug-resistant colon tumor and promoted the treatment 
mechanism (apoptosis, anti-angiogenesis, upregulation of intracellular 
ROS, as well as tumor-associated macrophage re-education) in the 
tumor-bearing animal model. 

In another attempt, folate (vitamin B9)-decorated BSA NPs were 
engineered via an anti-solvation approach and utilized for the in vitro 
targeted delivery of anti-cancer drug, paclitaxel [83]. The technique 
exploits the overexpression of folate receptors, occurring on a vast di-
versity of tumor cells. The resultant receptor-targeted BSA NPs (− 30 
mV) could effectively target a human prostate cancer cell line. The 
formulated drug-NPs were ~210 nm in particle size and attained drug 
loading efficiency and entrapment efficiency of ~27% and 95%, 

Fig. 7. Fluorescence intensity of (I) C-6 loaded AA-GEM-BSA NPs, (II) Free C-6 
in different organs and tumors. (A) Comparison of % change in tumor volume 
and (B) % tumor burden of different formulations. (C) Representative photo-
graphs of excised tumors from different treatment groups and (D) Kaplan–Meier 
survival curve [88]. 
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Table 1 
An overview of natural anticancer drug-loaded BSA nanoparticles.  

Anticancer drugs Other conjugates/ 
drugs/NPs 

Particle size 
(nm) 

Entrapment 
efficiency (EE 
%) 

Loading 
capacity 
(LC) 

Cancer type Cell line/animal 
model 

Brief findings (compared 
with native drug) 

Reference 

Berberine – 166 85.65 7.78% Breast MDA-MB-231 In vitro anticancer activity 
↑ 

[89] 

D – glucose 394.9 55.45 168.04 mg/ 
g 

Liver fibrosis LX-2, Male 
Balb/C mice 

Anticancer activity ↑ [90] 

Curcumin  Galactosylated 116.24 55.47 14.00% Hepatocellular 
carcinoma 

HepG2 Cell apoptosis ↑ Cell 
proliferation and 
migration ↓ 

[84] 

Genipin 153–184.4 72.54 14.508 μg/ 
mg 

– – Clinical use* [91] 

– 225.1–228.7 74.76–91.01 – Breast MDA-MB-231 Clinical use* [92] 
– 92.59 78.12 2.61% Breast MCF-7, HFF-2 Cytotoxicity ↑ [93] 
Dextran 115 73.5 2.8% Colon Caco-2 Antioxidant activity ↑ [94] 
N-Acetyl-L- 
cysteine 

251.6 85.79 10.9% Colon Caco-2, Adult 
male SD rat, Male 
ICR mice 

Synthesized/optimized 
NPs 
Excellent permeation and 
absorption rate, 
Oral bioavailability ↑ 

[95]   

[96] 

Gold nanoclusters 177.54 – – Neuroblastoma SH-SY-5Y Inhibition of tumor cell 
growth ↑ 
Cell apoptosis ↑ 

[97] 

Galactosylated – – – Colon Caco-2, Male 
Sprague-Dawley 
rats 

Intestinal absorption 
capacity ↑ 
Oral bioavailability ↑ 

[98] 

Poly-D-lysine 212 ± 11 46.7 to 60 3.1 to 22 
μg/mg 

– – Clinical use* [99] 

Doxorubicin 80–100 Cur:95.46 
Dox:86.69 

Cur:9.3 
Dox:13.27 

Breast MCF-7 In vitro anticancer activity 
↑ 

[100] 

Oridonin Galactosylated 130.9 to 
160.2 

58.2 to 72.4 2.8 to 4.8% Liver – Clinical use* [101] 

Galactosylated 172.0 – – Liver Wistar rats, 
Kunming strain 
mice 

The prolonged blood 
circulation of drug 
Drug concentration and 
relative distribution 
percentage in liver ↑ 

[102] 

Chrysin Folic acid 97.5 – 2.09% Breast MCF-7 
HFF-2 

Suppression of cell 
growth ↑ 

[61] 

– 13 to 28 56 to 70 – Breast MDA MB 231, 
MCF-7 

In vitro antitumor activity 
↑ 

[27] 

– 13 to 28 44 to 84 – – – Clinical use* [103] 
Quercetin – 130 ~85 – – – Antioxidant activity ↑ [104] 

2-MI, zinc nitrate 
hexahydrate, folic 
acid 

45.1 – 24% Skin B16F10, Male 
BALB/C mice 

In vitro and in vivo 
antitumor activity ↑ 

[105] 

Ginsenoside Folic acid modified 
Ginsenosid-Rg5 

201.4 73.59 12.64% Breast MCF-7, L929 In vitro and in vivo 
anticancer activity ↑ 
NPs exhibited tumor 
accumulation ability 

[60] 

Ginsenoside Rh2 175.8 – – Lung, colon, skin A549, HT29, 
HaCaT, 
RAW264.7 

In vitro anticancer activity 
↑ 

[106] 

PEGylation, 
Ginsenoside Rg3 

149.5 76.56 17.65% Liver, lung L929, HepG2, 
A549, tumor- 
bearing mice 

In vitro anticancer activity 
and apoptosis ↑ 
In vivo anticancer activity 
↑ 

[107] 

Glycyrrhizn 10-Hydroxy 
camptothecin 

157.5 93.7 10.9% Liver SMMC7721, 
White rabbits 

In vitro anticancer activity 
↑ 
IC50 ↓ 

[108] 

Calcein 79 – 5.93 μg/mg Liver Male Wistar 
Rats 

Uptake of NPs by 
hepatocytes increased 
4.43 fold 

[109] 

– 50 to 100 75.0 30.2% Liver Kunming mice Serum drug concentration 
↑ for a prolonged period 
and enhanced liver 
uptake 

[110] 

Rutin – 316 32 – – – Antioxidant activity ↑ [111] 
Capsaicin – 205 98.3 – – Male Wistar rats Antioxidant activity of 

NPs was concentration 
and time-dependent 

[112] 

Catechin 
Epicatechin 

– 45 
48 

60.5 
54.5 

– Lung A549 Scavenging activity ↑ 
Anticancer efficacy ↑ 

[113] 

Poly-3-lysine, 
Chitosan 

Colon Caco-2 Clinical use* [114] 

(continued on next page) 
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respectively. 
A convenient technique using sonochemical method was rationally 

applied to develop multifunctional BSA NPs encapsulating hydrophilic 
anti-cancer agents. The drug-vehicle system possessed a satisfying par-
ticle diameter (Fig. 4) with an exceptional magnetic responsive capacity. 
The fabricated protein NPs displayed unique controlled release for hy-
drophobic dugs via their redox responsiveness and possessed access to 
the cellular uptake by the folate-mediated endocytosis [56]. 

Huang et al. [84] developed galactosylated (Gal) BSA NPs for 
improving the bioavailability of anticancer drug (curcumin, Cur). They 
performed the in vitro cellular uptake assay to assess the cellular inter-
nalization and cell targeting evaluation of Gal-BSA-Cur NPs by fluores-
cence microscopy. The results showed that green fluorescent intensity of 
Gal-BSA-Cur NPs was stronger in HepG2 cells compared to alone Cur 
indicating that galactose residues displayed on the surface of Gal-BSA- 
Cur NPs improved the cell uptake ability through ASGPR mediated 
endocytosis. Moreover, they suggested that Gal-BSA-Cur NPs have a 
high efficiency of anticancer activity than only Cur and Cur-loaded BSA 
NPs. PTX was used as a model drug by Battogtokh et al. and they pre-
pared PTX-loaded cholesteryl (Chol) BSA NPs by emulsion method [85]. 
Chol BSA NPs showed sustained drug release and circulated in the 
bloodstream for a longer time. As shown in Fig. 5, the tumor volume in 
PTX-Chol-BSA NPs and PTX in Cre/EtOH treated mice were 78.23% and 
46.94%, respectively. Results indicated that tumor volume in PTX-Chol- 
BSA NPs treated mice was significantly smaller in comparison to PTX in 
Cre/EtOH treated mice. So, greater anti-tumor efficacy was observed 
through PTX-loaded Chol BSA NPs. 

Solanki et al. [86] synthesized berberine-loaded BSA NPs by des-
olvation method. They performed an apoptotic study to determine the 
changes at the cellular level after treatment with drug-loaded BSA NPs 
and only drug. The results suggested that berberine-loaded BSA NPs 
trigger higher apoptosis in a time and dose-dependent manner in the 
cancerous cells compare to only berberine (Fig. 6). 

For the incensement of the efficacy of BSA-based nanomedicine, 
different drugs and contrast agents could be co-loaded for combinational 
therapy and integrated theranostics, respectively. Zhao et al. developed 
paclitaxel/resveratrol (PTX/RES) co-loaded BSA NPs for synergistic 
combination cancer therapy [87]. They showed that PTX/RES NPs 
possessed enhanced in vitro cytotoxicity towards cancer cells. In vivo 
anti-tumor efficacy studies also showed promising enhanced tumor 
growth suppression. Concerning in vivo studies, the anticancer drug- 
loaded BSA NPs showed high anticancer activity than alone drug. 

Varun Kushwah et al. [88] prepared anacardic acid-modified self- 
assembled BSA NPs for the co-delivery of docetaxel and gemcitabine. 
They well characterized NPs through FTIR, NMR, MALDI-TOF, Raman 
and CD spectroscopy, DSC, TGA, SEM and AFM. In vitro study explored 
on MDA-MB-231 and MCF-7 cell lines then explored in vivo study on 
tumor bearing rats. 

Fig. 7(a), depicts the biodistribution of only C-6 and C-6 loaded NPs 

in various organs and tumors and suggested that prepared NPs are 
nontoxic for organs. Fig. 7(b) suggested that prepared NPs treated ani-
mal model demonstrated significant suppression of tumor growth as 
compared to the control group. Fig. 7(d) showed that tumor bearing rats 
treated with NPs survived more compared to DMBA control and other 
groups. Overall data suggested that AA-GEM-BSA NPs are safer, low or 
nontoxic, responsible for enhancing apoptosis, and have promising po-
tential as an anticancer agent. 

Different ligands, drugs and conjugates used for the modification or 
combinational therapy are listed in Tables 1 and 2. Apart from PTX and 
berberine, varieties of drugs such as doxorubicin, docetaxel, curcumin, 
and quercetin are loaded into BSA nanocarriers and have been evaluated 
through in vitro or in vivo studies. Detailed information regarding anti-
cancer drugs loaded into BSA NPs, their size distribution, entrapment 
efficiency (EE%), loading capacity (LC%), types of cancer, cell lines or 
animal model used for evaluation are represented in Tables 1 and 2. 

In general, reported studies related to drug-loaded BSA NPs, showed 
an average size distribution between 100 and 200 nm, which is generally 
an ideal size range and acceptable for systemic drug delivery systems. 

6. Drawbacks and challenges 

Till now, several drug-loaded BSA NPs have been developed by 
different methods and it is clear that many advancements and modifi-
cations have been done. But there are some drawbacks, which should be 
minimized as much as possible. Controlling the particles size, shape, 
stability and distribution-controlled production of BSA NPs are the 
major challenges. Also, the composition and surface properties of 
nanocarriers need to be precisely controlled because these are the fac-
tors affecting the toxicity of BSA NPs. As discussed, solvents, anti- 
solvents, surfactants, and cross-linkers are used for the formation of 
BSA NPs; the use of a certain organic solvent such as chloroform and 
ethyl-acetate, cross-likers such as glutaraldehyde, as well as surfactants 
such as polysorbate-80 and poly (vinyl alcohol) is undesirable because 
they can alter the biological activity of therapeutics. Batch to batch 
variation of BSA NPs formation is another drawback, which may hinder 
the scaling-up process for industrial applications. An interesting strategy 
to overcome this drawback is recombinant protein technology [39]. The 
investigation of BSA NPs is limited to in vitro studies in most of the 
publications; so in vivo studies should be done to understand the bio-
logical efficacy of BSA NPs used as versatile nanocarriers for anticancer 
drugs. However, compared to HSA, BSA may induce unfavorable 
immunogenic reactions. 

7. Conclusion and future perspective 

The development of drug nano delivery systems is a novel approach, 
to provide safe and effective cancer treatments. Whereas anticancer 
drug-loaded BSA NPs hold promising applications in cancer as they 

Table 1 (continued ) 

Anticancer drugs Other conjugates/ 
drugs/NPs 

Particle size 
(nm) 

Entrapment 
efficiency (EE 
%) 

Loading 
capacity 
(LC) 

Cancer type Cell line/animal 
model 

Brief findings (compared 
with native drug) 

Reference 

Epigallo 
catechin 
gallate (EGCG) 

BEN: 186 
PBEN: 259 
CBEN: 300 

32.3 
35.4 
32.7 

18.9% 
17.0% 
16.0% 

Myricetin Folic acid 78 88.24 14.56%, Breast MCF-7 In vitro anticancer activity 
↑ 
ROS production ↑ 

[59] 

Resveratrol – – 27.13 to 57.47 – Ovarian SKOV3, Balb/c 
(nu/nu) female 
nude mice 

Drug concentration in 
liver ↑ 
In vivo tumor inhibition ↑ 

[115] 

Zein NPs, caffeic 
acid 

217.2 86.5 7.3% Colon Caco-2 Antioxidant activity ↑ [116] 

Note: ↑ - Enhanced, ↓ - Reduced, Clinical use* - Synthesized and characterized the anticancer drug-loaded BSA NPs but there is a need to do biological studies to prove 
clinical use. In the brief finding results column, results showed activity of anticancer drug-loaded BSA NPs compared to native drug. 
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Table 2 
A summary of synthetic anticancer drug-loaded BSA nanoparticles.  

Anticancer 
drugs 

Other conjugates/drugs/NPs Particle size 
(nm) 

Entrapment 
efficiency (EE%) 

Loading capacity 
(LC) 

Cancer type Cell line/animal model Brief findings (compared with 
native drug) 

Reference 

Paclitaxel Cholesteryl 147.6 94.8 37.9% Breast B16F10, MCF-7, male C57B16 mice In vivo and in vitro antitumor 
activity ↑ 

[85] 

Octyl 123.3–152.8 90.5 33.1% Liver Hepg2 In vitro antitumor activity ↑ [117] 
Folic acid 217.0 95.3 27.2% Prostate PC3 Targeted delivery [63] 
Biotin 163 86 14.7% Breast, skin MCF-7, B16, PBMC Cytotoxicity towards cancer cells 

↑ 
[62] 

Folate, difluorinated curcumin 
analogue (CDF) 

PTX: 194.4 
CDF: 197.8 

PTX: 77.37 
CDF: 78.42 

PTX: 33.71% 
CDF: 37.5% 

Ovarian, 
Cervical 

SKOV-3, 
HeLa 

Synergistic anticancer activity ↑ [118] 

Phenethyl isothiocyanate 133 ~ 75 ~9.5% Breast, cervical MCF-7, BCap37, 4T1, ICR mice, Nude mice bearing 
BCap37 

Anti-tumor activity ↑ 
Prolonged blood circulation 
Tumor accumulation ↑ 

[119] 

Resveratrol 150 PTX: 99.93 
RES: 98.24 

PTX: 4.00% 
RES: 1.54% 

Breast, lung A549, A549/PTX, 4T1, Female BALB/c mice In vivo and in vivo antitumor 
activity ↑ 

[87] 

TPGS 170–340 75.3–78.8 1.85–13.62% Breast MCF-7, MCF-ADR, 
Kunming Mice 

In vitro cytotoxicity and 
apoptosis ↑ 
In vivo antitumor efficacy ↑ 

[10] 

Doxorubicin Gold nanocluster 186 83.05 – Cervical HeLa In vitro antitumor activity ↑ [120] 
– 50 to 150 85 88% Lymphoblastic 

leukemia, 
Uterine sarcoma 

MOLT-4, MES-SA/DX-5 Cytotoxicity towards cancer cells 
↑ 

[121] 

Cyclopamine 151 – DOX: 1.2% 
CYS: 9.1% 

Breast MDA-MB-231, MCF-7, BALB/c female nude mice Anti-breast cancer efficacy in 
vitro and in vivo ↑ 

[122] 

Gambogic acid DNP: 249.3 
GNP: 217.7 

34.8 
56.0 

3.8% 
4.2% 

Liver HepG2, Female nude mice Synergistic antitumor efficacy ↑ [123] 

Dextran–folic acid 90 90 14% Liver H22 tumor-bearing mice Tumor inhibition rate ↑ 
Average half-life ↑ 
Toxicity of native drug ↓ 

[124] 

Vanillin 92.7 88.60 9.09% – BGC-823, ICR mice, Heps Tumor xenograft mice Cytotoxicity towards cancer cells 
↑ 
Tumor suppression ↑ 
Tumor Targeting capacity ↑ 
Cardiac toxicity of native drug ↓ 

[125] 

Fe3O4, folic acid, modified 
dextran 

55 88.7 14.2% – KB, ICR mice, Male SPF BALB/c, nude mice Tumor inhibition rate ↑ [126] 

Galactosamine 187 to 194 52.3 to 61.2 1.76 to 2.03% Liver Hepg2 Nanocarriers are nontoxic 
Anticancer activity ↑ 

[127]  

Folic acid, magnetic iron oxide 180 ~80 ~4% Nasopharyngeal 
carcinoma 

KB, BALB/C nude mice Two-fold incensement in 
cytotoxicity 
Inhibition of tumor in vitro and in 
vivo ↑ 

[128] 

Haloperidol 218 89 – Lung – Clinical Use* [129] 
Dextran 182 90 30% Liver Kunming mice Life time survivability ↑ [130] 
PLGA – ~ 80 – Liver HepG2 Cell viability ↓ [131] 
Chlorin e6, Folic acid 103.5 – – Cervical HeLa, zebrafish larvae In vitro anticancer activity ↑ 

In vivo anticancer activity in 
Zebra fish larvae 

[132] 

Lactoferrin, mPEG2000 – 98.5 4.3% Glioma BCECs, C6, Healthy SD rats Circulation time ↑ 
Cytotoxicity towards cancer cells 
↑ 
Accumulation of drug in the 
brain ↑ 

[133] 

– 166.9–84.8 47.9–71.8 15.6–25.2% Ovarian, lung NIH 3T3, A549, A2780 and NCL-H460 In vitro cytotoxicity ↑ [19] 
Docetaxel Egg yolk lecithin 110.1 89.85 4.65% Lung, glioma A549, U87, HUVEC, Raw264.7, BMECs, bEnd.3, Male 

and female BALB/c mice, BALB/c nude mice 
Cytotoxicity and apoptosis ↑ 
Drug accumulation within 

[134] 

(continued on next page) 
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Table 2 (continued ) 

Anticancer 
drugs 

Other conjugates/drugs/NPs Particle size 
(nm) 

Entrapment 
efficiency (EE%) 

Loading capacity 
(LC) 

Cancer type Cell line/animal model Brief findings (compared with 
native drug) 

Reference 

glioma tissue ↑ 
No organic toxicity observed 

Quercetin 209.26 DTX: ~75 
QT: ~68 

– Breast MDA-MB-231, MCF-7, Female Sprague Dawley rats Bioavailability ↑ 
In vitro cytotoxicity and 
apoptosis ↑ 
In vivo toxicity ↑ 

[135] 

Biotin 159.0–84.8 – – Breast, gastric, colon, 
lung 

MCF-7, SGC7901, LS-174T, A549 Anti-proliferative effect ↑ [136] 

Metformin – 97 to 120 92 – Pancreatic MiaPaCa-2 In vitro anticancer activity ↑ 
ROS production ↑ 

[137] 

Salicylic acid – 182.20 57.5  – – Clinical use* [18] 
Scutellarin – 283.4 64.46 6.73% Liver HepG2, Male Sprague-Dawley rats Bioavailability ↑ 

Elimination half-life ↓ 
[138] 

5-methylmellein – 154.95 73.26 7.09% Prostate, 
colon, 
breast 

PC-3 
HCT-116 
MCF-7 

In vitro anticancer activity ↑ 
Cellular apoptosis ↑ 
ROS production ↑ 

[139] 

Gemcitabine – 147.2 – 3.23% Pancreatic MIA PaCa-2, PANC1 In vitro cytotoxicity and 
apoptosis ↑ 

[140] 

– 110, 
406 

82.92, 92.56 11.25%, 13.40% Pancreatic BXPC-3 In vitro anticancer activity ↑ [141] 

Anacardic acid, docetaxel 163  DTX: 9.1% 
GEM: 3.7% 

Breast MDA-MB-231, MCF-7, Female Sprague Dawley In vitro cytotoxicity and 
apoptosis ↑ 
IC50 ↓ 
Tumor Growth ↓ 
No organic toxicity observed 

[88] 

Gefitinib Folic acid, 
carboxy-methyl- 
β-cyclodextrin 

90.2 89.2 – Cervical HeLa In vitro cytotoxicity and 
apoptosis ↑ 

[142] 

Chitosan 167 85.4 9.3% – – In vitro cytotoxicity and 
apoptosis ↑ 

[143] 

Cisplatin – 55 98 – Pancreatic – In vitro anticancer activity ↑ [144] 
– 172 75.02 – Breast MCF-7 In vitro anticancer activity ↑ [145] 

5-Fluorouracil – 210 27.5–30.0 1.1 and 1.2 mg/200 
mg BSA 

– – Clinical use* [146] 

Vinblastine 
sulfate 

Folic acid 156.6 84.83 42.37% – – Clinical use* [147] 

Atorvastatin – 97–125 71.45–73.33  Pancreatic MiaPaCa-2 In vitro anticancer activity ↑ [148] 
Bexarotene Folic acid 195.3 65.45 1.73% Lung, breast A549, MCF-7 c In vitro cytotoxicity and 

apoptosis ↑ 
In vivo plasma concentrations ↑ 

[149] 

Sorafenib Folic acid 158.00nm 77.25 7.73% Liver LO2, SMMC-7721, female SD rats In vitro anticancer activity ↑ 
Tumor targeting ↑ 

[150] 

Oxaliplatin  187.9 53.3 1.5% Breast HFFF2, MCF7 In vitro anticancer activity ↑ [151] 
Bufalin  125.1 76.02 12.62% Liver SMMC-7721, Wistar rats In vitro antitumor activity ↑ 

Systemic circulation time and 
drug concentration ↑ 
In vivo tumor inhibition ↑ 

[152] 

Tamoxifen  155.13–199.167 – 12.07% Breast 4T1, HFF-2 In vitro cytotoxicity and 
apoptosis ↑ 

[153] 

Note: ↑ - Enhanced, ↓ - Reduced, Clinical Use* - Synthesized and characterized the anticancer drug-loaded BSA NPs but there is a need to do biological studies to prove clinical use. In the brief finding results column, results 
showed activity of anticancer drug-loaded BSA NPs compared to native drug. 
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improve the anticancer efficiency of drugs. To conquer the limitations of 
conventional anti-cancer therapeutic agents, drug delivery systems 
based on BSA NPs rise as a victor for cancer patients, which have various 
advantages and applications in cancer therapy. The future of BSA NPs 
with no doubt could yield innovative platforms for cancer therapy, and 
this review may improve general consideration of cancer treatment with 
anticancer drug-loaded BSA NPs. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Acknowledgments 

Author Raghu Solanki acknowledges Council of Scientific and In-
dustrial Research, India (CSIR JRF-India) for the support, in the form of 
a research fellowship. 

References 

[1] D. Vetvicka, Gene silencing delivery systems for the treatment of pancreatic 
cancer: Where and what to target next? J. Control. Release 331 (2021) 246–259, 
https://doi.org/10.1016/j.jconrel.2021.01.020. 

[2] Y. Xiao, et al., Injectable thermosensitive hydrogel-based drug delivery system for 
local cancer therapy, Colloid Surface B Biointerface 200 (2021), 111581, https:// 
doi.org/10.1016/j.colsurfb.2021.111581. 

[3] M. Ashrafizade, et al., Biomedical application of chitosan-based nanoscale 
delivery systems: potential usefulness in siRNA delivery for cancer therapy, 
Carbohydr. Polym. 260 (2021), 117809, https://doi.org/10.1016/j. 
carbpol.2021.117809. 

[4] B. Bhushan, V. Khanadeev, B. Khlebtsov, N. Khlebtsov, P. Gopinath, Impact of 
albumin based approaches in nanomedicine: imaging, targeting and drug 
delivery, Adv. Colloid Interf. Sci. 246 (2017) 13–39. 

[5] Y. Chen, et al., Genetically engineered oncolytic bacteria as drug delivery systems 
for targeted cancer theranostics, Acta Biomater. (2021). 

[6] E.M. Miller, T.M. Samec, A.A. Alexander-Bryant, Nanoparticle delivery systems to 
combat drug resistance in ovarian cancer, Nanomedicine Nanotechnology, Biol. 
Med. (2020) 102309. 

[7] Y. Zhang, C. Jiang, Postoperative cancer treatments: in-situ delivery system 
designed on demand, J. Control. Release 330 (2021) 554–564. 

[8] T.G. Barclay, C.M. Day, N. Petrovsky, S. Garg, Review of polysaccharide particle- 
based functional drug delivery, Carbohydr. Polym. 221 (2019) 94–112. 

[9] D.J. McClements, Nanoscale nutrient delivery systems for food applications: 
improving bioactive dispersibility, stability, and bioavailability, J. Food Sci. 80 
(7) (2015) N1602–N1611. 

[10] F. Chen, J. Wu, C. Zheng, J. Zhu, Y. Zhang, X. You, TPGS modified reduced bovine 
serum albumin nanoparticles as a lipophilic anticancer drug carrier for 
overcoming multidrug resistance †, J. Mater. Chem. B (2016). 

[11] H. Rostamabadi, S.R. Falsafi, S.M. Jafari, Nanostructures of starch for 
encapsulation of food ingredients, in: Biopolymer nanostructures for food 
encapsulation purposes, Elsevier, 2019, pp. 419–462. 

[12] S.R. Falsafi, H. Rostamabadi, E. Assadpour, S.M. Jafari, Morphology and 
microstructural analysis of bioactive-loaded micro/nanocarriers via microscopy 
techniques; CLSM/SEM/TEM/AFM, Adv. Colloid Interf. Sci. 280 (2020), 102166. 

[13] E. Assadpour, H. Rostamabadi, S.M. Jafari, Introduction to characterization of 
nanoencapsulated food ingredients, in: Characterization of Nanoencapsulated 
Food Ingredients, Elsevier, 2020, pp. 1–50. 

[14] E. Assadpour, S.-M. Jafari, Y. Maghsoudlou, Evaluation of folic acid release from 
spray dried powder particles of pectin-whey protein nano-capsules, Int. J. Biol. 
Macromol. 95 (2017) 238–247. 

[15] A.O. Elzoghby, W.M. Samy, N.A. Elgindy, Protein-based nanocarriers as 
promising drug and gene delivery systems, J. Control. Release 161 (1) (2012) 
38–49. 

[16] L. Chen, G.E. Remondetto, M. Subirade, Food protein-based materials as 
nutraceutical delivery systems, Trends Food Sci. Technol. 17 (5) (2006) 272–283. 

[17] D. Verma, N. Gulati, S. Kaul, S. Mukherjee, U. Nagaich, Protein based 
nanostructures for drug delivery, J. Pharm. 2018 (2018) 1–18. 

[18] E.S. Bronze-Uhle, B.C. Costa, V.F. Ximenes, P.N. Lisboa-Filho, Synthetic 
nanoparticles of bovine serum albumin with entrapped salicylic acid, 
Nanotechnol. Sci. Appl. 10 (2017) 11. 

[19] Z. Yang, N. Zhang, T. Ma, L. Liu, L. Zhao, H. Xie, Engineered bovine serum 
albumin-based nanoparticles with pH-sensitivity for doxorubicin delivery and 
controlled release, Drug Deliv. 27 (1) (2020) 1156–1164. 

[20] Y. Huang, Y. Luo, W. Zheng, T. Chen, Rational design of cancer-targeted BSA 
protein nanoparticles as radiosensitizer to overcome cancer radioresistance, ACS 
Appl. Mater. Interfaces 6 (21) (2014) 19217–19228. 

[21] Y. Zhang, X. Yue, B. Kim, S. Yao, M.V. Bondar, K.D. Belfield, Bovine serum 
albumin nanoparticles with fluorogenic near-IR-emitting squaraine dyes, ACS 
Appl. Mater. Interfaces 5 (17) (2013) 8710–8717. 

[22] E.N. Hoogenboezem, C.L. Duvall, Harnessing albumin as a carrier for cancer 
therapies, Adv. Drug Deliv. Rev. 130 (2018) 73–89. 

[23] J. Qi, P. Yao, F. He, C. Yu, C. Huang, Nanoparticles with dextran/chitosan shell 
and BSA/chitosan core—doxorubicin loading and delivery, Int. J. Pharm. 393 
(1–2) (2010) 177–185. 

[24] B.E. Givens, N.D. Diklich, J. Fiegel, V.H. Grassian, Adsorption of bovine serum 
albumin on silicon dioxide nanoparticles: impact of p H on nanoparticle–protein 
interactions, Biointerphases 12 (2) (2017) 02D404. 

[25] K.A. Majorek, et al., Structural and immunologic characterization of bovine, 
horse, and rabbit serum albumins, Mol. Immunol. 52 (3–4) (2012) 174–182. 

[26] T. Peters Jr., All about albumin: biochemistry, genetics, and medical applications, 
Academic press, 1995. 

[27] J.B. Ferrado, Colloids and Surfaces B : Biointerfaces Formation and 
characterization of self-assembled bovine serum albumin nanoparticles as chrysin 
delivery systems, Colloids Surfaces B Biointerfaces 173 (August 2018) (2019) 
43–51. 

[28] D.C. Carter, J.X. Ho, Structure of serum albumin, in: Advances in protein 
chemistry 45, Elsevier, 1994, pp. 153–203. 

[29] R.M. Mainardes, N.M. Khalil, Nanoparticles of bovine serum albumin for 
encapsulation of food ingredients, in: Biopolymer Nanostructures for Food 
Encapsulation Purposes, Elsevier, 2019, pp. 169–186. 

[30] H. Tang, L. Huang, D. Zhao, C. Sun, P. Song, Interaction mechanism of flavonoids 
on bovine serum albumin: insights from molecular property-binding affinity 
relationship, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 239 (2020), 
118519, https://doi.org/10.1016/j.saa.2020.118519. 

[31] M. Bhattacharya, N. Jain, K. Bhasne, in: pH-induced Conformational 
Isomerization of Bovine Serum Albumin Studied by Extrinsic and Intrinsic Protein 
Fluorescence, 2011, pp. 1083–1090. 

[32] J.S. Mandeville, H.A. Tajmir-Riahi, Complexes of dendrimers with bovine serum 
albumin, Biomacromolecules 11 (2) (2010) 465–472. 

[33] J. Wang, B. Zhang, in: Bovine Serum Albumin as a Versatile Platform for Cancer 
Imaging and Therapy, 2018, pp. 2938–2953. 

[34] G. Zhang, Y. Ma, L. Wang, Y. Zhang, J. Zhou, Multispectroscopic studies on the 
interaction of maltol, a food additive, with bovine serum albumin, Food Chem. 
133 (2) (2012) 264–270. 

[35] O.K. Abou-zied, N. Al-lawatia, in: Exploring the Drug-binding Site Sudlow I of 
Human Serum Albumin : The Role of Water and Trp214 in Molecular Recognition 
and Ligand Binding, 2011, pp. 270–274. 

[36] M. Karimi, Albumin nanostructures as advanced drug delivery systems 5247 
(May) (2016). 

[37] C. Guindani, Covalently Binding of Bovine Serum Albumin to Unsaturated Poly 
(Globalide-co- ε -caprolactone) Nanoparticles by Thiol-ene Reactions, 2019. 

[38] W. Lohcharoenkal, L. Wang, Y.C. Chen, Y. Rojanasakul, Protein nanoparticles as 
drug delivery carriers for cancer therapy, Biomed. Res. Int. vol (2014) 2014. 

[39] A.O. Elzoghby, W.M. Samy, N.A. Elgindy, Albumin-based nanoparticles as 
potential controlled release drug delivery systems, J. Control. Release 157 (2) 
(2012) 168–182. 

[40] R. Sadeghi, et al., The effect of different desolvating agents on BSA nanoparticle 
properties and encapsulation of curcumin, J. Nanopart. Res. 16 (9) (2014) 1–14. 

[41] C. Weber, C. Coester, J. Kreuter, K. Langer, Desolvation process and surface 
characterisation of protein nanoparticles, Int. J. Pharm. 194 (1) (2000) 91–102. 

[42] J.H.H.Q. Li, B. Lu, H. Yao, F. WG Zhang, Ciprofloxacin-loaded bovine serum 
albumin microspheres: preparation and drug-release in vitro, J. Microencapsul. 
18 (6) (2001) 825–829. 

[43] K. Langer, S. Balthasar, V. Vogel, N. Dinauer, H.Von Briesen, D. Schubert, in: 
Optimization of the Preparation Process for Human Serum Albumin (HSA) 
Nanoparticles 257, 2003, pp. 169–180. 

[44] A. Loureiro, N.G. Azoia, A.C. Gomes, A. Cavaco-paulo, in: Albumin-Based 
Nanodevices as Drug Carriers, 2016, pp. 1371–1390. 

[45] H. Rostamabadi, S.R. Falsafi, S.M. Jafari, Starch-based nanocarriers as cutting- 
edge natural cargos for nutraceutical delivery, Trends Food Sci. Technol. 88 
(2019) 397–415. 

[46] F. Crisante, I. Francolini, M. Bellusci, A. Martinelli, L. D’Ilario, A. Piozzi, 
Antibiotic delivery polyurethanes containing albumin and polyallylamine 
nanoparticles, Eur. J. Pharm. Sci. 36 (4–5) (2009) 555–564. 

[47] S.M. Jafari, P. Paximada, I. Mandala, E. Assadpour, M.A. Mehrnia, Encapsulation 
by nanoemulsions, in: Nanoencapsulation technologies for the food and 
nutraceutical industries, Elsevier, 2017, pp. 36–73. 

[48] C.P. Reis, R.J. Neufeld, A.J. Ribeiro, F. Veiga, Nanoencapsulation I. Methods for 
preparation of drug-loaded polymeric nanoparticles, Nanomedicine 
Nanotechnology, Biol. Med. 2 (1) (2006) 8–21. 

[49] C. Arpagaus, A. Collenberg, D. Rütti, E. Assadpour, S.M. Jafari, Nano spray drying 
for encapsulation of pharmaceuticals, Int. J. Pharm. 546 (1–2) (2018) 194–214, 
https://doi.org/10.1016/j.ijpharm.2018.05.037. 

[50] C. Arpagaus, P. John, A. Collenberg, D. Rütti, Nanocapsules formation by nano 
spray drying, in: Nanoencapsulation technologies for the food and nutraceutical 
industries, Elsevier, 2017, pp. 346–401. 

[51] S.H. Lee, D. Heng, W.K. Ng, H.-K. Chan, R.B.H. Tan, Nano spray drying: a novel 
method for preparing protein nanoparticles for protein therapy, Int. J. Pharm. 
403 (1–2) (2011) 192–200. 

[52] J.I. Boye, I. Alli, A.A. Ismail, in: Interactions Involved in the Gelation of Bovine 
Serum Albumin, 1996, pp. 996–1004. 

[53] G. Gong, et al., Molecular switch for the assembly of lipophilic drug incorporated 
plasma protein nanoparticles and in vivo image, Biomacromolecules 13 (1) 
(2012) 23–28. 

R. Solanki et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.jconrel.2021.01.020
https://doi.org/10.1016/j.colsurfb.2021.111581
https://doi.org/10.1016/j.colsurfb.2021.111581
https://doi.org/10.1016/j.carbpol.2021.117809
https://doi.org/10.1016/j.carbpol.2021.117809
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344225406
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344225406
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344225406
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254081636
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254081636
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254496677
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254496677
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254496677
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344251476
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344251476
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344264910
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344264910
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344276009
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344276009
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344276009
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254516317
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254516317
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120254516317
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120255403477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120255403477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120255403477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344286477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344286477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344286477
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120256523418
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120256523418
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120256523418
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344293035
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344293035
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344293035
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344301658
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344301658
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344301658
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344350199
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344350199
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344355225
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344355225
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120257435539
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120257435539
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120257435539
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344362485
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344362485
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344362485
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344371732
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344371732
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344371732
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344376807
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344376807
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344376807
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344381785
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344381785
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344386954
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344386954
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344386954
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344393659
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344393659
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344393659
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344402423
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344402423
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120300031586
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120300031586
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319101388
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319101388
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319101388
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319101388
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120301121140
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120301121140
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302163095
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302163095
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302163095
https://doi.org/10.1016/j.saa.2020.118519
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319302946
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319302946
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319302946
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344410378
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344410378
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319476394
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120319476394
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344415223
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344415223
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344415223
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120320128905
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120320128905
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120320128905
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120320370917
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120320370917
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302555748
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302555748
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302577162
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302577162
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344423984
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344423984
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344423984
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302583744
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120302583744
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344568815
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344568815
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323252411
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323252411
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323252411
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323269754
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323269754
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120323269754
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120322220754
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120322220754
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344599467
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344599467
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120344599467
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345021628
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345021628
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345021628
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120303534842
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120303534842
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120303534842
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120304499537
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120304499537
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120304499537
https://doi.org/10.1016/j.ijpharm.2018.05.037
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120305335817
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120305335817
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120305335817
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345099126
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345099126
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345099126
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120322408359
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120322408359
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345106312
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345106312
http://refhub.elsevier.com/S0141-8130(21)02192-9/rf202110120345106312


International Journal of Biological Macromolecules 193 (2021) 528–540

539

[54] Q. Fu, J. Sun, W. Zhang, X. Sui, Z. Yan, Z. He, Nanoparticle albumin-bound (NAB) 
technology is a promising method for anti-cancer drug delivery, Recent Pat. 
Anticancer. Drug Discov. 4 (3) (2009) 262–272. 

[55] S.R. Falsafi, Y. Maghsoudlou, H. Rostamabadi, M.M. Rostamabadi, H. Hamedi, S. 
M.H. Hosseini, Preparation of physically modified oat starch with different 
sonication treatments, Food Hydrocoll. 89 (2019) 311–320. 

[56] Z. Li, et al., Sonochemical synthesis of hydrophilic drug loaded multifunctional 
bovine serum albumin nanocapsules, ACS Appl. Mater. Interfaces 7 (34) (2015) 
19390–19397. 

[57] S. Zhao, W. Wang, Y. Huang, Y. Fu, Y. Cheng, Paclitaxel loaded human serum 
albumin nanoparticles stabilized with intermolecular disulfide bonds, 
Medchemcomm 5 (11) (2014) 1658–1663. 

[58] N. Qu, et al., Cabazitaxel-loaded human serum albumin nanoparticles as a 
therapeutic agent against prostate cancer, Int. J. Nanomedicine 11 (2016) 3451. 

[59] S. Kunjiappan, et al., Design, in silico modelling, and functionality theory of novel 
folate receptor targeted rutin encapsulated folic acid conjugated keratin 
nanoparticles for effective cancer treatment, Anti-Cancer Agents Med. Chem. 19 
(16) (2019) 1966–1982. 

[60] Y. Mi, Folic Acid-modified Ginsenoside Rg5-loaded Bovine Serum Albumin 
Nanoparticles for Targeted Cancer Therapy In Vitro and In Vivo, 2019. 

[61] H. Nosrati, et al., Folic acid conjugated bovine serum albumin: an efficient smart 
and tumor targeted biomacromolecule for inhibition folate receptor positive 
cancer cells, Int. J. Biol. Macromol. 117 (2018) 1125–1132. 

[62] D. Wang, N. Liang, I F E S sciences for life biotin-modified bovine serum albumin 
nanoparticles as a potential drug delivery system for paclitaxel, J. Mater. Sci. 54 
(11) (2019) 8613–8626. 

[63] D. Zhao, Preparation, characterization, and in vitro targeted delivery of folate- 
decorated paclitaxel-loaded bovine serum albumin nanoparticles, Int. J. 
Nanomedicine 5 (1) (2010) 669–677. 

[64] S.R. Falsafi, H. Rostamabadi, S.M. Jafari, “X-ray diffraction (XRD) of 
nanoencapsulated food ingredients”, in characterization of nanoencapsulated 
food ingredients, Elsevier (2020) 271–293. 

[65] H. Rostamabadi, S.R. Falsafi, E. Assadpour, S.M. Jafari, Evaluating the structural 
properties of bioactive-loaded nanocarriers with modern analytical tools, Compr. 
Rev. Food Sci. Food Saf. 19 (6) (2020) 3266–3322. 

[66] D. Sleep, Albumin and its application in drug delivery, Expert Opin. Drug Deliv. 
12 (5) (2015) 793–812. 

[67] B. Elsadek, F. Kratz, Impact of albumin on drug delivery—new applications on the 
horizon, J. Control. Release 157 (1) (2012) 4–28. 

[68] K. Bolaños, M.J. Kogan, E. Araya, Capping gold nanoparticles with albumin to 
improve their biomedical properties, Int. J. Nanomed. 14 (2019) 6387. 

[69] G. Deng, et al., Bovine serum albumin-loaded nano-selenium/ICG nanoparticles 
for highly effective chemo-photothermal combination therapy, RSC Adv. 7 (49) 
(2017) 30717–30724. 

[70] P.T.T. Pham, et al., Indocyanine green and curcumin co-loaded Nano-fireball-like 
albumin nanoparticles based on near-infrared-induced hyperthermia for tumor 
ablation, Int. J. Nanomedicine 15 (2020) 6469. 

[71] S. Abbasi, A. Paul, W. Shao, S. Prakash, Cationic albumin nanoparticles for 
enhanced drug delivery to treat breast cancer: preparation and in vitro 
assessment, J Drug Deliv. vol (2012) 2012. 

[72] E. Bilensoy, Cationic nanoparticles for cancer therapy, Expert Opin. Drug Deliv. 7 
(7) (2010) 795–809. 
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Area-based speciation kinetic analysis of
multipollutant removal in constructed wetlands to
enhance the treatment efficiency

Manoj Kumar and Rajesh Singh *

In the present study, area-based pollutant removal kinetic analysis was considered using the zero-order,

first-order decay and efficiency loss (EL) models in the constructed wetlands (CWs) for municipal

wastewater treatment. Except for SO4
2− elimination, overall higher average pollutant removal performance

was found in the CWs with gravel media only (P-CWs). The lowest value of 6.47 ± 4.72 of the efficiency

loss co-efficient indicated the highest performance with a minimum discharge concentration of 0.54 ±

0.24 mg L−1 of TN (84.70% removal) in the CWs integrated with iron scraps and granular activated carbon

(ISs + GAC-CWs). The lowest level to 0.903 ± 0.89 of the model's predicted value (Ct-ISs) also confirmed

the relatively higher average removal efficiency of 63.37% of nitrate with narrower discharge distribution in

the ISs–GAC-CWs. The factors affecting pollutant removal in the CWs and trends of the reactions of the

multipollutants were interpreted by using the kinetic modeling analysis. The results confirmed that VF-

CWs, an ecotechnology, should be considered as an alternative to the conventional treatment methods of

municipal wastewater for small communities, which is a sustainable solution.

1. Introduction

Freshwater is one of the most valuable commodities on earth
but is expected to become scarce in the next decades.
Contaminants released by wastewater into the environment
are harmful to humans and the ecological environment.1 To
keep water supplies free from eutrophication, nitrogen
removal from wastewater is necessary.2 While denitrification
with exogenous carbon addition and chemical precipitation
to extract phosphate (P) are well-established methods for
reaching the limits of nutrient discharge, facilities are
searching for more efficient and cost-effective methods to
meet their permits.3 Therefore, there is an urgent need to
address the problem of wastewater contamination with
alternative treatment technologies. The high removal efficacy

of biological effects as a measure of total effect-scaled
concentrations of chemicals provides further support to the
use of intensified wetlands for wastewater treatment.4 The
CWs significantly affect the overall cost of nutrient removal,
allowing savings of up to 86% and 42% for biochemical
oxygen demand and phosphorus removal, respectively,
particularly for low concentrations and flow rate.5

The combination of electrodes and microorganisms has
led to several methods to remove or recover nitrogen from
wastewater via oxidation reactions, reduction reactions, and/
or transport across an ion exchange membrane.6 A microbial
electrolysis cell (MEC) integrated into CWs has helped to
investigate the probability of denitrification under low carbon
conditions.7 During the past three decades, CWs have been
used to treat acid mine drainage, industrial wastewater,
agricultural and urban storm runoff, and effluent from
livestock operations.8

As one of the commonly used wastewater treatment
technologies in advanced oxidation processes (AOPs), iron–
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carbon micro-electrolysis has proved to be a high-efficiency
low-cost treatment system for specific wastewater treatment.9

Fe(II) can easily be oxidized to Fe(III) under aerobic conditions,
while Fe(III) can easily revert to Fe(II) under reductive
conditions.10 The use of iron in CWs is an appropriate option
to increase the removal efficiency of contaminants.1

Substrate materials in CWs could provide a large surface
area for microorganisms to bind and serve as either a
filtration and/or a pollutant adsorption medium.11 The
tremendous automatic potency and good porosity upon use
might be the reason for their use as the filter medium as well
as a resource of H2 in CWs.12 A combination of granular
activated carbon (GAC) and iron scraps interacts with
wastewater (electrolyte solution) to form galvanic cells
between the elements of Fe and C (ref. 13) as represented in
the following half-cell reactions. Anodic half-cell reactions:

Anode: 2Fe → 2Fe2+ + 4e− (1)

Cathode half-cell reactions: acidic conditions/neutral to
alkaline conditions

4H+ + 4e− → 2H2 (2)

O2 + 2H2O + 4e− → 4OH− (3)

At microscopic scales, these half-cell reactions occur;
however, if these reactions happen at the same time on the
surfaces of a large number of iron chips and GAC particles,
the device will experience substantial electron flows.13

The objectives of this research are to evaluate the
pollutant removal efficiency of CWs and characterize the
adapted indigenous microbial consortiums during
wastewater treatment. Through this analysis, the influence of
iron scraps and granular activated carbon in the CWs is
evaluated based on the fate of nutrients/contaminants and
organic matter. Based on the iron scraps and granular
activated carbon-CWs domain, comparisons are made
between CWs that contribute to the output of CWs.

2. Materials and methods
2.1 Constructed wetland configuration and operation

The CWs experimental installation consisted of the
integration of iron scraps and granular activated carbon.

Each of the CWs was multilayer with various substrate sizes
(pebbles, ISs and GAC) and was planted with Eichhornia
crassipes. Three types of VF-CWs in duplicates with sampling
ports at 5 cm and 15 cm from bottom to top were
constructed. A detailed description of the various types of
wetlands is presented in Table 1. The CWs were covered with
aluminum foil to guard against the growth of periphyton
(periphytic algae). The fresh iron scraps (ISs), granular
activated carbon (GAC), and gravels were purchased from the
local market, Gandhinagar, Gujarat, India. The gravels were
washed several times with tap water before integrating into
the CWs. The gravels, GAC, and ISs occupied 2.83 L volume
out of the 8.5 L total capacity of the CWs. Thus, 4.53 L of the
volume was available as working volume (Fig. 1).

All the CWs were maintained by filling and decanting
treated domestic sewage wastewater at regular intervals of
time for nearly 72 days for the acclimation of native bacteria.
The actual treatment of wastewater was carried out for seven
weeks with the addition of plants at 48 h HRT under semi-
continues modes. Wastewater collection and serving, plant
collection and adaptation, HRT, and pollutant removal
performance were considered according to the study by
Kumar and Singh.14

2.2 Analytical methods

Eutech Multimeter Instruments (Eutech Instruments Pte Ltd
Blk 55, Ayer Rajah Crescent # 04-16/24, Singapore 139 949)
was used to measure the physicochemical parameters of pH
(Eutech pH 700), electrical conductivity (Eutech CON 700),
and total dissolved solids (Eutech CON 700). The NH4

+-N,
NO2

−-N, NO3
−-N, SO4

2−, PO4
3−, dissolved oxygen (DO) and

chemical oxygen demand (COD) were measured using
standard methods.15 The total nitrogen concentration was
calculated by the sum of NH4

+-N, NO2
−-N, and NO3

−-N
measured individually using standard methods.

Microbial isolation and 16S rDNA characterization. The
microbial community analysis was performed at 10-day
intervals during the stabilization period and end of the cycles
during the treatment phase. The characterization of the
isolated microbial strains was performed using 16S rDNA-
based molecular methods. The 16S rDNA gene fragment was
amplified by 27F and 1492R primers, from Sagar Sequencing
Department Eurofins Genomics Bangalore-560048 (India). A
single isolated PCR amplicon band of 1500 base pairs was

Table 1 Type and construction dimensions of the wetlands

Layers

P-CWs GAC-CWs ISs–GAC-CWs

Material
Thickness
(cm)

Size
(mm)

Weight
(kg) Material

Thickness
(cm)

Size
(mm)

Weight
(kg) Material

Thickness
(cm)

Size
(mm)

Weight
(kg)

1st Gravels 6 15 3 GAC 1 2–4 0.3 Gravels 4 15 2.0
2nd Gravels 6 10 3 Gravels 4 15 2 ISs 3 0.25
3rd Gravels 5 5 2.5 Gravels 4 10 2 Gravels 4 10 2.0
4th GAC 1 2–4 0.3 GAC 1 2–4 0.3
5th Gravels 6 5 2.5 Gravels 4 5 0.2
6th GAC 1 2–4 0.3 GAC 1 2–4 0.3
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noticed when it was resolved on an agarose gel. The DNA
sequencing reaction of PCR amplicon was carried out with
forward and reverse primers using a BDT v3.1 sequence kit
on ABI 3730xl Genetic Analyzer.16 The phylogenetic tree
construction was performed using MEGA 7.17 The microbial
strain presented showed high likeness with the strain
founded on nucleotide homology.18

2.3 Statistical analysis

The Past 3.0 (Version 3.12) software was used for Pearson's
correlational analysis and employed to identify the linear
relationship between the pollutant removal performance and
variable parameters in the CWs. One-way ANCOVA test was
performed with Past 3.0 (Version 3.12) software to
demonstrate the differences in pollutant (ammonia, nitrite,
nitrate, total nitrogen, total phosphate, sulphate, and COD)
removal performances. All data calculations including
averages and standard deviations were performed in three
replicates by Microsoft office excel 2016 (Microsoft, USA). The
Box plot graphs were prepared using Origin 9.60, 2019
software at 75th percentile and 25th percentile interquartile
scale. For the processing of the plots, the 5th percentile
minimum value and the 95th percentile maximum value were
chosen. The horizontal median line indicates the average
pollutant concentration.

2.4 Kinetic modeling

The pollutant removal affecting factors in the CWs were
interpreted by using the kinetic modeling analysis. The
speciation kinetic analysis of the multipollutants helps in
finding the trends of the reactions. In the present study, the
following area-based pollutant removal kinetics analysis was
considered.

Area-based pollutant removal rates (JNN, mg m−2 d−1) were
determined using eqn (4).19

JNN ¼ Ci −Ctð Þ
A × t

(4)

where Ci is the initial pollutant load in the CWs (mg), Ct is
the pollutant load in the CW effluent at sampling time (mg
L−1), A is the surface area of the CWs (m2), and t is the time
or mean residence time of wastewater held within the CWs.

The Zero-order model was considered to assume that
contaminant reduction is independent of pollutant
concentration.20

JZO ¼ C1 −C Fð ÞxD
t F−1

(5)

where C1 is the initial pollutant concentration in the CWs
added (mg L−1), tF−1 is the influent mean residence time in
the CWs after the influent is well mixed (48 h), CF is the
pollutant final concentration at the end of residence time
(mg L−1), and D is the average depth (m) of the CWs. After
the estimation of the JZO, the Ct was estimated using eqn
(6).19

Ct ¼ CApplied −
JZOxtð Þ
D

(6)

where CApplied is the pollutant concentration applied initially
in the CWs at the time of feeding the influent.

Further, the second model, the first-order decay model
(FO), assumes that the pollutant reduction rates are directly
proportional to its final concentration.21 The ρFO, the mass
transfer coefficient (cm h−1), accounts for the intrinsic ability
of the matrix to retain pollutants with depth, which is often
ignored by using other removal rate constants (k (h−1)) in
first-order decay model evaluations. The model can be
expressed mathematically as eqn (7).22

ρFO ¼ −
Dx ln

C F

C1

� �

t F−1
(7)

Fig. 1 Constructed wetlands: A) P-CWs, B) GAC-CWs and C) ISs + GAC-CWs.
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Fig. 2 Box plot distribution of pollutant in inlet and outlet concentration of A: ammonia; B: nitrite; C: nitrate, D: total nitrogen; E: sulfate; F: total
phosphate and G: COD in P-CWs, GAC-CWs and ISs + GAC-CWs.
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After ρFO was determined, the daily Ct value was predicted
using a first-order decay equation.

Efficiency loss (EL) model. The efficiency loss model (EL)
accounts for the efficiency of the process rate relative to
pollutant concentration decline over time.21 Similar to the
first-order decay rate model, the efficiency loss model
assumes that the substrate concentration is significantly
smaller than Ks, the system is well mixed, and has no
significant influences from water losses or gains. However,
the model assumes a power relationship represented by the
coefficient α, in which the order is less than 1. The efficiency
loss model (EL) can be expressed as:

ρEL ¼ C Fð Þ1−α −C1−α
1

t F−1

� � 1
α−1ð Þ

D (8)

where ρEL is the mass transfer coefficient (cm d−1) and α is a
unitless constant that varies between 0 and 1.

To test the model, daily Ct values were then predicted
using the ρEL and averaged α values were used to determine
the removal coefficients. The observed NO3

−-N concentrations
were compared with the predicted daily NO3

−-N

concentrations (Ct) using eqn (9):

Ct ¼ ρEL
α−1ð Þ

D
t þ C1−α

AApplied

� � 1
α−1

(9)

3. Results and discussion
3.1 Municipal wastewater characterization

The physicochemical parameters of municipal sewage
wastewater and the discharges from the P-CWs; GAC-CWs
and ISs + GAC-CWs are summarized in Table 2. To some
extent, the average lowest decrease in the TDS to 810.79 ±
64.47 from 947.54 ± 24.77 was found in the GAC-CWs. The
average pH in the CWs was 7.6 ± 0.035 which was almost
similar to the initial value of 7.53 ± 0.22, indicating that not
much was significantly affected during the wastewater
treatment in CWs. The chemistry of the wetland water and
biological processes are influenced by pH.23 All the CWs
successfully maintained ∼3.0 mg L−1 of DO sufficiently
required for the occurrence of aerobic processes, whereas it
was 1.30 ± 0.18 mg L−1 in the influent discharge. In the CW
environment, the aerobic and anaerobic zones frequently
coexist, and with hydraulic fluctuation, the dissolved oxygen
concentration can change. Nitrification is declined and
denitrification is stopped when DO is <1 mg L−1 and >0.2
mg L−1 in water, respectively.24

3.2 Nitrogenous component removal and the kinetic study

The elimination of nitrogen in CWs depends on nitrification
and denitrification.1 Nitrification, the serial oxidation of
NH4

+-N to NO2
−-N and then to NO3

−-N are the main microbial
processes. The nutrient treatment performance of the P-CWs,
GAC-CWs, and ISs-CWs is presented in Table 2. The current
outcomes showed much improvement in ammonia removal
performance, due to higher average pH of 7.6 ± 0.035 in all
the CWs (Table 2). Significant differences in the ammonia

Table 3 Pollutant removal kinetic models in various contaminants and
different constructed wetlands

CWs
Kinetic
models

Pollutant removal kinetic

Ammonia Nitrite Nitrate
T.
Nitrogen

T.
Phosphate

SS^2 25.716 19.105 5.482 39.824 10.797
ISs-R2 0.9788 0.9771 0.9951 0.993 0.9903
rEL-ISs
R2

0.8033 0.9262 0.8295 0.9468 0.9876

SS^2 30.703 6.266 87.220 35.203 36.538
GAC R2 0.9741 0.9925 0.993 0.9892 0.9714
rEL-GAC
R2

0.7585 0.9897 0.8138 0.9572 0.9085

SS^2 84.241 37.977 104.642 104.585 20.437
P-R2 0.9915 0.9876 0.9821 0.9987 0.9881
rEL-P R2 0.9525 0.9174 0.8349 0.9887 0.9881

Table 4 Pollutant removal rate kinetic models in various contaminants and different constructed wetlands

CWs
Kinetic
models Unit

Pollutants

Ammonia Nitrite Nitrate T. Nitrogen T. Phosphate

ISs-CWs J0-ISs g m−2 h−1 0.11 ± 0.0065 −0.008 ± 0.003 0.008 ± 0.006 0.267 ± 0.168 0.024 ± 0.021
Ct-ISs 27.47 ± 17.250 3.877 ± 1.887 0.903 ± 0.89 7.195 ± 3.977 3.562 ± 1.934
ρFO-ISs cm h−1 0.02 ± 0.002 0.003 ± 0.002 0.005 ± 0.002 0.012 ± 0.003 0.004 ± 0.002
Ct 882.37 ± 502.183 1.743 ± 1.064 5.257 ± 3.699 355.216 ± 237.245 16.316 ± 13.896
rEL-ISs cm h−1 1.75 ± 2.03 3.25 ± 2.08 0.58 ± 0.71 6.47 ± 4.72 3.15 ± 2.33

GAC-CWs J0-GAC g m−2 h−1 0.26 ± 0.164 −0.004 ± 0.002 0.004 ± 0.004 0.264 ± 0.166 0.014 ± 0.013
Ct-GAC 3.21 ± 1.891 2.824 ± 1.555 1.879 ± 1.061 7.915 ± 4.503 6.111 ± 4.113
ρFO-GAC cm h−1 0.02 ± 0.002 0.002 ± 0.002 0.002 ± 0.002 0.011 ± 0.002 0.001 ± 0.002
Ct 663.99 ± 440.243 1.620 ± 1.030 3.474 ± 2.354 322.446 ± 216.122 11.684 ± 9.035
rEL-GAC cm h−1 2.61 ± 2.34 2.42 ± 1.72 2.49 ± 2.67 7.26 ± 5.21 5.28 ± 4.78

P-CWs J0-P g m−2 h−1 0.23 ± 0.147 −0.008 ± 0.003 0.004 ± 0.004 0.226 ± 0.145 0.014 ± 0.017
Ct-P 11.05 ± 6.695 4.453 ± 2.291 2.017 ± 1.092 18.216 ± 10.331 6.431 ± 3.473
ρFO-P cm h−1 0.01 ± 0.002 0.003 ± 0.002 0.001 ± 0.002 0.006 ± 0.002 0.001 ± 0.002
Ct 216.49 ± 134.454 2.212 ± 1.342 3.413 ± 2.410 163.069 ± 106.568 12.174 ± 10.091
rEL-P cm h−1 9.89 ± 7.81 3.59 ± 2.48 2.72 ± 2.83 16.78 ± 11.48 5.89 ± 4.08
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discharge concentration (p < 0.05), with the highest variation
of 0.129% in P-CWs, were observed between the CWs.
Moreover, despite having the highest variance in the influent
ammonia (7.23%), the CWs showed significant removal
performance (p < 0.05). Kim et al., observed that instead of
the biological oxidation of ammonia to nitrogen gas, the
physicochemical factors such as diffusion through the
membrane and volatilization of ammonia due to increasing
pH had dominance in its removal.25 The linear Pearson value
of 0.858 (R2) of ammonia in the ISs + GAC-CWs showed a
better removal of 93.88% compared to that in the other
media, GAC-CWs (92.56%) and P-CWs (74.59%). It strongly
demonstrated that the substrate (GAC and ISs) played an
important and positive role in NH4

+-N removal (Fig. 2A).
Moreover, the results also demonstrated that the iron–carbon
micro-electrolysis in the ISs-CWs and GAC-CWs systems
achieved better ammonia removal than the P-CWs. Also, the
pores within the granular activated carbon might promote
the growth of microbial communities to remove NH4

+-N. The
lowest sum of the square value of the ammonia in the ISs-
CWs confirmed its narrower distribution (25.716), followed
by GAC-CWs (30.703) and P-CWs (84.241) (Fig. 2A and
Table 3). In general, NH4

+-N removal in CWs relies primarily
on the nitrification process in which ammonia-oxidizing
bacteria play a vital role.26 The equal mass transfer
coefficient (ρFO) of 0.02 ± 0.002 cm h−1 in the ISs-CWs and
GAC-CWs showed almost equal ammonia removal
efficiencies (Table 4). The high mass transfer and stable
adsorption capacity of the activated carbon (AC) for ammonia
removal make it the most commonly used physical
adsorbent.27,28 The quite good ammonia removal efficiencies
(>75%) in all the CWs might be due to the improved DO

level (∼3.0 mg L−1), which was sufficiently more than that
required for nitrification in the CWs. The strict aerobic
nitrifiers work at free dissolved oxygen (DO) of 1.0 mg L−1 or
more for the nitrification process.29 Additionally, the ISs as a
strong reductive, catalytic agent, supports micro-electrolysis,
promotes adsorption, and flocculation.12 A little lesser DO
level in ISs-CWs might be due to its consumption in the iron
corrosion processes. A little higher NH4

+-N removal rate by
the ISs-CWs than by the GAC-CWs was recorded. Also, the
differences in ammonia removal efficiency in the CWs (F =
17.81 under p < 0.01) and the value for homogeneity
(equality) of the slope (F = 1.472 under p (same) = 0.2315)
were confirmed by the ANCOVA assessment. The oxygen
released from the roots was sufficiently more than the
amount needed for O2 demanding substances in the aerobic
degradation, and the DO level raised to 1.5 mg L−1 was
important for nitrification.30 So, the DO level recorded in the
present study might be representing a better oxidizing
situation for the growth of nitrifying microorganisms. The
significantly ammoniacal nitrogen reduction/removal rate
was found to be about 90% in ISs-CWs and GAC-CWs. The
NH4

+-N reduction rates in ISs-CWs, GAC-CWs, and P-CWs
were found to be 70.99 ± 43.80 g m−2 h−1 (93.88%), 70.20 ±
43.60 g m−2 h−1 (92.56%), and 62.42 ± 39.06 g m−2 h−1

(74.59%), respectively.
The average inlet nitrite concentration, its distribution,

and removal across all the CWs are presented in Fig. 2B and
Table 2. The highest accumulation level of 0.32 ± 0.16 mg L−1

was observed in the P-CWs, followed by ISs + GAC-CWs and
GAC-CWs (Table 2). NO2

−-N can accumulate rapidly in the
absence of sufficient organic carbon, limiting the
denitrification in CWs.31 The principal intermediate formed

Table 5 Comparison of work carried out using the classical CWs/integrated CWs

Types
CWs

HRT (h)
or (D)

Pollutants inlet/outlet (mg L−1) and removal performance (%)

Ammonia inlet/outlet conc.
(mg l−1)/removal (%)

Nitrate inlet/outlet conc.
(mg l−1)/removal (%)

Total nitrogen inlet/outlet
conc. (mg l−1)/removal (%)

COD inlet/outlet conc.
(mg l−1)/removal (%) References

P-CWs 48 h 7.11 ± 2.66/0.98 ±
0.36/74.59%

0.30 ± 0.09/0.15 ±
0.08/35.81%

7.56 ± 2.71/1.49 ±
0.40/65.05%

143 ± 36.02/30.17 ±
4.28/66.4%

This study

GAC-CWs 48 h 7.11 ± 2.66/0.25 ±
0.20/92.56%

0.30 ± 0.09/0.15 ±
0.06/34.71%

7.56 ± 2.71/0.61 ±
0.29/84.05%

143 ± 36.02/38.58 ±
11.81/ 58.8%

This study

ISs +
GAC-CWs

48 h 7.11 ± 2.66/0.20 ±
0.19/93.88%

0.30 ± 0.09/0.09 ±
0.03/63.37%

7.56 ± 2.71/0.54 ±
0.24/84.70%

143 ± 36.02/23.08 ±
3.78/72.7%

This study

UASB 8 h 31 ± 5.5/33 ± 5/ — 61 ± 20/55 ± 16 620.9 ± 189/241 ± 66/ 50
SSF-CWs 5 D 31 ± 5.5/24 ± 6.6/ — 61 ± 20/40 ± 15 620.9 ± 189/53 ± 19/ 50
FWS-CWs 10.8 D 31 ± 5.5/16 ± 5/ — 61 ± 20/32 ± 16 620.9 ± 189/73 ± 26/ 50
SF-CWs 10 D 9.15 ± 1.75/0.19 ±

0.12/97.92%
15.92 ± 1.6/2.55 ±
2.2/83.98%

25.07 ± 2.02/2.55 ±
1.32/89.81%

275.35 ± 18.2/10.68 ±
5.1/96.12%

51

ST 5.6 D 44 ± 15/45 ± 15/−4.00% 0.33 ± 0.1/0.31 ±
0.1/6.1%

55.33 ± 15/49.31 ±
14/11.00%

588 ± 84/348 ± 82
41/41.00%

52

SSF
wetland

7 D 44 ± 15/10.7 ± 376/76.00% 0.33 ± 0.1/0.2 ± 0.08/
12.90%

55.33 ± 15/3 ± 0.6/69.00% 588 ± 84/74 ± 16/ 78.00% 52

UASB 3 D — — — 492/152/69.10% 53
FWS-CWs 2 D — — — −/47.0/68.2% 53
SSF-CWs 1 D — — — −/21.4/53.0% 53

CWs (constructed wetlands), P-CWs (plant), GAC-CWs (granular activated carbon), ISs + GAC-CWs (iron scraps + granular activated carbon),
UASB (up-flow anaerobic sludge blanket), SSF-CWs (subsurface flow), FWS-CWs (free water surface), SF-CWs (surface flow), ST (septic tank),
HRT (hydraulic retention time) h (hour), D (days).
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Fig. 3 Isolated microbial strain molecular combined phylogenetic tree.
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either by nitrification or denitrification was NO2
−-N.26 This

means that the use of CW to treat tailwater from WWTPs
with low C/N ratios may cause the accumulation of NO2

−-N in
the system, which might present potential risks because of
the NO2

−-N toxicity.32 This difference in the NO2
−-N

accumulation may be due to the variable nitrogen conversion
rates in the various mixture ratios of the matrix in the CWs.
Similarly, as a result of the higher oxidation ability of NO3

−-N
than that of NO2

−-N, a transient accumulation of NO2
−-N was

recorded.33 The maximum average nitrite accumulation in
P-CWs may be due to the higher ammonia oxidation rate
linked to NO2

− oxidation.
The lowest level to 0.903 ± 0.89 of the model's predicted

value (Ct-ISs) confirmed the relatively higher average removal
efficiency of 63.37% of nitrate with narrower discharge
distribution in the ISs–GAC-CWs (Fig. 2C and Table 2). This
may be due to the higher mass transfer rate of 0.005 ± 0.002
cm h−1 in the ISs + GAC-CWs. Though the predicted value
(Ct-GAC) of 1.879 ± 1.061 was double, the average nitrate
removal efficiency and pollutant removal rate were found to
be very similar in ISs + GAC-CWs and GAC-CWs. The higher
values of the coefficient of correlation (<0.8) for the observed
and predicted models of the efficiency loss models showed
stronger statistical results. Further, the lowest value of 0.58 ±
0.71 of the coefficient of efficiency loss confirmed the good
nitrate removal efficiency of the ISs-CW (Table 4). The ISs +
GAC-CW system underpredicted the efficiency loss value
whereas the GAC-CW and P-CW over-predicted these values.
The lowest level of 2.91 ± 0.53 mg L−1 of O2 in the ISs–GAC-
CWs might be responsible for providing the denitrifying
conditions for the microorganisms. However, the lesser
removal efficiency of the P-CWs showed that the plants
contributed very little to the removal of NO3

−-N. The porous
activated carbon with maximum surface area and the DO
consumption by the ISs provided an anoxic condition for the
microbial biofilm establishment, which might be the
probable explanation for the significant reduction in NO3

− in
the GAC-CWs and ISs + GAC-CWs.

The mechanisms involved in TN removal in CWs include
volatilization, ammonification, nitrification/denitrification,
plant uptake, and matrix adsorption.34,35 The TN removal
performance recorded in the CWs operated at the average
initial concentration of 7.56 ± 2.71 mg L−1 is presented in
Table 2 and Fig. 2D. The lowest value of 6.47 ± 4.72 of the
efficiency loss coefficient indicated the highest performance
to be 84.70% removal with a minimum discharge
concentration of 0.54 ± 0.24 mg L−1 of TN in the ISs + GAC-
CWs. The average TN removal efficiency and pollutant
removal rate were found to be similar in ISs-CWs and GAC-
CWs.

The enhanced treatment of nitrogenous components in
the ISs-CWs may be due to the improved micrometabolism
by iron–carbon integration in comparison to that in the
P-CWs. In the ISs-CWs, the iron scraps-activated carbon
micro-electrolysis process converts the organic compounds to
easily biodegradable organics, which offers additional usable

sources of carbon for denitrification and improves the
elimination of nitrogen.36 Furthermore, GAC provides perfect
conditions for the development of microbial biofilm that
could promote denitrification. There was no significant
variance in the outflow of total nitrogen concentrations and
pollutant removal efficiency in the GAC-CWs and ISs + GAC-
CWs, respectively (Table 2). This study proves that TN can be
efficiently removed by iron–carbon micro-electrolysis
operation by enhancing the variety, disbursement, and
metabolic roles of bacterial groups by iron in combination
with treatment structures.37

3.3 Sulphate removal efficiency

SO4
2− is a natural part of domestic wastewater and its

reduced compounds are considered to be effective inhibitors
of plant growth and other microbial activities.38–40 The
average sulfate concentrations of 9.16 ± 10.02 mg L−1 and
15.98 ± 13.33 mg L−1 in the P-CWs and ISs + GAC-CWs,
respectively, were lesser as compared to that in GAC-CWs,
which was 23.90 ± 18.79 mg L−1 (Table 2 and Fig. 2E). The
significant value of 0.044 for linear relation for sulfate
concentration in the P-CWs showed its removal efficiency to
be 75.34%, fed at the initial average concentration of 51.57 ±
10.93 mg L−1 in the influent (Table 2). In comparison to GAC-
CWs, the better performance of the ISs + GAC-CWs might be
due to Fe0 oxidation to Fe2+/Fe3+ involved in the SO4

2−

removal. The DO measured in all the CWs was near to the
root zone sampling port; moreover, it could be lesser at the
bottom of the CWs. The lesser DO at the bottom may favour
the anaerobic microbial activity, responsible for the removal
of the sulfate. The processes of the sulfur cycle inside the
rhizosphere and their function in the dynamic system of
processes of transformation are essential for a better
understanding of the rhizosphere “black box” and for
efficient design and operation of wetland systems.41

3.4 Total phosphate removal efficiency

The phosphorus removal process involves filler adsorption,
chemical action, plant and algae absorption, combination
with organics, natural assimilation, and excessive
microorganism aggregation, of which phosphorus adsorption
by fillers is considered to be the most efficient.42 The TP
average concentrations of 1.1 ± 0.38 mg L−1 were found in
the influent (Table 2). The average TP effluent concentrations
found in the P-CWs, GAC-CWs and ISs + GAC-CWs were 0.47
± 0.20 mg L−1 (R2 = 0.882), 0.55 ± 0.26 mg L−1 (R2 = 0.002)
and 0.26 ± 0.11 mg L−1 (R2 = 0.972), respectively (Table 2 and
Fig. 2F). The highest removal rate of 6.50 ± 5.68 g m−2 h−1

(60.82%) in the ISs-CWs might be due to its elimination
either by adsorption to the ions/hydroxides of metals or
being taken up by plants or fixed in the minerals of clay.43

The confirmed absorption of phosphorus has also been
reported by the decomposition of litter (dead plants), organic
matter in wetlands and wetland plants, thereby reducing the
levels in wetlands.44 The excellent adsorption ability of the
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pores in the activated carbon traps and locks nutrients such
as phosphorous inside the pores.45 A similar removal rate of
3.83 ± 3.45 g m−2 h−1 (<40%) recorded in the GAC-CWs and
P-CWs was almost half of that in the ISs-CWs (6.50 ± 5.68 g
m−2 h−1). The improved performance in the ISs-GAC-CWs
system might be due to the coagulation and precipitation of
iron(III) and iron(II) formed by the internal electrolysis
system.36 Phosphorus combines with metal ions such as Fe,
Al and Ca in the substrate to form phosphate precipitates,
which can be removed by filtration and sedimentation.36 The
TP removal performance by the CWs (F = 10.8, p < 0.01) and
the value for the homogeneity (equality) of the slope (F =
0.014, p (same) = 0.906) were explained by the ANCOVA
evaluation. The study reported also noted that the Fe2+

released by the galvanic reaction of the iron–carbon granular
charge layer formed precipitates of iron phosphate,
improving the elimination efficiency of PO4

3-P.46 The
elimination of total phosphate from wastewater by the CWs
may be affected by media, wetland vegetations, microbial
immobilization, and precipitation.35,47,48

3.5 COD removal efficiency

The organic matter in CWs can usually be removed by matrix
adsorption and metabolic decomposition by microorganisms
where physical adsorption is the main removal mechanism.36

The average COD of 143 ± 36.02 mg L−1 in the influent was
within the permissible limits (Table 2). This lower level of the
initial COD resulted in a very narrow discharge distribution
in the effluents of all CWs (Fig. 2G). A quite high value of R2

(0.91) showed the highest average COD removal efficiency of
72.7% with the smallest discharge of 23.08 ± 3.78 mg L−1 in
the ISs + GAC-CWs. The lowest discharge of COD in the
effluent of ISs + GAC-CWs may due to the involvement of Fe
in the oxidation of the organic matter in the presence of
diverse media. The organic compounds degraded by the
micro-electrolysis function to settable organics were quickly
removed by deposition and filtration due to the coagulation
effect of Fe2+. The Fe–C integrated CWs supply iron(II) and
electrons for high chemical activity, which in turn convert
the structural properties of several organic compounds,
causing the organics to interrupt and open the chemical
rings present in the effluent.49 However, it is challenging to
compare the pollutant removal efficiencies in the CWs due to
the variations in configuration, construction, and operation.
A comparative study considering the application of this work
(CWs) and other classical CWs is presented in Table 5.

4. Microbial community
characterization during wastewater
treatment

The 16S rDNA sequence, having a 99% similarity, analysis of
the phylogenetic tree of the isolated microbial strains is
presented in Fig. 3. The scope of water treatment in natural
wetlands or CWs depends on the nature of the wetlands, the

microbial population, and the types of plants involved. The
microbial consortiums are the most responsible components
in the CWs to improve the water quality in natural wetlands
and CWs.54 The Bacillus and Pseudomonas genera are most
common in soils, whereas in aquatic environments
Pseudomonas is more common.55 In the biological processes,
certain microorganisms such as Goebacteraceaes sp.,56

Pseudomonas spp., and Shewanella spp.57 are capable of
denitrification and might be considered as heterotrophs,
autotrophs, and heterogenotrophs58 based on the source of
energy they use for their metabolic activities. The presence of
Bacillus stratosphericus has been reported for the first time in
the CWs. B. stratosphericus which is highly tolerant to Fe (ref.
59) has also been isolated from soils60 and estuarine
sediments.61 Even under salt stress conditions, ferrous ions
have been found to optimize the microbial community
structure and promote the enrichment of specific bacteria for
wastewater treatments.1

Conclusion

Vertical flow constructed wetlands with various substrate
beds as an ecologically friendly pollutant removal
technology have shown strong potential for pollutant
removal at an average ambient temperature of about 29 °C.
The gravel-based P-CWs, GAC-CWs, and ISs + GAC-CWs can
be successfully implemented as an appropriate technology
to solve water and wastewater problems. The ISs + GAC-
CWs are efficient in the removal of ammoniacal nitrogen,
nitrate, total nitrogen, total phosphate, and COD. In ISs +
GAC-CWs, the pollutant removal efficiencies of NH4

+-N,
NO3

−-N, total nitrogen, total phosphate, and COD were
found to be 93.88%, 63.37%, 84.70%, 60.82%, and 72.7%,
respectively. Bacillus stratosphericus was isolated from the
effluent of the constructed wetlands. So, in the future
researchers can use Bacillus stratosphericus strain for the
enhancement of bioelectricity generation (microbial fuel
cell) and bioremediation of organic and inorganic
compounds.
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The developmental debate in the 21st century is incomplete without address-
ing the action and prominence of new developmental mechanisms referred 
to as International Financial Institutions (IFIs). Although several states and 
non-state actors have set up and opened space for constructive debate on 
development, the speed and volume, these institutions are shaping and op-
erating in line with the current development model make it imperative for 
study. Therefore taking Sikkim as a case wherein the operation of IFIs such 
as Asian Development Bank (ADB/Bank) is prominent, what this article will 
explain in brief is the ADB, and its engagement in the state of Sikkim and in 
that context will try to explore if the assistance/funds provided by it will work 
for the development of the state or not.
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a b s t r a c t

Ground-level ozone is a serious environmental problem due to its direct oxidative effects
on plant and indirect effect as greenhouse gas. Both of these scenario affected plant
productivity and food security. A field experiment was conducted for two consecutive
seasons to evaluate the dose–response relationship between ozone doses and groundnut
(Arachis hypogaea L) cultivars (TG-37A, TPG-41, TAG-24, GG-20, and Dh-86) using OTC
and EDU (to minimize ozone effects). Ozone negatively affects the growth, metabolism
and yield of groundnut cultivars. Enhanced level of ozone reduces the leaf area and dry
mass of plant parts while plant height was increase as compare to EDU supplemented
plant and ambient ozone. In general the effects of ozone was profound at juvenile
stages of groundnut cultivars than vegetative > and reproductive stages. Obtained yield
was maximum in EDU treated plants followed by ambient ozone >and enhanced ozone
treated plots in all the cultivars. Among the groundnut cultivars, cultivars TG-37A
showed highest yield reduction (−53.90%) while, cultivar TAG-24 showed least yield
reduction (−7.56%) by enhanced ozone exposure during first year of the experiment.
The study concluded that the cultivar Dh-86 was most sensitive at 75 ppb level of ozone
while TAG-24 shows least sensitivity and can be used for cultivation in ozone prone areas
to minimize the agricultural yield loss to ozone.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ozone is a kind of secondary pollution in the tropospheric environment and caused phytotoxic effects on plants.
Tropospheric ozone arises through the photochemical reaction of the precursor gases including carbon monoxide,
methane, nitrous oxides, and volatile organic compounds (Paoletti et al., 2014) arisen from motor vehicles, conventional
brick-making kilns, and fossil fuels combustion (Chakraborty et al., 2015; Brauer et al., 2016). Ozone in the troposphere is
considered a major threat to global crop yield production (Tai et al., 2014; Ainsworth, 2017) consequently, estimated in
the range from 14 to 26 billion US$ of economic yield loss (Mills et al., 2011; Avnery et al., 2013). Ozone pollution directly
affects crop productivity by oxidative damage to cells and indirectly through as greenhouse effect and global warming
(Ainsworth, 2017).

Food security is a global concern for the 21st century. Thus investigate the crop productivity under ozone exposure
and to identify the inter-specific resistance is an important way to control the yield loss. Approximately, the rising levels
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of ozone lost 3.7% of global and 10% of regional rice yield loss (Ainsworth, 2017). A bottom-up modeling study by Ghude
et al. (2014) quantified the potential impact of ozone on cotton, soybeans, rice and wheat crops, predicted yield loss which
can feed 94 million people living below poverty line in India. The response of ozone to crops based on genetic makeup of
the plant group, developmental stage of the crop, and ozone concentration. The sensitivity to ozone for grain crops was
highest during flowering and seed maturity stages (Yi et al., 2018).

EDU (ethylene diurea) is a synthetic chemical considered as antiozonants due to its provided protection to plant against
ozone stress without its own effect (Feng et al., 2010; Manning et al., 2011). EDU protection to ozone induced plant injury
was first reported by Carnahan et al. (1978) on bean plants. The actual action and prevention mechanism of EDU against
the phytotoxic effect of ozone is still remaining elusive (Paoletti et al., 2009; Manning et al., 2011). Researchers suggested
that EDU may facilitated the scavenging of the ozone activity by mediating antioxidants defence reaction in the plant
(Manning et al., 2011; Pandey et al., 2015). The application of EDU in plant is flexible which is applied with soil drench
or foliar spray. However, this approach assumes that EDU has an ozone specific, but no constitutive effect on plants.

Groundnut is one of the important leguminous crops, grown mainly for its essential food oil produced from the seeds.
India is the second largest producer of groundnut in Asia. In the year 2005, annual groundnut seed production was
estimated to 5.9 million tons that produce about 1.5 million tons oils (Akhtar et al., 2010; Alexandratos and Bruinsma,
2012). In India, the Gujarat state produces about 2.5 million ton of groundnut that is approximately 25% of oilseed of
groundnut (Misra, 2017). However, recent reports suggested a loss in groundnut productivity under climatic influences.
Moreover, no significant study was seen for groundnut yield loss in relation to ozone pollution.

Therefore, the presented work was conducted with an objective to assess the dose–response relationship between
ozone dose and crop responses. We hypothesized that the (1) variable cultivar responded differently to the ozone
exposure, and (2) crop response to ozone is growth stage and ozone dose dependent.

2. Materials and methods

2.1. Crop selection and experimental design

Groundnuts (Arachis hypogaea L) is a commonly grown crop of Gujarat (India) during the Rabi season (winter crop). Five
cultivars (cv. TG-37 A, TPG-41, TAG-24, GG-20 and Dh-86) of groundnut were chosen for the presented study. 50 seeds of
each cultivar were sown in plots of metre 2 on 25 January 2017 and the same date for the second year (2018). Randomized
Block Design (RBD) was applied for the experiment in which each blocks contain three replicate with different treatments
viz. enhance ozone (75 pbb), ambient ozone and EDU supplemented (to minimize ozone effect).

Each plot was mixed with 250 g vermicompost during field preparation and was applied with NPK in the ratio of
40:40:20 kg/ha. Plots were regularly irrigated to ensure sufficient water supply and weeds were managed. Open Top
Chamber (OTC) of 4 × 4 × 3.5 m sized was established for each treatment at the field of Central University of Gujarat,
Gandhinagar, India (23.2156◦ N, 72.6369◦ E) for conducting this experiment. OTCs were made up of multi layered clear
polycarbonate sheet (3 mm thick) to provide maximum available sunlight. Ozone concentration and ambient temperature
were monitored with the help of ozone sensor (Ambetronic, TC800D) and temperature sensor (HK Tempsensor) during
the study period. Average temperature during the first year (2017) study period was varied between 30.94 ◦C (during
winter days) to 38.52 ◦C (during hot days) while in second year (2018) of experiment, ambient temperature varied
between 33.43 ◦C (during winter days) to 38.77 ◦C (during hot days). Average ambient ozone concentration in first year
experiment was 13.89–22.42 ppb day−1 while, during the second year it was 26.38–28.13 ppb day−1 (Table S1). For ozone
enhancement, concentration was maintained 75 ppb (varying between 55 and 85 ppb) during peak hours (11 a.m. to 3
p.m.) from seed germination to harvesting. Supplemental ozone was provided by ozone generator (Eltech Eng., India).
For EDU treatment, 1L plot−1 of 500 ppm EDU was applied as soil drench at every 10th day from seed germination to
maturity in both year of experiments. EDU dose was decided on the basis of the best result of the experiments performed
by the previous researcher (Agrawal et al., 2005; Manning et al., 2011; Rathore and Chaudhary, 2019, 2021).

Plants were sampled at juvenile stage (20 days after sowing), vegetative stage (40 days after sowing) and reproductive
stage (65 days after sowing). Final harvesting was done at the maturity of crops. Triplicates of plants from each plot were
taken for growth, biomass and biochemical analysis.

2.2. Plant growth & biomass

After sampling of plants, plants were washed by distilled water and dried by placing them in two layers of filter paper.
Leaf area of sampled plants were measured by graphical method while, root and shoot length was measured by a regular
metre scale. The fresh and dry weight of plant part was estimated with electric balance (Milton-MA224i, accuracy max.
220 g d = 0.0001 g). Dry weight of the same tissue was recorded after drying it in hot air electric oven 80 degree
centigrade till a constant weight achieved.

Growth indices were calculated by the formulae of Hunt et al. (2002) for determination of biomass production and
pattern of allocation.

2
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2.3. Biochemical changes

Chlorophyll and carotenoids contents were estimated with the help of 80% of acetone by the formulae of Maclachlan
and Zalik (1963) and Duxbury and Yentsch (1956), respectively. Total chlorophyll was estimated by adding the values
of chlorophyll a and b. Total carbohydrate (mg g−1 fresh leaf) was determined by colorimetric copper method of
Somogyi (1952) using 80% ethanol. The total amount of carbohydrate was calculated against purified glucose standard.
Determination of protein (mg g−1 fresh leaf) was explained by Lowry et al. (1951) using phosphate buffer as an extracting
solution. Standard was prepared with the help of different concentration of BSA (Bovine Serum Albumin) solution.

2.4. Yield characteristics

Crop was harvested after maturing the plants to determine the yield characteristic. Yield was presented as pod weight
and seed weight (g m−2). Test weight was quantified using 1000 seed weight. Harvest index was calculated with the help
of total plant biomass using the following formula:

Harvest index (HI %) = (Economic yield/Biological yield) × 100

2.5. Statistical tool

The data recorded for each parameter were subjected to analysis of principle component analysis (PCA) using Origin
Pro 2019 software. The least significant difference was calculated at 0.05% probability level to determine the significant
differences among the mean values using Duncan’s Multiple Range Test by SPSS (SPSS Inc., version 17.0).

3. Results

3.1. Morphological characteristics

3.1.1. Leaf area and leaf area index
Ozone significantly reduced leaf area of all the selected experimental cultivars at each sampling stage (Fig. 1). The effect

was higher under the enhanced ozone than ambient ozone exposure. Leaf area reduction was higher at the juvenile stage
than the vegetative stage and minimum reduction was found at the reproductive stage in all selected cultivars. While in
ambient conditions reduction of leaf area followed the same trends as enhancing ozone except for cultivar TG-37 A shows
trends vegetative > juvenile >and reproductive stages. LAI also showed the value corresponding to leaf area under both
level of ozone (Fig. 1). Among the cultivars, GG-20 showed higher reduction of leaf area followed by TAG-24> TPG-41 >
TG-37 A > and Dh-86.

3.1.2. Plant height and absolute growth rate (AGR)
A surprising effect of ozone exposure was seen on the height of tested groundnut cultivars. Enhanced level of ozone

enhances plant height while, ambient level of ozone reduces height of all the experimental cultivars (Fig. 2). Every day
growth of plant height calculated as AGR also showed reduction under ambient ozone exposure and increased under
enhanced ozone exposure (Fig. 2). Ozone induced increase of height was maximum at reproductive stage except in cultivar
Dh-86 where it was found maximum at vegetative stage. AGR also showed higher effect of enhanced ozone was during
vegetative to reproductive stage on experimental cultivars except Dh-86.

3.2. Dry mass allocation and accumulation

Dry mass allocation and accumulation to different plant parts of tested groundnut cultivars was also influenced by
ozone exposure (Fig. 3 and S1). Higher the dose will have higher the impact. Above ground portion of groundnut cultivars
was more affected by ozone regardless the dose as evident by increased RSR under ozone exposure. Percent decrease of
root dry mass was higher at juvenile stage in cultivar TG-37 A and TPG-41, at vegetative stage in cultivar TAG-24 and
GG-20 and, at reproductive stage in cultivar Dh-86. Similarly, percent reduction of shoot mass was maximum at juvenile
stage in cultivar TG-37 A, TPG-41 and in cultivar GG-20, at vegetative stage in cultivar TAG-24 and in cultivar Dh-86,
however germplasm of cultivar GG-20 showed maximum reduction at reproductive stage. Among the cultivars, TAG-24
having maximum percent difference of RSR under ozone exposures.

3.3. Biochemical changes

3.3.1. Total chlorophyll and carotenoids
The photosynthetic pigments (chlorophyll and carotenoids) of tested cultivars were significantly affected by ozone

exposure (Fig. 4). Reduction of photosynthetic pigments was severe with higher dose of ozone. Trend of reduction was
variable among the cultivars and by dose although, age wise reduction trend of chlorophyll was inversely proportionate
to carotenoids in general. Chlorophyll and carotenoids of TPG-41 parent plants were least affected by ambient ozone
exposure, however, percent reduction under enhanced ozone was in line with other cultivars of groundnut.

3
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Fig. 1. Effect of ozone on leaf area (cm2) and leaf area index (LA/L) of groundnut cultivars (A) TG-37 A, (B) TPG-41, (C) TAG-24, (D) GG-20 and (E)
Dh-86 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are
not significantly different (p < 0.05) using Duncan’s Multiple Range Test).

3.3.2. Total carbohydrate and protein contents
Similar to photosynthetic pigments, carbohydrate and protein content of groundnut cultivars were also significantly

reduced under both ozone doses with higher severity under enhanced ozone exposure (Fig. 5). Reduction of carbohydrate

4



I.J. Chaudhary and D. Rathore Environmental Technology & Innovation 22 (2021) 101494

Fig. 2. Effect of ozone on plant height (cm) and absolute growth rate (JS — juvenile, VS — vegetative stage and RS — reproductive stage, cm day−1)
of groundnut cultivars (A) TG-37 A, (B) TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 (Mean ± standard deviation of three replicates presented by
thin vertical bars, Value within each column followed by the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range
Test).

was maximum at vegetative stage followed by reproductive stage for cultivar TG-37 A and TPG-41, at reproductive stage
followed by juvenile stage for cultivar TAG-24, reproductive stage followed by vegetative stage for cultivar GG-20 and, at
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Fig. 3. Effect of ozone on leaf dry weight (g) and root shoot ratio (r/s) of groundnut cultivars (A) TG-37 A, (B) TPG-41, (C) TAG-24, (D) GG-20 and
(E) Dh-86 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are
not significantly different (p < 0.05) using Duncan’s Multiple Range Test).

juvenile stage followed by reproductive stage for cultivar Dh-86, except germplasm of cultivar TPG-41 and GG-20, where
it was found maximum at reproductive stage followed by vegetative stage and, juvenile stage followed by vegetative
stage, respectively. Percent reduction of protein was highly diverse among the cultivars growth stage and ozone dose.

6



I.J. Chaudhary and D. Rathore Environmental Technology & Innovation 22 (2021) 101494

Fig. 4. Effect of ozone on total chlorophyll (mg g−1 fresh leaf) and carotenoid contents (mg g−1 fresh leaf) of groundnut cultivars (A) TG-37 A, (B)
TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each
column followed by the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test).

3.4. Yield characteristics

Groundnut yield was measured as pod weight and quality was measured as seed weight and test weight (Fig. 6).
Elevated ozone caused negative effects on pod and seed weight of groundnut cultivars as compared to ambient ozone

7
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Fig. 5. Effect of ozone on total carbohydrate (mg g−1 fresh leaf) and protein (mg g−1 fresh leaf) of groundnut cultivars (A) TG-37 A, (B) TPG-41,
(C) TAG-24, (D) GG-20 and (E) Dh-86 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column
followed by the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test).

and EDU application increased the weight of seed and pod. Total pod weight was count as the total yield of plants and
average reduction trends in both years of the experiment were found Dh-86 >TAG-37 A > GG-20> TAG-24 >and TPG-
41 under enhance ozone. While minimum reduction of yield was noted in cultivar TAG-24 (−7.56%) in parental plants.
Qualitatively, the seed weight (g m−2) of TAG-24 was the least affected among the tested cultivars under ambient and

8
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Fig. 6. Effect of ozone on pod weight (g m−2), seed weight (g m−2), test weight (1000 seed weight) and harvest index (%) of groundnut cultivars
(Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not
significantly different (p < 0.05) using Duncan’s Multiple Range Test).

enhance ozone in the parental plant. The yield was significantly lower in germplasm of all the tested cultivars than the
parent plants, however; the ozone effect was less evident in germplasm. The higher reduction of seed weight was found
in cultivar Dh-86 (−69.29%) in the first year of the experiment. While cultivar TPG-41 (−12.05%) shows the minimum
reduction of seed weight during same year of the experiment. Test weight of groundnut cultivars was following the same
trends as seed weight. Maximum reduction of test weight was found in cultivar Dh-86 (−69.17%) and minimum in cultivar
TPG-41 (−10.96%) during first year experiment. Harvest index of groundnut cultivar was in line with yield and cultivar
TAG-24 was least affected under elevated ozone while in ambient ozone cultivar TG-37 A was least affected.

9
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3.5. Principle component analysis (PCA)

PCA analysis of groundnut cultivar TG-37 A shows the percentage of variance bi-plot at PC1 (71.14%) and PC2 (13.70%)
with eigenvalue 11.38 for PC1 and 2.19 for PC2. The higher loading value was found at PC1 in leaf dry weight and
carbohydrate showed strong relation. While seed weight, test weight and harvest index was also showed a strong relation
with loading value 0.26. Leaf area, LAI, shoot dry weight and pod weight were slightly correlated with above parameters
and strongly correlated with each other’s. EDU treated plants show positive loading values at both PCs and enhance
ozone treated plant shows negative loading values. Loading values of ambient ozone plants show positive values at
reproductive > and vegetative stages and negative value at juvenile stages (Fig. 7). The percentage variation of cultivar
TPG-41 was higher at PC1 (72.13%) with eigenvalue 11.54, while, variation at PC2 was found (14.47%) with eigenvalue 2.31.
Loading of PCAs for cultivar TPG-41 shows a strong relation between leaf area, leaf area index, leaf and root dry weight.
Carbohydrate, shoot dry weight, test weight and seed weight was also showed strong relation with each other’s and
slightly correlated with above parameters. Harvest index and pod weight was strongly correlated and slightly correlated
with protein contents. Score plot of PC1 with treatments showed positive values at reproductive and vegetative stages
of plants and negative values were shown in all treatment at juvenile stages (Fig. 7). The higher variation was found in
cultivar TAG-24 at PC1 (72.95%) and PC2 (15.15%) with eigenvalue 11.67 and 2.42 respectively. Within the parameters, leaf
area, LAI, carotenoids, shoot dry weight, seed weight and test weight were strongly correlated with each other. While Total
chlorophyll, pod weight and harvest index were slightly correlated with the above parameters. The maximum score plot
value was found in EDU treated plant at the reproductive stage (7.29) for parent plant and the minimum value was noted
at the juvenile stage (−4.76) in enhancing ozone-treated germplasm of TAG-24 (Fig. 7). EDU and ambient ozone-treated
plant showed positive value at vegetative and reproductive stages while enhanced ozone-treated plant show positive
values at the reproductive stage. Plant at juvenile stages showed negative values in all treatments. For cultivar GG-20,
leaf area, LAI, root dry weight and protein contents were strongly correlated. While total chlorophyll, carotenoids, seed
weight, test weight and harvest index were also strongly correlated and less correlated with leaf area, LAI, and leaf protein.
The variance of cultivar GG-20 was found at PC1 (78.92%) and PC2 (9.55%) with 12.62 and 1.52 eigenvalue at PC1 and
PC2. Treatment wise score value of cultivar GG-20 followed the similar trend to cultivar TAG-24. The maximum value was
noted at the reproductive stage (7.58) in EDU treated plant from the first year of experiments and minimum in enhance
ozone-treated plant at the juvenile stage (−4.80) in the germplasm (Fig. 7). The score of cultivar Dh-86 was 71.08% at
PC1 and 15.18% at PC2 while eigenvalue was 11.37 and 2.42 at PC1 and PC2. Cultivar Dh-86 showed strong relation
with leaf area, leaf area index, protein, pod and seed weight, test weight and harvest index with loading plot value 0.26
while, carbohydrate was slightly correlated with loading value 0.27. Treatment wise score value of this cultivar was also
followed the same trends as above cultivars. The higher score value was found in EDU treated plant than ambient ozone
> and enhance ozone (Fig. 7). Overall EDU application improves plant growth and yield of groundnut cultivars. On the
basis of obtaining the result of PCAs ozone tolerant cultivars shows strong relation with the growth, physiology, and yield
of crops.

4. Discussion

4.1. Morphological characteristics

Plant morphological responses to ozone dose were differing among the cultivars at different growth stages, although,
higher the dose caused higher effect in all the cultivars. Ozone induces premature leaf senescence and reduction in leaf
area (Wittig et al., 2009; Zhu et al., 2011). Similarly, meta-analysis of Feng et al. (2019) find reduced plant height and
leaf area of poplar under ambient and enhanced ozone dose. Surprisingly, we find increased stem length of groundnut
under enhanced ozone and reduced stem length under ambient ozone dose than EDU treatment. Moreover, Yi et al. (2018)
reported that the sensitivity of crop was highest during the flowering and maturity stage. However, result of the presented
study suggested that pattern of response also vary among the ozone dose and growth stage. All the cultivars for enhanced
ozone showed maximum reduction of leaf area and LAI at juvenile stage. While, other growth parameters responded
variably under ambient and enhanced ozone exposure. However, all the cultivars under both ozone exposures showed a
common pattern that ozone effect was minimized when plants are reaching to vegetative stage.

4.2. Dry matter allocation

Dry matter of groundnut cultivars was decreased due to enhance ozone than the ambient level of ozone dose. Analysing
of principle component (PCAs) clearly indicate that the variation of dry matter depend on ozone doses. The EDU applied
plant part mass was positively correlated and ozone exposed plant shows negative correlation. Different crops have widely
different responses to ozone due to genetics and developmental stages relative to concentration levels (Feng et al., 2008).
For example, grain crop sensitivity is highest during the flowering and seed maturity stage (Mills et al., 2007; Yi et al.,
2018). This is true for the groundnut cultivars too. Most of the experimental cultivars showed ozone induced reduction
of shoot and root mass were maximum at juvenile stage while, for leaf mass it was maximum at reproductive stage for
cultivar TAG-37 A, TPG-41 and Dh-86 at vegetative stage for cultivar TAG-24 and GG-20. Reduced mass and increased size
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Fig. 7. Principle component analysis (PCA) correlation bi-plot of growth, biochemical and yield responses to ozone exposure and EDU treatments.
Symbol represent the standardized scores on PC1 (x-axis) and PC2 (y-axis) for the ozone exposure and EDU treatment of Arachis hypogaea L. (cv.
TG-37 A, TPG-41, TAG-24, GG-20 and Dh-86). Vector coordinates represent the correlations between standardized variables and principle components
(PCs).

under enhanced ozone will resulted into weaker stem. Our previous studies (Rathore and Chaudhary, 2019) also found

increased stem length and reduced stem mass of castor cultivars at 75pbb of ozone. Feng et al. (2019) also reported

reduced basal diameter of poplar plants under enhanced ozone.
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Analysing biomass allocation through RSR (root to shoot ratio) or SRS (shoot to root ratio) was considered advantageous
as it involved whole plant into one parameter (Poorter et al., 2012). The increased root/shoot ratio under ozone-exposed
plants suggested higher effect of above ground plant part and allocation of photosynthate towards underground plant part.
Thus nutrient uptake properties and transport, translocation and partitioning of carbohydrates between the source (leaves)
and sink organs (roots and grains) are often disturbed (Zheng et al., 2013). Rising ozone may cause cellular damages to
plant leaves, which reduces photosynthetic production of carbohydrates and reduce above and below ground part of
plants (Rathore and Chaudhary, 2019; Ghosh et al., 2021). Most of the cultivar shows higher values of root shoot ratio
at vegetative and juvenile stages than the reproductive stage suggesting higher sensitivity and more allocation towards
underground parts at early stage in cultivars of groundnut.

4.3. Biochemical changes

Air pollution including ozone-induced degradation in photosynthetic pigments was observed by a number of workers
in different plant species and cultivars of similar species (Chaudhary and Agrawal, 2015; Chaudhary and Rathore, 2018a,b,
2019; Feng et al., 2016; Sarkar and Agrawal, 2012; Shang et al., 2017; Tiwari and Agrawal, 2018). Presented study also finds
that the photosynthetic pigments of all selected groundnut cultivars were highly affected by ozone pollution. Effect was
much distinct under enhanced ozone than ambient ozone for all the cultivars. Reduction trend of carotenoids was inversed
to chlorophyll. Chlorophyll seems to be the primary target and affected significantly much higher than carotenoids.
Castagna et al. (2001) suggested that the ozone initiates the destruction of total chlorophyll by preventing the synthesis
of this pigment and suggested any reduction in plant pigments may serve as an adaptation against stress. Reduced
number of light-harvesting antennae complexes may protect PSII from further photo-inhibition. Further, photosynthetic
heterogeneity exist among leaves of a single plant and that both photosynthetic performance and photoprotective capacity
influenced by the time of emergence, the age of the leaf, and the age of the plant itself (Horton, 2012). Chlorophyll
pigments exist in highly organized state, and under stress they may undergo several photochemical reactions such
as oxidation, reduction, pheophytinisation and reversible bleaching. Hence, any alteration in chlorophyll concentration
may change the morphological, physiological and biochemical behaviour of the plant (Ghosh et al., 2021). In presented
study ozone pollution caused adverse effects on chlorophyll and carotenoids contents at juvenile stages than vegetative
> and reproductive stages of all cultivars. While cultivars GG-20 showed a higher reduction of carotenoids content at
reproductive stages and TAG-24 at vegetative stages. Carvalho et al. (2015) suggested that the photosynthetic activity
changes during the vegetative stage, and as the plant gets older, its tolerance to stress increases.

Carbohydrate metabolism is the major metabolic pathway in plants (Xing et al., 2015), with plant carbohydrates helping
a major functional role as compatible solutes, including hexoses, disaccharides, sugar alcohols, and complex sugars, which
accumulate during stress (Chen et al., 2018). The negative effect of ozone disrupted the membrane integrity, can cause
chlorophyll loss, reduces the photosynthesis rate and affects the biomass, carbohydrate and protein of plants (Chaudhary
and Rathore, 2020). While, EDU application minimizes the effect of ozone and increased the concentration of chlorophyll,
carotenoids, and plant metabolites such as carbohydrate and protein contents (Gupta et al., 2018). Cultivar TPG-41 shows a
higher concentration of total chlorophyll contents and also found an increasing level of carbohydrate and protein contents
while cultivar Dh-86 shows minimum values. Reduction of carbohydrate content was higher in cultivars TG-37 A, TPG-
41 and GG-20 at reproductive stages than vegetative > and juvenile stages while, cultivar Dh-86 was highly affected at
juvenile stage than reproductive > and vegetative stages and cultivar TAG-24 shows higher reduction of total carbohydrate
at reproductive > juvenile > and vegetative stage. Result of the study shows that the plant affected high at juvenile stage is
sensitive to ozone and which plant affected high at reproductive stages is tolerant to ozone in nature. Maximum reduction
of carbohydrate was found in cultivar Dh-86 and minimum reduction in cultivar TPG-41. Minimum reduction of protein
contents was found in cultivar TPG-41 while higher increment of protein content due to EDU application was noted in
sensitive cultivars.

4.4. Yield characteristics

The O3 tolerance in groundnut depends more on the specific potential of each cultivar than the stress-induced
physiological and biochemical adjustments to avoid and counter stress-induced oxidative damage. The higher dose of
ozone (enhanced ozone) caused higher reduction of yield of groundnut cultivars than > ambient level of ozone and >
EDU supplemented plants. The defensive mechanisms are an integral part of plant which provides protection against
various type of stress (Chaudhary and Rathore, 2018a, 2019; Singh and Rathore, 2019). It means that plants invested
most of its resources for their active defence and provide tolerance to plants. This study demonstrated that the sensitivity
to ozone for cultivar TAG-24 is least with lesser yield loss under futuristic ozone exposure while, cultivar TG-37 A and
Dh-86 was highly sensitive for future ozone level. However, low yield reduction under ambient ozone for TG-37 A and
Dh-86 suggested that the yield loss to ozone is dose dependent. Yield reduction to ozone was higher at lower dose itself
in cultivar TAG-24 > GG-20 and > TPG-41, and changed little with dose enhancement. Although, least reduction of seed
quality and harvest index in cultivar TAG-24 suggested its tolerance to ozone exposure followed by GG-20 and > TPG-41.
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4.5. Principal component analysis

Results of the present study were scattered and PCA can be a useful tool to provide important information. PCA
can be used for any experiments to extract important information such as; correlation, effects and assessment, from
large multivariate data by reducing the dimensionality (Xu et al., 2016; Rathore and Chaudhary, 2021). PCA analysis
of all selected growth and biochemical parameters of groundnut cultivars shows positive correlation with ozone dose
suggesting its reduction with increased ozone. Cultivars having ozone tolerance represent positive values at all ages
while sensitive cultivars such as Dh-86 treated with ozone shows positive relation only at reproductive stage. As argued
earlier, growth and biochemistry of cultivar Dh-86 is highly correlating with treatments suggested its highest sensitivity
for ozone pollution while negative PCA score of cultivar TAG-24 >and TPG-41 suggested reduced responsiveness for ozone
pollution. Different doses of ozone and cultivars play variable result of the study. Elevated ozone negatively correlated
with all cultivars and EDU application shows positive correlation in all selected cultivars. A study was also reported that
the EDU application shows positive score value at all growth stage of groundnut cultivars (Rathore and Chaudhary, 2021).
Overall the selected cultivars show strong relation with each other in both year of experiment. Cultivar TPG-41 and TAG-
24 shows positive values and strongly correlated with each treatment. While cultivars GG-20 and Dh-86 show negative
values maximum score values in the second year of the experiment were noted in cultivar TG-37 A (8.24) under EDU
treated plant. Result of the study shows that the cultivar TAG-24 is less responsive to ozone dose while cultivar Dh-86
shows highly sensitive to ozone.

5. Conclusion

The presented study demonstrated that the higher dose of ozone caused negative effects on growth, biomass and
yield of groundnut cultivars than ambient ozone. The germplasm of groundnut does not show any adaptability of ozone.
Moreover, ozone induced loss was higher in early growth stage in groundnut cultivars than later growth stages where
plant developed some tolerance to ozone. On the basis of both year yield reduction cultivar Dh-86 was the most sensitive
cultivar and cultivar TAG-24 was least sensitive in nature. However, yield reduction was also ozone dose dependent and
high sensitive variety for enhanced ozone showed low yield loss under ambient ozone. Further, reduction of yield is a
cumulative response of physiological activity of plants to ozone dose and depends on the genetic makeup of cultivars.
The study recommended more research on this line for more conclusive evidence.
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Assessment of Groundwater Quality and Associated
Human Health Risk of Central Gujarat, India

Swayam Siddha and Paulami Sahu*

The groundwater quality of Vishwamitri River Basin (VRB), Central Gujarat, is
assessed to evaluate its competency to meet the agricultural and drinking
standards, and to determine associated human-health risk by consumption of
this groundwater, if any. The overall groundwater quality for drinking is
expressed by water quality index. Various indices like sodium adsorption ratio,
salinity hazard, soluble sodium percentage, magnesium adsorption ratio, and
Kelly’s ratio represent groundwater’s agricultural suitability. A health risk
assessment model is used to measure non-carcinogenic human health
hazard. Results reveal that i) trace metals like lithium, manganese,
molybdenum, strontium, thallium, vanadium and zinc are present in
groundwater indicating contamination of groundwater by hazardous
industrial and agricultural wastes; ii) groundwater of about 78% of VRB area
is unsuitable for drinking; iii) positive values of Schoeller index of maximum
groundwater samples indicate that ion exchange of Na+ and K+ with Ca2+and
Mg2+ is the dominant mechanism to control the quality of groundwater; iv)
SAR values indicate high to very high salinity of groundwater and therefore, it
is unsuitable for irrigation; and v) the health risk assessment model discloses
that the risk of gastrointestinal disorder is higher in children than adults; and
oral ingestion is more dangerous than dermal exposure.

1. Introduction

The groundwater is assumed as a treasurable and the purest
source of drinkable water abundant for human consumption.
The biotic, actinic, and material states of groundwater ascertain
its quality criteria as its competency factor for precise intentions
like drinking, agriculture, domestic, and industrial activities.[1–4]

The quality of groundwater mostly depends on its geogenic
sources such as weathering and erosion of bedrock, rock–water
interaction, and also its duration of persistence in the aquifer
system.[5] In the recent times, population explosion, industrial
growth, mining activities, prodigious use of chemical plant foods
(manures), acaricides, insecticides in the agricultural sector, and
various other anthropogenic activities have led to the release of
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the profuse amount of hazardous and trace
elements into the environment and cause
groundwater contamination.[6] This con-
tamination consequently may lead to severe
environmental problems as well as health
hazards to the life forms. In the modern
era, water quality issues are a grave con-
cern in many agrarian countries like India,
Nepal, Myanmar, Nigeria, Brazil, Indone-
sia, Pakistan, Thailand, etc., of developing
and the underdeveloped world.[7,8] There-
fore, assessment of groundwater quality for
irrigation should be given maximal atten-
tion before adopting it for the same.
The groundwater quality and quantity are

the major highlights in the research field
across the length and breadth of the globe.
According to these studies, during the last
two decades, every part of the world has doc-
umented triumphs in accessing improved
drinking water (IDW), sanitation, and per-
sonal cleanliness with the sustainable de-
velopment goals (SDGs).[9–12] As per the
report, Sub-Saharan Africa; Latin America,
and the Caribbean; West Asia and North
Africa; East Asia; and South-East Asia had

24%, 65%, 90%, 94%, and 50% of their approaches to IDW,
respectively.[11,13] Intake of polluted groundwater together with
compromised hygiene and sanitary conditions are the primi-
tive causes of million annual deaths globally.[10] Studies also re-
veal that 80% of all waterborne ailments like epidemic cholera,
diarrhea, dysentery, enteric fever, poliomyelitis, dracunculia-
sis, and dermal infections in developing countries occur due
to intake of polluted water, unsanitary conditions, and open
defecation.[10,11,14] Therefore, assessment of the drinking water
quality happens to be the top-drawer for the supply of clean wa-
ter in a sustainable manner for the wellbeing of human health in
integrity with hydro-environment.[15,16]

India also witnesses chronic water scarcities, both qualitatively
and quantitatively, due to the booming population, agricultural
development and industrial activities.[17] Among 29 states of In-
dia, Gujarat andRajasthan, semi-arid and arid states, respectively,
are severely affected by the inadequacy of water. While taking ac-
count of the quality of water, Gujarat is one of themost severely af-
fected states of the country. ≈89% of the total water requirement
for irrigation in India is sufficed by the groundwater as reported
by the Central Ground Water Board.[18] Shallow groundwater
which is generally used for irrigation in Gujarat is saline in na-
ture and causes salt accretion in the soil. Additionally, excess use
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Assessment of ozone toxicity on cotton (Gossypium hirsutum L.) cultivars: 
Its defensive system and intraspecific sensitivity 
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A B S T R A C T   

Anthropogenic activities help the ozone formation at the troposphere which causes toxic effects on plants and 
humans. Ozone is a highly reactive gas that enters in plants through stomata and initiates the overproduction of 
ROS which causes oxidative stress in plants that lead to the destruction of membranal lipids, proteins, impaired 
the production of sugars and other metabolites and ultimately damage the cell. Presented study was conducted to 
assess the ozone toxicity on the biomass accumulation of cotton (Gossypium hirsutum L.) cultivars and the role of 
antioxidative activity in intraspecific sensitivity among the tested cultivars. Results showed that the ozone 
exposed plants have higher accumulation of H2O2 and MDA correspond to the EDU supplementation which 
increase the membrane permeability and adversely influence the protein, starch, and biomass accumulation and 
allocation of the experimental cotton cultivars. On the basis of biomass reduction, cotton cultivar ADC1 is the 
most sensitive cultivar, while cultivars G. Cot.21 > GADC-2 and G. Cot.13 is moderately sensitive and cultivar V- 
797 is the least sensitive to ozone stress. Activated defense mechanism such as enhanced activity of antioxidative 
compounds and enzymes detoxify the ROS by scavenging H2O2 and protects plants against damage. However, 
activation of defence is variable among the cultivars and corresponded to the biomass loss. Study concluded that 
the ozone sensitivity among the cotton cultivars depends on the scavenging of ROS. Further, study recommended 
cultivar ADC-1 as an assessment tool for ozone and cultivar V-797 for cultivation at ozone prone areas to 
minimize the agricultural loss.   

1. Introduction 

Ground level ozone is widely recognised as the most damaging air 
pollutant to vegetation due to its phytotoxicity and prevalence at high 
concentrations over rural/agricultural regions (Ainsworth et al., 2012). 
Ozone is expected to have an adverse effect on plant growth including 
reduced biomass accumulation, inhibition of photosynthetic processes, 
and impairment of organelles, and formation of oxidative contents in 
physiological processes even at a relatively small concentration (Wang 
et al., 2015; Rathore and Chaudhary, 2019, 2021; Chaudhary and 
Rathore, 2021). 

Aerobic organism generates ROS as by-products of natural metabolic 
pathways. However, greatly accelerated production of ROS and its re-
action products has been widely identified and tested under various 
stress conditions including drought (Zou et al., 2020), salinity (Luo 
et al., 2021), heavy metals (Singh and Rathore, 2019), temperature 
(Zafar et al., 2020), nutrient deficiency and excess (Singh and Rathore, 
2018), UV radiation (Agrawal and Rathore, 2007), atmospheric dust 

(Chaudhary and Rathore, 2018, 2019) and ozone (Rathore and 
Chaudhary, 2021). Reactive oxygen species act as signalling molecules 
for growth and development. Plants have maintains an equilibrium 
between the generation of ROS and metabolic activity (Gill et al., 2012; 
Anjum et al., 2012; Bhandari et al., 2020). However, the exceeded 
generation of ROS induces oxidative stress when necessary antioxidant 
amounts are decreases in plants (Singh and Rathore, 2018) which 
resulted into reduced membrane integrity, impaired metabolic func-
tioning and ultimately permanent damage to the cell (Bhattachrjee 
et al., 2005; Foyer et al., 2005; Rathore and Chaudhary, 2021). 

Antioxidant systems counteract stress-induced ROS aggregation 
(Mittler et al., 2004). Various antioxidative defense mechanisms scav-
enge reactive oxygen species molecules in steady-state circumstances 
(Foyer et al., 2005). Antioxidative enzymes especially superoxide radi-
cals are formed when oxygen produced in chloroplasts during photo-
synthesis and accepts electrons passing over photosystems (Bhandari 
et al., 2020). Similarly, proline is listed as the most effective 
non-enzymatic antioxidant that can help counter the special effects of 
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ROS (Chen et al., 2005). Numerous biotic and abiotic stresses may 
disturb the equilibrium among the generation and scavenging of ROS 
(Mittler et al., 2011). These disruptions in equilibrium induce a rapid 
rise in intracellular stages of ROS, which can deregulate cell functioning 
(Bhattachrjee et al., 2005). The higher ROS production in plants under 
ozone exposure causes significant crop loss worldwide (Ainsworth et al., 
2012). Stress tolerant plant species thus be identified and grow to reduce 
the agricultural loss. 

Cotton is an industrially important crop cultivated in tropical and 
subtropical regions of more than 80 countries (Singh and Kairon, 2001) 
is the primary source of the world’s industrial textiles and stock feed and 
are a major source of cooking oil for much of the world (Deguine et al., 
2008). The largest exporting countries in 2017 for cotton (raw cotton, 
cotton yarn, thread and woven fabrics) were China (USD 15.1 billion), 
the United States (USD 7.6 billion), and India (USD 4.7 billion) 
(Workman, 2020a, b). Due to the higher temperature condition for 
cotton cultivation, the area is also prone to the production of ozone 
hence, the cotton productivity loss to ozone. However, no study on 
cotton in relation to ozone pollution is seen in the literature. 

Therefore, the presented study was conducted to assess the ozone 
toxicity on the biomass accumulation of cotton (Gossypium hirsutum L.) 
cultivars and the role of antioxidative potential in intraspecific sensi-
tivity among the tested cultivars. Study hypothesized that the sensitivity 
of cotton is dependent on the inherent potential of ROS scavenging. 

2. Materials and methods 

2.1. Experimental crop, design, and field management 

Cotton cultivar V- 797, G. Cot. 13, ADC- 1, G. Cot. 21, GADC- 2 were 
selected for the present experiment. Selection of the crop was based on 
the local growing conditions. 100 seeds of each cultivar was sown in 
each plot (1 m2 size) in triplicate. Thinning was conducted after emer-
gence of seedlings to maintain 5 plants per plot. Plants regularly irri-
gated by ground water. During field preparation, each plot was mixed 
with 250 g vermicompost and recommended dose of NPK in the ratio of 
40:40:20 kg/ha, and the same doses of fertilizers were applied at 25, 
102, and 152 days after sowing of plants. Experiment was arranged in 
randomized block design with three treatments i.e. enhance ozone, 
ambient ozone and EDU supplement. Open Top Chambers (OTCs) of 4 ×
4X3.5 m sized was established for each treatment at the field of Central 
University of Gujarat, Gandhinagar, India (23.2156◦ N, 72.6369◦ E) for 
conducting this experiment. OTCs were made up of multilayered clear 
polycarbonate sheet (3 mm thick) to provide maximum available sun-
light. Ambient ozone and temperature during study period was 
measured using ozone sensor data logger (Ambetronic, TC800D) and 
temperature sensor (HK Tempsensor). During first year of experiment, 
ambient ozone was ranging between 39 ppb (during summer) to 13 ppb 
(during winter) while it was highly fluctuating during second year and 
reached 79 ppb during summer month. Ambient ozone and temperature 
is presented in Fig.S1. Average ozone concentration for ozone 
enhancement was maintained 75 ppb (varying between 57 and 84 ppb) 
during peak hours (11 a.m.–3 p.m.) from the seed germination till har-
vesting. Supplemental ozone was provided by ozone generator (Eltech 
Eng., India). EDU was provided 500 ppm as soil drench at every 15th 
day. EDU dose was decided on the basis of best result of the experiments 
preformed by previous researcher (Agrawal et al., 2005; Manning et al., 
2011; Rathore and Chaudhary, 2019, 2021). For controlling the insects 
the insecticides pyriproxifen and methomyl were used. 

2.2. Total biomass of plants 

Sampled plant parts was separated and washed using double distilled 
water to remove the excess soil and kept in dry air oven at 80 ◦C till a 
constant weight achieved. Total biomass of plants parts was measured 
using a single pan electric balance (Milton-MA224i d = 0.0001 g). 

2.3. Sugar and starch contents 

Sugar was determined using 80% ethanol solution following the 
method of Somogyi (1952). Fresh leaf sample (50 mg) was crushed with 
ethanol and centrifuged at 3500x for 15 min. Pellets were washed by 
80% ethanol four times and then with deionized water and centrifuged 
at each washing. After final washing and centrifugation 1 ml of super-
natant was taken and mixed well with 1 ml of copper reagent. The so-
lution was heated for 10 min and cooled to room temperature for 30 min 
before taking OD (optical density) at 500 nm to quantify total soluble 
sugars. To determine total reducing sugar, 0.5 ml aliquot was diluted 
with 1 ml of phenol (5% reagent) and kept it at room temperature for 10 
min. The solution was added with 5 mL of H2SO4, and the solution was 
kept on a water bath for 10 min before taking OD 480 nm to estimate the 
SS (soluble Sugar). Pellets left behind extracting process were washed 
twice by perchloric acid (52%) and centrifuged, and finally washed by 
double distilled water and centrifuged. The mixture makeup to 50 ml 
using deionized water. 1 ml of supernatant from the solution was taken 
for determination of starch following the method described for soluble 
sugars to estimate the starch. RS, SS, and starch was calculated against 
the standard curve prepared from purified glucose. 

2.4. Total proteins 

The contents of protein in fresh leaf were measured by the Lowry 
et al. (1951) using the phosphate buffer as extracting solution. The 
sample was centrifuged, and the supernatant was used for protein 
determination. Total protein content was measured against the standard 
curve prepared using BSA (Bovine Serum Albumin). The quantity of 
protein is presented in mg g− 1 fresh leaf. 

2.5. Membrane permeability (MP) 

Membrane damage was measured in terms of electrolytes leaked out 
from the sample as proposed by Blum and Ebercon (1981). For this, 
twenty pieces of 1 cm circular shape sample was kept in a beaker with 
10 ml of distilled water for 3 h to measure the conductivity (mS/cm) 
using electrical conductivity (EC) meter. 

2.6. Hydrogen peroxide and MDA contents 

H2O2 was estimated by the method of Velikova et al. (2000). For this, 
0.25 g of leaf sample was homogenised in 5 ml 0.1% TCA and centri-
fuged. 500 μL of supernatant from the centrifuged solution was added 
with 500 μL (10 mM) of potassium phosphate buffer and 1 mL of po-
tassium iodide (1 M) and mixed well. The solution was kept in room 
temperature for 20 min before observing the OD at 390 nm. 

MDA contents were determined by using 5% TCA with the proposed 
method of Heath and Packer (1968). For this, 250 mg fresh leaf was 
homogenised with 5 ml TCA (5%) and centrifuged at 4800x for 10 min 
500 μL supernatants of the solution was then added with 2 ml thio-
barbituric acid (0.5%). This mixture was warmed at 95 ◦C for 50 min and 
immediately cooled in an ice bath before taking OD at 600 nm and 532 
nm. 

2.7. Non enzymatic antioxidants 

2.7.1. Carotenoids 
For carotenoids content 100 mg leaf sample was homogenised in 10 

mL 80% (v/v) acetone. After homogenization, the solution was kept at 
4 ◦C for overnight and OD was measured at 663 nm and 645 nm after 
bringing the solution at room temperature. Total carotenoids in fresh 
leaf mg g− 1 was calculated by following the formula of Duxbury and 
Yentsh (1956). 
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2.7.2. Phenol and flavonoids 
Phenol was determined by the method described in Mallick and 

Singh (1980) using 250 mg leaf sample homogenised in 70% acetone as 
extracting solution. The solution was centrifuged at 6000x for 10 min 
before adding 5 ml of 20% sodium carbonate. Final volume of the so-
lution was made 10 ml with distilled water before taking the OD at 750 
nm. 

Flavonoids was estimated using 100 mg of leaf sample homogenised 
in 100 ml of ethanol and acetic acid solution (99:1, v/v). After ho-
mogenization, this solution was boiled (2 min) and gently cools to room 
temperature. The optical density was reads from 250 to 350 nm 
(Cameron et al., 1943). 

2.7.3. Proline 
Proline content in 500 mg fresh leaf was determined following the 

method as explained in Plummer (1979) using 10 ml of 3% sulphosa-
lycylic acid. The solution was filtered by Whatman filter paper before 
adding 2 ml of ninhydrin and 2 ml of glacial acetic acid. The solution 
was stored at 80 ◦C for 1 h 4 ml of toluene was added in the solution after 
cooling and mixed by a stirrer for 15 min. The OD was taken at 520 nm 
and the standard curve was made using purified proline and presented as 
mg g− 1 fresh leaf. 

2.8. Enzymatic antioxidant activities 

Enzymatic activities were estimated using potassium phosphate 
buffer. For this, 0.25 g leave was homogenised in 5 mL of cold potassium 
phosphate buffer (50 mM, 7.8 pH). The mixture of the solution was 
centrifuged for 20 min at 12000x at 4 ◦C. Solution was kept at − 20 ◦C for 
purpose of the CAT, SOD, POD, and APX estimation: 

2.8.1. Superoxide dismutase (SOD) 
For SOD activity Van Rossum et al. (1997) procedure was followed. 

50 μL supernatant of stored solution was taken and added with 400 μL 
deionized water, 250 μL (50 mM) potassium phosphate buffer (pH 7.8), 
100 μL L-methionine, 100 μL tritron-X, 50 μL nitro blue tetrazolium 
(NBT), 50 μL riboflavin gradually. The absorbance of the mixture was 
obtained at 560 nm. 

2.8.2. Peroxidase (POD) and catalase (CAT) activity 
The procedure suggested by Chance and Maehly (1955) was used to 

assess POD and CAT activity. For POD, 100 μL of supernatant was added 
with 1.8 mL (50 mM) potassium phosphate buffer, 100 μL (20 mM) 
guaiacol and 100 μL (40 mM) H2O2. The absorbance of the solution was 
detected at 470 nm every 20 s for 3min. For CAT, 100 mL supernatant 
was added with 1.9 mL potassium phosphate buffer (50 mM), and 1 mL 
(5.9 mM) H2O2 and the OD was measured at 240 nm every 20 s for 2 
min. 

2.8.3. Ascorbate peroxidase (APX) activity 
APX activity was estimated following the method explained in 

Nakano and Asada (1981). For this, 3 mL mixture of phosphate (100 
mM), EDTA-Na2 (0.1 mM), ascorbic acid (0.3 mM), and H2O2 (0.06 mM) 
was added to 100 mL supernatant. The OD of the solution was recorded 
for 30 s intervals at 290 nm. Under assay conditions, one element of APX 
produces 1 M of ascorbate reacted min− 1. 

2.9. Statistical analysis 

The study was organised in a RBD (randomized block design) with 
three factor arrangement. The data documented for each parameter was 
expressed in mean of triplicate with standard deviation using Microsoft 
excel 2010. DMRT test applied between the treatments to check the 
significant variation among the same group using SPSS (SPSS Inc., 
version 17.0) software. The least significant difference and correlation 
between treatment, cultivar and age factors was calculated with the help 

of PCA using Origin Pro2020 software. 

3. Results 

3.1. Total biomass and root shoot ratio (RSR) 

Elevated ozone reduced total biomass of all cotton cultivars than 
ambient ozone. However, application of EDU suppressed the ozone 
induced biomass reduction (Fig. 1). Higher reduction of biomass was 
noted in cultivar ADC-1 followed by cultivars G. Cot. 21 > GADC-2 > G. 
Cot. 13 > and V-797. Total biomass of cotton plants was highly affected 
in second year of experiment than first year of experiment. Maximum 
reduction was noted in cultivar G. Cot. 21 (50.9%) at vegetative stage in 
first year of experiments and minimum in cultivar V-797 (10%) at ju-
venile stage in second year of experiment. However, RSR significantly 
increased by ozone enhancement while found lower under EDU sup-
plementation in all the experimental cultivars (Fig. 1). Maximum RSR 
enhancement was observed at reproductive stage and least affected at 
juvenile stage in all the cotton cultivars tested. 

3.2. Primary metabolites 

3.2.1. SS, RS and starch 
Elevated ozone reduced total soluble sugar of experimental plants 

than ambient ozone while, increased in EDU supplemented plants 
(Fig. S2). While, reducing sugar was increased under elevated ozone and 
reduced by EDU treatment (Fig. S2). Maximum reduction of soluble 
sugar was found in cultivar G.Cot.21 followed by GADC-2> G.Cot.13 >
and V-797. Soluble sugar of cultivar ADC-1 was least affected. Cultivars 
V-797 and ADC-1 were highly affected at juvenile stage than repro-
ductive > and vegetative stages, cultivars G.Cot.13 and GADC-2 were 
shows higher reduction at reproductive stage than juvenile >and 
vegetative stages and cultivar G.Cot.21 was highly pretentious at 
vegetative > reproductive > and juvenile stages. In case of total 
reducing sugar, all cultivars showed higher increase at reproductive 
stage than vegetative >and juvenile stages except cultivar G.Cot.21 
which showed higher increasing value at vegetative stage than repro-
ductive > and juvenile stages. Second year of experiment showed more 
increase of reducing sugar by ozone exposure than first year of experi-
ments. Among the cultivars, trend of increase in total reducing sugar was 
G.Cot.21>V-797> ADC-1> G.Cot.13 >and GADC-2. 

Similar to SS, starch was also reduced under elevated ozone exposure 
than ambient level of ozone while, EDU application increased the starch 
content in cotton leaf (Fig. 2). Reduction of starch content was 
maximum in cultivar V-797 (− 68.30%) at vegetative stage and mini-
mum in cultivar G.Cot.13 (− 17.90%) at juvenile stage during first year 
of experiment. As compared to first year of experiment cultivars G. 
Cot.21, ADC-1 and GADC-2 shows higher reduction in second year of 
experiments while, cultivars V-797 and G.Cot.13 showed higher 
reduction during first year of experiment. Among the tested cotton 
cultivar, overall higher to lower reduction trends was V-797 > GADC-2 
> G.Cot.21 > ADC-1 > and G.Cot.13 

3.2.2. Soluble protein 
Leaf protein of selected experimental cultivars was found least under 

enhanced level of ozone than ambient ozone > and EDU supplemented 
plants (Fig. 2). Trend of reduction for total soluble protein was ADC-1 >
G.Cot.21 > GADC-2 > G.Cot.13 > and V-797. Ozone sensitive cultivars 
ADC-1 and GADC-2 show higher reduction of total protein contents at 
juvenile stage than reproductive > and vegetative stage. 

3.3. Oxidative stress 

3.3.1. Hydrogen peroxide and MDA contents 
Hydrogen peroxide generation was higher in enhanced ozone treated 

plant than ambient ozone while, EDU supplemented plants having least 
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content (Fig. 3). Cultivars wise higher production of hydrogen peroxide 
was found in GADC-2 > G.Cot.21 > V-797 > ADC-1 >and G.Cot.13. 
Production of hydrogen peroxide was noted maximum at reproductive 
than vegetative >and juvenile stage except cultivar G.Cot.21 which 
showed higher production of hydrogen peroxide at vegetative stage than 
reproductive >and juvenile stages. 

Similar to hydrogen peroxide, elevated ozone also increased the 
MDA content of leaf than ambient ozone with least content in EDU 
supplemented plants (Fig. 3). Maximum effect of elevated ozone on 
MDA contents was seen at reproductive stage than vegetative >and ju-
venile steps in genotypes V-797, G.Cot.13 and G.Cot.21. Cultivar ADC-1 
shows higher MDA content at juvenile than vegetative >and 

Fig. 1. Effect of ozone on total biomass (g) and root shoot ratio (R/S) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, (D) ADC-1 and (E) GADC-2 (Mean ±
standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not significantly different (p < 0.05) 
using Duncan’s Multiple Range Test). 
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reproductive stage and cultivar GADC-2 shows higher value of MDA at 
vegetative than reproductive >and juvenile stage. Overall higher value 
of MDA contents in selected cultivar was noted in GADC-2 followed by 
G.Cot.21 > V-797> G.Cot.13 > and ADC-1. 

3.3.2. Membrane permeability 
Membrane permeability measured as an electrolyte linkage was 

increased by ozone exposure in cotton leaves (Fig. 4). The maximum 
leakage was found in elevated ozone than ambient ozone at all stages of 
plant growth. The membrane permeability of cultivar G.Cot.21 and 
ADC-1 was greatly affected at juvenile stage than reproductive >and 

Fig. 2. Effect of ozone on starch contents (mg g− 1 fresh leaf) and protein contents (mg g− 1 fresh leaf) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, (D) 
ADC-1 and (E) GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not 
significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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vegetative stage, cultivar V-797 showed the higher effects at reproduc-
tive than vegetative> and juvenile stage, cultivar G.Cot.13 was highly 
affected at juvenile stage followed by vegetative >and reproductive 
stage while, cultivar GADC-2 showed increasing trends from juvenile to 
reproductive >and vegetative stage. Trend of least to higher membrane 
permeability was GADC-2> V-797>ADC-1> G.Cot.21 >and G.Cot.13 in 

experimental cotton cultivars. 

Fig. 3. Effect of ozone on hydrogen peroxide (mmol g− 1 fresh leaf) and MDA contents (mmol g− 1 fresh leaf) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot- 
21, (D) ADC-1 and (E) GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter 
are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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3.4. Antioxidative defense 

3.4.1. Nonenzymatic antioxidants 

3.4.1.1. Carotenoids contents. Carotenoids content of experimental 

cotton cultivars was negatively influenced by elevated ozone while ef-
fect was minimized by EDU treatment (Fig. 5). Reduction of carotenoids 
under enhanced ozone exposure was observed maximum in cotton 
cultivar G. Cot.21 while, least in cultivar V-797. Maximum reduction of 
carotenoid content was noted at juvenile growth stage than vegetative 

Fig. 4. Effect of ozone on membrane permeability (mS cm− 1) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, (D) ADC-1 and (E) GADC-2 (Mean ±
standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not significantly different (p < 0.05) 
using Duncan’s Multiple Range Test). 
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> and reproductive growth stage in all the selected cultivars except 
cultivar G.Cot.21 and GADC-2 which showed higher reduction at juve-
nile stage followed by reproductive >and vegetative growth stage. 

3.4.1.2. Phenol and flavonoids. Cotton cultivar V-797 having naturally 
higher phenol content while, cultivar G.Cot.13 have minimum phenolic 

content (Fig. 5). Exposure of ozone increased phenol content in all the 
experimental cultivars which was found maximum in enhanced ozone 
exposed plants followed by ambient ozone > and EDU supplemented 
plants. Ozone induced increase in phenol higher at reproductive stage 
than vegetative and juvenile stage of cotton cultivar G.Cot.13, G.Cot.21 
and GADC-2, cultivar V-797 showed higher phenol content at juvenile 

ig. 5. Effect of ozone on carotenoids contents (mg g− 1 fresh leaf) and phenol contents (mg g− 1fresh leaf)of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, 
(D) ADC-1 and (E) GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are 
not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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growth stage than vegetative >and reproductive stage and cultivar ADC- 
1 showed higher value at reproductive stage than juvenile >and vege-
tative stages. 

Flavonoid content was observed as absorbance per mg fresh leaf and 
found reduced under ozone exposure (Fig. 7). However, EDU application 
enhances flavonoinds (Fig. 6). Sensitive cultivars showed higher 

reduction of flavonoids contents at juvenile than vegetative > and 
reproductive stages. Higher reduction of flavonoids contents was found 
in cultivar G. Cot.13 (− 43.6%) at vegetative stage in second year of 
experiment while, cultivar ADC-1 shows lower reduction (− 0.21%) of 
flavonoid content at vegetative stage in first year of experiments. 
Cultivar wise higher to lower reduction trends of flavonoids content was 

Fig. 6. Effect of ozone on flavonoids contents (A mg g− 1fresh leaf) and proline contents (mg g− 1 fresh leaf) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, 
(D) ADC-1 and (E) GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are 
not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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G.Cot.13 > GADC-2 > V-797 > G.Cot.21 > and ADC-1. 

3.4.1.3. Proline. Proline content was also found less in cotton cultivars 
exposed to elevated level of ozone than ambient ozone and increased 
EDU supplemented plants (Fig. 6). Proline content was highly affected at 
reproductive stages in cultivars V-797 and G.Cot.13, cultivars ADC-1 

and GADC-2 was highly affected at vegetative stages in both year of 
experiments while, cultivar G.Cot.24 showed maximum reduction at 
juvenile stages in both year of experiments. Among the tested cotton 
cultivars, cultivar ADC-1 having maximum (− 71.2%) ozone induced 
reduction at vegetative stage in second year of experiment while, 
cultivar G.Cot.21 having least (− 2.4%) ozone induced reduction at 

Fig. 7. Effect of ozone on catalase (min− 1 g− 1 fresh leaf) and peroxidase (min− 1 g− 1 fresh leaf) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, (D) ADC-1 
and (E) GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not 
significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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vegetative stage in first year of experiment. 

3.4.2. Enzymatic antioxidants 

3.4.2.1. Catalase and peroxidase activities. Elevated ozone enhanced the 
activity of catalase and peroxidase in experimental cotton cultivars 
while, EDU supplemented plants had lower activity of these enzymes 
(Fig. 7). Catalase activity of experimental cotton cultivars was higher at 
juvenile phase in both year of experiment except cultivar V-797 which 
showed higher catalase activity at reproductive phase. Among the 
selected cultivars, cultivar G.Cot.13 had maximum catalase activity 
(71.9%) at juvenile stage and cultivar ADC-1 had minimum catalase 
activity (4.05%) at vegetative stage during first year of experiment. 
Cultivar wise trend of higher to lower catalase activity was noted in 
cultivar G.Cot.13 > G.Cot.21 > ADC-1 > V-797 > and GADC-2 
respectively. 

Peroxidase activity of cotton cultivars follows the trends similar to 
catalase activity while, age wise variability was observed higher at 
vegetative stage and lowest at juvenile stages in all selected cultivars 
(Fig. 7). Enhanced level of ozone increased peroxidase activity in 
cultivar G.Cot.13 (312%) at vegetative stage while minimum activity 
was found in cultivar ADC-1 (12.5%) at juvenile stage. 

3.4.2.2. Superoxide dismutase and ascorbate peroxidase activities. 
Enhanced level of ozone of presented experiment also enhances the 
activity of SOD and APX while, EDU application reduces the activity of 
these enzymes (Fig. 8). SOD activity was maximum in cultivars G.Cot.13 
followed by V-797 > ADC-1 > G.Cot.21 > and GADC-2. Higher SOD 
activity was noted at vegetative stage than juvenile >and reproductive 
stage in cultivars G.Cot.13 and G.Cot.21, cultivars GADC-2 shows higher 
activity at vegetative than reproductive > and juvenile phase and, 
cultivar V-797 and ADC-1 shows higher activity of SOD at juvenile phase 
followed by vegetative >and reproductive phase. 

Similarly, APX was also increased in elevated ozone and reduced 
under EDU treatment in experimental plant cultivars (Fig. 8). Maximum 
activity of APX was found in cultivar G.Cot.13 followed by cultivars G. 
Cot.21 > GADC-2 >V-797 >and ADC-1. Higher increase of APX was 
noted at vegetative stage in cultivars G.Cot.13, ADC-1 and GADC-2 
while cultivar V-797 shows higher increment at juvenile stage and G. 
Cot.21 shows higher increasing values of APX at reproductive stage. 
Maximum increasing value of APX was noted in cultivar G.Cot.13 
(262%) at vegetative stage and minimum in cultivar GADC-2 (11%) at 
reproductive stage. 

3.5. Analysis of principle component (PCA) 

Total variation of PCAs was found in cotton cultivar V-797 from 
45.56% to 31.61% for PC1 and PC2 with eigenvalue 8.65 to 6.00 
(Fig. 9). A biplot graph of PC1 and PC2 was prepared for correlation 
between parameters and treatments showed negative score value for 
enhanced and ambient ozone at juvenile and vegetative stages while, 
positive score values at reproductive stages. However, EDU treated 
plants showed negative score at the juvenile stage and positive score at 
vegetative and reproductive stages for both PCs. Loading plots of 
cultivar V-797 for biomass of plant was slightly correlated with protein 
and TSS at PC1. In cultivar V-797, biomass and physiology such as root 
shoot ratio, hydrogen peroxide, MDA, membrane permeability, phenol, 
SOD, POD, and TRS all have positive scores on both PCs. Variability in 
cultivar G. Cot.13 was 51.07% (eigenvalue 9.70) for PC1 and 36.10% 
(eigenvalue 6.85) for PC2. The PCA biplot for this cultivar looks a lot like 
the cultivar V-797 (Fig. 9). However, variability within the treatment 
was differing in first year of experiment. Biplot score value for all the 
treatments was negative at juvenile phase while, positive at vegetative 
and reproductive phases. Proline content showed maximum loading 
values at both PCs (0.26 for PC1 and 0.17 for PC2). The factor disturbing 

the deviation of biomass and enzymatic antioxidant CAT and RS showed 
strong correlation. MP, and SOD were also strongly correlated with each 
others. While, POD and starch was strongly correlated to each other. 
Overall antioxidative potential and biomass and primary metabolites of 
cultivar G. Cot.13 showed positive values at both PCs. Variability for 
cultivar G. Cot.21 was 57.81% (Eigenvalue 10.98) for PC1 and 31.44% 
(Eigenvalue 5.97) for PC2 (Fig. 9). The fact that the EDU treatment’s PC 
value was on the right side of component 1 indicated a strong correla-
tion. The majority of the data produced from the results were grouped 
on the PC1 and PC2 positive sides. Treatment wise cultivar G. Cot.21 
showed similar patterns as cultivar G. Cot.13. Higher score value (4.75) 
was find in EDU treated plant at reproductive stage in first year of 
experiment. While higher loading plot value was found in MP (0.27). 
The phenol loading value was positively associated with treatment at 
both PCs (PC1 (0.22) and PC2 (0.23)). Plant height, biomass, MDA, 
flavonoids and starch showed strong correlation. While RSR, proline, 
TSS and APX was also showed strong relation. Oxidative potential of 
cultivar G. Cot.21 and antioxidant showed positive values at both PCs. 
Variability at PC1 and PC2 for cultivar ADC-1 were 53.56% (eigenvalue 
10.17) and 30.71% (eigenvalue 5.83), respectively (Fig. 9). In cultivar 
ADC-1, all parameters including RSR, H2O2, MDA, MP, phenol, TRS, and 
enzymatic activities (CAT, SOD, POD, and APX) shows negative loading 
values at PC2. While root shoot ratio, hydrogen peroxide, MDA, MP, 
phenol, TRS, and enzymatic activities (CAT, SOD, POD, and APX) had 
positive loading values at PC1 too. MP was positively associated with 
TSS and TRS, while biomass, hydrogen peroxide, and phenols were all 
highly correlated. Protein, APX, and CAT all have a close relationship 
with one another. GADC-2 had a difference of 53.28% at PC1 and 
35.38% at PC2, with eigenvalues of 10.12 and 6.72, respectively, at PC1 
and PC2 (Fig. 9). Cultivar GADC-2 showed positive relation of all pa-
rameters at PC1. Protein and MDA content of cultivar GADC-2 showed 
strong relation while biomass was slightly correlated with thease pa-
rameters. Hydrogen peroxide, POD and flavonoids of this cultivar was 
also showed strong relation with each others. Plant height, TSS and 
carotenoids was strongly correlated while phenol, starch and SOD was 
highly correlated. Higher loading plots value was noted in APX and TRS 
(0.27). Antioxidant such as enzymatic and non enzymatic activity was 
showed strong correlation. But for juvenile stages in both procedures, 
improved ozone treatment score values were found on the negative side 
of both PCs, and ambient ozone and EDU applied plants shows positive 
side score values. The PCs score of atmospheric ozone at vegetative 
growth phases for all cultivars in this research was closer to the plot’s 
middle, indicating the strongest correlation. 

4. Discussion 

4.1. Effects of ozone on cotton cultivars 

Increased concentration of ambient ozone affects the vigour of sen-
sitive plants. Most important consequence of ozone is seen as the 
reduction of productivity (Einig et al., 1997). Ozone induced crop loss is 
well documented (Agrawal et al., 2005; Ainsworth, 2016; Ainsworth 
et al., 2012; Rathore and Chaudhary, 2019) suggested the severity of this 
pollutant for global economic development and to achieve the sustain-
able development goal. Plant biomass accumulation is key characteristic 
to assess the overall plant development and resistance under the pre-
vailing environmental condition. The ozone levels of the presented study 
is high enough to cause toxicity and reduce crop productivity (Ains-
worth, 2016; Ashrafuzzaman et al., 2017) as seen by reduced biomass 
accumulation of all the cotton cultivars. However, the ozone induced 
biomass reduction was differed among the cultivars and at diverse 
growth stages suggesting that the sensitivity to ozone is cultivar centric 
and dependent on their growth stages. Broadly, all the experimental 
cultivars showed higher sensitivity at early growth stage and developed 
resistance to the ozone stress with growth. However, potency of the 
developed resistance depends on the genetic makeup of the cultivar. 
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Fig. 8. Effect of ozone on SOD (min− 1 g− 1 fresh leaf) and APX (min− 1 g− 1 fresh leaf) of cotton cultivars (A) V-797, (B) G. Cot-13, (C) G. Cot-21, (D) ADC-1 and (E) 
GADC-2 (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not significantly 
different (p < 0.05) using Duncan’s Multiple Range Test). 

I.J. Chaudhary and D. Rathore                                                                                                                                                                                                              



Plant Physiology and Biochemistry 166 (2021) 912–927

924

Feng et al. (2016) recommended that the special effects of ozone are 
dependent on the plant’s growing stage based on their observations from 
winter wheat. Moreover, increased RSR under ozone suggested more 
effect on above ground part or higher allocation of phtosynthate towards 
the below ground part under ozone stress. However, Zheng et al. (2013) 
suggested that the elevated ozone can change soil properties and affect 
plant physiology. As a consequence, nutrient absorption properties as 
well as transfer and translocation of carbohydrates among source such as 
leaves to sink organs roots and grains are frequently delayed by ozone. 
Chen et al. (2018) also reported decreased biomass of Phoebe bournei and 
P. zhennan under ozone exposure however, no significant effect of ozone 
on RSR was seen in either species. Higher reduction of biomass of 
cultivar ADC-1 under ozone exposure suggested its higher sensitivity to 
ozone while, cultivar V-797 is less sensitive to ozone with least biomass 
reduction. 

Detrimental effect of ozone on carbon metabolism, carbon allocation 
including changes in the balance of structural and non-structural car-
bohydrate is another major consequence of ozone pollution (Sild et al., 

2002; Chen et al., 2018). All the experimental cultivars used in the 
presented study showed reduction in soluble sugars, starch and protein 
while, increase in reducing sugar. Least affected soluble sugar of ADC-1 
suggested it’s less partitioning for repair and detoxification thus higher 
sensitivity to ozone. This result supported the hypothesis of Gupta et al. 
(2021) which suggested increased sugar catabolism as the partitioning 
of sugars due to detoxification and repair of damage caused by oxidative 
stress. Ahsan et al. (2010) explained that reduction in photosynthesis 
under long term ozone exposure mobilize starch to sugar for plant’s 
energy requirement. This is in line with increased reducing sugars and 
reduced starch of ozone cultivars under ozone exposure. Singh and 
Rathore (2020) suggested role of transitory starch for defence under 
abiotic stress however, presented study has not found any direct corre-
lation of starch reduction with ozone tolerance. Moreover, ozone 
induced ROS damages many protein (Fiscus et al., 2005) might be the 
reason for reduced protein of experimental cotton cultivars. 

Fig. 9. Principle component analysis (PCA) correlation bi-plot of growth, biomass and biochemical responses to ozone exposure and EDU treatments. Symbol 
represent the standardized scores on PC1 (x-axis) and PC2 (y-axis) for the ozone exposure and EDU treatment of Gossipium hirsitum L. (cv. V-797, G. Cot.13, G. Cot.21, 
ADC-1 and GADC-2). Vector coordinates represent the correlations between standardized variables and principle components (PCs). 
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4.2. Ozone induced oxidative stress 

Generation of ROS in plant cells is a natural process. However, 
generation of ROS increased in the internal tissue of plants many fold 
under stress condition (Rathore and Chaudhary, 2021). Ozone is a 
strong oxidant that enters through the stomatal opening and produced 
enormous amount of ROS in internal parts of plant cells (Tiwari and 
Agrawal, 2018; Rathore and Chaudhary, 2021). Higher production of 
H2O2 in the plant cells, damage cell membrane and produced higher 
level of MDA contents and finally caused oxidative damage to the cell 
(Birben et al., 2012; Sharma et al., 2012; Chaudhary and Rathore, 2020). 
Present study with cotton cultivars showed increased concentration of 
hydrogen peroxide and MDA under exposure of ozone. The concentra-
tion was greater in elevated ozone fumigated plants than ambient ozone 
and, EDU supplemented plants have lower hydrogen peroxide in 
experimental cultivars. Moreover, increased permeability of the cotton 
cultivars under ozone was possibly due to higher lipid peroxidation 
(MDA) of the all cultivars. The production of H2O2 also increased with 
age of plants when exposed to atmospheric and acute ozone, meaning 
that they are all ozone sensitive. The least heterogeneity at a later 
growth stage, on the other hand, indicated that cultivars had effective 
ROS scavenging potential at earlier growth stages, decreasing the like-
lihood of a long-term cumulative effect. This is further confirmed by the 
decreased MDA with plant age. Caregnato et al. (2010) explained that 
the plant growth and biomass were decreased due to MDA aggregation, 
which is caused by lipid peroxidation induced by oxidative stress. 
Higher membrane permeability was found in sensitive germplasm of 
genotype ADC-1 at a juvenile phase. This appearance is additional 
confirmation by less biomass of germplasm of genotype ADC-1 (Fig. 1). 
Cultivar V-797 shows higher biomass and moderate membrane damage 
represents tolerance in nature. While cultivar G.Cot.13 was the second 
most tolerant cultivar against ozone stress. 

4.3. Antioxidative defensive system 

4.3.1. Non enzymatic antioxidants 
Plants having self-defensive mechanism which is responsible for the 

protection of plants to sustain under stress conditions. Antioxidants of 
plants perform a vital role in the defense by scavenging the ROS and are 
able to counteract the critical effects on plants (Barna et al., 2012). 
Secondary metabolites such as phenolic and flavonoids compounds are 
the first line of defence in plants toward environmental stress (Lin et al., 
2016; Chaudhary and Rathore, 2020). According to Manning et al. 
(2011), ozone and reactive oxygen species attack phenolics and ascor-
bate of plants. Presented study also found the reduction of phenolics in 
cotton cultivars that can be explained as its consumption by either or 
both of these. Flavonoids act as free radical neutralizers and ROS scav-
engers (Lvdal et al., 2010) which was found higher under ozone stress in 
present experiment. In the current experiment, germplasm with less 
apoplastic ascorbate had a greater susceptibility to ozone pollution and 
further react as reduction of plant biomass. Proline, an osmolyte and a 
scavenger of ROS (Anjum et al., 2011; Liang et al., 2013), was higher in 
EDU supplemented plants than ambient > and enhanced ozone sug-
gesting its potential role under ozone stress. Plants with higher proline 
content is found to be more resistant to ozone stress in presented 
experiment as the reduction of proline was higher in sensitive cultivar 
ADC-1 while tolerance cultivar V-797> and G. Cot.13 showed a lower 
reduction rate. Proline’s protective role in ozone stress is further sup-
ported by the lower reduction of proline content in enhanced ozone 
exposed plants. 

4.3.2. Enzymatic antioxidants 
Enzymatic antioxidants work as the eliminator of free radicals by 

breaking them down. The occurrence of cofactors in plants such as 
mineral metals (Cu, Zn, Mn and Fe), enzymes function as antioxidants by 
converting toxic oxidative products to H2O2 and water (Nimse and Pal, 

2015). In the presented study elevated ozone increases the activity of 
antioxidative enzymes (SOD, CAT, APX, and POD) of cotton cultivars. 
Enzymatic activity plays an important role to eliminate ROS (Rathore 
and Chaudhary, 2021). Sensitive cultivars of cotton shows higher ac-
tivity of CAT at juvenile phase than vegetative > and reproductive 
phases. While, ozone tolerance cultivars shown higher activity at 
reproductive phase than vegetative > and juvenile phases. 

Activity of SOD in the cotton plants of the presented experiment was 
satisfactorily found greater under elevated ozone> and ambient ozone. 
SOD plays important role in plants provides protection to plants against 
stress by catalyzing the ROS into oxygen and H2O2 which is scavenge by 
catalase and peroxidases (Tripathy and Oelmüller, 2012; You and Chan, 
2015; Singh and Rathore, 2018). Dismutase can be led to hydrogen 
peroxide, which can then be converted to oxygen and water by catalase 
activity (Day, 2009; Weydert and Cullen, 2010; Rathore and Chaudhary, 
2021). Activity of SOD and CAT was increased and presented higher 
correlation with H2O2 and MDA of plant at all growth phases. Rathore 
and Chaudhary (2019) reported higher increase of CAT, POD, SOD, and 
APX in castor cultivars. 

Catalase is a type of protein that is restricted to peroxisomes in cells 
and it is responsible for removing H2O2 formed by oxidases peroxisome 
(Schrader and Fahimi, 2006). The heme of peroxidases including APX 
and thiol-dependent peroxidases were also used by plants (Foyer and 
Noctor, 2009). According to accessible information, the most common 
H2O2 rising peroxidase called APX found in plants (Ishikawa and Shi-
geoka, 2008), which is utilises the ascorbic acid by the donor of 
hydrogen (Agrawal and Rathore, 2007). APX was reported in the 
stroma, thylakoid membrane and microbody called sAPX, tAPX and 
mAPX respectively, (Yoshimura et al., 2000; Yadav and Sharma, 2016). 
In the present experiment, tolerant cultivars of cotton having higher 
activity of APX at the initial growth stage compare to the later growth 
stage may be due to the ozone dose. While, the minimum activity of APX 
was found at the initial stage in sensitive cultivars. In general, increased 
concentration of ozone increased ROS generation, MDA content and 
membrane permeability. To counteract this condition, activity of anti-
oxidative enzymes viz. CAT, POD, SOD, and APX was also increased. 
However, this activated defense was not sufficient to protect the plant 
from generated ROS which in turn resulted into loss of plants biomass in 
all the cotton cultivars. 

4.4. Analysis of effect of ozone and it’s correlation with defense system 

PCAs define that the variability of plant growth with treatment and 
age. PCAs analysis confirmed that the ozone tolerant cultivars showed 
strong relation with biomass, protein, carbohydrate and plant antioxi-
dants. Statistical analysis, however, indicates that there is a lot of vari-
ance with different therapies at different periods of development (Singh 
and Rathore, 2018; Rathore and Chaudhary, 2021). By reducing the 
dimensionality, PCA has also elaborated details regarding cultivars, 
treatments, and plant ages with reference from wide dispersed results 
(Xu et al., 2016). Among all the cotton cultivars tested, biomass, stress 
markers and metabolites are clustered close to the EDU treatment at 
positive side of PC1 while, ROS and its markers and antioxidative en-
zymes clustered at negative side of PC1 close to ozone treatment 
explaining strong correlation between ozone stress, ROS generation and 
antioxidative potential of the plants. Conclusively, increasing ozone 
increased enzymatic activity, phenolic compound, membrane perme-
ability and MDA contents in selected cotton cultivars while, decreases 
total plant biomass, and primary metabolites such as sugar and protein 
(Fig. 9). PCA biplot showed However cluster analysis of presented 
experiment not showing any conclusive evidence of intraspecific vari-
ation, the PCA associated biplot showed a strong correlation among total 
biomass, sugar, proline, flavonoid, and protein of leaves in all selected 
genotypes of cotton at the reproductive stage, (Fig. 9). Moreover, 
tolerant cultivar V-797 showed positive relation with defensive mech-
anisms and biomass accumulation. While, correlation between 

I.J. Chaudhary and D. Rathore                                                                                                                                                                                                              



Plant Physiology and Biochemistry 166 (2021) 912–927

926

parameters were relatively low in sensitive cultivars suggesting that the 
ozone pollution affect on growth and physiology of cotton cultivars is 
age and cultivars dependent. 

5. Conclusion 

The findings of presented study confirmed that the elevated ozone 
induced a greater decrease in biomass than ambient ozone, while EDU 
reduces the ozone toxicity. Further, the experimental cotton cultivars of 
presented study showed intra-specific variations for ozone sensitivity. 
Moreover, the sensitivity was depending on plants growth stages. 
However, developed antioxidative defence reduces the ozone toxicity. 
On the basis of both year biomass reduction cultivar ADC-1 as the most 
sensitive cultivar, cultivars G. Cot.21 > GADC-2 and G. Cot.13 is mod-
erate sensitivity and cultivar V-797 is the least sensitive cultivar for 
ozone stress. Study concluded that the sensitivity to ozone in cotton 
cultivars depend on the scavenging of ROS. Further, study recom-
mended cultivar ADC-1 as an assessment tool for ozone and cultivar V- 
797 for cultivation at ozone prone areas to minimize the agricultural 
loss. 
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A B S T R A C T

Berberine (BBR) is a naturally occurring plant-derived isoquinoline alkaloid. It has been reported to exhibit
multiple pharmacological properties including anticancer activity. However, its low water solubility and bioa-
vailability restrict its clinical use for cancer treatment. Hence, to overcome these limitations and enhance its
therapeutic efficacy, in the present study we have encapsulated BBR in Bovine Serum Albumin nanoparticles
(BSA NPs) by desolvation method. The average particle size of synthesized nanoparticles were found to be 116
and 166 nm for BSA NPs and BBR-BSA NPs respectively. The FESEM images of nanoparticles implied that
prepared nanoparticles are of spherical shape and size was validated. The drug entrapment efficiency of pre-
pared nanoparticles was found to be 85.65 % with a drug loading capacity of 7.78 %. The FTIR spectra, XRD
patterns and thermograms of DSC and TGA confirms the synthesis of BBR-BSA NPs and its entrapment in
amorphous form. The stability studies of BBR-BSA NPs suggests that nanoparticles were quite stable in aqueous
solution of pH 7.4 and degraded under acidic condition (pH 5). The in vitro cytotoxicity assay and Trypan blue
assay proved that the prepared BBR-BSA NPs were selectively toxic towards breast cancer cells and kill the cells
more efficiently as compared to pure BBR. The cellular uptake studies and AO/EtBr staining suggest that BBR-
BSA NPs were therapeutically more effective and improve the anticancer activity of BBR by delivering it to target
site, for potential therapeutic use. All the above information collectively suggests that BBR-BSA NPs may emerge
as a novel paradigm for treatment of breast cancer.

1. Introduction

Cancer is a major global health catastrophe threatening the health
of millions worldwide. Nowadays, Cancer has become one of the most

common public health issues due to increased prevalence, morbidity
and mortality caused by complications. GLOBOCAN 2018 data suggests
that the global cancer burden has increased to 18.1 million cases and
9.6 million cancer deaths. In females Breast cancer is the most
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commonly diagnosed cancer and the leading cause of cancer death. In
the year 2018, 2.1 million breast cancer cases has been diagnosed
worldwide [1]. The current treatment regimen involves surgery, che-
motherapy, radiotherapy, hormone therapy and combinations of these
approaches for treating breast cancer patients. The current treatment
regimen are not sufficiently satisfactory, as resistance against che-
motherapy, toxicity, non-specific delivery of anticancer drug and side-
effects are the major obstacles. So always there is a pressing need of
research progress to provide novel therapeutic agent of nature origin
with good efficacy and smart strategic delivery leading to less toxicity
and high selectivity.

Berberine (BBR) is a natural, isoquinoline alkaloid compound de-
rived from the plants of Berberis genus. It is found in the roots, rhi-
zomes and stem bark of the plants. Berberine plant extracts has been
used in Chinese and ayurvedic medicine for many years together [2]. It
has been reported that Berberine exhibit multiple pharmacological
functions such as: anti-inflammatory [3], anti-oxidant [4], anti-diabetic
[5], antihypertensive [6], antidepressant [7], antidiarrheal [8], anti-
microbial [9], neuroprotective [10], hepatoprotective [11], hypolipi-
demic [12], pro-apoptotic [13], anti-cancer [14]. Berberine shows its
anticancer activity via regulating different proapoptotic, antiapoptotic
and instrinsic signaling pathways [15–17]. Though it has multiple
pharmacological properties, its major drawbacks are poor water solu-
bility, low bioavailability and limited intake in the gastrointestinal (GI)
tract hindered its potential applications and resulting in low effective
concentration of BBR delivering at target site [18]. To surmount all
these challenges of drug, biodegradable delivery vehicles act as the
infallible solution. Very recently protein biomolecules has been mate-
rialized as a potent drug delivery vehicles by overcoming several lim-
itations of conventional therapy like poor aqueous solubility, lack of
bioavailability and poor therapeutic efficacy; thus proteins are the
perfect and the best choice for drug delivery. Proteinaceous delivery
systems and specifically the albumin-based drug delivery systems have
the properties of intrinsic accumulation at the tumor site, because of the
immature, highly permeable and leaky vasculature called enhanced
permeation and retention effect (EPR effect) [19]. Additionally, number
of reports has been published mentioning that tumors are a site of al-
bumin catabolism and also studies have suggested that the hypoalbu-
miniema evident in cancer patients is a result of albumin catabolism by
the tumor [20–21].

Among proteins biomacromolecule, Bovine serum albumin/Human
serum albumin based nanoparticles have extensively been investigated
for their clinical applications because of their abundancy in blood,
ready availability, easy purification, nontoxicity, biodegradablity, low-
immunogenicity, greater accumulation at tumor site, showing sig-
nificatnt biocompatibility, allowing ease of delivery by injection and
thus an ideal candidate for nanoparticle formation [22]. The protein
often increases the apparent solubility of hydrophobic drugs in the
plasma and influences the circulation, metabolism and efficacy of
drugs. The breakthrough innovation and market approval of the pa-
clitaxel-albumin nanoparticles (Abraxane®) has intrigued researcher to
use albumin drug carrier for targeted drug delivery in cancer therapy.
Abraxane is an example of nanometer albumin-bound technology
(nabTM), for the treatment of advanced non-smallcell lung cancer and
metastatic breast cancer; Abraxane®is being approved by the U.S. Food
and Drug Administration (FDA) [23]. Studies have shown that
Abraxane® has greater therapeutic index than Paclitaxel alone [24].
Recently, Abraxane® has also been employed for the first-line treatment
of patients with metastatic adenocarcinoma of the pancreas in combi-
nation with gemcitabine and for patients with metastatic non-small cell
lung carcinoma, in combination with carboplatin [23]. So, albumin has
widely been in use as a nano-drug delivery vehicle and acquiring spe-
cial attention. Now a days scientist and researchers have developed a
lot of albumin-based drugs/imaging agents, which are present in the
market and many are going through clinical trials for different appli-
cations [25,26]. All these factors has increased the level of interest in

BSA as a nano-drug delivery vehicle for different biomedical applica-
tions. Albumin (˜Mol. wt. 66.5 kDa) is a most abundantly present
plasma protein. It possess unique characteristics of extreme stability
over a pH range of 4 to 9, thermally stable [27], maintains plasma
colloidal osmotic pressure, transport nutrients to different parts of cells,
maintains plasma pH and solubilizes hydrophobic fatty acid molecules.
Its unique drug delivering nature provides enhanced aqueous solubility
to the albumin-bound hydrophobic drugs in plasma and ameliorate the
pharmacokinetics of bound-ligand in physiological environment [28].
So, we have picked BSA as a nano-carrier to encapsulate Berberine for
efficient delivery and improved therapeutic efficacy.

However, nanoparticulate polymeric drug delivery systems in as-
sociation with BBR have not been investigated for the treatment of
Breast cancer. To our knowledge no studies has been done on entrap-
ment of Berberine in Bovine Serum Albumin nanoparticles and its ap-
plication for Breast Cancer cells. So, here in the present study, to im-
prove the anticancer efficacy of Berberine, we have encapsulated
Berberine within BSA nanocarrier, to form BBR-BSA NPs. BSA was se-
lected as a delivery vehicle to safe guard the active component BBR
from proteolytic degradation and provide long circulation life in the
bloodstream. The physicochemical characterization of BBR-BSA NPs
were ascertained by using FESEM, FTIR, DLS, XRD, DSC, TGA mea-
surements. Further, the pH stability and time-dependent stability of the
synthesized nanoparticles were analyzed. Moreover the in vitro cyto-
toxicity of the BBR-BSA NPs was evaluated in MDA-MB-231 cell line in
order to evaluate their anticancer potential.

2. Materials and Methods

2.1. Materials

Berberine (BBR, ≥99%), Bovine serum albumin (BSA, ≥99%),
Glutaraldehyde,3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), Coumarin-6 (C6), Dimethyl sulfoxide (DMSO),
Acridine orange (AO) and Ethidium bromide (EtBr) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Fetal Bovine Serum (FBS),
Dulbecco’s modified essential medium and Ham’s F-12 (DMEM/F12)
medium, Penicillin-streptomycin-amphotericin B cocktail and 0.25%
Trypsin EDTA were purchased from Thermo-fisher scientific (Waltham,
MA, USA). MDA-MB-231 cell line was procured from NCCS (Pune,
India).

2.2. Synthesis of BSA NPs and BBR-BSA NPs

BSA NPs and BBR-BSA NPs were synthesized by desolvation method
(Figure S1) with slight modification [29]. To form BSA NPs, 200 mg of
BSA was dissolved in 2 mL of Milli-Q water and stirred at 500 rpm at
room temperature (25 °C) for 10 minutes. Then 8 mL of ethanol was
added to the BSA solution drop-wise (1 mL/min.) with continuous
stirring (500 rpm) at room temperature till the solution appears milky.
Further, 235 μL of glutaraldehyde (8% v/v) was added to the solution
as a crosslinker. The reaction was stabilized by continuous stirring for
24 h. The resulting nanoparticles were purified by three cycles of
centrifugation at 10,000 rpm for 10 min and then pellets were redis-
persed in 1 mL of Milli-Q water and sonicated for 5 min at Room
Temperature. Resultant solution was stored at −80 °C overnight then
lypholized for further use. For the formation of BBR-BSA NPs, 20 mg of
BBR was dissolved in 8 mL of absolute ethanol. 200 mg of BSA was
dissolved in 2 mL of Milli-Q water and pH of the solution was adjusted
to 7.4 using 1 M NaOH solution. Then the BBR solution was added
dropwise (1 mL/min) to the BSA-solution under continuous stirring
condition (500 rpm). The rest of the steps are similar to the synthesis of
BSA NPs. Synthesized BSA NPs and BBR-BSA-NPs were lyophilized and
stored at 4 °C for further use.
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2.3. Characterization of Nanoparticles

The hydrodynamic particle size distribution was analyzed by DLS at
25 °C by using Zetasizer, NanoS90, Malvern, U.K. The morphology and
shape of the lyophilized BSA NPs and BBR-BSA NPs were evaluated by
Field emission scanning electron microscopy (FESEM: JSM7600 F, Jeol
Asia) operated at an acceleration voltage of 10 kV. Dispersed particle
solution was applied dropwise on silicon wafers and allowed to dry,
further placed onto a carbon tape coated with gold under vacuum for 2
min. After which images were captured and the size of the nano-
particles was measured by ImageJ software.

The FTIR spectra of the nanoparticles were recorded with FTIR
spectrophotometer (Nicolet iS5, Thermo Scientific, USA) over the range
of 4000 to 400 cm-1. 2 mg of pure BSA, pure BBR, BSA NPs, and BBR-
BSA NPs were taken for the FTIR analysis. The XRD patterns of pure
BBR, BSA NPs and BBR-BSA NPs were recorded using X-ray dif-
fractometer (PANalytical, Almelo, the Netherlands). The operating
voltage was 40 kV, the operating current was 30 mA, the start angle 2θ
was 5º and the finishing angle was 50º.

The thermodynamic properties of BSA NPs and BBR-BSA NPs were
evaluated by Differential Scanning Calorimetry (DSC 6000, Perkin
Elmer, USA). The samples were scanned over the temperature range
between 30 °C to 300 °C at a heating rate of 10 °C/min under nitrogen
condition at a flow rate of 20 mL/min. For reference, an empty alu-
minum pan was used. TGA was performed on a TGA machine (TG/DTA
7300, Exstar). For TGA analysis, the product was placed in an alu-
minum pan and heated from 30 °C to 700 °C under nitrogen flow at a
heating rate of 10 °C /min.

The stability of BBR-BSA NPs was evaluated by measuring the hy-
drodynamic diameters using Zetasizer Nano ZS 90 (Malvern
Instruments) up to 8 days after the dispersion of nanoparticles in the
aqueous media and PBS (pH 7.4 and pH 5.0).

2.4. Determination of the Berberine content and encapsulation efficiency
(EE%)

For loading of BBR on BSA NPs, 8 mL BBR solution was (1 mg/mL in
ethanol) added dropwise into the 2 mL aqueous solution of BSA. After
overnight incubation in the dark at RT, BBR-BSA NPs were centrifuged
at 10,000 rpm for 10 min. The unloaded drug content in the super-
natant was determined by measuring the BBR concentration in the
supernatant using a UV-Vis spectrophotometer. Drug encapsulation
efficiency (EE) and drug loading capacity (LC) were calculated as fol-
lows:

= ×

Encapsulation Efficiency (%)
Initial amount of BBR - Free BBR in supernatant

Initial amount of BBR
100

=

×

Loading Capacity (%) Initialamount of BBR - Free BBR in supernatant
Total amount of initial BBR and BSA

100

2.5. In vitro cell culture and cell cytotoxicity studies

MDA-MB-231 cell line was purchased from NCCS (Pune, India) for
the cytotoxic study of synthesized BBR-BSA NPs. The cells were main-
tained in DMEM/F12 medium supplemented with 10% FBS, 100 U/mL
streptomycin and penicillin at 37 °C in a CO2 incubator.

2.5.1. MTT assay
To assess the in vitro anticancer activity and cell viability of the BBR-

BSA NPs, we tested the cytotoxicity of BBR-BSA NPs on MDA-MB-231
breast cancer cell line by MTT assay. 5 × 103 cells/well were seeded in
96-well culture plate and kept in a CO2 incubator for 24 h. Further,
Cells were treated with BBR, BSA NPs and BBR-BSA NPs. After the

incubation period, media from the wells were discarded and 100 μL
MTT solution (0.5 mg/mL) was added to each well and kept for 4 h, at
37 °C in a CO2 incubator in dark. After completion of the incubation
period, MTT was removed and formazan crystals were dissolved by
adding 100 μL of DMSO in each well. Absorbance was recorded at 570
nm using a multimode ELISA plate reader (Synergy H1, USA).
Absorbance measured is directly relative to the %cell viability.

2.5.2. Trypan Blue Assay
Further confirmation of cell cytotoxicity, was done by Trypan Blue

assay which is the most common method used to calculate the live cells
and dead cells in a cell suspension. This assay is most reliable and fast
method, works on the basis that cells having intact cell membranes,
prohibit the entry of Trypan Blue dye whereas dead cells with com-
promised cell membrane accumulates with dye, which gives blue
colour. 20,000 cells/well were seeded in 24 well plates. After 24 h of
incubation, cells were treated with different concentration (25 μg/mL
and 50 μg/mL) of BBR, BSA NPs and BBR-BSA NPs respectively. Then
cells were trypsinized by EDTA-Trypsin. The cell suspension was cen-
trifuged at 1250 rpm for 10 min. at 4 °C. The supernatant was discarded
and cells were dissolved in 50 μL PBS. An equal amount of Trypan blue
dye was added and the mixture were incubated for less than three
minutes. Then cells were counted by hemocytometer.

2.5.3. Apoptosis study
For the study of apoptosis, 2.0 × 104 cells/well (MDA-MB-231)

were seeded in 24 well plates. After 24 h, cells were treated with two
different concentrations (25 μg/mL and 50 μg/mL) of BBR, BSA NPs,
and BBR-BSA NPs respectively. After completion of the treatment
period cells were trypsinized and centrifuged for 5 min. at 1800 rpm.
Pellet was redispersed in PBS and taken for further examination. 5 μL of
Ethidium bromide (EtBr) dye (1 mg/mL) and Acridine orange (AO) dye
(1 mg/mL) were mixed with 10 μL of cell suspension on a clean glass
slide. Cells were observed by a fluorescence microscope (BX53 F,
Olympus) at 200X magnification.

2.5.4. Cellular uptake study
To analyze the internalization of BSA NPs into MDA-MB-231 cells,

coumarin-6 was incorporated into BSA NPs by the same protocol fol-
lowed during the preparation of BBR-BSA NPs. The cells were seeded
into 35 mm plates at a density of 2 × 104 cells/well, and kept for
incubation for 24 h. After which cells were incubated with coumarin-6
loaded BSA NPs (C6-BSA NPs) and free coumarin-6 (C6) solution with
10 μg/mL concentration for different time points (0.25 h, 0.5 h, 1 h, 2 h,
4 h and 8 h). After fixed time intervals, plates were washed with cold
PBS thrice and observed under the microscope. Finally, the fluorescence
images of cells were captured by a camera attached with fluorescent
microscope (Olympus) for determination of intracellular uptake of the
different Coumarin-6 loaded BSA NPs and compared with plain
Coumarin-6.

2.6. Statistical analysis

All experiments were performed in triplicate and acquired data are
expressed as mean± SD. Statistical significance was analyzed using the
student t-test for two groups. A probability (p) of less than 0.05 was
considered statistically significant.

3. Results and Discussion

3.1. Preparation and physicochemical characterization of BSA NPs and
BBR-BSA NPs

The significant success of Abraxane (Albumin-bound form of pa-
clitaxel) has elevated the focus of research on protein nanoparticles and
its applications for decades [30]. Previously, entrapment of many drugs
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by BSA nanoparticles has been done by desolvation process, as it en-
dows the drug with high dispersibility and biocompatibility [31–34]. In
the current study we have synthesized BSA NPs and BBR-BSA NPs
successfully by desolvation method, using ethanol as the desolvating
agent [29,32]. Figure S1 represents the process of preparation of BBR-
BSA NPs, which enhances the solubility as well as the anticancer ac-
tivity of BBR. Nanoparticles prepared were stable in water and cell
culture medium, as evidenced by in vitro analysis. The average size and
morphology of nanoparticles was determined by DLS and FESEM re-
spectively. The average hydrodynamic size of BSA NPs and BBR-BSA
NPs was found to be 116 nm and 166 nm, respectively from DLS
(Fig. 1a and 1b). Fig. 1c and 1d represents the FESEM images of BSA
NPs and BBR-BSA NPs respectively, which provides information about
the shape and surface morphology of nanoparticles. The average size
distribution of BSA NPs and BBR-BSA NPs were found to be 104 nm and
110 nm respectively by FESEM (Figure S2). The images demonstrate a
spherical morphology for the nanoparticles, which corroborates with
the literature published [35]. The hydrodynamic diameter obtained
from DLS is relatively higher than the diameter obtained from FESEM,
which could be due to the presence of water molecules surrounding the
BBR-BSA NPs during DLS measurement as compared to FESEM mea-
surement in the dried state. The nanoparticles synthesized are of de-
sirable sizes, which is in line with the previous published report [36].
Previous literature reveals that nanocarrier size (≤400 nm) plays cru-
cial role in drug delivery and advantageously accumulate at the tumor
site via enhanced permeability and retention (EPR) effect [37–40].

The molecular characterization of BSA NPs and BBR-BSA NPs ob-
tained were done by FTIR spectroscopy. This technique has been used
to evaluate the chemical and conformational changes that occur when
nanoparticles (NPs) are formed or when they interact with other com-
pounds through the slight shift in characteristics bands in the spectral
regions of amide I and amide II [41]. Fig. 2a shows the FTIR spectra of
pure BBR, pure BSA, BSA NPs and BBR-BSA NPs. A major band was
observed at 3280 cm-1 for pure BSA (amide A, related to N-H
stretching), 2970 cm-1 (amide B, N-H stretching of NH3

+ free ion),
1643 cm-1 (amide I, C = O stretching), 1515 cm-1 (amide II, related to
C-N stretching and N-H bending vibrations), 1392 cm-1 (CH2 bending
groups) and 1260 cm-1 (amide III, related to C-N stretching and N-H
bending) (Figure S3b). The most intense bands are associated with the
secondary structure and conformation of proteins. The spectra of BSA
NPs and BBR-BSA NPs exhibited these characteristic bands of the pro-
tein and BBR structure shifted slightly [33,42–44]. A small shift of the

observation bands, was observed when compared to pure BSA with BSA
NPs and BBR-BSA NPs. The related changes in the amide I, II and III
bands confirm the formation of albumin NPs (BSA NPs) and BBR-loaded
NPs (BBR-BSA NPs).

The characteristic peaks of pure BBR were observed at 3467 cm-1

(O-H stretching), 1634 cm-1(-C = N stretching), 1505 cm-1 (aromatic C
= C vibrations), 1227 cm-1 and 1104 cm-1 (sulfate ions) which confirms
the presence of BBR (Figure S3a). The FTIR spectrum of freshly syn-
thesized BBR-BSA NPs showed significant peaks at 1648 cm-1 and 1528
cm-1 which revealed the presence of amide I and amide II bond of BSA.
The characteristics peaks of BBR at 1233 cm-1 and 1100 cm-1 confirmed
the presence of sulfate ions of BBR (Figure S3d). Therefore, the re-
sulting FTIR peaks confirm the successful encapsulation of BBR into the
BSA NPs [35].

XRD is conducted to examine the encapsulation of BBR into BSA
NPs. Fig. 2b exhibits the powder XRD diffractograms of pure BBR, BSA
NPs and BBR-BSA NPs. The XRD pattern of pure BBR shows sharp and
intense peaks at 2θ angles of 8.7º, 9.2º, 13.0º, 14.1º, 16.3º, 20.5º, 24.7º,
25.5º and 26.4º which indicates the crystalline nature of pure BBR in the
native form [45]. However, these crystalline characteristics peaks of
BBR were not observed in the diffractogram of BBR-BSA NPs. These
results suggest that BBR is successfully encapsulated either in an
amorphous form or molecularly dispersed in the matrix of the BSA NPs
[46–47]. To confirm it further we performed the DSC and TGA analysis.
Fig. 2c represents the DSC thermograms of BBR, BSA NPs and BBR-BSA
NPs. It is observed that pure BBR gives an endothermic peak at ˜186 °C,
however that peak is not observed in BBR-BSA NPs but a single peak at
244 °C is observed, which indicates the transformation of physical state
of drug during the process of nanoparticle formation. So, the DSC data
corroborates the XRD data of successful encapsulation of BBR into BSA
NPs in their amorphous form and reduction of crystallinity increase the
amorphous property of drug within nanoparticles [32]. Fig. 2d re-
presents the TGA thermograms of pure BSA, pure BBR and BBR-BSA
NPs. Total weight loss of pure BSA and BBR observed was 75% and
50%, respectively. After the loading of BBR, the total weight loss of
BBR-BSA NPs observed was 81%. The increment in the total weight loss
may be the result of the organic component of the drug after loading in
the BSA NPs [48].

Entrapment efficiency (%EE) and Loading capacity (%LC) of pre-
pared BBR-BSA NPs were observed to be 85.65% and 7.78%, respec-
tively. The %EE and %LC were calculated using UV-Vis spectro-
photometer (Table 1).

Fig. 1. The hydrodynamic size distribution of BSA NPs (a) and BBR-BSA NPs (b) determined by DLS. FESEM images of BSA NPs (c) and BBR-BSA NPs (d).
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Various factors such as particle size, stability, molecular weight and
blood circulation time plays significant roles in the accumulation of
nanoparticles at the tumour site [49]. So, we have examined the sta-
bility of the synthesized BBR-BSA NPs at regular time intervals up to 8
days. Fig. 3a, represents the time dependent size stability of BBR-BSA
NPs at physiological pH. It depicts that there was no significant change
observed in the size of BBR-BSA NPs over the period of 8 days, which
suggests that the BBR-BSA NPs are quite stable at room temperature in
aqueous solution. Further the effect of pH on BBR-BSA NPs was studied,
as shown in Fig. 3b. The particle size of BBR-BSA NPs was monitored at
physiological pH (PBS, pH 7.4) and acidic medium (PBS, pH 5.0, which
mimics the tumor pH condition) for 8 days. The stability of BBR-BSA
NPs was maintained for 8 days at pH 7.4. The size of BBR-BSA NPs was
remained unchanged up to 8 days at pH 7.4, indicating its thermo-
dynamic stability in aqueous medium. On the other hand, the size of
NPs increased in acidic condition (pH 5.0), which is attributed to the
fact of formation of large aggregates helping to release the drug at
target site. The stability analysis reveals that the synthesized nano-
particles were highly stable in physiological buffer, which implies that

the studied nanoparticles may show prolonged circulation in vivo [50].
From all these observations, it is predicted that the synthesized BBR-
BSA NPs will have high stability in the blood circulation and it will
trigger the release of BBR, when it sees the acidic pH environment at
the tumor site; thus it can be effective for cancer therapy. Extended
circulation of high molecular weight nanoparticles in the blood subse-
quently results in tumor targeting by the enhanced permeability effect
and by minimizing macrophage uptake [51].

3.2. In vitro cytotoxic study of BSA NPs and BBR-BSA NPs

3.2.1. Anti-proliferative assay
For drug delivery and other biomedical uses, toxicity is a critical

parameter to consider when evaluating their applications. Keeping the
biomedical and pharmaceutical applications in mind, these biocompa-
tible nanoparticles were synthesized intentionally to interact with cells
without any adverse effect. To assess the in vitro proliferation rates of
cells and potential anticancer activity of the nanoparticles, we in-
vestigated the cytotoxicity of the synthesized nanoparticles (i.e. BSA NP
and BBR-BSA NPs) and Berberine by MTT assay on higly aggressive
breast cancer cell line MDA-MB-231 cells.

While performing experiments, we made sure that at each con-
centration, enough quantity of BBR-BSA NPs were used, so that the free
BBR concentration was fairly comparable to that of the entrapped one,
which enabled us for proper evaluation. Fig. 4 represents the viability
of MDA-MB-231 breast cancer cells after incubating with the varying

Fig. 2. FTIR spectra of Pure BBR, Pure BSA, BSA NPs and BBR-BSA NPs (a). XRD patterns of pure BBR, BSA NPs and BBR-BSA NPs (b).DSC Thermograms of Pure BBR,
BSA NPs and BBR-BSA NPs (c). TGA thermograms of Pure BBR, Pure BSA, and BBR-BSA NPs.

Table 1
%EE and %LC of BSA NPs and BBR-BSA NPs.

SAMPLES PARTICLE SIZE (nm) PDI %EE %LC

BSA NPs 116 0.038 - -
BBR-BSA NPs 166 0.184 85.65 7.78

Fig. 3. Stability analysis: Time-dependent sta-
bility of the BBR-BSA NPs using particle size
analysis over a period of 8 days with respect to
different time intervals (a) and pH stability at
different pH (b).
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concentrations of BSA NPs, BBR and BBR-BSA NPs for 24 h and 48 h.
Importantly, it was observed that the BSA NPs showed no cytotoxicity
which was evident from more than 95% of cell viability of the cells
incubated with blank BSA NPs and indicated the non-toxic and highly
biocompatible nature of the carrier. However, BBR and BBR-BSA NPs
showed a significant decrease in the viability of the MDA-MB-231
breast cancer cells respectively in both dose and time-dependent
manner, coincides with the result reported earlier for different cell lines
[35,52]. In addition, it was observed that BBR-BSA NPs showed higher
cytotoxicity as compared to pure BBR at all the concentration studied
for all the time points (24 h and 48 h) in MDA-MB-231 cells, which
implies that the anticancer activity of BBR loaded BSA NPs is phe-
nomenally significant, effective and successcully released and remained
functional in the cancer cells.

3.2.2. Trypan Blue Assay
Further, to assess the no. of viable and/or dead cells in the cell

suspension, the Trypan blue assay was performed. It’s a simple, very
inexpensive and reliable test, which provides information about the cell
membrane integrity.

Fig. 5 shows the cytotoxicity of BBR, BSA NPs and BBR-BSA NPs
after 24 h and 48 h of incubation at different concentrations (25 μg/mL
and 50 μg/mL). BBR-BSA NPs at both the concentrations shows 20 % to
30 % higher cell death as compared to pure BBR. Moreover BSA NPs did
not show any significant percent of cell death at both the concentrations
(25 μg/mL and 50 μg/mL) for both the incubation periods of 24 h and
48 h. So, Trypan blue assay suggested that BBR-BSA NPs induce more
inhibitory or anti-proliferative effect than BBR in MDA-MB-231 breast
cancer cells, which further corroborate the MTT assay results.

3.2.3. Apoptosis Assay
Acridine orange/Ethidium bromide (AO/EtBr) assay is mainly used

to differentiate between live, apoptotic and necrotic cells [53]. The
apoptotic study was performed to determine the changes at cellular

level after treatment with BBR, BSA NPs, and BBR-BSA NPs using AO/
EtBr staining method [54]. In this method, AO dye stains nuclei of live
cells that have intact cellular membranes while EtBr stains the nuclei of
dead cells having compromised cellular membrane. AO emits green
fluorescence whereas EtBr emits red fluorescence showing live and
dead cells population. Fig. 6 indicates the treatment of MDA-MB-231
cells with BSA NPs, BBR and BBR-BSA NPs at different concentrations
(25 μg/mL and 50 μg/mL) for 24 h and 48 h respectively. Treatment of
MDA-MB-231 cells with BSA NPs did not exhibit any signs of apoptosis
or necrosis at all the time points for all the concentraions used and all
the cells appeared uniformly green in colour with intact nuclear orga-
nization and cellular morphology. On the other hand, the cells treated
with BBR and BBR-BSA NPs exhibited typical features of cell death, for
which uniform red fluorescence was observed in cells at 24 h and 48 h
time points for both the concentrations (25 μg/mL and 50 μg/mL). The
number of dead cells were maximum for BBR-BSA NPs at 48 h with 50
μg/mL concentration, which implies BBR-BSA NPs trigger higher
apoptosis in the MDA-MB-231 cells than pure BBR. Collectively, these
results suggest that BBR-BSA NPs is able to induce apoptosis in a time
and concentration dependent manner in MDA-MB-231 cells, which
corroborates our antiproliferative assay and suggest BBR-BSA NPs kill
cells more effectively as observed in the apoptotic study.

3.2.4. Cellular uptake study
Cellular uptake studies were performed to get insight of the in-

tracellular trafficking potential of synthesized nanoparticles, i.e. BBR-
BSA NPs. For that Coumarin-6 (C6) loaded BSA NPs (C6-BSA NPs) were
separately synthesized and treated on MDA-MB-231 breast cancer cells
for different time intervals (0.25 h, 0.5 h, 1 h, 2 h, 4 h and 8 h). Fig. 7
shows the fluorescence images of MDA-MB-231 cells on treatment with
C6 and C6-BSA NPs for mentioned time intervals. Cells incubated with
C6-BSA NPs shows higher fluorescence intensity than cells incubated
with only C6 at all the time points studied. C6-BSA NPs showed higher
cellular uptake than plain C6 in time dependent manner. The results

Fig. 4. Effect of BBR-BSA NPs on cell viability
in MDA-MB-231 cells. MDA-MB-231 cells were
treated with different concentrations (25 μg/
mL, 50 μg/mL and 100 μg/mL) of blank BSA
NPs (BSA NPs), Pure Berberine (BBR) and
Berberine loaded BSA NPs (BBR-BSA NPs) for
24 h (a) and 48 h (b) respectively. All time
points were followed by MTT assay. Control
cells were left untreated. The cell growth data
shows mean±SEM (n = 3);*p ≤ 0.05, ** p ≤
0.01, *** p ≤ 0.001, ****p ≤ 0.0001 vs. re-
spective controls.

Fig. 5. Trypan blue exclusion assay showing the effect of different concentrations (25 μg/mL, 50 μg/mL) of blank BSA NPs (BSA NPs), Pure Berberine (BBR) and
Berberine loaded BSA NPs (BBR-BSA NPs) on MDA-MB-231 cells at 24 h (a) and 48 h (b) respectively as compared to control cells. Control cells were left untreated.
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suggest that BBR-BSA NPs could effectively improve the delivery of
hydrophobic molecules into the MDA-MB-231 breast cancer cells and
therefore it could be responsible for higher cytotoxicity of BBR-BSA NPs
against these cells than BBR. It was observed that BSA NPs entrapped
coumarin formulation showed time-dependent cellular uptake by an
increase in the intensity of Coumarin with the increase in incubation
time. The BSA NPs entrapped drug showed pronounced uptake in
comparison to pure drug.

Higher fluorescence intensity was observed in coumarin-6-BSA NPs
(0.5 μg/mL) than only coumarin-6 (0.5 μg/mL) in a time-dependent
manner (Fig. 7b), which may confirm the higher uptake of BBR-BSA
NPs in the MDA-MB-231 cells. The results suggest that BSA NPs could
enhance the delivery of BBR into the MDA-MB-231 cells at lower con-
centrations and therefore it could enhance the anti-proliferation ac-
tivity of BBR.

4. Conclusion

In the present study, we have successfully developed/formulated a
biocompatible, nontoxic, novel anticancer Berberine delivering system
i.e. BBR-BSA NPs. The nanoparticles were systhesised by desolvation
method and characterized successfully. The particle size, morphology
and stability analysis indicated that the BBR-BSA NPs were quite stable,

spherical in shape and nearly monodisperse in nature. The results of
DLS and FESEM implies that the size of synthesized nanoparticles were
within the suitable and optimal range for drug delivery applications.
The MTT assay further supports the nontoxic and biocompatible nature
of the BSA nanocarrier (BSA NPs), at the same time BSA NPs sufficiently
enhanced the solubility and anticancer activity of pure Berberine
against breast cancer cells, when entrapped (BBR-BSA NPs). The
apoptosis and cellular uptake study proved that the BBR-BSA NPs were
more cytotoxic towards MDA-MB-231 breast cancer cells whereas the
results of higher intracellular uptake studies suggest that BBR-BSA NPs
could effectively improve the anticancer activity at the lower dose of
BBR. Overall, all the experiments performed, clearly demonstrates that
BBR-BSA NPs could be useful as a potent delivery system for in-
tracellular release of Berberine and increase its anticancer efficacy. The
current study uses Bovine Serum Albumin as a proof-of-technology
examination. Further, Human Serum Albumin, which is the human
analog of BSA would be considered as an probable delivery system to
avoid any immunologic consequences for in vivo trials. Thus, our study
proposes that the chemotherapeutic potential of Berberine could be
better utilized by loading it in a protein-based carrier for future clinical
applications.

Fig. 6. Apoptosis study by Acridine orange/
Ethidium bromide (AO/EtBr) staining. Effect of
BBR-BSA NPs on apoptosis in MD-AMB-231
cells. MDA-MB-231 cells were treated with two
different concentrations (25 μg/mL and 50 μg/
mL) of blank BSA NPs (BSA NPs), Pure
Berberine (BBR) and Berberine loaded BSA NPs
(BBR-BSA NPs) for 24 h and 48 h respectively,
followed by fluorescence microscopy using
AO/EtBr staining assay. Control cells were left
untreated. All the photomicrograph (n = 3)
were acquired at 200X magnification.

Fig. 7. Cellular uptake study in breast cancer
cell line (MDA-MB-231). Cells were treated
with native Coumarin-6 (C6) (0.5 μg/mL) and
Coumarin-6 loaded BSA NPs (C6-BSA NPs) (0.5
μg/mL) at different time intervals of 0.25, 0.5,
1, 2, 4 and 8 h. All the images were taken by
fluorescence microscopy (a). The quantitative
cellular uptake analysis of C6 and C6-BSA NPs
(b). (Scale bar=50 μm).
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A B S T R A C T   

Resveratrol nanoparticles (RNP) formulation was prepared with 0.5% w/v of SDS and confirmed by TEM, XRD, 
DSC, XRD, FTIR and NMR. The prepared RNP were evaluated for physicochemical properties like solubility, 
stability, dissolution profile and partition coefficient. The anticancer activity of prepared RNP formulation was 
determined against HCT 116 human colorectal cancer cells by cell viability and apoptosis studies. An in vivo 
pharmacokinetic study in SD rats showed that, the AUC of the RNP was significantly higher (p < 0.0001) than the 
pure RSV. The plasma Cmax was found to be 0.23 ± 0.02 μg/mL for RSV and 0.62 ± 0.09 μg/mL for RNP. An 
increase in AUC and Cmax suggested that, the developed formulation was more bioavailable than the pure RSV.   

1. Introduction 

Solubility is the major hurdle for many potential bioflavonoids and 
synthetic drugs and creates hurdles in their product development and 
commercialization [1]. Various bioflavonoids suffer from less water 
solubility and poor bioavailability due to their weakly acidic or weakly 
basic nature [2]. These molecules produce several important health 
benefits, but the therapeutic efficacies of these molecules are limited due 
to their poor physicochemical properties and hence unfavourable 
pharmacokinetic (PK) profiles after administration. Among the various 
type of nanocarriers, the preparation of drug nanoparticles (DNPs) using 
a size reduction technique looks like a better approach, particularly 
when the solubility and bioavailability enhancement are primary ob-
jectives [3]. Further, a significant decrease in the crystallinity of drugs is 
observed during the preparation of DNPs, which also helps to improve 
the physicochemical properties of drugs [4]. 

Resveratrol (RSV) is a naturally occurring, BCS-II polyphenolic 
compound and prominently found in grapes, dark berries, red wine or 
peanuts etc [5]. The RSV is well reported to show the potential thera-
peutic benefits [6] however, it has poor water solubility (30 μg/mL) and 
low oral bioavailability with a partition coefficient of 3.1 which limits its 
pharmacological activities [7]. Therefore, we have prepared carrier- 

free, amorphous RSV nanoparticles (RNP) formulation for the 
enhancement of solubility, dissolution and oral bioavailability of RSV. 
The prepared RNP was explored by TEM, XRD, DSC, FTIR and NMR. 
Then, in-vitro dissolution, cytotoxicity and pharmacokinetic studies 
were investigated. 

2. Experimental section 

The carrier-free RNP were prepared by the ultra-nanoprecipitation 
method. All these experimental details can be found in Supplementary 
Material. 

3. Results and discussion 

3.1. Preparation and characterization of resveratrol nanoparticle (RNP) 

Tables S1 and S2 show the particle size, polydispersity index and zeta 
potential of RNP with 0.5% w/v of SDS showing the particle size (76 
nm), monodispersity (PDI ~ 0.212) and good zeta potential (-18 mV). 
Fig. 1a-c shows the TEM image and Selected Area Electron Diffraction 
(SAED) pattern of the final optimized RNP formulation. The suspended 
RNP particles were almost spherical and well dispersed with a particle 
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size ~ 8 nm Fig. 1b illustrates the SAED pattern of prepared RNP where 
no diffraction spots were observed, suggesting the amorphous nature of 
the RNP. Fig. 1d represents the PXRD patterns of RSV and RNP formu-
lation where RSV showing the peaks at 2θ angles 6.7◦, 13.2◦, 16.4◦, 
19.1◦, 22.2◦, 23.5◦, 25.3◦, 28.4◦, 31.6◦, 33.0◦, 33.8◦ and 38.4◦ which 
suggested the crystalline nature of RSV [8]. Interestingly, the diffraction 
peaks of RSV were not observed in RNP spectra which indicated the 
amorphous nature of the formulation. Fig. 1e depicts the DSC thermo-
gram, which showed a sharp endothermic peak at 263 ◦C. The DSC 
thermogram of RNP shows the two different endothermic peaks at 246 
and 235 ◦C but with peak shifting. The shifting of the sharp endothermic 
peak of RSV further confirmed the change in the physical nature of the 
RNP. Fig. 1f showed the FTIR spectra of RNP which shows the peaks at 
3268 cm− 1 (O–H stretching), 1608 (C = C stretching of aromatic ring), 
1585 and 1465 cm− 1 (C = C trans double bond stretching), 1390 cm− 1 

(C-O-C stretching), 1155 cm− 1 (phenolic C-O stretching), 962 cm− 1 

(trans C = C stretching), 833 cm− 1 (=C–H vibration bands of phenolic 
ring), 616–517 cm− 1 (=C–H vibration bands of trans double bond). [9]. 
Fig. 1g shows the 1H NMR spectra of RSV, SDS, physical mixture (RSV +
SDS 1:1 w/w), and RNP. The FTIR and 1H NMR spectra of RNP showed 
all protons like pure RSV with a very slight shift confirming the removal 

of SDS and no change in RSV after formulating as drug nanoparticles. 

3.2. Physicochemical properties of resveratrol nanoparticles (RNP) 

Solubility and partition coefficient (log P) of RSV and RNP are shown 
in Fig. 2a-b. The solubility of RSV in water was 36.6 ± 1.92 μg/mL with 
Log P value of 3 whereas RNP had the solubility of about 321.43 ± 7.07 
μg/mL with 2.5 Log P value. From the observed solubility data, it was 
observed that the solubility of RSV was significantly (8.7 times, p <
0.0001) increased with decreasing Log P value after nanoparticle for-
mation. The reduction in particles and the amorphous nature of the RNP 
might be responsible for solubility enhancement and a decrease in the 
Log P value of RSV [10]. The dissolution profile was higher for RNP than 
the pure RSV in both the media. After 2 h, dissolution of RSV and RNP in 
0.1 N HCl was found to be 11.4% and 51.3%, respectively. In phosphate 
buffer pH 6.8, dissolution of RSV and RNP was 30.4% and 91.01%, 
respectively after 30 min (Fig. 2c-d) which may be due to reduction in 
particle size, decrease in hydrophobicity and amorphous nature of RNP 
[10]. Table S3 shows the change in physicochemical properties of the 
RNP formulation after three months of storage. No significant changes 
were observed in particle size, PDI and zeta potential of RNP. The 

Fig. 1. Characterization: (a) TEM image of RNP, (b) SAED pattern of RNP, (c) Size distribution of RNP, (d) PXRD patterns of RSV and RNP (e) DSC scans of RSV and 
RNP, (f) FTIR spectra of RSV, sodium dodecyl sulphate (SDS), physical mixture (RSV + SDS 1:1 w/w) and RNP and (g) 1H NMR spectra RSV, SDS, RSV + SDS 
and RNP. 
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observed RSV content in RNP was 99.1 ± 0.4%. Therefore, it can be 
concluded that the prepared surfactant-free RNP formulation was stable 
at refrigeration conditions. 

3.3. In vitro cytotoxicity study of RNP against human colorectal cancer 
cells 

Fig. 3a-b showed the in vitro cytotoxicity of RSV and RNP against 
HCT 116 cancer cells The half-maximal inhibitory concentrations (IC50) 
of RSV and RNP were found to be 37.2 ± 1.2 μg/mL and 32.6 ± 0.8 μg/ 

Fig. 2. (a) Solubility of RSV and RNP in water, (b) partition coefficient (Log P) of RSV and RNP; (c and d) In vitro dissolution of RSV and RNP in 0.1 N HCl (pH 1.2) 
and phosphate buffer (pH 6.8). 

Fig. 3. (a and b) Cytotoxicity of RSV and RNP against HCT 116 colorectal cancer cell lines at 24 h and 48 h, respectively, (c) Acridine orange-ethidium bromide 
staining of HCT 116 colorectal cancer cell lines after exposure of RSV and RNP, and (d) Hoechst 33,342 staining for the detection of apoptotic nuclei of HCT 116 
colorectal cancer cells after incubation with RSV and RNP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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mL after 24 of incubation, respectively. The IC50 values were decreased 
to 23.5 ± 2.8 μg/mL for RSV and to 19.7 ± 3.5 μg/mL for RNP after 48 h 
(Fig. S1). Fig. 3c shows the AO/EB staining assay, as the time of incu-
bation was increased, the number of necrotic cells was increased while 
the number of live cells (with green fluorescence) was decreased. It was 
found that the induction of apoptosis was more in RNP-treated cells than 
RSV-treated cells. Fig. 3d, the bright nuclei (chromatin concentration) 
represent the late apoptosis or necrosis cells. The results showed the 
HCT 116 cells treated with RNP showed more bright nuclei which 
further confirmed that the prepared RNP formulation was more toxic to 
the human colorectal HCT 116 cells than the native RSV. 

3.4. Pharmacokinetic study 

Fig. S2 shows the RSV plasma concentration versus time profile, and 
the pharmacokinetic (PK) parameters are listed in Table S4. The AUC of 
the RNP (2.32 ± 0.28 μg/ml × h) was 2.36 times significantly higher (p 
< 0.0001) than the pure RSV (0.98 ± 0.03 μg/ml × h). The plasma Cmax 
was found to be 0.23 ± 0.02 μg/mL for RSV and 0.62 ± 0.09 μg/mL for 
RNP. The increased AUC and Cmax values suggested the higher absorp-
tion of the RSV after administration as RNP. This demonstrated that the 
as-made RNP had greater anticancer activity and bioavailability as 
compared to pure RSV. 

4. Conclusion 

The RNP formulation prepared using 0.5% w/v of SDS exhibited the 
lowest particle size (81 nm) distribution with 0.202 PDI and − 15.4 mV 
zeta potential values. Solid-state characterization of the amorphous RNP 
confirmed by the PXRD and DSC analysis and the complete removal of 
surfactant from the nanoparticle surface confirmed by the 1H NMR and 
FTIR spectroscopy. The carrier-free and amorphous RNP significantly 
enhance the water solubility, dissolution, stability with decreasing hy-
drophobicity as compared to crystalline RSV. Therefore, the amorphous 
RNP exhibited better in vivo performance compared to raw RSV powder. 
The increase in Cmax and AUC confirmed the increase in oral bioavail-
ability due to enhance solubility, amorphous nature, and better disso-
lution profile of RSV from the RNP formulation. 
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Abstract 

Critical thinking is an important skill that promotes self- reflection in the work done by anyone. The 

present study was conducted to understand the influence of gender on the critical thinking ability of teacher 

educators. The total number of teacher educators was 30 which were selected out of which 16 were males 

and 16 were females from three Teacher Education Institutions of Gandhinagar. Test on critical thinking 

ability, developed by the researchers was used to test the critical thinking ability of teacher educators. The 

finding of the study showing that there is no influence of Gender on Critical Thinking ability among 

teacher educators. The study gives suggestions towards designing classroom pedagogy for teacher 

education based on critical thinking and also towards the further research that needs to be carried on under 

this domain.  

 

Keywords : Critical Thinking, Gender, Teacher Educators.  

 

Introduction:  

In ancient India, education and religion were 

closely linked to each. The character formation 

with the proper development of the moral feeling 

along with preparing students to become a useful 

member of society was an important aim of 

education during that time. In the classical Indian 

handbook of Ayurveda called Charaka Samhita, 

the author Acharya Charaka said following 

words, “One who has acquired the knowledge 

(given by the authoritative text) based on various 

reasons and refuting the opponent’s view in 

debates, does not get fastened by the pressure of 

opponent’s arguments nor does he get subdued by 

their arguments” (Vaidya, 2016). According to 

Nagasena, “When scholars talk a matter over one 

with another, then there is a winding up, an 

unraveling, one or other is convicted of error, and 

he then acknowledges his mistake; distinctions 

are drawn, and contra-distinction; and yet thereby 

they are not angered” (Vaidya, 2016). 

                  The National Curriculum Framework 

(2005) also visualizes teachers in the role of 

“facilitator who encourages learners to reflect, 

analyze and interpret in the process of knowledge 

construction”. It also recognizes the fact that a 

sensitive and informed teacher is one who “is 

able to engage children through well-chosen tasks 

and questions so that they are able to realize their 

developmental potential”. The NCF, 2005 also 

suggests that student-teachers, teacher educators 

or regular teachers should critically examine the 

curriculum, syllabi, and textbook on a regular 

basis. 

                      Critical Thinking is one of the 

important skills which is much discussed in the 

field of Teacher Education. The National 

Curriculum Framework for Teacher Education, 

2009 recommends teachers to critically engage 

with the theory and practice for developing a 

professional approach in the process of teacher 

education. The relevance of Critical Thinking can 

http://www.jetir.org/
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be understood going back to the era of Socrates 

where he emphasized seeking reasons, obtaining 

evidence, questioning assumptions and analyzing 

concepts to justify one’s claim.  To understand 

the significance of Critical thinking in the field of 

teacher education, it is important to understand its 

meaning and definition given by various 

philosophers. John Dewey defines critical 

thinking as “active, persistent and careful 

consideration of a belief or supposed form of 

knowledge”. From being active, he meant the 

active involvement of the individual in the 

process of knowledge construction rather than 

learning in a passive way from somebody. 

Building on the idea of Dewey, Edward Glaser, 

co-author of one of the widely used tests of 

critical thinking adds more emphasis to the 

evidence-based inquiry.  

                       According to Mason (2008), 

Robert Ennis (1996) propagates the idea of 

critical thinking to be based on skills such as 

becoming reasonable and a reflective thinker in 

the work one chose to do. McPeck (1981) argues 

that critical thinking is specific to a discipline 

which depends on a thorough knowledge of the 

subject content. 

                     Teacher Educators are required to be 

flexible and reflective, innovative, dynamic in 

their responses where they can locate, map and 

translate the different discourses in their arena of 

practice. The most significant aspect of critical 

thinking is raising a question which is the central 

aspects of both learning and knowledge creation. 

Therefore, the assessment of critical thinking 

would require an individual to be open for 

multiple solutions and have the motivation to 

examine the complex content deeply rather than 

just simply recalling facts or restating the answer.  

Rationale: 

The attitude of prospective teacher educators 

towards critical thinking would help in bringing a 

desired social change in the formal Indian 

education system. It would also help them 

understand the need for collaborative planning 

and practice in their workspace which would help 

them grow as professionals. Facione (1990) 

defines critical thinking as “purposeful, self-

regulatory judgment which results in 

interpretation, analysis, evaluation, and inference, 

as well as an explanation of the evidential, 

conceptual, methodological criteriological, or 

conceptual considerations upon which that 

judgment is based.  Different Policies and 

recommendations on Indian education system 

highlight the needs towards improving quality in 

the education system. It is felt that the current 

practices in the education system fail to establish 

the relationship between the content taught in the 

classroom and its implication in the real world. 

Similar problems are being faced in the 

preparation of teacher educators where they end 

up spending more time “decorating their lesson-

plan rather than reading and reflecting on what to 

teach, why and how” (Report of the High-

Powered Commission on Teacher Education 

constituted by the Hon’ble Supreme Court of 

India, August 2012). Annual Status of Education 

Report (ASER), 2019 and National Achievement 

Survey (NAS), 2018 clearly highlights the 

concerns related to quality in the Indian education 

system.  This, in turn, raises the question on the 

quality of teacher education which “acts as a 

bridging agency between school education and 

society” (Sharma & Rawat 2014).  

                  Critical thinking has a positive 

influence on the academic achievement of an 

individual that enhance their confidence level. 

Sherafat (2016) conducted a study to find out the 

effect of critical thinking on academic 

achievement among secondary and senior 

secondary students. The findings of the study 

suggest that higher the critical thinking levels, the 

better is the academic achievement scores. It 

means critical thinking positively affects 

academic achievement of (secondary and senior 

secondary) students. The study also found that the 

age or the educational level does not pose an 

influence on critical thinking as secondary 

students were found performing better than the 

senior secondary students. 

There are different studies that suggest different 

ways to enhance critical thinking. Patel (2010) 

found that the instructional strategies based on 

thinking tools and strategies were effective in 

enhancing fluency, flexibility and originality 

dimensions of creative and critical thinking 

among primary school teachers. Ojha (2018) 

conducted a study to develop the critical thinking 

skills of students in history through an inquiry-

based approach in the classroom. The findings 

suggest that the inquiry approach was more 

effective than memorizing the facts in which 

students learned to appreciate the complexities, 

http://www.jetir.org/
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uncertainties, and ambiguities inherent in 

historical issues and problem. Gopalakrishnan 

(2016) conducted an experimental study to see 

the effectiveness of Educational Ergonomics 

Programme (EEP) in terms of critical thinking 

amongst students of XI grade. The findings 

suggest that critical thinking of the group who 

underwent the EFP program was enhanced at the 

end of the treatment. There are many studies 

conducted to see the influence of different 

interventions in enhancing the critical thinking of 

students studying at different levels of school 

education or higher education either in a subject 

or around the overall developmental domain. 

Also, there are studies that talk about the need for 

developing teaching competency and 

professionalism among teachers or teacher 

educators, but it is difficult to find the study that 

provides an example of the practice of enhancing 

critical thinking abilities among teacher 

educators. 

                  There can be different factors that can 

affect critical thinking of an individual. A 

research conducted on “critical thinking 

tendencies and factors that affect critical thinking 

of higher education students” gives a result that 

shows that female student were seen to be better 

than male students on the dimensions of 

analyticity, open-mindedness, and truth-seeking. 

Whereas, inquisitiveness was the only dimension 

that male students were better than female 

students (Arselen, Gulveren, and Aydin (2014). 

Gender is defined as a “social construction of 

sexed bodies and an analytical tool for providing 

a conceptual bridge to past and present 

relationships between men and women” (Pearson 

and Rooke, 1993).  

In India, from 1991 to 2014, female to male 

teacher ratio has increased from 41 to 88 in 

primary school and 44 to 90 in secondary school 

as per the data of the Indian Human Resource 

Department. In urban areas, female teachers have 

outnumbered male teachers with many big 

schools having just 5 to 10% male teachers (Nair, 

2017). But how far have they attained the sense 

of autonomy and decision-making is a question to 

inquire about. The percentage of female teachers 

are increasing rapidly compared to male teachers. 

Despite that, it would be difficult to say whether 

they are able to think critically in their profession 

that demands them to be a reflective thinker. 

Therefore,  a comparative study of critical 

thinking on the basis of gender became a chance 

to reflect on the process that one has gone 

through or going through to become teacher, 

educators.    

Statement of the Problem 

Our current Indian education system emphasized 

heavily on memorizing the answer to the question 

rather than testing the critical thinking skills 

mentioned in almost all the report based on the 

Indian education system. In India, around 77% of 

teachers are female and every year they are 

becoming part of this profession in a large 

number. Therefore, a study was conducted on, 

“Comparative Study of Critical Thinking Ability 

among Teacher Educators on the basis of 

Gender”. 

Significance of the Study 

To ensure the quality of education system in India 

a good teacher educator is required for preparing 

a good teacher which would, in turn, be reflecting 

in the learning level of students. In the 21st 

century, it is important to have an education 

system that promotes critical thinking which 

would lead towards a maximum of innovation 

and creativity to excel in a worldwide scenario. 

Objective 

The objective of the study was  

To study the influence of gender on 

critical thinking of teacher educators. 

Hypothesis  

Ho was framed by researchers: 

Ho - There is no significant difference 

between the mean scores of critical thinking 

of male and female teacher educators. 

Delimitations of the Study  

Delimitations of the study were: 

 The study was delimited to the  English 

Medium Teacher Education institutions 

only. 

 The study was conducted in the 

institutions of Gandhinagar city  of 

Gujarat only. 

Methodology 

The present study was descriptive in nature. In 

the study, the researchers used Survey method.  

Sample 

In the present study, a sample of 32 teacher 

educators was taken, out of which 16 were males 

http://www.jetir.org/
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and 16 were females. The sample consists of 

Teacher Educators, Research Scholar and Master 

of Education (M.Ed.) students among the age 

group of 21 to 50 years. The institutions selected 

for the purpose were English medium and the 

name of the institutions are Indian Institute of 

Teacher Education, Education department of 

Kadi Sarva Vishwavidyalaya and School of 

Education Central University of Gujarat, located 

in Gandhinagar city. 

Sampling techniques 

The sampling technique used by the researchers 

was purposive.  

Tool 

For the study, a test based on critical thinking 

ability was prepared by the researchers. The 

language of test was English. The dimensions of 

critical thinking that were considered while 

developing a test were- analyzing arguments, 

assumptions, deductions, inferences and 

interpreting information.  

Data Analysis, Result,and Discussion 

Mann Whitney ‘U’ test was used for data analysis 

which summary of results is given in Table 1. 

Table 1.Summary of Mann Whitney ‘U’ test for 

comparing Critical thinking and Gender 

** not significant at 0.05 laval of significance 

                               

                   From table 1, it is clear that the value 

of Mann-Whitney ‘U’ is 102.50 for which the 

value of two-tailed significance is 0.335, which is 

greater than 0.05 level of significance, therefore 

‘U’ value 102.50 and Z-value 0.964 is not 

significant at 0.05 level of significance. Hence, 

there is no significant difference between the 

scores of critical thinking of male and female 

teacher educators. In this view, the null 

hypothesis, “ There is no significant difference 

between the mean scores of critical thinking of 

male and female teacher educators” is not 

rejected. The data in table 1, clearly shows that 

the value of scores of critical thinking of male is 

18.09 which is not significantly higher than the 

value of scores of critical thinking of female 

which is 14.91. Therefore, it can be concluded 

that critical thinking of teacher educators is not 

influenced by gender.  

                   Salahshoor and Rafiee (2016) 

conducted a study to investigate the relationship 

between critical thinking and gender among 

Iranian (English as Foreign Language) learners. 

A result of a standardized test revealed that males 

and females were not significantly different from 

one another in applying critical thinking 

skills.Leach (2011) in his study explored the five 

dimensions of critical thinking based on gender, 

college and academic discipline. The result of the 

study shows that there is no significant difference 

found among gender aspect, however, a student 

within a certain academic discipline is found to 

perform better in some areas of critical thinking. 

The study also indicated that the development of 

critical thinking is highly dependent on the 

environment and instruction by teachers. Another 

study regarding gender and problem solving 

administered under PISA (Programme for the 

International Student Assessment) by the 

Organisation for Economic Cooperation and 

Development (2009) found that gender 

differences in problem-solving for adolescents 

were few and insignificant.  

                     The above studies suggest that the 

role of gender is not much in determining the 

critical thinking ability of an individual. 

However, the other factors that can play a major 

role in the critical thinking of an individual are 

the academic environment and teacher’s 

facilitation at the school and university level. 

Afsahi and Afghari (2017) conducted a study 

with thirty students of Master of Arts (M.A.) to 

study the relationship between Mother Tongue, 

Age, Gender and Critical Thinking. The result of 

the study indicates that there is a significant 

relationship between mother tongue and critical 

thinking but there is no significant relationship 

between age, gender, and critical thinking level. 

                     The reasons behind getting the 

above result were maybe because of the similar 

educational or academic attainment by both the 

male and female teacher educators. They have 

either completed or were pursuing a Master of 

Education (M.Ed.) degree, that means, they all 

were at a certain level of education.  Therefore, 

there was no significant difference found in the 

Critical 

Thinking 

Gender N Mea

n 

Ran

k 

Sum of 

Ranks 

Z  Mann- 

Whitney 

‘U’ 

Sig. 

Male  16 18.09 289.80 .964 102.50 0.335** 

Female 16 14.91 238.50 
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relationship between critical thinking and the 

gender of the teacher educators. 

Conclusion 

The finding of the study showed that critical 

thinking is not influenced by gender. The studies 

display that it is not gender that determines the 

critical thinking of an individual but the 

environment in which one is living. Another 

important point stated by almost all the study is 

the significance of critical thinking in one’s 

academic or personal life as it demands self-

reflection and self-regulation at every end of life. 

Similarly, the beliefs, practices, and attitude of 

teachers educators are really significant to 

improve the educational scenario of the country 

as they are the ones who would prepare teachers 

to cope with their professional life challenges and 

provide a student-friendly environment which 

would, in turn, shape the motivation and 

achievement of students. At last it can be 

concluded that there is no relationship between 

gender and critical thinking. 

Implications of the study 

The study can give direction for further 

researches which are going to explore or 

experiment towards improving the existing 

classroom practices in the field of teacher 

education. It can also be useful in designing a 

classroom pedagogy of teacher education. It can 

also give an insight to the teachers who are 

teaching at a different level of schools and 

colleges to stop generalizing the student’s choice 

of subject with their gender.  
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Introduction 
Movement from one territory to another is a fundamental 

feature of human being. Anthropology documents 
nomadism as a stage preceding human settlement as 
communities. Even after their evolution as communities, 
throughout the civilization human beings have been 
experiencing temporary, seasonal, or permanent migration 
from their original habitat either voluntarily or forced. 
Migration of people is closely related to a variety of socio-
economic, demographic, and political factors. History of 
human civilization is full of such migration, however, in 
modern history major waves of migrations originated in the 
colonial period. In post colonial era and especially since the 
beginning of 1990s the process ofliberalization, privatization 
and globalization is giving further boost to the movement of 
people across the globe. Last few decades have seen 
tremendous growth in international migration. h t 

International Organization for Migration estimates t ad 
. . al . t . the world stoo 

the total number of 1nternat1on m1gran s m nt 
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Abstract
Nutrient deficiency in soil suppresses crop growth, yield and nutritional value of the
products. Textile effluent, a rich source of several essential minerals (including Ca, Mg,
Cu, Fe, Zn, Mn) required for plant growth, could be a viable option to supplement the
nutrient availability of soil. Although presence of some toxic metals and organic com-
pounds restrict its use as irrigation water, its controlled use as fertilizer was not studied so
far. This study was undertaken to assess the utilization of textile industry effluent for its
suitability and potentiality as nutrient supplement by applying it onto chilli (Capsicum
annum L.) cropping system. The effects of textile effluent fertilization was assessed by
the wet cotton method at room temperature for germination, and in pot experiment in field
conditions for growth and biochemical analysis using four effluent dilution rates (i.e.,
10%, 20%, 40% and 60% v/v). The results of the experiment showed no inhibitory effect
of textile effluent on seed germination, while its fertilization as soil drench worked as
nutrient supplement for growth in chilli cultivars. The fertilization with textile effluent
enhanced the plant biomass by 110.9% and 124.5%, and the leaf area by 21.5% and 2.6%
in chilli cultivar GVC-121 and GVC-101, respectively. The total carbohydrate and foliar
protein were also favoured by fertilization with the effluent. Moreover, least proline
accumulation under lower dose suggested reduced stress due to textile effluent fertiliza-
tion. The study concluded that the lower dose of textile effluent fertilization can function
as nutrient supplement for chilli cultivars and 20% (v/v) effluent dilution provides the
most favourable results.
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Highlights
• The application of textile effluent enhances germination of chilli cultivars.
• A low dose of textile effluent provides nutrients and increases growth.
• High dose of textile effluent delays germination and reduces growth.
• Application of wastewater to agricultural field may be a viable management option.
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1 Introduction

Effluent of the textile industry is considered to be among the most polluted industrial effluents
consisting of a high concentration of heavy metals and organic compounds (Singh et al. 2020;
Singh and Rathore 2020). Besides, the textile industry is also known as a water intensive
industry, consuming large quantities of water for various processes and discharging equally
large volumes of wastewater containing a variety of pollutants (Kumar and Chopra 2013;
Bhatia et al. 2018; Singh and Rathore 2019). The textile effluent is also characterized by the
presence of organic dyes that develop strong colour, fluctuating pH, high chemical and
biological oxygen demands, total dissolved solids, sulphate, and ammonical nitrogen
(Kaushik et al. 2005; Grönwall and Jonsson 2017) which further complicate the problem of
its management. The unimpeded disposal of textile effluent not only causes risks to human,
animal and plant health but also possesses serious threats to soils and water bodies, and
ecology of affected areas (Saratale et al. 2011; Forss et al. 2017; Singh et al. 2020). Fait et al.
(2017) suggested that the uncontrolled disposal of waste could lead to distribution of metallic
trace elements into the soil from top of the soil to deep up to one km through the soil-water
interface. Textile effluent can induce mutations, and cause genotoxicity and oxidative damage,
root growth retardation, mito-depression, and induction of chromosomal abnormalities in root
meristematic cells (Hemachandra and Pathiratne 2016; Akhtar et al. 2016). Iqbal (2016),
Abbas et al. (2018) and Iqbal et al. (2019) reviewed the available literature and concluded
cytogenic and mutagenic effects of raw textile effluent on Vicia faba, Vibrio Fischeri and
Allium cepa, respectivey, and suggested biological treatment of the effluent before its use.

On the other hand, micronutrient deficiency in soil and plants is a global nutritional
problem and is prevalent in many countries with different magnitude of severity. Micronutrient
deficiencies in soil have been identified as one of the main factors affecting crop yield and food
quality, which resulted in reduced nutrient in diet (Cakmak 2002; Singh et al. 2018).
Widespread micronutrient deficiency increases the challenge to feed healthy food for 7 billion
people which is expected to reach 9 billion by 2050 (FAO 2011). Therefore, sufficient key
nutrients are required in soil for successful agricultural practice (Knez and Graham 2013). The
industrial effluent contains several macro and micronutrients which the plants can uptake for
their growth. Application of such effluent in agricultural fields may be a viable option to
dispose industrial effluent, and would sustain agriculture in non-irrigated areas where the
availability of fresh water is scarce (Kumar and Chopra 2013). Moreover, waste water can
provide important nutrients, especially nitrogen and phosphorus and some micro-nutrients,
which can increase soil fertility and enhance plant growth, crop production and quality of
produce. It also reduces the requirements for commercial chemical fertilizers, and thus, it
increases farmer’s economic benefits (Papadopoulos and Savvides 2003). Fertilization by
effluent may provide dual benefit to the environment as it reduces the requirement of chemical
fertilizers besides resolving the problem of effluent disposal (Knez and Graham 2013; Kumar
and Chopra 2013). Tran et al. (2016) also discussed his experimental result that the reuse of
wastewater in agriculture offers cost savings over chemical fertilizers as it contains consider-
able amount of nutrient elements for plants.

Besides the presence of toxic heavy metals and organic compounds, metals necessary for
plant metabolism as enzyme activators or regulators are present in textile effluent, e.g. Fe, Cu,
Mn, Mo; however, these may cause toxicity if supplied in excess quantities (Kaushik et al.
2005; Singh and Rathore 2018). Use of wastewater reduces fertilizer and irrigation cost as it is
freely available (Papadopoulos and Savvides 2003). Earlier researches with lower dose of
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distillery effluent as irrigation provided positive results on seed germination, total sugars,
starch, reducing sugars, and chlorophyll (Ramana et al. 2002; Kaushik et al. 2005; Hassan
et al. 2013; Singh and Rathore 2018, 2020).

The studies conducted so far on the utilization of textile effluent in agriculture were focused
on nutrient utilization during irrigation. However, the presence of high salinity and significant
amounts of trace metals can harm the crop and soil by its continuous application as irrigation.
Djehaf et al. (2017) reviewed the available treatment technologies for textile effluent and
suggested its use for field application after treatment. Use of diluted treated wastewater could
somewhat mitigate the side effects without additional treatment; it is considered that diluted
wastewater can be used for soil fertilization (Bañón et al. 2011; Jeong et al. 2016). Singh and
Rathore (2020) suggested to use diluted textile effluent during the field preparation to satisfy
the need of micronutrients to plants. This would not only reduce the input of chemical fertilizer
but also reduce the cost of textile effluent disposal.

Chilli (Capsicum annum L.) is an important commercial spice crop which is a rich source of
vitamin ‘C’ and ‘A’ with plenty of minerals (Parvathi and Yurnus 2010). Global trade of chilli is
around 400,000 metric tons. Alabi (2006) stated that chilli shows greater yield and quality when
essential elements are provided in appropriate amounts. So far, no study has been conducted on the
application of limited amount of textile effluent as fertilizer to provide nutrients from textile effluent
on chilli crop. Therefore, the present study was conducted to assess the potential of textile industry
effluent to supplement micronutrients during cultivation of chilli (Capsicum annum L. cv.GVC-101
and GVC-121) by fertilization with different concentration of effluent, and to identify the optimum
effluent concentration for fertilization of chilli cultivars.

2 Materials and Methods

2.1 Effluent Collection and Characterization

Textile effluent originating from the Mangalam textile industry was collected in well cleaned
unused plastic containers from a Green Environment common effluent treatment plants
(CETP) located in Vatwa, Ahmedabad, India (Singh and Rathore 2020) before the treatment
process. The collected samples were stored in refrigerator (4 °C) to avoid changes in their
characteristics. As the textile effluent used is the present study was same to that of our previous
studies (Singh and Rathore 2018, 2020), its physico-chemical characteristics, determined using
Standard Methods (APHA 2012), were also similar (Table 1) as reported in Singh and Rathore
(2018, 2020).

2.2 Germination Experiment

The wet cotton method was applied for the germination experiment. Cotton was moistened
with 10 mL of water as control and with the same quantity of different concentrations of textile
effluent resulting from 10%, 20%, 40% and 60% v/v dilution in water and kept in a Petri dish.
Eight seeds of the two cultivars were placed in these Petri-dishes and were incubated at
temperature of 30 ± 1 °C. Germination was recorded every 5 days from the date of sowing for
15 days at 11:00 am, and the emergence of the radicle was taken as a criterion of germination.
All the experiments were carried out in three replicates (3 Petri dishes for each treatment) and
the results were averaged.
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Seed germination for the various effluent concentrations was recorded and computed as
germination percent. Speed of germination was analysed using the Eq. (1):

Speed of germination ¼ No: of seeds germinated

No: of days from the first count
þ…þ…

þ No: of seeds germinated

No: of days of the final count
ð1Þ

Peak value and germination value were calculated using Eqs. (2) and (3) presented by Kaushik
et al. (2005):

Peak value ¼ Cumulative percent germination on each day

No: of days elapsed since initial imbibition
: ð2Þ

Germination value ¼ Peak Value� germination percent: ð3Þ

Table 1 Physico-chemical Characteristics of textile effluent (obtained from Singh and Rathore 2018)

Physical Properties
Temperature 38 °C
Colour Brownish
Odour Fishy
pH 6.86±0.1

Chemical properties
Alkalinity (mEq L−1) 643±0.21
EC (μS cm−1) 438±0.43
TS (mg L−1) 2043±1.94
TSS (mg L−1) 97±1.63
TDS (mg L−1) 1909±1.08
COD (mg L−1) 1587±1.34
chloride (mg L−1) 693±0.51
sulphate (mg L−1) 286±0.37
Phosphate (mg L−1) 1.58±1.08
Phenols (mg L−1) 173.05±0.07
Total nitrogen (mg L−1) 80.13±1.5
Ca (mg L−1) 60.63±0.01
Mg (mg L−1) ND

Elemental Properties
Fe (mg L−1) 1.2±0.063
Zn (mg L−1) 2.16±2.26
Mn (mg L−1) 1.1±0.05
K (mg L−1) 23.44±0.87
Cr (mg L−1) 4.22±2.34
Pb (mg L−1) ND
Cd (mg L−1) 1.3±0.004
Co (mg L−1) 0.9±0.01
Cu (mg L−1) 1.3±0.002
Al (mg L−1) 14.3±0.03
Ni (mg L−1) 1.05±0.33

Biological properties
BOD5 (at 20 °C) (mg L−1) 688±1.08
CFU (mL−1 ×103) 1.02× 106

MPN/100 mL 32.46
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Seed Vigor index and delay index were obtained using the following Eqs. (4) and (5)
explained in Abdul-Baki and Anderson (1973):

Vigor index ¼ Germination percent

�mean of seedling length rootþ shootð Þ at the end of incubation period:

ð4Þ

Delay index ¼ Delay in germination time over control

Germination time for control
: ð5Þ

2.3 Pot Experiment Material and Design

The pot experiment was conducted at the nursery of Gujarat Forest Research Foundation
(GFRF), Gandhinagar, India (23.2362° N, 72.6766° E). Seeds of chilli (Capsicum annum)
cultivars, i.e., GVC-101 and GVC-121 were obtained from Anand Agricultural University,
Anand, Gujarat. Both cultivars are grown in winter-monsoon season, but are different in their
morphology, biochemical characteristics, nutritional composition and yield potential (https://
www.aau.in; Litoriya et al. 2014). Genetically, uniform seeds of chilli were sown in pots of
19 cm (diameter at top) × 18 cm (height) size. Pots were filled with equal amounts of slightly
alkaline (pH 7.8, EC 0.53 μScm−1) sandy loam soil of medium fertility (N, P, K values of used
soil were 236.31, 78.63, 118.54 kg ha−1, respectively). Trace element values of the experi-
mental soil before addition of textile effluent were: Fe 60.6 ± 0.11; Zn 0.21 ± 0.01; Mn 1.28 ±
0.04; As 0.0028 ± 0.21; Cd 0.0 ± 0.0; Co ND; Al 92.8 ± 1.03, Ni 0.30 ± 0.01; Pb 0.2 ± 0.003
(all values are mg kg−1 of soil) (Singh and Rathore 2020). Twelve seeds of chilli cultivars were
sown in each pot. Four dilution rates of textile effluent (10%, 20%, 40% and 60% v/v, i.e., T1,
T2 T3 and T4, respectively) were applied in soil as the basal fertilizer dose for micronutrient
supplementation (Table 2). Fertilization with textile effluent was applied only once during the
soil preparation. Pots were fertilized by textile effluent before the sowing of seeds and left for a
week for proper mixing. A control set (without textile effluent fertilization) was also main-
tained for comparison. Ground water was applied for irrigation purpose in all treatments. After
germination seeds were thinned to six seedlings per pot in all the pots, which were further
thinned at each sampling period. The experiment was conducted under completely randomized
design and replicated three times. For the various physiological, biochemical and elemental
analyses, the chemicals were purchased from Sigma-Aldrich, Bangalore, India. Other acids,
buffer components, major and minor salts were obtained fromMERCK and Himedia Mumbai,
India. All chemicals were purchased in highest purity and either of analytical or HPLC grade
as required.

2.4 Plant Growth Analysis

Plants were randomly sampled in triplicate from all treatments at 30, 60, 90 and 120 days after
sowing (DAS). After carefully washing with distilled water, plants were separated into roots,
stem and leaves. Plant height (roots and shoot length) was measured by meter scale and leaf
area was measured by graphical method and presented as cm2 per plant. To determine biomass,
plant parts were oven-dried at 80 °C till a constant weight was achieved. After drying, the plant
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parts were weighed by weighing balance. Root to shoot ratio (RSR) was calculated according
to Hunt and Burnett (1973).

2.5 Photosynthetic Pigments

For chlorophyll (Chl) and carotenoid determinations, 0.1 g leaf sample was placed in 10 mL of
80% acetone in a test tube and kept it overnight in a refrigerator at 4 °C. It was then
homogenized and centrifuged at 6000×g for 15 min. The optical densities of the supernatant
were measured at 480, 510, 645 and 663 nm using a spectrophotometer (Systronic, Model
2203). The contents of Chl a, Chl b and carotenoid were calculated as explained in Maclachlan
and Zalik (1963) and Duxbury and Yentsch (1956), respectively. Total chlorophyll was
obtained by adding the value of Chl a and Chl b.

2.6 Metabolites and Proline Content

For carbohydrate, 1 g of fresh leaf sample was crushed with chilled 70% ethanol and
centrifuged at 4000 rpm for 10 min. After centrifugation, 1 mL of obtained supernatant was
added with freshly prepared 4 mL of anthrone reagent and the mixture was allowed to stand in
warm water for 8–10 min, then cooled rapidly and absorbance was read to estimate total
carbohydrate content as described by Yemm and Willis (1954).

Protein was estimated by leaf extraction in 0.2 M phosphate buffer of pH 7 following the
method of Lowry et al. (1951). Amount of protein present in the samples was expressed with
the bovine serum albumin (BSA) as standard in μg mL−1.

Proline content was estimated by extracting the leaf sample in 10 mL sulfosalicylic acids
and the supernatant was used for acid-ninhydrin test (Bates et al. 1973) and expressed as μmol
proline g−1 FW.

2.7 Statistical Analysis

The data for different treatments are presented as mean value of three replicates. and standard
errors. The significance of the data was analysed using two ways ANOVA, with growth stage
and treatments considered as two factors. Statistical analyses were performed using the SPSS
program (version 17.0) to compare the effect of textile effluent fertilization and plant age. Plant
photosynthetic pigment content, biochemical characterisation, and biomass assay were com-
pared by analysis of variance and multiple comparison tests. In case of significant changes,
heterogeneous groups were distinguished on the basis of duncan multiple range test (DMRT)
at p < 0.05.

Table 2 Volume of textile effluent used

Treatment Quantity of textile effluent (mL textile effluent/kg soil)

C 0
T1 110
T2 220
T3 440
T4 660
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3 Results

3.1 Effluent Characteristics

The used textile effluent was brownish in colour, deficient in dissolved oxygen, rich in total
solids, total alkalinity, high in biological oxygen demand (BOD) and chemical oxygen demand
(COD) and with considerable amounts of total nitrogen, phosphate, chlorides, sulphate,
sodium, calcium, zinc, manganese, copper, nickel, ferrous, lead and cadmium (Singh and
Rathore 2018). The concentration of total suspended solids (TSS), BOD, COD, and total
dissolved solids (TDS) of effluent used in the study exceeded the prescribed limits of Indian
irrigation standards (BIS 1991). Bhatia et al. (2018) also reported increased pollutant indices of
textile effluent; however, nutrient content was not analysed.

3.2 Germination Experiment

Textile effluent dilution favoured well both chilli cultivars in the germination experiment. No
inhibition on germination by textile effluent was seen on the seeds. Germination percent (GP)
of both chilli cultivars was significantly higher after fertilization with textile effluent than
control plants (Table 3). Maximum increase in germination percent was seen for the lowest
dose of textile effluent (T1), and GP decreased gradually with increasing concentration.
Moreover, significantly higher speed of germination (SOG) and peak value (PV) were also
observed for textile effluent fertilization with experimental chilli cultivars except for the
highest dose of textile effluent fertilization which showed slightly lower SOG than the control.
Similarly, germination value (GV) and seed vigor index (SVI) were also higher for textile
effluent fertilization with maximum increase under lower dose of textile effluent. However, the
delay index (DI) was higher under the higher dose of textile effluent. In general, germination
indices of cultivar GVC-101 were more responsive to textile effluent fertilization.

3.3 Plant Growth

Application of textile effluent showed positive response for shoot height and root length in
both chilli cultivars (Fig. 1a) at all ages. For shoot height, most suited fertilization dose of
textile effluent was T2 at all ages except 30 DAS in GVC-101 which showed maximum
growth for T1. Highest shoot lengths of cultivars GVC-101 and GVC-121 were observed at
31.17% and 39.25%, respectively, at 120 DAS for T2 treatment, while root length was highest
under T3 treatment at 120 DAS (31.56% and 18.91% for GVC-101 and GVC-121, respec-
tively). Factorial analyses showed significant variation for all factors in both cultivars except
interaction of age and treatment for cultivar GVC-101 for root length (Table 4).

Similar to plant height, leaf area was also increased by textile effluent fertilization in both
studied cultivars and best result was seen for T2 treatment (Fig. 1b). Increase in leaf area was
significant by both factors, i.e., plant age and fertilization dose and its interaction for both
experimental cultivars (Table 4). Highest leaf areas, i.e., 26.59 and 21.46 cm2 plant−1 for cv.
GVC-101 and GVC-121, respectively, were found at 60 DAS for T2 treatment.

Plant biomass was significantly increased at successive growth stages under the lower dose
of textile effluent fertilization for both experimental cultivars (Fig. 1c). However, the higher
dose of textile effluent (T4) had adverse effect on biomass accumulation for the tested chilli
cultivars. Application of textile effluent fertilization with 20% (T2) dilution was found most
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suited for total biomass accumulation in both cultivars. Highest increase of total dry biomass
was recorded with T2 treatment at 120 DAS for both chilli cultivars, i.e., 43.78% and 42.19%
for GVC-101 and GVC-121, respectively, against their respective controls. However, factorial
analysis for biomass showed non-significant effect of textile effluent on cultivar GV101
(Table 4).

3.4 Photosynthetic Pigments and Plant Metabolites

Chlorophyll a content accelerated significantly from 30 to 120 days in both cultivars at all
textile effluent fertilization doses (Fig. 2a). Increase in Chl a was found maximum at 120

Fig. 1 (a) Shoot height and root length, (b) leaf area, and (c) total dry biomass of chilli (Capsicum annum)
cultivars (GVC-101 and GVC-121) at 30, 60, 90 and 120 days after sowing (DAS) for the different treatments
(different dilution rates of textile effluent fertilization)
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DAS (45.25% and 32.66% for GVC101 and GVC-121, respectively) for T2 treatment
compared to their respective controls. Similarly to Chl a, Chl b was also increased in a
similar trend (Fig. 2b). Plant fertilized by 40% (T3 treatment) textile effluent exhibited
maximum content of total chlorophyll (46.32 and 35.07%, respectively, for cultivar GVC-
101 and GVC-121) than control at 120 DAS (Fig. 2c). Analysis of variance showed
highly significant effect of both factors and their interactions for chlorophyll content of
tested cultivars (Table 4).

Carotenoids content recorded an increase with successive plant age in both tested cultivars
(Fig. 2d). Carotenoids content was not much affected by T1 treatment; however, it was found
increased with increasing dose. Increase was observed maximum under T3 treatment for both
tested cultivars. Highest carotenoids in both cultivars was found at 90 DAS with T3 treatment.
Statistically, effect of age, treatment and their interaction was highly significant with both
cultivars (Table 4).

Total carbohydrate content was affected positively by textile effluent fertilization in
both chilli cultivars of the present experiment (Fig. 3a). Increase in carbohydrate was
gradual up to T2 treatment then declined. Highest increase in total carbohydrate content
was seen in T2 treatment at 90 DAS for GVC-101 (78%) and in T2 treatment at 120 DAS
for GVC-121 (83%). Similar to total carbohydrate, protein content was also increased
significantly under textile effluent application in a trend similar to carbohydrate at all ages
with all treatments in both tested cultivars (Fig. 3b). Protein content was observed
maximum in GVC-101 (72.92%) at T2 at 120 DAS. Order of the increase was T2 >
T1 > T3 > T4 in both cultivars compared to their respective control. Variation in total
carbohydrate and total protein was statistically significant for both factors viz. age and
textile effluent fertilization and their interaction (Table 4).

Contrary to carbohydrate and protein, proline accumulation was reduced at succes-
sive ages by textile effluent fertilization in respect to their control except at 30 DAS,
where it was found higher in T1 treatment (Fig. 3c). Proline accumulation was least
with T2 fertilization in both cultivars. Analysis of variance showed highly significant
effect of individual factors, although factor interaction was non-significant (Table 4).

Table 4 Summary of two-way analysis of variance (ANOVA) at variable levels of significance (*p < 0.05,
**p < 0.01, ***p < 0.001 and NS-not significant)

Parameter Age Treatment Age×Treatment

GVC-101 GVC-121 GVC-101 GVC-121 GVC-101 GVC-121

Leaf area (LA) * *** ** *** ** ***
Root length *** *** *** *** NS(0.127) ***
Shoot height *** *** *** *** *** ***
RSR *** *** NS(0.131) ** NS(0.415) **
Chlorophyll -a *** *** *** *** *** ***
Chlorophyll -b *** *** *** *** ** **
Total chlorophyll *** *** *** *** *** **
Carotenoid *** *** *** *** *** ***
Protein *** *** *** *** *** ***
Total carbohydrate *** *** *** *** *** ***
Proline *** *** *** *** NS(0.425) NS(0.560)
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Fig. 2 (a) chlorophyll-a, (b) chlorophyll-b, (c) total chlorophyll, and (d) carotenoids content in leaves of chilli
(Capsicum annum) cultivars (GVC-101 and GVC-121) at 30, 60, 90 and 120 days after sowing (DAS) for the
different treatments (different dilution rates of textile effluent fertilization)
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Fig. 3 (a) Carbohydrate content, (b) protein content, and (c) proline accumulation in leaves of chilli (Capsicum
annum) cultivars (GVC-101 and GVC-121) at 30, 60, 90 and 120 days after sowing (DAS) for the different
treatments (different dilution rates of textile effluent fertilization)
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4 Discussion

Textile effluent plays a major role in producing large amounts of water pollution by charac-
teristic toxicity of its effluent, i.e., higher total hardness, TDS, BOD, COD, SO4, Ca Mg, Pb,
Cd etc. However, appreciable amount of mineral nutrients such as Ca, Fe, Mg, Zn, Cu, and Mn
are also present in the textile effluent (Kaushik et al. 2005; Singh et al. 2015) making it a
possible source of fertilizer. The fertilization property of textile effluent is well discussed in our
earlier published report (Singh and Rathore 2018; Singh et al. 2020). Textile effluent used in
the present study was found to be rich in various minerals and trace elements required for the
plant physiological activity. Used textile effluent helped to increase the plant growth by
providing organic matter and micronutrients in the limited range at lower concentration
(Yaseen et al. 2017). However, high COD, total solids, total dissolved solids, soaring alkalinity
with higher value of chloride and sulphate can make soil alkaline and reduce availability of
micronutrients. Results of the present study indicate that fertilization with textile effluent at
low dilution increased the germination property, growth and metabolites of chilli cultivars.

The present experiment showed positive response of textile effluent on germination.
Kaushik et al. (2005) and Khan et al. (2011) also observed increase in germination of wheat,
pea, lentil and gram with low dilution of textile effluent, and a decrease in seed germination
with increase in the concentration of the effluent. Results showed higher seed germination
compared to control for all used dilutions of textile effluent (up to 60% dilution) in cultivar
GVC-101; however, germination of cultivar GVC-121 was increased up to 40% dilution and
was reduced with 60% dilution compare to control. Kaushik et al. (2005) and Khan et al.
(2011) suggested that the industrial effluent with high osmotic pressure can cause reduction in
germination. However, in case of chilli cultivars, the textile effluent was found to break the
dormancy as seen in the present experiment. Hassan et al. (2013) studied the growth of country
bean (Lablab niger cv. typicus Medikus) seeds and seedlings irrigated with textile effluent.
They concluded that the neutralized effluent water does not have a negative impact on the
germination percentage, germination energy, relative germination rate and relative effluent
injury rate of country bean seeds, or its seedling growth. However, the germination percent
varied with cultivars of the same species as seen in this experiment. The maximum promoting
effect on germination percent was observed with 10% dilution of textile effluent in both
cultivars.

In the present study, germination speed, peak value and germination value also followed the
same trend as seed germination. Speed of germination is maximum at 10% dilution and was
reduced with increase in textile effluent concentration. The reason for the germination
inhibition at higher concentration of textile effluent can be explained by the toxic effect of
heavy metals and persistent organic compounds present in the composite textile effluent
(Singh and Rathore 2019). The Delay index calculated in the present experiment also showed
delayed germination at higher dose of textile effluent, while the Vigor index showed vigorous
characteristics of used seed at moderate dose of textile effluent. This result is consistent with
Ramana et al. (2002) in vegetable crops (tomato, cucumber, bottle gourd etc.) under distillery
effluent.

Plant height and leaf area of chilli cultivars (GVC-101 and GVC-121) under textile effluent
fertilization were also increased over control plants. However, fertilization at lower dose textile
effluent provided more persistent results as compare to high dose. Similarly to the present
study, Panda et al. (2016) also demonstrated that the lower concentrations of industrial
effluents promote seed germination, seedling growth and dry matter accumulation of Oryza
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sativa. Ajouri et al. (2004) explained that the lower growth in control plants (without
treatment) may be due to nutrient deficiency in soil or unavailability to the plants. Deficiency
of nutrients in the soil suppress the growth of plants while accumulation of salts such as Cd
that could interfere with the uptake of various nutrient elements, decrease root respiration and
inhibit root production (Bhuiyan et al. 2016). Fahim et al. (2019) reported improved nutrient
content and soil fertility after addition of pulp and paper mill waste which resulted into
increased growth and biomass accumulation of Abelmoschus esculentus and Mentha
sachalinensis, Contrary to the results obtained in the present study, Marwari and Khan
(2012) reported reduction in root and shoot length by textile effluent.

Deficiency of Zn causes strong chlorosis and decreases leaf production besides the reduc-
tion of crop growth. Increase in leaf area can be correlated with increased photosynthetic
surface, and thus, higher production (Noulas et al. 2018). Faster development of leaf size and
increase in total photosynthetic rate could lead to a general increase of carbon assimilation as
evident in the present experiment by increased plant biomass. Similar results were also
obtained by Kaushik et al. (2005) on growth and biomass of wheat cultivars irrigated with
textile effluent, and by Araújo et al. (2007) on growth and development of soybean and
cowpea treated with textile sludge. However, excess heavy metals developed interferences
with synthesis of levulinic acid and protochlorophyllide reductase in tetrapyrrole pathway (Wu
et al. 2018), resulting into slow rate of photosynthesis (Shah et al. 2017), which further resulted
into less biomass accumulation, as also seen with higher dose of textile effluent fertilization in
the present experiment.

Chlorophyll estimation is one of the important plant parameters which are used as an index
of production capacity of the plant; carotenoids act as an accessory pigment in photosynthesis.
Increase in chlorophyll could be due to addition of nutrient by textile effluent fertilization
while high concentration of micronutrient showed synergistic effect on either chlorophyll
synthesis pathways or on enzymes used for synthesis. Srivastava and Sahai (1988) supported
the view that the increase in carotenoid content at low concentrations of the effluent treatment
may be due to the beneficial effect of nitrogen and other inorganic elements present in the
textile effluent. Decreased foliar chlorophyll of plants grown without fertilization in the present
study was in accordance with Shah et al. (2017) under nutrient deficiency.

Total carbohydrate and protein content showed similar trend as chlorophyll and increased
with age and textile effluent fertilization. Increase in carbohydrate with age may be expected,
as starch is converted to carbohydrate as the plants mature (Badoni et al. 2016). Although,
suppression of carbohydrate content by high concentration of composite textile effluent can be
explained by the presence of high amount of metals and the role of carbohydrate in the
enzymatic reactions related to the cycles of carbohydrate catabolism during reactive oxygen
species (ROS) generation. Similar to our result, Badoni et al. (2016) also reported an increased
accumulation of carbohydrate with increasing concentration of Zn compared to the control in
Jatropha curcas. Amino acid is the basic precursor for proteins taking part in photosynthesis
and photosynthetic pigments, and leaf protein content may positively correlated with biomass
and total chlorophyll content of plant (Ayyasamy et al. 2008).

Increase in protein under textile effluent fertilization was seen with lower dose. However,
gradual decrease of protein content at higher concentration of textile effluent (above 20% to
60%) suggested the breakdown of protein in amino acid due to stress generated in the presence
of the toxic concentration of heavy metals in the textile effluent. However, as explained by
Rehman and Bhatti (2009), the enhancement in leaf protein exposed to lower concentration of
textile effluent is due to synthesis of stress protein gradually from 30 DAS up to 120 DAS.
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Increasing chlorophyll and soluble protein content at lower concentration of effluent
application agreed with Gupta and Mittal (2017) and is due to the addition of minerals and
nutrients.

Proline is a stress amino acid synthesized according to the defensive capability of plants.
The accumulation of proline in plant tissue increases due to stress generated during the growth
phases (age of the plant) or under different environmental conditions, i.e., heavy metals, UV
light, drought, air pollution (Agrawal et al. 2004; Rathore and Chaudhary 2019; Singh and
Rathore 2019; Rathore and Chaudhary 2021). Stress generated from nutrient deficiency in the
soil can also cause proline accumulation in the plant (Arias-Baldrich et al. 2015) which can be
seen at high concentration of proline in control plants (without textile effluent fertilization). In
the present study, proline was least under fertilization with lower dose of textile effluent,
suggesting low nutrient stress condition; however, increased proline in T4 might be due to the
excess heavy metals and salt added into soil at higher textile effluent application.

5 Conclusions

Textile effluent is rich in nutrients for plants, surplus trace elements and high salt content.
Positive response of lower dose (with 20% dilution) of textile effluent fertilization on
germination, growth and metabolites of chilli cultivars represented mineral utilization from
the effluent. Mineral deficiency or excess mineral developed stress symptoms in plants which
can be evident by lower biomass development or higher proline accumulation, as seen in the
present study with no fertilization or higher textile effluent fertilization. Lower dose of textile
effluent fertilization accumulated least proline and was proved as a most suited condition for
growth of the two chilli cultivars. Intra-specific variation among the chilli cultivars GVC-101
and GVC-121 to textile effluent was not evident, although slightly higher efficiency was seen
in cultivar GVC-101 compared to cultivar GVC-121 in nutrient utilization from textile
effluent. The study concluded that the lower dose of textile effluent can be applied as mineral
nutrition supplement for plant growth. However, more field studies are needed to scale up the
use of textile effluent, dose appropriation and to asses intra-specific variation.
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Effects of tropospheric ozone on groundnut (Arachis hypogea L.) cultivars: 
Role of plant age and antioxidative potential 
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A B S T R A C T   

Ozone (O3) is a secondary atmospheric pollutant present in the tropospheric environment. Ozone enters in in-
ternal tissue of leaf through stomata and produces reactive oxygen species (ROS) which damages cellular 
membrane, alter gene expression and metabolic activities and ultimately caused death of the plant tissues. 
Certain defensive mechanism occurs in the internal part of leaves to eliminate generated ROS. However, there is 
significant change in the levels and kind of defence traits as plants develop from the seedling to juvenile to 
mature and senescent stages. A field study was conducted for two consecutive seasons with five cultivars of 
groundnut (Arachis hypogea L cv. TG-37A, TPG-41, TAG-24, GG-20, and Dh-86) to assess the intra-specific 
variation in defensive response against ozone at various plant developmental stage. Results of the study 
showed that ozone significantly affected biomass and primary metabolites, generate ROS and increases mem-
brane permeability in all the groundnut cultivars. In response to ROS, groundnut cultivars produced non- 
enzymatic and enzymatic antioxidants. Study found that the severity of the effect varied among the cultivars 
and by developmental stages. Cultivar Dh-86 showed higher antioxidative activity and least biomass sensitivity 
to ozone. Although accumulation of non-enzymatic antioxidants was present to provided defence against ozone, 
activity of enzymatic antioxidants varied at different growth stages and corresponds to the biomass sensitivity. 
Study concluded that the ozone phytotoxicity is dependent on the antioxidative potential of the cultivars and the 
growth stage of the plant. Further, the activity of APX played a measure role for age dependent plant sensitivity 
in groundnut.   

1. Introduction 

Surface ozone is considered as a toxic pollutant to the environment 
and has negative influence on the growth and physiology of the plants. 
This oxidative pollutant enter in to the plant body through stomatal 
opening and leads a series of reactions in the interior part of the plant 
cells and generates reactive oxygen species (ROS) (Booker et al., 2009; 
Peng et al., 2020; Singh et al., 2017). ROS is also generated during 
natural physiological activities such as, photosynthesis. During photo-
synthesis, oxygen is generated in chloroplasts and it accepts electrons 
from passing through the photosystems and takes place the formation of 
superoxide radicals (Roach and Krieger-Liszkay, 2014; Tripathy and 
Oelmüller, 2012). Many reviews and reports have confirmed that the 
ROS and its reaction products damage cell membrane, harm carbohy-
drates, degrade proteins, lipids, and nucleic acids, and become the cause 
of cell malfunctioning or death (Anjum et al., 2012; Gill et al., 2012; 

Rathore and Chaudhary, 2019; Tuteja, 2010). 
Plants develop various chemical defences that include enzymatic and 

non-enzymatic antioxidant compounds which represent the main trait of 
the plant natural resistant system (Chen and Gallie, 2005). Under the 
constant stress condition, various antioxidative defence mechanisms 
scavenge the reactive oxygen species (Foyer and Noctor, 2005; Singh 
and Rathore, 2018). The antioxidants are found in almost all cellular 
compartments and demonstrate the importance of reactive oxygen 
species detoxification for survival of cell (Podgórska et al., 2017). 
Stress-induced reactive oxygen species scavenging is occurred by enzy-
matic antioxidants including various kinds of scavengers, such as SOD, 
APX, POD, glutathione-S- transferase, and CAT, and non-enzymatic low 
molecular antioxidative metabolites, like glutathione, ascorbic acid, 
α-tocopherol, flavonoids and carotenoids (Mittler et al., 2004). Proline is 
also considered as the best non-enzymatic antioxidant because it reduces 
the inhibitory effects of reactive oxygen species (Chen and Dickman, 
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2005). 
During the past two decade, hundreds of species have been reported 

with significant changes in the levels and kind of defence traits as plants 
develop from the seedling to juvenile to mature and senescent stages 
(Barton and Boege, 2017 and references therein). Agrawal (2011) sug-
gested expression of multiple defence strategy of plants at different 
growth stages during life time due to synergies or trade-offs. However, 
most of these studies were considered herbivore or pathogen related 
defence. Information on age dependent plant defence response to ozone 
stress is scarce. Peng et al. (2020) recently demonstrated that the effect 
of ozone on water use efficiency, net photosynthesis rate and stomatal 
conductance is significantly dependent on plants developmental stage. 
Earlier, Morgan et al. (2003) and Feng et al. (2008) also described the 
significance of plant developmental stage in relation to ozone 
sensitivity. 

Keeping above points in mind, the study presented here is aimed to 
assess the intra-specific variation in defence response of groundnut 
(Arachis hypogea L) cultivars under ozone stress at varied growth stages 
and its correlation with plant tolerance to ozone. We hypothesized that 
the (1) ozone tolerance is dependent on antioxidative potential of plant 
cultivars, and (2) develop defence against ozone stress is age dependent 
and correlated with ozone resistance. 

2. Materials and methods 

2.1. Plant material and experimental design 

Groundnut is an important crop all over the world including India 
(Akhtar et al., 2010; Alexandratos and Bruinsma, 2012). Van Dingenen 
et al. (2009) and Ainsworth (2016) predicted 3.7% global and more than 
10% regional groundnut yields loss due to ozone pollution. Five culti-
vars of groundnut (Arachis hypogea L) viz. TG-37A, TPG-41, TAG-24, 
GG-20, and Dh-86 were selected for the present study. Seeds were 
treated with 0.2% mercuric chloride before sowing. The experiment was 
conducted using open top chambers (OTCs) of 4X4X3.5 m sized estab-
lished at the research field of Central University of Gujarat (23.2156◦ N, 
72.6369◦ E) during February to May of 2017 and 2018. OTCs were made 
up of multilayered clear polycarbonate sheet (3 mm thick) to provide 
maximum available sunlight. Plants were grown in the plots of 1 m2 

sized. The soil of the field was slightly alkaline (pH 7.4) sandy loam of 
medium fertility. Each plot was mixed with 250g vermicompost during 
field preparation and was applied with recommended dose of NPK in the 
ratio of 40:40:20 kg/ha. Plots were regularly irrigated to ensure suffi-
cient water supply and weeds were managed manually. The experiment 
was set in randomized block design (RBD) with three treatment i.e. 
enhanced ozone (75 ppb), ambient ozone (control) and EDU supple-
mented (to minimized ozone effect). Ambient ozone concentration and 
temperature were monitored with the help of ozone sensor (Ambetronic, 
TC800D) and temperature sensor (HK Tempsensor) during the study 
period. 

During the study period, ambient ozone concentration was varied 
between 13.9 and 22.4 ppb day− 1 in first year of experiment and 
26.4–28.1 ppb day− 1 in second year experiment while, temperature was 
varied between 30.9 and 38.5 (Fig. S1). In general, ambient ozone 
concentration was found lower in February months and higher in April 
and May months. Ozone concentration for ozone enhancement was fixed 
and maintained to 75 ppb (varying between 60 and 84 ppb) during peak 
hours (11 a.m.–3 p.m.) from the germination till harvesting of the crops. 
Supplemental ozone was provided by ozone generator (Eltech Eng., 
India). Plots of EDU treatment were supplied with 500 ppm EDU as soil 
drench at every 10th day from seed germination to maturity. No rain 
was seen during the study period. EDU dose was decided on the basis of 
best result of the experiments preformed by previous researchers 
(Agrawal et al., 2005; Manning et al., 2011; Rathore and Chaudhary, 
2019). 

Plant sample were collected at juvenile (20 days after sowing (DAS)), 

vegetative (40 DAS), reproductive (65 DAS) and, maturity stage (100 
DAS) for biomass and biochemical characteristics. 

2.2. Estimation of plant biomass 

Collected plant samples were washed thoroughly by double distilled 
water to remove the field soil and excess water present on plants was 
dried by two layers of filter paper. These samples were separated in root, 
stem and leaves before measuring the weight. Separated plant parts 
were dried in a hot-air electric oven at 80 ◦C till a constant weight 
achieve. Dry weight was measured using single pan balance (Milton- 
MA224i). 

2.3. Determination of relative water content (RWC), photosynthetic 
pigments and metabolites 

Leaf fresh weight was measured and kept in distilled water for 24 h at 
room temperature followed by drying in hot air oven at 80 ◦C to measure 
the turgid weight and dry weight, respectively. The RWC was calculated 
by formulae of Sangakkara et al. (1996) using these weights. 

For photosynthetic pigments, 0.1 g leaf sample was homogenized 
with 10 mL of 80% acetone solution. The solution was kept overnight at 
4 ◦C and the OD was measured at 663 nm and 645 nm. Chlorophyll and 
carotenoids contents were measured by the formulae of Machlachlan 
and Zalik (1963) and Duxbury and Yentsh (1956), respectively. 

Foliar sugar contents were determined by the method described by 
Somogyi (1952). For this, 50 mg leaf sample was crushed in 5 ml of 80% 
ethanol and centrifuged at 3500x for 15 min. Obtained pellets were 
washed four-times by 80% ethanol and distilled water. The mixture was 
centrifuged at each washing. 1 ml of aliquot was added with 1 ml of 
copper reagent and boiled for 10 min. After boiling, the solution was 
cooled to room temperature immediately and added with 1 ml of 
arsenomolybdate. The solution was kept for 30 min to complete the 
reaction before taking OD at 500 nm to estimate soluble sugars. For 
determination of reducing sugar, 0.5 ml of diluted aliquot was added 
with 1 ml of 5% phenol reagent and kept for 10 min to maintain room 
temperature. This solution was added with 5 ml of H2SO4. The solution 
was shacked well and kept for 10 min in a water bath before measuring 
the OD at 480 nm. Total soluble sugar and total reducing sugar was 
calculated by the standard curve obtained by purified glucose. Pellet of 
the samples was washed twice with 52% (v/v) perchloric acid and 
distilled water and centrifuged to estimate starch content. The volume of 
supernatant was made up of to 50 ml with distilled water. 1 ml aliquot of 
pooled supernatant was taken for determining the starch content. 

2.4. Estimation of oxidative stress 

Hydrogen peroxide was extracted by 0.25 g of fresh leaf sample 
homogenized in 5 ml of 0.1% TCA (ice cold) as explained in Velikova 
et al. (2000). After centrifugation of homogenate, 500 μL of supernatant 
was added with 500 μL of 10 mM potassium phosphate buffer (7.0 pH). 
The solution was mixed with 1 mL of 1M potassium iodide (KI) and kept 
for 20 min at room temperature before taking the OD at 390 nm. 

MDA content was measured using the method proposed by Heath 
and Packer (1968). In brief, 0.25 g fresh leaf of groundnut was ho-
mogenized with 5 ml of 5% TCA solution in a pestle mortar and the 
homogenate was centrifuged. After centrifuged, 500 μL of the superna-
tant was mixed with 2 mL of 0.5% thiobarbituric acid (TBA). Then the 
mixtures of the solution were warmed at 95 ◦C for 50 min in a water bath 
and cooled immediately with in ice bath. The OD of the solution was 
taken at 600 nm and 532 nm. 

Membrane permeability was measured in the form of electrical 
conductivity of ions leaked from fresh leaves in deionized water as 
described in Blum and Ebercon (1981). For this, the leaf samples were 
cut by punching machine into 1 cm diskettes. 20 diskette of each sample 
was placed in a glass beaker containing 10 mL deionized water. The 
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beakers were kept for 3 h at room temperature and the conductivity 
(mS/cm) of the solution was determined using electrical conductivity 
meter (Eutech Instruments). 

2.5. Estimation of antioxidants 

2.5.1. Non enzymatic antioxidants 
Flavonoid content was extracted using a mixture of ethanol and 

acetic acid (99:1, v/v). 100 mg of fresh leaf sample was homogenized in 
100 ml of the extraction solution. After extraction, the homogenates 
were boiled for 2 min and cooled at room temperature. The solution was 
centrifuged at 8000x for 15 min and the absorbance of the solution was 
taken from 250 to 350 nm wavelengths. The flavonoid content was 
presented as proposed by Cameron et al. (1943). 

Total phenol content of plant tissue was estimated by the method of 
Mallick and Singh (1980). For this, 250 mg of leaf sample was homog-
enized in 5 mL of 70% acetone. The solution was centrifuged at 6000x 
for 10 min. After centrifuge, 5 mL of 20% sodium carbonate (Na2CO3) 
solution was added into the solution. The final volume of the solution 
was made to10 ml using deionized water and absorbance was read at 
750 nm. 

For ascorbic acid, 500 mg fresh leaf sample was crushed in ice bath in 
20 ml of extracting solution of oxalic acid and EDTA. Mixture was 
centrifuged at 6000x for 15 min and 1 ml of supernatant and was mixed 
with 5 ml of 2, 6-dichlorophenol-indophenol solution by constant 
shaking till the mixture develops a pink colour. The optical density of 
this solution was measured at 520 nm. After reading the optical density, 
the pink colour was bleached by one drop of purified ascorbic acid and 
again the OD was measured at the same wavelength. The ascorbic acid 
content was measured by standard curve of purified ascorbic acid 
against the blank prepared from DCPIP and extracting solution using 
formula proposed by Keller and Schwager (1977). 

Proline in fresh leaf was estimated by using 3% sulphosalycylic acid 
solution as explained in Plummer (1979). The solution was filtered and 
added with 2 ml of ninhydrin reagent and 2 ml of glacial acetic acid. The 
mixture was kept at 800 ◦C for 1 h in a water bath and cooled in ice bath 
immediately. The reaction mixture was extracted in 4 ml toluene and the 
OD of the solution was measured at 520 nm. 

2.5.2. Enzymatic antioxidants 
For Antioxidative enzyme activity, 250 mg of fresh leaf sample was 

crushed in 5 ml (50 nM) of chilled potassium phosphate buffer (7.8 pH). 
The homogenate was centrifuged at 12,000x for 20 min at 4 ◦C. Then the 
supernatant was stored at − 20 ◦C for estimation of following anti-
oxidative enzymes: 

Catalase activity was determined by using 100 μL supernatant and 
1.9 mL potassium phosphate buffer (50 mM, pH 7.8). 1 mL of 5.9 mM 
H2O2 was also added in the solution and the OD of the solution was 
measured at 240 nm after every 20 s for 2 min (Chance and Maehly, 
1955). 

For SOD activity, 50 μL supernatant was taken in a test tube and 
added with 400 μL distilled water, 250 μL (50 mM) potassium phosphate 
buffer (pH 7.8), 100 μL L-methionine, 100 μLtritron-X, 50 μL nitro blue 
tetrazolium (NBT) and 50 μL riboflavin. The optical density (OD) of the 
solution was read at 560 nm (Van Rossum et al., 1997). 

For peroxidase activity, 100 μL supernatant mixed with 1.8 mL po-
tassium phosphate buffer (50 mM, 7.8 pH), 100 μL guaiacol (20 mM) 
and 100 μL H2O2 (40 mM) and the absorbance of the solution was 
measured at 470 nm after every 20 s for 3 min as described in Chance 
and Maehly (1955). 

For the activity of APX, 100 μL supernatant was added with 3 mL 
mixture containing 100 mM phosphate (pH 7), 0.1 mM EDTA-Na2, 0.3 
mM ascorbic acid and 0.06 mM H2O2. The absorbance of the solution 
was read at 290 nm for 30 s intervals till the ascorbic acid oxidized 
completely. One unit of APX forms 1 μ M of ascorbate oxidized per 
minute under assay conditions (Nakano and Asada, 1981). 

2.6. Statistical analysis 

Duncan multiple range test (DMRT) was applied to analyse the sig-
nificant variation within same set of variables using SPSS software (SPSS 
Inc., version 17.0). PCA was applied to define the homogenous charac-
teristics of cultivars of groundnut and the correlation among each var-
iable studied under various treatments at all the sampling date using 
Origin Pro (2019). 

3. Results 

3.1. Plant biomass 

Acute and ambient level of ozone reduces biomass accumulation of 
all the experimental groundnut cultivars at all growth stages during both 
the growing season (Fig. 1). However, plant response to acute and 
ambient level of ozone was variable at different growth stages. Cultivar 
TG-37A showed highest reduction during vegetative growth stage by 
acute ozone level than ambient ozone level, while, cultivar TAG-24 
showed maximum reduction at vegetative growth stage followed by 
maturity stage. Cultivar Dh-86 showed almost similar severity in 
sensitivity to acute ozone at all the growth stages except juvenile stage 
which showed least affected by acute ozone. Cultivar TPG-41 showed 
higher sensitivity at juvenile stage followed by maturity stage. Sensi-
tivity to acute ozone in cultivar GG-20 was increased with the age of 
plant up to reproductive stage and reduced thereafter. This trend of 
acute ozone sensitivity was confirmed by germplasm which was similar 
to parent plants. Germplasm of all the cultivar also showed the similar 
sensitivity trend as their respective parent, however, percent sensitivity 
to acute ozone was higher. EDU application neutralized the effects of 
ambient ozone and increases plant biomass in a trend reverse to acute 
ozone. 

3.2. Sugars and relative water content 

Soluble and reducing sugars of groundnut cultivars were negatively 
affected by acute ozone treatment while significantly increased by EDU 
treatment (Fig. S2). Sensitivity to sugars of all the groundnut cultivars to 
acute ozone was increased with age of the plants however, cultivar Dh- 
86 showed least sensitivity at vegetative growth stage. Germplasm of 
cultivar TAG-24 and Dh-86 showed a sign of resistance for reducing 
sugar under acute ozone and affected less than primary experiment. 

Starch content was less in the germplasm of all the groundnut 
cultivar than their respective parent plants (Fig. 2). Similar to reducing 
and soluble sugars, starch was also reduced to acute level of ozone while 
responded positively under EDU at both the growing season. However, 
sensitivity of starch to acute level of ozone in germplasm was lower than 
their respective parent plants while, higher for ambient level of ozone. 
For starch content, cultivar TG-37A was least sensitive to acute level of 
ozone while higher sensitive to ambient level of ozone at vegetative 
growth stage. Cultivar TPG-41 showed highest sensitivity at vegetative 
growth stage to acute ozone while least sensitive at the same stage by 
EDU treatment. In cultivar TAG-24, GG-20 and Dh-86, reduction of 
starch to acute level of ozone was enhances with increasing plant age 
while, maximum increased under EDU treatment was seen at vegetative 
stage in TAG-24, at reproductive stage in GG-20 and, at juvenile stage in 
cultivar Dh-86. 

Relative water content of the foliage of groundnut cultivars was 
significantly reduced under acute and ambient ozone treatment (Fig. 2). 
Except at some cases, germplasm showed higher reduction of RWC in all 
the experimental verities under acute level of ozone. Reduction in RWC 
due to acute ozone was increased with age in cultivar TG-37A, while 
decreased in cultivar TPG-41, GG-20 and Dh-86. In cultivar TAG-24, 
reduction by acute ozone in RWC was not varied much among the 
plant growth stages. 

D. Rathore and I.J. Chaudhary                                                                                                                                                                                                              



Atmospheric Pollution Research 12 (2021) 334–348

337

3.3. Hydrogen peroxide, MDA contents, and membrane permeability 

Acute level of ozone significantly increases while EDU reduces 
hydrogen peroxide and lipid peroxidation in all the experimental culti-
vars of groundnut (Fig. 3). Except at all the growth stages in cultivar 
TAG-24 and juvenile and vegitative growth stages of cultivar GG-20, 
production of hydrogen proxide was higher in germplasm than their 
respective parent plants due to acute ozone. Hydrogen peroxide gener-
ation increases with incresing age in cultivar TAG-37, TAG-24 and in 
GG-20. In cultivar TPG-41, increase in hydrogen peroxide was least at 
vegetative growth stage followed by reproductive stage and was highest 
at juvenile growth stage while, in cultivar Dh-86, increase in hydrogen 

perxide was least at vegetative stage followed by juvenile stage and was 
maximum at reproductive stage. Percent variation of MDA content was 
enhanced due to acute ozone with plant age while, reduced due to EDU 
treatemnt in all the tested cultivars. Among all the cultivars at various 
growth stages, highest variation (63.04%) in MDA was found in germ-
plasm of cultivar TG-37A at reproductive stage. 

Electrolyte leakage, a measure of membrane permeability, was 
significantly increased with the age of plant which further enhances by 
the acute level of ozone, however, EDU application positively influences 
membrane permeability in all the experimental cultivar of groundnut at 
all the growth stages (Fig. 4). Germplasm of cultivar TG-37A and GG-20 
have lower percent variation for membrane permeability than the 

Fig. 1. Effect of ozone on total plant biomass (g plant− 1) of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 at different growth 
stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not significantly 
different (p < 0.05) using Duncan’s Multiple Range Test). 
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parental plants due to acute ozone stress while, germplasm of cultivar 
TAG-24 have higher percent variation in membrane permeability than 
the parent plant at all the growth stages. Lower sensitivity for ozone 
pollution in membrane permeability was found in cultivar TG-37A and 
TAG-24. 

3.4. Antioxidative activity 

3.4.1. Non-enzymatic antioxidants 
Proline of groundnut cultivars was significantly reduces after expo-

sure to ambient and acute ozone at all the ages (Fig. 5). Least proline 
accumulation was seen in germplasm of cultivar Dh-86 at juvenile stage 
(1.38 mg g− 1) while the highest proline accumulation was observed in 
parent plant of cultivar TG-37A at reproductive stage (4.94 mg g− 1). 

Acute ozone induced total phenol while reduced ascorbic acid in all 
the experimental cultivars (Figs. 5 and 6). Reduction of ascorbic acid by 

acute exposure of ozone was increased with age. EDU treatment in-
creases ascorbic acid of all the groundnut cultivars. Reduction of 
ascorbic acid by acute ozone dose was higher in germplasm of cultivar 
TG-37A and TAG-24 while, lower in cultivar TPG-41, GG-20 and Dh-86. 
Applied EDU enhances ascorbic acid content of parent and germplasm of 
all groundnut cultivars. Increased ascorbic acid was maximum at 
vegetative growth stage in TG-37A and TPG-41 while at reproductive 
stage in remaining cultivars. 

Similar to ascorbic acids, flavonoids was also reduced due to acute 
ozone exposure while increased by EDU treatment in tested cultivars 
(Fig. 6). Percent decrease under acute ozone exposure was higher in 
juvenile stage and reduced thereafter in cultivar TG-37A while, lest at 
juvenile stage and increased with age in remaining cultivars. A trend just 
reverse to acute ozone exposure was seen under EDU treatment. Total 
phenolics accumulation was increased by age in all the cultivars used in 
this experiment which was further enhances after exposure of acute 

Fig. 2. Effect of ozone on starch contents (mg g− 1 fresh leaf) and relative water contents of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and 
(E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same 
letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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ozone (Fig. 6). Maximum phenolics (14.22 mg g− 1) was found in 
germplasm of cultivar Dh-86 at reproductive stage. Under acute ozone 
exposure, cultivar TG-37A, TAG-24 and Dh-86 showed least variation at 
juvenile stage and highest variation at reproductive age while, cultivar 
TPG-41 showed maximum enhancement at juvenile stage for phenolics. 
Cultivar GG-20 also showed highest variation at reproductive age 
although, it’s least variation was seen at vegetative growth stage. EDU 
application reduces total phenolics accumulation of all the experimental 
cultivars at both the seasons. 

3.4.2. Enzymatic antioxidants 
Activity of enzymes responsible for ROS scavenging was increased 

after exposure of acute ozone stress while reduced due to EDU supple-
mentation in all the cultivars tested at all the growth stages. 

Activity of SOD was increased with increasing age of the plant and 
further enhances by ozone exposure at all the growth stages in all the 

experimental cultivars (Fig. 7). Activity of SOD was less in germplasm 
than their respective parents however, percent increase was higher. All 
the cultivars showed least SOD activity at juvenile stage but maximum 
ozone exposure enhancement. Cultivar Dh-86 having least SOD activity 
than other tested cultivar but percent increment was higher. Moreover 
other cultivars showed reducing trend of ozone induced SOD activity 
with age of plant, while Dh-86 having maximum activity at vegetative 
stage followed by reproductive stage. 

Correspond to SOD, percent enhancement of catalase activity was 
increases with the plant age under acute ozone exposure than control in 
parent and germplasm of cultivar TG-37A, TPG-41 and TAG-24 while, 
reduced in cultivar GG-20 and Dh-86 (Fig. 7). Percent variation between 
EDU treatment and ambient ozone exposure was minimize in cultivar 
TG-37A and Dh-86 with plant age and found least at reproductive stage 
while for cultivar TPG-41 and TAG-24, it was increased from juvenile to 
vegetative stage and decreased thereafter. For cultivar GG-20 percent 

Fig. 3. Effect of ozone on Hydrogen peroxide (mmol g− 1 fresh leaf) and MDA (mmol g− 1 fresh leaf) of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) 
GG-20 and (E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by 
the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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variation by EDU decreased from juvenile to vegetative stage and 
increased at reproductive stage. 

Peroxidase activity was seen higher in parent plant than their 
respective germplasm at the same age (Fig. 8). Peroxidase activity was 
also increased with plant age in all the tested cultivars which was further 
enhanced by acute and ambient ozone exposure. Activity of peroxidase 
was maximum at reproductive stage under acute ozone exposed plants 
while least at juvenile stage under EDU treatment. 

Activity of APX was also followed the trend similar to peroxidase and 
found maximum in parent under acute ozone exposure at reproductive 
stage and least in juvenile stage of germplasm under EDU treatment 
(Fig. 8). Percent variation for APX activity of acute ozone exposed plants 
than their respective ambient ozone exposed plant was significantly 
increased with plant age and found maximum at reproductive growth 
stage for all the experimental cultivars. Similar to catalase and 

peroxidase commotion, activity of APX was also reduced under EDU 
treatment than ambient ozone exposed plants of all the tested groundnut 
cultivars. 

3.5. Principle component analysis (PCA) 

PCA analysis of groundnut cultivar TG-37A showed total variability 
55.23% (Eigenvalue 8.83) for PC1 and 30.96% (Eigenvalue 4.95) for 
PC2 (Fig. 9A). These PC’s seemed erratic and didn’t contribute to any 
logical interpretation of spatial patterns. Therefore, the biplot graph was 
built for principal components having maximum variability (PC1 and 
PC2). Enhanced and ambient ozone at juvenile stage showed negative 
score value while EDU treated plants at vegetative, and reproductive 
stages showed positive score value for PC1 and PC2. Biomass, flavonoids 
and total reducing sugars showed strong relation at PC1. Parameters, 

Fig. 4. Effect of ozone on membrane permeability (mS cm− 1) of groundnut cultivars (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 at different 
growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same letter are not 
significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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such as hydrogen peroxide, MDA, membrane permeability, phenol, CAT, 
SOD, POD and APX of TG-37A shows positive values at both PC while 
biomass, relative water contents, flavonoid, starch, proline total soluble 
sugar and total reducing sugar showed positive values at PC1 and 
negative values at PC2. Loading value of phenol were 0.26 and 0.25 for 
PC1 and PC2, respectively. Total variation of PC1 and PC2 in cultivar 
TPG-41 was 53.79% (Eigenvalue 8.60) and 32.99% (Eigenvalue 5.27) 
and PCA biplot for this cultivar was visualised somewhat similar to the 
cultivar TG-37A (Fig. 9B). Loading value for phenol in this cultivar was 
also same side (0.29 for PC1 and 0.16 for PC2) of selected PCs. The factor 
affecting the variation of biomass and antioxidative compound shows 
positive relation in PC1 and negative relation in PC2 while enzymatic 
activity (CAT, POD, SOD, and APX), phenol and MDA, membrane 
permeability and hydrogen peroxide shows positive relation at both PC. 
For cultivar TPG-41, ascorbic acid, TSS and TRS showed strong relation 
at PC1. MP and proline was also shows strong correlation with each 

other at PC1. Per cent variation of PC1 and PC2 for groundnut cultivar 
TAG-24 was 54.18% (Eigenvalue 8.66) and 34.20% (Eigenvalue 5.47), 
respectively (Fig. 9C). PC score value for EDU treatment all treatment 
present at right side of component 1 suggested positive correlation. Most 
of the data obtained by results were clustered at the positive side of PC1 
and PC2. Similar to cultivar TG-37A and TAG-24, loading value of 
phenol was positively correlated to treatment at both PCs. However, 
loading value for phenol was positive similar to cultivar TG-37A for PC1 
(0.26) and PC2 (0.25). PC1and PC2 values for Cultivar GG-20 were 
49.21% (Eigenvalue 7.87) and 39.57% (Eigenvalue 6.33) (Fig. 9D). In 
cultivar GG-20 all selected parameters showed positive loading values at 
PC1 and hydrogen peroxide, MDA, MP, phenol and enzymatic activities 
(CAT, SOD, POD and APX) showed negative value at PC2. Biomass, MDA 
and TSS strongly correlated with each other while SOD was strongly 
correlated with MP. Ascorbic acid, phenol, CAT, POD and hydrogen 
peroxide was also shows strong correlation with each other. The 

Fig. 5. Effect of ozone on proline (mg g− 1 fresh leaf) and phenol contents (mg g− 1 fresh leaf) of different groundnut cultivars (A) TG-37A, (B) TPG-41, (C) TAG-24, 
(D) GG-20 and (E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed 
by the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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percentage variance of Dh-86 cultivar was (48.40%) at PC1 and 
(39.57%) at PC2 while eigenvalue was 7.74 and 6.33 at PC1 and PC2, 
respectively. Selected cultivar Dh-86 shows a positive correlation with 
enzymatic activity in both PC while PC1 shows a positive relation in all 
parameters (Fig. 9E). Biomass (loading value 0.31), ascorbic acid 
(loading value 0.30) and TSS (loading value 0.30) slightly correlated in 
cultivar Dh-86 at PC1. It means that ascorbic acid shows an active part as 
a defence against ozone. PC score value of enhanced ozone treatment 
were present at the negative side of PC1 and PC2 while ambient ozone 
and EDU treatment score value present at the positive side showed 
maximum variation or zero correlation except juvenile stages of all 
treatments. PC score value of ambient ozone at vegetative stages for all 
the cultivars of this experiment were nearer to the centre of plot sug-
gested highest correlating. PCA analysis correlation biplot of the 

treatments showed positive correlation for total biomass, starch, proline, 
flavonoid, ascorbic acid and relative water contents at reproductive 
stage in all cultivars (Fig. 9A–E). Overall enhanced ozone increases the 
enzymatic activity (CAT, SOD, POD, and APX), and phenol content and, 
also increases the membrane permeability and MDA of all selected 
cultivars. Therefore enzymatic activity, phenol contents, MP and MDA 
showed strong correlation with each other. While due to the enhanced 
level of ozone reduces total plant biomass, relative water contents, fla-
vonoids, ascorbic acid, TSS and TRS and so these parameters showed a 
strong correlation with each other (Fig. 9A–E). 

4. Discussion 

Crop biomass is an important factor to estimate the overall growth of 

Fig. 6. Effect of ozone on ascorbic acid (mg/g fresh leaf) and flavonoids contents (mg/g fresh leaf) of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) 
GG-20 and (E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by 
the same letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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the crop. Despite the availability of literature on biomass reduction in 
crop of different plant species under ambient and acute ozone exposure, 
no attention has been paid by the growers due to lack of information and 
uncertainty in available data. Ozone concentrations of present experi-
ment during both the growing seasons are sufficient to deteriorate crop 
productivity (Ainsworth, 2016; Ashrafuzzaman et al., 2017). Presented 
experiment also finds a reduction in biomass of all the groundnut cul-
tivars. However, the level of reduction was cultivar specific and deter-
mined by growth stages i.e. the cultivars sensitivity to ozone is based on 
their growth stage. Frei (2015) explain the higher reduction at repro-
ductive stage in rice as the increased ozone episode during vegetative 
stage, however, variable sensitivity among the cultivars of present study 
suggested the sensitivity lies within the genetic makeup based age spe-
cific resistance of the cultivar. In general, all of the cultivars showed 
higher sensitivity of ambient ozone at early growth stage due to lake of 
inbuilt tolerance and developed certain level of resistance against 

moderate (ambient) level of ozone as the plant become strong during 
vegetative growth. On the basis of obtained results from winter wheat, 
Feng et al. (2016) also suggested that the effects of ozone depend on the 
growing stage of plants. Cultivar TPG-41 showed higher level of ambient 
ozone sensitivity at reproductive stage while, maximum reduction of 
biomass by acute ozone at maturity stage may be explained as resource 
allocation for reproductive success rather than biomass accumulation 
after receiving optimum vegetative growth under acute ozone stress. Rai 
and Agrawal (2008) demonstrated that the fast growing cultivar showed 
less reduction in photosynthetic performance and a greater increase in 
the antioxidative defence system as compared to slow growing cultivar, 
which favoured biomass translocation toward reproductive parts. 
Germplasm of all the tested cultivars showed more vulnerability to acute 
and ambient level of ozone, this might be due to slight higher ambient 
ozone concentration during the growing period of germplasm (Fig. S1). 
Moreover, germplasm of groundnut does not showed any sign of 

Fig. 7. Effect of ozone on SOD (min− 1 g− 1 fresh leaf) and catalase (min− 1 g− 1 fresh leaf) of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and 
(E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same 
letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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increased resistance for ambient or acute ozone stress suggested that the 
acquired resistance is not transferred. 

Relative water content in the plant is one of the most important 
factors which influence air pollution tolerance of plants (Chaudhary and 
Rathore, 2018). Simultaneously, increased sugar content improve the 
resistance of the plant and can lessen water loss, preserve turgor, and 
decrease membrane damage thus improving plant growth under stress 
conditions (Gallie, 2013; Rodziewicz et al., 2014). However, present 
study found reduced sugar and relative water content by ozone exposure 
is well correlated with the reduced capacity at the cellular level for CO2 
fixation as suggested in Ainsworth et al. (2016). Changes in starch 
content during stress condition are clear indicators of a variety of plant 
developmental processes which protects the plant growth by synthe-
sizing the sugar and proline (Wei et al., 2015). Cultivar Dh-86 showed 
maximum percent reduction of foliar starch while lower biomass 
reduction at all the growth stages by both the level of ozone exposure 

indicated higher investment for defence. Similarly, reduction of soluble 
and reducing sugar under chronic ozone suggested its trade off for 
defence mechanism. Reduction of reducing and soluble sugars at 
reproductive phase was almost doubled by acute ozone exposure can be 
explain as more diversion of sugar to accelerate defensive mechanism. 
Cao et al. (2017) suggested that the plants with reduced non-structural 
sugars including soluble sugar and starch having high tolerance to 
ozone. Similar to this study, Singh et al. (2018) also reported decreased 
starch, soluble sugar and reducing sugar of maize cultivars under ozone 
exposure although no correlation with ozone tolerance was shown. 

Ozone shows strong oxidative potential and enters through stromata, 
generates a huge amount of ROS (Tiwari and Agrawal, 2018). Present 
experiment showed increased hydrogen peroxide and lipid peroxidation 
of all the experimental cultivars under ambient and enhanced ozone 
conditions. Excess of hydrogen peroxide in the plant cells caused 
oxidative stress and deactivate the activity of enzymes by oxidizing thiol 

Fig. 8. Effect of ozone on peroxidase (min− 1 g− 1 fresh leaf) and APX (min− 1 g− 1 fresh leaf) of groundnut cultivar (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and 
(E) Dh-86 at different growth stages (Mean ± standard deviation of three replicates presented by thin vertical bars, Value within each column followed by the same 
letter are not significantly different (p < 0.05) using Duncan’s Multiple Range Test). 
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groups (Birben et al., 2012; Sharma et al., 2012). Developed hydrogen 
peroxide was varied among the cultivars and their growth stage. Gen-
eration of hydrogen peroxide increased with age by ambient and acute 
ozone exposure in TG-37, TAG-24 and GG-20 while cultivar TPG-41 and 
Dh-86 showed maximum hydrogen peroxide at juvenile stage and least 
at vegetative stage. Least variation at a later growth stage suggested 
higher reactive oxygen scavenging capability of TPG-41 and Dh-86 at 
vegetative stage. Accumulation of MDA suggested lipid peroxidation 
caused by oxidative stress resulted into deteriorated plant growth 
(Caregnato et al., 2010). Except in cultivar TAG-24, percent variation in 
MDA accumulation was higher under ambient ozone condition which 

was further enhanced marginally by acute level of ozone. This suggested 
that ozone caused lipid peroxidation even under moderate level. How-
ever, percent variation of MDA accumulation decreased with plant age 
under chronic ozone exposure while, increased with acute ozone expo-
sure suggested that groundnut cultivars tried to cope with moderate 
ozone exposure. H2O2 and lipid peroxidation of germplam responded 
variably under ozone exposure than respective parent plants and among 
the cultivars. 

Various researchers demonstrated that both acute and chronic ozone 
exposure lead to oxidative damage of membrane lipids as measured by 
increases in malondialdehyde concentration, a product of lipid 

Fig. 9. Principle component analysis (PCA) bi-plot analysis of biomass and defence mechanisms response to ozone exposure. Symbol represent the standardized 
scores on PC1 (x-axis) and PC2 (y-axis) for the ozone exposure of groundnut cultivars L. (cv. TG-37A, TPG-41, TAG-24, GG-20 and Dh-86). Vector coordinates 
represent the correlations between standardized variables and principle components (PCs). 
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peroxidation (Feng et al., 2016; Rai and Agrawal, 2008; Rathore and 
Chaudhary, 2019; Ueda et al., 2013; Wang et al., 2013, 2014) which 
changed the integrity of membrane and increased membrane perme-
ability (Chaudhary and Rathore, 2019, 2020). Rathore and Chaudhary 
(2019) also reported increased membrane permeability and reduced 
RWC under ozone exposure which is well in line with the presented 
study. Germplasm of all the groundnut cultivars having slightly higher 
membrane permeability than their respective parents under all the 
treatment suggested some factors other than ozone were also activated 
during growth of germplasm. This expression is further confirmed by 
less biomass accumulation in germplasm (Fig. 1). 

Antioxidative potential of the plant plays an important role by dis-
turbing free radical chain reactions and is able to defuse the destructive 
effects of reactive oxygen species (Barna et al., 2012). Phenol and fla-
vonoids are secondary metabolite and primary line of defence in plants 
against environmental stresses (Lin et al., 2016) while, ascorbic acid acts 
as the most powerful water-soluble antioxidant and protects plants from 
damage caused by reactive oxygen species (Gallie, 2013). According to 
Manning et al. (2011), phenolics, ascorbate and many other plant con-
stituents present in the plant apoplast or plasma membrane are in 
principle attacked by both ozone and singlet oxygen. Reduction in 
ascorbic acid and flavonoids of groundnut cultivars in presented 
experiment can be explained as its consumption by either or both of 
these. Increased reduction with the plant age might be due to cumulative 
ozone exposure effect than initial plant age. Flavonoids act as neutral-
izing radicals and scavengers of reactive oxygen species which are 
damage to plant cells under stress conditions (Løvdal et al., 2010). Heim 
et al. (2002) explained the antioxidative potentials of flavonoid and 
describe it as a compound able to prevent lipid peroxidation, chelate 
redox-active metals, and lessen other processes linking reactive oxygen 
species. However in presented study, total phenolics was increased 
under ozone exposure and the amount of increase was proportionate to 
decrease in ascorbic acid. Germplasm having less apoplastic ascorbate in 
the present experiment suggested its higher sensitivity to ozone as seen 
by higher biomass reduction of germplasm plants than parent plants. 

Proline is accumulated in the plant under stress condition and it is an 
important osmolyte (Anjum et al., 2011; Khedr et al., 2003). Proline is 
not only considered as an important molecule for redox signaling but 
also known as an effective ROS scavenger under stress conditions (Liang 
et al., 2013). The increasing level of proline content in plant cells 
improve the antioxidant defensive mechanism and reduce oxidative 
stress from plants and also stabilized the cellular organelles (Demiral 
and Turkan, 2005; Hayat et al., 2012). Higher accumulation of proline in 
plants has been associated with improved tolerance against various 
abiotic stresses (Fan et al., 2012; Kishor et al., 2014). In this study, 
proline content was also reduced under ozone stress conditions. 
Reduction of proline content was observed maximum in enhanced 
ozone > ambient ozone > EDU supplemented plants. The higher con-
centration of proline content in plants showed tolerance against ozone 
stress. 

Although these non-enzymatic antioxidants played an important role 
for oxidative detoxification and reduced plant sensitivity to ozone, no 
correlation of these antioxidants was seen for changing ozone sensitivity 
to plant age. 

SOD, CAT, APX and POD are important antioxidative enzymes to 
eliminate ROS. SOD plays a key role in plant stress tolerance as it pro-
vides the first line of defence against stress (Tripathy and Oelmüller, 
2012; You and Chan, 2015) through catalysing the dismutation of su-
peroxide into O2 and H2O2, which consequently removed by CAT and 
peroxidases (Singh and Rathore, 2018). Catalase has the potential to 
directly dismutase hydrogen peroxide into water and oxygen (Day, 
2009; Weydert and Cullen, 2010). Among all enzymes, catalase enzyme 
shows highest turnover rate against stress. The conversion rate of one 
molecule CAT is equivalent to 6 million molecules of H2O2 which is 
broken into H2O and O2 per minute (Nicholls et al., 2001; Singh et al., 
2017) not requiring a reducing equivalent (Das and Roychoudhury, 

2014). SOD activity of the groundnut cultivars of presented experiment 
was sufficiently higher under ambient ozone which further increases 
slightly under enhanced ozone suggested activation of plants ROS 
removal mechanism with lower dose of ozone. However, increase in 
CAT activity was much higher under enhanced ozone than ambient 
ozone. Variation in the percent increase of SOD and CAT is correlated 
with the accumulation of H2O2 and MDA at different growth stages 
suggest age dependent variability of ROS scavenging among the 
groundnut cultivars and the variable cultivar responded variable at the 
different growth stages. Rathore and Chaudhary (2019) found higher 
increase of CAT and POX activity of castor cultivar at flowering stage 
which is in line for cultivar TAG-24 of present experiment but other 
cultivars in general having higher activity of CAT at early growth stage. 

Catalase is confined to peroxisomes in most cells having prime 
function is to remove H2O2 generated by peroxisomal oxidases 
(Schrader and Fahimi, 2006). Plants also use heme peroxidases such as 
APX and thiol-depedent peroxidises (Foyer and Noctor, 2009). Available 
knowledge described that APX is the major H2O2-reducing peroxidase in 
plants (Ishikawa and Shigeoka, 2008) that use ascorbic acid as a 
hydrogen donor (Agrawal and Rathore, 2007). APX distributed in at 
least four separate cell compartments, the stroma (sAPX) and thylakoid 
membrane (tAPX) in chloroplasts, the microbody (mAPX), and the 
cytosol (cAPX) (Yadav and Sharma, 2016; Yoshimura et al., 2000). POD 
activity in groundnut cultivars of present experiment was generally 
higher at initial growth stages than later growth stages due to either dose 
of ozone. Although activity of APX was correlated with biomass reduc-
tion and found high at juvenile stage than reduced at vegetative stage 
and then again increase at flowering stage in all the groundnut cultivars 
except least affected cultivar Dh-86 due to either ozone exposure, sug-
gested potential role of APX in age dependent ROS detoxification and 
ozone sensitivity. 

Although, statistical analysis indicate significant variation for given 
treatments at different developmental stages (Singh and Rathore, 2018), 
PCA can be used to elaborate the information such as; correlation, effects 
and assessment, from large scattered data by reducing the dimension-
ality (Xu et al., 2016). Bioplot of PCA for all the cultivar showed negative 
effect of ozone exposure and also suggested correlation of antioxidaive 
compounds and enzymes for developed oxidative stress. PCA analysis 
suggested strong correlation of biomass with flavonoids followed by 
total soluble sugar in all the cultivars except in case of Dh-86 where it 
was found highly correlated with total soluble sugar followed by 
ascorbic acid suggesting potential role of non enzymatic antioxidants for 
biomass accumulation. Although, higher development of oxidative 
stress and higher activity of enzymatic antioxidants at the site of ozone 
exposure suggesting proactive role of enzyme induced defence strategy 
by groundnut cultivars under ozone exposure. PCA biplot further 
confirm age dependent regulation of enzymatic defence against ozone in 
all the groundnut cultivars tested as most of the enzymatic activity was 
clustered at the site of vegetative and reproductive stage. 

5. Conclusion 

Biomass accumulation is the measure of overall growth and devel-
opment of plants which is influenced by various environmental factors 
including ozone pollution. To deal with the ozone stress, plants devel-
oped enzymatic and non enzymatic antioxidative defence mechanism. 
Result of the present study showed reduced biomass of groundnut 
cultivar under ambient and enhanced level of ozone suggested that all 
the cultivars tested were sensitive to ozone. Further, study also found 
that the biomass sensitivity of the tested cultivars was differing among 
the cultivars at various growth stages. Among all the tested cultivars, 
Dh-86 showed higher activity of antioxidative system and found least 
affected by ozone stress suggested potential role of antioxidative system 
for ozone sensitivity. Although, activation of the non enzymatic defence 
was present at all the growth stages its detoxification was not directly 
correlated with plant age. While, enzymatic defence varied at variable 
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stages ascribed role of enzymatic antioxidatnts for age dependent ozone 
sensitivity. Study concluded that the ground level ozone is detrimental 
to groundnut cultivars. However, ozone phytotoxicity is dependent on 
the antioxidative potential of the cultivars and the growth stage of the 
plant. Further, the activity of APX played a measure role for age 
dependent plant sensitivity. Although, more studies with different plant 
group and experimental design is needed for substantial conclusion. 
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Abstract 

The earliest migration from India to other parts of the world can be traced to the ancient age to 

“Gautam Buddha’s disciples who migrated to spread Buddha’s ideas.”1 In the same age similar 

developments were seen down south in the Chola Empire. By the medieval age several trading 

communities from west coast of India migrated to parts of Africa in order to expand their trade. In the 

imperial age it was pre-dominantly the indentured labour which was taken by the colonial rulers 

apart from this there were the exiled revolutionaries, employees of the merchant ships and students. 

However, despite such a long history and tradition of migration and diaspora it took the Indian 

government a long time to firstly recognize the overseas Indian community as a diaspora and then to 

consciously develop a policy towards it. The policy which began with capacity or trust building 

exercises has today reached the stage of taking out obligation from the diaspora.  

The paper comprises of three parts. It begins with the history of migration from India and its 

diaspora. This is followed by the policies of the colonial rulers towards the overseas Indians. The last 

part of the paper explores and analyses the evolution of the different types of policies of the Indian 

government towards the Indian diaspora before and after the year 1991. The aim is to analyze the 

changing nature of the diaspora related policies adopted by the Indian government and how changes 

in systems led to them.  

Keywords: Migration, Diaspora, Colonial Rule, Policy, Systems.   

1.1 Introduction  

Human migration is a continuous process which has its roots in antiquity. The search for a 

better life has been one of the key factors motivating people to migrate. The understanding of a better 

life has altered from time to time. In earlier times it meant easy accessibility to water and food for men 

and their cattle, in contemporary times the definition has broadened and includes not only a better 

habitat but also better livelihood opportunities, easy accessibility to technology and so on. Diaspora 

communities are a direct outcome of this search for a better life. Diaspora as a concept is antediluvian 

but the strong negative connotations attached to it since long prevented it from evolving as a subject 

of academic discourse and debate and as a component in government policies. With the strengthening 

of the concept of nation state after the First World War, definition of citizens and non-citizens became 
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Abstract  

This paper intends to analyze how the entrepreneur skills provide economic rehabilitation to the 

largely marginalized and alienated victims of trafficking women for their social sustainable 

development. Prajwala emerged as an anti-trafficking organization in Hyderabad, which believes 

in preventing women and children from entering prostitution, which is the worst form of sexual 

slavery. Its evolution of other interventions such as rescue, rehabilitation, reintegration and 

community based prevention. This Anti-trafficking Organisation developed the Rescue and 

Restoration Program (RRP) in order to break the cycle of exploitation, and end the torment faced 

by the victims of trafficking. The RRP team at Prajwala fulfils the four-fold objectives of 

undertaking rescue missions, providing crisis counseling at police stations, conducting home 

investigations, and supporting the judicial process. The team is comprised of a director, 

coordinators and barefoot counselors, many of whom are survivors of sex trafficking themselves. 

Apart from RRP, it has Anti Human Trafficking Units and Crisis counseling centres. The other 

dynamic aspect of Prajwala is in the process of social rehabilitation, in which the victims get 

institutional care and protection which involves counseling in an ambience of healing and 

building capacities of self-esteem and self-confidence through Life Skills Education.  

 

Its uniqueness involved five basic component models such as Identifying need-based, Aptitude 

based, Market assessed, Viable and sustainable economic options, and livelihood training. The 

researchers would like to explore the role of Prajwala in fostering entrepreneurial skills for long 

term social reintegration and become an entrepreneur in corporate and professional environment. 

The research design of the study will be based on an Empirical work, with semi-structured 

interview schedules are used consists of 100 respondents from Prajwala Enterprises. The 

outcome of the research will be helpful for the development strategies in rising future innovative 

entrepreneurial skills and inculcate the spirit of social entrepreneurship (A modern approach to 

social value creation) through new voices of alienated.  

 

Introduction 

In the wake of globalization and the resultant marginalization and alienation of large sections of 

humanity, sex trafficking of women and girls has become a matter of urgent concern today 
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worldwide.  The report of CRIME IN INDIA 2011Statistics by National Crime Records Bureau, 

Ministry of Home Affairs, enumerates the crime against women in India is very high in general 

and it is more among the Schedule Caste, Schedule tribe and Minority women and girls in 

particular. This report explains the incidence of IPC crimes against body during 2011, Andhra 

Pradesh Stood first with 14.67% among the Indian states followed by Maharashtra and Madhya 

Pradesh with 9.59% and 9.54% respectively(Report page:48). In India alone, over 200,000 

women and children are inducted into the flesh trade every year. The State of Andhra Pradesh is 

one of the largest suppliers of women and children for the purpose of commercial sexual 

exploitation. The reasons are many in developing nation India to enter into the flesh trade 

namely, poverty, rape, kidnapping and abduction, cheating in the name of love, crazy about to 

enter into media and cinema, auto drives cheating and role of pimps have had reported as 

remarkable reasons in trafficking women and girls. Economic hardships coupled with the 

prevailing status of women in society, and changing public attitudes towards sex and morality 

creates the context for the flourishing of this modern-day form of slavery. An incredibly 

disturbing fact is that the age of the children is progressively declining to meet the male demand 

for younger prostitutes. There is a widely held belief that sex with children, especially virgins, 

will cure sexually transmitted diseases and prevent one from contracting HIV/AIDS. One of 

every four victims rescued from prostitution is a child, and 60% of these children are HIV 

positive. 

 

Sex trafficking not only results in a severe violation of human rights but also causes adverse 

physical, psychological and moral consequences for the victims. All hopes and dreams of a better 

life are shattered and over time the girls become penniless, mentally broken and affected with 

serious or life-threatening illnesses such as HIV/AIDS. The journey of sex trafficking destroys 

the body, mind and soul of a victim, and fundamentally takes away her capacity to trust herself 

or anyone around her. The damage done is deep rooted and often irreversible, as the sense of 

rejection, betrayal and numbness that a trafficked women or girl goes through makes her lose 

faith in humanity. Skewed identity, poor self-worth and learnt helplessness also make her believe 

there is no hope for her in the outside world and her destiny is to sell her body. Prajwala holds 

the conviction that prevention is better than cure, and that addressing the root cause of sex 

trafficking is the most effective means of eradicating it. As a result, the organization has 

developed two interventions that strive to eliminate the sources of trafficking. The first is 

providing education to equip vulnerable children with skills to ensure a bright future, and the 

second is targeting vulnerable women to make them aware of the dangers of commercial sexual 

exploitation by the means of Rehabilitation through entrepreneur skills which ultimately 

provides victim a source of livelihood, sustainable development and dignity of life. 

 

The Prevention Through Education Program (PTEP) aims to provide children of women in 

prostitution with the capacities needed to live life with dignity and access meaningful, viable 

career opportunities for their futures. Prajwala runs 7 transition centers in vulnerable areas 

throughout Hyderabad where children are at-risk of being trafficked for the purposes of forced 

prostitution. The centers function as educational environments which not only foster the overall 

development of the children, but also equip them with the necessary psychosocial and scholastic 

skills to ensure a bright future that breaks the cycles of poverty and social exclusion. After 

completing 7th class from the Prajwala schools, children subsequently enroll in local private or 

government schools to complete their 10th standard and beyond. Student committees as well as 
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mothers groups are actively involved in the center’s functioning in order to promote a sense of 

community ownership and responsibility for the education of their children. 

 

Secondly, Prajwala believes that rehabilitation is long-term holistic process, with interconnected 

approaches that cannot be stand-alone interventions. The first step involves psychological 

rehabilitation of victims, to ensure that the damage caused by being trafficked for a prolonged 

period of time is undone, and that their emotional stability and self-confidence is restored. The 

next stage of providing economic options ensures that the victim has access to livelihood 

opportunities that reduce the chances of re-trafficking. Finally, civic support provides the 

survivors with an identity, financial stability and security in the form of financial aid, subsidized 

housing, assets etc. that further reduces the risk of re-entry into prostitution. Essentially, the three 

pillars of Prajwala‘s rehabilitation strategy include: Psychological rehabilitation in Therapeutic 

Shelter Homes, Economic rehabilitation through Prajwala Enterprises and Employability 

Training Unit and Civic rehabilitation which supports the victims with identity cards, immediate 

relief funds and access to government welfare benefits.  

 

This research paper gave more emphasis on Economic Rehabilitation of trafficking women of 

Prajwala. For this reason, Prajwala created its own production cum training unit in 2004 called 

Prajwala Enterprises (PE), which began with support from the International Organization for 

Migration and Catholic Relief Services. In the process of economic rehabilitation, the Prajwala 

Enterprise and the Employability Training Unit has two interventions which includes the 

livelihood skills and occupational training needed to face the world with a proud smile and 

confidence. Prajwala Enterprise aims at a key aspect of preparedness for social reintegration is 

the employability factor. Hence, it is necessary to select the kind of livelihood training based on 

interest and aptitude by assessing the victim as well as market viability of the trade. A potential 

of the victim that is effectively tapped at Prajwala is her extraordinary inner strength and lack of 

awkwardness in a male-dominated trade. It has been observed that survivors excel in trades that 

are non-conventional and mostly from a male bastion. Livelihood training opportunities in cab 

driving, security guard, masonry, etc. Depending on the  aptitude, health and legal status of 

survivors, the trades available for on-the-job training at Prajwala Enterprise include 

welding/fabrication, screen printing, lamination, carpentry and book-binding. During 

orientation, each trainee spends 1 full day in each of the four available trades to see which was 

most appropriate for their interests and skill-sets. Then, they spend 3 months gaining real-time 

work experience in the pre-designated department of their choice. Apart from this, the 10-day 

security guard training was undertaken in collaboration with Balaram Security Services, 

Bangalore. Two retired army officers—Major Prashanth Rai and Major Bhawana Chiranjay 

conducted the certificate course, which was intended to train the candidates on basic skills 

required to enter in to security sector and who gained employment in 44 Kasturba Gandhi 

Balika Vidyalaya (KGBV) schools throughout 20 districts in Andhra Pradesh. With the 

Prajwala’s inception over 5081 women were reintegrated with their families and total of 37 

victims have been repatriated to their respective countries.  
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Objectives of the Study 

 

 To Study the Socio-economic conditions and social categories of the respondents  

 To Examine the role of Prajwala Enterprise in rehabilitation of Trafficking women 

 To Know how the PE and ETU are imparting Entrepreneur skills through Social 

Entrepreneurship 

 To Study the challenges which impedes the innovative strategies of entrepreneurship 

development 

 

Review of Literature 

 

Johanna (2010) in her article ‘Social Entrepreneurship: Taking Stock and Looking Ahead’ 

explains the existing endeavors to conceptualize Social entrepreneurship and illustrate the 

context-specific nature of the phenomenon and derive implications for fostering social 

entrepreneurship as a positive force for social and economic development. She gave much focus 

on the productive agenda and the real insights for advances in both theory and practice of social 

entrepreneurship. According to her, social entrepreneurship is not viewed as an isolated 

phenomenon but an integral part of a social system. Thus, the role, nature and score of social 

entrepreneurship cannot be discussed without considering the complex set of institutional, 

social, economic and political factors, in which they are interlinked. For research it represents 

an exciting opportunity to unpack mechanisms which drives social and economic development. 

Finally she concluded that, the potential of social entrepreneurship research to bridge 

disciplinary divides and inspires the broader fields of entrepreneurship to take advantage of 

building on theories from both the disciplines of sociology and economics.  

 

J. Gregory Dees (2005) in his commentary on ‘Social Entrepreneurs and Education’ talks about 

that; Social entrepreneurship is a very new to the academic world, especially outside of business 

and public policy. Academic attention to this "field" is only about a decade old. Only recently 

this topic has been attracting the attention of scholars from the disciplines of education, public 

health, and social work. He explains about the term "social entrepreneur" is not meant to convey 

the mindset common to large business corporations. Entrepreneurs, even in business, are the 

subversives, those who are "reforming or revolutionizing the pattern of production," as 

economist Joseph Schumpeter put it, they are the agents of "creative destruction"-out with the 

old and in with the new. He also added Howard Stevenson’s, vision a professor of 

entrepreneurship at Harvard, explicitly contrasts them with "administrators" who preserve the 

status quo. Entrepreneurs may be part of what Habermas calls "the system," as Humphries and 

Grant suggest, but they are not corporate or bureaucratic. They promote change within the 

system, and some of them actively work to change the system. Yes, most business entrepreneurs 

are concerned about profit and without it they cannot survive. But for many entrepreneurs this is 

not the primary motivation. By marrying the concept of entrepreneurship with the word 

"social," he hopes to describe someone who focuses on social change instead of profit as the 

goal, and approaches this goal with an entrepreneurial spirit, as one of determination, 

innovation, and resourcefulness. He concluded that social entrepreneurship construct has a great 

potential for helping us mobilize resources for the social good and for stimulating new thinking 

about economic and social institutions. 

 

214

INFOKARA RESEARCH

Volume 9, Issue 10, 2020

ISSN NO: 1021-9056

http://infokara.com/



Srivastava (2007) in his article ‘Benefiting from Social Entrepreneurship and Social Businesses 

in India’, talks about that he believes that India needs extensive application of multidisciplinary 

approaches and entrepreneurial energy in social and environmental sectors. The challenge is: 

How to have more number and better quality of social entrepreneurs in the country? Social 

entrepreneurship, although an old field of practice, is a new and emerging field of systematic 

knowledge and learning. The growth in social entrepreneurship should not be left to chance. He 

also emphasizes Peter Drucker’s book ‘Innovation and Entrepreneurship’ that everyone who 

can face up to decision making can learn to be an entrepreneur and behave entrepreneurially. 

Entrepreneurship, then, is behavior rather than personality trait. And its foundation lies in 

concept and theory rather than in intuition. Even if we concede some role for personality, 

factors as some other experts have suggested, a large number of selected people (after initial 

screening) can be trained to be entrepreneurs. Extending this logic further, he thinks that most 

people who can combine a spirit of social service and entrepreneurial behavior can learn and 

develop themselves as social entrepreneurs. Furthermore, when social entrepreneurial education 

and training is spreading in other countries (e.g., USA and UK), there is growing need to 

promote such education in India also. The social entrepreneurship, as a special type of 

leadership, can flourish here only if its value is recognized by a significant section of Indian 

society, especially the policy makers, educationists, media and the other government bodies. If 

this happens, it can create new waves of opportunities, strategies, approaches, and impacts in 

the direction of sustainable development. 

 

Johanna & Ignasi (2004) in their working paper ‘Social Entrepreneurship and Research: A 

source of Explanation, Prediction and Delight’, they explains that social entrepreneurship, as a 

practice and a field for scholarly investigation, it provides unique opportunity to challenge, 

question and rethink concepts and assumptions from different fields of management and 

business  research. They talk about the view of social entrepreneurship as a process that 

catalyses social change and important social needs in a way that is not dominated by the direct 

financial benefits for the entrepreneurs. It is seen as differing from other forms of 

entrepreneurship in the relatively higher priority given to promoting social value and 

development versus capturing economic value. They have concluded in this paper by trying to 

identify the distinctive domain of social entrepreneurship and argued that social 

entrepreneurship differs from other forms of entrepreneurship in that it gives high priority to 

social value creation. 

 

UNICEF (2007) in its report entitled ‘Adolescents and Civil Engagement: Social 

Entrepreneurship and Young People’ enumerates about the children and young people have a 

vision of themselves in this world and they have a role to play in their own development as well 

as their own development of their communities. Taking initiative, creating a project, 

conceptualizing and launching one’s own venture are exceptions, not the rule in most young 

people’s experience. Every child is good at something. Encouraging and giving that child the 

opportunity to succeed is extremely important is shaping their personality and tolerance for risk. 

Young people are of the world’s human capital and they are increasingly being as key 

participants in decision making and development. Finally this report aims to show that the role 

that social entrepreneurship can play in the achievement of holistic development in young 

people while also allowing young people to contribute to the development of their own 
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communities and the achievement of the MDGs. It will provide an overview of social 

entrepreneurship as it currently exists, outline the ways in which young people are involved, 

demonstrate the ways in which young people are contributing as social entrepreneurs to 

UNICEF’s goals, and provide guidelines to support and scale-up youth social entrepreneurship 

interventions. 

 

Suresh & Sudesh (2011) in their article ‘Social Entrepreneurship: A Growing trend in Indian 

Business’ enumerates about the organizations of social Enterprises and towards improving the 

general welfare of the society and they apply market-based strategies to achieve a social 

purpose. The social entrepreneurship movement includes both non-profit and for-profit 

organizations, the non-profit organizations use to adopt the business models to pursue their 

social goals and the for-profit organizations incorporating a social agenda into their business 

model. The focus of the article addressing the challenges of lacks appropriate sources of 

financing, proper regulations, societal recognition and suitable information system. The authors 

concluded that it is the right time for the non‐governmental organizations (NGOs), 

governmental organizations and social entrepreneurs to come forward to encourage further 

development of social entrepreneurship and in building a healthy platform for social enterprise 

development in India. 

 

Brooks (2006) in his chapter ‘Social Entrepreneurship-A modern approach to social value 

creation’ explains about the definition of social entrepreneurship and how it differs from 

commercial entrepreneurship. As he cited the example definitions of major writers of the 

concerned discipline as Social Entrepreneurship address social problems or needs that are unmet 

by private markets or governments. It is motivated primarily by social benefit and lastly it 

generally works with-not against-market forces. In fact one of the common claims about social 

entrepreneurs is that they adopt a business-like approach to social innovation. Lastly he cites the 

Dees definition of social entrepreneurs as ‘change agents in the social sector’ who adopt a 

mission to create and sustain social value. The article concluded with the successful 

characteristic of multiple stimuli of social entrepreneurship process is environmental factors, 

resource availability and his or her awareness and preparedness to see and explore the social 

opportunities and personality traits which contributes for the development of social 

entrepreneurship in the world. The personality traits which include innovativeness, achievement 

orientation, independence, a sense of control over one’s destiny, relatively low risk aversion, 

and a tolerance for ambiguity and it also requires a sense of community or social need.   

 

Methodology  

 

This study deals with the Prajwala (Non-Government Organization), Hyderabad, of Andhra 

Pradesh. The Prajwala was emerged as an anti-trafficking organization, which believes in 

preventing women and children from entering into prostitution, which is the worst form of 

sexual slavery. Since its inception of 1996 till date there are 9000 women and children got 

rescued. Among these 5000 children and adolescent girls and 4000 were women of middle age. 

The researchers have taken the sample size of 100 respondents from different streams of 

Prajwala’s Enterprise, those who are actively engaged in vocational training and entrepreneur 

skills. In this study, we used a combination of observation, interview and document materials. 

We have used random Sampling technique to select the respondents and the research carried out 
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by personal interviews of respondents, trainee and with rescue team as well as shelter team 

members. The data collected were duly tabulated and analyzed by using SPSS16 software. The 

field work had been conducted from 5th December 2018 to 9th January 2019.  Secondary 

information has been collected from various documents such as books, articles, newsletter, 

reports, magazines, daily newspapers, as well as from the existing literature to understand the 

role of Prajwala’s vision and the practice of social entrepreneurship in promoting the 

marginalized voiceless women as empowered social entrepreneurs. The concept of social 

entrepreneurship is emerged as a research area in the social sciences and in management field, 

which aims to create an impression of a modern approach to social value creation.  

Data Analysis 

Table: 1 
Social Category of the Respondent * Family Background 

Social Category of 

the Respondent 

Family Background of the Respondent         Total  

Poor Middle Class Upper Middle Class 

General Category 4 

33.3% 

5 

41.7% 

3 

25.0% 

12 

100.0% 

OBC 12 

63.2% 

6 

31.6% 

1 

5.3% 

19 

100.0% 

SC 15 

71.4% 

2 

9.5% 

4 

19.0% 

21 

100.0% 

ST 13 

76.5% 

3 

17.6% 

1 

5.9% 

17 

100.0% 

Minority 12 

60.0% 

4 

20.0% 

4 

20.0% 

20 

100.0% 

Others 4 

36.4% 

4 

36.4% 

3 

27.3% 

11 

100.0% 

Total  60 

60.0% 

24 

24.0% 

16 

16.0% 

100 

100.0% 

 
 

The above table enumerates about the social category of the respondents with respect their 

family background from Prajwala Enterprise. Majority of the 60% victims are from the poor 

background and prone to be victimized as victims of sex trafficking and rescued by the 
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Prajwala’s powerful rescue team and some are joined by the crisis counseling of police and law 

enforcement agencies, followed by 24% middle class family background and the remaining 

16% are from rich family background. The social category of the respondents reflects that more 

vulnerable are from Schedule caste and Minority background women with 21% and 20% 

respectively, followed by Other Backward Class women and Schedule Tribe women with 36 

percent. Lastly, the general category and other category women with 23% with the various 

reasons they have been trapped into sex trafficking. The reasons behind this trafficking are most 

of them are cheated by their close relatives and friends, some are by middlemen, poverty, crazy 

towards the movie industry. 

Table: 2 
Age of the Respondent * Role of Prajwala in Providing Rehabilitation 

Age of the 

Respondent 

Role of Prajwala in providing Rehabilitation Total 

Psychological  Economic Civic 

19-25 Years 12 

48.0% 

8 

32.0% 

5 

20.0% 

25 

100.0% 

26-30 Years 9 

36.0% 

10 

40.0% 

6 

24.0% 

25 

100.0% 

31-35 Years 9 

36.0% 

11 

44.0% 

5 

20.0% 

25 

100.0% 

35-40 Years 8 

32.0% 

10 

40.0% 

7 

28.0% 

25 

100.0% 

Total 38 

38.0% 

39 

39.0% 

23 

23.0% 

100 

100.0% 

 
 

The above table enumerates about the age of the respondents and the role of Prajwala in 

providing Rehabilitation to the victims. The multiple traumas faced by girls who are sex 

trafficked encompass the beginning of a life struggle which is marked by ill-treatment, 

oppression and indebtedness. Victims of sex trafficking are sold and resold over and over again 

in a continuous cycle of exploitation. Once a trafficked girl eventually succumbs to her 

circumstances within prostitution, she is closely watched and her movements and interactions 

are monitored and restricted. A constant struggle for existence in an exploitative structure of 

pimps, goondas and brothel-madams makes any escape attempt virtually impossible. The 
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respondents from different age groups are undergoing the psychological and economic 

rehabilitation with almost an equal percent 39% and 38% followed by 23% by civic 

rehabilitation.  

 

Before introducing the rehabilitation process, Prajwala started the rescue and restoration 

program (RRP) team which fulfils the four fold objectives undertaking powerful rescue mission, 

crisis counseling at police station, through conducting home investigations, law enforcement 

agencies and other capacity building programs. This will provide the paramount to effectively 

fight human trafficking. 

Table: 3 
Respondent’s Choice of Livelihood Training in Prajwala Enterprise * Educational Qualification  

Livelihood 

Training in 

Prajwala 

Enterprise 

Educational Qualification of Respondent  

Total  

illiterate Primary Secondary 

Higher 

Secondary Graduation 

Cab Driving 0 

.0% 

0 

.0% 

2 

50.0% 

0 

.0% 

2 

50.0% 

4 

100.0% 

Security Guard 2 

20.0% 

2 

20.0% 

3 

30.0% 

3 

30.0% 

0 

.0% 

10 

100.0% 

Beautician 

Course 

2 

40.0% 

2 

40.0% 

1 

20.0% 

0 

.0% 

0 

.0% 

5 

100.0% 

Welding 5 

33.3% 

6 

40.0% 

1 

6.7% 

3 

20.0% 

0 

.0% 

15 

100.0% 

Lamination 3 

27.3% 

5 

45.5% 

2 

18.2% 

1 

9.1% 

0 

.0% 

11 

100.0% 

Screen Printing 3 

25.0% 

3 

25.0% 

4 

33.3% 

2 

16.7% 

0 

.0% 

12 

100.0% 

Carpentry 4 

40.0% 

4 

40.0% 

1 

10.0% 

1 

10.0% 

0 

.0% 

10 

100.0% 

Book Binding 5 

29.4% 

4 

23.5% 

5 

29.4% 

0 

.0% 

3 

17.6% 

17 

100.0% 

House Keeping 0 

.0% 

1 

16.7% 

1 

16.7% 

1 

16.7% 

3 

50.0% 

6 

100.0% 

Voc. Training 3 

30.0% 

2 

20.0% 

3 

30.0% 

1 

10.0% 

1 

10.0% 

10 

100.0% 

Total  27 

27.0% 

29 

29.0% 

23 

23.0% 

12 

12.0% 

9 

9.0% 

100 

100.0% 
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The table explains above is the respondents choice of livelihood training with respect to their 

educational qualification.  Prajwala’s uniqueness involved in its five basic component models 

such as Identifying need-based, Aptitude based, Market assessed, Viable and sustainable 

economic options, and livelihood training. According to this model, as majority of them were 

from very low educational background such as illiterate, primary and secondary education level 

with 79% and the remaining 21% have higher secondary and graduation level education. Out of 

100 respondents 62% have opted hard jobs (Cab driving, Security guard, welding, Carpentry 

and House Keeping) and 38% have opted soft jobs such as beautician course, lamination, screen 

printing, vocational training. Prajwala support for these victims is incredible in imparting the 

entrepreneur skills and to protect their self-esteem and confidence, which in turn led to their all 

round development.  

Table: 4 

Life Skills Education Adopted * Age of the Respondent 

Type of Life Skills 

Education Adopted 

Age of the Respondent Total  

19-25 Years 26-30 Years 31-35 Years 35-40 Years 

Self-Awareness 4 

33.3% 

3 

25.0% 

3 

25.0% 

2 

16.7% 

12 

100.0% 

Creative Thinking 2 

25.0% 

1 

12.5% 

1 

12.5% 

4 

50.0% 

8 

100.0% 

Critical Thinking 5 

38.5% 

2 

15.4% 

3 

23.1% 

3 

23.1% 

13 

100.0% 

Empathy 4 

26.7% 

1 

6.7% 

6 

40.0% 

4 

26.7% 

15 

100.0% 

Decision Making 1 

11.1% 

3 

33.3% 

3 

33.3% 

2 

22.2% 

9 

100.0% 

Problem Solving 1 

14.3% 

3 

42.9% 

1 

14.3% 

2 

28.6% 

7 

100.0% 

Interpersonal Relationship 2 

22.2% 

2 

22.2% 

2 

22.2% 

3 

33.3% 

9 

100.0% 
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Effective Communication 3 

30.0% 

3 

30.0% 

3 

30.0% 

1 

10.0% 

10 

100.0% 

Coping with Emotions 1 

12.5% 

3 

37.5% 

2 

25.0% 

2 

25.0% 

8 

100.0% 

Coping with Stress 2 

22.2% 

4 

44.4% 

1 

11.1% 

2 

22.2% 

9 

100.0% 

Total  25 

25.0% 

25 

25.0% 

25 

25.0% 

25 

25.0% 

100 

100.0% 

 

 

 

 

 

 
 

Prajwala being an Anti-Trafficking Organisation introduced a dynamic aspect of learning of 

Life Skills Education as well as training in safe and dignified activities helps the victims build 

self-confidence and feelings of self-worth to eventually empower them to unlearn negative 

thought patterns and begin the healing process from within. The changes in respondents life 

reflects the positive impact of LSE which they have adopted not only helps to increase their 

employability but also help reduce the risk of being re-trafficked into prostitution.  Half of the 

respondents are started thinking critically and creatively, aware about themselves and practicing 

and learning effective communication skills, the remaining 50% respondents are in the process 

of decision making, developing interpersonal relationships and empathy towards others as well 

as problem solving techniques.   

Table: 5 
Innovative Strategies for the improvement of Entrepreneur Skills for marginalized * Age  

Innovative Strategies 

for Entrepreneur Skills  

Age of the Respondent Total 

19-25 Years 26-30 Years 31-35 Years 35-40 Years 

Placement  6 

35.3% 

4 

23.5% 

5 

29.4% 

2 

11.8% 

17 

100.0% 

Market Assessed 6 

33.3% 

4 

22.2% 

3 

16.7% 

5 

27.8% 

18 

100.0% 
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Socially Dignified 5 

27.8% 

4 

22.2% 

4 

22.2% 

5 

27.8% 

18 

100.0% 

Skill -Oriented 3 

13.0% 

7 

30.4% 

9 

39.1% 

4 

17.4% 

23 

100.0% 

Economic Options 2 

20.0% 

2 

20.0% 

2 

20.0% 

4 

40.0% 

10 

100.0% 

Aptitude -Based 2 

28.6% 

2 

28.6% 

1 

14.3% 

2 

28.6% 

7 

100.0% 

Need-Based 1 

14.3% 

2 

28.6% 

1 

14.3% 

3 

42.9% 

7 

100.0% 

Total 
25 

25.0% 

25 

25.0% 

25 

25.0% 

25 

25.0% 

100 

100.0% 

 

 
 

The above table enumerates the innovative strategies for the improvement of entrepreneur skills 

for marginalized and the age of the respondent.  The stakeholders have suggested the innovative 

strategies for the improvement of entrepreneur skills such as 36% have suggested market 

assessed and socially dignified jobs, followed by 23% have responded skill-oriented training 

should be given, provision of placement facilities, and 14% suggested aptitude and need-based 

training and lastly, 10% suggested entrepreneurs should have viable economic options.  

 

Conclusion  

  

The study concludes that most of the victims of trafficking for commercial sexual exploitation 

have gone through a journey of betrayal, abuse and pain. From the initial stage of being 

trafficked to years of leading live as a slave, and finally of being rescued and subjected a 

different sort of pain, these victims see it all. Psychosocial interventions thus pose a significant 

challenge, as on one hand is the healing of pain and the other is undoing all the damages done 

by stakeholders who were custodians of protection. Throughout the entire rescue-restoration 

process, the custodial and judicial procedures immediately post-rescue are usually not victim-

friendly and make the survivor believe that her journey of victimization is never-ending. 

The organizations‘efforts have been fruitful as today the society is much more aware about the 

crime of human trafficking. Structural changes have also been implemented and executed both 
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within the state and nationally to ensure successful rehabilitation and reintegration of survivors. 

However, many more laws must be passed and others enforced to protect victims and punish 

perpetrators. Thus advocacy is one of the most important tasks undertaken in Prajwala. 

Prajwala’s motivation and initiation for long-term systemic change to happen in the anti-

trafficking sector, through social entrepreneurship and by imparting entrepreneur skills for the 

victims livelihood and sustainable economic growth which in turn led to produce a more 

number of entrepreneurs for the welfare of the society.  

 

 

References 

 

1. Suresh, S. & Sudesh, K. “Social Entrepreneurship: A Growing trend in Indian Business.” 

Journal of Entrepreneurial Practice Review, 1, no.4 (2011):4-19. 

2. Fayolle, A. “Assessing the Impact of Entrepreneurship Education Programmes: A New 

Methodology.” Journal of European Industrial Training, 30, no.9 (2006):701-720. 

3. Chand, V.S. “Beyond Nongovernmental Development Action into Social Entrepreneurship.” 

The Journal of Entrepreneurship, 18, no.2 (2009):139-166. 

4. Pratap, S. “Social Entrepreneurship: A Growing trend in Indian Economy.” International 

Journal of Innovations in Engineering and Technology, 1, no.3 (2012):44-52. 

5. Srivastava, K.L. “Benefiting from Social Entrepreneurship and Social Businesses in India.” 

Economic and Political Weekly, 6, no.3 (2007):17-27. 

6. UNICEF-Report.  “Adolescents and Civil Engagement: Social Entrepreneurship and Young 

People, (A summary of the role of social entrepreneurship in the development of young 

people, communities and the achievement of the MDGs). Adolescent Development and 

Participation Unit Programme Division, October (2007): 1-48. 

7. Sperandio, J. “Social Entrepreneurs and Educational Leadership in Bangladesh. Current 

Issues in Comparative Education, 8, no.1 (2005):18-29. 

8. Low, M., & MacMillan, I. “Entrepreneurship: Past research and Future challenges.” Journal 

of Management. 14 (1988):139-161. 

9. Gregory, J.D. “Social Entrepreneurs and Education.” Current Issues in Comparative 

Education, 8, no.1 (2005):51-55. 

10. Alvord, S.H., Brown, L.D., & Letts, C.W. “Social Entrepreneurship and societal 

transformation.” Journal of Applied Behaviour Science, 40, no.3 (2004):260-282. 

11. Bornstein, David and Davis, Susan. Social Entrepreneurship-What Everyone Needs to Know. 

USA: Oxford University Press, 2010. 

223

INFOKARA RESEARCH

Volume 9, Issue 10, 2020

ISSN NO: 1021-9056

http://infokara.com/

















9.

10.

11.

12.

13.

14.

15.

17.

16.

57-60

61-66

67-72

73-82

83-88

89-93

94-97

107-111

98-106



Proceedings ICSTRDA
Copyright (c) 2021: 

I N F O A B S T R A C T

Saranya R1, 2

1Research Scholar, 2

Proceedings 
ICSTRDA 2021;

Date of Submission: 2021-02-09
Date of Acceptance: 2021-03-06

Importance:

Methodology:













Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner











Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner





























Ile209 of Leishmania donovani xanthine
phosphoribosyltransferase plays a key role in determining
its purine base specificity
Bhumi Patel1, Dhaval Patel1 and Anju Pappachan1,2

1 Indian Institute of Advanced Research (Puri Foundation for Education in India), Koba Institutional Area, Gandhinagar, India

2 School of Life Sciences, Central University of Gujarat, Gandhinagar, India

Correspondence

A. Pappachan, School of Life Sciences,

Central University of Gujarat, Sector 30,

Gandhinagar 382030, Gujarat, India

Tel: +91 79 23260416

E-mail: anjupappachan@gmail.com;

anju.p@cug.ac.in

(Received 9 February 2021, revised 21 June

2021, accepted 2 July 2021)

doi:10.1002/1873-3468.14162

Edited by Michael Ibba

Xanthine phosphoribosyltransferase (XPRT) and hypoxanthine-guanine phospho-

ribosyltransferase (HGPRT) are purine salvaging enzymes of Leishmania

donovani with distinct 6-oxopurine specificities. LdXPRT phosphoribosylates xan-

thine, hypoxanthine, and guanine, with preference toward xanthine, whereas

LdHGPRT phosphoribosylates only hypoxanthine and guanine. In our study,

LdXPRT was used as a model to understand these purine base specificities.

Mutating I209 to V, the conserved residue found in HGPRTs, reduced the affinity

of LdXPRT for xanthine, converting it to an HGXPRT-like enzyme. The Y208F

mutation in the active site indicated that aromatic residue interactions with the

purine ring are limited to pi-pi binding forces and do not impart purine base speci-

ficity. Deleting the unique motif (L55-Y82) of LdXPRT affected enzyme activity.

Our studies established I209 as a key residue determining the 6-oxopurine speci-

ficity of LdXPRT.

Keywords: guanine; hypoxanthine; Leishmania; phosphoribosyltransferases;

purine salvage; purine specificity; xanthine; xanthine phosphoribosyl-

transferase

Leishmania donovani, the protozoan parasite causing

visceral leishmaniasis lacks the metabolic machinery

required for the de novo synthesis of purine nucleo-

tides. Hence, it salvages purine bases from the human

host [1]. Due to the critical dependence of L. donovani

on the purine salvage pathway, enzymes acting in this

pathway could serve as a suitable target for antileish-

manial chemotherapy [2]. Leishmania has three phos-

phoribosyl transferases that convert dephosphorylated

purines to nucleosides monophosphates: hypoxanthine-

guanine phosphoribosyltransferase (HGPRT), xanthine

phosphoribosyltransferase (XPRT), and adenine phos-

phoribosyltransferase (APRT) [3]. XPRT and HGPRT

are specific for 6-oxopurines. Of the two, the enzyme

XPRT of L. donovani has been a focus of attention

due to its notable absence in mammals. Our earlier

studies [4] have shown that there are also significant

structural differences between LdXPRT and its closest

human counterpart, that is, HGPRT, therefore making

it an attractive target for selective inhibition. Null

mutational studies have also shown that the XPRT

activity alone is sufficient to salvage adenine, hypoxan-

thine, and guanine in L. donovani promastigotes [5,6].

LdXPRT in addition to converting xanthine to xan-

thine monophosphate can also convert hypoxanthine

to inosine monophosphate and guanine to guanine

Abbreviations

APRT, Adenine phosphoribosyltransferase; CD, Circular dichroism; GMP, Guanosine 50-monophosphate; GPRT, guanine phosphoribosyltrans-
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monophosphate, albeit with a lesser affinity toward

hypoxanthine and guanine compared to xanthine,

whereas the LdHGRPT can phosphoribosylate only

hypoxanthine and guanine but not xanthine. A unique

XPRT gene is present only in few organisms such as

Leishmania, certain fungi, and bacteria [4]. Xanthine

phosphoribosylating enzymes in other organisms like

P. falciparum [7], T. gondii [8], and T. foetus [9] is

the hypoxanthine-guanine-xanthine PRT (HGXPRT)

which prefers hypoxanthine and guanine as a substrate

over xanthine. However, the LdXPRT substrate profile

is different from the HGXPRT enzymes, as it favors

xanthine over hypoxanthine and guanine. This unique

substrate specificity of LdXPRT compared to other

purine PRTs as well as its intriguing presence in Leish-

mania along with a separate HGPRT makes it an ideal

model to investigate the molecular determinants of the

unique purine base specificity of PRTs.

Crystal structures of purine PRTs show a conserved

PRPP-binding domain and a less conserved purine-

binding domain. The latter domain shows variations in

amino acid residues among different purine PRTs [9]

which might play a crucial role in the purine base

specificity of these enzymes. There are earlier reports

of alteration of the PRT substrate specificity by single

amino acid substitutions [9,10]. Since the 6-oxopurines

(xanthine, hypoxanthine, and guanine) differ only by

the substituents on the C-2 atom of their purine ring,

we hypothesized that the residues interacting specifi-

cally with these atoms may be critical in determining

the purine base specificity of PRT enzymes.

Based on sequence and structure comparisons with

other PRTs, especially with Leishmania terantolae

HGPRT-GMP (PDB ID: 1PZM) structure, we identi-

fied certain residues and a domain that may be impor-

tant for this specificity in LdXPRT [4]. In the present

study, we investigated the amino acids interacting with

the substituent on C-2 atom of purine ring (Ile 209

and Glu 215), an aromatic residue forming stacking

interactions with the purine ring (Tyr 208) as well as a

unique motif (Leu 55 to Tyr 82) found in leishmanial

XPRTs through mutational studies. Previous reports

on the mutational study of E215D showed that Glu

215 alone cannot be the determinant for purine base

specificity of LdXPRT [11]. Hence in the present

study, we mutated E215D together with the I209V.

Based on our detailed sequence and structure analysis,

we generated four mutants of LdXPRT (ldxprtY208F,

ldxprtI209V, ldxprtI209V;E215D, and ldxprtL55_

Y82del). Characterization of the mutant proteins

through enzyme assays and biophysical methods could

evince the role of these residues in governing the

purine base specificity of LdXPRT.

Materials and methods

Materials

All the chemicals used in the present study were molecular

biology grade. The chemicals for enzyme kinetic assays

including hypoxanthine, guanine, xanthine, and PRPP were

purchased from Sigma-Aldrich Corporation (St. Louis,

MO, USA). High-fidelity DNA polymerase (iProofTM) and

other enzymes were procured from Bio-Rad (Hercules, CA,

USA) and Thermo Fisher Scientific (Waltham, MA, USA),

respectively.

Structural modeling and sequence comparison

The LdXPRT sequence (UniProtKB-Q9U6Y2) was retrieved

from the Universal protein resource database (http://www.

uniprot.org/). The LdXPRT model was generated by the

homology modeling program SWISS-MODEL [12] using

T. brucei HGXPRT (PDB ID: 6MXC) structure [13] as a

template. The model was minimized using the ModRefiner

program [14], and the stereo-chemical properties of the

energy minimized model were evaluated by Ramachandran

statistics using the program RAMPAGE [15]. The quality of

the minimization model was also checked using the Verify

3DE [16] and ERRAT plot [17]. The refined LdXPRT model

was superimposed over the crystal structure of the L. taren-

tolae HGPRT-GMP complex (PDB ID: 1PZM) to compare

the active-site residues. The structures were superimposed

using PYMOL [18]. Multiple sequence alignment of

LdXPRT with other 6-oxopurine PRTs was carried out using

the ClustalW program [19]. The PRT enzyme sequences were

downloaded from NCBI (https://www.ncbi.nlm.nih.gov/)

and UniProt (https://www.uniprot.org/) databases.

Site-directed mutagenesis

Site-directed mutations were introduced in the LdXPRT

gene by polymerase chain reaction using our previously

generated pET 15b-LdXPRT construct, as template [4]. Pri-

mers were designed and synthesized with additional restric-

tion sites to allow easy selection of mutants (Table S1).

Restriction sites were introduced by modifying nucleotides

in such a way that their amino acid codon remains the

same. Primers of deletion mutant were synthesized with

phosphorylated 5’ end for the ligation. Following the poly-

merase chain reaction, mutant plasmids were transformed

and amplified into E. coli strain DH5a and were sequenced

to verify mutations.

Expression and purification of LdXPRT mutants

The mutant plasmids were transformed into the Rosetta

(DE3) cells for expression. The cells were grown on LB

agar media supplemented with ampicillin (50 µg�mL�1) and
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chloramphenicol (34 µg�mL�1), and the expression was

induced by adding 0.1 mM IPTG at 18 °C for 16 h. The

cells were harvested by centrifugation at 8000 g at 4 °C for

10 min and were suspended in the lysis buffer containing

50 mM Tris/HCl, pH 7, 10 mM MgCl2, 200 mM NaCl, 10%

glycerol, 0.1% Triton X-100, and 1 mM PMSF. The cells

were lysed in a sonicator followed by centrifugation at

12 000 g for 20 min at 4 °C, and the lysate was loaded on

a HIS-Select HF Nickel Affinity Gel column, pre-

equilibrated with equilibration buffer (50 Tris/HCl buffer,

pH 7, 10 mM MgCl2, and 200 mM NaCl). The protein was

eluted by 300 mM Imidazole and was analyzed on SDS/

PAGE as per the method of Laemmli [20], and the concen-

tration of purified proteins was determined by the Bradford

method. The purified proteins were dialyzed in 50 mM Tris/

HCl buffer, pH 7, 10 mM MgCl2, and 200 mM NaCl.

Spectral analysis

The CD spectral measurements were performed on

JASCO-J815 spectropolarimeter at 20 °C. The mutant pro-

teins were dialyzed in the buffer containing 20 mM sodium

phosphate, pH 6.5, and 10 mM MgCl2. The far-UV CD

spectra were collected at 190 to 250 nm using a 0.5 mm

path length cuvette at 0.3 mg�mL�1 of protein concentra-

tion, and the near-UV CD spectra were collected at 250–
350 nm using a 2 mm path length cuvette at 1.3 mg�mL�1

of protein concentration. To record the spectra of mutant

proteins in the presence of ligands (XMP, GMP, and

IMP), the proteins were incubated for 2 h with 500 lM of

each ligand prior to the CD experiment. Data were calcu-

lated by subtracting the spectra of ligands and medium

from the corresponding spectra of proteins. UV absorbance

spectra were recorded on Eppendorf BioSpectrometer

kinetic from 240 to 330 nm using a protein concentration

of 0.8 mg�mL�1 protein in 50 mM sodium phosphate buf-

fer, pH 6.5, and 10 mM MgCl2.

Fluorescence quenching analysis

Fluorescence measurements were carried out on a Cary

Eclipse fluorescence spectrophotometer-G9800A with a slit

width of 5 nm for both the monochromators and scan

speed of 600 nm�min�1. Mutant proteins were diluted up to

3.9 lM in the buffer containing 50 mM Tris/HCl, pH 7,

200 mM NaCl, and 10 mM MgCl2. The proteins were

titrated by adding 10-12 aliquots of ligands (XMP, GMP,

and IMP) from 1 mM stocks, and the samples were excited

at 280 nm. The emission spectra were recorded at 27 °C,
from 285 to 370 or 450 nm depending on the protein. Each

titration experiment was performed in triplicates. The effec-

tive concentrations of ligands were corrected to compensate

dilution effect upon the addition of each aliquot of ligand.

The dissociation constant (Kd) was calculated according to

the method described in reference [4].

Steady-state kinetic analysis of LdXPRT mutants

Kinetic parameters of LdXPRT mutants for nucleobase

substrates xanthine, hypoxanthine, and guanine were deter-

mined by measuring the formation of their respective prod-

ucts, XMP at 250 nm (Δe 3900 M-1 cm-1), IMP at 243 nm

(Δe 2200 M-1 cm-1), and GMP at 257 nm (Δe 4200 M-1 cm-

1), respectively. The assay was performed in 100 mM Tris/

HCl buffer, pH 7, and 10 mM MgCl2 using 1.0 cm path

length on Eppendorf BioSpectrometer� kinetic equipped

with a kinetic software package. Kinetic parameters were

calculated by using the software GRAPHPAD PRISM (San

Diego, CA, USA). The Km and kcat values for nucleobase

substrates were determined at 1.0 mM PRPP and either 10–
250 µM xanthine, 10–250 µM guanine, or 10–1000 µM

hypoxanthine. The Km and kcat values of PRPP were deter-

mined at 1.0 mM xanthine or hypoxanthine by ranging the

PRPP concentrations between 10 and 1000 µM, respec-

tively.

Results

Structural modeling and sequence comparison

The LdXPRT model was constructed using T. brucei

HGXPRT crystal structure (PDB ID: 6MXB) as a

template [13]. The LdXPRT model superposed over

the T. brucei HGXPRT crystal structure with an

RMSD of 0.394 �A. The model so generated was sub-

jected to energy minimization for improving the over-

all model quality. The energy minimized model

showed acceptable Ramachandran plot statistics with

100% residues in the allowed region and acceptable

ERRAT plot and Verify 3D scores (Table S2). The

model was superimposed over LtHGPRT-GMP (PDB

ID: 1PZM) structure to compare the active sites. The

active site of LtHGPRT-GMP structure shows three

interactions with the guanine ring. The first interaction

was between Lys 157 and 6-oxo group, and N7 atoms

of the guanine ring (Fig. 1). This lysine residue (Lys

186) was conserved in LdXPRT (Fig. 2) and probably

involved in binding to the 6-oxo group of xanthine.

The second interaction was an aromatic stacking inter-

action between Phe 178 and the guanine ring. The

third interaction in LdHGPRT-GMP was between Val

179 and the 2-amino, 6-oxo, and N1 group of guanine

ring. The fourth interaction was between Asp 185 and

the 2-amino group of guanine ring. Structural compar-

isons with other HGPRTs with bound substrates

showed that these interacting residues and these inter-

actions were mostly conserved across the HGPRT

family. LdXPRT has a Tyr (Tyr 208) corresponding

to Phe 178, Ile (Ile 209) corresponding to Val 179,

and Glu (Glu 215) corresponding to Asp 185 of
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LdHGPRT. The sequence alignment of PRTs (Fig. 2)

showed that these residues (Ile 209, Glu 215, and Tyr

208) were rarely found in HGPRTs. Hence, these three

amino acids were mutated to investigate their role in

the substrate specificity of LdXPRT.

From our earlier studies, we had identified a 28 resi-

due long unique motif (Leu 55 to Tyr 82) in LdXPRT

which was absent in other PRT enzymes. Molecular

dynamic studies indicated that this region might be

having a long-range interaction with the active site [4].

Site-Directed Mutagenesis and enzyme

purification

Based on in silico analysis, four mutants of LdXPRT

were generated by polymerase chain reactions. We

mutated Ile 209 to a Val, the conserved residue found

in place of Ile in most HGPRTs (ldxprtI209V). Since

previous reports on the mutational study of E215D in

LdXPRT showed that mutating Glu 215 alone to an

Asp does not alter purine base specificity of LdXPRT

[11], in our study, we generated a double mutant—ldx-

prtI209V;E215D in which the Glu 215 was mutated to

Asp and Ile 209 was mutated to Val. Tyr 208 in

LdXPRT was mutated to Phe (ldxprtY208F). A dele-

tion mutant of LdXPRT where residues from Leu 55

to Tyr 82 were deleted was generated to check the role

of this motif in the enzyme activity. All the PCR

amplified mutant genes were transformed and ampli-

fied into E. coli DH5a cells. The mutants were

screened by digestion with specific restriction endonu-

cleases and verified by sequencing. The expression of

LdXPRT mutants was obtained in E. coli Rosetta

(DE3) cells, and the proteins were purified by Ni-NTA

affinity chromatography (Fig. 3).

Structural analysis of LdXPRT mutants by CD

spectroscopy

The far-UV CD spectra showed that all the LdXPRT

mutants were well folded (Fig. 4A). The mutants

showed slight variations in the secondary structure

content compared to the wild type.

The CD difference spectra generated by the subtrac-

tion of the far-UV CD spectrum of the LdXPRT from

the ldxprtI209V showed an increase in the minima

between 200 and 210 nm (Fig. 5A), indicating an alter-

ation in the environment of the phenylalanine side

chains [11,21]. This was further supported by the

increase in UV absorbance of ldxprtI209V at ~ 250 nm

(Fig. 5B) [11].

Similarly, a negative peak of ldxprtY208F and ldx-

prtI209V;E215D at ~ 227 nm in the CD difference

spectra and an increase in the UV absorbance at

~ 280 nm indicate an alteration in the local environ-

ment of one or more tyrosine residues [11,22].

The effect of nucleotide substrates, XMP, GMP,

and IMP on the secondary and tertiary structure pat-

tern of LdXPRT mutants was determined by far and

near-UV CD spectroscopy. The addition of XMP to

LdXPRT and ldxprtY208F induces a negative shift in

the far-UV CD spectra (Fig. 4B,C) indicating that the

protein folds upon binding with XMP. The addition of

XMP to ldxprtI209V, ldxprtI209V;E215D, and ldx-

prtL55_Y82del causes positive shift in the spectra.

Further, this XMP-induced shift is higher than IMP

and GMP (Fig. 4D–F) indicating that the higher struc-

tural change was required to accommodate XMP com-

pared to IMP and GMP.

The addition of IMP to all the proteins causes

increased ellipticity with no significant change in the

pattern of near-UV CD spectra (Fig. S1). The addition

of GMP to LdXPRT, ldxprtY208F, and ldxprtL55_

Y82del gives a sharp negative peak at 257 nm;

however, the binding of GMP to ldxprtI209V and ldx-

prtI209V;E215D showed a positive peak. Interestingly,

LdXPRT, ldxprtY208F, and ldxprtL55_Y82del have

Ile 209 in the purine-binding pocket; however, ldx-

prtI209V and ldxprtI209V;E215D have Val in place of

Ile hence suggesting that the interaction of Ile 209 with

the 2-amino group of guanine might cause the alter-

ation in the environments of aromatic side chains of

the protein.

Fig. 1. Comparison of the active site of L. tarentolae HGPRT with

LdXPRT. Residues of L. tarentolae HGPRT-GMP complex (PDB ID:

1PZM) are indicated by pink color. Corresponding residues in

LdXPRT are indicated by cyan color.
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Fluorescence spectroscopy for binding affinities

of mutants with different ligands

The fluorescence emission spectra of ldxprtY208F and

ldxprtI209V;E215D showed a similar emission maxi-

mum (305 nm) as wild-type protein (Fig. 6); however,

kmax of ldxprtI209V and ldxprtL55_Y82del shifts from

305 nm to 337 nm. Since the LdXPRT sequence does

not contain tryptophan, this shift in the fluorescence

spectra is likely due to the ionized form of tyrosine, that

is, tyrosinate which is produced by the proton transfer

to the carboxylate anion of the nearby glutamyl residues

[23]. The I209V mutation might be modifying the

microenvironment of the nearby glutamate residues,

that is, Glu 215 to facilitate the ionization of the sur-

rounding tyrosine (Tyr 208) to tyrosinate which gives

rise to abnormal emission at around 340 nm. Similarly,

the structural changes occurring due to the absence of

the motif in the ldxprtL55_Y82del might be creating a

Fig. 2. Multiple sequence alignment of LdXPRT with PRT enzymes. The residues which were mutated are highlighted as (▲). The unique

region (55–82) is highlighted by a dotted line.

5FEBS Letters (2021) ª 2021 Federation of European Biochemical Societies

B. Patel et al. Purine base specificity determinants of leishmanial XPRT



similar microenvironment surrounding the tyrosine resi-

due. This is not the case in ldxprtI209V/E215D, since

the position of glutamate which provides a carbonyl

acceptor group to tyrosine for the conversion of tyrosi-

nate is mutated to aspartate.

The binding affinities of mutants with XMP, IMP,

and GMP were determined in terms of the dissociation

constant (Kd), measured from the fluorescence quench-

ing spectra. Fluorescence quenching was carried out

by titrating the protein samples against ligands

(Fig. 7). Wild-type enzyme showed Kd values of

5.16 9 10�5, 10.28 9 10�5, and 6.35 9 10�5 Mol for

XMP, IMP, and GMP, respectively, indicating that it

prefers XMP over IMP and GMP. The Kd values of

ldxprtI209V and ldxprtI209V;E215D revealed that

these two proteins have higher affinities for IMP and

GMP than XMP (Table 1). LdxprtY208F showed a

very minor shift in Kd of XMP and GMP with a nota-

ble decrease in Kd of IMP; however, its specificity

remained the same as xanthine was a more favored

Fig. 3. SDS/PAGE analysis of the purified LdXPRT mutants. (A) ldxprtY208F; (B) ldxprtI209V; (C) ldxprtI209V;E215D; (D) ldxprtL55_Y82del;

and (E) Comparison of LdXPRT with mutant proteins.
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Fig. 4. Far-UV CD spectral analysis of LdXPRT mutants. (A) Far-UV CD spectra of wild-type LdXPRT and mutants; (B) LdXPRT with ligands;

(C) ldxprtY208F with ligands; (D) ldxprtI209V with ligands; (E) ldxprtI209V;E215D with ligands; and (F) ldxprtL55_Y82del with ligands.
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substrate than hypoxanthine and guanine. The ldx-

prtL55_Y82del showed a significant increase in Kd for

all three ligands indicating a decreased affinity for all.

Kinetic analysis of LdXPRT mutants

Kinetic analysis demonstrated that LdXPRT favors

xanthine over hypoxanthine and guanine (Table 2). The

Km values of LdXPRT for xanthine, hypoxanthine, and

guanine in Tris/HCl buffer, pH 7 were 8.9 � 1.5,

204.2 � 14.67, and 103.7 � 15.24 µM, and the kcat val-

ues were 1.8 � 0.041, 1.1 � 0.093, and 0.455 �
0.042 s�1, respectively. The ldxprtY208F showed a slight

increase in Km for xanthine (25.54 � 2.9 µM) and a nota-

ble decrease in Km values of hypoxanthine (82.21 �
15.2 µM) and guanine (57.03 � 17.87 µM). However, its

specificity for nucleobases remains the same as that of

LdXPRT (xanthine>guanine>hypoxanthine). The

ldxprtI209V showed a sevenfold-eightfold increase in Km

for xanthine with a fourfold-eightfold decrease in Km for

hypoxanthine and twofold-sevenfold decrease in Km

for guanine. The Km value of ldxprtI209V;E215D for

xanthine was almost similar to that of ldxprtI209V with

an additional decrease in Km of hypoxanthine and gua-

nine indicating that these mutations change the specificity

of the enzyme for nucleobases. Surprisingly, ldxprtI209V;

E215D showed a marked increase in kcat values of all pur-

ine bases and PRPP; however, ldxprtI209V does not cause

any significant change in kcat values indicating that the

Asp 215 is responsible for higher turnover rates. The ldx-

prtL55_Y82del did not show activity for any of the

nucleobases suggesting the importance of this region in

enzyme activity as the mutant protein in CD studies was

found to be stable and in folded form.

Discussion

XPRT and HGPRT are the main enzymes for purine

salvage in L. donovani and potential targets for design-

ing antileishmanial agents [6,24]. LdXPRT is the focus

of attention since long as it is absent from humans.

The mutational studies of LdXPRT reported earlier

were focused only on acidic residues of the purine-

binding domain [11]. In the present study, we mutated

all the differing active-site residues of LdXPRT from

the purine-binding residues of HGPRT to identify the

molecular determinants of its unique 6-oxopurine

specificity. We also generated a mutant where the

unique motif that was identified in leishmanial XPRT

enzymes was deleted to elucidate its effect on the struc-

ture and activity of the enzyme. From sequence and

structure comparison of LdXPRT with the crystal

structure of L. tarentolae HGPRT, four purine-

Fig. 5. Spectral analysis of LdXPRT mutants. (A) CD difference

spectra were generated by subtracting the far-UV CD spectra of

LdXPRT from the spectra of ldxprtY208F, ldxprtI209V, and

ldxprtI209V;E215D. The spectra were recorded from 190 to

250 nm. (B) UV absorbance difference spectra were generated by

subtracting the LdXPRT spectra from the spectra of ldxprtY208F,

ldxprtI209V, and ldxprtI209V;E215D. The spectra were recorded

from 240 to 330 nm.

Fig. 6. Fluorescence emission spectra of mutants and wild-type

LdXPRT.
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binding residues (Lys 186, Tyr 208, Ile 209, and Glu

215) were identified in the binding site of LdXPRT.

The Lysine residue (Lys 186) was conserved in all

PRTs whereas Tyr 208, Ile 209, and Glu 215 were

replaced by Phe, Val, and Asp, respectively, in most of

the HGPRT enzymes (Fig. 2 & Table 3).

The substitution of Tyr 208 by Phe did not cause any

significant change in the purine base specificity of the

LdXPRT. A previous report on mutation study of

T. foetus HGXPRT [9] also showed that Y156W and

Y156F do not cause any significant change in the nucle-

obase specificity of the enzyme, hence suggesting that

the interactions of the hydroxyl group of Tyr 208 with

the exocyclic C-2 substituent of the purine ring might be

minimal and the interactions between aromatic amino

acids and the purine ring might be limited to the pi-pi

binding forces. The ldxprtI209V and ldxprtI209V;

E215D showed a significant decrease in affinity for xan-

thine and increased affinity for hypoxanthine and gua-

nine. Similar substrate specificities were also observed in

most of the PRTs (Table 3) having Val at the corre-

sponding position; they show negligible or no activity

for xanthine. The G. lamblia GPRT [25] also has Val at

the corresponding position, and it also does not have

specificity for xanthine. Enzymes having Gln (B. subtilis

[26] and S. faecalis XPRT [27]) in place of Ile 209 of

LdXPRT have a strong affinity for xanthine but a negli-

gible affinity for hypoxanthine and guanine whereas

those PRTs (T. gondi and T. foetus HGXPRT,

LdXPRT) having Ile in this position can recognize all

three purine bases (Table 3). Hence, it suggests that the

Ile 209 in LdXPRT might be responsible for the affinity

of LdXPRT for all three purine bases with good affinity

toward xanthine whereas Val at the corresponding posi-

tion might reduce the affinity for xanthine. The only

exception in this pattern is the T. brucei HGXPRT

(Table 3) which despite having Val at this position

showed a higher affinity for xanthine. The authors have

speculated that this may be due to the formation of the

hydrogen bond between the hydroxyl group of Tyr 201

and the main-chain carbonyl oxygen of Glu 208 which

assisted the binding of xanthine/XMP by holding the

base in place [28].

Previous mutational studies of E215D [11] and

D163E [9] in LdXPRT and T. foetus HGXPRT, sug-

gested that these single point mutations do not give

any significant change in the purine base specificity of

the enzyme. However, in the present study the double

mutant ldxprtI209V;E215D showed a ~ twofold-

threefold decrease in Km for hypoxanthine and gua-

nine without alteration in the Km of xanthine com-

pared to ldxprtI209V (Table 2). Hence, the I209V and

I209V;E215D mutations converted LdXPRT to a

HGXPRT-like enzyme which exhibits nucleobase

specificity comparable to T. gondi [8], T. foetus [9],

and P. falciparum [29] HGXPRTs. Surprisingly, ldx-

prtI209V;E215D gives a marked increase in turnover

rates with all purine bases. Such increased catalytic

efficiency was also observed in the single mutant

E215D [11] indicating that the presence of Asp might

be responsible for the increased turnover rates of the

enzyme. In many HGPRTs, this Asp in addition to

direct interactions with the purine ring is also involved

in binding to an Mg atom that is linked through a

water molecule to the purine substrate and helps to

orient the purine base for catalysis [30–32].
CD spectroscopic studies revealed that the ldx-

prtI209V causes alteration in the phenylalanine side

chains of the protein whereas the ldxprtY208F and the

ldxprtI209V;E215D cause an alteration in the local

environment of the tyrosine residues. CD analysis also

suggested that the binding of XMP to ldxprtI209V,

Table 1. Dissociation constants of mutant–ligand interactions determined by fluorescence spectroscopy.

Enzymes

XMP

Kd (Mol)

IMP

Kd (Mol)

GMP

Kd (Mol)

LdXPRT 5.16 9 10�5 � 0.123 10.28 9 10�5 � 0.402 6.35 9 10�5 � 0.167

ldxprtY208F 5.19 9 10�5 � 0.063 6.8 9 10�5 � 1.220 6.13 9 10�5 � 0.016

ldxprtI209V 7.21 9 10�5 � 1.040 5.63 9 10�5 � 0.830 6.16 9 10�5 � 0.085

ldxprtI209V;E215D 7.58 9 10�5 � 0.824 4.7 9 10�5 � 0.391 5.24 9 10�5 � 0.454

ldxprtL55_Y82del 22.59 9 10�5 � 2.13 26.85 9 10�5 � 1.55 23.87 9 10�5 � 1.45

Fig. 7. Plots of fluorescence quenching for mutants and wild-type LdXPRT with ligands. The inset figures represent the progressive

emission spectra of each enzyme upon addition of ligand. (A) LdXPRT; (B) ldxprtY208F; (C) ldxprtI209V; (D) ldxprtI209V;E215D; (E)

ldxprtL55_Y82del. F0, Fc, and F∞ are the relative fluorescence emission intensity of the enzyme alone, the enzyme in the presence of a

concentration (Cf) of ligand, and the intensity of enzyme saturated with ligand, respectively. Cf is the free ligand concentration in molarity.

The dissociation constant (Kd) for each ligand was determined from the plot of log (Cf) versus log (F0-Fc/Fc-F∞) using antilog of X intercept

when Y = 0, through the relation Kd = 1/Ka; where Ka = antilog (-pKa).
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ldxprtI209V;E215D, and ldxprtL55_Y82del requires

higher structural change than the IMP and GMP

(Fig. 4D–F). It was also observed that the binding of

GMP to the proteins having Ile 209 (LdXPRT, ldx-

prtY208F, and ldxprtL55_Y82del) in the purine-

binding pocket causes the alteration in the environ-

ments of aromatic side chains of the proteins.

In our previous report, we identified a unique motif

(Leu 55 to Tyr 82) in the LdXPRT sequence which

was absent in most of the PRTs including leishmanial,

human, and trypanosomal HGPRTs. The region was

predicted to be involved in stabilizing the interaction

of the enzyme with the substrate during the enzyme

reaction [4]. The deletion of this region from the

enzyme caused the increase in Kd (Table 1) for all the

three nucleotides and loss of activity in enzyme assay

(Table 2) indicating its importance in enzyme activity

since the protein was stable and in folded form.

LdXPRT is a protein with the remarkable ability to

recognize more than one substrate albeit with different

catalytic efficiencies. Our biochemical investigations

with the mutants of LdXPRT have unraveled key resi-

dues that allow LdXPRT to act as an XPRT and not

as an HGXPRT. A single residue mutation of isoleu-

cine that interacts with the C-2 substituent group of

the purine ring to a valine could modulate LdXPRT

specificity for binding to xanthine and make it behave

more like an HGXPRT. Understanding the active-site

residues which determine the structural discrimination

of different purine substrates will be helpful to design

specific inhibitors against this potential antileishmanial

drug target. The present study can be further enhanced

by crystal structures of LdXPRT and its mutants with

different substrates which can throw more light on

how precisely these binding site residues assemble in

order to achieve nucleobase specificity.
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A B S T R A C T

Herein, we introduce a novel amphiphilic bioconjugate (INU-F68-SA), synthesized by functionalization of
pluronic F68 with a polysaccharide inulin (INU) and a lipid stearic acid (SA). The synthesis of INU-F68-SA was
confirmed by FTIR and 1H-NMR analysis. INU-F68-SA can self-assemble into nanomicelles and therefore, its
application in delivering of hydrophobic resveratrol (RSV) was investigated. The RSV-loaded INU-F68-SA na-
nomicelles (RSNM) had about 172 nm size, spherical shape, 0.237 polydispersity index, and −18 mV zeta
potential. More importantly, the RSNM showed high drug entrapment efficiency, controlled drug release and
protection of drug during storage. The RSNM significantly enhanced the cytotoxicity of RSV against colorectal
cancer cells by inducing apoptosis and changing mitochondrial membrane potential. Further, in-vivo pharma-
cokinetic experiment indicated an improvement in pharmacokinetics of RSV after administering as RSNM. Thus,
the use of self-assembled nanomicelles of amphiphilic INU-F68-SA bioconjugate could be a better alternative to
overcome the poor in-vitro and in-vivo performance of RSV.

1. Introduction

Polysaccharides are well-known glycans that play important roles in
energy storage and structural support in the living organism (Lopes
et al., 2017; Mirzadeh, Arianejad, & Khedmat, 2020; Ratajczak &
Stobiecka, 2020). Polysaccharides are mainly originated naturally from
plant, animals and microbial organisms . Because of their natural ori-
gins, polysaccharides are highly biocompatible and biodegradable.
Therefore, polysaccharides are used in various fields including biome-
dical sciences. Currently, polysaccharide or their derivatives are po-
tential biomaterials in area of some low-fat food, cosmetics, tissue-en-
gineering and drug delivery applications (Xie et al., 2020). Many
polysaccharides have also been investigated for their applications in the
field of nanomedicine like nano bioimaging, green synthesis of nano-
particles, surface modification of nanoparticles and designing amphi-
philic nano delivery systems (Pooja, Panyaram, Kulhari, Rachamalla, &
Sistla, 2014, 2015; Rasoulzadeh & Namazi, 2017).

Recently, in 2018, FDA has approved inulin (INU) as food additives
i.e. dietary fibres in food products (Gupta, Jangid, Pooja, & Kulhari,
2019). INU is a type of plant polysaccharide and is found in wide
variety of fruits and vegetables. It is a hydrophilic, biopolymer

composed of β-(2→1) fructofuranosyl units, and a terminal α-glyco-
pyranose unit (1→2) (Li, Gunenc, & Hosseinian, 2020). Interestingly,
INU is not digested by the enzymes present in upper gastrointestinal
tract. This unique physicochemical property of INU makes it attractive
for the pH-responsive delivering of the drugs in the lower GIT in case of
amoebiasis, inflammatory bowel disease, colorectal cancer, colitis etc
(Mensink, Frijlink, van der Voort Maarschalk, & Hinrichs, 2015). Lic-
ciardi et al. conjugated INU to poly ethylene glycol 2000 and ceramide
to deliver doxorubicin to the colon (Licciardi, Scialabba, Sardo,
Cavallaro, & Giammona, 2014).

In this research work, we have designed INU and stearic acid (SA)
functionalized pluronic-based nanomicelles for the oral delivery of re-
sveratrol (RSV). Pluronic F68 is a well-known copolymer and has been
extensively investigated for preparation of various drug delivery system
because of low cost, high biocompatibility and biodegradation in bio-
logical fluids. The unique properties of pluronic F68 make it an ex-
cellent material for improving solubility and oral bioavailability of
hydrophobic drugs. However, pluronic F68 polymer also has its own
limitation like high critical micelle concentration (CMC), low drug
encapsulation efficiency, and short PPO segment which results in in-
stability after the dilution. Therefore, to design a safe and pH-
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responsive drug delivery vehicle based on pluronic F68, we have
modified it with SA and INU to overcome its drawbacks and to make it a
pH-responsive drug releasing system. The stearic acid was conjugated
at one terminal of pluronic F68 to increase hydrophobicity segment and
decrease the CMC of the conjugate. At another terminal of pluronic F68,
we conjugated INU to protect the drug loaded nanomicelles at the
stomach pH and to maximize the drug release in lower segment of GIT.

RSV is a natural polyphenol found in many plant species and is
reported to possess several biological activities i.e. anticancer, anti-
oxidant, antiviral and anti-inflammatory agent. RSV is a potential an-
ticancer molecule and suppresses proliferation of various cancer cells
such as breast, lung, liver, pancreas, prostate, colon, skin and stomach
(Chikara et al., 2018; Thapa, Pandey, Park, & Kyung Sohng, 2019).
However, because of quick metabolism and low aqueous solubility RSV
shows poor oral bioavailability (Summerlin et al., 2015). RSV is also
highly sensitive drug molecule and is unstable in the presence of UV
light, certain pH conditions and temperature which create the several
challenges in its formulation development (Xiong, Ren, Li, & Li, 2018;
Zupančič, Lavrič, & Kristl, 2015).

To achieve effective delievry of RSV to colon, a drug-loaded for-
mulation needs to be protected from degradation and absorption of the
upper gastrointestinal tract (pH 1.2) and should be able to release the
drug molecule in the colon. Considering the highly biocompatibility
and unique features of inulin. This work was to evaluate inulin mod-
ified nanomicelles as a vehicle for the delivery of RSV in colon cancer.

2. Experimental section

2.1. Materials

Trans-Resveratrol (RSV) was purchased from TCI, Tokyo, Japan.
Stearic acid (SA), N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
(EDC), inulin (INU) from chicory (molecular weight ∼6173 g/mol),
hydroxybenzotriazole (HOBt), 4-Dimethylaminopyridine (DMAP), suc-
cinic anhydride, CDCl3, dimethyl sulfoxide (DMSO), dialysis tubing
(molecular weight cut off 12,000–14,000), acridine orange, ethidium
bromide and hoechst 33,342 were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dichloromethane (DCM), diethyl ether and triethy-
lamine (TEA) were purchased from Loba Chemie, (Mumbai, India).
Pluronic F68 was received from BASF Corporation (New Jersey, USA)
as a gift sample and used without further purification. DMEM high
glucose, RPMI-1640 high glucose cell culture medium, penicillin-
streptomycin-amphotericin B (PSA) cocktail, and 0.25 % trypsin-EDTA,
fetal bovine serum (FBS) were purchased from Gibco, Thermo-fisher
scientific (Waltham, MA, USA). 3-(4, 5 Dimethylthiahiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) was purchased from Himedia la-
boratories (Mumbai, India).

2.2. Synthesis of stearic acid-pluronic F68 conjugate

SA (0.088 mmol, 1.0 eq.), EDC (0.105 mmol, 1.2 eq.) and HOBt
(0.105 mmol, 1.2 eq.) were dissolved in anhydrous DCM and stirred at
room temperature for 3 h under N2 condition for the activation of
carboxylic group of SA. After that, F68 (0.097 mmol, 1.0 eq.) and
DMAP (0.088 mmol, 1.0 eq.) were slowly added to the reaction mixture
and kept the reaction at room temperature for 24 h under N2 protection.
After completion of reaction, cold anhydrous diethyl ether was added
and kept overnight in refrigerator at ‒4 °C. The white precipitate was
collected and redispersed in anhydrous DCM and again precipitated by
cold anhydrous diethyl ether. This process was repeated three times to
remove unconjugated SA and other activators. Finally, the precipitate
was dried by vacuum drying for 12 h.

2.3. Synthesis and characterization of stearic acid-pluronic F68-inulin
(INU-F68-SA) bioconjugate

The hydroxyl (eOH) group of synthesized SA-F68 was converted
into succinoyl SA-F68 via a ring-opening mechanism. Briefly, SA-F68
conjugate (0.012 mmol, 1.0 eq.), succinic anhydride (0.012 mmol, 1.0
eq.) and DAMP (0.014 mmol, 1.2 eq.) were mixed in anhydrous DMSO
and stirred at room temperature for 12 h under inert condition. The
succinoyl SA-F68 was obtained by dialysis of the mixture for two days
in water, lyophilized the sample and used for further conjugation with
INU.

Succinoyl SA-F68 (1.0 eq., 0.015 mmol) conjugate was activated by
the EDC (0.105 mmol, 1.2 eq.) and HOBt (0.105 mmol, 1.2 eq.) in
anhydrous DMSO at room temperature for 12 h under inert condition.
After that, INU (1.0 eq., 0.016 mmol) and TEA (0.3 eq.,) were slowly
added to activated succinoyl SA-F68 solution. The reaction was main-
tained at room temperature for 24 h under inert condition. After the
completion of the reaction, the reaction mixture was dialysis (molecular
weight cut off 12–14 kD) in water for three days to remove EDC, HOBt,
TEA and unconjugated INU, and lyophilized the product i.e. INU-F68-
SA for further use. The synthesized bioconjugate was characterized by
the 1H-NMR and FTIR techniques. For 1H-NMR analysis, samples were
dissolved in deuterated NMR solvent and scanned with Bruker 500-MHz
Ultra shield plus NMR instrument. For FTIR analysis, samples were
mixed with KBr, palletised and scanned for % transmittance using FTIR
(PerkinElmer Spectrum 65 series) in the range of wavenumber 4000 to
400 cm−1.

2.4. Determination of CMC of INU-F68-SA

CMC of synthesized bioconjugate was determined according to our
previously reported method (Jangid et al., 2019). Briefly, pyrene was
dissolved in acetone for making stock solution (6 × 10−7 M). A series
of concentrations from 50 to 500 μg/mL of the bioconjugate (INU-F68-
SA) were prepared. After that, 25 μL of pyrene stock solution was added
to each sample of bioconjugate and incubated in dark for 1 h. At the fix
excitation wavelength (339 nm) and emission wavelengths (373 and
383 nm), the fluorescence intensities were measured using a Microplate
reader (Synergy H1 Hybrid Reader, Biotek; Winooski, VT, USA). The
ratio of I383/I373 vs Log C (μg/mL) was plotted for the determination of
CMC value.

2.5. Preparation of RSV loaded INU-F68-SA nanomicelles (RSNM)

RSV loaded nanomicelles (RSNM) were prepared by the solvent
evaporation method as reported previously (Kulhari et al., 2015).
Briefly, an excess amount of RSV (2 mg) was dissolved in 1 mL of
acetone in an amber colour vial and 10 mg of bioconjugate was dis-
solved in 5 mL milliQ water in another vial. The RSV solution was
slowly added to aqueous bioconjugate solution and kept for magnetic
stirring (1000 rpm) at room temperature for 4 h in dark for complete
removal of acetone. After that, the formed RSNM were centrifuged at
10,000 rpm and then filtered through 0.22 μm nylon syringe filter to
remove free drug and were analysed for RSV content by HPLC analysis.
The RSV loaded SA-F68 nanomicelles (FNM) were also prepared similar
to RSNM preparation method. The percentage encapsulation efficiency
(%EE) was calculated as follow:

= ⎡
⎣⎢

⎤
⎦⎥
×EE

Amount of drug encapsulated in NM
Total amount drug added into NM

% 100

2.6. HPLC analysis of RSV

An analytical method was validated for RSV as per previous reports
(Das, Lin, Ho, & Ng, 2008; Vasconcelos et al., 2019). The RSV content
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was analysed using HPLC system (Water, USA) equipped with a pho-
todiode array detector and a C18 column (Water, 250 × 4.6 mm, 5
mm) at 307 nm. The HPLC column temperature was maintained at
35±5 ºC. The mobile phase consisted of acetonitrile (30%) and 30 mM
phosphate buffer saline, pH 7.0 (70%), in isocratic mode, and the flow
rate was 1.0 mL/min. Calibration curve was prepared by measuring
peak areas of known RSV in the concentration range from 0.1 to 10 μg/
mL with r2 value of 0.999.

2.7. Physiochemical characterization of nanomicelles

2.7.1. Dynamic light scattering method
The particle size, polydispersity index and zeta potential of RSV

loaded SA-F68 nanomicelles (FNM), blank INU-F68-SA bioconjugate
nanomicelles (BNM), RSV loaded INU-F68-SA bioconjugate nanomi-
celles (RSNM) were determined by DLS using a Zetasizer Nano ZS 90
(Malvern Instruments, UK).

2.7.2. Transmittance electron microscopic analysis
The morphological characterization of the prepared RSNM was

observed by the TEM (JEOL JEM-2100 TEM, Tokyo, Japan). A drop of
RSNM was placed on the carbon coated copper grid, vacuum dried and
used for TEM analysis.

2.7.3. Proton NMR and FTIR analysis
The chemical interactions between RSV and INU-F68-SA bioconju-

gate were analysed by the 1H-NMR and FTIR analysis. For the 1H-NMR
analysis, RSV and lyophilized BNM, or lyophilized RSNM were dis-
solved in DMSO-d6 and scanned with Bruker 500-MHz Ultra shield plus
NMR instrument. For the FTIR analysis, pure RSV or lyophilized BNM
or RSNM were mixed with KBr, pelletized and scanned for % trans-
mittance with FTIR (PerkinElmer Spectrum 65 series) in the range of
wavenumber 4000 to 400 cm−1.

2.7.4. Powder X-ray diffraction
PXRD patterns of RSV, BNM and RSNM were obtained using an X-

ray diffractrometer (D8 Advance, Bruker, Germany) equipped with a
Cu-Kα X-ray radiation source. The instrument was set at 40 kV and 30
mA and the intensity was measured from 5° to 60° 2θ diffraction angle.

2.7.5. Differential scanning calorimetry analysis
DSC analysis of RSV, BNM and RSNM were carried out on DSC-4000

(Perkin Elmer). Samples were scanned from 30 to 350 ºC at a rate of 10
ºC /min under N2 environment.

2.8. Storage stability of nanomicelles

The physical and chemical stabilities of nanomicelles were mon-
itored over a period of 48 h in both refrigerator (4 °C) and room tem-
perature (25±5 °C) conditions. The physical parameters (change in
particle size and polydispersity index) were measured by the DLS
method. The chemical stability was determined by measuring % RSV
content by HPLC analysis.

2.9. pH-responsive stability of nanomicelles in GIT fluids

The change in shape/morphology of the RSNM was monitored by
the TEM analysis. Briefly, prepared RSNM formulation was incubated
overnight in different pH solution i.e. 0.1 N HCl (pH 1.2) and phosphate
buffer (pH 6.8). After that, a drop of the sample was placed on carbon-
coated copper grid, stained with 3% phosphotungstic acid, dried under
vacuum and used for TEM analysis.

2.10. In-vitro drug release from nanomicelles

The release of RSV from pure RSV suspension, FNM and RSNM was

investigated in different pH conditions i.e. 0.1 N HCl (pH 1.2) and
phosphate buffer (pH 6.8) at 37 ºC. Briefly, 2 mL of formulation was
added to dialysis bag (MWCO = 1000), which was immersed into 50
mL of buffer solutions. At predetermined time intervals, 2 mL of sample
was taken and analysed for %RSV released using HPLC analysis. The
withdrawn volume of release media was replenished with fresh media.

2.11. Cell culture

The human colorectal cancer cells HCT 116 cells, obtained from
American Type Culture Collection (ATCC, United States), were grown
in DMEM medium supplemented with 10% fetal bovine serum and 1%
penicillin streptomycin antibiotics. Cells were maintained in a CO2 in-
cubator at 37 °C and 5% CO2. For the experiment, cells were harvested
using 0.05% of the trypsin-EDTA solution.

2.12. Antiproliferative assay

The cytotoxic effect of the pure RSV, BNM and RSNM were analyzed
using the MTT assay. The MTT assay was performed against both
treated and untreated HCT 116 cells. About 5 × 103 cells/well were
seeded in 96-wells plate and left to adhere for 12 h before the treatment
of the different RSV formulations. The cells were incubated with the
different concentrations of RSV, BNM and RSNM formulations for 24
and 48 h. It was followed by the addition of 0.5% of MTT reagent per
well and incubation at 37 °C in the dark for 4 h. After removal of media,
a fix volume (200 μL) of DMSO was added in each well to dissolve
formazan crystals formed in cells and to give purple-colored solution
having the intensity directly proportional to the number of live cells.
The absorbance of the obtained solution was measured at 570 nm using
a microplate reader (Synergy H1 Hybrid Reader, Biotek; Winooski, VT,
USA). Untreated cells were considered as control and the IC50 values
were calculated using the probit software.

2.13. Acridine orange-ethidium bromide assay

For acridine orange-ethidium bromide staining assay, about 4 ×
104 HCT 116 were seeded in a 24-wells plate. Cells were allowed to
adhere to the plate for 24 h followed by incubation with RSV, BNM and
RSNM. After completion of the incubation period, cells were trypsinized
and centrifuged at 1800 rpm for 5 min. The supernatant was removed
and pellet of centrifuged cells was resuspended in 50 μL of PBS. Further,
10 μL of suspension was mixed with 1 μL of acridine orange (5 μg/mL)
and 1 μL of ethidium bromide (5 μg/mL) and mounted on the coverslip.
Microscopic images of cells were acquired at 200X magnification using
a fluorescence microscope (Olympus, Japan).

2.14. Hoechst 33342 staining

To study the induction of apoptosis and nuclear fragmentation
caused by the RSV, BNM and RSNM, cells were seeded in 35 mm cell
culture dishes at a seeding density of 1.5 × 105 cells/dish. The cells
were incubated with the RSV, BNM and RSNM for 24 and 48 h. The
cells were washed with PBS and were fixed with 4% paraformaldehyde.
A volume of 100 μL Hoechst solution (1 μg/mL in 1X PBS) was added to
the fixed cells and incubated for 15 min at room temperature in dark to
selectively stain the nucleus of the cells. The stained cells were washed
with PBS to remove excess unbound dye and observed immediately
with the help of fluorescence microscope (Olympus, Japan) at 200X
magnification to detect apoptotic cells by observing the intensity of the
blue-colored nuclei.

2.15. Cellular uptake study

HCT 116 cells were seeded in a 35-mm cell culture dish at a seeding
density of 1.5 × 105 cells/dish and incubate for 24 h to adhere. The
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cells were treated with pure coumarin (C6) and coumarin loaded na-
nomicelles (C6NM) for 0.25, 0.5, 1, 2, 4 and 8 h. After incubation, cells
were washed three times with cold PBS and observed under a fluor-
escent microscope (Olympus, Japan) at 200X magnification.

2.16. Pharmacokinetic studies

The oral pharmacokinetics study of RSV or RSNM was performed in
Sprague Dawley rats having weight about 180–200 g. Before the ex-
periment, animals were fasted overnight with water availability.
Twelve rats were randomly divided into two groups (n = 6). The first
group was given RSV suspension (50 mg/Kg body weight) orally while
another group was administered with the same dose of RSNM for-
mulation. RSV suspension was prepared by dispersing RSV powder in
2% gum acacia. The blood samples (300 μL) were collected at pre-
determined intervals from retro-orbital plexus in tubes containing
EDTA. After that, samples were centrifuged at 2000×g for 10 min and
the supernatant (plasma fraction) was stored at −80 °C until analysis.

2.17. Plasma processing and analysis

For analysis of RSV by HPLC in plasma, 100 μL of plasma sample
was mixed with 5 μL of internal standard carbamazepine (50 μg/mL)
and mixed well by vortexing for 1 min. Thereafter, 0.5 mL ethyl acetate
and 40 μL of PBS (30 mM, pH 6) were added and vortexed for 1 min.
The organic layer and denatured protein were separated by centrifuged
at 10,000 rpm for 10 min at 4 °C. The organic layer was collected and
evaporated to dry used high vacuum. The residue was re-dissolved in
100 μL of mobile phase, filtered through 0.22 μm filter paper and 20 μL
of sample was injected into HPLC system for RSV analysis.

2.18. Statistical analysis

All the experiments were performed in triplicate and the data are
represented as mean± standard deviation. Statistical significance was
analyzed using Student’s t-test for two groups and one-way ANOVA test
for multiple groups. A probability (p) value< 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of INU-F68-SA bioconjugate

The INU-F68-SA bioconjugate was synthesized according to the
three steps synthesis reaction scheme representing in Fig. 1a. First, SA
was directly conjugated to F68 through the esterification reaction.
Thereafter, the SA-F68 conjugate was successfully converted into suc-
cinoyl SA-F68 by ring opening mechanism with the help of succinic
anhydride and DMAP under anhydrous conditions and characterized by
FTIR and 1H-NMR. Finally, INU was conjugated to succinoyl SA-F68 in
the presence of EDC and HOBt under inert conditions. Each step of
above conjugation reaction scheme was confirmed and characterized by
FTIR and 1H-NMR represented in Figs. S1-S2 and 1 b, respectively.

The FTIR spectra of SA, F68 and SA-F68 are presented in Fig. S1,
which confirmed the successfully conjugation of SA-F68. The char-
acteristic FTIR signals of SA were observed at 2917 and 2849 cm−1

(CeH stretching), 1703 cm−1 (>C]O stretching), 1464 cm−1 (CeH
bending), 1311, 1225 and 1099 cm−1 (CeO stretching), 934, 720, 638
and 545 cm‒1 (CeH bending) (Jain et al., 2020). Pure F68 showed
peaks at 3499 cm−1 (OeH stretching), 2886 cm‒1 (CeH stretching),
1956 and 1458 cm−1 (CeH binding), 1353, 1284 and 1110 cm−1 (CeO
stretching), 953, 841, 525 cm‒1 (CeO bending) (Cai et al., 2016). The
synthesized SA-F68 showed the signals at 3554 cm‒1 (OeH stretching),
2888 cm‒1 (CeH stretching of SA and F68), 1970 cm−1 (CeH bending
of F68), 1736 cm−1 (>C]O stretching), 1577, 1541 and 1468 cm−1

(CeH bending SA and F68), 1350, 1343, 1281, 1242 and 1112 cm−1

(CeO stretching), 963, 842 and 529 cm−1 (CeO bending). Thus, the
shift in the peak of>C]O moiety of carboxylic group of SA (1703
cm‒1) to of> C]O moiety of ester group of SA-F68 (1736 cm‒1) con-
firmed the formation of SA-F68 conjugate.

After the eOH group modification of SA-F68 (formation of succi-
noyl SA-F68), the obtained FTIR peaks at 1737 and 1650 cm−1 which
are corresponding to>C]O stretching of free eCOOH and eCOOe
(ester) (Kulhari et al., 2016; Wu et al., 2015), confirmed the success-
fully transformation of SA-F68 into succinoyl SA-F68 (Fig. S2). This
available free eCOOH group of succinoyl SA-F68 was used for INU
conjugation via EDC and HOBt reaction. The pure INU showed FTIR
peaks at 3309 cm−1 (OeH stretching), 2935 cm−1 (CeH stretching),
1436 cm−1 (CeH stretching pyranose ring), 1336, cm−1 (β OeH
stretching), 1132 cm−1 (CeOeC stretching), 1033 cm−1 (CeO
stretching), 940 ‒ 598 cm−1 (α‒D-Glcp residue) (Petkova, Sherova, &
Denev, 2018). The synthesized INU-F68-SA bioconjugate showed the
FTIR peaks at 3358 cm−1 (OeH stretching), 2892 cm−1 (CeH asym-
metric stretching), 2737 cm−1 (CeH symmetric stretching), 1737 cm−1

(>C]O stretching of ester), 1541 cm−1 (CeH bending), 1470 cm−1

(CeH pyranose ring), 1357, 1342 cm−1 (β OeH stretching), 1281,
1244 cm−1 (CeO stretching of SA-F68), 1143, 1113 cm−1 (CeOeC
stretching of INU), 1056, 1034 cm−1 (CeH stretching of INU), 988, 961
cm−1 (CeO bending of SA-F68), 941, 842, 646, 602, 530 and 466 cm−1

(α‒D-Glcp residue).
In 1H-NMR analysis, pure F68 shows the signals at δ 1.01–1.43 ppm

(CH3eO of PPO), δ 2.18–3.04 ppm (CH2eCH(CH3)eO of PPO) and δ
3.41–3.79 ppm (CH2eO of PEO) (Jangid et al., 2019; Liu et al., 2016).
Pure SA shows the signals at δ 0.88 ppm (terminal CH3), δ 1.26–1.63
ppm (eCH2), δ 2.34 ppm (αeCH2), and δ 11.98 ppm (eCOOH) (Jain
et al., 2020). The synthesized SA-F68 showed the signals at δ 0.78 ppm
(terminal CH3 of SA), δ 1.05–1.45 ppm (CH3eO PPO and eCH2 of SA),
δ 2.22 ppm (CH2eCH(CH3)eO in PPO and αeCH2 of SA) and δ
3.41–3.73 ppm (CH2eO PEO) (Jangid et al., 2019). In succinoyl SA-
F68, the observed peaks at δ 2.76 and δ 2.84 ppm confirmed the pre-
sence of succinoyl group (Kulhari et al., 2016; Wu et al., 2015). The
pure INU showed the signals at δ 5.28 ‒ 4.71 ppm (terminal glucose), δ
4.03–4.14 ppm (fructose residue), δ 3.71–3.96 ppm (fructosyl), and δ
3.32–3.58 ppm (β-D fructofuranosyl) (Lopes et al., 2017). The synthe-
sized INU-F68-SA bioconjugate showed the peaks at δ 4.62–5.32 ppm
(terminal glucose of INU), δ 4.06–4.14 ppm (fructose residue of INU), δ
3.81–3.98 ppm (fructosyl of INU), δ 3.08–3.78 ppm (eCH2, eCH of
PPO of F68 and β-D fructofuranosyl of INU), δ 2.34–2.60 ppm (eCH2 of
succinoyl) and δ 1.48 – 0.79 ppm (eCH3 of SA and PPO of F68)
(Fig. 1b). Therefore, the observed peaks suggested the successfully
synthesis of INU-F68-SA bioconjugate.

3.2. Determination of CMC of INU-F68-SA

CMC is a vital key parameter for self-assembly behaviour of am-
phiphilic molecules. The synthesized INU-F68-SA bioconjugate contains
both hydrophobic (SA and PPO in F68) and hydrophilic (INU + PEO in
F68) and these should show self-assembled behaviour in aqueous
media. The CMC of INU-F68-SA bioconjugate was determined by
fluorescence method using pyrene hydrophobic probe. Fig. 2a shows
the change in the fluorescence intensities ratio (I383/I373) of pyrene
with increasing INU-F68-SA concentration 50–500 μg/mL. The emis-
sion fluorescence ratio I383/I373 verses concentration bioconjugate (μg/
mL) increased with polymer concentration due to internalization of
pyrene into hydrophobic core of nanomicelle. The sharp change in in-
tensity ratio was observed at 100 μg/mL of bioconjugate concentration
which confirms CMC of the INU-F68-SA bioconjugate. The observed
CMC of bioconjugate was 3.3 times less than pure F68 (Song et al.,
2014). The observed results clearly depict the role of hydrophobic and
hydrophilic segments present in the bioconjugate which could able to
make the more compact and stable nanomicelles.
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3.3. Preparation and characterization of nanomicelles

The RSV-loaded INU-F68-SA nanomicelles were prepared via sol-
vent evaporation method. For comparative studies, RSV loaded nano-
micelles were also prepared using plain F68 and SA-F68 conjugate. The
percent encapsulation efficiency (%EE) was found to be 32.9±1.3%
with plain F68, 52.3± 0.8% with SA-F68 conjugate, and 56.03±1.0%
with INU-F68-SA bioconjugate (Fig. S3). The observed %EE was highest
for INU-F68-SA bioconjugate followed by SA-F68 conjugate and plain
F68. These results suggest that the incorporation of SA i.e. hydrophobic
segment in the core of the nanomicelles improved loading of hydro-
phobic RSV. The incorporation of hydrophilic INU does not have sig-
nificant role in loading of RSV.

DLS results including particle size, polydispersity index (PDI) and
zeta potential are reported in Table 1. The particle size and PDI ob-
served 64.9±0.7 nm and 0.475± 0.034 for RSV-loaded SA-F68 na-
nomicelles (FNM), 124.8± 6.3 nm and 0.179± 0.048 for blank INU-
F68-SA nanomicelles (BNM), and 172.3± 2.1 nm and 0.237± 0.004
for RSV-loaded INU-F68-SA nanomicelles (RSNM). The zeta potential
for FNM, BNM and RSNM were observed as ‒11.1±2.4, ‒19.1±3.5
and ‒18.2±0.15 mV respectively.

The larger size and more negative zeta potential of nanomicelles
prepared with INU-F68-SA than that of SA-F68 is due to presence of
hydrophilic, high molecular weight and negatively charged INU on the
surface of nanomicelles. The increase in size of RSNM as compared to
BNM may be due to encapsulation of RSV which led to expend the
hydrophobic core of nanomicelles. Results also indicated that INU-F68-
SA nanomicelles were more monodisperse than F68-SA nanomicelles.

TEM analysis was carried out to study the shape and size of the
prepared RSNM. Fig. 2b–d shows the predictive scheme of RSNM

formation, TEM image and size histogram of RSNM which exhibited
spherical shape and monodispersity with ∼165 nm. The size from TEM
observed approximately similar to DLS measurements and depicted the
formation of spherical stable nanomicelles.

The presence of RSV in INU-F68-SA bioconjugate was analysed by
the FTIR and 1H-NMR techniques. Fig. 3a shown the FTIR spectra of
RSV, BNM and RSNM, where RSV shows the peaks at 3274 cm−1 (eOH
stretching), 1592 cm−1 (C]C stretching of aromatic ring), 1507 and
1451 cm‒1 (C]C trans double bond stretching), 1380 cm−1 (CeOeC
stretching), 1153 cm−1 (Phenolic CeO stretching), 968 cm−1 (trans
C]C stretching), 827 cm−1 (]CeH vibration bands of phenolic ring),
671, 614, 571 and 515 cm−1 (]CeH vibration bands of trans double
bond) (Porto et al., 2018). The RSNM showed the FTIR peaks at 3440
cm−1 (eOH stretching of BNM and RSV), 2888 cm−1 (eCH2 stretching
of BNM), 1609 cm−1 (C]C stretching of aromatic ring of RSV), 1511
and 1456 cm‒1 (C]C trans double bond stretching), 1358 and 1302
cm−1 (CeH bending and CeOeC stretching of BNM and RSV, respec-
tively), 1249, 1152 and 1108 cm‒1 (CeO stretching of BNM and RSV),
948 cm‒1 (trans C]C stretching), 840 cm−1 (]CeH vibration bands of
phenolic ring), 684, 606 and 511 cm‒1 (]CHe vibration bands of trans
double bond). These observed results suggested that RSV was success-
fully encapsulated in INU-F68-SA bioconjugate via hydrophobic inter-
actions or hydrogen bonding. Fig. 3b shows the 1H-NMR spectra of RSV,
BNM and RSNM where the pure RSV shows peaks at δ 9.58 ppm (4′
OeH), 9.22 ppm (3,5 OeH), δ 6.80–6.94 ppm (α H of double bond), δ
7.39 ppm (2′, 4′ CeH), δ 6.76 ppm (3′, 6′ CeH), δ 6.38 ppm (2,6 CeH)
and δ 6.11 ppm (4 CeH) (Cardia et al., 2019). RSNM shows the peaks at
δ 9.59 ppm (4′ OeH), δ 9.23 ppm (3,5 OeH), δ 6.80–6.94 ppm (α H of
double bond), δ 7.38 ppm (2′, 4′ CeH), δ 6.75 ppm (3′, 6′ CeH), δ 6.37
ppm (2,6 CeH) and δ 6.10 ppm (4 CeH), δ 5.19‒ 4.65 ppm (terminal

Fig. 1. (a) The scheme represents the reaction procedure of INU-F68-SA conjugation and (b) 1H-NMR of pure pluronic F68 (F68), pure stearic acid (SA), stearic acid
and pluronic F68 conjugate (SA-F68), succinoyl SA-F68 conjugate, pure inulin (INU) and stearic acid-pluronic F68-inulin (INU-F68-SA) bioconjugate.
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glucose of INU), δ 4.06 ppm (fructose residue of INU), δ 3.80 ppm
(fructosyl of INU), δ 3.59‒3.42 ppm (eCH2, eCH of PPO of F68 and β-D
fructofuranosyl of INU), δ 2.50‒2.09 ppm (eCH2 of succinoyl) and δ
0.85–1.23 ppm (eCH3 of SA and PPO of F68). The 1H-NMR spectra of
RSV showed all protons after the encapsulation in synthesized bio-
conjugate confirming the presence of RSV while there was a slight shift
in the peaks of bioconjugate.

The physical state of RSV present in nanomicelles was determined
by the powder XRD and DSC analysis. Fig. 3c shows the XRD patterns of
RSV, BNM and RSNM where pure RSV showed sharp instance peaks 2θ
at 6.6°, 10.1°, 13.2°, 16.4°, 19.3°, 22.3°, 23.6°, 25.2°, 28.4° and 29.1°,
and BNM shows peaks at 2θ at 19.1° and 23.3°. However, the RSV peaks

were not appeared in RSNM which clearly suggested that RSV was
present in amorphous form in the core of the INU-F68-SA bioconjugate.
Fig. 3d shown the DSC scans of pure RSV, BNM and RSNM, where the
RSV shows the sharp melting point peak at 265 ºC which was not ap-
peared RSNM. These observed results further confirmed that the RSV
present in amorphous form or molecularly dispersed in the lipid-
polymer moiety of the micelles.

3.4. Storage stability of nanomicelles

Stability of the prepared RSNM formulation was determined by
measuring % drug content, particle size and PDI after storage at re-
frigeration temperatures (FT) and room temperatures (RT) over the
time. Fig. S4a-b shown the drug content analysis of RSV and RSNM at
RT and FT, respectively. The % RSV content was observed as 12.1 and
22.2% for RSV solution while 98.15 and 98.85% for RSNM at RT and FT
conditions, respectively. The observed results suggested that RSV was
highly stable in nanomicelle formulation which could be favorable for
the further in-vitro and in-vivo studies. Similarly, we have also measured
the particle size and PDI of the RSNM formulation for the period of 48 h
after storage at RT and FT conditions. It was observed that initially
RSNM showed 172.28±2.14 nm particle size and 0.237±0.004 PDI,

Fig. 2. (a) Critical micelle concentration of synthesized stearic acid-pluronic F68-inulin (INU-F68-SA) bioconjugate, (b) Predictive scheme represents the formation
of typical resveratrol loaded INU-F68-SA nanomicelles (RSNM), (c) TEM micrograph of RSNM and (d) average size diameter of RSNM from TEM images by Image J
software.

Table 1
Physicochemical parameters of different nanomicelles (Mean±SD, n = 3).

Formulation Particle size (nm) PDI ZP (mV) %EE

FNM 64.9± 0.7 0.475± 0.034 −11.1± 2.4 52.3± 0.8
BNM 124.8±6.3 0.179± 0.048 −19.1± 3.5 ‒
RSNM 172.3±2.1 0.237± 0.004 −18.2± 0.15 56.03± 1.0

FNM: Pluronic SA-F68 nanomicelles; BNM: Blank INU-F68-SA conjugate na-
nomicelles; RSNM: Resveratrol loaded INU-F68-SA nanomicelles.
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which were not significantly changed after storage period of 48 h at RT
and FT. The change in particle size are 188.8±1.79 and 180.37±2.77
at RT and FR conditions respectively, and the changes in the PDI values
are 0.333±0.017 and 0.241± 0.012 at RT and FR conditions re-
spectively (Fig. S4c-d). RSV was highly unstable at both temperature
conditions. The % RSV content of pure RSV solution was less than 50%
within 12 h. After 48 h, the RSV content was 12% at RT and 22% at FT.
Comparatively, RSNM were more stable at FT than RT with respect to
size and PDI. Thus, the observed size and PDI results also suggested the
stability of the nanomicelles. The prepared RSNM formulation was also
visually observed for the physical stability determination. There was no
sign of precipitation of formulation during the storage period which
further confirmed the stability of the RSNM formulation.

3.5. pH-responsive stability of nanomicelles in GIT fluids

The change in morphology of the preapred RSNM were analyzed by
TEM analysis after incubatting in 0.1 N HCl (pH 1.2) and phosphate
buffer (pH 6.8) for 12 h. As observed in Fig. 4a where the spherical
shape of RSNM was not significantly changed but the size was de-
creased to∼82 nm, indicating the formation of more compact structure
in acidic condition. This change in morphology of RSNM probably be
due to the degradation of INU present at surface of RSNM in pH 6.8.
Hence, the presence of INU at micelles surface does not allowed the
prompt and controlled release for the RSNM in acidic condition.

3.6. Drug release study from nanomicelles

In-vitro release profile of the pure RSV suspension, RSV-loaded SA-
F68 nanomicelles (FNM) and RSV-loaded INU-F68-SA bioconjugate

nanomicelles (RSNM) were evaluated in two different buffer (0.1 N
HCl, pH 1.2 and phosphate buffer, pH 6.8) solutions. From the RSV
suspension about 95% of RSV was release within 2 h, and about 64% of
RSV was released from the FNM in pH 1.2 media, indicating that FNM
could not able to hold RSV for long time (Fig. 4b). After 2 h dialysis, in
0.1 N HCl, about 95% and 64% of RSV was released from RSV sus-
pension and FNM indicating that these formulations could not hold RSV
for a long time. However, RSNM showed only 35% release of RSV. The
initial release of RSV observed in pH 1.2 may be because of the release
of RSV present on the nanomicelles surface or near to periphery. In pH
6.8, nanomicelles showed the sustained RSV release behaviour, which
clearly indicate that RSV is embedded within the hydrophobic core of
INU-F68-SA bioconjugate. The observed results suggested the slow
degradation and high stability of proposed nanomicelles. Thus, the pH
and media sensitive behaviour of INU bioconjugate could be exploited
for a designing of a formulation for modified and sustained release of
the drug after the oral administration.

3.7. Antiproliferative activity of resveratrol-loaded nanomicelles

The in-vitro cytotoxicity of the pure RSV, BNM and RSNM was
evaluated against HCT 116 human colon cancer cells by the MTT assay.
As shown in Fig. 5, the BNM did not show cytotoxicity at the high
concentration revealing that the BNM are biocompatible and suitable
for formulation an effective drug delivery system. The pure RSV and
RSNM caused dose and time-dependent cytotoxicity against HCT 116
cancer cells (Fig. 5). The cell viability decreased with the increase in
concentration of RSV and RSNM (3.75–90 μg/mL). The half-maximal
inhibitory concentration (IC50) of pure RSV and RSNM were found to be
26.3±2.8 and 17.5± 2.4 μg/mL, respectively. Thus, the IC50 of RSNM

Fig. 3. (a) 1H-NMR spectra of resveratrol (RSV), blank INU-F68-SA nanomicelles (BNM) and RSV loaded INU-F68-SA nanomicelles (RSNM), (b) FTIR spectra of RSV,
BNM and RSNM, (c) Powder XRD patterns of RSV, BNM and RSNM, and (d) DSC spectra of RSV, BNM and RSNM.
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Fig. 4. (a) Morphology of the resveratrol-
loaded INU-F68-SA nanomicelles (RSNM) in
different media 0.1 N HCl (pH 1.2), phosphate
buffer (pH 6.8) and (b) Cumulative release of
RSV from RSV suspension, RSV loaded SA-F68
nanomicelles (FNM) and RSV loaded INU-F68-
SA nanomicelles (RSNM) after 2 h at pH 1.2 and
up to 8 h in pH 6.8 media.

Fig. 5. Anti-proliferative activities of resveratrol (RSV), INU-F68-SA blank nanomicelles (BNM) and resveratrol loaded INU-F68-SA nanomicelles (RSNM); against
HCT 116 colorectal cancer cell lines at 24 h and 48 h (n = 4).

Fig. 6. (a) Acridine orange-ethidium bromide
staining of HCT 116 colorectal cancer cell lines
after exposure of resveratrol (RSV), blank INU-
F68-SA nanomicelles (BNM) and RSV loaded
INU-F68-SA bioconjugate nanomicelles
(RSNM); (b) Hoechst staining for the detection
of apoptotic nuclei against HCT 116 colorectal
cancer cell lines after exposure of RSV, BNM
and RSNM.
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was significantly (p< 0.001) less than the pure RSV. This was probably
due to better uptake of RSNM compared to the free drug.

3.8. Acridine orange/ethidium bromide (AO/EB) staining assay

Double staining combination of AO and EB is used to distinguish
normal, early apoptotic, late-apoptotic and necrotic cells. To examine
the nuclear morphology changes of HCT 116 cells after treatment with
RSV, BNM and RSNM, the AO/EB assay was performed. The AO could
penetrate in both normal and early apoptotic cells, which emits green
colour after bind with DNA. On other side, EB could enter in late-
apoptotic and narcotic cells which gives orange-red fluorescence
colour. The AO/EB stanning results of control, RSV, BNM and RSNM are
shown in Fig. 6a with change in morphology of treated cells. The HCT
116 cells treated with BNM did not show any sign of apoptosis or
morphological changes after 24 and 48 h of incubation. But the change
in morphology and obtained orange colour in HCT 116 cells was ob-
served after treatment with 30 μg/mL of RSV or RSNM. It indicated the
induction of apoptosis in cells. Comparatively, the number of apoptotic
or narcotic cells were higher in RSNM than pure RSV which may be due

to improved delivery of RSV with RSNM than its suspension formula-
tion.

3.9. Hoechst nuclear staining assay

Nuclear morphology changes of HCT 116 cells was evaluated by
stanning the cells Hoechst 33342 dye. A change in nuclear morphology
is considered as one of the major characteristics of cell apoptosis which
can be easily detected by stanning the cells with the Hoechst 33342
dye. Untreated control and BNM treated HCT 116 cells showed normal
a spherical nuclei and staining of chromatin. In another, HCT 116 cells
treated with 30 μg/mL of RSV or RSNM for 24 and 48 h presented
bright, chromatin, condensation and nuclear fragmentation which are
typical characteristic of apoptosis. With RSNM treatment, more bright
nuclei were detected as compared to pure RSV treatment (Fig. 6b).
Hence, the observed results confirmed that RSNM significantly induced
apoptosis in HCT 116 cells.

3.10. Cellular uptake study

The cellular internalization of prepared nanomicelles in HCT 116
cells line was studied by fluorescent microscopy. For this, fluorescent
nanomicelles were prepared used coumarin-6 (C6) as a fluorescent

Fig. 7. Cellular uptake study in colorectal cancer HCT 116 cell line. Cells were
treated with 100 ng/mL of pristine coumarin 6 (C6) and C6 loaded INU-F68-SA
bioconjugate nanomicelles (C6NM) at different time intervals of 15 min, 30
min, 1 h, 2 h, 4 h, and 8 h. Images were taken using fluorescence microscopy at
200X magnification.

Fig. 8. In-vivo pharmacokinetic performance, represented as plasma drug
concentration vs time for resveratrol (RSV) and resveratrol-loaded INU-F68-SA
bioconjugate nanomicelles (RSNM) after oral administration in male Sprague
Dawley rats. (Data represent as mean± SD, n = 6).

Table 2
Pharmacokinetic parameters of pure resveratrol (RSV) and RSV-loaded INU-
F68-SA bioconjugate nanomicelles (RSNM) (mean±SD, n = 6).

Parameter RSV RSNM Unit

t1/2 2.699± 0.163 5.762± 0.822 h
Tmax 1.500 0.500± 0.001 h
Cmax 0.229± 0.018 0.784± 0.096 μg/mL
AUC0-inf_obs 0.983± 0.027 4.254± 0.208 μg/mL × h
MRT0-inf_obs 4.627± 0.201 7.907± 0.841 h
Cl/Fobs 50.887± 1.401 11.771± 0.561 (mg/kg)/(μg/mL)/h

t1/2 = Plasma half-life; Tmax = Time to reach peak plasma concentration; Cmax

= maximum plasma concentration; AUC= area under the curve; MRT=Mean
residence time; Cl = clearance.
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probe which replaced RSV in the nanomicelles. Further, to determine
time-dependent uptake, cells were incubated with pure C6 and C6-
loaded nanomicelles (C6NM) for different time period and observed by
fluorescent microscopy. As shown in Fig. 7, most of the green fluores-
cence colour was observed in the cytoplasm of the HCT 116 cells. The
green fluorescence colour of C6 was not observed up to 4 h in HCT 116
cells incubated with plain C6.

3.11. Pharmacokinetic study

The influence of prepared nanomicelles on the pharmacokinetic
(PK) of RSV was determined. The RSV plasma concentration versus
time pattern is shown in Fig. 8, and the PK parameter results are pre-
sented in Table 2. After the oral administration of RSV suspension,
plasma concentration was detectable up to the first 4 h only. Interest-
ingly, after encapsulation in synthesized bioconjugate, the RSV plasma
concentration was detectable up to 8 h which indicated the sustained
RSV release in plasma. The relative oral bioavailability of RSV was
found to be higher than in the form of nanomicelles after the oral ad-
ministration of RSNM formulation. The RSNM outperformed RSV in
major PK parameters.

The area under the curve (AUC) of the RSNM (4.254±0.208 μg/mL
× h) was 4.3 times significantly higher (p<0.0001) than the pure RSV
(0.983±0.027 μg/mL×h). The time taken to reach maximum plasma
concentration (Tmax) for RSV was found to be 1.5 h and which was 3
times significantly higher (p<0.0001) than RSNM 0.5 h. The increased
AUC and plasma concentration (Cmax) values clearly confirmed the
higher absorption increase in oral bioavailability of the RSV after en-
capsulation in synthesized bioconjugate. In addition, both t1/2 and MRT
values of RSV in plasma after oral administration were found to be
significantly higher (p<0.0001) than the pure RSV suspension oral
administration. The clearance (Cl) was observed for RSV
(50.887± 1.401 (mg/kg)/(μg/mL)/h) significantly higher than the
RSNM (11.771± 0.561 mg/kg)/(μg/mL)/h). Hence, these observed
results were consistent with the obtained physicochemical data like
amorphous nature, solubility, sustain drug release and stability. These
results clearly indicating the difference between PK parameters of pure
RSV suspension and RSNM formulation from significantly improved
solubility, sustain drug release, surface to volume ration (nano size)
thereby enhancing oral bioavailability.

4. Conclusions

In conclusion, we successfully synthesized a polysaccharide-surfac-
tant-lipid bioconjugate. Being amphiphilic in nature, the bioconjugate
can self-assemble in double-folded micelles that could hold a high
amount of hydrophobic RSV and deliver it in pH-dependent manner.
The prepared micelles demonstrated nanoscale size, high physico-
chemical stability up to 48 h in colloidal form and pH-sensitive de-
gradation. In in-vitro anticancer studies RSNM showed greater control
over the proliferation of human colorectal cancer cells than the pure
RSV by inducing higher apoptosis and improving delivery of drug
through higher cellular uptake. Finally, the RSNM were orally ad-
ministrated to animals to evaluate the pharmacokinetic parameter
which revealed that RSNM improved the oral bioavailability of RSV.
Therefore, the designed INU-based nanostructures could be useful in
the pH-responsive delivery of hydrophobic molecules in the GIT.
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Analysing the historical role of print media and journalism in shaping public 
engagement with science, technology, and medicine in the Indian context 
is commonly anchored on the theoretical foundations of technological 
modernity, a national or subnational imagined community, and a print 
media-generated public sphere. In this brief discussion, let us examine how 
these methodological premises create hurdles for our theorisation of print 
media’s relationship with science, technology and medicine. This paper 
endeavours to go beyond these much-exercised theoretical presuppositions 
so that the relationship can be understood in more nuanced and complex 
ways. This is inevitable in the current context of digital convergence of all 
media forms including print media that altered journalistic practices and 
science reporting. Such an attempt is performed here by taking cues from 
the essays in the current section to identify blockages in media theory, and 
for further extending the fresh and exciting insights offered by the authors.

It seems important to defy the reductionist assumption of technological 
modernity that informs our engagement with print media as bringing forth 
social and political transformation through reconfiguring language, com-
munity, and knowledge, three domains central to the socio-political life. 



Publication Trends in the Informal Sector  
Innovation Research

In the last two decades, the informal sector innovation 
research has caught the attention of academicians, 
policymakers and enthusiasts alike. There are several terms, 
often used interchangeably, such as grassroots innovations, 
green innovations, inclusive innovations, frugal, informal 
sector innovations and jugaad to denote innovations other 
than the formal sector. However, their nature and meaning 
are contextual and represent a diverse set of innovations. For 
instance, grassroots innovation term is not very old. However, 
it has been practised by many cultures for centuries under 

[1] Similarly, jugaad is used for innovations 
both in the formal as well as informal sector innovations. The 
informal sector, considered as one of the largest sectors for 
employment generation and contributor to the gross domestic 
product (GDP) in many economies, especially developing 
countries, had a pessimistic understanding. This sector was 
looked as unproductive and a hindrance for development in 
the larger context.[2] Later on, it was realised that rather than 
having a negative outlook of the informal sector, one should 

develop a better understanding of it from other perspectives.
[1,2] The recent trend in looking at this sector as a knowledge 
generator and breeding ground for various forms of innovations 
has attracted scholars to understand the context and relevance 
of innovations coming out of the informal sector. Such 
innovations are considered to be by, for and at the grassroots.
[3] There are various interest groups, such as policymakers, 
scholars and promoters of informal sector innovations, have 
started looking into the innovations from the informal sector 
and addressed them using various terms as mentioned above. 

Jua Kali in Kenya, Système 
D in France, DIY in the USA, folklore innovations in China 
and Gambiara in Brazil.[1] This has not only increased research 
publications, but also funding has been pumped into it to tap 
the potential to address various problems such as accessibility, 
environmental, inclusivity and so forth. For instance, Honey 
Bee Network (HBN), an informal movement, started in the 
late 80s in India by Prof. Anil K Gupta and his associates to 
tap the potential of knowledge in the informal sector.[4] Later, 
this movement has been able to successfully institutionalise the 
grassroots innovations by establishing Society for Research 
and Initiatives for Sustainable Technologies and Institutions 
(SRISTI) and National Innovations Foundation (NIF).[5] They 
have attracted funds not only from civil society organisations, 
but the Indian government has also helped them. The activities 
of these organisations are to scout, document, give awards, 



Examining the Research and Technological Impact 
of Survismeter

Borosil Mansingh Survismeter (where the term Mansingh 
refers to scientist/inventor/innovator Man Singh), is a green 
science Trusted Sustainable Analytical Device (TSAD) used 
for measuring surface tension, interfacial tension, wetting 

within wider ranges. Figure 1 and Figure 2 highlights the 

Survismeter is based on the combination of three terms 
sur + vis + meter that means surface tension, viscosity and 

results. The instrument can be used in the quality analysis 

lubricating, viscous materials (high or moderately). The 
focus of this device is on surface tension, viscosity, interfacial 

The study 

emerging from usage of this instrument. Chronological 
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Abstract. This study highlights the role of information and communication technology (ICT) in 
higher education in the Ranchi district of Jharkhand, India. Other considerations influence how 
ICT and higher education systems are integrated to improve teaching and learning. The study 
uses Everett Rogers's 1962 diffusion of invention framework, highlighting student adoption of 
technologies and organizations influenced by state policies. The data was collected from 
Ranchi's higher educational institutions. The results indicate that most students are in favour of 
using ICT in the teaching-learning process. It also suggests the significance of collaboration 
among the numerous players who have learned new ICT techniques in educational systems. It 
assumed that government participation would aid in the spread of ICT in education. 

Keywords: Higher Education, Information communication technology, Policy, Adoption, 
Collaborative learning approach. 

INTRODUCTION 

Education aims to raise a nation's desired standard of living and change in human behaviour. 
Education should be accepted socially, culturally and reflect in a transfer of knowledge, skills, 
attitude, and understanding. Traditional education is only to get knowledge but, now it is 
changed into the invent. Students need to build their understanding of each scientific concept. A 
teacher's key challenge is to offer teachings and develop a relevant knowledge base to use them 
further. (Achimugu, Oluwagbemi, &Oluwarnti, 2010). The capacity to learn information and 
implement it is essential for every country's economic and social well-being. The nations having 
higher and better knowledge and skills respond more effectively and quickly to globalisation 
challenges and opportunities. 

Education is detecting a significant change regarding access, equity, and quality in India. This 
transition is being accelerated by the exponential growth of ICT in the world's educational 
systems. Making full use of ICT diffusion resources in education is a significant obstacle for 
educational institutions. The Indian higher education system's governing bodies are advanced 
in science and technology, especially in ICTs that play a dynamic role in all educational process 
segments. For instance, internet technology has boost ICT and influenced every sector of the 
Indian education system. With this context, Snehi (2009) argued institutions had used 
computers in their academic programs for producing a better quality of knowledge output and 
learning in the higher education sector (Snehi, 2009). Higher education raises awareness, 
creates intelligence, and gives the recipient a more comprehensive view of the global 
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Abstract---According to the World Bank, 15% of the worldwide 
population, experiences some type of disability, with the incidence of 
impairment being greater in developing nations. A fifth of the 
population, estimated to be between 110 and 190 million people, has 
major impairments. In India, the ratio of assistive innovation 
technologies to innovative technology adaptation is relatively low. 
Adaptation of ATs has been a term in technology education and 
research in recent years. This technology connects and involves a 
variety of technologies, with a focus on assistive innovation 
technologies. This results in assistance for those who use assistive 
innovative technology to tackle their problems. People with physically 
weaker impairment benefit greatly from assistive innovative 
technologies. It is not only for persons with disabilities but also for the 
elderly. The benefits of ATs at the national innovation and grassroots 
level, as well as crucial information about ATs, are explored in this 
research article. 
 
Keywords---assistive technology, benefits, health, innovation 
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Introduction  
 

 mantra of 

attention to Indian innovations on Assistive Technology (AT). As indicated by the 
World Bank, one billion groups, or 15% of the world's population, experience the 
side effects of a type of disability, also, equality is high in developing nations. 
One-fifth of total appraisals worldwide, between 110 million and 190 million, 
experience massive disabilities. For decades, Persons with Disabilities (PWDs) in 



































Journal of Applied Biology & Biotechnology Vol. 9(04), pp. 137-150, July, 2021
Available online at http://www.jabonline.in
DOI: 10.7324/JABB.2021.9419

Micro-morphological and anatomical response of groundnut 
(Arachis hypogaea L.) cultivars to ground-level ozone

Indra Jeet Chaudhary , Dheeraj Rathore*
School of Environment and Sustainable Development, Central University of Gujarat, Gandhinagar, India

ARTICLE INFO

Article history:
Received on: January 04, 2021
Accepted on: February 16, 2021
Available online: July 10, 2021

Key words:
Arachis hypogaea, tropospheric 
ozone, OTC, visible injury, 
stomata

ABSTRACT 

Tropospheric ozone is a phytotoxic gaseous pollutant with global warming potential that disrupts the plants 
growth and development directly or through climate change. Ozone enters into a plant’s body through stomatal 
pores and develops oxidative stress, which results in injury to foliage and modifies leaf micro-morphology 
and anatomy. A field study was conducted to assess the morphological, micro-morphological, and anatomical 
response of groundnut cultivars (Arachis hypogaea L.) to enhance the level of ozone. This study observed 
ozone-like visible injury symptoms on all groundnut cultivars. Visible injury was maximum in cultivar Dh-86 
and minimum in cultivar TPG-41. Micro-morphological characteristics, such as increase in stomata, epidermal 
cells number, and its index, were also increased under enhanced ozone-exposed plants. The highest stomatal 
index was found in cultivar TPG-41 and lowest were noted in cultivar GG-20. Cultivars TAG-24 > TG-37A 
> and Dh-86 show moderate modification in the morphological and micro-morphological characteristics of 
plants. Elevated ozone also affected the stomatal movement and leaf internal tissue. Most of the stomata of all 
the groundnut cultivars were observed as closed during the enhanced ozone exposure, suggesting a protective 
mechanism from ozone stress. The study concluded that the micro-morphological and anatomical characteristics 
are important aspects to determine the effect of ozone on plants and to influence plants sensitivity to ozone. On 
the basis of these characteristics, cultivar TPG-41 was found to be less sensitivity, while cultivar Dh-86 was 
found to be highly sensitive to ozone pollution.

1. INTRODUCTION
Rapid industrialization, growing cities, and increasing vehicular 
load have caused serious environmental pollution and have 
affected plant life [1–3]. Ozone is a secondary air pollutant in 
the tropospheric atmosphere, formed by the reaction of sunlight 
and originator gases, including SOX, NOX, and volatile organic 
carbon, generated through anthropogenic activities [4,5]. The 
rapid increase in ground-level ozone concentration has come to 
be a global concern due to its direct phytotoxic effect or indirect 
effect through global warming [6–8]. Researches from the past 
four to five decades acknowledge the detrimental effects of 
ozone on plants. A higher ozone concentration could constrain 
photosynthesis [9], reduce yields and biomass [10], and also 

change the allocation of photosynthesis in plant organs. Ozone is 
also reported to cause foliar injury [11,12] and changes to stomatal 
conductance [13].

Ozone primarily enters the plant through stomatal pores [14] and 
generates oxidative stress [7,15]. To counteract this stress, the 
plant develops a series of defense response. However, most of the 
studies describing plants defense response to ozone are based on 
antioxidative efficiency and/or stomatal conductance. However, 
previously it was shown that balancing the density of stomata and 
cell division in developing leaves is directly connected with the 
plant’s response to environmental stress [16–18]. The study of 
Navea et al. [19] reveals a specific defense mechanism in case of 
drought stress in which plants turn down the number of stomata 
and refer to it as ‘stomata abortion’. Chaudhary and Rathore [3], 
Paakkönen et al. [20], and Aasamaa et al. [21] found decreased 
stomatal pores or aperture size due to the abiotic stress. Studies 
on plant response to air pollution, including ozone, have observed 
an increased stomatal density of plants [22,23]. Ferdinand et al. 
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[23] observed an ozone-sensitive clone Prunus serotina, which 
has larger stomatal density and a lesser ratio of palisade per 
spongy parenchyma. The authors also asserts that resistance can 
be described by separate gas permeability, which is based on 
extending the structure of the leaf, as gas resistance of palisade 
tissue is larger than that of spongy tissue.

Alteration to stomata and abundance as a response to stress is also 
expressed as a major pollutant absorption controlling mechanism 
[24]. Stengleina et al. [25] stated that the density of stomata is 
basically affected by both the beginning of stomatal development 
and the build-up of epidermal cells (EC). The build-up of EC 
turns into a function of various environmental and developmental 
variables; the altitude of the experimental site can even influence 
stomatal index (SI) and its density. The redox state of plant cells 
gets unbalanced due to ozone, which leads to modifications in 
metabolic processes and gene expression, which affects cell 
growth and development. Cell division on the whole is sensible 
to the redox state of plant cells whereby oxidative stress hinders 
the cell cycle and hence proliferation [26]. Ozone sensitivity was 
dissimilar among plant species. However, a lot of unanswered 
questions come forward regarding the possible mainspring of 
ozone sensitivity or resistance. Furthermore, the effects of ozone 
on internal tissues of plants are also missing. 

Therefore, the present experiment was conducted to assess the 
effects of ozone on plant development, micromorphology, and 
anatomy of groundnut (Arachis hypogaea L.) cultivars and their 
possible role in plant defense. This study hypothesized that the 
stomatal distribution and movement influence plant sensitivity to 
ozone.

2. MATERIALS AND METHODS

2.1. Site Description and Ozone Treatment
Five cultivars of groundnut (Arachis hypogea L), viz. TG-37A, 
TPG-41, TAG-24, GG-20, and Dh-86, were selected for the 
present experiment. Crop and cultivars were selected on the basis 
of popularity among the formers in the region. The experiment 
was carried out in open top chambers (OTCs), sized 4 × 4 × 3.5 

m, established at the research field of the Central University of 
Gujarat (23.2156°N, 72.6369°E) during February to May 2017. 
OTCs were made up of multi-layered clear polycarbonate sheet 
(3 mm thick) to provide maximum available sunlight. Plants were 
grown in plots sized 1 m2 using a regular agronomical practice for 
groundnuts. The soil of the field was measured with the help of a 
pH meter and was found to be slightly alkaline (pH 7.4). The soil 
texture was determined based on sand, silt, and clay percentages 
and was found to be sandy loam of medium fertility. Each plot 
was mixed with 250 g vermicompost during field preparation 
and was applied with the recommended dose of NPK in the ratio 
of 40:40:20 kg/ha. The plots were regularly irrigated ensuring 
sufficient water supply and weeds were managed manually. 
A randomized block design was opted with two treatments, 
i.e., enhanced ozone (provided −75.91 ± 11.42 ppb of mean 
ozone concentration for 4 hours) and ambient ozone (ozone 
concentration varied between 13.6 and 40 ppb) (Fig. 1). Ambient 
ozone concentration and temperature were checked with the help 
of an ozone analyzer [Genesis (LEDM)] and temperature sensor 
(open top chamber with temperature sensor (HK Tempsensor), 
data logger (Ambetronic, TC800D), ozone generator, Genesis 
Technologies, India) throughout the study period. Ozone 
fumigations were conducted from 11.00 am to 03.00 pm every 
day from seed germination till harvesting. 

2.2. Plant Morphology and Ozone Visible Injury
The morphological characteristics of plants are illustrated by the 
image and number of roots, leaves and branches that were counts 
at 20, 40, and 60 days after sowing (DAS). Ozone visible injury 
was also identified at 20, 40, and 60 DAS of plants. Various 
parameters were measured for visible injury, such as the number 
of injured plants per plot, the number of injured leaves per plant, 

and the number of chloresis and necrosis spots per plant. 

2.3. Micro-Morphological and Anatomical Characteristics

2.3.1. Microscopic observation
Micro-morphological characteristics of the leaf were measured 
using a digital microscope (Milton Instruments, Mumbai, 

Figure 1: Monthly average ambient ozone (ppb) and temperature (°C) during the study periods of groundnut 
cultivars. (Mean ± standard deviation of three replicates presented by thin vertical bars.)
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Maharashtra) and scanning electron microscopy (SEM) (Model: 
EVO 18, Make: Carl ZEISS). The sample for micro-morphological 
studies was collected and shifted to the laboratory in desiccators 
to avoid the effect of humidity. For stomatal study through a 
compound microscope, leaf abaxial surfaces were peeled off 
using dissecting needles and forceps and were finally washed with 
clean water. After that, each specimen was stained with safranin 
(1% aqueous) for 3–10 minutes and excess stains were washed 
using deionized water and then the stained cuticle was mounted 
on glycerine jelly and detected under a microscope. The number 
of stomata and EC and its index was calculated as per the equation 
of Salisbury [27], i.e., (SI = S × 100/S + E) using a compound 
microscope.

where SI = stomatal index, S = No. of stomata/unit leaf area, and 
E = number of EC/unit leaf area.

2.3.2. SEM analysis
For SEM [Model: EVO 18, Make: Carl ZEISS] analysis, the 
specimen of the collected leaf sample was cut in 2–4 mm pieces 
and fixed (Primary fixation) to 2.5% Glutaraldehyde/Karnovsky’s 
fixative for 6 hours at 4°C. After that, the samples were washed in 
0.1 M phosphate buffer, for three changes each of 15 minutes at 
4°C. After primary fixation, the same sample was ready for post-
fixation.

For post-fixation, 1% osmium tetroxide was used for 2 hours at 
4°C. 

With regard to washing and dehydration, the sample was washed 
in 0.1 M phosphate buffer for three changes each of 15 minutes at 
4°C to remove the unreacted fixative. After that, the specimen was 
dehydrated using increasing concentrations of acetone to remove 
water by the following procedure:

For dehydration, increasing concentrations of acetone, such as 
30%, 50%, 70%, and 90%, were used for 30 minutes of each step, 
and finally 100% (dry acetone) was used.

After that, the specimen was dried by air and critical point drying 
(critical point, i.e. 31.5°C at 1,100 p.s.i.) and kept in desiccators.

With regard to specimen mounting and coating, the specimen was 
mounted on aluminum stubs with a carbon tape. The sample was 
coated using a sputter coater to make the sample conductive.

2.4. Leaf Anatomy
The anatomy of the selected groundnut leaf sample was analyzed 
by a compound microscope. A fresh leaf of groundnut sample 
was taken for the observation of anatomical characteristics. 
Fine transverse sections of the leaf were taken and stained with 
safrannin and mounted on glycerine. The specimens were covered 
with a cover slip after mounting to be observed in a compound 
microscope.

2.5. Statistical Analysis
Data were analyzed with three replicates (mean ± standard 
deviation). MS Excel 2010 was used for standard deviation. 
Significant correlation and variance of treatment, cultivars, 
and parameters were calculated with the help of regression. All 
data, such as morphology, visible injury, and micromorphology, 
were correlated with injured plants per plot of selected cultivars. 
Data were also analyzed through three-way analysis of variance 
(ANOVA) test using Statistical Package for the Social Sciences 
(SPSS) (SPSS Inc., version 17.0) for assessing the significance 
of quantitative changes in different parameters of groundnuts’ 
response to ozone treatments at different sampling intervals.

3. RESULTS

3.1. Visible Injury
Foliar injuries on the plants are the first visible symptoms of the 
ozone pollution. Interveinal chlorosis and necrotic stippling were 
observed on the adaxial surface of the leaves of enhanced ozone-
treated groundnut plants (Table 1 and Fig. 2). Chlorotic spots 

Table 1: Ozone-like injury such as total number of plants injured, number of leave injured, chlorosis per plant, and necrosis of groundnut cultivars.

Cultivars DAS Total no. of plant 
plots−1

Total No. of plant 
injured plots−1

No. of leaf injured 
plant−1 Chlorosis plant−1 NECRO plant−1

TG-37A

20 DAS 50 2.33 ± 0.45 7.66 ± 0.67 5.66 ± 0.87 2.33 ± 0.33

40 DAS 20 13.33 ± 0.73 13.66 ± 0.86 11.66 ± 0.66 2.66 ± 0.67

60 DAS 15 7.66 ± 1.67 18.33 ± 1.33 15.33 ± 0.78 3.00 ± 1.33

TPG-41

20 DAS 50 2.33 ± 1.33 5.33 ± 0.93 3.66 ± 0.12 2.00 ± 1.20

40 DAS 20 12.33 ± 1.33 13.33 ± 0.83 11.33 ± 1.50 3.00 ± 1.50

60 DAS 15 6.66 ± 0.67 15.66 ± 1.67 12.33 ± 2.12 3.33 ± 0.93

TAG-24

20 DAS 50 1.33 ± 1.33 7.33 ± 0.63 4.00 ± 1.1 2.00 ± 1.10

40 DAS 20 8.33 ± 0.83 11.00 ± 1.80 8.33 ± 1.33 2.66 ± 0.67

60 DAS 15 8.00 ± 0.1 14.33 ± 0.33 10.00 ± 1.50 4.00 ± 1.10

GG-20

20 DAS 50 3.66 ± 1.7 13.00 ± 1.56 8.33 ± 1.03 3.33 ± 0.73

40 DAS 20 15.33 ± 0.63 18.33 ± 1.33 16.00 ± 1.02 3.66 ± 0.55

60 DAS 15 9.66 ± 0.57 21.00 ± 1.52 17.33 ± 1.23 4.33 ± 0.80

Dh-86

20 DAS 50 2.66 ± 1.67 7.33 ± 1.30 8.66 ± 1.57 3.66 ± 0.66

40 DAS 20 16.66 ± 1.87 19.00 ± 1.11 16.33 ± 1.33 4.33 ± 0.50

60 DAS 15 12.66 ± 1.97 22.00 ± 1.28 19.00 ± 1.38 5.33 ± 0.28
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were found to be higher than the necrotic spots in all the selected 
cultivars. Injury was identified as ozone-like because it was either 
absent or very less in ambient ozone (data not mentioned). Ozone 
visible injury was higher in older leaves than in younger leaves. 
The number of injured leaves was increased with the duration of 
treatment and was found to be maximum at 60 DAS in all the 
cultivars tested. The maximum number of injured plants was noted 
in cultivar Dh-86 (12.66 m−2) and the minimum injury was noted in 
cultivar TAG-24 (6.66 m−2). The number of injured leaves was also 
higher in cultivar Dh-86 (22 plant−1) at 60 DAS and the minimum 
number of injured leaf was found in cultivar TPG-41 (5.33 plant−1) 
at 20 DAS. The trends of injury among the selected cultivars were 
GG-20 > Dh-86 > TG-37A > TPG-41 > TAG-24 under the acute 
level of ozone (Fig. 2) at all the sampling durations.

3.2. Plant Morphology
An acute level of ozone changed the morphology of tested 
groundnut cultivars. At the initial growth stage, the number of 

leaves of all the cultivars remained similar for enhanced ozone 
and control plants; however, it was highly affected by an enhanced 
level of ozone at latter growth stages. Maximum variation in 
the total number of leaves per plant was noticed in cultivar Dh-
86 (−40%) at 40 DAS, while minimum reduction was found in 
cultivar TPG-41 (−6.52%) at 60 DAS due to the enhanced level 
of ozone (Table 2).

Similar to the number of leaves, shoots and root branching of 
selected groundnut cultivars were also affected by enhanced 
ozone exposure (Table 2). The effect of ozone on branching 
groundnut cultivars was higher during the early growth stage. 
Branching of the shoot was highly affected in cultivar TAG-24 
(−66.66%) at 40 DAS and cultivar TPG-41 showed minimum 
reduction in the number of shoot branches (−16.75%) at 60 
DAS. A higher reduction in root branching was found in 
cultivar TG-37A (−36.60%) at 60 DAS, while minimum root 
branching reduction was found in cultivars GG-20 (−2.30%) 
at 40 DAS.

Figure 2: Ozone-like visible injury on selected groundnut cultivars. (A) ambient ozone, (B) chlorosis and necrotic spots, and (C) visible injury on TG-37A, TPG-41, 
TAG-24, GG-20, and Dh-86.
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3.3. Micro-Morphological Characteristics
The result of the study found that the enhanced level of ozone 
modified the micro-morphological characteristics of groundnut 

cultivars. Enhanced level of ozone increased the number of stomata 
and EC in all selected groundnut cultivars (Fig. 3). Among the 
tested crop cultivars, maximum increase in stomata was recorded 
in cultivar TPG-41 (62.5%) at 20 DAS, while a minimum increase 
in cultivar GG-20 (10%) at 40 DAS was noted. The trend of 
increase in stomata due to enhanced ozone was TPG-41 > TAG-24 
> Dh-86 > TG-37A > GG-20. While the highest increase in EC 
was noted in cultivar TPG-41 (33.33%) at 60 DAS, the lowest 
number of EC count was noted in cultivar TG-37A (5.45%) at 20 
DAS. The trends of increase were TPG-41 > GG-20 > TAG-24 > 
Dh-86 > TG-37A. Higher SI was also recorded among the plants 
grown under an enhanced level of ozone (Fig. 3). Maximum SI 
was found in cultivar TG-37A (27.06) at 60 DAS and minimum 
in cultivar Dh-86 (14.63) at 20 DAS. The trends of increase in SI 
under enhanced ozone exposure is TG-37A > TPG-41 > TAG-24 
> Dh-86 > GG-20. 

Enhanced ozone also interferes with the stomatal opening of plant 
leaves. The present study shows that exposure of groundnut plants 
to enhanced ozone deduced stomata openings and maximum 
stomatal pores were closed in enhanced ozone-exposed plants 
than ambient ozone (Figs. 4 and 5).

3.4. Anatomical Modification
Elevated ozone also influences the internal structure of the plant 
leaf (Fig. 6). An enhanced ozone-treated plant showed thin 
epidermis than ambient ozone-treated plants. Xylem and phloem 
of the foliage were also affected under enhanced ozone exposure. 
Vessel elements of xylem reduced in size, despite the increase in 
the number. In contrast to xylem, the phloem tissue was expanded 
but became significantly disorganized and collenchyma was 
reduced (Fig. 6). An enhanced level of ozone also affected the 
palisade cells and the damage can be seen in Figure 6B. Mesophyll 
cells were also reduced in size than ambient ozone plants. Xylem 
and phloem of elevated ozone-treated plants become compact 
with minimum distancing and size (Fig. 6C and D).

3.5. Regression and Three-Way ANOVA Test
Data were analyzed by regression and ANOVA (three factors) test 
for significant variation between treatments, age, and cultivars of 
selected parameters. Pearson’s correlation analysis with R2 values 
nearest to one shows a strong relationship with the number of 
injured plants per plot (Fig. 7). The number of stomata and EC 
shows a strong relationship when compared to other parameters, 
while the number of injured leaves per plant was highly correlated 
with chlorosis of leaves per plant in cultivar TG-37A. The highest 
R2 (37%) value was found in the number of injured leaves per 
plant. In cultivar TPG-41, the highest R2 (75%) value was noted in 
necrotic spots per plant. Chlorosis (CHLO) and necrotic showed 
a strong relationship with each other, while the number of injured 
leaves slightly correlated with these parameters. EC, chlorosis, and 
the number of stomata highly correlated in cultivar TAG-24 with 
R2 (95%) values are same in all three parameters, while the number 
of injured leaves is slightly correlated (Fig. 7). For cultivar GG-
20, the plant necrotic spots showed higher R2 values (99%) and 
chlorosis of the plant was slightly correlated with R2 value (73%). 
The higher R2 value of cultivar Dh-86 was found in SI (92%) and 

Table 2: Number of roots, number of leaves, and number of branches of 
groundnut cultivars under enhanced ozone and ambient ozone.

Cultivars
No. of root

Treatments 20 DAS 40 DAS 60 DAS

TG-37A

Enhanced ozone 4.00 ± 0.06 13.66 ± 0.67 15.00 ± 0.53

Ambient ozone 5.00 ± 0.05 16.00 ± 0.25 23.66 ± 0.66

No. of leaf

Enhanced ozone 4.00 8.00 ± 0.3 16 ± 0.57

Ambient ozone 4.00 10.00 ± 0.5 19.66 ± 0.67

No. of branch

Enhanced ozone 0.00 3.00 ± 0.36 3.33 ± 0.33

Ambient ozone 0.00 3.00 ± 0.54 4.66 ± 0.66

TPG-41

No. of root

Enhanced ozone 4.33 ± 0.33 10.33 ± 0.33 13.33 ± 0.33

Ambient ozone 5.00 ± 0.33 13.66 ± 0.67 16.33 ± 0.33

No. of leaf

Enhanced ozone 4.00 7.00 ± 0.50 14.33 ± 0.33

Ambient ozone 4.00 11.00 ± 0.50 15.33 ± 0.33

No. of branch

Enhanced ozone 0.00 2.66 ± 0.67 3.33 ± 0.33

Ambient ozone 0.00 3.66 ± 0.67 4.00 ± 0.68

TAG-24

No. of root

Enhanced ozone 4.66 ± 0.66 10.33 ± 0.33 12.00 ± 0.65

Ambient ozone 5.66 ± 0.70 14.66 ± 0.66 16.00 ± 0.33

No. of leaf

Enhanced ozone 4.00 6.00 ± 0.30 10.00 ± 0.65

Ambient ozone 4.00 8.00 ± 0.01 14.33 ± 0.33

No. of branch

Enhanced ozone 0.00 1.00 ± 0.28 1.66 ± 0.67

Ambient ozone 0.00 3.00 ± 0.24 4.60 ± 0.67

GG-20

No. of root

Enhanced ozone 5.33 ± 0.33 14.00 ± 0.35 15.00 ± 0.08

Ambient ozone 6.33 ± 0.33 14.33 ± 0.33 15.66 ± 0.66

No. of leaf

Enhanced ozone 4.00 7.00 ± 0.2 18.00 ± 0.25

Ambient ozone 4.00 9.00 ± 0.25 22.00 ± 0.22

No. of branch

Enhanced ozone 0.00 2.00 ± 0.25 2.33 ± 0.33

Ambient ozone 0.00 3.00 ± 0.34 3.66 ± 0.67

Dh-86

No. of root

Enhanced ozone 4.66 ± 0.7 12.00 ± 0.36 13.00 ± 0.54

Ambient ozone 6.00 ± 0.75 12.66 ± 0.67 14.00 ± 0.58

No. of leaf

Enhanced ozone 4.00 6.00 ± 0.6 13.00 ± 0.35

Ambient ozone 4.00 10.00 ± 0.8 15.00 ± 0.22

No. of branch

Enhanced ozone 0.00 2.66 ± 0.67 3.00 ± 0.35

Ambient ozone 0.00 3.66 ± 0.67 5.00 ± 0.57
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the lowest R2 value was for the number of EC (10%). The number 
of injured leaves, stomata, and chlorosis was slightly correlated 
with SI. Overall, sensitive cultivars showed a strong relationship 
with the number of injured plants per plot. In sensitive cultivars, 
the number of injured plants per plot was higher; therefore, the 
number of injured leaves per plant and chlorosis necrosis was also 
higher (Fig. 7).

Three-way ANOVA test (three-factor ANOVA) confirmed the 
significant levels of treatment, DAS, and cultivars (Table 3). 
Cultivars wise the number of stomata significantly varied at p < 
0.01 level and the level of significance of SI was p < 0.05, while the 
number of EC showed no significant levels. Selected parameters, 
such as the number of stomata, EC, and SI of groundnut, were 
highly significant with treatments (p < 0.001). The level of 
significance of the number of stomata and EC showed the same 
values (p < 0.01), while the significant level of SI was p < 0.05. 
Selected parameters’ relationship with Cult.*Treat. Cult.*DAS, 
Treat.* DAS, and Cult.*Treat.*DAS showed no significant level, 
except the number of EC; the significant level of the number of 
EC was p < 0.05.

4. DISCUSSION
The present study shows that the enhanced level of ozone 
caused a negative effect on groundnut cultivars. The micro-
morphological and anatomical modifications observed in selected 
cultivars show higher variability in the injuries of plants. On the 
basis of morphological, micro-morphological, and anatomical 
modification, ozone-sensitive cultivars were highly affected than 
ozone-tolerant cultivars. Besides having global warming potential, 
ozone is one of the major gaseous pollutants that directly affected 
plant growth and productivity [7,9,10,28]. However, its effect 
depends on the genotype and prevailing environmental condition 
[29,30].

Foliage is the primary plant organ that is exposed to ozone and 
shows visible symptoms. Foliar injury is generally the first 
visible sign of injury to plants from ozone exposure and indicates 
lessened physiological processes in the leaves [31]. However, 
these symptoms vary with the genotypes and are restricted to 
sensitive species and the plant site exposed to the ozone [32]. All 
the groundnut cultivars tested in the present experiment showed 
injury under enhanced ozone exposure. However, the total number 

Figure 3: Microscopic observation. (A) Number of stomata, (B) number of EC, and (C) SI (%) of groundnut cultivars under enhance and ambient ozone-treated 
plants. (Mean ± standard deviation of three replicates presented by thin vertical bars.)
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of plant affected and the number of leave affected in each plant was 
varied. Leung et al. [28] explained that the sensitive species had a 
higher injury than resistant species. A higher number of chlorosis 
and necrotic spots were found in cultivar Dh-86, suggesting its 
higher sensitivity to ozone, while cultivar TPG-41 showed reduced 
sensitivity to ozone with the least number of chlorosis and necrotic 
spots. Similar to this study, Basahi et al. [33] and Islam et al. [34] 
also reported visible ozone injury under ambient ozone to olive 
and mung bean plants, respectively. Hayes et al. [35] reported 
increased ozone-induced leaf injury in Phaseolus vulgaris with 
increased ozone exposure. In the present experiment, we also 
found that the ozone-induced injury was higher in mature leaves. 
This may be due to the longer duration to ozone exposure to older 
leaves than younger ones.

The reduction in the number of leaves per plant is an indicator of an 
unhealthy and stressed condition. The reduction in leaves per plant 
reduced total carbon assimilation and NPP of the ecosystem. The 
reduction in leave was seen in all the groundnut cultivars, despite 
their sensitivity to ozone. However, a higher sensitive cultivar Dh-
86 had a higher reduction and tolerant cultivar TPG-41 had the 
least reduction in leaves. Consistent production of new leaves can 
be a reason for lesser leaf reduction in tolerant cultivars. Leung et 
al. [28] reported the production of new leaves in tolerant cultivar 
of Phaseolus vulgaris which reduces the percentage of ozone-

affected leaves. Furthermore, the least affected branching of 
tolerant species also maintained the number of leaves. Similar to 
our study, Cotrozzi et al. [36] also reported 25%–60% phylloptosis 
in Quercus cultivars under ozone exposure. The minimum 
reduction in the number of branches per plant in cultivar TPG-41 is 
also an indication of tolerance of this cultivar than other cultivars. 
Tsukahara et al. [37] reported ozone-induced reduction in rachis 
branches in two cultivars of rice and explained this as the effect 
of ozone on genes near RM3430 markers. However, a surprising 
reduction in branching of root under enhanced ozone cannot be 
explained as ozone effect as the effect of ozone on underground 
plant part is not direct [38].

Stomata development during cell differentiation is confirmed 
to be regulating by genes that are simultaneously regulating 
physiological parameters, such as stomatal conductance. The 
present study found an increase in stomata as well as SI under 
enhanced ozone exposure in all the groundnut cultivars, 
suggesting a reduced size of EC under ozone pollution. Islam et 
al. [34] reported that the ozone pollution interferes with stomatal 
functioning causing increases in conductance, sluggish stomatal 
response to environmental factors, or stomatal closure, depending 
on the species and ozone exposure. Wang et al. [39] and Taiz and 
Zeiger [26] suggested that between sensitive leaves, young mature 
ones that developed after the plant had been exposed to significant 

Figure 4: Microscopic observation of the number of stomata, number of EC, and stomatal opening of groundnut cultivar TPG-41. (A) Enhanced ozone, (B) ambient 
ozone and cultivar Dh-86, (C) enhanced ozone, and (D) ambient ozone.
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cumulative doses of ozone stopped cell division of EC earlier than 
the old ones did. From another aspect, leaves which developed 
later maintained generous cell growth for a longer duration. This 
phenomenon may be due to ozone-convinced oxidative stress, 
which changes the redox state of cells and hence proliferation. The 
expansive growth of cell decreased the stomata number per mm2 
of epidermis in sensitive strain and increased EC size. Guard cells 
development changed similarly after the plants had been exposed 

to the climate of the summer season and high cumulative ozone 
doses; the recently developed leaves of sensitive plants had higher-
sized guard cells and thus found the larger stomatal apparatus. 
Cultivar TPG-41 showed maximum increase in EC suggesting 
its adaptability to enhanced ozone by reducing epidermal cell 
size and stomatal pores to reduce conductance. The idea of SI 
normalizes the epidermal cell expansion effect on the density of 
stomata [25]. SI (Fig. 2) of sensitive strain was mainly lower, but 

Figure 5: Micro-morphological modification identified by SEM of selected groundnut cultivars (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20, and (E) Dh-86 
under enhanced and ambient ozone.
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this difference was more significant in resistant genotypes, which 
developed an increase in stomata numbers, while sensitive plants 
had a lesser number of stomata either as an attempt to reimburse 
the adverse effects of ozone or as a consequence of ozone which 
would have caused the change in cell division and developments. 
If the purpose of this change had been to lower the accession 
of the contaminant, it should have also resulted in lower gas 
condition and/or transpiration rate. The reason of the different 
stomatal developments could have possibly been ozone-inhibited 
cell division and/or increased expansive growth of cells, which 
comparatively decreased the stomata numbers per mm2 epidermal 
area. Chaudhary and Rathore [2] and Qadir et al. [40] reported 
higher stomata indexes due to oxidative stresses.

Moreover, the present experiment also found that the enhanced 
ozone leads to closure of stomata of all the experimental groundnut 
cultivars. This would reach a reduction in evapotranspiration and 
water use efficiency, including reduced capability to uptake soil 
water and an increase in sensible heat flux as seen in soybean 
by VanLoocke et al. [41] and Bou Jaoudé et al. [42]. Although 
stomatal closure seems to be the principal response in crops, 
previous studies have proposed that under chronic ozone 
exposure, ozone-induced eminent production of stress ethylene 
can lead to a reducing of the abscisic acid signal [43 ,44], which 
would normally lead to decreases in gas to conserve water in dry 
soils [45]. This could result in the crop losing control of stomatal 
closure, impairing water loss, and enhancing ozone uptake that 
would otherwise be limited by soil water stress, thus generating 

a feedback loop that enhances ozone damage. The present study 
also found that the elevated ozone caused stomatal and EC 
modifications and caused succulents guard cells under exposure 
of enhanced ozone.

Ozone-induced anatomical changes in groundnut cultivars were 
also observed in the present study. Mitu et al. [46] reported changes 
in spongy parenchyma, epidermis, and vascular bundles of leaves 
and stems of mango, mahogany, and koroi due to continuous 
exposure of pollutants. Reduced vessel size in leaves of groundnut 
suggested reduced water transport and can be correlated with 
stomatal closure. It would be vital to emphasize that a more 

Figure 6: Cross-section of groundnut ozone-tolerant cultivar TPG-41. (A) 
Enhanced ozone, (B) ambient ozone and ozone-sensitive cultivar Dh-86, (C) 

enhanced ozone, and (D) ambient ozone.
Figure 7: Pearson’s correlation analysis between the total number of injured 
plants at 60 DAS of plant in response to number of leave injured per plant 

(IL), CHLO, Necrosis (NECRO), number of stomata (S), number of EC, and 
SI of groundnuts cultivars (A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20, 
and (E) Dh-86. Coefficient (R2) value close to 1 expressed the strong positive 

correlation in between the subsets.

Table 3: F ratio and level of significance of number of stomata, number of 
EC, and SI of groundnut cultivars obtained by ANOVA test.

Parameters Cult. Treat. DAS Cult. 
×Treat.

Cult. 
×DAS

Treat. 
× DAS

Cult. 
×Treat. 
×DAS

Number of 
stomata

3.53** 40.35*** 13.00*** 0.67NS 0.12NS 0.14NS 0.14NS

Number of 
EC

1.18NS 37.57*** 33.40*** 0.57NS 1.97* 1.24NS 0.94NS

SI 2.50* 19.49*** 2.92* 0.70NS 0.13NS 0.08NS 0.35NS

Significant levels, * = p < 0.05; ** = p < 0.01; *** = p < 0.001; NS = not significant.
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detailed anatomical assessment is needed with variable species 
and cultivars to justify the effect of ozone on internal tissues of 
plants.

5. CONCLUSION
Ozone is a toxic gaseous pollutant that causes a negative effect on 
the micromorphology and anatomy of groundnut plants. The study 
observed ozone-like visible injury symptoms on all the groundnut 
cultivars using OTC. The results of the study showed that the 
visible injury was maximum in cultivar Dh-86 and minimum was 
in cultivar TPG-41. Micro-morphological characteristics, such as 
the number of stomata, EC, and SI, were increased due to elevated 
levels of ozone. The higher SI was found in cultivar TPG-41, while 
cultivars TAG-24 > TG-37A > and Dh-86 showed moderate values 
and the lowest SI was noted in cultivar GG-20. The enhanced level 
of ozone injured the leaves, micromorphology, and anatomy of 
all the groundnut cultivars. The results also confirmed that the 
stomatal closure and anatomical characteristics such as xylem, 
phloem, collenchyma, and mesophyll cells disorganization are 
important characteristics for the identification of ozone-resistant 
variety. On the basis of stomatal movement and distribution, 
anatomical changes in cultivar TPG-41 were shown as the most 
ozone-resistant groundnut variety among the tested cultivars. 
However, more studies with variable plant species and different 
cultivars are needed for a substantial conclusion.
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Figure S1: Modification of micro-morphological characteristics such as number of stomata, number of EC, and stomatal opening of groundnut cultivars (A) TG-37A, 
(B) TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 under enhanced ozone and ambient ozone. 
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Figure S2: Cross-section of anatomical characteristic changes such as epidermis, xylem, phloem, parenchyma and palisade mesophyll cells of groundnut cultivars 
(A) TG-37A, (B) TPG-41, (C) TAG-24, (D) GG-20 and (E) Dh-86 under enhanced ozone and ambient ozone stress. 
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ABSTRACT: 5-Fluorouracil (5-FU) is one of the most prescribed drugs and the major component of chemotherapy for the
treatment of colorectal cancer. In this study, we have designed arginine-functionalized manganese oxide nanocuboids (Arg@MNCs)
for the effective delivery of 5-FU to colon cancer cells. Arginine was used as multifunctional agent to provide stability to MNCs,
achieve high drug loading, control the release of loaded drug, and improve delivery to cancer cells. The synthesized Arg@MNCs
were characterized by DLS, TEM, XRD, FTIR, XPS, TGA, and VSM analysis. The structural and morphological analysis by TEM
showed cuboid-shaped MNCs with average particle size ∼15 nm. Biodegradation studies indicated that the Arg@MNCs were
degraded at endolyosomal pH in 24 h while remaining stable at physiological pH. Hemolytic toxicity studies revealed the safety and
nontoxic nature of the prepared MNCs. 5-FU-loaded Arg@MNCs showed significant control over the release of 5-FU, decrease in
the hemolytic toxicity of loaded 5-FU but higher in vitro anticancer activity against HCT 116 and SW480 human colon cancer cells.
Importantly, both the bare MNCs and Arg@MNCs showed excellent T1 and T2MR relaxivity under 3.0 T MRI scanner. Thus, the
nanostructures developed in this study, i.e., 5-FU-Arg@MNCs could overcome the issues of both MNCs (stability) and 5-FU (low
drug loading and nonspecificity) and may be used as a multifunctional theranostic nanocarrier for colon cancer treatment.

KEYWORDS: manganese oxide, L-arginine, 5-fluorouracil, colon cancer, magnetic resonance imaging

1. INTRODUCTION

Colorectal cancer (CRC) is the third most death-defying cancer
worldwide. According to a GLOBOCAN 2018 report, an
International Agency for Research on Cancer (IARC) of the
World Health Organization (WHO), CRC was responsible for
10.2% of the incidence and 9.2% of the mortality of total
cancers.1 Colon cancer is a type of neoplasia and generally starts
from the transformation of the inner linings of the large intestine
or colon or rectum.2 The advanced application of screening by
colonoscopy helps in prevention of cancer by identification and
removal of precancerous lesions. Chemotherapy is the most
promising therapy for colon cancer treatment, but poor delivery
modality and chemoresistance hamper its clinical use.3

5-Fluorouracil (5-FU) is a clinically approved anticancer drug
for the treatment of solid tumors including colorectal, gastric,
skin, and breast cancers.4,5 It is used either alone or in
combination with other chemotherapeutic agents. 5-FU is
widely used as a first-line chemotherapeutic agent for the
treatment of metastatic colon cancer along with oxaliplatin and
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leucovorin.6 Structurally, 5-FU is a pyrimidine analogue that
blocks the action of thymidylate synthase and inhibits DNA
synthesis, leading to cytotoxicity and cell death. However, its
high metabolic rate and short half-life (10−20 min) require
continuous administration of high doses to maintain the serum
concentration, which results in severe toxicities such as
hematological, myelosuppression, neural, and gastrointestinal
adverse effects.7,8 In addition, conventional formulations of 5-
FU show uncontrolled biodistribution. Uncontrolled biodis-
tribution means the inconsistent or nonspecific circulation of
drug molecules after administration into a biological system. It
leads to the distribution of drug molecules to and interaction
with the nontargeted tissues and cells, which results in a low level
of drug at the target site. Thus, uncontrolled biodistribution of 5-
FU is responsible for its low therapeutic efficacy and high
mortality rate.9 Therefore, to overcome these drawbacks, we
need an effective carrier system for an appropriate cancer
therapy using 5-FU. Further, the carrier system should be
biocompatible and biodegradable and able to provide a high
drug payload, controlled drug release, and targeted drug
delivery.
Manganese (Mn)-based nanocarriers such as MnO, MnO2,

andMn3O4 nanoparticles have been gaining attention in the past
few years because of their theranostic applications.10−12 MnO,
MnO2, and Mn3O4 nanoparticles are commonly investigated
Mn-based nanocarriers for their applications in drug delivery
and diagnosis.13−19 However, like other inorganic nanoparticles,
Mn-based nanoparticles also agglomerate or precipitate out
rapidly in the aqueous solutions and physiological buffers.
Therefore, a stabilizing agent is needed to increase their colloidal
stability in biological fluids. In this study, we selected L-arginine
(Arg) as a multifunctional stabilizing agent to improve the
stability of Mn3O4 nanocuboids (MNCs). Arg is a nonessential
amino acid and is required for the synthesis of various proteins in
the body. Chemically, it contains a strongly basic guanidinium
group, making it cationic in nature. Various types of nano-
particles have been functionalized and stabilized using Arg as the
capping and stabilizing agent.20,21 Recently, Arg-functionalized
and ciprofloxacin-loaded mesoporous silica nanoparticles have
been used for the treatment of salmonella through cationic
amino acid transporters (CAT).22 As CAT are also overex-
pressed on cancer and hence, arginine functionalization to
MNCs may improve the delivery of the drug to the cancer
cells.23 Apart from providing stability and targeting, being a
cationic molecule, it may help in loading of drugs like 5-FU,
which is otherwise difficult to load on inorganic nanoparticles.
The use of MNCs as drug carrier also helps in diagnosis by

simultaneously monitoring the disease progress. MNCs have
also been found as good contrast agents (CAs) in the magnetic
resonance imaging (MRI) technique. MRI is a noninvasive and
soft-tissue imaging modality that provides excellent anatomical
details at high resolution.24,25 A range of nanoparticles and
chelates has been investigated for their application as CAs in
MRI. The widely explored agents are paramagnetic gadoli-
nium26−28 (Gd) and manganese (Mn)-based chelates16,29−32

for positive orT1‑weighted imaging, and superparamagnetic iron
oxide nanoparticles33−37 (SPIONs) for negative or T2-weighted
imaging. However, Gd-based CAs show nephrogenic systemic
fibrosis in the patients, whereas intrinsic dark MR signals of
SPION hamper the understanding of deep tissue level.38

Recently, Mn-based nanostructures have emerged as alternative
CAs because of their biocompatibility and bright contrast MRI.
Therefore, in this study, we designed a theranostics nanocarrier

system using Arg-functionalizedMn3O4 nanocuboids to provide
stability to these nanoparticles in biological fluids, achieving
loading of 5-FU on nanoparticles, improving the delivery of
loaded drug to cancer cells, and achieving MRI diagnosis.

2. MATERIALS AND METHODS
2.1. Materials. Manganese chloride tetrahydrate (MnCl2·4H2O,

Mw 125.84) was purchased from TCI Chemicals Pvt. Ltd. (Chennai,
India). Sodium hydroxide was purchased fromMerck (Mumbai, India).
L-Arginine was purchased from Sigma-Aldrich (Saint Louis, MO,USA).
Cell culture media RPMI-1640, penicillin-streptomycin-amphotericin
B cocktail, 0.25% Trypsin-EDTA, and fetal bovine serum (FBS) were
purchased from Thermo-Fisher Scientific (Waltham, MA, USA). 3-
(4,5-Dimethylthiahiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) was purchased from Himedia laboratories (Mumbai, India).

2.2. Synthesis and Surface Modification of MNCs. Mn3O4
nanocuboids (MNCs) were synthesized by the precipitation method as
reported previously.39,40 Surface modification of the prepared MNCs
with Arg was performed by the ultrasonication method with 20 kHz
ultrasonic frequencies at 25 °C. First, 4% w/v aqueous solution of Arg
was added intoMNC (5 mg/mL) dispersion and sonicated for 2 h. The
dispersion was washed thrice with Milli-Q water to remove non-
functionalized or free Arg. The obtained surface-modified MNCs
(Arg@MNCs) were lyophilized and stored in a storage vial.

2.3. Loading of 5-FU on Arg@MNCs Nanocuboids.An aqueous
dispersion of Arg@MNCs (2.5 mg/mL) was mixed with different
amounts of 5-FU solutions (0.5−2.5 mg/mL) and mechanically stirred
for 2 h at room temperature at 100 rpm. After that, the mixture was
centrifuged at 14 000 rpm for 20 min. The absorbance of the
supernatant was measured at 266 nm to determine the remaining 5-
FU concentration as unloaded drug content. The drug loading
efficiency was calculated as follows:

loading efficiency (%)
weight of initial drug added weight of drug in supernatant

total weight of drug and nanoparticles
100=

−
×

2.4. General Characterization. MNCs and Arg@MNCs were
characterized by TEM, powder XRD, PSA, FTIR, XPS, and TGA
analysis. Transmission electron microscopy (TECHNAI-20-G2) was
used for determination of the morphology and particle size of prepared
samples. Powder XRD measurement was carried out using Bruker D8
advance X-ray diffractometer equipped with Cu K alpha (λ = 0.154
nm). Particle size, polydispersity index (DLS), and zeta potential (ZP)
of MNCs and Arg@MNCs were examined by dynamic light scattering
technique using a Zetasizer Nano ZS90 series (Malvern Instruments).
Particles were dispersed in Milli-Q water at a concentration of 0.1 mg/
mL and sonicated for 20 min for complete dispersion of MNCs and
Arg@MNCs. For the FTIR study, the samples were mixed with KBr,
palletized, and scanned in the wavenumber region of 4000 cm−1 to 400
cm−1 (PerkinElmer Spectrum 65 series). The elemental composition
and oxidation state of Arg@MNCs were measured by photoelectron
spectrometer (SPECS, Surface Nano Analysis GmbH) with mono-
chromatic Al K-alpha (1486.61 eV) X-rays as an excitation source at 13
kV, 100 W. Thermal gravimetric analysis (TGA) was performed on the
TGA instrument (TG/DTA7300 EXSRAR) set for temperature from
30 to 800 °C under a nitrogen flow and a heating rate of 10 °C/min.
Magnetic measurement of Arg@MNCs was carried out using vibrating
sample magnetometer (VSM) instrument (3472−70 electromagnet).

2.5. In Vitro Drug Release Study. In vitro drug release of 5-FU
from Arg@MNCs was studied through the centrifugation method. 5-
FU-loaded Arg@MNCs containing about 1 mg of 5-FU were dispersed
in 10 mL of release medium, i.e., phosphate buffer saline pH 7.4 or
sodium acetate buffer pH 5.0, placed at 37 °C in a shaker incubator. At
the predetermined time interval, the samples were centrifuged and the
5-FU content was measured at 266 nm by UV−vis spectrophotometer
(UV Vis 1800 Shimadzu).

2.6. Stability of 5-FU in Arg@MNCs. To determine the stability,
we redispersed freshly prepared 5-FU-loaded Arg@MNCs in two
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physiological mediums, PBS (pH 7.4) and normal saline (0.9% w/v
NaCl), and stored at room temperature (25 ± 5 °C) and refrigeration
temperature (4 °C). At predetermined time intervals, samples were
centrifuged and the supernatant was analyzed by UV−vis spectropho-
tometry at 266 nm to determine the 5-FU loss during storage.
2.7. Hemocompatibility Studies.A hemocompatibility study was

performed as described previously.41 Human blood was collected into
EDTA solution (5% w/v) containing a falcon tube under aseptic
conditions. Whole blood was centrifuged (4000 rpm, 10 min). The
settled down red blood cells (RBCs) were collected and washed thrice
with normal saline (0.9% w/v) solution. The washed RBCs were
resuspended in the normal saline to make 2% RBS suspension. Bare
MNCs, blank Arg@MNCs, pure 5-FU, and 5-FU-Arg@MNCs at
different concentrations (0, 5, 10, 25, 50, 100, 150, and 250 μg/mL)
were added into 2% RBCs suspensions and incubated at 37 °C with
mild shaking up to 60min. The samples were centrifuged (4000 rpm, 10
min) and the optical density (OD) was measured at 540 nm using a
microplate reader (Synergy H1 Hybrid Reader, Biotek). Normal saline
and Milli-Q water as a negative (0% hemolysis) and positive (100%
hemolysis) control, respectively was used. The hemolysis percentage
(HPs) of all samples were calculated according to the given equation:

hemolysis (%)
OD(T) OD(NC)

OD(PC) OD(NC)
100= −

−
×

where T is test sample, NC is negative control, and PC is positive
control.
2.8. Biodegradation Studies. The biodegradation study of bare

MNCs and Arg@MNCs was determined by quantifying the % Mn
content in physiological media, i.e., phosphate buffer saline (PBS, pH
7.4), sodium acetate buffer (SAB, pH 5.0), and 50% fetal bovine serum

(FBS) at 37 °C using atomic absorption spectroscopy (AAS) (Thermo
scientific, AAS: iCE 3000 SERIES) as reported previously.40

2.9. Cell Culture Study. 2.9.1. In Vitro Cytotoxicity Studies. In
vitro cytotoxicity of bareMNCs, free 5-FU, 5-FU-loadedMNCs, and 5-
FU-loaded Arg@MNCs were evaluated against SW480 and HCT 116
human colon cancer cells. Cells were cultured in RPMI medium
supplemented with 10% fetal bovine serum. For MTT assay, 1 × 104

cells were seeded in a 96-well plate and incubated overnight. Cells were
treated with the different concentrations (0.125−4 μg/mL) of samples
and further incubated for 24 or 48 h. At the end of the incubation
period, the media was removed and 200 μL of fresh media containing
0.5% MTT reagent was added in wells and plates were incubated at 37
°C in the dark for 4 h. Finally, the media was removed. A volume of 200
μL of DMSOwas added to each well and the absorbance was measured
at 570 nm using a microplate reader (Synergy H1 Hybrid Reader,
Biotek). Untreated cells were considered as control.

2.9.2. Cellular Uptake. For cellular uptake studies, 4 × 104 cells
(SW480 and HCT 116) were seeded per well of a 24-wells plate and
were allowed to attach. Cells were treated with 10 μg/mL of bare
MNCs and Arg@MNCs for different time periods. The cells were
further processed as reported previously and the cellular uptake of bare
MNCs and Arg@MNCs was quantified by the determination of Mn
concentration.40

2.9.3. Apoptosis Studies. Acridine orange and ethidium bromide
staining was performed to assess the cellular changes induced by the 5-
FU treatment. About 4× 104 cells (SW480 andHCT 116) were seeded
in a 24-wells plate. After 24 h of seeding, cells were treated with 1 μg/
mL and 2 μg/mL of free 5-FU, bareMNCs, 5-FU-loadedMNCs, and 5-
FU-loaded Arg@MNCs for 24 h. The cells were further processed as
reported previously,42 and microscopic images of cells were acquired.

Figure 1. (a) TEM images of bare MNCs and Arg@MNCs. (b) Particle size distribution histogram of bare MNCs and Arg@MNCs.
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2.10. MRI Measurement. The T1 and T2 relaxation times were
measured using a 3.0 T MRI scanner (Siemens Skyra) equipped with
head coil. The T1- and T2-weighted phantom images were acquired on
the aqueous dispersions of synthesized MNCs and Arg@MNCs with
varying concentrations using an inversion recovery and multi spin echo
pulse sequences, respectively. The parameters used for inversion
recovery pulse sequence were as follows: matrix size = 256 × 320, slice
thickness = 2 mm, spacing gap = 0, field of view (FOV) = 15 cm, phase
(FOV) = 1, repetition time (TR) = 5000ms, time of echo (TE) = 12ms
and inversion time (TI) = 100 to 4000 ms. T2 weighted images were
obtained at echo times with matrix size = 410× 512, the repetition time
(TR) = 6000ms, and the spin echo time (TE) from 40 to 230ms. Other
parameters were similar to that of inversion recovery sequence. The
signal intensity of the appropriate region of interest (ROI) were
obtained at each TI and TE for the T1- and T2-weighted images,
respectively, using the Siemens software and the corresponding T1 and
T2 relaxation times were obtained by fitting these MRI signal amplitude
with the nonlinear least-squares regression eqs 1 and 2 as given below
and described previously in detail.43

M(TI) M (1 2exp( TI/T))0 1= − − (1)

TM(TE) M exp ( TE/ 2)0= − − (2)

The r1 and r2 relaxivities were calculated from the slope of the plots of
inverse relaxation times (1/T1 and 1/T2) versus Mn concentration,
respectively.
2.11. Data Analysis. The experiments were performed in triplicate

(n = 3) and the values are expressed as mean ± SD. The p value <0.05
was considered as statistically significant during data analysis.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterizations of Bare MNCs

and Arg@MNCs. First, bare MNCs were synthesized by our

optimized chemical precipitation method40 and then modified
with Arg to form stable MNCs. The surface functionalization of
MNCs with Arg was optimized by varying Arg concentration
(2−8%w/v), and its effect on the particle size and stability in the
water as well as in cell culture media were observed. A 4% w/v
concentration of Arg was found to be an optimum concentration
for providing stable Arg@MNCs. Formation of nanostructures
was confirmed by different techniques such as TEM, DLS, XRD,
FTIR, XPS, and TGA techniques. Figure 1 shows the TEM
images of MNCs and Arg@MNCs. The size of particles were
uniform with a size distribution of 15.8 ± 1.2 nm and 16.8 ± 4
nm forMNCs and Arg@MNCs, respectively, and having cuboid
shape. The DLS measurements of prepared MNCs and Arg@
MNCs further confirmed the formation of nanosized
particles.40,41,44 The particle size, PDI and ZP of MNCs and
Arg@MNCs are presented in Table 1. These results suggested
that the surface functionalization of MNCs with Arg does not
significantly increase the size of MNCs.
The phase purity and crystal structure of synthesized MNCs

and Arg@MNCs were identified by the XRD pattern as
demonstrated in Figure 2a. The diffraction pattern of bare
MNCs showed peaks at 2θ values 18.1, 28.9, 31, 32.4, 36.2, 38.2,
44.5, 50.7, 53.9, 58.5, 60.1, and 64.8° belonging to the crystal
planes (101), (112), (200), (103), (211), (004), (220), (105),
(312), (321), (224), and (400), respectively. The observed
peaks were correlated with the powder diffraction file no. 24−
0734 (Joint Committee on Powder Diffraction Standards).39,40

Pure L-Arg showed peaks at 11, 14.9, 16.9, 18.4, 19.1,19.5, 23.1,
and 27.4°.45 After the surface modification of MNCs by Arg, the
Arg@MNCs showed the peaks at 2θ values of 18, 28.9, 30.8,
36.1, 38.0, 44.4, 50.8, 53.9, 58.5, 59.9, and 64.6°. The observed
results suggested that no other impurities have found in the
phase purity measurements. Hence, MNCs and Arg@MNCs
indicated the presence of no other oxidation state of Mn.32,39,46

The FTIR spectrum of bare MNCs shows two broad peaks at
617 and 513 cm−1 (Figure 2b) which correspond to the Mn−O
stretching modes of tetrahedral and octahedral sites of MNCs. A
peak at 429 cm−1 is assigned to the bending vibration of
octahedral sites. Therefore, the FTIR spectrum further

Table 1. Particle Size, Polydispersity Index (PDI), and Zeta
Potential (ZP) of MNCs and Arg@MNCs

NP system
TEM size
(nm)

DLS size
(nm) PDI ZP (mV)

MNCs 15.8 ± 1.2 152.5 ± 8 0.591 ± 0.07 −9 ± 0.7
Arg@MNCs 16.8 ± 4 158.8 ± 7 0.191 ± 0.03 −7.4 ± 0.5

Figure 2. Characterizations of synthesized bare MNCs and Arg@MNCs: (a) powder-XRD spectra of bare MNCs, Arg, and Arg@MNCs. (b) FTIR
spectra of bare MNCs, Arg, Arg@MNCs, 5-FU, and 5-FU-Arg@MNCs.
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Figure 3. XPS spectra of Arg@MNCs: (a) survey scan, (b) deconvoluted spectrum of Mn 2p3/2 and Mn 2p1/2 levels, (c) XPS spectrum of oxygen (O
1s), and (d) XPS spectrum of nitrogen (N 1s).

Figure 4.TGA thermogram ofMNCs, pure L-arginine (Arg), and Arg@
MNCs.

Figure 5. M−H curve of Arg@MNCs at room temperature.
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confirmed the formation of MNCs.46 FTIR spectrum of pure
Arg shows the characteristic vibration peaks at 3296 cm−1

(−NH stretching), 3082 and 2855 cm−1(−CH stretching),
1682 and 1631 cm−1 (CN stretching), 1550 cm−1 (CN
bending), 1423 and 1326 cm−1 (CH2 bending), and 1186, 1131,
and 986 cm−1 (−CO stretching).47 Arg@MNCs shows the IR
peaks at 3279 cm−1 (−NH stretching), 2922 and 2861 cm−1

(−CH stretching), 1744 and 1648 cm−1 (CN stretching),
1578 cm−1 (CN bending), 1452 cm−1(CH2 bending), 1260,
1032, and 806 cm−1 (−COH stretching) with the two major
characteristic peaks of bare MNCs at 625 and 511 cm−1. These
observed peaks confirm the successful coating of Arg on the
surface of the MNCs. The FTIR spectrum of pure 5-FU shows
the peaks at 3236 cm−1 (−NH stretching), 2981 and 2833 cm−1

(−CH stretching) 1734 and 1665 cm−1 (−CN stretching),
1427 and 1348 cm−1 (CH2 bending), 1252 and 988 cm−1

(−COH stretching). 5-FU-Arg@MNCs shows the IR peaks at

3177 cm−1 (−NH stretching), 2947 and 2848 cm−1 (−CH
stretching) 1655 cm−1 (CN stretching), 1560 cm−1 (CN
bending) 1399 cm−1 (CH2 bending), 1161, 1090, and 812 cm

−1

(−COH stretching), 623 and 504 cm−1 (Mn−O stretching).
Therefore, the presence of IR peaks of pure 5-FU proved the
drug was loaded successfully into the 5-FU-loaded Arg@MNCs.
Figure 3a shows the XPS analysis of Arg@MNCs. XPS

analysis was performed in order to estimate the oxidation state
and elemental composition. The XPS survey scan of Arg@
MNCs does not show any signs of impurities. As shown in
Figure 3b, c, obtained binding energy values of Mn 2p3/2, Mn
2p1/2, and an O1s peak were 641.1, 652.6, and 530.04 eV,
respectively. The binding energy values of Mn 2p3/2 and Mn
2p1/2 showed differences between the spin−orbit splitting level
of 11.4 eV, which also confirms the formation of Mn3O4
NCs.39,48 The binding energy value of O 1s at 529.7 and
531.9 eV confirmed the presence of Mn2+, and Mn3+ ion in
lattice oxygen of manganese oxide shown in Figure 3d shows the
survey spectra of Arg@MNCs, where a peak of N 1s observed at
401.6 eV, indicating that the Arg is successfully modified on the
surface of MNCs.49

3.2. Thermal Gravimetric Analysis (TGA). Figure 4
depicts the TGA analysis of bare MNCs and Arg@MNCs
from 30 to 800 °C, in which the amount of Arg on the surface of
MNCs was quantified. The bare MNCs showed a weight loss of
2.8% up to 800 °C, whereas Arg@MNCs showed a percent
weight loss of 3.6% up to 800 °C, which clearly indicate the
coating of Arg on the MNCs via physical adsorption and strong
electrostatic interaction.50 Pure Arg showed the percent weight
loss of about 82.2%, indicating the thermal degradation of Arg.
Hence, it is thermally stable up to 230 °C. This indicated that
Arg@MNCs is a thermally stable nanocarrier system and Arg
was successfully modified on the surface of MNCs through
physical interaction.

3.3. Vibrating Sample Magnetometer (VSM). The
magnetization curve of Arg@MNCs at room temperature was
shown in Figure 5. TheM−H curve between magnetization (M)
and applied magnetic field (H) was found to be linear with the
appliedmagnetic fieldmagnetic properties.51,52 TheM−H curve

Figure 6. Biodegradation profile of MNCs and Arg@MNCs in sodium
acetate buffer (SAB, pH 5.0), phosphate buffer saline (PBS, pH 7.4),
and 50% fetal bovine serum (FBS).

Figure 7. (a) Optimization of 5-FU loading on the Arg@MNCs and (b) In vitro 5-FU release profile from Arg@MNCs at 37 °C.
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also did not show any hysteresis, indicating that Arg@MNCs
exhibited paramagnetic properties at room temperature.
3.4. Biodegradation of MNCs. After incubation of MNCs

and Arg@MNCs in PBS pH 7.4, SAB pH 5.0, and 50% FBS, the
observed Mn content at different time intervals are depicted in
Figure 6. As compared to PBS and 50% FBS, the bareMNCs and
Arg@MNCs exhibited faster degradation in SAB. About 89 ±

2.6% and 77.7± 1.6% ofMNCs and Arg@MNCswere degraded
in 24 h in SAB, respectively. On the other hand, about 2 ± 1.1%
and 2.7 ± 0.9% in PBS or 0.33 ± 0.2% and 0.75 ± 0.4%
degradation in FBS were observed for MNCs and Arg@MNCs,
respectively. This higher degradation of MNCs and Arg@
MNCs in SAB reflects the diffusion of Mn2+ ions under the
acidic condition. On the other side, the slow degradation of
MNCs and Arg@MNCs in PBS and FBS showed the stability of
MNCs at blood pH.53,54 It suggested that these nanostructures
may remain stable during the circulation in the blood but
immediately start to degrade after reaching to the endosomes or
lysosomes of the cells. Hence, the Arg@MNCs could improve
the blood circulation time of the developed drug-loaded
nanocarrier.

3.5. 5-FU Loading Efficiency and In Vitro Release
Study of Arg@MNCs. Figure 7a shows the drug loading
efficiency of Arg@MNCs, where the loading of 5-FU was
optimized by increasing the drug concentration while
maintaining constant Arg@MNC concentration. The %LE
was increased with the increase in 5-FU concentration up to 5:2
w/w of Arg@MNCs/drug. The highest loading of 5-FU was
found to be about 11.2 ± 0.2%. An in vitro release of 5-FU from
Arg@MNCs in PBS and SAB is shown in Figure 7b. In PBS, the
5-FUwas released about 1.6% in the first 6 h, whereas about 20%
of 5-FU was released in SAB for the same period. This pH-
dependent difference in the release of 5-FU from Arg@MNCs
was continued in subsequent determinations. After 24 h, about
38% of 5-FU was released in SAB in comparison to only 3%
release in PBS. The stronger hydrogen bonding between 5-FU
and Arg@MNCs in PBS may be responsible for the slow drug

Figure 8. (a−d) Stability of 5-FU-loaded Arg@MNCs in phosphate buffer saline and normal saline at room and refrigeration temperature.

Figure 9. Hemocompatibility studies of bare manganese oxide
nanocuboids (MNCs), arginine-modified MNCs (Arg@MNCs),
pure 5-fluorouracil (5-FU), and 5-fluorouracil-loaded arginine-
modified manganese oxide nanocuboids (5-FU-Arg@MNCs) at
concentrations of 5, 10, 25, 50, 100, 150, and 250 μg/mL.
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release. The higher release of 5-FU in SAB suggested the weak
ionic interaction between 5-FU and Arg@MNCs, and it may be
beneficial for the intracellular delivering of the drug.
3.6. Stability of 5-FU-Loaded Arg@MNCs. The phys-

icochemical or colloidal stability of a drug-loaded nano-
formulation is an important parameter for its clinical and
practical application. Figure 8a−d shows the stability of 5-FU on
the Arg@MNPs. The 5-FU content was measured up to 72 h.
About 99% of 5-FU content was found in the formulation in
both PBS and normal saline at room and refrigeration
temperature. The observed results suggested that Arg@MNCs
is a highly stable system and serves as an excellent carrier for the
5-FU in both conditions.55 This stability of 5-FU in Arg@MNCs
could be attributed to the strong electrostatic interaction
between drug and Arg@MNCs, therefore showing resistivity
toward drug loss.

3.7. Hemocompatibility Study. A hemocompatibility
study was performed to evaluate the toxic effect of prepared
nanoparticles to RBCs.56 Hemolytic toxicities of bare MNCs,
Arg@MNCs, pure 5-FU, and 5-FU-Arg@MNCs after incuba-
tion with RBCs are shown in Figure 9. Up to 5% hemolysis is
considered a safe or nontoxic level.57,58 The bare MNCs (1.7 ±
0.1%) and Arg@MNCs (2.7 ± 0.2%) did not show any
hemolysis. Pure 5-FU exhibited slight hemolysis, i.e., 7 ± 0.4%,
at higher concentration, whereas hemolysis caused by 5-FU-
loaded Arg@MNCs was negligible (3.6± 0.5% hemolysis) at all
tested concentrations. These results indicated that bare MNCs,
Arg@MNCs, and 5-FU-loaded Arg@MNCs had excellent
hemocompatibility and could be used for the pharmaceutical
applications. Importantly, it can also be noted that the toxicity of
5-FUwas decreased after loading into the Arg@MNCs. It can be
explained by the interaction of 5-FU with Arg@MNCs and then
slow release of loaded 5-FU. Thus, the loaded 5-FU is not
available for the interaction with RBCs.

3.8. Induction of Cytotoxicity. In vitro anticancer activity
of free 5-FU and 5-FU-loaded MNCs and 5-FU-Arg@MNCs
was investigated against SW480 and HCT 116 human colon
cancer cells. The cell viability results for cells treated with free 5-
FU, 5-FU@MNCs, and 5-FU-Arg@MNCs at a concentration
range from 0.125 to 4 μg/mL for 24 and 48 h are presented in
Figure 10. Cell viability of both the cancer cells was reduced
significantly after treatment with drug-loaded MNCs than for
free 5-FU. The observed IC50 values of 5-FU@MNCs and 5-FU-
Arg@MNCs against SW480 cells were 4.73 and 4.38 μg/mL,
respectively (Table 2). Free 5-FU did not show cytotoxicity up
to 24 h. After 48 h of treatment, the IC50 value for free 5-FU, 5-
FU@MNCs, and 5-FU-Arg@MNCs were 5.93, 0.82, and 1.16

Figure 10. Effect of 5-FU, 5-FU@MNCs, and 5-FU-Arg@MNCs on cell viability in (a) HCT 116 and (b) SW480 cell lines. Cells were treated with
different concentrations of 5-FU (0.125−4 μg/mL), 5-FU-loaded Mn3O4 nanocuboids (5-FU@MNCs) (0.125−4 μg/mL), and 5-FU-loaded
arginine-functionalized Mn3O4 nanocuboids (5-FU-Arg@MNCs) (0.125−4 μg/mL) for 24 and 48 h.

Table 2. Half-Maximal Inhibitory Concentration Values of 5-
Fluorouracil (5-FU), 5-FU-Loaded Mn3O4 Nanocuboids (5-
FU@MNCs), and 5-FU-Loaded Arginine-Functionalized
Mn3O4 Nanocuboids (5-FU-Arg @MNCs) against Colon
Cancer Cell Lines HCT 116 and SW480 after 24 and 48 h
Incubation

HCT 116 SW480

samples 24 h 48 h 24 h 48 h

5-FU 2.84 ± 0.14 5.93 ± 0.15
5-FU@
MNCs

3.74. ± 1.23 1.63 ± 0.12 4.73 ± 0.98 0.82 ± 0.13

5-FU-
Arg@
MNCs

3.17 ± 0.23 0.077 ± 0.06 4.38 ± 0.90 1.16 ± 0.09
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μg/mL, respectively. The insignificant difference between the
IC50 value of the 5-FU@MNC and 5-FU-Arg@MNC systems
suggested that both systems had the same cytotoxicity against
SW480 cells.59,60 Comparatively, after 24 h, the IC50 values for
pure 5-FU, 5-FU@MNCs, and 5-FU-Arg@MNCs against HCT
116 cells were 8.27, 3.74, and 3.17 μg/mL, respectively. After 48
h of treatment, the IC50 values for free 5-FU, 5-FU@MNCs, and
5-FU-Arg@MNCs were 2.81, 1.63, and 0.77 μg/mL,
respectively.59,61 These results suggest that 5-FU-Arg@MNCs
were more effective than free 5-FU (3.6 times) or 5-FU@MNCs
(2.1 times). It further indicates that Arg-functionalized MNCs

with a combination of 5-FU was more pronounced to HCT 116
cells than SW480 cells.

3.9. Cellular Uptake Study. To further investigate the role
of Arg@MNCs as an in vitro drug delivery vehicle, we incubated
cells with bare MNCs or Arg@MNCs (10 μg mL−1) and uptake
of these nanocarriers by HCT 116 and SW480 human colon
cancer cells were investigated. The cells were digested after 1, 2,
and 4 h of incubation and processed for AAS analysis to quantify
Mn concentration.62,63 The Mn ions amount was found to be
approximately 22.1 ± 1.0 μg and 24 ± 0.4 μg in HCT 116 cells
(Figure 11a) and 19.2 ± 2.7 μg and 22.24 ± 0.4 μg in SW480
cells (Figure 11b) after 1 and 4 h of incubation, respectively,

Figure 11.Cellular uptake study of bareMNCs and Arg@MNCs in (a) HCT 116 cell line and (b) SW480 cell line. Cells were incubated for 1, 2, and 4
h and untreated cells were left as control.

Figure 12. Acridine orange-ethidium bromide assay: (a) against HCT 116 cells and (b) against SW480 cells. Cells were treated with different
concentrations of 5-FU (1 and 2 μg/mL), blank Mn3O4 nanocuboids (MNCs) (1 and 2 μg/mL), 5-FU-loaded Mn3O4 nanocuboids (5-FU@MNCs)
(1 and 2 μg/mL), and 5-FU-loaded arginine-coated Mn3O4 nanocuboids (5-FU-Arg@MNCs) (1 and 2 μg/mL) for 24 h.

ACS Applied Bio Materials www.acsabm.org Article

https://dx.doi.org/10.1021/acsabm.0c00780
ACS Appl. Bio Mater. 2020, 3, 6852−6864

6860

https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00780?fig=fig12&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00780?ref=pdf


with the bare MNCs. The observed Mn ions amount was higher
in the cells incubated with Arg@MNCs. About 34.18 ± 1.0 μg
and 31.2± 3.0 μg of Mn ions was found in HCT 116 cells after 1
and 4 h of incubation. Similarly, about 33.7 ± 0.3 μg and 31.6 ±
1.4 μg of Mn ion was found in SW480 after 1 and 4 h of
incubation. Thus, after 4 h of incubation with Arg@MNCs,
approximately 1.2- and 1.4-times higher Mn ions were observed

in HCT 116 cells and SW480 cells, respectively, than those

incubated with bareMNCs. The increased uptake of bareMNCs

(ZP =−9.02± 0.74) and Arg@MNCs (ZP =−7.37± 0.53) was

due to the interaction with the negatively surface charged cell

membrane. Our results suggested that Arg coating on the surface

of Mn3O4 NCs may be also responsible for internalization inside

Figure 13. Plots of (a, c) longitudinal [T1] and (b, d) transverse [T2] relaxation signal intensities as a function of inversion time and echo time for
aqueous dispersion of bare MNCs and Arg@MNCs.

Figure 14. Plots of (a) T1 and (b) T2 versus Mn concentration for bare and Arg@MNCs. (c) T1-weighted MR images (left) and T2-weighted MR
images (right) of the MNC and Arg@MNC aqueous solutions at various Mn concentrations.
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the cell membrane and simultaneous delivery of 5-FU nearby
cancerous cells.
3.10. Induction of Cellular Apoptosis by 5-FU, MNCs,

5-FU@MNCs, and 5-FU-Arg@MNCs. Figure 12 shows
fluorescent images of SW480 and HCT 116 cells after treating
with 1 and 2 μg/mL of 5-FU, MNCs, 5-FU@MNCs, or 5-FU-
Arg@MNCs. For the determination of cell-death mechanism,
the cells were incubated with DNA intercalating dyes viz. AO/
EB. AO binds to double standard DNA and emits green
fluorescence, but EB emits orange-yellow fluorescence only after
entering into the membrane compromised cells.63,64 Control or
untreated cells showed normal morphology with intense green
fluorescence. Cells treated with free or pure 5-FU had almost
negligible apoptosis to the SW480 cells and a marginal effect on
the HCT 116 cells. Blank nanocuboids were also studied to
examine the apoptosis induced by NCs alone.
No apoptotic sign was observed in two colon cancer cell lines

after treatment with bare NCs. However, a combination with
Arg@MNCs, 5-FU increased the apoptotic cells in HCT 116
cancer cells than SW480 cells. It indicated that the apoptosis
induced by the drug loaded NCs was due to the improved
delivery of 5-FU into the cells by MNCs. As evident from Figure
12a, b, HCT 116 and SW480 cells treated with 1 μg/mL of 5-
FU@MNCs or 5-FU-Arg@MNCs showed both green and
orange fluorescent nuclei due to presence of early and late
apoptosis cells. However, the cell treated with higher
concentration (2 μg/mL) showed a greater number of late
apoptosis cells and observed that a greater number of apoptosis
characteristic such as apoptotic body formation, nuclear
fragmentation and also few necrotic cells observed as cell
blebbing. On the other hand, the untreated cells exhibited
spherical and intact nuclei.
3.11. In Vitro MRI imaging. Figure 13a−d show the

longitudinal and transverse MRI signal intensities as a function
of inversion time and echo time, respectively, for aqueous
dispersions of bare MNCs and Arg@MNCs at various Mn
concentrations. The longitudinal MR signal intensities of
aqueous dispersion were increased and transverse MR signal
intensities were decreased with increase in Mn concentration.
These signal intensities were fitted to the nonlinear least-squares
regression eqs 1 and 2 to determine the respective longitudinal
(T1) and transverse (T2) times, respectively. To investigate the
contrast enhancement of bare MNCs and Arg@MNCs,
longitudinal relaxivity r1 and transverse relaxivity r2 of bare
MNCs and Arg@MNCs were calculated from the linear fitting
of 1/T1 or 1/T2 plot against Mn (mM) concentrations (Figure
14a, b). The values of r1 were estimated to be 0.094 and 0.089
mM−1 s−1 for bare and coated MNCs or values of r2 were
estimated to be 7.35 and 2.16 mM−1 s−1, respectively,65−67 for
bare and Arg@MNCs. As shown in Figure 14c, bare and coated
MNCs showed excellent T1 and T2 contrast enhancement. T1-
weighted images exhibit bright contrast increment with an
increase in the concentration of bare NPs, whereas a decay of
signal intensity was observed in T2-weighted images.

4. CONCLUSIONS
In the present studies, we have successfully developed a
theranostics nanocarrier system by functionalizing Mn3O4
nanocuboids with arginine amino acid. The Arg-modified
MNCs were evaluated for loading of a hydrophilic anticancer
drug 5-FU and for delivering loaded drug to human colon cancer
cells. The pH-dependent degradation of MNCs could be useful
in the selective delivery of the drugs to cancer cells. In

hemocompatibility studies, Arg@MNCs were not only nontoxic
but also decreased the toxicity of 5-FU. The in vitro anticancer
studies against human colon cancer cells indicated that the
delivery of 5-FU by Arg@MNCs was superior as compared to
the pure 5-FU solution. The unique feature of this system was
the presence of Arg, which acts as a multifunctional agent. The
Arg not only stabilized theMNCs in physiological solutions, but
also controlled the release of drug and improved its delivery to
the human cancer cells. Finally, Arg@MNCs also showed high
relaxivity during MRI imaging and could therefore be an
effective tool in diagnosis.
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A B S T R A C T   

The multistep metastasis process is carried out by the combinatorial effect of the stromal cells and the cancerous 
cells and plays vital role in the cancer progression. The scaffold/physical cues aided 3D cancer spheroid imitates 
the spatiotemporal organization and physiological properties of the tumor. Understanding the role of the key 
players in different stages of metastasis, the molecular cross-talk between the stromal cells and the cancer cells 
contributing in the advancement of the metastasis through 3D cancer spheroid co-culture in vitro platform is the 
center of discussion in the present review. This state-of-art in vitro platform utilized to study the cancer cell host 
defence and the role of exosomes in the cross talk leading to cancer progression has been critically examined 
here. 3D cancer spheroid co-culture technique is the promising next-generation in vitro approach for exploring 
potent treatments and personalized medicines to combat cancer metastasis leading to cancer progression.   

1. Introduction 

Cancer is considered one of the most fatal diseases. The deadly 
characteristic attributed to the cancer is its potential for metastasis. The 
choice of a secondary metastatic site doesn’t happen randomly. The 
malignant cell could self-facilitate meaning to a metaphor of favorable 
soil for the seed in the “seed and soil” hypothesis proposed by Stephen 
Paget (Langley and Fidler, 2011). Generally, the initialization of the 
metastasis process could be the result of genetic (Lara et al., 2020) or 
epigenetic (Galle et al., 2020) trigger in most cases. Furthermore, 
compatible niche assisted by the tumor microenvironment (TME) (Hill 
et al., 2020), signaling pathway mutations (Chang et al., 2020a; Porcheri 
and Mitsiadis, 2020), suppression of the inhibitory mechanism (Waku 
et al., 2020), evading immune system regulation (Wu et al., 2020) all 
these comprehensively assist the cancer cell metastasis and growth of 
the tumor at the secondary site. The mechanism of cancer metastasis 
comprises mainly 6 steps: 1) Invasion and Migration, 2) Angiogenesis 
and Intravasation, 3) Survival from the host defence mechanism during 
circulation, 4) Extravasation, and 5) Colonization and 6) Advancement 
of the secondary tumor (Hapach et al., 2019). These steps are depicted 
below in Fig. 1. In the whole process, many molecular mechanisms and 
signaling cascades are involved which will be further elucidated in detail 
wherever relevant for better and in-depth understanding. 

In vitro approaches like co-culture or co-cultivation involves the use 

of two or more cell types that are grown together or culture together for 
multiple purposes. The co-culture techniques are reported to study drug 
resistance (Xin et al., 2019; Wei et al., 2019) autocrine and paracrine 
signaling, cell-cell interaction, cell migration, the effect of the micro-
environment (Wu et al., 2020; Pausch et al., 2020; Lugo-Cintrón et al., 
2020). Cancer cell also behaves differentially when grew in co-culture 
condition. For example when human pancreatic stellate cells (hPSC) 
co-cultured with a pancreatic cancer cell (Panc-1), increased expression 
of KI-67, fibronectin, Smooth Muscle Actin (a-SMA) was observed. This 
suggested proliferation and activation of stellate cells as a result of 
cross-talk between hPSC and Panc-1 in the co-culture system. Lack of 
E-cadherin (an epithelial marker) in Panc1 cell spheroid indicated a loss 
of epithelial character and induction of Epithelial to Mesenchymal 
Transition (EMT) in co-culture (Norberg et al., 2020). These studies 
demonstrated the potential of co-culture and its relevance in recreating 
the TME. 

Co-culture can be classified as, direct and indirect co-culture (Kook 
et al., 2017). Direct co-culture, involves the growth of one type of cell on 
a monolayer formed by another cell (as shown in Fig. 2a-II), 3D spheroid 
formation by mixing two different cell types (as shown in Fig. 2c) 
(Norberg et al., 2020), and one cell type forming monolayer while other 
cell type forms spheroid on it (Kook et al., 2017). 

Indirect co-culture can be subdivided into the use of conditioned 
media or transwell system. In co-culture involving conditioned media, 
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two different cell types are grown separately and the conditioned media 
of one cell type is used to study its effect on the other type of cell pop-
ulation (As shown in Fig. 2b-II). It allows studying the effect of soluble 
secreted factors including growth inducers and cytokines. However, the 
lack of direct cellular contact influences the contact-based cell fate 
process. Transwell-based co-culture (As shown in Fig. 2I & III) includes a 
chamber with a defined pore size membrane where one cell type is 
grown at the bottom chamber and the other on the upper chamber on a 
semi-permeable membrane (Truong et al., 2016). Indeed the existing 
co-culture techniques can be improvised by incorporating the concept of 
3D culture either with a scaffold or without a scaffold. 

For the sake of advancement in cancer biology research, the limita-
tions of two-dimensional (2D) cell culture led to the implementation of 
three dimensional (3D) cell culture system. In 3D cell culture, cells are 
induced to be present in different morphology depending upon the 
substrate or the environment it is present in. As observed through many 
types of research, the 3D cell culture facilitates cancer cells to be in 
similar cellular topography, gene expression, metabolism, and signaling 
alike to the cancer cell in the physiological condition (Nanki et al., 2020; 
Jacob et al., 2020). It is found that in many research articles there are 
different nomenclature used for 3D spheroids and have been used 
sometimes interchangeably. Hence, it is advisable to define and use the 
terms according to certain criteria for accurate representation. Hereby 
we postulate certain nomenclature with their probable definition hoping 
to define their usage in an accurate manner in Table 1. This kind of 
particular nomenclature pattern if followed it will be easy and clear to 
the reader and researcher about the origin, composition, and what that 
3D cell aggregate represented in the experiment. 

The 3D spheroid culture has been trending and accepted as an in vitro 
model nearest to the in vivo micro tumors in context to the spatial or-
ganization, physiological characteristics, the micro-environmental fac-
tors, and the molecular blueprint of in vivo micro tumors. Thus, the 3D 
spheroid recapitulates the nodal structure of solid tumors by mimicking 
various such aspects. 3D spheroids can mimic the nutrient gradient 
present in the in vivo tumors in which monolayer cultures cannot reca-
pitulate which was demonstrated in an amino acid uptake study con-
ducted on spheroids compared to monolayer culture (Pawlik et al., 
2000). Studies have also demonstrated the heterogeneous zonal cell 

population in the tumor (Pawlik et al., 2000). Also, the spheroids 
replicate pH gradient, with a lower pH core and periphery showing little 
high pH and the hypoxic condition alike to the in vivo micro tumors 
(Al-Husari et al., 2014; Langan et al., 2016; Mukomoto et al., 2021). The 
drug resistance is also co-related to the pH gradient in the tumor 
(Swietach et al., 2008; Evans et al., 2011; Hulikova et al., 2011; Shir-
manova et al., 2015; Zagaynova et al., 2017). Heterogeneous popula-
tion, hypoxic condition, and pH gradient all together mimic the 
avascularized tumor. This interaction is shown in Fig. 3, where various 
stromal cells interact with tumor cells in the TME. 

The interaction of the tumor-associated stromal cells (TASCs) and the 
cancer cell is all that creates this deadly play named ‘cancer progres-
sion’. Thus, it is very important to study and elucidate various aspects 
minutely involved in this mechanism to find different diagnostic and 
therapeutic strategies to fight cancer. Co-culturing these TASCs with the 
cancer cell in the spheroid form of the specific tissue in turn attempting 
to mimic TME and tissue stiffness in vitro like the in vivo condition could 
help to understand the exact scenario which imposes and facilitates the 
cancer progression. One such study also demonstrated the same, as 
shown in Fig. 4, where spheroid-based triple co-culture of PANC-1 
(Pancreatic cancer cell): MRC-5 (fibroblast): Human umbilical vein 
endothelial cells (HUVEC) were directly co-cultured together as a 
spheroid. In this multicellular spheroid, HUVEC is present in the center 
of the spheroid, while the fibroblast is in the core. Pancreatic cancer cells 
were homogeneously distributed in the spheroid (Lazzari et al., 2018). 
This spheroid co-culture mimic the complex heterogeneity of tumor in 
the tumor microenvironment. 

The molecular insights derived using 3D cancer spheroid co-cultured 
with the stromal cells and/or immune cells in vitro contributing to cancer 
metastasis have been meticulously discussed ahead in this review. 
Cancer progression endowed in each crucial step of metastasis eluci-
dated through 3D cancer spheroid co-culture system has been further 
reviewed in-depth. 

Fig. 1. The Schematic describes the stages involved in the metastasis process; Invasion and migration, Angiogenesis, Intravasation, Host defence and survival, 
Extravasation, Colonization at secondary site. In the process of metastasis there are many stromal and tumor associated cells which facilitates the process 
of metastasis. 
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2. Co-culture of cancer spheroids to study vascularization/ 
angiogenesis 

2.1. Vascularization and its role in cancer progression 

Tumor proliferation and growth led to increment in the size of the 
tumor. Increase in the tumor size, limit the nutrient and oxygen supply 
to the tumor cells which in turn hinders its further growth and prolif-
eration. This leads to the activation of signals that promote neo-
vascularization in the tumor. This avascular to vascular phase transition 
in tumor is often known as “angiogenic switch”. The formation of new 
blood vessels provide an adequate supply of nutrients as well as oxygen, 
which are the basic requirement for tumor growth. Various signals from 
the tumor microenvironment that promote angiogenesis are Vascular 
endothelial growth factor (VEGF), Fibroblast growth factor (FGF), 
Hypoxia inducible factor-alpha (HIF-1α), Platelet-derived growth factor- 
beta (PDGF-β), Tumor necrosis factor-alpha (TNF-α), and angiopoietin. 
(Joo et al., 2019; Semenza, 2003; Goel and Mercurio, 2013). 

Angiogenesis can be induced by a balance between pro-angiogenic 
and anti-angiogenic factors. Pro-angiogenic factors are the one which 
induces an angiogenic switch to form neovascularization (Kazerounian 
and Lawler, 2018). Cancer cells adapt different strategies to form new 
blood vessels. Such strategies are angiogenesis, vascular co-option, 
vasculogenesis, and vasculogenic mimicry (Zuazo-Gaztelu and Casa-
novas, 2018). Out of these strategies, most studies have explored 
angiogenesis through an angiogenic switch. Whenever proangiogenic 
molecules are higher or anti-angiogenic molecules are lower, an 
angiogenic switch is triggered leading to neovascularization in the 
tumor. In this switch the cancer cells secrete VEGF (Goel and Mercurio, 
2013; Zheng et al., 2006) and FGF in the tumor microenvironment. On 
the other hand, the endothelial cells of normal blood vessels express the 
receptor for VEGF. Also, Perivascular cells that surround the endothelial 
cells (EC) get detached and thus, exposes the basement membrane. 
Altogether, the above mentioned mechanisms disrupt the normal vessel 
integrity or form leaky vasculature. This combinatorically further pro-
motes angiogenesis (Zheng et al., 2006; Weis and Cheresh, 2011). 

In a study reported by Thomas et al., the interaction between a 
cancer cell and fibroblast and its influence over angiogenesis was 
demonstrated. The condition media from Normal Human Dermal 

Fig. 2. Schematic diagram describing the 
different co-culture methods. (a) (i) Monolayer 
cell culture (ii) Direct co-culture of more than 
one cell type. (b) (i) Spheroid culture on upper 
chamber of transwell (ii) Conditioned media 
derived from one cell type used treat on 
another cell type (iii) Spheroid culture on the 
upper chamber of the transwell co-cultured 
with another type of cells cultured on the 
lower chamber of the transwell-indirect co- 
culture. (c) (i) Scaffold based spheroid forma-
tion and spheroid formation without scaffold 
(ii) Spheroids directly co-cultured with another 
type of cells and spheroid co-culture of cancer 
cells along with stromal cells.   

Table 1 
Postulated nomenclature for in vitro spheroids and their probable definitions.  

No. Nomenclature Postulated definition References 

1. Spheroids A 3D cellular aggregate 
formed of any type of 
cells showing 
compactness that has 
altogether a spherical 
morphology. It is better to 
say it as “cancer 
spheroid” to define that 
the spheroid consists of 
cancerous cells. 

(Han et al., 2020a; Theard 
et al., 2020;  
Rodríguez-Dorantes et al., 
2021) 

2. Multicellular 
tumor spheroids 
(MCTS) 

They are similar to 
spheroid, but it 
additionally defines that 
there are multiple types 
of cells in the spheroid 
representing the different 
cells present in in vivo 
TME. 

(Lazzari et al., 2018; Lee 
et al., 2018) 

3. Organoids The term can be 
specifically coded to 3D 
spheroid formed from the 
cells from the patient- 
derived tissue section. 
More precisely if it is a 
tissue section from a 
tumor of a particular 
organ e.g., liver or lung 
adenocarcinoma it can be 
stated as “Liver cancer 
organoid or lung 
adenocarcinoma 
organoid”. 

(Schnalzger et al., 2019;  
Rosenbluth et al., 2020;  
Dijkstra et al., 2020) 

4. Tumoroids 3D cancer cell aggregate 
having shape other than 
spherical e.g., grape 
shaped or irregular 
shaped aggregates, 
representing tumor of 
specific tissue/organ. 

(Wang et al., 2020a;  
Karakasheva et al., 2018;  
Lee et al., 2019)  
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Fibroblast (NHDF), T3M4, and co-culture (T3M4, NHDF) were used to 
culture HUVEC cells. HUVEC grown in co-culture conditioned media 
demonstrated a two-fold angiogenic effect, longer branches/tube for-
mation as compared to controls where starving media and VEGF were 
provided externally. This study suggests that cancer cells and fibroblast 
did not increase angiogenesis, instead cancer cell-activated fibroblast 
influence angiogenesis. From secretome analysis of co-culture media, 
pure expression of chemokine (C-C motif) ligand 2 (CCL2) and C-X-C 
Motif Chemokine Ligand 8 (CXCL8) was observed. Further, the CCL2 
and CXCL8 expressions were found to be contributed by the fibroblasts 
(Pausch et al., 2020). WNT2 (Wingless type MMTV integration site 
family member expressed by CAF enhances angiogenesis by affecting 
endothelial cells. Co-culture with WNT2 overexpressing fibroblast BJ1 
and CAF individually with HUVEC formed larger vessels, increased 
vessel area, and branch point than control (Daniela et al., 2020). 

Macrophages also enhance the angiogenic potential of tumor cells. A 
recent study co-cultured adipocyte with the macrophages to demon-
strate a mechanism called immunomodulation (Yadav et al., 2020). The 
treatment of leptin, insulin, IL-6, and TNF-α increases VEGF levels in the 
J774.A1 and THP-1(human monocytic cell) macrophages. Co-culture 
with adipocytes enhances IL-8, Serpin E1/PAI1, Matrix metal-
lopeptidase 9 (MMP9), Pentraxin3 (PTX3), pro-metastasis, and 
pro-angiogenic protein expression. Increased tube formation was 
observed in HUVEC cells, when co-cultured condition media was sup-
plied, as compared to the macrophages condition media (Yadav et al., 
2020). A study was done where the role of synthesized peptide (JP3) on 

angiogenesis was demonstrated. The JP3 peptide inhibits the angio-
genesis in the tumor. An anti-angiogenic peptic JP3 treated Gastric 
cancer (GC) cells condition medium inhibits tube formation in vitro. JP3 
ubiquitinylate K610 amino acid in SP1 protein, followed by its degra-
dation. Co-immunoprecipitation reveals the interaction between 
TRIM25 and SP1. JP3 phosphorylation decreases TRIM25 ubiquitina-
tion, thus increases its stability. JP3 treatment induces TRIM25 phos-
phorylation which further degrades SP1 by ubiquitinylation at K610 
position, thus inhibiting MMP2 transcription and further action. JP3 
indirectly inhibits angiogenesis. JP3 treatment decreases tumor pro-
gression via inhibiting angiogenesis (Chen et al., 2020a). Cancer asso-
ciated fibroblast and macrophages promote tumor angiogenesis and 
tumor progression. Inhibiting angiogenesis by inhibitors or drugs can be 
a better therapeutic option for cancer treatment. Angiogenesis is the first 
step towards promoting invasion and migration of tumor as well as 
providing nutrient and oxygen to the cancer cell driving towards cancer 
progression. 

2.2. Co-culture of cancer spheroids to study vascularization 

Angiogenesis in the tumor can be best viewed by a co-culture-based 
study. Angiogenesis involves or is initiated via the complex crosstalk of 
cancer cells with neighbouring cells like endothelial, fibroblast, and 
macrophages. In a study, the angiogenic potential was demonstrated by 
two types of co-culture spheroids: Mixed spheroid containing endothe-
lial cells (ECs) with mesenchymal stromal cells (MSCs) and shell 

Fig. 3. The schematic diagram shows the stromal cells and other tumor associated cells interacting with the cancer cells in the tumor microenvironment.  

Fig. 4. SPIM 3D topography of MCTS, the triple 
co-culture (PANC-1: MRC-5: HUVEC) at day 4 
and day 7. (a, e) Overlay of blue (Hoechst 
33342, nuclei), green (GFP-expressing MRC-5 
fibroblasts) and red (RFP-expressing HUVECs) 
fluorescence; (b, f) single blue channel (Exci-
tation/emission 405/440 nm) showing all cell 
nuclei; (c, g) single green channel (Excitation/ 
emission 488/525 nm) showing GFP-expressing 
MRC-5 fibroblasts; (d, h) single red channel 
(Excitation/emission 561/605 nm) with RFP- 
expressing HUVEC cells (Lazzari et al., 2018) 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article).   
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spheroid containing spatially arranged ECs in the periphery of MSCs. 
Compared to homotypic MSC spheroid, the mixed co-culture spheroid 
exhibited more number of branches (51.3 ± 35.3 vs. 72.9 ± 18.9), total 
segment length (2501.6 ± 2337.7 μm vs.5533.5 ± 1679.5 μm, branch 
length (2265.3 ± 1397.6 μm vs. 3523.1 ± 836.7 μm), number of seg-
ments (68.1 ± 60.6 vs. 124.4 ± 34.0). Mixed co-culture spheroid has 
higher segment length (2237.8 ± 242.0 and 829.3 ± 139.8 μm), a 
number of segments (50.5 ± 11.0 and 19.3 ± 5.2) than shell co-culture 
spheroid. siRNA silencing of NOTCH3 lowers the sprouting potential of 
MSC in the mixed spheroid than control (spheroid were not treated with 
siRNA) (Vorwald et al., 2020). Thus, cell-cell communication was 
demonstrated by higher expression of NOTCH3 in mixed spheroid 
compared to shell spheroid. 

In a study, the role of Ionizing radiation in the functioning of the 
endothelial cell was determined. Where Ionizing radiation (IR) exposure 
increases endothelial cell dysfunction and endothelial cell apoptosis. 
Caveolin (CAV-1) presence increased EC survival while survival 
pathway AKT was decreased in CAV1 deficient EC. Radiation increased 
cell death by activating the p38 MAPK pathway. IR irradiation was given 
to CAV-1 deficient EC, because of which sphingomyelinase (ASMase) 
level was increased. Ceramide was also accumulated upon IR treatment 
in CAV-1 negative EC. Radiation therapy to spheroid co-culture of 
prostate carcinoma cell (LNCaP) and CAV-1 deficient EC decreased 
growth and induced cell death. CAV-positive EC cells were resistant to 
ionizing radiation, CAV deficient cells were sensitive to it, and induced 
cell death by ASMase/ceramide lipid rafts in the cancer cell. CAV- 
positive EC, as well as cancer cells, were resistant to radiation therapy 
(Ketteler et al., 2020). Angiogenesis is the key component for tumor 
progression that also drives tumor metastasis. Knowledge regarding the 
angiogenesis mechanism or signaling cascade can be better known by 
spheroid co-culture in vitro. The use of specific inhibitors, drugs to target 
angiogenic mechanisms will be better elucidated by a co-culture-based 
study. 

3. Co-culture of cancer spheroids to study invasion 

3.1. Introduction to invasion and role in cancer progression 

Invasion is the first step towards metastasis. Tumors at the primary 
site proliferate then the metastatic cell from the tumor invade the sur-
rounding stroma by dissolution/breaking the basement membrane 
(Valastyan and Weinberg, 2011). Majorly the process of invasion can be 
described in three steps. The first step, where no membrane protrusion is 
observed and no invadopodia formation is observed. This step is marked 
as a non-invasive step where cells reside within the cellular mass. In 
second, which is also known as the invadopodium stage, the actin-rich 
invadopodia is formed. The third step, known as invasive can be char-
acterized as the relocation of the leader cell nucleus and cells are 
observed to be invading the surrounding stroma by moving out from the 
cellular mass followed by ECM adhesion, its degradation by MMPs and 
proteases, leading to invasion (Hwang et al., 2019; Alfonso et al., 2017). 

Cancer cell detaches from the primary tumor and invade as indi-
vidual cell or undergo collective cell migration by initially indulging in 
phenotypic change - EMT or partial EMT and then through performing 
amoeboid movement or collective amoeboid migration. Factors such as 
Ras homolog family member A (RhoA) are important for single-cell 
amoeboid invasion. Also Rac, proteases, and integrin play key roles in 
mesenchymal single-cell migration. (Valastyan and Weinberg, 2011; 
Krakhmal et al., 2015). In the initial stage, the cells within the tumor are 
round in morphology, then after they change into an elongated 
morphology, and start to invade the stroma. Epidermal growth factor 
(EGF) is reported for increasing the invasion of MCF-7 cells (Truong 
et al., 2016). Cancer-associated fibroblasts present in the tumor stroma 
act as chemo-attractants which promotes the invasion of SUM-159 cells 
(Truong et al., 2016). Further two types of invasions, bottleneck and 
multiclonal were observed based on the clonal evolution in colorectal 

cancer. Bottleneck represents the new tumor cells that arise within a 
tumor. These have higher metastatic potential and are invasive. 
Whereas, in multiclonal tumor cells have the potential for invasion 
irrespective of whether they arise earlier or late in the tumor (Ryser 
et al., 2020). 

3.2. Co-culture of cancer spheroids to study invasion 

As compared to monoculture spheroids, the invasive property of cells 
in co-culture spheroids is reported to be increased by 85 % (Hwang et al., 
2019). The co-culture condition media delivers factors like IL-6, IL-8, 
CXCL1, Tissue inhibitor of metalloproteinases 1 (TIMP-1), Tissue in-
hibitor of metalloproteinases 2 (TIMP -2), VEGF-A, macrophage 
colony-stimulating factor (M-CSF), Granulocyte-macrophage colony-s-
timulating factor (GM-CSF) which play key roles in the invasion of the 
tumor cells. Indirect co-culture of pancreatic cancer cells (Panc-1) with 
pancreatic stellate cells increased α-SMA (1.88 fold) and Transforming 
growth factor-beta 1(TGF- β1) (1.47 fold) expression with spindle shape 
morphology of stellate cells suggesting activation of a pancreatic stellate 
cell into CAF. Collagen1 deposition increased with changes in fiber 
orientation at the outer boundary of a spheroid. Also, an increase in 
fibronectin expression altogether suggests invadopodia formation 
(Hwang et al., 2019). In another study, varied invasive potential of CAF 
subtypes was reported. Out of four CAF subtypes (CAF-S1, S2, S3, S4) 
identified in breast cancer lymph node metastasis, only two CAF-S1 and 
CAF-S4 invade more in the lymph node. CAF-S4 presence increases the 
invasion of MDA-MB-231 cells than CAF-S1 when investigated in the 3D 
culture system via promoting the NOTCH pathway (Pelon et al., 2020). 
IL-32 secreted from CAF binds to the arginine-glycine-aspartic acid 
(RGD) domain of integrin β3 on breast cancer cells and activates p38 
MAPK signaling leading to invasion and EMT. Normal fibroblast does 
not show this kind of invasion-promoting characteristics (Wen et al., 
2019). Similar paracrine crosstalk between CAF and gastric cancer cells 
was observed. CAF secreted IL-33 binds to the ST2L receptor on gastric 
cancer (GC) cells and activates the ERK1/2 that in turn induces SP1 
binding to ZEB2 promoter activating ZEB2. On the other hand, as a part 
of crosstalk GC releases TNF-α that binds to TNFR2 and activates 
NK-KB/IRF-1 signaling that leads to IL-33 secretion from CAF that 
further promotes invasion, migration, and EMT (Zhou et al., 2020). 

Macrophages present in the tumor microenvironment also enhances 
the invasion of cancer cells. Co-culture of alternatively activated mac-
rophages (AAM) and high-grade serous ovarian cancer (HGSOC) cell line 
(OVCAR3, OVCA433, OV90) was performed to study the spheroid 
spreading/invasion, detachment from a primary tumor. AAM decreases 
the OVCAR3 spheroid spreading whereas increases the spreading of 
OV90. Ligands like FMS-like tyrosine kinase 3 ligand (FLT3L), Heparin- 
binding EGF-like growth factor (HB-EGF), IL-8, Leptin were secreted 
from AAM and its receptor found on the HGSOC cell line were upregu-
lated in presence of AAM. The influence of the AAM secreted ligands in 
turn activated JAK/STAT3 pathway further aided the release of MMP9 
that increases cancer cell spreading and influences invasion (Fogg et al., 
2019). CCL5 and CCL2 are the two important cytokines secreted by 
Tumor-Associated macrophages (TAM), which regulate cancer cell 
growth in the tumor microenvironment. THP-1 derived 
Tumor-associated macrophages secrete CCL5 ligand which binds to a 
CCR5 receptor present on prostate cancer cell activate β-catenin/STAT3 
pathway, leads to increased invasion, migration, and EMT (Huang et al., 
2020a). Further, as an example of stromal crosstalk in the tumor, the 
lung carcinoma cells aided M2 polarization (TAM-like) of the 
co-cultured macrophages. Additionally, the TAM induced A549 and 
NCI-HI975 cells invaded up to longer distances by facilitating upregu-
lation of αB-Crystallin (CRYAB) under the influence of TAM conditioned 
medium (Guo et al., 2019). The stromal cell such as endothelial cells was 
co-cultured with Glioblastoma cells in a collagen 1 gel. The presence of 
endothelial cells enhances the invasive potential of glioblastoma cells in 
spheroid co-culture (McCoy et al., 2019). This is shown in Fig. 5. Thus, 
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the cancer-stromal cell crosstalk seems to play a vital role in promoting 
cancer cell invasiveness leading to enhanced metastasis. Co-culture 
systems provide relevant in vitro conditions to study such important 
phenomena. 

4. Co-culture of cancer spheroids to study migration 

4.1. Introduction to migration and role in cancer progression 

Metastasis refers to the migration of tumor cells from the primary site 
to a secondary site or destined secondary organ. It involves steps as 
invasion, EMT, intravasation into circulation, survival within the blood 
circulation and arrest at the capillary site, extravasation into a secondary 
organ where they either proliferate or remain dormant for a prolonged 
period, then leading micro-metastasis to macro-metastasis by colonizing 
at secondary site. Migration can occur early when the primary tumor is 
unable to detect or in the later stages. Tumor cells adopt the new 
microenvironment to become highly proliferative. TGF-β, EGF, and CSF- 
1, L-and P- selectin, PDGF, αvβ3 and αvβ5 integrin, Small GTPase, Rho, 
Rac and cdc42, P120, and E-cadherin are some of the factors that help in 
metastasis of various cancers. Breast cancer cells metastasize to bone, 
liver, lung, and lymph nodes (Valastyan and Weinberg, 2011; Mego 
et al., 2010; Chambers et al., 2002; Lambert et al., 2017; Venhuizen 
et al., 2020; Chen et al., 2018). 

Macrophage and fibroblast cells enhance the migration of cancer 
cells. TAM was observed to be recruited by cancer-derived succinate. 
Succinate promotes migration of MCF-7, PC3, LLC, A549, and HT-29 
cancer cells in a dose-dependent manner. Macrophages increase LLC 
cancer cell migration via IL-6 secretion. Cancer cell releases succinate 
that binds to SUCNR1 receptor on the cancer cell and promotes HIL-1A 
signaling in an autocrine manner. Succinate increases the migration of 
cancer cells via direct and indirect ways through macrophages (Wu 
et al., 2020). TAM enhances the invasive ability of HSPCs tumor cells by 
secreting the CXCL1 ligand. XIAOPI formula decreases the CD206, 
CD163, and Arg1 marker expression, thus inhibit tumor invasion (Zheng 
et al., 2020). CAF-S1 induces breast cancer migration via CXCL12/TGFβ 
pathway (Pelon et al., 2020). SOX2 higher expression confers the pro-
liferative advantage and promoted invasion and migration of breast 
cancer cells. SOX2 expression increases adhesion to brain microvascular 
endothelial cells and transmigration. Breast cancer cells with higher 
SOX2 expression induce expression of FSCN1 and HBEGF genes via AKT 
and β-catenin signalling and in turn promotes brain metastasis (Xiao 
et al., 2020). 

4.2. Co-culture of cancer spheroids to study migration 

Tumor cell migration can be influenced by different ECM compo-
nents. Lugo-Cintrón et al., used different ECM mimicking matrix 
(collagen, fibronectin with collagen) with fibroblast incorporated in it to 
demonstrate the migration of tumor cells. They developed a microfluidic 

model mimicking the complex tumor microenvironment of breast can-
cer. Cross-talk between fibroblast and cancer cells was determined via 
co-culture technique. The liquid bridge was formed between two cell 
populations that separate them but allow soluble factor exchange. Breast 
cancer cells activate the human mammary fibroblast (HMF). This cross- 
talk influences migration of cancer cells on different matrices like 
collagen and fibronectin rich-collagen. The average number of 
migrating cancer cells (146 ± 70) was less in the collagen matrix and 
high (319 ± 62) in the fibronectin-rich matrix in co-culture with HMF 
cells. When co-cultured with CAF, number of migrating cancer cells 
found in collagen were 224 ± 76 and 380 ± 61 cells in fibronectin rich 
matrix. Suggest that the fibronectin-rich matrix with CAF or HMF 
fibroblast increases the migration potential of cancer cells. The average 
migrating distance of MDA-MB-231 when co-cultured with HMF was 
reported 139.9 ± 20.4 μm in a collagen matrix and 189.6 ± 16.3 μm in 
fibronectin rich matrix. Migration can be viewed as the degradation of 
ECM protein by MMP secretion, which enhances cell migration. An in-
crease of MMP-2 (4.3-fold), MMP-9 (2.3-fold), and MMP-3 (2-fold) was 
observed in the fibronectin rich matrix with HMF. Whereas the increase 
in MMP-3 (14 fold) and MMP-9 (3 fold) was observed in the fibronectin- 
rich matrix when co-cultured with CAF. Thus, suggesting tumor 
microenvironment with different fibroblasts influences breast cancer 
migration (Lugo-Cintrón et al., 2020). Further on direct co-culture of 
Pancreatic tumor cells (PANC-1 and BXPC-3) with the Pancreatic stellate 
cells (PSC) showed increased Vimentin, TGF-β, CTGF, TIMP-1 markers 
expression. PANC-1 spheroid had high expression of MT1 (membrane 
type-1)-MMP, MMP-2, MMP-13, and cleaved collagen with invadopodia 
formation - a characteristic of individual cell migration. Whereas BxPC-3 
showed both collective and individual cell migration (showed the 
mesenchymal and amoeboid mode of individual cell migration) as 
shown in Fig. 6. The number of pancreatic cancer cells increased and 
migrated up to 200 μm when co-cultured with PSC cells which were not 
observed in pancreatic cell monoculture conditions showing the influ-
ence of the stromal cells on the pancreatic cancer cell migration (Kim 
et al., 2020a). 

Another interesting study to understand the role of interstitial flow in 
cancer cell migration was determined using a microfluidic device. In 
presence of interstitial flow, average speed was 0.30 ± 0.01 μm/min, 
and in control 0.23 ± 0.01 μm/min was observed. Mean square 
displacement (MSD) and migration speed enhanced in presence of flow 
for MDA-MB-231 cells. Migration speed was increased in presence of 
flow (0.33 ± 0.01 μm/min in comparison to control (0.20 ± 0.02 μm/ 
min). Thus, the interstitial flow was observed to be influencing the cell- 
cell adhesion within the tumor promoting the cancer cell migration 
(Huang et al., 2020b). Spheroid co-culture with tumor stroma and ECM 
mimicking scaffold can view invasion and migration similar to in vivo 
condition. As well as steps of cancer metastasis like an invasion, intra-
vasation, survival in the circulation, and extravasation into secondary 
organs can be determined via spheroid co-culture. 

Fig. 5. Representative image of co-culture of 
cancer spheroids to study invasion. The Glio-
blastoma cell spheroid co-cultured with endo-
thelial cells showed more invasiveness into the 
collagen matrix (a) Confocal micrographs of 
immuno stained invasive Glioblastoma cells 
(green) in the presence of Endothelial cells 
(mCherry). (b) Time lapse light microscopic 
image over 72 h, showing enhanced invasive-
ness of the Glioblastoma cell spheroid in the 
presence of endothelial cells (McCoy et al., 
2019) (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article).   
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5. Co-culture of cancer spheroids to study EMT 

5.1. Role of EMT in cancer progression 

Cancer is a multifaceted disease. The cellular population involved in 
cancer is always smarter than the healthy cell as they find and activate 
different cellular types of machinery. Out of them Epithelial to Mesen-
chymal Transition of cancer cells is pronouncedly considered to be a key 
player in cancer progression. Altering molecular signalling, genomic, or 
epigenetic (Galle et al., 2020) regulation related to EMT can facilitate its 
survival, drug resistance plus aids its progression too. Hypoxic condition 
in tumor elevates epithelial cell adhesion molecule (EpCAM) N-glyco-
sylation in turn increasing the expression of EMT markers – Vimentin 
and N-cadherin (Zhang et al., 2020). Also, modulation of E-cadherin is 
important for induction of EMT and regulating various stages of 
metastasis (Na et al., 2020; Kim et al., 2020b). MicroRNAs play 
important role in modulating EMT, where miRNA delivery via exosomes 
also plays an important role (Lin et al., 2020). miR‑708‑5p lower 
expression aids EMT via modulating ZEB-1 expression (Feng et al., 
2020). The lower microRNA lethal-7 expressing cells were found to be 
more potent in stemness and spheroid formation and less EMT score 
(Chirshev et al., 2020). According to a high-grade serous ovarian cancer 
(HGSOC) patient-derived xenograft (PDX) study and based on the 
growth pattern observed from its orthotopic PDX, the epithelial 
phenotype had characteristics of tumorigenicity and self-renewal. 
Whereas the mesenchymal phenotypic cells had more invasive and 
migratory potential. Similar roles played via epithelial and mesen-
chymal state switching of cancer cell was observed using RFP + to GFP +
transiting cell depending upon the activation of Cre expression symbolic 
to pre and post EMT tumor cells respectively. The once E to M transited 
cell reverting to epithelial state again gives rise to secondary tumors. 
This signifies the role of cell plasticity in metastasis and cancer pro-
gression (Lourenco et al., 2020). 

Further, a study stated the association of HOX transcript antisense 
intergenic RNA (HOTAIR) (long non-coding RNA) to the hybrid 
Epithelial-Mesenchymal phenotype leading to partial EMT. The c-MET 

expression is suppressed via caveolin-1 modulation by the over-
expression of HOTAIR giving the cell ability to survive in an anchorage- 
independent environment and increasing its collective migration ability, 
overall supporting the cancer metastasis (Topel et al., 2020). 

For evaluating the EMT, methods of calculating EMT scores are being 
implemented where various approaches have emerged. EMT score =
Average of RNA sequence z score of mesenchymal marker genes - 
Average of RNA sequence z score of epithelial marker genes (Chae et al., 
2018), EMT score = Mean of Mesenchymal marker expression value – 
Mean of epithelial marker expression value (value normalized by the 
expression value of housekeeping gene) (Chirshev et al., 2020) and 
another approach; EMT score = Ratio of (sum of expression value of 
mesenchymal gene) to that of (sum of expression value of epithelial 
gene) (Lourenco et al., 2020). The more the EMT score, the more is the 
EMT potential. 

Cancer cells accomplish the event of EMT aided by the co-ordination 
of signalling pathways like NOTCH1-HEY1 (Xie et al., 2020), 
WNT/β-catenin (Kim et al., 2019a; Bai et al., 2020), and TGF-β signal-
ling (Camerlingo et al., 2019). As an apt plan of action, elucidation of 
phytochemicals or synthetic compounds facilitating reversal or sup-
pression of EMT is one of the best strategies to inhibit cancer progres-
sion. Triptolide (Diterpenoid derived from Tripterygium wilfordii Chinese 
herb) acts on the EMT mechanism by lowering the Twist, SNAIL, and 
SLUG expression (Acikgoz et al., 2020). Many metabolic inhibitors tar-
geting EMT are studied such as Rolipram, Simvastatin, Suramin, Eto-
dolac, etc. Further elucidation of the combinatorial effect of such EMT 
targeting drugs and for gaining more in-depth information regarding 
EMT, co-culture spheroid system could be an appropriate and efficient in 
vitro model. 

5.2. Recent studies - co-culture of cancer spheroids to study EMT 

EMT is considered to be the main mechanism involved in cancer 
metastasis leading to cancer progression. The 3D culture system is more 
relevant to the in vivo condition where more cells are found to be in EMT 
state than in the 2D culture system. Emphasis should be given to 

Fig. 6. pFAK expression at the leading edge of protrusion and morphology of podium between BxPC-3 and PANC-1 cells in co-culture condition. M: mesenchymal 
mode and A: amoeboid mode White arrow: spike-like filopodia. Scale bar: 20 μm (Kim et al., 2020a). 
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developing better in vitro models which can mimic cell heterogeneity as 
present in the tumor microenvironment and then the EMT could be 
studied in more relevant culture condition (Hum et al., 2020). The 
controversy on the effect of MSCs in induction or suppression of EMT 
still prevails. Many studies have shown that MSCs have an 
anti-metastatic effect and suppressive effect on EMT markers (He et al., 
2018; Meleshina et al., 2015; Casson et al., 2018; Brown et al., 2019). 
Whereas, in a study MCF-7, a non-metastatic breast cancer cell line was 
co-cultured with bone marrow-derived MSCs forming spheroid, loss of 
epithelial characteristic of MCF-7 was observed. E-cadherin was down-
regulated and SNAIL was upregulated, but no significant change was 
observed in TWIST and ZEB1 expression. Co-culturing MCF-7 with MSCs 
provided increased metastatic characteristics to MCF-7 (Pal et al., 2020). 

Not all EMT markers can define the EMT in a particular cell type at a 
particular instance. Thus, a range of EMT marker expression studies can 
help to get a clearer and wider picture of EMT. Many studies have 
proven that TWIST and SNAIL work independently too and induce EMT 
(Pal et al., 2020; Yang et al., 2004; Carver et al., 2001). Cancer 
co-culture with stellate cells had enhanced N-cadherin expression and 
low E-cadherin expression compared to the mono-cultured cancer 
spheroid signifying the EMT-inducing effect of stromal cells (Chen et al., 
2019). The effect of stellate cells may be different in context to EMT 
depending upon the cancer cell it is co-cultured with. This aspect should 
be kept in mind for developing a model for testing drug effect targeting 
anti-stromal strategy (Nam et al., 2019). It would be difficult to analyse 
the phenomenon of EMT in the spheroid co-culture system especially to 
visualize the phenotypic changes, which is more difficult in the case of 
partial EMT. Thus, EMT related marker expression analysis at transcript 
and protein level of the cells type sorted through FACS may be appro-
priate to study the effect of one cell type in the spheroid co-culture 
system in context to EMT. Also, the circulating tumor cells (CTCs) 
population was found from the blood specimens of 18 patients out of 20 
patients. Out of which Epithelial-CTCs in 15 patients and 
Mesenchymal-CTCs were observed in all 18 patients. Whereas, the CTCs 
having hybrid expressions are not able to be identified due to technical 
difficulties. These CTCs undergone EMT and are responsible for the 
secondary tumor formation which should be targeted to combat the 
cancer metastasis (Liao et al., 2019a). Apart from EMT, endothelial to 
mesenchymal transition (EMT) has been also observed for imparting 
compactness and drug resistance against Cisplatin and Gefitinib in the 
lung cancer cells and HUVEC cells co-culture spheroid system compared 
to that observed in Lung cancer cells and fibroblasts co-culture system. 
The aggressiveness observed in the former system was credited by the 
GSK-3β activation, depicting the cellular crosstalk in TME directing 
cancer progression (Kim et al., 2019b). 

All together EMT plays a major role in cancer progression and to 
target, this mechanism appropriate in vitro models are desired which can 
mimic the effects on EMT mechanism due to the cross-talk between 
cancer and stromal cells so that appropriate screening of existing drugs 
and discoveries of new drugs targeting EMT can be successfully carried 
out. The use of anti-EMT compounds synergistically with other 
chemotherapeutic compounds could very effectively reduce the possi-
bility of cancer progression and will be effective in treating cancer. 

6. Co-culture of cancer spheroids to study evasion of host 
defence 

6.1. Interaction of immune cells with cancer cells and role in cancer 
progression 

Macrophages, NK cells, and cytotoxic T cells are important immune 
cells that are involved in host immune surveillance. The immune system 
within a normal person functions to suppress tumor growth, the prolif-
eration of tumor cells via NK cells, CD8+ cells, and macrophages. These 
are known as tumor suppressor cells. Tumor evades this surveillance 
mechanism adopted by the host and alter the function of immune cells 

(Wu et al., 2020). Fig. 7 shows the schematic representation where 
various immune cells interact with the cancer cell and the tumor asso-
ciated immune cells instead helps the cancer cells in surpassing the 
immune surveillance. Tumor-associated Macrophages are the most 
abundant immune cells found in the tumor microenvironment (Yin 
et al., 2020). Monocytes are differentiated into either M1 phenotype (CD 
80+) or M2 phenotypes (CD 206+, CD163+) known as TAM. M1 marker 
TNF, CD80, CD86, IL-12p40 expressed were lower whereas M2 pheno-
type related mRNA (VEGFA, VEGFC, IL-10,) and MMP1 were expressed 
higher (Yamaguchi et al., 2016). 

In a co-culture study, THP-1 macrophages were co-cultured with 
human breast adipocytes. The mRNA expression of macrophages 
demonstrated an increase in M1/M2 markers including IL-6, IL-10, 
Cyclooxygenase-2 (COX2) as compared to control. (Yadav et al., 2020). 
Cancer cells interact with immune cells in an either autocrine or para-
crine manner and suppress immune responses, making the tumor 
microenvironment more favourable for tumor growth (Wei et al., 2019; 
Fogg et al., 2019; Zhao et al., 2019). 

Tumor secreted factors, retinoic acid, succinate, and CCL2 stimulates 
macrophage polarization towards tumor-associated macrophages and 
recruits it towards the tumor microenvironment (Wu et al., 2020; Wei 
et al., 2019). Cytotoxic T cell function is altered/blocked through Pro-
grammed death-ligand 1 (PD-1 L) and Programmed cell death protein 1 
(PD-1), immune checkpoint by tumor cells (Zhao et al., 2019). CSF1 
released from cancer cells promotes tumor-associated macrophage 
proliferation. Macrophages promote invasion, tumor growth, and pro-
liferation by the release of EGF molecules which binds to the Epidermal 
growth factor receptor (EGFR) on the cancer cells (Yin et al., 2020). 
Alternatively, activated macrophages promote ovarian cancer invasion 
by JAK2/STAT3/MMP9 pathway (Fogg et al., 2019). Macrophages 
derived CCL5/CCL2 activate CCR5/β-catenin/STAT3 pathway promotes 
invasion, migration, EMT, and stemness of prostate cancer (Huang et al., 
2020a). Interaction between adipocytes and macrophages enhances 
pro-angiogenic potential (Yadav et al., 2020). Cold Plasma treated 
macrophages increased cancer death and decreased invasion, EMT, and 
stemness (Kaushik et al., 2019). 

In a study A549, LLC, MCF7, PC3, HT-29, and HCT116 cell lines’ 
conditioned media was supplied to macrophages. The increase in Argi-
nase 1 (ARG1), Fizz1, Mgl1 mRNA, and protein level was observed 
indicating TAM activation/polarization. Higher CD163, IL-10, IL-1β, 
IFN, TNF marker expression indicates both M1 and M2 phenotype. The 
Cancer cell secreted succinate driven macrophage polarization. The 
presence of succinate induces CD11c, VCAM1, markers on the TAM 
surfaces (Wu et al., 2020; Wei et al., 2019). A549 and NCI-HI975 cells 
co-culture with macrophages induce its polarization into M2 type. M2 
macrophages positively express CD206 and F4/80 markers (Guo et al., 
2019). 

Tumor-derived retinoic acid enhances monocytes differentiation into 
TAM than into Dendritic cell (DC), which further promotes tumor 
growth. Presence of Retinoic acid block DC differentiation via targeting 
Irf4 (a transcription factor). Retinoic acid indirectly inhibiting T-cell 
mediated immune suppression via targeting dendritic cell differentia-
tion. TAM, DC, and monocytes were isolated from tumor tissue and were 
co-cultured with splenic T cells. T cell proliferation was suppressed by 
TAM and monocytes but was enhanced by the DC. GM-CSF and IL-4 
treatment to tumor monocytes, differentiated it into DC, not in a TAM 
(Devalaraja et al., 2020). HC116 cell and TAM when co-cultured, 
increased IL-6 mRNA expression compared to that in TAM mono-
culture. TAM co-cultured with CRC showed increment in p-JAK2, 
p-STAT3 in the CRC cells. Further, TAM has been also studied to be 
enhancing FoxQ1 transcription factors in HCT116 cells in the co-culture 
system. Macrophages secreted IL-6 inducing EMT in the CRC cells 
through FoxQ1/STAT3 pathway (Wei et al., 2019). SNHG14 (Small 
nucleolar RNA host gene 14) a long noncoding RNA was upregulated in 
DLBCL (diffuse large B cell lymphoma) cells, found to affect DLBCL 
proliferation, EMT, and migration. miR-5590-3p and SNHG14 were 
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inversely related to one another. SNHG14 acts as an immune suppressor 
to decrease cytotoxic T (CD8+) cell activity. DLBCL and CD8+ cell 
interaction was governed by SNHG14/miR-5590-3p, and it induced 
apoptosis in CD8+ by targeting the PD-1/PD-L1 immune checkpoint. 
SNHG14 functions as an immune suppressor and activator of cancer 
survival by activating PD-L1 ligand from DLBCL cell through 
miR-5590-3p/ZEB. This study suggests the role of SNHG14 in immune 
evasion by targeting PD-L1/PD-1 immune checkpoint. Immune therapy 
may be improved by targeting SNHG14 (Zhao et al., 2019). 

NHWD-870, a potent BRD (Bromodomain) inhibitor decreases CSF1 
release from a cancer cell and thus inhibits TAM proliferation. NHWD- 
870 treated A2780 cell 3D co-cultured with TAM, decreased TAM pro-
liferation, colony formation (8 fold), and dose-dependent growth. CSF1 
is highly expressed in ID18 and B16 cancer cells and its receptor 
expression observed was high on TAM. Co-culture activates PI3K/AKT 
signalling in TAM. Inhibition of tumor associated macrophage prolifer-
ation inhibits cancer growth and proliferation. NHWD-870 acts as a 
potent inhibitor of CSF1, a molecule required for macrophage growth, 
via targeting BRD4, an upstream molecule for CSF1 release (Yin et al., 
2020). 

6.2. Co-culture of cancer spheroids to study evasion of host defence 

Immune cells are the key player in host defence. Immune cell infil-
tration into the tumor spheroid was determined by flow cytometry. The 
higher proportion for NK cells than the T cells was observed to be 
infiltrating into per cancer spheroid. NK cells and CD8+ cells infiltrated 
into spheroid displaying express of CD25 (activation marker) and 
CD107a (degranulation) marker (Courau et al., 2019). MICA/B (MHC 
class I polypeptide-related sequence A/B) ligand expressed on a colo-
rectal cancer cell, while its receptor NKG2D on CD4 T cells. Antibody 
against NKG2D enhances tumor survival. Cancer cell releases MICA/B 
ligand bound to its NKG2D receptor on immune cells and decreases 
immune cell activity, thus enhances tumor survival. Inhibiting MICA/B 
expression of cancer cells reveals the antitumor function of NK cells. 
NKG2A and HLA-E interaction help cancer cells to evade immune 
response (Courau et al., 2019). 

Neutrophil extrudes its DNA outside the cell known as NETosis - a 
kind of death extruded DNA bound to neutrophil protein and form 
neutrophil extracellular traps (NETs). Neutrophils affect the function of 

NK cells and T cells. CXCR1 and CXCR2 receptors are present on the 
neutrophils, these receptor induction leads to NETosis in neutrophils. 
Melanoma and colon cancer cell supernatant induces NETosis in healthy 
neutrophils. A human colorectal adenocarcinoma (3D HT29) spheroid 
cells were co-cultured with healthy neutrophils. SYTOX green nuclear 
staining reveals NET extrusion of neutrophils. In presence of NET 
inducer, tumor spheroid and neutrophils were preliminarily cultured 
then co-cultured with CD8+T or NK cells. The presence of NK and CD8+T 
cells did not affect the function of cancer cells, instead the cancer cells 
survived in the presence of effector immune cells. Tumor spheroid in-
duces NETosis in neutrophil forming NET. These NET prevent CD8+T 
cell-mediated killing of cancer cells in the co-culture system. Tumor cells 
survived (80 %) when co-cultured with NK cells. NET formed by neu-
trophils protect tumor cells from killing from NK and CD8+T cells by 
creating protective cover surrounding the tumor. NET also prevents 
CD8+T and NK cell penetration towards tumor cells (Teijeira et al., 
2020). 

Loss of interferon-gamma (IFN-γ) signalling makes tumor cells 
resistant to killing by CD8+ cells but sensitive to killing by NK cells. In a 
study, transduced B610 tumor cell was co-cultured with NK cell. The NK 
cells kill tumor cells via a perforin-dependent manner in co-culture 
system. Deletion of antigen presentation and IFN-γ signalling genes 
sensitizes tumor cells for killing via NK cells. Deletion of genes involved 
in IFN-γ signalling [Ifngr2, Janus kinase 1 (Jak1), and Jak2] and antigen 
presentation [Beta 2 Microglobulin (B2m), Tap1 and Antigen peptide 
transporter 2 (Tap2)] fails to represent MHC-1 thus sensitize the B16- 
F10 tumor cell killing by NK cells. The release of Interferon-gamma 
from NK cells upregulated and expressed molecules on the tumor cells, 
that protect them from killing (Freeman et al., 2019). Inhibition of 
MICA/B induces tumor destruction by increasing NK cell activity. 
Infiltration of NK and T cells within HT29 spheroid leads to its 
destruction and apoptosis, correlated by activation of caspase-3 and 7. 
The addition of IL-15 within co-culture destroys spheroid structure 
within 48 h. Synergistic effect of anti-MICA/B and anti-NkG2A antibody 
enhances immune cells mediated killing of cancer cells in co-cultures 
(Courau et al., 2019). 

Fig. 7. Representative image showing interaction of immune cells and cancer cells in the tumor microenvironment (Pawlik et al., 2000).  
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7. Co-culture of cancer spheroids to study metastasis to the bone 
as a secondary site 

7.1. Metastasis to secondary site and role in cancer progression 

Osteoblast and osteoclast are bone forming and bone resorbing cells. 
The osteoblast secretes multiple biomolecules including TGF-β, Insulin- 
like growth factor (IGF), Bone morphogenetic proteins (BMP), osteo-
calcin, and collagen into the bone matrix. Biomolecules like Receptor 
activator of nuclear factor kappa-B ligand (RANKL) and Osteoprotegerin 
(OPG) from osteoblast, differentiate osteoclast cells. Whereas Osteoclast 
secretes factors like BMP6, exosomes, Sphk1, Wnt10b affect/alter oste-
oblast function (Zhu et al., 2018). Bone is the preferred site of metastasis 
by breast cancer and prostate cancer. The bone microenvironment acts 
as a chemoattractant and provides a favourable condition for a cancer 
cell to grow and proliferate (Allocca et al., 2019). The bone metastasis 
begins with the arrival of tumor cells at the bone. The process followed 
by homing and forming a pre-metastatic niche, and the formation of 
micro-metastasis by overcoming dormancy later forming a metastatic 
tumor (Liang et al., 2020). IL-6, Lysyl Oxidase (LOX), RANKL, Para-
thyroid hormone-related protein (PTHrP), MMPs, CXCL12/CXCR4, 
αvβ3, α4β1, Intercellular adhesion molecule 1 (ICAM-1), VCAM-1, 
fibronectin, vitronectin, IL-11, IL-1, TGF-β are reported factors for 
regulating various steps of bone metastasis. The vicious cycle is a 
well-known mechanism for bone metastasis (Chen et al., 2018; Liang 
et al., 2020). 

Tumor cell arrival at the bone disturbs normal bone homeostasis. 
Tumor cells activate osteoclast either directly or indirectly via osteoblast 
cells. It involves complex cross-talk between osteoblast, osteoclast, and 
tumor cells (Chen et al., 2018; Liang et al., 2020). Bone metastasis is of 
three types - osteolytic, osteosclerotic, and mixed types. A common one 
is osteolytic which involves the degradation of bone. Osteoscerotic in-
volves osteoblast cells that form new bone (Macedo et al., 2017). There 
are multiple challenges associated to study cancer metastasis toward the 
second organ including different microenvironments, bone composition, 
poor early detection of metastasis, and a limited number of the human 
sample (Hao et al., 2018). Breast cancer cells form a niche in the long 
bone and specifically in the trabecular region of bone which is not 
dependent on the hormonal status of breast cancer cells. Both 
MDA-MB-231 and MCF-7 both colonize in the same way in the bone 
microenvironment (Allocca et al., 2019). Breast cancer cells homing to 
the bone and their colonization in the bone microenvironment was also 
demonstrated by the in vivo mouse model (Allocca et al., 2019). Indeed 
the use of co-culture studies will enhance the understanding of cross-talk 
between cells and the progression of the disease. 

There is a large scope to explore the key signalling cascades and their 
therapeutic targets, which can be better elucidated via 3D spheroid co- 
culture. The signalling cascade plays an important role in bone metas-
tasis, cancer cell colonization, and cellular dormancy. Androgen sig-
nalling and OSM/miRNA-181b-5p axis is an important regulator of 
prostate cancer to bone metastasis (Han et al., 2020b; Bock et al., 2019). 
Ex vivo bone co-culture demonstrated that CXCL5/CXCR2 pathway is 
important for breast cancer cell colonization in the bone microenvi-
ronment. Bone colonization represents a rate-limiting step for the 
therapeutic target (Romero-Moreno et al., 2019). Spindle-shaped 
N-cadherin+/CD45− osteoblasts cells (SNO) induce cellular dormancy 
in breast cancer cells. Breast cancer cells remain dormant in the 
endosteal niche of the bone. These cells mimic hematopoietic stem-like 
properties. NOTCH2 play role in the dormancy but its signal disruption 
leads to colonization. NOTCH2 is crucial for breast cancer cell dormancy 
in the bone (Capulli et al., 2019). 

One of the G-protein coupled receptor- calcium-sensing receptor 
(CaSR) promote lung cancer bone migration. Patients with lung cancer 
bone metastasis express a higher level of calcium-sensing receptor 
expression. Co-culture of CaSR overexpressing cell A549 and macro-
phages enhance the osteolytic area. RANK/OPG ratio was high when 

indicates osteolytic lesion induced by osteoclast cells. PTHrP, IL-6, IL-8, 
and IL-11 expression were higher in the CaSR group, indicate that PTHrP 
induces increment in the osteolytic bone areas by activating and pro-
moting differentiation to osteoclast. Lung adenocarcinoma cells with 
higher CaSR expression enhance their invasion/migration via MMP2, 
MMP9, and NF-ĸB pathways and indirectly promote osteolytic bone 
lesions via PTHrP (Liu et al., 2020). 

Combination treatment of mTOR inhibitor and bone targeted drugs 
in the co-culture condition is an effective treatment for bone metastasis. 
mTOR inhibitor in the co-culture condition decreases the number of 
osteoclast from 41.7 ± 4.6 to 26.8 ± 4.6. Caki-2 cancer cells’ survival 
was decreased (20.3 %) in presence of inhibitor in the co-culture 
compared to control (34.9 %). Drug Everolimus (Eve) treatment in the 
co-culture decreases the number of osteoclasts, cathepsin K (CTSK), 
osteoclast-associated immunoglobulin-like receptor (OSCAR), nuclear 
factor of activated T cells 1 (NFATC1), carbonic anhydrase II (CAII) 
marker expression as compared to untreated co-culture. The presence of 
Eve increases survival in the co-culture condition than monoculture 
caki-cells. Osteoclastogenesis was increased in the co-culture condition 
when treated with Eve, Deno, Zol (zoledronic acid), and Eve + Deno. 
(Spadazzi et al., 2019). These studies provided compelling evidences 
that co-culture would be more appropriate platform for understanding 
the crosstalk between cancer and bone cells. The application of 
co-culture can be extended for studying the vicious cycle and drug tar-
geting for bone metastasis. Drug targeting the vicious cycle of bone 
metastasis better studied via spheroid co-culture. 

7.2. Co-culture of cancer spheroids to study metastasis to bone 

Metabolic pathways such as oxidative phosphorylation are crucial 
for bone metastasis. A study was performed in which spheroids were co- 
cultured with the stromal cells. MCF-7 and T47D cells were co-cultured 
with the HS5 and HS27 (bone marrow cells) in the 2D as well as 3D 
cultured cells. 3D co-culture promotes the dormancy of the tumor cells 
in the bone marrow by affecting cell proliferation, and not the cell 
viability. Breast cancer cells in the spheroid co-culture system exhibited 
1.2–1.3 fold increases in oxidative phosphorylation (OXPHOS) in com-
parison to monocultured spheroid system. Co-cultured cancer cells with 
stromal cells also increase Akt expression than ERK. 3D spheroid co- 
culture demonstrates that breast cancer cells use OXPHOS metabolism 
and AKT signalling to remain in the dormant state. Oxidative phos-
phorylation promotes the dormancy of cancer cells in the bone micro-
environment (Buschhaus et al., 2020). 

When cancer cells metastasize to the bone as a secondary site, cancer 
cells are observed to be dormant. Such dormancy stating study using 
bone cells was observed to decrease tumor spheroid area and the tumor 
size shrunk. Osteocyte like MLO-A5/MLO-Y4 cells spheroid decreases 
the tumor spheroid area and compact it when they are cultured together. 
Direct contact proved to be more efficient in reducing tumor spheroid 
area. Osteocytes cells induces compactness to the tumor spheroid in 
comparison to osteoblasts. TMD and BMD (clones of MDA-MB-231) 
spheroid area were reduced in the presence of bone cells. Bone ECM 
molecules such as biglycan, collagen, and osteonectin decreases the 
tumor size. Osteocytes cells decrease SLUG, SNAIL, N-Cadherin, EMT 
related genes expression in the TMD tumor spheroid. Osteocytes upre-
gulated the phosphorylated AKT. Osteocytes also decreased tumor cell 
migration (Chen et al., 2017). Thus, bone cells promote breast cancer 
cell colonization, dormancy, compaction and further promoting cancer 
metastasis to bone. 

8. Co-culture of cancer spheroids to study the role of Cancer 
stem cells (CSCs) in cancer progression 

8.1. CSCs and their role in cancer progression 

A special sub-group of cells out of the total tumor cell population that 
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has the characteristic potential of tumorigenicity, differentiation, and 
self-renewal is known as cancer stem cells (CSCs). These subsets of cells 
bestow the tumor cell’s tendency of reoccurrence, multidrug resistance, 
tumor initiation further helping in tumor metastasis and progression 
(Han et al., 2019). This subset of a cancer cell population is also known 
as tumor initiating cells (TICs). To conquer the relapse event happening 
after the various strategies implemented to treat cancer, more studies 
are done on the CSCs to understand its mechanism of aiding cancer 
progression in more detail. There are various stem cell markers 
expressed in different tumors, one such novel stem cell marker is 
Anterior gradient 2 (AGR2). It was elucidated that it was highly 
co-expressed along with other cancer stem cell surface markers in colon 
cancer cell spheroid culture. AGR2 regulated the colony-forming capa-
bility of cells and was modulated by the canonical Wnt/β-catenin 
pathway (Lamichane et al., 2019). 

CD44+ stem-like undifferentiated cells within the tumor population 
are associated with increased proliferation and invasiveness contrib-
uting to more tumorigenic, metastatic, and aggressive tumors (Vega 
Moreno et al., 2019). CSCs enhance AKT activation and increase in 
migratory potential of the cancer cells (Khan et al., 2019). Further, an 
RNA polymerase II-associated factor 1 complex (PAF1C) component – 
PAF1 is also considered a marker of CSCs. DDX3 [a DEAD-box protein 
sub-family of the RNA helicase superfamily which has a distinct motif 
(Asp-Glu-Ala-Asp/His referred to as DEAD/H)] interacts with PAF-1 and 
PHF5A (PHD finger protein 5A) mediating NANOG expression and thus, 
downstream stemness contributing marker genes in pancreatic cancer 
(Karmakar et al., 2020). 

8.2. Co-culture of cancer spheroids to study CSCs 

By decoding the various mechanistic linkages at the tumor-stroma 
interface, many targets for drug discovery can be interpreted. 
Research has been already a step ahead in this path, where spheroid co- 
culture facilitates the journey of findings. For evaluating therapy based 
on cytokine-induced killer (CIK) cells, the CIKs were co-cultured with 
epithelial ovarian cancer (EOC) cells (Bu et al., 2019). There was distinct 
evasion of EOC spheroid cell from the cellular lytic effect of CIK, where 
spheroid cells highly expressed Nanog (2.1 fold) and aldehyde dehy-
drogenase 1 family member A1 (ALDH1A1) (1.5 fold) [stem cell 
markers] compared to adherent cultured cells. This resistance was 
assisted by the downregulation of intercellular adhesion molecule-1 
(ICAM-1) via hypoxia-inducible factor-1α (HIF1A) (Bu et al., 2019). 

In a study, the immunosuppressive tactic driven by CSCs was 
explored (Raghavan et al., 2019). The CSCs avail WNT ligands and ac-
tivates M2 polarized macrophages (CD206+) which in turn augments 
ALDH+ cells within the CSC compartment of the co-cultured spheroid 
through IL-6 signalling. This grants immunosuppressive mode to the 
spheroid, chemo-resistance, and greater invasiveness supplementing 
tumor progression (Raghavan et al., 2019). Also, via STAT3/IL-8 sig-
nalling macrophage induced stemness in the ovarian cancer stem-like 
cells when co-cultured with the macrophage (Ning et al., 2019). Hyal-
uronic acid aided by tumor-associated macrophage (TAM) increases 
PI3K-4EBP1-SOX2 signalling via binding to CD44. As a result, CSC 
fraction also increased. On the other hand, Ezrin/PI3K signalling was 
promoted by VCAM-1 CD44 binding observed in the TAM and CSCs 
(Gomez et al., 2020). Further, in another co-culture study, it was 
demonstrated the importance of CAFs for spheroid forming potential of 
CD44+ OSCC cells expressing stable OCT4 by its Lactate production. 
This contributes to the enhancement of oxidative phosphorylation ac-
tivity of CSCs as protein expression of TOM20 (a marker for functional 
mitochondrion) and PGC-1 (mitochondrial metabolism regulator) in 
CD44+ CSCs was observed highly facilitating the tumor progression. 
Such signalling pathways and regulators can be targeted as an advanced 
strategy to target cancer stemness and tumor-initiating property lying 
with the tumor attributed by the CSCs and lead to the discovery of a 
potent strategy to stop tumor progression. The cross-talk between the 

endothelial cells and the cancer stem cells in the tumor microenviron-
ment has been studied to be enhancing stemness and malignancy in the 
3D co-culture based system (Qiao et al., 2021). 

3D culture HUVEC cells were co-cultured with CSCs encapsulated in 
alginate based hydrogel microcapsule. The paracrine signalling between 
HUVEC and CSCs triggered more stemness and enhanced expression of 
MMP9 suggesting more malignant potency in co-cultured CSCs than the 
3D CSCs alone. Also, the expression of MDR1 involved in imparting 
multiple drug resistance to the CSCs was observed to be highly 
expressing in CSCs-HUVEC 3D co-culture than 3D CSCs alone as shown 
in the Fig. 8 (Qiao et al., 2021). 

The cancer cells develop an extracellular microenvironment which 
can induce stemness in normal cells and can further trigger chemo- 
resistance (Park et al., 2019). Thus, cancer cell-stromal cell interaction 
plays a key role in the increment of chemo-resistance. Cancer-associated 
MSCs (CA-MSCs) via their PDGF secretion increased cancer stemness, 
EMT potential and contributed to the chemo-resistance capability of 
co-cultured CSCs. IC50 of Carboplatin in CSCs alone was 25.7 μM 
whereas in presence of CA-MSCs was 67 μM. On inhibiting the PDGF 
signalling in CA-MSCs by using siRNA for PDGF subunit B, IC50 then was 
46.2 μM. Further with a combination of Sunitinib (multitargeted tyro-
sine kinase inhibitor), IC50 was 39.4 μM (Raghavan et al., 2020). Many 
spheroid co-culture studies have been reported where the stromal cells 
are co-cultured with the cancer cells and different concentrations of the 
drug targeting particular aspect are evaluated and the chemo-resistance 
and tumor growth potential are observed (Ning et al., 2019; Shao et al., 
2021; Fang et al., 2019). 

9. Co-culture of cancer spheroids to study the role of exosomes 
in metastasis 

9.1. Introduction to exosomes 

Extracellular vesicles are generally categorized into two subgroups 
(1) Microvesicles (~100 to 1000 nm) (2) Exosomes (~30 to 150 nm) 
depending upon their size and biogenesis (Patel et al., 2019; Paulaitis 
et al., 2018; Rajagopal and Harikumar, 2018). Exosomes are formed 
from endosome membrane inward invagination. Exosomes have a 
characteristic “donut” like shape and express classical exosome markers 
– TSG101 and ALIX (Bellmunt et al., 2019). Also, CD63, CD9, and CD81 
are used as exosome markers. Exosomes act as suppliers of cargo con-
taining important biological entities like DNA, mRNA, and miRNA 
contributing to the cell-cell communication (Kruger et al., 2014; Fer-
nando et al., 2017). 

Here in this part of the review, we have discussed studies, findings, 
and contribution of exosomes ranging in of ~30 to 150 nm size in 
context to cancer progression. As an example of differential roles of 
exosomes in cancer, the DNA present in exosomes derived from malig-
nant pleural effusions can be used for the detection of EGFR mutation in 
lung adenocarcinoma patients (Qu et al., 2019). Also, it was noted that 
the exosomes derived from Icotinib resistant EGFR19 del NSCLC cells – 
HCC827 triggered invasion and migration of the Icotinib sensitive cells. 
This was observed as the exosomes contained MET mRNA (a 
proto-oncogene, Hepatocyte Growth Factor Receptor also known as 
c-MET) and contributed to acquiring drug resistance and thus, cancer 
progression (Yu et al., 2019). Also, the hypoxic environment developed 
in tumor-induced miR-410-3p rich exosome secretion and activates 
PI3K/AKT signalling, thus contributing to tumor progression (Hu et al., 
2020). The fact that the exosome of the tumor can recognize and home 
to the cells of their genesis can be converted into a therapeutic strategy 
for cancer treatment (Qiao et al., 2020). But while engineering a plan of 
action using exosomes, one should take into consideration the fact that 
exosomes from the tumor cell carry many cancer-promoting biological 
molecules. 
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9.2. Co-culture of cancer spheroids to study exosomes in metastasis 

In a co-culture study, it was indicated that the metastatic breast 
cancer cells secreted exosomes trigger host organ fibroblast to CAFs. 
These CAFs in turn develop a pre-metastatic niche which facilitates 
further tumor cell recruitment indicating the metastasis (Zhun et al., 
2020). Another such study stating the symbiont effect of exosomes 
released by the macrophages and cancer cells in the tumor microenvi-
ronment was done with the help of a co-culture system. Macrophage 
exosomes mediated STAT3 signalling promoted cancer cell migration. 
Whereas macrophage co-cultured with cancer cell-derived exosomes 
induced IL-10 directing towards immunosuppression (Bellmunt et al., 
2019). Also, M2 polarization of the macrophage was triggered which is 
not facilitated by the exosomes secreted by the normal epithelial cells 
(Pritchard et al., 2020). 

Moreover, exomes derived from tumor cells facilitate macrophages 
to induce programmed death-1 (PD-1) expression (Morrissey and Yan, 
2020). Further, in hypoxic condition cancer cells releases exosomes 
carrying miR-301a-3p which induces the co-cultured macrophage po-
larization to M2 phenotype by stimulating PTEN/PI3Kγ pathway (Wang 
et al., 2020b). Altogether through such a mechanism immune machinery 
is suppressed and tumor progression is encouraged. Additional proof of 
contribution of exosomes in the process of cancer progression was 
observed where miR-23a containing exosomes promoted angiogenesis 
by inhibiting PTEN and activation AKT signalling. It enhanced VEGF and 
reduced Thrombospondin-1 (TSP-1) protein expression in HUVEC 
co-cultured with gastric cancer-derived exosomes (Du et al., 2020). 
Further, miRNA-221-3p harbouring cervical cancer cell exosome pro-
motes angiogenesis by reducing MAPK10 in co-cultured microvascular 
endothelial cells (Zhang et al., 2019). 

Signifying the relevance of 3D culture, the RNA profiling of 3D 
culture-derived exosomes was ~ 96 % similar to the small RNA profiling 
of circulating exosomes derived from cervical cancer patient plasma 
done by using next-generation sequencing (NGS) compared to 2D exo-
some small RNA profile (Thippabhotla et al., 2019). The patient-derived 
gastric organoids, the gene expression of miR-25, miR-658, miR-210, 
miR-649, miR-192, and miR-302c in presence of esophageal 

adenocarcinoma (EAC) exosomes was 4.48, 2.94, 4.01, 3.82, 2.17 and 
3.21 fold high compared to that of EAC condition media devoid of 
exosomes. Out of them miR-25, miR-210, and miR-192 are well-known 
reported oncogenic biomarkers. The Ki-67 marker expression was also 
high in gastric organoids co-cultured with EAC exosomes indicating high 
proliferative activity (Ke et al., 2017). 

In another study, the colon cancer cell spheroid having the highest 
resistance to 5-fluorouracil co-cultured on lymphatic endothelial cells 
created the most “circular chemo-repellent induced defect” (CCID) than 
the non-resistant colon cancer spheroid co-cultured with lymphatic 
endothelial cells (LEC). This depicted the more invasive nature of the 
resistant colon cancer cell spheroid. It was observed that the exosomes 
derived from the non-resistant colon cancer spheroid carried more miR- 
200c than observed in the highest resistant colon cancer spheroid. Here, 
the different role of exosome has been highlighted as the exosomes 
caring less miR-200c expression is directly facilitating the migration 
potential of LEC pointing towards the enhanced potential of intra-
vasation mechanism. Also, miR-200c regulated the EMT markers ZEB1 
and SLUG (Senfter et al., 2015). The, miR-200c cargo containing exo-
some released from colorectal cancer spheroid had the same CCID effect 
on Blood endothelial cells and regulated EMT markers ZEB2, SNAI, and 
TWIST, modulating the cancer progression (Holzner et al., 2016). For 
the in-depth exploration of the inter-tumor microenvironment cell 
interaction, a heterotypic cell spheroid was cultured including PC3 
(human prostate cancer cell line producing GFP tagged CD63+ exo-
somes) was co-cultured with PBMCs (human peripheral blood mono-
nuclear cells) as shown in Fig. 9. 0.3–5.8 % CD8+ T cells interacted with 
GFP tagged exosomes of PC3 cells whereas 15.7–24.1 % interacted with 
GFP tagged PC3 exosomes out of the total CD3+T cell population 
through macropinocytosis exosome internalization. Further, exosomes 
interacted with B cells via majorly binding to B cell surface and less 
through B cell internalization (Sadovska et al., 2018). 

Alike the observation stated above for exosome behaviour in hypoxic 
2D culture cells, in the hypoxic environment the exosomes derived from 
primary tumor-derived cell spheroid were taken up more by the same 
native cells when exposed to the hypoxic primary tumor derived cell 
spheroid compared to its normoxic counterpart. The uptake of PKH67 

Fig. 8. Representative images illustrating significance of spheroid culture in enhancing cancer stem cell properties. The immunofluorescence image showing 
expression of (a) enhanced CD44 and lower CD24 marker expression in 3D CSCs co-cultured with HUVEC cell than in 3D CSC alone. (b) enhanced MDR1and MMP9 
expression in 3D CSCs co-cultured with HUVEC cell than in 3D CSC alone (Qiao et al., 2021). 
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labelled hypoxia SW480 derived EVs by the naïve Hypoxic SW480 was 
observed. EVs were found located in the cytoplasm of the cells. Further, 
the spheroid forming potential, migration, and invasive capacity were 
observed more in exosome treated primary tumor derived cells 
compared to the metastasis derived cells in hypoxic conditions. It seems 
that a hypoxic environment may alter exosome surface molecules such 
that it could facilitate the exosome intake as shown in or interaction in 
the cancer cells (Endzeliņš et al., 2018). Taken together exosome related 
studies done using spheroid co-culture can help in the clear picturization 
of different means implemented by the exosomes for cell-cell interaction 
and different roles of exosomes in cancer progression. 

10. Co-culture of patient-derived cells spheroid to study 
metastasis 

10.1. Significance of using patient-derived cells to study cancer 

Clinically different patients are encountered suffering from different 
types of cancer and each is diagnosed at a different stage of cancer. Each 
patient has a different gene expression profile (Liao et al., 2019b) and 
should have different epigenetic causative factors too (Lara et al., 2020; 
Darwiche, 2020). The key reasons for the occurrence of cancer in each 
patient would be different out of the group of patients diagnosed with 
the same type of cancer and so would be their treatment response. For 
instance, it was observed in a study that the organoids established in 
vitro from the lung cancer patients with gene alteration - BRCA2 mutant, 
EGFR mutant and EGFR mutant/MET amplified responded to Olaparib, 
Erlotinib, and Crizotinib drug respectively (Kim et al., 2019c). Thus, 
when the causative reason for the occurrence is unique then the treat-
ment given needs to be personalized. Therefore, treating patients with 
personalized cancer therapy planned based on the 3D cancer spheroid 

culture done using patient-derived cells of a particular cancer type 
would be more appropriate to elucidate the chemotherapeutic drug (de 
Witte et al., 2020; Narasimhan et al., 2020), photoactive drug (Yakavets 
et al., 2019) and natural compound screening (Li et al., 2020), to study 
the drug dosage, regimen, resistance (Nanki et al., 2020) and selection of 
the drugs for synergistic strategy (Antonia et al., 2020). 

Drug testing on patient-derived cancer cell spheroid or patient- 
derived organoid can be done in a shorter time period and compara-
tively with less expense than the in vitro model of patient-derived xe-
nografts as the pleural effusion and malignant ascites can avail the target 
cells (Chen et al., 2020b). It also mimics the tumor heterogeneity, 
pattern, and level of the various marker expression profile, histological 
and genomic features of the patients (Nanki et al., 2020; Jacob et al., 
2020; Antonia et al., 2020). Thus, studies conducted on the 
patient-derived cancer cell spheroid are considered to be more realistic. 
Other than the above-stated advantages there are certain challenges for 
patient-derived cancer cell spheroid culture. As the starting material of 
patient-derived cancer cells is the tissue surgical section gained through 
biopsies, thus the quality is unpredictable. Also, depending upon the 
type of tissue the yield of viable target cells is obtained which can be 
used for further experimental purposes. For example, in the case of 
breast tissue, it comprises more fat cells and fewer epithelial cells 
whereas, in the colon or prostate tissue higher yield of viable cancerous 
epithelial cells can be obtained. This could be the reason of more pub-
lished articles based on patient derived cell studies are related to colon 
or prostate cancer (Goldhammer et al., 2019; Hofmann et al., 2020). 
Along with the benefit of more in vivo relevance than the 3D culture 
using cell line, to explore the influence of stromal cells and understand 
the role of tumor microenvironment, the patient derived cancer cell 
spheroid/organoid co-culture with the stromal cells or immune cells are 
now proven to be more applicable and appropriate in vitro models. 

Fig. 9. The PC3-CD63-GFP and PBMC hetero-
typic 3D co-culture model. (a) Anti-human CD3 
labelled 3D spheroid immunofluorescence 
image. (b) CD63-GFP-positive EVs uptake and 
localization in CD3þ T cells. (c) Anti-human 
CD19 labelled 3D spheroid immunofluores-
cence image. (d) CD63-GFP-positive EVs bind-
ing to CD19þ B cells. Nuclei counterstained 
with DAPI (blue) (Sadovska et al., 2018) (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article).   
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10.2. Recent studies involving co-culture of patient-derived cells spheroid 
to study metastasis 

With the advancing research in the field of cancer, there is a growing 
quest for more relevant in vitro models. To study breast cancer metastasis 
where invasion plays an important role, a group of researchers co- 
cultured MSCs along with estrogen receptor (ER)/ progesterone recep-
tor (PR) positive cells (BR15) and another set with ER/PR negative cells 
(BR8) derived from Breast cancer patients. The invasion index (perim-
eter/circumference) observed in ER/PR positive BR15 cells (non-inva-
sive) embedded in basement membrane extract (BME) were enhanced 
than observed in the mono-cultured spheroid. The localization of GFP 
tagged MSCs was found to be clustered at the center of the co-cultured 
MSC-GFP and BR8/BR15 spheroid as shown in Fig. 10a. Under MSC 
driven signalling, the invasion observed was signified through the 
finger-like projection in the BR15 and MSC-GFP co-culture spheroid 
embedded in BME as shown in Fig. 10b (Pal et al., 2020). 

In context to the arrangement of the stromal cells, in the spheroid co- 
culture bearing patient-derived breast cancer cells and human dermal 
fibroblast cells, no distinct arrangement of epithelial cells and fibro-
blasts was observed (Hofmann et al., 2020). This observation was in 
contrast to the positioning noticed in the spheroid co-culture generated 
using cancer cell line and fibroblastic cell line where fibroblast are ar-
ranged primarily in the core and epithelial cells in the periphery (Herter 
et al., 2017). 

Cancer-associated fibroblasts play a distinct role in cancer progres-
sion, by influencing tumor metastasis by regulating tissue stiffness 
because of increased expression of lysyl oxidase-like 2 (LOXL2) and 
discoidin domain-containing receptor 2 (DDR2) (Nguyen et al., 2019) 
directing to ECM remodelling. It releases cytokines such as IL-6 and 
regulates pathways like the JAK/STAT signalling pathway attenuating 
p53 activity and contributing to the inhibition of prostate cancer cell 
death (Cheteh et al., 2020). Further, overexpresses TGF-β, MMP7 and 
releases fibroblast growth factor 2 and 9 (FGF2 & FGF9) enhancing 
tumor cell growth. Additionally, it transforms Tumor-associated 
macrophage (TAM) to tumor-supportive M2 phenotype (Hegab et al., 
2019) and aids angiogenesis by overexpressing WNT2 contributing to 
pro-angiogenic signalling (Daniela et al., 2020), and also influences the 
chemotherapy response. Thus, due to such an important contribution of 
CAF, it is important to study its interaction in a co-culture system. Lung 
squamous carcinoma (LUSC) patient-derived cancer cells and CAF cells 
when co-cultured the presence of CAFs amplified the size and number of 
spheroids formed. Also, facilitated acini formation when localized close 
to CAFs making it invasive. The co-cultured cancer cells migrated to-
wards CAFs appearing like a “tear-drop” structure which was not 
observed in the cancer cell monoculture (Chen et al., 2020c). 

Spheroid co-culture studies have demonstrated the contribution of 
CAFs in modulating oxidative metabolism in the pancreatic ductal 
adenocarcinoma cells (PDAC) contributing to chemotherapy resistance. 
The co-culture spheroid formed using primary pancreatic cell line and 
patient-derived CAFs, the cyclooxygenase-2 (COX2) was highly 

expressed compared to mono-cultured cancer cells. COX2 induction is 
the result of nuclear factor- activation by ROS. On treating the co- 
cultured spheroid with Metformin (mitochondrial complex-1 inhibi-
tor), the optical redox ratio remained high even after metformin treat-
ment compared to primary pancreatic ductal adenocarcinoma cells 
(PDAC) monoculture. There is also an indication that in the presence of 
CAFs, PDAC may opt alternative metabolic pathway for obtaining en-
ergy, thus emphasizing on the synergistic or combine treatment strategy 
could be more beneficial for such cancer (Broekgaarden et al., 2019). 
Further, a study conducted with the patient derived PDAC showed a 
reciprocal interaction with the Pancreatic stellate cells (PSC). The PSCs 
are stimulated by the PDAC cells to secrete Hepatocyte growth factor 
(HGF) which in-turn enhance the drug resistance and proliferation of the 
PDAC cells. The hetero-spheroid formed of the PSCs and the PDAC cells 
sorted for SSEA4 (a human ductal stem cell marker - stage specific em-
bryonic antigen-4) showed augmented gemcitabine resistance and pro-
moted the phospho c-MET expression leading to tumor promoting effect 
compared to the PDAC cells homo-spheroid (Firuzi et al., 2019). Thus, 
the PSCs were observed to be acting key role in providing drug resis-
tance (Hessmann et al., 2018) through growth factor secretion (Von-
laufen et al., 2008). Studies have provided evidences that the in vitro 
spheroid co-culture system are an appropriate chemotherapeutic drug 
screening platform as the combination therapy (gemcitabine + c-MET 
inhibitor) tested in the PDAC-PSC hetero-spheroid (Firuzi et al., 2019) 
showed in vivo relevant drug efficacy as showed in a study where c-MET 
inhibitor (Ci), HGF inhibitor (Hi), and gemcitabine different combina-
tion therapy was tested on the human PSCs - human pancreatic cancer 
cells orthotopic implanted Pancreatic cancer mouse model (Xu et al., 
2020). Another study done using colorectal cancer patient derived cells 
and patient derived tumor-infiltrating lymphocytes (TILs) has advised 
use of autologous cells for co-culture studies. Anti-MICA/B antibodies 
along with IL-15 and anti-NKG2A in combination could aid in the 
destruction of the cancer spheroid. Such co-culture technique can more 
precisely elicit the immunotherapy based research for treating cancer 
(Courau et al., 2019). 

The successful spheroid co-culture ratio of different type of cells 
opted for co-culture plays an important role and also the optimization of 
the culture media for the co-culture is very critical (Courau et al., 2019; 
Hofmann et al., 2020). With co-culture spheroid system involving direct 
interaction between cancer cells and the stromal and other influencing 
cells of the same species, allows relevant investigation in the area of 
cancer progression triggered through paracrine or juxtacrine signalling. 
Due to the various advantages of using patient-derived cells along with 
the co-culture technique, there has been enormous recent studies re-
ported listed below in Table 2. 

11. Biomaterials and Biofabrication facilitating spheroid co- 
culture 

As discussed earlier in this review, the in vitro studies related to 
various steps of tumor progression, the spheroid co-culture has its many 

Fig. 10. (a) Spheroid co-culture of GFP tagged 
MSCs with ER/PR negative (BR8) or ER/PR 
positive (BR15) cells, where MSCs were found 
localized at the center of the spheroid. (b) 
Finger like projections observed in BR15 and 
MSC-GFP co-culture spheroid embedded in 
BME. Invasive finger like projection not 
observed in the BR15 monocultured spheroid 
edge assessed using fluorescent microscopy and 
bright- field microscopy at 10x magnification. 
Scale bar 100 μm, 50 μm inset (Pal et al., 2020).   
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advantages. The spheroids formation in vitro depends on the interaction 
between the cells and the physicochemical properties of the surface on 
which cells are cultured. The most commonly used method to induce cell 
spheroid formation is the hanging drop method, ultra-low attachment 
(ULA) surface, and other cell repellent surfaces. Hanging drop is the 
method in which gravitational force triggers cell spheroid formation. 
Whereas in ULA surface for example Corning® Costar® ULA is a 
neutrally charged hydrophilic coating of a hydrogel covalently bound to 
the cell culture vessel. Such properties of the coating trigger cells to be in 
a suspended state and thus forcing cells to make a spheroid. 

Adding on, the round bottom ULA accelerates the spheroid formation 
by providing the surface aided physical cues. For example, the design 
claimed in the patent WO2017/142410Al involves the insert plates 
consisting of tube structures with concave arcuate. The no-attachment 
or low attachment base surface leading to the uniform spheroid for-
mation. A comparative study between round bottom ULA, cell repellent 
surface, and hanging drop method was carried out focusing on various 
aspects of spheroid formation. Despite various pros and cons of the 
aforementioned methods; round bottom ULA was observed to be more 
efficient (Bresciani et al., 2019). The ULA surface plates are also widely 
used to develop spheroid co-culture systems too (Courau et al., 2019). In 
a study conducted by Shun Li et al., the authors have very judiciously 
explored the biomechanical transduction stimulated via the geometrical 
confinement engineered through microprinting (Li et al., 2021). The 
Yes-associated protein (YAP) [a crucial transcriptional factor in 
mechanotransduction (Brusatin et al., 2018)] was expressed higher 
peculiarly in the external part of the 3D spheroids compared to mono-
layer cells. This phenomenon is speculated due to the elevated me-
chanical force at the 3D spheroid edge. The regulated cell-cell adhesion 
through geometrical confinement via mechanical transduction governs 
the cell proliferation and its spatial architecture. Also, the stellate like 
invasive phenotype of MDA-MB-231 cells observed in this study and 
co-relating with the previously reported studies (Kenny et al., 2007) 
suggested that it might be govern by the bio-signalling provided by the 
ECM protein rather than the biomechanical cues. The aggressive ma-
lignant cells have lower cell-cell adhesion and cell stiffness compared to 
the non-malignant cells (Li et al., 2008; Nikkhah et al., 2011). The edge 
of the spheroid becomes rougher when the cell stiffness is high and the 
spheroid is more compact because of high cell-cell adhesion which re-
sults into the morphological polymorphism of the spheroid which is in 
turn influenced by the biochemical and biomechanical cues (Li et al., 
2021). 

The spheroid co-culture establishment is way more challenging than 
the spheroid culture. Direct spheroid co-culture involves more than one 
cell type, thus the most critical aspect is cell culture media optimization, 
maintenance of spheroid, and monitoring the different cell types. These 
challenges are a bit surpassed in the indirect spheroid co-culture systems 
for instance using transwell chambers. 

Natural materials such as Dextran and chitosan when modified to 
oxidized dextran and thiolated chitosan, the surface chemistry and 
surface topography provided by the hydrogel fabricated using it, 
tumoroid formation (Kedaria and Vasita, 2017). Further, the collagen 
(Daniela et al., 2020; Fogg et al., 2019), collagen with fibronectin 
(Lugo-Cintrón et al., 2020) are widely used for 3D spheroid based 
co-culture. Also, the Liquid Overlay technique was used, where the 
gelatin-fibronectin coating of fibroblast facilitated HUVEC adhesion and 
successful formation of cancer cell, fibroblast, and HUVEC spheroid 

Table 2 
List of co-culture studies using patient-derived cells spheroid.  

Type of cancer Cell types involved 
in spheroid co- 
culture 

Findings Reference 

Breast cancer ER/PR positive 
and ER/PR 
negative breast 
cancer cells co- 
cultured with bone 
marrow-derived 
MSCs 

ER/PR positive 
(non-invasive) has 
enhanced invasion 
under MSC 
signalling 

(Pal et al., 
2020) 

Breast cancer Breast cancer 
patient-derived 
cells and human 
dermal fibroblast 

Drug screening of 
Paclitaxel, 
metformin, 5-Fluo-
rouracil, Epirubicin 
on co-cultured 
spheroid generated 
personalized for 
multiple patients 

(Hofmann 
et al., 2020) 

Lung squamous 
carcinoma 
(LUSC) 

LUSC patient with 
derived cancer 
cells and CAFs 

CAFs induce acini 
formation and 
gives invasive 
property to the 
cancer cell 

(Chen et al., 
2020c) 

Pancreatic ductal 
adenocarcinoma 
(PDAC) 

Primary PDAC 
cells and patient- 
derived CAFs 

Interaction of CAFs 
with PDAC elevates 
metabolic 
plasticity of PDAC 
cells 

(Broekgaarden 
et al., 2019) 

Colorectal cancer Colorectal cancer 
patient-derived 
cells and patient- 
derived tumor- 
infiltrating 
lymphocytes 
(TILs) 

HLA-E is 
upregulated in 
cancer cells upon 
infiltration of TILs 
in spheroid, later 
also having NKG2A 
increased aiding to 
escape from 
immune 
recognition 
mechanism 

(Courau et al., 
2019) 

Head and Neck 
squamous cell 
carcinoma 
(HNSCC) 

Macrophage 
differentiated from 
monocytes 
isolated from 
patient peripheral 
blood 
mononuclear cells 
and cell line 
established from 
HNSCC patient 
xenograft 

Macrophage 
mediated HA 
availability, on 
binding to CD 44 
triggered PI3K- 
4EBP1-SOX2 
signalling lead to 
an increment in 
stemness and 
CD44-VCAM-1 
binding stimulated 
Ezrin/PI3K 
signalling leading 
to increment in 
invasiveness 

(Gomez et al., 
2020) 

Oral squamous cell 
carcinoma 

CSCs sorted from 
the organoid 
formed from 
patient-derived 
specimens and 
Patient-derived 
CAFs 

CAFs secrete 
lactate which helps 
in the spheroid 
formation potential 
of CSCs which has 
in turn increased 
mitochondrial 
metabolism 

(Zhao et al., 
2020) 

High-grade serous 
ovarian 
carcinoma 
(HGSOC) 

Triple co-culture 
of Patient-derived 
Fallopian tube 
epithelial cells 
(FTEC), and 
Fallopian tube 
MSCs with HUVEC 

With triple co- 
culture, spheroid 
formed was more 
contracted and 
concluded that 
inhibiting Wnt 
signalling can 
hinder the spheroid 
formation 

(Chang et al., 
2020b) 

Ovarian cancer Patient-derived 
CSCs and cancer- 
associated MSCs 
(CA-MSCs) 

CA-MSCs enhance 
stemness and 
chemo-resistance 
in CSCs via PDGF 

(Raghavan 
et al., 2020)  

Table 2 (continued ) 

Type of cancer Cell types involved 
in spheroid co- 
culture 

Findings Reference 

signalling and 
upregulated 
Hedgehog ligands  
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triple co-culture (Lazzari et al., 2018). Further gelatin-methacrylate and 
hyaluronan-methacrylate based in-air and photo-crosslinked microgels 
facilitated 3D spheroid based co-culture of osteoblast and prostate 
cancer cells (Antunes et al., 2019). 

Techniques like Microfluidics and Bioprinting have emerged as an 
aid for developing spheroid based co-culture systems. Microfluidics 
allow incorporation of fluid or media flow. Many studies involving 
spheroid co-culture model developed with incorporation of Collagen I 
(Jeong et al., 2016; Saini et al., 2020), Cultrex® (Basement membrane 
extract) (Liu et al., 2010), Fibrin (Ko et al., 2019) matrix been reported 
illustrating the advantages of exploring various tumor progression 
mechanisms. Bioprinting can create complex tumor physiology facili-
tating orderly cell distribution (Vanderburgh et al., 2017). The triple 
(Lazzari et al., 2018; Lamichane et al., 2019; Correa de Sampaio et al., 
2012; Liu et al., 2016), tetra (Tang et al., 2020) and penta (Neufeld et al., 
2021) co-culture models have been developed for better understanding 
of various biological phenomenon using Microfluidics and Bioprinting. 
Hence, these techniques help in developing cancer spheroid co-culture 
models more closely mimicking the physiological tumor and its micro-
environment. Teresa et al., have well extensively discussed the various 
strategies been implemented in urge of remodelling the TME complexity 
and the underlying physiological mechanism in vitro in terms of spheroid 
co-culture. With the practical challenges such as cell retrival, repro-
ducibility and comparability; selection of scaffold, cell source and other 
physicochemical parameters govern applicability of the 3D tumor 
models (Franchi-Mendes et al., 2021). 

Overall, the biomaterials play a vital role in inducing spheroid for-
mation either by its surface chemistry or physical cues or the biomaterial 
consisting micro pattern forcing cells to form aggregates. A desired 
characteristic of the material to stimulate the cell spheroid formation 
are; it should be non-cytotoxic, stable, biologically unreactive, and non- 
degradable. Due to the different opportunities and obstacles of various 
methods and used biomaterials for deriving spheroids, there constant 
pursuit for achieving more appropriate in vitro 3D tumor model. Focus is 
on the reproducibility of spheroid formation considering its size, 
morphology, and other biological features, efficient spheroid moni-
toring, retrieval of the spheroids. Also, user-friendly handling, trouble- 
free fabrication, efficiency to scale up, practically potent for high 
throughput drug screening is desired. Thus, new combinations of the 
biomaterials, different shaped or patterned moulded biomaterials are in 
demand and continuously investigated to match up the above discussed 
criteria. 

12. Conclusion 

In the last few decades, the advancement in the in vitro cancer 
spheroid culture has lifted to a state of the art of cancer spheroid co- 
culture. The spheroid co-culture technique is becoming a preferred 
choice, especially by the scientific community. With the immense ad-
vantages of a 3D spheroid co-culturing with the stromal cells, the cross 
talk effect can be precisely dug in. Also, more in vivo relevant drug 
response screening can be done speedily, precisely where reproduc-
ibility is of key importance to bring the upcoming therapeutics from 
bench to bedside. In vivo models have been mainly used to test the 
therapeutic response but certainly have drawback translationally due to 
interspecies differences. The translational based cancer studies for 
finding molecular mechanisms and therapeutic targets, the cancer 
spheroid co-culture study has immense potential. The spheroid co- 
culture technique is proving to be potent in vitro tool for elucidating a 
more realistic therapeutic strategy by using patient derived target cancer 
cells. Spheroid co-culture is a promising and dynamic technique using 
which facts and secretes existing unexplored can be found out. Advan-
tages of spheroid co-culture like homo and hetero cell-cell cross talk, cell 
ECM interaction, cell morphology, and other molecular mechanism are 
found to be in line with the one observed in the physiological condition. 
This makes it a more desirable in vitro technique than the monolayer cell 

culture. Mimicking secondary tumor site environment, mechanism and 
molecules involved in invasion, migration, angiogenesis, EMT, host 
defence, exosomes driving cancer metastasis can be studied in the 
environment nearby/similar to in vivo condition. 
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Muñoz, M., et al., 2020. Breast fibroblasts and ECM components modulate breast 
Cancer cell migration through the secretion of MMPs in a 3D microfluidic co-culture 
model. Cancers 12, 1173. 

Macedo, F., Ladeira, K., Pinho, F., Saraiva, N., Bonito, N., Pinto, L., et al., 2017. Bone 
metastases: an overview. Oncol. Rev. 11. 

McCoy, M.G., Nyanyo, D., Hung, C.K., Goerger, J.P., Zipfel, W.R., Williams, R.M., et al., 
2019. Endothelial cells promote 3D invasion of GBM by IL-8-dependent induction of 
cancer stem cell properties. Sci. Rep. 9, 1–14. 

Mego, M., Mani, S.A., Cristofanilli, M., 2010. Molecular mechanisms of metastasis in 
breast cancer—clinical applications. Nat. Rev. Clin. Oncol. 7, 693–701. 

Meleshina, A.V., Cherkasova, E.I., Shirmanova, M.V., Klementieva, N.V., Kiseleva, E.V., 
Snopova, L.В, et al., 2015. Influence of mesenchymal stem cells on metastasis 
development in mice in vivo. Stem Cell Res. Ther. 6, 15. 

Morrissey, S.M., Yan, J., 2020. Exosomal PD-L1: roles in tumor progression and 
immunotherapy. Trends Cancer 6, 550–558. 

Mukomoto, R., Nashimoto, Y., Terai, T., Imaizumi, T., Hiramoto, K., Ino, K., et al., 2020. 
Oxygen consumption rate of tumour spheroids during necrotic-like core formation. 
Analyst 6342–6348. 

Na, T.-Y., Schecterson, L., Mendonsa, A.M., Gumbiner, B.M., 2020. The functional 
activity of E-cadherin controls tumor cell metastasis at multiple steps. Proc. Natl. 
Acad. Sci. U. S. A. 117, 5931–5937. 

Nam, S., Khawar, I.A., Park, J.K., Chang, S., Kuh, H.-J., 2019. Cellular context-dependent 
interaction between cancer and stellate cells in hetero-type multicellular spheroids 
of pancreatic tumor. Biochem. Biophys. Res. Commun. 515, 183–189. 

Nanki, Y., Chiyoda, T., Hirasawa, A., Ookubo, A., Itoh, M., Ueno, M., et al., 2020. Patient- 
derived ovarian cancer organoids capture the genomic profiles of primary tumours 
applicable for drug sensitivity and resistance testing. Sci. Rep. 10. 

Narasimhan, V., Wright, J.A., Churchill, M., Wang, T., Rosati, R., Lannagan, T.R., et al., 
2020. Medium-throughput drug screening of patient-derived organoids from 
colorectal peritoneal metastases to direct personalized therapy. Clin. Cancer Res. 26. 

Neufeld, L., Yeini, E., Reisman, N., Shtilerman, Y., Ben-Shushan, D., Pozzi, S., et al., 
2021. Microengineered perfusable 3D-bioprinted glioblastoma model for in vivo 
mimicry of tumor microenvironment. Sci. Adv. 7, eabi9119. 

Nguyen, E.V., Pereira, B.A., Lawrence, M.G., Ma, X., Rebello, R.J., Chan, H., et al., 2019. 
Proteomic profiling of human prostate cancer-associated fibroblasts (CAF) reveals 
LOXL2-dependent regulation of the tumor microenvironment. Mol. Cell. Proteom. 
18, 1410–1427. 

Nikkhah, M., Strobl, J.S., Schmelz, E.M., Agah, M., 2011. Evaluation of the influence of 
growth medium composition on cell elasticity. J. Biomech. 44, 762–766. 

Ning, Y., Feng, W., Cao, X., Ren, K., Quan, M., Chen, A., et al., 2019. Genistein inhibits 
stemness of SKOV3 cells induced by macrophages co-cultured with ovarian cancer 
stem-like cells through IL-8/STAT3 axis. J. Exp. Clin. Cancer Res. 38, 1–15. 

Norberg, K.J., Liu, X., Fernández Moro, C., Strell, C., Nania, S., Blümel, M., et al., 2020. 
A novel pancreatic tumour and stellate cell 3D co-culture spheroid model. BMC 
Cancer 20, 475. 

Pal, A., Ashworth, J.C., Collier, P., Probert, C., Jones, S., Pernaut Leza, E., et al., 2020. 
A 3D heterotypic breast cancer model demonstrates a role for mesenchymal stem 
cells in driving a proliferative and invasive phenotype. Cancers 12, 2290. 

Park, S.Y., Lee, D.G., Jo, A., Choi, H., Lee, J.E., Jeong, A.J., et al., 2019. Extracellular 
microenvironmental change by B16F10 melanoma-derived proteins induces cancer 
stem-like cell properties from NIH3T3 cells. Sci. Rep. 9, 1–10. 

U. Modi et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0360
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0360
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0360
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0365
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0365
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0365
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0370
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0370
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0370
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0375
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0375
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0375
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0380
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0380
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0380
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0380
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0385
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0385
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0385
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0390
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0390
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0395
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0395
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0395
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0400
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0400
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0400
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0405
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0405
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0405
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0410
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0410
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0410
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0410
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0415
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0415
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0415
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0420
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0420
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0420
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0425
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0425
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0425
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0430
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0430
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0430
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0435
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0435
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0435
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0440
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0440
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0440
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0445
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0445
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0445
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0450
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0450
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0455
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0455
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0460
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0460
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0460
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0465
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0465
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0470
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0470
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0470
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0470
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0475
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0475
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0475
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0480
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0480
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0480
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0485
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0485
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0490
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0490
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0490
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0495
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0495
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0495
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0500
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0500
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0500
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0505
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0505
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0510
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0510
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0510
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0515
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0515
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0515
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0520
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0520
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0520
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0525
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0525
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0525
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0525
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0525
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0530
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0530
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0530
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0535
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0535
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0535
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0540
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0540
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0545
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0545
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0545
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0550
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0550
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0555
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0555
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0555
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0560
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0560
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0560
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0560
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0565
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0565
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0570
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0570
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0570
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0575
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0575
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0580
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0580
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0580
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0585
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0585
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0590
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0590
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0590
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0595
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0595
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0595
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0600
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0600
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0600
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0605
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0605
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0605
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0610
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0610
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0610
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0615
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0615
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0615
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0620
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0620
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0620
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0620
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0625
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0625
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0630
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0630
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0630
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0635
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0635
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0635
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0640
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0640
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0640
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0645
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0645
http://refhub.elsevier.com/S1040-8428(21)00298-5/sbref0645


Critical Reviews in Oncology / Hematology 168 (2021) 103511

19

Patel, G.K., Khan, M.A., Zubair, H., Srivastava, S.K., Singh, S., Singh, A.P., 2019. 
Comparative analysis of exosome isolation methods using culture supernatant for 
optimum yield, purity and downstream applications. Sci. Rep. 9. 

Paulaitis, M., Agarwal, K., Nana-Sinkam, P., 2018. Dynamic scaling of exosome sizes. 
Langmuir 34, 9387–9393. 

Pausch, T.M., Aue, E., Wirsik, N.M., Valls, A.F., Shen, Y., Radhakrishnan, P., et al., 2020. 
Metastasis-associated fibroblasts promote angiogenesis in metastasized pancreatic 
cancer via the CXCL8 and the CCL2 axes. Sci. Rep. 10, 1–12. 

Pawlik, T.M., Souba, W.W., Sweeney, T.J., Bode, B.P., 2000. Amino acid uptake and 
regulation in multicellular hepatoma spheroids. J. Surg. Res. 91, 15–25. 

Pelon, F., Bourachot, B., Kieffer, Y., Magagna, I., Mermet-Meillon, F., Bonnet, I., et al., 
2020. Cancer-associated fibroblast heterogeneity in axillary lymph nodes drives 
metastases in breast cancer through complementary mechanisms. Nat. Commun. 11, 
404. 

Porcheri, C., Mitsiadis, T.A., 2020. Notch in Head and Neck Cancer. Notch Signaling in 
Embryology and Cancer, pp. 81–103. 

Pritchard, A., Tousif, S., Wang, Y., Hough, K., Khan, S., Strenkowski, J., et al., 2020. Lung 
tumor cell-derived exosomes promote M2 macrophage polarization. Cells 9, 1303. 

Qiao, L., Hu, S., Huang, K., Su, T., Li, Z., Vandergriff, A., et al., 2020. Tumor cell-derived 
exosomes home to their cells of origin and can be used as Trojan horses to deliver 
cancer drugs. Theranostics 10, 3474–3487. 

Qiao, S., Zhao, Y., Tian, H., Manike, I., Ma, L., Yan, H., et al., 2021. 3D co-cultured 
endothelial cells and monocytes promoted cancer stem cells’ stemness and 
malignancy. ACS Appl. Bio Mater. 4, 441–450. 

Qu, X., Li, Q., Yang, J., Zhao, H., Wang, F., Zhang, F., et al., 2019. Double-stranded DNA 
in exosomes of malignant pleural effusions as a novel DNA source for EGFR mutation 
detection in lung adenocarcinoma. Front. Oncol. 9, 931. 

Raghavan, S., Mehta, P., Xie, Y., Lei, Y.L., Mehta, G., 2019. Ovarian cancer stem cells and 
macrophages reciprocally interact through the WNT pathway to promote pro- 
tumoral and malignant phenotypes in 3D engineered microenvironments. 
J. Immunother. Cancer 7, 190. 

Raghavan, S., Snyder, C.S., Wang, A., McLean, K., Zamarin, D., Buckanovich, R.J., et al., 
2020. Carcinoma-associated mesenchymal stem cells promote chemoresistance in 
ovarian cancer stem cells via PDGF signaling. Cancers 12, 2063. 

Rajagopal, C., Harikumar, K., 2018. The origin and functions of exosomes in cancer. 
Front. Oncol. 8, 66. 

Rodríguez-Dorantes, M., Cruz-Hernandez, C.D., Cortés-Ramírez, S.A., Cruz-Burgos, J.M., 
Reyes-Grajeda, J.P., Peralta-Zaragoza, O., et al., 2021. Prostate cancer spheroids: a 
Three-dimensional model for studying tumor heterogeneity. Cancer Cell Signaling. 
Springer, pp. 13–17. 

Romero-Moreno, R., Curtis, K.J., Coughlin, T.R., Miranda-Vergara, M.C., Dutta, S., 
Natarajan, A., et al., 2019. The CXCL5/CXCR2 axis is sufficient to promote breast 
cancer colonization during bone metastasis. Nat. Commun. 10, 4404. 

Rosenbluth, J.M., Schackmann, R.C.J., Gray, G.K., Selfors, L.M., CM-C, Li, Boedicker, M., 
et al., 2020. Organoid cultures from normal and cancer-prone human breast tissues 
preserve complex epithelial lineages. Nat. Commun. 11, 1711. 

Ryser, M.D., Mallo, D., Hall, A., Hardman, T., King, L.M., Tatishchev, S., et al., 2020. 
Minimal barriers to invasion during human colorectal tumor growth. Nat. Commun. 
11, 1–10. 
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Abstract The urban sprawl is one of the potential

threat for sustainable development. The present study

has been carried out on Ahmedabad Municipal

Corporation (AMC) area including Ahmedabad city

to monitor the urban sprawl from 1976 to 2017.

Normalized Difference Vegetation Index, Normalized

Difference Built-Up Index, and Built-Up Index are

applied to monitor the urban land use change by using

multi-temporal and multi-date remote sensing satellite

data from Landsat. The future scenario of urban land

use prediction of AMC has been modelled by the use

of cellular automata (CA) and artificial neural network

(ANN) with GIS techniques. The results of land use

monitoring indicate that the built-up area has

increased by 156.93 km2 whereas, agricultural land,

open spaces, urban vegetation, and water bodies have

decreased during the last 4-decades from 1976 to

2017. Moreover, the results of CA simulation reveals

that the built-up will continue to increase in the future

at the cost of other classes. The decadal built-up

growth was 2.58 km2 during the earlier period and it

was the highest (5.98 km2) during the decade of

2007–2017. The validation of results related to CA–

ANN has been measured by the Kappa coefficient in

which the obtained values of Kappa local, Kappa

histogram and Kappa overall were 0.92, 0.75, and 0.69

respectively and the measured percentage of correct-

ness was 78.63%. The predicted urban land use growth

reveals that the built-up would cover the maximum

part of the AMC area by 2027 provided that the present

land use trend, demographic growth, and commercial

development does not show any major change.

Therefore, the study pertaining to LULC change and

its future prediction will be highly helpful for urban

planners and administrators to prepare a sustainable

city planning for the Ahmedabad city and its

surroundings.

Keywords Multi-temporal Landsat data � Built-up
indices � LULC � Cellular Automata (CA) simulation �
Artificial Neural Network (ANN) � Sustainable
development

S. A. Yatoo � P. Sahu (&)

School of Environment and Sustainable Development,

Central University of Gujarat, Sector- 30, Gandhinagar,

Gujarat 382030, India

e-mail: paulamisahu@gmail.com

S. A. Yatoo

e-mail: yatoosaleem20@gmail.com

M. H. Kalubarme � B. B. Kansara
Department of Science and Technology, Bhaskaracharya

Institute for Space Applications and Geo-Informatics

(BISAG), Government of Gujarat, Gandhinagar,

Gujarat 382007, India

e-mail: mhkalubarme@gmail.com

B. B. Kansara

e-mail: bhagirathkansara12@gmail.com

123

GeoJournal

https://doi.org/10.1007/s10708-020-10274-5(0123456789().,-volV)( 0123456789().,-volV)

Author's personal copy

http://orcid.org/0000-0002-0454-5054
http://crossmark.crossref.org/dialog/?doi=10.1007/s10708-020-10274-5&amp;domain=pdf
https://doi.org/10.1007/s10708-020-10274-5




































International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

SJIF (2020): 7.803 

Volume 10 Issue 11, November 2021 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

Politics of Elemental and Eliminative 

Representation of Women in the Indian Cinema 
 

Jasmine Shaikh
1
, Dr. Zakia Firdaus

2
  

 
1Research Scholar, Centre for Comparative Literature and Translation Studies, Central University of Gujarat 

 
2Assistant Professor, School for Language, Literature and Translation Studies, Central University of Gujarat 

 

 

Abstract: Modernization in India came with its own set of issues which raised more questions than answers. It has been observed 

since ages that no matter how much progressive and modern we claim to be; we are still very much a part of the society where a variety 

of atrocities and violence against women like killing and aborting the girl child, honour killing, acid attacks, rape, etc. have almost 

become part of the everyday life. This brutally enigmatic reality of life has always managed to find means of representation and 

misrepresentation across different mediums. The Indian Hindi Cinema or Bollywood has produced a number of very significant movies 

where the atrocities and violence against women are depicted. Movies like – Mother India, Mirch Masala, Mrityudanda, Shakti: The 

Power, Provoked, etc. are some of the very important and impressively directed movies which in some way or the other reveal the darker 

side of society where women are subjected to torture and subjugation. Women in Bollywood are no longer “decorative objects” but 

through their realistic and powerful characterization aim to provide a “worldwide awareness of female experience…”. Movies like 

Bazaar, Provoked, Water and Fire have raised the issues of proper (ideal?) representation of women. This paper attempts to trace the 

instances of rebellion by such oppressed and abused women. This rebellion was not just at the level of raising their voice against 

injustice of society but it also penetrated the deep layers of systemic sectarian violence. It then becomes mandatory to look into the acts 

of violence and counter violence inside and outside the institution of marriage too as the institution of marriage holds the center in 

discourse of the Indian society. It attempts to look into the acts of articulation, dialogue, sexual aggressiveness and physical torture 

through a “culture – specific” and “situation specific” mode of analysis. It tries to find the intersections between the “real” and “reel” 

(mis) representations of women who are trying to make a conscious effort to address the anxieties and angsts of sexuality, gender, caste, 

class and ethnicity. The paper also tries to read the very phenomenon of modernization as a cultural discourse in the mainstream 

commercial Bollywood movies as well as in the critically acclaimed art movies.  

 

Keywords: Atrocities, Bollywood, class, power, subjugation, torture, rebellion, relationship (s), objectification 

 

India and modernization! A lot has been said and claimed to 

put India into the category of modern nations, but these 

claims have always been questioned by certain socio - 

political situations and issues. The issue of violence and 

other atrocities against women in India stands demanding 

attention and action since medieval ages. The issues 

pertaining to violence against women and their lamentable 

condition in the society were in need of some kind of 

representation where they could reach to the masses and 

could generate some sense of awareness. These concerns are 

not new to the society or to the cinema. These are the stories 

of the struggles of women who tried to confront a 

suppressive social structure and their individual intertwined 

desires.  

 

The Indian Hindi Cinema or Bollywood is a global 

phenomenon with over 1.2 billion viewers. It has fashioned 

and articulated the fluctuating structure of modern India. It 

has also earned itself a bad reputation for objectifying 

women. In majority of the mainstream cinema women have 

been portrayed as decorative things. There’s another side of 

the cinema which has depicted them as martyrs or 

victimizers of other women. There are a few movie makers 

who have produced a number of very significant movies 

where the actual atrocities and violence against women is 

depicted. They tried to make a more “gender sensitized 

cinema” where the “exploited” and “exploitable roles” are 

clearly illustrated. These movies in a way made their own 

political statement where a woman is raising her voice 

against the injustice in the society. Movies like – Mother 

India, Mirch Masala, Mrityudanda, Shakti: The Power, 

Provoked, Pinjar, Lajja, Water, Earth, Fire, Parched, etc. 

are some of the very important and impressively directed 

movies which, some way or the other, reveal the darker side 

of the society where women are subjected to torture and 

subjugation. Now women in Bollywood are no longer the 

“decorative objects” but through their realistic and powerful 

characterization, aim to provide a “world - wide awareness 

of female experience…” Movies like – Bazaar, Provoked, 

Water and Fire has raised the issues of the proper (ideal?) 

representation of women. These movies very successfully 

questioned the larger authoritarian male world order where 

women are subjugated, tortured, raped and murdered. They 

visualized “the many layers of a brutal world for women”. 

These movies in a way also questioned the stereotypical 

objectification of a woman’s body in the Bollywood which 

was mostly meant for the male gaze. More than that it 

questioned the commodification of the female body meant 

for the male consumption in and outside the marital 

relationship. It tries to look into the issues of different 

cinematic experiences and instances where the women have 

been denied their actual identity and have been either 

intentionally eliminated and/or kept in the margins. The 

above mentioned movies make a deliberate attempt to 

present a very problematic and partial picture of women in 

the society to create a need for awareness on the issues of 

the social situation of the women. At this juncture it 

becomes crucial to understand that the movies related to the 

issues of women are majorly controlled by the prevailing 

sociopolitical discourses on women and eventually become 

victims of the very much open or liberal epistemology of 

conventional feminism which has always looked upon the 

issues of women as a kind of war of the genders. So there’s a 

need to recognize and scrutinize the representation of 
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women in artistic practice which should be able to contend 

the fundamentally social appeal of all practices.  

 

There have been some efforts in the direction of the social 

upliftment of women since 1800. It became more organized 

around 1900 – 1920 with the formation of the organizations 

like The Women’s Indian Association (WIA, 1917), The 

National Council of Indian Women (NCWI, 1925), and 

The All India Women’s Conference (AIWC, 1927). Some 

very remarkable women like Kamala Devi Chattopadhyay, 

Muthulakshmi Reddy, Sarojini Naidu, Margaret Cousins, 

etc., were the chiefs’ of such organizations. In their 

leadership and with the help of some prominent nationalist 

leaders many legislative acts were passed and proposed like 

the Sharda Act (1929) restraining the child marriage, Hindu 

women’s rights to property act (1937), the Muslim personal 

law application act (1937), etc. With the help of such 

organizations Women’s Movement in India was catching 

pace and tried to bring women in the center from the 

margins through a number of exemplifications in a variety of 

mediums like that of art and academia. Sangeeta Datta says 

in her Globalisation and Representations of Women in 

Indian Cinema that the academic debate of the female 

representation should move on from the abstract analyses to 

a more dynamic commitment like the “modalities of image, 

forms of speech and address to viewers” (Datta, 71). In light 

of the Women’s Movement in India and its repercussions on 

cinema she further illustrates- 

 

The nationalist rhetoric of the pre - independence years 

produced films valorizing the mother figure. Mehboob 

Khan’s Aurat, a modest film made in the early forties was 

remade in color as Mother India in 1956. The making of a 

new nation, the projection of Indian culture to the world 

market, the first International Film Festival in Delhi – 

perhaps all these factors led to the tremendous reception of 

the film both at home and abroad. It was the immediate post 

- independence moment that led to the phenomenal 

iconisation and identification of the mother and nation in 

popular consciousness. Nationalist discourse constitutes the 

female body as a privileged signifier and various struggles 

are waged over the meaning and ownership of that body. 

What does it mean for women to be explicitly evoked in 

theories of nation only when their specificity can serve a 

particular cause?. . . . . As the women’s movement gained 

strength in India and highlighted women’s oppression and a 

struggle for an egalitarian society– a series of women film 

makers brought women from the margins to the center of 

their texts. An alternative viewpoint and a female gaze 

brought focus on female subjectivity. A number of films 

were made by Aparna Sen, Sai Paranjape, Vijaya Mehta, 

Aruna Raje and Kalpana Lajmi, whch were sensitive 

portrayals of women protagonists, in search of social and 

sexual identity, women firmly located in specific socio - 

historical contexts. (Datta, 72 - 74)  

 

Movies like Bazaar, Mandi, Nikaah, Water and Provoked 

have socio - economic backdrops which stand at the 

intersections of the history, real life and reel life. In these 

movies we do find an articulation of ideas and opinions; 

wherein we see that somewhere the modern feminism is in 

correlation with the traditional values. When we see 

characters like Najma, Rukminibai, Nilofer, kalyani and 

Kiranjeet challenging the larger social structure and their 

personal tangled desires and needs, we notice a cognizance 

of the female experience. These and many other such movies 

visualize a multi layered vicious world for women. These 

are the stories of the exploited and exploitable roles in both 

– real and reel life; which tries to contest the unfair and 

uneven situations that instigate violence against women.  

 

The story of Nikaah has a Muslim locale. It criticized the use 

and abuse of woman by her two successive husbands. When 

I say ‘use’ and ‘abuse’ I mean the representation of woman 

as a ‘thing’ meant for the consumption of the male. Her 

condition after her first divorce is still the very condition of 

the majority of women in India who are looked down as a 

social stigma and have a hard time settling in the routine life 

and even finding a decent job without being the subject of 

scorn and ridicule. There is another point of view which this 

movie presents before us – the place of divorced/single 

woman in the society. Through the repeated Nikah 

(marriage) of Niloufer it is signified that there is no place for 

a single woman in the Indian society. She needs to have a 

male protection; preferably a husband’s, in order to gain 

respectable social recognition. The way Niloufer is treated in 

this movie is very disturbing. She actually becomes a victim 

of male – her two respective husband’s whimsies and 

insecurities and is tossed around like a damaged and soiled 

toy! This persecution of the woman within the so called 

sacred bond of marriage; demonstrating a kind of unseen 

and obscure violence, is very much intimidating, shocking 

and precarious.  

 

The notion of woman as an object of consumption and 

commodification is expressed in a very disturbingly striking 

manner in the movies like - Bazaar, Mandi and Water. The 

issues of girl - child marriage, wife shopping and buying, 

forced prostitution, molestation, widow sexual exploitation, 

etc. have been bought up in a certain manner which asserts 

that a female body can be transactional! It can be hustled up 

and traded for family honour, financial benefit, marriage, 

sex, flimsy egos and respect. They all portray a sort of 

perverted politics of majoritarian upper class domination. In 

Bazaar and Nikaah; religion plays an important role as the 

bartering, the trade happens in the guise of religiosity and 

tradition. In Bazaar, throughout the movie we notice that 

women and money are talked about together. The 

protagonist of the movie – Najma, belongs to a withered 

high class family of Hyderabadi Nawabs. Her mother tries to 

force her into prostitution so that they can live a 

‘respectable’ and reasonably lavish life matching their social 

position. When Najma refuses to do so her mother tries to 

comfort and then confront her by saying that she just needs 

to do it in the darkness of night so that no one knows about it 

and asks her to do so in the name of family’s honour, while 

her brothers are free to roam around without doing anything; 

because their doing any kind of job will ruin their ‘Nawabi 

thath’. There is a beautiful scene in the very beginning of the 

movie where Najma is watching herself in the mirror 

inquisitively and we as audience watch her watching in the 

mirror. It does provides a kind of visual pleasure to the 

audience in terms of the scene’s cinematography but in a 

way it also gives a sense of premonition that throughout the 

movie Najma keeps on questioning her existence, her 

identity and her actions. The movie questions the despair of 
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the poor and exposes the decadent Indian society where the 

poor teenage brides are sold and bought by the old and rich. 

Najma painfully says that – “aapke bazaar mey agar koi 

sabse sasti chiz hay – to who hay – aurat” (the cheapest 

object in your market is – the woman). With such serious 

and tragic storyline, we notice a very casual atmosphere 

maintained by most of the male actors throughout the movie. 

There are very serious matters of love, life and livelihood 

and it’s the poor and helpless people from the society who 

are affected majorly by these issues. The rich and powerful 

simply play ignorant and indifferent to the poor people’s 

pleadings. The other female characters in the movie are also 

silent because they know that teenager Shabnam’s marriage 

to wealthy middle aged Shakir Ali Khan will somewhere 

clear the way to their own marriage (s) and better future. The 

tradition of “Mehar” in Muslim marriage which makes the 

bride a property of the groom is confronted in this movie. It 

makes marriage a legal system of buying and selling 

humans. It is very unsettling to notice that so far no hardcore 

social or political hardcore efforts have been made to abolish 

this practice.  

 

“Mard kharidta hai tabhi toh aurat bikti hai!” (Just because a 

man buys, a woman is sold.) Movie Mandi depicts an even 

murkier side of the society where the ages old “kalakar” – 

the artists are forced to reduce themselves into prostitution 

as their art is no longer appreciated or recognized by the 

society. In the movie Rukminibai – a brothel madam, keeps 

on lamenting about their downfall. There is a very 

interesting character of the photographer in the movie who 

keeps on clicking pictures of the prostitutes from all the 

angles and if possible in ‘all’ kind of positions and for that 

he is ready to do almost anything – just like modern 

paparazzi! In a way this character shows that reality of the 

society which is full of people who delights in hidden 

sensual pleasures like looking at the sexy and sensational 

pictures of women and also wants to earn by selling these 

pictures to the ‘demanding’ customers. There is also a 

policeman in the brothel who actually lives in the brothel 

and has also fathered a child with one of the prostitutes. 

Instead of taking the responsibility of the child and his 

mother and taking them home, he rather stays back in the 

brothel in order to fulfill his sexual desires from almost all 

the prostitutes! He is actually free from all the 

responsibilities of being a father or a responsible husband or 

partner! His 24*7 presence their also in a way depicts a 

society which has crossed all the limits of decency, 

responsibility and which has no concern for the needy and 

the poor. It is society of lecherous and treacherous upper 

class rich people where the poor people and prostitutes like 

Rukminibai are forced to safeguard their ‘illegitimate 

secrets’. There is a triple displacement of prostitutes in the 

movie. They made to relocate again and again because the 

so called respected and sophisticated people refused to live 

around them and demanded more and more space for the 

modernization of their surroundings. The prostitutes were 

made to live in a dilapidated building near a shrine and they 

turned it into a thriving business and religious center, where 

all the “wishes” of people are answered. These 

displacements also changed the power dynamics inside and 

outside the brothel. Many well – guarded secrets are 

revealed and Zeenat, the most valued prostitute runs away 

with her own step brother in desperation. Rukminibai is 

kicked out of her own ‘kingdom’ but manages to find a 

beautiful place with a Shivlinga at the riverbank and poor 

deaf and dumb Phoolmani running towards her from the 

assumed Nari Niketan Grih. This scene is very symbolic as 

Rukminibai finds again a place to start her new life with 

signs of life - water (river), religion (Shivlinga) and woman 

and man (Phoolmani and Tungrus) and for Phoolmani it’s a 

run from one prison to the other. Throughout the movie the 

discussion moves around some ‘Nari Niketan Grih’, but it is 

never actually shown! This could also be interpreted as the 

larger reality of society where the places or spaces like these 

which work for the betterment of needy and suffering 

women do not exist. Their existence is just on paper. Even if 

they exist, the condition of women in such places is very 

horrifying. There is a very interesting representation of 

female characters in this movie which depicts most of them 

as “in the service of the society”! It includes the prostitutes 

and the social worker. Another interesting point is that – the 

people of all caste and creed are welcomed in the brothel. It 

comes out as a more secular place than the actual educated 

and so called progressive society. This movie has also very 

successfully depicted women of almost all the types – 

innocent women, shrewd women, lusting women, longing 

women, always pregnant women, smart women, foolish 

women, constantly worried and working women, 

pretentious, mysterious and confused women etc. 

  

Bazaar and Mandi also attempts to probe into the issues of 

the identity formation and its deconstruction. Even the titles 

of both the movies are very apt! Bazaar – meaning a proper 

market with established and trained shopkeepers like Hajjun 

Bi who serve to the chosen elites or the highest bidder; 

unfolds the inhuman and pretentious side of the high class 

society whereas Mandi – which means a road side, street 

market with small vendors shows its availability and access 

to all. It also shows the hypocritical nature and the vileness 

of the high class people who are full of contempt for the 

poor and live dual lives of respectability and debauchery.  

 

These movies, no doubt elementarily talk about the 

injustices and atrocities on women; have a very eliminative 

approach of doing so. They depict women in the margins, 

mostly sidelined. The representation of women in 

Bollywood is crucial in the mode and manner of their 

depiction which majorly revolves around them as 

‘something’ which could be traded, bartered or replaced.  

 

In contrast to these movies; Utsav by Girish Karnad 

presented a very interesting viewpoint on the lives and 

condition of women. Though the story is set in the medieval 

India; it is way modern in terms of its concept. This movie 

talks about a brothel and a prostitute named Vasantsena in it. 

This movie offers a very different perspective on the lives of 

prostitutes as they had a distinct position in the society and 

were respected. They were under the state’s protection. It is 

not just a story of prostitutes experimenting with sex and 

helping Vatsayana with his magnum opus – Kama Sutra; but 

a narrative of the power politics - the Marxian concept of 

entertainment, consumption and sex related to the politics. 

Yet when it comes to the representation of women, it falls 

into the stereotype and depicts them as objects of and for 

entertainment and luxury – meant for the male consumption. 

As Charudutta’s wife Aditi clarifies to Vasantsena that in a 
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way she is happy that her husband is having an affair with 

the most sought after prostitute in the state, but at the same 

time she makes it very clear to her that ultimately she is his 

wife and therefore holds a better position in the society. The 

idea of female representation here becomes a bit problematic 

as on one side the prostitutes are shown as well respected 

beings in the society but at the same time their 

representation and existence is mainly for the male gaze and 

consumption. They are both – elemental to the society but 

are also in the easily eliminative zone of the society.  

 

There’s a need to not only venture into the avenues of the 

politics of (mis) representation of women in the Indian 

cinema; but also to bring into fore the trials and traumas of 

the Indian woman who struggles to find, claim and reclaim 

her identity as a living – breathing person! The notion of 

inflicting violence upon women becomes very important 

here as this violence is multi layered and multi - 

dimensional. This violence is not just the physical violence; 

it is also a sexual, emotional and psychological trauma for 

the woman who is victimized for the centuries which is the 

result of a number of superstitions and malpractices 

prevalent in the society at the levels of religion, caste, class 

and gender. In Deepa Mehta’s Water there’s a very 

disturbing portrayal of the pre - independence Hindu 

widows. Where they are denied all the pleasures of life and 

made to forsake their dignity with no right or hope for their 

emancipation. Widows like Kalyani and Shakuntala either 

live a life with no dignity and forced servitude or they just 

die or commit suicide. These were their only options. Theirs 

were the silent and silenced narratives. The representation of 

such narratives can be studied as an attempt to understand 

and investigate the lives of the pre - independence Hindu 

widows and the post - independence Hindu widows. With 

this it needs to be determined whether the society has 

actually changed? 

 

In Indian society, a woman’s strength and virtue is directly 

proportional to how much suffering they can endure and still 

do what is expected of them. This paper also attempts to 

trace the instances of rebellion by such oppressed and 

abused women. This rebellion was not just at the level of 

raising their voice against the injustice of the society, but it 

also penetrated the deep layers of systematic sectarian 

violence. Movies like Provoked are made to address the 

issues relating to the violence upon women. In spite of 

suffering severe domestic violence Kiranjit is made to suffer 

in the prison for long. A battered and provoked victim 

Kiranjit eventually manages to settle down in her life. In the 

movie Provoked we see a very problematic representation of 

Indian women. She suffers the violence and reacts violently 

by killing her husband, but in prison, offers formal prayers 

with the help of a proper Hindu pandit (priest). One of the 

reviews about the movie states that - “The construction of 

the self - conscious Indian images and narratives, a sense of 

‘Indianness’, not only for the Indian audience but for the 

European market with a touch of glamour. ” Other reviewer 

opined – “Phenomenal iconisation and identification of the 

mother, the wife and nation in popular consciousness. ” The 

violence begins at the domestic level and then penetrates 

deep and silenced in the name of duty, religion and society. 

Religion demands obedience and silence. This violence is 

deeply rooted and somewhere also knowingly – 

unknowingly inculcated in the future generations. It then 

becomes mandatory to look into the acts of violence and 

counter violence in and outside the institution of marriage 

too as the institution of marriage holds the center in the 

discourse of the Indian society. The present, now, is the time 

to look into the acts of articulation, dialogue, sexual 

aggressiveness and physical torture on women through a 

“culture specific” and “situation specific” mode of analysis. 

It tries to find the intersections between the “real” and “reel” 

(mis) representations of women who are trying to make a 

conscious effort to address the anxieties and angsts of 

sexuality, gender, caste, class, and ethnicity because even 

today they are not able to find strength to tell anyone about 

their pain – because they don’t know if anyone would listen!  

 

From Mother India in 1956 to Parched in 2016, in the last 

60 years of Indian Hindi cinema how little the technique of 

representation of women has actually changed! These 

movies raise very important questions not only of the proper 

representation (s), but also of the situations and 

circumstances in which such representations are carried out. 

They are majorly pertaining to some or the other type of 

violence. Is there any way escaping this violence or we 

simply need enduring it? Precious Arinze says in The 

Women Who Carried Violence In Their Bodies – 

 

The idea of a female voice that is seen and heard is an 

inconceivable atrocity to some. The need to censor and 

police the female body is built on fear. But fear of what? A 

culture that rids the male body of responsibility and 

accountability while tattooing blame on the female body is 

dangerous and benefits no one.  

 

Women are culturally engineered to be custodians of 

patriarchy as much as men are. The existence of these 

wonderful, rebellious, independent, audacious women 

characters opened my eyes to painful realities. I drew 

inspiration from their experiences, some of which had been 

mine. Like them, I did what I could to move against the 

swirl of transgression. (Arinze)  

 

These myriad representations of women in Bollywood in a 

way attempts to make its own political statement (s). From 

show pieces to victims and martyrs, they are now emerging 

as survivors with possibilities of empowerment, 

emancipation and freedom.  

 

 “I am reclaiming my time. I am learning what freedom is. 

Coming into myself with the audacity of sunshine after a 

storm. I am verbalizing my defiance. ”  

 - Precious Arinze 
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A B S T R A C T

Cellulose nanofibers, which are troublesome to spin into fibers, can be easily fabricated by post-regeneration of
its acetate-derived threads. Cellulose is a natural polymer; it enjoys better biocompatibility, cellular mimicking,
and hydrophilic properties than its proportionate analog. Herein, we regenerated acetate-free nanofibers by
alkaline de-acetylation of as-spun nanofibers. The resultant cellulose nanofibers previously loaded with hy-
droxyapatite (HAp) were immobilized using silver (Ag) nanoparticles (NPs) by reduction of adsorbed Ag ions on
using sodium borohydride. These amalgamated nanofibers were characterized for SEM, EDX, TEM, FTIR, and
hydrophilicity tests revealing the existence of both HAp and Ag NPs in/on the nanofiber scaffolds. The de-
acetylation of composite nanofibers resulted in spontaneous hydrophilicity. These nanofibers were cyto-
compatible, as resolved by MTT assay conducted on chicken embryo fibroblasts. The SEM of the samples after
cell culture revealed that these composites allowed a proliferation of the fibroblasts over and within the na-
nofiber network, and increased concentration of HAp levitated the excessive of apatite formation as well as
increased cell growth. The antimicrobial activity of these nanofibers was assessed on E. coli (BL21) and S. aureus,
suggesting the potential of de-acetylated nanofibers to restrain bacterial growth. The degradation study for 10,
30, and 60 days indicated degradation of the fibers much is faster in enzymes as compared to degradation in PBS.
The results certify that these nanofibers possess enormous potential for soft and hard tissue engineering besides
their antimicrobial properties.

1. Introduction

In recent years, enormous progress has been achieved and is going
on in the area of tissue engineering for the advancement of scaffolds
used in various implants. In this regard, the diverse classes of polymers,
especially natural and synthetic, have been fabricated to provide a
short-term skeleton system for encouraging up the cell attachment,
growth, migration, proliferation, differentiation, and finally, procrea-
tion to allow regeneration of the impaired tissues [1–3]. However, the
natural polymers are ideal candidates in contrast to the counterpart
scaffolds created from synthetic polymers [4]. Moreover, the natural
polymers have tremendous potential in tissue engineering, regenerative
medicine, drug delivery and stem cell-based research [5–7]. Cellulose is

an organic polymer with the formula of (C6H10O5)n and is one of the
most abundant polysaccharides present on earth. Besides, it is the pri-
mary structural component of the cell wall in plants, algae, oomycetes.
Intriguingly, some of the bacterial strains are celebrated to synthesize
20-100 nm known as microbial cellulose [8,9]. The utilization of cel-
lulose has been well-documented for various accomplishments in bio-
medical sciences. Among multiple facets of its application, cellulose as
supporting structure in bone/cartilage restoration is accurately used
[10,11], vascular tissue reconstruction [12], wound healing [13], dif-
fusion controlling membranes [14] and coating material for drug re-
leasing scaffold [15]. Due to the recent advances in technology, the
cellulose is quickly processed into a diverse configuration (e.g., mem-
branes, sponges, particles, and nanofibers) depending upon the method
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of fabrication and utility of the specific design [16]. These applications
of cellulose are due to the strong intermolecular hydrogen bonding
between the linear chains of β(1 → 4) linked to D-glucose units, and that
accounts for its higher degree of crystallinity, mechanical strength, low
solubility, hydrophilicity and slow degradation rate [17].

Currently, there are plenty of techniques available to fabricate de-
sirable scaffold from cellulose for applications in hard and/or in soft
tissue regeneration. Among the available methods, the electrospinning
is considered as one of the most widely accepted processes to fabricate
fibers with a diameter ranging from nano- to micro-scale and applied in
various fields of technology [18–21]. The most important advantage of
this technique is that it can produce nanofibers in a tailor-designed
manner with controlled diameter, porosity and morphology that can
mimic the extracellular matrix (ECM) of the native tissue present in the
human body [22–24]. In addition to providing structural support as
well as topographical and biochemical cues, the nanofiber supports in
allowing the attachment, migration, proliferation and differentiation of
the native cells, which are in dire need of regeneration. Regardless of
the fact, cellulose is difficult to process into nanofibers by electrospin-
ning owing its poor solubility in common organic solvents and its
subservient nature to undergo thermal degradation before melting [25].
Furthermore, problems associated with fabricating the nanofibers by
electrospinning are that the other solvents (e.g., N-methylmorpholine-
N-oxide and lithium chloride) are either highly toxic and are difficult
remove during electrospinning or must be spun at elevated tempera-
tures [26]. Moreover, the use of highly poisonous solvents places the
additional risk of residual solvents in the final product, i.e., in nanofi-
bers and the elevated temperatures during the electrospinning can lead
to a reduction in mechanical properties and finally, all this adds up the
additional burden in getting nanofibers deposited directly on collector
surfaces. Therefore, only a few reports for the fabrication of pristine
cellulose nanofibers by electrospinning are available in the literature
[27].

Moreover, bacterial cellulose fibers are extensively studied for bio-
medical applications, including hard and soft tissue engineering
[28,29]. Nevertheless, the use of bacterial cellulose is limited because it
is difficult to control the uneven growth of fiber morphology. Con-
currently, synthesis by bacteria includes expensive fermentation pro-
cess, also restricts its use compared to cellulose available from plant
sources [29]. Therefore, a conveniently available approach is to exploit
the use of cellulose acetate as a progenitor for the fabrication of pure
cellulose nanofibers [30]. Cellulose acetate is the synthetic polymer and
is commercially available. It is a derivative of acetate ester of cellulose
and can be dissolved in most of the common solvents such as acetone,
acetic acid, dimethylformamide, dimethylacetamide, methanol,
chloroform, pyridine, etc. [31]. It is noteworthy to mention that cel-
lulose acetate nanofibers are easily produced by electrospinning due to
ease in choosing the aforementioned solvents. Subsequently, after the
event of electrospinning the cellulose acetate nanofibers can be desir-
ably regenerated using facilely alkaline de-acetylation process to
eliminate acetate groups present on cellulose backbone [32]. In this
work, we have attempted a resembling approach using acetone–water
solvent system to disperse cellulose acetate and then de-acetylate the
cellulose acetate nanofibers using NaOH to regenerate pure cellulose
nanofibers.

The implantation of electrospun scaffolds into the host body de-
pends upon the efficiency and strength of osteointegration between the
bone and the surface of the implant in the case of bone tissue en-
gineering [33]. One of the most commonly applied strategies is to in-
duce osteointegration by surface coating the implanting fibrous scaffold
with hydroxyapatite (HAp)-like minerals [34,35]. However, a funda-
mental problem associated with surface coating is the tendency of
having improper and/or loose-fitting attachment resulting in detach-
ment of bone inducing agents. Besides, after an event of cell pro-
liferation on the implant surfaces, which is abundant in bone producing
agents, the degradation takes place in the deeper sections of scaffolds

where no bone supporting agents are present. Furthermore, this can
endanger the whole process, resulting in implant rejection at later
stages of tissue growth.

Moreover, a conventional procedure to create a surface apatite layer
on biomaterial scaffolds is to incubate them in the presence of simu-
lated body fluid (SBF), which is an electrolyte solution that mimics the
inorganic composition of the human blood plasma [36]. However,
crystal growth is a complex process and requires the solution to develop
into a beautiful crystal form the pre-existing crystal. Owing to this pre-
request, it often requires precursors material to act as a nucleation site
for the appropriate induction of HAp particles. For instance, the arti-
ficially introduced functional groups at the site of nucleation have
shown the ability to induce the HAp layer on polymer scaffolds when
treated with SBF solutions [37]. In another example, the functionali-
zation of cellulose nanofibers with a carboxylic acid group was found to
enhance the biomineralization process by prompting the apatite growth
formation [36]. Other studies have reported that a pre-treatment of the
scaffold with Ca2+ containing a solution, which is a prerequisite for the
induction of Ca and P mineralization on the nanofiber framework
during subsequent incubation in solutions of SBF [38]. However, our
approach was to co-electrospun nano-HAp particles along with cellu-
lose acetate to lodge these particles within and over the surface of the
fibers, which probably will act as nucleating sites for further induction
of apatite growth when treated with the SBF solution.

In present days, researchers focus on the advantage of possessing
add-on properties of having antimicrobial attributes that are desirable
when the nanofiber scaffolds are applied either externally and/or in-
ternally to avoid microbial infections near the area of its application
[39,40]. Lately, due to the emergence of antibiotic resistance, by using
organic antibiotics, the focus has been shifted towards use inorganic
metals and their oxides against the hostile bacterial strains. In this
connection, silver (Ag) has reported being effective against 650 bac-
terial species [41]. The ability of the Ag ions to act as a potential an-
tibacterial agent is due to its ability to attach the cell membrane. Later
on, to penetrate the respiratory chain of the cells leading to the shut-
down of the oxidative phosphorylation pathway and hence causing the
death of bacteria [42]. Compared to its pure metallic form, the Ag in its
nanoparticle (NP) nature exhibits an enhanced antibacterial action due
to its increased surface area, high-reaching potential for penetrating the
multifaceted cell wall, and excellent release kinetics [43]. In the case of
nanofibers incorporated with Ag NPs, the commonly preferred strate-
gies can be classified into the following methods. One of the ways takes
advantage of preparing the colloidal Ag NPs from its salts (e.g., AgNO3,
Ag2SO4, AgCl and C10H9AgN4O2S, etc.) by employing reducing agents
like NaBH4 or/or sugars [44,45]. Further on, this step can be followed
by immersion of the samples into the already prepared colloidal dis-
persion for allowing the adsorption of the Ag NPs in/on the fiber by
electrostatic interaction with the functional groups of the polymer
present in the nanofiber scaffolds [46]. The alternative method exploits
the in-situ preparation of the NPs by initially allowing the deposition of
the Ag+ ions on the nanofiber surface by electrostatic and/or by van
der Waals interaction and the reduction of the Ag ions to Ag particles by
a suitable reducing agent such as UV light [47], microwave [48], ul-
trasound [49], or chemical reduction [50]. Furthermore, a co-solvent
method used in electrospinning such as N,N-dimethylformamide to
reduce Ag salts and then to use the same solvent containing Ag NPs in
preparing dispersions for electrospinning. However, the toxic nature of
the solution limits its efficacy in the preparation of bio-scaffolds [39].
However, the only drawback of this system is that a higher con-
centration of AgNO3 remains unreduced, which can instigate toxicity in
the cultured fibroblasts [51]. In this paper, our approach includes in-
situ methodology whereby the regenerated cellulose nanofibers con-
taining different concentrations of the HAp are treated with AgNO3

solutions, and then the deposited with Ag+ ions by chemical reduction
using NaBH4 (Scheme 1). It is noteworthy to mention here that we
cannot directly use the HAp and AgNO3 solutions for electrospinning of
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nanofibers, because solution forms unsuitable precipitate when the
cellulose acetate is added to produce nanofibers by electrospinning.
This work aimed to fabricate regenerated cellulose nanofiber scaffolds
containing nano-HAp as nucleating agents and post-treatment with
surface grafted Ag NPs to form scaffolds with antibacterial action. These
scaffolds were investigated under physiological conditions in SBF to
induce excessive apatite formation for further application to os-
teointegration. The antimicrobial activity of the fabricated nanofibers
was assessed against E. coli and S. aureus. Furthermore, these scaffolds
were investigated for biocompatibility and cell attachment against
chicken embryo fibroblasts, in order to reveal the potential application
in wound healing.

2. Experimental

2.1. Materials

Cellulose acetate (Mw 50,000; 39.7 wt% acetyl content), Silver ni-
trate, Sodium borohydride, glutaraldehyde (grade I, 50% in water), PBS
tablets, TEM grids, and nano-HAp were purchased from Sigma-Aldrich,
USA. Acetone (extra pure), Sodium chloride, Potassium chloride,
Magnesium chloride, Calcium chloride, Potassium phosphate, Sodium
sulphate, Tris buffer, Acetic acid, and Sodium hydroxide were pur-
chased from Sisco Research Laboratories Pvt. Ltd., Mumbai, India.
Sodium bicarbonate and Hydrochloric acid were supplied by Avantor
Performance Materials Ltd. Thane, India. Ethanol (absolute) was pro-
vided by Changshu Hongsheng Fine Chemical Co., Ltd., Jiangsu, China.
All chemicals/solvents utilized were of analytical grade and were used
without further purification throughout all experiments. The microbial
strain S. aureus was a kind gift from the Department of Animal
Biotechnology Sher-e-Kashmir University of Agricultural Sciences,
Kashmir, India. The LB agar and LB broth were purchased from G-
Biosciences®, St. Louis, MO, U.S.A. The chicken embryo fibroblasts
(CEFs) were isolated from 9-day old chicken embryos and further
maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma, St.

Louis, Missouri, USA) supplemented with 10% fetal bovine serum (FBS)
(Sigma, St. Louis, Missouri, USA) and 0.1% cocktail antibiotic com-
posed of 10,000 U Penicillin and Streptomycin solution (HIMEDIA Lab,
Nashik, India). Furthermore, the cell culture flasks, microplates, and all
other reagent bottles necessary for microbial and tissue culture were
purchased from BD Falcon®, USA.

2.2. Methods

2.2.1. Preparation of dispersions for electrospinning
Cellulose acetate (12 wt%) dissolved in acetone–water solvent

system (90,10w/w%) was kept overnight on a magnetic stirrer (REMI,
model 1MLH) at 500 rpm. The screw-top vials were tightly sealed by
parafilm to avoid the loss of volatile solvents. The HAp NPs were pre-
pared by following our previously developed strategy [52]. After pre-
paration of HAp NPs, different concentrations of HAp NPs (i.e., 0.5%,
1.0% and 1.5%) concerning polymer weight % used for electrospinning
were separately dispersed in 10 g of de-ionized water (10% of the
solvent required for electrospinning) by using Jewelkleen™ Digital Ul-
trasonic Cleaner (Beijing Ultrasonic Co., Ltd., Yongda, China) operating
at 50/60 Hz for 300 s. This was followed by completely dispersing the
samples in Ultrasonic Probe Sonicator, Athena Technology, Mumbai,
India (model ATP-750) having a 6 mm titanium probe for a period of
300 s (with a total on-time of 240 s and in between off-time of the 60s)
at 70 Hz. The sonication of particles was performed in the presence of
an ice bath to reduce the generated heat and/or for the disintegration of
the present lumps due to the agglomeration of HAp NPs. The HAp NPs
fully dispersed in water, was then mixed with the cellulose acetate
polymer already dispersed in acetone. The mixture was kept on the
magnetic stirrer until a homogenous dispersion of the HAp NPs was
obtained. Different concentrations of the HAp NPs disseminated in the
cellulose acetate were then fabricated into nanofibers using electro-
spinning.

Scheme 1. Schematic representation of the fabrication of regenerated cellulose nanofiber mats containing HAp and Ag NPs. Sequential steps are shown to describe
the various process involved in the fabrication process.
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2.2.2. Electrospinning procedure
The electrospinning equipment manufactured by Royal Enterprise,

Chennai, India (model HD 30), was used to form nanofibers. In brief,
the dispersions for cellulose acetate were into three plastic syringes
(10 ml), fitted with an 18G needle having an internal diameter of
0.83 mm, at a temperature of 26 °C and with a relative humidity of
55%. The static voltage was set up at 25KV, and the working distance
from the tip of the hypodermic needle to the collector was 10 cm apart.
The flow rate of 0.8 ml/h was maintained while collecting the nanofi-
bers on the collector (diameter of 5 cm and length of 15 cm) at 132 rpm.
Overall, ~60 ml of the cellulose acetate dispersion was allowed to
deposit on the aluminum foil-covered to the rotatory collector.
Similarly, the electrospun mats of cellulose acetate containing highly
dispersed HAp NPs (0.5, 1.0 and 1.5 wt%) were fabricated utilizing the
aforementioned optimum conditions for electrospinning. In this case,
also ~60 ml of dispersions containing different concentrations of HAp
was deposited to form nanofibers. Finally, the as-spun fibers were dried
in vacuum for 24 h to remove the residual solvent and closed in vacuum
sealer bags for characterization and experimentation.

2.2.3. Regeneration of cellulose fibers from cellulose acetate fibers
A post-treatment approach invoked to regenerate cellulose nanofi-

bers from cellulose acetate nanofibers by alkaline saponification as
reported elsewhere [31,36,53]. Briefly, the fibers (cellulose acetate/
cellulose acetate containing HAp NPs) were cut into 6 cm × 6 cm mats
and treated with 5 ml of 0.05 M NaOH (prepared in 90% ethanol) so-
lution in glass Petri dishes (100 × 20 mm) for 24 h. The fibers were
then rinsed with a surplus amount of de-ionized water to remove traces
of NaOH present. The rinsing continued until the pH of the solution was
wholly neutralized to pH 7.4. The de-acetylated fibers were then air-
dried and sealed in airtight Ziplock bags for further characterizations.
The effect of saponification on the morphology of the nanofiber and
content of de-acetylation was investigated by SEM, FTIR, and other
techniques.

2.2.4. In-situ deposition of the Ag NPs on cellulose acetate/HAp fibers
To incorporate the Ag NPs on regenerated cellulose/HAp nanofi-

bers, samples were treated with different molar ratios of AgNO3 to
synthesize and adsorb Ag NPs according to a previously reported pro-
cedure elsewhere [54]. In brief, regenerated cellulose nanofibers
(4 × 4 cm) containing 0.5 wt%, 1.0 wt% and 1.5 wt% of HAp were
treated with 3%, 5% and 7% AgNO3 prepared in 2 ml solutions
(equivalent to 0.15 M, 0.42 M and 0.70 M AgNO3) for 4 h in Petri dishes
to allow adsorption of Ag+ ions in/on the fibrous architecture of the
regenerated mats. After treatment with AgNO3 for the stipulated time,
the excessive solution was carefully drained. Further on, the fibers in
Petri dishes were treated with 1 ml of 0.05 M NaBH4 to allow the re-
duction of deposited Ag+ ions. The reaction was allowed to proceed for
3 min before draining the solution. The tinged white color of the fibers
changed to pale-yellow and finally to dark-brown, signifying reduction
of Ag ions. The fibers were then air-dried for 24 h, observed under SEM
and investigated for mineralization, antimicrobial and cell toxicity
tests.

2.2.5. Mineralization of the regenerated cellulose/HAp/Ag nanofiber mats
The regenerated cellulose mats containing HAp and Ag NPs were

subjected to simulate for in-vitro mineralization by incubating them in
the presence of SBF. The fluid media was prepared according to the
composition reported elsewhere [55]. The different inorganic compo-
nents equivalent to that of human blood plasma were dissolved in de-
ionized water, pH adjusted to 7.4 by Tris buffer (HANNA Instruments,
Inc. USA) and stored at 4 °C until further usage. The nanofiber mats
were carefully cut into small fiber strips of dimensions 3 cm × 3 cm and
placed in the incubator (BenchTop Lab Equipment) with 2 ml of SBF at
37 °C for 15 days. After incubation, the samples were analyzed by SEM
and FTIR to check the formation of apatite crystals on the fiber surface.

3. Characterization

The morphology of the pre- and post-treated nanofiber samples
were analyzed by scanning electron microscopy (Hitachi Se3700H,
Hitachi Ltd. Japan). The samples for analysis were placed on the
double-sided adhesive carbon tape and sputter-coated by gold for a
period of 50s using a discharge current of 10–15 Ma for consequent
three cycles. Before scanning, the samples were dried in vacuum for
half an hour, to remove the moisture. All the micrographs of the fibers
were taken with the accelerating voltage 10 kV, and images were
captured with magnifications of 1 K and 4 K. The average nanofiber
diameter and distribution were measured by ImageJ software (NIH,
USA) and data was plotted by using OriginPro 8 software. The field
emission scanning electron microscope (JEOL JSM-7100F, Singapore)
coupled with energy dispersive X-Ray spectroscopy (EDX) was used to
investigate the presence of Ca and P on the regenerated nanofibers. The
sample preparation was performed by using carbon tape and sputtering
for 100 s to form a thin layer of gold. To figure out the presence of HAp
and Ag NPs in the nanofibers, the transmission electron microscopy
(JEOL JEM-2010, Ltd., Japan) was used. The operating voltage of
200 kV and final magnifications used to capture the images were 10 and
20 K, respectively. For sample preparation, 10 mg of nanofiber samples
were suspended in 500 μl of absolute ethanol in a microfuge tube
(2 ml). These tubes were sonicated in a bath sonicator for the 90s at a
frequency of 42 Hz to allow disruption of the individual fibers on TEM
grids. The resultant threads from its mat state present in the ethanol
were then carefully deposited on 3 mm copper grids with a grid area
(150 mesh×165 μm pitch). All the samples were then dried at 37 °C for
half an hour before viewing the samples under TEM. To determine the
presence of HAp, shifts occurring in the functional group, the extent of
de-acetylation process and effect due to post-mineralization using SBF
of the regenerated nanofibers, the Fourier-Transform Infrared
Spectroscopy (FTIR) of pre- and post-derivatized fibers was carried out
using (Nicolet™ iS5, ART module, Thermo Fisher Scientific™, USA). The
samples were scanned at a spectral range of 4000 to 400 cm−1 with the
resolution of 4 cm−1 and the total number scans were 32 using an ATR
module. The enhancement in the hydrophilic nature of the nanofiber
mats was measured using a contact angle measuring instrument (HO-
IAD-CAM-01). The contact angle assembly includes a digital camera
(1.5 megapixels) and an optical lens (Computar, TV lens, Japan) with a
focal distance of 50 mm that was placed in between the camera and the
sample. For each sample analysis, three points were selected in a de-
fined baseline along the surface of the drop. The images were captured
using DuraCam software, whereas the contact angle was appraised
using the software in ImageJ. 1.46 with extra plugin Drop Analysis
extension [56]. Overall, the procedure for checking the contact angle
involved taking images in triplicates against 50 μl Dulbecco's Modified
Eagle Media (DMEM) on 3 cm × 3 cm fiber mats.

4. Antimicrobial assay

The most significant causes of implant rejection are due to microbial
infections in the patients after an event of surgery. Therefore, it is
highly imperative to have implant material with inherent antimicrobial
activity. For this purpose, the samples were peeled out from aluminum
foil and punched out in the form of circular discs (8 mm diameter) using
biopsy punchers (Sterile Biopsy Punch, Mentok Healthcare, Jaipur,
India). Before use, the samples were UV sterilized for half an hour on a
clean bench. The antimicrobial activity was determined against E. coli
and S. aureus. Both gram-negative and gram-positive microbes were
efficiently reviewed in 10 ml LB broth in shaking incubator (Mini
shaking Incubator ES-60) at 37 °C until optical density reached a
maximum of 0.5–0.6 (approx. in 17 h). After raising the microbial
populations, the LB agar plates were prepared under sterile conditions
and spread uniformly by 300 μl of the reviving media containing bac-
terial strains. Post spreading of microbes, the sterilized nanofiber discs
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from each of the nanofiber compositions were consistently placed at the
surface of the agar plates. The plates were then incubated at 37 °C for
17 h and observed for zones of inhibition. The zones of inhibition were
measured by Vernier Caliper (Sundershan Measuring and Eng, Ltd.,
India) and documented using a gel image system for further additional
measurements using Photoshop 6.0 (data not shown). All the experi-
ments were carried in triplicate and under aseptic conditions.

5. Biocompatibility assay

The biocompatibility of the nanofiber mats was evaluated by an
indirect assay that can determine the toxicity of materials. The test is
based on the reduction of 3-(4,5-Dimethyl 2-thiazolyl)-2,5-diphenylte-
trazolium Bromide (MTT) into purple color formazan crystals by the
enzymes present in the living cells. In brief, the CEFs were isolated from
9 days old chicken embryo after removing the embryo from the eggs.
The study was approved by the ethical committee of the faculty of
veterinary sciences and animal husbandry, SKUAST-K. The head and
other developed extremities were aseptically cut and discarded.
Further, the embryo was separated by chopping with the aid of a sur-
gical blade. Then 1 ml warm trypsin (Sigma-Aldrich) was flushed over
the chopped embryo and mixed with the cut tip, followed by incubation
for 5 min at 37 °C. After trypsin treatment, the 1000 μl of culture media
(DMEM+10% FBS + 0.1% Penicillin and Streptomycin) from (Sigma,
St. Louis, Missouri, USA) was carefully added and mixed well with the
contents. Further, the materials were placed in the 15 ml tube and kept
upright for 5 min to allow the course debris particles to settle down.
Then the supernatant was collected and seeded in 25cm2 flasks con-
taining the culture media (DMEM+10% FBS+ 0.1% Penicillin and
Streptomycin). In these studies, the second passage cells were used for
all experiments. The processing of nanofiber samples involved
punching of 8 mm circular discs (previously UV sterilized for 30 min)
with the aid of sterile biopsy punchers and then seeding each of these
mats with 100 μl culture media (DMEM+10% FBS + 0.1% Penicillin
and Streptomycin) containing chicken embryo fibroblasts (2 × 105

cells/ml) using sterile 96 well plates. The microplates were then in-
cubated humidified chamber (Galaxy 170S, Eppendorf, Hamburg,
Germany) at 37 °C in 5% CO2 environment, and cell viability was ob-
served on the 2nd, 4th and 6th day of incubation. During the incubation
of fibroblast in the presence of nanofiber scaffolds, the 100 μl of the
exhausted media was replaced with the addition of fresh media after
every 2nd day of incubation. Post culturing of microplates for several
days, the viability of the seeded cells was analyzed by the addition of
10 μl of MTT reagent in PBS (0.5 mg/ml) over the scaffolds before re-
moving the media. Further on, the microplates were incubated for 4 h
at 37 °C to allow the reduction of MTT solution into formazan by mi-
tochondrial oxidases. The formed formazan crystals were treated with
100 μl of 10% SDS solution in 0.01 M HCL to solubilize the formazan
crystals at 37 °C overnight. The resulting purple-blue colored solution
was then collected and analyzed at 570 nm in a microplate reader. The
cell viability was then calculated indirectly by using the following
formula.

= ×Sample absorbance Blank absorbance
Control absorbance Blank absorban e

cell viability (%)
c

100

6. Cell attachment study

The attachment of the chicken embryo fibroblasts on the nanofiber
mats was studied to investigate the ability of these fiber mats for cell
attachment reflecting the growth, migration and proliferation of the
cells. In this study, 100 μl of DMEM containing fibroblasts (2 × 105

cells/ml) were cultured over the 8 mm circular nanofiber mats placed in
96-well plates for 10 days. The media was replaced after every 2nd day
to provide nutrition and removal of waste metabolites from the growing
cells. After 10 days of incubation, the media was washed-out, and the

scaffolds containing cells were flush with 0.1 M PBS (2×). The cells on
fiber mats stayed fixed with 200 μl of 4% glutaraldehyde (prepared in
0.1 M PBS and pre-warmed to 37 °C before use) solution for 2 h. After
that, the fixation media was drained off and subjected to ethanol de-
hydration by serial dilution at room temperatures. The cells remained
dehydrated by treating them with increasing concentrations of ethanol
in PBS (25%, 50%, 75% and finally 100%). Treatment with each
combination was given for a period of 20 min. Finally, after usage with
100% ethanol, the solution was removed and the samples in the wells
were air-dried, and then these fixed cell samples were sputter-coated
(SC7620 sputter coater, Quorum) with gold‑palladium for 180 s. The
gold coated samples were analyzed at an acceleration voltage 5-10 kV
with the magnifications of 1–10 K for investigating the cell attachment
using scanning electron microscopy (SEM) (EVO 18, Zeiss, Germany).

7. Degradation studies

The regenerated cellulose and counterpart nanofibers containing
different concentrations of HAp and Ag NPs were subjected to de-
gradation in pure PBS or PBS supplemented with cellulase enzyme
(cellulase from Aspergillus niger, Sigma-Aldrich). The study was ex-
perimentally carried according to the previously reported protocols
[57,58]. To investigate the degradation behavior, oven-dried and pre-
weighed samples were cut into (2 × 2 cm) mats and immersed in 10 ml
of the PBS and kept at 37 °C in a shaking incubator (Mini shaking In-
cubator ES-60) at 150 rpm. The samples retreated after 30 and 60 days,
rinsed with distilled water (3×), dried under vacuum and weighed. For
enzymatic degradation, a similar procedure was adopted, except the
study was carried only for 10 days (owing to fast degradation by en-
zymes). In brief, for each nanofiber mat incubated with 10 ml PBS so-
lution supplemented with cellulase enzyme (0.1 mg/ml) was utilized.
After incubation, the samples were withdrawn from the incubator,
dried under vacuum and weight was determined. Following is the
equation used to calculate the weight loss due to degradation:

= °
°

×Weight loss (%) W W
W

100

where W° = initial dry weight of the nanofiber samples and W = dry
weight of the nanofiber mats after removing from the degradation
media.

8. Results and discussion

Initially, several screening experiments carried to investigate the
effect of the different parameters (e.g., voltage, flow rate and needle to
collector distance, solution parameters polymer concentration, choice
of solvents), which influenced the process of the electrospinning.
During these experiments, parameters affecting the yield, physical mat
appearance, fiber morphology diverse from beaded appearance and/or
distorted forms were elucidated to have smooth and bead-free nanofi-
bers. Our findings were almost correlating to the results obtained by
other research groups [32,59,60]. Overall, the optimum conditions for
fabricating the cellulose acetate nanofibers, as described in Section
2.2.2, were 12% (w/w) polymer concentration in acetone–water
(90:10). This system resulted in bead-free with smooth-enriched fibrous
morphology. Fig. 1A shows the morphology of the pristine cellulose
acetate nanofibers. The formation of smooth nanofibers using the in-
troduced solvent system is corroborated by other studies as well [61].
Furthermore, the morphology of the cellulose acetate nanofibers con-
taining HAp NPs is presented in Fig. 1B, C, and D. The presence of HAp
NPs in nanofibers did not affect the final morphology of nanofibers at
lower concentrations. However, at a higher level of HAp (i.e., presented
at Fig. 1D) shows the presence of a few bared HAp NPs. This can be
accounted for due to the maximum loading capacity of HAp particles in
the used colloidal solution for electrospinning. In precise, it can is
concluded that the incorporation of HAp changed the fiber morphology
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from cylindrical to nanofibers with ribbon and/or belt-shaped mor-
phology in Fig. 1C. Following the protocol of deacetylation [62,63], the
morphological results of regenerated cellulose nanofibers from cellulose
acetate mats prepared using 0.05 M NaOH ethanol solution at room
temperature is indicated in Fig. 2. Due to the de-acetylation process, the

fiber morphology was not distorted and/or broken. Moreover, to get the
exact confirmation about the presence of HAp NPs, which were sup-
posed to be carried through the course of electrospinning and retained
through the deacetylation process, we have performed FESEM equipped
EDX analysis. The results of the EDX analysis are demonstrated in

Fig. 1. SEM images of cellulose acetate nanofibers containing HAp at magnifications 1 k (and 4 k magnification for the inset micrograph). ‘A’ represents SEM images
of cellulose acetate nanofibers only; B, C, and D represent SEM images of cellulose acetate nanofibers containing 0.5%, 1%, and 1.5% HAp respectively. The SEM
images describe a smooth morphology of the nanofibers and a decrease in fiber diameter with a rise in HAp concentration.

Fig. 2. SEM images of regenerated cellulose acetate nanofibers containing HAp at 1 k magnification, and the inset images at a magnification of 4 k. ‘A’ represents SEM
image of pristine regenerated cellulose nanofibers; B, C, and D denote SEM images of nanofibers containing 0.5%, 1%, and 1.5% HAp, respectively.
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Fig. 3. In this figure, we can observe the pristine nanofibers, which are
free of HAp NPs does not show any significant peak indicating the
presence of Ca and P (Fig. 3A). In contrast, the nanofibers modified
with HAp NPs indicate the presence of both Ca and P peaks, which
further enriches the hypothesis about the beneficial attribute displayed
by HAp NPs in the nanofibers. Furthermore, the stoichiometric Ca/P
ratio is ~1.67. However, the concentration of Ca and P after incubation
on SBF is independent of the ratio of original loading of HAp NPs in the
cellulose acetate solutions that were used for electrospinning (Fig. 3B,
C, and D. In order to ascertain the changes that occurred in the dia-
meters of the fiber after de-acylation, the average was calculated. The
nanofiber diameter decreased significantly in the case of de-acetylated
nanofibers (Fig. 4). In more details, before de-acetylation, the nanofi-
bers show the average diameter of 1000 ± 50, 366 ± 18, 481 ± 24
and 512 ± 25 nm for the nanofibers with 0, 0.5, 1.0 and 1.5% HAp
content. The presence of HAp NPs reduced the average fiber diameter
significantly (Fig. 4). The rationale may be due to the sequestration of
the polymer threads by HAp particles, further enriching the fact about
their presence within the fibers. Likewise, the higher concentration of
the HAp over the surface of the fibers may promote the foundation of
the crystals, which can lead to an intensification in the fiber diameter
[36]. In comparison to nanofibers after de-acetylation and adsorption of
Ag NPs, a parallel tendency is shadowed (Fig. 4). However, a drop in
fiber diameter is observed for de-acetylated nanofibers. The reduction
of fiber diameter in the case of de-acetylated nanofibers stemmed due to
the deletion of the acetate groups from cellulose acetate nanofibers.
Overall, the average nanofiber diameters calculated after de-acetylation
are 597 ± 37, 475 ± 18, 548 ± 24 and 672 ± 25 nm for the
nanofibers with 0, 0.5, 1.0 and 1.5% of HAp. These results portray that
amalgamation of HAp NPs increases the fiber diameter, before and after
de-acetylation of the nanofibers. The rationale would be owing to the
effect of alkaline deacetylation HAp particles in the cellulose acetate,
which might have effected in the surface aggregation of the HAp NPs

Fig. 3. FE-SEM coupled with EDX results of the nanofibers after deacetylation ‘A’ represents EDX results of pristine nanofibers; B, C, and D represent the EDX data of
the deacetylated nanofibers containing 0.5%, 1%, and 1.5% HAp, respectively.

Fig. 4. Comparison of average fiber diameter (nm) of cellulose acetate fibers
and regenerated (deacetylated) cellulose fibers, each containing different con-
centrations of HAp NPs. Fiber diameter showed a reduction due to deacetyla-
tion, whereas an increase in diameter can be observed due to the rise in HAp
content. Statistical analysis performed by comparing the groups between one
another using one-way Tukey's multiple comparison test (One Way ANOVA)
indicates noteworthy differences (P < 0.05) in fiber diameter reduction (***)
between cellulose acetate fibers and deacetylated fibers. Similarly, statistically
significant differences were observed between each composition of acetylated
and deacetylated fibers except between the CA and dCA fibers containing 1.0%
HAp.
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[50,64]. These results further signify the fact of efficient accumulation
of HAp NPs. The process of de-acetylation also had a significant effect
on fiber diameter distribution (Fig. 5). It was found that due to the
saponification of the fibers, the frequency fiber diameter changed from
wide to narrow distribution. These results may be because of the effect
of selective removal of the acetate group due to the alkaline saponifi-
cation of the fibers. Furthermore, also due to the presence of the HAp
particles in the nanofibers, it was observed that fiber diameter changed
from wide to narrow distribution. Moreover, the nanofibers containing
0.5% HAp showed a narrow size distribution, with 75% of the fibers
possessing diameter in the range of 100–500 nm (Fig. 5). Another proof
of successful de-acetylation strategy is that the thickness of the dried
nanofiber mat calculated was found to be 2.54 ± 0.2 mm in all the
nanofiber combinations and for the nanofibers after de-acetylation was
2.10 ± 0.4 mm. The reduction of nanofiber mat indicated efficient de-
acylation of nanofibers.

The regeneration of the cellulose nanofibers and presence of the
HAp NPs in the fibrous mats was confirmed after analyzing the samples
for FTIR spectroscopy. The FTIR spectra (Fig. 6) showed a sharp
transmittance peak at 1737 cm−1, corresponding to the carbonyl
(C=O) stretching of the acetate group present nanofibers before de-
acetylation. Interestingly, this peak disappears after the de-acetylation
of nanofibers prepared by overnight treatment with ethanolic NaOH
solutions. This indicates the successful removal of acetate groups from
the de-acetylated nanofiber samples. The peak at 1222 cm−1 corre-
sponds to the CeO stretching of the ether linkage present in the ester
groups. A subsequent decrease in intensity of these peaks is observed in
this group after chemical treatment. Moreover, the presence of strong
vibrations occurring at 1367 cm−1 corresponding to the stretching
modes of the C-CH3 group in the cellulose acetate is disappearing in the
de-acetylated nanofiber combinations. However, after treatment with
alcoholic NaOH, there is a presence of strong stretching vibration oc-
curring at 1021 cm−1 in the de-acetylated cellulose acetate nanofibers,

which are associated with CeO stretching frequency of the alcoholic
group of de-acetylated cellulose acetate (Cellulose). The broadening of
the peak around 3400-3600 cm−1, centering mostly at 3480 cm−1, is
due to the hydroxyl-stretch bands appearing due to substitution of the
acetyl group by the hydroxyl groups [36,53,65]. In all the de-acetylated
nanofibers containing different concentrations of HAp, firm transmit-
tance peaks can be observed at wavenumbers of 559 cm−1 and
610 cm−1. These peaks are the characteristics of the -O-P-O bending
occurring in the PO4

3− group of HAp. This doublet peak also suggests
that the precursor phase of the HAp was octacalcium phosphate
[66,67]. These FTIR results indicate that cellulose has been wholly
regenerated from its acetate precursor. Overall, the FTIR results denote
the presence of the HAp crystals in the nanofibers scaffolds. This is
further supported by SEM studies, which show the presence of the HAp
in the nanofiber scaffolds. However, it is worthwhile to mention that
alkaline saponification in the ethanolic medium is an inconsistent
process, and it is hard to portray the kinetics of this complex regime,
where diverse electrospinning parameters influence the fiber diameter
and morphology of the cellulose acetate fibers. However, to be pre-
ciously surer the de-acetylation process, the degree of de-acetylation
needs to be ascertained.

The Ag NPs were deposited on the regenerated cellulose nanofibers
by the in-situ method, as described in the earlier section [54]. We have
implemented this method and have not co-electrospun AgNO3 solutions
with the cellulose acetate and HAp dispersions because the addition of
Ag ions in this dispersion leads to increase in the dripping rate from the
needle and this is associated with the decrease in viscosity of the
polymeric solution due to the accumulation of the Ag ions [68]. Fur-
thermore, the addition of the salts to the polymeric dispersions leads to
loss of entanglement of the polymer threads and, as a result, leads to a
decrease in the viscosity [68]. As a result, the polymer is difficult to spin
into nanofibers by electrospinning. Consequently, we adopted the re-
duction procedure for adsorbing the Ag ions by NaBH4 solution. The
treatment was given for a shorter duration of 5 min to avert the un-
desired degradation of the regenerated cellulose by the in-situ genera-
tion of B2H6, which can have toxic side-effects on cells [69]. The pre-
sence of the Ag NPs on the nanofiber mats was confirmed by the TEM.
In this regard, the Fig. 7 depicts the results of TEM investigation of the
nanofibers showing black-dotted Ag NPs/aggregates all through the
surface. Moreover, the HAp clusters are also seen on the nanofiber
surfaces. The size of the NPs, as calculated from the ImageJ software,
varies in the range of 10-30 nm. The density of the Ag and HAp NPs on
the fiber surface describes the extent of adsorption and/or reduction of
Ag ions.

Regenerated cellulose scaffolds containing HAp particles as nucle-
ating agents were allowed to incubate in the SBF solution to determine
if these fibers can induce the formation of an apatite layer on the na-
nofiber surface by CaeP crystallization [36]. In this regard, the Fig. 8
shows the SEM images of regenerated cellulose-containing different
concentrations of the HAp after 15 days of incubation. This result
suggests that regenerated cellulose mats encompassing HAp as a nu-
cleating agent can preferably provoke excessive crystal induction under
SBF treatment. Ca and P crystals were formed throughout the surface of
the fibers serially as far as the HAp concentration is raised in the na-
nofibers (Fig. 8). Moreover, the Ca and P crystals of varying shapes and
sizes can be observed within and over the nanofiber network, sug-
gesting enhanced mineralization of the fibrous scaffold. In order to
enrich the SEM results for induction of excessive Ca and P formation in
nanofiber samples, the percent transmittance of the FTIR spectra of the
regenerated fibers from pre and post SBF treatment is shown in Fig. 9.
The FTIR spectra show the presence of sharp dual transmittance peaks
occurring at 559 cm−1 and 610 cm−1 originating from O-P-O bending
vibrations of PO4

3− group describing enhanced crystal growth [66,67].
These peaks occur at a higher intensity than the peaks present in re-
generated cellulose nanofibers (before SBF treatment) containing HAp
as a nucleating agent.

Fig. 6. FTIR spectra of the cellulose acetate (CA) fibers, regenerated cellulose
fibers (dCA) and dCA containing various concentrations of HAp (0.5%, 1% and
1.5% HAp). The characteristic peaks of CA are 1737 cm−1, 1222 cm−1 and
1367 cm−1, corresponding to C]O stretching, CeO stretching and C-CH3

stretching of the acetate group. The subsequent disappearance of these peaks in
dCA and dCA containing HAp fibers shows deacetylation is achieved. The ap-
pearance of strong vibrations at 1021 cm−1 and 3480 cm−1 in the deacetylated
(regenerated) fibers is due to the CeO stretching and OeH stretching of the
alcoholic group of cellulose. The twin peaks at 559 cm−1 and 610 cm−1 oc-
curring in HAp containing fibers are characteristics of O-P-O bending of the
distorted PO4

3− group of HAp.
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For any in-vivo application, nanofibers must have a certain degree
of hydrophilic character so that they can be used at the site of injury
where they will be firmly attached to deliver the bioactive compounds.
To infer the influence of de-acetylation and incorporation of HAp NPs
on the surface wettability, we determined the water contact angle of
each of the mats and analyzed the data using contact angle measure-
ment system. The results are shown in Fig. 10A and B. From this figure;
it is clear that due to the process of de-acetylation, the contact angle of
the fiber mats decreases significantly, i.e., leads to an increase in hy-
drophilic character. The contact angle falls from 106.6 ± 2° in pristine
cellulose acetate nanofiber mats to 42.3 ± 3° in pure de-acetylated

mats. On comparison of the contact angles between the nanofiber mats
of cellulose acetate containing different concentrations of the HAp NPs,
the differences are not significant. The result suggests that HAp had a
non-significant contribution in imparting hydrophilicity to the nano-
fiber mats. However, after the de-acetylation of these mats, the contact
angle decreases sharply as the concentration of the HAp NPs is in-
creases. This is due to the reason that the de-acetylation process also
leads to the crystallization of the HAp. These results are supported by
previous studies where it was concluded that the chemical treatment of
the cellulose acetate nanofibers leads to the formation of the CaeP
deposition when incubated with Ca salts [36]. The lowest contact angle

Fig. 7. Transmission electron microscopy (TEM) micrographs of regenerated cellulose nanofibers containing 1.5% HAp and treated with 7% AgNO3. The micrographs
display the existence and distribution of Ag NPs throughout the fiber surface as black dots. The Ag NPs in size range of 10–30 nm are precisely seen and HAp particles
are comprehended as aggregates. The images were captured at an operating voltage of 200 kV and a magnification of 10 K and 20 K.

Fig. 8. SEM images of regenerated cellulose fibers containing HAp after the 15 days of mineralization in simulated body fluid. A, B and C represent SEM images of
regenerated cellulose fibers containing 0%, 0.5%, 1% and 1.5% HAp, respectively. The images clearly show the growth of apatite crystals throughout the fiber
network. Bigger crystals witnessed with an increase in the HAp concentration. All the images are taken at 1 k magnification, a working distance of 9.5 mm, and a
voltage of 4 kV.
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of 10.2 ± 1° was detected in the regenerated cellulose mats that
contain 1.5% of HAp, signifying the very hydrophilic nature of the
nanofibers with higher concentrations of HAp NPs. These results sug-
gest that regenerated cellulose mats containing HAp could alter the
wettability of the mats and can be used for different in-vivo applica-
tions.

The antimicrobial activity of the nanofiber mats was tested against
E. coli and S. aureus using disk diffusion assay. The results from zones of
inhibition (ZOI) due to different variants of the scaffolds containing Ag
NPs against these two strains stand shown in Fig. 11. It can be perceived
that pristine regenerated cellulose nanofibers could not inhibit the
growth of any bacteria. In contrast, the Ag NPs containing mats were
effective in suppressing the microbial growth of both the strains. In
general, the Ag holding mats were more effective against E. coli than S.
aureus. Moreover, the regenerated cellulose mats containing 1.5% HAp
and 7% Ag NPs showed the highest ZOI of 2.79 ± 0.23 mm against E.
coli and 1.64 ± 0.33 mm ZOI against S. aureus. The results suggest that
these nanofiber mats containing nano-Ag are effective in controlling
microbial growth and can be functional to different in-vivo systems,
where antimicrobial attributes to suppress the microbial infections are
necessary.

Biocompatibility of the cellulose acetate mats and those of the re-
generated cellulose mats containing varying concentrations of the HAp
and Ag NPs were assessed against chicken embryo fibroblasts by using
MTT assay. The fibroblasts were preferred because these are the first
type of cells that come in contact with the damaged tissue in order to
have growth of tissue, which further is progressed with the growth of
hard tissue [70]. The viability of the cultured cells is proportional to the
absorbance of the formazan, which is created as a result of mitochon-
drial oxidase activity of the viable cells. Fig. 12 represents the viability
of the chicken embryo fibroblasts when cultured on different types of
mats. Effects of cell viability are shown for the 2nd, 4th and 6th day of
post cell seeding. The overall results suggest that all the variants of the
nanofiber mats supported the growth as well as the proliferation of the
fibroblasts. From those results, it can be concluded that pure cellulose
acetate and de-acetylated nanofibers with 0% Ag/HAp NPs do have the
same cell growth behavior. However, the nanofiber mats containing the
highest concentration of the Ag NPs (i.e., 7%) were toxic to the growth

and proliferation of the fibroblasts. This is due to the reason that Ag
ions at a particular concentration can penetrate the respiratory chain of
the cell leading to the shutdown of oxidative phosphorylation and
causes cellular damage [41]. In supplement to this, the traces of un-
reduced AgNO3 due to in-situ generation using NaBH4 solution and
formation of undesired B2H6 cannot preclude with nanofiber mat con-
taining 7% of AgNO3. Moreover, among the various nanofiber combi-
nations, the regenerated cellulose mats containing 1.0% HAp and 5%
Ag were found to enhance the growth and proliferation of the fibro-
blasts at each day of the study. Furthermore, no difference in sup-
porting cell growth and proliferation has been observed between the
pristine cellulose acetate and de-acetylated cellulose nanofiber mats,
suggesting that HAp is necessary for making cell contact to scaffold
contact for growth and proliferation of the cells.

The cell attachment of the fibroblasts was demonstrated and sup-
ported by SEM. The cells after the 10th day of incubation were fixed
using glutaraldehyde solution, serially dehydrated using ethanol, and
then observed under SEM to evaluate the morphology of the fibroblast
attached to the nanofiber mats. Fig. 13 describes the morphology of the
chicken embryo fibroblasts on the regenerated cellulose scaffold con-
taining different concentrations of HAp and Ag NPs. A very few fibro-
blasts can be observed on the unsullied regenerated cellulose mats
(Fig. 13A). In contrast, the regenerated cellulose mats containing 1.5%
HAp and 7% Ag NPs (Fig. 13D) are found to upkeep the determined
growth and proliferation of the fibroblast due to superior hydrophilic
character and this can be correlated to the generation of an apatite layer

Fig. 9. Comparative FTIR spectra of regenerated cellulose fibers pre (green) and
post (blue) mineralization with SBF after 15 days of treatment. The twin peaks
at 559 cm−1 and 610 cm−1 occurring in HAp containing fibers are character-
istics of O-P-O bending of the PO4

3− group of HAp and are more intense than
the pretreated fibers. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 10. (A) Contact angle images of DMEM drops on the cellulose acetate (CA)
fiber mats/CA fiber mats containing different concentrations of HAp and re-
generated cellulose (dCA) fiber mats/dCA mats captured using contact angle
measuring equipment at a drop exposure time of 10s. (B) Contact angle values
of cellulose acetate (CA) fiber mats/CA fiber mats containing different con-
centrations of HAp and regenerated cellulose (dCA) fiber mats/dCA mats con-
taining different concentrations of HAp. Tukey's multiple comparison test (One-
way ANOVA) was applied to test the groups with each other at a confidence
level of 95% (P < 0.05). Statistical analysis revealed that significant differ-
ences (***) in contact angle was observed between pristine CA and dCA fiber
mats and between each of their compositions.
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on the fiber mats (Fig. 7 the SBF results). Moreover, the presence of
fibroblasts can be seen throughout the fiber network. The fibroblasts
can be seen occupying the porous system present in the nanofibers as
well as some fibroblasts can be seen well-spread in the fiber direction.
These results suggest that fibroblasts proliferated well on the fiber mats
after the 10th day of incubation. The fiber mats containing both HAp
and Ag NPs were found to provide native habitat for the growth and
proliferation of the fibroblasts as compared to the pristine regenerated
fiber mats. This has been accredited to the influence of HAp NPs to
improvise the cell-fiber contact.

The degradation study of the regenerated cellulose nanofibers and
its variants containing different concentrations of HAp and Ag NPs was
tested with and without enzyme (cellulase) supplemented in PBS. The
degradation profiles of nanofibers after incubation are presented in
Fig. 14. From these results, it is clear that the degradation of the na-
nofiber mats has accelerated with time (Fig. 14A). Moreover, it is ob-
served that the deterioration of the nanofibers containing HAp and Ag
Nps is comparatively higher than the natural counterparts. The pre-
sence of HAP and Ag NPs within the fiber network lowers the fiber
density and, as a result, is easily susceptible to degradable due to the
dissolution of the deposited HAp in the degradation medium. Also, the
lower density of the fiber network allows for the natural disintegration
of the fibers. As can be observed, ~18.6% of the weight loss resulted in
the regenerated cellulose nanofibers containing 1.5% HAp after 60 days
of incubation as compared to the only 6.1% in the pristine regenerated
fibers. Although the cellulose nanofibers can primarily be degraded by
the cellulase enzymes (not present in the humans) [71], the partial
chemical hydrolysis of the cellulose backbone has reported leading to
chain termination [72]. Furthermore, the changes in pH within the
degradation medium with time have linked to cellulose chain scission
[73]. The increase in hydrophilicity of the regenerated cellulose na-
nofibers on increasing the HAp and Ag NP content has known to ac-
celerate the degradation process [74]. The results of the degradation
studies augmented by the presence of the cellulase enzyme are shown in
Fig. 14B. It can be detected from this study that the occurrence of the
enzyme in the PBS accelerated the degradation process. Within 10 days
of the experiment, 24.6% of the regenerated cellulose nanofibers con-
taining 1.5% HAp degraded. The degradation of the pristine cellulose
nanofibers is, however, still slower but at a higher rate than in the PBS
media without enzyme.

8.1. Conclusion and future perspective

In this study, we report the fabrication of regenerated cellulose
nanofiber mats containing both the HAp and Ag NPs. Cellulose acetate
nanofibers fabricated using a highly volatile solvent (i.e., acetone) re-
sulted in a ribbon-like morphology. In contrast, the existence of water
in the solvent system helped to create the physical as well as the che-
mical bond between the fibers after the de-acetylation course. The re-
generation of the cellulose acetate nanofibers carried out by alcoholic
NaOH solution retained the original fiber morphology as the presence
of Ag ions in the electrospinning solution leads to loss of spinning
character. Therefore, we have opted for a two-step approach to in-
corporate HAp and Ag NPs in the nanofibers. Initially, the HAp nano-
particles were introduced in the spinning solution, while for adsorbing
the Ag NPs on nanofibers, the post-fabrication method using a chemical
reduction process was employed. Characterization of the fiber samples
by different means revealed the presence of both HAp and Ag NPs. The
HAp particles were responsible for mineralization of the fiber mats by
acting as nucleating agents in the CaeP crystal formation on the fibers
during SBF treatment. The mineralization of the fiber mats provided the
physiological environment for adhesion, growth, and proliferation of
chicken embryo fibroblasts. However, moderately more cells pro-
liferated with an increase in HAp concentration in the fibers.

Furthermore, these nanofiber mats containing Ag NPs showed ex-
cellent antibacterial properties against S. aureus and E. coli. However,

Fig. 11. Zones of inhibition in mm's occurring due to different variants of re-
generated cellulose (dCA) or dCA adsorbed Ag NPs against E. coli and S. aureus.
The pristine dCA fiber mats do not inhibit bacterial growth. In contrast, the dCA
fiber mats containing the highest concentration of the adsorbed Ag NPs are
most effective in inhibiting bacterial growth. The zones between the dCA and
dCA composites were statistically compared using Tukey's multiple comparison
one-way ANOVA test (Graph Prism®). Statistically highly significant differences
(***) in zones of inhibition were observed by comparing each composition with
the pristine dCA scaffold (both in E. coli and S. aureus). Moreover, there are no
significant transformations observable between zones of inhibition in the
scaffolds containing 3% and 5% Ag NPs for E. coli.

Fig. 12. The highest cell viability is observed on dCA fiber mats containing 1%
HAp and 5% Ag for the 2nd and 4th days. Fiber mats containing 7% Ag were
somewhat toxic to the growth as well as the proliferation of the cells. Statistical
analysis was done by comparing the groups between one another using one-way
Tukey's multiple comparison test (One Way ANOVA). A confidence level of 95%
(P < 0.05) was set to determine the significance between groups. Significant
differences (***) were observed in viability between 2nd or 4th vs. 6th.
However, no significant difference was observed between viabilities in pristine
CA and dCA scaffolds on the 2nd and 4th days. Also, no significant differences
were found in the viabilities of pristine CA and dCA scaffolds on the 6th day.
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the maximum level of the Ag NPs also depicted cytotoxicity against the
proliferation of fibroblasts. It is, therefore, believed that these fiber
mats holding both cell proliferation and antibacterial properties at an
optimized concentration of HAp and Ag NPs could have potential ap-
plications in wound healing and bone tissue regeneration. In this study,
we further plan to find the in-vivo use of these fiber mats in wound

restorative as well as the bone regeneration process. Suitable animal
models and experimental protocols need to be assessed for checking
applicability in bone tissue regeneration as well as wound healing
processes. Histological analysis of the treated samples/controls needs to
be conducted to ascertain the effectiveness of these fiber mats.
However, before that these mats need to be probed by studies such as

Fig. 13. SEM images of chicken embryo fibroblasts fixed by glutaraldehyde and dehydrated by ethanol on regenerated cellulose mats comprising of different HAp
and Ag concentrations (A = 0% HAp, 0% Ag; B = 0.5% HAp, 3% Ag; C = 1% HAp, 5% Ag and D = 1.5% HAp, 7% Ag). An increase in cell adhesion, as well as
proliferation, was observed with an increase in HAp content in the fibers.

Fig. 14. Degradation of nanofiber scaffolds of regenerated cellulose (dCA) or its variants containing different concentrations of HAp and Ag NPs in PBS (A) or PBS
supplemented with cellulase (0.1 mg/ml) (B). The rate of enzymatic degradation of the fibers is faster as compared to degradation in PBS without enzyme sup-
plement. Tukey's multiple comparison test (One-way ANOVA) was applied to test the groups with each other at a confidence level of 95% (P < 0.05). Statistical
analysis revealed that significant differences (***) were observed in different dCA composites as compared to the pristine dCA scaffold both in 30- day and 60-day
groups. A similar trend was found in the enzymatic degradation study. However, no significant difference in degradation was observed for the 30-day study (PBS) in
composite dCA scaffolds containing 0.5%, 1.0%, and 1.5% HAp.
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controlling pore size in the mats for proper infiltration of the cells,
optimizing the HAp/Ag concentration to mimic the native tissue niche
and other in-vivo studies which will further promise the use of the mats
in different areas of tissue regeneration.
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Abstract - Research Output would be the instrumental procedure and part of 
routine activity of the researcher. Hence the measurement Tool, Laws and 
Principles for research output have become crucial functions for the academic 
organization. Bibliometrics is the discipline where quantitative methods were 
employed to probe scientific communication process by measuring and 
analysing different aspects of written documents by various indicators. A 
research of “Alan Pritchard” (1969) by title “the applications of 
mathematical and statistical methods to books and other media” is 
illustrative.  The study was conducted with specific objectives related to 
measures research contributions regards “ICT Application” and “Digital 
Common”. Entirety 727(100%) contributions from the respective three 
journals are analysed.  It is noticeable that the highest research output in the  
LIS field of the selective journal The Electronic Library has contributed 322 
articles (Out of 727), DESIDOC Journal of Library and Information 
Technology has 281 (Out of 727) while Science and Technology Libraries has 
124 (Out of 727)  research output observed from 2014 to 2018. It is  traceable 
that the two selected  source journals has similar periodicity is “Bimonthly” 
while one The Science and Technology Libraries has quarterly;  it has 
obviously effected of the total research output, highest collaboration, 
authorship pattern, etc on the analysis of this study.    
 
Keyword: Digital Commons, ICT Application, DJLIT (DESIDOC Journal of 
Library and Information Technology), STL (Science and Technology 
Libraries), TEL (The Electronic Library), CAGR (Compound Annual Growth 
Rate), Collaboration.   

 
Introduction 
 
ICT application and Digital commons both are vast disciplines itself. At the same time, the 
library and information science is a field where it has applied in the library services, 
administered, and academic purpose. The use of ICT and the digital object can be more 
visible for shows research outputs by visualization effect and be more accurate reports and 
results with quickness. Since, the researches show that all disciplines of knowledge world 
have to be gotten more exposure towards practices, enable to approach to inter and multi-
disciplinary subject, and proverbial with useful matrices after be applicative the ICT and 
digital commons.   
 
Bibliometrics is indicating the parameters regard authors’ contribution, content variety, 
scattered level of specific theme, term, or subject, collaboration etc. Collaboration science 
includes different methods for the extent of author and authorship. Identification of 
items/subject/theme especially in article is a first application and others are finding out the 
rank of journal. This paper shows the research output related ICT Application and Digital 
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commons by using different parameters of bibliometrics i.e. source of journals, authorship 
pattern, collaboration, used citation, etc. It is perceptible that the CAGR is implicate in the 
study for calculate the rate for the term “ICT Application” and “Digital Commons”      
 
Background of the Study 
 
During the digital era, all service sectors has been using ICT and digital commons in services, 
production and management, for making it more visible, usable, and user friendly. The 
library has a service sector, since the 20th century, it explored the ICT to enable functions 
and services automatically. Therefore to know the approaches and interest of library 
professional, researcher and academician toward responsibility for being a part of developing 
the field of LIS the study is to conduct. 
 
Composition of Journals  
This paper has studied the bibliometrics of following three journals, many similarities and 
differentiation to be seen on their composition which is showed on the below mentioned 
table. 

Particulars Parameters DJLIT STL TEL 
Establishment Year   1981  1983 
Types of Source Printed/Electronic Both Electronic Electronic 
Periodicity Monthly/quarterly/Half 

Yearly/Yearly 
Bimonthly  Quarterly  Bimonthly 

Publishing House   Taylor & 
Francis, Inc. 

Emerald 
Publishing 

Variety of Articles Research paper, case 
study, Analytical study,  

   

Content Variety Papers, Poster, Book 
Chapter Abstract, 
Conference Theme 
Abstract, Editor 
Message/Paper 

Research 
Paper 

 Research 
Paper, Case 
Study, Book 
Abstract 

Accesses Policy  OPEN ACCESS Open Access  Hybrid  
DJLIT = DESIDOC Journal of Library & Information Technology 
STL = Science and Technology Libraries, TEL = The Electronic Library 
 
Reviews of Literature 
 
During 2004 to 2015 Garg, K.C. and Sharma, Chetan conducted the study on the Indian 
Citation Index, here they describe the research output of library and information science most 
prolific institutions i.e. university of Mysore, university of Delhi, CSIR-NISCAIR, etc as well 
as prolific authors as Indian LIS researchers with them citation impact by most preferred 
journal i.e. DESIDOC, SRELS, KELPRO, Information studies, etc. (Gary, K.C. and Sharma, 
Chetan). In 2013 an unpublished doctoral thesis had been submitted to the cited university. 
The research has been conducted with analysis of 107 titles of the journals related to the 
library and information science, it also analysed with different attributes i.e. categories of 
articles, core subject of LIS, richness of electronic form i.e. pdf, pot, Doc,  and Google 
scholars with citation numeric of all 107 titles (Statute, Dattatraya Tukaram, 2013). The 
denotation and impact of bibliometrics, the measuring scientific communication from 
bibliometrics to cybermetrics in way of transformation is gracefully described by Nicola de 
Bellis in the book titled Bibliometrics and citation analysis from the science citation index to 
cybermetrics (2009). In medical science PTJ has been published in maximum research work 
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in different form i.e. research report, case report, technical, perspective, linkage evidence and 
practice, etc. Maximum work is published on collaboration, researcher also describe the 
details of subjects’ variety in the Physiotherapy field i.e. musculoskeletal, rehabilitation, 
gynaecology, PT in education, standardized questionnaire, etc. (A.P, Minaxi, 2017). 
 
Objectives 
 
Research output can be showing the conceptual growth of the discipline, it’s included 
concrete, procedures, place, tools, etc. ICT Application and Digital common are procedures 
simultaneously tools for the library and information science, hence it would be needed to 
know them research output with accepting some limitations. Here following objectives has to 
be consider with them different importance in the field of library and information science for 
the research. 

 To determine the authorship pattern of selected journals from 2014 to 2018. 
 To identify research outputs of the selected journal with the terms “ICT application” 

and “Digital Commons” in the discipline of LIS. 
 To measures the collaboration by various level i.e. two author, three author, more than 

three for the selected journals. 
 To measure the used citations of the selected journal for the period of 2014- 2018 
 To calculate Compound Annual Growth Rate (CAGR) for the terms “ICT 

Application” and   “Digital Commons” for known to scattering terms form 2014-2018 
in selected journals. 

 
Methodology 
 
Comparative Bibliometrics has been applied in the methodology with detail bibliographical 
features of the articles and citations, analysis, pattern of authorship etc. A pertained data was 
taken from the following journals.  
 

1. DESIDOC Journal of Library & Information Technology 
2. Science & Technology Library 
3. The Electronic Library 

 
The period has been taken from 2014 to 2018. The SPSS software has been used for 
statistical analysis while tables and graphs forms are used for it presentation. A researcher has 
to be taken to calculate the Compound Annual Growth Rate (CAGR) for knowing the 
scattering rate of ICT Application and Digital Commons. It has to be used to know the 
growth rate of the investment in management discipline. A researcher can be convert the 
CAGR in the study for knowing year wise growth of the research output in term of “digital 
common” and “ICT Application” The primary equation of CAGR and converted it in for the 
two selective terms i.e. “ICT Application” and “Digital Commons” are as under. 
  
CAGR = Ending Balance/Research output of “Digital Common 

퐶퐴퐺푅 =
퐸푛푑푖푛푔푣푎푙푢푒
푏푒푔푖푛푖푛푔푣푎푙푢푒

1
5 − 1 
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Convert the equation into LIS RESEARCH 
퐶퐴퐺푅	푓표푟		Digital Common

= ("푑푖푔푖푡푎푙푐표푚푚표푛"	푟푒푠푒푎푟푐ℎ	표푢푡푝푢푡/푡표푡푎푙	푟푒푠푒푎푟푐ℎ	표푢푡푝푢푡)	(1/5) 	
− 	1 

 
퐶퐴퐺푅	푓표푟		퐼퐶푇	퐴푝푝푙푖푐푎푡푖표푛	

= ("퐼퐶푇	퐴푝푝푙푖푐푎푡푖표푛"	푟푒푠푒푎푟푐ℎ	표푢푡푝푢푡/푡표푡푎푙	푟푒푠푒푎푟푐ℎ	표푢푡푝푢푡)	(1/5) 	
− 	1 

Data Analysis 
Table 1. Research Output of the source journals 

Name of the Journal Year wise output Total 
2014 2015 2016 2017 2018  DESIDOC Journal of Library & 

Information Technology 60 53 49 58 61 281 

% 21.35 18.86 17.44 20.64 21.71 100 
Science and Technology Libraries 26 19 25 28 26 124 
% 20.97 15.32 20.16 22.58 20.97 100 
The Electronic Library 60 91 53 60 58 322 
% 18.63 28.26 16.46 18.63 18.01 100 
TOTAL 146 163 127 146 145 727 
% 20.08 22.42 17.47 20.08 19.94 100 

 
Table 1 shows the growth of the research output of selective three source journals for the 
period of 2014 to 2018. It seems from the data presented that the journal "Electronic Library" 
has 322 number of research output which is highest on the comparison with remain two 
journals. It also highlighted that the variation between the total research output of the tenure 
is dependence on the periodicity of the journal, i.e. Bimonthly, quarterly, yearly, and weekly.  

 
 

Table 2. Year wise Authorship Pattern 
Name of the Journal   Authorship Pattern    2014 2015 2016 2017 2018 Total 

DESIDOC Journal of 
Library & 

Information 
Technology  

One Author 21 17 18 16 15 87 
% 24.14 19.54 20.69 18.39 17.24 100 
Two Author 28 25 21 34 28 136 
% 20.59 18.38 15.44 25 20.59 100 
Three Author 9 10 9 6 13 47 
% 19.15 21.28 19.15 12.77 27.66 100 
More than Three 
Aauthor  5 2 3 3 5 18 

% 27.78 11.11 16.67 16.67 27.78 100 
Total 60 53 49 58 61 281 
% 21.35 18.86 17.44 20.64 21.71 100 

Science and 
Technology Libraries 

One Author 22 2 14 13 17 68 
% 32.35 2.94 20.59 19.12 25 100 
Two Author 3 7 6 7 4 27 
% 11.11 25.93 22.22 25.93 14.81 100 
Three Author   6 3 5 2 16 
%   37.5 18.75 31.25 12.5 100 
More than Three Author  1 4 2 3 3 13 
% 7.69 30.77 15.38 23.08 23.08 100 
Total 26 19 25 28 26 124 
% 20.97 15.32 20.16 22.58 20.97 100 
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The Electronic 
Library  

One Author 34 66 24 25 35 184 
% 18.48 35.87 13.04 13.59 19.02 100 
Two Author 14 13 17 19 14 77 
% 18.18 16.88 22.08 24.68 18.18 100 
Three Author 8 8 7 9 5 37 
% 21.622 21.622 18.919 24.324 13.514 100 
More than Three Author 4 4 5 7 4 24 
% 16.67 16.67 20.83 29.17 16.67 100 
Total 60 91 53 60 58 322 
% 18.63 28.26 16.46 18.63 18.01 100 

 
Above table revealed the authorship pattern for the researches tenure 2014 to 2018 for the 
selective source journals. It comes to the notice during data collection that the slot of more 
than three authors of researches include more than three authors’ paper i.e. 5 authors, 7 up to 
10 authors. It also found from the table that in slot of three authors contributions for the 
tenure of 2018 the DESIDOCJLIT has highest 13contributions (27.66%) for the said slot, 
while TEL has 9 contributions (24.324%) STL has only 2 contributions (12.5%). It is much 
less in compared of other journal; it is also noticeable that STL do not have an contribution 
for three authors slot on year 2014.   

Table-3 Strength of Collaboration 
Authorship Pattern  2014 to 2018 Total  
  DJLIT STL TEL   
Two Author 136 27 77 240 
% 56.67 11.3 32.1 100 
Three Author 47 16 37 100 
% 47 16 37 100 
More than Three 
Author 18 13 24 55 

% 32.73 23.6 43.6 100 
 

Table no. 3 shows the status of collaboration from 2014 to 2018 for all three source journals 
are as under.  
 

 DJLIT journal have highest number of researches in three range of authorship pattern, 
due to the periodicity in compared of STL and TEL.  

 It is noted that the TEL have maximum researches on the third range, with 24 papers 
(43.64%) out of 55 analyses, while STL have 13 papers (23.64%) and DJLIT 18 
articles (32.73%). It seems here the total number of papers in the third range of 
collaboration for all selective journals is not more than 25. Hence, TEL has 24 the 
highest researches (43.64%) in compare with DJLIT and STL.  

 STL have quarterly periodicity; hence, the contributions could not come out by equal 
and at least 25% of the level in compare to the DJLIT while it is not double by the 
first collaboration range of TEL.  
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Table-4 Used Citations in source journals 
Range 
of Used 
citation  

Up to 14 15≤25 More than 25 

Name of 
the 

Journal  
DJLIT STL TEL Total  DJLIT STL TEL Total DJLIT STL TEL Total 

2014 27 17 42 86 9 11 29 49 7 11 26 44 
% 31.4 19.8 48.8 100 18.37 22.5 59.2 100 15.91 25 59.1 100 

2015 29 18 43 90 7 10 30 47 6 10 27 43 
% 32.22 20 47.8 100 14.89 21.3 63.8 100 13.95 23.3 62.8 100 

2016 20 19 61 100 8 11 47 66 7 9 44 60 
% 20 19 61 100 12.12 16.7 71.2 100 11.67 15 73.3 100 

2017 31 23 45 99 15 12 37 64 13 12 36 61 
% 31.31 23.2 45.5 100 23.44 18.8 57.8 100 21.31 19.7 59 100 

2018 39 21 38 98 24 11 30 65 19 11 27 57 
% 39.8 21.4 38.8 100 36.92 16.9 46.2 100 33.33 19.3 47.4 100 

 
Above table describe measures of used citations in researches from 2014 to 2018. It is 
bifurcate in three range i.e. up to 15, >15≤25, and More than 25 references from each 
research paper from all three journals. The data presentation highlighted amazing truth that 
the journal who has less research output for the selective tenure, has utilized less references in 
compared journals. For the first range a DJLIT have 27 references (31.40%), TEL have 42 
references (48.84%), while STL has 17 (19.77%). The year wise total references columns on 
comparative mode of each range has showing fluctuation;  while the year wise total 
references of first two slot is gradually increasing, and last one shows the fluctuation. 

 
Table-5 Compound Annual Growth Rate 

Name of the Journal 

D
ig

ita
l C

om
m

on
s 

To
ta

l R
es

ea
rc

h 
O

ut
pu

t 

20
14

-2
01

8 

C
A

G
R

 

IC
T 

A
pp

lic
at

io
n 

To
ta

l R
es

ea
rc

h 
O

ut
pu

t 

Y
ea

r 

G
ro

w
th

 R
at

io
 

DESIDOC Journal of Library & 
Information Technology 

49 281 5 0.4 71 281 5 0.3 

Science and Technology Libraries 7 124 5 0.8 4 124 5 1 
The Electronic Library 111 322 5 0.2 104 322 5 0.3 
Total 167 727 5 0.3 179 727 5 0.3 

 
Table 5 show the Compound Annual Growth Rate of selected journals. The calculation of 
CAGR has to be done for knowing the scattered level of selective subjects are Digital 
Commons and ICT Application only for the period of 2014 to 2018. 
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CAGR for Digital Commons: 
 
Table no. 5 shows the CAGR for “Digital Common” is cooperatively 0.34 for all three 
sources of journal. While split CAGR as per the total research outputs of all selected journal 
on ascending order is highest 0.78 for STL, 0.42 for DJLIT and 0.24 for TEL.  
 
CAGR for ICT Application 
 
A CAGR for “ICT Application” cooperatively 0.32, while Arranged split CAGR on 
ascending order is 0.32 to DJLIT, 0.99 to STL and 0.25 to ETL. It is explained from the 
analysis that where the numbers of contributions is decries the CAGR is increase while it 
reciprocates when contributions of source journal is increase.    
Findings 
 

 First objective of the study is to determine the authorship pattern for the selected 
source journal from 2014 to 2018. Table. No.2 data is show the authorship pattern i.e. 
one, two, three and more than it. On the basis of the data a researcher get first, second 
and third rank to the source journal. It is finding out that for the selected five year 
DJLIT journal has contribute 136 highest with two author while 47 with three authors. 
ELT comes on second with respectively 77, 37 and 24 contributions. The STL comes 
third with 27, 16 and 13 contributions.     

 As per the second objective of the study, it is find out that the term digital commons 
get 17.43% contribution from DJLIT, 5.66% from STL and 34.47% from the TEL. A 
term ICT Application gets 25.27% from DJLIT, 3.23% from STL and 32.30 from 
ETL. 

 Third objective of the study is to measure the collaboration by various levels. As per 
entire study table no. 2 named year wise authorship pattern and table no. 4 named 
strength of collaboration   describe the detail about the objective. It is seeming that 
two authors collaboration rate of DJLIT is highest with 56.67% in comparison of 
remain two. While TEL journal has 32.08% and STL has 11.25%. It is noticeable that 
the Electronic Library journal and DJLIT has similar periodicity, and it’s highly 
contributes in both terms. 

 As per the fourth objective of the study is to determine the cited references in source 
journals. Table no. 4 named Cited references in source journal. A researcher has split 
the cited references in three zones i.e. Up to 14, 15≤25and more than 25. It shows that 
a TEL source journal has highest cited references due to them periodicity in compare 
of remain two sources. Journals. 

 Fifth objective of the study is to calculate CAGR for both terms from 2014 to 2018. It 
is determine that both terms scattering gradually on LIS field. Table no. 5 named 
annual growth rate   shows the calculation of CAGR. It is revealed from the table 5 
that CAGR is highest for the source journals; has low contribution, while lower when 
highest contribution. It meant by the low CAGR is define highest scattering of the 
term or discipline. The data revealed that the Electronic Library journal has highest 
rate scatter. 

 
Suggestions 
 
All three journals are available on different platform on internet, with different presentation 
and service style. Here it is suggested by the researcher that all references used in each 
research paper should be highlighted by exact number on the content page. Therefore, 



International Journal of Library and Information Studies 
Vol.10(2) Apr-Jun, 2020    ISSN: 2231-4911 

  http://www.ijlis.org                                                                                                                     202 | P a g e  
 

detailed bibliometric study will possible. Users and scholars have to be understood the 
importance of references and their styles. Through the bibliometrics analysis by variables of 
references, may finding out the variety of references by form of documents i.e. books, 
articles, thesis, newspaper, etc hence it will be helpful to educators to increase the variety of 
forms in the references. 
 
Persistence research is the foundation of growth of all discipline. It seems from the analysis 
of this study that a researcher has to continue research at least toward one core subject; hence 
the rate of growth will be visible on discipline level as well as authorship pattern. Hence it 
needs to increase the collaboration on the research for more values, implication and 
applications of research.     
 
Conclusion 
 
Bibliometrics has many indicators i.e. publication, science and technology, authors, etc., all  
are using for determining the scattering level of contributions, disciplines, forms of research, 
etc. It is strength of research helps to recognise the related literature of subjects and an area of 
knowledge world where it is spread on relevant areas i.e. interdisciplinary, multidisciplinary 
and its own field. Here the study reveals that total 727 articles have been published in LIS 
field it’s included the term “Digital commons” and “ICT Application”. 
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Role of Literary Traditions In Writing Translation History
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Abstract

Translation without literature does not make 
sense. Each language has its own literary tradition. 
To study about Indian translation tradition, one 
should study how literatures evolved in India. Being 
a multi-lingual country, India has multiple literary 
traditions. Therefore, it becomes very difficult to give 
a comprehensive history of the literature in India and 
thus its translation tradition. 

The historiography of translation should 
comprehensively describe the different approaches of 
the translation traditions of various languages from 
antiquity to the present and then explain the emergence 
of these approaches in the context of their time and 
show how they reflect the socio-economic, cultural, 
political and religious developments of their time.

In the western world, from the ancient past 
to the late 19th century, expressions about translation 
theory entered into traditionally defined areas of 
thinking about language and culture, i.e., rhetoric, 
literary theory, philosophy. The issue of periodization 
is very important in history and no historian could do 
without it. Various translation scholars have different 
points of view and approaches regarding periodization.
Key words: literary tradition, translation tradition, 

historiography
One cannot think of translation without literature. Each 

language has its own literary tradition. To study about Indian translation 
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tradition, one should study how literatures evolved in India. Being a 
multi-lingual country, India has multiple literary traditions. Therefore, it 
becomes very difficult to give a comprehensive history of the literature 
in India and thus its translation tradition. 

The German historian Leopold von Ranke (1795 – 1886), 
who is often portrayed as the “founder” of scientific history embraced 
a vision of history as an impartial account of reality. Yet he brought 
together both the scientific history and Romantic history approaches 
in his works. He was influenced by his predecessor, Barthold Georg 
Niebuhr (1776 – 1831), who has applied the methods of textual criticism 
taken from philology to the study of Roman history. Ranke developed 
his interest in history as a schoolteacher of classical literature (Eileen 
Ka-May Cheng, 2012: 70).

E. V. Ramakrishnan (2006) in his guest editorial “Mapping Indian 
Traditions in Translation: Concepts, Categories and Contestations” in 
Translation Today, Vol. 3 Numbers 1 & 2 states that  the political 
boundaries of the linguistic states in India do not coincide with their 
cultural boundaries, as India has a complex history of social and cultural 
formations. The Indian translational discourses have been rendered 
unintelligible in our institutional debates and dialogues. He further 
states that ‘translation studies as a discipline’ or as ‘a discipline at 
the interface of disciplines’ is yet to be conceptualized with reference 
to Indian literary history. The hegemonic role played by English has 
further complicated the relationships between Indian languages. It has 
sealed off a domain of interactive relationships and creative dialogues.

As regards Indian literary theory, E.V. Ramakrishnan opines 
that it is a complex network of texts travelling like a river which take a 
new form in different types and varieties of excerpts. He states that the 
Western theories and versions of translation are not enough to understand 
or clarify the ways of articulation, dissemination and acceptance of 
Indian literary theory. Therefore, he opines that translation studies 
needs a new paradigm, a new perspective of looking at translation as a 
deed in order to understand the complex network of textual and cultural 
relationships. Hence, there is a need for both diachronic and synchronic 
studies across several Indian languages to map the unchartered expanse 
of Indian translation tradition.
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The historiography of translation should comprehensively 
describe the different approaches of the translation traditions of 
various languages from antiquity to the present and then explain the 
emergence of these approaches in the context of their time and show 
how they reflect the socio-economic, cultural, political and religious 
developments of their time. Translation scholars with good knowledge 
of history and historians wanting to contribute to the ‘discipline of 
translation studies’ should work in collaboration for this project. Multi-
disciplinary approach is very much required for this. To put in Pym’s 
words: “the ultimate purpose of studying the past is to improve the 
present.”

As regards the difficulties in diachronic and synchronic studies, 
Christopher Rundle (2009) in “Historiography” in The Routledge 
Encyclopaedia of Translation Studies (3rd edition) states:

One of the difficulties that emerges in historical approaches 
to translation studies is finding a way to reconcile the diachronic 
perspective, which is natural in any historical inquiry, and the synchronic 
perspective which is apparent in the strongly felt need in translation 
studies to find definitions and categories that are applicable across 
different historical contexts, usually with the aim of allowing these to 
be compared to each other.

Referring to different types of sources Rundle (2009) further 
states:

Translation historians who work on the texts and para-texts, and 
who make less use of archival material, will tend to see their sources 
as fairly unambiguous from a historical point of view. Reconstructing 
‘what happened’ is not particularly difficult. But when we are dealing 
with historical archival sources, there are usually a series of difficulties 
that mean that even a straightforward reconstruction of events can be 
quite complex.

As regards the ancient Indian literature, the “Vedas” are 
the earliest texts which are believed to have been composed around 
1500 BC. “Natyashastra” is believed to have been written by sage 
Bharata between 400 BC and 400 CE. The epics, “Ramayana” and 
“Mahabharata” were orally passed from one generation to another till 
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they were recorded in writing. “Ramayana”, which is believed to have 
been composed by sage Valmiki, is believed to predate “Mahabharata”, 
which is believed to have been composed by sage Vyasa. It is very 
difficult to pinpoint exact dates of composition of these works.

All these works were written in Sanskrit, which was the lingo 
of the educated high society or upper caste. Drama was the only literary 
genre of those times. The characters in the play spoke Sanskrit, Prakrit 
and other vernacular dialects according to their hierarchy in the society. 
Educated upper class men conversed in Sanskrit, women conversed in 
Prakrit and the remaining subservient characters conversed in different 
of dialects like Magadhi, Pali and Sauraseni. Therefore, while watching 
a play, one had to do simultaneous translation in some sense.

In south Tamil was the prominent language in those days. Like 
“Natyashastra” in Sanskrit, “Tolkappiyam”, written by Tolkappiyar 
in Tamil, was the major work on Dravidian aesthetics. This work has 
parallels with “Natyashastra”. The ancient body of Tamil literature, 
called the Sangam literature shows influences of the Sanskrit epics, 
pointing to some form of cultural contacts.

Avadesh Kumar Singh (2006) expresses the following views 
about translations during Bhakti period in his paper “Translation in/and 
Hindi Literature” in Translation Today, Vol. 3 Numbers 1 & 2 

The poets of the Bhakti period (1100 – 1700) were translators 
in a different and loose sense, as they strove to translate ancient Indian 
knowledge and wisdom manifested in different treatises through 
Sanskrit by appropriating it in various bhashas (native languages). 
The period from 1100 to 1700 was marked by the lokabhashikaran** 
of knowledge in Sanskrit. The Bhakti poets namely Nanak, Kabir, 
Sur, Tulsi Narsinh, Mira, Gyaneshvar democratized the knowledge in 
Sanskrit, by transferring it into dialects and lokbhashas (languages of 
ordinary people). Translation from non-Indian languages into Indian 
languages and vice versa was less than desired.

In medieval India during the Mughal period Persian was a 
courtly language. It was also a language of scholarship. During Akbar’s 

**Lokabhashikaran means vernacularisation here.
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time the epic ‘Mahabharata’ was translated into Persian. The Upanishads 
and ‘Bhagwat Gita’ were translated into Persian by Akbar’s great 
grandson, Prince Dara Shikoh.

During the British rule, the Britishers tried to colonize India 
politically and intellectually. Many European texts were translated 
into some local Indian language. Some ancient Sanskrit works like 
“Abhijnanasakuntalum” and “Bhagwat Gita” were translated into 
English. The Bible was translated into local Indian lanmguages, as the 
aim of the Brirish was to spread Christianity.

History of translation has very close link with the history of 
literary tradition of a geographical area. If there is no literature, then one 
cannot think of translation. Literature is further classified as ‘canonized’ 
and ‘non-canonized’. G.N. Devy (1997) in the abstract of his paper titled 
“Literary history and translation: An Indian view, says:

A discussion of the relations between canonized and non-
canonized literary forms, between ‘self’ and the ‘other’, within the 
Indian context, leads to a differentiation between the Western tradition 
of a single dominant literary tradition and the more diverse, and 
inclusive, parallel and multiple traditions of India. At the origin of 
such traditions and holding them together long enough to permit cross 
fertilization, are acts of translation, merging sign systems and forming 
a community of ‘translating consciousness’ where several languages 
are used simultaneously and are a part of a larger, continuous spectrum. 
Translation in such a multilingual context plays a fundamental role, 
transforming and revitalizing original texts.

Further viewing translation through metaphysical perspective 
G.N.Devy (1999) in his paper “Translation and literary history: An 
Indian view” says:

Indian metaphysics believes in an unhindered migration of the 
soul from one body to another. Repeated birth is the very substance of 
all animate creations. When the soul passes from one body to another, 
it does not lose any of its essential significance. Indian philosophies of 
the relationship between form and essence, structure and significance 
are guided by this metaphysics. The soul, or significance, is not 
subject to the laws of temporality; and therefore significance, even 
literary significance, is ahistorical in Indian view. Elements of plot, 
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stories, characters, can be used again and again by new generations of 
writers because Indian literary theory does not lay undue emphasis on 
originality. If originality were made a criterion of literary excellence, 
a majority of Indian classics would fail the test. The true test is the 
writer’s capacity to transform, to translate, to restate, to revitalize the 
original. And in that sense Indian literary traditions are essentially 
traditions of translation.

Western or European tradition of translation is very much 
different to Indian tradition of translation in comparision. Bh. 
Krishnamurti opines that India being a multi-lingual country is a 
linguistic area and thus a translation area. Being polyglots, Indians use 
more than one language while conversing and thinking. Hence, they 
are translation conscious. Indra Nath Choudhuri (2010) in “Towards 
an Indian theory of translation” opines that

The ancient Indian view that translation is nothing but repetition 
also means that translation is clarification, interpretation which is 
obtained by repetitive utterances and therefore to an Indian society, 
steeped in an oral literary tradition of smriti and shruti, differing versions 
were the norms, not exceptions. The method of producing the authentic 
and ‘pure’ text perpetuated in Europe particularly during the period of 
colonial domination by the Europeans was an alien notion for Indians. 
To an Indian mind translation is rebirth where ‘atma’ the invariant core 
remains constant but other things take a new form.

In the western world, from the ancient past to the late 19th 
century, expressions about translation theory entered into traditionally 
defined areas of thinking about language and culture, i.e., rhetoric, 
literary theory, philosophy. The issue of periodization is very important 
in history and no historian could do without it. Various translation 
scholars have different points of view and approaches regarding 
periodization. For example, Clara Foz’s explanation of how Ljudskanov, 
Georg Steiner, Julio-Cesar Santayo and Michel Ballard have periodized 
the literature regarding the theory, practice and history of translation 
in her chapter “Translation, History and the Translation Scholar” is 
summarized as follows:

Ljudskanov proposed structuring the practice of translation 
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into four stages. Word for word translation during High Antiquity and 
Antiquity, Sense translation from the early first century AD to the 
fifteenth century, Free translation from the sixteenth to the eighteenth 
centuries, and finally Adequate translation from the nineteenth century 
to the end of the 1960s.

George Steiner’s periodization also comprised of four phases. 
He situated all translational practices from Cicero to the end of the 
eighteenth century within the same category. He referred to this phase as 
empiricism. The second phase corresponds to the hermeneutic approach, 
where the theory and the reflections on what it means to understand 
a text predominate. It gives a clear philosophical aspect to translation 
and extends from Friedrich Schleiermacher (1813) to Valéry Larbaud 
(1946). The third phase marked by automatic (machine) translation and 
formalism, begins in the forties and ends in the seventies. Overlapping 
this period is the fourth phase, originating at the beginning of the sixties 
and marked by interdisciplinarity. 

Julio-César Santoyo’s periodization in 1987 also comprised of 
four phases. The first phase of oral translation extends from prehistory 
to 3000 years BC and the second phase of written translation is 
determined from 2400 BC to Cicero. In the third phase the reflections 
on translation stretches from Cicero to the end of the eighteenth century. 
In the fourth phase the “real” theorization begins with Tytler (1791) 
and Schleiermacher and lasts into the eighties. 

Michel Ballard’s periodization comes under the form of five 
general categories. The first phase, dubbed Sources, extends from 
Prehistory to the fourth century. The second phase, where translation 
appears as relay, extends from the fifth century to the fourteenth century. 
The third phase, when translation goes hand in hand with discovery 
and the opening of new horizons, covers the fifteenth and the sixteenth 
centuries and the fourth period is marked by the Belles infidèles in 
seventeenth-century France. The fifth phase begins in the seventeenth 
century and ends with Walter Benjamin (1892–1944).

As Indra Nath Choudhuri (2010) says, translation in the West 
in modern times has been subjected to scrutiny from a variety of 
perspectives such as pure literary discourse of Paul Valery, Cultural 
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Studies of George Steiner, theoretical linguistics of Catford, psycho-
analysis of Andrew Benjamin, structuralism of Jacobson, deconstruction 
of Derrida, gender study of Lori Chamberlin and post-colonial discourse 
of Lawrence Venuti.

The translation historian(s) should strive for a global history 
of translation. Translation traditions of more and more languages must 
be included in writing the translation history. Only then the history of 
translation can exhibit pluralism. The translation historian(s) can make 
it possible through collaborative research and team work. 
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Abstract 

Women’s education is currently at the center of international development discourse. In 

the discourse on education and development, ‘education’ has major contribution towards 

women’s emancipation. There are 233 women colleges in A.P and the issue of women’s higher 

education has so far received modest attention due to women’s Education Institutions. This 

paper focuses on the access and participation of women students and advantages and 

opportunities in Higher Education in women’s colleges in the State of Andhra Pradesh. How are 

the women progressed by the women college’s options offered by higher education?  Do we have 

sufficient analyses on the trends and shifts in the modern education and role of women colleges 

in promoting the choices of women in higher education? It is possible only because of women 

colleges was fully started in order to arrest the doubts of parental insure towards teenage girl 

and social security of these institutions. However, their participation was enlightened their 

future and the role of higher education provides scope in decision making. Further, socio-

cultural and economic factors acted as barriers to their ability to access higher education but 

these institutions met this demand to promote research in the gender studies and compete with 

masculine domains in other fields of research. The major findings of the study elucidates access 

to higher education, post collegiate outcomes, confidence levels, problem solving, decision 

making, and empowerment of women. 
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Introduction 

Education system should make an individual better suited to the needs of the ever changing 

dynamic world. It should provide a new culture of work ethos and an array of young talented 

skilled and well equipped target groups who will be able to shoulder the developmental 

responsibilities in general and women’s education in particular. Education of girls is not only 

vital on grounds of social justice but also because it accelerates social transformation. Promotion 

of gender equality in education is essential for human resource development. By educating 

women you educate the whole family, if you given a woman has the responsibility of the whole 

family on herself, an educated woman is better capable of taking care of the health, nutrition and 

education of her children and more so be an active agent in the social and economic development 

of the country. Moreover, no society has ever liberated itself economically, politically or socially 

without a base of educated women. Education has a direct impact on women empowerment as it 

creates awareness in them about their rights, their capabilities and the choices and opportunities 

available to them. Many studies have indicated that there is a positive correlation between female 

education and several developmental indicators such as increased in economic productivity, 

improvement in health, delayed age at marriage, lower fertility, increased political participation, 

and effective investments in the next generation.  

 

There has been phenomenal expansion of educational opportunities for women in the 

field of higher education both general and technical. Women education at the university and 

college levels has been diversified and reoriented in tune with the changing requirements of the 

society, industry and trade. The proportion of women entering higher education 1950-51 was 

10.9 percent and in 2008-09 it was 42.16 percent. Therefore, in this paper an attempt has been 

made to analyze the educational status of women in the university college for women, higher 

education for girls in India in general and in Osmania college for women in particular and 

disciplinary choices for women. The researchers have examined on various aspects of analyses 

on the trends and shifts in the modern education and role of women colleges in promoting the 

choices of women in higher education.However ,the major findings of the study elucidates 

access to higher education, post collegiate outcomes, confidence levels, problem solving, 

decision making, and empowerment of women through women’s college. 

INFOKARA RESEARCH

Volume 9, Issue 10, 2020

ISSN NO: 1021-9056

http://infokara.com/198



 
 

 

Objectives of the Study: 

 To find out the access and participation of women students in higher education in A.P 

 To elucidate the role of women’s colleges in promoting the choices of women in higher 

education 

 To prove the women’s colleges have advantages and opportunities in Higher Education 

for girls in A.P  

 To examine the impacts and influences acquired from women’s college in their course of 

study 

 

Review of Literature 

This study adds to the existing literature on women and education in higher education in general 

and in A.P in particular, by recognizing the important linkages on various aspects of women’s 

higher education and the acquisition of female literacy in university and college education. In 

this we are addressing some of the important familial, socio-cultural, individual level, and 

institutional factors which promote female educational attainment. While our focus is on A.P 

state, findings also have the value for other women’s colleges.  

 

Chanana (1998) in her article ‘Social change or Social Reform: The Education of women in 

India’ highlights’ about the disciplinary choices for women in higher education, and the 

relationship between availability of disciplinary choices and women’s ability to access them are 

not directly related, and nor they dependent on women’s academic achievement. She cited main 

reasons for this are due to social ethics, and majority of women are deprived in selecting the 

subjects of their choice in school as well as in higher education. The major findings of the study 

are women from low social categories are the most affected by the stratification of disciplines, 

programs and institutions, and there is no link between academics and career choices. 

 

Sandhya, Ranjanni&Neeraja (2011) in their article ‘An analysis of Tribal Women’ Education in 

India’ explains about the importance of education to women and they opinioned that it is very 

vital as men. The influence of education on women and changes took place in the life of tribal 

women and how it is correlated to economic independence was highlighted. Through education 
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how they organize themselves to form strong groups in order to analyze the situations and 

conditions of living, and to understand their rights and responsibilities and to enable them to 

participate and contribute to the development of women and the entire society.  

 

Jacob (1996) in his article ‘Gender Inequality and Higher Education’ pointed out about the 

gender inequality is prevails more in higher education than in others. He analysis talks much 

about access to higher education, college experiences in women’s college, Women fare relatively 

well in the area of access, less well in terms of the college experience, and are 

particularlydisadvantaged with respect to the outcomes of schooling. Explanations of gender 

inequality in higher education should distinguish between these different aspects of education 

and should explain those contexts in which women have attainedparity as well as those in which 

they continue to lag behind men. He concluded in his study about the access, process, and 

outcomes of higher education and criticizes about the sociology of education neglected women’s 

higher education and he explains gender often becomes a matter of variations on the main theme 

of socio-economic and racial inequality. Secondly, he mentions about the educational decision-

making process needs to more attention. Thirdly, aspects of process and outcomes need to be 

linked to the educational analysis. Fourth, the relationship between gender and institutional 

development needs should be more concerned, and the role of institutions in promoting women’s 

higher education. 

 

Victoria (1998) in her article ‘Women’s Education in India’ pointed out the relation between 

Infant mortality rates by mother’s educational level. She explains the low level of literacy not 

only has a negative impact on women’s lives but also on their families’ lives and on their 

country’s economic development. In India, girls are likely to be taken out of school when they 

reach puberty due to common schooling system which is co-education. She explained about the 

issues related to girl’s education, such as barriers to girls education, gender gaps in university 

education, inadequate school facilities, gender bias in curriculum in developing countries, 

restricted choice of opting disciplines in higher education. 

 

Halai (2011) in his article ‘Equality or equity: Gender awareness issues in secondary schools in 

Pakistan’, focused on gender awareness and dimension of addressing the quality of education in 
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Pakistan from the social justice perspective. Beyond access there are several factors that 

compromise quality of education and raise issues of equity and social justice. He also examined 

on the issues policy and practice in school education and teacher education in the schools where 

minority sections are concentrated.  

Methodology 

In this study, we have taken the university college for women Koti, as the Study Area, which is 

very popular as women’s college for higher education with various disciplines. The researcher 

carried out the study based on both Primary and Secondary sources. The Primary sources are 

mainly the field survey with a structured interview schedule. The data was collected from 120 

respondents from various disciplines such as B.A. B.Sc, B.Com, M.A. M.Sc, MBA and the 

opinion about their women’s college, advantages and their problems by the researcher. The 

Secondary sources are collected through a survey of literature both published and unpublished, 

books, articles, and vernacular newspaper essays. The study conducted between the months of 

January - February 2019. The data is analyzed by both qualitative and quantitative techniques; in 

the month of January we did pilot study to make them comfortable to give proper answers and 

their time in filling up the interview schedule. The researchers carried out some of the case 

studies related to the promotion of their education and getting jobs after completion of their 

courses from this college.  

      We have compared the system of co-education and women’s education at collegiate level. 

The Study explored the difference between the institutions regarding access, process and 

outcomes. Major findings reveal that the positive impacts and influences, increasing women 

students’ enrolment, and social security issues in women’s college.  
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Data Analysis and Field Notes 

Table- 1: Respondent’s Course and Father's Occupation  

   Father's Occupation 

Total 

Course of 

the 

Responde

nt 

  

Farmer Business Man Private Employ 

Government 

Employ 

 B.A  6 3 4 6 19 

 31.6% 15.8% 21.1% 31.6% 100.0% 

B.Sc  1 8 5 7 21 

 4.8% 38.1% 23.8% 33.3% 100.0% 

B.Com  3 11 3 3 20 

 15.0% 55.0% 15.0% 15.0% 100.0% 

M.A.  1 8 6 5 20 

 5.0% 40.0% 30.0% 25.0% 100.0% 

M.Sc  4 4 6 6 20 

 20.0% 20.0% 30.0% 30.0% 100.0% 

MBA  5 4 4 7 20 

 25.0% 20.0% 20.0% 35.0% 100.0% 

Total  20 38 28 34 120 

 16.7% 31.7% 23.3% 28.3% 100.0% 

 

The above table explains about the course of the respondent and their father’s occupation which 

is correlated to the joining of a particular course. The girls whose father’s occupation if business 
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majority of 31%  joined in these six courses followed by government employ daughters with 

28.3% and with 23.3% are from private employ daughters. Lastly, 16.7% are from agrarian 

family background.  

Table -2: Respondent’s Native and the course chosen 

   Course of the Respondent 

Total 

Native 

of the 

Respo

ndent 

  

B.A B.Sc B.Com M.A. M.Sc MBA 

 Rural  8 7 8 5 4 7 39 

 20.5% 17.9% 20.5% 12.8% 10.3% 17.9% 100.0% 

Urban  5 10 9 10 12 10 56 

 8.9% 17.9% 16.1% 17.9% 21.4% 17.9% 100.0% 

Metro  6 4 3 5 4 3 25 

 24.0% 16.0% 12.0% 20.0% 16.0% 12.0% 100.0% 

Total  19 21 20 20 20 20 120 

 15.8% 17.5% 16.7% 16.7% 16.7% 16.7% 100.0% 

 

The table enumerates the background of the respondent and the course of study. Among rural, 

urban and metro background the urban has the lion’s share in all the courses from B.A to MBA. 

Among B.A and B.Com students rural background children with 20.5% followed by B.Sc and 

MBA with 17.9% and lastly M.A with 12.8% and 10.3% in M.Sc. The urban background 

students gave importance to M.Scwith 21.4%, followed by MBA, M.A and B.Sc with 17.9%. 

They have given least priority B.A and B.Com courses. The metro background students gave 
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more emphasis to B.A, M.A with 24% and 20% followed by B.Sc, M.Sc with 16% and B.Com 

MBA with 12%. In total 17.5% has highest priority to B.Sc and 15.8% with least priority to B.A. 

Table -3: Respondent’s perception in Women's College and reasons of satisfaction 

   If you satisfy what are the reasons 

Total 

How do you 

feel to study 

in Women's 

College 

  

Not 

Applicable 

Social 

Secure 

Ragging 

Free 

Promotes 

Higher 

Education 

Good 

Environment 

Healthy 

Competitive 

Environment 

 Satisfied  0 31 16 22 9 8 86 

 .0% 36.0% 18.6% 25.6% 10.5% 9.3% 100.0% 

Dissatisfied  34 0 0 0 0 0 34 

 100.0% .0% .0% .0% .0% .0% 100.0% 

Total  34 31 16 22 9 8 120 

 28.3% 25.8% 13.3% 18.3% 7.5% 6.7% 100.0% 

 

The above table explains about their feeling in women’s college and the reasons for their in 

women’s college.  Though 28% girls are dissatisfied with small reasons such as jealous and 

groupism, compare to co-education in women’s college the competitive environment is low for 

few of them. The majority of 25.8% girls felt that they have social security in women’s college, 

followed by 18.3% opinioned these institutions promoting higher education, without any tension 

to parents and relatives. Around 13% said that women colleges are ragging free, and 7.5% 

opinioned it provides good environment for education, and 6.7% pointed out in women’s college 

there is a healthy and competitive environment for studies.  
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From the above table, the course of the respondent is examined which type of system is good in 

promoting higher education for women. Majority of the respondents of 58% opinioned women’s 

colleges are best in providing good and safe education for girls. The remaining percentage 

women responded both the systems have great contribution towards women education and to 

some extent the co-education also promotes girls education with 27% and 15% respectively. 

 

 

 

                                    Table-4: Respondent’s Course  and good one in promoting higher education  

   Which one is good in promoting higher education 

Total 

Course of the 

Respondent 

  

Co-Education System Women's College Both Systems 

 B.A  0 13 6 19 

 .0% 68.4% 31.6% 100.0% 

B.Sc  3 11 7 21 

 14.3% 52.4% 33.3% 100.0% 

B.Com  3 11 6 20 

 15.0% 55.0% 30.0% 100.0% 

M.A.  4 12 4 20 

 20.0% 60.0% 20.0% 100.0% 

M.Sc  6 10 4 20 

 30.0% 50.0% 20.0% 100.0% 

MBA  2 13 5 20 

 10.0% 65.0% 25.0% 100.0% 

Total  18 70 32 120 

 15.0% 58.3% 26.7% 100.0% 

INFOKARA RESEARCH

Volume 9, Issue 10, 2020

ISSN NO: 1021-9056

http://infokara.com/205



 
 

 

Table -5: Respondent’s Course and the positive impacts  

   What are the impacts and influences do you get from Women college 

Total 

Course 

of the 

Respond

ent 

  
Good Language and 

Communication 

Skills 

Confidence 

level improved 

Independent 

thinking and 

social secure 

Acquired good 

subject knowledge 

 B.A  4 8 4 3 19 

 21.1% 42.1% 21.1% 15.8% 100.0% 

B.Sc  7 4 6 4 21 

 33.3% 19.0% 28.6% 19.0% 100.0% 

B.Com  7 4 4 5 20 

 35.0% 20.0% 20.0% 25.0% 100.0% 

M.A.  3 6 6 5 20 

 15.0% 30.0% 30.0% 25.0% 100.0% 

M.Sc  4 5 6 5 20 

 20.0% 25.0% 30.0% 25.0% 100.0% 

MBA  4 6 4 5 19 

 21.1% 31.6% 21.1% 26.3% 100.0% 

Total  29 33 30 27 119 

 24.4% 27.7% 25.2% 22.7% 100.0% 

 

The above table examines the impacts and influences on the respondents based on their course of 

study. Majority of 28% mentioned their confidence level improved through women’s college, 

followed by 25% started independent thinking and overcome insecure feeling within them. 
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About 24% have stated there is a drastic change in their language and communication skills and 

lastly 23% feeling they have acquired good subject knowledge compare to co-education system. 

Table -6: Pursuing Education at women's college and reasons for not to join in Co-Education 

   Is there any specific reason not to join in Co-Education 

Total 

Would you like 

to pursue your 

studies at 

women's college 

  

By Parent's 

Compulsion 

No Social 

Security 

No 

Restrictions 

in Campus 

Domination 

and 

Ragging 

To avoid 

Harassment 

of boys 

No 

Specific 

reason 

 Yes  17 28 5 16 6 12 84 

 20.2% 33.3% 6.0% 19.0% 7.1% 14.3% 100.0% 

No  9 7 1 6 6 7 36 

 25.0% 19.4% 2.8% 16.7% 16.7% 19.4% 100.0% 

Total  26 35 6 22 12 19 120 

 21.7% 29.2% 5.0% 18.3% 10.0% 15.8% 100.0% 

 

The above table explains about the desire to continue their studies in women’s college and they 

have their own reasons regarding not to join in co-education system. Out of 120 respondents 84 

girls are in favor to continue their studies in women’s college. Among these 33% felt this is very 

secure, followed by 20% joined by the compulsion of parents, and 19% are afraid of domination 

and ragging in co-education. Around 14% they does not have any specific reason to not to join in 

co-education, and 6% felt in co-education there is no control and restriction on boys and girls. 

The girls of 25% who dislike continuing in women’s college are joined only by the parents’ 

compulsion. 
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Major Findings of the Study 

 Majority of the respondents (68%) have joined due to their parents compulsion in 

women’s college 

 Around 55% are responded that they were afraid of ragging, eve-teasing and harassment 

from boys in co-education institutions 

 About 34% have gave their reply to join in women’s college that their elder sisters are 

studying in the same college 

 Though women’s college is safe and secure, around 17% would like to do their studies in 

co-education. They felt co-education gives more opportunities to interact either male or 

female faculty or boys also helpful in resolving the classroom doubts. 

 The girls from women’s college about 72% felt that female teachers are more accessible 

and friendly compare to male teachers, and they felt female teachers are good in teaching 

compare to male. 

 Majority of 72% responded they did not face any problems from male faculty, but so far 

the remaining percentage of 19% have suggested it is not good to appoint male teachers 

in women’s college and around 9% have emphasized that male teachers are feeling shy to 

interact with them and behave has introvert. 

 One important observation has made by the researchers that more girls from business 

community family are pursuing only B.Com and MBA, so that it will be helpful after 

their marriage also. 

 Government employ and private employ daughters are very high in professional courses 

compare to rural background girls.  

 The urban background girls have high incidence in all the courses, followed by rural and 

lastly metro background girls. The metro background girls are good in English and in 

communication so that they are opting jobs immediately after their graduation in various 

fields such as BPOs, in star hotel as receptionists and teaching in private schools. 

 Final observation about the positive impacts and influences the girls acquired from 

women’s college as their confidence level improved along with language and 

communication skills, they think independently, and they does not have insecure 

anywhere either in work or in society. 
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Conclusion 

This paper examined the trends in women education in the state of Andhra Pradesh, the 

investments on education and infrastructural facilities supports and promotes women higher 

education through women’s college. The study revealed that there had been significant progress 

in the performance of women in women educational institutions compare to co-education system 

of education revealed from female literacy levels and its change over time. It was also observed 

that the gaps between rural and urban female literacy rates are narrowing down. 

 

To explore the influence of certain variables of interest such as advantages, social security, and 

parental insecureness, positive impacts and influences acquired from women’s collegiate 

education.  Regarding co-education, there are very serious issues such as ragging, comments; 

eve-teasing and violence against girls are also promoting the girls to join in women’s college.  It 

was observed that rural girls are performing better than urban girls in outcome aspects such as in 

pass percentage and class top mark etc. acts as a push factors for women’s education rather than 

as an obstacle to women’s education. The significant influence of urbanization on women’s 

education implied that urbanization had been playing a beneficial role in the attainment of 

women’s education through learning new skills such as language and communication, how to 

talk, how to behave and socialize themselves according to the situation and circumstances. At the 

same time, the drop-out rate had a negative effect on women’s education. It revealed that that 

reduction of girl’s drop-out rates is necessary for achieving women’s education. The initiatives 

of the government through investment and infrastructure in developing education in India were 

developed by establishing and increasing the women’s colleges in India. With regard to facilities 

in higher education, it had improved significantly, but a lot more need to be done. 

 

In sum, the study revealed that there have been concerted efforts to encourage girls to attend 

higher education through women’s colleges, which would lead to higher literacy in future. The 

study also revealed that there are several infrastructural barriers to women education in India 

which needs to be focused. The study calls for focused approach towards increasing women 

centered educational institutions so as the women education is essential to develop herself  and 

society at large.  
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Routledge Handbook of South Asian Criminology, K. Jaishankar (Eds.), New
York & London: Routledge Taylor and Francis Group, 2020, pp. 398, ISBN: 978-1-
4822-4822-6045-8 (hb), £190

South Asia, moving rapidly with its population and economic growth, leads to
changes in behaviors of Individuals, Groups, Society as well as its Institutions. Thus,
the behaviors, including that of criminality and victimization had also transformed.
This calls for a new understanding of Criminology, which is much influenced by
both cultural transition and social changes. Thus, this book is important for
professional social workers and social work educators as there are greater intersections
between social work practices and criminology in the five parts that this book is
being divided such as: (a) crime and criminal justice process; (b) Historical
perspectives of crime and Justice; (c) Politics of Crime and Justice; (d) Crime and
Justice Policy; and (e) Victims and Victimology.

This book is intended as a key resource book of South Asian criminology, working
in the area of criminal justice social work, criminology, Victimology, especially
focusing on the eight south Asian countries, imbibing its local uniqueness and reflecting
the larger connections across these eight south Asian countries in the areas of criminal
justice and its functioning. Prof. K Jaishankar, had very eloquently selected the
contributors from not only the eight south Asian countries, but also from USA, UK
and Australia, that enriches with comparative understanding beyond the South Asian
Criminology and further connecting the dots to the larger knowledge criminal justice
and its practices across the globe.

Part I, Crime and Criminal Justice at the chapter one, discusses about the criminal
justice system of Afghanistan and brings forth the idea that there is a need for
coordination between state and non-state actors for effective delivery of justice.
Chapter 2 discussed the issues of criminal justice system of Bangladesh with specific
focuses on the police, courts and corrections. Some of the issues that had been brought
out in this chapter by the author are, dissatisfaction of the public with the law
enforcement agency, overcrowding in prisons, increasing incidences of domestic
violence and judicial interventions. Chapter 3, discussed about Bhutanese criminal
justice system and crime that are being reported there, that includes drug abuse and
sex trafficking. The author points out numerous initiatives taken by the government
to check corruption in the criminal justice system. Chapter 4 discusses the evolution
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of criminal justice system in India, that includes the ancient, medieval and modern
India. Even though there are few reforms that are initiated, in the context of criminal
justice system in India, broadly it the colonial baggage's are still there, that needed to
be re-invented and transformed. The author also mentions that there is a gradual
shift in the nature of punishment from the earlier colonial retributive type to reformative
and rehabilitative. Chapter 5 talks about the criminal justice system and crime situation
of Maldives. Some of the most reported crimes at Maldives are illicit drug use and
domestic violence. The author also discussed about the restructuring of criminal
offences and punishments, initiatives for the creation of Maldives Police Service,
reforms at the prisons, courts. Chapter 6 discussed about the criminal justice system
of Nepal, with focus on policing, accountability, issues of trial process and legal aid.
Chapter 7 discusses the criminal justice system of Pakistan and the issues related to
policing, judiciary, crime situation and prisons. The author points out the concerns
of gender disparity and inadequacy of modernization of the criminal justice system.
Chapter 8 discusses on the criminal justice system of Sri Lanka, including its
constitution and relevant statutes that controls the law enforcement agencies. The
author points out at the recognition of rights guaranteed by the Sri Lankan constitution
for the accused. It also discussed about the prison management system of Sri Lanka.

Part II discusses the Historical Perspectives of Crime and Justice with specific
references to Manusmriti, witchcraft accusation and victimization in Nepal,
contribution of Tamil literature (Thirukkural and Silappadikaram) into Justice and
Administration of Tamil society, genesis of the Goondas Act at Calcutta, size and
scope of opium production in three south Asian nations (India, Pakistan and
Afghanistan) and liked up with criminological perspectives such as situational crime
prevention and routine activity approach. Part III discusses the Politics of Crime and
Justice in South Asian countries, with focus on terrorism and trafficking. Part IV
discusses on south Asia and its regional cooperation, responses to human trafficking,
rights of transgender, transnational justice process in Bangladesh, situational analysis
in Nirbhaya incidence and Juvenile Justice policies in India as well as secondary
victimization of Rohingyas in Myanmar and Bangladesh.

This book throws an overview of criminal justice system and it's functioning as
well as the crime and Justice across South Asia countries, especially for those
researchers and students interested to engage with criminal justice social work

Sony Kunjappan
Assistant Professor & Coordinator, Centre for

Studies in Social Management and M.A in Social Work (School Level
Programme), Central University of Gujarat, Gandhinagar.
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Abstract
Anthropogenic activities, geological processes, and biogenic sources have led to the enhanced concentration of arsenic (As), a
toxic metalloid in water and soil. Non-edible, economically important plants can be employed for safe As phytoremediation in
addition to generating extra income. However, these plants may get affected by stressful local environmental conditions. Native
plant species are adapted to local environmental conditions and hence overcome this problem. Native non-edible economic plant
species which show high As tolerance and accumulation are promising candidate for safe, efficient, and economically beneficial
phytoremediation of As-contaminated sites. The current review discusses the potential of native economic plant species that can
be used in As phytoremediation programme. However, since their phytoremediation potential is moderate, possible strategies for
increasing As olerance and accumulation, especially genetic modification, have been discussed in detail. Knowledge gained
from the review can be used for the development of As tolerance and accumulation in non-edible economic native plants.

Keywords Hyperaccumulation . Phytoremediation . Genetic manipulation . Non-edible plants . Native plant species

Introduction

Arsenic (As), a redox-active metalloid, finds its way to soil
and water through geonic, biogenic, and anthropogenic
sources (Fig. 1). Rapid industrialization and globalization
have resulted in uncontrolled increase of As contamination.
Over past centuries, extensive studies have been done on the
hazardous effect of As and successfully grabbed the attention
of scientific communities and environmental protection agen-
cies. Owing to its toxic nature, International Agency of
Research on Cancer (IARC) has classified it as class I catego-
ry of carcinogen (Cohen et al. 2019) and also ranked as first

among the most hazardous substance list (ATSDR 2019).
Consumption of As-contaminated water and plants has result-
ed in increased health issues of humans and animals.
Furthermore, plant establishment mostly in As-polluted land
gets seriously affected (Sharma et al. 2018). To overcome
these problems, numerous studies have been conducted to
acquire knowledge regarding arsenic speciation, uptakemech-
anism of As in plant parts, their toxic behaviour, and ultimate-
ly cope up and tolerance processes in plants (Meharg and
Hartley-Whitaker 2002; Srivastava et al. 2007, 2010; Rai
et al. 2011; Tripathi et al. 2012; Sharma et al. 2014; Kumar
et al. 2019; Singh et al. 2019a; Singh et al. 2020; Singh et al.
2021).

In recent years, the usefulness of plants in the removal of
As from soil and revegetation of As-contaminated land has
been recognized. Remediation and utilization of contaminated
lands using plants provide economic, social, and environmen-
tal solution. Phytoremediation is considered eco-friendly and
cost-effective over conventional methods. Therefore, research
has been directed towards the use of plants to remediate and
revegetate As-contaminated lands. Arsenic tolerance and
phytoremediation efficiency of plants can be enhanced by
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ABSTRACT: Dual delivery of bioactive molecules (drugs and growth
factors) has been attempted to enhance multiple processes during tissue
regeneration. For bone tissue engineering, many attempts have been
made to enhance osteogenesis coupled angiogenesis, which plays a major
role during the bone regeneration process. In this study, core−shell
microgels were fabricated for controlled release of recombinant human
bone morphogenetic protein 2 (rhBMP-2) and simvastatin from the core
and shell, respectively. The microgels were formed with a discrete core
and shell structure. The Fourier transform infrared analysis demonstrated
the composition of microgel, whereas swelling behavior demonstrated its
rapid swelling property. Thermal properties demonstrated the ionic
gelation in microgels, which minimizes the thermal degradation of
polymers. The degradation study demonstrates that the core−shell
structure of microgels was intact until 49 days under physiological
conditions. The release profile demonstrates the sequential and controlled release of rhBMP-2 from the core and simvastatin from
the shell of the microgels, respectively. The bioactivity of rhBMP-2 and simvastatin released from microgels was preserved as
indicated by the alkaline phosphatase (ALP) activity assay. The cell proliferation of mouse preosteoblast (MC3T3-E1) cells and the
live−dead staining assay demonstrated cytocompatibility of the microgels. Scanning electron microscopy images demonstrate that
the microgels support adhesion of cells on the surface and promote extracellular matrix (ECM) production. The osteogenic
differentiation of MC3T3-E1 cells demonstrated the synergistic effect of drugs and growth factors up to 21 days. The controlled and
sustained release of simvastatin and rhBMP-2 induced higher mRNA and protein expressions of RUNX2, osteocalcin, and VEGF.
The overall results demonstrate the effect of controlled release of rhBMP-2 and simvastatin from core−shell microgels to promote
osteogenesis and angiogenesis.

KEYWORDS: core−shell microgels, chitosan, collagen, rhBMP-2, simvastatin, dual-drug delivery, osteogenesis

1. INTRODUCTION

Bone is the second highest transplanted tissue globally with
over 2 million surgeries annually. Although bone has innate
potential to repair the defects, however, when the size of defect
is beyond the innate potential of self-healing, then the
conventional surgical bone grafting methods are most
preferred. However, grafting has major limitations such as
dearth of autologous tissue, higher cost, donor site morbidity,
and immune rejection.1,2 Therefore, bone tissue engineering
remains a matter of hope and has grown substantially in the
last few years.3−6 Because bone fracture healing is a complex
event of temporally regulated phases, regulating angiogenesis
and osteogenesis in a coupled manner using scaffolding
technology is attempted to improve the scope of bone
regeneration.5,6 Hence, delivery of dual factors that could
enhance angiogenesis and osteogenesis has been frequently
utilized. During the fracture healing process, the level of BMP-
2 protein is maintained for approximately 4 weeks.7 BMP-2 has
higher osteoinductive potential; however, its shorter systemic

half-life (only 6−7 min) and inadequate temporal presentation
at defect sites remain a major limitation.8 Therefore, sustained
release of BMP-2 from carriers over a long time period may be
an effective approach to boost osteogenic differentiation.
Moreover, early-stage angiogenesis is also equally required in
critical size defects for successful bone regeneration. To mimic
the presentation of angiogenic and osteogenic signaling
molecules at the fracture site, various hybrid scaffolds have
been reported to deliver the vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) at an early
stage, whereas bone morphogenetic proteins (BMPs) at a later
stage.9,10 An alternative drug molecule with the equal potential
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of neovascularization would be desirable for fabrication and
delivery via scaffolding. Simvastatin, an FDA-approved drug
traditionally prescribed to reduce blood cholesterol,11 is
reported to enhance angiogenesis by augmenting VEGF
expression in osteoblastic cells.12 It is also reported to enhance
osteogenesis by increasing the BMP-2 levels in osteoblasts
both in vitro and in vivo.13,14 Sequential delivery of osteogenic
and angiogenic factors would be desirable and can be achieved
via a dual-drug delivering scaffold. In one study, a core−shell
hydrogel scaffold was designed with BMP-2 in the core and
cobalt ions (as an angiogenic factor) in the shell, where cobalt
was released within 7 days while the release of BMP-2
continued for 3−4 weeks.15 Furthermore, local controlled
release of simvastatin and platelet-derived growth factor from
core−shell microspheres promotes bone regeneration.16 A
recent study reported by our research group demonstrated that
the dual delivery of simvastatin along with dexamethasone
from the bioinspired scaffold has promoted early osteogenesis
and angiogenesis.17 Therefore, biomaterial-based core−shell
microgels were fabricated in the present study in order to
control the release of simvastatin and BMP-2 in a sequential
manner. Use of biomaterials is very well known for
regeneration of bone defects because of their biodegradability
and biocompatibility.18 Nowadays, many different bone
substituting materials either derived from biological products
or polymer-based substitutes are chosen depending on the
purpose of their function.19

In the present study, we have fabricated core−shell
microgels using collagen as the candidate material for the
core and chitosan for the shell, which act as BMP-2 and
simvastatin carriers, respectively. Collagen is the most
abundant protein constituent of the bone extracellular matrix
(ECM). It is extensively used in BMP-2 delivery because of its
binding affinity,20 which may be crucial for sustained release of
BMP-2. Known for the property of ionic gelation, chitosan is
extensively used for scaffolding.21 Both collagen and chitosan
are biocompatible and biodegradable, which provides an
additional advantage for their use in bone tissue engineer-
ing.17,22,23 The rapid gelation of chitosan allows the
encapsulation of collagen during the process of coaxial
electrospraying. This bioactive core−shell microgel was
investigated for its release, degradation, and osteogenic and
angiogenic properties.

2. MATERIALS AND METHODS
2.1. Materials. Chitosan powder (medium molecular weight),

sodium tripolyphosphate (STPP), and simvastatin were purchased
from Sigma-Aldrich, USA. Collagen type I was extracted from rat tails.
The recombinant human bone morphogenetic protein 2 (rhBMP-2)
and Quantikine ELISA Kit were purchased from R&D Systems, USA.
Acetic acid was obtained from SRL, India. α-MEM and fetal bovine
serum were purchased from HiMedia, India, and Gibco, USA,
respectively.
2.2. Methods. 2.2.1. Microgel Fabrication. Chitosan−collagen

core−shell microgels (CS-MG) were fabricated using electrospraying
technique with the ionotropic gelation method. Chitosan (3% (w/v))
and collagen type I (0.5% (w/v)) solutions were prepared in glacial
acetic acid. The solutions were filled in two different syringes and set
on syringe pumps, which were connected to a coaxial module setup.
The flow rate for core and shell solutions was adjusted to 30 μL/min
using a 26G needle and 100 μL/min using an 18G needle,
respectively. The potential difference between the electrodes was
kept at 10 kV at a distance of 15 cm. The microgels were collected in
5% (w/v) STPP solution, rinsed with water and freeze-dried for
further use. Furthermore, loaded core−shell microgels (CSD-MG)

were fabricated by adding rhBMP-2 (1 μg/mL) into collagen and
simvastatin (446 μg/mL) into chitosan solutions, respectively. The
control microgels (C-MG) were fabricated by electrospraying
chitosan (3%) using an 18G needle.

2.2.2. Physical Characterization of CS-MG. The surface
morphology and internal microstructure of core−shell microgels
were analyzed using scanning electron microscopy (SEM) (EVO 18;
Zeiss, Germany). The working distance was 10 mm with an
acceleration voltage of 5−10 kV. For internal microstructure analysis,
microgels were sliced in two equal halves. The chemical composition
of microgel was characterized by attenuated total reflection Fourier
transform infrared (ATR FT-IR) spectroscopy (Nicolet iS5; Thermo
Scientific, USA). All samples were scanned in the range of 4000 to
600 cm−1 with a resolution of 4 cm−1 at room temperature.

Thermogravimetric analysis (TGA) was performed using a
thermogravimetric analyzer (EXSTAR TG/DTA7300, USA) as
reported previously.17 Briefly, 5 mg of each sample was analyzed
with a heating rate of 10 °C min−1 under a nitrogen (N2) atmosphere.
The denaturing temperature was increased from 48 to 800 °C.

2.2.3. In Vitro Swelling Study. The gravimetric method was
utilized to study the swelling behavior of microgels in 1X phosphate-
buffered saline (PBS) and deionized water as reported.24 The
microgels (n = 3) were weighed for dry weight (Wd) and immersed in
PBS and deionized water separately at 37 °C. After the predetermined
time points, the microgels were removed to measure the swollen
weight (Ws). To calculate the swelling ratio, the following equation
was used:

= −Ws Wd
Wd

swelling ratio
( )

(1)

2.2.4. In Vitro Degradation Study. In vitro degradation of
microgels was performed in the presence of lysozyme enzyme (1.5
μg/mL in PBS). Briefly, dry weight (W0) of microgels (n = 3) was
measured and immersed in a 2 mL PBS medium. The samples were
incubated in PBS with 60 rpm continuous agitation at 37 °C. At the
predetermined time points, microgels were removed from PBS,
washed with water, freeze-dried, and weighed (Wt). Then, the degree
of degradation (%) was calculated using the difference between the
dry weight before and after incubation using the following equation:

=
−

×
W W

W
degree of degradation (DD)% 100t0

0 (2)

The change in the pH of degradation media was measured at the
predetermined time points. The change in morphology and
microstructure during degradation was observed using SEM analysis.

2.2.5. Encapsulation and Release of rhBMP-2 and Simvastatin.
Immediately after electrospraying of CSD-MG, the STPP solution was
filtered out and centrifuged at 1000 rpm (at 4 °C) for 5 min. The
supernatant was analyzed for nonencapsulated rhBMP-2 using a
commercially available Quantikine ELISA Kit following the
manufacturer’s protocol, whereas free simvastatin was analyzed
using a UV−vis spectrophotometer (Hitachi U-2900) at 238 nm.
The encapsulation efficiency and percent yield were calculated using
the following equations:25

=
−

×

encapsulation efficiency (%)
mass of total drug mass of free drug in STPP

mass of total drug
100

(3)

=
−

+ − + + +

×

yield (%)
dry wt of total core shell microgels

wt of used simva rhBMP 2 chitosan collagen STPP

100 (4)

For the release study, approximately 40 mg of CS-MG and CSD-
MG (n = 3) were immersed in the 1.5 mL volume of PBS. The
samples were incubated in a shaking water bath at 37 °C. At the
predetermined time points, an 800 μL release medium was withdrawn
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and the same volume of fresh PBS was added. Then, rhBMP-2 and
simvastatin were quantified as mentioned above.
2.2.6. In Vitro Bioactivity Assessment of Released rhBMP-2 and

Simvastatin. The bioactivity of released rhBMP-2 and simvastatin
from CSD-MG was assessed using alkaline phosphatase (ALP)
activity assay. Briefly, 3 × 104 mouse preosteoblast (MC3T3-E1) cells
were seeded in each well of a 24-well plate. After 24 h, the cells were
treated with releasates of day 3. The filtered released solution of
rhBMP-2 and simvastatin was diluted with the α-MEM culture
medium to a concentration of ∼100 pg/mL and 346 ng/mL,
respectively. An equal amount of free rhBMP-2 (∼100 pg/mL) and
simvastatin (346 ng/mL) alone, and in combination, was used as a
positive control. The released medium of CS-MG was used as a

negative control. Cells in a normal expansion medium were also used
as a control, and the medium was changed every alternate day. After
10 days, the medium was removed from the wells and washed with
PBS. After that cells were lysed by adding 50 μL lysis buffer and
subsequent freeze−thaw cycles. Then, the 200 μL substrate solution
was added into each well and incubated in dark at 37 °C for 30 min.
Then, the enzymatic reaction was terminated by adding the 50 μL ice-
cooled 3 N NaOH solution. Afterwards, the 100 μL reaction mixture
was taken in a 96-well plate and the absorbance was measured at 405
nm using a UV−Vis spectrophotometer.

2.2.7. Cytocompatibility Assessment. Cytocompatibility assays
were performed using three different test procedures suggested by
ISO 10993-5, 2009, for medical devices: First by indirect contact:

Figure 1. (A) Light microscopic image, scale bar = 500 μm. Scanning electron micrographs showing (B) surface (scale bar = 100 μm) and (C)
internal morphology of a lyophilized core−shell microgel, scale bar = 20 μm. (D) FT-IR spectra of chitosan powder (black), collagen type I (red),
core−shell microgel (blue), and sectioned core−shell microgel (green); (E) thermogravimetric analysis; and derivatives of thermal analysis curves
of (F) weight loss of polymers and microgels and (G) swelling ratio of CS-MG and C-MG in 1X PBS at 37 °C (n = 3).
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where the microgels were incubated on the MC3T3-E1 cell
monolayer. Second by a leached medium: where the microgel-leached
culture medium was used. Third by a direct contact test: where cells
were grown on the surface of microgels.
For the first and second assay, 0.5 × 104 cells/well of a 96-well

plate were seeded and grown for 24 h before treatment. The cell
proliferation was measured using Alamar Blue assay, 24, 48, 72, and
96 h after treatment as reported by our group previously.26 While for
the third test, microgels were placed in a 96-well plate, precoated with
agarose and soaked with α-MEM for 1 h. Afterward, 2.5 × 104 cells/
well were seeded on the surface of microgels. The cell proliferation
was measured at 1, 3, 7, 10, 14, and 21 days using Alamar Blue assay.
The cytocompatibility of microgels was also assessed using

fluorescence-based Live/Dead staining (Molecular Probes; Invitro-
gen, USA) as reported previously.26,27 The morphology of cells on
core−shell microgels was analyzed using SEM. The microgels were
removed from the culture medium and washed with 1X PBS solution.
The cells were fixed with 2% glutaraldehyde in sodium cacodylate
buffer (0.1 M) for 1 h. After that the microgels were serially
dehydrated using ethanol gradient. Then, the samples were processed
as mentioned in section 2.2.2.
2.2.8. Alkaline Phosphatase Activity Assay. In order to assess the

differentiation of MC3T3-E1 cells into osteoblasts, the expression of
ALP as an early osteogenic marker was quantified; 3 × 104 MC3T3-
E1 cells were seeded per well of a 24-well plate and grown for 21 days
with CS-MG, CSD-MG, osteogenic media (OGM), and CSD-MG +
OGM. Tissue culture plates (TCPs) were taken as cell culture
controls. Afterward, the ALP activity assay was performed as
mentioned in Section 2.2.5.
2.2.9. Calcium Quantification by Alizarin Red S (ARS) Staining.

The mineralization in presence of microgels by differentiated
MC3T3-E1 cells was quantified through ARS staining. After culturing
of cells for 21 days, with and without microgels, media were removed
and the cells were washed gently with PBS. The cells were fixed with
2% paraformaldehyde for 30 min, and ARS solution (40 mM, pH 4.1)
was added to each well and incubated for another 30 min. After
incubation, the cells were washed and imaged using a light microscope
(Primovert; Zeiss, Germany). The cells were then air-dried, and the
dye was extracted using 10% acetic acid overnight at room
temperature. Afterward, the extracted dye was heated at 85 °C for
10 min, incubated on ice for 5 min, and centrifuged at 20,000g for 15
min. The supernatant was collected in fresh tubes, and the pH was
adjusted to 4.1 using 10% ammonium hydroxide. Finally, the 200 μL
supernatant was transferred into a 96-well plate and the absorbance
was measured at 405 nm using an ELISA plate reader.
2.2.10. von Kossa Staining. Calcium deposition by differentiated

MC3T3-E1 cells was observed using von Kossa staining. After 21 days
of cell culture, the cells were fixed with 10% formaldehyde for 30 min.
After that formaldehyde was removed and washed using ddH2O
followed by incubation with the 5% silver nitrate solution in the ultra-
violet light for 1 h. Then, the silver nitrate solution was removed and
the cells were washed twice using ddH2O to remove the unbound
stain and observed using a light microscope.
2.2.11. Gene Expression by sqRT-PCR. For RNA isolation, 1.5 ×

105 MC3T3-E1 cells were seeded in a 60 mm culture plate with and
without microgels. After 21 days of cell culture, RNA extraction was
carried out using the RNA isolation kit (NucleoSpin RNA;
MACHEREY-NAGEL, Germany) according to the manufacturer’s
protocol. cDNA synthesis was performed using the cDNA synthesis
kit (PrimeScript 1st strand cDNA synthesis kit; TAKARA) according
to the manufacturer’s protocol. The primers and polymerase chain
reaction (PCR) conditions used for the study are mentioned in Table
S1. The PCR products were analyzed using agarose gel electro-
phoresis, and the images were captured using a GelDoc imaging
system (SYNGENE; G:BOX).
2.2.12. Immunocytochemistry. For immunocytochemistry, the

samples were prepared as reported previously.17,22 Briefly, after 21
days, the samples were washed using PBS and fixed with
paraformaldehyde. The cells were permeabilized using 0.5% Triton
X followed by blocking (0.5% bovine serum albumin and 0.15%

glycine in 1X PBS) for 1 h. The cells were then incubated with the
fluorochrome-conjugated primary antibody (with 1:200 dilution)
overnight at 4 °C. Finally, the cells were incubated with DAPI (50 ng/
mL) for 5 min. The images were observed and captured using a
confocal microscope (LSM780; Zeiss, Germany).

2.2.13. Statistical Analysis. All the statistical analyses were
performed using GraphPad Prism 5 software. All the experimental
data obtained were statistically analyzed in triplicates unless otherwise
mentioned. The statistically significant differences between two
groups were determined with P < 0.05 by Student’s t-test. All
quantitative data are expressed as mean ± standard error of mean.

3. RESULTS AND DISCUSSION
3.1. Morphological and Chemical Analysis of Core−

Shell Microgels. The CS-MG were fabricated by a
customized coaxial electrospraying process as demonstrated
in the Supporting Information Figures S1−S3 and Table S2.
The optimized concentration of polymers for a shell was 3%
(w/v) chitosan, whereas for a core, it was 0.5% (w/v) collagen
type I. The result demonstrated an intact and spherical
microgel with the darker zone as collagen and the glassy zone
as chitosan shell (Figure 1A). The reduced collagen
concentration minimizes the viscosity of the entrapped
collagen solution. Hence, the chitosan solution of the shell
was able to bear the less viscous collagen force to the shell.
The SEM image analysis (Figure 1B) demonstrated the

spherical shape of microgels with a rough surface. The
roughness enhances the surface area of the microgel, which
could be desirable for drug release and surface attachment of
cells. Figure 1C shows the internal microstructure of sectioned
core−shell microgels. The SEM images demonstrated the
macroporous core structure of the microgel, which is alike
cryogels. Since the microgel was freeze-dried as soon as it was
fabricated, cross-linking in collagen occurred at a slower pace
as the core temperature kept decreasing. Therefore, a cryogel-
like microstructure was obtained. The structure of the shell was
found to be highly dense due to greater concentration and
cross-linking of chitosan. The difference in the rate of cross-
linking between the chitosan shell and collagen core possibly
results in micro/nanoporous structure formation. The small
pores in the shell region could be helpful in controlled release
of bioactive molecules. The microgel fabrication through the
ionic gelation method in a mild environment could help
protect the bioactivity of loaded bioactive molecules.
Furthermore, there was no change in the microstructure of
core−shell microgels observed after loading of rhBMP-2 and
simvastatin. The C-MG were spherical with rough surface
topography, whereas the internal structure was uniformly
microporous and densely cross-linked without any discrete
core−shell structure.
The CS-MG were characterized for its composition and

cross-linking through FT-IR analysis (Figure 1D). The FT-IR
spectrum of core−shell microgels shows appearance of duplet
with peak shift for amide I at 1650 and 1635 cm−1 and amide
II at 1557 cm−1 (toward lower wavenumber) with a reduced
peak intensity due to electrostatic interactions between the
protonated amino group of chitosan and the phosphoric group
of STPP. It directly confirms participation of the protonated
amino (−NH3+) group in a cross-linking reaction with the
phosphate group of STPP, and these results were in agreement
with previously reported studies.28−30 The broadening and
flattening of the absorption peak of chitosan at 3357 cm−1 in
the core−shell microgel spectrum confirms enhanced hydro-
gen bonding, and it was found to be consistent with previously
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reported results.28 The appearance of new absorption peaks at
1067 and 883 cm−1 can be assigned to P−O−P asymmetric
stretching, and it confirms the role of STPP in an ionic cross-
linking reaction with the amine group of chitosan.31−34 The
spectrum of sectioned CS-MG showed characteristic absorp-
tion peaks of collagen at 1640 and 1545 cm−1 for amide I and
amide II, respectively, and it confirms the presence of collagen
in the core. In conclusion, the results confirm ionic
crosslinking of chitosan (shell) with STPP and collagen as
core materials.
The thermal stability of the microgels was determined by

TGA. Figure 1E shows pyrolytic patterns of chitosan, collagen,
C-MG, CS-MG, and CSD-MG. Initial weight loss was
observed in all samples from 5 to 9.42% at 48−200 °C (the
Supporting Information Table S3) due to loss of absorbed and
structural bound water molecules. The weight loss in the

second phase at 200−400 °C could be attributed to the
thermal degradation of polymers. Chitosan and collagen
exhibited 51.38 and 55.96% weight loss, respectively. This
weight loss for chitosan could be associated with depolyme-
rization and pyrolytic degradation of the polysaccharide
structure.35,36 In collagen, the degradation could be associated
with protein chain and peptide bond breakage.37 The weight
loss in C-MG, CS-MG, and CSD-MG was 33.38, 34.14, and
40.70%, respectively. These results indicate that ionic gelation
in microgels minimize the thermal degradation of polymers. It
may be possible due to STPP cross-linking of chitosan and
stronger interactions between chitosan and collagen. In the
third phase (400−800 °C), all samples exhibited weight loss
from 14.02 to 22.91%. Figure 1F shows the derivative TGA,
representing the maximum weight loss at particular temper-
ature. Chitosan and collagen demonstrate the maximum

Figure 2. (A) In vitro degradation measured as weight loss in presence of lysozyme. (B) SEM images of degraded CS-MG and C-MG exhibit
surface degradation; inset SEM images show the internal structure of degraded CS-MG and C-MG (scale bar = 100 μm). (C) Effect of the
degraded byproducts of microgels in a medium pH. (D) In vitro cumulative release of rhBMP-2 and simvastatin from CSD-MG at different time
points. (E) ALP activity of MC3T3-E1 cells cultured with growth media containing free simvastatin (346 ng/mL), rhBMP-2 (100 pg/mL),
rhBMP-2 + simvastatin, and released rhBMP-2 + simvastatin.
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degradation rate at 303.38 and 328.21 °C, respectively,
whereas for C-MG and CS-MG, it was observed at 288.18
and 291.44 °C, respectively. The peak intensity of CS-MG was
reduced compared with chitosan and collagen, which indicates
a less thermal degradation rate and more thermal stability. The
thermal stability is desirable for prolonged degradation and
sustained release of bioactive molecules from the delivery
device.17

The swelling behavior of CS-MG in a PBS medium was
studied through swelling behavior analysis. Figure 1G shows
that the initial swelling ratio of CS-MG and C-MG was
recorded to be 10.48 and 7.17, respectively, after 5 min. The
ratio increased to 11.82 and 8.29, respectively, after 2 h. The
equilibrium swelling ratio after 24 h for CS-MG and C-MG
was measured to be 13.17 and 9.41, respectively. The higher
swelling ratio of CS-MG shows the potential of a less self-
cross-linked collagen core to bind with more water molecules
due to some free −OH groups. Furthermore, the macroporous
structure facilitates accommodating a higher volume of PBS
compared with C-MG. The controlled swelling of microgels
would lead to controlled release of encapsulated bioactive
molecules, which is desirable for controlled drug delivery
applications.
3.2. In Vitro Degradation and Release Study of Core−

Shell Microgels. In drug delivery devices, the controlled
degradation is associated with the controlled drug release. The
results (Figure 2A) demonstrated 35.55 and 28.02% weight
loss after 24 h for C-MG and CS-MG, respectively. The initial
weight loss could be anticipated due to release of uncross-
linked polymeric chains after swelling, salt leaching, and
degradation. However, the morphology and microstructure
were not significantly changed (data not shown). After 7 days,
the weight loss observed was 40.01 and 39.14% for C-MG and
CS-MG, respectively. After 28 days, the weight loss was 48.12
and 47.36% for C-MG and CS-MG, respectively. After 49 days,
the weight loss of C-MG and CS-MG was 49.60 and 50.12%,
respectively. The average degradation rate for C-MG and CS-
MG was 1.01 and 1.02% per day, respectively. CS-MG and C-
MG exhibited a similar degradation rate because the outer shell
in both is made up of STPP cross-linked chitosan. The
constant and controlled degradation rate will be helpful in
controlled drug release. The results exhibited the biodegrad-
ability of microgels, which is a prime requirement for any
implantable drug delivery device.
Figure 2B shows the surface and the bulk structure of

degraded microgels. At day 7, both microgels exhibited mild
erosion and porous structures on the surface, whereas the bulk
structure did not alter significantly. On day 28, formation of
tiny fissures on the surface confirms rapid erosion compared
with day 7. At day 49, the emergence of new minute pores and
fissures on the surface indicates erosion-induced porosity on
the microgel. Due to poor solubility in water, the shell polymer
chitosan did not degrade rapidly in the initial days. The slow
erosion of chitosan protects the leaching and degradation of
the core collagen. Even after 49 days with 52.12% weight loss,
the CS-MG had maintained its round shape and intactness of
the internal microstructure. The controlled degradation of CS-
MG while maintaining the structural intactness is a desirable
feature for long-term controlled drug delivery applications. The
results confirmed the biodegradability of microgels, which is
required for bone regeneration applications. The effects of the
degraded byproducts of core−shell microgels in a medium pH
were also studied to assure nontoxicity of microgels as a dual

drug delivery device for bone regeneration (Figure 2C and
Supporting Information Figure S5).
The encapsulation efficiency of core−shell microgels was

54.36% for rhBMP-2 and 62.60% for simvastatin (the
Supporting Information Figure S6A). The in vitro release
pattern of rhBMP-2 and simvastatin from core−shell microgels
is shown in Figure 2D. The pattern shows controlled and
sustained release of rhBMP-2 initially. At day 1, 3, and 7,
rhBMP-2 was released as 2.18, 3.97, and 4.61%, respectively.
The sustained release continued until day 28 with 5.97%
release. The Supporting Information Figure S6B shows the
released rhBMP-2 concentration at different time points. It
demonstrates the release of rhBMP-2, which was obtained to
be 2408.11, 1988.11, 721.44, 645.88, 268.11, and 580.33 pg/
mL, at day 1, 3, 7, 14, 21, and 28, respectively. The released
concentration of rhBMP-2 from CSD-MG at each time point
was above the normal physiological concentrations of BMP-2
(18.8−21.9 pg/mL) at a bone defect site.38−42 However, the
released concentration of rhBMP-2 was below the supra-
physiological doses of BMPs (BMP-2 and BMP-7; 2.1 to 12
mg) used in the human clinical treatments.40,41 Simulta-
neously, the release pattern of simvastatin showed initial slow
release with 5.41 and 8.89% release at day 1 and 3, respectively.
At day 28, 15.42% was released, and the release pattern
demonstrated controlled and sustained release over a longer
period. The Supporting Information Figure S6C demonstrates
the release concentration of simvastatin at day 1, which was
recorded to be 10.84 μg/mL followed by a constant decrease
for 28 days. In the entire study, the simvastatin concentration
was maintained between 10.84 and 2.56 μg/mL. This released
concentration of simvastatin was above its reported therapeutic
concentration.43

The core−shell microstructures have a definite role in the
release pattern of rhBMP-2 and simvastatin. Previously,
collagen has been reported as a carrier for rhBMP-2 delivery.
However, it exhibits 80% release of BMP-2 within 6 days.44,45

The fast release of BMP-2 may cause its accumulation that
could further lead to side effects such as ectopic bone
formation and immunological reactions.41 Therefore, in the
present study, rhBMP-2 was encapsulated in the core of the
microgel. The encapsulated rhBMP-2 was released in a
controlled and sustained manner for 28 days. Simvastatin
was also released in a sustained manner for longer time. The
compact shell structure did not allow the diffusion of drug
immediately. A mild diffusion followed by surface erosion
could be a potential reason for the sustained release of drug.
The early diffusion of simvastatin will enhance the possibility
for early angiogenesis. The release of rhBMP-2 controlled by a
shell microstructure barrier may slow its diffusion, while
simvastatin loaded in the shell also exhibits controlled release
because of the cross-linked network of chitosan that controls
swelling of microgels. The concentration of both BMP-2 and
simvastatin release was above the therapeutic level and,
therefore, can induce osteoblast differentiation and enhance
the expression of angiogenesis-related markers.12,43,46 In
summary, this study demonstrated the fabrication of core−
shell microgels with potential to deliver two different bioactive
therapeutic molecules with different release rates.
Since bioactivity maintenance of rhBMP-2 and simvastatin

released from CSD-MG is crucial to achieve the biological
effects, the ALP activity of MC3T3-E1 cells was assessed as
their differentiation into osteoblasts is corroborated with high
ALP activity.47,48 Figure 2E shows that the ALP activity of
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MC3T3-E1 cells increased 2.2-fold in free rhBMP-2-treated
cells and 1.1-fold in simvastatin-treated cells, respectively,
compared with the control group. The cells treated with free
rhBMP-2 and simvastatin in combination demonstrated a 2.5-
fold increase in the ALP activity, whereas in presence of a

release medium from CSD-MG, a 2.7-fold increase was
observed. The difference in ALP activity between the release
medium and free rhBMP-2 + simvastatin was statistically
nonsignificant. The results further indicate that the release
medium was equally able to induce the osteogenic differ-

Figure 3. Cytocompatibility of microgels measured by the indirect method using (A) Alamar blue assay and (B) Live/Dead assay using MC3T3-E1
cells. Cytocompatibility analysis of microgels measured by the direct method using (C) Alamar blue assay (#p < 0.01, $p < 0.001) and (D) SEM,
scale bar = 10 μm; red arrows indicate adhered cells on the surface of microgels (**p < 0.01 and ***p < 0.001).

Figure 4. ALP activity of MC3T3-E1 cells after (A) 21 days of osteogenic differentiation (*p < 0.05, **p < 0.005, and ***p < 0.001) and (B) ARS
quantification (**p < 0.005, ***p < 0.0005, and ns: not significant). (C) Upper panel representing the images for ARS staining and lower panel
depicting von Kossa staining of MC3T3-E1 cells for TCPs, CS-MG, OGM, CSD-MG, and CSD-MG + OGM. White arrows deonte mineral
deposits. Images were captured at 10X magnification.
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entiation of MC3T3-E1 as free rhBMP-2 + simvastatin. The
results also indicate that the electrospraying fabrication
technique along with the ionic gelation method was a
compatible and mild process to encapsulate the stress-labile
growth factor and drug molecules.
3.3. In Vitro Cytocompatibility and Cell Proliferation

Study. The cytocompatibility of microgels was assessed using
the indirect method, leached media method, and direct
method. Figure 3A shows the result of cell proliferation by
the indirect method. A significant increase in fluorescence
intensity was observed from 24 to 96 h for C-MG, CS-MG (p
< 0.001), and CSD-MG (p < 0.01). The increase in
fluorescence intensity indicates the increasing number of
metabolically active cells. All groups showed a similar trend of
cell proliferation as shown by TCPs (no microgels). The result
confirms cytocompatibility of core−shell microgels. The
viability of cells was also assessed by the Live/Dead assay
(Figure 3B). In C-MG, CS-MG, and CSD-MG, cells exhibited
green fluorescence that indicated live cells. All groups exhibited
similar viability of cells. Although very few red fluorescence
cells were observed after 96 h in all groups that may be due to
the stress of overcrowding cell population. The fluorescence
images clearly showed confluency of cells after 96 h in all
groups. The results indicate cytocompatibility of microgels and
support Alamar Blue assay results. The leached medium
method (the Supporting Information Figure S7) also confirms
that the microgels are cytocompatible and can be used as an
implantable drug delivery device for bone regeneration.
The cytotoxicity of core−shell microgels was further

assessed using the direct contact method. In the direct contact
method, the MC3T3-E1 cells were grown on microgels. Figure
3C shows the result of the direct contact method at different
time points. In TCPs, C-MG, CS-MG, and CSD-MG, the
significant increase in fluorescence intensity was observed from
day 1 to day 21 (p < 0.001). The increase in fluorescence
intensity from day 1 to day 21 depicts the cell proliferation in
all groups, which confirms the cytocompatibility of microgels.
After cytocompatibility, cell adhesion on microgels was
observed using SEM analysis. Figure 3D shows SEM images
of cell attachment on the C-MG, CS-MG, and CSD-MG
surface at different time points. After 7 days, ECM secretion by
cells was observed and the cells were buried into their own
ECM. After day 21, the SEM images exhibit that a layer of cells
covered the microgels and formed a layer of ECM. These
observations demonstrate that the microgels are cytocompat-
ible and support cells adhesion as well as proliferation.
3.4. In Vitro Assessment of Core−Shell Microgels as

an Osteoinductive Delivery Device. The osteoinductive
potential of CSD-MG was assessed by osteoblastic differ-
entiation of MC3T3-E1 cells. ALP is an early osteogenic
marker; it hydrolyzes phosphate esters and enhances matrix
mineralization.23,49,50 Figure 4A shows the ALP activity of
MC3T3-E1 cells after 21 days. CS-MG exhibited ALP activity
was slightly higher than TCPs due to the osteoconductive
nature of its constituent polymers. The OGM treatment
exhibited a 1.4-fold increase in the ALP activity, whereas CSD-
MG demonstrated a 1.7-fold increase in the ALP activity
compared with TCPs, CS-MG, and OGM. The increase in
ALP activity could be due to the controlled release of rhBMP-2
and simvastatin from CSD-MG, which could further lead to
osteoblastic differentiation of MC3T3-E1 cells. Because BMP-
2 is a well-known osteoinductive molecule, its controlled
release from scaffold enhances ALP activity.51 The sustained

release of simvastatin is also reported to induce the BMP-2
production via Ras-activated Akt signaling and mitogen-
activated protein kinase (MAPK) pathways.14,48,52,53 In CSD-
MG + OGM, the ALP activity was increased 2.2-fold, which
shows a synergistic effect on osteoblastic differentiation of
MC3T3-E1 cells.
The bone matrix is composed of 50−70% inorganic part,

and the major portion is hydroxyapatite. It is a crystalline form
of calcium and phosphate that is deposited on the surface of
collagen fibrils.54 The ARS stain selectively binds to calcium
and produces red color that indicates osteoblastic maturation
and mineral secretion by osteoblast cells.17,23 Figure 4B shows
the ARS stain quantification, and the Figure 4C upper panel
shows the representative images in which white arrows indicate
calcium deposition stained by ARS staining after 21 days of cell
culture. Cells on TCPs exhibited very less (0.048 mM) ARS
binding. It could be due to absence of osteoinductive signals,
whereas for CS-MG, ARS quantification was slightly higher
(0.055 mM). The OGM treatment increased ARS (0.168 mM)
3.5-folds. CSD-MG demonstrated a 3.6-fold (0.172 mM)
increase in ARS. CSD-MG + OGM demonstrated a 4.6-fold
(0.222 mM) increase in ARS. The enhanced calcium
deposition could be due to the synergistic effect of OGM
and controlled release of rhBMP-2 and simvastatin. It has been
reported that the controlled release of simvastatin over longer
time enhances the ARS staining.43 These results further
support ALP activity assay results and confirm that the
osteoinductive core−shell microgels could be a potential dual
drug delivery device to enhance bone regeneration.
The viability of MC3T3-E1 cells during the osteogenic

differentiation study was also confirmed by Live/Dead assay as
shown in the Supporting Information Figure S8.
von Kossa staining is used to identify the bone nodule that

indicates osteogenic differentiation. The treatment of silver
nitrate followed by an exposure to strong light reduced calcium
and replaced it with silver deposits (silver ions bind with
phosphate). These black and metallic silver deposits indicate
calcium phosphate deposition.55 The Figure 4C lower panel
shows representative images of von Kossa staining for TCPs,
CS-MG, OGM, CSD-MG, and CSD-MG + OGM at 21 days.
No staining was observed on TCPs. However, very few
staining patches were observed in CS-MG. For OGM, von
Kossa staining was clearly observed with black patches
(indicated by white arrows) that indicate mineral deposition
by differentiated osteoblasts cells. More prominent staining
patches were observed in the case of CSD-MG. A further
increase was observed in CSD-MG + OGM, which support the
synergistic effect of CSD-MG and OGM on osteoblastic
differentiation of MC3T3-E1 cells. These von Kossa staining
results corroborate with ALP activity and ARS staining results.
In conclusion, the CSD-MG induce calcium and phosphate
deposition by the controlled and sustained release of
osteoinductive molecules.

3.5. Controlled Release of rhBMP-2 and Simvastatin
Induces mRNA and Protein Expression of Osteogenesis
and Angiogenesis Markers. The osteoinductive potential of
CSD-MG was evaluated at a molecular level by evaluating
runt-related transcription factor 2 (Runx2) and osteocalcin
(OCN) mRNA expressions using semiquantitative reverse
transcription (sqRT-PCR). The osteoblastic differentiation at
transcription levels is tightly regulated by the Cbfa1/Runx2
pathway.56,57 The growth factor such as BMP-2 upregulates
the Runx2 expression.58,59 Osteocalcin is the second most
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abundant noncollagenous protein in the bone matrix. It is
considered as a late-stage marker of osteoblast differentiation
and maturation.60 OCN regulates mineralization in bone.61

Figure 5A shows Runx2 and OCN mRNA expressions after 21
days. The OGM exhibited a 1.4-fold and 1.3-fold increase in
Runx2 and OCN expressions, respectively, which could be due

Figure 5. Representative images of (A) osteogenesis-related Runx2 and OCN mRNA expressions and (B) angiogenesis-related VEGF mRNA
expression in MC3T3-E1 cells after 21 days. (C) Representative immunofluorescence images of Runx2, OCN, and VEGF protein expressions
(Scale bar = 50 μm) and their respective corrected total cell fluorescence. Each bar represents mean ± SD (n = 3), and p values < 0.05 (*p < 0.05,
**p < 0.005 and ***p < 0.0005).
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to differentiation factors. The CSD-MG exhibited a 3.4-fold
and 2-fold increase in the expression of Runx2 and OCN,
respectively. It indicates that controlled release of rhBMP-2
and simvastatin induces a higher expression of Runx2, which
confirms the BMP-2 regulation of the Cbfa1/Runx2 pathway.
The CSD-MG + OGM showed a 3.9-fold and 2.1-fold increase
in the expression of Runx2 and OCN, respectively. It was
higher than that of CSD-MG, which demonstrates the
synergistic role of differentiation factors with rhBMP-2 and
simvastatin. Overall, the osteoinductive CSD-MG could
enhance the osteogenic differentiation through the controlled
release of rhBMP-2 and simvastatin, which could accelerate
bone regeneration.
Angiogenesis and osteogenesis are the two critical and

interdependent events in bone healing and regeneration.5,10

Angiogenesis is an early-stage event in bone fracture healing
that further enhances the new bone formation.62 It ensures
exchange of gases and supply of nutrients at the bone
regenerating site. To induce angiogenesis, simvastatin has been
used in many studies for bone regeneration.12,17,63,64 The
VEGF is the key regulator of neovascularization in bone
fracture healing.62 In this study, the effect of controlled release
of simvastatin on VEGF mRNA expressions was assessed.
Figure 5B shows that OGM exhibited 1.8-fold higher VEGF
expressions compared with TCPs. It shows that osteogenic
differentiation factors could also induce angiogenesis.17 The
CSD-MG demonstrated 2.7-fold higher VEGF expressions.
The controlled and sustained release of simvastatin and
rhBMP-2 induces the higher expression of VEGF. In CSD-MG
+ OGM, the expression was further increased to 3.6-folds. The
results reveal that rhBMP-2, simvastatin, and osteogenic
differentiation factors are showing synergistic effects to induce
angiogenesis as well. The maximum release of simvastatin
(12.62%) within 14 days was a desirable pattern to induce the
secretion of VEGF and the new blood vessel formation. The
initial release of VEGF within 10 days and sustained release of
rhBMP-2 have been used for blood vessel network formation
and bone tissue repair.10 In conclusion, the osteoinductive
core−shell microgels were able to induce angiogenesis. The
controlled and sustained release of rhBMP-2 and simvastatin
were a critical pattern to induce the higher VEGF expression.
The osteoinductive core−shell microgels are potential
osteogenic and angiogenic drug-releasing scaffolds that can
augment the bone regeneration process. As demonstrated in
our previous studies, the coupling of osteogenesis and
angiogenesis during bone regeneration has the synergistic
effect on functional bone formation.5,17

The osteoinductive and angioinductive potential of CSD-
MG were further supported by the immunofluorescence study
for the expression of RUNX2, OCN, and VEGF by MC3T3E1
cells after 21 days. Figure 5C shows the results of RUNX2,
OCN, and VEGF expressions. TCPs showed the least
expression of RUNX2, OCN, and VEGF. The OGM and
CS-MG demonstrated a slight increase in the corrected total
cell fluorescence (CTCF). The reason could be the presence of
osteoinductive molecules in OGM, which could induce the
osteogenic differentiation. CSD-MG demonstrated a 30-, 2.5-,
and 3.7-fold increase in the expression of RUNX2, OCN, and
VEGF, respectively. CSD-MG + OGM demonstrated a further
increase by 30-, 4-, and 3.8-folds in the expression of RUNX2,
OCN, and VEGF, respectively. The results are in corrobo-
ration with the mRNA expression results. These results of
osteogenic molecular marker expressions support osteogenic

staining results. Hence, the osteoinductive core−shell micro-
gels will be a potential device that can deliver two different
bioactive molecules in a controlled manner to enhance
osteogenesis coupled angiogenesis that could further lead to
enhanced bone regeneration.

4. CONCLUSIONS
Growth factor delivery systems for prolonged release are meant
to provide the sustained release of growth factors. In this study,
core−shell microgels were fabricated from ECM-mimicking
biomacromolecules. The physicochemical characterization
depicts the discrete core made up of collagen and the shell
made of chitosan. The distinguished core and shell enable the
dual loading of drugs or bioactive molecules. The compact
shell structure could not allow the diffusion of drugs
immediately. The affinity of the collagen core with rhBMP-2
would enable the improved stability and delayed release of the
growth factor. The release of rhBMP-2 was sustained for 28
days, which could enhance bone regeneration. The early
diffusion of simvastatin from the shell could enhance the
possibility for early angiogenesis. The fabricated core−shell
microgels are cytocompatible and biodegradable. Drug-
delivering and growth factor-delivering microgels enhanced
the osteogenic differentiation of MC3T3-E1 cells in a
synergistic manner by increasing the ALP activity, mineral
deposition, and higher expression of RUNX2 and OCN. The
microgels also enhanced the expression of angiogenesis-related
(VEGF) gene and the protein expression. The overall results
demonstrate the use of core−shell microgels as a dual-drug
delivery system to enhance osteogenesis coupled angiogenesis
for bone tissue regeneration applications.
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ABSTRACT

Commons is a self-organised social system for managing common-pool resources 
which refers to natural or man-made common goods like fishing grounds, forest, 
irrigation systems, etc. For the effective management of Commons, the participants 
must have mutual trust and communication that can lead to collective action. Hence, 
social capital is important whereby community members communicate, cooperate 
and network to resolve any difficulties that knock their door in the way for the common 
upright. The cost associated with this collective action in managing rural commons can 
be reduced by social capital. Therefore, finding ways to strengthen the social capital of 
a community may be one key to solve the complications of the commons. The potential 
of microfinance enables the incorporation of the community by collective action and 
creation of more sustainable community-based organisations. This paper seeks to 
draw the connection between group-based microfinance programmes, social capital 
and commons. It also pursues to empirically analyse how microfinance contributes 
to managing rural commons with reference to ‘Kudumbashree’, microfinance-led 
financial security model of local economic development and women empowerment 
in Kerala. Neighbourhood groups of Kudumbashree act as a meaningful agent in 
the creation and development of social capital and managing resources towards the 
objective of economic development and women empowerment. The study extensively 
used secondary sources of information like reports from governments, public agencies, 
international organisations and the academic literature in the field.

Keywords: Social Capital, Commons, Community-Based Organisations, 
Microfinance, Kudumbashree.
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Introduction

Over the past few years, the concept of 
commons gained wider appreciation around 
the world. Commons is a self-organised social 
system for managing common-pool resources 
which refers to natural or manmade common 
goods like fishing grounds, forest, irrigation 
systems, etc. ‘Commons’ arises whenever 
a specific community agrees to manage a 
resource in a collective mode, concerned 
with equitable access, use and sustainability. 
The commons is not the resource itself, but 
includes a particular community, and the 
management of these resources with the 
conceived values, norms and practices in the 
community. For the effective management of 
Commons, the participants must have mutual 
trust and communication that can lead to 
collective action. Collective action can be 
made possible only if there is a great amount 
of cooperation and mutual trust. These stocks 
of trust, norms and networks, arising from 
the social relationship are often known as 
social capital. Thus, social capital becomes 
important, whereby community members 
communicate, cooperate and network to 
resolve any difficulties that come in the way 
for the common upright. The associated cost 
with this collective action in managing rural 
commons can be reduced by social capital. 
Therefore, finding ways to strengthen the social 
capital of a community may be a key to solve 
complications of the commons. Microfinance 
with their group lending techniques can 

strengthen the social capital of a community. 
They also can create new social capital. 
The potential of microfinance enables the 
incorporation of the community by collective 
action and creation of more sustainable 
community-based organisations. This paper 
seeks to draw the connection between 
group-based microfinance programmes, 
social capital and commons. It also pursues 
to empirically analyse how microfinance 
contributes to managing rural commons with 
reference to ‘Kudumbashree’, microfinance-
led financial security model of local economic 
development and women empowerment. The 
study extensively used secondary sources of 
information like reports from governments, 
public agencies, international organisations 
and the academic literature in the field.

Addressing Commons

Human beings rely on some common 
resources for survival. The system for managing 
common-pool resources like water, forests 
and fisheries is described as ‘commons’. The 
resources are used and managed collectively 
according to certain rules. It is generally 
governed by ‘unofficial’ norms, institutions and 
procedures. Commons allow the individuals 
to consume common resources without any 
restriction. This feature of ‘commons’ may 
create an issue i.e., availability for one group 
of users can be depleted by others. This is 
popularly known as the tragedy of commons. 
Garrett Hardin (1968) coined this phrase where 
selfish people who cares about themselves 
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only and don’t consider others ultimately may 
drain a common pool resource. Hardin states 
freedom in commons may lead to the collapse 
of the system (Hardin, 1968). He explains that 
when the population expands beyond some 
point where resources are limited, self-centred 
individuals will consume excessively and 
eventually deplete a common resource having 
limited availability. In his book ‘The Tragedy of 
the Commons’, Hardin put forward the idea of 
‘mutual coercion mutually agreed upon’ for 
conserving the resource. He is of the opinion 
that the coercion of individuals by society is 
necessary. The opponents argue that social 
values are too diverse to allow the negotiation 
of mutual coercion and in consequence 
eradicating it from being Commons.

Elinor Ostrom challenged this approach 
of Hardin towards “Tragedy of the Commons” 
stating that ordinary people can generate 
mutual coercion. She demonstrated a group 
of individuals in ‘Commons’ could manage 
their shared resources. Ostrom argues that 
the tragedy of commons may be due to the 
collective action problem and it can be solved 
by cooperation and mutual trust (Ostrom, 
1990). In her own words, this commons dilemma 
may be due to the fact that “participants may 
simply have no capacity to communicate with 
one another, no way to develop trust, and no 
sense that they must share a common future” 
(Ostrom, 1990). Through empirical evidences, 
Ostrom debates that individuals could achieve 
better results than being “rational” by making 
conditions where “reciprocity, reputation and 

trust” can aid to overcome the self-interest 
(Cosmides & Tooby, 1994; Ostrom, 1998). 
Sirianni and Friedland define this “Stocks of 
social trust, norms and networks that people 
can draw upon in order to solve common 
problems”, as social capital (Sirianni & Friedland, 
2001). Hence, finding ways to strengthen the 
social capital of a community may be one key 
to solve the complexities of the commons 
(Anderson, Locker, & Nugen, 2002).

Social Capital and Community

During the 1990s, there was a growing 
concern regarding the detachment of 
individuals and communities from political 
and social engagement. Hence, for the same 
reason, social capital which refers to the 
benefits that arise from the development of 
social relationships and networks of people 
becomes an important theme in the academic 
debates of that decade. Many studies and 
articles have been published on social capital 
(Putnam, 1993, coleman, 1988; Bourdieu, 
1986). They highlighted the impact of social 
bonds and collective norms for welfare and 
economic efficiency (Wiesinger, 2007).

In development studies, it is a paradox that 
the unsatisfactory developmental outcome of 
many rural regions, even after spending huge 
financial resources and various other measures 
while in other regions could achieve better 
socio-economic settings despite much support 
from outside. Social capital is considered to be 
the missing link that can explain why there exist 
these differences in economic performance 
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(Guiso, Sapienza, & Zingales, 2010). Putnam 
considers it a fundamental ingredient for 
democracy maintenance and institutional 
performance (Putnam, 1993). He inter-related 
the notions of social capital to the importance 
of having associations of public and voluntary 
community organisations. He also stressed on 
the positive effects of social control (Wiesinger, 
2007). Social capital is presumed to be created 
by networks and flows of information and 
resources (Wiesinger, 2007). The positive 
effects of social capital create solidarity among 
the members of a community, which in turn 
helps in easy communication of each other, 
early recognition of problems if any for bringing 
out solutions to the problems. These activities 
ultimately complement to the formulation of 
economic capital and accomplishing overall 
development of the entire community.

Microfinance Perspective

Despite the fact that the concept of 
microfinance is one of the most discussed 
topics in development studies, its connection 
with the social capital generation by group-
based activities is explored very less. Like 
microfinance, many other credit arrangements 
such as trade credit, rotating credit and saving 
associations (ROSCAs), local money lenders, 
etc., are serving the credit requirements of the 
poor using social relationships and networks 
among them (Bastelaer,1999). From this, 
microfinance had a great acceptance all over 
the world due to its long standing and more 
sustainable and long-standing approach to 

serve the underprivileged and poor people. 
Microfinance denotes financial services for 
poor and low-income people. Initially, it 
concentrated on borrowing or microcredit 
alone. Eventually, according to the increasing 
needs of the members, it extended to include 
many other financial services like insurance, 
savings and money transfer, etc., for the 
benefit of the low-income people.These 
enhanced services benefit the poor to improve 
their standard of living by facilitating them to 
start more viable businesses, possessing more 
assets, balancing consumption and protecting 
themselves from risks. 

In spite of a long informal history, 
microfinance became popular with the 
works of Grameen Bank in Bangladesh by 
Mohammed Yunus, Nobel Prize laureate. As 
it observed low potential profitability and 
imperfect information as the most imperative 
problems in rural credit history (Stiglitz, 1990), 
Grameen Bank made a new approach in 
lending to the poor which designed specific 
methods to overcome this information 
asymmetries and low profitability, resulting in 
a remarkable programme performance. From 
the previous experiences with the poor, Yunus 
found that they are creditworthy. He formed 
a group lending methodology to ensure 
the repayment of small non-collateral loans, 
which depends on social interactions and 
social bonds among the borrowers (Khandker, 
1998). They conducted business openly in the 
villages and put in place simple procedures 
to avail loans by ensuring the participation of 



565

Journal of Rural Development,  Vol. 39, No. 4, October - December, 2020

Social Capital Mobilisation through Community Based Organisations for the Effective Management... 

the poor and women. Majority of the groups 
lower the transaction cost, which was one of 
the concerns for formal banking institutions. 
Simultaneously, they insisted to repay the small 
non-collateral loans in weekly instalment. The 
frequent payments and peer group pressure 
facilitated consistent repayment rates of an 
excess of 95% (Todd, 1996). 

Group-based Microfinance and Social 
Capital 

Microfinance, through group lending is one 
of the most effective forms of financial services 
for the poor. Instead of physical collateral, 
group-based microfinance programmes 
used social collateral. The group techniques 
of microfinance were framed by utilising the 
relationships and trust among the people in the 
villages i.e., the existing social capital. It employs 
a joint liability and contingent renewal of 
loans. This is about potential borrowers having 
to form a group by selecting reliable group 
members by themselves. The members have 
to act as a guarantor for each other and receive 
further loans contingent on other members in 
the group paying their loans back (Bastelaer, 
1999). Besides the use of existing social capital, 
microfinance also generates new social capital. 
They conduct regular meetings and training 
to the borrowers, which in turn reinforces the 
group dynamics thereby reducing the costs of 
information uncertainties.The unique idea of 
using social collateral in the place of physical 
collateral for allocating loans to the poor to 
overcome the negatives of this segment like 

relatively ‘low potential profitability’ and the 
‘imperfect information’ is the major reason for 
the success of microfinance.

It is evident from the research that adequate 
institutional arrangements to communicate will 
help the participants to use the opportunity to 
find out, coordinate and implement strategies 
to improve their income levels and also to deal 
with the non-conforming players (Ostrom, 
Gardner, & Walker, 1994). The creation of social 
capital involves great effort and dynamism. 
Group lending microfinance minimises the 
efforts of continuous evaluation and helps in 
imposing the rules and regulations existed in 
the group, and also reduces the cost of creating 
new rules. Studies had consistently put forth 
that face-to-face communication helps in 
achieving substantial increase in the levels of 
cooperation (Ostrom, 1998). Microfinance can 
facilitate communication through frequent 
meetings and required peer group interaction 
to meet the shared goal of credit repayment. 
Communication encourages collective action 
as it enables to gather information about 
other group members to develop mutual 
understanding and reliability among members 
to create awareness about the group incentive 
formats (Ostrom et al., 1994).

Microfinance and Commons

Microfinance programmes provide 
institutional structure for resource 
management that is critical for sustaining the 
Commons through their group and group-
based activities. Thierry Van Bastelaer (1999) 
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had projected ‘social’ aspects of group liability 
model microfinance programmes as “self-
selected, small, and homogeneous borrowers’ 
groups in densely populated areas are jointly 
liable for loans” and “denying access to future 
credit to all group members in the case of 
default by any member is the most effective 
and least expensive way of enforcing joint 
liability” (Bastelaer, 1999). Joint liability 
benefits to lower the risk of delinquency and 
transaction costs by shifting the screening, 
selection and monitoring of borrowers from 
the institution to fellow group members. The 
group of individuals sharing similar views on 
the economic status can ensure mutual trust 
and cooperation (Bastelaer, 1999).

According to Schneider, microfinance 
enables collective action, harmony of the 
members and more enduring community-
based organisations (Schneider, 1999). This 
collective action enables to endue in the 
development programmes of acquiring skills 
and education, in turn, helps the members 
of the community to establish specific 
community-based projects according to 
the local requirements (Schneider, 1999). 
Communication among members of 
microfinance groups significantly promotes 
the success of collective action in managing 
Commons. It also can reduce the cost 
of the collective action. Frequent group 
meetings which are a condition of their loan 
in microfinance help to reduce any further 
expenses of collective action for any other 
community projects, most likely based on 

common pool resource. 

Women are known for their skills to promote 
social cohesion with their social networks and 
informal communications (Inglehart & Norris, 
2003). Majority of the clients of microfinance 
are women who are the main users of common 
pool resources. For that reason, group activities 
of microfinance programmes may deliver a 
space for mediating the operational rules and 
norms among themselves for the effective 
governing of common pool resources.

Case Study: Kudumbashree

Kudumbashree is a revolutionary 
experiment initiated by the Kerala government 
for empowering poor women and enhancing 
their participation in the public sphere. It was 
launched in 1998 as the Kerala State Poverty 
Eradication Mission which aimed to eliminate 
absolute poverty within a time frame of ten 
years. It strives for a holistic outlook to alleviate 
poverty through an integrated approach of 
demand-led convergence of resources and 
actions. The conversion of Kudumbashree 
from a ‘microfinance-led financial security 
model’ into a ‘more inclusive model of local 
economic development’ with the support of 
local government bodies makes it different. 
Here, they implemented a different method 
to eradicate poverty. The women from low-
income families in the State are organised 
under the community-based organisations 
namely Neighbourhood Groups (NHGs). 
Economic empowerment is one of the 
important strategic domains of Kudumbashree 
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in which programmes are formulated and 
rolled out through community network. It 
involves programmes which support women 
members to start and run enterprises. 
Neighbourhood groups of Kudumbashree 
act as a meaningful agency in the formation 
and accumulation of social capital towards 
the final goal of economic development and 
women empowerment. Major programmes 
of Kudumbashree comprise of microfinance, 
micro enterprises, collective farming, livestock 
farming, market development, training 
programmes and women empowerment 
initiatives. Kudumbashree serves as a pertinent 
model as many government microfinance 
programmes have not been as effective and 
either just been existent on paper or closed 
down prematurely. Therefore, the role of 
governance of these neighbourhood groups 
as an institution to build social capital and 
consequently economic development is 
substantial.

Kudumbashree – Community-based 
Organisational Structure 

Kudumbashree focuses on formation 
and capacity building through a three-tiered 
organisational structure of Community-
based Organisations (CBOs) of poor women 
– NHGs at the grassroots, Area Development 
Societies at the ward level and Community 
Development Societies at the Municipal/
Panchayat level, which facilitates collective 
action. The grassroot level organisations of 
Kudumbashree system are the neighbourhood 

groups (NHGs) comprising of 10-20 adult 
women members where eligible women 
can join themselves as members, each from 
a different family of the area concerned. 
Following this, the Neighbourhood Groups 
(NHGs) are affiliated into ward level as Area 
Development Society (ADS) and in Municipal/ 
Panchayat level as Community Development 
Society (CDS). This three-tier organisational 
system of the poor women functions 
as a platform for congregating various 
State and Central government-sponsored 
poverty-eradication programmes. These 
community-based organisations consisting of 
Neighbourhood Groups, Area Development 
Societies and Community Development 
Societies are the core of Kudumbashree. 
The community-based organisations of the 
Kudumbashree stimulate self-help and mutual 
help, and it delivers opportunities for public 
action. The administrative power of these 
organisations that functions as a three level 
system is vested in the hands of the women 
chosen democratically from the poor families. 
Another significant element of Kudumbashree 
structure is its link with and support from 
local self-governments which is designed 
and empowered by the Constitutional 
Amendments of 73 and 74, and bureaucracy, 
both at the Ward and Panchayat/Municipal 
level.

Effective Management of Resources

Microfinance programmes, through 
their group lending model activities provide 
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institutional structure for collective resource 
management which is vital for sustaining the 
Commons (Jetti, 2011). Kudumbashree, since 
its inception, considered microenterprises 
as a valuable tool for sustainable regional 
and rural economic growth. The selection of 
microenterprises involves strategies for right 
selection of creative and innovative designs, 
appropriate for specific local environment in 
which they are living and ideas to solve the 
problems faced by a particular community 
by using the technological expertise that is 
already locally available (Johnkutty, 2012). 
Kudumbashree tries to build the awareness 
of the society’s changing needs and the 
environmental, political and cultural practices 
within which its members have to function. 
Kudumbashree promotes microenterprises 
by proposing solutions to the problems and 
threats faced by the people in their day-to-
day life under the prevailing socio-economic 
systems of the society. The idea of solutions 
to the existing problems will lead to an 
opportunity for setting up an enterprise. 
There are many illustrations to explain these 
community-based solutions.

Collective Farming is such an initiative 
taken by Kudumbashree to encourage 
cultivation among neighbourhood groups. For 
the last several decades, Kerala has witnessed 
huge depletion of agricultural land. Majority 
of its food consumption requirements was 
fulfilled by the neighbouring States. Collective 
farming initiatives helped to improve the 
agricultural production in the State by fetching 

uncultivated wasteland into agricultural use. 
Through collective farming, women started 
providing safe and nutritious food to the 
neighbourhoods after forming joint liability 
groups of women farmers. As on 2018, 
Kudumbashree supports almost 60,000 joint 
liability groups in cultivation. They cultivate 
in an approximate area of 55,000 hectors of 
land. Crops like vegetables, paddy and banana 
are mainly cultivated under the programme. 
The programme facilitates training, interest 
subsidies, incentives and many other 
supporting measures to the groups of women 
to encourage livelihood promotion. This 
brought substantial changes in the lives of the 
poor household women by increasing their 
returns from farming and also works as an 
effective tool for food security.

Kudumbashree converted ‘waste disposal’, 
one of the life-threatening issues of Kerala, into 
a means for income generation. Existing waste 
disposal system was rather unhealthy and a 
threat to the environment. Kudumbashree 
had formed group micro enterprises for the 
collection and safe disposal of solid waste from 
houses, hotels, shops, etc. 

Another important initiative is rainwater 
harvesting. Although Kerala has always 
been projected as a water surplus State, it is 
currently facing a big issue of lack of drinking 
water. The drinking and irrigation water of the 
State has been severely depleted. Rainwater 
harvesting and artificial well recharge have 
been recognised as cost-effective methods 
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for enhancing groundwater resources and for 
raising the groundwater levels. ‘Sujalam’ is a 
community-based well recharge programme 
initiated by Kudumbashree, which makes 
a livelihood opportunity for its members. 
Through convergence with local governing 
bodies and with the strength of community 
network, Kudumbashree has committed to the 
cause of water security. Rainwater harvesting, 
the technological solution for sustainable 
water management, has been identified as 
a livelihood opportunity. Through technical 
guidance in developing rainwater harvesting 
micro enterprises units, Kudumbashree is 
contributing to the national effort to conserve 
water resources for the future.

Like collective farming and Sujalam, 
many other initiatives in capacity building, 
women empowerment, local economic 
development and social development have 
been introduced by Kudumbashree. Group 
activities of Kudumbashree help in attaining 
great cohesion among the members. During 
the crisis, it serves as a social safety net for 
reducing vulnerabilities. This is empirically 
evident from the rescue and relief operations 
done by Kudumbashree members during the 
recent floods in Kerala. They volunteered for 
cleaning of houses and public places. They 
took initiatives to provide temporary shelter 
for affected people, to gather food and other 
materials for relief camps and in counselling 
for instilling mental strength and courage in 
children and families.

Conclusion

Social capital constitutes a critical 
element in the sustainable development 
of a community. It could act as a channel 
to connect the resources available with the 
poor. It enables coordination and cooperation 
for collective benefit. The effectiveness of 
leveraging social capital in engaging low 
income segments of society is already evident 
in literature (Reficco & Marquez, 2009). It is easy 
to work together in a community blessed with 
extensive social capital (Putnam, 1993). The 
practical implications of this insight for many 
issues can be perceived from the successful 
initiatives of Kudumbashree. It could achieve 
capability building and diffusion in less 
privileged women by connecting them with 
resources through collective action. This leads 
to a result of an improved standard of living 
and socio-economic empowerment of the 
poor women in the society. From the initiatives 
like Sujalam and collective farming, it is evident 
that neighbourhood groups of Kudumbashree 
act as a meaningful agent in the formation 
and accrual of social capital and managing 
resources towards the final goal of economic 
development and women empowerment. The 
role of Kudumbashree in building reciprocity, 
mutual trust and collective action among their 
members will enable them to adopt plans 
for effective management of common pool 
resources, whenever required.
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Abstract
Seawater intrusion (SWI) is a universal concern, intensified and aggravated due to over-exploitation of groundwater, 
sea-level rise, and climate change in the coastal province. According to the Ghyben–Herzberg principle, the stability 
between freshwater and saltwater is caused by the density difference between the two, until the pressure equalizes. The 
keystone of India’s geography, economy, biodiversity, and the environment are its extended and vast coastline, which 
occupies the most precious as well as potential aquifer system. This review mainly fascinated on the status, knowledge, 
and vulnerability of SWI within the aquifers of the coastal region of Gujarat, India. Foregoing investigations reveal that 
the meteoric intensification in the salinity of coastal regions of Gujarat is the chief provenance of socioeconomic devel-
opment and environmental degradation. Different studies are performed to analyze and mitigate the SWI problem. In 
this region, groundwater over-exploitation is the foremost driver of SWI. There are miscellaneous developmental and 
management skills and techniques to diminish the SWI in coastal regions of the world. Numerous models are fabricated 
and established to analyze and epitomize the complications associated with it. Numerical models suggest some valuable 
techniques to manage groundwater-related problems. This study also delivers some advanced management strategies 
such as dilution of salinewater by artificial recharge techniques, construction of physical barriers in the subsurface to 
reduce the intrusion etc. feasible to the coast of Gujarat.

Keywords Seawater intrusion · Ghyben–Herzberg principle · Salinity contamination · Gujarat · Artificial recharge

1 Introduction

On the planet earth, groundwater is the enormous source 
of freshwater. It has been utilized to a great extent to meet 
the demands of agricultural, industrial, and municipal 
water supply schemes all over the world including coastal 
regions [1]. Coastal belts encompass some of the highest 
densely populated zones with an average population 
density of almost 80 individuals per sq. km, which is esti-
mated as twice of the world’s average population density 
[2]. Along with rampant increase in the population growth, 
uninterrupted progress in standards of living is addition-
ally enhanced the groundwater requirement in coastal 

regions [3]. But seawater intrusion (SWI) in the coastal 
region is such a menace that not only contaminates this 
precious groundwater resource but also affects vegeta-
tion, soil conditions and the sustainability of groundwa-
ter that contributes to the economic improvement of 
the coastal communities. Therefore, SWI is considered as 
a global coastal threat. Furthermore, the key elements 
contributing to SWI comprise changes in land use pat-
terns which might influence the recharge of aquifer and 
rise in sea-level owing to climate changes. Degradation 
of groundwater quality is influenced by the intrusion of 
seawater into the coastal aquifers where less than 1% of 
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A B S T R A C T   

Failing pancreas and subsequent loss of pancreatic β cells worsen diabetic conditions which are further alleviated 
by the mounting up of glucose levels. Inhibition of sodium glucose cotransporter 2 (SGLT2) in the kidney 
responsible for glucose reabsorption strikingly reduces blood glucose levels. Bioactive swertisin showed a 
promising glucose-lowering effect. Hence, we aimed to mechanistically dissect the glucose lowering property of 
swertisin. A systematic in silico, in vitro, and in vivo approach was directed for target analysis of swertisin. Mo-
lecular docking was performed with Swertisn-hSGLT2 complex. Glucose uptake assay and protein expression for 
SGLT2 and regulatory proteins were performed under swertisin effect. Various physiological and metabolic 
parameters were evaluated in STZ induced BALB/c mice using swertisin treatment. SGLT2 expression was 
evaluated in the kidney tissue of mice. Swertisn-hSGLT2 molecularly docked complex showed similar binding 
energy compared to the Canagliflozin-hSGLT2 complex. Swertisin inhibited glucose uptake and decreased 
expression of SGLT2 in HEK293 cells. Swertisin does not affect GLUT mediated glucose transport. Swertisin 
treated diabetic mice demonstrated remarkable improvement in overall glucose homeostasis. Reduced expres-
sion of SGLT2 was found in kidney tissue along with reduced PKC expression which is one of the key regulators of 
SGLT2. Our study explored SGLT2 as a selective target of swertisin for its swift glucose-lowering action which not 
only inhibits SGLT2 but also reduces its expression in diabetic condition. Thus, the potential property of swertisin 
as a glucose-lowering agent is remarkable which points towards the likelihood of a wider avenue of diabetes 
therapy.   

1. Introduction 

A state of hyperglycemia is a hallmark characteristic of diabetes 
mellitus. Sustaining good glycaemic control is a pre-requisite of any 
effective diabetes therapy. It has been demonstrated that the kidney 
apart from other organs plays a key role in maintaining normoglycemia 
in blood.97% of reabsorption of glucose occurs via Sodium glucose co- 

transporter 2 (SGLT2) and 3% by SGLT1. But this mechanism becomes 
malabsorptive in diabetes [1] and hence hyperglycemia persists. Hy-
perglycemia also affects certain protein kinases that are involved in the 
regulation of SGLT [2,3]. 

SGLT2 inhibitors are highly explored current class of drugs not only 
in type 2 diabetes but also in type 1 diabetes as its mechanism is inde-
pendent of circulating insulin or insulin sensitivity [1]. Gliflozins are 

Abbreviations: SGLT2, Sodium glucose co-transporter 2; SGLT1, Sodium glucose co-transporter 1; EL, Enicostemma Littorale; HEK293, Human embryonic kidney 
293 cell line; Caco2, Cancer coli-2 (human colorectal adenocarcinoma cell line); 2-NBDG, (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose); GLUT, 
Glucose transporter; PKC, Protein kinase C; pp38MAPK, Mitogen-activated protein kinase; ERK1/2, Extracellular signal-regulated kinase 1/2; OGTT, Oral glucose 
tolerance test; STZ, Streptozotocin; MIN6, Mouse INsulinoma 6; T1DM, Type 1 diabetes mellitus; T2DM, Type 2 diabetes mellitus. 
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commercially available SGLT2 inhibitors for the management of high 
glucose levels. Gliflozins like canagliflozin, dapagliflozin, empagliflozin 
inhibit the reabsorption of glucose in the kidney, thereby causing 
excretion of glucose in the urine (glucosuria) [4]. Apart from SGLT2 
inhibition, other potential actions have also been attributed to this class 
of drugs. One of the SGLT2 inhibitors, empagliflozin treatment was 
found to be related to improved β-cell function in type 2 diabetic pa-
tients and preserving β-cell mass in type 1 diabetes in mice model studies 
[5,6]. On the other side, canagliflozin also improves β-cell function in 
patients with type 2 diabetes [7]. Hamamatsu et al. demonstrated that 
diabetic mice treated with canagliflozin significantly preserved β-cell 
mass [8]. So gliflozins have beneficial effects on pancreatic β-cells apart 
from inhibiting SGLT2. The important role of the natural compound 
phlorizin in the development of SGLT inhibitors has been extensively 
reported. Besides phlorizin, various flavonoids and especially flavonoid 
enriched plant extracts have been explored for their glucose lowering 
effect targeting SGLT2. Phlorizin and naturally available flavonoid 
glycosides have paved the way for the development of various C gly-
cosides and their analogs [9–11]. 

One such bioactive, swertisin, from a medicinal plant Enicostemma 
Littorale (EL) has been explored as a potent islet neogenic agent by our 
group [12,13]. SGLT inhibitors have demonstrated protection against 
failing pancreas [14]. Swertisin being a C-glucosyl flavone has been 
explored for SGLT2 inhibition using the target prediction tool [15] and 
explored various metabolic alterations associated with the application of 
swertisin in both in vitro and in vivo diabetic models. We have elucidated 
the role of swertisin in establishing a link between its glucose lowering 
action and SGLT2 inhibition and proved it an excellent antidiabetic 
drug. 

2. Methods 

2.1. In silico studies 

In silico target prediction of swertisin was done by swiss target pre-
diction tool [15]. We then proceeded for homology modelling of SGLT2 
using the I-TASSER server [16]. The model was evaluated by the Ram-
achandran Plot predicted by the Rampage server [17]. The coordinates 
for Swertisin (CID: 124034) and Canagliflozin (CID: 24812758) were 
downloaded from the PubChem database [18]. The ligands were mini-
mized with CHARMM forcefield using Discovery Studio v.20 for 2000 
max steps and with Momany-Rone partial charge estimation. The li-
gands (Swertisin and Canagliflozin) and receptor (hSGLT2) used for 
molecular docking were prepared using AutoDock Tools 4.2 graphical 
interface [19]. The PDB coordinates were converted to PDBQT format 
which includes added charges if necessary, merge non-polar hydrogens, 
and assign appropriate atom types. Affinity (grid) maps were generated 
by placing the center of the grid near active site residues. For molecular 
docking, the AutoDock Vina program [20] was used. The docked com-
plexes were analysed using Discovery Studio Visualizer. 

2.2. In vitro studies 

2.2.1. Chemicals 
Swertisin was previously isolated and stored from the whole dried 

plant of Enicostemma littorale as reported [12,13,21]. Canagliflozin was 
commercially purchased as INVOKANA® (Janssen Pharmaceuticals, 
Inc.). 

2.2.2. Cell culture 
HEK293 and Caco2 cell lines were propagated at 37 ◦C in 5% CO2 in 

DMEM high glucose (Gibco#12100-046) supplemented with 1.0% of 
penicillin-streptomycin (Gibco#15140-122) and 10% FBS 
(Gibco#10270-106). 

2.2.3. Sodium dependent glucose uptake assay 

2.2.3.1. Fluorescence microplate analysis. 10,000 cells of HEK 293 or 
Caco2 were plated in 96-well plates. After 24 h preincubation, cells were 
washed with sodium free buffer (140 mM choline chloride,5 mM KCl, 
2.5 mM CaCl2,1 mM MgSO4, 1 mM KH2PO4, and 10 mM HEPES (pH 
7.4, adjusted with 2.5 M Tris). Cells were serum starved and then pre-
incubated with 0,7.5,15,30 and 40 μg/ml swertisin for 15 min to which 
was added 2-NBDG (Invitrogen#N13195) in sodium buffer (Sodium 
buffer contained 140 mM NaCl instead of choline chloride), sodium free 
buffer, and sodium buffer with 10 μM cytochalasin B (MP Biomed-
ical#195119) (GLUT inhibitor) [22] for 60 min. After 60 min, the 
buffers were removed and the cells were rinsed in sodium free buffer and 
lysed with cold lysis buffer (1% Nonidet P-40,1% sodium deoxycholate, 
40 mM KCl, 20 mM Tris, pH 7.4). The fluorescence intensity was 
detected on Biotek Synergy HT (USA) microplate reader (Excitation: 
485/20, Emission: 528/20). To measure DNA, Hoechst (Hime-
dia#TC266) was added and fluorescence intensity was measured 
(Excitation: 360/40, Emission: 460/40). 30 μM canagliflozin was taken 
as a positive control [23]. 

2.2.3.2. Fluorescence microscopic analysis. 0.5 × 106 cells of HEK293 
cell line was seeded in 35 mm cell culture dish was grown about 80% 
confluent. Cells were washed with sodium free buffer thrice after aspi-
ration of cell culture media. Cells were then preincubated for 15 min 
with and without 7.5 μg/ml swertisin in sodium buffer with 10 μM 
cytochalasin B. 100 μM of 2-NBDG was added and Live cell imaging was 
performed with “Objective Lens” “UPLSAPO 20X”, “Objective Lens 
Mag.”“20.0X” and “Objective Lens NA”“0.75” under a confocal micro-
scope (FV3000 Olympus, USA) with incubation at 37 ◦C and 5% CO2. 
Cells without swertisin treatment were considered as control. 

2.3. Protein extraction and western blotting 

HEK293 cells or Kidney tissues were harvested and kept on ice. 
Minced tissue powder or harvested cell lysate were lysed in Laemmli 
lysis buffer. Total protein concentration was estimated by Bradford’s 
method and 20 μg or 15 μg of total protein were resolved and transferred 
to nitrocellulose membrane for tissues and cells respectively. After 
blocking was performed for 1 h, blots were subsequently probed with 
SGLT2(Abcam#37296), PKC (Millipore#07-264), pp38MAPK (Cell 
Signalling#9216), ERK1/2 (Cell Signalling#9102), and Beta-actin (BD 
bioscience#612657) primary antibodies overnight at 4 ◦C. Blots were 
then incubated with respective secondary antibodies conjugated with 
HRP for 1 h at RT. Specific bands of proteins were visualized using 
enhanced chemiluminescence (ECL) reagent (Bio-Rad) and images were 
captured on Alliance 4.7 UVI Tec Chemidoc (Uvitech, Cambridge) gel 
documentation system. Densitometric analysis was carried out by Image 
J software. 

2.4. In vivo studies 

2.4.1. Animal selection and induction of diabetes and in vivo experimental 
design 

6–8 weeks old adult male BALB/c mice were kept at the animal house 
with 12 h light and dark cycle with water and pellet diet ad libitum. 
These studies were carried out in strict accordance as per the guidelines 
and approval of the institutional Committee for the Purpose of Control 
and Supervision on Experiments on Animals, India (CPCSEA) (Protocol 
no. MSU/BC/IAEC/2016/04). After successfully inducing diabetes with 
STZ injection (65 mg/kg body weight) for 5 days, the Fasting Blood 
Glucose of animals was confirmed using Accu-check Performa gluc-
ometer (Accu-check, Roche, USA) at regular intervals to monitor their 
diabetic status. After establishing the STZ induced diabetic mice model, 
mice were divided into four groups control, diabetic, swertisin, and 
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canagliflozin treatment. Each group had 8 to 12 mice each. STZ diabetic 
mice were treated with swertisin (2.5 mg/kg body weight) and other 
group treated with canagliflozin (10 mg/kg body weight) from 0 day of 
experiment till the 15th day. Swertisin was administered with saline 
intraperitoneally. On the penultimate day of the study, mice from each 

experimental group were individually housed in metabolic cages by 
gradual acclimatization with 12 h light and dark cycle with water and 
pellet diet ad libitum. Data were collected in the morning (07:00 h). 
Animal weight, water, chow consumption, and urine volume were 
recorded and urine specimens were taken for analysis. Proteinuria was 

Fig. 1. Swertisin interacts with key residues within the active site of hSGLT2 by molecular docking. (A) In silico plan of work (B) Homology model of hSGLT2 
(C) Ramachandran plot analysis of the constructed model (D–E)3D and 2D diagram of molecular docking interaction of Swertisin-hSGLT2 (F–G) 3D and 2D diagram 
of molecular docking interaction of Canagliflozin-hSGLT2. 
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analysed. Serum and urine samples were analysed for urea and creati-
nine using Reckon diagnostics P. LTD.(India) kits. For the endpoint oral 
glucose tolerance test, glucose tolerance was monitored by taking blood 
glucose reading at regular intervals until 2 h. 

2.5. Statistical analysis 

The data is represented as Mean ± SEM. The significance of differ-
ence was evaluated by the Student’s t-test or ANOVA by Graphpad prism 
7. 

3. Results 

3.1. Swertisin- SGLT2 docked complex explains SGLT2 inhibitory action 
of swertisin 

Sodium glucose cotransporter 2 was one of the targets of swertisin by 
the target prediction tool. We used computational docking studies to 
understand structural complexities and binding affinities between the 
target (SGLT2) and ligand (swertisin). So, we computationally modelled 
the human SGLT2 structure and proceeded with molecular docking 
(Fig. 1A). The homology model of hSGLT2 constructed using I-TASSER 
was having an acceptable C-score of − 0.68 [range: -2 to 5]. I-TASSER 
uses a multi-template threading approach and for construction of the 
hSGLT2 model, PDB: 3DH4 and PDB: 2XQ2 (Crystal structure of Na/ 
Sugar symporter from Vibrio parahaemolyticus were used as major tem-
plates (Fig. 1B). The hSGLT2 model was evaluated using the Ram-
achandran Plot with 92.2% residues in the favoured region, 5.4% 
residues in the allowed region, and 2.4% residues in the outlier region 
(Fig. 1C). The minimized ligands had final potential energy of 39.62 
from initial 90.90 kcal/mol for Swertisin and 20.72 from initial 62.21 
kcal/mol for Canagliflozin. Affinity (grid) maps of 15.01 × 21.51 ×
18.98 Å grid points with 29.48, − 41.04, and 54.97 x, y, and z spacing 
respectively were generated for molecular docking covering important 
residues in the active site region. For molecular docking of Swertisin 
with hSGLT2, SGLT2 inhibitor canagliflozin was also used for docking 
studies. The docking score for the Swertisin-hSGLT2-interaction and 
Canagliflozin-hSGLT2-interaction were determined to be − 8.5 and 
− 8.7 kcal/mol respectively. In the case of Swertisin, S74, H80, K154, 
D294, and V296, formed h-bond with C15, O, O1, C10, and O3 atoms of 
swertisin respectively. The I456 and H80 of hSGLT2 formed a Pi-Alkyl 
and Pi-Cation interaction with the benzene ring of swertisin respec-
tively (Fig. 1D and E). Two hydrogen atoms of canagliflozin (H9 & H11) 
formed hydrogen bonds with T290 and D294, whereas K154 formed an 
h-bond with S1 atom. H80 of hSGLT2 formed a Pi-Cation interaction 
with a five-carbon ring of canagliflozin and Pi-Alkyl interaction with 
C14 atom. The I456 of hSGLT2 formed a Pi-Sigma interaction with a 
benzene ring and Pi-Alkyl interaction with a five-carbon ring of cana-
gliflozin (Fig. 1F and G). The overall interaction pattern indicates a 
stable interaction of swertisin within the active binding site of hSGLT2 
which is also demonstrated by canagliflozin. Thus in silico data gives a 
similar activity of swertisin with canagliflozin suggesting swertisin a 
potential candidate for SGLT2 inhibitor. 

3.2. Swertisin suppresses sodium dependent glucose uptake by selectively 
inhibiting SGLT2 

SGLT2 and GLUT2 are major glucose transporters present in the 
kidney which facilitates glucose reabsorption in the blood which is so-
dium dependent and independent respectively [9]. Since the computa-
tional analysis affirmed the interaction of swertisin to that of SGLT2 
which is mainly expressed in the kidney; in vitro investigation was per-
formed to assess the sodium dependent and independent 2-NBDG uptake 
by swertisin in the HEK293 cell line. To probe whether swertisin in-
teracts with GLUT transporter, uptake was performed in sodium free 
buffer. SGLT2 dependent uptake was again followed by sodium buffer 

with cytochalasin B respectively (Fig. 2A). Cytochalasin B is well char-
acterized for inhibition of glucose transport by GLUTs [24,25]. It 
inhibited 2-NBDG uptake in pancreatic [26] and endothelial cells [27]. 
Some biochemical studies have demonstrated that cytochalasin B binds 
at or near to the sugar export site of GLUT1 in RBCs [28]. 

These tests revealed that 7.5 μg/ml concentration of swertisin 
strongly inhibited sodium dependent glucose uptake, reducing 2-NBDG 
from 100% to 51.4% and 30.4% in the absence or presence of cyto-
chalasin B respectively compared to control. Uptake inhibition was 
consistent even at higher concentrations of swertisin (Fig. 2B and D). 
Whereas canagliflozin demonstrated reduced 2-NBDG by 34.36% from 
100% at 13 μg/ml in sodium buffer with cytochalasin B compared to 
control. These results point out almost similar degree of glucose uptake 
inhibition by swertisin at a much lower dose than canagliflozin. As 
anticipated our sodium independent uptake of 2-NBDG experiment 
demonstrated that it was unaffected by swertisin (Fig. 2C). 

Further, fluorescence microscopy analysis demonstrated time- 
dependent intracellular accumulation of 2- NBDG in HEK293 cells in 
control where it preferentially localizes inside the cell. Whereas striking 
aggregation of 2-NBDG on HEK293 cell membrane in swertisin treated 
cells was evident where 2-NBDG can be observed as confined to the 
HEK293 cell membrane (Fig. 2E).(See the supplemental material for live 
confocal imaging video). These results further strengthen our conviction 
about the SGLT2 inhibition property of swertisin. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.ceramint.2019.04.220 

To study the effect of swertisin on SGLT1, we performed similar 
sodium dependent and independent 2-NBDG uptake in Caco2 cell line 
(Supplementary Fig. 1 A-D). We observed unaltered and non-significant 
inhibition of glucose uptake even at a higher concentration of swertisin. 
Thus, swertisin displayed higher selectivity of SGLT2 rather than SGLT1 
at lower inhibitory concentration compared to canagliflozin. 

3.3. Swertisin regulates key SGLT2 related proteins 

One of the contributing factors in uptake of glucose by the trans-
porters in the cells depends on the expression of the transporter protein 
which in turn is regulated by many factors. So we wanted to determine 
whether swertisin contributed to the regulation of SGLT2 expression, we 
examined the time-dependent expression of SGLT2 in presence of 
swertisin. As expected, incubation of the HEK293 cell line with 7.5 μg/ 
ml swertisin abolished the induction of SGLT2 expression in a time 
dependent manner (Fig. 3D). Evident downregulation of SGLT2 protein 
expression was persisted till 12 h incubation with swertisin compared to 
control. 

It led us to explore the protein expression of kinases which contrib-
utes to the regulation of SGLT2. Stimulation of Protein kinase C is known 
to regulate SGLT2. pp38 MAPK and Erk1/2 also plays role in regulating 
the expression of the SGLT2 [2,3] In the present study, we observed 
downregulation of SGLT2 with the upregulation of PKC (Fig. 3A) from 4 
h till 12 h of post swertisin treatment incubation. 

SGLT2 regulation by PKC involves pp38 MAPK (Fig. 3B) which also 
demonstrated increased expression than control at 12 h. Another 
important kinase is ERK1/2 (Fig. 3C) and non-significant change was 
observed until 12 h. Thus, temporal analysis of SGLT2 levels with 
swertisin treatment demonstrated overall downregulation of SGLT2 
(Fig. 3D) with differential regulation of regulating proteins. 

3.4. Swertisin improves glycaemic control in STZ induced diabetic mice: 
an in vivo study 

In silico and in vitro results established the association of swertisin to 
that of SGLT2. To get a deeper understanding of SGLT2 inhibition by 
swertisin, we then proceeded for in vivo model to get insight of swertisin 
SGLT2 inhibitory action at a physiological level by monitoring the ef-
ficacy of swertisin in STZ induced diabetic Balb/c mice. The effect of 
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swertisin and canagliflozin was monitored over 15 days in diabetic mice. 
Swertisin dose was initiated at day 0 (326 ± 46.11 mg/dl) of treatment 
and reduced levels of fasting blood glucose was evident right from day 
5th of treatment (253 ± 30.72 mg/dl), day 10th (230 ± 61.75 mg/dl) 
and persisted till day 15th (124 ± 19.08 mg/dl) (Fig. 4A). Remarkably 
the extent of glucose lowering effect of swertisin was observed at a much 
lower dose (2.5 mg/kg body weight) compared to positive control drug 
canagliflozin (10 mg/kg body weight). These results prove a higher 
potency of swertisin than canagliflozin for demonstrating sustainable 
and consistent glucose lowering effect. An oral glucose tolerance test 
(OGTT) was performed on Day 15th on overnight fasted mice which 
demonstrated controlled glycemia over the period of 2 h (Fig. 4B). As 
predicted, OGTT results were also comparable with canagliflozin treated 
mice. 

3.5. Swertisin affects physiological and metabolic parameters in STZ 
induced diabetic mice 

In silico and in vitro results established the association of swertisin to 
that of SGLT2. We then examined several physiological parameters in all 
the treatment groups of mice. Inhibition of SGLT2 is expressed as 
changes in various metabolic parameters ultimately affecting glucose 
homeostasis. STZ induced weight loss in mice is commonly observed and 

was persistently detected in swertisin and canagliflozin treated mice 
(Fig. 5A). Chow intake of the Diabetic and Canagliflozin group was 
significantly increased compared to control mice (Fig. 5B). On the 
contrary, swertisin and canagliflozin groups demonstrated decreased 
water intake compared to the diabetic (Fig. 5C). Urine output was 
significantly higher in diabetic, swertisin, and canagliflozin groups with 
respect to control (Fig. 5D). 

Glucosuria and proteinuria are a few of the important characteristics 
of diabetes [9,29]. Swertisin and the canagliflozin group demonstrated 
lesser proteinuria compared to a diabetic with the least proteinuria in 
the swertisin group (Fig. 5E). Glucosuria was higher in swertisin and 
canagliflozin groups compared to the diabetic group with the swertisin 
group showing the highest glucosuria (Fig. 5F). 

SGLT2 inhibition affects renal functions and pertains to intrarenal 
and extrarenal effects [4]. Serum (Fig. 5G) and urine (Fig. 5H) creatinine 
levels were increased in diabetic mice compared to control mice. 
Creatinine clearance (Fig. 5I) was higher in a diabetic with respect to 
control mice. Serum urea decreased in swertisin and canagliflozin 
treatment compared to the diabetic group (Fig. 5J). Urine urea increased 
in swertisin treatment compared to the diabetic group (Fig. 5K). Urea 
clearance increased in swertisin treatment and canagliflozin treatment 
concerning diabetic (Fig. 5M). 

Fig. 2. SGLT2 specific inhibition by swertisin affects sodium dependent glucose uptake. (A) In vitro plan of work. Sodium dependent glucose uptake assay was 
performed in the HEK293 cell line. Swertisin treatment was given at varying doses and uptake inhibition of 2-NBDG was performed in (B) sodium buffer (C) sodium 
free buffer and (D) sodium buffer with 10 μM cytochalasin B (GLUT inhibitor) for 60 min. Canagliflozin was taken as a positive control. Results are represented as % 
Fluorescence intensity per total DNA ± SEM, N = 3. Significance is expressed as p-value *** <0.001, **** <0.0001 control vs treatment groups. (E) Representative 
time dependent fluorescence imaging of uptake was performed HEK293 cells were incubated in sodium buffer in the absence (Control) and presence of 7.5 μg/ml 
swertisin with 10 μM cytochalasin B for 10 min in presence of 2-NBDG (green) (Magnification:20X) G = Glucose, S=Swertisin, C=Cytochalasin B. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article). (See the supplemental material for live confocal imag-
ing video) 

Fig. 3. Swertisin selectively regulates SGLT2 expression. Time dependent protein expression of SGLT2 and regulating factors in the HEK293 cell line were 
studied. Western Blot analysis of proteins (A) PKC, (B) pp38 MAPK (C) ERK1/2, and (D) SGLT2 along with densitometric analysis normalized to Beta-actin are 
expressed as arbitrary unit± S.E.M. N = 3, Significance is expressed as p-value *<0.05, ** <0.01, *** <0.001 control vs treatment groups. 
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3.6. Swertisin reduces expression of SGLT2 along with inhibition in 
kidney tissue of mice 

Reduction in SGLT2 expression in diabetic condition has been 
demonstrated to improve the overall glucose homeostasis of the body by 
reducing the reabsorption of glucose in the blood by the kidney [30]. We 
next addressed the question of whether swertisin affects the expression 
of SGLT2 in the kidney. After 15 days of treatment increased expression 
of SGLT2 in the diabetic and canagliflozin treated group were observed 
compared to control. However, the most striking result to emerge from 
the data is the critically reduced expression of SGLT2 which was 
observed in the swertisin group as compared to diabetic and canagli-
flozin treated mice (Fig. 6B). We also assessed PKC expression under 
swertisin action and favorably found that swertisin treatment not only 
reduced SGLT2 expression but also reduced PKC expression as well 
compared to diabetic (Fig. 6A). PKC was found upregulated in diabetic, 
swertisin, and canagliflozin groups. PKC was also found upregulated in 
the canagliflozin group compared to diabetic and swertisin groups. 

These results offer indisputable evidence that swertisin action involves 
the reduction in SGLT2 expression along with inhibition of SGLT2 action 
which clearly shows an advantage over canagliflozin which only inhibits 
the action of SGLT2 with unaltered SGLT2 expression. 

4. Discussion 

The primary goal of this study was to establish the glucose lowering 
action of swertisin to its SGLT2 inhibition property. Our in silico data 
demonstrated stable molecular binding of swertisin with SGLT2 by mo-
lecular docking. Marketed SGLT2 inhibitor canagliflozin served as a 
comparator for our studies [31]. Appreciably, the docking scores for 
Canagliflozin-hSGLT2 (− 8.7 kcal/mol) and Swertisin-hSGLT2-interactions 
(− 8.5 kcal/mol) were similar. This result strongly pointed to the likelihood 
of steady binding of swertisin with SGLT2. 

Asp 294 of SGLT-2 is important for sugar-binding. Both luteolin and 
orientin, bioactive flavonoids, indicated in silico interaction with Asp 
294 [32]. Similarly, our structural docking study demonstrated that C10 

Fig. 4. Swertisin ameliorates glycaemic control in 
STZ induced diabetic mice. (A) Graph representing 
fasting blood glucose at different days of treatment for 
control, diabetic, swertisin and canagliflozin treated 
STZ diabetic BALB/c mice groups. Data are repre-
sented as mean ± SEM. *<0.05, ** <0.01, *** <0.001 
Control vs treatment groups #<0.05, ## <0.01, ### 
<0.01 Diabetic vs treatment groups (N = 8-12) (B) 
Graph representing blood glucose levels for oral 
glucose tolerance test over 2 h for control, diabetic, 
swertisin and canagliflozin treated STZ diabetic 
BALB/c mice. Data are represented as mean ± SEM. 
*<0.05, ** <0.01, *** <0.001, **** <0.0001 Diabetic 
vs control, #<0.05, ## <0.01, #### <0.0001 Dia-
betic vs swertisin treatment. Diabetic vs canagliflozin 
treatment +<0.05, ++ <0.01, +++ <0.001, ++++

<0.0001 (N = 8).   
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Fig. 5. Swertisin impacts physiological and metabolic parameters in STZ induced diabetic mice. Graphs representing different parameters (A) Body weight (B) 
Chow intake (C) water intake (D) urine output (E) proteinuria (F) glucosuria (G) serum creatinine (H) urine creatinine (I) creatinine clearance (J) serum urea (K) 
urine urea (L) urea clearance for control, diabetic control, swertisin and canagliflozin treated STZ diabetic BALB/c mice groups. Data are represented as mean ± SEM. 
*<0.05, ** <0.01, *** <0.001, **** <0.0001 Control vs treatment groups #<0.05, ### <0.001, #### <0.0001 Diabetic control vs treatment groups. Swertisin 
treatment vs canagliflozin treatment +++ <0.001 (N = 8). 
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atom of swertisin formed h-bond with Asp 294 which was a conserved 
pattern followed by canagliflozin as well. 

The marked observation that emerged from our in vitro sodium 
dependent glucose uptake experiment was that the potency of SGLT2 
inhibition by swertisin was significantly effective at a lower dose as 
against canagliflozin. 

The selectivity for SGLT was confirmed by no inhibition of glucose 
uptake by swertisin in sodium free buffer. Inhibition of GLUT trans-
porters leads to undesirable and adverse consequences due to the central 
key role of GLUT transporters in glucose homeostasis and metabolism 
[10] Our findings confirm that swertisin does not interfere with 
non-sodium dependent GLUT transporters and further substantiates the 
selective inhibition for SGLT2 as against GLUT2 transporter. 

In agreement with uptake results, aggregation of 2-NBDG outside the 
cell membrane of the kidney cell line critically confirms inhibition of 
SGLT2 by swertisin. This observation correlates favorably well with 
Ishihara et al. who reported the uptake of 3-O-methyl-D-glucose which is 
rapid and equilibration is 80% complete in 1 min in MIN6 cells [33]. 

Further, additional support for the selectivity of swertisin was 
demonstrated using the Caco2 (intestinal) cell line having SGLT1 as a 
major glucose transporter. SGLT1 inhibition can result in gastrointes-
tinal side effects such as dehydration, diarrhea, and malabsorption since 
it is mainly expressed in the small intestine and helps in the absorption 
of glucose and galactose [34]. As expected, we observed a 
non-significant change in sodium dependent glucose uptake even at 
higher doses of swertisin. This can be highly attributed to the C glyco-
sylation of the swertisin structure. Compared to phlorizin and O-glucosyl 
analogs, C-glycosylation enables achieving higher selectivity for SGLT2 
over SGLT1 and GLUT [10]. Panchapakesan et al. reported that SGLT1 
and GLUT2 expression are unaffected by hyperglycemia and also unaf-
fected by inhibition of SGLT2 [35]. 

Further we investigated regulation of SGLT2 expression under the 
effect of swertisin with differential expression of some protein kinases. 
An important observation was the reduced expression of SGLT2 protein. 
PKC and MAPK pathways play a major role in regulating SGLT2 under 
hyperglycaemic conditions [3]. Upregulated PKC expression is often 
correlated with upregulated SGLT2 expression [1]. Although 
hyperglycemia-induced high expression of PKC was observed by swer-
tisin treatment with downregulation of SGLT2 in in vitro study, it can be 
interpreted that swertisin does not affect PKC expression in acute 
treatment duration. Similarly, the expression of pp38MAPK and ERK1/2 
was found to be higher. Haneda et al. lend support to high levels of ERK 
via hyperglycemia-induced PKC in the HEK293 cell line [2] which 
summarizes the differential regulation of PKC-MAPK pathway in the 
kidney by swertisin. 

We then moved to a pre-clinical in vivo animal study with some 
inexplicable insights. Observation of a striking reduction in fasting 
blood glucose of STZ treated mice by swertisin treatment substantiated 

our findings of improved glycaemic index. This is in good agreement 
with Liang et al. where canagliflozin improved glycaemic control in 
terms of blood glucose. Canagliflozin has also reported improved oral 
glucose tolerance test [31] which was evident for swertisin. Our finding 
highlights the fact that the improvement in glycaemic control by swer-
tisin is strikingly at par with canagliflozin. 

Body parameters are important for evaluating diabetogenic and 
metabolic parameters. Bodyweight loss in STZ induced swertisin treat-
ment group was remarkably evident before and after treatment. Further 
weight loss is also aided by canagliflozin. Ji et al. further reported 
canagliflozin treatment increases body weight loss in diabetic mice [36]. 
A similar contribution of swertisin for weight management is note-
worthy in our in vivo study. 

Chow intake did not alter significantly in the swertisin group 
compared to the diabetic but intake was higher in the canagliflozin 
treated group compared to control which is also evident by Matsuba 
et al. who also observed that despite the increase of the calorie intake, 
weight loss was evident with better glycaemic control [37]. Water intake 
was significantly lowered but an increase in urine volume in swertisin 
and canagliflozin groups compared to diabetic was observed as a 
contrast to Tanaka et al. who found that canagliflozin did not signifi-
cantly inhibit water intake but also observed increase in urine volume as 
exhibited by diabetic patients [38]. The most striking observation of 
SGLT2 inhibition is glucosuria along with proteinuria which correlates 
favorably well with reports [9,29]. Though there were differences 
among the control and diabetic group, the creatinine and urea levels 
were within normal physiological range and thus rule out the possibility 
of kidney dysfunction so to generate a strong possibility of effects 
emerging from exclusive SGLT2 inhibition which is the major focus of 
the study and not from kidney damage which is usually seen in chronic 
diabetic nephropathy models [29]. 

Renal SGLT2 expression was found upregulated in untreated dia-
betes in humans as well as T1DM and T2DM murine models. Higher PKC 
expression is found in the kidney in diabetes [1]. Rahmoune et al. have 
also observed high glucose uptake and upregulated SGLT2 expression in 
diabetic patients [30]. 

The most remarkable observation to emerge from these data was that 
swertisin was able to downregulate the protein expression of SGLT2 in 
contrast to canagliflozin. This is in good agreement with Maki et al. 
where they found that high glucose-induced increased expression of 
SGLT2 was not affected significantly by canagliflozin [39]. On the 
contrary, swertisin reduced SGLT2 expression which makes swertisin a 
better option than canagliflozin in diabetes therapeutics. 

Diabetes being a multiorgan multitarget metabolic syndrome en-
compasses various receptors, transporters and proteins which play a key 
role in management of diabetes [40]. Having demonstrated the func-
tional property of swertisin as SGLT2 inhibitor, another interesting 
aspect of SGLT2 as demonstrated by Lee et al. is its antagonistic role to 

Fig. 6. SGLT2 and PKC expression is reduced by swertisin in mice kidney. Western Blot analysis of proteins PKC and SGLT2 along with densitometric analysis 
normalized to respective internal control Beta-actin Data are represented as mean ± SEM. p *<0.05, *** <0.001, **** <0.0001 Control vs treatment groups ## 
<0.01, #### <0.001 Diabetic control vs treatment groups. Swertisin treatment vs canagliflozin treatment +<0.05, ++++ <0.0001 (N = 3). 
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adenosine A1 receptor (A1AR). They demonstrated the ameliorating 
effects of swertisin on scopolamine-induced memory impairment via the 
involvement of adenosine (ADO)/A1AR signalling [41] This signalling 
also contributes to insulin-controlled glucose homeostasis [42]. Though 
to delimit the scope of current study, cross talk of A1AR and SGLT2 
inhibitor has not been addressed, but it would be intriguing and 
important to document link between swertisin, ADO/A1AR signalling 
and improvement in glucose homeostasis as future prospects. 

5. Conclusion 

Based on in silico, in vitro, and in vivo studies our research has high-
lighted the importance of SGLT2 inhibition and its reduced expression 
by swertisin. The direct role of swertisin in controlling hyperglycemia 
makes it an excellent pharmacophore agent that can ease the burden of 
diabetes healthcare management by providing holistic treatment and a 
foremost candidate for SGLT2 inhibitors. 
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A B S T R A C T   

In India, begomovirus infection causing tomato leaf curl disease (ToLCD) is a major constraint for tomato pro-
ductivity. Here, we have identified two distinct monopartite begomovirus and betasatellite complexes causing 
ToLCD in the western part of India. A new monopartite begomovirus (Tomato leaf curl Mumbai virus, ToL-
CMumV) and betasatellite (Tomato leaf curl Mumbai betasatellite, ToLCMumB) were isolated from the Mumbai 
sample. A distinct Tomato leaf curl Gandhinagar virus (ToLCGanV) and Tomato leaf curl Gandhinagar betasa-
tellite (ToLCGanB) were identified from the Gandhinagar sample. Both of the cloned begomoviruses were 
recombinants. The demonstration of systemic infection caused by begomovirus (ToLCGanV or ToLCMumV) alone 
in N. benthamiana and tomato (a virus resistant variety) emphasizes that they were monopartite begomoviruses. 
Co-inoculation of cognate begomovirus and betasatellite reduces the incubation period and increases symptom 
severity. Thus, Koch’s postulates were satisfied for these virus complexes. Further, an enhanced accumulation of 
ToLCGanV was detected in the presence of cognate ToLCGanB, however ToLCMumB did not influence the level 
of ToLCMumV in the agro-inoculated tomato plants. Our results indicate that the cloned viruses form potential 
virus resistance breaking disease complexes in India. This necessitates to investigate the spread of these disease 
complexes to major tomato growing regions in the country.   

The GenBank accession numbers of the sequences reported in this 
paper are KC952005, KC952006, MH577022 and MH577037. 

1. Introduction 

Family Geminiviridae, is one of the largest family of plant viruses, 
causing severe crop loss in monocots and dicots (Varma and Malathi, 
2003). It is categorized into nine genera based on pairwise sequence 
identities, genome arrangement, host range and insect vector (Zerbini 
et al., 2017). Insect-transmitted geminiviruses are characterized by their 
incomplete icosahedral particles which encapsidate circular, ssDNA of 
~2.5− 3.1 kb in size (Brown et al., 2012). As geminiviruses possess 

limited coding potential, they have evolved to co-opt with several plant 
and insect proteins to complete its life cycle (Kumar, 2019; Kumar and 
Shivaprasad, 2020). Begomovirus is the largest genus in this family 
comprising >440 virus species and is sub-classified into bipartite (with 
DNA-A and DNA-B) or monopartite (containing DNA-A like genome) 
(Brown et al., 2012; Zerbini et al., 2017). Majority of the monopartite 
begomoviruses were reported from the ‘Old World’ (OW; Africa, Asia 
and Europe) whereas bipartite begomoviruses were prevalent in the 
‘New World’ (NW; the Americas) with a few exceptions of monopartite 
begomoviruses (Brown et al., 2012; 2015). Monopartite begomoviruses 
are often found to be in association with circular, ssDNA satellites of 
~1.3 kb, namely, betasatellites (Family: Tolecusatellitidae) and 
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alphasatellites (Family: Alphasatellitidae) (Briddon et al., 2016, 2018; 
Chahwala et al., 2020; Kumar et al., 2017a, 2020). These satellite DNAs 
contain a satellite conserved region (SCR), an adenine rich region and 
code for a single ORF (Briddon and Stanley, 2006; Briddon et al., 2018; 
Gnanasekaran et al., 2019). Betasatellites depend on helper begomovi-
rus for their replication and movement, whereas the autonomously 
replicating alphasatellites require begomovirus for their movement 
(Briddon and Stanley, 2006; Ranjan et al., 2014; Prabu and Chakraborty, 
2018; Gnanasekaran et al., 2019). Betasatellite-encoded βC1 protein 
functions as a pathogenicity determinant and plays multifaceted roles in 
the disease development (Gnanasekaran et al., 2019; Kumar, 2019). 

Tomato (Solanum lycopersicum L.) of the Solanaceae family is an 
important food crop cultivated in temperate and tropical countries. 
India ranks second in the world tomato production; however, crop 
production has been hindered by whitefly-transmitted begomoviruses 
causing tomato leaf curl disease (ToLCD) (Chakraborty, 2008; Chakra-
borty and Kumar, 2020; Sivalingam and Varma, 2012). The diseased 
tomato plants display symptoms such as leaf curling, vein enation, leaf 
crinkling and puckering. At a severe stage, inadequate fruit setting, 
reduced fruit number, stunted plant growth and sterility was observed. 
In the past decade, ToLCD has been spread to all major tomato growing 
regions in the country causing severe yield loss (Chakraborty, 2008). 
Several monopartite begomoviruses such as Tomato leaf curl 
virus-ToLCV, Tomato leaf curl Bangalore virus-ToLCBaV, Tomato leaf 
curl Gujarat virus-ToLCGuV, Tomato leaf curl Joydebpur virus-ToLCJV, 
Tomato leaf curl Kerala virus-ToLCKeV, Tomato leaf curl Patna 
virus-ToLCPatV, Tomato leaf curl Pune virus-ToLCPuV, Tomato leaf curl 
Rajasthan virus-ToLCRaV and Tomato leaf curl Ranchi virus-ToLCRnV 
(Chakraborty et al., 2003; Chatchawankanphanich and Maxwell, 
2002; Kumari et al., 2010, 2011; Muniyappa et al., 2000; Reddy et al., 
2005; Tiwari et al., 2013) and two bipartite begomoviruses such as 
Tomato leaf curl Palampur virus-ToLCPalV and Tomato leaf curl New 
Delhi virus-ToLCNDV (Kumar et al., 2008; Padidam et al., 1995) have 
been found to be associated with ToLCD in India. In addition, the 
importance of ToLCD-associated betasatellites in modulating symptom 
severity and helper begomovirus accumulation has been reported 
(Kumari et al., 2010, 2011; Ranjan et al., 2013, 2014; Sivalingam and 
Varma, 2012). 

The present study characterizes the association of two distinct 
begomovirus-betasatellite complexes with ToLCD in India. Further, 
Koch’s postulates were satisfied for these cloned virus complexes in the 
N benthamiana and tomato plants. The effect of cognate betasatellites on 
the helper begomovirus accumulation and disease development were 
discussed. 

2. Methods 

2.1. Isolation and cloning of viral genomes 

During 2012 and 2014, tissues of six tomato plants displaying 

symptoms such as leaf curling, leaf rolling, leaf crinkling, vein banding 
and stunting, were collected from the agricultural fields of Gandhinagar 
(23.2643 ◦N, 72.6721 ◦E) and Mumbai (19.5042 ◦N, 73.3252 ◦E), 
respectively (Fig. 1). Crop loss in these fields were found to be noticed 
between 40 % and 50 %. Total DNA was extracted from the symptomatic 
and asymptomatic plants of both regions (Dellaporta et al., 1983). 
Begomovirus infection in these samples was verified by PCR using 
abutting primers i.e., PAR1c715 and PAL1v1978 (Rojas et al., 1993). 
Subsequently, total DNA was used for rolling circle amplification using 
Φ29 DNA polymerase (GE Healthcare, Waukesha, WI, USA). Highly 
enriched viral concatemers were independently digested with BamHI, 
and the resulted ~2.7 kb fragments from each sample were cloned into 
BamHI-digested pbluescript SK + vector (Stratagene, La Jolla, CA, USA). 
Full-length betasatellites from each sample were PCR-amplified using 
universal beta primers (Briddon et al., 2002) and ligated into pTZ57R/T 
vector (Thermo Fisher Scientific, Waltham, MA, USA). Amplification of 
full-length alphasatellites was attempted using alpha primers as 
described (Kumar et al., 2017a). Genetic variability among the cloned 
viral sequences were analyzed by digesting them with various restriction 
endonucleases. One of the representative clones of begomovirus and 
betasatellite from each sample were sequenced commercially (Chro-
mous Biotech, Bengaluru, Karnataka, India). 

2.2. Sequence analysis of the isolated viral genomes 

Pairwise sequence comparisons and phylogenetic analyses of the 
cloned viral genomes were performed using MUSCLE method available 
in SDT v. 1.0 (Muhire et al., 2014) and MEGA-X (Kumar et al., 2018), 
respectively. Recombination breakpoints and potential parental se-
quences of the cloned viral genomes were identified using RDP v.4.97 
(Martin et al., 2015) as described by George et al. (2015). 

2.3. Construction of partial tandem repeat viral constructs 

Partial tandem repeat DNA of the cloned viral genomes were con-
structed to satisfy Koch’s postulates. A 1116 bp fragment of ToLCGanV 
[BamHI (149 bp)-EcoRI (1793 bp)] containing intergenic region (IR) was 
cloned into pCAMBIA2300 vector linearized with BamHI and EcoRI. The 
full-length monomer linearized with BamHI was then ligated to generate 
tandem repeat construct of ToLCGanV (referred as GA). For ToLCGanβ, a 
434 bp HindIII (1301 bp)-XbaI (370 bp) fragment was cloned into 
pCAMBIA2300, followed by insertion of the full-length monomer 
(1.3 kb) linearized with HindIII was then ligated to generate tandem 
repeat construct of ToLCGanB (referred as Gβ). 

A BamHI (172 bp)–EcoRI (1792 bp) fragment (1151 bp) encom-
passing IR of ToLCMumV was cloned into pCAMBIA2300 vector fol-
lowed by mobilization of full-length monomer (2.7 kb) at BamHI site to 
generate ToLCMumV infectious construct (referred as MA). Similarly, a 
1166 bp BamHI (1148 bp)–SacI (1352 bp) fragment of ToLCMumB was 
cloned into pCAMBIA2300 vector followed by mobilization of full- 

Fig. 1. Tomato plants exhibiting symptoms of tomato leaf curl disease. Asymptomatic tomato plants in the Gandhinagar (A) and Mumbai (C) regions. Tomato plants 
with the symptoms of leaf curl disease in the Gandhinagar (B) and Mumbai (D) agricultural fields. 
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length monomer (1.3 kb) at BamHI site to generate ToLCMumB infec-
tious construct (referred as Mβ). 

2.4. Plant inoculation and detection of viral DNAs 

All these infectious constructs were transformed individually into 
A. tumefaciens (strain EHA105) cells. Infection of the cloned components 
was performed on N. benthamiana and tomato cv. Kashi Vishesh (a 
moderate ToLCV-resistant variety) plants through Agrobacterium-based 
inoculation method (Singh et al., 2012). Inoculation with A. tumefaciens 
harbouring empty pCAMBIA2300 was considered as mock-inoculation. 
The presence of begomovirus and betasatellite in the agro-inoculated 
plants was confirmed by PCR using degenerate primers (Rojas et al., 
1993; Briddon et al., 2002). 

The SYBR Green dye-based qPCR was employed to quantify the viral 
copies in the agro-inoculated plants using specific primers for GA (F 
5`TTGGACGGTGATGATGTCTTG3`, R 5` AGCAGAGAATGGCGT 
GTTTAT3`), Gβ (F 5`ACTGGAAGAAACGTGAGAGAAA3`, R 5` AGT-
CAGCTTGTCCTTCCATAAC3`), MA (F 5`CCACATAGTCTTCCCCGTCC3`, 
R 5` GAAGAACTTGAGGAGTGGGCT3`) and Mβ (F 5`CCTCCTGT 
CGAAACTCCCAAA3`, R 5`CACCAGCCCTTGCAAAGAAGA3`). The qPCR 
assays were carried out in triplicate as described by Singh et al. (2021). 
Individual standard curves for viral full-length monomers were prepared 
by making a 100-fold serial dilution from 109 to 102 copy. The calculated 
cycle threshold values (CT) were converted to absolute quantification of 
viral molecules by comparing CT values of recombinant clones of respective 
viral components on the standard curve (Shafiq et al., 2017). 

3. Results 

3.1. Association of two distinct begomovirus-betasatellite complexes with 
ToLCD in India 

The begomovirus sequence identified from Gandhinagar (KC952005; 
2760 nt) shared a maximum nucleotide identity of 90.8 % with Tomato 
leaf curl Kerala virus (ToLCKeV; EU910141). Similarly, a begomovirus 
sequence isolated from Mumbai (MH577037; 2771 nt) showed highest 
sequence identity of 89.7 % with Tomato leaf curl Karnataka virus 
(ToLCKarV; KX246859) (Fig. 2A). Further, they shared 87.4 % sequence 
identity with each other. As per begomovirus species demarcation 
threshold of 91 % (Brown et al., 2015), they can be considered as two 
distinct begomovirus species for which we propose the names, Tomato 
leaf curl Gandhinagar virus (ToLCGanV) and Tomato leaf curl Mumbai 
virus (ToLCMumV), respectively. In the phylogenetic dendrogram, 
ToLCGanV was found to be clustered with ToLCKeV whereas ToL-
CMumV was positioned in a separate clade (Fig. 2C). 

One betasatellite sequence was cloned from each of these regions. 
However, we failed to isolate an alphasatellite from these samples. 
Sequence analysis of a betasatellite (KC952006) identified from Gan-
dhinagar sample has highest nucleotide identity of 86.6 % with Tomato 
leaf curl betasatellite (ToLCB; AY765255) (Fig. 2B). According to beta-
satellite demarcation threshold of 91 % (Briddon et al., 2016), this 
sequence represents a new betasatellite group, which is named as To-
mato leaf curl Gandhinagar betasatellite (ToLCGanB). A betasatellite 
(MH577022) cloned from the Mumbai sample showed nucleotide 
sequence identities between 90.4 % and 99.2 % with a group of 

Fig. 2. Characterization of begomoviruses and betasatellites associated with tomato leaf curl disease in western India. Pairwise nucleotide identity matrices of 
begomoviruses (A) and betasatellites (B). Neighbor-joining phylogenetic dendrograms of begomoviruses (C) and betasatellites (D). The numbers at the nodes 
represent the per cent bootstrap values of 1000 replicates. The scale bars indicate the genetic distance. Viral genomes identified in this study are marked with 
dark circles. 
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unnamed betasatellites (Fig. S1). Further, they shared a maximum 
nucleotide identity of 87.7 % with Tomato leaf curl Bangladesh beta-
satellite (ToLCBDB; AJ542489). Therefore, these unnamed betasatellites 
can be placed in a newly proposed Tomato leaf curl Mumbai betasa-
tellite (ToLCMumB) group. In the phylogenetic dendrogram, all ToL-
CMumB isolates were clustered together whereas ToLCGanB was found 
to be segregated with other isolates of ToLCBs (Fig. 2D). 

3.2. Cloned virus genomes are recombinant in nature 

Pairwise sequence identities of viral ORFs predicted the possibility of 
recombination events in the cloned begomoviruses. So, recombination 
analysis was performed to identify the recombined fragments and their 
putative parental sequences. The RDP analysis of ToLCGanV detected 
one recombination event around AC1/AC4 regions (2047− 2370 nt) 
which could be contributed by ToLCBV and ToLCBaV (Table 1). Simi-
larly, one recombinant event at 2051− 59 nt (AC1/AC4/IR regions) was 
detected in the ToLCMumV of which ToLCKeV and TobCSV were iden-
tified as possible parents. Further, the isolates of ToLCB have been 
contributed to the emergence of ToLCGanB (Table 1). 

3.3. Infectivity studies of the viral infectious constructs 

Tomato and N. benthamiana plants were agro-inoculated with GA 
alone and in combination with its cognate betasatellite (Gβ). The GA 
alone inoculated N. benthamiana plants were capable of producing mild 
symptoms at 8 dpi, whereas in the presence of Gβ, symptoms were 
appeared earlier at 7 dpi (Fig. 3A, Table 2). At 28 dpi, an increased 
symptom severity (such as downward leaf curling, vein enation, vein 
banding, twisting of petiole, stunted plant growth) were observed in the 
systemic leaves of co-inoculated GA and Gβ plants than GA alone inoc-
ulated plants (Fig. 3A). In tomato plants, agro-inoculation of GA alone 
exhibited mild and delayed leaf curling symptom at 17 dpi (Fig. 3A). Co- 
inoculation of GA and Gβ in tomato reduces the incubation period and 
developed severe symptoms such as small leaves, twisting of petiole, leaf 
curling and rolling (Table 2). 

The MA alone was capable of developing severe symptoms on agro- 
inoculated plants, whereas in MA +Mβ inoculated N. benthamiana 
plants, enhanced symptom severity was observed (Table 2). Mild 
symptoms of leaf curling and twisting of petioles were noticed in the 
tomato plants inoculated with MA alone. In the co-inoculated 
(MA +Mβ) tomato plants, severe symptoms such as leaf curling, 
twisting of petiole, yellow patches on leaves and stunted growth were 
noticed (Fig. 3A). The presence of Mβ has reduced the incubation period 
in both N. benthamiana and tomato (Table 2). 

3.4. Viral DNA accumulation in the agro-inoculated plants 

The presence of begomoviruses and betasatellites in the agro- 
inoculated N. benthamiana and tomato plants were verified by conven-
tional PCR using degenerate primers (Fig. S2). No viral DNA was 
detected from the mock-inoculated plants (Table 2). Further, begomo-
virus and betasatellite titre in the inoculated plants was quantified by 
qPCR using begomovirus and betasatellite-specific primers (Fig. 3B). 
Begomovirus (GA) was detected from the systemic leaves of GA alone 
inoculated tomato plants at 28 dpi. Further, the accumulation of GA was 
found to be elevated in the tomato plants co-inoculated with GA and Gβ 
than in the plants inoculated with GA alone (Fig. 3B). Similarly, GA was 
detected in the newly emerged leaves of N. benthamiana plants inocu-
lated with either GA or GA +Gβ. However, an increased level of GA was 
found when the plants were co-inoculated with GA and Gβ (Fig. 3B). 

Higher accumulation of begomovirus (MA) was found when 
N. benthamiana plants were inoculated with the cognate betasatellite 
(MA +Mβ) than MA alone inoculated plants (Fig. 3B). However, the 
level of begomovirus was found to be comparable in the systemic leaves 
of tomato plants inoculated with either MA alone or MA +Mβ (Fig. 3B). 
Cognate betasatellites (Gβ or Mβ) were detected only when they were co- 
inoculated with their respective begomoviruses (GA or MA) (Table 2). 

4. Discussion 

Among plant viruses, geminiviruses cause severe diseases in 
numerous economically important crops resulting in significant crop 
loss in productivity (Varma and Malathi, 2003; Brown et al., 2012). One 
such disease is leaf curl disease of tomato caused by begomoviruses in 
the ‘OW’ countries. Several monopartite begomoviruses and few 
bipartite begomoviruses along with betasatellites have been reported to 
cause ToLCD in the Indian sub-continent (Chakraborty et al., 2003; 
Chatchawankanphanich and Maxwell, 2002; Kirthi et al., 2002; Kumar 
et al., 2008; Kumari et al., 2010, 2011; Muniyappa et al., 2000; Padidam 
et al., 1995; Reddy et al., 2005). The present study reports the charac-
terization of two new monopartite begomovirus-betasatellite complexes 
associated with ToLCD in western India. Infectivity results demonstrated 
that these cloned components are the causal agents of ToLCD. 

Tissues from ToLCD-affected tomato plants were collected from 
Gandhinagar and Mumbai regions where ToLCD-associated virus com-
plex is yet to be investigated. Sequence analysis of the cloned genomes 
suggested the association of two new begomovirus-betasatellite com-
plexes with ToLCD in western India. According to virus nomenclature 
guidelines, these cloned components are named as ToLCGanV and 
ToLCGanB (from Gandhinagar), and ToLCMumV and ToLCMumB (from 
Mumbai). Despite repeated attempts, the DNA B component could not be 
identified from these samples indicating that they are monopartite 
begomoviruses. The nature of begomoviruses identified here were found 

Table 1 
Recombination events and the putative parental sequences of the cloned virus sequences.  

Recombinant sequences Recombination breakpoints in the genome Putative minor parenta Putative major parenta 
Recombination analysis 

Detection methodsb P-value# 

KC952005; ToLCGanV 2047− 2370 (AC1, AC4) KF663698; ToLCBaV(?) AF188481; ToLCBV RGBMCS 3.23 × 10− 09 

MH577037; ToLCMumV 2050− 59 (AC1, AC4, IR) LC316184; TbCSV EU910141; ToLCKeV RGBMCST 1.53 × 10− 22 

KC952006; ToLCGanB 188− 759 (βC1) AJ316036; ToLCB AY244706; PaLCuB RGBMCST 1.09 × 10− 03  

1241− 75 (SCR) AY765255; ToLCB JX193616; ToLCMumB RGBMCST 1.18 × 10− 04  

a The names of viral genome abbreviated are Tomato leaf curl Bangladesh virus-ToLCBV, Tomato leaf curl Bangalore virus-ToLCBaV, Tomato leaf curl Kerala virus- 
ToLCKeV, Tobacco curly shoot virus-TbCSV, Tomato leaf curl betasatellite-ToLCB, Tomato leaf curl Mumbai betasatellite-ToLCMumB and Papaya leaf curl betasa-
tellite-PaLCuB. 

b Recombination detection methods used are R-RDP; G-GENCONV; B-BOOTSCAN; M-MAXCHI; C-CHIMERA; S-SISCAN; T-3SEQ. 
# The lowest p-value detected by the underlined method mentioned in the previous column. 
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Fig. 3. Symptom appearance and viral DNA accumulation in the agro-inoculated N. benthamiana and tomato plants. Symptoms (A) and viral DNA accumulation (B) 
in the agro-inoculated N. benthamiana and tomato plants at 28 dpi. The virus component specific primers used for quantifying viral DNAs are provided in each graph. 
Each bar represents mean of three individual replicates ± standard error. Asterisk indicates statistical significance according to Duncan’s multiple range test. The 
infectious viral constructs abbreviated are GA-ToLCGanV, Gβ-ToLCGanB, MA-ToLCMumV and Mβ-ToLCMumB. 
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to be similar to other ToLCD-associated monopartite begomoviruses 
reported from India. These monopartite begomoviruses were predomi-
nantly distributed in the eastern (ToLCJV, ToLCPatV and ToLCRnV), 
southern (ToLCBaV and ToLCKeV) and western (ToLCGanV, ToL-
CMumV, ToLCPuV and ToLCRaV) part of the country (Fig. 4). Both 
bipartite begomoviruses (ToLCNDV and ToLCGuV) were prevalent in 
northern India (Chakraborty and Kumar, 2020). The frequent associa-
tion of Cotton leaf curl Multan betasatellite or Luffa leaf distortion 
betasatellite, and Tomato yellow leaf curl Thailand betasatellite with 
ToLCNDV and ToLCGuV, respectively, have been documented (Jyothsna 
et al., 2013; Ranjan et al., 2013, 2014; Sivalingam and Varma, 2012). 
Moreover, several recently identified monopartite begomoviruses 
(ToLCGanV, ToLCMumV, ToLCPatV and ToLCRnV) have been identified 
along with betasatellites that belong to distinct groups (This study; 
Kumari et al., 2010, 2011). These studies highlight the richness of 
ToLCD-associated begomovirus/betasatellite diversity than they pre-
sumed (Fig. 4). Nonetheless, a more focused and comprehensive survey 
on the diversity of ToLCD-associated disease complexes across the 
country is necessary to validate it. 

Mixed infection, recombination, high mutation and nucleotide sub-
stitution rates are the key factors contributing to the emergence and 
evolution of begomovirus species (Duffy and Holmes, 2008; George 
et al., 2015; Padidam et al., 1999). Recombination analysis of the cloned 
begomoviruses identified recombination breakpoints around AC1 
and/or IR regions. This result corroborates previous findings of these 
regions as viral recombination hotspots (George et al., 2015; Lefeuvre 
et al., 2007; Kumar et al., 2015, 2017b; Prasanna and Rai, 2007). The 
ToLCD-associated begomoviruses (ToLCBV, ToLCBaV and ToLCKeV) 
have been identified as putative parental sequences emphasizing that 
the emergence of these new begomoviruses could be via interspecies 
recombination between these begomoviruses. 

The Koch’s postulates were satisfied for these distinct virus com-
plexes on N. benthamiana and tomato plants. Inoculation studies 
demonstrated that ToLCGanV alone can replicate autonomously in to-
mato, but at low titer, with mild and delayed symptoms. Further, the 
presence of cognate ToLCGanB had increased the symptom severity and 
enhanced helper virus accumulation. This is in agreement with several 
studies demonstrating that betasatellites are required for begomoviruses 
to cause severe disease symptoms in okra, chilli, cotton, radish and to-
mato (Briddon et al., 2001; Jose and Usha, 2003; Jyothsna et al., 2013; 
Kumar et al., 2015; Singh et al., 2012, 2021). On the contrary, no effect 
of cognate ToLCMumB on the accumulation of helper ToLCMumV was 
found in the agro-inoculated tomato plants. This result is similar to that 
of the infectivity nature of other ToLCD-associated 

begomovirus-betasatellite complexes demonstrated from India (Kumari 
et al., 2010, 2011; Ranjan et al., 2013). Betasatellite-encoded βC1 pro-
teins have been widely demonstrated as pathogenicity determinants by 
interfering with various host-mediated defense responses (Gnanase-
karan et al., 2019; Kumar, 2019). The βC1 proteins are responsible for 
selective suppression of jasmonic acid biosynthesis and defense 
responsive genes for the successful disease development (Hu et al., 2019; 
Jia et al., 2016; Yang et al., 2008). Hence, it can be speculated that 
ToLCMumB-encoded βC1 protein potentially functions as a pathoge-
nicity determinant leading to increased symptom severity without 
elevating the level of ToLCMumV. Furthermore, tomato cultivar used for 
the infectivity study has been found to be moderately resistant to ToLCV 
(Singh, 2014). The infection of this cultivar by ToLCGanV and ToL-
CMumV highlights that virus resistance of this cultivar is broken. This 
necessitates further study on the spread of these virus resistance 
breaking disease complexes to tomato growing regions in the country. 

The present study reports the characterization of two new monop-
artite begomovirus-betasatellite complexes with ToLCD in western 
India. Further, Koch’s postulates were satisfied for these virus complexes 
in the N. benthamiana and ToLCV-resistant tomato plants. Both cognate 
betasatellites (ToLCGanB and ToLCMumB) could enhance symptom 
severity, but only ToLCGanB influences the accumulation of its helper 
begomovirus (ToLCGanV) in tomato. This study has identified two po-
tential virus resistance breaking disease complex in India. 
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Table 2 
Infectivity analysis of the cloned infectious viral constructs on N. benthamiana and tomato plants.  

Host Inoculuma Latent period (in days post-inoculation) Plants showed symptoms/Plants inoculated Symptom appearanceb 
Virus detection by PCRc 

DNA A DNA β 

Tomato 

Mock – 0/16 – – – 
GA 17 10/16 LC, SL + – 
GA + Gβ 12 14/16 LC, SL, Tw, LR + +

MA 12 14/16 DLC, YP + – 
MA + Mβ 10 16/16 DLC, YP, Tw, St + +

N. benthamiana 

Mock – 0/15 – – – 
GA 8 15/15 LC, LR, SL, St + – 
GA + Gβ 7 15/15 DLC, VE, St, Tw, LR + +

MA 6 14/15 DLC, St, SL + – 
MA + Mβ 5 15/15 DLC, St, SL, Tw + +

a The infectious viral constructs abbreviated are GA-ToLCGanV, Gβ-ToLCGanB, MA-ToLCMumV and Mβ-ToLCMumB. 
b Type of symptoms abbreviated are DLC- downward leaf curling, LC- leaf curling, LR- leaf rolling, SL- small leaves, St- stunted plant growth, Tw- twisting of petiole, 

VE- vein enation, YP- yellow patches. 
c + and – indicate the presence and absence of specific viral genome, respectively. 
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INTRODUCTION

Lichens are known to humans for hundreds of years 
finding a place in their daily life either being consumed 
as food materials or sources of drugs to cure diseases 
(Malhotra et al. 2007; Upreti et al. 2005; Zambare and 
Christopher 2012). One such lichen genus Usnea belongs 
to family Parmeliaceae, which is a popular fruiticose 
lichen represented by almost 300 species around the globe 
(Ohmura 2012). According to Singh and Sinha, 60 species 
of Usnea has been reported from India (Singh and Sinha 
2010). Temperate and high altitude regions in Northern 
India, such as Eastern and Western Himalaya along with 
the Western Ghats are lichen biodiversity hotspots in the 
country (Upreti et al. 2005). Usnea is the fifth largest lichen 
genera in India which is mostly found growing on varieties 
of trees (corticolous) and rarely on rocks (saxicolous). 
First Monograph on this genus was published by Motyka 
in 1938, where genus Usnea was divided into 6 subgenera 
(Lethariella Motyka, Chlorea (Nyl.) Motyka, Protousnea 
Motyka, Neuropogon (Nees & Flot.) Motyka, Euusnea 
Jatta. and Eumitria (Stirt.) Motyka), later most of which 
became independent genera (Motyka 1938). The presence 
of the central axis is one of the most important identifying 
anatomical features of this genus. Anticancer compound 
usnic acid is universally found in Usnea species (Trease 
and Evans 1983; Zugic et al. 2016). In our search for Usnea 

samples for an ongoing bioprospection study in Karnataka, 
we found U. baileyi, which turned out to be a first report of 
the species from the state. Previously U. sinensis Mot, U. 
eumitrioides Mot. and U. aciculifera Vain has been reported 
from Karnataka (Vinayaka et al., 2012). This article gives 
an account of a new distributional report on U. baileyi. 

MATERIAL AND METHODS

The lichen thalli were collected in the month of June 2018 
from Western Ghats region of Karnataka (Muthodi Road, 
Chikmaglur, Karnataka, India, Altitude: 1076 ± 5.7 mt, 
GPS: 13° 22.997′ N, 75° 39.162′ E). Thalli were found 
hanging from a toddy palm (Borassus flabellifer) growing 
on the roadside. For identification of lichen sample, 
morphological and anatomical features were analyzed 
using a stereo-zoom microscope (Leica S8 APO, Germany) 
and compound microscope (Leica DM 500, Germany), 
respectively. In addition to morpho-anatomical features, 
chemical characteristics of thallus were tested by spot tests 
and thin-layer chromatography (TLC) employing solvent 
system A, i.e., toluene: dioxane: acetic acid (180:45:5) 
(Orange et al. 2001). TLC plate was also observed under 
UV to check the presence of fluorescent compounds if any. 
Horizontal and longitudinal sections were examined to 
calculate C:M:A (cortex: medulla: axis) ratio. The detailed 
taxonomic analysis was carried out at CSIR-National 
Botanical Research Institute (NBRI), Lucknow, following 

ABSTRACT
Usnea baileyi (Stirt.) Zahlbr, a new record for Karnataka, India, is described. This is characterized 
by the corticolous thallus with isidia, hollow central axis and red pigmented medulla.



26

Usnea baileyi (Stirt.) Zahlbr, a new record for Karnataka, India

 

Awasthi (Awasthi 2007). Identified samples were preserved 
in the herbarium of CSIR-NBRI, Lucknow (LWG).

Taxonomic Treatment

Thallus fruticose, corticolous, suberect to pendulous, to 13 
cm in length, greenish grey, dichotomously branched, diam. 
1.32 mm; % C:M:A: 1.6:1.5:6.8; transversally cracked at 
intervals; fibrils, pseudocyphallae and isidia present; soredia 
absent; central axis tubular (centrally hollow) (Figure1); 
medulla red-pigmented; apothecia absent.

Chemistry
Cortex and medulla K+ red, C-, P+ orange, UV-salazinic, 
norstictic, usnic acid, and unknown substance at Rf class 
5 detected in TLC.

U. baileyi is a rich source of various phytochemicals 
including several secondary metabolites like depsides, 
depsidones, and xanthones (Din et al. 2010; Ramesh et al. 
1994; Yang et al. 1973). Recently, two new compounds 
bailexanthone and bailesidone have also been reported from 
U. baileyi (Van Nguyen et al. 2018).

Remarks
Being corticolous in nature, U. bailey is parallel to most of 
the other Usnea sp. in its habitat. Similar to U. baileyi, other 
Usnea sp. from tropical Andes and Galapagos islands region 
have been reported to contain red-orange pigmentation in 
the medullar region (Truong et al. 2011). The invariable 
presence of red pigmentation has also been observed in 
Usnea sp. like U. fragilis Stirt. and U. austro-indica G. 
Awasthi (Shukla 2015). As mentioned by Alix et al. (1984), 
pigment imparting molecules in U. baileyi are bisxanthones 
(like eumitrin). A thicker and hollow axis is present in U. 
baileyi (present investigation); similar observation has been 
made in a study by Truong et al. (2013), where % CMA of 
3.5/1.5/90 in case of U. antillarum (Vain.) Zahlbr confirms 
the presence of wider axis in Usnea spp. Salazinic and 
norstictic acid have been traced in the medulla of eumitrioid 
species U. subflaveola (Truong et al. 2013), while usnic acid 
which imparts the yellow-green color to thallus is present 
in all the Usnea species e.g., U. baileyi (this study) and U. 
implicita (Stirt.) Zahlbr (Ohmura, 2001).

Ecology and Distribution
This species was found growing on the trunk of the toddy 
palm tree from the Chikmagalur district of Karnataka. 
Earlier, the species was known from Arunachal Pradesh, 
Assam, Kerala, Manipur, Meghalaya, Nagaland, Sikkim, 
Tamil Nadu (Nilgiri and Palni Hills), West Bengal 
(Darjeeling district) states of India, China, Indonesia, 
Japan, Malaysia, Papua New Guinea, Taiwan, Thailand, 
Nepal, Central and South America, Africa, Philippines, 
and Australia (Singh and Sinha 2010). This is a new report 
for Karnataka.

Specimen examined
India, Karnataka, Chikamaglur, elev. 1076 m, N13°22.997ʹ; 
E75°39.162ʹ, the bark of toddy palm, 07 June 2018, Swati 
Joshi s.n. Acc. No. 35532 (LWG).
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Abstract 

Microfinance is emerging as a powerful instrument and dominating force for poverty alleviation and providing linkage between 

Self Help Group-Bank as a cost effective mechanism for providing financial services to the marginalized families by women 

entrepreneurship; which has been successful not only in meeting financial needs of the rural poor women but also strengthen 

collective self-help capacities of the poor women. The female entrepreneurs are getting support through Prayas Microfinance 

Wing (Prayas Jan Vikas Bhandol) results in women‟s ability to influence or make decision, increased self-confidence, better status 

and role in household etc.  

This paper puts forward how Prayas Jan Vikas Bhandol (PJVB) micro finance wing has received extensive recognition as a 

strategy for economic empowerment of women. This research examined the role of Prayas with respect to economic 

empowerment and poverty alleviation of rural women through entrepreneurship. An effort is also made to suggest the ways to 

increase women empowerment. The research used both quantitative and qualitative data collected from both primary and 

secondary sources. A sample of 30 women entrepreneurs from PJVB have been collected for the study. The Prayas Microfinance 

Wing was approached through questionnaire to collect primary data. Secondary data was collected from relevant books, journals, 

government publications, research reports, and various web sites. Analysis of data employed descriptive statistic. Further, the 

study established that Prayas microfinance wing provides economic support and have boosted women‟s self-esteem of the 

marginalized women through the services of microfinance.  

Key words: Women Entrepreneurship, Empowerment, Microfinance, Prayas  

Introduction 

The seeds of Prayas were aimed at the gross root level empowerment, motivation and handholding support for deprived 

communities. The interventions of Prayas included in social development and microfinance enterprises over the period of last 17 

years in Gujarat, Madhya Pradesh and Assam. They work especially with the needy women and children to bring positive changes 

in their life with the congregation of community members to enable them to avail government facilities as well as increase their 

knowledge and capacity for ensuring good health, education and financial security. Prayas vision envisions a society where people 

have better social and economic opportunities, accessibilities for financial services and awareness of rights and duties.  

Prayas – Organization for Sustainable development emphasized on the activities which assembled towards finding solutions for 

the core development issues confronting the poor and marginalized women of needy community viz. entrepreneurship 

development and financial support to vulnerable families through microfinance, HIV/AIDS awareness, quality education, 

Adolescents health and hygiene, youth empowerment, water and sanitation. 
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PRAYAS Organization for Sustainable Development 

Prayas Social Development 

Approaches: 

Participatory 

Community Mobilization 

Programs 
 Quality Education 

 Training & Capacity Building 

 Water and Sanitation 

 Community and Social Awareness  

 

Prayas Jan Vikas Bhandol 

(Microfinance Programme) 

Approaches: 

Joint Liability Group 

Self Help Group  

Services: 

 Skills Development Training 

 Financial Literacy Training 

 Loan disbursement and repayment  

 Discuss on progress and problem  
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*Source: Prayas – Annual Report 2019-20. 

Prayas Microfinance Wing - Prayas Jan Vikas Bhandol (PJVB): It was set up in the year 2006 as a separate wing of PRAYAS 

with a commitment to enriching the lives of marginalized families through loans for income generation. PJVB is the second wing 

of the organization which provides economic support to the marginalized women through the services of microfinance. Its 

initiatives have cumulatively touched the lives of over 17000 members across the states of Gujarat and Madhya Pradesh. It has 

separate structure and employees from the social program of the organization are active in more than 92 villages and 47 urban 

localities. The implementation strategies of PJVB is SHG model in Bank partnership with YES bank and using Joint Liability 

Group (JLG) model for own portfolio. Prayas is presently focused to support to needy families through their female members 

only, which means to provide loan amount to the needy women microenterprises.  The objective of providing microfinance 

services to the members are for their – Income generation; Help in the incidental economic crisis; House Construction.  

The overall execution of PJVB program has been done by two teams: A core team at head office and a unit team at filed offices. 

The core team of microfinance is responsible for planning of routine tasks such as the goal of program can be achieved. The core 

team planning is included with financial planning, monitoring and controlling of microfinance operations. While the unit team 

works at the field level with group members as per decided planning and policies and are responsible for executing all field 

operations within time frame.  

Loan Products through PJVB 

Features JLG Monthly SHG Monthly 

Purpose Agriculture, Live stock, Debt Redemption, Health, 

Business (Trading, Manufacturing/Service) 

Agriculture, Live stock, Debt Redemption, Health, Business 

(Trading, Manufacturing/Service) 

Group Size 5 to 20 members 8 to 20 members 

Client Profile Rural and urban poor women  Rural and urban women entrepreneurs  

Loan Size in Rupees 5000 – 15000 10,000 – 30,000 

Loan Tenure 12 months 12 months 

*Source: PRAYAS – Annual Report 2019-20. 

Present Scenario of PJVB 

Product  No. of Borrowers Percent (%) Loan in Rupees. Percent (%) 

JLG 10534 61% 72,047,748 46% 

SHG 6685 39% 87,791,876 54% 

Rural  - W.Ent 4657 27% 4,07,18,629 25.1% 

Urban – W.Ent 12562 73% 12,13,59,060 74.9% 

*Source: PRAYAS – Annual Report 2019-20. 

 

Objectives of the Study 

 To elucidate the approach of Prayas Jan Vikas Bhandol (PJVB) for women entrepreneurship. 

 To study the kind of microenterprises and the impact of PJVB Microfinance Program. 

 To find out the Loan drawn from PJVB program and Monthly Earnings among women entrepreneurs  

 To identify the specific role of PJVB Microfinance program in developing women entrepreneurs and some successful 

beneficiaries case studies. 
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Literature Review 

Manju & Mohan (2014) in their study “Role of NGO in Empowering Women through Microfinance: A Conceptual Study”, 

emphasis on women empowerment in a multi-dimensional ways and which helps women to gain self realization, financial 

security, and access to equal opportunities through microfinance. They found out the microfinance sector is the supporting system 

for the economic empowerment of women in both rural and urban poor and marginalized women. The study divulge that NGOs 

plays a key role in creating a feasible alternative platform for these women through microfinance program with the banking 

partnership by creating SHG models and awaring  about the various government welfare schemes. Microfinance programmes are 

currently being promoted as a key strategy for simultaneously addressing both poverty alleviation and women's empowerment; 

whereas the financial service provision leads to the setting up or expansion of their micro-enterprises within the vicinity. 

Richard, Ernest & Edith (2015) in the article entitled „Microfinance and Entrepreneurial Empowerment of Women: The 

Ugandan Context‟, explained the role of microfinance in the entrepreneurial empowerment of women by adopting an exploratory 

cross sectional research design involving 150 women in Eastern and Central Uganda. The study revealed that access to credit is 

the major benefit from the microfinance services and the overriding benefit in the groups was observed to be social capital, 

networking superseding trust and reciprocity. Considering services received by women from the MFIs, there is need to support 

sensitization and technical skills such as marketing and financial literacy in order to enable women entrepreneurs put the borrowed 

finances to good use. Results reveal that microfinance and social capital have a significant relationship with entrepreneurial 

empowerment. This implies that Microfinance is an important tool towards the entrepreneurial empowerment of women in a 

resource perspective.  

Sabiha (2014) in her study „Women Entrepreneurship as the Way for Economic Development‟ analyzed the role of women 

entrepreneurs with respect to the banking institutions. This article studies the four aspects, such as the growth of women 

entrepreneurs in India; Studies tapping this growth in financing women entrepreneurs which is a major problem of failure in their 

businesses; third deals with the role of self help groups (SHGs) in promoting finances and empowering them through capacity 

building programmes; and the fourth aspect deals with future policies of the government providing conducive environment for 

their business and for their livelihood. The study critically analyzed many obstacles of women entrepreneurs, specifically in 

knowledge in accessibility to loans, funding agencies, awareness of government welfare programs, motivation, technical training 

and support from organizations, marketing their products and financial literacy as well as entry of rural women entrepreneurs in 

micro- enterprises by their effectual and competent involvement in entrepreneurial activities by strengthening entrepreneurial 

network.  

Isidore, Norsiah & Razli (2010) in their work „The Effect of Microfinance Factors on Women Entrepreneurs‟ performance in 

Nigeria: A Conceptual Framework‟, discussed about the obstacles such as poverty, unemployment, low household income and 

societal discriminations mostly in developing countries have hindered their effective performance. It is discovered that women 

entrepreneurship could be an effective strategy to support their families as well as for poverty reduction in a country. However, 

women entrepreneurs do not have easy access to microfinance for their entrepreneurial activity than their men counterparts. The 

study also highlighted by examining the effect of credit, savings, training and social capital on women entrepreneurs‟ performance 

in Nigeria by analyzing data with Structural Equation Modeling. 

Shaik & Nikhat (2011) in their article „Women Entrepreneurship Development through Microfinance: A Study Focused on 

Hyderabad‟, emphasized on entrepreneurship represents an appropriate opportunity for women and responds flexibly to entry, 

change and innovation. Women‟s entrepreneurial activities are not only a means for economic survival but also have positive 

social repercussions and the objective of the study focused on the impact of Microfinance programs on entrepreneurial skills and 

socio-economic development of Muslim minority women entrepreneurs. A sample of 157 Muslim minority women confined to 

Hyderabad District financed by APSMFC is taken to test the hypothesis of the research work. The study found that Microfinance 

scheme of APSMFC is useful in development of women entrepreneurship. The authors conclude that, women can benefit from 

microfinance in increased income levels, empowerment, sustainability and self reliance which are the positive points in 

entrepreneurship development and if the constraints be removed, the micro finance sector is overall improving Entrepreneurship 

Development of Women. 

Bernard (2015) in his work entitled „Microfinance Services: Facilitating Entrepreneurial Success of Poor Women‟, was based on 

the review of literature on microfinance and the influence of microfinance services (factors of microfinance) on entrepreneurial 

success of poor women and understand weaknesses of such services in the process of women achieving entrepreneurial success 

with specific reference to Sri Lanka. The paper argues that the microfinance services play a major role in achieving 

entrepreneurial success of women, and also highlights drawbacks of microfinance as a strategy for developing entrepreneurship of 

poor women. The research identifies some important areas for empirical research and the findings would facilitate microfinance 

service providers to design their service offers to enhance entrepreneurial outcomes of their clients. Hence, there is a clear need 

for studies to explore as to how far poor women in Sri Lanka achieve entrepreneurial success through microfinance services and 

the relative importance of each of these services.  

Rashid, John, Consolatta & Stephen (2015) the study „Impact of Microfinance Institutions on Economic Empowerment of 

Women Entrepreneurs in Developing Countries‟, mirrored out with the  Descriptive research design and assessed  the extent to 

which Women economic empowerment co-relates with Microfinance Institutions services. The study found that there was an 

improvement in advisory services and savings services besides the microcredit services. Therefore the MFIs have assisted the 
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women entrepreneurs get more empowered economically than before. The data indicated that there was increased women 

responded that their standard of living had improved, participating in decision making in their houses, control over resources, self 

employment and increase in savings insurance services. The findings are highlighted that the policy proposals of MFIs meet the 

economic empowerment needs of women Entrepreneurs to make developing countries progress as Kenya prepares to achieve 

vision 2030. 

Naeem, Khan, Sheik, Ali & Faqir (2015) in their article „The Impact of Microfinance on Women Micro-Enterprises “A Case 

Study of District Quetta, Pakistan”, analyzed that lack of financial resources are the major constraints for women participation in 

economic development.  

The microfinance is considered as one of the important tool for resolving this problem. This study also explored the impact of 

BRAC, Pakistan microfinance program on women microenterprises. Results of the study show that microfinance has positive 

impact on creation of microenterprises such as trading, business and self employment. It has significant impact on beneficiaries‟ 

enterprise working capital and fixed assets as compare to non-beneficiaries. Therefore it is concluded from this research study that 

overall microfinance services are playing positive role in women entrepreneurial performance. 

Methodology 

PRAYAS is a Gujarat based Organization for Sustainable Development work with a vision to bring positive changes in the life of 

women. With the help of survey design; the primary data is collected through structured questionnaires covering a sample size of 

30 women entrepreneurs who availed microfinance loans from the Prayas Jan Vikas Bandhol (Microfinance Program) with 

banking partnership of YES and IDBI banks. The sample population was women entrepreneurs from PJVB Wing within 

Gandhinagar selected who are the actual owners of the microenterprises in order to draw impact of microfinance on enterprise 

accurately. The stratified random sample is used for selection of members from both groups of JLG (Joint Liability Group) and 

SHG (Self Help Groups). The interview was conducted by visiting the clients on their enterprise and at the regional office where 

the clients have visited to pay their installments. Data collected was presented by descriptive statistics with univariate and bi-

variate analysis by using pie charts and graphs. The collected data analyzed by using the Statistical Package for Social Scientists 

(SPSS) version 19.  

DATA ANALYSIS 

Table: 1 

LOCALITY  * APPROACH OF PJVB   

                                 
LOCALITY 

  
APPROACH OF PJVB 

Total    Unit Team Field Officers Prayas Staff Prayas Meetings 

 Rural  5 9 2 3 19 

 26.3% 47.4% 10.5% 15.8% 100.0% 

Urban  1 2 3 5 11 

 9.1% 18.2% 27.3% 45.5% 100.0% 

                       Total  6 11 5 8 30 

 20.0% 36.7% 16.7% 26.7% 100.0% 

*Source – Field Survey 

 

The above table explains about the approaches/strategies of PJVB Microfinance Program for the women entrepreneurship in both 

and urban localities of Gandhinagar. The respondents shared their opinion about the awareness of PJVB program through the 

services of unit teams by (20%), Field Officers (36.7%), by Prayas staff (16.7%) and through Prayas meetings (26.7%). 
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Table: 2 (A) 

 

 
The table 2(A) enumerates about the kind of Microenterprise owning by the women entrepreneurs with the regard to PGVB 

Microfinance program. The equal percentage of women entrepreneurs with 30% own vegetable and fruits shops and Garlic and 

ginger business, followed by 23.3% of the respondents are with pottery business and around 16.7% are having their artificial 

jeweler business.  

Table: 2(B) 

     IMPACT AND BENEFITS OF PJVB PROGRAM ON WOMEN ENTREPRENEURS 

 

*Source:-FieldSurvey 

Majority of 26.7% of the women entrepreneurs have benefitted with the PJVB microfinance program and spent their money to 

their children‟s education; whereas equally 23.3% of the respondents have support their family needs and acquired the decision 

making capability at household level. Around 16.7% had responded that they started owning their business despite working under 

someone else. Lastly, around 10% had opined that they strengthen the entrepreneurial network from their localities to district 

level.  

Table: 3 

KIND OF MICROENTERPRISE * LOAN DRAWN THROUGH PJVB PROGRAM  

 Kind of Microenterprise  LOAN DRAWN THROUGH PJVB PROGRAM 

Total    Rs.7000 Rs.10,000 Rs.12,000 Rs.15,000 Rs.20,000 Rs.30,000 

 Vegetables & Fruits Shop  0 3 0 1 3 2 9 

 .0% 37.5% .0% 25.0% 75.0% 50.0% 30.0% 

Garlic and Ginger  2 1 4 2 0 0 9 

 40.0% 12.5% 80.0% 50.0% .0% .0% 30.0% 

Pottery  3 1 0 1 0 2 7 

 60.0% 12.5% .0% 25.0% .0% 50.0% 23.3% 

Artificial Jewellery  0 3 1 0 1 0 5 

 .0% 37.5% 20.0% .0% 25.0% .0% 16.7% 

                                                                

Total 

 5 8 5 4 4 4 30 

 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

 

 Kind of Microenterprise Frequency Percent 

     Vegetables & Fruits Shop 9 30.0 

Garlic and Ginger 9 30.0 

Pottery 7 23.3 

Artificial Jewellery 5 16.7 

Total 30 100.0 

 Impact of PJVB on WE Frequency Percent 

   Decision Making 7 23.3 

Children Education 8 26.7 

Owning Microenterprise 5 16.7 

Supporting Family 7 23.3 

Strengthening Entrepreneurial 
Network 

3 10.0 

Total 30 100.0 
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The table: 3 explain about the relationship between the kind of microenterprise started with the support of PJVB program and the 

loan drawn from the microfinance wing. Majority of equally 30% respondents have started their vegetables and fruits, garlic and 

ginger business by getting first loan of Rs.7000 and at second loan with Rs10, 000 to Rs.15, 000 and third loan with an amount of 

Rs.20, 000 to Rs.30, 000. Followed by 23% have started pottery toys and diyaas. Lastly, 17% had started doing business with 

artificial jewels for their livelihood.  

Table: 4 

Loan Drawn through PJVB Program  

 

 

The above table 4 (A) explains the loans drawn by the women entrepreneurs from Prayas Microfinance program. The 

respondent‟s loan drawing is ranging from Rs.7000 to Rs.30, 000. But the majority of 26.7% are borrowed the loan amount of 

Rs.10,000 followed by 16.7% of women entrepreneurs borrowed from the first loan cycle with Rs.7000 to second loan cycle of 

Rs.12,000. Lastly, equally 13.3% of the respondents borrowed the third cycle of loan amount with an increasing range of loan 

from Rs.15, 000 to Rs.30, 000.  

Table: 4(B) 

Monthly Earnings of Women Entrepreneurs  

 

The above table: 4 (B) explains about the women entrepreneurs monthly income and earnings out of their microenterprises. 

Majority of 40% have Rs.5000 after all the expenses and loan pay. Around 20% have their earnings of Rs.7000 and 16.7% had 

their earnings with Rs.10, 000 and 13.3% had with Rs.12, 000 and very of 10% had a good earning amount of Rs.15, 000.  

 

 Loan in Rs. Frequency Percent 

  Rs.7000 5 16.7 

Rs.10,000 8 26.7 

Rs.12,000 5 16.7 

Rs.15,000 4 13.3 

Rs.20,000 4 13.3 

Rs.30,000 4 13.3 

Total 30 100.0 

 Monthly Earnings Frequency Percent 

 Rs.5000 12 40.0 

Rs.7000 6 20.0 

Rs.10,000 5 16.7 

Rs.12,000 4 13.3 

Rs.15,000 3 10.0 

Total 30 100.0 
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Case Studies of PJVB Women Entrepreneurs  

Sumitra Ben is a 35 years old working women and a member of Shree mahamati mahila samuh. She has husband and two sons go 

on migration to big cities of Gujarat for livelihood. The family decided to stay in village for better upbringing and continuity of 

education for their children, but they were finding very difficult in fulfilling their family expenses. She was supported by the 

PJVB program by providing loan. She has brought a cart from a loan amount to carry vegetables and fruits for selling in the 

market. The positive impact of PJVB microfinance program and her hard work enable her to save Rs.4000 every month after 

deducting the loan installment and other expenses. Sumitra is looking forward to borrow more loans in next cycles and planning to 

expand her business from cart to establish her own shop.  

Sumali Ben is a 42 year old woman attended a meeting of PRAYAS at her village and decided to start her own microenterprise 

despite doing labour work for building construction for Rs.%0 per day. She was supported by a small loan with Rs.7000 in first 

cycle to buy garlic in bulk and sell it in the market. She borrowed Rs.12000 and Rs.15000 in second and third cycle and now 

expanded her business to sell garlic in wholesale to other shopkeepers at weekly market. After completing the third cycle loan, she 

has borrowed loan of Rs.50, 000 for constructing her house. The impact of this microfinance program led to avail proper 

education of her grand children.  

Zareena Ben is a member of Acharya Peer Dada Mahila Mandal. Earlier she was involved in household work and was able to earn 

only Rs.3000 to Rs.3500 per month and is really difficult to meet the basic family needs. Sit he came to know about Prayas 

microfinance in 2008 and decided to take loan to start a small business of pottery work. After the setting up of small unit to make 

pottery and expanded their business and successfully settled and able to earn Rs.15000 per month after deducting the installments 

for loan amount and other expenses. The impact of PJVB program brought her new hope and a sustainable income source despite 

labour work. 

Conclusion 

The study concludes with the positive impact of microfinance program on women entrepreneurship and entrepreneurial networks. 

The Prayas Jan Vikas Bandhol (PJVB) is popularly known as Prayas Microfinance Wing which provides economic support to the 

marginalized families through the microfinance services in collaboration with banking sector. It has proved that micro-credit is 

significantly related to self-employment, education of respondent‟s children, training, skills acquisition, and economic 

empowerment. Women entrepreneurs need micro-credit to become or remain self-employed either by starting their own 

businesses or by expanding their existing businesses. To increase their capability and level of empowerment and entrepreneurial 

skills in their chosen firms would produce and generate a sustainable income. The PRAYAS plays a pivotal role in creating 

awareness among rural women to start their business by providing Prayas financial support to empower them as women 

entrepreneurs.  
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