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Skin wound healing involves a coordinated cellular response to achieve complete reepithelialisation.
Elevated levels of reactive oxygen species (ROS) in the wound environment often pose a hindrance in
wound healing resulting in impaired wound healing process. Cerium oxide nanoparticles (CeNPs) have
the ability to protect the cells from oxidative damage by actively scavenging the ROS. Furthermore,
matrices like nanofibers have also been explored for enhancing wound healing. In the current study
CeNP functionalised polycaprolactone (PCL)-gelatin nanofiber (PGNPNF) mesh was fabricated by elec-
trospinning and evaluated for its antioxidative potential. Wide angle XRD analysis of randomly oriented
nanofibers revealed ~2.6 times reduced crystallinity than pristine PCL which aided in rapid degradation
of nanofibers and release of CeNP. However, bioactive composite made between nanoparticles and PCL-
gelatin maintained the fibrous morphology of PGNPNF upto 14 days. The PGNPNF mesh exhibited a
superoxide dismutase (SOD) mimetic activity due to the incorporated CeNPs. The PGNPNF mesh
enhanced proliferation of 3T3-L1 cells by ~48% as confirmed by alamar blue assay and SEM micrographs
of cells grown on the nanofibrous mesh. Furthermore, the PGNPNF mesh scavenged ROS, which was
measured by relative DCF intensity and fluorescence microscopy; and subsequently increased the
viability and proliferation of cells by three folds as it alleviated the oxidative stress. Overall, the results of
this study suggest the potential of CeNP functionalised PCL-gelatin nanofibrous mesh for wound healing
applications.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Reactive oxygen species (ROS) are critical players of the wound
healing process. Low levels of ROS play physiological role in normal
wound healing, notably act as cellular messengers to stimulate cell
migration, inflammation and angiogenesis associated with wound
healing. In the inflammatory phase, neutrophils and macrophages
arrive at a wound lesion and secrete large amounts of ROS along
with pro-inflammatory cytokines [1]. The ROS directly attack
invading pathogens, kill them and aid their phagocytosis [2].
Furthermore, moderate levels of ROS accelerates angiogenesis by
upregulating the production of the vascular endothelial growth
nications Co., Ltd.

ing by Elsevier B.V. on behalf of Ke
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factor in keratinocytes [3,4]. ROS are also involved in re-
epithelialization. They trigger the activation of epidermal growth
factor receptors and the keratinocyte growth factor receptors [5,6]
and induces the production of TGF-a in fibroblasts. Hence, ROS can
support the migration and proliferation of epidermal cells and
therefore enhance wound healing. However, uncontrolled pro-
duction of ROS produces superoxides which damages the tissue by
reduction in antioxidant production and activity [7]. In early stages,
wounds with impaired healing have elevated levels of ROS, how-
ever, the activity of anti-oxidant enzymes are not elevated, which
leads to increased oxidative stress in the wound environment [8].
The early generation of ROS in presence of nicotinamideadenine-
dinucleotide-dependent oxidases that are produced by resident
endothelial cells and fibroblasts causes impaired wound healing
[9]. According to Rodriguez et al., both hypoxia and hyperoxia in-
creases ROS levels which transcends the beneficial effect and
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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causes additional tissue damage [10]. Furthermore, elevated ROS in
the wound environment have decelerating effects on angiogenesis
and lead to a stagnant inflammatory phase, which further damages
tissue through excessive production or activation of reactive oxy-
gen intermediates, inflammatory cytokines, proteases, pro-
apoptotic proteins causing increased cell death [11] that lead to
wounds with impaired healing [12,13]. Therefore, controlling the
levels of ROS at the wound environment may be a viable option to
enhance the wound healing.

Different nanoparticle based approaches for decreasing the ROS
levels have been used to enhance wound healing [14e16]. Recently,
cerium oxide nanoparticles (CeNP) have gained attention for ap-
plications in wound healing. This is because CeNPs have a capacity
to alternate between two oxidation states: 3þ and 4þ due to an
oxygen vacancy in their crystal structure [17]. Due to this autor-
egenerative cycle, they can be used as antioxidant agents [18e20].
Their ROS scavenging ability alleviates the oxidative stress experi-
enced by cells in the wound environment [14,15,21,22].

Electrospun nanofibers have been widely used for skin tissue
engineering applications due to their ECM mimicking property,
biodegradability and biocompatibility [23]. Blended natural and
synthetic biomaterials including PCL-gelatin [23], polyurethane-
gelatin (28), poly(l-lactic acid)-b-poly(ε-caprolactone)-gelatin
[24], PCL-collagen [25], poly(lactic-co-glycolic acid)-collagen [26],
were extensively explored for skin tissue engineering applications.
Blending combines the biological properties of natural polymers
and the physicochemical properties synthetic polymers [27,28].
Nanofibers can also be functionalised with certain agents like drugs
[29], growth factors [30] and nanoparticles [31] that enhance the
wound healing mechanism. Nanofibers incorporated with nano-
particles like silver [32e35], zinc oxide, chitosan [36], gold [37e39]
have been assessed for wound healing applications. In a study using
spirulina extract derived from blue-green algae as an antioxidant
and anti-inflammatory agent. Spirulina extract-loaded PCL nano-
fiber wound dressings have been found to increase the fibroblast
viability in vitro by suppressing the function of ROS. In vivo assays
carried out using these nanofibers have showed increased rate of
wound healing and skin regeneration [40].

Therefore, in current study PCL-Gelatin nanofibers have been
fabricated as a reservoir of CeNPs to reduce the ROS levels produced
by the oxidative stress of mouse fibroblasts. The CeNPs loaded
nanofibers were characterized for their degradation behaviour and
crystallinity. At multiple time points released nanoparticles were
used for superoxide dismutase (SOD) mimetic activity. For biolog-
ical characterisation direct contact assay (cells were grown on
CeNPs loaded nanofiber) and indirect assay (leached nanoparticles
was included in cell culture medium) were performed with 3T3L1
mouse fibroblast cells.

2. Materials and methods

2.1. Materials

Polycaprolactone (PCL) (average Mn 80 kDa), gelatin powder
(type A from porcine skin), cerium nitrate hexahydratre (Ce(N-
O3)3.6H2O), ferricytochrome C, xanthine oxidase, resazurin sodium
salt, poly(2-hydroxyethyl methacrylate) (polyHEMA) and 2,7-
dichlorofluorescein diacetate (DCFDA) were purchased from
Sigma Aldrich (USA). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), 99%
was obtained from Alfa Aesar (India). Dulbecco's modified eagle's
media-high glucose (DMEM-HG) and fetal bovine serum (FBS) were
obtained fromGibco (India). Hypoxanthinewas purchased fromHi-
Media Pvt. Ltd. (India). Hydrogen peroxide 30%w/v (H2O2) was
purchased from Nice Chemicals Pvt. Ltd. (India). 3T3-L1 cell line
was obtained from National Centre for Cell Sciences (NCCS) (Pune,
India).

2.2. Synthesis of nanoparticles

Cerium nitrate hexahydrate was used for synthesis of cerium
oxide nanoparticles (5 mM, 30 mM) using previously published
method [41]. Briefly, specific quantity of cerium nitrate hexahy-
dratewas dissolved in 49mL of deionizedwater and 1mL hydrogen
peroxide was added. The solution was then aged at room temper-
ature for 10e15 days in order to obtain nanoceria with a high 3þ/4þ

state. This transition was also signified by conversion of color of
solution from yellow to colorless.

2.3. Dynamic light scattering (DLS)

Zeta potential of CeNPs was measured by using dynamic light
scattering measurements from Zeta Sizer Nano (Malvern In-
struments, United Kingdom) which uses a laser with wavelength of
633 nm.

2.4. Transmission electron microscopy (TEM)

Sample was prepared by adding drop of CeNPs on carbon coated
copper grid. After drying the images of CeNPs were acquired by
using transmission electron microscope JEOL 2010-F TEM, Japan.

2.5. Fabrication of PCL-Gelatin nanofibers loaded with cerium oxide
nanoparticles (CeNPs)

A polymer solution of PCL-Gelatin was prepared by mixing 10%
w/v PCL and 20% w/v gelatin in HFIP solvent system for 6e12 h. For
CeNP loaded nanofibers (PGNPNF), a 25% v/v 30 mM CeNP solution
was added to the polymer solution; whereas for control samples
nanoparticle solutionwas replaced with similar amount of distilled
water. Both samples were electrospun using E-spin Nanotech, India
electrospinning unit. Briefly, the polymer solution was filled in a
5 mL BD syringe fitted with a 26 gauge blunt end needle. The
polymer solutionwas oozed out at a continuous flow rate of 1 mL/h
using a syringe pump. A fixed electrical potential of 1 kV/cm was
applied across a distance of 15 cm between the tip of the needle and
the collector. The resulting electrospun nanofibers were collected
on aluminium foil and glass coverslips (18 � 18 mm) for charac-
terisation and cell culture studies, respectively.

2.6. Scanning electron microscopy

The morphological study of the nanofibers was performed using
scanning electron microscopy (SEM) (EVO 18, Zeiss, Germany).
After fabrication, the nanofibers were lyophilized and then sputter
coated with gold-palladium followed by SEM imaging. The di-
ameters of the PGNF and PGNPNF were determined by measuring
randomly selecting 50 fibers from each, using ImageJ software
(National Institute of Health, USA).

2.7. Fourier transform infrared spectroscopy

The chemical characterisation of nanofibers was performed
using attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) (Agilent, USA). FTIR spectra of PGNF, PGNPNF,
gelatin powder and PCL film were recorded in a range of
400e4000 cm�1 with a resolution of 4 cm�1 at data intervals of
1 cm�1. Multiple spectra were recorded for each nanofiber sample
by taking sections from different areas of the sample.



H.A. Rather et al. / Bioactive Materials 3 (2018) 201e211 203
2.8. Wide angle X-Ray diffraction

X-ray diffraction analysis was performed to detect changes at
the crystal structure level of polymers used for nanofiber fabrica-
tion. Analysis was done using a wide angle X-ray diffractometer
(XRD) (D8 discover, Bruker, USA). X-rays were generated at 40 kV
and 30 mA and the goniometer was rotated from 5� to 50� at the
rate of 0.05� increment per step with 0.2 s per step speed. A thin
film setup was used for PGNF, PGNPNF and PCL film with a grazing
angle of 2�. The measurements were recorded at an ambient
temperature.

2.9. Degradation study

The degradation behaviour of PGNF and PGNPNF was studied to
ensure their integrity in biological conditions. Nanofibers meshes
were cut into 1 cm� 1 cm pieces and immersed in centrifuge tubes
containing sterile PBS. The tubes were placed in a shaking water
bath at 37 �C and 40 RPM for a duration of 14 days. The PBS was
changed every 3e4 days to maintain the ionic conditions. At each
predetermined time point, a centrifuge tube containing the PGNF
and PGNPNF nanofiber samples were taken out of the water bath.
The nanofibers were desiccated for 1e2 h followed by lyophilisa-
tion for 24 h and then stored at �20 �C before use. The degraded
samples were analysed using SEM.

2.10. Superoxide dismutase (SOD) enzyme mimetic activity
measurement

For SOD mimetic study, 48 mg of PGNF and PGNPNF were
weighed and incubated in 500 ml of Tris buffer and PBS for different
time period (30 min, 24, 48 and 96 h). Released CeNPs in respective
buffer were considered to evaluate the SOD mimetic activity. A
volume of 40 ml buffer was used for reaction and equal amount of
fresh buffer was added to maintain the releasing medium volume
constant. SOD mimetic activity was measured, as described previ-
ously by Korsvik et al. [19]. In brief, reduction of ferri-cytochrome C
by superoxide were monitored spectrophotometrically at 550 nm
for 20 min. In the reaction hypoxanthine/xanthine oxidase system
was used for generation of superoxide radicals and catalase were
added to degrade hydrogen peroxide produced as a side reaction.
Total reaction volume was maintained as 100 ml as performed in 96
well plate.

2.11. Cell culture studies

Mouse embryo fibroblasts 3T3-L1 cells were cultured in DMEM-
HG medium supplemented with 10% FBS and 1% antibiotic anti-
mycotic solution mixture. The cells were incubated at 37 �C and 5%
CO2 and subcultured at about 70% confluency. For cell culture
studies, nanofibers deposited on glass coverslips were sterilised
under UV light for 60 min each on both sides. 50,000 cells were
seeded on each nanofiber sample and were allowed to adhere to
the nanofibers for 1e2 h, followed by more media being added
gradually.

2.12. Cell proliferation assay

The viability and proliferation of 3T3-L1 cells on nanofibers was
assessed by alamar blue assay over a period of 72 h. The viable cells
convert resazurin, a non-fluorescent compound to a fluorescent red
compound resurforin that can be quantified spectrophotometri-
cally and is directly proportional to the number of living cells. After
every 24 h, cells were incubated with alamar blue solution
(0.15 mg/mL in PBS, pH ¼ 7.4) at 10% volume of the cell culture
medium for 1 h; then the absorbance was measured at 570 nm
using a multiplate reader (Synergy H1, Biotek Instruments, USA). A
graph of absorbance versus the number of days was plotted using
GraphPad Prism 5 software (USA).

2.13. Cell morphological studies

The morphology of cells grown on nanofibers was analysed by
SEM, 24 h post seeding. For SEM, the cells on nanofibers were
washed with PBS and fixed with 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH ¼ 7.2) for 1 h and were transferred to 0.1 M
cacodylate buffer. Following this, a gradient dehydration was car-
ried out by washing cells with 30%, 70%, 80%, 90%, 95% and absolute
ethanol for 5e10 min each. The nanofiber samples were then
desiccated for 2 h and lyophilized for 24 h. The samples were then
sputter coated with gold-palladium and observed under SEM.

2.14. In vitro antioxidant study

In this study, the antioxidant potential of the nanofibers was
evaluated by determining their potential to scavenge ROS. DCFDA, a
cell permeable fluorogenic probe was used to detect intracellular
ROS level. DCFDA can be internalised by cells where in it is
deacetylated by cellular esterases to a nonfluroscent compound
which can be later oxidised by ROS to a fluorescent compound 20,70-
dichlorofluorescein (DCF) which can be estimated spectrophoto-
metrically. For this study, extracts of PGNF and PGNPNF were used.
The extracts were prepared by immersing nanofibers weighing
40 mg in 10 mM Tris (pH ¼ 7.5) for 30 min. Meanwhile 10,000 cells
were seeded in 96 well plates. After 24 h, cells were treated with
50 mM H2O2 in media for 30 min and then incubated with 20%
diluted extract of either PGNPNF or PGNF for 24 h. Meanwhile,
some set of wells incubated with Tris were regarded as negative
(-ve) control. Afterwards, DCFDA dye (20 mM in 1X PBS) was added
to eachwell and the platewas incubated for 30min at 37 �C in dark.
The fluorescence was measured at excitation and emission wave-
length of 480 nm and 530 nm, respectively using Synergy H1,
Biotek Instruments, U.S.A.

2.15. Intracellular ROS measurement

The ROS scavenging potential of nanofibers was further studies
by fluorescence microscopy. Briefly, 10,000 cells were seeded in 96
well plate. When cells reached up to 75% confluency, they were
treated with 50 mM H2O2 for 30 min followed by incubation with
diluted extract of PGNF and PGNPNF. The extracts were collected
after immersing nanofibers in Tris for 30 min and 24 h respectively.
Control wells were treatedwith equal volume of Tris inmedia. After
24 h of treatment, cells were incubated with DCFDA dye for 30 min.
The cells were then washed with PBS and fixed with 2% para-
formaldehyde for 30 min. Afterwards, imaging was done under
florescent microscope (Axio Observer, Zeiss, Germany). The relative
fluorescence intensity was calculated from the images of different
groups by ImageJ software.

2.16. Cellular protection against ROS

The cytoprotective potential of the nanofibers against the ROS
was evaluated by determining the viability of the cells. The viability
was evaluated 24 h post treatment of ROS. Briefly, 50,000 cells were
seeded directly on PGNF, PGNPNF and TCPS (control). After 24 h,
cells were treated with 50 mM H2O2 in media for 30 min and then
incubated with normal media for next 24 h. Cells were then incu-
bated with alamar blue solution (0.15 mg/mL in PBS, pH ¼ 7.4) at
10% volume of the cell culture medium for 1 h; then the absorbance
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was measured at 570 nm using a multiplate reader (Synergy H1,
Biotek Instruments, USA). A graph of absorbance versus the number
of days was plotted using GraphPad Prism 5 software (USA). For
control, cells were grown on TCPS with the assumption that they
provide no antioxidant activity.

2.17. Statistical analysis

The results were analysed using GraphPad Prism 5 software
(version 5.01). The statistical comparison was carried out using
Student's t-test, with a p-value used to indicate significance.
(*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion

3.1. Nanoparticle characterisations

As, prepared CeNPs were characterized by TEM and DLS. The
size and shape of CeNPs were examined by TEM imaging. The
nanoparticles were of uniform size and appeared to be quasi
spherical in shape Fig. 1(a). Particles were found to be of ~42 nm in
size as shown by particle size distribution of TEM image Fig. 1(b).
The Zeta potential value of CeNPs suspended in water were recor-
ded as 30.8 mV Fig. 1(c), which depicts that particles are well stable
in colloid suspension.

3.2. Fabrication of nanofibers

Nanofibers have been fabricated by electrospinning of PCL and
gelatin. Studies have shown that blending of PCL and gelatin
overcomes the drawbacks of natural and synthetic polymers,
yielding a biomaterial that is biocompatible, has good mechanical,
chemical and physical properties and promotes cell adhesion [42].
Furthermore, PCL-gelatin nanofibers have been explored for ap-
plications in wound healing and skin regeneration [23,43]. PCL-
gelatin nanofibers have also been used as careers for drugs [44],
growth factors [30] as well as nanoparticles [45] and explored for
aiding in the wound healing process. CeNPs, have emerged as
candidates for enhancing the intrinsic wound healing mechanism
due to their antioxidant behaviour. In this study PGNF were fabri-
cated from a polymer solution of 10% w/v PCL, 20% w/v gelatin and
Fig. 1. Characterization of nanoparticles: (a) TEM image of CeNPs, (b) Particle size dist
25% v/v distilled water. PGNPNF were fabricated from polymer
solutions of 10% w/v PCL and concentration of gelatin varying in the
range of 10e20% w/v. Furthermore, two different concentrations of
CeNP solution (5 mM and 30mM) were used to synthesise PGNPNF
nanofibers (data not shown). The optimized PGNPNF nanofibers
were fabricated from a polymer solution of 10% w/v PCL, 20% w/v
gelatin and 25% v/v 30 mM CeNP solution. As PCL is hydrophobic
and gelatin is hydrophilic in nature, they have quite dissimilar
solubility in different solvents. HFIP is an organic solvent in which
both these polymers are soluble and it also serves as a good solvent
for electrospinning due to its higher volatility and conductivity.
Moreover, use of HFIP as a single solvent allows more miscibility
between PCL and gelatin and therefore results in homogenous
composition of nanofibers [46].

In addition to polymer concentration and solvent selection,
other parameters such as flow rate, distance and voltage were also
optimized in order to get bead-free nanofibers. Distance between
needle and collector is one of the most crucial parameters that
affect nanofiber morphology. To accommodate more number of
CeNPs, comparatively thicker nanofibers were required for this
study. Furthermore, increase in the distance between needle and
collector causes reduction in the electrostatic field strength and
hence results in increased fiber diameter [47]. Therefore, after
investigating different variables, we finalised 15 cm as the optimum
distance for PGNF fabrication, as it allowed proper solvent evapo-
ration as well as continuous bead free fiber formation.

Morphology analysis of PGNF and PGNPNF was carried out by
observing the nanofibers using SEM. The SEMmicrographs of PGNF
and PGNPNF shown in Fig. 2(a and b) reveal isotropic and randomly
oriented nanofibers with a seemingly smooth morphology. The
diameter of the PGNF nanofibers was calculated to be in the range
of 290e650 nm with a mean fiber diameter of 486 ± 110 nm.
Whereas, the diameter of the PGNPNF nanofiber was estimated to
be in the range of 300e760 nm with a mean fiber diameter of
611 ± 206 nm. Studies have shown that CeNPs are nonconductive in
nature [42]. Therefore, a CeNP containing solution may have
reduced conductivity and resulted into thicker nanofibers [25].

3.3. FTIR and XRD analysis

The FTIR spectra of PCL shows sharp characteristic peak of
ribution of CeNPs and (c) Zeta potential of CeNPs using dynamic light scattering.



Fig. 2. SEM images of randomly oriented (a) PGNF, (b) PGNPNF fabricated by electrospinning.
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carbonyl stretching at 1720 cm�1 and a smaller peak of asymmetric
and symmetric CH2 stretching at 2943 cm�1 and 2865 cm�1

respectively Fig. 3(a). While in case of gelatin, distinct peaks of
carbonyl stretching of amide-I group and NeH bending of amide-II
group were observed at 1640 cm�1 and 1540 cm�1 respectively.
This results confirm the presence of polymer but did not provide
any information on possible interaction between two polymers
[43,48]. However, the presence of amide and carboxyl groups on
nanofibrous surface are advantageous as it supports fibroblast
attachment and proliferation [49].

The X-ray diffractogram of PCL, PGNF and PGNPNF are shown in
Fig. 3(b). Two major sharp peaks were observed in the diffracto-
gram of PCL film at 21.3� and 23.8� that represent (11 0) and (2 0 0)
planes of a polyethylene like structure, respectively [27]. The PGNF
and PGNPNF showed a peak characteristic to PCL at the same
Bragg's angle of 23.8�, but at a much reduced intensity. Further-
more, crystallinity index i.e. area under curve was calculated from
the diffractogramwhich also shows the reduced crystallinity of PCL
in PGNF and PGNPNF. The area under curve has reduced from
21,412.05 for PCl film to 5789.65 for PGNF and 8084.475 for
PGNPNF. These results suggest that blending of PCL and gelatin
significantly reduced the crystallinity of PCL in nanofiber. However,
incorporation of CeNPs had relatively lesser change in crystallinity.
This reduced crystallinity in the nanofiber structure is beneficial as
it enhances cell adhesion and biocompatibility [27]. Indeed,
decrease in crystallinity will accelerate the PCL degradation which
is known to be slow degrading polymer. However, in current study
Fig. 3. (a) The FTIR spectra of gelatin powder (black), PCL film (red), PGNF (blue) and PGN
(blue).
relatively faster degradation was aimed for rapid release of nano-
particles. Reduction in the crystallinity corresponds with the
degradation study, which shows less degradation in PGNPNF
compared to PGNF.

3.4. Degradation study

The stability of the PGNF and PGNPNF meshes in a biological
environment was studied by a degradation study up to 14 days. The
nanofibrous meshes were allowed to degrade in PBS without any
external enzyme. In both cases, the PCL was degraded by hydrolysis
of ester linkage and exposed the eCOOH and eOH on nanofiber
surface [50]. The ionization of eCOOH groups increased the hy-
drophilicity followed by more water uptake leading to degradation
and release of nanoparticles. Fig. 4 (a,c,e) shows the degradation
profile of the PGNF nanofibers after 1, 4, and 14 days which indi-
cated significant morphological changes. During degradation very
few individual fibers were observed while most of the fibers of
different layers of the PGNF were fused together to form a
continuous non-fibrous mat like structure. A considerable decrease
in the fiber diameter was also remarked during the 14 day degra-
dation. The diameter of PGNF decreased to 367 ± 62 nm from an
initial diameter of 486 ± 110 nm after 14 day degradation period.
The significant loss of weight and fibrous nature made sample
brittle and difficult to handle. As can be seen from Fig. 4 (b,d,f), the
PGNPNF meshes demonstrated progressive degradation. The edges
of the interconnected nanofibers fused together and did not retain
PNF (green) (b): Wide-angle X-ray diffractogram of PCL film PGNF (red) and PGNPNF



Fig. 4. SEM micrographs of degradation study of PGNF after (a) day 1 (c) day 4 (e) day 14 and of PGNPNF after (b) day 1 (d) day 4 (e) day 14 in phosphate buffer at pH7.2.
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the distinct individual nanofiber morphology that was observed
before degradation. However, even during degradation the nano-
fibers still retained fibrous morphology and porous structurewhich
was lacking in case of PGNF meshes. Furthermore, it was also
accompanied with a decrease in the diameter from an initial
611 ± 206 nm to 387 ± 73 nm over a period of 14 days. Indeed, the
decrease in crystallinity expedited the rate of degradation, but in
case of PGNPNF the rate of degradation was relatively controlled
due to the presence of nanoparticles [51] which might have
resulted in the of bioactive composite formation of nanoparticles
and PCL-Gelatin [52].
3.5. Superoxide dismutase (SOD) enzyme mimetic activity
measurement

Superoxide dismutase is a naturally occurring enzyme which
neutralises the superoxide anions (O2

�) that are the primary ROS
generated in the body [53]. This antioxidant defence is essential for
cell survival. CeNPs show a catalytic activity analogous to the
naturally occurring SOD by alternating between two oxidation
states: 3þ and 4þ due to an oxygen vacancy/defect in its crystal
structure [19,54,55]. The presumed catalytic mechanism by which
CeNPs scavenge superoxide radicals is as follows [56]:

O2
� þ Ce3þ þ 2Hþ / H2O2 þ Ce4þ (Ce3þ is oxidised)

O2
� þ Ce4þ / O2 þ Ce4þ (Ce4þ is reduced)

To study the release and SOD like activity of PGNPNF in different
buffer i.e. Tris and PBS buffer, we have incubated PGNPNF in these
buffers for different time period (30 min, 24, 48 and 96 h)
Fig. 5(a,b,c and d) followed by SOD activity measurement. Result
depicts that PGNPNF suspended in Tris buffer retain their SOD ac-
tivity same as CeNPs suspended in water up to 24 h Fig. 5(a and b),



Fig. 5. SOD mimetic activity of CeNP in Tris after (a) 30 min (b) 24 h (b) (c) 48 h and (d) 96 h as measured by spectrophotometrically.
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whereas, slight decrease in activity was seen at 48 and 96 h Fig. 5(c
and d). Interestingly, CeNPs suspended in PBS showed less SOD
activity even at 30 min and 24 h Fig. 6(a and b), it under goes
complete activity loss at 48 and 96 h Fig. 6(c and d). It was previ-
ously reported by Singh et al. that phosphate shows interaction
with CeNPs to form cerium phosphate, which drops its SOD activity
[57]. Therefore, in our study similar results were obtained, CeNPs
released in PBS buffer shows interaction with phosphate probably
to form cerium phosphate which leads to altered SOD activity
whereas, in Tris buffer no such interaction occurred and particles
retain its activity. This study demonstrated that encapsulation of
nanoparticles into nanofiber does not reduce its scavenging activity
significantly. Moreover it shows the sustained release of biological
active Ce nanoparticles for 96 h. As claimed the immediate release
of nanoparticle would be desirable to counter the excess ROS
generation in the beginning of wound healing procedure. The
immobilization of Ce nanoparticles and their sustained delivery at
the site of injury or regeneration by porous nanofibrous mesh can
be explored for wound dressing material to skin tissue
regeneration.
3.6. Cell proliferation assay

The cell viability and proliferation of 3T3-L1 cells on PGNPNF
and PGNF over a period of 3 days was studied by alamar blue assay
(see Fig. 7). It was observed that cells were viable and proliferating
on both the samples however, the rate of cell proliferationwas ~17%
higher on the PGNPNF compared to PGNF after 24 h (see Fig. 8). The
higher cell proliferation on PGNPNF continued till 72 h where ~45%
more cell proliferation was observed. Furthermore, ~48% more cell
growthwas observed on PGNPNF after 72 h compared to PGNPNF at
24 h however, only ~18% growth was observed on PGNF till 72 h.
The steady increase in cell proliferation on PGNPNF can be attrib-
uted to the incorporated CeNPs that would have released in the
culturemedium. Previous studies have shown that CeNPswere able
to improve cell survival by decreasing the intracellular levels of ROS
produced as a result of metabolic activities, which otherwise causes
cellular damage [14,20].
3.7. In vitro antioxidant study (indirect method)

In order to explore whether the CeNPs released from PGNPNF
were effective in scavenging ROS, a DCFDA fluorogenic probe based
assay was carried out. The 3T3-L1 cells were treated with H2O2 in
order to generate ROS. Afterwards the cells were incubated with
the extracts of PGNF, PGNPNF or Tris buffer (eve control). As shown
in Fig. 9, there is ~12% decrease in fluorescence intensity of DCF
observed for cells treated with PGNF extract compared to negative
control and a much more significant (~30%) decrease in the DCF
intensity for cells treated with PGNPNF extract. The decrease in the



Fig. 6. SOD mimetic activity of CeNP in PBS after (a) 30 min (b) 24 h (c) 48 h and (d) 96 h as measured by spectrophotometrically.

Fig. 7. 3T3 L1 cell viability and proliferation study on PGNF and PGNPNF after 24, 48
and 72 h as measured by alamar blue assay.
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fluorescent activity indicates a ROS scavenging potential of the
extract. The PGNF extract might contain gelatin and peptides due to
partial degradation of gelatin which have a potential of scavenging
ROS [58,59]. The extract of PGNPNF nanofibers is more efficient in
scavenging ROS since it also contains CeNPs which are known
potent ROS scavengers [20].

3.8. Intracellular ROS measurement

In corroboration with the anti-oxidant study of nanofibers,
fluorescence microscopy was performed to quantify the ROS
scavenging activity of the extract. The results depict the reduced
levels of fluorescence as a function of corrected total cell fluores-
cence, which was calculated by ImageJ software. As shown in
Fig. 10, the fluorescence has reduced by 77% and 71% in the PGNPNF
extract treatments collected at 30 min and 24 h respectively
compared to control. However, no significant decrease was
observed in the PGNF extract treatments. This signifies the role of
PGNPNF to scavenge the ROS.

3.9. Cellular protection against ROS

In corroboration with cell proliferation assay and In vitro anti-
oxidant study, the cell viability was observed to be increased
significantly on PGNPNF after 24 h of H2O2 treatment compared to
the control Fig. 11. The ~3 fold increase in the cell viability could be
because of the antioxidant and ROS scavenging activity of the
PGNPNF. However, the growth was not significant on PGNF (~1.2
fold increase) compared to the control. The build-up of ROS causes
oxidative damage to cellular components and creates adverse effect
on cell growth [60]. Less cell viability on PGNF indicates the build-
up of oxidative damage because of their inadequate ROS scavenging
nature when compared to control. However, ROS inhibitors
enhance the cell viability and proliferation by reducing the oxida-
tive damage [61]. Therefore, increased viability of cells on PGNPNF
can be correlated to their antioxidative and ROS scavenging activity.

4. Conclusion

Elevated level of ROS at the wound site results in impaired



Fig. 8. SEM micrographs of 3T3 L1 fibroblast cells grown for 24 h on (a) PGNF and (b) PGNPNF.

Fig. 9. ROS level measurement in 3T3-L1 by DCF fluorescence intensity.

Fig. 11. 3T3 L1 cell viability against the ROS measurement by alamar blue assay.
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wound healing. Therefore, nanoparticles possessing antioxidant
activity have been explored for the wound healing applications.
CeNPs are well known for their antioxidant properties because of
their ROS scavenging activity. Hence, they protect the cells from
oxidative damage by actively scavenging the ROS. In this study, ECM
mimicking nanofibers loaded with CeNPs were electrospun and
studied for release and SOD mimetic activity. The significant
reduction in PCL crystallinity due to gelatine blending influences
Fig. 10. Fluorescence microscopy images of (a) control (b) PGNF 30 min (c) PGNF 24 h (d) P
groups.
degradation behaviour of scaffold. The dissolution of uncross-
linked gelatine ensured the immediate release of nanoparticles as
showed in SOD mimetic studies, whereas PCL ensured the struc-
tural integrity of nanofibers. Furthermore, SOD mimetic activity
shows the antioxidant effect of PGNPNF in different buffer systems.
Because of its antioxidant potential, enhanced cell growth on
GNPNF 30 min (e) PGNPNF 24 h and (f) corrected total cell fluorescence of respective
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PGNPNF was observed by alamar blue assay and SEM, which was
corroborated with the ROS scavenging activity of PGNPNF.
Furthermore, cyto-protection of 3T3-L1 cells from the oxidative
damage of H2O2 also confirms the antioxidant and cell protection
activity of PGNPNF. Therefore, PGNPNF meshes can be explored as
wound dressing material for their antioxidant potential.
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