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Starch is an attractive polymer for wound healing applications because of its wide availability, low cost,
biocompatibility, biodegradability and wound-healing property. Here, we have fabricated starch-based
nanofibrous scaffolds by electrospinning for wound healing applications. The diameter of the opti-
mized nanofibers was determined by field emission scanning electron microscopy (FE-SEM) and was
found to be in the range of 110—300 nm. The mechanical strength (0.5—0.8 MPa) of the nanofibrous
scaffolds was attuned using polyvinyl alcohol (plasticizer) and glutaraldehyde (crosslinking agent), to
impart them with sufficient durability for skin tissue engineering. Absence of negative interactions be-
tween the polymers was confirmed by Attenuated Total Reflectance-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR), differential scanning microscopy (DSC) and thermal gravimetric analysis (TGA).
Cellular assays with L929 mouse fibroblast cells indicated the ability of the scaffolds to promote cellular
proliferation, without exhibiting any toxic effect to the cells. Thus, the nanofibrous scaffolds demon-
strated potential 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

offers flexibility to manipulate the fiber dimensions to provide
surface area and porosity suitable for diverse biomedical applica-

Tissue engineering is an interdisciplinary biomedical approach
that aims to regenerate, reconstruct or repair damaged tissues by
supporting the cells with the help of artificial 3D materials [1].
These 3D scaffolds material assist in mimicking the activity of
natural extracellular matrix that accommodates the cells in their
natural milieu [2]. The cells proliferate and migrate within this
matrix to assume their inherent orientation and arrangement. The
entire process is governed by the dimension, pore geometry and
pore size of the scaffolds, which play a critical role in providing
oxygen and nutrient transport to the growing cells. Although
various processes have been investigated to develop scaffolds with
varying physicochemical properties, the electrospinning technique
has proven to be particularly attractive due to its ability to generate
scaffolds composed of uniform nanofibers. Moreover, the method
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tions. A particularly attractive application is the ability of these
nanofibrous scaffolds to simulate the natural extracellular matrix
(ECM) and allow adhesion and proliferation of cells seeded on their
surface [3]. Besides, the nanofibers provide a surface area to volume
ratio and suitable tensile strength to sustain cellular growth. These
properties have encouraged increasing employment of this tech-
nique in tissue engineering and for fabricating biomedical implants
[4]. Despite the simplicity of the process, processing of natural
polysaccharides by electrospinning remains a challenging task. The
complex chain conformation of polysaccharides and their hydro-
dynamic responses and repulsive forces, while in solution, nega-
tively influence the spinning efficiency and production of
reproducible nanofibers from this class of polymers. In this inves-
tigation we have employed electrospinning for producing nano-
fibrous scaffolds of starch biopolymer. Starch-based biomaterials
and it scaffolds have been previously used for several biomedical
applications [5]. Starch, as a material by itself, has been explored for
wound-healing [6—8]. Also, starch-based scaffolds have been used
for adhesion, proliferation, differentiation and regeneration of cells.
In recent study, enhanced regeneration of epithelial tissue was
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achieved during wound healing, with the help of collagen, chitosan
and starch membrane. Thus, starch-based scaffolds have immense
therapeutic significance in wound healing [9]. It has received much
attention in drug delivery and other biomedical applications
because of its extensive availability, low cost and total compos-
ability without generating any hazardous residues. Employment of
starch for biomedical functions is also appealing due to its simi-
larity to the native cellular milieu [10]. However certain funda-
mental properties of starch such as its mechanical properties and
moisture sensitivity have to be manipulated to enable its applica-
tions in tissue engineering, at par with some commercial expensive
polymers [11]. The inherent properties of starch can be altered by
with help of polyvinyl alcohol (PVOH), a non-toxic, water soluble,
biocompatible, synthetic polymer that can reduce the repulsive
forces produced in starch solution and can thus allow electro-
spinning of its fibers [12]. Another important attribute of starch is
its tendency to undergo gelation upon heating, which confers it
Non-Newtonian fluid nature. Retrogradation is another character-
istic of starch that causes its separation from water, upon cooling,
resulting in two different phases [13]. These properties of starch
may complicate its electrospinning in the form of aqueous solution,
stressing the need to employ a modified solvent system.

In the present work, we report the development of starch-based
nanofibrous scaffolds using PVOH as the plasticizer. Electrospun
nanofibers of starch-PVOH combinations were successfully devel-
oped using hydro-alcoholic solvent for the polymers, for end-
application in wound healing. The process was optimized to yield
nanofibers with diameters ranging between 110 and 300 nm. The
nanofibrous sheet was subsequently cross-linked to enhance its
mechanical properties. Evaluation of the optimized nanofibrous
scaffolds in cellular assays involving L929 mouse fibroblast cells
demonstrated their non-toxicity and their ability to promote
cellular proliferation.

2. Materials and methods
2.1. Materials

Potato starch was kindly gifted by Signet Chemical Corporation
Pvt. Ltd., Mumbai, India [14]. Absolute ethanol and glutaraldehyde
were received from SD fine Chem. Ltd., Mumbai, India. Water sol-
uble PVOH (MW ~ 18,000 ¢g/mol; Degree of
hydrolysis = 86.5—89.0 mol %) was purchased from Himedia Lab-
oratories, Mumbai, India. The electrospinning unit, EspinNano-2,
was procured from Physics equipment, Chennai, India. Dulbecco's
Modified Eagle Medium (DMEM) and EZBlue Cell Assay kit were
obtained from Himedia Laboratories, Mumbai, India. The cell line
1929 mouse fibroblast was procured from National Centre for Cell
Sciences (NCCS), Pune, India. Deionized and double-distilled water
(Milli-Q Plus system, Millipore, Bedford, MA, USA) was used in all
the experiments.

2.2. Preparation of nanofibers using electrospinning

The electrospinning unit (EspinNano-2, Physics equipment,
Chennai, India) was equipped with syringe of 5 mL volume and
needles with internal diameter of 0.5 mm. In brief, a blend of starch
and PVOH in water was heated up to 70 °C for preparing a homo-
geneous polymeric solution. Starch to PVOH (S/PVOH) ratio was
maintained at 30:70 w/w during the experiments. The spinning
dope was prepared at different polymer-blend concentrations of
10%, 12% and 14% w/v using 10% v/v absolute ethanol as the solvent
system. Various process parameters were optimized to obtain
nanofibers of suitable dimensions. The flow rate was varied be-
tween 0.3 mL/h to 0.5 mL/h, while the voltage was varied between

15 and 37 kV. A rotating collector drum covered with aluminum foil
was used to collect the ejected fibers, whose distance from the tip
of the needle was varied in between 13 and 23 cm.

2.3. Surface morphology

The surface morphology of the nanofibers was studied by Field
Emission Scanning Electron Microscopy (UltraPlus Zeiss-4048,
Germany). Small pieces of nanofibrous mats were used for the
investigation (3 mm x 3 mm). The samples were sputter coated
with gold (Quorum Technology, Q150ES, UK) for 30s. The coated
samples were mounted over the stubs with the help of carbon tape
and analyzed at acceleration voltage of 15 kV, at 0.2 to 0.3 bar, with
working distance of 15 cm. The average diameter and standard
deviation of fiber was calculated using image analysis software
(Image] software v1.383, National Institutes of Health, USA). All
samples were analyzed in triplicate.

2.4. Crosslinking of nanofibers

The nanofibrous mats were cross-linked to enhance their me-
chanical property. The prepared mats were compressed on a
compression machine (Model MP-15; Technosearch Instruments,
Mumbai, India) under a pressure of 10 ton, at room temperature in
order to improve their mechanical properties, uniformity and also
to minimize the void contents between fibers. Then compressed
mats (dimension of 10 mm x 10 mm) were immersed in glutaral-
dehyde solutions of varying strengths (25%, 15%, 12.5% and 5%v/v;
1 mL) for 12 h. Thereafter, glycine solution (1 mL; 0.02M) was added
and kept for 6 h to remove excess glutaraldehyde. The samples
were then washed with water, six times, periodically at intervals of
30 min to remove glycine or glutaraldehyde.

2.5. Mechanical strength

The tensile or mechanical strength of the nanofibrous mats was
measured using Universal Tensile Machine (UTM) (Tinius Olsen,
Model H5KS, USA). Cross-linked scaffolds were cut into sections of
dimensions 13.5 cm x 2.5 cm. The resulting scaffolds were moun-
ted between two clamps and stretched at rate of 50 mm/min with
an applied load range of 50 N and gauge length of 50 mm. Tensile
strength was recorded in triplicate (n = 3) at room temperature and
average value was calculated.

2.6. Attenuated total reflectance fourier transform infrared
spectroscopy (ATR-FTIR)

The presence of functional groups was confirmed by Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR
FTIR; Model-Bruker Alpha platinum FT-IR supported with Opus
software). The spectra were obtained between wave numbers 400
to 4000 cm~. Samples of nanofibrous mats were dehydrated by
vacuum drying (45 °C) and then placed over the diamond crystal for
analysis. 20 scans were recorded for each spectrum. Smoothing was
done wherever necessary to reduce the noise, without loss of any
peak. The effect of crosslinking was also studied to study any
chemical interaction between the polymers or the amide bond
formation during crosslinking.

2.7. Differential scanning calorimetry

Analysis of any possible polymer interaction and the thermal
transitions was conducted using Differential Scanning Calorimetry
(DSC; Perkin Elmer Model-6, USA). A fixed amount of sample
(10 mg) was used throughout the analysis. The weighed samples
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were taken into aluminum pans and were hermetically sealed.
Empty pan was used as reference. The scans were recorded from
37 °C to 450 °C, at heating rate of 10 °C/min, under nitrogen.

2.8. Thermo gravimetric analysis

The degradation rate of the nanofibrous mats was studied by
Thermo Gravimetric analysis (TGA; Perkin Elmer Model-6, USA).
The samples were dried at 37 °C for 6 h, prior to analysis. 10 mg of
each sample was heated at a constant rate of 10 °C/min. The TGA
trace was obtained in the temperature range from 40 to 500 °C,
under nitrogen flow rate of 30 mL/min. Graphs of percent weight
loss versus temperature were used for interpretation.

2.9. Water uptake

The crosslinked scaffolds of S/PVOH, prepared with different
concentrations of the polymer blend, were vacuum dried and
immersed in water over period of 15 days. For water uptake study,
different mats were used and immersed separately for different
time intervals. The water uptake of the mats was calculated on wet
and dry basis by using the following Equation (1). The excess water
was wiped from the scaffolds before performing the calculations.

(Gs — Gi)

Water uptake(%) = i =x100 (1)

where, Gi represents initial dry weight of the nanofibrous mat, and
Gs is the weight of the nanofibrous mat in wet state [15].

2.10. Cellular proliferation and cytotoxicity studies

Cellular safety and proliferation of the optimized cross-linked
scaffolds were evaluated by testing cellular cytotoxicity using
EZBlue Cell Assay kit (Himedia Laboratories, Mumbai, India). The
cell line used for cytotoxicity assay was L929 mouse fibroblast cell
line (ATCC CCL 1). The cells were cultured in 24 well plate in DMEM
F12 (Himedia Laboratories, Mumbai, India) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen, USA), and 1% Antibiotic-
Antimycotic (100 x ; Life Technologies, Mumbai, India) contain-
ing Streptomycin, Penicillin and Amphotericin B. The media was
replaced every 72—96 h. The cells were trypsinized and cell number
was calculated using a haemocytometer. The resulting cell sus-
pension was centrifuged (Remi, Mumbai, India) for 5 min at 20 °C
and re-suspended in supplemented media. Each scaffold sample of
dimensions 10 mm x 10 mm was sterilized using 70% ethanol and
further exposure to UV radiations for 20 min. The scaffolds were
then seeded with cells at the density of 1.5 x 10° cells. Cross-linked
nanofibrous mats with cells were incubated at 37 °C, with 5% CO,,
with 1 mL of supplemented media in each well. Constructs were
evaluated using EZblue blue assay kit at day 1, 3, 5 and 7, post
seeding. The medium in the wells containing scaffolds was replaced
with medium (1 mL) containing 10% EZBlue blue dye (10% EZBlue
blue, 80% media and 10% FBS) and incubated for 3 h. Thereafter,
300 pl of the medium containing EZBlue blue dye was pipette out
and the optical density was measured at 570 nm keeping 600 nm as
a reference wavelength, using a microplate spectrophotometer
(Synergy H1 Model, BioTek instruments, Inc., VT, USA) [16,17].
EZblue blue dye is not toxic to the cells and does not kill the cells to
obtain measurements, as in case with 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl-tetrazolium bromide (MTT). This allows cells to
be reused for further investigations, if needed. All the samples were
analyzed in triplicates (n = 3).

2.11. Statistical analysis

Statistical analyses were performed using one-way ANOVA fol-
lowed by Bonferroni's post-hoc comparisons tests. A comparison
between all pair columns test was performed using GraphPad
Prism version 5.0 software for windows (GraphPad Prism San Diego
California USA). A p-value <0.01 was considered to be statistically
significant, while those p-value<0.05was considered to be highly
significant.

3. Results and discussion

Polymeric materials have proven as useful support systems to
promote cellular growth in artificial tissue engineering. Their po-
tential to mimic natural conditions has been observed to promote
cell adhesion, proliferation, differentiation, ECM formation and
ultimately tissue regeneration. Amongst the range of polymers that
may be processed for scaffold fabrication, starch is a natural
biopolymer that exhibits plentiful availability, complete biodegra-
dation and hence safety, and potential for wound healing [9]. These
properties, along with its economic nature, render it as a suitable
material for fabricating an affordable scaffold product for extensive
applications. The physicochemical properties (viscosity, perme-
ability, water absorbency, gel formation) of starch make it
amenable for processing by electrospinning [18,19], a method that
can produce uniform and aligned nanofibers with dimensions
similar to that of natural ECM. Furthermore, this process, which was
originally used in textile industry, is suitable for scale-up allowing
generation of commercial quantities of nanofibrous materials.
However, processing of natural biopolymers, like starch, by elec-
trospinning is a challenging task that was addressed in the scope of
present research.

3.1. Preparation of nanofibers using electrospinning

Morphology of nanofibers is largely influenced by several fac-
tors including viscosity, concentration, conductivity and the surface
tension of polymeric solutions that are processed. Starch to PVOH
(S/PVOH) ratio was maintained at 30:70 w/w during the experi-
ments as the ratios containing higher percentages of starch or
equivalent weights of starch and PVOH did not yield fibers of suf-
ficient mechanical strength (data not shown). Starch is hydrophilic
and moisture sensitive polysaccharide that makes it difficult to be
processed by electrospinning. Also starch undergoes gelatinization
upon heating due its constituents, amylose and amylopectin. The
solution crystallizes upon cooling, the phenomenon termed as
retrogradation of starch [11]. Hence incorporation of a plasticizing
agent like PVOH is highly critical for electrospinning starch nano-
fibers for improving the uniformity and the bonding between
polymer chains in solution [12]. Furthermore, PVOH is a non-toxic,
biocompatible semi-crystalline polymer, which possesses excellent
strength, gas permeability and thermal characteristics [20]. Hence
inclusion of higher amount of PVOH in the polymer blend was not
anticipated to negatively influence the scaffold properties during
cellular investigations.

3.2. Effect of polymer properties and solvent system on fiber
formation

The concentration and hence viscosity of the polymeric solution
bear the most significant influence on fiber properties. Further, the
concentration of polymeric blend influences the properties of
electrospun fibers. At low polymeric concentration, surface tension
dominates viscoelastic forces and results in beaded and non-
uniform fiber formation. Whereas, at high concentrations
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viscosity increases which affects jet or Taylor cone formation and
hence spinning, resulting in formation of thicker fibers [21]. The
initial trials taken with aqueous polymer solutions lower than 10%
w/v resulted in electrospraying. This was conjectured to be due to
lower conductivity of polymer solution as stated in earlier reports,
with alternate polymers [22]. In order to promote sufficient long-
chain entanglement between polymer chains to enable formation
of continuous fibers, the polymer blend was dissolved in a mixture
of water and 10% v/v of ethanol, based on its ability to solubilize the
polymers (data not shown) and to avoid the cellular toxicity asso-
ciated with alternative organic solvents like dimethyl sulfoxide that
have higher solubilization potential for starch [23,24]. Also inclu-
sion of a non-hazardous solvent like ethanol was thought to be
suitable to enable its easy removal from the fibers at a later stage.

3.3. Effect of flow rate

At the optimum flow rate the feeding rate is proportional to the
electrospinning speed, which results in stable Taylor cone forma-
tion and formation of uniform fibers due to sufficient evaporation
of residual solvent. A lower flow rate is desirable to produce fibers
of smaller diameter as it enables solvent removal until the polymer-
fluid jet reaches collector [25]. In our study, we found that the flow
rate of 0.3 mL/h resulted in slightly reduced fiber diameter than
that with 0.5 mL/h as stated in Table 1. At flow rates deviating from
the optimum, asymmetric Taylor cones are formed which results in
production of fibers with wide distribution. Although the fiber
diameter with lower flow rate (0.3 mL/h) was slightly lesser than
that obtained with a higher flow rate (0.5 mL/h), the mechanical
strength of the former fibers was significantly lower than the fibers
obtained with higher flow rates. Also at higher flow rates (>0.5 mL/
h), more amount of polymer solution is ejected through the tip,
which results in thicker fibers (results not shown as nanofibers
were not obtained). Thus, for further studies the flow rate was
optimized at 0.5mL/h.

3.4. Effect of tip to collector distance (TCD) and collector type

The TCD governs the average diameter of electrospun fibers by
affecting the strength of electric field and hence their stretching. It
has been reported that increased distance results higher jet insta-
bility, which increases the fiber diameter and number of beads [26].
The TCD has also been known to influence fiber morphology. At
shorter TCDs, the electrical field is strong and produces whipping
instability that may result in multiple jet formation and beaded
fiber formation [16]. In case of very high distances, the strength of
electric field becomes too weak to support adequate deposition of
fibers over the collector. Thus the optimization of TCD becomes
important factor to obtain uniform and bead free fibers. When the
experiments were carried out at TCD of 23 cm, at the voltage of
25 KV, the resulting fibers possessed lower mechanical strength
(<10 kPa). However, when the process was performed at 13 cm, at
the voltage of 25 kV, the mechanical strength of the fibers improved

Table 1
Influence of flow rate on fiber diameter.

Flow rate of polymer Polymer concentration (% w/ Fiber diameter

solution w) (nm)

0.3 ml/h 10 1729 + 17.83
12 185.2 + 7.96
14 220.1 + 29.37

0.5 ml/h 10 1733 £ 19.14
12 206.3 + 13.28
14 237.0 + 22.52

to values between 10.32 and 16.58 kPa, with varying polymer
concentrations, as shown in Table 3. The values further improved by
crosslinking with glutaraldehyde, as discussed in the subsequent
sections of this manuscript. Improved mechanical strength when
spinning was done at lower TCD may be attributed to appropriate
collection of fibers over the collector because of reduced TCD.
Generally, while spinning the electric field is generated this is
dependent of TCD and the voltage. This electric field determines
rate of fiber formation. In our findings it was observed that the fi-
bers collected at drum collector have uniformity in terms of me-
chanical value (data not shown) as compared to that of plate
collector. Thus the drum type of collector was used for experiments.

3.5. Effect of voltage and polymer concentration

The electric field strength, which is the ratio of voltage to dis-
tance, also has a significant impact on the fiber diameter. Re-
searchers observed that at lower starch concentrations, the voltage
require to pull the jet was more compared to that required at high
concentrations [27]. Furthermore, Sukigara et al. [28] have reported
any deviation from optimum ratio of voltage to distance was found
to increase the fiber diameter. It has further been reported that
reduction in the electric field strength results in decreased electric
stress on the starch dispersion, which results in reduced efficiency
in jet formation. On the other hand increasing the electric field
strength accelerates the jet with a very high speed to result in high
instability and formation of beaded fibers. Although fiber formation
occurs when the voltage reaches its threshold values, contradictory
results have been reported regarding the effect of voltage during
electrospinning. Reneker et al. [29] have reported no significant
impact on fiber morphology due to applied voltage. While Zhang
et al. [30] have stated that higher voltage results in ejection of more
polymer, which leads to formation of thicker fibers [31], and bea-
ded morphology [32,33]. Also higher voltage has been known to
increase the electrostatic forces, resulting in increased split ability
and rapid ejection fiber from the needle end [25].

In our study, three different voltages viz. 15 kV, 25 kV and 35 kV
were employed to study their effect on fiber formation at 13 cm
TCD. At 15 kV, fiber formation was not observed, probably due to
generation of insufficient electric field. Figs. 1 and 2 represents the
effect of voltage (35 and 25 kV) on size of nanofibers at various
polymer concentrations. At 25 kV voltage, uniform and thin
nanofibers (<160 nm) were observed, without any beads. Figs. 1D
and 2D represents relationship of polymer concentration versus
fiber diameter at 25 kV and 35 kV, respectively. A voltage of 35 kV
resulted in thick, beaded fibers shown Fig. 2D. Thus, a voltage of
25 kV was considered to be suitable for fabrication of nanofibers, as
shown in Fig. 1D. Further, the fiber morphology is influenced by the
viscosity as well as surface tension of polymer solution. Surface
tension tends to reduce surface area per unit mass that results in
formation of droplets or particles while viscosity promotes fiber
formation. At low polymeric concentration, surface tension domi-
nates viscoelastic forces and results in formation of beaded and
non-uniform fibers. On the contrary, higher concentrations result in
viscous solutions that affect jet or Taylor cone formation and hence
spinning, thus giving thick fibers. In this study, formation of uni-
form fibers was observed at higher polymer concentration of 14%
w/v. Concentrations lower than 10% w/v resulted in electro-
spraying, rather than spinning.

3.6. Mechanical strength analysis
The tensile or mechanical strength of nanofibers plays an

important role during their end-application. Salgado et al. [34]
reported that the tensile strength measures the force required to
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Table 2
Solution process parameters optimized for electrospinning of nanofibrous mats.

Solution Parameters

Polymer concentrations

Starch: PVOH

Solvent System

Electrospinning process Parameters

10, 12, 14 %w/v
30:70 w/w
10% Ethanol

Applied voltage 25 kV

Spinning Distance 13 cm

Flow rate 0.5 ml/h
Table 3

Effect of tip to collector distance (TCD) on mechanical strength and diameter of
nanofibers.

Tip to collector Conc.(% w/v) Mechanical Strength Diameter (nm)

distance (cm) (kPa)

23 10 6.2 144.7 £ 10.13
12 7.8 168.9 + 27.08
14 9.6 269.0 + 23.89

13 10 10.32 94.18 + 3.61
12 12.70 118.8 + 11.84
14 16.58 162.1 + 27.02

withstand the maximum stress per unit area for a sample. The
nanofibrous mats were analyzed for mechanical strength by uni-
versal tensile machine. The mechanical strength of a single layer of
S/PVOH nanofibrous mat was found in range of 10—15 kPa, which is
sufficient to maintain structural integrity during the in vitro and/or
in vivo growth and remodeling process. The achieved mechanical
properties are in accordance with previous reports [34]. However,
the resulting nanofibrous mats easily dissolved in water in less than
0.5 h due to hydrophilic nature of starch and the PVOH. Therefore,
these nanofibrous mats were further cross-linked to improve their
mechanical strength and wet-stability to values sufficient for
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promoting cell growth and proliferation. Various cross-linkers have
been reported including polyamide epichlorohydrin resin, glyoxy-
lated polyacrylamide resin, formaldehyde derivatives and glyoxal
[23]. Among these, glutaraldehyde is frequently used for tissue
engineering applications. In this study, various concentrations of
glutaraldehyde were studied for their cross-linking ability and
optimized depending upon the enhancement in water stability.
When the mats cross-linked using higher concentrations of
glutaraldehyde (25 and 15% v/v) were incubated with cell culture
medium to be used in subsequent cellular studies, the medium
turned highly acidic as indicated by its pale yellow color, which may
be due to incomplete removal of glutaraldehyde or glycine. Thus
these were considered unsuitable for further studies, as they would
result in cellular toxicity. When cross-linking was conducted with
lower concentrations i.e. at 5%v/v glutaraldehyde, the resulting
products dissolved within 4 h in water, which indicated insufficient
mechanical strength due to lower degree of cross-linking. Thus
optimum crosslinking was observed at a concentration of 12.5%v/v
of glutaraldehyde. The tensile strength of crosslinked nano-
fibers(CNF) mats increased to 0.57 MPa, 0.79 MPa and 0.88 MPa,
respectively for mats containing 10, 12 and 14% w/v of polymer
blend, which was within the acceptable limits as reported in
literature [35]. Several studies have reported varying values of
tensile strength ranging from 0.7 to 18.0 MPa as sufficient for
dermal cell culture [36—38]. Also, the nanofibrous scaffolds can
have the potential as wound dressing bandage or film that may be
applied to the skin to allow cell regeneration by mimicking natural
ECM. Further, our CNF mats were found to be stable over a period of
28 days. ATR-FTIR analysis was conducted to check presence of
traces of glutaraldehyde or glycine, which showed no chemical
change due to glutaraldehyde or glycine. Thus, these cross-linked
nanofibers were used for further cellular studies. Table 2 depicts
the optimized parameters for polymer solution and electrospinning
process that was employed to process nanofibrous mats for further
studies.
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Fig. 1. SEM images of nanofibers at polymer concentrations of (A) 10%w/v, (B) 12%w/v and (C) 14%w/v at polymer ratio 30:70%w/w of S/PVOH with 0.5 mL/h flow rate and (D) graph
relationship of S/PVOH concentration versus diameter at 25 kV Voltage [*p-value <0.05, **p-value <0.01, ns: non-significant (p-value >0.05)].
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Fig. 2. SEM images of nanofibers at polymer concentrations of (A) 10%w/v, (B) 12%w/v and (C) 14%w/v at polymer ratio 30:70%w/w of S/PVOH with 0.5 mL/h flow rate and (D) graph
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3.7. Attenuated total reflectance-fourier transform infrared
spectroscopy (ATR-FTIR)

Molecular and the functional group characterization were car-
ried out using ATR-FTIR to understand the polymer interaction and
confirm any unfavorable interaction. The spectra of starch and
PVOH were taken as control and compared with that of the mats
(Fig. 3). In case of spectrum of starch, characteristic peak at 3300-
3400 cm™~! confirmed the presence of OH and COOH groups. The
broad band at 2900 and 3000 cm™~! were indicative of -CH, and
-CHsgroups, respectively [38]. The presence of -OH stretching vi-
brations at 3292 cm~! and the -CH stretch of alkane could be seen
at 2918 cm~! in IR graph of starch. The sharp peak at 992 cm~! was
attributed to =C-H bend [39].

Similarly in case of PVOH, the dominant absorption peaks at
3306 cm 1, 2926 cm 1, 1712 em ! and 1129 cm™! were attributed
to the -OH stretch of carboxylic acids, CH-OH, C=0, C-O of pure
PVOH, respectively [36]. The band at 1329 cm~! was observed due
to coupling of OH in plane vibrations and the band at 1424 cm™!
was CH wagging vibrations [34]. The spectra of nanofibrous mat
containing 10%, 12% and 14% w/v of polymer blend exhibited
presence of both the polymers. Here, —OH stretch was observed
between 3100 and 3400 cm~!, which indicated the presence hy-
droxyl groups of both starch and PVOH. The characteristic -CH
stretching vibrations were observed at 2800 to 2900 cm™ . The
sharp peaks at 1727 cm ™! and 1724 cm ™! confirmed the presence of
—C=0 bonding of carboxylic acid functional group of starch. Peaks
were observed at 1080 cm™~! to 1150 cm ™! showing C-O-H groups of
alcohol and carboxylic acid. The characteristic bands at 1000 to
1300 cm~! corresponded to the C-O stretch of alcohols and car-
boxylic acids [40]. The region between 1100 and 1200 cm ™! and the
peak at 1129 cm~!, were contributed by the crystallinity of PVOH
[32]. The peak at 1022 cm ™! observed in the spectra of nanofibrous
mats was due to the amorphous nature of starch that was

contributed by its heating at 70 °C, during the preparation of starch
solution [17]. There was no significant peak shift observed in any of
the IR spectra of nanofibrous mats, which indicated absence of any
chemical interaction during electrospinning. In Fig. 4, crosslinked
scaffolds exhibited the peak at around 2925 cm ™, corresponding to
C-H stretching of aldehyde group of glutaraldehyde. These results,
which are consistent with earlier reports [41,42], which confirmed
the crosslinking of nanofibers with glutaraldehyde. Thus, the study
revealed absence of any unfavorable chemical interaction between
the polymers leading to altered properties of nanofibers. Thus fiber
formation was successful at 30:70 w/w ratios of starch and PVOH, at
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Fig. 3. ATR-FTIR spectra (A) pure starch, (B) pure PVOH, (C) 10%w/w, (D) 12%w/w, (E)
14%w/w S/PVOH nanofibers.
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the voltage of 25 kV. No peak indicative of amine or aldehyde was
observed, which suggested that the CNF had no traces of glutaral-
dehyde or amine and hence can be considered for cellular
investigations.

3.8. Differential Scanning Calorimetry

DSC of individual polymers as well as the nanofibrous mats was
recorded to analyze the variations in thermal transitions that may
have occurred during the process of electrospinning. During this
process, we expect phase transition of polymer and rapid solvent
evaporation [43]. In-process electrospinning measurements, we
also expect that high elongation of the polymeric network results in
stretching of polymer macromolecules and consequently in the
formation of nanofibers with a high degree of molecular orienta-
tion [44]. Thermal transitions occur when pure starch is heated
with aqueous media, which is called as gelatinization of starch. The
process can be defined as the one in which insoluble starch are
converted into a solution of its constituent molecules [45]. In our
investigation, Tg (glass transition temperature) of starch was
observed at the temperature of 88.49 °C (Fig. 5A), which was higher
than the reported values. Generally, the first endothermic or ‘G
curve’ is indicative of the glass transition temperature of a polymer,
which for starch is known to range between 61 and 85 °C [46]. The
increase in glass transition temperature may be attributed to
variation in amylose content of our starch sample as compared the
ones reported in literature. The increase in onset temperature may
have been because of the heat supplied to the solution that may
have lead to the disruption of hydrogen bonds between the
branched chains of amylose and amylopectin [17]. Moreover re-
searchers have reported that although the DSC curves of poly-
saccharides do not exhibit any clear Tg features, crystalline regions
exists in some crystalline polysaccharides due to presence of strong
intra- and inter-hydrogen bonding and heterocyclic units [47].
When the crystallites are more stable, they need excess thermal
energy to breakdown the structures, which results in a second
endothermic called ‘M1 curve.’ In our study, this was observed in
case of PVOH, as shown in Fig. 5B, the curve at 323.08 °C was
thought to be due to excess thermal power required to degrade the
crystallites. The Tg of PVOH was observed at 76.74 °C, whereas the
melting point was seen at 195.5 °C. The melting point of the PVOH
is dependent on its molecular weights. While the melting of crys-
tallites is controlled by its molecular mobility in amorphous region
[47]. The DSC thermo grams of nanofibrous mats formulated with
10, 12 and 14% w/v of polymer blend have been depicted in Fig. 5C,
D and E. The studies revealed that as the concentration of polymeric
solution was increased from 10% w/v to 12%w/v and then 14%w/v,
there was an increase in the glass transition temperatures of the
fibrous mat from 71.81 °C to 72.92°Cand then 75.26 °C. However,
the Tg in case of all nanofibers was lower than that of the individual
polymers. This decrease may be due to high mobility of molecules
and formation of strong intermolecular hydrogen bonds within the
polymers during fiber formation [48,49]. In other words, this may
also due to improved orientation of molecular chains, lower
entanglement of polymers and higher surface area to volume ratio
of the electrospun nanofibers. Similar observations have been re-
ported by other researchers for PLGA nanofibers prepared by
electrospinning [50]. Further, the crystallinity of nanofibers
decreased sharply after crosslinking with glutaraldehyde. Glutar-
aldehyde forms covalent bridges between polymers chains and
may act as a separator between the individual chains, thereby
causing a reduction in the crystallinity. This observation is similar
to the results obtained by researchers with polyvinyl alcohol
nanofibers used in fuel cell applications [51].

3.9. Thermogravimetric analysis (TGA)

Generally, in wound healing, a period of one month is required
to regenerate the cells and formation of new tissues [52—54]. Thus,
to get newly formed tissues, the nanofibers should not degrade for
at least 29 days. Since the end-application of our nanofibrous mats
would be in wound healing, the nanofibers were treated with
medium having pH similar to that of body fluid. The mats were
incubated at 37 °C in phosphate buffer saline pH 7.4 and loss in their
mass was analyzed on 0, 7, 14, 28 days by TGA for. It was observed
that for pure starch and PVOH powder, as well as the nanofibrous
mats, the degradation took place in two distinct steps. The ther-
mograms exhibited two distinct regions of weight losses, the first
one region corresponding to the loss of moisture retained by the
polymers and the nanofibrous mats. As seen from Fig. 6A, the
weight loss in case of pure starch powder was found to be more
pronounced in the first step when compared with that of pure
PVOH, as starch absorbs more moisture due to the presence of
carboxyl groups [55]. It was found that a weight loss of 17%
occurred in case of starch 100 °C, while for PVOH it was not more
than 5%. Also the degradation profile of starch exhibited 20% weight
loss at 278 °C, which may be attributed to the degradation of
amylose present in the starch [56]. Further, the degradation profile
displayed a significant weight loss of 65% was observed at 313 °C,
which may be depictive of pyrolysis of starch [46].

The degradation profile of pure PVOH powder has been repre-
sented in Fig. 6B. Once again, the profile revealed evaporation of
moisture, along with some volatile residues such as alcohol. TGA
graph of PVOH (Fig. 6B) showed that the first step of degradation
was quite narrow. Further, PVOH showed lower weight loss of 7.8%
near its melting temperature i.e. 230 °C. There was no significant
weight loss observed when compared with starch. The initial
decomposition was mainly due to dehydration of hydroxyl groups
as also reported elsewhere [57].

In case of cross-linked scaffolds(Fig. 6C, D, E), the presence of a
small peak at around 215 °C was thought to be due to the breakage
of cross-linkages during first stage of degradation. Also varied end
set temperature was observed, which indicated that there may be
generation of various inter-component bonds in presence of cross-
linker, which may have given rise to different three-dimensional
networks and a complex degradation behavior. Similar observa-
tions have been reported earlier in case of alternative cross-linked
scaffolds [58]. On day 14, the weight losses found were 76%, 68%
and 77% for the mats containing 10%, 12% and 14% w/v of polymeric
blends at 481 °C, 451 °C and 485 °C, respectively. On day 28, it was
found that the weight loss for the mat containing 10% w/v of
polymeric blend was 81% at 478 °C, while for the mat containing
12% w/v of polymeric blend it was 77% at 444 °C, and for the mat
containing 14% w/v of polymeric blend, it was 72% at 471 °C
(Fig. 6E). The difference in % weight loss is very low between 14
days and 28 days. From 14 days to 28 days, the % of weight loss is
increased to 5% and 9% with 10% and 12% of S/PVOH, respectively.
The % weight loss decreased to 5%, with 14% S/PVOH, after 28 days
compared to 14 days. It was observed that the curve elongated until
threshold temperature of the instrument. Small amount of residue
(23%) was observed at this temperature, suggesting that degrada-
tion of CNF mats would occur at a temperature of more than 500 °C
and that cross-linked mats can sustain more temperature. From the
analysis, it was interpreted that the nanofibrous scaffolds con-
taining 10% w/v of polymer blend degraded almost completely at
the end of study, leaving behind a residue of only ~5%. However, the
mats containing 12% and 14% w/v of polymeric blend did not
completely degrade at maximum temperature limit of the instru-
ment and would require a higher temperature for degradation.
Thus, the scaffolds containing higher polymer concentrations may
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Fig. 4. ATR-FTIR spectra of cross-linked nanofibrous mats fabricated using 30:70%w/w of (A) 10%w/v, (B) 12%w/v, (C) 14%w/v of S/PVOH.

be useful for wound healing applications since they are likely to
permit proliferation of cells and allow tissue regeneration during
the time required for healing.

3.10. Water uptake

The water uptake and the absorption capacity are the most
important properties for polysaccharides, especially for biode-
gradable polymers. As reported in earlier studies, cells need moist
environment to survive and proliferate [59]. One of the major
drawbacks of using starch is its water absorption tendency. Starch is
water sensitive and PVOH is a hydrophilic polymer, which resulted
in a water sensitive blend. A decrease in water sensitivity for the
nanofibrous film is very important for biomedical application [60].
Between both the polymers, PVOH has been reported to result in a
much lower water uptake than starch [61]. In our work, the water
absorption capacity of cross-linked scaffolds was studied for 15
days. The samples were weighed at specific time intervals and the

percent weight losses were calculated. It was found that the water
retention property of the nanofibers increased for 3 days and then
sharply decreased. The reduction in water absorption of nanofibers
was found after 5 days. Fig. 7 represents water uptake property of
nanofibrous mats containing 10%, 12% and 14%w/v of 30:70%w/w of
starch and PVOH at day 1, 2, 5 and 7. After 7 days, further reduction
in water uptake was not observed. The decrease in water uptake
may due to shrinkage of nanofibers and due to loss in their porous
structure in water, which resists the uptake of water into the
nanofibers. Several other authors have also reported similar results.
Chen et al. [20]have proposed that the declining water uptake may
be due to tight hydrogen bonding and the shielding effect of hy-
droxyl and the carboxylic groups present in the polymers, probably
due crosslinking of nanofibers with glutaraldehyde.

3.11. Cellular proliferation and cytotoxicity

The cell viability of the crosslinked nanofiber mats (CNF) was
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assessed using EZBlue dye assay. The growth of mouse fibroblast
cells was studied on days 1, 3, 5 and 7. In general, the cell growth
can be observed in four stages, a) protein adsorption at the surface,
b) contact of rounded cells, ¢) attachment of cells to substrate and
d) spreading of cells [62]. Moreover, Gundle et al. [63]have stated
that the initial cell attachment usually occurs within four hours of
after cell seeding; however this time may vary depending upon the
type of cells used and the nature of substrate. During the assay,
scaffolds in medium were used as control. The cells started to span
across the scaffolds due to pores present on nanofibrous mats,
which acted as a template and support. At day 3, cells almost
completely filled the pores present on all the scaffolds. No signifi-
cant change in cell viability was observed on the scaffolds. Fig. 8
demonstrates growth of mouse fibroblasts on the nanofibrous
scaffolds at day 5. Linear cell proliferation was seen on scaffolds
containing 10% w/v of S/PVOH. However, the rate of cell prolifera-
tion was reduced in case of scaffolds containing 12% and 14% w/v of
S/PVOH after day 5 of culture. The low cell growth may due to the
variations in the scaffolds surface area upon absorption of cell

&= 10 %S/PVOH

2 12 %S/PVOH
E 14 %s/pvoH

Water Uptake (%)

N 94 ) A
S T R
Time (Days)

Fig. 7. Water uptake property of nanofibrous mats containing 10%, 12% and 14%w/v of
30:70%w/w of starch and PVOH.
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culture medium. This may have resulted in non-homogeneous cell
growth throughout the entire scaffold and concentrated growth
only in some areas [34]. In our investigation, only 80% cell prolif-
eration was observed in case of all the nanofibrous mats. It was
observed that the cells exhibited a greater tendency to spread or
proliferate for scaffolds containing low polymeric concentration i.e.
for 10% w/v of S/PVOH. While in case of the scaffolds containing
higher polymeric concentrations i.e. 12% w/v of and 14% w/v of S/
PVOH, the values of optical density remained similar for day 5 and
day 7 as shown in Fig. 8. This indicated that the cells may have
reached confluence.

However, cell growth was observed in all the scaffolds, indi-
cating their biocompatibility. Cell growth is accumulation of mass
or cells which occurs at specific time and places which may be
dependent on nutrients or growth factors [64]. In this investigation,
although the nanofibrous mats were non-toxic to the cells, we
contemplate that addition of growth factors or the nutrients may
enhance the cell growth and proliferation, which is being con-
ducted. Overall results indicate that the developed scaffolds are
able to support the growth and colonization of mouse fibroblasts.
Although the developed nanomaterials has potential of scaffold for
biomedical applications like wound healing, further investigations
are in progress towards deeper understanding of their influence on
cell growth.

4. Conclusions

Electrospun, starch-based nanofibrous mats were successfully
fabricated using 30:70%w/w of starch and PVOH, at a voltage of
25 kV, flow rate of 0.5 mL/h and a TCD of 13 cm. This ratio of
polymers yielded fibers with dimensions suitable for wound
healing applications. Higher starch percentages lead to thicker fi-
bers. Further, the average fiber diameter was also observed to be a
function of polymer concentration and increased at higher polymer
concentrations. A long spinning distance was found to generate a
weak electric field and hence hampered fiber formation. Electro-
spinning at lower voltage did not result in nanofiber production,
while a higher voltage resulted in increased fiber diameter, without
affecting their mechanical properties. Cross-linking improved the
mechanical and thermal properties of the fabricated nanofibrous
scaffolds. This may be due to interaction between aldehyde group
of glutaraldehyde and polar hydroxyl groups present in starch and
PVOH. Cellular investigations revealed that the nanofibrous mats
allowed cell growth and proliferation of dermal cells and have a
potential to be employed in biomedical applications like wound

—3).

healing. Outcomes from elaborate cellular investigations and ani-
mal studies, coupled with the low cost of raw materials and the
process, can make the final product an economical solution for
wound healing management amongst patients belonging to lower
socio-economic strata of society.
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