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Fabrication and characterization of collagen coated electrospun Poly
(3-hydroxybutyric acid)-gelatin nanofibrous scaffold as a soft
bio-mimetic material for skin tissue engineering applications
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The wound healing is a global health care problem, the use of suitable dressing material that finds repairing the damaged
skin tissue by means of nanofibrous scaffold with traditionally important medicine. The ideal wound dressing material
should mimic the function of extracellular matrix with its improved physiochemical, biological and antimicrobial property.
In this study, the significance feature of collagen coated electrospun Poly(3-hydroxybutyric acid)-gelatin nanofibrous
scaffold with bioactive Coccinia grandis extract (CPE) meets the requirement defined for wound dressing material. The
nanofibrous scaffold with collagen has an attraction of fibroblast for increased cell adhesion and proliferation. The
fabricated nanofibrous scaffold with collagen were physio-chemically characterized using Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM) and showed acceptable antibacterial property with both Gram positive
and Gram negative bacteria. The thermal and in vitro stability of the nanofibrous scaffold were studied and possessed to
have more stability that suitable for wound dressing material. The nanofibrous scaffold supports good swelling property
with better porosity for oxygen permeability. The mechanical property of the nanofibrous scaffold showed a Young’s
modulus of 2.99+0.16 MPa. The biocompatibility of the nanofibrous scaffold exhibits increased cell adhesion and
proliferation of both NIH 3T3 fibroblast and Human keratinocytes (HaCaT) cell line. The in vitro fluorescence staining of
the nanofibrous matrix using Calcein AM and DAPI exhibits the cell material interaction of the collagen coated nanofibrous
scaffold corresponds to the increased cell adhesion and proliferation. This approach with nanofibrous scaffold coated with
collagen is capable to provide as a promising tool in skin tissue engineering and useful as a wound dressing material in skin

tissue engineering application.

nanofibrous scaffold in the tissue engineering application involves
the support of the cells by mimicking the function of extracellular

matrix (ECM) [2]. The nanofibrous scaffold has excellent structural

The advancement of tissue engineering provides the combination of
the multidisciplinary field, for the development of matrix scaffold
enriched with therapeutic products for the repair, restoration and

regeneration of the damaged cells or tissue [1]. The use of

a. Bioproducts Lab, CSIR-Central Leather Research Institute, Chennai-600020),
Tamilnadu, India. E-mail: suma67@gmail.com; Tel: + 91 44 24420709, Fax: +91
44 24911589

b. Department of Mechanical Engineering, University of Colorado, Boulder, USA.
c. Department of Virology, King Institute of Preventive Medicine and Research,
Guindy, Chennai-600032, Tamilnadu, India.

d. Conducting Polymers Lab, Department of Physics, Indian Institute of
Technology Madras, Chennai, India

e. Organic Chemistry Division, CSIR-Central Leather Research Institute, Adyar,
Chennai-600020, Tamilnadu, India. E-mail: ptperumal@gmail.com; Fax: +91 44
24911539; Tel: + 91 44 24437223

This journal is © The Royal Society of Chemistry 20xx

similarity towards the ECM with its ability to provide a substratum
for the cell migration into the defective sites [3]. The efficiency of
the nanofibrous scaffold in wound healing has several advantages to
retain certain properties to allow good oxygen permeability,
flexibility, high surface to volume ratio and biocompatibility with
sequential reformation in the wound healing process [4]. The triple
helical structure with high glycine amino acid content of the collagen
is most important for attachment and proliferation of cells thought
the collagen matrix with efficiently by mimicking the function of the
native cells [5, 6]. The collagen coated nanofibrous scaffold finds its
significant function over the extracellular matrix (ECM) by its

matrix scaffolding and resistance to give, cell-cell interaction [7],
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cell-ECM interaction [8] and high mechanical property [9,10]. The

electrospun biomaterial enhances the ability of nanofibre due to the
high surface to volume ratio with its porous structure, which favors
both the physical and biological properties of the nanofibrous
scaffold [11].

The Poly(3-hydroxybutyric acid) (PHB), a hydrophobic polymer
with excellent application in the field of medicine for its
biodegradability and biocompatibility [12]. The combination of PHB
has been used for various products such as sutures, stents, nerve
guides and wound dressing material [13]. The PHB is a common
metabolite in all higher living organisms, which provides the proof
for the non-toxicity [14]. The electrospinning of collagen causes
denaturation to form gelatin, a major constituent of the ECM [15].
The gelatin with its excellent biocompatibility, non-antigenicity, and
adhesiveness properties has wide application in biomedical and
pharmaceutical fields [16].

The traditionally important compound from the plant possesses a
bioactive constituent that acts as a conventional medicine. The
ancient villagers used numerous crude extract for the healing of skin
diseases and wounds. The present world always relies on the
indigenous traditional medicine for their primary health needs [17].
Coccinia grandis commonly known as ivy gourd, all the plant parts
were traditionally important against skin related problems. The
bioactive Coccinia grandis leaf extract (CPE) has enhanced
antioxidant property to treat ulcers, treatment of diabetes, and
antibacterial activity [18].

The biomaterial with all ideal properties cannot be attained alone
with natural and synthetic polymers. The individual polymers have
their drawback associated with improved physical, mechanical and
biological properties. In order to overcome these drawbacks with
individual polymer, electrospinning of nanofibrous scaffold with
blending of two polymers with a surface coating of collagen has
been explored to assimilate the all properties to in design of
nanofibrous scaffold for tissue engineering application [19].

In this context, some researchers have given that the gelatin have
been blended with various synthetic polymers such as poly(e-
caprolactone) (PCL) [20, 21, 22], polyvinyl alcohol (PVA) [23, 24],
Poly(L-lactide acid) (PLLA) [25], polyglycolic acid (PGA) [26] and
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [27] for
various tissue engineering applications. However the use of Poly(3-
hydroxybutyric acid) (PHB) blended with gelatin and uniform
coating of collagen over the nanofibrous scaffold were thoroughly
investigated with biocompatibility, cell adhesion, cell proliferation,

cell attachment and spatial distribution of the cells throughout the

2 | RSC Advances., 2015, 00, 1-9

nanofibrous matrix with NIH 3T3 fibroblast and Human
keratinocytes (HaCaT) cells.

In current research driven towards the fabrication, characterization
and application of collagen coated bioactive nanofibrous scaffold for
tissue engineering. The Poly(3-hydroxybutyric acid) (P) and gelatin
(G) are electrospun to form a nanofibrous scaffold with the
incorporation of bioactive extract (CBE) to provide antibacterial
property. Further, the developed PG-CPE nanofibrous scaffold was
coated with Arothron stellatus collagen (COL) solution to make as a
PG-CPE-COL scaffold as a wound dressing material in tissue
engineering application.

Materials and methods

Materials
The Arothron stellatus fish was collected from the Bay of Bengal in
Nagapattinam, Tamil Nadu, India. The leaves of Coccinia grandis
(Cucurbitaceae) were collected from Tiruvarur, Tamilnadu, India
and authenticated with the help of a plant taxonomist
Dr. N. Veerappan, Associate Professor, Sir Theayagaraya College,
Chennai, Tamilnadu, India. Poly(3-hydroxybutyric acid), Gelatin,
1,1,1,3,3,3 hexafluoro-2-propanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), 4,6-diamino-2-phenylindol
(DAPI), Calcein AM, Dulbecco’s

(DMEM), Fetal calf serum (FCS), and supplementary antibiotics for

modified Eagle’s medium

tissue culture were purchased from Sigma Aldrich, India. The NIH
3T3 fibroblast and Human keratinocytes (HaCaT) cell lines was
obtained from the National Centre for Cell Science (NCCS), Pune,
India. The rest of the chemicals and culture wares were purchased
from Sigma Aldrich, unless specified otherwise.

Methods

Extraction of collagen from Arothron stellatus skin

The fish skin obtained was washed, chopped and fat removed were
soaked in 0.5 M acetic acid for 3 days. The loosened thin epidermal
layer was removed from the skin. After which swollen dermal skin
pieces were homogenized with 0.5 M acetic acid using the
Homogenizer (Ultra Turax T-50, IKA Werke, Germany). The
homogenized skin was centrifuged at 8000 rpm for 30 min at 4°C.
The salt precipitated was dialyzed against 0.1 M acetic acid solution
to obtain Arothron Stellatus skin collagen. The collagen was washed
with distilled water, and then lyophilized (Operon Co., Korea) [28].
Extraction of Coccinia grandis plant extracts (CPE)

Healthy and fresh leaves of Coccinia grandis were collected and
surface cleaned with Millipore filtered water, shade dried, and finely
powdered with the help of an electric blender. An ethanol extract

was prepared by subjecting 10 g of the finely powdered leaf in a
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Soxhlet apparatus. The aqueous extract was concentrated using
rotary evaporator apparatus under reduced pressure and the CPE was
stored at 4°C [29].

Electrospinning nanofibrous scaffold containing plant extract
coated with collagen (PG-CPE-COL)

To prepare PG-CPE nanofibre scaffold, 4 wt% concentration of
polymer solution were prepared by dissolving 0.4g of Poly(3-
hydroxybutyric acid) and gelatin in 10 mL of 1, 1, 1,3,3,3
hexafluoro-2-propanaol. ~ The dissolved solution obtained after
constant stirring for 12 hours were mixed to obtain a blended
solution of Poly (3-hydroxybutyric acid) and gelatin in 1:1 ratio with
0.5 mg/ml of CPE was electrospun with 24 G needle connected to
the positive terminal of the high voltage DC power supply
(ZEONICS, Bangalore, India). The polymer solution were extruded
at 1.5ml/h using a computer controlled syringe pump and was
subjected to an electric potential of 1.5 kV/cm. the fibers were
collected onto the grounded aluminum substrate around a rotary
drum placed at a distance of 12 cm perpendicular to the needle. The
4 wt% collagen solution in 0.1 M acetic acid was prepared. Further,
the electrospun PG-CPE scaffold was prepared collagen solution and
was dried at room temperature (37°C) to get the PG-CPE-COL
scaffold. The prepared scaffolds were stored at room temperature
until further use [14].

Characterization

Fourier Transform Infrared Spectra (FTIR)

Fourier transform infrared (FTIR) measurements were carried out to
determine the functional groups present in the prepared PG, PG-CPE
and PG-CPE-COL nanofibrous scaffolds. The spectra were
measured at a resolution of 4 cm ' in the frequency range of 4000—
600 cm ' using ABB 3000 spectrometer with Grams as the operating
software [14]. Thermogravimetric analysis (TGA) and Differential
scanning calorimetry (DSC) analysis of the nanofibrous scaffolds
were done using universal V4.4A TA instruments [30].

Scanning electron microscope (SEM)

The scaffolds were mounted on brass studs and were gold coated
using an ion coater (Emitech brand). The surface morphology of the
scaffolds was visualized using (F E I Quanta FEG 200 - HRSEM)
operating at an accelerating voltage of 5— 20 kV. 50 different fibers
were measured using the UTHSCA Image tool software to determine
the average diameter of the fibers for different concentrations of the
polymer solution.

The cell morphology of the nanofibrous scaffold was observed using
SEM. The cell-seeded scaffolds were rinsed with PBS after three

days of cell seeding and fixed using 10% neutral formalin buffer for

This journal is © The Royal Society of Chemistry 20xx

5 h at 4°C. For dehydration, the scaffolds were dehydrated through a
series of graded alcohol solution and then dried [30].

Porosity

The porosity of the nanofibrous scaffold was determined via
liquid displacement method using ethanol as the displacement
liquid because of its easy penetration through the pores of
the scaffolds and which will not induce shrinking or swelling
as a non solvent of the polymers [31]. A known weight (W)
of the sample was immersed in a

graduated cylinder

containing a known volume (V)) of ethanol. The sample
were kept in ethanol for 5 min, and then a series of brief
evacuation — repressurization cycles were conducted to force
the ethanol in to the pores of the scaffold. The process was
repeated until the air bubbles stops. The total volume of the
ethanol and the ethanol-impregnated scaffolds were then
recorded as V,. The difference in the volume was calculated by
(V,—V)). The scaffolds impregnated in ethanol were removed
from the cylinder, and the residual ethanol volume was
recorded as V;. The porosity of the dressing was obtained by the

following equation

Porosity (%) = Mi7V9) s 100

(V2=V3) 1

In vitro enzymatic degradation

Nanofibrous scaffolds were exposed to collagenase enzyme
(Sigma #C0773) to assess biological stability of the material
and its degradation rate. Known weight of each sample in
triplicate was taken and they were air dried overnight at room
temperature. All the samples were exposed with the collagenase
enzyme (100 units/ml) for 24hat 37°C (pH 7.4). After 24h, all
the test samples were removed from the incubator, dried by
blotting and left to air drying for 24 h at room temperature.
Percentage of weight loss and final mass were calculated as
simple ratio. Enzyme solutions were prepared in a phosphate buffer
solution (PBS, pH 7.4). The extent of biomaterial degradation was
determined gravimetrically through weight loss [32].

Swelling behavior

The in vitro swelling behavior of the nanofibrous scaffold were done
by cutting the scaffold into a square piece (10 x 10 mm?®) and
immersing it in PBS (pH 7.4) at room temperature until the film
reached swelling saturation. The weights of the scaffolds were after
removing the surface wetness by using filter paper.  The
equilibrium-swelling ratio was calculated by using the following

equation.

Swelling (%) = (%ﬂ) x 100 2
0
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where, W, and W, are the initial and the final weights of the film,

respectively [33].

Tensile strength measurement

All the scaffolds were cut into dumb-bell shaped specimens (100 x
16 mm?), prepared, and load-elongation measurement was measured
using a universal testing machine (INSTRON model 1405)
according to Vogel at an extension rate of 5 mm/min [30].

In vitro Biocompatibility, Cell adhesion and proliferation studies
Cell viability of the nanofibrous scaffolds were performed using
MTT assay. The NIH 3T3 fibroblast and Human Keratinocytes
(HaCaT) cell line were grown on the PG-CPE-COL nanofibrous
scaffold placed in 24 well plates (Corning, NY) and maintained in
DMEM with 10% fetal calf serum supplemented with penicillin
(120 units per mL), streptomycin (75 mg/mL™"), gentamycin (160
mg/mL™"), and amphotericin B (3 mg/mL™") at 37°C at a density of
5 x 10* cells/mL and then incubated over a time interval for 24 h,
72h and 7" day in a humidified atmosphere of 5% CO,. Cells
cultured in blank wells were used as control [11]. After 24h, 72h and
7" day the culture medium was replaced with a serum-free medium
10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) and incubated at 37°C for 4 h in a

containing

humidified atmosphere of 5 % CO,. The medium was aspirated and

then 500 pL/well of dimethylsulfoxide (DMSO) was added to
dissolve the formazan needles with slow agitation for 10 min to
yield a bluish purple solution. The absorbance of the dissolved
solution was measured at 570 nm using Universal Microplate
Reader [33].

The cell attachment and proliferation of both NIH 3T3 fibroblast and
Human keratinocytes (HaCaT) cell line were quantified for live cell
and cell nuclei staining assay at regular time intervals (6, 12, 24 and
48 hours), the medium was removed and the cells were fixed with
4% Paraformaldehyde and washed with PBS for several times.
Furthermore, each cell was first stained with DAPI to visualize the
cell nuclei. For achieve this aim, the cell were treated with DAPI
solution (1.0 mg/ mL) for 15 min at 37°C, then washed again with
PBS several times. Then Calcein AM solution (2 uM; 400 pl) was
added and incubated for 30 min at 37°C, Then the plates with
scaffold were washed with PBS for several times and viewed at
fluorescence microscope (EVOS FLoid Cell Imaging Station,
Thermo fisher SCIENTIFIC, USA) [34, 35].

Bacterial culture and antimicrobial activity

In this study, two bacterial strains were used, including one Gram
positive bacteria Staphylococcus aureus (ATCC 11632) and one
Gram negative bacteria Escherichia coli (ATCC 10536). All

4 | RSC Advances., 2015, 00, 1-9

bacterial cultures were subcultured and maintained aseptically. The
antimicrobial activity of the scaffolds were evaluated using
modifying agar well diffusion method. About 100 pL [10° CFU
(colony forming units)] of each bacterial culture was spread on the
agar surface (Muller-Hinton agars) using a sterile glass spreader.
Then, the plates were incubated for 24h at 37°C. The antibacterial
activity was evaluated by measuring the zone of inhibition against
the test organism [35].

Statistical analysis

All the experiments were conducted in triplicate. Results are
presented as mean = S.D. (n=3). ANOVA (analysis of variance)
student’s

and t-test were done to determine the significant

differences among the groups. The observed differences were

statistically significant when p < 0.05.
Results and discussion

Characterization

Fourier Transform Infrared Spectra (FTIR): The structural
modification due to the blending of PG with CPE in electrospinning
were confirmed using FTIR spectra were depicted in Figure 1(a).
There were no apparent peaks of the solvent were noticed during the
electrospinning process. All corresponding peaks were of PG, PG-
CPE and PG-CPE-COL found in the IR spectrum. The entire
scaffold showed characteristic amide I (1600-1660 cm™), amide II
(~1550 cm™) and amide III (1320-1220 cm’™) absorption bands of
gelatin [36]. The characteristic absorption band of PHB was seen at
the range 1720-1740 cm™ and 1270-1280 cm’ that corresponds
mainly due to the ester carbonyl group, and -CH group respectively
[37]. The PG-CPE-COL scaffold showed the characteristic
absorption band of amide A (31003600 cm™), exhibits a broad band
associated with N-H stretching vibration of hydrogen bonded amide
groups. The amide I (1600-1660 em™) corresponds to the carbonyl
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Figure 1 (a) FTIR spectra, (b) DSC, (c) TGA and (d) DTA of nanofibrous scaffold
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Tablel Thermal properties of electrospun nanofibrous scaffolds
Sample Name T-s% Tmaxi Tmax2 T4 T AHn, AHqy
(°c) (0 Q) (°c) (0 (/8) (/)
PG 197.3 265.6 350.6 77.7 173.13 161.53 -1.47
PG-CPE 198.1 252.8 334.7 93.30 167.97 -11.53 -116.3
PG-CPE-COL 200.2 287.1 353.2 81.5 171.95 -30.98 -89.33

group, which is offered within the triple helix structure in the
secondary structure of protein. The N-H bending and N-H stretching
vibration referred to the amide II (~1550 cm™) and amide IIT (1320-
1220 cm’') respectively [33]. The presence of phenolic deformation
and carbonyl group at 1414 cm™ and 1740 to 1630 cm™ respectively
corresponds to the alkaloids in the both CPE blended nanofibrous
scaffold [38]. All scaffold exhibit C-H stretching absorption bands at
2987 em™ and 2933 cm’ corresponds to the CH, and CH; in PHB
and gelatin scaffolds [14]. The IR spectrum data contain all the
characteristic peaks correspond to the entire nanofibrous scaffolds.

Thermal analysis

The thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) of the nanofibrous scaffolds were shown in Figure
1(c) and (d). The scaffold can be utilized for tissue engineering and
biomedical application as it reveals satisfactory thermal stability.
The single step weight loss was observed between 250 and 300°C,
which were apparent from the T,,,, and T_s, values from the Table 1.
The characteristic change in endothermic peaks of the nanofibrous
scaffold was presented in Figure 1(b). The DSC reveals the
the PG-CPE-COL
nanofibrous scaffold exhibit at 81.5°C. The PG, PG-CPE and PG-
CPE-COL scaffolds showed endothermic peaks at 173.13°C,
167.97°C and 171.95°C respectively was due to the degradation of
the scaffold. The collagen coated PG-CPE scaffold showed a

denaturation temperature of collagen in

significant interaction with both CPE and PG with an increase in
the denaturation temperature [33, 39].

Scanning Electron Microscopy (SEM)

Figure 2(a-c) and Figure 2 (d-f) depicts the SEM image and
photographic images of nanofibrous scaffold PG, PG-CPE and PG-
CPE-COL. The average diameters of the fibers (Figure 2(g-i)) were
approximately 240+30 nm. Incomplete evaporation of solvent was
observed in collagen coated PG-CPE scaffold. In Figure 2 exhibited
that collagen was highly interconnected small micro fibrils onto the
fibers of the PG-CPE scaffold as a collagen matrix embedded
nanofibrous scaffold. The coalescence of nanofibrous scaffolds
showed clearly visible fibers at the junctions, added more
advantageous to contribute the enhancement of the tensile strength

of the nanofibrous scaffold. Overall the fibrous nature of the scaffold

This journal is © The Royal Society of Chemistry 20xx

will improve the cell attachment and permeability of the oxygen [14,
40].

Porosity

The PG and PG-CPE nanofibrous scaffold showed about 72%
porosity with decreased rate when compared to collagen coated
scaffold (Figure 3). This was due to the strong adherence of the
collagen matrix in between the nanofiber matrix.

Therefore, PG-CPE-COL exhibited only 64.3% of porosity. The
material used for the wound dressing should accomplish porous
nature for oxygen and nutrient exchange. In  soft tissue
engineering, scaffold materials should have the porous nature for
nutrient and gas exchange [31, 32].

In vitro enzymatic degradation

The in vitro enzymatic stability of nanofibrous scaffold was assessed to

measure the degradation rate and biological stability against the

collagenase enzyme. In Figure 4 shows that the PG and PG-CPE

Fiber diameter (nm)
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Fiber diameter (nm)

Figure 2 (a-c) SEM micrograph of the nanofibrous scaffold with their fiber diameter (g-i)
and (d-f) insight showing the photographic images of the nanofibrous scaffold
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Figure 3 Porosity measurement of the nanofibrous scaffold (*p < 0.05; data presented

are mean +SD, n =3)

100

80
= - .

=

s 60| e
o e e
- ) )
o
o 40 et
< e

204 o

0 T T

PG PG-CPE  PG-CPE-COL

Figure 4 in vitro enzymatic degradation of the nanofibrous scaffold (*p < 0.05; data
presented are mean +SD, n =3)

respectively. Whereas the PG-CPE-COL nanofibrous scaffold showed
a 57.4% weight loss. The existence of collagen matrix causes an
increased reduction in the biodegradability of the PG-CPE-COL
nanofibrous scaffold. Thus the presence of collagen decreases the
percentage of biostability of the scaffold, but this property will aid in
cell proliferation and attachment when it acts as the dressing material
[41].

Swelling behavior

It is important to fabricate the nanofibrous scaffold with good
swelling behavior to absorb the wound exudates and to keep the
wound region dry and free from infection. The swelling behavior of
the PG-CPE-COL nanofibrous matrix (Figure 5) has shown better
swelling behavior and attains saturation after 24h. Only collagen
coated nanofibrous scaffold showed an increase in swelling than
other scaffold due to the surface bounding of the collagen to the
nanfibrous matrix. However the CPE binds with gelatin during the
electrospinning process and form PG-CPE nanofibrous scaffold with
increased swelling index than PG scaffold. Figure 5 depicts the

swelling behavior of the nanofibrous scaffold. The initial swelling

6 | RSC Advances., 2015, 00, 1-9
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Figure 5 Swelling behavior of the nanofibrous scaffold

of the collagen makes the nanofibrous scaffold more sufficient to
enhance the oxygen permeability with increase porosity of the
scaffold, thereby improves the wound healing efficiency. [33, 42].
Tensile strength measurement

The nanofibrous scaffold needs to be robust enough with prominent
mechanical property for both handling and sterilization, before it has
to be applied onto the wound surface. The strength of the fibrous
scaffold was mainly due to the property of the material used in the
fabrication. The mechanical property based on the uniaxial tensile
strength was conducted and the results were given in Table 2. The
PG and PG-CPE scaffold exhibited relatively same Young’s
modulus of 2.84+0.07 MPa and 2.83+0.32 MPa respectively. The
collagen coated scaffold showed significantly high tensile strength
with Young’s modulus of 2.99+0.16 MPa. The increase in the
Young’s modulus of the PG-CPE-COL was due to the enhanced
entanglement of the collagen over the PG-CPE scaffold provided for

tissue engineering nanofibrous scaffold [43].

=3 Day 1
120
== Day 3 =
Day 7
100
>‘ 7-
b
‘S 80-
3
2 60
)
< 40
20 7
0-

1
PG-CPE-COL

PG-CPE

Control

Treatment conditions

Figure 6 In vitro biocompatibility of NIH 3T3 fibroblast cell line over 1 day, 3 day and 7
day using MTT assay scaffold after 7 and 14 days. The data are represented as the
meanst standard deviation; n = 3 (*P < 0.05).
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Table 2 Tensile properties of the nanofibrous scaffolds
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Sample name Mean Tensile Strength (MPa)

Mean Elongation at Break (%)

Mean Extension at
Maximum Load (mm)

Mean Young’s modulus (MPa)

PG 13.740.7 15.840.6 4.80.2 2.84+0.07*

PG-CPE 13.1+0.6 15.3.+0.5 4.610.3 2.83+0.32*

PG-CPE-COL 14.8+0.4 16.940.5 4.9+0.3 2.99+0.16*
(*p <0.05; data presented are mean £SD, n :3) 6 Hours 12 Hours 24 Hours 48 Hours

120 E=3 Day 1 5
== Day 3 = *
vz Day 7 =
100 7y % N7
lé, n
‘S 80
S
> 60
3
< 40
20 /
0_ ll‘

T
Control PG-CPE PG-CPE-COL

Treatment conditions

Figure 7 In vitro biocompatibility of Human (HaCaT) keratinocytes cell line over 1 day, 3
day and 7 day using MTT assay. The data are represented as the meanst standard
deviation; n = 3 (*P < 0.05).

6 Hours 12 Hours 24 Hours 48 Hours

Control
Merged

Calcein AM

PG-CPE-COL

Figure 8 Calcein AM - DAPI fluorescence staining images of NIH 3T3 fibroblast cell
adherence and proliferation onto the PG-CPE-COL nanofibrous scaffold in comparision
with control at various time interval of 6, 12, 24 and 48 hours. The scale bar measures
in 100 pm
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Figure 9 Calcein AM - DAPI fluorescence staining images of the Human (HaCaT)
keratinocytes cell adherence and proliferation onto the PG-CPE-COL nanofibrous
scaffold in comparision with control at various time interval of 6, 12, 24 and 48 hours.
The scale bar measures in 100 pm

In vitro Biocompatibility, Cell adhesion and proliferation studies
In order to ensure the tissue engineering application of the
nanofibrous scaffolds with better biocompatibility was determined
by MTT assay. The percentage of cell viability of the scaffolds with
NIH 3T3 fibroblast and Human keratinocytes (HaCaT) cells after
1** day, 3" day and 7™ day was exhibited in Figure 6 and Figure 7.
The PG-CPE-COL showed a significant increase in the cell viability
of the scaffold. It was noticed that the presence of collagen in the
PG-CPE scaffold enhance the biocompatibility of the nanofibrous
scaffold [43, 44].

The growth of fibroblast provides uniform spreading of cells with an
increase in cell adhesion and proliferation in the nanofibrous matrix.
Researchers found that unique property of the collagen matrix has
attracted a certain type of cell types mainly fibroblast. The collagen

coated nanofibrous scaffold exerts influence on the fibroblast
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interaction with collagen matrix. For instance, Asaga et al., [45]
proposed the indirect interaction via cellular fibronectin between that
fibroblast and collagen. However, the interaction not only depends
on the collagen matrix and cells, but also has interaction between the
groups of cells with the surrounding matrix. Which signifies that
collagen emerges as the biomimetic in nature to emphasize the
function of the extracellular matrix [46]. The high biocompatibility
of the scaffold with a high degree of cell attachment in the scaffold
was mainly due to the presence of fibroblast interaction with the
collagen matrix [47, 48]. The cell proliferation and cell adhesion
behavior of the NIH 3T3 fibroblast and keratinocytes cells on the
surface of the nanofibrous matrix were assessed based on the four
major steps with cell-material contact, cell-material interaction, cell
attachment and spreading that will precede better biocompatibility
[49].

In Figure 8 and Figure 9 both cells were specifically studied using
the Clacein AM -DAPI fluorescence staining. Furthermore, Calcein
AM was associated with the live cell imaging, whereas, DAPI was
used to visualize the cells via cell nuclei staining over the nanofiber
matrix. Both NIH 3T3 fibroblast and Human keratinocytes (HacaT)
cell lines reveals good cell adhesion with increased in cell amount
significantly compared to that of control cells. Both cells exhibit an
increase in cell growth onto the PG-CPE-COL nanofibrous scaffold.
Moreover, it was noted that collagen coating on the nanofibrous
matrix was beneficial and aids to sustain cell adhesion with a major
role in cellular process. However, PG nanofiber matrix frames
support in achieving the cell adhesion to the material surface via
intracellular ~ focal adhesion, spreading, proliferation and
differentiation by mimicking the function of the extracellular matrix.
The fluorescence microscopic and cell

analysis viability

investigation were congruent with the cell attachment and
proliferation results [50]. Ultimately, the both cells were well spread
and anchored throughout the nanofibrous matrix, exhibiting a
stretched morphology with increase in cell numbers. It is evident that
increase in cell attachment and proliferation was occurred in both
cells between 12h to 48h with the nanofibrous scaffold, which
created the strong attachment with soft nanofibrous membrane.
Antimicrobial activity of the scaffolds

The antimicrobial activity of the nanofibrous scaffold was
evaluated against two bacterial strains. The CPE in the scaffold
found to undergo rapid neutralization of the plant compound in the
wounded region and will not make a significant difference in the

wound surface. Therefore scaffold without CPE did not form any

8 | RSC Advances., 2015, 00, 1-9

PG-CPE-COL

PG-CPE-COL

Figure 10 Antimicrobial activity of the nanofibrous scaffold (a) Staphylococcus aureus
and (b) Escherichia coli

zone when compared with the PG-CPE-COL scaffold was depicted
in Figure 10 (a) and (b).
The PG-CPE-COL scaffold with 0.3 mg/10x10 mm? concentration
of the CPE in the scaffold showed a clear zone of inhibition against
both Staphylococcus aureus and Escherichia coli. The formation of
clear zone implies that CPE has active inhibition to get prevent
from infection at the wound site. This makes the PG-CPE-COL
nanofibrous scaffold as a suitable dressing material in tissue
engineering application [31, 34].
Conclusion
In this work, successful fabrication of PG-CPE-COL nanofibrous
scaffold was obtained via electrospinning. The nanofibrous scaffold
found to have good physiochemical property and fiber morphology.
The swelling behavior and porosity of the scaffolds were found to be
suitable for wound dressing material with better mechanical
property. The antibacterial property of the scaffold against both
Gram positive and Gram negative bacteria was enhanced by the
presence of CPE, Which was compared with the scaffold without
CPE. The in vitro fluorescence staining clearly exhibits the cell
adhesion and proliferation of the cells onto the nanofibrous scaffold.
The collagen supports in achieving better cell attachment over the
nanofibrous matrix. Moreover the excellent attachment of fibroblast
and keratinocytes over the nanofibrous scaffold demonstrates its
potential substrate in skin tissue engineering application.
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The collagen coated nanofibrous scaffold as bio-mimetic material in skin tissue engineering
application was found to be simple and also easily up scalable technique due to its high
surface to volume ratio. The nanofibrous scaffold mimics the function of the extra cellular
matrix and aids in good biocompatibility, cell adhesion and cell proliferation. The
nanofibrous scaffold coated with collagen is capable to provide as a promising tool in skin

tissue engineering application.



