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Skin defects are among the most prevalent and serious problems worldwide; it is necessary to provide
appropriate coverage in order to reduce possible mortality risk and accelerate wound healing. In this study,
we have designed a series of extracellular matrix (ECM)-mimicking nanofibrous scaffolds composed of both
natural (gelatin (GEL) and chitosan (CS)) and synthetic (poly(¢-caprolactone) (PCL) and poly (vinyl alcohol)
(PVA)) polymers. The 3D constructs (PCL/GEL-PVA/CS) were reinforced with 5% (w/w) of platelet lysate (PL)
for promoting cells viability and mobility. The physicochemical characterizations of nanofibers confirmed
suitable hydrophilicity, controlled degradability, and water uptake of 250.31 4+ 62.74%, and 222.425 +
86.37% for the PCL/GEL-PVA/CS and PCL/GEL-PVA/CS + PL nanofibers, respectively. The scanning electron
microscopy (SEM) images exhibited the mean diameter of the fabricated fibers (PCL/GEL-PVA/CS) in the
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Poly(¢-caprolactone) range of 454 + 257 nm. The blended samples (PCL/GEL-PVA/CS) were also confirmed to have higher ultimate
Gelatin tensile stress (UTS) (3.71 + 0.32 MPa). From a biological point of view, the fabricated scaffolds showed appro-
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priate blood compatibility and great potential to avoid bacterial invasion. Altogether, the tailored fabrication
of PCL/GEL-PVA/CS nanofibers may be considered a suitable construct for epidermal wound healing.
© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Introduction

Skin is the largest organ of the human body, which serves as a
protective barrier against external damages including thermal, chem-
ical, and mechanical injuries. Furthermore, besides preventing bacte-
rial invasion and infection, skin plays a pivotal role in maintaining
the body hemostasis, thermoregulation, and providing a moist envi-
ronment that inhibits dehydration.! This tissue is at the risk of
diverse damages and injuries, ranging from acute (e.g., burns) to
chronic (e.g., diabetic ulcers) wounds. The epidermis, the outermost
layer of skin, is generally ruptured after any injuries, threatening the
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human body against pathogens and other life-threatening agents.
Therefore, providing a provisional matrix capable of maintaining
water content, exhibiting anti-bacterial properties, and supporting
cell behaviors (recruitment, migration, attachment, and proliferation)
is of utmost importance in regenerative medicine strategies.
Electrospun nanofibers have emerged as promising three-dimen-
sional (3D) scaffolds for managing skin wounds. These constructs
display some physico-chemical, mechanical, and biological character-
istics in favor of skin repair and regeneration, including (I) imitating
the ECM structure; (II) possessing a high surface-to-volume area; (III)
removing excessive exudates from the wound bed; (IV) preventing
the bacteria infiltration into the wound bed; and (V) providing a pro-
visional substrate for cell adhesion, proliferation, and differentiation.
All the mentioned properties could positively affect re-epithelializa-
tion, tissue formation, and vascularization at injured regions.” In
addition, it is feasible to incorporate various bioactive molecules (e.g.,

0022-3549/© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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growth factors (GFs)) into electrospun nanofibers to improve their
biological performance. Up to date, huge numbers of natural and syn-
thetic polymers have been successfully used for the preparation of
electrospun nanofibers.> Chitosan, a naturally occurring biopolymer,
is commonly being used for skin tissue engineering due to its proper
biocompatibility, biodegradability, antibacterial activity, and hemo-
static properties.* However, it is not possible to use chitosan for the
preparation of electrospun nanofibers without its combination with
other polymers like poly(vinyl alcohol) (PVA). PVA is a food and
drug administration (FDA)-approved polymer for biomedical utili-
ties, which possesses good cytocompatibility, biodegradability, as
well as appropriate strength and elongation capability.” Having an
appropriate mechanical strength, poly(caprolactone) (PCL) has been
applied as one of the main building blocks of scaffolds designed for
skin tissue engineering.® Nevertheless, the lack of cell-recognition
sites and the hydrophobic nature of PCL result in poor cell adhesion
and proliferation. To overcome this limitation, PCL can be blended
with various natural biopolymers such as gelatin (GEL). GEL is
derived by the partial hydrolysis of collagen and is being extensively
used for skin tissue engineering applications thanks to its biocom-
patibility, biodegradability, affordability, and low immunogenicity.’

During the normal process of wound healing, different kinds of
GFs and cytokines are required for accelerating skin tissue repair and
regeneration. Platelet lysate (PL) represents a rich source of different
bioactive molecules (e.g., platelet-derived GF (PDGF), vascular endo-
thelial GF (VEGF), epidermal GF (EGF), fibroblast GF (FGF), and tumor
necrosis-alpha (TNF-«)) and is being widely applied for managing
soft tissue injuries.® Indeed, PL can accelerate cutaneous wound heal-
ing by promoting keratinocytes’ migration, fibroblasts’ proliferation,
and activating inflammatory responses.”'’ Previously reported
experiments have demonstrated that the therapeutic efficacy of PL is
higher than a single dose of any GF administration.!! Accordingly, PL
has gained much attention in skin tissue engineering strategies and is
being currently incorporated into tissue-engineered (TE) constructs
to provide a prolonged release of GFs and cytokines for improving
cutaneous tissue healing.

In the present study, we developed a series of electrospun nano-
composites made of PVA/CS and PCL/GEL containing PL for the poten-
tial use in epidermal regeneration. In this regard, the potential of the
electrospun scaffolds was assessed in terms of loading and release of
PL, and consequent effects in mammalian cells’ behaviors (viability,
proliferation, and migration). Freeze-dried PL was incorporated into
the PVA/CS polymeric solution for improving the biological proper-
ties of the final construct. A complete set of physico-chemical,
mechanical, and biological assays were carried out to uncover the
real potential of the PL-incorporated electrospun nanocomposites in
treating skin wounds (e.g., burns). The obtained data demonstrate a
bright future of bioactive molecules containing electrospun mats, as
provisional substitutes, for managing acute epidermal wounds.

Materials and Methods
Isolation and Activation of PL

Fifteen Wistar rats were randomly selected and used for the isola-
tion of PRP through a two-step centrifugation process. First, the
whole blood of the animals was collected into sterile citrated tubes
(A191237B, Greiner Bio-One, Australia) and centrifuged at 1200 rpm
for 20 minutes. This process resulted in the formation of three dis-
tinct layers, including the supernatant or platelet-poor plasma (PPP),
the PRP containing buffy coat in the middle, and the erythrocytes at
the bottom. The platelet counts were 629 x 10%/uL in the PRP sam-
ples. The PRP was then transferred into microtubes and underwent
the second centrifugation at 2500 rpm for 15 minutes. The samples
were stored at -20°C for further utilization. For platelet activation,

the samples were thawed and immersed in liquid nitrogen for 1 min-
ute followed by incubating in the water bath at 37°C for 6 minutes.
This process was repeated 3 times and the samples were further cen-
trifuged at 9000 x g for 3 minutes. The supernatant, i.e., PL, was then
transferred to new microtubes and finally freeze-dried for 24 h.

Fabrication of Electrospun Nanofibers

A 10% wiv solution of PCL (MW~ 80.000, cat#440744) and GEL
(cat#G2500) was separately prepared by dissolving in trifluoroetha-
nol (TFE) (cat#T63002) and stirred overnight at room temperature.
For the blended polymeric system, the PCL solution was mixed with
the GEL solution in a ratio of 50:50. Then glacial acetic acid (2% v/v)
was added to the blended solution to avoid phase separation during
the electrospinning process. On the other side, the PVA/CS blends
with a ratio of 70:30 (PVA:CS) were prepared by adding PVA
(cat#8.43866) solution (10% w/v in water) to CS (low molecular
weight, degree of deacetylation 75—85%, cat#448869) solution (3%
w/v in 2% acetic acid). (All the polymers and solvents were purchased
from Merck, Germany). Prior to the electrospinning, the freeze-dried
PL was added to the PVA/CS polymeric system at concentrations of 2,
5, 10, and 20 % of the polymer weight. The electrospinning machine
having two distinct syringe pumps (Nano Azma, Iran) was utilized for
fabricating nanofibrous mats. The feeding rate was set as 1mL/h for
each pump. The polymer solutions were jet from the tip of a 22-gauge
blunt needle to the grounded collector at the distance of 15 cm
between the needle tip to the collector. A voltage of 15 kV was
applied for each polymer solution using a high-voltage power supply.
The obtained nanofibers were crosslinked overnight by exposing
them to 0.5% glutaraldehyde vapor.

Characterization of Electrospun Nanocomposites

Scanning Electron Microscopy

The shape and the morphology of the nanofibers were evaluated
using field emission scanning electron microscopy (FESEM) (MIRA3
TESCAN, Czech Republic). The average diameter of the nanofibrous
mats was quantified by Image | software (NIH, USA).

Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups of the prepared electrospun nanofibers
were investigated by using a conventional FTIR Spectrometer (NICO-
LET IS10 FT-IR SPEC, Thermo Fisher, USA). The FTIR spectra were col-
lected over the range of 400-4000 cm™ ! with a resolution of 4 cm™ !
and the number of scans 16.

Mechanical Evaluation

The mechanical properties of the prepared mats were evaluated
by a universal testing machine (UTM) (SANTAM STM, Iran). For this
aim, the samples were cut into 1 x 7 cm? rectangles and fixed
between the grips of the instrument. A rate of 0.5 mm/min was
applied to stretch the nanofibers in the axial direction. The tensile
strength, Young’s modulus, and the ultimate tensile strain (UTS) at
breaking were quantified using a stress-strain curve.

Contact Angle Analysis

The hydrophobicity of the fabricated nanofibers was measured by
a contact angle measurement system (Adeeco, Iran). Droplets with
the volume of 2uL were dropped onto the surface of nanofibrous
membranes (PCL/GEL, crosslinked PVA/CS (c-PVA/CS), cross-linked
PCL/GEL-PVA/CS (c-PCL/GEL-PVA/CS), and cross-linked PCL/GEL-PVA/
CS + PL (c-PCL/GEL-PVA/CS + PL)) and images were captured after 1,
2, and 5 seconds.
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Swelling Test

The water uptake ratio of the nanofibrous mats was evaluated by
a swelling test. To do this, the electrospun nanofibers were first cut
(1 x 1 cm?), weighed, and immersed in phosphate-buffered saline
(PBS). After 24 h, the samples were removed from PBS and gently
placed on filter paper to take away the excess water. The samples
were then weighed again, and the degree of swelling was calculated
using the following formula:

Degree of swelling(%) = [(W1 — Wg) /W] x 100

Here, Wy, is the dry weight of the samples before the immersion in
PBS, and W is the wet weight of the samples after soaking in PPB.

Weight Loss Analysis

For evaluating the weight loss, the nanofibrous scaffolds were first
cut (1 x 1 cm?) and weighed. Then the samples were soaked in PBS
and incubated at 37°C for 28 days. The samples were removed from
BPS and dried at 1, 4, 7-, 14-, 21-, and 28-days post-incubation. The
weight loss (%) was calculated according to the following formula:

Weightloss(%) = [(W; — Wq)/Wo] x 100

where the Wy and W1 represent the dry weight of the samples before
and after immersion in PBS, respectively.

Protein Release Profile

The release of PL from the nanofibrous mats was measured by a
quantitative standard method, i.e., the BCA protein assay. For this
purpose, the nanofibrous mats with and without PL (1 x 1 cm?) were
soaked in 1 mL PBS and then incubated at 37°C. At different time
points (6 h and 1, 3, 7, 14, 21, and 28 days), the cumulative release
rate of total protein from the scaffolds to PBS was recorded using the
BCA kit (Takara, Japan) according to the manufacturer’s instructions.

Biological Evaluation of Fabricated Nanofibers

Cell Viability Assay

The mouse embryonic fibroblast cell line NIH/3T3 was cultured in
high glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco, US)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco, US)
and 1% (v/v) antibiotic (complete medium) at 37°C in a humidified
atmosphere of 5% CO,. The medium was changed every 2 days and
the cells were sub-cultured at a confluence of 70%. Nearly 3 x 103 of
the NIH/3T3 cells were seeded in a 96-well plate (SPL life science,
South Korea) and incubated overnight. Then the UV-sterilized nanofi-
brous mats were added to the cultures and incubated for 24, 48, and
72h. After the incubation times, 10 uL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) solution was added to
each well and further incubated for another 4h. Thereafter, all cell
culture media was gently removed and 100 pL of dimethyl sulfoxide
(DMSO) was added to each well and incubated for 20 min. Finally,
the rate of cell proliferation was determined via measuring the absor-
bance of each well at wavelengths of 570 nm and 690 nm using a
microplate reader (Epoch, Bio Tek, US).

Cell Adhesion

The NIH/3T3 cells (2 x 10*) were seeded on the nanofibrous mats
and incubated for 4 days. After completing the incubation, the cell/
samples constructs were fixed with glutaraldehyde (2.5% v/v) for
24h, followed by rinsing with deionized water and dehydration in
sequential concentrations (30, 50, 70, 75, 80, 85, 90, 95, and 100%) of
ethanol. Eventually, the samples were freeze-dried and surface-
coated with gold (Edwards’s coating system E306A) to detect cell
adhesion under SEM.

Cell Migration (Scratch Assay)

The cell migration assay was performed according to Ref. 12. In
brief, human umbilical cord vein endothelial cells (HUVECs) at a den-
sity of 2 x 10% were seeded in 12-well culture plates and incubated
overnight. The cell monolayer was scraped by a 100 L pipette tip in
a straight line, and the cell culture medium was immediately
replaced. The UV-sterilized electrospun nanofibers were added to the
wells and incubated for 6, 12, 24, and 48h. At the time intervals, the
scaffolds were removed, and the rate of cell migration was acquired
by capturing images and further quantification by using Image J soft-
ware (National Institutes of Health, US).

In vitro Blood Compatibility Assay

For evaluating the hemocompatibility of the fabricated nanofibers,
the samples were punched and put into the 96-well plates. The
human whole blood was first isolated and anticoagulated. Then 200
L of the whole blood was added to the plates, followed by incuba-
tion at 37 °C for 60 min. Blood diluted in deionized water and normal
saline were regarded as positive and negative controls, respectively.
The samples were then centrifuged at 1500 rpm for 10 min, and the
absorbance of supernatants was read at 545 nm. The degree of hemo-
lysis was calculated using the following formula

Degree of hemolysis(%) = [(Ds — Dn)/(Dp — Dn)] x 100

Where Ds, Dp, and D, represent the absorbance of samples, the
positive control, and the negative control, respectively.

Bacterial Penetration Properties

In addition, to evaluate the potential of nanofibers for preventing
bacterial invasion, glass test tubes containing 5 mL of LB broth were
covered by the electrospun nanofibers (test area: 0.8 cm?). The open
tubes and tubes sealed with the cotton ball were considered as posi-
tive and negative controls, respectively. The tested tubes were main-
tained at ambient conditions for 3 and 7 days, and the absorbance of
samples was read at 600 nm. The cloudiness of the mixture in any
tube indicates bacterial contamination.

Statistical Analysis

All the experiments were carried out as triplicates. All statistical
analysis was performed by GraphPad Prism (v9.0). A two-way
ANOVA followed by Tukey’s test was performed. To compare the
mechanical data of nanofibers, a t-test was utilized. A P-value of 0.05
was considered significant for all data. All graphs are presented as
mean +/— standard error of the mean (SEM).

Results

Physico-Chemical and Mechanical Properties

Surface Morphology of Nanofibers

The SEM micrographs of the fabricated nanofibers are shown in
Fig. 1. As it can be seen, the mats have a uniform distribution and
bead-free structure with randomly oriented nanofibers and open
interconnected porosity. The average diameter of the fabricated
nanofibrous mats is represented in Table 1.

FTIR Spectroscopy

The chemical structure of the nanofibrous mats was evaluated by
FTIR spectroscopy, and the results are shown in Fig. 2. Regarding the
data, the observed broad peak of absorption at 3300 cm ~! may be
related to a hydroxyl group (O—H) stretching. In addition, the
absorption bands at 600-700, 940-980, 1000-1320, 1500-1600, 1695-
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Figure 1. FESEM micrographs of PCL/GEL (A and H), PVA/CS (B and I), c-PVA/CS (C and J), PCL/GEL-PVA/CS (D and K), c-PCL/GEL-PVA/CS (E and L), PCL/GEL-PVA/CS + PL (F and M),

and c-PCL/GEL-PVA/CS + PL (G and N).

1705, and 2800-2950 cm™"! are attributed to C—H and N—H, N—O,
C—0, N=0, C=0, and CH, groups, respectively.

Mechanical Properties of the Electrospun Nanofibers

The mechanical assessment of the fabricated nanofibrous mats
revealed that the ¢-PCL/GEL-PVA/CS group has the highest Young's
modulus (6.13 + 0.83 MPa), while the lowest values (0.57 & 0.7 MPa)
were recorded for the PVA/CS group. The ultimate tensile strength
(UTS) of the nanofibrous mats was in the range of 0.69 + 0.1 MPa to
3.71 £ 0.32 MPa (the PVA/CS and c-PCL/GEL/PVA/CS groups, respec-
tively). The detailed information is shown in Fig. 3 and Table 2.

Contact Angle

The contact angle values recorded for the prepared nanofibrous
scaffolds are depicted in Fig. 1 Supplementary. As shown, PCL/GEL
membrane had a water contact angle of 133°, while the other mats,
including c-PVA/CS, c-PCL/GEL-PVA/CS, and c-PCL/GEL-PVA/CS + PL,
could adsorb all the water, leading to record a contact angle of 0°
after 5 seconds post-dropping.

Swelling and Weight Loss

Fig. 4 shows the results of the swelling and dissolution rate of the
nanofibrous mats after being incubated in PBS. According to Fig. 4A,
water absorption (swelling) values recorded for the PCL/GEL, PVA/CS,
PCL/GEL-PVA/CS and PCL/GEL-PVA/CS + PL are 201.5 + 60.25%,
259.875 + 68.72%, 250.31 + 62.74%, and 222.425 + 86.37%, respec-
tively.

Fig. 4B shows the weight loss of the synthesized nanofibers after
1,3, 7, and 14, 21, and 28 days of soaking in PBS. The weight loss val-
ues were 31.823 + 1.467, 37.85 + 1.447%, and 62.377 + 1.51% for the
PCL/GEL, PCL/GEL-PVA/CS, and PCL/GEL-PVA/CS + PL nanofibrous
scaffolds on day 28 post-immersion in PBS, respectively.

Table 1
Morphological Properties of Nanofibrous Membranes.

Sample Mean Diameter (nm) Thickness (um)
PCL/GEL 1134+ 314 96.6 +12.25
PVA/CS 279 + 50 21.6 +£1.69
c-PVA/CS 270 £ 59 20+ 1.63
PCL/GEL-PVA/CS 454 4+ 257 86 +12.96
c-PCL/GEL-PVA/CS 531 + 258 70 + 8.165
PCL/GEL-PVA/CS +PL 236 + 43 45 +6.342
c-PCL/GEL-PVA/CS +PL 240 £ 80 51+6.68

Protein Release Assay

The release kinetics of PL from the nanofibrous membranes
was evaluated by BCA assay. Based on the obtained data (Fig. 5),
a cumulative release of 85.845.659, 111.28346.88, 188.357+
9.163, 201.507+3.662, 211.2443.945, 226.564+12.391, and
244.28+12.311 pg/mL of PL was observed after 6 h, 1, 3, 7, 14,
21, and 28 days of immersion in PBS, respectively. It should be
mentioned that these amounts were obtained after subtracting
the concentration of dissolved nanofiber materials from the PL-
containing nanofibrous mats.

Biological Properties of Nanofibrous Mats

Cytocompatibility Assessment

The effects of the nanofibers on the viability of NIH 3T3 cells
were assessed by MTT assay and represented in Fig. 6 A. Regard-
ing the data, the viability of cells was significantly increased after
48 h incubation with the 5 and 10% PL- containing nanofibrous
membranes (120.793 + 5.443% and 120.860 + 4.277%, respec-
tively) (p < 0.05). It should be stated that no significant changes
in the cell viability were observed in the different groups over
the other time points.
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- w\ ;ﬁ N~ (©)
SN ‘h
8 — -/'\ ('\/\,. (e)
g — /\%p’\/\, ()
= NO
g B T ©
§ — N N (b)
ot
i i \I‘ ""V\/““m @)

3500 3000 1500 1000 500

Wavenumber (cm™)

Figure 2. FTIR spectra of PCL/GEL (a), PVA/CS (b), c-PVA/CS (c), PCL/GEL-PVA/CS (d), c-
PCL/GEL-PVA/CS (e), PCL/GEL-PVA/CS + PL (f), and c-PCL/GEL-PVA/CS + PL(g).
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Figure 3. Stress-strain curves of PVA/CS, c-PVA/CS (A), PCL/GEL-PVA/CS, c-PCL/GEL-PVA/CS (B), PCL/GEL-PVA/CS + PL, and c-PCL/GEL-PVA/CS + PL (C).

Table 2

Mechanical Properties of Nanofibrous Membranes.
Composition Ultimate Tensile Failure Young's Modulus

Stress (UTS) (MPa)  Strain (%) (E) (MPa)

PVA/CS 0.69 +0.10 24.8 +£1.27 0.57 £ 0.7
c-PVA/CS 1.25+0.11 4727+196 085+0.6
PCL/GEL-PVA/CS 1.23+0.14 2.1+039 3.6+07
c-PCL/GEL-PVA/CS 3.714+0.32 4.7 £ 0.76 6.13+0.83
PCL/GEL-PVA/CS +PL 0.77 +£0.10 21+£0.11 2.24 +0.80
c-PCL/GEL-PVA/CS+PL 2.5+ 0.16 1723 +£049 2.76+0.44

Cell Adhesion

The FE-SEM micrographs (Fig. 6 B) exhibit that mouse embryonic
fibroblasts (NIH 3T3 cell line) were well-attached on the surface of
the fabricated nanofibrous scaffolds after 5 days of the cell seeding.

Cell Migration

The effects of the prepared nanofibrous mats on HUVEC mobility
were evaluated by in vitro scratch assay. As shown in Fig. 7, there is
no significant improvement in the migration capability of HUVEC
treated with the nanofibrous membrane as compared with the
untreated counterparts after 24 h (28.33 + 41.74% vs. 37.58 + 7.86%).
However, the incorporation of PL into the nanofibers resulted in a
sharp increase in cell mobility in comparison with the control group
(40.08 + 5.68% vs. 37.58 + 7.86%, p < 0.05) (Fig. 7B).

Blood Compatibility
Fig. 7 C verifies the blood compatibility of the prepared nanofi-
brous mats. Compared to the positive control (distilled water), the
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Figure 5. The cumulative release profile of PL from the prepared nanofibrous mem-
brane after 6 h, 1, 3, 7, 14, 21, and 28 days of immersion in PBS.

nanofibrous samples had no significant adverse effects (p < 0.001) on
hemolysis, i.e., the rupturing (lysis) of red blood cells (erythrocytes).
The hemolysis rate of PCL/GEL, PVA/CS, PCL/GEL-PVA/CS, and PCL/
GEL-PVA/CS + PL nanofibers was 9.23 £ 0.205%, 12.13 + 0.838%,
10.02 + 0.817, and 8.1 + 0.69%, respectively (p < 0.001).

Bacterial Penetration Activity

The capability of the nanofibrous mats in preventing bacterial
penetration was well-demonstrated, and the outcomes are presented
in Table 3. As reported, the samples exhibited a significant potential
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Figure 4. (A) The swelling properties of nanofibrous membranes (PCL/GEL, PVA/CS, PCL/GEL-PVA/CS, and PCL/GEL-PVA/CS + PL) after 24h immersion in PBS. (B) The percentage of
nanofibers’ weight loss (PCL/GEL, PCL/GEL-PVA/CS, and PCL/GEL-PVA/CS + PL) after 1, 4, 7, 14, 21, and 28 days’ post-incubation in PBS. The data are indicated as mean =+ standard

deviation (SD), n = 3.
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Figure 6. (A) The viability (%) of NIH 3T3 cells exposed to nanofibrous membranes containing 0, 2, 5, 10, and 20% PL compared to the control group (untreated cells) at 24, 48, and
72h post-incubation. Data are expressed as mean =+ standard deviation (SD), n = 3, and *p < 0.05 compared to the control group. (B) The FESEM micrographs of cell attachment onto

the surface of nanofibrous membranes (a) without or (b) with PL.
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Figure 7. (A) Microscopic images of in vitro scratch assay of the untreated HUVECs and or treated with the nanofibrous scaffolds after 24h. In each image, the leading edges are plot-
ted in red. (B) Quantitative graph demonstrating the percentage of HUVEC mobility after 24h. The results are shown as mean + standard deviation (SD), n = 6, and *p < 0.05 com-
pared to the control. (C) The percentage of hemolysis of different experimental nanofibrous membranes (i.e., PCL/GEL, PVA/CS, PCL/GEL-PVA/CS, and PCL/GEL-PVA/CS + PL)
compared to the positive control. The data are shown as mean + SD, n = 3, and ****p < 0.001 compared to the positive control.

of preventing bacterial penetration in comparison with the positive
control (the open test tubes without any caps) (p < 0.001).

Discussion

Epithelialization is a critical step of wound healing, which
directly affects the success rate of skin repair and regeneration. The
absence of re-epithelialization augments the risk of infection and
wound recurrence.'® Of great importance is that the early applica-
tion of proper wound coverage can avoid bacterial infection as well
as support epidermal cell migration, adhesion, and proliferation. In
this sense, electrospun nanofibers have emerged as appropriate
dressings to promote wound healing and subsequent wound closure

Table 3
The Percentage of Microbial Penetration Across the Nanofibrous Mats During 7 and
14 Days.

Samples Day 7 Day 14
PCL/GEL 0.34+0.031% 0.044%
c-PVA/CS 0.048 + 0.00693% 0.14 + 0.015%
c-PCL/GEL-PVA/CS 0 0.057 + 0.02%
c-PCL/GEL-PVA/CS+PL 0

1.%20.0359%

due to their high surface to volume ratio as well as desired porosity,
which allows for great drug encapsulation, excess exudate absorp-
tion, preventing bacterial invasion and infection, and efficient gas-
eous exchange.” Historically, the utilization of composite
nanofibrous scaffolds made of both natural and synthetic polymers
has led to providing more imitation of native skin ECM in terms of
morphology and composition.'# On the other side, the topical appli-
cation of platelet derivatives can be considered as a promising
approach for improving the quality and rate of the wound healing
process.” PL, as a natural rich cocktail of various GFs and cytokines,
can be easily achieved by simple thermal cycles of PRP.'® Removal
of platelet debris via gradient centrifugation makes PL a better
alternative to the PRP due to lower immunogenicity. Therefore, it
can be considered as a potential therapeutic in allografts or
xenografts.!”"'® PL has been successfully applied for local treatment
of non-healing ulcers.'"” Moreover, it has been stated that PL could
enhance wound closure by triggering the early migratory potential
of keratinocytes.” In addition to having various GFs, PL can also play
pivotal roles in efficient chronic wound healing by releasing differ-
ent pro-inflammatory cytokines and antimicrobial peptides.” How-
ever, local injection of PRP or PL was associated with prompt
leakage, the short half-life of soluble components, and denaturation.
Hence, several PL-containing biomaterials are being evaluated in
order to promote the stability and bioactivity of PL including PL-
incorporated hydrogels?° and nanofibrous scaffolds.®
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The present study aimed to prepare composite nanofibers made of
both natural (gelatin and chitosan) and synthetic (PCL and PVA) poly-
mers for potential use in epidermal regeneration. As shown in Fig 1,
the fibrous mats have a randomly oriented morphology with fiber
diameters of 1134 + 314 and 279 + 50 nm for PCL/GEL (Fig. 1A and
1H) and PVA/CS (Fig. 1B and 1I), respectively. Simultaneous electro-
spinning of the two polymeric solutions led to the formation of nano-
fibers with an average diameter of 454 4+ 257 nm (Fig. 1D and 1K). It
is well-documented that the topical application of PRP can be consid-
ered as a promising candidate for improving the quality and rate of
the wound healing process.?'"?* PL, as a natural rich cocktail of vari-
ous GFs and cytokines, can be easily achieved by simple thermal
cycles of PRP.'® Removal of platelet debris via gradient centrifugation
makes PL a better alternative to the PRP due to lower immunogenic-
ity. The addition of 5% (w/w) PL to PCL/GEL-PVA/CS solution resulted
in more homogenous fiber diameter. This effect can be related to the
increased fiber diameter of PVA/CS + PL nanofibers (Fig 1F and M). It
should be mentioned that the crosslinking of the fabricated scaffolds
with 0.5% (v/v) of glutaraldehyde vapor had no significant effect on
fiber composition, diameter, and morphology.

FTIR spectra of the fabricated nanofibers revealed the presence of
characteristic bands of all four constituent polymers, which supports
the blended nature of nanofibrous mats (Fig. 2). The FTIR spectrum of
all samples showed bands at 600-700 cm~! due to vibration bending
of C—H, C—O stretching at 1000-1320 cm~!, N=0 at 1500-1600
cm~!, C=0 at 1695-1705 cm™!, symmetric CH, stretching at 2868,
and asymmetric CH, stretching at 2939.* In addition, PCL/GEL, PVA/
CS, and c.PVA/CS nanofibrous mats demonstrated absorption bands
related to stretching vibration of N—O at 940-980 cm~!. A slightly
sharp peak corresponding to N—H was also observed at 600-700
cm~! in the blended composite nanofibers of PCL/GEL-PVA/CS, PCL/
GEL-PVA/CS + PL, and their cross-linked nanofibrous mats. The addi-
tion of PL to the nanofibrous mats led to an absorption peak at 1600-
1700 cm~', which can be associated with the amino characteristic
peak (Fig. 2f and g). It has been previously proved that amides repre-
sent the most intense absorption bands in proteins and proteins-con-
taining compositions (e.g., PL).?°> The presence of the crosslinker (i.e.,
glutaraldehyde) can be also seen in the FTIR spectrum as to a slight
shift to a lower wavenumber and changing the transmittance inten-
sity (Fig. 2¢, 1e, and g). The reason behind shifting the FTIR spectrum
to lower/higher wavenumber may be related to internal ordering,
generation of the new bonds, and creation of the surface defects in
the samples.”’®*” The existence of a shift in the FTIR spectrum to
lower wavenumbers in the cross-linked samples could be associated
to the interaction of glutaraldehyde with the macromolecule poly-
mers and/or remaining of the residual crosslinker in the process. In
this sense, as can be observed in Fig. 2, carbon- and nitrogen-bearing
bonds including C—H, C—0, C=0, and N—O bands shifted to lower
wavenumbers.

The mechanical properties of the fabricated nanofibrous scaffolds
are shown in Fig. 3 and Table II. According to the data, the addition of
PCL/GEL nanofibers to the PVA/CS nanofibrous system significantly
increased the UTS and E from 0.69 to 1.23 MPa, and from 0.57 to 3.61
MPa, respectively. As shown in Table 2, the recorded values of UTS, E,
and final strain for the nanofibrous mats were significantly increased
after crosslinking with glutaraldehyde (0.5 % v/v). As it can be found,
the addition of PL to the blended system resulted in an increased
elongation and reduced E. Our findings are in line with previously
reported studies that state these events may be associated with
enhanced deformation of the nanofibrous structure after incorpo-
ration of PL2 It is generally suggested for a biomimetic scaffold to
have mechanical properties similar to the target tissue in order to
support a better tissue restoration. Based on the literature,?® the
highest and lowest E values in the human being belong to subman-
dibular skin (1.28 MPa +0.06) and forearm skin (1.03 MPa +0.06),

respectively. These values are in the range of elastic modulus of nano-
fibrous mats fabricated in our study. Accordingly, the fabricated
nanofibrous scaffolds have great potential for being used in wound
dressing applications.

The hydrophilicity of nanofibrous scaffolds plays important roles
in cellular performance, including cell adhesion, proliferation, and
migration.?®° The hydrophilicity of nanofibrous scaffolds was mea-
sured using the water contact angle test. It is well-established that
the contact angle relies on two major parameters; i.e., the chemical
composition of the substrate and the solid-liquid interactions of the
surface.®! As it is obvious in Fig. 1 Supplementary, all the samples
have a hydrophilic nature with a contact angle of 0° after 5 seconds.
However, there was a slight difference in the rate of the water
absorption of the different groups. The maximum water contact angle
is assigned to the PCL/GEL nanofibers which were 146° at the
moment of dripping and 60° after 2 seconds (Fig. 1 Supplementary).
Although, the other samples immediately absorbed the water after 2
seconds, suggesting the great hydrophilicity of the fabricated nano-
fibers. Moreover, the swelling capacity of nanofibers is an important
factor to provide moisture 32 as well as absorbing excess exudate dur-
ing wound healing. As shown in Fig. 4 A, all the samples indicated a
high potential of water absorption up to more than twofold of their
initial dry weight. This considerable swelling capacity could be attrib-
uted to the hydrophilic functional groups within the polymeric com-
position, including hydroxyl (OH), amine (NH;), amide (CONH,
CONH,), and hydrogen bonds.?® In addition to water uptake, the
weight loss of nanofibers plays an important role during tissue regen-
eration due to their critical roles in supporting cell proliferation and
migration as well as newly deposited ECM. Furthermore, the dissolu-
tion rate has a direct impact on releasing the incorporated therapeu-
tic agents. As observed in Fig. 4B, the PCL/GEL and PCL/GEL-PVA/CS
nanofibrous scaffolds were degraded gradually in a time-dependent
manner up to 31.823 + 1.467% and 37.85 + 1.447% after 28 days,
respectively. However, the addition of PL to the PCL/GEL-PVA/CS
nanofibrous mats resulted in a sharp increase in weight loss at 4 days
post-incubation in PBS medium (53.613 + 2.607% vs. 12.141 +
1.829% related to the PCL/GEL-PVA/CS nanofibers). Then the dissolu-
tion rate of PCL/GEL-PVA/CS + PL nanofibrous mats mildly increased
until reaching 62.377 + 1.51% after 28 days. This burst initial weight
loss may be related to the incorporation of PL into the nanofibrous
mats due to its hydrophilic nature that can make it more soluble in
the PBS.? This durability and wettability of the fabricated nanofibers
in our study suggest that these constructs can be removed from the
wound bed after re-completion of epithelialization.

The release kinetics of PL from the nanofibrous mats in PBS was
evaluated after 6 h, 1, 3, 7, 14, 21, and 28 days. As demonstrated in
Fig. 5, PL has a burst release in the first 3 days (from 85.8 & 5.659 g/
mL after 6 h to 188.357+9.163 pg/mL after 3 days), which is followed
by a controlled and prolonged release up to 28 days (up to 244.28+
12.311 pug/mL). As reported elsewhere,*® PL can be considered as a
rich source of various GFs, cytokines, and other bioactive molecules
(TGF-B1, PDGF-BB, VEGF, HGF, FGF-2, EGF, IGF-1, and KGF) which can
accelerate the wound healing process. Prior experimental studies
have clarified the positive effects of the sustained release of PL from
nanofibrous scaffolds in skin repair and regeneration. For instance,
PVA nanofibrous mats loaded with PL were shown to have a rela-
tively high biodegradability that limits the prolonged release of bio-
active molecules from the scaffold.>* The polymeric constituents of
the present study can overcome these limitations by increasing the
durability of nanofibrous mats through the blended mixture of vari-
ous polymers with different weight-loss rates. In addition, it has been
reported that chitosan can serve as a suitable carrier for platelet's bio-
active molecules and stabilizes them during blending.>> Currently, it
is accepted that any tissue-engineered construct must have compati-
bility with living systems like mammalian cells. Fig. 6 A indicates that
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all the prepared nanofibers have no toxic effects on NIH-3T3 fibro-
blasts after 1, 2, and 3 days of incubation. Importantly, the incorpo-
ration of PL with the final concentrations of 2, 5, 10, and 20% (w/w) to
the nanofibrous mats increased the viability and proliferation of the
cells (Fig. 6 A). However, we selected 5% (w/w) PL-containing samples
for further investigations due to their better outcomes in terms of cell
viability after 48h (p < 0.05). This observation may be correlated to
the burst release of PL during the first 4 days. In addition to cell prolif-
eration and migration, efficient cell adhesion to the underlying sub-
strate is critical for successful wound healing.° Since the nanofibers
showed appropriate cytocompatibility, it was almost predictable that
the cells can grow onto the fabricated samples. Fig. 6 B displays the
SEM micrographs of the cell-laden nanofibrous mats after 5 days of
seeding. As it can be seen, the cells were well attached and proliferate
on the nanofibers’ surface. Our data is inconsistent with previously
reported experiments that state the bone marrow-derived mesen-
chymal stem cells (BM-MSCs) could successfully attach and infiltrate
into the PRP-containing PCL/GEL nanofibrous scaffold.>”

In addition to enhanced cell growth and proliferation, the wound
closure depends on the migration of cells located at the wound edges.
In our study, the adding of PL to the nanofibers could obviously aug-
ment HUVEC mobility (Fig. 7 A and B), which may positively impact
accelerated neovascularization and wound closure in vivo.

In addition to the cytocompatibility of the fabricated nanofibers,
we investigated their blood compatibility. It is well-documented that
hemolysis occurs as a consequence of disruption of the erythrocyte
membrane, leading to the release of hemoglobin into the plasma.
This phenomenon can directly influence the blood compatibility of
any material and substance.>® As shown in Fig. 7 C, the PCL/GEL, PVA/
CS, PCL/GEL-PVA/CS, and PCL/GEL-PVA/CS + PL electrospun mats
exhibit a hemolysis rate of 9.23 + 0.205%, 12.13 + 0.838%, 10.02 +
0.817, and 8.1 + 0.69%, respectively, which is significantly lower than
the positive control (distilled water) (p < 0.001). It should be
highlighted that prior experiments state the lower hemolysis rate for
PCL/GEL mats containing cinnamon as compared to a positive control
group (distilled water).>® The results of bacterial penetration across
the electrospun mats (Table 3) proved that the fabricated nanofibers
are suitable constructs for wound coverage due to their capability of
preventing bacterial invasion and possible secondary infection of the
wound. This observation may be due to electrostatic interactions
between amine groups of chitosan and PL with the surface negative
charge of bacteria, which can protect the wound bed against bacterial
infection.*® Furthermore, the nanoscale pore size of electrospun scaf-
folds was mentioned to be efficiently hinder bacterial transition
across the nanofibrous mats.*'*4?

Conclusion

Despite considerable progress in skin tissue engineering, it seems
that less attention has been paid to developing epidermal substitutes.
Accordingly, we fabricated a series of electrospun nanocomposites by
using PCL, GEL, PVA, and CS, in which PL was included for generating
a wound dressing with high therapeutic potential. The fabricated
PCL/GEL-PVA/CS + PL nanofibrous mats revealed appropriate phys-
ico-chemical properties in terms of submicron diameters, hydrophi-
licity, swelling, weight loss, as well as drug release profile. The
obtained results clarified that the scaffolds can not only serve as a
biocompatible and biomimetic substrate for cell growth and prolifer-
ation but also as a drug delivery vehicle for sustained release of bioac-
tive molecules. Additionally, the PL-containing scaffolds have
exhibited excellent compatibility with blood and could prevent bac-
terial invasion. All in all, the obtained data makes great proof for con-
ducting further in vivo studies in order to comprehensively
evaluations of the scaffolds in terms of skin tissue engineering.
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