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This research examined the effectiveness of Biobran as a bioactive substance that could potentially improve
wound healing. It also looked at how Biobran affects the properties of a nanofibrous scaffold made through
coaxial electrospinning. This is the first study exploring the use of Biobran in this context and its interaction
with nanofibrous scaffolds. The scaffolds were composed of poly(e-caprolactone) (PCL) in the shell and
various concentrations of Biobran blended with polyvinyl alcohol (PVA) in the core. The properties of the
scaffolds were characterized by SEM, TEM, FTIR, XRD, TGA, DSC, stress—strain test, WCA, release test,
MTT cytotoxicity assay, wound scratching assay, and the dye exclusion method using trypan blue. The
scaffolds loaded with Biobran exhibited a more compact and smooth morphology compared with the
scaffold without Biobran. The physical interaction and crystallinity of the polymers in the scaffolds were
also affected by Biobran in a concentration-dependent manner. This positively influenced their tensile
strength, elongation at break, thermal stability, and hydrophilicity. The porosity, water uptake capacity,
and WVTR of the nanofibrous scaffolds are within the optimal ranges for wound healing. The release rate
of Biobran, which revealed a biphasic release pattern, decreased with increasing Biobran concentration,
resulting in controlled and sustained delivery of Biobran from the nanofiber scaffolds. The cell viability
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positive effect of Biobran on the physicochemical properties of the nanofibrous scaffolds. These findings

DOI-10.1039/d3ra08609g suggest that Biobran-loaded core/shell nanofiber scaffolds have a potential application in wound healing
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1. Introduction

Skin injury is one of the most serious problems threatening the
global medical system." Conventional dressings, such as gauze,
have a number of drawbacks, including a high absorbent
capacity that can cause wound dehydration and promote
bacterial proliferation, along with the potential for additional
damage to the newly formed epithelium after gauze removal.>?
Consequently, the development of multi-functional wound
dressings that are more effective in healing has become a global
necessity.* The wound dressing should possess certain charac-
teristics and capabilities to be ideal and versatile in terms of
wound therapy. These capabilities include protecting the
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as an ideal multifunctional wound dressing.

wound from external environmental influences and microbial
infection, keeping the wound site moist to prevent it from
drying out, absorbing surplus fluids to avoid exudate pooling on
the wound, allowing gas exchange, providing suitable perfor-
mance and mechanical properties, inability to adhere, facili-
tating removal or disposability without exposing the wound to
trauma, being biocompatible and non-toxic, and inducing bio-
logical activity that aids in wound healing.">**°
Electrospinning (ES) has emerged as an attractive method
for producing advanced wound dressings due to its ease of use
and ability to generate nanofibers from a diverse range of
synthetic and/or natural polymers that mimic the structure of
the native extracellular matrix (ECM), which is crucial for
maintaining cell adhesion and proliferation processes."* In
addition to other benefits, such as the large surface area-to-
volume ratio that provides superior drug loading capabil-
ities."*>** The porous nature of electrospun nanofibers (ENs)
allows for the exchange of nutrients and gases, the absorption
of excess secretions, and the avoidance of pathogen penetra-
tion.™ Blending is a common method for incorporating drugs
with ENs.”> However, direct ES of the drug-blended polymer
solution can result in rapid and uncontrolled drug release,
particularly for hydrophilic drugs.' To address this issue,
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coaxial electrospinning (CES) has been developed as an
improved technique that can create core-shell nanofibers. In
CES, the drug is confined to the core, while the shell prevents
degradation and burst release. Additionally, CES can boost drug
stability, bioavailability, and efficacy.”” By modifying shell
properties such as thickness, composition, and porosity, CES
can also regulate drug release."®**

The degradability, exudate absorption capacity, mechanical
properties, morphology, diameter, and porosity of the ENs
depend on the type of materials used in the ES process and the
way they interact with each other, as well as the ES parame-
ters.2®** The US Food and Drug Administration (FDA) has
approved polycaprolactone (PCL) as a biocompatible polymer. It
is characterized by its mechanical stability, slow biodegrad-
ability, and ease of processing. Despite being a hydrophobic
polymer, when cultivated in vivo, it improves cell adhesion and
proliferation due to surface hydrolysis, which leads to the
formation of hydrophilic surface functional groups.** Polyvinyl
alcohol (PVA) has excellent chemical resistance, high mechan-
ical characteristics, heat stability, biocompatibility, and the
capacity to absorb extra wound fluids.*® Because of its water-
soluble nature and superior fiber-forming ability, it can act as
a carrier for hydrophilic bioactive agents, allowing for high
loading efficiency.”*

The skin has the capacity to restore its integrity through the
wound healing process.>*® Bacterial infection is a major
impediment to wound healing, as it necessitates more antibi-
otic regimens and longer recovery times."”” Conventional anti-
biotics have become less effective in managing wound
infections due to the emergence and spread of antibiotic-
resistant microorganisms, which is partly attributed to antibi-
otic misuse.””?® The immune system, comprising the innate and
adaptive branches, plays a vital role in resolving infection,
clearing necrotic tissue, and facilitating tissue repair, which
makes it the ideal remedy for this issue. Various immune cells,
such as neutrophils, monocytes, macrophages, and lympho-
cytes, participate in the wound healing process by secreting
factors and cytokines that regulate hemostasis, inflammation,
angiogenesis, and skin regeneration. However, immunodefi-
ciency or dysregulation can impair wound healing by causing
excessive tissue damage and persistent inflammation.>**°

Biobran is an immunomodulator phytochemical derived
from the enzymatic modification of rice bran using carbohy-
drate hydrolyzing enzymes extracted from shiitake mush-
rooms.*" Biobran is a hydrophilic, non-toxic and safe bioactive
agent, as its 50% lethal dose (LDso) is greater than 36 g kg™ '.*2
Biobran improves the immune system in various ways. It can
make natural killer (NK) cells more active and able to recognize
and destroy virus-infected cells and cancer cells.**?** It can also
make macrophages, neutrophils, and monocytes more efficient
at engulfing and killing bacteria, as well as producing cytokines
that help regulate other immune cells.*® Biobran can also
stimulate dendritic cells, which are important for presenting
antigens to T and B lymphocytes and activating them.***” A
reduction in lipid peroxidation, an improvement in the anti-
oxidant defense system, and protection against oxidative stress
are signs of Biobran antioxidant activity, according to Ghoneum
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and El Sayed.*” Additionally, Noaman et al. have revealed that
exposure to Biobran increases the activity of the antioxidant
enzymes catalase, glutathione peroxidase, superoxide dis-
mutase, and glutathione-S-transferase.®® Biobran has been
shown to have antiviral properties against a variety of viral
diseases, including human immunodeficiency virus (HIV),
hepatitis C virus (HCV), influenza, and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Biobran immunomod-
ulatory effects or direct interactions with viral components may
act as a mediator for its antiviral properties.****>* Owing to the
above-mentioned advantageous features of Biobran, it was
hypothesized to be a unique biological agent for wound healing.

This paper presents the first evaluation of Biobran as
a potential bioactive agent for wound healing. Moreover, it
introduces the first incorporation of Biobran into nanofibers
and investigates its effect on their attributes. In this context, we
synthesized core-shell nanofibrous scaffolds with different
concentrations of Biobran in the core by using CES. We con-
ducted a comprehensive analysis of these scaffolds, assessing
their morphology, structure, thermal and mechanical proper-
ties, surface wettability, and degradation characteristics. To
assess biocompatibility, we employed the MTT cytotoxicity
assay in two distinct scenarios: WISH cells directly seeded on
the nanofibrous scaffolds and WISH cells seeded with nano-
fibrous scaffold extracts. Furthermore, we assessed the cell
migration and attachment abilities using a wound scratch assay
and the dye exclusion method with trypan blue, respectively.
This investigation provides valuable insights into the potential
application of Biobran in wound healing.

2. Materials and methods

2.1. Materials

PCL pellets (M,, ~ 80 kDa) were supplied from Acros-Organics
(Thermo Fisher Scientific, Waltham, MA, USA). 2,2,2-Tri-
fluoroethanol (TFE, 99.0%) was procured from Panreac Qui-
mica, SA (Barcelona, Spain). PVA (M,, = 85 000-124 000, degree
of hydrolysis: 86.0-89.0%) was purchased from S.D. Fine-Chem
Limited (SDFCL) (Mumbai, India). Ethanol (EtOH, = 99.8%),
dimethyl sulfoxide (DMSO, = 99.7%), 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT), and trypan blue
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Human
epithelial (WISH, ATCC® CCL-25™) was acquired from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
Dulbecco's phosphate-buffered saline (DPBS, no calcium, no
magnesium, pH = 7.0-7.3), trypsin-EDTA (0.25%, 1x), foetal
bovine serum (FBS), Dulbecco’'s Modified Eagle's Medium
(DMEM)/high glucose, and penicillin-streptomycin were
purchased from Gibco-BRL (Grand Island, NY, USA). Biobran
was provided by Daiwa Pharmaceuticals Co., Ltd. (Tokyo,

Japan).

2.2. Core-shell electrospun nanofiber fabrication

Using CES, fiber mats with a PCL shell and a Biobran-loaded
PVA core at different concentrations were produced. Shell
solution was prepared by vigorously stirring 1.4 g of PCL pellets
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in 10 ml TFE overnight at 50 °C on a magnetic stirrer. To
prepare the core solutions, firstly 1.0 g of PVA was agitated in
10 ml deionized water for 4 hours at room temperature.
Subsequently, different concentrations of Biobran (0, 10, 20,
and 30 mg ml ') were added and magnetically stirred overnight
at room temperature. The shell and core solutions, after fully
dissolving, were poured into separate syringes, which were then
attached to the pumps of the electrospinning apparatus (Nano
NC laboratory machine, South Korea Republic, ESR 100), and
both syringes were connected to the coaxial needle. At 25 °C and
45% relative humidity (RH), electrospinning was carried out by
employing a 20 cm distance from the needle to the stationary
aluminum foil collector, a 1.2 ml h™* shell flow rate, a 0.8 ml
h™" core flow rate, and a 25-28 kV voltage. The nanofibrous
scaffolds were subsequently dried for two days in a vacuum oven
at 40 °C to remove any leftover TFE. According to the Biobran
concentration (0, 10, 20, and 30 mg ml ') in the core solution,
the resultant nanofibrous scaffolds were labelled B0, B10, B20,
and B30 respectively.

2.3. Characterizations

2.3.1. Field-emission scanning electron microscopy (FE-
SEM). The nanofiber structure and shape were investigated
using a FE-SEM (Quattro; Thermo Fisher Scientific, Waltham,
MA, USA) at 10 kV voltage. The fibers were coated with a thin
layer of gold using a sputter coater (model: S150B, Edwards
High Vacuum Ltd., England) prior to imaging. Image analysis
software (Image J, National Institute of Health, Bethesda, MD,
USA) was used to assess the diameter of selected random fibers
(n = 100) in the FE-SEM images.

2.3.2. Transmission electron microscopy (TEM). To vali-
date the formation of core-shell nanofibers, the nanofibrous
scaffolds samples were dispersed in ethanol and homogenized
for 120 s. A drop of the nanofiber suspension (20 uL) was placed
on a 200-mesh carbon-coated copper grid, and the excess
solvent was blotted. After that, the grid was left to dry at room
temperature before being scanned with TEM (JEOL JEM-2100F,
Japan), running at 160 kV of accelerating voltage.

2.3.3. Fourier transform infrared spectroscopy (FT-IR). FT-
IR (Shimadzu FTIR-8400 S, Kyoto, Japan) at a scanning resolu-
tion of 2 cm ™' in the wavenumber range of 4000-400 cm ™' was
used to analyze the composition, molecular interactions, and
chemical structure of the nanofibrous scaffolds.

2.3.4. X-ray diffraction analysis (XRD). The nanofibrous
scaffolds diffraction patterns were obtained using an X-ray
diffractometer (X-ray 7000 Shimadzu, Japan) equipped with
a Cu Ko, radiation source (A = 1.5418 A) operating at 40 kV and
30 mA. The patterns were recorded in a 26 range of 0-100° at
a 4° min~' scanning rate. The degree of crystallinity was
determined using the following relation:*!

Xc = ZAC/(ZAC + ZAa) (1)

Here, X, is the degree of crystallinity, A. is the intensity of the
crystallization peak, and A, is the intensity of the amorphous
peak.
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2.3.5. Thermal behavior. Thermogravimetric analysis
(TGA) and its first derivative (DTG), and differential scanning
calorimetry (DSC) were acquired by utilizing Discovery SDT 650
(TA Instruments, New Castle, USA). The measurements were
taken from room temperature to 800 °C at a heating rate of 10 ©
C min~" under a nitrogen atmosphere of 50 ml min . The
specific heat capacity (Cp) was established using the following
relation:*>*

C, = heat flow x time/weight x temperature (2)

2.3.6. Mechanical properties. A tensile testing machine
(Shimadzu UTM, Kyoto, Japan) was utilized to measure the
mechanical properties of the nanofibrous scaffolds. The
samples were cut into 5 x 1 cm? rectangles, and their thick-
nesses were measured with a 1 pm precision electronic
micrometer. The samples were vertically positioned between
two mechanical gripping, with a 3 cm gauge length left for
mechanical loading. Tensile tests were performed using a cross-
head movement at a 5 mm min ™' constant extension rate. From
stress (o)-strain (¢) curves, ultimate tensile strength (UTS) and
elongation at break (E},) were calculated, and Young's modulus
(E) was the slope of the first 5% linear portion of the curve. Five
samples were tested for each type of nanofibrous scaffolds.*

2.3.7. Water contact angle (WCA). Nanofibrous scaffolds
wettability assessment was investigated by WCA measurement
(n = 3) using the static sessile drop method (droplet = 6 pL) at
room temperature. After 1, 3, 6, and 10 s, the images were
recorded and carried out with a CCD camera and analysis
software equipped with Attension Theta Optical Tensiometer
(Biolin Scientific Company, Finland).

2.3.8. Total porosity determination. The total porosity (P)
of nanofibrous scaffolds was measured according to the liquid
displacement method using eqn (4).**** Briefly, the samples
were cut into a square shape from nanofibrous scaffolds sheets,
and the volume (V) was calculated by measuring the length,
width, and height of the sample with a vernier caliper. The
sample was weighed (W;) and soaked in absolute ethanol at
room temperature for up to 6 hours. After soaking, the samples
were placed on filter paper to remove residual ethanol and
weighed again (W,).

P = (W, — W) x 100/(p x V) (4)

where, p represents the density of the ethanol at room
temperature (n = 5).

2.3.9. Water uptake capacity. To investigate the exudate
absorption ability of nanofibrous scaffolds, the percentage of
water uptake (W%) after 1 day was calculated using eqn (5)
based on Haixia et al.*® The samples (n = 3) were punched from
nanofibrous scaffolds sheets, weighed (W;,), and placed in DPBS
at 37 °C for the predefined time. After the time interval, the
samples were taken out and filter paper was used to eliminate
excess wetness before weighing the samples again (W,).

W = (W, — Wy) x 100/ W, (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.10. Water vapor transmission rate (WVTR). The WVTR
of nanofibrous scaffolds was measured in accordance with
American Society for Testing and Materials (ASTM) standards.*”
The sample (n = 3) was cut into a disc shape and inserted into
the mouth of a vial containing deionized water. The vial was
then tightly packed with the sample and placed in an incubator
set at a constant temperature of 37 °C and humidity of 79%. The
following formula was used to determine the WVTR:

WVTR = (ml — l’f’lz)/(A X l) (6)

where m, and m, are the weights of the sample before and after
testing, respectively, A is the surface area of the sample, and ¢ is
the time interval of testing.

2.3.11. Degradation of nanofibrous scaffolds. The weight
loss method was used to quantify scaffold degradation using
the ASTM F1635-04A standard.** Specimen disks of nanofibrous
scaffolds with 10 mm diameter (n = 3) were weighted (W;). The
specimens were placed in a 10 ml DPBS solution in an incubator
set to 37 °C. The samples were withdrawn from DPBS at speci-
fied intervals, dried in an oven for 48 hours, and weighed again
(Wa). The following calculation was used to estimate the weight
loss percentage of the specimens:

Weight loss (%) = (W; — Wg) x 100/W; 7)

2.3.12. In vitro release performance of Biobran-loaded
nanofibrous scaffolds. To investigate the in vitro release
profile of Biobran, the calibration curve of Biobran was estab-
lished by monitoring the absorbance values of serially diluted
Biobran concentrations (n = 3) at 362 nm. Subsequently, 20 mg
of nanofibrous scaffolds (B10, B20, and B30) were placed in
a 6 ml DPBS solution and incubated (z = 3) in a shaker incu-
bator (37 °C, 100 rpm). At predefined time intervals, 4 ml of
DPBS was withdrawn and replaced with an equal volume of
fresh DPBS. The amount of Biobran released at a wavelength of
362 nm was determined using a UV-spectrophotometer-double
beam (T80+, PG Instruments Ltd., England, UK).

2.3.13. Cytocompatibility aspects

2.3.13.1. Cell seeding and nanofibrous scaffolds sterilization.
WISH cells were cultured in DMEM supplemented with 10%
FBS and 1% Pen-Strep solution in a humidified incubator (5%
CO,, 37 °C). 14 mm discs of nanofibrous scaffolds (n = 3)
fastened with stainless steel rings in 24-well plates were washed
three times with DPBS after 12 hours of UV light exposure.

2.3.13.2. Direct cytotoxicity assay. The MTT assay was used
to quantify the viability of WISH cells on the sterilized nano-
fibrous scaffolds (n = 3). The nanofibrous scaffolds were
submerged in a culture medium overnight to enhance cell
adherence prior to seeding cells at a density of 1 x 10 cells per
well for 1, 2, and 3 days. Each well received 250 pL of MTT
solution (5 mg ml™') and was incubated at 37 °C after rinsing
with DPBS. After 4 h, 750 uL of DMSO was added to each well to
dissolve the formazan crystals. The supernatants were trans-
ferred to a 96-well plate, and their optical densities at 570 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were measured with a microplate reader (Multiskan MK3,
Thermo Fisher, Waltham, MA, USA).

2.3.13.3. Indirect cytotoxicity assay. To acquire the extracts,
sterilized nanofibrous scaffolds (n = 3) were immobilized in 24-
well plates by stainless steel rings and immersed in DMEM for
24 hours. The WISH cell line was cultured in 96-well plates for
24 hours with 100 pL of culture medium per well. After this
time, the DMEM was replaced by extracts. After 24 hours of
cultivation with extracts, cells were rinsed twice by adding 100
uL of DPBS, and an MTT cytotoxicity assay was performed. To
obtain a positive control (n = 3), a sterile solution of 0.1% Triton
X-100 in DMEM was prepared and incubated for 24 hours. A
negative control was created by incubating DMEM for 24 hours
(n=3).

2.3.13.4. Cell attachment. The dye exclusion method using
trypan blue was used to evaluate the viable cell count attached
to the nanofibrous scaffolds.*®* WISH cells were seeded on
nanofibrous scaffolds (n = 3) into a 24-well plate at a density of 1
x 10* cells per well for 1, 2, and 3 days. The scaffolds were
transferred to another well after each time point, rinsed with
DPBS, and trypsinized for 3 minutes. Then, 500 pL of DMEM
was added to stop the trypsinization process. After centrifuging
the cell suspension, DMEM was added to the cell pellet, fol-
lowed by trypan blue. A hemocytometer was used under
a microscope to count the quantity of live and dead cells; dead
cells were stained blue. Untreated cells were used as a positive
control (100% viable) in the study.

2.3.13.5. Scratch wound assay. To investigate the effect of
nanofibrous scaffolds on WISH cell migration, a scratch wound
assay was conducted. WISH cells were seeded into a 24-well
plate at a density of 4 x 10* cells per well and cultured until they
formed a confluent monolayer. The monolayer of cells was then
scraped in a straight line using the tip of a sterile pipette, and
any cell debris was removed by washing with DPBS. Subse-
quently, 2 ml of serum-free medium was added to each well,
followed by the addition of sterilized samples of nanofibrous
scaffolds. The cell migration was recorded using a microscope,
and the results were compared to untreated scratched cells. The
wound closure area was calculated using Image] software.

2.4. Statistical analysis

Statistical analysis of the data was conducted using Costate
software. A one-way ANOVA was employed to compare multiple
groups, followed by the LSD test. The data were presented as the
mean =+ standard deviation (SD). In all evaluations, statistical
significance was determined by a p-value of less than 0.05.

3. Results and discussion

3.1. Morphology investigation and core-shell
demonstration

The morphology of PVA/PCL core/shell nanofiber scaffolds was
significantly impacted by Biobran at different concentrations
(10, 20, and 30 mg ml ™). Fig. 1 illustrates these morphological
changes. The SEM images in Fig. 1A, show that the BO nano-
fibrous scaffold has highly interconnected nanofibers and

RSC Adv, 2024, 14, 4930-4945 | 4933
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Fig. 1 Images of (A-D) FE-SEM and (E-H) TEM for nanofibrous
scaffolds. BO (A and E), B10 (B and F), B20 (C and G), and B30 (D and H).
Dashed black circles represent the location of secondary pores.

secondary pores in the individual fibers. These features
decreased as the Biobran concentration increased. Conversely,
fiber homogeneity (i.e., the fiber diameter range becomes less
dispersed as in Fig. 1 and 2) and average diameter increased
with increasing Biobran concentration up to 20 mg ml~* (B0 =
213.8 £168.6 nm, B10 = 307.5 £+ 147.3 nm, B20 = 365.7 £+ 119.1
nm). However, at 30 mg ml ™", the average diameter decreased
(B30 = 285.8 £+ 128.3 nm). The irregularity of the nanofibers in
diameter and their high interconnectivity are due to the
swelling influence of the PVA extrusion, which affects the shell
stretching and consequently the jet bending instability.>*-*> The
addition of Biobran increases the concentration of the core,
which in turn increases viscosity. This reduces the extrudate
swell effect of PVA and increases the uniformity and mean
diameter of the nanofibers.”*** However, at 30 mg ml™?, the
viscosity increase causes the core solution to drip from the tip of
the coaxial needle, hindering the electrospinning process. To
overcome this issue, an electrical voltage of 28 kV was used,
resulting in a reduction in fiber diameter.®***® The formation of
secondary pores in the PVA/PCL core/shell nanofiber scaffolds
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Fig. 2 FT-IR spectra of Biobran and nanofibrous scaffolds.

was achieved based on vapor-induced phase separation (VIPS),
non-solvent-induced phase separation (NIPS), and breath figure
(BFs) mechanisms. The water present in the PVA core solution
creates a highly humid environment for the PCL shell. By
increasing the flow rate of the PVA core solution, water mole-
cules in the core rapidly diffuse into the PCL shell before TFE
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Fig. 3 XRD patterns of nanofibrous scaffolds and Biobran.
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evaporation. This diffusion causes PCL and water to separate
into phase separation zones. As the PCL shell solidifies, water
evaporation leads to pore development. Due to the initial high-
water content and pore formation during the early stages of
electrospinning, the pores exhibit folded and long elliptical
shapes. Additionally, pores are formed through water vapor
condensation on the shell surface, facilitated by a relative
humidity of 45% and the high volatility of TFE.*”-** The high
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hygroscopicity of Biobran reduces water diffusion and evapo-
ration, slowing down the nanofiber drying process. Conse-
quently, both pore size and density decrease as Biobran
concentration increases.”” The core-shell morphology of the
nanofibrous scaffolds was confirmed by TEM images in Fig. 1,
which shows that the PVA and different concentrations of Bio-
bran loaded on the PVA were fully encapsulated by the PCL
shell.
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Fig. 4 Nanofibrous scaffolds and Biobran TGA-DTG thermographs.
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Fig. 5 Nanofibrous scaffolds and Biobran DSC thermographs.

3.2. FT-IR spectroscopy

FTIR spectra of PCL, PVA, Biobran, B0, B10, B20, and B30 were
utilized, as shown in Fig. 2. The FTIR spectra of Biobran
exhibited characteristic peaks at 3280 cm ' (O-H stretch),
2905 cm ™' (C-H stretch), 1710 cm ™' (C=0 stretch), 1630 cm ™"
(absorbed moisture), 1447 cm ™" (C-H bend), 1360 cm™ " (O-H
bend), and 1145 cm™" (C-O-C stretch). Additionally, peaks at
844 cm™" and 1072 em ™" correspond to the glycosidic link and

4936 | RSC Adv, 2024, 14, 4930-4945

B(1—4) linkages between the monomers.®* The band from
988 cm ™" to 1016 cm ™' is related to the arabinose side chain O-
3 on xylose.®” The PCL spectra displays strong bands attributed
to CH, stretching at 2937 cm ' and 2855 cm ', C=0
stretching at 1717 em ™', C-O-C stretching at 1234 cm™ " and
1165 cm ™' and O-C stretching at 1042 cm ™" and 955 cm™ .
The main peaks of PVA were observed at 3310, 2930, 1723,

1420, 1374, 1089, and 838 cm ™ '. These peaks are assigned to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Thermal statistics of nanofibrous scaffolds and Biobran, T; (°C) = the stage onset temperature, W (%) = the weight loss percentage, C, =
specific heat capacity, Tmax = temperature at 50% weight loss, and inflection point (/) = the peak point that represents the greatest rate of

change on the first derivative weight loss curve

Thermal characters Biobran PCL PVA BO B10 B20 B30
TGA 1st stage T; (°C) 29.8 28.2 31.5 30.9 28.7 29.6 31.5
W (%) 8.1 3.8 5.6 1.8 4.7 4.6 2.8
2nd stage T; (°C) 150.9 324.2 255.5 279.5 200.5 193.1 205.0
W (%) 18.8 91.1 83.3 92.3 2.5 4.0 4.0
3rd stage T; (°C) 231.9 437.2 371.1 425.1 290.6 285.0 295.8
W (%) 30.8 6.0 9.5 3.7 88.7 85.4 85.2
4th stage T; (°C) 391.7 — 506.1 479.8 465.6 456.3 476.2
W (%) 23.7 1.3 1.7 4.0 6.0 5.11
5th stage T; (°C) 653.1 — — — — — —
W (%) 9.0
Trmax (°C) 333.7 402.2 312.5 375 377.5 376.8 380.9
DTG I, (°C) 210.6 and 293.9 407.3 310.0 396.1 392.3 386.2 393.6
DSC T, (°C) — — 82.4 86.0 451 46.4 55.8
C,(Joc g™ 32.4 44.5 41.2 40.6 18.5
T (°C) T; (°C) — 59.5 183.1 — 64.2 63.1 61.9
Cp(JoCctg™ 21.4 89.2 — 53.0 50.8 19.9
AH, (Jg™) — 30.9 14.0 — 2.98 2.22 9.1

O-H stretch, C-H stretch, C=0 stretch of the remaining vinyl
acetate,** C-H bend, O-H bend, C-O stretch, and C-C
stretching, respectively. In BO spectrum, no new bands were
observed along with the previously identified absorption peaks
of PCL and PVA. However, the C=0 band was detected at
1721 cm ™, and the O-H stretch of PVA shifted to 3320 cm ™,
owing to physical interaction between PCL and PVA.®**® It was
observed that the C=0 band exhibited no shift in the spectra
of B10, B20 and B30. Whereas, O-H band was shifted to
3332 ecm ' for B10 and 3323 ecm ™! for B20 and B30, which
might be due to intermolecular interaction between PCL, PVA,
and Biobran along with intramolecular interaction of PVA and
Biobran.*”®

3.3. XRD analysis and crystallinity investigation

The XRD patterns of nanofibrous scaffolds and Biobran are
depicted in the Fig. 3. The XRD pattern of Biobran exhibited
a broad peak at 20°, indicating its amorphous structure. For
PCL, two sharp peaks were observed at 20.8° and 23.1°, along
with two broad peaks at 29.1° and 39.9°, with a low crystallinity
of 6.41%. PVA showed two broad peaks at 18.7° and 29.1°,
indicating its low crystallinity (8.83%). The low crystallinity of
the electrospun polymers is due to the evaporation rate of the
solvent used for electrospinning.®® In the case of B0, two broads
peaks were observed at 17.7° and 29.1°, and its crystallinity was
7.21%, indicating physical interaction between PCL and PVA,
which is consistent with the previously presented FT-IR
results.” B10 showed 19.2% crystallinity along with sharp
peaks at 21.0° and 23.3°, in addition to broad peaks at 19.7°,
29.5°, and 39.9°. The XRD pattern for B20 displayed sharp peaks
at 21.5° and 23.9° along with broad peaks at 29.4°, and its
crystallinity was 12.2%, making the two broad peaks at 19.7°
and 39.9° barely visible. For B30, there are sharp peaks at 20.9°
and 23.4°, as well as broad peaks at 19.3°, 29.6°, and 40.0°, with
25.7% crystallinity. The change in the intensities and positions

© 2024 The Author(s). Published by the Royal Society of Chemistry

of peaks along with crystallinity may be attributed to the phys-
ical interaction between Biobran and polymers,””> which is in
accordance with the FT-IR data and the mean diameter of NFs
previously reported.

3.4. Thermal characteristics investigation

All samples revealed multiple decomposition stages in the
representative TGA curves, as illustrated in the Fig. 4-6 and
Table 1. The first stage of weight loss might be attributable to
absorbed water evaporation.” The subsequent stages correspond
to more intricate processes. As the elimination of H,O and
residual acetate groups, as well as chain scission reactions in the
case of PVA.”* Furthermore, in the case of PCL, polyester chain
rupture and unzipping depolymerization occur.” Biobran, on the
other hand, had a broad mass loss interval and, interestingly,
a higher Ty, (temperature at 50% weight loss) than PVA. This
could be due to the phenolic compounds in the Biobran struc-
ture, such as ferulic acid, which is cross-linked to arabinox-
ylan.**’® The increase in Thmax values, shown in Table 1, with
increasing Biobran concentration indicates that the thermal
breakdown rate of the nanofibrous scaffolds decreased with
increasing Biobran content. PVA DSC thermogram exhibited
a glass transition temperature (T, = 82.4 °C), lower than B0 (T, =
86.0 °C). This shift results from the physical interactions of PCL
and PVA, which reduce the mobility of the chain.”” The glass
transition temperature decreased significantly with B10 (T, =
45.1 °C) and then began to increase slightly with increasing
Biobran concentration (T, for B20 = 46.4 °C, T, for B30 = 55.8 ©
C). This is because Biobran's side branching introduces defects
into the crystal, resulting in free volumes and subsequently
increasing chain mobility.” The decrease in Ty, with increasing
Biobran concentration, as mentioned in Table 1, supports this
interpretation.”® The slight increase in Ty is due to the increase
in the degree of crystallization previously explained in the XRD
results (Fig. 3).%

RSC Adv, 2024, 14, 4930-4945 | 4937


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08609g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 February 2024. Downloaded on 1/20/2026 9:42:00 PM.

(cc)

View Article Online

RSC Advances Paper
150
4004 ——Biobran
I
© 100
8
)
-
)
= £
S 504 5 >
e =h Rz
; At
¥ d \‘n
0 I
-800 . : : : : T T r O
0 100 200 300 400 500 600 700 800 0 100 200 300 400
Temperature (°C) Temperature (°C)
200 400
1504 2" — 300uble
o : o
"0 100 -] Ten 200
= =
= =9
&) &)
50 1004
04 Tempersare °C) 0
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)
400 400
—B20
300 300 ¢
— — {2r
o o s
Top 200 "0 200
= =
o - =%
© 1004 i © 1004
<& __— Ty
S : . o ' e
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)
250
—B30
200
~w
— ©
S s E
Tb.l? TR
— "t
= 1004
o
Q
50
04 I o
0 100 200 300 400
Temperature (°C)

Fig. 6 Nanofibrous scaffolds and Biobran C, thermographs.

3.5. Mechanical behavior identification

The scaffolds must be sufficiently strong to maintain their
structure when placed on the wounds and easily movable
without causing damage to the freshly formed tissue.®* In this
context, the stress-strain curves of Biobran and nanofibrous
scaffolds are represented in Fig. 7, and their mechanical
characteristics are quantified in Table 2. As is clear from Table
2, the inclusion of Biobran enhanced nanofibrous scaffolds

4938 | RSC Adv, 2024, 14, 4930-4945

mechanical properties and resembled those of skin.®*?*
Physical interactions and crystallinity are known to influence
the mechanical properties of electrospun nanofibers.?>*® As
mentioned earlier, the addition of Biobranincreases the
physical interaction and crystallinity of the nanofibrous
scaffolds in a concentration-dependent manner, which
explains the change in tensile strength with the addition of
Biobran. The increase in flexibility with Biobran addition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Representative stress—strain curves of nanofibrous scaffolds.

Table 2 Mechanical parameters clarification

Samples UTS (MPa) E (MPa) Ey (%)

Native skin®*%* 2.0-16.0 4.6-20.0 35.0-115.0
BO 1.51 + 0.08 12.8 + 0.44 37.55 + 2.0
B10 2.33 £ 0.10 14.1 + 0.73 49.67 + 1.5
B20 2.17 + 0.21 9.3 +0.28 74.13 + 3.0
B30 2.29 + 0.09 10.5 + 0.48 84.06 + 3.9

corroborates the findings of the previously explained thermal
properties, as the decrease in Ty, with the increase in Biobran
concentration indicates an increase in nanofibrous scaffold
flexibility.®** The mechanical properties confirmed the suit-
ability and compatibility of Biobran and the polymers for
wound healing applications.
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3.6. Surface wettability

The WCA, which directly reflects the surface wettability, is
a critical factor influencing drug delivery, protein absorption,
cell adhesion, and cell infiltration.”® As displayed in Fig. 8, the
WCA for PCL was found to be 135.58°, 133.48°, 130.22°, and
129.86° at 1, 3, 6, and 10 seconds, respectively. Similarly, the
WCA for PVA was measured to be 22.29°, 16.43°, 15.22°, and
9.75° at the same time intervals. The WCA for B0, B10, B20, and
B30 were determined to be 113.40°, 73.01°, 48.44°, and 33.18°;
98.86°, 58.89°, 43.93°, and 32.38°; 99.64°, 51.89°, 36.93°, and
11.59°; and 88.29°, 47.50°, 33.04°, and 15.95° at 1, 3, 6, and 10
seconds, respectively. The enhancement in surface wettability
due to the addition of Biobran can be ascribed to the alteration
in crystallinity, as the degree of crystallinity influences surface
characteristics like surface free energy and, consequently,
wettability.®** Interestingly, the WCA exhibits a remarkable
decrease within 10 seconds, indicating rapid water absorp-
tion.** The exceptional water-absorbing capability of PVA,*
combined with the high hygroscopicity of Biobran might be the
cause of this result.

3.7. Porosity, water uptake, WVTR, and degradation of
nanofibrous scaffolds

B0, B10, B20, and B30 exhibited high porosity (Fig. 9A), with
respective values of 87.91 + 3.7%, 84.12 + 4.0%, 78.55 + 4.9%,
and 80.20 + 3.1%, respectively. All of these percentages fall
within the optimum range of the wound dressing porosity (60-
90%) required for healing.”® Furthermore, after 24 hours, BO,
B10, B20, and B30 demonstrated water uptake capacities of
405.26 + 28.33%, 491.24 + 39.67%, 536.69 *+ 25.11%, and
572.47 + 31.05%, respectively (Fig. 9B). To evaluate the ability of
nanofibrous scaffolds to permeate moisture, their WVTR was

10s

6s

PCL

PVA

B0

B10

B20

B30

Fig. 8 WCA images for nanofibrous scaffolds at 1, 3, 6, and 10 s.
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measured (Fig. 9C), and B0, B10, B20, and B30 exhibited 2778.5
+110.7 gm 2 x 24 h, 2335.2 + 115.6 g m > x 24 h, 2489.2 +
100.1 g m > x 24 h, and 2134.7 4+ 83.9 g m > x 24 h, respec-
tively. According to Zahedi et al., wound dressings with a WVTR
range of 1999.2-2500.8 ¢ m~> x 24 h can protect the wound
from drying out or pooling by preserving the equilibrium
between water evaporation and excess exudate accumulation.™
Rui et al. also reported that wound dressings with a WVTR of
2028.3 + 237.8 ¢ m > x 24 h can promote wound healing by
maintaining an optimal moisture content.*> Additionally, the
degradation rate of the nanofibrous scaffolds should be
commensurate with the tissue regeneration rate.”” Among the
nanofibrous scaffolds, B30 exhibited the lowest degradation
rate (Fig. 9D), which is acceptable in terms of biological
compatibility.®”

3.8. Biobran-loaded nanofibrous scaffolds release study

The cumulative Biobran release from B10, B20, and B30 is
depicted in Fig. 10. All nanofibrous scaffolds showed a biphasic
release behavior that consisted of an initial burst release fol-
lowed by a sustained release phase. In the first stage, Biobran
was rapidly released at levels of 73.45 4 2.9%, 68.75 £+ 1.7%, and
50.58 + 3.0% from the B10, B20, and B30 samples, respectively,

4940 | RSC Adv, 2024, 14, 4930-4945

within the first 24 h. In the second stage (from 24 h to 7 days), it
was constantly released (up to 95.74 + 3.0%, 82.05 + 2.8%, and
61.51 + 4.0%) from B10, B20, and B30, respectively. This
suggests that the physical interactions between the PVA and
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Fig. 10 Biobran cumulative release study.
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Biobran in the core effectively slowed down the Biobran release
from the nanofibrous scaffolds.*®*%° Notably, despite the higher
hydrophilicity of B30 than B10 and B20, its Biobran release rate
is comparatively slower. This can be attributed to its high
crystallinity, small fiber diameter, and pore size, which also
contributed to its enhanced stability during degradation.*®*~'**
The release rate confirmed the controlled and sustained
delivery of Biobran from the nanofiber scaffolds.

(A)
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3.9. Biocompatibility study

Cell viability should be below 70% to indicate the possibility of
cytotoxicity.’ In this study, a direct cytotoxicity assay was
conducted to evaluate the influence of nanofibrous scaffolds on
the viability of WISH cells. The result of the direct culture MTT
cytotoxicity assay is presented in Fig. 11A, which shows the cell
viability percentages at 1, 2, and 3 days for B0, B10, B20, and
B30. At 1 day, the cell viability percentages were 64.85 + 6.0%,

Viable cell count
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Fig. 11 MTT assay of nanofibrous scaffolds (A), MTT assay of nanofibrous scaffolds extracts (B), viable cell count using dye exclusion method
assay (C), cell migration rate (D), and cell migration images (E). * indicates p < 0.05, while ** indicates p < 0.01.
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65.77 £+ 3.1%, 71.18 £ 3.0%, and 78.97 + 4.2% for BO, B10, B20,
and B30, respectively. At 2 days, the cell viability percentages
were 88.37 + 7.1%, 89.56 + 8.5%, 91.0 £+ 4.9%, and 93.38 +
5.8% for BO, B10, B20, and B30, respectively. Finally, at 3 days,
the cell viability percentages were 91.98 + 10.5%, 95.37 £ 8.4%,
96.94 £+ 4.1%, and 99.69 £ 9.0% for B0, B10, B20, and B30,
respectively. The initially apparent cytotoxicity can be attributed
to the high porosity exhibited by the nanofibrous scaffolds,
which enables them to absorb a portion of the formazan crystals
formed on their surface.’®® Moreover, the hydrophobic surface
of the scaffolds may hinder the initial cell attachment.'” These
two explanations are supported by the observation that when
the MTT cytotoxicity study was performed using extracts of the
nanofibrous scaffolds, no cytotoxicity was noticed, as shown in
Fig. 11B, which shows that the cell viability percentages were
117.4 £ 15.1%, 130.1 £ 20.8%, 122.5 £ 14.5%, and 132.9 £
13.7% for BO, B10, B20, and B30, respectively, ruling out the
possibility that there are organic solvent residues leading to
toxicity or that the nanofibrous scaffolds release cytotoxic
substances. Barnes et al. demonstrate that proteins and other
media components can be absorbed by highly porous medical
carbon absorbents used in extracorporeal therapies, leading to
false-positive cytotoxicity results.'® Rafal et al also showed
false-positive MTT cytotoxicity with highly porous nanofibers,
especially at 24 h.'*® Consequently, the use of scaffold extract in
an MTT cytotoxicity assay is a more reliable method for
assessing the biocompatibility of highly porous nanofibrous
scaffolds, circumventing the issue of formazan crystal absorp-
tion by restricting the physical interaction between nanofibrous
materials and cytotoxicity assay reagents. Fig. 11C depicts the
dye exclusion method with trypan blue that was employed to
evaluate the impact of the nanofibrous scaffolds on the WISH
cells in direct contact. The viable cell counts for control, BO,
B10, B20, and B30 were (7.0 x 10" + 4.0 x 10?), (6.0 x 10* £+ 5 x
10%), (6.7 x 10* + 6.5 x 10%), (6.55 x 10* £ 3.5 x 10?), and (6.9
x 10* 4+ 7.0 x 10%) at day 1, respectively. They increased to (1.3
x 10° £ 6.0 x 10%), (1.17 x 10° £ 4.0 x 10%), (1.28 x 10° £ 7.0 x
10%), (1.24 x 10° + 5.0 x 10%), and (1.35 x 10° + 6.0 x 10%) at
day 2, respectively. Finally, they reached (1.9 x 10° & 1.1 x 10%),
(1.79 x 10° + 7.0 x 10%), (1.88 x 10> £ 9.5 x 10%), (1.91 x 10° +
8.0 x 10%), and (2.1 x 10° & 1.0 x 10%) at day 3, respectively. On
the first day of cultivation (Fig. 11C), the nanofibrous scaffolds
showed a different growth pattern of WISH cells compared to
the control group. The order of cell growth was control, B30,
B10, B20, and BO. This trend could be connected to the hydro-
philicity of the scaffolds. The hydrophilicity of nanofibers is
a decisive factor in cell-material interaction, particularly cell
adhesion, as cells prefer to adhere to hydrophilic surfaces.'*"**
Hydrophilic nanofibers can promote cell attachment,
spreading, proliferation, and differentiation by facilitating
protein adsorption and integrin binding.">'** Conversely,
hydrophobic nanofibers can lead to cell detachment, apoptosis,
and inflammation by hindering protein conformation and
interaction. Therefore, surface modification of nanofibers to
adjust their hydrophilicity is a widely adopted strategy to
enhance their biocompatibility and functionality for various
biomedical applications.’*”*** Furthermore, the viable cell

4942 | RSC Adv, 2024, 14, 4930-4945
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counts grew significantly with cultivation time (Fig. 11C),
showing that cell proliferation occurred.®® This result is
corroborated by the findings in Fig. 11A, where cell viability on
the nanofibrous scaffolds increases with the culture period. The
cytotoxicity assays demonstrated a dose-dependent effect of
Biobran on WISH cells, which might be attributed to the posi-
tive effect of Biobran on the physicochemical properties of the
nanofibrous scaffolds, as cell adhesion and growth mecha-
nisms depend on nanofibers’ material morphology, the diam-
eter of fibers, or even the layout of the scaffold."*>''® The B0 and
B10 groups exhibited slower migration compared to other
groups. However, after 3 days of culturing, all groups appeared
to be the same, as depicted in Fig. 11D and E. This behavior
might be attributed to the degradation rate of the scaffolds. An
accelerated degradation rate can lead to an increased release of
degradation byproducts. These byproducts can alter the local
pH and osmolarity, potentially triggering an inflammatory
response in the tissue. Such changes can have a significant
impact on cell survival, proliferation, and functionality.
Conversely, maintaining an optimal degradation rate can
preserve the mechanical robustness and structural integrity of
the nanofibers. This, in turn, can facilitate cell attachment,
spreading, and migration, thereby promoting tissue regenera-
tion."® More importantly, Fig. 11D and E, indicated that the
nanofibrous scaffolds did not hinder WISH cell migration,
confirming their biocompatibility.

4. Conclusions

In conclusion, this research presents a pioneering study into
the feasibility of incorporating Biobran into the core/shell
nanofibrous scaffold produced by coaxial electrospinning for
wound healing. The scaffolds, composed of PCL in the shell and
various concentrations of Biobran blended with PVA in the core,
demonstrated enhanced features in terms of morphology,
physical interaction, crystallinity, tensile strength, elongation at
break, thermal stability, hydrophilicity, and biocompatibility,
depending on the Biobran concentration. The B30 scaffold with
Biobran (30 mg ml~") had cell viability percentages of 99.69 +
9.0% on day three, as well as strong mechanical properties
comparable to those of skin and a porosity (80.20 £ 3.1%) that
falls within the optimal range of the wound dressing porosity
needed for healing. The B30 scaffold also had the lowest
degradation rate among the nanofibrous scaffolds, which is
favorable for biological compatibility. Moreover, the B30 scaf-
fold offered outstanding moisture content (WVTR of 2134.7 +
83.9 ¢ m~> x 24 h and water uptake capacity of 572.47 +
31.05%). These findings suggest a potential application of the
Biobran-loaded core/shell nanofiber scaffold in wound healing
as an ideal multifunctional wound dressing.
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