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ABSTRACT: Tissue engineering is currently one of the fastest- ,/@mm"w"uwu m‘i"‘"m
growing areas of engineering, requiring the fabrication of advanced

and multifunctional materials that can be used as scaffolds or
dressings for tissue regeneration. In this work, we report a bilayer
material prepared by electrospinning a hybrid material of
poly(vinyl alcohol) (PVA) and bacterial cellulose (BC NFs) (top
layer) over a highly interconnected porous 3D gelatin-PVA
hydrogel obtained by a freeze-drying process (bottom layer).
The techniques were combined to produce an advanced material
with synergistic effects on the physical and biological properties of
the two materials. The bilayer material was characterized using '
Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and a water contact measurement system
(WCMS). Studies on swelling, degradability, porosity, drug release, cellular and antibacterial activities were performed using
standardized procedures and assays. FTIR confirmed cross-linking of both the top and bottom layers, and SEM showed porous
structure for the bottom layer, random deposition of NFs on the surface, and aligned NFs in the cross section. The water contact
angle (WCA) showed a hydrophilic surface for the bilayer material. Swelling analysis showed high swelling, and degradation analysis
showed good stability. The bilayer material released Ag-sulfadiazine in a sustained and controlled manner and showed good
antibacterial activities against severe disease-causing gram + ive and —ive (Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa) bacterial strains. In vitro biological studies were performed on fibroblasts (3T3) and human embryonic kidneys (HEK-
293), which showed desirable cell viability, proliferation, and adhesion to the bilayer. Thus, the synergistic effect of NFs and the
hydrogel resulted in a potential wound dressing material for wound healing and soft tissue engineering.
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1. INTRODUCTION outcomes and have been used for skin injuries, burns, and
persistent wounds.

Skin wound healing is a complex process involving numerous
Natural polymer-based hydrogels are frequently employed in

biological and physiological factors. It is a typical biological
response to harm and is essential to maintain the health and
operation of the underlying tissues and skin."” Tissue
engineering (TE) is a cutting-edge method for treating
damaged tissues using bioactive substances as scaffolds for

the treatment of wounds. Hydrogels are similar to human
tissues in absorbing water.’ Hydrogels are breathable, soft, and
flexible, preserving moisture, promoting cell proliferation, and
allowing the delivery of nutrients and oxygen to the wound

cell immobilization to encourage tissue regeneration and site.”” They develop an environment suitable for repairing,
healing. Scaffolds are the three-dimensional (3D) structural regenerating, and wound healing applications. Because hydro-
framework that promotes cell proliferation, migration, and gels are biocompatible, biodegradable, and resemble the
adhesion.” Scaffolds can be fabricated from synthetic and

natural polymers and serve as templates for developing new Received: September 6, 2023

tissue. They can release growth factors or bioactive compounds Revised:  December 16, 2023

that help in wound healing. For efficient wound healing, Accepted:  December 27, 2023

scaffolds with specified properties, such as biocompatibility, Published: February 1, 2024

biodegradability, and regulated porosity, are needed.” The TE
techniques for skin wound healing have shown encouraging
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Scheme I. Synthesis of Nanofiber and Hydrogels from Gelatin, Bacterial Cellulose, and Tetraethyl Orthosilicate to Fabricate

Nanofibrous Bioscaffolds for Wound Healing Applications
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extracellular matrix (ECM), gelatin-based hydrogels are
prospective biomaterials for use in the treatment of wounds.’
The 3D structure of freeze-dried biomaterials encourages cell
adhesion, mi§ration, and proliferation, promoting tissue
regeneration.'”'" They can absorb and hold a large amount
of water, resulting in a moist environment that supports wound
healing. For long-lasting therapeutic benefits at the site of the
wound, the 3D matrix may function as storage that releases
bioactive chemicals.

Bacterial cellulose (BC) is a biocompatible polysaccharide
with the potential to be used in biomedicine and has attracted
a great deal of attention for wound healing applications. Like
other hydrogels, BC-based hydrogels have a highly porous
structure, water-holding capacity, and biodegradability but are
distinct in having good mechanical integrity.'”'* Due to its
distinctive fibrous structure, cells can cling to it, migrate over it,
and proliferate therein, aiding tissue regeneration. BC-based
hydrogels have high gas permeability, which enables the
exchange of gases (O, and CO,), nutrients, and waste
throughout the wound site and the surrounding environ-
ment.'* BC hydrogels are frequently made into pliable, flexible
dressings, which make them simple to handle and apply to
wounds of many sizes and forms. Since BC hydrogels are
similar to ECM, they are considered good for promotin% cell
infiltration, nutrient transport, and tissue regeneration.”” As
discussed, gelatin-based and BC materials showed their
potential for wound healing application. However, the
gelatin-based scaffolds’ instability and weak mechanical
strength can be controlled by tailoring them with other
polymers and designing the architecture of the scaffolds.
Human Embryonic Kidney (HEK-293) is a cell line commonly
used for BioPharma, basic medical research, and therapeutic
solutions. They were generated in 1973 and are derived from
human embryonic kidney cells. They are very popular and have
been used in various studies due to their reliable growth in
culture, from basic research to studying the biocompatibility of
the materials produced.'® Luchi et al. used the cell line to study
the biocompatibility of nanocomposites because of their
potential application in tissue engineering.'” In a similar
study, Plange et al. used HEK 293 to investigate the
cytocompatibility of gelatin scaffolds for tissue engineering.'®

6528

In this study, we report the development of novel
nanofibrous bilayer scaffolds with gelatin-PVA as a hydrogel
(bottom layer) produced via freeze-drying and BC-PVA as a
nanofiber (top layer) produced via electrospinning. FTIR and
SEM were used to determine their structural and morpho-
logical properties. Wetting, swelling, degradation, water
retention, and porosity were determined by using standard
procedures. Cell morphology and viability of the fibroblast
(3T3) and Human Embryonic Kidney (HEK-293) were
determined using standard assays. The antibacterial activities
were determined against Gram (+ive and —ive) bacterial
strains. The bilayer hydrogel-nanofibrous scaffolds had
interconnected pores, allowing efficient fluid absorption and
cell migration, facilitating nutrient diffusion, supporting tissue
ingrowth, tissue integration, and good antibacterial activity,
and the high surface area facilitated cell attachment.

2. MATERIALS AND METHODS

2.1. Materials. BC was extracted, as reported in our
previous studies by Khan et al.’ Gelatin (CAS no. G9382-
500G), tetraethyl orthosilicate (TEOS) (CAS no. 78-10-4),
phosphate buffer saline (PBS), absolute ethanol (C,H;OH),
glacial acetic acid (CH;OOH), potassium persulfate (KPS),
Triton X-100, calcium chloride (CaCl,), and sodium chloride
(NaCl) were purchased from Sigma-Aldrich. The fibroblast
(3T3) and Human Embryonic Kidney (HEK-293) cell lines
were provided by the American Type Culture Collection
(ATCC). Live/dead cell culture staining was purchased from
Gibco. Fetal bovine serum (FBS) and antibiotics (penicillin
and streptomycin) containing Dulbecco’s modified Eagle’s
medium (DMEM)) were supplied by Molecular Probes. The
cell morphology of the 3T3 cell line was evaluated by a live/
dead assay kit (Invitrogen—R37601). The live/dead assay kit
contains components A and B (Calcein-AM (green) and
BOBO-3 Iodide (red)). These were mixed in the assay kits and
filled in the cell culture wells with an equal quantity of the
serum-free medium.

2.2. Methods. 2.2.1. Fabrication of 3D Sponge. The
porous interconnected 3D gelatin-PVA hydrogel was fabricated
via a freeze-drying technique. A 0.7 g amount of gelatin was
dispersed in 10 mL of double deionized water (DDW) and 0.3
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g amount of PVA was heated in 10 mL of DDW at 80 °C to
have polymeric solutions. Both polymeric solutions were mixed
at 60 °C for 1 h to homogenized solution. Then, a series of
hydrogels were prepared by adding different amounts (30, 60,
90, and 120 puL) of tetraethyl orthosilicate (TEOS) to the
homogeneous mixture at 60 °C for 3 h to cross-link the
hydrogels. The KPS (0.1 g) was added to the suspension as an
initiator, which changed the color of the mixtures from
yellowish to off-white. After 3 h, the hydrogels with different
cross-linking were poured into Petri plates and kept at 20 °C
by covering paraffin tape and freeze-dried under a vacuum to
get a porous 3D polymeric matrix. The well-dried 3D
polymeric matrixes were coded as Gel: PVA-30, Gel: PVA-
60, Gel: PVA-90, and Gel: PVA-120. The coding corresponded
to the amounts of cross-linker (30, 60, 90, and 120 uL). The
schematic diagram (Schemel) summarizes the proposed
chemical reaction.

2.3. Fabrication of Nanofiber. The BC and PVA
polymeric solutions were prepared by adding 0.7 g of BC
into 15 mL and 0.3 g of PVA into 10 mL of DDW. These
polymeric solutions were mixed and stirred for 1 h at 60 °C to
have homogenized polymeric solutions of BC-PVA. Then, a
series of solutions were prepared by adding different amounts
of TEOS (60, 120, 180, and 240 uL) first into S mL of ethanol
and then dropwise into polymeric solution, followed by the
addition of KPS (0.1 g) that converted solutions color from
yellowish to off-white. The solutions were allowed to be stirred
for 3 h at 60 °C to produce Biolnk with different cross-linking.
Then, the Biolnk of BC-PVA was fed into the syringe with a
24G needle and electrospun over the aluminum foil at the
collector. The high electric potential of 4 kV/cm was applied
between the syringe and collector by keeping a distance of 15
cm. The flow rate of Biolnk was kept at 1 mL/h by a
controlled syringe pump. The high-voltage DC power supply
was used by connecting the positive terminal to a 24G needle
and the negative terminal to the collector. The nanofibers were
collected from collectors for further characterization. The well-
dried nanofibers were coded (BC: PVA-60, BC: PVA-120, BC:
PVA-180, and BC: PVA-240). The coding corresponded to the
amounts of cross-linker (60, 120, 180, and 240 uL). The
proposed chemical interaction is shown in the schematic
illustration (Schemel).

2.4. Fabrication of Nanofibrous Bioscaffolds. The
cross-linked BC: PVA-120, due to its better spinnability and
smooth fiber morphology, was finalized to produce nanofibers
over the already produced 3D porous hydrogels. These 3D
porous hydrogels were placed over the aluminum substrate,
which is attached to the collector, and electrospun to get
nanofibrous bilayer scaffolds (NBS-1, NBS-2, NBS-3, and
NBS-4) under the above-mentioned parameters. The fab-
ricated 3D nanofibrous bioscaffolds were stored at room
temperature for further analysis.

3. CHARACTERIZATIONS

The structural and functional group analysis of the bilayer
hydrogel-nanofibrous scaffolds was studied using Fourier-
transform infrared spectroscopy (Nicolet 6700, Waltham,
MA, United States). The FTIR spectral resolution was kept
at 4 cm™’, and the frequency ranged from 4000 to 500 cm ™.
The surface morphology of bilayer hydrogel-nanofibrous
scaffolds was studied using SEM (JEOL-JSM 5410 LV).
Before the SEM analysis, bilayer hydrogel-nanofibrous
scaffolds were well-dried under a vacuum to avoid moisture
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and then gold-sputtered. The wettability of the bilayer
hydrogel-nanofibrous scaffolds was conducted using a water
contact meter system (Jy-82, Dingsheng, Chengde, China).
3.1. Swelling, Degradation, Water retention and
Porosity Analysis. The swelling behavior of the bilayer
hydrogel-nanofibrous scaffolds was evaluated in DDW, PBS,
and NaCl media with different pH ranges at 37 °C. The 1 X 1
cm? pieces of bilayer hydrogel-nanofibrous scaffolds were kept
in the media mentioned above. After a specific interval, the
swollen bilayer hydrogel-nanofibrous scaffolds were removed
from the corresponding media. The surface water was carefully
removed with a tissue. Equation 1 was used to calculate the
swelling percentage by using the weight of bilayer hydrogel-
nanofibrous scaffolds before swelling (W,) and after swelling

(W)).

W, — W,
Swelling (%) = ———2 x 100
WO

(1)

The bilayer hydrogel-nanofibrous scaffold was degraded in
PBS media (7.4 pH, 37 °C). The well-dried bilayer hydrogel-
nanofibrous scaffolds (W) were cut into square form and
weight (50 mg), placed into PBS media, and taken out after a
specific time, “t,” to record the weight (W,). Equation 2) was
used to calculate the degradation of the bilayer hydrogel-
nanofibrous scaffolds. Similary the water retention behavior of
the nanofibrous bilyer scaffolds was determined.

4 W - W
Weight loss (%) = ——— X 100
4 )
The porosity of bilayer hydrogel-nanofibrous scaffolds was
evaluated using the liquid displacement method and taking
ethanol as displacement media due to its nonswelling,
nondegradation, and easy penetration approaches. The bilayer
hydrogel-nanofibrous scaffolds were weighed (W) before
analysis and kept in the ethanol-containing cylinder with
known volume (V;) for S min. Then, evacuation—pressuriza-
tion cycles were performed that forced ethanol to get into the
pores of bilayer hydrogel-nanofibrous scaffolds, and this
process was repeated until the air bubble stopped and the
total volume was recorded (V,). The bilayer hydrogel-
nanofibrous scaffolds were removed from the cylinder, the
volume was taken as V, and the porosity was determined by
following equation:

i— %

Porosity = X 100

2 N

3)

W, is the initial weight, W} is the final weight, and W, is the
weight at “t” time. V| is the ethanol volume, V, is the ethanol
and sample volume, and V| is the sample volume.

3.2. In Vitro Assays. 3.2.1. Drug Delivery. The silver-
sulfadiazine (Ag-sulfadiazine) is a famous antibacterial
medicine and has been extensively studied as a model drug
in wound healing and other biomedical applications. It was
loaded into the bilayer hydrogel-nanofibrous scaffolds. Briefly,
Ag-sulfadiazine (25 mg) was dissolved in methanol and added
dropwise to the polymeric solution of Gelatin-PVA. The drug-
containing polymeric system was stirred for 1 h for a
homogenized solution. Cross-linking was carried out using
the same method as mentioned above. The cross-linked drug-
loaded solution was poured into Petri plates, frozen at —80 °C,
and freeze-dried at —40 °C to get 3D hydrogels. The BC-PVA
nanofiber layer was produced on the 3D hydrogels as described
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Figure 1. FTIR spectral profile of nanofibrous bioscaffolds, (a) spectral profile of the nanofibrous scaffolds from 4000 to 400 cm™" and (b) spectral

prolife of nanofibrous scaffolds from 2000 to 500 cm™.

above. The bilayer hydrogel-nanofibrous scaffolds were placed
into a beaker containing PBS (100 mL) at 37 °C, and a 2 mL
sample was taken after 10 min. The sample was run in a UV—
vis spectrometer at 297 nm, and the solution was refilled with
the same medium to maintain the solution volume. The PBS
medium was taken as a reference, and the drug release was
calculated using a calibration graph.

3.2.2. Antibacterial Activities. The antibacterial activities of
the bilayer hydrogel-nanofibrous scaffolds containing Ag-
sulfadiazine were evaluated against Gram-negative (Pseudomo-
nas aeruginosa (P. aeruginosa), Escherichia coli (E. coli)) and
Gram-positive (Staphylococcus aureus (S. aureus)) bacterial
strains by disc diffusion method. The antibacterial behavior of
the bilayer hydrogel-nanofibrous scaffolds was determined by
zone inhibition. The molten agar was poured into the Petri
dish and allowed to settle, and then, bacterial strains were
applied uniformly with a sterilized glass spreader. The bacterial
media was spotted with 70 yL of equally homogenized bilayer
hydrogel-nanofibrous scaffolds and incubated for 12 h at 37
°C. Finally, the antibacterial activity of each sample was
recorded by measuring the bacterial zone inhibition.

3.2.3. Hemocompatibility. The hemocompatibility of the
homogenized bilayer hydrogel-nanofibrous scaffolds was
evaluated with fresh human blood. The fresh blood was
heparinized. PBS was used for dilution. Different concen-
trations of bilayer hydrogel-nanofibrous scaffolds were
employed by incubating them at 37 °C for 2 h in an incubator
shaker. The fresh blood was treated with positive and negative
controls using 500 L of Triton X-100 and PBS, respectively.
The incubated samples were centrifuged for 10 min at 5000
rotations per minute (rpm). The supernatants were then
collected, and their absorbance was recorded at 540 nm. The
hemolysis was calculated using the following equation:

Ag — A
Hymolysis (%) = SiANC X 100

pC ~ 4NC 4)

Ag is the sample absorbance, Apc is positive controls, and
Anc is negative control.

The blood coagulation time is the time taken to clot the
fresh blood. Fresh human blood was taken in a citrated
vacutainer tube. It is recalcified with 5 uL of 0.05 M calcium
chloride solution. The fresh blood was treated with different
concentrations (50—200 ug/mL) of bilayer hydrogel-nano-
fibrous scaffolds at 37 °C, and the blood flow was recorded.

3.2.4. Cell Viability. The cell viability of bilayer hydrogel-

nanofibrous scaffolds was evaluated against fibroblast (3T3)
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and Human Embryonic Kidney (HEK-293) cell lines under
standard in vitro conditions (5% CO,, 90% humidity at 37
°C). The cell viability was evaluated against different
concentrations (1.0—2.5 pg/mL) of bilayer hydrogel-nano-
fibrous scaffolds using both cell lines for different times (24,
48, and 72 h). The bottom of the well plate was coated with
0.1% gelatin media, taken as a positive control after cell culture
and incubated for 2 h using the Neutral Red method reported
by Repetto et al.'” Then, the well plates were washed with PBS
media to wash additional NR media, and the cell viability was
calculated using the following equation:

oD
Cell viability (%) = —> x 100
oD

C

(5)

OD; is the optical density of sample and OD¢ is the optical
density of control.

3.2.5. Cell Culture and Morphology. The fibroblast (3T3)
and Human Embryonic Kidney (HEK-293) cell lines were
seeded to observe their cellular behavior against the newly
developed formulations. The fine coating of gelatin (0.1%) was
applied on the bottom of 24 well plates in triplicate sterilized
by using UV for 1 h. Then, the 3T3 and HEK-293 cell lines
were cultured with a density of 5000 cells/cm? in the 24-well
plates in the presence of antibiotics (streptomycin/penicillin),
DMEM, and FBS to culture cell lines. The cell-cultured 24-well
plates were incubated at different intervals (24, 48, and 72 h).
The cell morphologies 3T3 were observed by a live/dead assay
kit filled with an equal amount of well-mixed A and B and
serum-free medium (S0 uL). The well plates were incubated
under standard in vitro conditions for 30 min. A Nikon Eclipse
TS100 inverted microscope was employed to observe the cell
morphologies of 3T3 and HEK-293.

3.3. Statistical Analysis. The statistical analysis of the
obtained data was studied using SPSS (SPSS, Inc. V 21, USA)
and one-way ANOVA. The post hoc (Tukey) tests with
comparisons were used (*p < 0.0S, **p < 0.01, and ***p <
0.001 size of sample n = 3).

4. RESULTS AND DISCUSSIONS

4.1. FTIR Analysis. Figure 1 shows the FTIR spectra used
to investigate the changes in the chemical structure of the
bilayer hydrogel-nanofibrous scaffold. The spectra exhibit
different vibrational bands. The broadband at 3600—3200
cm™ is attributed to the hydrogen-bonded —OH functionality.
The —OH functionality is abundantly available in BC, Gelatin,
and PVA. The slight difference in the broadness of the bands
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Figure 2. SEM morphology of the bionanofiber at different scales S0 (a—d) and 10 ym (e—h). Image] analyzed the pore size distribution (i—1).

for the bonded —OH functionality is attributed to the
difference in cross-linking due to the difference in the cross-
linker (TEOS) concentrations. The vibration bands at 1194
cm™, 1047 cm™, and 988 cm™ confirmed the presence of C—
O stretching, polysaccharide pyranose ring, and O—H bending
vibration, respectively.” These are the characteristics of the
functional bands of BC and gelatin. The absorption bands at
1424 and 1091 cm™" are attributed to the —OH bending and
C=O0 stretching functionalities of the PVA and gelatin,
respectively.”’ The vibration bands at 2925 and 1619 cm™ are
attributed to —CH, and —OH functionalities, respectively. The
band at 1619 cm™' is attributed to intermolecular hydrogen
bonding in water molecules. The —Si—O—C and —Si—O—-Si
functionalities were confirmed by the appearance of the band
in the range of 1130—1000 cm™'. Appearance of the band in
this range confirms the cross-linking of BC-PVA and Gelatin-
PVA via the silanol functionality.”’ The presence of the
characteristic bands of the components in the spectra of bilayer
hydrogel-nanofibrous scaffolds confirmed the successful
fabrication of the target material.

4.2. Nanofibers SEM Analysis. Figure 2 shows the surface
morphologies of the electrospun BC-PVA bionanofibers with
different degrees of cross-linking. The bionanofibers showed
smooth, bead-free morphologies with a good pore size
distribution (with a pore size in the range of 300—350 ym).
Cross-linking did not show much effect on the fiber
morphology, but the pore size distribution of the mesh is
slightly decreased (with a pore size in the range of 100—150
um) when the concentration of the cross-linker (TEOS) is
increased from 60 to 240 uL. A slight change in the
morphology of the nanofibers was also observed with an
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increase in the amount of TEOS. These nanofibers may offer
varying surface areas and pore sizes that may offer different
microenvironments for cell adhesion and proliferation. It could
promote soft tissue healing in TE applications.”” Therefore, the
nanofibrous substrate with smooth and bead-free nanofibers,
adequate porous surface, surface roughness, and good surface
area supports improved cellular behavior (adhesion and
proliferation),”® promoting wound healing in biomedical
engineering.

4.3. Morphological Analysis. BC: PVA-120 was selected
to fabricate nanofibers on gelatin PVA-based 3D hydrogels
based on the pore size distribution and morphological
observations. The top layer is the BC: PVA-120 nanofiber
layer (Figure 3 (a—d)), and the bottom layer is the porous
hydrogel (Figure 3 (e—h)). The bottom layer shows the
surface morphology of the porous hydrogel at different cross-
linking degrees. The top layer of the bilayer nanofibrous
hydrogels shows a well-organized, uniform, and smooth
nanofibrous phase. In contrast, the bottom layer represents
the highly cross-linked and 3D porous spongy-like hydrogel
phase. The pore sizes varied depending on the degree of cross-
linking. The NBS-4 bilayer nanofibrous-hydrogel scaffold
exhibited a higher porosity than all other bilayer nanofibrous
hydrogels. It can be attributed to the structural integrity of
NBS-4 due to the maximum cross-linking and nanofibrous
phase of BS-PVA. The cross-sectional morphology of the
bilayer nanofibrous hydrogels also showed porous structures
with strongly interconnected pores and uniform pore size
distribution (Figure 3 (i—1)). The bilayer design is essential
because the two layers synergize to impart stability, controlled
biodegradability, biocompatibility, hydrophilicity, porosity, and
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Top view

Bottom view

Cross-section
View

Figure 3. SEM morphology of bilayer hydrogel-nanofibrous scaffolds.
The top layer is nanofiber (a—d) as analyzed at SO ym, the bottom
layer is porous hydrogel (e—h) as studied at 200 ym, and a cross-
sectional view of the nanofibrous bioscaffolds (i—1) observed at 10

pm.

surface roughness to the structure, which are critical
parameters for an advanced scaffold that mimics the structure
of ECM to improve cell behavior and healing of soft tissue.’
4.4. Wetting Analysis. A biomaterial must be sufficiently
hydrophilic to ensure good cell viability as this promotes cell
adhesion and accelerate cell migration. Figure 4(a—d) shows
the wettability of the bilayer hydrogel-nanofibrous scaffolds.
The results show that all the bilayer hydrogel-nanofibrous
scaffolds exhibit good wettability and hydrophilic behavior.
However, hydrophilicity decreased with increasing cross-linker
concentration (highest for NBS1 and lowest for NBS4). The

good wettability and hydrophilic behavior of the bilayer
hydrogel-nanofibrous scaffolds despite increased cross-linker
concentration is due to the hydrophilic functionalities of their
components (gelatin, BC, PVA, and, to some extent, the cross-
linker). As mentioned earlier, adequate wettability provides a
better cell adhesion and proliferation environment. It protects
the wound from severe infections caused by pathogens due to
its good adsorption and absorption capacity.”* The bilayer
hydrogel-nanofibrous scaffolds have shown good adsorption
and absorption capabilities, reflected in the good antibacterial
activity of the scaffolds (discussed in detail in a later section).>®
Therefore, it can be concluded that the synergy of bilayer
hydrogel-nanofibrous scaffolds represents a future material for
biomedical engineering applications.

4.5. Swelling Analysis. A better wound dressing material
allows better absorption of wound exudate from the wound
site.”® Since biofluid is a mixture of several components, we
used three media in the swelling analysis to evaluate the
swelling capacity and behavior of the bilayer hydrogel-
nanofibrous  scaffolds.”” Figure 4(e—g) shows the swelling
analysis of the bilayer hydrogel-nanofibrous scaffolds at 37 °C
in aqueous, PBS, and NaCl media. It is known from the
literature that BC is less hydrophilic compared to gelatin, so
the nanofiber component over the hydrogel exhibits lower
swelling. Due to the high absorption affinity of gelatin, most of
the liquid is absorbed by the porous hydrogel. As mentioned
earlier, increasing the degree of cross-linking decreases the
swelling ability of the bilayer hydrogel-nanofibrous nanofiber
scaffolds.”® As shown, the bilayer hydrogel-nanofibrous scaffold
NBS-1 (less cross-linked sample) exhibited maximum swelling
in all media (in the order Aq. > PBS > NaCl) compared to
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Figure 4. Physicochemical study of the bilayer hydrogel-nanofibrous scaffolds. The wetting at room temperature (a—d), the swelling in different
media including aqueous, PBS, and NaCl 7.4 pH media at 37 °C (e—g), degradation in PBS media at 37 °C (h), water retention analysis in aqueous
media at 37 °C (i), porosity via water displacement method in deionized double water media at room temperature (j), drug release assay in PBS
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Figure S. Antibacterial, hemocompatibility, and cell viability behavior of the nanofibrous-hydrogel materials were performed to determine their
biological properties. Antibacterial activities of (a) hemocompatibility valuation by (b) plasma rectification and (c) a hemolysis assay. The cell
viability of 3T3 (d—f) and HEK-293 (g—i) cell lines against different concentrations of bilayer hydrogel-nanofibrous materials after different time

intervals (24, 48, and 72 h).

NBS-4 (more cross-linked sample). However, due to its
sufficient structural integrity, NBS-4 maintained its morphol-
ogy and 3D architecture throughout the studies.

4.6. Degradation. The degradation of the bilayer nano-
fibrous scaffolds was studied in a PBS solution at 37 °C to
determine their degradation at the wound site. Figure 4(h)
shows sustained and controlled degradation of the bilayer
nanofibrous scaffolds, although the bilayer nanofibrous scaffold
NBS-1 showed faster degradation than NBS-4 due to the
different degrees of cross-linking. The NBS-1 bilayer nano-
fibrous scaffold has the lowest cross-linking degree among all
bilayer samples. The weight loss was observed due to the
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porous hydrogel, and the nanofibrous part of BC: PVA-120 can
also degrade easily due to the bond break between BC and
PVA. However, as the cross-linking degree increased, the
weight loss of the bilayer nanofibrous scaffold NBS-4 decreased
significantly. The weight losses of NBS-1 and NBS-4 were
about 80% and 45%, respectively, after S days. It indicates that
the NBS-4 bilayer nanofibrous scaffold is a potential wound
dressing material with structural integrity that promotes wound
healing without causing severe infections. It also shows that
dressings can be changed every S days to avoid pathogenic and
antibacterial activities due to dressing degradation.”” The water
retention behavior of the nanofibrous bilayer scaffold is
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different for all the samples, the water loss was reduced with
increasing degree of crosslinking that may provide desiable
structural properties for water retention. The water retention
was found to be maximum for NBS-4 and minimumleast for
NBS-1 as shown as in Figure 4(i). From the result, it can be
concluded that bilayer nanofibrous scaffolds with controlled
degradation are potential wound dressing materials for wound
healing and tissue engineering applications.

4.7. Porosity. The exchange of gases, nutrients, and waste
products through the pores of the dressing material is one of
the most important processes in wound healing. The porous
biomaterial improves fibroblast adhesion, proliferation and
mobility, micronutrient exchange, therapeutic agent delivery,
and exudate absorption capacity at the wound site. The bilayer
nanofibrous scaffolds NBS-1, NBS-2, NBS-3, and NBS-4
(Figure 4(j)) show little change in porosity, which can be
attributed to the structural integration associated with the
degree of cross-linking. Compared to the bilayer nanofibrous
scaffolds NBS-1, NBS-2, and NBS-3, NBS-4 exhibited the
highest porosity, which can be attributed to a higher degree of
structural integration. The lower porosity of NBS-1, NBS-2,
and NBS-3 is attributed to the lower structural integration. In
these bilayer nanofibrous scaffolds, the structure fuses during
their faster degradation. Therefore, NBS-4, with structural
integrity and interconnected porosity, would be a potential
wound dressing material for tissue engineering and wound
healing. The percentage of porosity is between 70% and 80%.
Therefore, a wound dressing with a 60—90% porosity range
supports improved cell behavior and significant exchange of
biomolecules, proteins, and growth factors for fibroblast
proliferation and migration during wound healing.

4.8. In Vitro Assay. 4.8.1. Drug Release. The drug release
study from nanofibrous scaffolds in PBS medium under in vitro
conditions (pH 7.4 and 37 °C) is shown in Figure 4 (k). Since
the bilayer nanofibrous scaffolds are a bilayer matrix of
nanofibers and porous hydrogels, the porous hydrogel contains
a bioactive molecule (Ag-sulfadiazine) that acts on the wound
site upon contact. The bilayer nanofibrous scaffolds allow for
sustained and controlled release of Ag-sulfadiazine by
absorbing biofluid and forming a preventive antibacterial
zone at the host wound site. Ag-sulfadiazine was rapidly
released in bilayer nanofibrous scaffolds NBS-1 and NBS-2,
while sustained and controlled drug release was observed in
NBS-3 and NBS-4. These release patterns are attributed to the
structural integration associated with the degree of cross-
linking. The sustained and controlled release in NBS-3 and
NBS-4 is also attributed to their optimized hydrophilicity. The
sustained and controlled release of Ag-sulfadiazine from the
bilayer matrix could form a protective antibacterial zone that
promotes healing through prolonged drug release and is a
desirable biomaterial for tissue engineering and wound healing
applications.*

4.8.2. Antibacterial Activities. The antibacterial potential of
the bilayer nanofibrous scaffolds was investigated against
Gram-positive and Gram-negative bacterial pathogens. The
antibacterial active nanofibrous scaffolds can form an
antibacterial zone at the wound site to determine the best
formulation of the biomaterial for wound dressings (Figure
5(a)). The bilayer nanofibrous scaffolds showed better
bacterial activities against Gram + ive and Gram—ive than
the control group. The order of antibacterial activities was
NBS-1 < NBS-2 < NBS-3 < NBS-4. The polymeric matrix
containing Ag-sulfadiazine has a potential antibacterial effect
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that can interact with bacterial membranes. The bacterial outer
layer comprises phospholipids and lipopolysaccharides, and
lipopolysaccharides have a strong negative surface charge.’’
The release of the Ag-sulfadiazine interacts with the bacterial
membrane and controls bacterial growth.”””* It was favored by
the presence of TEOS, which not only separates the polymer
molecules, reduces their intermolecular bonding, and makes
them available for interaction with bacterial membranes but
also the silicate moiety may have contributed to killing the
bacteria.

4.8.3. Hemocompatibility. Studying the hemocompatibility
of any major biomaterial helps determine the response to stop
hemorrhage and hemolysis. Blood is a complex biofluid
consisting of 1% leukocytes and platelets, 44% erythrocytes,
and 55% plasma. Therefore, adverse interactions between
newly developed materials and blood should be analyzed in
detail to prevent the activation and destruction of the blood
components. In vitro, hemocompatibility of the bilayer
nanofibrous hydrogel scaffolds was performed with fresh
human blood using different concentrations (50—200 ug/
mL) of the bilayer nanofibrous scaffolds. Since the hemolysis
rate of all hydrogels is less than 0.5%, all hydrogels are
hemocompatible (Figure 5(c)).** In addition to hemocompat-
ibility, the blood coagulation properties of the bilayer
nanofibrous hydrogel scaffolds were also investigated (Figure
5(b)). It was found that the blood clotting time decreased with
increasing cross-linking. The best clotting time was obtained
for the bilayer nanofibrous scaffold NBS-4. The results clearly
show that these bilayer hydrogel scaffolds are inherently
hemocompatible and could be the best wound dressing
material for wound healing in skin tissue engineering.

4.84. Cell Viability. Cell viability and proliferation are
critical for any biomaterial; our nanofiber bioconstruction
should meet these criteria. Cell morphology and cell viability of
3T3 and HEK-293 cell lines were examined under standard in
vitro conditions after 24, 48, and 72 h to determine their
cellular behavior. The bilayer nanofiber scaffolds were also
used to study cell viability at different intervals to achieve
prolonged cell viability. The cell viability of 3T3 (Figure S (d—
f)) and HEK-293 (Figure S (g—i)) cell lines was examined at
different time intervals (24, 48, and 72 h) with different
concentrations of the bilayer nanofibrous scaffolds, respec-
tively. The 3T3 cell lines exhibited increased cell viability with
increasing time from 24 to 72 h and increasing concentration
of the homogenized bilayer nanofibrous scaffolds (Figure 5(d—
f)). The HEK-293 cell lines also showed increased cell viability
with increasing time intervals from 24 to 72 h and increasing
concentration of the bilayer nanofibrous scaffolds (Figure
S(g—i)). The results suggest that bilayer nanofibrous scaffolds
significantly promote cell adhesion and growth, enhance cell—

cell interaction, and stimulate cell proliferation and seed-
35,36
ng.

4.8.5. Cell Morphology. All samples showed desirable cell
growth with a regulated cylindrical morphology for the 3T3
cell lines (Figure 6(a)).*” It can also be observed that the cell
morphology and density increased initially with increasing time
from 24 to 72 h. The bilayer nanofibrous scaffolds could
provide sufficient activated sites for cell adhesion, which
promotes cell growth. Accordingly, the HEK-293 cell lines
showed similar cellular behaviors, and it can be observed that
they increased with increasing time from 24 to 72 h (Figure
6(b)) and began to interact with neighboring cells to form
clusters or small groups by interacting with their membranes.
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Figure 6. Cell morphology of fibroblast (a) and human embryonic
kidney (b) cell lines on bilayer hydrogel-nanofibrous materials after
different time intervals (24, 48, and 72 h) to determine the cellular
behavior.

The behavior of HEK-293 cell lines confirmed that the
fabricated material promoted vascularization and tissue repair
and regeneration activities of the injury or wound.

5. CONCLUSIONS

Tissue engineering is the fastest-growing field, requiring the
production of advanced and functional materials that can be
used as scaffolds or dressings for tissue regeneration. This
study presents a bilayer material prepared by electrospinning a
PVA-containing BC-NFs hybrid material (top layer) over a
highly interconnected porous 3D gelatin-PVA hydrogel
(bottom layer) obtained by freeze-drying. The techniques
were combined to produce an advanced material with
synergistic effects on the physical and biological properties of
both materials. FT-IR confirmed the cross-linking of the top
and bottom layers, and SEM showed a porous structure of the
bottom layer, random deposition of NFs on the surface, and
aligned NFs in the cross section. The bilayer hybrid material
demonstrated a hydrophilic surface, high swelling ability, good
stability, and adequate porosity. In addition, the bilayer
material released Ag-sulfadiazine in a sustained and controlled
manner and showed good antibacterial activities against severe
disease-causing Gram+ive and Gram—ive (E. coli, S. Aureus,
and P. Aeruginosa) bacterial strains. In vitro biological studies
were performed on 3T3 and HEK-293 cell lines, showing good
hemocompatibility and desirable cell viability, proliferation,
and adhesion to the bilayer material. Thus, the synergistic
effect of NFs and hydrogel resulted in a potential wound
dressing material for wound healing and soft tissue engineer-

ng.
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