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ARTICLE INFO ABSTRACT

Keywords: Cellulose nanomaterials have received significant interest due to their superior physicochemical properties and
Carboxymethyl chitosan biocompatibility. The nanomaterials-based hydrogel patches are widely explored for skin regeneration. However,
Nanocellulose the injectability and adhesiveness of the hydrogels are crucial challenges for tissue engineering applications. To
chji;cetsis‘lf hydrogel overcome these, we synthesized an injectable and adhesive hydrogel of spherical nanocellulose (s-NC) reinforced
Recoverable carboxymethyl chitosan for rapid skin regeneration. The s-NC exhibited improved cellular activity than cellulose
Biocompatibility nanocrystals. The hydrogels exhibited adhesive and injectability potentials and were molded in the desired

configurations. An enhanced conductivity was observed in s-NC added hydrogels than the pure polymer
hydrogel. The skin regeneration potential of the hydrogel scaffolds was also examined in the rats using the
wound healing model. The composite scaffolds also showed improved antibacterial potential. Taken together, the
developed hydrogels have the potential and can be explored as a promising biomaterial for enhanced skin

Wound healing

regeneration applications.

1. Introduction

Skin is the largest organ in vertebrates, acting as the outermost
barrier between the body and the surrounding environment. It com-
prises the epidermal, dermal, and hypodermal layers with a typical
thickness of 0.5-4 mm (Keirouz et al., 2020). It plays a vital role in
preventing body damage from different aspects, including chemical and
mechanical factors (Brandner et al., 2013). The loss of the skin's struc-
tural integrity, which may be due to burns, abrasion, ulcers, and lesions,
causes a wound. It is difficult to achieve complete skin recovery via skin
grafts because of the limited and fewer donor sources and antigenicity of
the donor tissue (Ma, 2003; Schauber et al., 2012). Different pharma-
cological, physical, and phytotherapeutic approaches have been utilized
to improve skin recovery (Corin & Gibson, 2010; Dainiak et al., 2010).
Tissue engineering approaches have received considerable attention for
the repair and regeneration of damaged tissues; wherein a structure is
developed to mimic the native environment of the extracellular matrix
(ECM) (Lukanina et al., 2018). The developed structures need to be
biocompatible, biodegradable, and appropriately porous to improve cell

growth, differentiation, adhesion, and migration (Wang et al., 2015).
Electrospinning, solvent casting, gas foaming, melt molting, freeze-
drying, and 3D-printing approaches have been applied to fabricate
porous scaffolds for different applications (Mabrouk et al., 2020).
Different materials, including alginate, chitosan, gelatin, collagen, poly
(caprolactone), poly(lactic acid), and poly(lactic-co-glycolic acid), have
been widely explored for tissue engineering applications because of their
superior physicochemical properties (Blackstone et al., 2018; Pal et al.,
2017; Yu et al., 2019).

It is well known that skin is electrical sensitive and has an electrical
conductivity from 2.6-1 x 10~* mS, depending on the skin tissue con-
stituents (Korupalli et al., 2020; Zhao et al., 2018). Therefore, it is
anticipated that the electroactive materials with similar conductivity
and adhesiveness potential will facilitate rapid wound healing. The
adhesiveness property enables closed contact of the implanted materials
with the defected tissue without using other substrates. Chitosan (CS), a
deacetyl-derivative of chitin, has received more attention in tissue en-
gineering applications because of its excellent biocompatibility and
biodegradability (Wu et al., 2018). CS acts as a cationic polyelectrolyte,
and its membrane has been explored to transport the active ions in
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Nomenclature

CMCS  Carboxymethyl chitosan

DMEM  Dulbecco Modified Eagle Medium

ICR Institute of Cancer Research

PECAM-1 Platelet endothelial cell adhesion molecule-1
CD 31 Cluster of differentiation 31

VEGF Vascular endothelial growth factor
VE-cadherin Vascular endothelial-cadherin

aqueous conditions (Wan et al., 2003). However, the ionic conductivity
of CS film under the dry condition is limited and can be enhanced by
adding aqueous media or conducting nanomaterials (Croisier & Jérome,
2013).

The rapid growth of the bacteria occurred nearby the defective area,
which significantly restricted the wound healing process. Therefore, the
materials which can absorb the wound exudates and reduce bacterial
growth are favorable for wound healing application (Khodabakhshi
et al.,, 2019; Yuan et al.,, 2019). CS has poor water solubility and
exhibited low antibacterial at a higher pH (< 6.5). Thus, its broad
applicability is restricted within acidic conditions (Wu et al., 2021).
Therefore, modifications are required to overcome these challenges.
Carboxymethyl chitosan (CMCS), a water-soluble polysaccharide, is
considered an attractive material for tissue engineering because of its
superior physicochemical and retention of CS properties (Luo et al.,
2018). Rapid angiogenesis is a crucial challenge for skin regeneration.
Different approaches, including encapsulation of specific genes, the
addition of angiogenic promoting factors, such as vascular endothelial
growth factor, basic fibroblast growth factor, and platelet-derived
growth factor, or co-culture with different cells, have been explored
for improved skin regeneration (Wang et al., 2015). CS promoted cell
proliferation and migration and accelerated angiogenesis during wound
healing (Lord et al., 2017).

Cellulose is one of the most abundant biopolymers produced on earth
and is extensively used in the paper, energy sources, textiles, and
clothing industries (Domingues et al., 2014). It comprises ,-glucose units
linked by -1, 4 glycosidic bonds (Azizi Samir et al., 2005). Cellulose is
an essential component of the plant cell wall and is connected via
hydrogen bonds and van der Waals forces that form fibrillar structures.
These fibrils are further assembled to form microfibrils with an average
diameter of 5-50 nm and lengths of several micrometers. Nanoscale
cellulose, called nanocellulose, has attracted significant attention for its
use as a filler material because of its excellent physicochemical prop-
erties, such as high surface area, aspect ratio, superior mechanical and
optical properties, and biocompatibility (Patel et al., 2019a). Cellulose
nanocrystals (CNCs)/spherical nanocellulose (s-NC), nanofibrillated
cellulose (NFC), and bacterial nanocellulose (BNC) are considered
nanostructured cellulose (Luo et al., 2019). CNCs have a crystalline and
needle-like morphology with typical widths and lengths of 20 nm and
100-250 nm, respectively (Xu et al., 2013). The wound healing potential
of the CS and modified CS has been earlier reported (Alavi & Nokhodchi,
2020; Cardoso et al., 2019; Liu et al., 2018). Xie et al. showed improved
antibacterial and wound healing potential of silver nanoparticles-loaded
chitosan hydrogels (Xie et al., 2018). However, the development of
multifunctional integrated hydrogels without using the growth factors
or metal ions has remained a critical challenge in tissue engineering.

We developed the multifunctional integrated hydrogels of CMCS/s-
NC to overcome these issues for rapid wound healing. The recovery
strength, swelling, and degradation potentials were examined. The
biocompatibility of the developed hydrogel scaffolds was investigated
using a co-culture of human dermal fibroblast (HDF), human keratino-
cyte (HaCaT), and human umbilical vein endothelial cell (HUVEC) via
the WST-8 assay, in vitro. The conductivity and antibacterial potentials

Carbohydrate Polymers 284 (2022) 119202

were also monitored. Finally, the wound healing process was assessed
using the rats after 14 days of the scaffolds implantation. Therefore, we
hypothesize that the hydrogel scaffolds developed from polysaccharides
positively affects skin cell proliferation and can be explored in skin tis-
sue engineering for rapid wound closure.

2. Experimental sections
2.1. Materials

The high molecular weight chitosan powder (310-375 kDa, >75%
deacetylated) potassium hydroxide (both from Sigma Aldrich, USA),
sodium chlorite, ammonium persulfate (APS) (Daejung Chemicals, Re-
public of Korea), acetic acid (99.7%), hydrochloric acid (35%), sulfuric
acid (98.08%) (mass/mass, Wako Chemicals, Republic of Korea), and
sodium hydroxide (Junsei Chemicals, Japan) were used in this work.
The WST-8 dye was purchased from the Cellrix® (MediFab Co., Ltd.
Republic of Korea). All chemicals were used as received from the
supplier.

2.2. Nanocellulose extraction and synthesis of water-soluble CMCS

The extraction of s-NC and CNCs was performed from pine wood
powder through chemical treatment, and the detailed processes are
given in Supplementary Information (SI). The CMCS was synthesized as
earlier reported somewhere else (Luo et al., 2018). Briefly, a known
amount of CS was added in 50% sodium hydroxide solution and kept in a
refrigerator for 24 h, followed by adding the required amounts of iso-
propanol with continuous mechanical stirring. After that, the calculated
amounts of monochloroacetic acid were added to the reaction mixture
and stirred at 60 °C for 6 h, then filtered and washed with ethanol. The
obtained sample was dissolved in distilled water and dialyzed for three
days. The dialyzed sample was concentrated by a rotary evaporator and
a freeze-dried by freeze dryer (EYELA® Freeze Drying Unit 2200, Tokyo,
Japan).

2.3. Synthesis of CMCS and CMCS/s-NC composite hydrogel scaffolds

The hydrogels were prepared by dissolving the required amounts of
CMCS (5%, w/w) in distilled water. The composite hydrogels were
prepared by adding the different amounts of s-NC (1, 2, and 4%, w/w, w.
r.t. CMCS) in the CMCS matrix. The developed hydrogels were precooled
at —80 °C for 6 h, followed by freeze-drying to prepare the porous
scaffolds. The pure polymer and composite hydrogel scaffolds were
designed as CMCS, and CMCS/s-NC X, where X is the amount of s-NC in
the CMCS matrix.

2.4. Spectroscopic characterization of hydrogel scaffolds

The Fourier transform infrared (FTIR) spectroscopy (Frontier, Perkin
Elmer, UK) was used to monitor the functional groups in s-NC and their
interaction with CMCS matrix in the range of 4000-400 cm ! with a
resolution of 4 cm ™. The number of scans was 64 in FTIR measurement.
Transmission electron microscopy (TEM) (JEM, 2100 F, Jeol, Japan)
was employed to measure the size and morphology of s-NC. The syn-
thesized CMCS was characterized by the proton nuclear magnetic
resonance (NMR) spectroscopy (Bruker Avance Neo 600) in DO as
solvent at 80 °C. The surface morphologies of the developed hydrogel
scaffolds were examined by scanning electron microscopy (SEM) (S-
4800, Tokyo, Japan). The structural changes in the scaffolds were
evaluated by X-ray diffractometer (X'Pert PRO MPD, Philips, Eindhoven,
Netherlands) at operating voltage and current of 40 kV and 40 mA, with
Cu Ko radiation (A = 1.5414 A°). The operating range (20) was 5-40°.
The rheological properties of the developed hydrogels were evaluated
by an ARES-G2 rheometer (TA Instrument, New Castle, Delaware, USA)
with a 6 mm parallel plate at 25 °C.
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2.5. Recovery, injectability, and adhesive abilities of hydrogels

The recovery potential of the developed hydrogels was evaluated by
measuring the viscosity via an ARES-G2 rheometer with different shear
rates (0.1, 100, and 0.1 s 1) for different time intervals (0-1 00,
101-200, and 201-300 s), at 25 °C, respectively. The injectability
property was assessed using a 10 mL syringe with a needle dimension of
21G.

The lap shear test was performed to quantify the adhesive strength
between a hydrophobic surface (plastic) and the developed hydrogel
after 20 min of treatment by uniaxial tensile measurement. For this, 200
pL of the developed hydrogels were placed on the plastic surface to cover
an area of 25 mm x 15 mm. The second plastic sheet was placed over the
adhesive layer and left for the desired time at room temperature. After
that, the uniaxial tensile measurement was performed to measure the
adhesive strength of the hydrogels. All experiments were accomplished
in triplicate (n = 3).

2.6. Swelling potential and degradation potential of scaffolds

The swelling potential of the hydrogel scaffolds was measured in
distilled water at room temperature. For this, the known amounts of the
scaffolds were dipped into water and removed after a certain time. The
excess water was removed from the surface of the scaffolds with tissue
paper and measured the weight of the swollen scaffolds. After that, the
scaffolds were again dipped in water, and this process was repeated
several times. The swelling potential of the scaffolds was calculated
using the following formula,

Wa

W, —
%Swelling = W
f

x 100

W; and Wy are the weight of swollen and dried scaffolds, respectively.
The degradation efficiency of the hydrogel scaffolds was analyzed
with protease (1 mg/mL) enzyme at room temperature. For this, the
calculated weight of the scaffolds was kept in enzyme media for a fixed
time. After that, the scaffolds were removed from the media and rinsed
with distilled water. The surface water was removed with the tissue
paper, followed by the drying of the scaffolds. The weights of the dried
scaffolds were taken, and this process was performed several times. The
old enzyme media were replaced with fresh media after three days in-
tervals. The degradation rate was calculated by using a given formula,

W, =W,
Weight Loss (%) = Td x 100

i

W; and W are the weight of initial and degraded scaffolds, respectively.

2.7. Conductivity and electrochemical analysis

The conductivity of the developed hydrogels was measured by using
the four-probe instrument (MS Tech, Solution) connected with the
Keithley 2460 source meter®. The electrochemical activity of the
developed hydrogels was analyzed in the range of —0.6 V-1.2 V with the
scan rate of 25 mV/s by the Keithley 2460 source meter®. The dimen-
sior31 of hydrogel used for electrochemical analysis was 2.2 x 0.8 x 0.4
cm”.

2.8. Cell viability

The individual or co-cultured cell viability of HDF, HaCaT, and
HUVEC was monitored by the WST-8 assay with the developed hydrogel
scaffolds. For this, 1 x 10* (individual culture), and 0.3 x 10* (co-
cultured) cells were incubated with or without the scaffolds for 1, 3, and
5 days in a 5% COq incubator at 37 °C. The groups without the scaffolds
treatment were to be considered as control. After incubation, WST-8 dye
was added to the cultured media and incubated for 2 h to form
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formazan. The formazan quantities were measured with a spectropho-
tometer (Infinite® M Nano 200 Pro, TECAN, Switzerland) by taking
absorbance at 450 nm. All experiments were accomplished in triplicate
(n = 3), and the results are shown at mean ODs =+ standard deviations
(SD). Statistical significance was taken at *p < 0.05.

2.9. Cell morphology

The morphologies of the individually and co-cultured cells were
visualized by using an inverted fluorescence microscope (DMi8 Series,
Leica Microsystems, Germany) after 3 days of treatment. For this, 2.0 x
10* (individual cells) and 0.5 x 10* (co-cultured cells) were incubated
with or without scaffolds. The groups without any scaffolds treatment
were taken as control. After that, cells were washed with PBS and fixed
by 4% paraformaldehyde (PFA) (Sigma-Aldrich, USA) solution. The
fixed cells were washed with PBS and treated with 0.1% Triton-X 100 for
10 min, followed by 1% bovine serum albumin (BSA) (Sigma-Aldrich,
USA) treatment for 60 min. After that, cells were stained with 200 pL of
Alexa Flor 488-conjugated Phalloidin (F Actin Probe; Invitrogen,
Thermo-Fischer Scientific, USA) for 20 min, and followed by nuclei
staining with 4, 6-diamino-2-phenylindole dihydrochloride (DAPI)
(Sigma-Aldrich, USA) for 5 min. The excess stains were removed by
washing with PBS, and mounting was performed by adding 1 drop of
Prolong® Antifade mounting media (Invitrogen, Thermo-Fischer Sci-
entific, USA), and images were captured with the microscope.

2.10. RNA extraction and real-time polymerase chain reaction (qPCR)
analysis

The qPCR technique was utilized to examine the mRNA expression in
HDF, HaCaT, and HUVEC with or without the scaffolds. The groups
without any treatment were taken as control. For this, 1 x 10° cells were
cultured with Dulbecco Modified Eagle Medium (DMEM) in a 24 well-
plate for 7 and 14 days, followed by the RNA extraction using TRI-
zol® reagent as per manufacturer's guidelines. The spectrometer was
used to monitor the purity and concentration of the extracted RNA,
followed by cDNA synthesis using reverse transcriptase. The qPCR was
performed with SYBR Green Master mix with the reaction conditions
involved 43 cycles of denaturation for 15 s at 95 °C and 1 min ampli-
fication at 60 °C. All reactions were completed in triplicate (n = 3) and
normalized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
housekeeping gene. The Bio-Rad Real-Time PCR (CFX96TM Maestro
Real-Time System, BioRad, USA) system was utilized to measure the
expression of mRNA. The relative mRNA expression levels in different
skin cells with control and scaffolds treated groups were compared in a
histogram. The primers used in this study are given in Table S1.

2.11. Immunocytochemical analysis of protein marker

The immunocytochemical analysis was performed to examine the
different protein expressions, including fibronectin, basic cytokeratin,
and platelet endothelial cell adhesion molecule-1 (PECAM-1)/cluster of
differentiation 31 (CD 31) in HDF, HaCaT, and HUVEC, respectively. For
this, 2 x 10* cells (individually) in 24 well plates and cultured for 14
days with or without the scaffolds. The groups without scaffolds treat-
ment were considered as control. After that, cells were washed with PBS
and fixed with 4% PFA solution for 20 min at room temperature. The
0.1% Triton X-100 solution was used to permeabilize the cells for 15 min
at room temperature, washed with PBS, and blocked by 1% BSA reagent.
Finally, cells were treated with 250 pL of mouse monoclonal antibodies
against fibronectin, basic cytokeratin, and PECAM-1, followed by the
nuclei counterstaining with 20 pL of DAPI solution for 2 min. The excess
stain was removed by washing with PBS, and mounting was done by
adding mounting media. The morphologies were captured with the
fluorescence microscope.
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2.12. Antibacterial potential of the hydrogel scaffolds

The antibacterial activity of the hydrogel scaffolds was analyzed
using the colony counting method and measuring the optical density
(OD) of the Bacillus subtilis (ATCC-6051), as earlier reported (Ma et al.,
2020). For the colony counting method, 100 pL of the bacteria solution
(1 x 10%) (Difco™, Nutrient broth, BD Biosciences, USA) was added to a
petri dish containing 25 mL of the culture media with materials (20 mg/
mL) and cultured for 24 h at 37 °C. The groups without hydrogels were
considered as control. After that, 100 pL of the bacteria solution was
transferred onto agar plates and further cultured for 24 h to form the
colony.

The prepared scaffolds were incorporated into a bacterial medium (1
% 10°) for OD measurement and treated for 6, 24, and 48 h. The media
without scaffolds served as control. The OD change was measured using
a spectrophotometer at 600 nm. The tests were performed in triplicate.

2.13. In vivo wound healing analysis

The in vivo study was performed to monitor the wound healing ef-
ficiency of the developed hydrogel scaffolds with the three weeks old
Institute of Cancer Research (ICR) male rats (total number of rats = 6)
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after 7 and 14 days of implantation. The experiment was divided into
negative control-without treatment, positive control-pure polymer
scaffolds (CMCS), and experiment group-CMCS/s-NC 1. Here, we chose
the CMCS/s-NC 1, as an experimental group because of its better skin
proliferation potential than other scaffolds in vitro. Each group has
duplicate rats (number of rats = 2) with two experiment sites. In brief,
the dorsal hairs of the rats were cleaned, and skin was disinfected with
70% ethanol solution. After that, a circular wound of 1 cm diameter was
generated by using a sterile biopsy punch. The two layers of the dorsal
skin were removed and filled with the scaffolds. All rats were placed in a
protected and sound-proof room. The room temperature and relative
humidity were maintained at 21 + 1 °C, and 35 =+ 1%, respectively. The
room was maintained with an automatically controlled 12 h light and
12 h dark cycle. All possible efforts were made to minimize the animal
suffering and number of animals required to produce consistent scien-
tific results. After 14 days of treatment, the rats were sacrificed to
perform the histological staining.

For histological analysis, the collected specimens were fixed with
3.7% PFA solution for 2 days, then decalcified with 12% ethylene dia-
minetetraacetic acid (EDTA) at 4 °C. After that, the specimens were
cleaned and dehydrated with alcohol. The dehydrated specimens were
implanted in paraffin to produce fine sections. The specimen sections
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Scheme 1. The schematic demonstration for the preparation of the hydrogel and its potential application for cutaneous wound healing
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were stained with hematoxylin (H), eosin (E), and Masson's trichrome
(MT). All surgical protocols were approved by the Capital Medical
University Animal Experimental Ethics Committee (AEEC, Institute of
Animal Care and Use Committee of Capital Medical University,
Permission No. KQYY-202012-004). The scaffolds were sterilized by UV
light treatment before the implantation.

2.14. Statistical analysis

Statistical analyses were performed with one-way ANOVA using
Origin Pro9.0 software. All results were presented as mean =+ standard
deviations (SD). Statistical significance was considered at *p < 0.05, **p
< 0.01, and ***p < 0.001. All comparisons were made between the
control and treated groups.

3. Results and discussion
3.1. Characterizations of s-NC and CMCS

A schematic presentation for synthesizing the hydrogel scaffolds and
their potential application in wound healing is shown in (Scheme 1).

The FTIR spectra of cellulose and s-NC are shown in (Fig. S1a). The
characteristic peaks at 3325, 1640, and 1019 cm™! are attributed to the
hydroxyl (-OH) group, absorbed water, and —-C-O stretching groups,
respectively. The cellulose and s-NC showed no significant peaks at
1500 cm ™, suggesting the removal of the lignin moiety from their
structures by chemical treatment. The appearance of the additional

a.

1409 CMCS/s-NC 4 1030 (C-0O)

1153 (-OH)

Transmittance % (a.u.)

(CHCOOH)
1639 (COOH)
1800 1600 1400 1200 1000
Wavenumber (cm'l)
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absorption peaks at 1731 cm ™! in the s-NC is attributed to carboxylation
of cellulose functional groups by APS reagent (Cheng et al., 2014). No
other significant changes were observed in the s-NC spectrum, sug-
gesting that APS hydrolysis did not alter the structural integrity of pure
cellulose. The morphology of the obtained s-NC was examined by AFM,
and the images are shown in (Fig. S1b). The obtained s-NC exhibited
spherical morphology with an average diameter of ~60 nm, indicating
the successful formation of nanoparticles by APS hydrolysis. The XRD
patterns of the cellulose and s-NC are shown in (Fig. S1c). The diffraction
peaks at 11.8°, 20.0°, and 21.5° were attributed to cellulose I and II
structures (Patel et al., 2020). The s-NC exhibited sharper and more
intense diffraction peaks than cellulose, indicating the enhanced crys-
tallinity of the s-NC due to the removal of amorphous zones. The proton
spectrum of the synthesized CMCS with the indicated peaks is given in
(Fig. S2). The proton-NMR pattern is similar to previously reported
literature. Therefore, we anticipated that the synthesized CMCS would
be highly pure (Bukzem et al., 2016; Luo et al., 2018).

3.2. Interaction and morphological characterization of hydrogel scaffolds

The FTIR spectrum of pure CS is given in (Fig. S3a). The character-
istic peaks of the CS polymer are indicated in the spectrum. The broad
characteristic peak at 3324 cm ™! in the pure CS can be attributed to the
hydrogen-bonded amine (—NH,) functional groups, which shifted to-
ward lower wavenumbers (3324 — 3303 cm™Y) in the CMCS hydrogel.
The FTIR spectra of CMCS and its indicated hydrogels in the absorption
regions of 4000-2500 cm ! are given in (Fig. S3b). The broad

b. 19.9
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Fig. 1. The structural and morphological analysis of the developed hydrogel scaffolds. (a) FTIR spectra of the hydrogels, (b) XRD patterns of the hydrogel scaffolds,
(c) SEM morphologies of the hydrogel scaffolds, and (d) Swelling potential of the developed hydrogel scaffolds (n = 3).
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absorption peak at 3303 cm ™! in the developed hydrogels is assigned for
the hydrogen-bonded amine/hydroxyl functional groups (Doshi et al.,
2017). The FTIR spectra of CMCS and its composite hydrogels in the
absorption regions of 1800-1000 cm ™! are shown in (Fig. 1a). The ab-
sorption peak at 1639 cm™! in CMCS is assigned to the carboxyl group,
overlapping with the amino groups. The absorption peak at 1156 cm ™
weakened in CMCS, indicating that carboxymethylation occurred at the
hydroxyl groups of CS (Luo et al., 2018). The absorption peak in CMCS
at 1415 cm™! is attributed to the symmetric stretching vibration of the
COO™ functional group. A shift in the absorption peak (1415 — 1409
em™!) was observed in the composite hydrogels, suggesting the physical
interaction between the functional groups of incorporated s-NC and
CMCS polymer matrix. This shift in the composite hydrogels can be
attributed to the depreciation of the intramolecular hydrogen bonding
between the polymer chains and increased intermolecular hydrogen
bonding between the incorporated s-NC and polymer chains (Patel et al.,
2021). This result suggests that hydrogen bonding is vital for such
changes in the developed hydrogels.

The structural changes in the developed hydrogels were evaluated
using an X-ray diffractometer, and the XRD patterns are shown in
(Fig. 1b). The broad and sharp diffraction peaks at 8.9° and 20.5° were
observed in the CMCS, demonstrating the amorphous and crystalline
zones in the structure, respectively. A similar XRD pattern of water-
soluble CMCS has been earlier shown in the literature. (Baran et al.,
2015; Bukzem et al.,, 2016). The composite hydrogels exhibited
diffraction patterns similar to those of the pure polymer, with slight
changes in the peak position. A decrease in the interplanar distance of
the amorphous zones (1 — 0.93 nm) was observed in the composite
hydrogels, indicating the formation of the minor assembled structure
due to the interaction between the incorporated s-NC and polymer
chains as observed in the FTIR results. No significant changes in the
crystalline interplanar distance were observed in the composite hydro-
gels (0.44 — 0.45 nm), suggesting that the distributions of s-NC have
predominantly occurred in the amorphous zones of the polymer.

The surface morphologies of the hydrogel scaffolds were analyzed
using SEM, and the images are shown in (Fig. 1c). The fabricated scaf-
folds exhibited a highly porous and interconnected morphological
structure. Layered structures were observed in the scaffolds. The com-
posite scaffolds demonstrated a more porous morphology than the pure
polymer scaffold.

The swelling efficiency of the scaffold plays a vital role in tissue
engineering applications as it facilitates the exchange of cell metabolites
and nutrients (Tao et al., 2017). The swelling potential of the developed
hydrogel scaffolds was examined under aqueous conditions at room
temperature, and the results are shown in (Fig. 1d). The composite
hydrogel scaffolds showed a lower swelling efficiency than pure polymer
scaffolds, and this potential further decreased with increasing s-NC
content. The decrease in the swelling efficiency might be due to the
unavailability of free hydrophilic hydroxyl (-OH) or amine (-NHj)
groups in the composite scaffolds in the presence of s-NC. The addition
of the s-NC in the polymer matrix might lead to a physically cross-linked
structure, decreasing swelling efficiency. A similar result was earlier
reported in cellulose nanocrystals incorporated carboxymethyl chitosan
scaffolds (Zhang et al., 2019). The swelling of the scaffolds should be
controlled under physiological conditions, and rapid swelling may
weaken and degrade the scaffolds. Furthermore, no enhancement in the
swelling efficiency was observed after 15 h, indicating the saturation
point of the fabricated hydrogel scaffolds.

An in vitro degradation study was performed to monitor the degra-
dation rate of the developed hydrogel scaffolds, and the results are
presented in (Fig. S4). The composite scaffolds exhibited a greater
degradation rate than the pure polymer scaffolds in the presence of
protease. The higher degradation rate might be attributed to the struc-
tural damage of the physically cross-linked composite scaffolds and
leaching out of the filled s-NC, which accelerated the degradation pro-
cess. The leaching of s-NC from the composite scaffolds facilitated the
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insertion of the protease enzyme within the polymer matrix, causing a
greater degradation. Our finding is consistent with the previously re-
ported results, where an enhanced degradation of cellulose nanocrystal
added carboxymethyl chitosan scaffolds occurred with a lower swelling
efficiency (Zhang et al., 2019). The scaffolds should have an appropriate
rate of degradation for tissue-engineering applications.

3.3. Rheological and recovery strength of hydrogels

For tissue engineering applications, the developed hydrogel should
have good elasticity and mechanical strength. The rheological properties
of the prepared hydrogels were analyzed using a rheometer, and the
results are presented in (Fig. 2). The change in the storage modulus (G/,
with lines) and loss modulus (G”, no lines) in the measured frequency
regions are given in (Fig. 2a). The composite hydrogels exhibited higher
G’ values than the pure polymer hydrogel, showing high elasticity owing
to the greater interaction between s-NC and polymer chains. Significant
enhancement in the G’ values (1.11 x 10° Pa — 5.64 x 10° Pa) was
observed in the composite hydrogels due to the greater interaction be-
tween polymer chains and s-NC, creating the interconnected network
structure, leading to high elasticity. The enhancement in the G’ values at
high o regions in the composite hydrogels can be explained by the
relaxation and formation of more interconnected network structures,
resulting in a solid-like structure and higher G’ values (Pati et al., 2014;
Yang et al., 2013). The higher G” values were observed in the composite
hydrogels than the pure polymer hydrogel, and its value further
increased with increasing s-NC content. However, the magnitude of G”
was lower than G’ throughout the measured o regions, suggesting the
formation of stable elastic polymeric network structures in the
hydrogels.

The change in the complex viscosity (n*) of the developed hydrogels
in the ® region was also measured, and the results are shown in (Fig. 2b).
A higher n* value was observed in the composite hydrogels than in the
pure polymer hydrogels in the measured regions, further increasing with
increasing s-NC content, indicating more solid-like properties in the
composite hydrogels. The enhanced n* value was observed in the lower
® regions, whereas a decrease in the n* value occurred at higher o re-
gions, suggesting shear thickening and shear thinning properties,
respectively. These are the anticipated properties of printing
applications.

The thixotropic behavior of the developed hydrogels was analyzed to
confirm their recoverable potential after applying a high shear rate. For
this, a series of shear rates of 0.1, 1000, and 0.1 s! (each for 100 s) was
applied to monitor the change in the n* value of the hydrogels. We used
a high shear rate (1000 s to deform the structure. Recoverable
hydrogels have received wide attention in printing and tissue engi-
neering applications (Abouzeid et al., 2018). They can easily re-gained
their original physicochemical properties after the deformation (Han
et al., 2017). The changes in the n* value at different shear rates are
shown in (Fig. 2¢). The initial n* values of CMCS, CMCS/s-NC 1, CMCS/
s-NC 2, and CMCS/s-NC 4 were 1314, 4335, 695, and 562 Pa, which
decreased to 0.552, 0.326, 0.443, and 0.687 Pa at a high shear rate
(1000 s’l), respectively. This value was further increased at low shear
rates (0.1 s’l), and were 681, 2787, 484, and 475 Pa for CMCS, CMCS/s-
NC 1, CMCS/s-NC 2, and CMCS/s-NC 4, respectively. The recovery po-
tential was 51.7, 64.2, 69.2, and 84.2% for CMCS, CMCS/s-NC 1, CMCS/
s-NC 2, and CMCS/s-NC 4. The high recovery potential of the composite
hydrogels is attributed to the formation of interconnected polymeric
network structures with incorporated s-NC, which restricted the defor-
mation of the hydrogels.

The injectability potential of the developed hydrogels was tested
using a syringe at room temperature, and a digital image of the injected
hydrogel is shown in (Fig. 2d). The hydrogel was easily injected and
retained its structure. Injectable hydrogels have diverse advantages and
can be injected at the desired sites (Zhang et al., 2014). Injectable
hydrogels are considered appealing materials for skin wound
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Fig. 2. Evaluation of the rheological strength of the developed hydrogel at 25 °C. (a) Storage and loss moduli of the hydrogels, (b) Corresponding viscosity complex
of the hydrogels, (¢) Analysis of thixotropic behavior of the developed hydrogel at 25 °C, and (d) Image of the injected hydrogel in the desired patterns.

regeneration because they reduce gel fragmentation potential at the
implanted sites even after external mechanical deformation and can
persistently facilitate skin wound curing (Chen et al., 2019). They can
also be applied to irregular wound sites.

3.4. Adhesive potential of hydrogels

The adhesive properties of the developed hydrogel were examined
with different surfaces, and the images are shown in (Fig. 3a). The
developed hydrogel promptly adhered to different surfaces, showing its
adhesive potential. The adhesiveness of the developed hydrogels can be
attributed to multiple interactions (covalent and noncovalent) between
the functional groups of the hydrogels and the material surface (Bovone
et al., 2021). Adhesiveness is highly desirable for various applications,
including stopping bleeding, sealing leakage, binding tissues, and
improving tissue recovery (Nie et al., 2013). A schematic representation
of the lap shear test is presented in (Fig. 3b). The developed hydrogels
were sandwiched between two pieces of a plastic substrate (25 mm x 15
mm) and measured. The obtained curves of the adhesive strength versus
displacement for different hydrogels with plastic are shown in (Fig. 3c).
An enhancement in the adhesiveness was observed in the composite
hydrogels compared to the pure polymer hydrogel, indicating its adhe-
sive potential. This potential was further enhanced by increasing the s-
NC content in the polymer matrix, indicating its improved adhesive
properties. The enhanced adhesiveness was due to strong interactions
between the surfaces. Different factors, including adhesion time, prop-
erties of the hydrogels, and applied substrates, have widely influenced

adhesiveness (Cui et al., 2019; Qu et al., 2018). The quantitative values
of the adhesive strength of the developed hydrogels with plastic sub-
strates are presented in (Fig. 3d). The adhesive strength was 5.53, 11.84,
15.13, and 18.32 kPa for CMCS, CMCS/s-NC 1, CMCS/s-NC 2, and
CMCS/s-NC 4, respectively. It is anticipated that the adhesiveness po-
tential of the developed hydrogels could be further increased with the
hydrophilic surfaces, including pig and human skin, owing to the strong
interaction between the polar groups of the tissue surface and the
hydrogel, and can be applied for skin wound healing (Pei et al., 2020).

The possible mechanism for the adhesiveness of the developed
hydrogel with different substrates is presented in (Fig. 3e). Herein, we
illustrate the interaction mechanism between the glass and human skin
surfaces by the hydrogel surface. The hydrogels have charged ions
(NH4" and COO™), which can interact with other polar or charged
functional groups of the materials via dipole-dipole or ion-dipole in-
teractions, causing the hydrogel to be challenging to remove from the
surfaces. Glass has negatively charged silicate groups and interacts with
positively charged amino groups of the hydrogel through the interaction
mentioned above. Similarly, the skin surface can interact with the
hydrogel.

3.5. Conductivity and electrochemical analysis of hydrogels

The conductive property of the developed hydrogels was measured
by the four-probe technique, and the results are presented in Table 1. A
significant enhancement (6.815 x 1075 > 2.892 x 102 S/cm) in the
conductivity was observed in the composite hydrogels compared to the
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Fig. 3. (a) Examination of the adhesiveness of the developed hydrogels with different surface, (b) Schematic demonstration of the adhesion strength measurement,
(c) Adhesion shear force versus displacement of the hydrogels with plastic, (d) Adhesive strength of the hydrogels with plastic substrate (n = 3), and (e) The possible

interactions of the hydrogels with different surfaces.

Table 1

Analysis of the conductivity of the developed hydrogels using the four-probe
system.

Sample Dimension Resistance (R) Conductivity = L/RA (S/
(cm) (ohm) cm-1)
CMCS 2.4%x09x05 1629.73 6.817 x 107>
CMCS/s-NC ~ 2.3x1.0x0.3  1599.61 6.251 x 107*
1
CMCS/s-NC ~ 2.4x0.9x0.6 1572.22 7.067 x 10~*
2
CMCS/s-NC ~ 2.2x 0.6 x 0.4 864.39 2.892 x 1073
4

pure polymer hydrogel. This enhancement in the conductivity is
attributed to the more protonation of the amino-functional groups of
CMCS in the presence of s-NC, which facilitated the improved ionic
conductivity. The developed hydrogels exhibit ionic conductivity within

the range of skin conductivity (2.6-1 x 10~* mS/cm) (Korupalli et al.,
2020). Thus, it is anticipated that the developed hydrogels, which have
excellent adhesive properties with conductivity, can significantly stim-
ulate the skin cell activities after implantation and assist the rapid
wound healing process. Functionalization of chitosan not only improves
its water solubility but also enhances its ionic conductivity (Wan et al.,
2003).

The cyclic voltammetry was conducted to assess the electrochemical
behavior of the developed hydrogels using a three-electrode system, and
the results are shown in (Fig. 4). The pure polymer hydrogel exhibits
oxidation and reduction peaks at 0.41 V and — 0.015 V, indicating the
protonation and deprotonation of the -NH and —-COOH functional
groups of CMCS polymer, respectively (Wu & Zhu, 2018). A systematic
shift in the oxidation (0.41 — 0.77 V) and reduction (—0.015 — 0.051 V)
peaks was observed in the composite hydrogels, suggesting that the
addition of s-NC in the polymer matrix facilitates the electrochemical
activity of the hydrogels. The composite hydrogels exhibit a greater
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Fig. 4. Electrochemical analysis of the developed hydrogel at 25 mV/s
scan rate.

anodic current (0.41 — 0.76 pA) compared to the pure polymer
hydrogel, showing their improved electrochemical performances in the
presence of s-NC. The enhanced electrochemical performances of the
composite hydrogels can be attributed to the bridging effects of s-NC
functional groups (-COOH, and —OH), which facilitated the electron
transfer. Additionally, a pronounced box-like hysteresis was observed in
the developed hydrogel, suggesting the electro-oxidation of the hydrogel
at the electrode surface (Chia et al., 2019). The hysteresis area was
further increased in the composite hydrogels, demonstrating the greater
electro-oxidation of the hydrogels at the electrode surface.

3.6. Biocompatibility and cell morphology

Before evaluation of the biocompatibility of the developed hydrogel
scaffolds, we assessed the cellular activity of the CNCs and s-NC through
WST-8 assay at different periods (1, 3, and 5 days), and results are given
in (Fig. S5). The media without nanocellulose were considered to be
controlled. We chose 1% nanocellulose content to examine their cellular
response. 1% nanocellulose exhibited greater cellular activity (Patel
et al., 2019b). The nanocellulose treated groups demonstrated enhanced
cell viability than control, showing their enhanced biocompatibility.
Interestingly, s-NC treated media have higher cell viability than CNCs
treated groups. The enhanced cell viability is attributed to the higher
surface area of s-NC than CNCs, which facilitated cellular activity.

The biocompatibility of the fabricated hydrogel scaffolds was
assessed using skin cells (HDF, HaCaT, and HUVEC) using the WST-8
assay, and the results are shown in (Fig. 5). We performed individual
cell culture in the presence of the hydrogel scaffolds, followed by co-
culture to examine the effects of the developed hydrogel scaffolds on
skin cells. The HDF viability in the presence of the hydrogel scaffolds
after 1, 3, and 5 days of treatment is shown in (Fig. 5a). The groups
without treatment were considered the control group. No adverse effects
were observed in the presence of the hydrogel scaffolds, indicating their
biocompatibility. The composite scaffolds demonstrated greater cell
viability than the control scaffolds. The groups containing CMCS/s-NC 1
hydrogel scaffolds exhibited enhanced viability compared to the other
scaffolds, indicating improved biocompatibility. Fibroblasts play an
essential role in skin physiology and cutaneous wound healing. It pro-
duces all ECM components, such as adhesive and structural proteins,
proteoglycans, and glycosaminoglycans (Kendall & Feghali-Bostwick,
2014). The cytotoxicity of the hydrogel scaffolds was analyzed using
the HaCaT cells, and the results are shown in (Fig. 5b). Media without
scaffold treatment were used as controls. The hydrogel scaffolds had no
toxic effects on HaCaT cells, indicating their biocompatibility. The
composite scaffolds exhibited higher cell viability than the pure polymer
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scaffolds and the control. The improved biocompatibility of the com-
posite scaffolds was attributed to their open morphological structure and
bioactivity potential. HaCaT cells act as a barrier for foreign substances
and reduce moisture and heat loss from the body (Hunt et al., 2009). The
biocompatibility of the hydrogel scaffolds was also monitored with
HUVECs after different time intervals, and the results are shown in
(Fig. 5¢). The groups without treatment were considered as the controls.
No cytotoxicity was observed in the scaffold-treated groups, indicating
its biocompatibility. Higher cell viability was observed with composite
scaffolds than pure polymer scaffolds and control scaffolds, suggesting
improved biocompatibility. HUVECs play a vital role in angiogenesis
and vascularization. Newly generated tissues require an active blood
vessel network for survival (Bok et al., 2018).

Furthermore, we co-cultured HDF, HaCaT, and HUVEC with the
developed scaffolds to create a skin regeneration model, and the results
are presented in (Fig. 5d). It was interesting to see that the developed
scaffolds facilitated skin cell proliferation in all treated groups except
CMCS/s-NC 4. The enhanced viability was observed with composite
scaffolds compared to the pure polymer scaffolds, and this was more
significant in CMCS/s-NC 1 treated media, indicating that 1% s-NC
content is optimum for improved cellular activity. The enhanced cellular
activity of the developed hydrogel scaffolds is due to their favorable
topographical structure, adhesiveness, and improved bioactivity. The
skin cells (containing peptide layer) strongly interacted with the surface
of the scaffolds, and the open structure facilitated gaseous and nutrient
exchange. However, a decrease in skin cell viability occurred in CMCS/s-
NC 4 treated groups compared to the other treatments. This may be due
to the higher concentrations of nanoparticles, their properties, and their
shapes. Pereira et al. have previously reported the cytotoxicity of cel-
lulose nanofibers (CNFs) toward mammalian cells at higher concentra-
tions (Pereira et al., 2013). This result indicates that the developed
scaffolds can accelerate skin cell regeneration.

The morphologies of the co-cultured cells were examined using a
fluorescence microscope after 3 days of treatment, and the images are
shown in (Fig. 5e). We chose the CMCS/s-NC 1 scaffold for the treatment
groups because of its better cellular and bioactivity potentials. Media
without scaffolds were used as controls. The cells were healthy and
spread over the scaffolds. The cell densities were higher in the scaffold-
treated groups than in control, confirming its superior biocompatibility,
as observed in cell viability. The morphology of the individual cells
(HDF, HaCaT, and HUVEC) after 3 days of treatment is shown in (Fig.
S6). The cultured cells were healthy and elongated, except for the HaCaT
cells. We also examined the only HDF proliferation behavior after 1, 3,
and 5 days of treatment as proof for improved cellular activity, and the
images are given in (Fig. S7). Cells were healthy on the scaffolds treated
groups compared to control, showing improved biocompatibility.

3.7. Expression of mRNA and protein markers

The expression of HDF-associated gene markers (fibronectin and
collagen 1A) in HDF was evaluated by the q-PCR technique after 7- and
14 days of treatment, and the results are shown in (Fig. 6a). The groups
without scaffolds treatment were taken to be controlled. We selected the
CMCS/s-NC1 composite scaffold to examine the gene expression po-
tential than other composite scaffolds (CMCS/s-NC 2 and CMCS/s-NC 4)
due to their improved cellular activity. A higher expression of fibro-
nectin and collagen 1A was observed in the scaffolds treated groups than
the control after 7 days of treatment which further increased after 14
days of incubation, showing their accelerating effects on HDF-associated
gene markers. This was higher in CMCS/s-NC 1 scaffolds compared to
the pure polymer scaffolds. The better expression of HDF-associated
gene markers in CMCS/s-NC 1 is attributed to its better cellular activ-
ity and favorable topographical structures. Fibronectin is considered a
crucial constituent of the ECM and is required for cell adhesion with
stroma. It plays an important role in cytoskeleton modifications, cell
migration, and differentiation. It also accelerates embryogenesis and
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wound healing (Malakpour-Permlid et al., 2021). Collagen is the major
fibrous glycoproteins in the ECM and facilitates ECM assembly, ECM-cell
interactions, cell migration, and differentiation. The expression of
different keratinocytes-related gene markers (KRT1, KRT5, KRT10, and
KRT15) in HaCaT was also examined, and the results are given in
(Fig. 6b). The media without scaffolds treatment are taken as control. A
higher expression of keratinocytes-related gene markers occurred with
scaffolds compared to the control, showing its keratinocytes generation
efficiency. KRT1/10 are considered early gene markers whose expres-
sion was higher after 7 days of treatment and decreased after 14 days of
incubation. KRT5/KRT15 are the important keratinocytes gene markers,
and their expression occurs at the late stage of differentiation (Lima
Cunha et al., 2021). The better expression of keratinocytes-related gene
makers showed that the developed scaffolds could accelerate the kera-
tinocytes formation, which plays an important role in wound repairing
(Piipponen et al., 2020). We further examined the HUVEC-associated
gene markers (vascular endothelial growth factor (VEGF); vascular
endothelial-cadherin (VE-cadherin); and CD31) after 7, and 14 days of

treatment, and the results are presented in (Fig. 6¢). The groups without
scaffolds were considered as control. A greater expression of HUVEC-
related gene markers occurred with the scaffolds treated groups than
the control, suggesting the angiogenic potential of the scaffolds, which
further enhanced after 14 days of incubation. The CMCS/s-NC 1 treated
groups' demonstrated enhanced expression than CMCS scaffolds due to
their improved cellular activity. The VEGF, VE-CAD, and CD31 play
significant roles in angiogenesis, maintenance, and organization of
vascular structures (Dalle Carbonare et al., 2019). This result indicates
that the developed scaffolds have efficiency and can promote
angiogenesis.

We further examined the expression of fibronectin, basic cytokeratin,
and PECAM-1 proteins in HDF, HaCaT, and HUVEC by using a fluores-
cence microscope after 14 days of incubation, and the results are pre-
sented in (Fig. 6d). The groups without any treatment were to be
considered as control. The scaffolds treated groups expressed greater
intensities of the above proteins than the control, suggesting that the
developed scaffolds positively triggered the skin cell functions. The

10
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expression of fibronectin protein occurred throughout the cytoskeleton
of the HDF, whereas cytokeratin and PECAM-1 are more expressed in the
vicinity of nuclei.

3.8. Antibacterial potential of hydrogels

The antibacterial potential of the developed hydrogels was examined
using the colony counting method with Bacillus subtilis after 24 h of
treatment, and the images are shown in (Fig. 7a). The groups without
hydrogel treatment were used as controls. A significant reduction in the
bacterial colony was observed in the hydrogel-treated groups compared
to the control, indicating its antibacterial potential, and no colonies
were observed in the composite hydrogel-treated plates, indicating their
improved antibacterial potential. The antibacterial potential of the
developed hydrogel is attributed to the presence of positively charged
functional groups, which electrostatically interact with the bacterial cell
membrane and damage it (Zhang et al., 2020). The improved antibac-
terial potential of the composite hydrogels may be attributed to the
wrapping of the charged polymer chains with s-NC and more exposure to
the bacteria, leading to more significant electrostatic interactions and
consequently bacterial death. The antibacterial potential of the
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synthesized s-NC was also examined by the colony counting method
with Bacillus subtilis after 24 h of treatment, and the images are shown in
(Fig. S8). A slight decrease in the bacteria colony occurred with s-NC
than control, suggesting that s-NC has no significant antibacterial
potential.

We further measured the optical density of the cultured bacterial
solution at different time intervals, and the results are shown in
(Fig. 7b). The groups without treatment were considered as the controls.
A significant decrease in the OD value was observed in the hydrogel-
treated groups compared to the control after 6 h of treatment,
showing their antibacterial potential, which further decreased with
culture time (24 and 48 h), suggesting the improved antibacterial po-
tential of the hydrogel. The composite hydrogels have a substantially
lower OD value than the pure polymer hydrogel, indicating the
enhanced antibacterial potential, which is consistent with the results of
the colony counting method.

3.9. In vivo wound healing analysis

Wound healing is a complex biological process that involves different
steps, including hemostasis, inflammation, migration, proliferation, and
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remodeling. We evaluated the subcutaneous wound healing potential of
the developed hydrogel scaffolds using ICR rats based on in vitro anal-
ysis. A representative image of the used rats with the desired area for the
implantation is shown in (Fig. 8a). We create the 1 cm spherical area for
the wound healing process. A representative image of the wounded area
with the implanted scaffolds is shown in (Fig. 8b). We used the two rats
with two wound sites in each group to minimize the effects of other
factors such as physiological changes and the number of experimental
animals. The images of the used rats after 7 and 14 days of treatment are
given in (Fig. 8c). The hydrogel scaffolds implanted groups' exhibit more
wound closing potential than the control after 7 days of the treatment,
which further enhanced after 14 days of treatment, demonstrating their
wound healing efficacy. Among them, CSCM/s-NC 1 hydrogel scaffolds
treated rats exhibited greater wound closing potential compared to the
others. The improved skin regeneration efficacy of CSCM/s-NC 1
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hydrogel scaffolds is attributed to their better cellular activity, which
facilitated the skin cell proliferation and enhanced gene and protein
expression, as observed in in vitro results. The quantitative results of the
remaining wound area after 7 and 14 days of treatment are presented in
(Fig. 8d). The results indicate that CSCM/s-NC 1 hydrogel scaffolds have
better wound closing efficacy than others. The remaining wound area
was 0.05 & 0.003, 0.03 + 0.001, and 0.02 + 0.001 mm? for control,
CMCS, and CMCS/s-NC 1 scaffolds after 14 days of implantation,
respectively. Nearly complete wound healing was observed with the
CSCM/s-NC 1 hydrogel scaffolds after 14 days of implantation, and the
wound surface was covered with a newly generated epidermis.

H&E analysis was performed to examine the newly regenerated tis-
sue with or without the scaffolds after 14 days of treatment, and the
results are shown in (Fig. 8e). The formation of skin layers with blood
vessels and hair follicles occurred in all groups; however, their densities
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were higher in scaffolds treated groups than in control. This was
significantly higher in CSCM/s-NC 1 hydrogel scaffolds treated groups,
showing its improved regeneration potential. The higher regeneration
ability of the CSCM/s-NC 1 hydrogel scaffolds is assigned to its greater
expression of different factors, including VEGF, which plays a significant
role in angiogenesis. The enhanced expression of VEGF triggers the
formation of new blood vessels, assists re-epithelization and collagen
synthesis (Qu et al., 2018; Sultana et al., 2021). Fibroblasts have
abundant granulation tissue and growth factors. It is possible to monitor
the wound healing process by observing granulation tissue thickness
(Dong et al., 2017). The granulation tissue thickness was 83.91, 171.31,
and 225.5 pm for control, CMCS, and CMCS/s-NC 1 scaffolds, respec-
tively. Thus, CMCS/s-NC 1 scaffolds exhibited improved wound healing
efficacy than control, and CMCS scaffolds endorsed granulation tissue
thickness. Additionally, collagen deposition was also examined by the
MT staining method after 14 days of treatment (Fig. 8f). The collagen
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deposition occurred in all groups. However, its density was high in the
scaffolds treated groups, and this significantly higher in CMCS/s-NC 1
scaffolds treated groups, suggesting its better regeneration potential. A
rapid and effective wound healing process would significantly lower
medical treatment costs and wound care supplements. These results
demonstrated that the application of the developed materials led to
rapid cutaneous wound healing.

4. Conclusion

The injectable and adhesive hydrogels were developed by incorpo-
rating s-NC into the CMCS matrix for rapid subcutaneous wound healing
application. The developed hydrogels exhibited improved rheological
strength. The hydrogels exhibited thixotropic behavior, and ~85% re-
covery in viscosity was observed after a high shear rate (1000 s™1)
deformation. The hydrogel was easily injectable and retained its pre-
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designed morphology. Strong interactions made the prepared hydrogels
exhibit superior adhesive potential with different surfaces (glass, plastic,
rubber, stainless steel, and human skin). The biocompatibility of the
developed hydrogel scaffolds was monitored with HDF, HaCaT, and
HUVEC individually and co-cultured. No adverse effects were observed
on skin cells with the developed hydrogel scaffolds, indicating their
biocompatibility. The co-culture method also enhanced skin cell
viability, suggesting that the developed hydrogels have an accelerating
potential for skin cell regeneration. Higher expression of skin tissue-
related gene and protein markers occurred in the developed hydrogel
scaffolds than the control. The composite hydrogels demonstrated su-
perior antibacterial potential than the control and the pure polymer
hydrogel due to the greater damage to the bacterial cell membrane by
electrostatic interaction. The developed hydrogel scaffolds exhibited
enhanced wound healing potential compared to the control, which was
substantially higher in s-NC added scaffolds. Histological analysis
revealed that the development of new tissues occurred in all groups.
However, their densities were high in s-NC incorporated scaffolds.

Furthermore, thicker granulation tissue was observed in s-NC added
scaffolds, demonstrating its enhanced wound healing efficacy by stim-
ulating granulation tissue thickness. Based on these results, we
concluded that the prepared hydrogel scaffolds positively affect skin cell
proliferation and can be explored in skin tissue engineering for rapid
wound closure.
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