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Abstract

Scar-free wound healing remains a major challenge in regenerative medicine. In this study, a carboxymethyl cellulose (CMC)-
based hydrogel nanocomposite containing silver nanoparticles (CMC@Ag) was developed, along with a phytocompound-
enriched variant (CMC@Ag+P) incorporating aloe vera, curcumin, and plantain peel extracts. The phytocompound-infused
hydrogel exhibited enhanced antibacterial activity, biocompatibility, and scar-free healing potential, supporting tissue
regeneration. An in vitro scratch assay using the A375 cell line showed 89% cell proliferation and migration at high doses and
69% at low doses of CMC@Ag+P. Zebrafish toxicity assays confirmed its safety, with hatchability rates of 82% (low dose) and
71% (high dose). The chorioallantoic membrane (CAM) assay demonstrated strong angiogenic activity, particularly in CMC@
Ag+P, indicating improved vascularization essential for tissue repair. Statistical analysis using the Student’s t-test revealed
significant differences between hydrogel-treated groups and controls (p < 0.05), confirming the enhanced healing and
scar-minimization effects. Previous animal studies further validated the scar-free wound healing potential of these hydrogel
highlighting the synergistic role of phytocompounds in promoting effective tissue regeneration.

Keywords: Burn wounds, Wound healing, Silver nanoparticles, Carboxymethyl cellulose, Bioactive compounds, Nanohydrogel,
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Introduction

The chief organ that offers obstruction and protects the body from external harmful dis-
eases and pathogens is the skin. It plays an important role in maintaining the body’s integ-
rity, blood clots, and fluids (1). Burn injuries are the most traumatic injury that affects all

the body organs and eventually leads to death. Bacterial infection over the wound is a se-
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rious disadvantage in the wound care management system if it is not controlled in the case
of severe burn wounds, chronic ulcers, traumatic injuries, diabetic wounds, etc. Severe
burn wounds sooner or later lead to several organ failures by affecting numerous response
mechanisms, and body metabolisms resulting in prolonged trauma (2). It is essential to
note that all burn wound management objectives are the same, even though there are
many different types of burns. These goals include halting the burning process, allevi-
ating pain, and minimizing scarring thus preventing secondary infections by avoiding
future complications (3). Depending on the cause, depth, and severity, burn wounds can
be classified into various types, 1% degree as superficial wounds, 2™ degree as superficial
partial-thickness wounds, 3" degree as moderate partial thickness wounds; 4™ degree as
deep partial-thickness wounds, and 5"-degree full-thickness wounds. There are different
phases of wound healing which are mostly promoted by various cells, and biological func-
tions that escape from coinciding, but the right sequence order leads to potential wound
healing for specific cases (4).

Despite the development in medical sciences, various limitations continue in the ef-
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fective management and treatment of burn wounds which
ultimately alters the recovery period, affecting the patient
outcomes by decreasing the quality of life. Infection, toxicity,
and biofilm formation are some of the most prominent chal-
lenges in wound healing because wounds can be easily influ-
enced by bacteria that in turn minimize the healing process
by suppressing the inflammatory response mechanism that
eventually disturbs tissue regeneration (5, 6). Similarly, limited
grafting options and the availability of donors are some critical
issues because skin grafting is the standard procedure for burn
wound treatment.

However, these grafting techniques used in wound healing
treatment limit the availability of donors especially in case of
severe burn. It often results in contractures, and scar formation
that minimizes the aesthetic outcomes (7, 8). Debriding at an
appropriate time reduces the infection and scarring therefore
promoting to proliferative phase from the inflammatory phase
(9). Initiating treatment for scarring, utilizing silicone sheets,
laser therapy, and pressure garments, limits its effects and en-
compasses for a prolonged period (6). Nerve damage due to
burn wounds also results in chronic pain and sensory loss (10).
Likewise, local factors, systemic factors like anemia, hypoxia,
edema and psychological impacts like trauma, and mental dis-
tress, and technological limitations like lack of proper effects
of dressings, toxicity, and reliability also limit the healing of
wounds (6, 11).

Nanotechnology significantly overcomes these limitations
through various advanced materials and drug delivery sys-
tems (12). Researchers have developed nanomaterials, and
nanostructures that are formulated in this manner, to improve
the most essential properties like solubility, bioavailability,
biocompatibility, non-toxicity, and increased therapeutic out-
comes eventually leading to rapid healing with fewer compli-
cations (13). Barkat et al developed nanosuspensions loaded
with silver sulfadiazine that improves the bioavailability, sol-
ubility, and toxicity issues, thus promoting healing of wounds
even in lower concentrations (14). Incorporation of rhamnose,
a therapeutic and an angiogenic agent along with electrospun
nanofiber film results in improved healing activities and ini-
tiated 30% rapid wound closure compared to the unincorpo-
rated nanofibers (15). Likewise, plant extracts incorporated
with nanomaterials significantly played a major role in burn
wound healing. Due to the integration of both plant extracts
and nanomaterials, various mechanisms can be enhanced like
faster healing, promotion of growth response mechanism (an-
ti-inflammatory, antimicrobial, antioxidant, cell proliferation),
and increases in therapeutic applications (16). However, the
previous literature promoted burn wound healing but limited
the scar-free healing.

Wound healing enhancement can happen if the formula-
tion has enhanced antimicrobial effect, enhanced cell migra-
tion, and fast blood vessel formation or angiogenesis capacity.
In the present study, a multifunctional hydrogel system in-
tergrating the blended carboxymethyl cellulose (CMC) with
plant extracts like aloe vera, curcumin, and plantain peel along

with silver nanoparticles to address the key difficulties in burn
wound healing. Currently, most wound healing treatments
concentrates on wound closure but fail to prevent the scarring
and other properties. Similarly, there are limited research com-
bining nanomaterials with several plant extracts in a combined,
single hydrogel for complete scar-free burn wound healing.
Given that other conventional treatments which specifically
aim at wound closure, this hydrogel is specifically desgined to
promote scar-free wound healing by enhancing the cell migra-
tion, biocompatibility, antimicrobial and pro-angiogenic activ-
ity on both in vitro and in vivo models. The combined approach
not only improves the healing properties but also promotes
tissue regeneration and remodeling, indicating a substantial
advancement over pre-existing nanomaterial and plant extract
based therapies.

Materials and Methods

2.1 Materials

The fertilized eggs were procured from TANUVAS, Chennai,
and A375 cell lines from NCSS, Pune. The zebrafish embryos
were procured from a local aquarium. Fetal Bovine Serum was
procured from Gibco, USA. Dimethyl sulphoxide, boric acid,
and silver nitrate were procured from RANKEM, India. Ben-
zene, orthophosphoric acid, curcumin, and acetic acid were
procured from SRL. Dulbecco’s Modified Eagle Medium, Anti-
biotic-antimycotic solution, and sodium carboxymethyl cellu-
lose were procured from HiMedia. The other materials like aloe
vera and plantain were procured from Chettinad Organics and
the local market.

2.2 Preparation and Characterization of the Hydrogels
2.2.1 Preparation of CMC@Ag hydrogel
The synthesis protocol was selected from previous literature
(17), modified and used prior to our laboratory facility which
involved dissolving 1 g of NaCMC in 50 ml of distilled water
under continuous stirring. Once fully dissolved, 5 ml of 0.1 M
silver nitrate solution was added dropwise and the mixture was
heated to 95°C until it began to boil. The heating was stopped
while the stirring continued for 15 min and the mixture was
cooled down to room temperature. 7.5 g of citric acid was add-
ed and stirred until dissolved and the it was homogenized using
a probe sonicator for 10 min at 40kHz. Then the solution was
poured into perti plates (polypropylene), incubated for 24 h at
40°C followed by 80°C for another 24 h. Later the hydrogel em-
bedded with (0.1 M) AgNps was extracted.
2.2.2 Preparation of CMC@Ag+P hydrogel

The CMC@Ag+P hydrogel synthesized in the similar man-
ner, where 1g of NaCMC was dissolved in 50 ml of distilled
water containing plantain peel extract, aloe vera extract and
curcumin. After complete dissolution, 5 ml of 0.1 M silver ni-
trate was added dropwise and heated to 95°C until boiling, and
stirred for 15 min. It was then cooled down to room tempera-
ture and 7.5 g of citric acid was added. Further, it was homog-
enized using a probe sonicator for 10 min at 40kHz. Then the
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solution was poured into perti plates (polypropylene), incubat-
ed for 24 h at 40°C followed by 80°C for another 24 h. Later the
hydrogel embedded with (0.1 M) AgNps with the plant extracts
was extracted. Finally, the extracted CMC@Ag+P hydrogel
contains, 0.1 M, 0.0025% of curcumin , 0.25% of both plantain
peel and aloe vera extracts, respectively.
2.2.3 Characterization of CMC@Ag and CMC@Ag+P hydro-
gels

The synthesized hydrogel was characterized using various
photophysical tools which was briefly explained in Sofini et al.
(18). We synthesized the hydrogels and characterized it after
sonication. In this study, SEM was used to observe the surface
morphology, DLS, FTIR, and particle size analyzer were used
to characterize size and hydrodynamic diameter and zeta po-
tential of both hydrogels, respectively. For SEM analysis, the
hydrogel was air dried in a closed box above a thin grease free
clean glass slide and subjected to SEM analysis after gold and
palladium alloy coating using FEI Quanta FEG 200-High Reso-
lution Scanning Electron Microscope (SEM). For DLS and zeta
potential, the samples were diluted 10 times using PBS, and
subjected to hydrodynamic diameter and zeta potential mea-
surement using Malvern zeta sizer. To prepare FTIR samples,
only CMC, CMC@Ag, and CMC@Ag+P hydrogels, were dried
completely at 40 °C using a hot air oven, crushed using a mor-
tar pestle and KBr pellet was made. Bruker alpha FTIR instru-
ment was used to identify the peaks for only CMC, CMC@Ag,
and CMC@Ag+P hydrogels hydrogels in transmittance mode.

2.3 Cell migration assay

A cell migration assay was conducted using the A375 cell line
to evaluate the wound-healing effects of the synthesized hy-
drogels as per our recent study (19). The cells were cultured
according to standard laboratory protocols (DMEM that con-
tained 10 % FBS and antibiotics at 1 % concentration, main-
tained in a CO, incubator), and the scratch was manually cre-
ated using a sterile tip over the cell monolayer cultured in 35
mm Petri plates. Treatment was provided using two different
hydrogel concentrations over a period of four days (CMC@Ag
and CMC@Ag+P at high (2.5 pg/ml) and low (1.25 pg/ml) con-
centrations). Photographs were taken every day to monitor the
wound healing process, and the percentage of wound closure
was determined finally by Magnus software as described earlier
(19).

2.4 In vivo biocompatibility assay

The in vivo biocompatibility study utilizing the zebrafish em-
bryos provides the vital knowledge on the toxicity analysis and
developmental safety of our formulated hydrogel. Moreover
these embryos are widely used due to its transparent nature,
rapid growth and has the well-maintained genetic pathways in-
volved in wound healing and tissue regeneration. The toxicity
study was performed after the IAEC approval (IAEC2/Propos-
al:118/A.Lr:90/Dt:16.09.2023) from the Institutional Animal
Ethics Committee, Chettinad Academy of Research and Edu-
cation. Zebrafish embryos were used as an in vivo model to

evaluate the toxicity of the hydrogels. A total of 60 embryos
were utilized, with 10 embryos allocated to each treatment
group, including the control. Photograph of 10 hours post-fer-
tilization (hpf) was taken and treatment was provided (CMC@
Ag and CMC@Ag+P at high (2.5 ug/ml) and low (1.25 pg/ml)
concentrations), covered, and kept in dark. Further, the mor-
phological changes were analyzed using optical microscopy,
and photographs were taken at 28, 52, and 76 hpf. Finally, the %
of cumulative hatchability was also calculated and plotted (20).

2.5 Evaluating the potential angiogenesis activity on CAM
membrane

The CAM assay was conducted to evaluate the vascular re-
sponse, chick viability, angiogenic potential, biocompatibility,
and tissue formation associated with the hydrogels. Fertilized
eggs incubated for 48 hours were procured before the experi-
ment and maintained at 37°C with 60% humidity. The eggshell
surface was sanitized using 70% ethanol, and the CAM layer
was marked. About 1 cm?® vent was carefully created on the
eggshell, vitality was checked with the help of a mobile torch
light and then the shell was disinfected, sealed with sterile tape,
and incubated inside an egg incubator maintained at 37 °C. On
the second day, treatment was administered by placing a sterile
filter disc on the membrane and the procedure was conduct-
ed inside a biosafety cabinet in a sterile environment. Before
application, the hydrogels were filtered and diluted with phos-
phate-buffered saline (PBS). The dilution is done according to
the dose of treatment (2.5 pg/ml and 1.25 pg/ml) in PBS, and
from the diluted stock, 10 pl is added on the sterile disc. Af-
ter treatment, the opening was disinfected sealed under sterile
conditions, and further incubated.

A total of 21 fertilized eggs were divided into six groups,
each consisting of three eggs. Group 1 served as the positive
control and was treated with heparin (PC), while Group 2 was
an untreated control (UC) group. Group 3 and Group 4 re-
ceived high (2.5 pg/ml) and low (1.25 pg/ml) concentrations
of CMC@Ag, respectively, whereas Group 5 and Group 6 were
treated with high (2.5 pg/ml) and low (1.25 pug/ml) concentra-
tions of CMC@Ag+P. The eggs were incubated under the same
humidity conditions until day five. On the fifth day, the eggs
were opened, and the CAM membrane was observed and pho-
tographed. Morphological analysis of the fertilized eggs was
performed using the IKOSA software, followed by statistical
analysis, which was presented in a graphical format.

2.6 Statistical Analysis

Statistical analysis was performed between the experimental
samples and control groups using the Student’s t-test. The anal-
ysis was carried out for both the concentrations of CMC@Ag
and CMC@Ag+P (1.25 pg/ml and 2.5 pg/ml) as well as for pos-
itive control (Heparin) and negative control. The p-value of less
than 0.05 was considered statistically significant and the signif-
icance compared between positive control and both hydrogels
was denoted as ***-p <0.01; **-p <0.02; *-p <0.05 and signifi-
cance compared between negative control and both hydrogels
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was denoted as a-p < 0.01; B-p <0.001, respectively.

Results and Discussion

3.1 Prepartion and Characterizations of the hydrogels

The hydrogels was prepared following the protocol of Sofini et
al (18). The plant extracts and hydrogels characterized previ-
ously provided the UV absorption range at 277 nm for plantain
peel, 307 nm for aloe vera, 420 nm for curcumin, 416 nm for
hydrogel with only silver and 446 nm for hydrogel with silver
and plant extracts. Similarly the size and zeta potential for the
hydrogel with only silver was found to be 430 nm and -2.18
mV and hydrogel with silver + plant extracts was 375 nm and
-2.88 mV respectively. The corresponding chemical bonds was
studied using FT-IR. Chemical groups like carboxylic acids,
alkenes, aliphatic amines, alkyl halides identified for aloe vera.
Functional groups like alcohols, phenols, alkynes, alkyl halides
and aliphatic amines are some identified for plantain peel and
for curcumin the functional groups like, alcohols, phenols, ni-
triles, aromatics, aliphatic amines and alkyl halides are iden-
tified for curcumin solution. All the above functional groups
along with aldehydes, primary amines and o, unsaturated
ethers was identified in both hydrogels. The physicochemi-
cal constituents of both extacts was analyzed by GC-MS and
the chemical constituents inducing scar-free wound healing
was found. The chemical constituents in plantain peel extract
“Cholesta-8,24-dien-3-ol, 4-methyl-,(3.beta.,4.alpha.)” and in
aloe vera “Pyrogallol, 3TBDMS derivative” promoted scar-free
wound healing thus proving the healing efficacy of the hydrogel
CMC@Ag+P (18).

drogel has a crisscross morphology with the components in the
shape of needles, whereas, for the hydrogel CMC@Ag+P, the
morphology is like a bunch of begonia flowers. The size as vi-
sualized from the SEM image is also reduced for CMC@Ag+P
compared to CMC@Ag.

The FTIR peaks of only CMC, CMC@Ag, and CMC@Ag+P
is shown in Figure 2. The corresponding peaks and their respec-
tive bond stretching, bending and vibrations are listed in Table
2.1t is clearly seen that there is a shift in the respective peaks of
CMC@Ag for CMC@Ag+P, illustrating that the phytochemi-
cals are incorporated in the structure of the CMC hydrogel and
the respective bonds have been stretched or compressed.

3.2 Cell migration Assay

Fig 3 reveals the cell migration or wound healing activity of
both the hydrogels. The high cell migration was promoted due
to the combination of extracts with CMC along with AgNPs.
Despite AgNPs, the aloe vera extract naturally soothes the
wound environment reducing the irritation and plantain peel
extract controls the pathogens offering antibacterial properties
and initiates the re-epithelization period by improving the scar
area. The curcumin enriched with antioxidant, antibacterial,
and anti-inflammatory properties supports the regeneration
of tissues, by decreasing inflammation and protects the wound
area from infections. Hence the combination of these along
with CMC and AgNps promotes the essential and effective cell
migration or burn wound healing. Table 3 shows the wound
closure percentage assessed using Magnus software for the dif-
ferent groups. It was evident that more than 80 % of the wound
was closed for high-dose exposure to CMC@Ag+Pcompared to

Table 1. Presents the hydrodynamic diameter and zeta potential measured for both hydrogels.

Hydrogels Hydrodynamic diameter (nm)  Poly Dispersity Index (PDI)  Zeta Potential (mV)
CMCe@Ag 344 0.209 -37.3
CMC@Ag+P 352 0.328 -35.9

In our current study, we freshly prepared the hydrogels,
which were subjected to additional 10 min sonication to ensure
the proper dispersion of the particles. This resulted in a slight
decrease of the particle’s hydrodynamic diameter and increase
in the zeta potential of both the hydrogels. Table 1 represents
the size and zeta potential of both the hydrogels. The results
indicate that there was an increase in size after the incorpora-
tion of the plant extracts and the zeta potential indicated a high
stability of our formulation, both CMC@Ag and CMC@Ag+P.
The PDI was below 0.5 indicating a homogenous formulation.
Fig 1 shows the surface morphology of the hydrogel CMC@
Ag (Fig 1. a) and CMC@Ag+P (Fig 1. b). The CMC@ Ag hy-

only 37 % healing for CMC@Ag at a high dose (2.5 pg/ml). In
untreated control cells, the healing was nearly 35 % which was
enhanced 2.2-fold when the cells were treated with our engi-
neered hydrogel, CMC@Ag+P. This supports the rapid cell-cell
communication and migration of cells after exposure to CMC@
Ag+P, which is an important requisite for wound healing.

3.3 In vivo toxicity assay

The zebrafish embryo was used as an in vivo model to analyze
the toxicity due to its transparency, speedy growth, and simple
observation. The toxicity of both hydrogels was measured by
observing the morphological changes seen in the embryos (Fig
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Figure 1. The scanning electron micrographs showing the surface morphology of both (a) CMC@Ag and (b) CMC@Ag+P.
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Figure 2. The FTIR spectra for (a) only CMC, (b) CMC@Ag, and (c¢) CMC@Ag+P. The stacked FTIR spectra for all the three
compounds is shown in (d) for comparing the peak shifts.
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Table 2. The respective bonds present in the samples revealed from the FTIR peaks of only CMC, CMC@Ag, and CMC@

Ag+P.
CMCeAg

Wavenumber Chemical bond Functional groups
3803 O-H Stretch, free hydroxyl Alcohols, phenols
3723 O-H Stretch, free hydroxyl Alcohols, phenols
3405 N-H Stretch, O-H Stretch, H- bonded 1°, 2° amines, alcohols, phenols
2931 C-H Stretch Alkanes
2853 C-H Stretch Alkanes
1724 C=0 Stretch a, - unsaturated aldehydes, ketones
1645 N-H Bend 1° amines
1533 N-O asymmetric Stretch Nitro compounds
1417 C-C Stretch in ring Aromatics
1294 C-H wag (-CH,X) Alkyl halides
1128 C-N Stretch Aliphatic amines
1073 C-N Stretch Aliphatic amines
1012 =C-H Bend Alkenes

CMC@Ag+P

Wavenumber Chemical bond Functional groups
3889 O-H Stretch, free hydroxyl Alcohols, phenols
3745 O-H Stretch, free hydroxyl Alcohols, phenols
3483 N-H Stretch 1°, 2° amines, alcohols, phenols
1737 C=0 Stretch Aldehydes, saturated aliphatic
1631 N-H Bend 1° amines
1401 C-C Stretch in ring Aromatics
1290 C-H wag (-CH,X) Alkyl halides
1125 C-N Stretch Aliphatic amines
1080 C-N Stretch Aliphatic amines
627 C-Cl Stretch Alkyl halides

PURE CMC

Wavenumber Chemical bond Functional groups
3415 O-H Stretch, H-bonded Alcohols, phenols
2923 O-H Stretch, free hydroxyl Alcohols, phenols
1593 N-H Bend 1° amines
1407 C-C Stretch in ring Aromatics
1317 C-N Stretch Aromatics amines
1167 C-H wag (-CH,X) Alkyl halides
1019 C-O Stretch Alcohols, carboxylic acids, esters, ethers
1080 C-N Stretch Aliphatic amines
627 C-Cl Stretch Alkyl halides

4. a). The group treated with both concentrations of CMC@
Ag+P (1.25 pg/ml and 2.5 pg/ml) showed normal develop-
ment similar to untreated control groups, whereas the group
treated with CMC@Ag at the same concentrations showed
developmental abnormalities due to possible toxic effects, as
evidenced by delayed growth and morphological changes. Fur-
thermore, the cumulative hatchability percentage (%) was also
determined for both hydrogels till 72 hpf and plotted as a graph
(Fig 4. b). The graph clearly shows the percentage of hatchabil-
ity was higher in both concentrations of CMC@Ag+P than
CMC@Ag, even in 72 hpf. Delayed hatching was also observed
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for the CMC@Ag group at a high dose (2.5 pg/ml), whereas all
the embryos hatched at the proper time for both high and low
doses of CMC@Ag+P, like the untreated control. This clearly
indicates that the addition of plant extracts with CMC@Ag de-
creased the toxicity and increased its biocompatibility contrib-
uting to potential biomedical applications.

3.4 CAM Assay for Angiogenesis Assessment

The CAM assay indicates higher angiogenic activity in the
CMC@Ag+P treated group compared to CMC@Ag and un-
treated control. The pro-angiogenic activity was observed in



S, CMC@Ag
(1.25 pg/ml)

0h

24h |

48 h

CMC@Ag
(2.5 pg/ml)

CMC@Ag+P
(1.25 pg/ml)

CMC@Ag+P
(2.5 pg/ml)

Figure 3. Represents the image panel of cell migration assay showing the progression of wound closure over time

Table 3. The wound closure percentage at 72h for A375
scratch assay estimated using Magnus software.
Wound closure percentage

Treatment groups at 72h
Untreated control 35+22
CMC@Ag (1.25 pg/ml) 33+3.1
CMC@Ag (2.5 pg/ml) 37 +2.7
CMC@Ag+P (1.25 pg/ml) 66 + 4.6
CMC@Ag+P (2.5 pg/ml) 82+3.9

both the concentrations of CMC@Ag+P (2.5 ug/mland 1.25 pg/
ml) (Fig 5. ¢, d), probably due to the synergistic effect of plant
extracts along with CMC@Ag stimulating vascular growth. In
contrast, both the concentrations of CMC@Ag (2.5 pg/ml and
1.25 pg/ml) (Fig 5. a, b) resulted in decreased vascularization
and showed potential toxicity at higher concentrations. Assay
validity was confirmed by proving strong angiogenesis with
heparin heparin-treated group (Fig 5. d), but standard vascu-
larization remained the same with the untreated control group
(Fig 5. e). Ultimately, these results proved that the CMC@Ag+P

formulation enhances angiogenesis which can be suitable for
burn wound healing applications. This can be further validated
by the quantitative and statistical analysis of the CAM assay
(Fig. 6). The vessel branching point was significantly higher
for both low and high-dose treated CMC@Ag+P compared to
CMC@Ag. Regarding the vessel mean thickness, CMC@Ag+P
and CMC@Ag, both had a significantly higher capacity to in-
duce vessel thickness compared to positive control heparin. At
high doses, CMC@Ag+P could induce significantly lengthier
vessels compared to CMC@Ag; even higher than heparin. The
vessel total area was also higher in CMC@Ag+P compared to
CMC@Ag, for both low and high doses. Overall, the quantita-
tive analysis of the CAM assay indicated that CMC@Ag result-
ed in lower angiogenic activity, suggesting that silver nanopar-
ticles alone moderately promoted vessel formation. However,
CMC@Ag+P could exhibit high angiogenesis capacity that
could aid in enhanced wound healing in vivo. New blood vessel
formation will support the transport of nutrients to the wound
site faster thereby enhancing the healing rate.
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Figure 4. (a) Illustrates the toxicity assessment of CMC@Ag and CMC@Ag+P on Zebrafish; (b) cumulative hatchability percent-
age (%) of both the hydrogels compared to control.

CMC@Ag+P (1.25 pg/ml)

Positive control (Heparin) Untreated control

Figure 5. Evaluation of Angiogenic activity using CAM assay. (a, b) CAM membranes treated with high (2.5 pg/ml) and low (1.5
ug/ml) concentrations of CMC@Ag hydrogel; (¢, d) CAM membranes treated high (2.5 pg/ml) and low (1.5 pg/ml) concentra-
tions of CMC@Ag+P hydrogel; (e) positive control (Heparin-treated); (f) CAM membrane treated with negative control.
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with the positive control is indicated by ***p < 0.01, **p < 0.02 and *p <0.05.

Discussion

Natural products have been explored for several biomedical
applications like amyloidosis (21, 22), antibacterial (23, 24),
anticancer (19, 25), and cardiovascular diseases (26). Plant ex-
tracts like curcumin and aloe vera loaded with alginate gelatin
hydrogel exhibited strong antioxidant properties, non-toxic,
and reduced oxidative stress in the wound sites (27). Similar-
ly, Capparis sepiaria combined with sodium alginate possessed
antimicrobial, and anti-inflammatory properties and improved
fluid absorption and tissue generation minimizing the infec-
tion and allergic reactions (28). Bassam et al enhanced heal-
ing by developing an eco-friendly gel formulation loaded with
chitosan nanoparticles along with kiwi peels and yucca seeds.
It is non-toxic, provides vitamins, antioxidants, and anti-in-
flammatory properties, and increases the entrapment efficacy,
and bioavailability yielding better and rapid healing outcomes
(29). Curcumin and rutin have also been explored for their
potential for wound healing using antimicrobial assessment
and antioxidant assay. The hydrogel containing these two ac-
tive compounds exhibited higher wound-healing activity (30).
Silk sericin, a natural protein obtained from silk fibers has been
engineered as silk sponges to enable enhanced wound healing
properties in a recent study (31). Banana stem extracts have
shown rapid wound healing as evidenced by previous research-
ers (32). There are reports on exclusive wound-healing prop-
erties of banana extracts (33, 34). On the other hand, aloe vera

has also progressed towards clinical trials for effective wound
healing (35). Curcumin is a known anti-inflammatory agent
and its nanoformulations have also been studied vastly for
wound healing contributions (36, 37). We have selected these
three phytochemicals, plantain peel extract, aloe vera extract,
and curcumin along with nanosilver to study the enhanced ef-
ficacy of healing wounds compared to only silver. The combi-
nation of these phytochemicals has been entrapped in CMC
hydrogel along with nanosilver.

CMC is a very well-known, biocompatible, and vastly used
hydrogel used to design many therapeutic agents. Because
these hydrogels were utilized as wound dressing material due
to their versatile properties like absorption of wound exudate,
barrier development, cell growth promotion, cell division, tis-
sue respiration, and essential humidity, etc., CMC was used for
exclusively wound dressing material support. CMC was de-
rived from the polymer chitosan and possesses high biocom-
patibility, antibacterial, and solubility in water (38). Similarly,
silver nanoparticles improve wound healing by inhibiting bac-
terial infections, decreasing the pain level, and increasing tissue
regeneration (39). The combined hydrogel enhanced scar-free
wound healing which was already proven (18). In this study,
the hydrogels CMC@Ag and CMC@Ag+P were synthesized
and characterized with different methods showing successful
synthesis. The hydrogels were homogenous and highly sta-
ble. In vivo biocompatibility showed that the hydrogel CMC@
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Ag+P, was biocompatible at both low and high doses, however,
CMC@Ag showed mortality and abnormality at high doses.
The cell migration or wound healing ability of both the hydro-
gels CMC@Ag and CMC@Ag+P was observed on the A375 cell
line. Both the hydrogels resulted in enhanced cell migration.
Compared to control and CMC@Ag, both the concentrations of
CMC@Ag+P resulted in high cell migration even at 72 h prov-
ing the hydrogel’s faster wound healing nature by rapid cell-cell
communication and migration to cover the wound. Finally, we
wanted to explore whether a rapid angiogenesis can happen at
the wound site which can further accelerate the wound healing
by supplying the nutrients at the wound site. Our angiogene-
sis assay supported the notion that our engineered hydrogel,
CMC@Ag+P, could effectively induce angiogenesis compared
to CMC@Ag and positive control, heparin. These findings alto-
gether indicate that CMC@Ag+P can influence wound healing
in a multifactorial way.

Conclusion

Burn wounds are one of the most unsafe wounds that affect
every part of the body, and cause mental stress and even mor-
bidity. Healing of burn wounds with non-toxicity is essential
but accelerating to scar-free wound healing is more needed.
Some ideal wound dressing material promotes wound healing
along with scarring but specific natural compound blended
wound dressing materials not only promotes wound healing
but also increases the essential properties and promotes scar-
free wound healing. The effective scar-free wound healing of
both the hydrogels CMC@Ag and CMC@Ag+P was evaluated
through in vitro cell migration assay, in vivo toxicity study, and
CAM assay. Both formulations contributed to wound closure,
although CMC@Ag+P demonstrated enhanced cell migration,
and resulted in a pro-healing effect for superior wound closure
activity. Likewise, the biocompatibility for both hydrogels was
determined by the zebrafish toxicity study, where CMC@Ag+P
showed minimal toxicity compared to CMC@Ag alone. Fur-
thermore, the higher angiogenesis activity revealed by CMC@
Ag+P indicates the increase in vascular growth that is crucial
for wound healing. Furthermore, both the hydrogels contribut-
ed to wound closure, however, the CMC@Ag+P exhibited su-
perior wound healing properties resulting in scar-free healing
via higher angiogenesis, enhanced cell migration, and minimal
toxicity. These further validate that the CMC@Ag+P is a prom-
ising biomaterial for advanced burn wound care management
systems, associating both efficient recovery and enriched cos-
metic outcomes.
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