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Abstract

Currently, the synthesis of silver nanoparticles (AgNPs) was utilized for various life-saving biomedical
applications. Herein, we report the synthesis and characterization of methylcellulose and hyaluronic acid
(MC-HA) hydrogels containing AgNPs dressing materials were investigated for their wound healing
efficiency to treat surgical excision wounds and the findings were studied and discussed. The effect of
the ratio of AgNPs and MC-HA hydrogels on the gelation time, in vitro degradation, and equilibrium
swelling of MC-HA/AgNPs hydrogels was examined. The prepared MC-HA hydrogels containing AgNPs
were studied using various characterization techniques such as UV-Visible spectroscopy, Scanning
electron microscopy (SEM), Transmission electron microscopy (TEM), Fourier transform infrared (FTIR)
spectroscopy, and X-ray diffraction (XRD). The MC-HA/AgNPs showed excellent antimicrobial activity
against S. aureus and E. coli, respectively. Additionally, the superior wound recovering potential of AgNPs
with MC-HA hydrogels compared to conventional formulations was illustrated in vitro in animals utilizing
visual observations and histological study. The MC-HA/AgNPs hydrogels showed excellent antimicrobial
activity and burn wound healing. Therefore, these MC-HA hydrogels containing AgQNPs have great
potential medicinal applications in nursing care in children after surgery.

1. Introduction

Wound healing involves a series of responses that lead to tissue regeneration and wound dressing
biomaterials aid this process by providing an adequate bio-environment and keeping cells in the wound
site intact [1]. Because of the chronicity, systemic infection from the wound area, known as wound
infection, is the leading cause of death in patients recovering from burns. Damaged tissue provides a
suitable habitat for drug bacterial development in a few patients with an acute injury, resulted in diseases
that may be difficult to treat [2]. Wound healing, in conjunction with tissue repair, is an essential and
complex process that ensures recovery, while defective wound healing can pose several therapeutic
challenges [3, 4]. Numerous wound healing agents have become effective in recent years, with
nanoparticle-controlled chemical delivery systems serving as an active technique in the delivery of
antibiotics into skin tissue being one of them. Furthermore, wound dressing products should maintain a
stable healing state to protect the wound from microbial infections. It should also contain wound exudate
while allowing for a sufficient exchange of gases. Non-allergic, non-toxic, and biomimetic wound
dressings can stimulate the release of effector cells [5]. Furthermore, wound dressing agents should be
antibacterial effective, and simple to remove without producing wound damage [6].

The most recent advancements use noble metal antimicrobial drugs against certain burning diseases,
with silver being the most prominent [7]. Silver (Ag) was used for its therapeutic and antibacterial effects
in contrast to various inflammatory diseases before the advent of injection [8]. Silver nanoparticles
(AgNPs) are well-known as more effective wound healing resources than bulk Ag alloy, and they've been
widely used in sepsis prevention and treatment [9, 10]. The main advantages of AgNPs in attractive
wound healing action are their increased surface area and high surface atom proportion [11]. AgNPs are
typically neutralized by anion in body fluids, so they can cause cosmetic abnormalities over time and can
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halt the healing process through fibroblast and epithelial cytotoxic effects. Despite these flaws, Ag
remains the most widely used topical antimicrobial Ag delivery method because better solutions are
inaccessible. Wound healing is considered as a complex, multistep mechanism involving the integration
of the action of various tissues and cell lineages. The use of nanoparticles in skin treatment is perhaps
the most well-documented as AgNPs. The interaction of metal ions with cells on the surface of burn
spots results in the development of a stable complex, which leads to the production of a powerful healing
agent. AgNPs have been widely used in the treatment of wounds and burns in children due to these
effects. AQNPs mediated hydrogels were also confirmed to be widely used in pediatric wound care
dressing components, with significant wound healing reliability [12, 13].

Injectable hydrogels consisting of small polymers and microparticles have been used in several biological
applications [14, 15]. Injectable, biodegradable polymers could be used as drug and cell carriers for tissue
engineering, allowing for simple and standardized drug or cell delivery in any size or shape defect [15, 16].
Cellulose substitutes are sources of biocompatible composites, and aqueous solutions of methylcellulose
(MC) is a polymer resulting from cellulose by incomplete replacement of hydrophilic -OH with
hydrophobic -OCH5 groups have recently been used [17, 18]. As MC is soluble in an aqueous medium, it
creates contrary thermo-responsive smart hydrogels that induce a sol-gel transformation when heated,
which is consistent with a conversion from hydrophilic nature (H-bonds between water and -OH groups of
MC) at higher temperatures [19]. By incorporating mono and divalent salts or mixing it with other
composites such as poly(acrylic acid) chitosan, carboxymethyl cellulose, and or hyaluronic acid (HA), the
gelation temperature of MC may be lowered to physiological levels [20-22]. Hyaluronic acid (HA) plays
an important role in wound healing, cell-matrix interaction, and has the unique ability to fill up the
surrounding space, thus invading the ECM [23]. When HA is oxidized, the C-C bonds of the cisdiol groups
in the polymer chains are sliced, resulting in sensitive aldehyde compounds, which can form chemical
crosslinks with amino structures through Schiff's base linkage [24]. MC has a large number of functional
groups, which provide enough sites for metal Nanoparticles to be stabilized by forming a coordination
bond [25, 26]. Green synthesis was used to make MC-capped silver nanoparticles with a spherical form
and sizes ranging from 3 nm to 17 nm [27-29]. Similarly, AgNPs formed from MC-containing bacterial
nanocomposites were found to be highly stabilized by the functional groups of MC and bacterial nano-
cellulose. Another study found that MC stabilized silver nanodiscs made through the seed-mediated path,
proving that MC could be used as a specific precursor for AgNPs stabilization [30].

This study aimed to develop MC-HA hydrogel that could be formed in situ, the effects of varying the ratio
of AgNPs on gelation time, equilibrium swelling, and in vitro degradation. The as-prepared materials were
characterized by various instrumentation techniques such as UV-Visible, FTIR, XRD, SEM, and TEM. To
the best of our knowledge, the antibacterial and wound healing applications of MC/HA hydrogel
containing AgNPs have not been recorded. As a result, we developed AgNPs-containing dressing
materials as effective antimicrobial agents against S. aureus and E. coli, and we explored their wound
healing efficacy. Efficient in vitro and in vivo research was conducted in this study to prove the wound
healing impact of AgQNPs formulations on rats' skin.
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2. Materials And Methods
2.1. Materials

Methylcellulose (MC), hyaluronic acid sodium (HA), and silver nitrate were obtained from Sigma-Aldrich.
All chemicals and reagents were used as received without purification. Throughout the experiment,
double distilled water was used.

2.2. Preparation of MC-HA hydrogels containing AgQNPs

The following are the steps for the synthesis of MC-HA-based formulations. 0.5 g of MC was dissolved in
100 ml distilled water in a 250 mL round bottom flask in a standard synthesis. The hydrogels were made
by dissolving HA solutions in PBS at a concentration of 0.25 g in 50 mL and mixing them. Half of the
solvent (PBS) was held at 0°C and the other half was heated to boiling. The resulting solution was put in
an ice bath while being stirred. The solution was held at 4°C overnight to ensure maximum solubility.
Then, using a magnetic stirrer, 150 mg/mL silver nitrate powder was applied to the 5% wt aqueous MC-HA
solution and gently stirred overnight at room temperature. The silver ions (Ag*) are stabilized in the
hydrogel pores during swelling in the silver nitrate solution. The metal ions are attached to the MC-HA
hydrogel networks' functional groups (—NH, —OCHs;, —OH, and —C0OO0). As a result, significant quantities
of silver ions can be captured in the MC-HA hydrogel networks cavities. The final concentrations of the
silver nitrate were 0.5 and 1.0 wt%. The crosslinked hydrogels were designed by mixing MC/HA with
different Ag concentrations (0.5-2.0 wt%) were named MC/HA/AgNPs-0.5, MC/HA/AgNPs-1.0, and
MC/HA/AgNPs-2.0, respectively.

2.3. Determination of gelation time

The inverted tube method was used to determine gelation time. The synthesized AgNPs were analyzed
and after washed the MC-HA hydrogel received at 37°C, the MC-HA hydrogel was immersed in distilled
water and separated by centrifugation at 2500 rpm for 3 min and controlled by continuous inversion. To
see if the gel flowed, the tube was tilted at 1, 3, 5, 7, and 10 min intervals. After three cycles of this
procedure, the AgNPs were lyophilized after gelation at 37°C.

2.4. In vitro degradation

Weight loss was also investigated using MC-HA and MC-HA/AgNPs hydrogels were examined. The
weight loss of initial weighted hydrogels (W;) was determined as a function of time incubated in PBS at
37°C. Samples were gathered from the medium at regular intervals, washed by distilled water, dried under
vacuum, and processed for study. The following equation was used to calculate in vitro degradation:

% Degradation (t) = [Wg o) = Wyl/W(o)

where W gy and W 4y are the initial dry polymer mass and at time t.

2.5. Equilibrium swelling
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The weights of MC-HA and MC-HA/AgNPs hydrogels were dissolved in PBS and held at 37°C for 2 hours
before swelling equilibrium was achieved. The hydrogels were collected at fixed intervals and weighted
with a microbalance after the excess water on the surfaces was absorbed with filter paper. The following
equation was used to determine the equilibrium swelling ratio (ES):

ES = (Ws — Wy)/W,

where W, and W, are the MC-HA and MC-HA/AgNPs hydrogels weight swelling state and at the dry state
of the equilibrium.

2.6. Spectral and morphological characterizations of
hydrogels

2.6.1. UV-vis

Diluted MC-HA and MC-HA/AgNPs hydrogels solution containing Ag NPs was measured by UV-vis
spectrophotometer (Shimadzu, model UV-1800, Kyoto, Japan) used to record the UV-vis spectra.

2.6.2. Scanning Electron microscopy (SEM)

After gelation, scanning electron microscopy (SEM) was used to deliberately lyophilize MC-HA and MC-
HA/AgNPs hydrogels to ensure their 3D porous structure. The hydrogels were freeze-dried and then gold-
coated using a Cressington 108 Auto (Cressington, Watford UK). Using Image J Software, 15
representative pores were measured to determine the average size of pores on the device surfaces (Java
1.8.0).

2.6.3. Transmission Electron microscopy (TEM)

A Transmission Electron Microscope Hitachi HT7700 was used to examine the prepared AgNPs (Tokyo,
Japon). The AgNPs were released from the MC-HA hydrogels by hydrating them with three volumes of
distilled water and sonicating them for five minutes in a bath at a frequency of about 20 kHz. A drop of
the suspension was placed on a lacy carbon-coated Cu grid after a powdered sample was mixed with
ethanol using a 200 kV voltage.

2.6.4. FT-IR spectroscopic analysis

FT-IR measurements were obtained using a Nicolet FT-IR 5700 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at ambient conditions. The MC-HA, AgNPs, and MC-HA/AgNPs hydrogels

samples were observed in the wavelength range of 4000-400 cm™".

2.6.5. X-ray diffraction measurements

X-ray diffraction (XRD) pattern on MC-HA, AgNPs, and MC-HA/AgNPs hydrogels were carried out using a
D8 Advance diffractometer (Bruker AXS, Inc., Madison, WI, USA) with Cu set and K radiation (= 0.154 nm)
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at 30 kV and 40 mA on MC-HA, AgNPs, and MC-HA/AgNPs hydrogel. The scan speed was 2 degrees per
minute, and the spectra of 26 ranged from 10 to 80 degrees.

2.7. Antimicrobial activity

The antibacterial function of MC-HA and MC-HA/AgNPs hydrogels were quantified using the viable cell
count method against gram-positive Staphylococcus aureus and gram-negative Escherichia coli. The LB
medium was separated, the bacteria were washed three times with PBS (pH 7.4), and 1.0 ml of MC/HA
and MC-HA/AgNPs hydrogels were applied to change the 2% test sample concentration. The surface of
hydrogels and control hydrogels were uniformly coated with 10 pL of bacterial suspension in PBS (1x10°8
CFU/mL), and these samples were incubated at 37°C for 1 hour. As a result, 10 mL of bacterial dispersion
was mixed with 7 mL of sterilized culture medium and applied to the hydrogel with and without Ag NPs.
The bacterial sample was diluted with PBS before being plated on LB agar and incubated for 24 hours at
37°C. After incubation, the number of the colony was counted and the antimicrobial activity of the MC-HA
and MC/HA/AgNPs hydrogels was converted to the colony-forming unit (CFU/mL).

2.8. In vivo animal experiment

The Animal Research Committees of Chengyang District People's Hospital approved all animal
procedures. The twelve young Sprague-Dawley male rats (120 g) were randomly divided into three
groups: control, MC-HA hydrogels, and MC/HA/AgNPs hydrogels group, each group was held in separate
cages and fed standard rodent feed and water ad libitum at a temperature of 25°C under sanitary
conditions. A surgical blade was used to construct a wound with a surface area of 1.5 x 1.5 cm? for each
rat in the cleaned area. Rats were anesthetized with a 1.0 mL/kg intraperitoneal injection of 3%
pentobarbital sodium solution) before surgery. The wound was applied to each animal with enough test
samples. Group 3 animals were given an AgNPs gel containing a similar concentration of 1.0 mg AgNPs
(Ag) per cm? of the wounded region. Animals are anesthetized with a mixture of xylazine and ketamine at
10 and 80 mg/kg, then depilated before burning on the anterior-dorsal side. Subsequently, the paste of
the above four freshly prepared dressings was used to tightly cover the surface of the wound,
respectively, and the PBS was employed for the control group rats. The dressings on the wound were
changed every day. Wound healing effect was observed and evaluated after 2, 4, 8, and 16 days,
respectively.

2.9. Histological studies

The animals in both the control and experimental groups were examined on the 2, 4, 8, and 16 days after
the wound was created by extracting tissue from the wound site of individual mice and treating itin a 4%
paraformaldehyde solution at room temperature. After that, the tissue samples were cleaned in xylene
and coated in paraffin wax. The fixed tissue was then soaked in paraffin and cross-sectioned into 4 mm
thick slices, which were then stained with hematoxylin and eosin (H & E). Histological slides were
analyzed by optical microscopy under 20x magnification (Olympus Bx51).

2.10. Statistical analysis
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Data were analyzed using the Statistica 7 software. Results were analyzed by triplicate and the results
are reported as mean * standard deviation. The significance of the data was considered statistically
different at p < 0.05, using the one-way ANOVA and the Tukey test.

3. Results And Discussions
3.1. Hydrogel formation mechanisms

Water molecules are known to interact with the hydrophobic methoxyl (—OCHs) groups of methylcellulose
(MC) through hydrogen bonding, forming cage-like structures that surround the —~OCH, groups, effectively
shielding them from the hydrophilic environment and causing MC to become water-soluble. As a result,
intra- and intermolecular chain hydrophobic interactions form, resulting in gelation as the number of
interactions increases, essentially creating a broad ‘hydrophobicity cross-linked' network [31]. The
involvement of -NH and -COO- ionizable groups, as well as hydrogen interactions produced by the
functional -COOH and -OH groups, contribute to the formation of hydrogel (Scheme 1). Following
hydrogel processing, silver nitrate was added to the MC-HA hydrogel in various concentrations (0.5, 1.0,
and 2.0 percent w/w), resulting in surface plasmon resonance, indicating nanoparticle formation. Ag*
also has a strong oxidizing effect on organic compounds. The presence of -OH and -COOH groups in the
polymeric units of the MC-HA hydrogel favors the synthesis of Ag* chelate by the adjacent -OCH3, -NH, -
OH, and -COOH groups of MC and HA [32].

3.2. Gelation time, in vitro degradation, and equilibrium
swelling of hydrogels

The gelation rate of MC-HA hydrogels containing AQNPs was observed at ambient conditions. When 50
mg/mL MC-HA hydrogels were mixed with three different AQNPs weight ratios (0.5, 1.0, and 2.0% w/w),
gelation occurred within 8 min (Fig. 1a). Apparently, as the concentration of AgNPs (2.0% w/w) increases
in the MC-HA hydrogels, the required time for gelation decreases [33]. The gelation rate of MC-HA/AgNPs-
2.0% hydrogel was the fastest, which exhibited a substantially higher gelation rate than MC-HA/AgNPs-
1.0% and MC-HA/AgNPs-0.5% (p < 0.05). /n vitro degradation of hydrogels was observed as a function of
incubation time in PBS at 37°C, as shown in Fig. 1b. Arise in crosslinking density leads to a decrease in
water content and a loss of mass weight. The weight loss was significantly influenced by the 2% w/w
ratio of AgNPs in the MC-HA hydrogels. Owing to less crosslinking, the hydrogels with a ratio of 0.5% and
1.0% lost weight slightly faster and dissolved on day 1 to 10 days, respectively. The other hydrogels
slowly lost weight for up to 14 days [34]. The weight remaining ratios of AgNPs in the MC-HA hydrogels
at day 14 were 54.2%, 62.4%, 71.7%, and 82.5%, respectively. Even though some studies claim that the
crosslinking structure of HA is unstable, we discovered that the MC-HA/AgNPs hydrogels remained stable
in PBS for 14 days, indicating that the hydrolysis rate of MC-HA/AgNPs is slow under physiological
environment. The improved degradation rate of the sample with AQNPs could be described by the
morphology features like porous gel structure of MC-HA hydrogels. Thus, the degradation rate for MC-
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HA/AgNPs-2.0% by the greater porosity should be faster than MC-HA/AgNPs-0.5% and MC-HA/AgNPs-
1.0%.

The swelling ratio was improved along with the increase of AgNPs content in the MC-HA hydrogels, which
developed water-soluble after a 2 h incubation [35]. The swelling value grew rapidly as the AgNPs content
increased from 0.5-2.0% (p < 0.05) (Fig. 1c). The swelling properties of the MC-HA hydrogels are critical
for material exchange when used as injectable hydrogels for biological applications. Both MC and HA
have a large number of hydrophilic groups, such as —OCHz, —NH, —OH, and —COOH, that can easily
hydrate with water [36]. The amount of AgNPs in the MC-HA used in the hydrogel synthesis has a major
effect on the swelling properties of the hydrogels [37].

3.3. UV-vis spectra of MC-HA hydrogel containing AGQNPs

The optical properties of the MC-HA hydrogels containing AQNPs were estimated by UV-Vis spectroscopy
(Fig. 2). In an aqueous solution, silver nitrate (AgNO3) is dissociated into silver (Ag*) and nitrate (NO3")
ions. Figure 2 depicts the shift in AgNPs absorbance as a function of ratio (0.5, 1.0, and 2.0%). It
determines the surface plasmon band develops as a function of Ag + concentration [38]. The maximum
absorbance wavelength at 418 nm, and it largely depends on the size and interaction between the
particles. The absorbance strength of the MC-HA hydrogels solution also increased, implying that the
amount of AgNPs in the solution increased as well [39]. Analyzing the spectral properties of AgNPs
incorporated into MC-HA hydrogels will provide a wealth of knowledge about the physical state of the
nanoparticles. Other researchers produced AgNPs-containing hydrogels and achieved similar results.

3.4. Morphology of MC-HA hydrogel containing AgQNPs

The surface morphology, size, and shape of MC-HA hydrogel containing AgNPs were studied using SEM
and TEM analysis. (Figs. 3 and 4). The prepared MC-HA hydrogel exhibited a honeycomb-like three-
dimensional porous structure [40]. There were no AgNPs in MC-HA hydrogel (Fig. 3a), and AgNPs (0.5, 1.0,
and 2.0%) were observed in MC-HA hydrogel (Fig. 3b-d). As shown in Fig. 3b-d, the MC-HA hydrogel
incorporating AgNPs had a remarkable pore size and an associated honeycomb structure. This suggests
that the AgNPs were developed in situ and were uniformly distributed in the MC-HA hydrogel [41]. As the
Ag™ ions are captured, these types of assemblies with appropriate porosity play a critical role in allowing
them to diffuse through the pores. Although providing enough surface and strength for cellular operation,
a cross-linked network with optimum porosity facilitates improved cellular penetration and nutrients
activities [42]. Similar findings have recently been published for films with honeycomb structures that
have smaller holes and a more efficient porous structure.

The spectral properties are consistent with low nanoparticle size. Further, the morphology of prepared

MC-HA hydrogel containing AgNPs was deliberate by using TEM image and histogram investigation

(Fig. 4). Figure 4a, shows an amorphous morphology of MC-HA hydrogel. Furthermore, as shown in

Fig. 4b, the AgNPs in the MC-HA hydrogel are distinctly spherical and well-organized, distributed evenly,

and widely spaced across the polymeric matrix [43]. HRTEM images showed that the proposed AgNPs
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were spherical, with well-ordered single crystals and visible lattice fringes (inset Fig. 4b) [44]. The average
diameter of the synthesized MC-HA/AgNPs was measured to be 35 nm (Fig. 4c). The particle size
determined by TEM was in strong agreement with the crystalline size, and this value was supported by
XRD analysis measurements. With extended activities, the chemical interactions between molecules in
such polymer dressing will maintain the sufficient release of AgNPs. As a result, formulations based on
MC-HA hydrogels containing 2.0% wt. AQNPs were considered for further research.

3.5. FT-IR spectroscopic analysis

FT-IR spectra of MC-HA hydrogel, AgNPs, and MC-HA hydrogel containing AgNPs are presented in Fig. 5a.
FTIR spectra of MC show corresponding peaks at 3521, 2871, 1379, and 1039 cm™ ', exposed the
occurrence of —OH, C—H, and C-0 group stretching vibration, respectively. MC in FTIR spectra usually
present bands at 1458, 1379, 1319, and 949 cm™ " ascribed to C - H, CH,, and CH; groups stretching [45].
Figure 5a displays the FT-IR spectrum with several distinct peaks showing the development of the MC-HA
hydrogel. There is a good signal from intensity vibration between 3048 and 3398 cm™ ', which could be
due to the MC alcohol and the hydrogels hydration grade. The characteristic signal of alkyl (O—CHj)
stretching modes of the MC was seen at 2919 cm™ . Furthermore, at 2839 cm™, the typical peak of the
MC spectrum stretching band was observed. The signal at 1638 cm™ ', which belongs to the covalent
ester bonds developed between the alcohol of MC chains and the carboxyl group of HA, shows the
crosslinking interaction between MC and HA [46]. The characteristic peaks of the MC-HA hydrogel have
changed, and a few new peaks have appeared in the 1500-1600 cm™ ' range. AgNPs had distinct peaks
in the FTIR spectrum at 1538, 1651, 1228, 2919, 2849, and 3288 cm™ . The vibrational characteristic
peak of AgNPs was found in the 400—1000 cm™ ! range. Because of the stretching vibration of Ag* in
AgNPs, the peak appeared at 500 cm™'. When comparing the spectral properties of MC-HA/AgNPs to the
MC-HA hydrogel, all of the standard peaks of MC, HA, and AgNPs were observed, but the above represent
peaks were shifted to 3491, 2931, 1671, 1549, and 1331 cm™ ' [28, 32]. Based on these findings, it was
determined that the carbonyl, alkyl, and hydroxyl groups involved in the MC-HA hydrogel have a higher
affinity for binding with metal ions, facilitating silver ion reduction into AgNPs.

3.6. XRD patterns

Figure 5b shows the XRD patterns of MC-HA hydrogel, AgNPs, and MC-HA hydrogel containing AgNPs.
The MC-HA hydrogel presented a characteristic diffraction peak at 26 = 27° demonstrating the amorphous
nature. The synthesized AgNPs displayed a strong intense peaks plane, which agrees to (111), (200),
(220), and (311) considerations of face-centered cubic structure metallic silver correspondingly which
were in approve with the JCPDS File No: 04-0783 demonstrating the crystalline nature of the AgNPs [47].
The peaks corresponding to the MC-HA and AgNPs were identical in XRD patterns of MC-HA/AgNPs, but
the peak positions were slightly different. The partial surface oxidation of AgNPs (formation of the AgO
phase) during the composition of MC-HA/AgNPs was due to the subsequent peaks observed at 28, 33,
37, and 45°. Furthermore, the XRD patterns showed that the MC-HA hydrogel incorporating AgNPs was
successfully formed without any other contaminants. As a result of the decreased intensity peaks, AgNPs
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on the MC-HA hydrogel have been effectively integrated [48]. The particle size of the AgNPs was
calculated using the Debye—Scherrer equation and was found to be about 27 nm, which was in
agreement with the TEM findings.

3.7. Antibacterial activity of the MC-HA/AgNPs

Antibacterial activity of the MC-HA hydrogel and MC-HA hydrogel containing AQNPs was observed by
both bacteria namely S. aureus and E. coli. The control group and the MC-HA hydrogel were used as a
reference. The MC-HA hydrogel with AgNPs had an excellent antibacterial activity of 99.6% regardless of
the type of bacteria are listed in Table 1 [49—-51]. The increased surface correlations between MC-
HA/AgNPs and bacteria may have caused this activity. Antibacterial activity against a variety of
organisms is known for Ag compositions [52]. Sulfur-containing proteins are found in the bacterial cell
membrane, and Ag* from AgNPs associates with these proteins in the cell. As compared to E. coli, the
findings showed that MC-HA/AgNPs had the greatest antibacterial activity than S. aureus. This may be
due to the influence of a double membrane in E. coli. The Ag ions released in the presence of
oxygen/water were supposed to form a complex with bacteria and cause cell wall disruption [53]. The
non-ionic and hydrophilic properties of the MC-HA hydrogel aided the easy release of AgNPs in this study.
As a result, we conclude that the MC-HA hydrogels containing AgNPs have proved to be excellent and
efficient antibacterial agents. Current literature confirms the antibacterial findings, suggesting that
metallic nanoparticles not only minimize wound infection but also facilitate wound healing [54].

Table 1
The bacterial reduction rate of control, MC-HA hydrogel, and MC-HA hydrogels containing AgNPs.

Staphylococcus aureus Escherichia coli
No. of bacterial Bacterial No. of bacterial Bacterial
after24 h reduction rate after24 h reduction rate

Control 2 0*10° - 2 0*10° -

MC-HA <40 68.4 <40 76.2

MC- <45 89.2 <55 92.1

HA/AgNPs

3.8. In vivo wound healing effect

Metal nanoparticles have been used extensively in biomedical, as well as as a wound-healing agent [1,
55]. In this study, we demonstrated for the first time the significant benefit of MC-HA hydrogel
incorporating AgNPs in a rat tissue repair model. The wound healing ability of the established hydrogels
was investigated for 16 days using a full-thickness rat cutaneous wound system, with the results shown
in Fig. 6. As shown in Fig. 6a, wound surface images were taken regularly for both the control and
experimental groups. The wound treated with MC-HA/AgNPs hydrogel, on the other hand, grew fresh skin
and showed almost complete recovery after 16 days [56]. As shown in Fig. 6b, the MC-HA/AgNPs
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dressing group had a wound healing rate of 98.6%, which is higher than the control (33.4%) and MC-HA
hydrogel (69.1%) groups, suggesting that the synergistic effect (p < 0.05) contributed to its better healing
capacity. On the 2, 4 and 8 postoperative days, the successful activity of the MC-HA hydrogel with the
addition of AgNPs in the community responding to MC was observed. The successful behavior of the
MC-HA/AgNPs hydrogel can be linked to the development of granulation tissue after 16 days [57]. The
above experimental findings indicate that AQNPs treated wounds had a faster wound granulation tissue
formation than the control group, which may be attributed to AgNPs ability to alter cytokine cascades and
thus improve wound appearance [58, 59]. As a result of the rational nature of such hydrogel dressings by
chemical reactions, wound healing is improved. Furthermore, the exact mechanism involved in AgNPs
wound-healing action was unknown. Due to the MC-HA hydrogel and AgNPs, MC-HA/AgNPs greatly
improved wound healing performance.

3.9. Histological investigations of MC-HA hydrogel
containing AgNPs

The use of AgNP-containing hydrogels facilitated histological improvements in the healing tissue
throughout wound healing, such as earlier wound contraction growth and maturation. Histological
examinations of burn injury sites treated with MC-HA hydrogel containing AgNPs incubated for 2, 4, 8,
and 16 days are shown in Fig. 7. On day 16, a huge proportion of cells were found in the injected burn
healing region, similar to the number found on days 2, 4 and 8. Additionally, the MC-HA and MC-
HA/AgNPs hydrogel groups were formed perfect and intact epidermis [60, 61]. A few cells were identified
in the burn wound healing region in the control groups. The presence of a larger number of intact cells in
the dermis, which means fewer scars, was the most striking feature that distinguished AgNPs composite
gel from marketed formulations [62].

At 14 days of incubation, the deeper granulation tissue-stained matured skin demonstrated in burn injures
implanted by MC-HA/AgNPs hydrogel stained with Masson's trichrome stain than at 2, 4 and 8 days of
incubation as shown in Fig. 7. Finally, the analysis of the thickest granulation tissue indicated that the
MC-HA/AgNPs hydrogel had the most improved wound healing led to increase [11]. In specific, all of the
in vivo wound healing test results, involving wound area and characteristics, morphology, new skin
development area, epidermis thickness, and granulation tissue thickness, have shown that MC-HA-based
hydrogels have a beneficial impact during the wound healing process [5].

4. Conclusion

In summary, the present investigation demonstrated that MC-HA hydrogel containing AgNPs could be

improved spectral and morphological properties and applied as an effective antibacterial and wound

healing process as nursing care of burn injury in children. The as-prepared AgNPs (diameter ~ 35 nm) and

containing MC-HA hydrogel have been characterized by using UV-Vis, SEM, TEM, FTIR, and XRD analysis.

It was proven due to the possible inter-chain interaction between MC and HA, the addition of AgNPs

showed excellent stability on the gelation time, in vitro degradation, and equilibrium swelling properties.
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In vitro studies reveal that the MC-HA/AgNPs hydrogels possess an excellent antibacterial activity was
confirmed by S. aureus and E. coli bacteria. Significantly, after 16 days of diagnosis with MC-HA/AgNPs
dressing, in vivo examination of mice, cutaneous wound healing reveals an enhanced wound healing
capacity with a high healing rate at 99.6%. The biological findings showed that MC-HA/AgNPs hydrogels
are highly beneficial for new skin development and blood supply regulation in burn injury treatment
processes. These findings support the promise of such effective MC-HA/AgNPs hydrogels for the
treatment of wound healing as well as burn injury nursing care in children.
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(a) Gelation time, (b) In vitro degradation, and (c) equilibrium swelling ratio of MC-HA hydrogels as a
function of AgNPs ratio.
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Figure 2

UV-vis absorption spectra of MC-HA hydrogels containing AgNPs at different concentrations (0.5, 1.0,
and 2.0% w/w).
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Figure 3

SEM images of MC-HA hydrogel (a) and MC-HA hydrogel containing AgNPs (b) 0.5%, (c) 1.0%, and (d)
2.0%.
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Figure 4

TEM images of MC-HA hydrogel (a), MC-HA hydrogel containing AgNPs (b) with inset figure; HRTEM
lattice springe of AgNPs, and Histogram image the average sizes of MC-HA hydrogel containing AgNPs

(©).
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Figure 5

(@) FTIR spectra and (b) XRD patterns of the MC-HA hydrogel, AgNPs, and MC-HA/ AgNPs hydrogel.
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(@) In vivo study of control, MC-HA, and MC-HA/AgNPs as a wound dressing and (b) the evaluation of
wound healing rate (%).
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Figure 7

Hematoxylin and eosin (H&E)-stained and MTS-stained sections of the granulation tissue of control, MC-
HA, and MC-HA/AgNPs on postoperative day 2, 4, 8 and 16.
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