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Abstract

The preparation of hydrogels for wound healing properties with high
antibacterial activities and good biosafety concurrently can be relatively
challenging. For addressing these issues, we report on the synthesis and
characterisation of a nanocomposite hydrogel dressing by introducing the
silver nanoparticles in hydroxypropyl methylcellulose-hydroxyapatite scaf-
fold hydrogel (HMC-HA/AgNPs). The different concentrations of AgNPs in
HMC-HA/AgNPs hydrogels were confirmed by swelling ratio, degradation,
and gelatin time. The synthesised HMC-HA/AgNPs hydrogels were further
characterised using the UV-visible, scanning electron microscopy, transmis-
sion electron microscopy, Fourier transform infrared spectrum, and X-ray
diffraction. The results showed that the novel HMC-HA/AgNPs hydrogel
exhibited a porous 3D network and high mechanical properties because of
the inter-molecular and intra-molecular interactions. The AgNPs give the
HMC-HA hydrogels excellent antibacterial activities against both Staphylo-
coccus aureus and Escherichia coli, without any chemical reductant and
cross-linking agent required endows the hydrogel high biocompatibility.
More importantly, HMC-HA/AgNPs effectively repaired wound defects in
mice models, and wound healing reached 94.5 + 1.4% within 16 days. The
HMC-HA hydrogel with AgNPs showed excellent antimicrobial activity and
burn wound healing. Therefore, these HMC-HA/AgNPs hydrogels have
great potential as an injectable hydrogel for wound healing activity in chil-
dren with burn injuries.
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Key Messages
« an injectable HMC-HA/AgNPs composites hydrogel was successfully
developed
» the HMC-HA/AgNPs hydrogels have a high swelling and degradation ratio
« HMC-HA/AgNPs exhibited an excellent antibacterial activity
« HMC-HA/AgNPs have an excellent injectable hydrogel for burn wound
dressing
1 | INTRODUCTION

With the increasing worldwide prevalence of diabetes,
complications such as non-healing, chronic, diabetic
wounds have become a serious threat to the health and
quality-of-life of patients." Human skin serves as a protec-
tive barrier against harsh external conditions, yet it is fre-
quently subjected to conflict, resulting in traumatic
wounds that compromise skin's functional integrity.> The
most extensively used procedures for haemostasis and
wound healings are traditional surgical sutures and
mechanical fixation. As a result of the fight between bacte-
ria and the immune system, tissue invasion can occur, and
infection can result in serious tissue damage. To treat skin
damage and trauma, effective and quick wound healing
procedures are required. Although numerous therapies for
the diagnosis and treatment of chronic wounds are avail-
able, their efficacy is usually limited, and relapse occurs in
a significant number of patients.> The growing number of
cases and unsatisfactory treatment outcomes necessitates
the development of effective therapeutic approaches. More
effective and versatile wound dressings must be created to
fulfil the diverse needs of various patients. In recent years,
several wound healing treatments have proven to be bene-
ficial, one of which is the use of nanoparticle-controlled
chemical delivery systems to transfer antibiotics into the
skin tissue.*

Metal and metal oxide nanoparticles have been dem-
onstrated to have wide antibacterial properties in
research studies.” Silver nanocarriers activate antioxidant
activity by reducing, donating electrons, and scavenging
radicals. As a result, silver nanoparticles (AgNPs) have
been identified as a scavenger of reactive oxygen species
(ROS) that can reduce the number of free radicals pro-
duced during the inflammatory stage of wound healing.®
AgNPs can be extremely useful in preventing infections
in diabetic chronic and non-healing wounds because of
their appealing biological activities such as antibacterial,
antiviral, antifungal, antioxidant, anti-inflammatory,
anti-angiogenesis, and antiplatelet capabilities.” Ongoing
research on a 3D hydrogel network shows that the large
empty space between cross-linked networks in the
swelled phase can operate as a nanoreactor for

nanoparticle synthesis. The unique nanocomposite sys-
tems that come from the in situ synthesis of AgNPs
within swelling hydrogel networks have a wide range of
applications in biomedical, catalytic, and bioengineering
applications. Many researchers have discovered that
AgNPs have anti-inflammatory properties, which aid in
the speeding up and fine-tuning wound healing.® The
bactericidal activity of AgNPs is mainly attributed to the
Ag* produced from them, which can destroy bacteria's
critical biomolecules such as cell membranes, DNA, and
enzymes.’ The antibacterial activity of AgNPs has been
attributed to Ag™ ions interacting with bacteria enzymes
and proteins, as well as the degradation of the bacteria’s
membrane.'® Worse yet, the conditioning coating can
exacerbate the inflammatory response of injured tissue,
causing tissue damage and obstructing wound healing.
To address this issue, surface functionalization of AgNPs
with antifouling properties becomes an ideal solution to
provide cotton dressings with both bacterial anti-
adhesion and bactericidal activities, which will inhibit
bacterial adhesion in wound tissue synergistic effect and
successfully prevent wound infection.'*

Because of their highly interconnected porous net-
work, hydrogels offer great features for wet wound
healing, such as favourable fluid absorption and excessive
water retention.'? As a result, new natural-synthetic com-
posite hydrogels are being developed, paving the way for
customizable porosity architecture, mechanical and phys-
icochemical properties, and exceptional biocompatibility
and bioactivity attracted by natural polymers.'> As the
most prevalent natural polymer on the planet, cellulose is
inexpensive, biodegradable, and environmentally
friendly."* Furthermore, cellulose offers several excep-
tional features, including mechanical durability, water
absorption capacity, and biocompatibility, making it an
excellent material for wound healing.'® Hydroxypropyl
methylcellulose (HMC) is a type of hydrogel-forming
polymer that has a wide range of applications in the
industry.'® HMC can make inter-molecular, intra-molec-
ular, and hydrophobic interactions because of the pres-
ence of polar (hydroxypropyl) and non-polar (methyl)
groups, depending on the degree of substitution of polar
and non-polar groups.” The HMC polymer creates a
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transparent, colourless hydrogel with high stability, vis-
cosity, and texture modification when exposed to water.
This allows HMC to easily merge with other materials for
uses like food packaging, wound healing, and medicine
delivery."® The addition of synthetic hydroxyapatite
(HA) to biomaterials improves osseointegration, allowing
them to be used for tissue regeneration.'® The size of HA
influences its intrinsic mechanical capabilities as well as
its interaction with bone tissues. Recent research on HA-
based biomaterials has shown that HA with a nanoscale
size favours biological response and demonstrates supe-
rior tissue engineering capability.”> HMC-combined
hydrogels have a large number of functional groups,
which give enough locations for metal NPs to be sta-
bilised by forming a coordination bond. Green synthesis
was used to make HMC-capped AgNPs with a spherical
form and sizes ranging from 3 to 17 nm.*! The produced
AgNPs in HMC nanocomposites including bacterial cel-
lulose nanocrystals and AgNPs were also significantly
stabilised by the functional groups of HMC and bacterial
cellulose nanocrystals.*

We report the development of HMC-HA hydrogel-loaded
AgNPs for diabetic wound healing. HMC-HA hydrogel-
loaded AgNPs were fabricated using reduction of AgNO;
with HMC/HA and was characterised using UV-visible, Fou-
rier transform infrared spectrum (FT-IR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM), gelation time, equilibrium
swelling, and in vitro degradation, as well as tested for its
antibacterial properties and wound healing efficacy. The
porous structure provided a moist and humid microenviron-
ment that facilitated the absorption of the exudates from the
wounded area. Antibacterial and wound healing applications
of HMC-HA hydrogel-loaded AgNPs have not been docu-
mented so far to our knowledge. As a result, we formed
HMC-HA hydrogel-loaded AgNPs dressing materials that
are effective antibacterial agents against Staphylococcus
aureus and Escherichia coli, as well as investigating their
wound healing performance. This study used effectively
in vitro and in vivo research to demonstrate the wound
healing effect of AgNPs formulations on rats’ skin. As a
result, HMC-HA hydrogel-loaded AgNPs could be
a potential material for wound healing in children with burn
injuries.

2 | MATERIALS AND METHODS

2.1 | Materials

Hydroxypropyl methylcellulose (HPMC), hydroxyapatite
(HA), powder, 2.5pm, >100 mz/g, and AgNO; were
obtained from Sigma-Aldrich and used without further

purification. All other reagents, unless otherwise specified,
were of analytical grade and used as received. Throughout
the experiment, double distilled water was used.

2.2 | Preparation of HMC-HA hydrogels
containing AgNPs

In a typical synthesis, 250 mg of HMC powder was mixed
with 50 mL of distilled water to make the mixture. Then,
in the already prepared solution, HA was added at a con-
centration of 0.5% wt/vol. Finally, while stirring, pow-
dered HMC (2% wt/vol) was added. While being agitated,
the resultant solution was placed in an ice bath. The
completed hydrogel or reinforced hydrogel precursor
solutions, which are injectable within the first
10 minutes, are injected into plastic moulds and stored at
room temperature in a humid environment. The cross-
linking of HMC-HA chains and the attachment of AgNPs
to the HMC-HA chains were accomplished in a single
step using HMC. To achieve complete dissolution of
HMC-HA, 0.5g of AgNO; (0.5-2.0 wt%) was added to
aqueous solutions containing HMC-HA at 2% wt/vol of
HMC and 0.5% wt/vol of HA, and the temperature was
raised to 60°C with steady stirring for 1 hour using a
magnetic stirrer. The contents were cooled to 15 + 4°C
and centrifuged for 20 minutes at 10000 rpm. During
swelling in the AgNOj; solution, the silver ions (Ag™) are
stabilised in the hydrogel pores. The metal ions are con-
nected to the functional groups of the HMC-HA hydrogel
networks (—NH, —OCH;, —OH, and —COO). Through
centrifugation, the collected precipitate was repeatedly
rinsed with double distilled water, and the resulting prod-
uct was kept in a vacuum desiccator until further use.

2.3 | Gelation time

The tube inversion method is used to record the gelation
time. The generated AgNPs were evaluated, and after being
cleaned, the HMC-HA hydrogel was submerged in distilled
water and separated by centrifugation at 5000 rpm for
5 minutes under continuous inversion control. The gelation
time was calculated as the time when a polymer solution
stopped flowing after 30 seconds of tube inversion.

2.4 | Invitro degradation evaluation of
hydrogels

The initial weights of the HMC-HA and HMC-HA/
AgNPs hydrogels were measured and labelled W,. The
hydrogels were then submerged in 3.0 mL PBS and agitated
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at a speed of 60 rpm/min in a shaker at 37°C. Hydrogels
were removed from PBS and the water on the hydrogel sur-
face was wiped off at predetermined time intervals; W, (day
1, day 3, day 5, day 7, day 10, and day 14). In vitro degrada-
tion was calculated using the following equation:

%Degradation (t) = [Wo— W]/ W,

2.5 | Swelling experiments

The dynamic swelling features of HMC-HA and HMC-
HA/AgNPs hydrogels were investigated in various water
solution conditions. Before reaching swelling equilib-
rium, the weights of HMC-HA and HMC-HA/AgNPs
hydrogels were dissolved in PBS and kept at 37°C for
2 hours. The dry hydrogel was then submerged in de-
ionised water. The swelling ratio (SR) was computed
using the equation given below, where W, and Wy are
the weight swelling states of the hydrogels and the dry
state of the equilibrium, respectively.

SR (%) = (Wo—Wa)/Waq

2.6 | Characterisation

The UV-Vis spectrophotometer (Shimadzu, model UV-1800,
Kyoto, Japan) was used to measure the HMC-HA hydrogels
solution containing AgNPs in the range of 350 to 650 nm.
The surface micrographs of the HMC-HA and HMC-HA/
AgNPs hydrogels were studied using a Cressington 108 Auto
(Cressington, Watford, United Kingdom) operated at a 10 kV
accelerating voltage. To determine the average size of pores
on device surfaces, Image J software was used to measure
50 pores (Java 1.8.0). The AgNPs were observed using a
transmission electron microscope (TEM, Hitachi HT7700,
Tokyo, Japan) operating at 200 kV after hydrating the HMC-
HA hydrogels with three volumes of distilled water and soni-
cating them for 5 minutes in a bath at a frequency of about
20 kHz on a lacy carbon-coated Cu grid. At ambient circum-
stances, FT-IR measurements were taken with a Nicolet FT-
IR 5700 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, Massachusetts). In a wavelength range of 4000 to
400 cm™Y, the HMC-HA, AgNPs, and HMC-HA/AgNPs
hydrogel samples were observed. On HMC-HA, AgNPs, and
HMC-HA/AgNPs hydrogels, XRD patterns were recorded
using a D8 Advance diffractometer (Bruker AXS, Inc., Madi-
son, Wisconsin) with Cu set and K radiation (=0.154 nm) at
30 kV and 40 mA. The scan speed was 2°/min, with a spec-
tral range of 10° to 80°.

P WiLEy-L =

2.7 | Antimicrobial activity

The antibacterial activity of the HMC-HA and HMC-HA/
AgNPs hydrogels was assessed using the cell count method
against Gram-negative bacteria (E coli, ATCC 25922) and
Gram-positive bacteria (S aureus, ATCC 25923). Briefly,
10 pL of bacterial suspension in PBS (10° CFU/mL) was
uniformly coated on the surface of hydrogels and control,
and these samples were incubated at 37°C for 1 hour. To
adjust the 2% test sample concentration, 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. Therefore, 5 mL of bacterial disper-
sion and 5 mL of sterilised culture media were mixed and
applied to the hydrogel with and without AgNPs. The plates
were then incubated at 37°C for 24 hours with 200 pL of
AgNPs solution and formed HMC-HA hydrogel with and
without AgNPs in each well, and the clear colony counting
of the samples was measured.

2.8 | Animal study

The efficacy of the produced hydrogel dressings on the exci-
sional wound healing of full-thickness wounds in rats was
studied in this study. The 12 young Sprague-Dawley male
rats (200 g) were divided into three groups: control, HMC-
HA hydrogels, and HMC-HA/AgNPs hydrogels. Each group
was kept in its cage and supplied normal rodent feed and
water ad libitum at a temperature of 25°C under sanitary
circumstances. For each rat in the cleaned area, a surgical
blade was used to create a wound with a surface area of
1.5 x 1.5 cm® The animals were anesthetised with a 20 mg
kg™ ' intraperitoneal injection of ketamine-xylazine combi-
nation. The rats were then returned to the animal labora-
tory and placed under typical water, food, and lighting
conditions. All animal procedures were authorised by the
Animal Research Committees of Chengyang District Peo-
ple's Hospital during all phases of the investigation. Follow-
ing that, the pastes of the aforementioned four freshly made
dressings were utilised to tightly cover the wound surface,
with PBS being used for the control group rats. At pre-
determined time intervals, the wound area was measured.
After 2, 4, 8, and 16 days, the wound healing impact was
observed and analysed.

2.9 | Histological analysis

Wounded skin tissue samples were processed using nor-
mal histological procedures at the end of the experiment,
and microscopic changes in skin were noted. CO, gas
asphyxiation was used to kill the rats on days 2, 4, 8, and
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16. Each rat's wound tissue was taken separately for his-
tological analysis. The wound samples were first treated
in 4% paraformaldehyde for a week after being taken.
The HMC-HA and HMC-HA/AgNPs hydrogels were next
dehydrated and embedded in paraffin wax. All animals’
tissue histology was compared with that of the control
and reference standard animals using an Olympus BX
60 microscope at magnifications of 4x for hematoxylin
and eosin-stained tissue and 40x for Masson's trichrome
staining.

2.10 | Statistical analysis
Experimental data from the studies were analysed using
Student's ¢ test. Results were analysed by triplicate and
the results are reported as mean + SD. The statistical sig-
nificance of the data was as P < .05.

3 | RESULTS AND DISCUSSIONS
3.1 | Mechanism of hydrogel formation
and optical properties

As a result, intra-molecular and inter-molecular chain
hydrophobic contacts emerge, culminating in gelation as
the number of interactions grows, thus forming a broad
“hydrophobicity cross-linked” network. The hydrogen
interactions induced by the functional carboxyl and
hydroxyl groups, as well as the participation of —NH and
—COO— ionisable groups, all contribute to the produc-
tion of HMC-HA hydrogel (Figure 1A). AgNO; was
added to the HMC-HA hydrogel after processing,
resulting in surface plasmon resonance (SPR), which
indicated AgNPs fabrication in good agreement with UV-
visible spectra. On organic molecules, Ag" has a severe
oxidising action. The presence of carboxyl and hydroxyl
groups in the polymeric units of the HMC-HA hydrogel

enhances Ag" chelate formation.*® Figure 1B depicts the
UV absorption spectrum. Silver nitrate (AgNO;) is
decomposed into silver (Ag") and nitrate (NO;3") ions in
an aqueous solution. The peak at 420 nm indicates that
AgNPs were successfully synthesised, while the peak at
382 nm indicates that AgNPs were modified using HMC-
HA hydrogel.** The SPR band evolves as a function of
Ag" concentration, the specific absorption peak derived
from the SPR of AgNPs should be positioned between
400 and 450 nm, according to the literature research.?
The successful synthesis of AgNPs in situ was validated
by an increase in the absorbance of the HMC-HA hydro-
gels solution at 420 nm, as well as an increase in the
AgNPs concentration solution.”® The development of
fewer NPs and more aggregates was suggested by the rise
in absorbance for the one created at 2.0% Ag™ concentra-
tion. This result showed that the AgNPs loaded in the
HMC-HA hydrogel composite had a stable behaviour.

3.2 | SEM and TEM analysis of
HMC-HA/AgNPs

SEM and TEM analyses were used to examine the surface
morphology of the HMC-HA hydrogel containing AgNPs,
as illustrated in Figures 2-4. HMC-HA hydrogel has a
honeycomb-like three-dimensional porous structure, as
seen in Figure 2. The honeycomb structure and cross-
linking of the HMC-HA hydrogels were visible in SEM
pictures.”” The dried HMC-HA hydrogels had a cross-
linked network and a porous surface, which aids in the
long-term release of extract and AgNPs.*® The porous
structure of hydrogels was maintained after the insertion
of AgNPs incorporating HMC-HA hydrogel, but the pore
size was dependent on the concentration of AgNPs
(Figure 2B-D): the higher the content, the smaller the
pore size.”® The physical interaction (ie, hydrogen bonds)
among the functional groups of the blended component
was demonstrated by the homogeneity of the cross-linked
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FIGURE 1 A, The schematic
representation of HMC-HA
hydrogel containing AgNPs and B,
UV-Vis absorption spectra of HMC-
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FIGURE 2 SEM images of HMC-
HA hydrogel, A, and HMC-HA hydrogel
containing AgNPs, B, 0.5%, C, 1.0%,

and D, 2.0%

FIGURE 3 SEM pore size (A) (B)
histogram image of HMC-HA 50+ I
hydrogel, A, and HMC-HA 40+
hydrogel containing AgNPs, B, 404
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network of HMC-HA hydrogels. The pore size of HMC-
HA hydrogels appears to decrease with the addition of
AgNPs, as shown in Figure 3A-D. The network space was
filled with AgNPs, and the interaction between AgNPs
and HMC-HA caused the hydrogel space to be com-
pressed, which caused this result. When the surface mor-
phology of spherical HMC-HA and HMC-HA/AgNPs
hydrogels was examined at a greater resolution, the sur-
face morphology showed a highly interconnected porous

Particle diameter (um)

structure with an average pore size of 500 to 50 pm.*°
The porous structure of the material aids in the absorp-
tion of huge volumes of wound exudates from the wound
surface. A cross-linked network with optimal porosity
promotes increased cellular penetration and nutritional
activities while offering ample surface and strength for
cellular operation. The amorphous nature of HMC-HA
hydrogel confirmed by transmission electron morphology
is shown in Figure 4A. The representative TEM image in
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Figure 4B shows that the HMC-HA hydrogels containing
AgNPs exhibit a spherical shape with an average diame-
ter of 30 nm (Figure 4C).*! The uniform distribution of
the AgNPs was confirmed in HRTEM analysis indicating
that the AgNPs were well stabilised by the HMC-HA

10 20 30 40 50
Particle size (nm)

FIGURE 4 TEM images of HMC-HA hydrogel, A, HMC-HA
hydrogel containing AgNPs, B, with inset figure; HRTEM lattice
fringe of AgNPs, and histogram image of the average sizes of HMC-
HA hydrogel containing AgNPs, C

hydrogel. HRTEM examinations of the AgNPs including
HMC-HA hydrogel showed the long-range atomic struc-
ture through the lattice fringes of atoms, demonstrating
the AgNPs’ great crystallinity (inset Figure 4B).** The
particle size obtained by TEM was very close to the crys-
talline size, and XRD analytical data corroborated this.

3.3 | Gelation time, in vitro degradation,
and equilibrium swelling of hydrogels

The gelation time was investigated by varying the AgNPs
concentration (0.5, 1.0, and 2.0% wt/wt) with a fixed
HMC-HA (50 mg/mL) hydrogels. As shown in Figure 5A,
the gelation time decreased from 6.3 to 1.8 minutes upon
increasing the AgNPs concentrations (2.0% wt/wt) at
37°C. The gelation time for HMC-HA hydrogels was
found to be longer than that for AgNPs directly grafted
with methoxyl or hydroxyl groups.*® The gelation rate of
HMC-HA/AgNPs-2.0% hydrogel was the fastest, which
exhibited a substantially higher gelation rate than HMC-
HA/AgNPs-1.0% and HMC-HA/AgNPs-0.5% (P < .05).
On the other hand, a more cationic group of HA could
increase the hydrophilicity of HMC-HA hydrogels, which
prolonged the time of gelation caused by the hydrophobic
interaction between HMC-HA hydrogels and AgNPs.**
Figure 5B shows the in vitro degradation of AgNPs and
HMC-HA hydrogels, respectively, carried out by incubat-
ing in PBS at 37°C. A rise in cross-linking density leads
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to a decrease in water content and a loss of mass weight.
The complete degradation of HMC-HA hydrogels in 2.0%
of AgNPs concentration was after 14 days.>> The weight
remaining ratios of AgNPs in the MC-HA hydrogels at
day 14 were 51.3 + 2.1%, 62.6 + 1.3%, 59.8 + 0.9%, and
78.3 + 1.9%, respectively. It was discovered that increas-
ing the AgNPs content in HMC-HA hydrogels causes
increased swelling and the creation of a loose network,
which increases the percentage degradation. The results
can be explained by the fact that at greater AgNPs con-
centrations, the HMC-HA hydrogels cleave faster. The
improved degradation rate of the sample with AgNPs
could be explained by morphological properties such as
the porous gel structure of HMC-HA hydrogels.*® The
swelling ratio was used to assess the ability of biomate-
rials to absorb and retain water, as well as their stability.
Figure 5C shows the swelling ratios calculated for several
samples with varying amounts of AgNPs inserted into
HMC-HA hydrogels vs immersion time. The swelling of
hydrogels is well known to be substantially influenced by
the functional groups connected to them. Both HMC and
HA feature a significant number of hydrophilic groups
that can easily hydrate with water, such as —OCHs;,
—NH, and —OH. As the AgNPs concentration increased
from 0.5 to 2.0% (P<.05), the swelling value
increased significantly (Figure 5C). The trend of the
swelling ratio as Ag" concentration changes corresponds
to the mechanical strength and AgNPs absorption of
HMC-HA hydrogels.*” As a result, formulations based on
HMC-HA hydrogels containing 2.0% wt. AgNPs were
considered for further research.

34 |
AgNPs

Surface analysis of HMC-HA/

The FT-IR was also used to characterise the HMC-HA-
hydrogel, AgNPs, and HMC-HA hydrogel containing
AgNPs (Figure 6A). The pure HMC showed the
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characteristic peaks at 3451 cm ' (—OH), 2897 and
2834 cm™* (C—H), 1642 cm™* (C=0), 1454 and 1372 cm™*
(—OCH; and —CHj groups), 1194 and 1051 cm™ ' (—C—0)
and 945 cm™ ! (C—C) of the glucopyranose ring of HMC
functional groups.'® The FT-IR spectra of the HMC-HA
hydrogel are shown in Figure 6A, with multiple distinct
peaks indicating its growth. The intensity vibration between
3126, 3429, and 3512 cm~ ' produces a satisfactory signal,
which could be attributed to the HMC alcohol and the
hydrogels’ hydration grade. In the spectra of HMC-HA/
AgNPs, the usual peaks of C=C stretching vibration of the
aromatic ring (1617 cm ') formed from HMC-HA hydrogel
can be seen. The C—O stretching of phenolic acid is allo-
cated to the band at 1058 cm™?, while the O—H functional
groups from carboxyl or phenols are assigned to the band at
3446 cm~'. AgNPs had distinct peaks in the FT-IR spec-
trum at 1538, 1651, 1228, 2919, 2849, and 3288 cm ™ '.** The
vibrational characteristic peak of AgNPs was found in the
400 to 1000 cm ! range. Because of the stretching vibration
of Ag" in AgNPs, the peak appeared at 500 cm . All of the
typical peaks of HMC, HA, and AgNPs were observed when
comparing the spectral characteristics of HMC-HA/AgNPs
to the HMC-HA hydrogel, with peaks displaced to 3654,
3574, 2812, 1653, 1545, 1408, 1142, 935, 855, 681, and
541 cm ™ *. The carbonyl, alkyl, and hydroxyl groups in the
HMC-HA hydrogel have a higher affinity for interacting
with metal ions, promoting silver ion reduction into AgNPs,
according to these findings. These findings show that
AgNPs can be successfully modified using the HMC-HA
hydrogel. Figure 6B shows the XRD patterns of HMC-HA
hydrogel, AgNPs, and HMC-HA/AgNPs. In general, XRD
analysis showed whether the materials were crystalline or
amorphous. The semi-amorphous character of the HMC-
HA hydrogel was shown by a typical diffraction peak at
20 = 26.54° (Figure 6B).* The synthesised AgNPs had a
strong intensity peaks plane, which corresponded to (111),
(200), (220), and (311) considerations of face-centred cubic
structure metallic silver, and agreed with JCPDS File No:
04-0783, showing the crystalline nature of the AgNPs.*’ The
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face-centred cubic structure of AgNPs was confirmed by
substantial diffraction subsequent peaks in HMC-HA/
AgNPs at 20 = 24.32°, 28.37°, and 42.04°. AgNPs on the
HMC-HA hydrogel has been efficiently integrated as a
result of the lowered intensity peaks. The Debye-Scherrer
equation was used to compute the particle size of the
AgNPs, which was found to be around 28 nm,*' which was
consistent with the TEM observations.

3.5 | Antibacterial activity of the
MC-HA/AgNPs

Colony counting was used to measure the antibacterial
activity of HMC-HA and HMC-HA/AgNPs hydrogels
(Table 1). As model organisms, Gram-negative E coli and
Gram-positive S aureus were chosen. As a comparison,
the control group and the HMC-HA hydrogel were used.
The colony formed in the HMC-HA hydrogel matrix, and
the maximum rate of bacterial death was recorded in
78.9 + 2.61% of the cases.*” The HMC-HA/AgNPs hydro-
gel treatment had a strong antibacterial impact, which
was mostly because of the long time necessary for Ag™
sterilisation and the adequate release of Ag" from the
hydrogel throughout the incubation period.** It is also
worth noting that silver ions antibacterial properties are
thought to be because of its role as a contact active sub-
stance or silver ion released. Surprisingly, the HMC-HA
hydrogel treatment group declined dramatically (P < .05)
in the presence of AgNPs, and more than 95.6 + 1.93% of
the bacteria were destroyed. This action could have been
triggered by higher surface correlations between HMC-
HA/AgNPs and bacteria. In comparison to E coli, HMC-
HA/AgNPs had the highest antibacterial activity than S
aureus, according to the data.** In E coli, this could be
because of the influence of a double membrane. The
antibacterial action of silver ions loaded HMC-HA hydro-
gel hydrogels could be related to the fact that AgNPs can
interact with phosphorus-containing proteins from cells,
targeting the respiratory chain and ultimately leading to
cell death through cell division.*> The synergistic effect of
the remarkable photothermal effect of HMC-HA/AgNPs

hydrogel and the innate antibacterial property of Ag"
were primarily responsible for the good antibacterial
effect.

3.6 | Invivo wound healing effect

The wound area was measured when being harvested for
macroscopic analysis of the excisional wound healing
process, taking into account the type of hydrogel utilised
and the period of wound removal.*® The ability of this
synergetic antibacterial method to cure wounds in mice
infected with bacteria was also tested in vivo. The animal
models were Sprague-Dawley male rats with S aureus-
infected lesions on their backs. First, digital photographs
of each sample were obtained at predetermined intervals
(Figure 7A). Every 2 days, representative photographs of
wound closure from various treatment groups were
taken, and the therapeutic effect and potential adverse
effects were calculated. On the other hand, after 16 days,
the wound treated with HMC-HA/AgNPs hydrogel gen-
erated new skin and demonstrated almost complete
recovery.”® The rate of wound contraction in all experi-
mental groups is depicted in Figure 7B. When the wound
healing potential of control, HMC-HA hydrogel, and
HMC-HA hydrogel-loaded AgNPs was evaluated, it was
discovered that only 2 days after initial wound treatment,
the AgNPs impregnated HMC-HA hydrogel group had
39.1 + 2.4% wound area contraction, compared with 28.6
+ 1.3% in the control group and 16.3 + 0.6% in the HMC-
HA hydrogel-loaded AgNPs groups. The effective activity
of the HMC-HA hydrogel with the inclusion of AgNPs in
the community reacting to HMC was seen on the 2, 4,
and 8 postoperative days. The HMC-HA/AgNPs dressing
group had a wound healing rate of 94.5 + 1.4%, which
was higher than the HMC-HA hydrogel (56.3%) and con-
trol (36.2 + 0.8%) groups, implying that the synergistic
impact (P <.05) contributed to its improved healing
capability."*”*° The growth of granulation tissue after
16 days can be attributed to the effective behaviour of the
HMC-HA/AgNPs hydrogel. The wound healing rate for
the HMC-HA/AgNPs hydrogel treatment group was

TABLE 1 The bacterial reduction rate of control, HMC-HA hydrogel, and HMC-HA/AgNPs hydrogels
Staphylococcus aureus Escherichia coli
No. of bacterial at Bacterial reduction No. of bacterial after Bacterial reduction
24 hours rate (%) 24 hours rate (%)
Control 2.0 x 10° 2.0 x 10°
MC-HA <52 74.3 + 0.41 <52 78.9 + 2.61
MC-HA/ <55 92.8 + 1.32 <55 95.6 + 1.93

AgNPs
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substantially faster than the wound healing rate for the
HMC-HA wound dressing treatment group, as shown in
Figure 7, showing that the HMC-HA/AgNPs hydrogel
has superior antibacterial and wound healing properties.
Images captured with a camera, as shown in Figure 7A,
corroborate these findings.

3.7 | Histological investigations

On days 2, 4, 8, and 16, histological examinations of
hematoxylin and eosin (H&E) and Masson's trichrome
stained wound tissue were made to establish collagen
deposition and skin regeneration (Figure 8). On days 2 to
16, the number of blood vessels and reepithelialisation in
the control and HMC-HA hydrogel groups were low com-
pared with the other hydrogel groups. On days 2 and
4, blood mixed HMC-HA/AgNPs hydrogel treated skin
showed significant neovascularization and fibroblast
infiltration,® as well as partial dermal layer formation
with collagen bundles on day 8.°" The epithelial tissue
was not entirely produced in the control and HMC-HA
hydrogel wounds after 16 days, and mature blood vessels
and inflammatory cells were fairly evident. The dermal
layer of wounded skin was entirely covered with an epi-
thelial layer in the samples treated with the HMC-HA/
AgNPs hydrogel at day 16 post-surgery.>* In addition, the
dermis had a large number of fibroblasts and even
inflammatory cells. The most striking trait that distin-
guished AgNPs composite gel from commercial formula-
tions was the presence of a larger number of undamaged
cells in the dermis, which means fewer scars.”> The
AgNPs group showed strong dermal layer development
and a high rate of maturation of proliferating cell bod-
ies.> As a result, the findings backed up our hypothesis
and provided evidence for the synergistic potential of
HMC-HA hydrogel with AgNPs treatment to speed
wound healing in diabetes-induced animal models.

4 | CONCLUSION

In conclusion, HMC and HA-based hydrogels with only
2 wt% 0.5 wt% polymers appear to have a very porous
morphology when compared with chemically cross-
linked HMC-HA hydrogels. When 2.0 wt% AgNPs are
added to an HMC-HA hydrogel matrix, the latter cross-
links with the former, resulting in an HMC-HA hydrogel
matrix with improved optical, spectral, and morphologi-
cal properties, which can be used as an effective
antibacterial and wound healing process in the nursing
care of burn injury in children. The Debye-Scherrer equa-
tion was used to compute the particle size of the AgNPs,

which was found to be around 28 nm, which was consis-
tent with the TEM observations. The inclusion of AgNPs
demonstrated outstanding stability on the gelation dura-
tion, in vitro degradation, and swelling properties
because of the probable inter-chain cross-linking of
HMC-HA hydrogel. Antimicrobial investigations using
HMC-HA and HMC-HA hydrogels loaded with AgNPs
show good resistance against Gram-positive and Gram-
negative bacteria, with E coli and S aureus showing supe-
rior colony formation suppression. In an in vivo full-
thickness excisional wound healing mouse model, the
proposed composite HMC-HA hydrogels loaded AgNPs
dressing significantly improved wound closure by day
16, and histological examination of the tissue in the
wounded area showed rapid reepithelialisation, differen-
tiated dermis, and epidermis, with minimal scar tissues.
These findings support the potential of HMC-HA hydro-
gels loaded with AgNPs for wound healing and burn
injury nursing care in children.
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