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ARTICLE INFO ABSTRACT
Keywords: Hydrogels containing antimicrobial materials have emerged as attractive platforms for wound
Anti-bacterial treatment in the past decade due to their favorable bio-mimicking properties, excellent modu-

Hybrid hydrogel

Polyvinyl alcohol
Hyperbranched poly L-lysine
Silver/ tannic acid nanoparticle
Wound healing

lation of bacterial infection, and ability to minimize bacterial resistance. Herein, a hybrid com-
bination of polyvinyl alcohol (PVA), hyperbranched poly L-lysine (L), tannic acid decorated
AgNPs (AgTA NPs), loaded with Allantoin (Alla) is used to fabricate PLAg-Alla hydrogel dressing
via the freeze-thaw method without use of any chemical cross-linker. The PLAg-Alla hydrogel
possesses a great structure, is biodegradable, and safe, and exhibits high antibacterial potential,
all required for efficient wound healing. The incorporation of AgTA and poly L-lysine (L) within
the hydrogel contributes to the enhancement of antibacterial ability, as well as effectively pro-
moting the wound healing. This hybrid hydrogel possessed favorable physicochemical features,
robust antibacterial properties, and accelerated wound healing in vivo as promising dressing for
the clinical application.

1. Introduction

In recent years, wounds have been identified as a challenging issue that often leads to increased mortality rates. The main obstacle
in the wound healing process is the risk of bacterial infections especially from staphylococcus aureus bacteria [1-3]. Bacteria can easily
enter the body through the wound site and penetrate in deeper layers of the skin. This may potentially lead to sepsis, resulting in a
significant risk of amputation and morbidity [4,5]. Therefore, an antibacterial wound dressing is required to inhibit infection and
bacterial growth. Furthermore, an ideal wound dressing should possess the following characteristics: maintaining a moist wound
environment, protecting the wound from infection, and being biocompatible [6]. Unfortunately, traditional dry dressings often fail to
provide the necessary moisture and tend to adhere to the wound, resulting in tissue injury upon removal. However, common tradi-
tional wound dressing, such as gauze and bandages, play a crucial role in the initial stages of wound healing [7]. Hydrogels are
considered promising materials for wound treatment, as they can be prepared from various polymers and offer versatility [8].
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List of abbreviations

AgNPs  Silver nanoparticles

Alla Allantoin

AgTA NPs Tannic acid modified AgNPs
AgNO;3  Silver nitrate

DLS Dynamic light scattering

DTA Diffraction thermogravimetric analysis
FWHM  Full width at half maximum

IR Infrared spectra

KOH Potassium hydroxide

L Hyper branched poly L-Lysine

PVA Polyvinyl alcohol

PAg PVA loaded with AgTA NPs
PLAg PAg loaded with L
PLAg-Alla PLAg loaded with Alla
THF Tetrahydrofuran

XRD X-ray diffraction

Hydrogels, being a polymeric network with physical or chemical cross-links, possess the unique ability to swell and absorb water [9].
They can create a biomimetic barrier against bacteria to protect the wound [10]. Additionally, hydrogels can mimic the natural
extracellular matrix which not only reduces pain but also accelerates epidermal regeneration [11]. Developing new hydrogel dressing
with low toxicity, cost-effectiveness, simple preparation processes and antimicrobial potential is considered an ideal platform for
wound treatment. Recently, hybrid hydrogels with multifunctional potential have been investigated for effective wound treatment
[12,13]. In this study, a hybrid hydrogel dressing was reasonably fabricated by simply mixing PVA, AgTA NPs, and hyperbranched
poly L-lysin [14-17]. PVA is a water-soluble polymer that is widely used in medicine for various applications, such as tissue engi-
neering and drug delivery systems. However, due to the lack of antibacterial properties in pure PVA, researchers often prepare
PVA-based antibacterial hydrogels by incorporating metal nanoparticles or other agents [18]. Additionally, studies have demonstrated
the high antimicrobial efficiency of AgNPs in wound treatment, yet their clinical use remains controversial due to potential toxicity
concerns. AgNPs can be further modified with natural antimicrobial agents to address these concerns [19-21]. In this context, TA, a
natural polyphenol, is used to develop antibacterial materials through the green synthesis of biocompatible AgNPs. TA can form
multiple hydrogen bonds with different polymers (e.g., PVA, chitosan, agarose) enabling the fabrication of versatile hydrogels. This
makes TA a valuable component in advanced multifunctional wound dressings, offering a non-antibiotic treatment approach [22-25].
Furthermore, poly lysine, a natural antimicrobial peptide, with strong antibacterial characteristics, is edible, biodegradable, non-toxic,
and can be produced at a low cost. It has been used as an antimicrobial food additive and has found applications in gene delivery, tissue
engineering, wound repair, and other biomedical fields [26,27]. Additionally, allantoin (Alla) was used as a drug model in this study.
Alla, a nature-based drug, is clinically used to manage acne, scars, eczema, and wounds and has showed antioxidant,
anti-inflammatory and cell proliferating potentials [25,28-30]. Therefore, the aim of this study is to design an Alla-loaded hybrid
hydrogel that has antibacterial and wound healing properties and is biocompatible at the same time.

2. Method and materials
2.1. Materials

All of the chemical materials and drugs, including PVA, TA, Silver nitrate (AgNO3), L-lysine hydrochloride, Disodium hydrogen
phosphate, Sodium dihydrogen phosphate, Phosphoric acid, Methanol, Potassium hydroxide (KOH), Tetrahydrofuran (THF), Sodium
citrate, Petroleum ether, Ketamine, Xylazine and Alla were purchased from (Sigma-Aldrich, USA) and (Sigma-Aldrich, Germany) with
analytical grade. Bacterial cells were prepared from the Pasteur Institute (Iran). The Ethics Committee of Ardabil University of Medical
Sciences approved this study with the ethics code IR.ARUMS.AEC.1401.020, ensuring it adhered to the institutional and international
guidelines for animal care.

2.2. Preparation and characterization

2.2.1. Preparation of AgTA NPs, hyperbranched poly L-lysine and PVA based hydrogel

To fabricate the PLAg-Alla hydrogel, AgTA NPs, hyperbranched poly L-lysine (L) and Alla were incorporated into a PVA solution
using a single cycle of freeze-thaw. Initially, AgTA NPs and hyperbranched poly L-lysine were synthesized. Next, the optimal con-
centration of AgTA NPs was determined and PVA-based hydrogel was prepared with optimized ratio of the AgTA NPs. To synthesize
AgTA NPs via green synthesis method, an aqueous solution containing AgNO3 (0.017 % W/V) was heated to its boiling point and
refluxed with continuous stirring. Subsequently, an aqueous solution of sodium citrate (4 % W/V) and TA (5 % W/V) was introduced
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into the silver nitrate solution under stirring. The immediate transformation of the solution to a yellow color indicated the successful
formation of AgTA NPs. The resulting solution was stirred vigorously for 15 min and then allowed to cool at room temperature. Next,
the solution containing AgTA NPs was centrifuged at 12,000 rpm for 15 min and the supernatant was discarded. The precipitate was
collected as AgTA NPs. Hyperbranched poly L-lysine was prepared via the thermal polymerization of L-lysine-hydrochloride according
to a previous study [31]. This process results in the formation of multi-branched poly L-lysin. In summary, we completely mixed
L-lysine hydrochloride and KOH to form a consistent paste. We kept the mixture at 150 °C for 48 h after adding paraffin oil. Next, we
discarded the paraffin oil and washed the residue mixture three times with ether. The obtained brown solid product was then dissolved
in methanol, and the side products were removed by filtration. Finally, tetrahydrofuran (THF) was added to the filtered solution, and a
yellow-brown precipitate was obtained, which is the Poly L-lysine. In this study, 4 types of hydrogels including, PVA alone, PAg (PVA
based hydrogel contain AgTA NPs), PLAg (PVA based hydrogel contain AgTA NP and L), and PLAg-Alla (PVA based hydrogel contain
AgTA NPs, L and Alla) were prepared via the freeze-thaw method. In all hydrogels, the concentrations of PVA, L, and Alla were 10 %, 1
%, and 1 % W/V, respectively. To optimize hydrogel preparation, we fabricated a series of PAg hydrogels with decreasing concen-
trations of 0.1, 0.05, and 0.01 wt% of AgTA NPs. Based on the results of characterizing PAg hydrogels, including, initial water content,
water retention, swelling and degradation, the PAg hydrogel with AgTA NPs 0.01 wt% was investigated for loading hyperbranched
poly L-lysin and Alla. To prepare the hydrogels, a 10 % W/V solution of PVA was prepared in deionized water and then an aqueous
solution of AgTA NPs (0.01 % W/V) was added to PVA solution. To form PAg hydrogel, a freeze-thaw cycle was performed (at —25°
(18 h) and at room temperature (6 h)). Notably, to prepare PLAg and PLAg- Alla hydrogels, poly L-lysin and Alla were added to the
mixture of PAg before the freeze-thaw cycle to prepare hydrogels containing these materials. The AGTA NPs, PAg, PLAg and PLAg- Alla
hydrogels were characterized by DLS, FTIR, XRD, TGA, antibacterial assay, and in vivo wound healing examinations.

2.2.2. Instrumental analysis

The samples were analyzed to confirm the hydrogel formation and drug loading using Infrared spectroscopy (IR). An IR spec-
trometer (Bruker, Germany) was utilized, and ATR-FTIR spectra were recorded in the wavenumber range of 400-4000 cm~! at room
temperature. X-ray diffraction (XRD, Philips PW1730) analysis was performed to study the crystallinity of the raw material and the
product at room temperature, with a 20 range of 10-80°6. The thermal degradation of the samples was investigated via thermogra-
vimetric analysis (TGA, STA6000). The thermal behavior study was conducted with a heating temperature range of 25-800 °C and a
heating rate of 10 °C min~! under a nitrogen atmosphere. The size and charge of AgTA NPs were determined using dynamic light
scattering (DLS, ZN Series).

2.2.3. The initial water content measurement

For this test, the fresh-fabricate hydrogels were weighed and their weight recorded. Next, samples were dried in an oven at 60 °C
and weighed again. The initial water content was calculated using formula [1], where W and Wq representing the initial weight and
the weight of the dried hydrogel [32].

W0 — wd
— X

Initial water content (%) = WO

100 (€D

2.2.4. The water retention capacity measurement

To perform this test, the weighed pieces of each hydrogel after preparation were placed in PBS (pH 7.4) for 48 h at 37 °C to swell.
After this time, the hydrogels were taken out from the PBS and left at room temperature. At specific times, the hydrogels were weighed.
After the last time of test, the hydrogels were placed in the oven to dry completely and then weighed again. The water retention
percentage for each hydrogel was obtained using the following formula [2]: In the formula below, M is the weight of the hydrogel at
time t and My is the weight of the dried hydrogel after oven drying [33].

(Mt — MO)

Water retention capacity (%) = 70

x 100 2

2.2.5. Swelling measurement

A swelling test evaluated the ability of different samples to absorb water. First, pieces of dried hydrogel were weighed before
swelling (W). Next, the weighed hydrogels were immersed in a PBS medium (pH 7.4) and kept at 37 °C. At specific time intervals, the
swollen samples were taken out of the PBS solution, and the surface moist of hydrogel was removed with filter paper and weighed
immediately (W). The weighed hydrogels were then re-incubated in PBS to assess swelling at different times. The swelling percentage
at any time was calculated using the following equation [3,34].

(Ws — WO)

Swelling (%) = Wo

x 100 3

2.2.6. The degradation measurement

To evaluate the degradability of hydrogels, the initial weight (WO) of the samples was recorded. Next, the hydrogels were immersed
in PBS (pH 7.4) and incubated at 37 °C. At distinct time intervals, the hydrogels were removed from the PBS and dried in an oven at
60 °C. The weight of the hydrogel samples after drying was determined (Wf) and the degradability percentage was calculated using
equation [4,35].
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(W0 — Wf)

Degradation (%) = WO

x 100 “@

2.3. Antibacterial experiment

The antibacterial study of PVA hydrogels was conducted against gram-positive bacteria Staphylococcus aureus (ATCC ® 25,923™),
and gram-negative bacteria Escherichia coli (ATCC ® 25,922™) using the plate counts assay [36]. A weighed amount of hydrogel was
mixed with 1 mL of the bacterial suspension, which had a concentration of 10° CFU/mL and was diluted using 0.9 % normal saline. The
mixture was incubated at room temperature for 24 h. After 24 h, the samples were diluted with PBS. Then, 100 pL of the resulting
dilutions were cultured on Mueller Hinton agar medium and incubated at 37 °C for another 24 h. After the incubation time, the number
of bacterial colonies was observed and counted. In this experiment, 20 mL of PBS was incubated with 1 mL of bacterial suspension in
the same condition, as a negative control.

2.4. Wound healing screen

This test aimed to evaluate the effects of the prepared hydrogel on the wound healing process. The experiment involved Sprague-
Dawley model rats that were randomly divided into four groups, each treated with Tegaderm™ film, PAg, PLAg, and PLAg-Alla. The
animals were first anesthetized (ketamine, 50 mg mL-! and xylazine, 20 mg mL, intraperitoneal injection), their hair was shaved, and
then a full-thickness wound (1 cm) was inducted on the dorsal region of the rats. Next, the wounds were covered with PVA based
hydrogels and film. The wounds were screened and photographed on days 0, 3, 7, and 14. The photographs were analyzed using
ImageJ software. Additionally, the wound size of each animal was calculated at time points of 0, 3, 7, and 14 days by following the
equation. The percentage of remaining wound area was calculated using wound areas at time points (0) and (t) by following equation

[5].

(Wound area (t))

Wound area (%) = (Wound area (0))

x 100 )

2.5. In vivo biocompatibility and histological studies

Animal toxicity of PLAg-Alla hydrogel against control group was investigated through the assessment of hematological and
biochemical factors. In this context, 2 mL of blood was taken from each animal 14 days post treatment. 1 mL of the blood was placed in
heparinized tubes to evaluate hematological factors and 1 mL was poured into non-heparinized tubes to assess biochemical factors.
After killing the animals on the 14th day, a histological examination was performed for important tissues including the liver, kidney,
and spleen. These tissues were first fixed in 4 % paraformaldehyde, then dehydrated and embedded in melted paraffin. Next, the tissues
were cut into thin slices and stained with hematoxylin and eosin (H&E). Light microscopy evaluated the morphological changes in the
tissue slices. Additionally, for the histological investigation of wound healing, the animal skin of different groups was removed to
evaluate wound healing.

2.6. Statistical analysis

Statistical analysis was conducted to assess the significance of the experimental results. At least three independent replications for
each dataset of all experiments were performed. The results are presented as mean + SD (standard deviation). GraphPad Prism and
Origin Pro software were utilized for statistical analysis, employing ANOVA. A difference (P) of less than 0.05 was considered sig-
nificant between the hydrogel group and the control group.
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Fig. 1. Size and zeta potential curves of AgTA NPs.
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3. Results and discussion
3.1. Ag/TA NPs particle size and zeta potential

The size and zeta potential of synthesized AgTA NPs were measured by dynamic light scattering (DLS), and the results are shown in
Fig. 1. As seen in the diagram, the most dispersed particle size ranges between 35 and 65 nm, with approximately 27 % of AgTA NPs
being 50 nm. Similarly, the zeta potential value for AgTA NPs is —25mV, indicating the stability and negative electrostatic charge of
synthesized AgTA NPs in the solution phase. Additionally, the crystalline size of AgTA NPs was estimated using the Scherrer following
equation [6]. Where, D, K, A, p and 6 parameters indicate size (nm), the Scherrer constant (0.9), the wavelength of X-ray source (0.154
nm), FWHM and peak position, respectively [37,38]. The parameters of Full width at half maximum (FWHM) and peak position were
calculated from the XRD pattern of the AgTA NPs.

D (nm) :/% x 100 6)

The crystalline size for AGTA NPs was obtained to be 39 nm. The sizes obtained from both the DLS and Scherrer analyses for AgTA

NPs were consistent with references [39,40]. The biological activity of AgNPs can be influenced by particle size, surface charge, and

the reducing compound type used in their preparation process. The surface charge and hydrophilicity of stabilized TA on AgTA NPs

play a crucial role in their stability and the interaction of NPs with bacterial cells, enhancing bactericidal activity. Furthermore, it was
found that smaller particles of AgTA NPs can effectively promote the biological properties [40,41].

3.2. Hydrogel optimization

3.2.1. Initial water content of the hydrogel

Fig. 2 displays the results of the investigation into the initial water content of PVA hydrogels. The initial water content of PVA
alone, PAg-0.1 (PAg hydrogel contain AgTA NPs 0.1 wt%), PAg-0.05 (PAg hydrogel contain AgTA NPs 0.05 wt%), and PAg-0.01(PAg
hydrogel contain AgTA NPs 0.01 wt%) hydrogels was obtained in the range of 88-90 %. Additionally, the initial water content of
hydrogels containing AgTA NPs was compared with that of PVA hydrogel. The results showed that the initial water content of PAg
hydrogels did not show a statistically significant difference compared to each other, but they were higher compared to PVA alone.
These findings indicate that the presence of Ag/TA in the structure of PVA hydrogel changes the amount of the initial water that is in
the hydrogel. However, there is no significant difference in the effect of tested concentrations of AgTA NPs on the initial water content
of the PVA hydrogel.

3.2.2. Water retention of PAg hydrogel

The water retention ability of PAg hydrogels was investigated in PBS (pH 7.4) at different time intervals (Fig. 3). As seen in the
graph, the percentage of water retention in all of the hydrogels during the first 0.5 h of the test is about 700-750, with no significant
difference between the three hydrogels at this time. During the first 2 h, the water retention capacity of PAg hydrogels is in the ranges
from 300 to 440 %. The results show that over time, the water content and the amount of weight loss in PAg hydrogels decrease with a
uniform slope, and the water retention capacity of PAg-0.1 hydrogel is higher compared to other samples. Furthermore, each hydrogel
released over 90 % of its absorbed water within 8 h, following which the hydrogels” weight loss slope stayed nearly constant. The
results of this test indicated that PAg hydrogels have almost the same ability to absorb and retain water, and the weight loss for all three
hydrogels is one-third of the initial value after 4 h. As shown in Fig. 3, the PAg hydrogels rapidly absorbed water and gradually released
it, suggesting their high hydrophilicity. This phenomenon can be explained by water molecules forming in the network structure of the
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Fig. 2. Percentage of water content of PAg-0.1, PAg-0.05, PAg-0.01 and PVA hydrogels (n = 3; Mean + SD).
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Fig. 3. Percentage of water retention of PAg-0.1, PAg-0.05 and PAg-0.01 hydrogels (n = 3; Mean + SD).

hydrogel, which are classified into three groups: free or bulk water, intermediated water, and bound water. The initial loss of water
retention within hydrogels can be related to the rapid evaporation of free water from the hydrogel sample [42].

3.2.3. Swelling of PAg hydrogel

The swelling properties of PVA and PAg hydrogels in PBS medium (pH 7.4) and up to 24 h are shown in Fig. 4. Also, the highest
amount of water absorption and swelling among the PAg hydrogels is observed in the PAg-0.05 hydrogel. Fig. 4 shows that the %
swelling of PVA hydrogels at all investigated concentrations was affected by the presence of AgTA NPs. This result may be related to
hydrogen bonding between the hydroxyl groups of PVA and the synthesized AgTA NPs. In addition to the effect of functional groups on
the swelling rate, the electrostatic repulsion and ionic fluctuations also influenced the swelling rate of PAg hydrogels. Furthermore, the
rate of PAg swelling can be directly attributed to the number of active interactions in the hydrogel network. Additionally, the
abundance of hydrophilic groups in the PAg hydrogel and the higher osmolality within the hydrogel network compared to the sur-
rounding medium result in the uptake of water molecules and swelling of hydrogel structure. Previous studies have demonstrated
similar results [43,44].

3.2.4. Degradation of PAg hydrogel

The degradation behavior of PVA and, PAg hydrogels in PBS (pH 7.4) and up to 48 h is shown in Fig. 5. As seen in the degradation
curves, the prepared hydrogels have shown different degradation percentages. After 48 h, the amount of degradation for all hydrogels
is almost similar, with about 13 % of the samples were degraded during this time. Similarly, the results show that during the first 8 h of
the test, the samples have a higher degradation rate, with degradability ranging from 8 to 10 %. A comparison of their degradation
results shows that there is no significant difference between the degradation behaviors of the prepared hydrogels.

As mentioned earlier, to optimize the hydrogel, a series of hydrogels were first fabricated by adding solutions of AgTA NPs with
different concentrations to a PVA solution. The initial water content, water retention, swelling, and degradability properties of the
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Fig. 4. Swelling of PVA, PAg-0.1, PAg-0.05 and PAg-0.01 hydrogels (n = 3; Mean + SD).
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Fig. 5. Degradation of PVA, PAg-0.1, PAg-0.05 and PAg-0.01 hydrogels (n = 3; Mean + SD).

hydrogels were then studied. The findings showed that changing the concentration of AgTA NPs did not affect these properties of the
hydrogel. In this study, the initial water content and water retention ability were not significantly affected by the concentration of
AgTA NPs. Similarly, the swelling and degradability tests indicated that various concentrations of AgTA NPs had no effect. Therefore,
the lowest concentration of AgTA NPs was chosen for the preparation of the hydrogel due to its enhanced biosafety. Water absorption
capacity and swelling are the important characteristics of hydrogels that affect their behavior, including the rate of therapeutics release
and the absorbtion of wound secretions [45]. PVA is one of the most common synthetic polymers, widely used in biomedicine due to its
high biocompatibility. However, PVA hydrogels have poor elastic properties, stiffness, and low hydrophilicity, which limits their use as
a polymeric material in wound dressings [46]. As seen in the results, the multicomponent PVA hydrogel had shown a fast and high
water absorption potential initially, likely due to the porous structure of the hydrogel. The degradation results showed that the PVA
hydrogels had a low percentage of degradation. It seems that physical interactions of PVA with AgTA NPs and L (poly L-lysin) improved
the stability of the hydrogel.

3.3. Physicochemical characterization

3.3.1. FTIR analysis

FT-IR technique has been applied to evaluate the chemical binding of the prepared hydrogel [47]. The FT-IR spectra of raw ma-
terials, including PVA polymer, L, TA, Ag(NO3) and AgTA NPs, PVA alone hydrogel, and PAg hydrogels are shown in Fig. 6. In the
infrared spectrum of PVA, the peak in the absorption region of 3100-3600 cm ™ corresponds to the stretching vibration of the OH
group. Also, the observed peaks in the range of 1740-1640 cm ™! are related to stretching vibrations of C=0 and C-O bonds of PVA
polymer [48]. In the spectrum obtained for Ag(NOs), the absorption peak at 3440 cm ™! is related to the stretching vibration of the OH
bond, and the peaks observed at 1632 cm™! and 1383 cm ™! are related to the stretching vibration of the C=0 bond and the bending
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Fig. 6. FTIR of Ag(NO3), TA, PVA, PVA-Gel, AgTA, poly L-lysin (L) and PAg.
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vibration, respectively. In the spectrum obtained for TA, a broad peak at 3383 cm~! and other peaks at 11,715, 1611, 1539, 1309,
1444, 1176, 1033 and 753 cm ™! are seen. These absorption bands are related to the stretching vibrations of phenolic OH and C-O
bonds and the stretching vibration of C=0 and C-O bonds. As seen in the FT-IR spectrum, PAg hydrogel shows all the characteristic
peaks of the pure polymer and AgTA NPs. The peak at 1383 cm ™! of AgTA NPs in PAg hydrogel was shifted to a wavelength of 1400
cm ! [49]. In the case of AgTA NPs, the peaks of 1033 cm ™! and 1176 cm ™! were combined, creating a broad peak at 1086 cm™!. Also,
the peaks of 1539 cm ™!, 1611 cm ™% and 1715 cm ™! of TA were combined in AgTA, creating a peak at 1634 cm ™! [50]. FT-IR findings
showed that AgTA NPs, and PAg hydrogels were formed correctly and the changes in the absorption spectra indicated the successful
formation of the hydrogel with AgTA nanoparticles.

3.3.2. XRD spectroscopy

The XRD pattern of raw materials, AgTA and prepared hydrogels is shown in Fig. 7. Diffraction peaks of Ag salt at values of 37, 44,
64, and 77 °0 corresponding to crystal phases (111), (200), (220) and (311) have appeared (JCPDS No.04-0783). Also, all of the
diffraction peaks of Ag salt with less intensity are observed in XRD of AgTA [51]. In addition, the XRD pattern of Alla and poly L-lysin
(L) confirm the presence of diffraction peaks related to their crystal phases at different values of 2. Similarly, the XRD of PVA shows a
broad diffraction peak in the 20 range of 18-22°, which is slightly shifted to higher 26 values in PAg and PLAg hydrogel. Some of the
peaks of raw materials and drugs are not observed in the PLAg-Alla hydrogel. These findings showed that some of the characteristic
diffraction peaks of the raw materials were weakened or disappeared in the final hydrogel. These changes can be attributed to the
successful presence of AgTA into the hydrogel structure, and the X-ray diffraction test also confirms the successful formation of the
final hydrogel.

3.3.3. TGA analysis

The thermal stability of raw materials, nanoparticles, and prepared hydrogels was analyzed via TGA (Fig. 8). Thermal graphs for Ag
(NOs) and AgTA NPs revealed two main degradation peaks. Ag (NO3) had a weight loss of 3.5 % at temperatures below 100 °C and 25
% at 350-550 °C. The graph for AgTA NPs indicated a weight loss of 7.5 % at 100 °C and 3.7 % at 100-600 °C. Ag (NO3) and AgTA NPs
had a total weight loss of 28 % and 11 %, respectively, up to 600 °C, with 70-90 % of their structure preserved. The PVA polymer and
PAg hydrogel showed three and four degradation peaks, with the main peak of degradation occurring above 200 °C with a weight loss
of more than 70 %. The PLAg hydrogel exhibited greater thermal stability at temperatures below 300 °C and less structure destruction.
Notably, the peak at 200-300 °C can be related to the weakening of the hydrogel network, and the weight loss peak above 300 °C
indicates the final stage of hydrogel degradation. The PAg hydrogel experienced weight loss at temperatures below 100 °C (3 %) and
between 100 and 200 °C (17 %). The highest weight loss for PAg (78 %) occurred between 200 and 600 °C. The thermal analysis
showed high thermal stability of the PAg hydrogel, which was improved by AgTA NPs. The PLAg hydrogel showed two stages of weight
loss, with 10 % loss at 300 °C and 73 % at 300-450 °C. The PLAg hydrogel demonstrated more thermal stability at temperatures below
300 °C, reducing hydrogel structure destruction. Alla also shows weight loss peaks, with over 95 % occurring after 700 °C. The PLAg-
Alla hydrogel has a similar weight loss process. Alla has three main weight loss peaks, with over 95 % of weight loss occurring after
700 °C. The PLAg-Alla hydrogel showed a weight loss process similar to PLAg hydrogel, with less weight loss in the first and second
stages. The results of TGA and DTG analysis showed an initial weight loss for raw materials and prepared hydrogels, likely due to the
evaporation of absorbed water and other volatile substances. The graph for PVA and hydrogel showed a high degree of degradation
above 200 °C with a weight loss of 71 %, and the highest weight of PVA degraded at this stage. The second peak was due to the
destruction of the side and main chains of PVA. The comparison of thermal analysis results showed that AgTA NPs had very high
thermal stability, and the hydrogel containing AgTA NPs had higher thermal stability than the pure polymer, with the presence of
AgTA NPs improving the stability properties of PVA.
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Fig. 8. TGA and DTG analysis of PVA polymer, Ag(NO3), AgTA NPs, PAg, PLAg, Alla and PLAg-Alla.

3.3.4. The antibacterial activity of hydrogels

The bacterial colony counting assay was used to investigate the antibacterial properties of AgTA NPs, PAg, PLAg, and PLAg-Alla
hydrogels against E coli and S. aureus bacteria strains. As shown in Fig. 9, a large number of bacterial colonies were observed in
the control groups after incubation for both bacteria strains. In contrast, no bacterial colonies are observed in the AgTA NPs solution
and the prepared hydrogels, compared to the control groups. The results of the bacteria test show that the hydrogel and its components
can inhibit the growth of microorganisms, demonstrating excellent antibacterial properties against gram-positive and gram-negative
bacteria strains. This can be related to the inherent antibacterial properties of AgTA NPs, and poly L-lysin (L). AgNPs are antimicrobial

Control PLAg PLAg-Alla

E. Coli bacterium

/

S. aureus bacterium

Fig. 9. Antibacterial efficacy of AgTA, PAg, PLAg, and PLAg-Alla by colony counting method.
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compound that induces bactericidal effect through mechanisms, such as disruption of the bacteria cell membrane and cytoplasmic
wall, ribosome denaturation and inhibition of protein synthesis [52]. Moreover, the presence of TA as an antimicrobial and reducing
agent in the AgTA NPs result in the synergistic of bactericidal effect of Ag NPs. In addition to antibacterial ability of the AgTA NPs, the
cationic nature of hyperbranched poly L-lysin that induces antibacterial effect via the electrostatic interaction with the negatively
charged cell surfaces, resulting in bacteria cell death [53]. Similar results were observed with references [54-56]. In general, the
antibacterial capacity of wound dressing hydrogels can promote more efficiency of their biological effect.

3.4. In vivo toxicity studies on PLAg-Alla hydrogel

3.4.1. Hematological and biochemical factors

The blood and biochemical factor values of the animals treated with PLAg-Alla hydrogel are shown in Fig. 10. Using the unpaired t-
test, the average of each factor of the hydrogel group was compared with the control group (without treatment) and analyzed sta-
tistically. As seen in Fig. 10, the levels of blood factors of white blood cells (WBC), neutrophils (NEUT), lymphocytes (LYMPH), and
monocytes (MONO) in animals treated with PLAg-Alla hydrogel show a statistically significant difference compared to the control
group. Specifically, the levels of WBC, NEUT, and LYMPH showed a significant increase compared to the control group, while the
number of MONOs significantly decreased compared to the control group. Additionally, the biochemical factors of alkaline phos-
phatase (ALP), albumin (Alb), calcium (Ca), phosphorus (PHO), creatine (KERA), and blood urea nitrogen (BUN) in the group treated
with PLAg-Alla hydrogel showed no significant difference compared to the control group. Moreover, the levels of blood platelet factors
(PLT), hematocrit (HCT), hemoglobin (HGB), and red blood cells (RBC) in treated animals are not significantly different from the
control group. These findings showed that the levels of blood factors showed significant changes compared to the control group, likely
due to the activation of the immune system and the triggering of inflammatory responses during the wound healing process. These
results confirm the effect of the prepared hydrogel in the wound healing process as well as in vivo non-toxicity.

3.4.2. Histological study of kidney, liver, and spleen organs of animals

The histological changes in the kidney, liver, and spleen after the animal treatment with film, PAg, PLAg and PLAg-Alla hydrogels
are shown in Fig. 11. As seen in the pictures, the hematoxylin-eosin (H&E) staining of these vital organs does not show any tissue
damage such as necrotic tissue (dead tissue) or changes in the structure of the cells, in the hydrogel groups compared to the film group.
Additionally, no morphological changes indicating proliferative changes related to blood cells, hemotoxicity, or inflammatory
symptoms were observed in animals treated with hydrogel. In the images of kidney tissue samples, no signs of necrosis or tissue
destruction can be seen. The shape of the glomeruli is completely normal, and the glomerular capillary rings do not show any signs of
tissue death and congestion (hypertrophy). Furthermore, a histological examination of the spleen did not show signs of atrophy or
hypertrophy. The ratio of white to red pulps in the spleen and the population of white pulps were normal. The histological results of
kidney, liver, and spleen confirmed the prevention of cell damage in these organs in animals treated with hydrogels.

3.4.3. Evaluation of wound histological

H&E staining was performed on skin tissue sections to evaluate the wound histologically after 14 days of treatment (Fig. 12). The
histological examination of the skin indicated that the wound surface was covered with new epithelial tissue in all groups. In the skin
samples from the PLAg-Alla group, the formation of epidermal tissue and new buds was more organized, uniform, and regular.
Additionally, a higher density of collagen fibers and fibroblasts was observed in the dermis of the PLAg-Alla group’s skin samples. The
presence of inflammatory cells and remnants of necrotic tissue was reduced in the PLAg-Alla group. Furthermore, scar tissue was not
observed inthis group.

3.4.4. In vivo wound healing study

The wound site was screened during treatment, and the wound area was calculated using ImageJ software. The evaluation of the
wound in each group is shown in Fig. 13A and B. The hydrogel-treated animals exhibited a faster healing process compared to the film
group. The wound area on day 3 after surgery was significantly smaller for animals treated with PLAg-Alla than those treated with the
film group, and it continued to decrease on days 7 and 14. The PLAg and PLAg-Alla treated animals presented a promoted wound
closure rate, with approximately 98-99 % of the wound zone regenerating during the test period. These observations can be explained
to the effects of hydrogels on the wound hydration, their swelling capacity to absorb wound exudates, and the effects of the loaded Alla
in promoting cell proliferation. The high antimicrobial efficiency due to the presence of antimicrobial NPs also contributed to these
results. This study concluded that PAg and PLAg-Alla hydrogel had a better regeneration rate and shrinkage compared to the other
groups. These findings can be related to the combination and enhancement of the therapeutic properties of the hydrogel components,
such as antibacterial, homeostasis, anti-inflammatory effects, and the induction of extracellular matrix formation within the hydrogel
structure as a 3D platform. Similar finding have been reported in several other studies [56].

4. Conclusion

Wound care and treatment have always been one of the most important aspects of medical science. Synthetic wound dressings, such
as hydrogels, are now considered an alternative treatment, and choosing the appropriate compounds for their preparation plays an
important role in increasing their efficiency as an ideal wound dressing. Here, we prepared a multi-component hydrogel with enhanced

antibacterial efficiency, containing PVA, AgTA NPs, and L. The method of hydrogel fabrication was simple, inexpensive, and safe. The
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model drug (Alla) was loaded into the hydrogel to reduce inflammation and promote cell proliferation. The physicochemical properties
examination confirmed the correct formation of the NPs and hydrogel. The bacterial count test also revealed the excellent antibacterial
activity of the hydrogel against two common bacterial strains; E. coli and S. aureus. Additionally, PLAg-Alla hydrogel materials were
biocompatible, physically cross-linked, and stable. Therefore, the prepared hybrid hydrogel can be suggested as a candidate dressing
for wounds.
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