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Abstract
The infections and delayed wound healing after cesarean delivery is one of the most complicated issues
in surgical medicinal �eld. In the present investigation, designed novel polysialic acid loaded gelatin
(PSA-Gel) composite hydrogels cross-linked by tannic acid (TA) has been developed and used as a facile
wound dressing to improve cesarean wound healing ability with prevent bactericidal infections. The
cross-linking effect was predominant when the TA content was lower, resulting in the formation of a
cross-linked network. An effective TA cross-linking effect on the PSA-Gel hydrogel matrix was achieved
when the amount of TA was around 15 wt %. The morphology of as-fabricated hydrogels was
characterized using scanning electron microscopy (SEM) with an average pore sizes of PSA-Gel, PSA-Gel-
TA-5%, PSA-Gel-TA-10%, and PSA-Gel-TA-15% hydrogels were 95.4 ± 12.6 µm, 120.4 ± 8.2 µm, 165.3 ± 21.6
µm, and 270.2 ± 32.5 µm, respectively. The effects of hydrogels on the swelling ratio, in vitro degradation,
and mechanical properties were systemically evaluated. The TA cross-linked PSA-Gel hydrogels display
strong antimicrobial behavior against gram-positive (Staphylococcus aureus) gram-negative (Escherichia
coli) bacteria strains. Moreover, PSA-Gel-TA hydrogels also displayed favorable cytotoxicity toward L929
�broblast cell lines. Finally, the therapeutic and wound healing potential of the PSA-Gel-TA hydrogels has
been studied in vivo using the excision wound model in rats. The results indicate that the PSA-Gel-TA
hydrogels have a greater and signi�cant effect on wound closure and increased the wound healing rate
compared with native PSA-Gel hydrogels and untreated control group. The �ndings suggest that PSA-Gel-
TA hydrogels are promising dressing materials for the treatment of wound healing.

1. Introduction
The surgical site infections and delayed healing effects after cesarean delivery is a complicated problem
past decades. At the same time, many researchers have great attentions on this di�culty and found
many interventions intended to reduce infection related issues with administrations of effective
antibiotics to progress signi�cant healing effect with addition of skin favored biomaterials. An infection
related matters after cesarean surgery is an expensive and it has been projected to cost more than 4,700
USD approximately. Surgical resection is one of the most important means applied in clinical
medicine[1–3]. Surgical excision, however, is frequently followed at the insertion wound by postoperative
pain, and mostly causes broad normal tissue defects [4]. For example, during tumor excision, which is still
a major procedure among several cancer treatment techniques, normal cells across the tumors must be
cleared to avoid failure to fully remove tumor cells [5]. Different types of wound care were developed so
far, including hydrogels that have already been aimed after to own their 3D porous structure replicating
cell membranes, huge water absorption power, and innovative fast encapsulation with other bioactive
compounds. In general, injectable hydrogels were considered as prominent prospects for wound
dressings, possessing very variable wound sites lacking gel degradation to suit their �exibility, thus
promoting surgical activity [6]. A complex biological mechanism is involved during wound healing,
containing cascades of activities, like hemostasis, accompanied by in�ammation, regeneration, and
remodeling [7]. The ideal dressing must be capable of absorbing wound exudate, preserving the wound
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surface area temperature and relative humidity, and getting su�cient antibacterial and anti-in�ammatory
properties [8].

In biological applications for several years, hydrogels have been studied as drug carrier mechanisms. The
3D porous structure and lipophilicity offer water or blood for hydrogels with characteristics to support
and also provide a sustained moist atmosphere for wound healing expatriation [9]. Moreover, due to their
soft, wet characteristics and 3D structure identical to the cell membrane, hydrogels are attractive wound
dressings. A range of materials such as nanomaterials, natural polymers, semi-synthetic polymers,
synthetic polymers, and hydrogels have been used in an attempt to �nd �exible wound dressings [10–12].
The signi�cant nanomaterial class is polysaccharides from bacteria, such as chitosan, alginate, and
polysialic acid (PSA). PSA is an environmentally friendly polysaccharide formed by Escherichia coli
fermentation with an alpha-2,8 linkage of N-acetylneuraminic acid (Neu-Ac) [13]. Neu-Ac is commonly
distributed in animal and human cells in the oligosaccharide terminal, and PSA can be contained in
neural adhesion molecules [14]. Also, PSA-based nanocomposite has been discovered to increase neural
cell growth and to deliver bene�cial peripheral nerve repair properties as a pathway component through
gene expression and in vivo peripheral nerve repair. Collagen, hyaluronic acid, �brin, sodium alginate, and
gelatin are the natural products for bio-ink [15, 16]. Composite polymers, while generally reduced cell
e�ciency, have the bene�ts of abundance, longevity, excellent mechanical properties, and switchable
degradability. Gelatin (Gel) is a polymer of low-charge-density peptides that is an ingested collagen
substance with a shape close to that of a living cell and has strong biocompatibility [17].

Tannic acid (TA) is a weakly acidic polyphenol containing groups of digal acid conjugated through ester
bonds to a core glucose center [18]. In-plant species and micro-organisms, TA components are found and
also have the capacity to precipitate molecules (collagen, gelatin, and albumin), certain polysaccharides,
and solution alkaloids [19]. TA has signi�cant astringent, oxidative, hemostatic, and antimicrobial activity
and, thus, has received desirable applications in the medical �elds as a medicine for the treatment of skin
ulcers, burns, wounds, and toothache, in addition to other uses in the clothing, wine, and wood factories
[20]. The incorporation of TA to other biomaterials is supposed to synergistically improve therapeutic
effects. TA treatment has been con�rmed to provide many bene�ts, such as reducing mortality and
plasma loss, coagulating with weakened collagen, and providing homeostatic burning effects due to its
effective antimicrobial and antioxidant nature [21]. Via hydrogen bonding, TA may be correlated with
PSA-Gel chains. In deciding the concomitant mechanical properties, the extent of these transformations
and reactions in PSA-Gel-TA systems plays a major role. The creation of a hydrogel matrix that can
consistently compete with bacteria, tumor inhibition, and wound healing in medical therapy is therefore of
considerable importance [22].

In this study, we combine the advantageous properties of TA, PSA, and Gel to generate novel responsive
hydrogels for wound healing and nursing care after cesarean surgery (Scheme 1). The morphology,
swelling ratio, in vitro degradation, and mechanical properties of the PSA-Gel-TA hydrogels were
characterized. The antibacterial activity of the ternary composite PSA-Gel-TA hydrogels against gram-
negative and gram-positive bacteria was investigated. The wound dressing material can e�ciently help
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repair and restore the surrounding tissue or cells in the wound. Thus, MTT experiments examined the
biocompatibility of PSA-Gel-TA hydrogels and calculated the cell viability percentage of L929 �broblast
cell lines for future wound dressing formulations using the prepared porous PSA-Gel-TA hydrogel. Finally,
in vivo studies with rat models were performed with this TA cross-linked PSA-Gel hydrogels.

2. Experimental Details

2.1. Materials
Polysialic acid (PSA sodium salt (Mw = 1.6 × 104Da), purchased from Jiangsu Rui Guang Biotechnology
Co., Ltd., was further dialyzed against distilled water and lyophilized. Gelatin (Gel), tannic acid (TA) were
purchased from Sigma-Aldrich. All reagents have been used without further puri�cation unless otherwise
stated. Distilled water was used throughout the experiments.

2.2. PSA-Gel-TA hydrogel fabrication
PSA-Gel-TA hydrogels were fabricated brie�y, 1.5 g of PSA was dissolved in 5.0 mL of 1.0% NaOH, and
0.5 mL of epichlorohydrin was added to react at 45°C for 12 h under mixing. Subsequently, a 2.0 gm Gel
in 100 mL deionized water and heated up to 45°C to prepare the polymer solution. After stirring for 2 h, a
precipitate formed, which was collected and washed with a large amount of distilled water to give the
PSA-Gel hydrogel. Then the different amount of TA solution (5.0 mL) was added to the PSA-Gel polymer
solution prepared previously to achieve the resulting hydrogel solutions with 5, 10, and 15 wt% TA
solution. The �nal concentration of 15% TA (v/v) was used, and the reaction was heated at 60°C for 3 h
to form PSA-Gel-TA solutions. The mixture was further stirred at 60°C for 2 h until a PSA-Gel-TA hydrogel
formed.

2.3. Scanning electron microscope
The morphology of PSA-Gel and PSA-Gel-TA hydrogels were surface-treated with spray-gold and observed
by using a Scanning electron microscope (Quanta 200, FEI, Oregon, USA).

2.4. Swelling ratio measurements
The swelling ratio of the PSA-Gel and PSA-Gel-TA hydrogels was carried out according to a general
procedure. Weights have been tested for lyophilized hydrogels (W0). The hydrogels were then submerged
in PBS (pH = 7.4) for up to 3 h. After cleaning the surface water with �lter paper, the swelling hydrogels
were measured and weighed again after 24 h of lyophilization. They tested replicated three times of each
sample. The swelling ratio of hydrogels was calculated according to the following equations;

Swelling ratio (%) = (Ww − W0)/W0 × 100.

2.5. In vitro degradation
The in vitro degradation of PSA-Gel and PSA-Gel-TA hydrogels was initially processed in a similar way to
the swelling ratio analysis. The hydrogels for a given time course were then carefully stored at 20°C and
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37°C. Weights have been tested for lyophilized hydrogels (W0). The hydrogels PSA-Gel and PSA-Gel-TA
were then soaking in PBS (pH = 7.4) for up to 14 days. The PSA-Gel and PSA-Gel-TA hydrogels were
washed properly with DI water to remove any residual contaminants after soaking for 1, 4, 7, 10, and 14
days and then lyophilized and weighed (Wd). The degradation ratio of hydrogels was determined using
the formula;

Degradation ratio (%) = (W0 − Wd)/W0 × 100.

2.6. Mechanical properties
Mechanical properties of the hydrogels were tested on the universal tensile strength testing machine
SANS CMT7000 with a load rate of 20 mm/min, equipped with a load cell of 100 N. Specimens of PSA-
Gel and PSA-Gel-TA hydrogel were soaked in water for 2h in PBS 7.4. Following the pattern, the samples
were taken into a dumbbell shape. The size of the gauge was 500 mm and the frequency of the axle was
50 mm/min. From each sample, ten samples were counted. From the stress-strain curve, the individual
tensile modulus and fracture strength were obtained.

2.7. Antibacterial properties
Antibacterial activity of PSA-Gel and PSA-Gel-TA hydrogels was checked against gram-positive
(Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria by using a total colony count
method. The test bacteria were inoculated in sterilized TSB and BHI broth, respectively, and incubated for
16 h at 37°C. By using fresh broth to obtain a standard inoculum of 106 CFUs/mL S.aureus and E.coli,
the OD at 595 nm of each culture was set to 1.0, which was con�rmed by counting the number of
colonies on agar media after a 10-fold dilution sequence. The hydrogel discs were separately put in
cultured plates of E.coli and S. aureus and held for 24 h at 37°C. The antimicrobial analysis was
performed in an aseptic environment after the test samples were put over the sterile cultured solid media,
accompanied by incubation at 37°C for 1, 4, 8, 24, and 48 h. At 37°C for the bacteria and 30°C for the
fungus, the plates were incubated for 24 h and then the number of colonies was measured.

2.8. Cytotoxicity test
To test the cytotoxicity of the PSA-Gel and PSA-Gel-TA hydrogels, the L929 mouse �broblast cell line was
used. 90% DMEM (high glucose), GlutaMAX (TM) and 10% Fetal Calf Serum (FCS) were prepared for
cultivation. In a 96-well microplate, the human �broblasts were cultured and incubated for 24 h at 37°C
and 5% CO2 in a humidi�ed atmosphere. Cultured monolayer washed with PBS at 90% con�uence, then
trypsinized with 2.0 ml (0.5%) of the trypsin-EDTA solution, incubated for 2 min. The viability of the cells
was assessed using an MTT assay. In brief, at a concentration of 0.5 mg/mL, MTT with culture medium
was dissolved. Samples were extracted and MTT solution was applied (100 µL/well) into each well and
incubated for 2 h at 37°C. The medium was replaced with DMSO (100 µL) after incubation. On the
distilled hydrogel, the cells with a concentration of 3×104 were inoculated and cultured for 24 h. The cells
in the culture medium were the negative in�uence of the experiment on days 1, 7, 14 and 21. The
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percentage of cytotoxicity was calculated by Eq. (3) as abs (sample) is the absorbance of the treated
sample and abs (control) is the absorbance of control.

Cell viability (%) = (abs(sample)/abs(control) × 100 % (3)

2.9. Animal experiment
The animals were purchased from the Yantai Yuhuangding Hospital of Qingdao University, and male
Sprague Dawley rats of 4 ~ 6 weeks old were used in the study. Animals were maintained and fed ad
libitum under strict pathogen-free conditions. Animals had access to regular chow and water ad libitum at
all times and all procedures were carried out with the prior approval of the Institutional Animal Care and
Use Committee of Qingdao University Yantai Yuhuangding Hospital. The dressings were cross-linked,
dried gel in the in vivo model that could be cut for use. The rats were randomly assigned to 4 groups
according to the samples with 3 rats in each group: control (1×PBS solution), PSA-Gel, and PSA-Gel-TA
hydrogels. Anesthetized rats were sterilized with iodine wine under sterile conditions and a 1.5 cm (width)
area of about 5 cm (length) was marked on the dorsal area of the rats, which was the spontaneous �ap
area determined (note: the pedicel of the �ap was in the tail end). A full-thick skin �ap was raised, the soft
tissue underneath was cut off from the �ap, and the pedicle would cut off any axial blood vessels going
through the �ap. The �ap was carefully sutured back to its original position, 0.25 mL samples and 0.25
mL bacterial suspension (S. aureus, OD600 = 0.1) were injected intradermally into each �ap from the
distal end to the pedicle end (syringe speci�cations/mm: 0.45×16). After that, the rats were put back to
their cages after recovering from anesthesia. The dressings were impassive after surgery on days 7, 14
and 21, and the wounds were inspected and image for wound size measurements. The percentage of
wound closure was determined using the following equation at each point in time:

Wound contraction (%) = Day 0 - Day x/ Day 0 x 100 %

which x is the corresponding timepoint. The skin wound tissue was excised after imaging, �xed with 10%
formalin, and stained with hematoxylin and eosin to perform a histological assessment.

2.10. Statistical analysis
Statistical analysis was performed for post hoc correlations in Origin 8.5 by one-way ANOVA followed by
Tukey's HSD (Microcal Software Inc., Northampton, MA, USA). A t-test was conducted to compare the
importance of the disparity between the means of the two groups. A p value < 0.05 was measured
statistically signi�cant.

3. Results And Discussions

3.1. Morphology of PSA-Gel and PSA-Gel-TA hydrogels
Scaffold microstructure and porosity are very important in bone tissue engineering applications. The
space for nutrient distribution, cell formation, and propagation for signaling pathways and stimulation
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can be given by a porous structure [23]. Besides, for cell compatibility and development, surface
morphology is important. SEM was used to examine the microstructure and morphology of freeze-dried
PSA-Gel and PSA-Gel-TA hydrogels. The SEM images demonstrate that the hydrogels were porous,
obviously seen with closed pores with accessible and interconnected pores [24]. The morphologies of
PSA-Gel hydrogels of different concentrations of TA (5, 10, and 15%) are shown in Fig. 1. The pores
contained in PSA-Gel-TA were much larger than commonly seen in hydrogels containing PSA-Gel, so the
high porous structures were predominantly supported by TA molecules [25]. The wall thickness and pore
size of PSA-Gel-TA hydrogels have also improved with the growth of TA. The amount of TA content is
strongly determined by the degree of crosslinking, where the denser structure with lower porosity is the
more crosslinking in the hydrogels. Thus, in enhancing the porous structure and surface morphology of
PSA-Gel hydrogels, TA plays a major role.

The average pore sizes obtained from the SEM images were 95.4 ± 12.6 µm, 120.4 ± 8.2 µm, 165.3 ± 21.6
µm, and 270.2 ± 32.5 µm for PSA-Gel, PSA-Gel-TA-5%, PSA-Gel-TA-10%, and PSA-Gel-TA-15% hydrogels
surfaces, respectively (Fig. 1). Average pore sizes vary from 50 to 710 µm for bone tissue regeneration.
Many studies have indicated that macroporous structures ranging from 150 to 300 µm are favorable for
the healing of bones. The pore size range of the PSA-Gel-TA hydrogels was 150–300 µm, which is
su�cient for the bone tissue. 15% TA in PSA-Gel was more desirable, with pore sizes of 120–270 µm
supporting bacterial activity and the development of �broblast cells, based on the pore sizes of the
lyophilized hydrogels [26].

3.2. Mechanical properties
The mechanical property of PSA-Gel and PSA-Gel-TA hydrogels is of great importance for the application
in tissue engineering as shown in Fig. 2. Due to the regular motion and bending of joints, conventional
hydrogel dressings are prone to elongation, wear, and even injury. The self-healing hydrogels could
therefore signi�cantly extend their service time as a current wound dressing [27, 28]. Figure 2a,b shows
that the strain-stress curves and compressive strength of PSA-Gel and PSA-Gel-TA hydrogel present an
upward trend. The tensile strength and compressive strength of PSA-Gel are 56.3 kPa and 69.5%,
respectively [28]. After the introduction of TA, the tensile strength and compressive strength of PSA-Gel-
TA-15% increases by 76.4 kPa and 79.8% comparing to PSA-Gel, which might be due to the reason that
the TA increases the �exibility of the coating. It can be seen that the mechanical properties of PSA-Gel-TA
hydrogels are much improved by further ionic crosslinking [29]. Therefore, the hydrogels are strong
enough for cell culture in tissue engineering. Moreover, the young’s modulus of the PSA-Gel-TA hydrogel
increased from ~ 13.4 kPa to ~ 42.5, ~ 55.1, and ~ 73.6 kPa when the concentrations of incorporated TA
were 0, 5, 10, and 15%, respectively. An approximately 6-fold increase in young’s modulus could be
observed in the PSA-Gel-TA-15% hydrogel in comparison to the PSA-Gel hydrogel. If there is less hydrogel
in the young modulus, cellular anchorage can be repelled and the encapsulated cells can expand into
spheres [30].

3.3. Swelling ratio and degradation
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The swelling ratio (SR) is one of the most important parameters for evaluating PSA-Gel and PSA-Gel-TA
hydrogels. Swelling experiments under different conditions were performed to determine the effect of TA
on the swelling action of PSA-Gel-TA hydrogels. Firstly, SR relationship with time was examined in Fig. 3a
demonstrates PSA-Gel and PSA-Gel-TA hydrogel swelling kinetics in PBS (pH = 7.4). It can be shown that
these hydrogels have an increasing swelling activity that swells rapidly in the �rst 5 h, then rises slowly
after 10 h, and after around 36 h of swelling, the hydrogel eventually reaches equilibrium [31]. Hydrogels
have an equilibrium swelling ratio (SR) of 13.6–32.5%. This result can be due to the greater quantity of
TA strongly interacting with the PSA-Gel hydrogel functional groups, which decreased the swelling
potential. The �ndings suggest that crosslinking effectively prevents PSA-Gel-TA hydrogel swelling to
retain the original structure. The degradation of hydrogels is signi�cant in bone tissue engineering
applications, in addition to a swelling of the hydrogels. Figure 3b demonstrates the PSA-Gel and PSA-Gel-
TA hydrogels degradation activity. The �ndings suggest that the hydrogels degrade slowly and
spontaneously. Hydrogels also maintain more than 89.4% weight after 21 days and preserve the original
form. The �ndings suggest that if used in tissue engineering, the hydrogels would allow the tissue
enough time to restore [32]. PSA-Gel-TA hydrogels have the potential for bone tissue engineering
applications from the view of pore size distribution, swelling, degradation, and mechanical properties of
hydrogels.

3.4. Antibacterial analysis
The effects of PSA-Gel and PSA-Gel-TA hydrogels against two common pathogenic microorganisms, E.
coli, and S. aureus, are depicted in Fig. 4. The total number of bacteria treated by hydrogels has
decreased compared with regulation. PSA-Gel hydrogels were more effective than E.coli in inhibiting the
growth of S. aureus, while PSA-Gel hydrogels loaded with TA showed increased activity against both
bacteria. As shown in Fig. 4, PSA-Gel-TA hydrogel demonstrated excellent antibacterial effects, killing over
92% of bacteria [33]. Compared to the control group, there were more bacterial colonies in the PSA-Gel
and PSA-Gel-TA hydrogels classes, suggesting that the hydrogel setting is more acceptable than bacterial
growth control, without the intervention of TA we used could not kill more bacteria [34]. TA may cause
Gram-positive bacteria to be bacteriostatic because it hydrolyses the cell wall. It was thought that TA
stacks at the bacterial cell surface and interferes with the metabolism of bacteria or penetrates the cell
membrane and then adsorbs into biomolecules of nucleic acid [35]. Other hydrogels without crosslinking,
however, have failed to inhibit bacterial growth, which indicates that TA has antibacterial activity in the
PSA-Gel-TA hydrogel. These studies indicate the important antimicrobial effects of PSA-Gel-TA hydrogels
against both bacteria (E.coli and S. aureus).

3.5. Cytotoxicity of the hydrogels
The in vitro biocompatibility of the hydrogels was assessed using MTT assay with L929 cells (Fig. 5).
With the rise in TA levels results in a higher level of crosslinking, the viability of the cells was signi�cantly
precious and decreased properly. Remarkably, PSA-Gel-TA-5%, PSA-Gel-TA-10%, and PSA-Gel-TA-15% of
all preserved attractive great cell viabilities, which were even higher than PSA-Gel, Gel, TA of about 115%
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and 142%. The TA solution alone was analyzed and the L929 cell viability was also higher than the blank
control. To facilitate human �broblast proliferation, TA has been con�rmed, so the presence of TA in PSA-
Gel hydrogels could indeed accelerate �broblast formation [36]. Finally, by considering previously
recorded physical parameters, TA 15% was chosen for in vivo experiments, but most signi�cantly, with
good cell viability results presenting no deviation from the blank control. The highest cytotoxicity of the
PSA-Gel-TA-15% hydrogels was assessed after 1, 7, 14, and 21 days by performing the MTT assay. L929
cells grown on day 21 in PSA-Gel-TA-15% hydrogels had enhanced viability compared with those grown
on days 1 to 14. On day 21, the GEL-SS-PVA matrices showed signi�cantly greater cellular activity than
on days 1, 7 and 14. Compared with controls, the cell viability of each treatment group was statistically
signi�cant (p < 0.05). In the proposed approach, the development of GEL-SS-PVA hydrogels from cell
viability can be used as a loaded TA, regarded as a potential candidate for bone regeneration in biological
applications [37].

3.6. In vivo wound healing study
The smart design of the PSA-Gel and PSA-Gel-TA hydrogels enables it to be superior in promoting wound
healings through eliminating bacterial infection and promoting hair follicles/vessel regeneration. As
shown in Fig. 6. By injecting this hydrogel into the infected skin �ap wound of a rat model, we tested the
wound healing effect of PSA-Gel and PSA-Gel-TA hydrogels. By examining the wound area, clear
variations and reductions in wound reduction were observed and measured. Wounds treated with PSA-Gel
and PSA-Gel-TA hydrogels accelerated wound reduction as related with the control from day 7 after
wound healing, in precise the results of PSA-Gel-TA hydrogels were considerably higher than the control
and PSA-Gel hydrogels [38]. As shown, the wound with PSA-Gel-TA hydrogels exhibited excellent healing
effects without obvious infection compared to the wound treated with blank PSA-Gel, which indicates the
powerful antibacterial activity of the TA, rendering anti-infection feasible [39, 40]. Of note, the in vivo
swelling of the hydrogels is lower than in vitro studies. The degree of wound contraction of PSA-Gel-TA
hydrogels was signi�cantly higher than PSA-Gel hydrogels with little statistical variance. The control �nal
wound reductions, PSA-Gel and PSA-Gel-TA hydrogels were 65%, 73% and 94% respectively at day 21.
Although the fact that none of the wounds were fully healed by day 21, as seen in the photograph, closure
of the wound treated with PSA-Gel-TA hydrogels had almost existed. On the other hand, with the
treatment of PSA-Gel-TA hydrogels, no apparent in�ammation in the wound is found over 7 days and the
wound improves well within 14 days.

To further check the healing status of the skin wounds, we selected the wounds with the PBS control,
blank PSA-Gel hydrogel, PSA-Gel-TA hydrogel at days 7, 14, and 21 to observe their tissue section, which
was realized through H&E staining are shown in Fig. 7. After 14 days of wound treatment, the newly
established extracellular matrix over scar tissue reported at a greater rate the aggregation of
in�ammatory cells, �broblasts, and collagen bundles [41]. The in�ammatory response was observed on
day 7 to varying degrees in all groups; the development of granulation materials, with all the creation of
new small blood vessels and hair follicles, in the wound treated with PSA-Gel-TA hydrogels [38, 42].
Epidermal layer regeneration was understood in all groups from day 14 onwards. The layers of the newly
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regenerated epidermal cells were relatively smooth in the existence of PSA-Gel-TA hydrogels as wound
dressings, but the untreated groups newly reinforced epidermis appeared to be stained. Also, more blood
vessel restoration and hair follicle development were found in the wounds of treated animals with PSA-
Gel-TA hydrogels compared to the untreated community. Both groups displayed a strong epidermis with
thick epithelia, hair follicles, and �broblast-forming dense distribution of collagen �bers and freshly
formed, e�cient blood vessels that exhibited almost complete wound healing. In contrast, due to various
their gelling properties, hydrogels are ideal materials for covering irregular wound surfaces. The key
mechanism in the tissue matrix is wound contraction, which can decrease the healing time by
regenerating skin cells to restore damaged tissue at the wound site [43]. The most critical stage is the
synthesis and deposition of collagen, remodeling, and maturation during tissue repair and regeneration.
In�ammation in wounds, often in the absence of an infection that affects the effects of wound healing, is
a fundamental aspect. TA is an important component of natural antioxidants that can be used as food
preservatives or nutraceuticals but has been shown to potentiate the action of oxidant-induced PSA-Gel
hydrogels and promote wound regeneration [36, 44, 45]. The results indicate that the design of PSA-Gel-
TA hydrogels has been able to preserve TA antioxidant activity without impairing the proper in�ammation
of the wound. The newly developed epidermal tissues could develop on the hydrogels in the presence of
PSA-Gel-TA hydrogels as wound dressings, results in smooth and less wrinkled patterns as seen in the
histological assessment, also allowing for the prompt restoration of vascular and tissue. However, using
this current rat model, the excellent ability of PSA-Gel-TA hydrogels, TA15% in particular, to improve
wound recovery is demonstrated in vivo. Furthermore, these �ndings suggest that for wound healing, the
hydrogel can be a healthy therapeutic material.

4. Conclusions
A novel TA cross-linked PSA-Gel hydrogels were investigated in the view of a potential dressing material
with enhanced wound regeneration. We have successfully prepared a PSA-Gel hydrogels system amino
groups into a 3D network by incorporating TA with the surface of PSA-Gel hydrogels. The highly porous
structure of PSA-Gel-TA hydrogels with an average pore size of 270.2 ± 32.5 µm was revealed in the SEM
picture. In several newspapers, the formulated hydrogel membranes demonstrated good stability, had a
good swelling ratio, in vitro degradation, and mechanical properties. More signi�cantly, by killing the
rigidly adhere bacteria on the hydrogel surface with a high concentration of TA, the PSA-Gel-TA hydrogels
demonstrated superior antibacterial activity against both gram-positive and gram-negative bacteria and
had excellent biocompatibility by improving cell proliferation. The key reason for its promotion of wound
healing is its antimicrobial, cell proliferation, and anti-in�ammatory effects, as well as the control of
various wound healing factors. The prepared PSA-Gel-TA hydrogel membranes showed the desired
results in healing when applied in a rat model to test the healing effects on the wound. These �ndings
indicate that hydrogels from TA and PSA-Gel play a synergistic function in wound healing, and hydrogels
from TA-loaded PSA-Gel are promising candidates for skin regeneration wound dressing. There are still
di�culties in applying them for wound healing applications, considering the potential impact of
multifunctional hydrogels. For future research, it may be a promising approach to build advanced
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multifunctional hydrogels by incorporating wound monitoring tools such as pathogenic infection
detectors and smart drug release systems at the same time.
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Figures

Figure 1

SEM images of PSA-Gel (a), PSA-Gel-TA-5% (b), PSA-Gel-TA-10% and (c), and PSA-Gel-TA-15% hydrogel
(d).

Figure 2

(a) Strain-stress curves, (b) compressive strength, and (c) Youngs modulus of the PSA-Gel, PSA-Gel-TA-
5%, PSA-Gel-TA-10%, and PSA-Gel-TA-15% hydrogels.
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Figure 3

(A) Swelling kinetics of PSA-Gel and PSA-Gel-TA hydrogels in the PBS (pH = 7.4) within 50 h. (B)
Degradation curves of PSA-Gel and PSA-Gel-TA hydrogels in the PBS (pH = 7.4) within 21 days.

Figure 4

Bacterial survival ratios of S. aureus (a) and E. coli (b) as a function of day 1 to days 21 for the control,
PSA-Gel and PSA-Gel-TA hydrogels.
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Figure 5

The L929 cell viability of the (a) blank, PSA, Gel, TA, PSA-Gel hydrogel, PSA-Gel-TA-5%, PSA-Gel-TA-10%,
and PSA-Gel-TA-15% hydrogels (100 μg/mL) and (b) Cell viability of PSA-Gel-TA-15% hydrogels (100
μg/mL) as a function of day 1 to days 21 measured using MTT assay.

Figure 6

(a) Representative photographs of the wound 7, 14, and 21 days after full-thickness skin excision and (b)
The percentage of wound contraction of control, PSA-Gel hydrogel and PSA-Gel-TA hydrogels wound
dressings.
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Figure 7

Representative histological images (100×) of skin wounds untreated, Na PGO 10% and Ca PGO 10%
wound dressings. GT: granulation tissue; IC: in�ammatory cells; EP: epidermis: DE: dermis.
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