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A B S T R A C T   

Developing and designing efficient wound dressings have gained increasing attention and shown 
beneficial results in improved wound healing effects. This study was conducted to improve wound 
healing properties and introduce a novel potential wound dressing. A novel hydrogel based on 
polyvinylpyrrolidone/poly acrylic acid containing Zinc oxide nanoparticles was prepared as an 
antibacterial wound dressing and examined in a rat excisional wound model. This hydrogel 
prepared by free radical polymerization using potassium persulfate (KPS) as an initiator, N, N- 
methylene bisacrylamide (MBA) as a cross-linker, poly acrylic acid (PAA) as a monomer in the 
presence of polyvinylpyrrolidone (PVP) and Zinc oxide nanoparticles (ZnO NPs). Analyses such as 
Scanning Electron Microscope (SEM), Fourier-transform infrared spectroscopy (FTIR), X-ray 
diffraction analysis (XRD), and Thermal gravimetric analysis (TGA) were used to study 
morphology structure. After choosing the optimal sample, in vivo characterization of excisional 
wound injury on a rat model was done. The healing rate and histological analysis were calculated 
and compared among the groups. The therapeutic potential of the PAA-PVP-ZnO-%2 was 
investigated in a rat model of excisional injury compared to the control group. Results showed 
that the polyacrylic acid/polyvinylpyrrolidone hydrogel wound dressing containing zinc oxide 
nanoparticles accelerated wound contraction, had antibacterial effects, and promoted wound 
healing compared to other groups.   

1. Introduction 

Skin disorders such as burns, excisional injuries, bedsores, diabetic wounds, and trauma are among the most important causes of 
disability and death of patients [1]. Long-term disability, deformity, mortality, and socioeconomic costs are imposed on patients, 
families, and communities in both developed and developing countries due to these injuries [2]. Related complications include ul
ceration, infection, organ failure, ischemia [3], impaired metabolic, inflammatory, endocrine factors, and immune responses that may 
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predispose patients to malnutrition and weakness. In the wound healing process, muscle wasting, severe weight loss, and recurrent 
infections lead to long-term hospitalization, and treatment of these complications requires the presence of specialized wound care units 
[3]. It is worth mentioning that one of the serious problems of wounds is secretions related to infection. Therefore, choosing a dressing 
with various features like absorption of excess fluids, maintaining a moist environment, biocompatibility, antimicrobial protection, 
minimal frequency of dressing change, maintenance of appropriate temperature, reduced patient pain, etc., are essential [4–6]. Ac
cording to the aforementioned, hydrogels have high maneuverability in design compared to other wound dressings, and they are 
hydrophilic polymers based on a three-dimensional network capable of absorbing large amounts of water or biofluids and are 
composed of two components, water-soluble polymers, and cross-linkers, that make the hydrogel insoluble in water. They can swell in 
water and retain a certain amount of water when immersed in an aqueous solution. The polymer scaffold can absorb a minimum of 
20% and a maximum of 99% by water weight [7–9]. Hydrogels unlike other synthetic materials are similar to living tissues in soft and 
rubbery surface, structure, and physicochemical properties [10]. Hydrogels are utilized in different medical applications like contact 
lenses, tissue engineering, and wound dressings, as well as the release of therapeutic agents due to their extracellular matrix (ECM) 
structure and capability at absorbing water [11]. Hydrogels can be selected from many factors, such as the primary source of the 
hydrogel (synthetic or natural polymer), the structure of the hydrogel (copolymer network, homopolymer network, and permeation 
network), cross-linking method (chemical and physical), hydrogel load (Cationic and Anionic) and biocompatibility (biodegradable, 
biostable) [12–17]. Poly (acrylic acid) (PAA) and Poly-(N-vinyl-2-pyrrolidone) (PVP) are water-soluble polymers with excellent 
biocompatibility. They have a high ability to absorb and retain water. However, they are the basis of a class of materials called 
superabsorbents. 

PVP may take up as much water as 100 times its own weight. This aids in maintaining the wound’s moisture, which is crucial for 
healing. A moist wound will heal more quickly than a dry one and is less prone to contract an infection. Because PVP is a semi- 
permeable barrier, it allows oxygen and nutrients to pass through while blocking the entry of germs and other pollutants. The 
mending process requires nutrition and oxygen. Nutrients are required for tissue repair and cell growth and division, which depend on 
oxygen. PVP can aid in the debridement of wounds by absorbing exudate and dead tissue [18]. This helps to clean up the wound’s 
surroundings and remove germs and other pollutants. Exudate and dead tissue can be a haven for bacteria and impede healing. PVP can 
aid in defending wounds against additional damage or infection. The wound may be kept clean and moist, which is important for 
healing. PVP can be a physical barrier to stop further harm to the wound. By absorbing exudate, it can also assist in keeping the wound 
clean and moist [19]. 

It is crucial to understand that PVP does not heal wounds. It is a type of wound dressing that can aid in promoting recovery and 
reducing infection risk. 

When it comes to wound healing, PAA can encourage Antibacterial activity, Moisture equilibrium, Inhibition of proteases, Collagen 
deposition, Re-epithelialization, Formation of granulation tissue, and Vascularization. PAA can destroy the cell membranes of bacteria 
by rupturing them. This can hasten the healing process and help avoid infection [20]. It is hydrophilic, attracting water. This can assist 
in maintaining wound moisture, which is crucial for healing. Proteases are enzymes that can degrade proteins like collagen, and PAA 
can stop them from doing so. This can aid in preventing further injury to the wound and speed up recovery. The protein collagen, which 
is necessary for wound healing, can be stimulated by PAA. PAA can encourage the development of fresh skin cells essential for healing 
wounds. PAA can encourage the growth of granulation tissue, which aids in healing wounds and lays the groundwork for developing 
new skin. It can encourage the development of new blood vessels essential for supplying the wound with oxygen and nutrients [21,22]. 

Therefore, these dressings are easily removed from the wound due to the wet surface and low adhesion to the wound, which is an 
important factor in the clinical management of injury [23]. On the other hand, due to the importance of infectious control of wounds, 
Studies have shown that various factors introduce into the wound structure to improve the antibacterial properties of the wound. Zinc 
oxide nanoparticles are of this category [24]. Unique properties of ZnO nanoparticles, such as chemical and photochemical stability, 
high catalytic effects, resistance to ambient temperature, low toxicity, and their inclusion in the category of GRAS (Generally 
recognized as safe) materials, cause widespread use compared to other new nanoparticles [25]. 

Numerous advantages of zinc oxide nanoparticles (ZnO NPs) on wound healing have been demonstrated in articles, including 
antibacterial, anti-inflammatory, pro-regenerative, biocompatible antimicrobial, non-toxic, and antioxidant actions. Because of these 
qualities, they are a prospective contender for creating novel wound healing therapies [26]. 

By producing reactive oxygen species (ROS), ZnO NPs can eliminate bacteria. ROS can harm bacterial cell membranes, which 
results in cell death. ZnO NPs can increase the synthesis of cytokines that cause inflammation, including interleukin-1beta (IL-1beta) 
and tumor necrosis factor-alpha (TNF-alpha). These cytokines play a role in recruiting immune cells to the wound site and other early 
phases of wound healing. ZnO NPs can promote fibroblast proliferation, a process by which cells that make collagen and other proteins 
required for wound healing proliferate. ZnO NPs can also boost the expression of genes related to wound healing, like the collagen 
gene. ZnO NPs have antioxidant action because they can scavenge free radicals and unstable chemicals that harm tissues and cellular 
structures. Bacteria, inflammation, and other causes can all result in the production of free radicals. ZnO NPs can aid in healing by 
preventing cell damage from free radicals [27,28]. Of note, an antibacterial wound dressing is utilized to cover the wound bed; it acts 
as a physical barrier for prevention of pathogens from entering the wound or killing invading microorganisms. Furthermore, by 
stimulating the immune system and fibroblast/keratinocyte migration, these types of wound dressing aid in excisional wound and 
bacteria-infected diabetic wound healing [29–32]. 

The objective of this study was to create an innovative hydrogel composed of polyvinylpyrrolidone/polyacrylic acid containing 
ZnO nanoparticles, which possesses multiple properties to facilitate an optimal environment for wound healing. We examined the 
topography, swelling and deswelling ratios, thermal stability, X-ray diffraction patterns, antibacterial properties, and cytotoxicity 
effects of the hydrogel. Additionally, the performance of the PAA-PVP-ZnO hydrogel was assessed using excisional wound models in 
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rats, and clinical and histological observations were gathered. The results showed that the nontoxic hydrogel with antibacterial 
properties promoted wound healing. Hence, we hope PAA-PVP-ZnO-%2 hydrogels have a promising strategy for wound healing, drug 
delivery, and other biomedical applications in future. 

2. Materials and methods 

2.1. Materials 

Before use, the monomer, acrylic acid (AA, Merck, 99%), was distilled at vacuum, and the cross-linker N, N′-methylene-bis- 
acrylamide (MBA, Merck, 99%), was used as received. A radical polymerization redox system contained potassium persulphate (KPS, 
99%) was procured from Merck, and ZnO nanoparticles powder with an average particle diameter of about 20 nm were obtained from 
Aldrich. Distilled water was utilized in all stages. 

2.2. Synthesis of PAA-PVP semi-IPNs with various PVP content 

The hydrogels preparation was based on the values listed in Table 1. First, PVP was dissolved in distilled water, and then other 
compounds were added to it. Finally, the ingredients were poured into pre-heated silicone molds (Inside the oven at 70 ◦C), and the lid 
of the mold was covered. 

2.3. Synthesis of PAA-PVP semi-IPNs with various ZnO content 

Based on the samples synthesized in the previous step, the best sample was selected, and different percentages (0%, 1%, 2%, and 
4%) of nanoparticles were added. 

2.4. Characterization 

2.4.1. Swelling and deswelling ratio 
Samples were dried at 70 ◦C and evaluated for the swelling rate described in the results. The dried hydrogel weight was first 

measured before being immersed in 30 ml distilled water and kept at standard room temperature (25 ◦C) until the swelling balance was 
reached. The specimens were taken out of the water at specific times (200, 400, 600, 800, 1000, 1200, 1400, 1600, and 1800 min), and 
the excess water was removed with filter paper and measured again. To calculate the swelling degree, we have:  

Degree of Swelling (%) = (Weight of swollen–Weight of polymer)/Weight of polymer × 100                                                                      

2.4.2. Fourier transform infrared spectroscopy analysis 
FTIR spectra determined the chemical structure of the dried PAA-PVP hydrogel were recorded in the range 600–4000 cm− 1 on an 

Equinox 55 FTIR spectrometer with 100 scans to show the interaction between PAA polymers with different percentages of PVP. 

2.4.3. Scanning electron microscopy analysis 
Using Scanning Electron Microscopy (SEM), we analyzed the surface fracture of the hydrogel containing PAA with different per

centages of PVP via an AIS 2100 scanning electron microscope (Seron Technology, Korea) with a 26 kV magnification. 

2.4.4. Thermogravimetric analysis of hydrogels without nanoparticles 
Thermogravimetric (TGA) is one of the common methods for determining the thermal stability of various materials and the 

degradation of polymers at various temperatures. Because hydrogel thermal stability is critical for practical applications, TGA data 
were collected using a PerkinElmer STA 6000 thermal analyzer. Heating the samples at 10 ◦C/min from room temperature to 600 ◦C, 
the prepared hydrogel’s thermal stability was experimentally investigated. 

2.4.5. X-ray diffraction analysis 
The X-ray diffraction (XRD) patterns of (PAA-PVP-7.5-ZnO, PAA-PVP-7.5, and ZnO nanoparticles) hydrogels were assessed in a 

Table 1 
Recipe of PAA/PVP semi-IPN hydrogel synthesis.  

Name of Sample Water (g) PVP AA (g) MBA (g) KPS (g) 

PAA-PVP-0 10 0 3 0.01 0.04 
PAA-PVP-2.5 10 0.25 3 0.01 0.04 
PAA-PVP-5 10 0.5 3 0.01 0.04 
PAA-PVP-7.5 10 0.75 3 0.01 0.04 
PAA-PVP-10 10 1 3 0.01 0.04  
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diffractometer with the D8-Advance of the Bruker company in Germany. 

2.4.6. Antibacterial test 
PAA-PVP-7.5-ZnO-2% and PAA-PVP-7.5 were tested on Staphylococcus aureus (gram-positive) and Pseudomonas arauginosa (gram- 

negative) by the zone of inhibition experiment. Pouring Muller-Hinton agar onto the petri dishes, it was let for solidification. Bacteria 
were spread on two different plates uniformly. Hydrogels were placed gently over the agar gel. To check the zone of inhibition, the 
plates were incubated for 24 h at 37 ◦C. Gentamycin disc (10 μg dose) is used as a positive control in each plate. 

2.4.7. Cytotoxicity MTT assay 
The cytotoxicity of PAA-PVP hydrogel wound dressing containing zinc oxide nanoparticles on human dermal fibroblast cell line 

(HDF) was evaluated by MTT assay Kit. The HDF cells were cultured in DMEM high glucose growth medium with 10% FBS in an 
incubator with 5% CO2 at 37 ◦C. For this purpose, 5 × 104 cells were cultured in 96 well plates and treated by PAA-PVP-7.5-ZnO-2% 
extracts for 24 and 48 h. The culture medium in the wells was then removed and rinsed with PBS. Adding the MTT solution to the wells, 
incubation was performed for 3h. After removing the MTT solution and washing the wells, 100 μl of DMSO was added to each well. 
Ultimately, an ELISA reader was used to measure the optical density (OD) of content in the range of 540 nm [33]. 

2.4.8. Animal studies 
In the current work, 30 male Wistar rats (280–300 g) were utilized. All animal procedures were based on the National Committee 

for Ethics in Biomedical Research’s Animal Care Committee guidelines (IR.GUMS.REC.1400.425). The animals were holded indi
vidually in a standard environment temperature (23 ◦C), and a regular 12:12 light/dark cycle. 

2.4.9. Excisional wound model in rat 
Excisional wound was developed according to Pourmohammadi-Bejarpasi et al. study [34]. Briefly, anesthesia was administrated 

by intraperitoneal injection (Ketamine (70 mg/kg) and Xylazine (7 mg/kg)). First, the dorsal area of the rats was shaved and dis
infected. Next, the sterile surgical punch was used to create a 1.5 cm diameter excisional wound. Then, PAA-PVP-7.5-ZnO-2% hydrogel 
was applied to the wound area, and covered with a transparent wound dressing (Comfeel Plus, Coloplast, Denmark). The rats were 
divided into two groups, including (1) Control (Ctrl; those with excisional wound without any treatment) and (2) intervention 
(PAA-PVP-7.5-ZnO-2%; the rats with excisional wound that received PAA-PVP-7.5-ZnO- 2% hydrogel). 

2.4.10. Wound healing rate 
At 0, 7, and 21 days post-surgery, the wound contraction rate was photographed using a digital camera (Canon EOS 2000D, Japan). 

Standardization of wound size was done with a ruler. Wound area size was measured using Image J software (NIH V.1.8.0_112 USA), 
and the wound contraction rate was calculated according to the following equation:  

Wound Contraction (%) = ((Initial wound size - specific wound size)/Initial wound size) × 100                                                                    

2.4.11. Histological investigations 
An overdose of Ketamine/Xylazine was used to sacrifice the rats. Biopsies from wound area along with nearby normal skin were 

fixed in 10% formaldehyde for at least 72 h, then, dehydration process was done. Finally, the paraffin-embedded samples were ob
tained in 5 μm sections using a microtome. Following that, the slides were stained with hematoxylin and eosin and Masson’s trichrome 
dyes in accordance with standard laboratory protocols. 

2.4.12. Statistical analysis 
GraphPad Prism software V.8.0.2 (NIH, USA) was used for data analysis. The Tukey’s post hoc t-test, and two-way ANOVA were 

used for multiple comparisons. The Shapiro-Wilk test was used to evaluate the normalization of the data. Furthermore, Kruskal-Wallis 
statistical and One way ANOVA tests were utilized for analyzing the findings, considering the P values of less than 0.05 as significant. 

Fig. 1. A visual comparison of PAA-PVP hydrogels with different concentrations of PVP. A) PAA-PVP-0, B) PAA-PVP-2.5, C) PAA-PVP-5, D) PAA- 
PVP-7.5, E) PAA-PVP-10. 
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3. Results 

3.1. Visual appearance and composition of PAA-PVP hydrogels with different concentrations of PVP 

A visual comparison of PAA-PVP hydrogels is shown in Fig. 1(A–E). PAA-PVP hydrogels were synthesized with different per
centages of PVP, respectively (0, 2.5, 5, 7.5, and 10). Hydrogel samples were synthesized based on data reported in Table 1. As shown 
in Fig. 1, by increasing the amount of polyvinylpyrrolidone from 0 to 10%, the transparency of the samples decreases, and they 
gradually become translucent to opaque so that the sample containing 10% PVP is completely opaque. The samples had good stability 
and were further investigated to evaluate the degree of swelling and deswelling. 

3.2. Swelling and deswelling ratio results 

The swelling rate of hydrogels as a wound dressing is a critical parameter that keeps the surface of wound moist. Of course, this 
amount of moisture absorption should not be excessive, leading to a decrease in moisture on the wound’s surface [35]. Therefore, the 
amount of absorption and transmittance should be optimal. The swelling and deswelling rate of PAA-PVP hydrogel at different time 
intervals is represented in Fig. 2 (A&B). Two graphs, a and b, show the swelling and deswelling of hydrogel synthesized with different 
percentages of PVP, respectively. Water absorption results in a neutral environment (pH = 7) indicate that the sample with more PVP 
has the lowest amount of swelling; its swelling increases with the decrease of PVP in the hydrogel the lowest amount of swelling; their 
swelling increase with the decrease of PVP in hydrogel structure. This feature can be related to the hydrogel interactions between the 
vinylidene groups in the PVP structure and the hydroxyl groups in the polyacrylic acid structure. Therefore, PAA-PVP semi-
interpenetrating networks have physical hydrogen interactions in addition to the chemical cross-link caused by methylene bisacry
lamide, so these hydrogels can be considered IPN. The results of some studies show that the swelling and deswelling pattern varies 
depending on the percentage of PVP and PAA [36]. This interaction has also caused slower transmission. So that in diagram b, the 
sample with the highest amount of PVP hardly released the water that was absorbed because of the same strong hydrogen interactions 
as well as the chemical cross-link in acrylic acid. So, drying and permeability humidification is done slowly. Therefore, it seems that the 
7.5% PVP sample had shown good water absorption and permeability, so the 7.5% PVP sample was chosen as the optimal sample for 
the following tests. 

3.3. FTIR analysis results 

The FTIR spectra of PAA polymers with different percentages of PVP are shown in Fig. 3. The spectrum of the FTIR test confirmed 
interactions in the structure of PAA-PVP, as shown in the article by Wu and his colleagues [37]. For the PAA-PVP-0 sample, (CH2) 
bands were observed at 2920-3450 cm− 1 and 1390-1280 cm− 1; it should be noted that absorption at 1630 cm− 1 was a mixed mode 
with participation of both (C––O) and (C–N) in PVP, where the absorption of C––O in PVP was much stronger. The presence of PAA 
dimer formation with a characteristic C––O absorption at 1630 cm− 1 and a broad OH absorption band at 3000 cm− 1 was evident, 
indicating that both dimer and monomer OH groups were present in PAA-PVP-0 under pH conditions. Also, studies on the FTIR 
spectrum of PAA-PVP hydrogels have been reported, which are almost similar to the analyzes of the synthesized samples [36]. 
Appropriately, these monomeric OH groups facilitate hydrogen bonding interactions with other functional groups (such as C––O). 
Only a weak peak at 1722 cm− 1 was observed for the PVP-containing samples. The absence of this band in the PAA-PVP-0 hydrogel 
showed that the hydrogen bond dimers between the carboxyl groups of PAA were disrupted, while the broadening of the 1653 cm− 1 

band was attributed to the hydrogen bonds formed between COOH and C––O in PAA. 

Fig. 2. Swelling and deswelling behavior of hydrogel synthesized with different concentration of PVP in water (pH 7) at room temperature. A) 
Swelling ratio, B) Deswelling ratio. 
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3.4. SEM analysis results 

The ultrastructure of PAA-PVP with different concentrations of PVP is shown in Fig. 4 (A–E) The electron microscope test did not 
show phase separation. As shown in the SEM images, their fracture surface showed a smooth fracture surface and did not show any 
phase separation of the acrylic acid and PVP polymers, which confirmed the excellent interaction between the two PVP-PAA polymers. 
It is worth mentioning that PVP has a cationic structure, and PAA has an anionic structure; strong polar interactions are established 
between them [37,38]. 

3.5. TGA analysis results 

The thermal stability of PAA-PVP with different concentrations of PVP was investigated by TGA Fig. 5A. The TGA analysis of the 
samples shows thermal stability, although their operating temperature is 37 ◦C. The reason for evaluating this test is to evaluate the 
interaction of chains, structures, and their characteristics. As illustrated in Fig. 5A The sample with the lowest PVP (PAA-PVV-0) has a 
declining drop in the range of 100◦ due to the evaporation of water in its structure. The next decline is observed after 200 ◦C due to the 
destruction of side groups of acrylic acid. At temperatures above 400, it also leads to the destruction of the main chain of the backbone 
polymer [39,40]. Adding PVP delay the degradation of the main chain in a two-step. Steps are related to acrylic acid and PVP. So, TGA 
analysis confirmed the perfect PAA-PVP interaction from this test. It should be noted that increasing the amount of PVP reduces the 
declining drop at 100◦. This action is similar to the swelling test, in which the increase in PVP causes a decrease in swelling. As 
illustrated in Fig. 5B, Comparison of TGA analysis between PAA-PVP-7.5 and PAA-PVP-7.5-ZnO-2% represents that the presence of 
ZnO in the hydrogel has created chemical resistance in the hydrogel structure, which is due to the positive interaction of ZnO with 
carboxyl groups (C––O) present in acrylic acid that create an ionic bond between the chains of polyacrylic acid and make the hydrogel 
more networked. In other words, the comparison indicates that after a temperature of 450◦, the PAA-PVP-7.5-ZnO-2% diagram is 
higher than the PAA-PVP-7.5. Because zinc oxide, as a mineral component, remains in the structure of hydrogels. When the hydrogel is 
degraded, carbon and carbohydrate materials are released as a gas, and mineral materials remain in the structure. 

3.6. XRD analysis results 

X-Ray diffraction (XRD) as a crystallographic structure, chemical composition, and physical properties analysis is demonstrated in 

Fig. 3. The FTIR spectra of PAA polymers with different percentages of PVP.  

Fig. 4. SEM images illustrating the structure of the surfaces of hydrogels with different percentages of PVP. A) PAA-PVP-0, B) PAA-PVP-2.5, C) PAA- 
PVP-5, D) PAA-PVP-7.5, E) PAA-PVP-10. 
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Fig. 6. XRD analysis was used to investigate how the nanoparticles are dispersed (whether they are clumped or well dispersed) in the 
hydrogel. As shown in Fig. 6, the peaks of the zinc oxide index are evident in areas 34, 37, 39, 50, 59, and 70 2θ [41,42]. None of these 
peaks are seen in the PAA-PVP-7.5 sample, whereas adding ZnO to the hydrogel makes these peaks more intense, making the acrylic 
acid chains more regular. In addition, PAA-PVP-7.5-ZnO-2% hydrogel has conformity with the ZnO nanoparticles diagram as a 
reference, emphasizing the presence and reasonable distribution of ZnO in the hydrogel structure. 

The Debye-Scherer equation, which shows a relationship between the broadening of the peak in XRD and the particle size, can be 
used to estimate the average particle size of zinc oxide nanoparticles. As shown below:  

D = kλ/βcosθ                                                                                                                                                                                  

Where D is the crystal particle size, k is Scherer’s constant (0.9), λ is the X-ray wavelength (copper source, 0.15406 nm), β is the XRD 
peak width at half height, and θ is the Bragg diffraction angle. The average crystal size of ZnO nanoparticles was calculated and found 
to be (46.30–36.29 nm). It was proved that pure ZnO nanoparticles were loaded in PAA-PVP-7.5-ZnO Hydrogel. 

3.7. SEM & EDAX results of PAA-PVP-7.5-ZnO-2% hydrogel 

The SEM images of the hydrogel containing nanoparticles show the distribution of nanoparticles in the hydrogel, and the XRD 
diagram confirmed the results. Fig. 7 (A&B) shows the images of ZnO nanoparticles in two different magnifications, whose size dis
tribution is shown in Fig. 7G, which is below 200 nm. The difference between SEM and XRD results is related to SEM images, 
nanoparticles may combine together, and some particles appear coarse because they were imaged in a dry state. Comparison of 
nanoparticles in hydrogel Fig. 7(E&F) with the control groups, which did not contain ZnO Fig. 7(C&D), illustrate ZnO particles as 
clumps on the refraction surface of the image. Also, the EDAX results are represented in Fig. 7 (H&I), which show the presence of the 
ZnO element in Fig. 7I, whereas this peak is not observed in Fig. 7H. 

Fig. 5. (A) TGA thermograms of PAA-based hydrogels containing various amounts of PVP changes in thermal degradation profile as weight percent. 
(B) Comparison of TGA analysis between PAA-PVP-7.5 and PAA-PVP-7.5-ZnO-2%. 

Fig. 6. XRD patterns of PAA-PVP-7.5, PAA-PVP-7.5-ZnO-2% hydrogels, and ZnO nanoparticles.  
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3.8. Antibacterial test results 

According to Fig. 8C, PAA-PVP-7.5-ZnO-2% did not show a significant difference with Getamycin in both S. aureus and P. aeru
ginosa strains. 

3.9. Cytocompatibility of PAA-PVP-7.5-ZnO-2% hydrogel 

The cytocompatibility of the hydrogel was determined using the MTT assay. No cytotoxic effects were observed, as shown in Fig. 9. 
Surprisingly, the PAA-PVP-7.5-ZnO-2% hydrogel increased the proliferation rate of HDF. Overall, these findings indicate that the PAA- 
PVP-7.5-ZnO-2% hydrogel has healing properties. 

Fig. 7. SEM micrographs, particle size distribution curves, and EDX analysis. (A&B) SEM of ZnO nanoparticles. (G) particle size distribution curves 
of ZnO nanoparticles, (C&D) control groups without ZnO nanoparticles, (E) and (F) hydrogels with ZnO nanoparticles, (H) Edax diagram Hydrogel 
without ZnO nanoparticles, and (I) Edax diagram Hydrogel with ZnO nanoparticles. 
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Fig. 8. Antibacterial activity of hydrogels: (A) inhibition zone of S. aureus generated by PAA-PVP-7.5 and PAA-PVP-7.5-ZnO-2%. (B) inhibition zone 
of P. seudomonas generated by PAA-PVP-7.5 and PAA-PVP-7.5-ZnO-2%.(C) Bar graph responding to the size of the zone of inhibition formed around 
each disc. 

Fig. 9. In vitro cytotoxicity test of the hydrogels on human dermal fibroblast cell line (HDF) after 24 and 48 h.  
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3.10. PAA-PVP-7.5 hydrogel containing ZnO effectively improves wound healing 

The extent of wound closure was photographed on days 0, 7, and 21 post-surgery. As shown in Fig. 10A, from days 7 to 21, wound 
contraction was greater in the PAA-PVP-7.5-ZnO-2% group than in the control group. On day 21, complete wound closure was 
observed in the PAA-PVP-7.5-ZnO-2% group, whereas the lowest repair occurred in the control group. The percentage of wound 
contraction was quantified 7 and 21 days after surgery. As shown in Fig. 10B, the PAA-PVP-7.5-ZnO-2% group had the highest per
centage of wound contraction, which was significantly (p < 0.0001) higher than the control group at all time points. 

As shown in Fig. 10C, histological analysis of the healing area demonstrated partial epithelialization from the wound edge toward 
the center on day 7 in control and treatment groups. Complete multi-layer epithelialization was observed on day 21 in PAA-PVP-7.5- 
ZnO-2%. Of note, unlike the PAA-PVP-7.5-ZnO-2% group, the formation of dried exudate and lack of air circulation and moisture 

Fig. 10. Macroscopic presentation, statistical analysis and microscopic presentation of excisional wound at various time intervals. (A) Pictures show 
defected area in different groups at 7 and 21 days. (B) Wound contraction percent was measured by ANOVA test ***P < 0.001, **P < 0.01. The 
number of replications = at least 10. (C) Photomicrographs presentation of wound area histologically by H & E and Masson’s trichrome staining 
scale bar = 100 μm. 
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retention in the Ctrl group prevented complete epithelialization. In other words, these results strongly suggest that PAA-PVP-7.5-ZnO- 
2% hydrogel had an active role in absorbing blood and exudate. The presence of dense nuclei in the control group is a sign of tissue 
inflammation compared to PAA-PVP-7.5-ZnO-2% group on day 7. It is worth noting that, the morphology of the epithelium in PAA- 
PVP-7.5-ZnO-2% group is structurally similar to the normal skin epithelium. Supporting this notion, the PAA-PVP-7.5-ZnO-2% group 
has been involved in the enhancement of keratinocyte proliferation and migration. Also, on day 21, the presence of sebaceous glands 
and hair follicles in the PAA-PVP-7.5-ZnO-2% group is evident. In order to evaluate collagen arrangement, Masson’s trichrome staining 
was used Fig. 10. Interestingly, the thickness and arrangement of collagen in the PAA-PVP-7.5-ZnO-2% group was better than the Ctrl 
group, suggesting a high efficacy of in PAA-PVP-7.5-ZnO-2% in wound healing. 

4. Conclusion 

In order to improve the quality of wound healing, we designed a new hydrogel wound dressing containing ZnO nanoparticles and 
examined its potential healing capacity in the animal trial. Our findings in the analysis of PAA-PVP-7.5-ZnO-2% hydrogel showed that 
the uniform distribution of ZnO inside the hydrogel exerts effective antibacterial activities. Also, the advantages of this novel hydrogel, 
such as biocompatibility, absorption of exudate due to optimal porosity, and controlled release improve rat excisional injury. In this 
regard, however, additional and comprehensive studies are required. Furthermore, studies on the safety and efficacy of this wound 
dressing in other skin injuries, such as burns, diabetic ulcers, bedsores, abnormalities such as epidermolysis bullosa, and traumatic 
injuries, can reveal different potentials of this wound dressing, and its clinical trial phases can be effective in terms of appropriate 
clinical use of this wound dressing. 
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