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Background: Slow healing of skin wounds is a major health problem affecting millions of people each year, and traditional dressings 
have limited effectiveness in treating them. Gallic acid has anti-inflammatory, antibacterial and antioxidant properties, and combined 
with nanotechnology can improve its solubility and provide new directions for wound treatment.
Methods: In this study, Gallic acid nanocrystals (GC-NCs) were prepared by a “top-down” method, and GC-NCs were combined with 
a polyacrylic acid matrix to form Gallic acid nanocrystal hydrogel (GC-NCs-Gel) by co-gelation. The micromorphology, mechanical 
properties, adhesion properties and bioactivity of GC-NCs-Gel were tested. Finally, the ability of GC-NCs-Gel to promote wound 
healing and inhibit scar formation was evaluated in a rat whole skin defect model.
Results: The average particle size of GC-NCs was 348.20 ± 1.42 nm, and GC-NCs-Gel had a honeycomb porous structure with excellent 
swelling properties (963%), water vapor transmission rate (2400 g/m2/h), tensile stress (28,000 Pa), and adhesive strength (9.6 kPa). GC- 
NCs-Gel also demonstrated a sustained and controlled drug release property after 48 h of release, the cumulative release was about 57%, 
and GC-NCs-Gel reached the highest cumulative permeability of 127.2 µg/cm2 within 6 h. In vitro experiments showed that the inhibition 
circle diameter of GC-NCs-Gel was 39.75 ± 0.61 mm for S. aureus and 21.52 ± 0.06 mm for E. coli. The free radical scavenging 
efficiency of GC-NCs-Gel reached 77.7% in the DPPH assay and up to 98.6% in ABTS. In vivo experiments showed that GC-NCs-Gel 
accelerated wound healing by promoting neovascularization, epidermal regeneration and collagen deposition.
Conclusion: In this study, a GC-NCs-Gel with anti-inflammatory, antibacterial as well as antioxidant and wound tissue adhesion was 
prepared. This multi-functional hydrogel has significant advantages in wound healing, and is expected to provide a new and effective 
means of wound treatment in the clinic.
Keywords: gallic acid nanocrystal hydrogel, hydrogel, wound healing, scarring inhibition

Introduction
Skin injury and scar formation are common problems in clinical care, especially after trauma, burns and surgery. A wound is an 
injury that results in the loss of continuity in the skin, tissue, and mucous membranes, with clinical features such as pain, 
erythema, and edema. Scar is an abnormal product of wound healing. The clinical manifestations are slightly different from 
normal skin, rough surface, local thickening and hardening. Effective wound management is essential to minimize scar 
formation, accelerate the healing process and improve patients’ quality of life. Conventional monofunctional wound dressings, 
although capable of protecting wounds to a certain extent, often lack healing-promoting and anti-infective active ingredients 
and have limitations in terms of functionality and comfort. Therefore, the development of hydrogel delivery systems loaded 
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with active ingredients based on the characteristics of wound dressings can not only provide physical protection, but also 
actively participate in the wound healing process, which has become a hot topic in medical research. In recent years, the 
application of nanotechnology in drug delivery systems has revolutionized the field of wound therapy. Silver nanoparticles 
(AgNPs) play an important role in wound healing due to their excellent antibacterial properties.1 Liu et al prepared tea 
polyphenol silver nanoparticles (TP@Ag NP) and loaded it into hyaluronic acid hydrogel to obtain HP-TP@Ag NP hydrogel. 
The hydrogel has significant antioxidant, anti-inflammatory and antibacterial abilities, which can effectively reduce the level 
of inflammatory factors, and the antibacterial activity against S. aureus and E. coli was more than 90%, which significantly 
accelerated wound healing. Liu et al used decellularized extracellular matrix (ECM), GelMA and polydopamine-loaded 
asiaticoside (AC@PDA) nanoparticles to make a bioactive hydrogel (AC@PDA/ECM-G hydrogel). In the mouse full- 
thickness excision wound model, this hydrogel group formed a thicker dermis, a higher number of hair follicles regenerated, 
and a faster wound healing without scar formation than the group without AC@PDA.2 Nanocrystals refer to the drug particles 
that are processed to the nanometer level of the drug substance, which can improve the solubility, release and absorption of the 
drug. Almeleebia et al prepared thymidine and rutin nanocrystals, and loaded them into the gel to obtain thymoquinone + 
rutin-loaded nanocrystals gel (ThQ + Rut-loaded NC gel). In vivo studies showed that on the 12th day, the wound healing rate 
of the ThQ + Rut-gel group was 60 ± 13%, and the wound healing rate of the ThQ + Rut-loaded NC gel group was 85.6 ± 7%. 
The faster wound healing in the ThQ + Rut-loaded NC gel group may be due to the faster solubility and release of nano-sized 
ThQ + Rut in the gel, which penetrates more into the tissue and accelerates the healing process.3 Nayak et al prepared 
a quercetin nanocrystal-loaded hydrogel (Qu-NC Hydrogel), which has slow-release properties, and in vivo studies have 
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shown that the Qu-NC Hydrogel group promotes wound healing faster compared to the control and the blank hydrogel group.4 

The application of nanoparticles in wound dressings provides a great development prospect for promoting wound healing.
Hydrogel is a polymer system with a three-dimensional network structure containing a large amount of water formed by 

a simple reaction of one or more monomers.5,6 It is often used as a medical dressing in wound healing treatment due to its 
excellent absorbency and solubility, which can be tightly adhered to the wound without adhesion, and can keep the 
environment moist while absorbing the exudate from the wound.7,8 Unlike traditional wound dressings such as gauze and 
bandages, hydrogels do not adhere to the wound or surrounding healthy tissue, thus preventing secondary damage during 
removal.9 Hydrogel materials have great potential in scar repair applications due to their high water content, adjustable 
physical and chemical properties, good compatibility with human body, excellent adhesion to wounds, and similarity to natural 
extracellular matrix.10,11 Hydrogels based on polyacrylic acid (PAA) have good hydrophilicity, antimicrobial properties and 
biocompatibility. Liu et al prepared tea polyphenol/cellulose/silk proteins/polyacrylic acid (SF-OC-PAA-TP) hydrogels 
showed excellent antimicrobial properties and good biocompatibility in vitro experiments, and in vivo studies have also 
found that they promote ECM synthesis, angiogenesis, collagen and re-epithelialization and accelerate wound healing.12 In 
wound healing, PAA exerts antimicrobial effects and promotes collagen deposition, granulation tissue formation, and 
neovascularization, and PAA hydrogels have good prospects for application in promoting wound healing.13

Gallic acid (GC), a plant polyphenol with antioxidant, anti-inflammatory, and antimicrobial properties, has been exten
sively studied and used in a variety of therapeutic areas for a wide range of diseases due to its wide range of pharmacological 
effects. GC is a functional phytochemical that reduces inflammation and oxidative stress.14 Previous studies have shown that 
GC has a strong antibacterial effect on gram-positive bacteria and gram-negative bacteria, and the higher the concentration of 
GC, the more obvious the antibacterial effect.15 Yang et al found GC accelerated cell migration of keratinocytes and fibroblasts 
in both normal and hyperglucidic conditions, and may be a potential therapeutic agent for treating wound healing.16 The use of 
gallic acid is limited due to its poor pharmacokinetic properties (low absorption, low bioavailability, high metabolism, and low 
clearance rate).17 It can be considered that the nanocrystallization of GC and its application in wound dressings can better exert 
the therapeutic effect of GC. Kaparekar et al prepared gallic acid-loaded chitosan nanoparticles (GA-CSNPs) by ionic gel 
method and loaded them into collagen fiber scaffolds. An in vivo rat total skin excision model was constructed and the results 
showed that the GA-CSNPs nanocomposite scaffold group took only 16 days to heal the rat wounds, whereas the collagen 
fibre scaffold group and the sterile gauze-treated control group took longer to heal the wounds. It is indicated that gallic acid 
promotes wound healing, and the nanocomposite scaffold is expected to become a new wound dressing for wound healing.18 

Gong et al formed GL hydrogel spontaneously by crosslinking gallic acid (GA) and lysozyme (GL) through fibers. In the 
E. coli infected wound model, compared with the model group, the wound in the GL hydrogel group was almost completely 
healed on the 9th day, while the wound in the model group was still open, indicating that the GL hydrogel could effectively 
promote wound healing.19

In this study, we innovatively prepared a novel nanogel, GC-NCs-Gel, by homogeneously dispersing gallic acid 
nanocrystals (GC-NCs) in a polyacrylic acid hydrogel matrix, with the aim of exploring its application in promoting 
wound healing and inhibiting scar formation. The physicochemical properties, drug release behavior, in vitro antimicro
bial and antioxidant efficiencies, as well as the biocompatibility and wound healing effects of GC-NCs-Gel were assessed 
in a rat skin defect model. Through a series of experiments, we aimed to demonstrate the potential of GC-NCs-Gel as 
a novel transdermal drug delivery system to improve wound healing efficiency and reduce scar formation, providing 
a more effective and innovative wound treatment option for clinical use.

Materials and Methods
Materials
N,N′-methylenebisacrylamide, gallic acid, ammonium persulfate and acrylic acid were purchased from Macklin 
Biochemical Co., Ltd. (Shanghai, China). PVP K30 was purchased from Qingdao Ruiyi Chemical Co., Ltd (Qingdao, 
China). Sodium dodecyl sulfate and collagenase type II were purchased from Beijing Soleibao Technology Co., Ltd 
(Beijing, China). 4% paraformaldehyde was purchased from Shandong White Shark Biotechnology Co., Ltd (Shandong, 
China). Masson staining kit, eosin staining solution, hematoxylin staining solution, Rat TNF-α Elisa Kit, Rat Arg-1 Elisa 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S514961                                                                                                                                                                                                                                                                                                                                                                                                   4609

Yan et al

Powered by TCPDF (www.tcpdf.org)



Kit, Rabbit Anti-VEGF antibody were purchased from Wuhan Sevier Biotechnology Co., Ltd (Wuhan, China). LB broth 
medium was purchased from Shanghai Biyuntian Biotechnology Co., Ltd (Shanghai, China). Gram-positive bacteria 
Staphylococcus aureus and Gram-negative bacteria Escherichia coli were purchased from Beijing Solebold Technology 
Co., Ltd (Beijing, China).

Preparation of GC-NCs-Gel
In the preliminary stage of the study, we firstly carried out the effect of different stabilizers such as polymers (HPMC K15, 
HPMC K30, HPMC E30, HPMC E5), non-ionic surfactants (P188, Tween 60, Tween 80), polyvinyl ketones (PVP K30, PVP 
K90), and HP-β-CD, and SDS on the solubility of GC evaluated. The results showed that the polyvinyl ketone PVP K30 and 
SDS were more effective than other similar stabilizers in improving GC solubility. Based sodium dodecyl sulphate on this, the 
process of preparation of gallic acid nanocrystals was carried out using SDS as charge stabilizer and PVP K30 as space 
stabilizer. The specific preparation method was as follows: firstly, PVP K30 (0.5%) and SDS (0.5%) were accurately weighed 
according to the prescribed amounts, added to pure water and sonicated by an ultrasonic cleaner (ultrasonic frequency of 53 
kHz, ultrasonic power of 100 W) to dissolve them completely and form a stable drug-containing solution. 5% gallic acid was 
added to the above stabilizer solution. The mixture was subjected to shear treatment for 2 min using a high speed disperser 
(4000 rpm) to ensure homogeneous dispersion of drug and stabilizer. The drug-containing suspension was transferred to 
a grinding cup in a ball mill (XQM, China) (ball mill speed 800 rpm for 4 h), which had been pre-filled with zirconium oxide 
beads (1 mm and 3 mm zirconium oxide beads in a ratio of 1:3) as a grinding medium, and milled for processing. After the 
grinding was completed, the material was removed and made into powder (GC-NCs) by freeze-drying technique (pre-frozen at 
−20 °C refrigerator for 24 h, then freeze-dried at −40 °C for 48 h in a freeze-dryer).20 GC-NCs-Gel was prepared by adding the 
above nanocrystals to 0.015 g of N,N′-methylenebisacrylamide 30% ethanol solution, and then adding 3 g of acrylic acid, and 
heating in a water bath at 60 °C for 1 h, to obtain a hydrogel matrix, adding 0.3 g of ammonium persulphate, and heating in 
a water bath at 60 °C, and gelling that is obtained.21

Characterization and Evaluation of GC-NCs-Gel
Morphological Features
The morphology of GC, GC-NCs, Gel and GC-NCs-Gel were analyzed by SEM to observe the different morphologies. Before 
observation, the samples were pre-treated, appropriate amount of GC and GC-NCs were taken, diluted with purified water, 
dispersed by ultrasonication (53 Hz, 10 min), a small amount of samples were taken to dry naturally and then sprayed with 
gold, and the Gel and GC-NCs-Gel were cut into appropriate sizes and placed on conductive adhesive to reveal the cross- 
section, and the surfaces were sprayed with gold, and placed under the scanning microscope to be photographed.22

Water Vapor Transmission Rate (WVTR)
WVTR is an important factor that affects the exchange of water between the skin and the external environment.21 The 
experimental temperatures were selected as 37 °C, and the glass bottles were filled with 10 mL of deionized water, after 
which the mouths of the bottles were covered with Gel, GC-NCs-Gel, and weighed. Saturated ammonium sulphate 
solution was added at the bottom of the desiccator, and then the glass bottle was put into the desiccator, and the 
desiccator was placed in a constant-temperature and humidity chamber for 48 h. Finally, the glass bottle was weighed.23 

The WVTR was calculated as follows:

Where WO is the initial weight of the glass bottle and water, WT is the weight after 48 h, A is the area of the bottle 
mouth, and T is the time.

Mechanical and Adhesive Properties of GC-NCs-Gel
The tensile properties of hydrogels were tested at room temperature using a texture apparatus.24 The Gel, GC-NCs-Gel 
was cut into a rectangular shape with a length of 5 cm, a width of 2 cm, and a thickness of 1 cm. The hydrogel was fixed 
at both ends of the mass spectrometer and stretched at a speed of 3.33 mm/sec with an inductive element weight of 5 kg. 
The tensile test was completed when the hydrogel broke from the middle.
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The adhesion properties of the hydrogels were carried out at room temperature, and the adhesion properties of the gels 
were tested using a mass spectrometer. The Gel, GC-NCs-Gel was cut into a rectangular shape with a length of 5 cm, 
a width of 2 cm, and a thickness of 1 cm. The abdominal skin of an adult Bama pig (The Guangdong Provincial 
Experimental Animal Monitoring Institute provides Bama pig skin, and its use adheres to animal ethics.) was chosen as 
the test material, and the hydrogel was adhered between a pair of pig skins, and then the test was carried out by the mass 
tester with a loading force of 10 N and a tensile speed of 3.33 mm/sec, and the test ended when the hydrogel fell from 
one side of the pig skin.25

Swelling Properties and Degradation Properties
Good swelling and degradation properties are important characteristics to ensure that hydrogels can effectively absorb 
wound exudate and degrade in vivo, and the swelling and degradation properties of hydrogels were assessed using 
a weighing method.26 Gel and GC-NCs-Gel were cut into 3 cm × 1 cm × 0.3 cm to carry out swelling experiments at 
room temperature. The hydrogel samples were fully immersed in deionized water, and weighed at intervals. Before each 
weighing, the excess water on the surface of the hydrogel was wiped off, and the weighing data were accurately 
recorded.27 After the test, the hydrogel was dried and weighed, and the swelling rate of the hydrogel was calculated 
according to the following formula:

Where Q is the swelling rate of the hydrogel, Wi is the mass of the swelling hydrogel, and WO is the original mass of the 
hydrogel.

The Gel and GC-NCs-Gel were cut into 3 cm × 1 cm × 0.3 cm size. The initial mass M0 of the hydrogel before drying 
was recorded first; then, hydrogels of the same size mass were placed in type II collagenase solution, and the hydrogels 
were removed at 20 h, 40 h, 60 h, 80 h, and 100 h. The hydrogels were rinsed, followed by freeze-drying and weighing, 
which was recorded as M1, with three samples in parallel for each group.28 The formula was calculated as follows:

Where D is the degradation rate of hydrogel, M1 is the mass of degraded hydrogel, and M0 is the original mass of 
hydrogel.

Spectroscopic Analysis of GC-NCs-Gel
The crystal structures and phase compositions of GC, GC-NCs, Gel and GC-NCs-Gel were analyzed by X-ray 
diffractometry, and the diffraction peaks of the drug crystals were determined to reveal whether there are any structural 
differences between GC and GC-NCs.29 Measurement conditions: Cu target, working conditions of tube voltage 40 kV, 
tube current 40 mA, scanning range 0–40°, scanning speed 4°/min. For the XRD characterization of Gel and GC-NCs- 
Gel, it was revealed whether there was any change in the crystalline shape of the GC-NCs loaded into the hydrogel. The 
gels were cut to the size of 20 mm × 20 mm and placed on aluminum sheets for testing, and the gels were flattened on 
slides for testing. The scattering angle (2θ) was from 5° to 90° and the scanning speed was 4°/min.

The characteristic absorption peaks of GC and GC-NCs were analyzed by FT-IR spectrophotometer, and GC and GC- 
NCs were mixed with appropriate amount of KBr and ground into powder, and pressed into a transparent thin film for 
analysis in the wavelength range of 4000–500 cm−1. GC and GC-NCs were compared to illustrate whether there was any 
change in the structure of GC after GC was prepared into nanocrystals; in order to further understand whether there was 
any structural change after GC- NCs were loaded into hydrogels to see if the structure changed, Gel and GC-NCs-Gel 
were also analyzed for absorption wavelengths.30

GC, GC-NCs, Gel and GC-NCs-Gel were thermally analyzed using a differential scanning calorimeter to observe the 
absorption (exothermic) peaks.31 The DSC peaks were analyzed to determine whether there was any change in the crystalline 
shape of the nanocrystals after GC was prepared into them. DSC analysis of Gel and GC-NCs-Gel was performed to show 
whether there was any change in the crystalline shape of nanocrystals after GC-NCs were loaded into the hydrogel. The GC, GC- 
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NCs, Gel and GC-NCs-Gel were placed in an aluminum crucible and pressed tightly in a DSC bath under the working conditions 
of nitrogen flow rate of 20 mL/min, and the temperature was increased from 28 °C to 300 °C at a rate of 10 °C/min. The measured 
results were plotted into a DSC curve.

In Vitro Release and Transdermal Study
In vitro release was evaluated according to previously reported methods.32 The 2 g GC-NCs-Gel was dissolved in 10 mL 
normal saline and placed in a thermostatic oscillator at 37 °C and 100 rpm/min. Sampling points were set at 2, 4, 6, 8, 10, 
12, 24 and 48 h. 1 mL of solution was taken each time, and an equal amount of saline was supplemented after sampling 
to maintain the volume. The resulting solution was filtered and the content was determined by HPLC, the cumulative 
release rate was calculated, and the in vitro release curve of GC-NCs-Gel was plotted.

Where Qn is the cumulative release percentage of the drug, V is the volume of the release medium, Cn is the drug 
concentration in the release medium at the nth sampling, Ci is the drug concentration in the release medium at each 
sampling, Vi is the volume of each sampling, and m is the total amount of the drug.

In vitro transdermal experiments of GC-NCs-Gel were performed using Franz transdermal diffusion.33 Prior to the 
experiment, the skin on the back of SD rats was clipped and subcutaneous fat and connective tissue were removed. Saline 
was used as the receiving solution, and the skin was fixed in the Franz transdermal diffusion apparatus. After checking 
that there was no leakage, the receiving solution was filled and the air bubbles were eliminated, and the GC-NCs-Gel was 
cut into a size suitable for the supply pool, applied to the skin surface, and sealed with parafilm. At 2, 4, 6, 10, 14, 16, and 
24 h, 1 mL of receiving solution was withdrawn, and an equal amount of saline was added. After filtration, the content 
was determined by HPLC, and the cumulative permeation amount per unit area (Qn) was calculated.

Where Cn is the concentration of GC-NCs in the permeate at the nth time point, Ci is the concentration of GC-NCs in the 
permeate at the ith time point, Vs is the volume of the receiving cell, V is the sampling volume of the receiving liquid, 
S is the effective penetration area of the diffusion cell.

In Vitro Antibacterial and Antioxidant Assay
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were used as model strains for the experiments, and all the 
manipulations were done on an ultra-clean bench.34 Single colonies of these two bacteria were removed from LB solid 
medium (Peptone, sodium chloride, glucose, yeast paste powder) and inoculated into 5 mL of LB broth medium, and 
incubated at 37 °C and 180 rpm for 12–16 h until the bacteria entered into the logarithmic growth phase. The bacterial 
concentration was adjusted to an OD600 of 0.6–0.8 using a UV-Vis spectrophotometer, and then stored at 4 °C. The evaluation 
of antibacterial ability was achieved by measuring the diameter of the inhibition zone. Gel and GC-NCs-Gel were made into 
a circular gel with a diameter of 6 mm, and the GC solution was adjusted to an appropriate concentration according to the 
drug loading rate of the hydrogel. The LB solid medium was poured into the culture dish, and 108 CFU/mL of E. coli and 
S. aureus were inoculated to ensure that the bacteria were evenly distributed. A sterile filter paper with a diameter of φ = 
6 mm was placed on the surface of the culture medium using sterile tweezers. The circular gel and 10 μL GC solution were 
placed on the filter paper, respectively, and the control group was not treated. The culture dish was placed in a constant 
temperature incubator at 37 °C for 12 h. After the culture, the diameter of the bacteriostatic ring including the filter paper was 
measured with a vernier caliper, and the data were recorded and photographed. The experiment was repeated three times.35–38

In this experiment, the in vitro antioxidant capacity of hydrogels was evaluated by DPPH and ABTS free radical 
scavenging experiments.39,40 Firstly, Gel and GC-NCs-Gel were immersed in 2 mL of 0.04 mg/mL DPPH solution, 
respectively, and the blank DPPH solution was used as a control. After 30 min of dark reaction at room temperature, the 
absorbance was scanned in the range of 300–800 nm using a spectrophotometer, especially the absorbance at 517 nm. 
The DPPH free radical scavenging rate was calculated according to Formula (6).
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Similarly, in the ABTS experiment, 7.4 mM ABTS and 2.6 mM potassium persulfate were mixed at a ratio of 1:1 for 12 h in 
the dark, and then Gel and GC-NCs-Gel were mixed with 2 mL ABTS solution. The blank ABTS solution was used as a control, 
and the reaction was carried out at room temperature for 5 min in the dark. The absorbance at 734 nm was recorded using 
a spectrophotometer at the same wavelength range, and the ABTS radical scavenging rate was calculated according to formula (7).

Where A0 are the absorbance value of the control substance, and Ai are the absorbance value of the mixed solution of 
hydrogel and DPPH.

Where A0 are the absorbance value of the control substance, and A1 are the absorbance value of the mixed solution of 
hydrogel and ABTS.

Excision Wound Healing Study
The rats were ear-marked and anesthetized using isoflurane inhalation. After shaving the backs of the rats, the shaved areas were 
cleaned with saline, and then two circular skin defects of 1 cm in diameter were created on the back of each rat using a sterile 
perforator to ensure consistency of the defects to ensure the accuracy and comparability of the experimental results. After that, 
each wound was inoculated with 50 μL (108 CFU/mL) of Staphylococcus aureus and Escherichia coli suspensions, and the 
wounds were kept exposed and the bedding changed regularly to maintain hygiene. The experimental rats were randomly divided 
into three groups: blank group, model group and experimental group, of which 18 rats were in each of the model and 
experimental groups, and 4 rats were in the blank group. The rats in the model group were modeled with skin defects but 
without GC-NCs-Gel, while the experimental group had GC-NCs-Gel applied to the wounds every two days for 15 consecutive 
days. The hydrogel was covered over the wound in the form of discs with a diameter of 10 mm and a thickness of 1 mm. It was 
fixed with gauze and medical tape to prevent infection and mutual tearing between rats. After surgery, skin photographs of rats 
were taken on days 0, 3, 7, 11, and 15. The wound area was measured by Image J software, and the wound closure rate was 
calculated. The formula was as follows:

(where A0 is the wound area immediately after surgery, and A is the wound area after surgery on days 3, 7, 11 and 15). 
To investigate the molecular mechanism of hydrogel to inhibit scar formation, rats were sacrificed at the end of the 
experiment (day 15), and 0.2 cm of skin tissue from the wound edge was excised and fixed in 4% paraformaldehyde. The 
recovery of skin appendages was assessed by H&E staining, collagen fiber maturation was assessed by Masson staining, 
anti-inflammatory effect was assessed by TNF-α and Arg-1 immunofluorescence staining, and pro-angiogenic factor 
expression was detected by VEGF immunohistochemical staining.

Statistical Analysis
The experimental data were expressed as mean ± standard deviation. Pairwise comparisons were made by a two-sample t test. 
One-way ANOVA was used for comparison between multiple groups. The tests revealed no significant differences when P > 0.05.

Results and Discussion
Preparation of Nanocrystals Based Gel by Co-Gel Method
The preparation process of nanocrystals requires the treatment of raw drugs to nanoscale drug particles. This process usually 
requires stabilizers to reduce the aggregation of drug crystals and ensure the stability of the nanocrystalline system.41,42 In the 
experiment, we first prepared gallic acid (GC) into nanocrystals (GC-NCs) and loaded them into hydrogels for the study of 
wound healing. The results showed that PVP K30 and SDS as stabilizers could effectively improve the solubility of GC 
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(Figure 1A). PVP K30 is adsorbed on the surface of nanocrystals to form a protective film, which maintains the stability of 
nanocrystals by steric hindrance effect. SDS is an ionic surfactant, which hinders the aggregation of nanocrystals through 
electrostatic repulsion, thereby maintaining the stability of nanocrystals.43 Therefore, PVP K30 was selected as the spatial 
stabilizer and SDS as the charge stabilizer. After preparation into nanocrystals, the average particle size of GC-NCs was 348.20 ± 
1.42 nm, and the solubility of GC-NCs was significantly increased (Figure 1B). In addition, we found that GC-NCs-Gel could be 

Figure 1 (A) Effect of different stabilizers on GC solubility. (The dashed red line represents whether different stabilizers have solubilization effect on GC based on the 
solubility of GC) (B) Comparison of the solubility of GC and GC-NCs. (C) Gelation process. (D) Evaluation of gel appearance and morphology. (E) Scanning electron 
microscope images of Gel and GC-NCs-Gel (a is Gel, b is GC-NCs-Gel). (F) Water vapor transmission rate of Gel and GC-NCs-Gel. (nsP>0.05).
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formed within 15 min, and this process was related to the interaction between the phenolic hydroxyl group on gallic acid and the 
amino group on the hydrogel matrix chain, and this mode of action was the main factor for the good formability of the hydrogel 
(Figure 1C). In evaluating the potential of hydrogels as wound dressings, we observed their formability, flexibility, adhesion, and 
residual properties. As shown in Figure 1D, Gel demonstrated good formability and exhibited excellent elasticity and flexibility 
when subjected to external mechanical forces such as bending. In the process of bending the thumb joint from 90° to 0°, Gel can 
completely fit the skin surface, and does not shift, damage or residue during removal, and is easy to remove. Scanning electron 
microscopy (SEM) observation (Figure 1E) showed that the Gel preparation had a honeycomb structure, which not only gave 
GC-NCs-Gel air permeability, but also enabled GC-NCs to be evenly distributed in the gel polymer network. This structure helps 
to keep the wound moist and promote wound healing. In addition, a good water vapor transmission rate (WVTR) of the hydrogel 
is essential to maintain the wound moist state. We found that the WVTR of both Gel and GC-NCs-Gel was in the range of 
2000–2500 g/m2/h at 37 °C (Figure 1F), which fulfils the requirement of an ideal hydrogel.44 The results of the above studies 
showed that the GC-NCs-Gel prepared by co-gelation method showed excellent performance in terms of formability, flexibility, 
permeability and water vapor transmission rate, which has the potential for drug delivery.

Properties of GC-NCs-Gel
Ensuring that the hydrogel delivery system has the necessary flexibility, elasticity, and tensile resistance to accommodate the 
body’s movement and daily activities is a primary consideration for research. According to the experimental results (Figure 2A), 
the tensile stress of the hydrogel increased significantly to 28,000 Pa with the addition of GC-NCs, showing its excellent tensile 
properties. Adhesion performance is one of the key properties of transdermal delivery systems, which directly affects the stability 
and durability on the skin. In daily life, wounds may be subjected to bending and squeezing due to various activities. If the 
adhesion properties of the hydrogel are insufficient, it may shift or fall off under these external forces.45 The experimental data 
showed that the adhesion strength of Gel was 4.1 kPa, whereas the adhesion of GC-NCs-Gel to pig skin was significantly 
enhanced to 9.6 kPa after the addition of GC-NCs (Figure 2B and C). In addition, the long-term adhesion of the hydrogel was 
tested over a period of 20 days (Figure 2D), and the results showed that the hydrogel was still able to maintain good adhesion to pig 
skin. The hydrophilicity of the hydrogel is one of its remarkable properties, which allows the gel polymer network to absorb and 
retain a large amount of water, thus absorbing exudate from the wound tissue.46 The addition of GC-NCs affects the swelling 
properties of hydrogels. As shown in Figure 2E, the swelling ratio of GC-NCs-Gel increased with the addition of GC-NCs, and the 
swelling ratio reached equilibrium at the 40 h. The change in the degree of swelling indicated that the smaller the degree of 
swelling, the tighter the cross-linking of the internal mesh structure of the gel. Finally, the degradation rate of the hydrogel is 
another important consideration. As shown in Figure 2F, the addition of GC-NCs significantly accelerated the degradation rate of 
the gel, which had degraded by about 40% within 60 h, whereas the Gel degraded by only about 20% in the same time. This 
suggests that Gel is densely cross-linked internally and therefore has a slower degradation rate. In contrast, GC-NCs-Gel reduced 
the internal cross-link density of the hydrogel due to the incorporation of GC-NCs, which accelerated the degradation of the 
hydrogel. Through the above experiments, the tensile properties, adhesion properties, swelling properties and degradation rate of 
the hydrogel materials, which are the key properties of transdermal drug delivery systems for wound healing, were evaluated and 
optimized. Through these improvements, we were able to provide a more effective and reliable hydrogel drug delivery system for 
wound healing.

Analysis of Drug Distribution
The X-ray diffraction (XRD) pattern (Figure 3A) revealed characteristic diffraction peaks of gallic acid (GC) in the interval from 
15° to 30°, indicating that it exhibits a crystalline state. The positions of the diffraction peaks of the prepared and obtained GC 
nanocrystals (GC-NCs) did not change significantly in the same angular range as compared to GC, indicating that the preparation 
process using PVP K30 and SDS as stabilizers did not lead to a significant change in the crystalline form of the GC-NCs. Further, 
the characteristic diffraction peaks of GC-NCs in the interval from 15° to 30° (Figure 3B) also confirmed their crystalline state, 
and the characteristic diffraction peaks remained unchanged when they were doped into the hydrogel, which indicated that the 
crystalline morphology of the GC-NCs in the hydrogel was maintained. Fourier transform infrared spectroscopy (FT-IR) analysis 
showed that both GC and GC-NCs had absorption peaks of -OH near 3500 cm−1 and C=O at 1740 cm−1. The characteristic peaks 
at 998, 1328, 1560, and 3215 cm−1 corresponded to the bulk drug GC, which confirmed that the drug structure remained 
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Figure 2 (A) Tensile stress-strain curves of Gel, GC-NCs-Gel. (B) Schematic diagram of adhesion experiments. (C) Hydrogel adhesion strength. (D) Hydrogel long-term 
adhesion. (E) Dissolution curves of Gel, GC-NCs-Gel (F) Degradation curves of Gel, GC-NCs-Gel. (***P < 0.001).
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Figure 3 (A) X-ray diffraction characterization of GC, GC-NCs. (B) X-ray diffraction characterization of Gel, GC-NCs-Gel. (C) FT-IR analysis of GC, GC-NCs. (D) FT-IR 
analysis of Gel, GC-NCs-Gel. (E) DSC analysis of GC, GC-NCs. (F) DSC analysis of Gel, GC-NCs-Gel.
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essentially unchanged in the prepared GC-NCs, thus validating the feasibility of the preparation method (Figure 3C). Infrared 
spectral analysis of the hydrogel (Gel) and the hydrogel containing GC-NCs (GC-NCs-Gel) (Figure 3D) showed that there was 
a C=O absorption peak at 1740 cm−1, the stretching vibration peak of the C=O bond in the carboxyl ion (-COO) of acrylic acid 
was located at 1407 cm−1, and the characteristic peaks at 998, 1328, 1560, and 3215 cm−1 were consistent with the main 
characteristic peaks of GC-NCs, indicating that the GC-NCs had been uniformly dispersed in the honeycomb pore structure. The 
characteristic peaks were consistent with the main characteristic peaks of GC-NCs, indicating that the GC-NCs had been 
uniformly dispersed in the honeycomb pore structure of the hydrogel. The differential scanning calorimetry (DSC) curves 
(Figure 3E) showed that GC had an endothermic peak at about 130 °C, whereas the endothermic peak of the drug for GC-NCs 
shifted to the right at about 250 °C, which may be due to the effect of the exothermic peak of the excipients. The experimental 
results showed that the crystalline form of GC did not change significantly after media milling and still existed in crystal form. 
From the DSC curves of Gel and GC-NCs (Figure 3F), it can be seen that the absorption peaks shifted to the left after GC-NCs 
were loaded into the hydrogel mesh structure, which indicated that the GC-NCs loaded into the hydrogel existed in an amorphous 
form, and the preparation process of the GC-NCs-Gel had no effect on the nanocrystal structure. By means of XRD, FT-IR and 
DSC analyses, we confirmed the stability of the crystalline form and drug structure of GC-NCs during the preparation process, as 
well as their homogeneous dispersion in the hydrogel. These results provide a scientific basis for GC-NCs-Gel as a potential 
transdermal drug delivery system.

In Vitro Drug Release and Transdermal Analysis
The results of in vitro release experiments (Figure 4A) demonstrated that GC-NCs-Gel released the drug rapidly during 
the initial phase, a phenomenon that helps to achieve the desired minimum effective drug concentration in a shorter 
period of time, resulting in a rapid drug effect. In addition, GC-NCs-Gel exhibited sustained and controlled drug release 
characteristics, with a cumulative release of approximately 57% after 48 h of release. This pattern of drug release helps to 
maintain a stable drug concentration, supporting the achievement of long-term therapeutic effects. As a transdermal 
delivery system, GC-NCs-Gel needs to have excellent drug transmission rate. Figure 4B shows that GC-NCs-Gel reached 
the highest cumulative transmittance of 127.2 µg/cm2 within 6 h. This result confirms that the preparation of GC into 
nanocrystals has a significantly improved drug transmittance rate, indicating that GC-NCs-Gel has potential clinical 
applications as an effective transdermal delivery system. The preparation method and drug release characteristics of GC- 
NCs-Gel have shown good drug delivery potential, which is of great significance for the development of new transdermal 
drug delivery systems.

In Vitro Antibacterial and Antioxidant Efficiencies of GC-NCs-Gel
In this study, we evaluated the antibacterial activity of GC, Gel and GC-NCs-Gel against S. aureus and E. coli. The 
results of the inhibition zone test (Figure 5A) showed that after incubation at 37 °C for 12 h, the GC group only produced 
a slight inhibition zone against the two bacteria, while GC-NCs-Gel and Gel showed significant antibacterial effects. 

Figure 4 (A) In vitro release profile of GC-NCs-Gel. (B) Percutaneous drug permeability of GC-NCs-Gel.
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Figure 5 (A) Antimicrobial effects of GC, Gel, and GC-NCs-Gel. (B) Full-scan spectra by DPPH method. (C) Free radical scavenging of Gel and GC-NCs-Gel. (D) Full-scan 
spectra by ABTS method. (E) Free radical scavenging of Gel and GC-NCs-Gel. (***P < 0.001).
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Specifically, for S. aureus, the diameters of inhibition zones of GC-NCs-Gel and Gel were 39.75 ± 0.61 mm and 42.38 ± 
0.31 mm, respectively. For E. coli, they were 21.52 ± 0.06 mm and 21.30 ± 0.12 mm, respectively (Table 1). These 
results indicate that the prepared hydrogels have good antimicrobial effects and can provide an effective protective 
barrier for wounds against bacterial infection, thus promoting wound healing. Reactive oxygen species (ROS) play a dual 
role in the wound healing process, where an appropriate amount of ROS is essential for stimulating cell migration and 
angiogenesis, but an excessive amount of ROS can adversely affect wound healing.47,48 To evaluate the antioxidant 
properties of the hydrogels, we tested them by DPPH and ABTS free radical scavenging experiments. The results of the 
DPPH free radical scavenging experiments (Figure 5B) showed that the absorbance at 517 nm decreased with the 
increase of the GC concentration in the hydrogel, indicating that the GC-NCs-Gel exhibited significant free radical 
scavenging ability after 30 min of incubation with scavenging efficiencies of up to 77.7% (Figure 5C).The results of the 
ABTS free radical scavenging assay (Figure 5D) showed that the absorbance at 516 nm decreased with increasing GC 
concentration, and the free radical scavenging efficiency of GC-NCs-Gel was up to 98.6% (Figure 5E). These results 
indicated that the incorporation of GC significantly enhanced the ROS scavenging ability of the hydrogel, which could be 
attributed to the abundant reduced phenolic groups in GC, which could act as electron donors and effectively neutralize 
free radicals. GC-NCs-Gel not only exhibited good antimicrobial activity, but also had excellent antioxidant properties, 
which makes it a promising drug delivery system.

Excision Wound Healing
Figure 6 shows that 24 h after constructing the rat whole-layer skin defect model, there was obvious oedema and a large 
number of inflammatory cells infiltration around the wounds in the experimental and model groups, and there was 
exudate around the wounds; on the 3rd day of drug administration, the oedema around the wounds in the experimental 
and model groups had been eliminated, and the wounds began to scab on the surface of the wounds. The wound area of 
the experimental group was reduced compared with that of the model group, and the wound healing rate of the model 
group was 16.2%, while that of the experimental group was 25.6%, which was improved compared with that of the 
model group. After 7 days of administration, the wound surface area of the experimental group decreased significantly, 
and the wound healing rate of the experimental group reached 68.3%, while the wound surface area of the model group 
had a small decrease relative to day 3, and the scab on the surface of the wound gradually hardened, and the inside of the 
flushed wound was accompanied by congestion; 15 days after the administration of GC-NCs-Gel, the model group 
showed an irregular shape of the scar, with black pigmentation, and the healing rate of the wound surface reached only 
65.3%. In the experimental group, the wounds were almost healed, and the wound healing rate reached 95.3%, indicating 

Table 1 Diameter of Inhibition Zone of GC, Gel and GC-NCs-Gel

Bacteria Group Inhibition Zone Diameter (mm)

E. coli PBS 6.00

GC 6.52±0.16**

Gel 21.30±0.12***

GC-NCs-Gel 21.52±0.06***

S. aureus PBS 6.00

GC 6.63±0.04ns

Gel 42.38±0.31***

GC-NCs-Gel 39.75±0.61***

Notes: nsP>0.05, **P < 0.01,***P < 0.001.
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that GC-NCs-Gel can promote wound healing and inhibit scar formation from anti-inflammatory, antibacterial and 
antioxidant aspects.

At the end of the experiment, paraffin embedding, slicing and H&E staining were performed on the skin tissue of the 
mice to observe the histopathological changes during wound healing. Histological results of the wounds on day 7 and day 
15 (Figure 7A) showed. After 7 days of drug administration, both model and experimental groups were undergoing 
inflammatory response, the experimental group had more neovascularization as well as more lymphocyte infiltration in 
the wound, and the wound began to have epidermal production, indicating that the wound had begun to transform to the 
remodeling phase. The model group had fragments of necrotic cells as well as more lymphocytic infiltration. After 15 
days of administration, the experimental group showed significant neovascularization, and the epidermis at the wound 
site formed a more complete and thickened structure than the control group (Figure 7B). In addition, a large number of 
skin appendages, including hair follicles and sebaceous glands, appeared in the dermis, and the formation of these 
appendages further demonstrated the remarkable results of skin regeneration and repair in the experimental group. 
A large number of lymphocytes and a small amount of neovascularization were seen in the tissue sections of the model 

Figure 6 (A) Healing in different groups. (B) Fitting of wound healing traces on days 3, 7, 11 and 15. (C) Wound area remaining in rats after treatment in different groups. 
(***P < 0.001).
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group, indicating that the model group was still in the inflammatory phase. Taken together, these results suggest that GC- 
NCs-Gel can promote the transformation of cells from the inflammatory phase to the proliferative phase, thereby 
promoting wound healing and inhibiting scar formation. As collagen deposition is also an important indicator of the 
effectiveness of wound healing, the distribution and density of collagen fibers were assessed using Masson staining.49 

The results (Figure 7C and D) showed that a certain amount of collagen was produced at the wound site in both the 
model group and the experimental group after 7 days of administration, and the collagen content at the wound site in the 
experimental group was higher than that in the model group. After 15 days of administration, Masson staining results 
showed that more collagen precipitation appeared in the experimental group, and the wound collagen distribution in the 
experimental group was more orderly and uniform, and the wound healing was complete without scar formation, 
indicating that GC-NCs-Gel promoted the movement of fibroblasts, promoted wound healing and inhibited scar 
formation. In the model group, the collagen content of the wounds was reduced compared with that of the experimental 
group, and there was no epidermalization, and the wound formation was incomplete.

In this study, we explored the dual role of macrophages in inflammatory response and tissue repair. Pro-inflammatory 
macrophages (M1-type) release inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), involved in the 

Figure 7 (A) H&E staining at skin wounds in different groups. (The blue and red arrows represent blood vessels and sebaceous glands, respectively) (B) Epidermal thickness. 
(C) Masson wound staining in different groups. (D) Collagen content (assuming 100% collagen content in normal group). (nsP>0.05, ***P < 0.001).
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initiation and maintenance of the inflammatory response to remove pathogens and damaged tissue.50 In contrast, anti- 
inflammatory macrophages (M2) inhibit inflammation and promote tissue repair by secreting factors such as arginase-1 
(Arg-1).51 The experimental results showed that the expression of Arg-1 was significantly up-regulated and the 
expression of TNF-α was significantly down-regulated in the experimental group compared with the model group 
(Figure 8A and B), which indicated that GC-NCs-Gel was able to effectively inhibit inflammatory responses and 
promote tissue repair. GC-NCs-Gel reduced the degree of inflammation by inhibiting the secretion of inflammatory 
factors from the M1-type macrophage cells, creating a favorable wound healing environment for wound healing. In 
addition, the anti-inflammatory effect of GC-NCs-Gel facilitates the transition of the wound from the inflammatory phase 
to the proliferative phase, in which fibroblasts proliferate and synthesize extracellular matrix components, such as 
collagen, to fill in the wound defect, a key step in wound healing. Vascular endothelial growth factor (VEGF) is a key 
factor that promotes neovascularization.52 We further investigated angiogenesis during wound healing and scar formation 
by immunohistochemical detection of VEGF. The results showed that the number of neovascularization in the GC-NCs- 
Gel group was significantly greater than that in the model group on the 7th day after administration (Figure 8C and D), 
suggesting that GC-NCs-Gel significantly promoted the formation of neovascularization. These new blood vessels 
provided essential nutrients and oxygen to the wound area, accelerating tissue repair and regeneration. By day 15 after 
administration, the wounds in the GC-NCs-Gel group had entered the remodeling stage and the neovascularization had 
begun to subside, whereas the wounds in the model group were still in the proliferative stage and the number of 
neovascularization was still high, further confirming the effectiveness of GC-NCs-Gel in accelerating wound healing.

Conclusion
In this study, we successfully prepared a novel nanogel, GC-NCs-Gel, a delivery system consisting of nanocrystals (GC- 
NCs) made of gallic acid (GC), a plant polyphenol, uniformly dispersed in a polyacrylic acid hydrogel matrix. The GC- 

Figure 8 (A) Analysis of immunofluorescence results of TNF-α and Arg-1 inflammatory factors. (B) Analysis of quantitative results of immunofluorescence of TNF-α and 
Arg-1 inflammatory factors. (C) Immunohistochemistry of VEGF at the wounds of different groups. (D) Number of neovascularization at the wounds of different groups. 
(nsP>0.05, ***P < 0.001).
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NCs-Gel exhibited a homogeneous and highly interconnected network structure, with good solubility, degradation, water 
vapor transmission rate, mechanical properties and adhesion. In addition, GC-NCs-Gel is capable of sustained controlled 
drug release and excellent in vitro permeability. The incorporation of GC-NCs significantly enhanced the antibacterial 
and antioxidant properties of GC-NCs-Gel. Further biocompatibility studies demonstrated that GC-NCs-Gel exhibited 
significant wound healing-promoting effects in a rat skin defect scarring model. The delivery system effectively 
promoted granulation tissue formation and collagen deposition by promoting epidermal regeneration, inducing neovas
cularization, increasing the expression of the anti-inflammatory factor Arg-1, and decreasing the production of the pro- 
inflammatory factor TNF-α, thereby accelerating the wound healing process. To sum up, these effects, GC-NCs-Gel not 
only improved wound healing efficiency, but also helped to inhibit scar formation. Overall, GC-NCs-Gel demonstrated 
unique multifaceted effects in promoting wound healing and inhibiting scar formation, providing an efficient drug 
delivery system for wound healing.
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