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Abstract
Infected wounds pose a significant clinical challenge, as persistent bacterial 
colonization exacerbates inflammation, disrupts the local immune microenvironment, 
and delays tissue repair. Here, we report the development of a 3D printing dual-
crosslinked hydrogel scaffold loaded with ginger-derived exosome-like vesicles 
(GPP@G-ELNs) to promote healing of infected full-thickness wounds. The hydrogel 
was fabricated by combining GelMA-PBA and PVA to form a dual-network structure, 
followed by photo-crosslinking and 3D printing, and then loaded with G-ELNs. The 
bioactivity of the scaffold was evaluated in an infected rat wound model, focusing on 
wound closure, angiogenesis, antibacterial efficacy, and immunomodulatory effects. 
Treatment with GPP@G-ELNs hydrogel significantly accelerated wound healing, 
reduced inflammatory cell infiltration, promoted collagen deposition, and enhanced 
angiogenesis. Moreover, the hydrogel exhibited potent antibacterial activity, 
with ginger-derived exosomes playing a critical role in modulating macrophage 
polarization and controlling local immune responses. These findings demonstrate 
that the 3D printing GPP@G-ELNs hydrogel provides an integrated platform for 
infection control, immunoregulation, and tissue regeneration, offering promising 
potential for clinical application in the management of infected wounds.
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1. Introduction
Infected wounds are a common and challenging clinical problem, as persistent bacterial 
colonization exacerbates inflammation, disrupts the local immune microenvironment, 
and impairs angiogenesis, ultimately delaying tissue repair and compromising patient 
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outcomes.1,2 Such wounds often arise in the context of 
underlying conditions, including diabetes and peripheral 
vascular disease, which further compromise local blood 
supply and immune function, making the infection 
difficult to control and the healing process prolonged. In 
recent years, hydrogels have gained widespread attention 
in wound healing due to their excellent biocompatibility, 
high water content, and drug-loading capacity.3,4 However, 
most traditional hydrogels rely on permanent crosslinking 
structures to maintain their integrity. Once they break, 
rupture, or locally fail in the dynamic environment of a 
wound, they are typically unable to spontaneously restore 
their structure and function.5 During wound healing, 
the wound undergoes repeated stretching, compression, 
and external mechanical stimulation, making hydrogels, 
which lack self-healing capabilities, prone to structural 
damage, incomplete coverage, or detachment, resulting in 
disrupted drug release or loss of antimicrobial barriers,6,7 
severely limiting their long-term therapeutic effects.8 
Therefore, developing a hydrogel capable of maintaining 
structural integrity and functional stability under repeated 
mechanical disturbances and complex pathological 
microenvironments is of great significance for achieving 
sustained infection control and dynamic repair.

Self-healing hydrogels, with their excellent injectability 
and in situ gelation properties, allow for tight adhesion 
to wounds and support dynamic healing, making them 
a promising direction in wound healing research.9 Lu et 
al.10 developed a hyaluronic acid-based hydrogel loaded 
with peptides, which effectively adhered to wounds and 
promoted tissue regeneration. Tan et al.11 used dynamic 
imine-bond crosslinking among hydroxypropyl chitosan 
(HPC), caffeic acid-modified chitosan (CCS), and 
oxidized dextran (ODex) to create a sprayable chitosan-
based hydrogel for in situ wound repair. Furthermore, 
the photopolymerizable hydrogels such as methacrylated 
gelatin (GelMA) demonstrate the advantage of ease 
of operation and can be modified with substances like 
phenylboronic acid (PBA) to achieve dynamic responses 
to factors such as reactive oxygen species (ROS) and pH 
in the wound microenvironment.12 Although these self-
healing injectable hydrogels show significant advantages 
in adhering to irregular wound shapes and facilitating 
dynamic healing, their structures are typically uniform and 
disordered, making it difficult to control their mechanical 
properties and spatial structures precisely.13 During actual 
wound healing, the wound is often exposed to dynamic 
forces such as stretching, compression, and external 
mechanical disturbances.14 Relying solely on injectable 
hydrogels can lead to local collapse, deformation, or 
functional degradation, thus limiting their long-term 
efficacy. In contrast, hydrogels fabricated using 3D printing 

technology can maintain their self-healing properties while 
offering controllable and repeatable design of macroscopic 
shape, pore structure, and mechanical performance.15 
By precisely controlling the printing path and structural 
parameters, 3D printing hydrogels can better adapt to 
various wound shapes and provide stable mechanical 
support at the structural level, making them more effective 
in addressing the dynamic mechanical environment of 
wound healing.16 This advantage gives 3D printing self-
healing hydrogels greater potential for application in 
complex wound repair.

In the clinical treatment of infectious wounds, 
antibiotics remain the primary method for controlling 
bacterial infections.17 However, the long-term or repeated 
use of antibiotics not only increases the risk of bacterial 
resistance but may also have toxic effects on local cell activity, 
inhibiting the proliferation and migration of fibroblasts and 
endothelial cells, thereby negatively impacting the wound-
healing process.18 In recent years, bioactive compounds 
derived from natural plants have gained significant 
attention due to their excellent biological safety, low cost, 
and multitarget regulatory properties in infection control 
and immune modulation.19 As a commonly used food 
and medicinal plant, ginger is rich in various bioactive 
components that have been shown to possess antibacterial, 
anti-inflammatory, and immune-regulating functions, 
demonstrating potential advantages in infection control 
and the treatment of inflammation-related diseases.20 
Compared with single chemical drugs, plant-derived 
bioactive substances generally exert milder and more 
durable biological effects, rendering them more suitable for 
highly sensitive scenarios such as wound healing. Among 
these, exosome-like nanovesicles (ELNs) extracted from 
fresh plant juice are membranous aggregates composed 
of lipids, proteins, nucleic acids and other biomolecules, 
and possess pharmacological activities similar to those of 
the source plants. In contrast to single-component agents, 
ELNs are characterized by multi-component composition, 
cross-scale structural features and multifunctional 
biological effects, exhibiting distinct advantages in cellular 
uptake, multivalent interactions and functional synergy.21 
Furthermore, compared with mammalian exosomes, 
ELNs are naturally devoid of mammalian antigens, thus 
presenting lower immunogenicity and reduced risk of 
pathogen transmission.22

In this study, we developed a 3D printing dual-
crosslinked hydrogel scaffold (GPP@G-ELNs) loaded 
with ginger-derived exosome-like nanovesicles (G-ELNs). 
This system combines phenylboronic acid-modified 
methacrylated gelatin (GelMA-PBA) with polyvinyl 
alcohol (PVA) to construct a dual-crosslinked hydrogel 
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network. The composite hydrogel system maintains 
structural stability while possessing self-healing ability to 
dynamically respond to wound movement and exhibits 
responsive degradation and drug release capabilities 
in the pathological microenvironment rich in ROS. 
Additionally, the G-ELNs loaded in the GPP hydrogel 
can effectively eliminate pathogenic bacteria and regulate 
the local immune microenvironment. In a full-thickness 
infectious wound model, the GPP@G-Exo hydrogel 
significantly accelerated the wound healing process and 
demonstrated pro-angiogenic and anti-inflammatory 
effects. In summary, this 3D printing dual-network drug-
loaded hydrogel provides a promising functional material 
platform for skin tissue repair in infectious wounds and 
holds great application potential.

2. Materials and methods
2.1. Materials

Gelatin (medical grade, Bloom 240), methacrylic acid 
(MAA), boric acid salts, and polyvinyl alcohol (PVA) were 
purchased from Aladdin Reagents Co., Ltd. (Shanghai, 
China). The photoinitiator Irgacure 2959 (2-(hydroxy)-
4-(2-hydroxyethoxy)-2-methylphenyl ketone) was 
obtained from Sigma-Aldrich (St. Louis, USA). 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC) and N-hydroxysuccinimide (NHS) were purchased 
from TCI Chemicals (Shanghai, China). All chemicals 
were of analytical grade and were used without further 
purification, unless otherwise specified.

2.2. Synthesis of GelMA-PBA hydrogel

GelMA was synthesized following the conventional 
preparation method. In brief, gelatin was dissolved in 
phosphate-buffered saline (PBS) and methacrylic acid 
(MAA) was added. The mixture was treated at 50 °C for 6 
h, then placed into a dialysis bag and dialyzed in deionized 
water at 37 °C for 3 days, followed by freeze-drying for 2 
days. For the synthesis of GelMA-PBA, the freeze-dried 
GelMA was dissolved in 50 mL PBS at a concentration of 5% 
w/v and the pH was adjusted to 5.5–6.0. Then, equimolar 
amounts of EDC and NHS were added and activated 
at room temperature for 30 min. Next, 1 g of amino 
phenylboronic acid hydrochloride was added and the pH 
was adjusted to 6.0–6.5, followed by continued reaction for 
12–24 h (stirred in the dark at room temperature). After 
the reaction, the product was transferred to a dialysis bag 
(MWCO 3.5–8 kDa) and dialyzed in deionized water for 
3–5 days (with water changes 2–3 times per day) to remove 
unreacted small molecules and by-products. The product 
was then freeze-dried to obtain GelMA-PBA powder for 
later use.

2.3. Synthesis and characterization of GPP hydrogel

GelMA-PBA and PVA were mixed to construct a composite 
hydrogel (GPP). GelMA-PBA and PVA were each 
dissolved in PBS solution containing the photoinitiator 
Irgacure 2959 at a concentration of 10% w/v. The two 
solutions were then mixed at volume ratios of 8:2, 6:4, 
and 4:6 to form the pre-crosslinked hydrogel system. 
Under slightly alkaline conditions (pH ≈ 8.5), a reversible 
borate ester dynamic covalent reaction was induced in the 
hydrogel. The pre-crosslinked hydrogel was then exposed 
to ultraviolet light (365 nm, approximately 30 mW/
cm²) for photo-crosslinking, which induced free radical 
polymerization of the methacrylate groups on the GelMA 
backbone, forming a stable dual-crosslinked composite 
hydrogel. The composite hydrogel was characterized by 
Fourier-transform infrared spectroscopy (FTIR), proton 
nuclear magnetic resonance spectroscopy (¹H NMR), and 
scanning electron microscopy (SEM) to systematically 
analyze its chemical structure, component interactions, 
and micromorphology. FTIR analysis was performed using 
a Nicolet iS50 spectrometer (Thermo Fisher Scientific, 
USA), with spectra collected in the range of 4000–400 cm⁻¹. 
For ¹H NMR measurements, a Thermo Fisher Scientific 
NMR System 400 MHz spectrometer (Thermo Fisher 
Scientific, USA) was employed. The lyophilized hydrogel 
was dissolved in deuterated dimethyl sulfoxide (DMSO-d₆) 
to confirm the chemical structure of the hydrogel and 
verify the successful integration of each component. SEM 
observation was carried out on a Thermo Fisher Scientific 
Phenom ProX SEM (Thermo Fisher Scientific, USA). The 
samples were sputter-coated with a 5-nm-thick gold layer, 
and images were acquired at an accelerating voltage of 10 
kV to observe the surface and cross-sectional morphology 
as well as the pore size distribution of the hydrogel.

For the swelling experiment, GPP hydrogels with 
different ratios were prepared into cylindrical samples of the 
same size (e.g., diameter d, height h; n ≥ 3 for each group). 
After gelation, the samples were thoroughly washed with 
PBS to remove unreacted small molecules and residual 
initiators, then freeze-dried to constant weight, and the 
dry weight (Wd) was recorded. The freeze-dried samples 
were placed in PBS at pH 7.4 and incubated at 37 °C with 
shaking. At preset time points, the samples were taken out, 
surface liquid was gently absorbed with filter paper, and 
the wet weight (Ws) was measured. The swelling ratio of 
the hydrogel was calculated using the following formula:

Swelling ratio (%) = Ws Wd 100
Wd
−

×

For the hydrogel degradation experiment, GPP 
hydrogels were prepared into samples of the same size (n 
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≥ 3 for each group) and freeze-dried to constant weight, 
recording the initial dry weight as W0. The samples were 
then placed in centrifuge tubes containing pH 7.4 PBS and 
incubated at 37 °C with shaking, with regular PBS changes 
to maintain a stable degradation environment. At preset 
time points, the samples were removed, gently rinsed with 
deionized water to remove surface salts, then freeze-dried 
to constant weight, and the remaining dry weight (Wt) was 
recorded. The mass loss rate of the hydrogel was calculated 
using the following formula:

Mass loss (%) = 
W0 Wt 100

W0
−

×

2.4. Synthesis and characterization of G-ELNs

Fresh ginger was thoroughly washed in sterile PBS solution 
and processed under sterile conditions. The tissue was 
homogenized in a sterilized blender using pre-cooled sterile 
PBS (pH 7.4) to minimize thermal and environmental 
contamination. The homogenate was then filtered through 
sterile gauze to remove fibrous impurities, followed by 
differential centrifugation at 4 °C (300× g for three short 
cycles and 10,000× g for 30 min) to remove large particles 
and residual impurities. The supernatant was filtered 
through a 0.22 μm polyethersulfone membrane filter and 
subjected to ultracentrifugation at 100,000× g for 60 min 
at 4 °C (using a Beckman Coulter centrifuge). The final 
pellet was gently resuspended in PBS and characterized 
using transmission electron microscopy (TEM) to assess 
vesicle morphology and nanoparticle tracking analysis 
(NTA) to determine particle size distribution. In addition, 
the protein composition of the purified ginger-derived 
exosome-like nanoparticles was evaluated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), providing a protein profile characteristic 
of exosome-like vesicles. The vesicles were aliquoted and 
stored at −80 °C until further use.

2.5. 3D printing of GPP@G-ELNs hydrogel scaffold

The scaffolds were fabricated using an extrusion-based 
3D bioprinter. Briefly, the GelMA-PBA, PVA, and G-Exo 
solution was thoroughly mixed and cooled at 4 °C for 
20 min. The bioink was then loaded into the printer 
nozzle, with a 22G needle and a layer thickness of 0.8 
mm. The extrusion temperature was maintained at 4 °C 
to preserve the gel state, and the bioink was extruded 
under a pressure of 20–50 kPa at a speed of 5.0 mm/s. The 
printing temperature was controlled between 5 °C and 
15 °C, with the cooling plate maintained at −4 °C. After 
printing, the scaffolds were crosslinked under ultraviolet 
(UV) irradiation on the cooling plate and subsequently 
lyophilized for characterization. 

2.6. Mechanical strength testing

The mechanical properties of the hydrogel scaffold were 
evaluated through compression and tensile tests using 
a universal testing machine. For the compression test, 
cylindrical hydrogel samples (10 mm in diameter and 4 mm 
in height) were placed between parallel compression plates 
and subjected to uniaxial compression at a loading rate of 
10 mm/min to obtain the compressive stress–strain curve. 
For the tensile test, dumbbell-shaped hydrogel samples 
were tested in the same manner, with a stretching rate of 10 
mm/min until fracture, and the tensile stress–strain curve 
was recorded. All samples were fully equilibrated in PBS 
(pH 7.4) before testing and tested under wet conditions. 
Each experiment was repeated at least three times.

2.7. Drug release experiment

To evaluate the release behavior of exosomes from the 
hydrogel scaffold, the exosome-loaded hydrogel samples 
were placed in 1 mL of PBS (pH 7.4) and incubated at 
37 °C. At predetermined time points, the supernatant 
was collected and replaced with an equal volume of fresh 
PBS to maintain a constant volume in the release system. 
The collected supernatants were analyzed using a UV-Vis 
spectrophotometer, and the absorbance at 280 nm was 
measured to reflect the release of exosome-related proteins.

2.8. Hemolysis test

The blood compatibility of the materials was assessed using 
whole blood from Sprague–Dawley (SD) rats. Freshly 
collected whole blood was anticoagulated with 3.2% w/v 
sodium citrate and centrifuged at 2000 rpm for 10 min at 
room temperature to separate the red blood cells. After 
discarding the supernatant plasma, the red blood cells 
were washed three times with PBS until the supernatant 
became clear. The red blood cells were then resuspended 
in PBS and diluted to a 5% v/v red blood cell suspension. A 
500 μL aliquot of the red blood cell suspension was mixed 
with an equal volume of deionized water (positive control), 
PBS (negative control), GPP hydrogel, and GPP@G-ELNs 
hydrogel, and incubated at 37 °C for 4 h. After incubation, 
the mixture was centrifuged at 2000 rpm for 10 min, and 
the supernatant was collected for hemolysis analysis.

2.9. Cytotoxicity

To obtain standardized hydrogel extracts, the formed 
hydrogels were initially sterilized by soaking in 75% ethanol 
under sterile conditions at 75 °C for 30 min. Afterward, the 
hydrogels were thoroughly washed three times with sterile 
PBS to remove residual ethanol. The treated hydrogels 
were then placed in sterile cell culture medium (DMEM 
containing 10% FBS and 1% penicillin-streptomycin) at a 
mass/volume ratio of 0.1 g/mL, and incubated at 37 °C with 
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5% CO₂ for 24 h to extract the hydrogel. After extraction, 
the supernatant was collected and filtered through a 0.22 
μm sterile filter, and the resulting filtrate was used as the 
hydrogel extract for subsequent cell experiments.

The impact of the hydrogel materials on cell viability 
was assessed using the Cell Counting Kit-8 (CCK-8, 
Beyotime, China). L929 fibroblasts were seeded at a 
density of 5 × 10⁴ cells/well in a 96-well plate (100 μL/well) 
and cultured at 37 °C with 5% CO₂ for 24 h to allow cell 
adhesion. The culture medium was then discarded, and 
100 μL of the pre-prepared hydrogel extract was added to 
the wells. The control group received an equal volume of 
fresh DMEM culture medium. After an additional 24 h of 
incubation, the medium was replaced with fresh culture 
medium containing 10% v/v CCK-8 reagent (100 μL per 
well), and the plate was incubated in the dark for 2 h. The 
absorbance was recorded at 450 nm using a multifunctional 
microplate reader (Infinite F200/M200, Tecan, Männedorf, 
Switzerland) to measure cell viability.

To further visually assess cell viability, Live/Dead cell 
viability staining was performed using a Live/Dead cell 
staining kit. L929 cells were seeded in a 24-well plate at 
the same density and treated with hydrogel extracts as 
described. After treatment, the culture medium was 
discarded, and the cells were gently washed once with 
PBS. The staining solution containing calcein-AM and 
propidium iodide (PI) was added, and the cells were 
incubated at 37 °C in the dark for 15–20 min. After staining, 
the cells were gently washed with PBS and observed under 
a fluorescence microscope. Live cells exhibited green 
fluorescence, while dead cells exhibited red fluorescence.

2.10. Cell proliferation assay 

Cell proliferation was assessed using the CCK-8 assay 
(Abmole) and the EdU Cell Proliferation Kit with Alexa 
Fluor 488 (Beyotime) according to the manufacturer’s 
instructions. For the CCK-8 assay, L929 cells were seeded 
at a density of 5 × 10³ cells per well in a 96-well plate and 
cultured for 1–5 days. At each time point, 10 μL of CCK-8 
solution was added to each well, incubated at 37 °C for 2 h, 
and absorbance was measured at 450 nm using a microplate 
reader. For the EdU assay, L929 cells were seeded at 5 × 10³ 
cells per well, cultured for 12 h, and then treated with EdU 
(10 μM) for an additional 12 h. The cells were subsequently 
fixed, permeabilized, blocked, and stained according to 
the kit protocol. Images were captured using an inverted 
fluorescence microscope (DMi8, Leica, Germany), and 
the proportion of EdU-positive cells was quantified using 
ImageJ software.

2.11. Antibacterial activity

The antibacterial activity of the hydrogel extract was 
evaluated in vitro using Staphylococcus aureus (S. aureus) 
and Escherichia coli (E. coli) as representative strains. The 
prepared hydrogel samples were extracted at 37 °C for 
24 h, and the supernatant was collected as the hydrogel 
extract for further use. After culturing the bacteria to 
the logarithmic growth phase, the bacterial suspension 
was diluted to approximately 5 × 10⁴ cfu/mL with sterile 
buffer. A certain volume of the hydrogel extract was mixed 
with the bacterial suspension and incubated at 37 °C with 
shaking at 220 rpm for 8–10 h. The control group consisted 
of an equal volume of buffer and bacterial suspension 
co-cultured under the same conditions. After incubation, 
bacterial growth was evaluated by measuring the optical 
density of the bacterial suspension at 600 nm, and bacterial 
survival or inhibition rates were calculated using the 
formula.

To further visually observe bacterial survival, bacterial 
samples treated with the extract were stained using a 
calcein-AM/PI Live/Dead staining kit, following the 
instructions and incubated in the dark. The stained 
bacterial samples were imaged using a laser scanning 
confocal microscope. Live bacteria appeared as green 
fluorescence, while dead bacteria showed red fluorescence, 
providing a comprehensive assessment of the antibacterial 
effect of the hydrogel extract.

2.12. Macrophage polarization

Immunofluorescence staining was used to evaluate the 
regulatory effects of the hydrogel extract on macrophage 
inflammatory phenotypes. RAW264.7 cells were seeded at 
a density of 1 × 10⁵ cells/well in a 24-well plate and cultured 
overnight at 37 °C with 5% CO₂ to allow cell adhesion. The 
cells were then pre-stimulated with lipopolysaccharide 
(LPS, 1 μg/mL) for 4 h. After discarding the culture medium, 
the cells were gently washed once with PBS and treated with 
the hydrogel extract; the control group was treated with an 
equal volume of fresh complete culture medium. After 24 h 
of incubation, the culture medium was discarded, and the 
cells were washed twice with PBS. For immunofluorescence 
analysis, the cells were fixed with 4% paraformaldehyde for 
15 min, permeabilized with 0.1% Triton X-100 for 10 min, 
and blocked with 5% BSA at room temperature for 1 h. The 
cells were then incubated overnight at 4 °C with primary 
antibodies against CD86 (M1 marker) and CD206 (M2 
marker). Following three washes with PBS, fluorescence-
labeled secondary antibodies were added and incubated 
in the dark for 1 h. Finally, the cells were counterstained 
with DAPI for 5 min, washed with PBS, and mounted. 
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Samples were observed under a fluorescence microscope, 
and CD86- and CD206-positive signals were used to 
assess changes in M1 and M2 macrophage phenotypes, 
respectively. Additionally, quantitative polymerase chain 
reaction (qPCR) analysis was performed to quantify 
the expression of macrophage-associated inflammatory 
cytokines, including IL-6 and TNF-α (M1 markers) and 
IL-10 (M2 marker), to further evaluate the hydrogel’s 
effects on macrophage polarization and the modulation of 
the inflammatory microenvironment.

2.13. Infectious skin injury model

All animal experiments were conducted in accordance 
with the “Regulations on the Administration of Laboratory 
Animals” issued by the Ministry of Health of the People’s 
Republic of China and were approved by the Ethics 
Committee of Chongqing Medical University. SD rats 
(5–6 weeks old, 200–250 g) were purchased from Sichuan 
Dashuo Animal Research Center. After anesthesia, the back 
hair of each rat was shaved and disinfected, and a circular 
full-thickness skin wound (10 mm in diameter) was made 
using surgical scissors. A suspension of S. aureus (5 × 10⁸ 
CFU/mL) was inoculated onto each wound. After 24 h, 
the wounds were treated with GPP and GPP@G-ELNs 
hydrogels, while the blank control group received a simple 
full-thickness skin wound. All wounds were covered with 
a three-layer sterile gauze and fixed with an elastic bandage 
and a rubber ring. Wound images were taken on days 0, 
7, and 14, and tissue samples were collected and analyzed 
from 3 rats per group at each time point.

2.14. Histological and immunohistochemical 
analysis

Rats were euthanized on the 14th day post-surgery, and 
corresponding tissue samples were immediately fixed in 
4% paraformaldehyde for 24 h. After fixation, the tissue 
samples were dehydrated through a gradient of ethanol, 
cleared in xylene, and embedded in paraffin. Continuous 
sections, approximately 4 μm in thickness, were cut and 
mounted on glass slides for subsequent histological and 
immunohistochemical analysis. To assess overall tissue 
morphology, inflammation, and repair, the sections were 
stained with hematoxylin and eosin (H&E; Solarbio, 
G1120, China) to observe cell infiltration, tissue structure 
integrity, and new tissue formation. Masson’s trichrome 
staining  was also performed using commercially available 
kit (Solarbio, G1340, China) to evaluate collagen deposition 
and tissue remodeling.

Furthermore, to analyze molecular events related 
to tissue repair, the sections were subjected to 
immunohistochemical staining to detect the expression 
of vascular endothelial growth factor (VEGF), type I 

collagen (COL-1), and tumor necrosis factor-α (TNF-α). 
Briefly, the paraffin sections were dewaxed and rehydrated, 
followed by antigen retrieval. Endogenous peroxidase 
activity was blocked using 3% hydrogen peroxide, and 
non-specific binding sites were blocked with 5% bovine 
serum albumin. The sections were incubated overnight 
at 4 °C with the corresponding primary antibodies. After 
washing with PBS, HRP-conjugated secondary antibodies 
were applied for incubation, followed by DAB staining and 
counterstaining with hematoxylin. All stained sections were 
observed and imaged using an optical microscope. H&E 
and Masson’s trichrome staining were used for qualitative 
assessment of tissue morphology, inflammation, and 
collagen deposition, while the expression of VEGF, COL-
1, and TNF-α reflected angiogenesis, matrix remodeling, 
and the level of inflammation.

2.15. Statistical analysis

Data are presented as the mean ± standard deviation (SD) 
of at least three independent replicates. Statistical analyses 
were performed using GraphPad Prism 9 software. 
Statistical significance was determined using Student’s 
t-test or one-way analysis of variance (ANOVA), followed 
by Tukey’s multiple comparisons test. Differences were 
considered statistically significant at *p < 0.05, **p < 
0.01, ***p < 0.001, and ****p < 0.0001. “ns” indicates no 
significant difference. 

3. Results and discussion
3.1. Construction and characterization of GPP 
hydrogel

In the application of traditional hydrogel dressings, 
dynamic mechanical changes in the wound area, caused 
by factors such as limb movement and tissue swelling, 
often lead to the rupture or detachment of the dressing, 
exposing the wound and negatively affecting the healing 
process.23 In contrast, dynamic hydrogels demonstrate 
clear advantages in terms of adhesion to the wound 
interface and mechanical adaptability. By grafting borate 
ester dynamic covalent bonds onto GelMA hydrogels, the 
hydrogel network is endowed with reversible crosslinking 
and stress-adaptive capabilities, while maintaining the 
excellent biocompatibility and operability of GelMA. 
Further, by combining with PVA, a dynamic network 
structure based on borate ester-diol interactions is 
constructed, thus enabling the reversible self-healing 
properties of the hydrogel (Figure 1A). The chemical 
structure of GelMA-PBA was characterized using 1H NMR 
(Figure 1B). In the 1H NMR spectrum, the characteristic 
peaks at δ ≈ 5.3 ppm and 5.5–5.7 ppm correspond to 
the vinyl protons (–CH₂=) of the methacrylate group, 
indicating successful grafting of the methacrylate group 
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onto the GelMA backbone, which is a typical feature of 
GelMA. Additionally, a new aromatic proton characteristic 
peak at δ ≈ 7.3–7.8 ppm, corresponding to the phenyl 
ring protons in the phenylboronic acid (PBA) structure, 
further confirms the successful introduction of the PBA 
group into the GelMA backbone. These results indicate 
that the GelMA-PBA, containing both methacrylate and 
boronic acid groups, has been successfully synthesized. 
The chemical structure of GelMA-PBA, PVA, and their 
composite hydrogel was further characterized using FTIR 
(Figure 1C). In the FTIR spectrum of GelMA-PBA, the 
characteristic absorption peaks at approximately 1655 
cm⁻¹ and 1540–1555 cm⁻¹ correspond to the amide I 
band (C=O stretching vibration) and amide II band 
(N–H bending vibration), respectively. Additionally, the 
characteristic absorption peaks at around 1635–1640 cm⁻¹ 
and 1050–1060 cm⁻¹, associated with the methacrylate 
group, correspond to the C=C stretching vibration and the 
C=C–H in-plane bending vibration, further confirming 
the successful introduction of the methacrylate group 
into the GelMA backbone. For PVA, the FTIR spectrum 
exhibits a broad and strong absorption band at 3200–3400 
cm⁻¹, corresponding to the –OH stretching vibration, 
and a characteristic peak at approximately 1090 cm⁻¹, 
corresponding to the C–O stretching vibration.

To screen for the optimal composite hydrogel 
formulation suitable for wound repair, the swelling 
behavior and in vitro degradation of hydrogels with 
different GelMA-PBA/PVA ratios were systematically 
compared (Figure 1D and 1E). The results showed that in 
the swelling test, the GelMA-PBA/PVA hydrogel with an 
8:2 ratio exhibited the highest swelling ratio (up to 534 ± 
35.56%) within 120 min, while excessively high swelling 
often weakens the adhesion stability between the hydrogel 
and the wound tissue. Further degradation experiments 
revealed that the composite hydrogel with a 4:6 ratio had 
the slowest degradation rate, with only about 45.3 ± 3.88% 
degradation over 14 days, demonstrating higher structural 
stability. However, an overly slow degradation process may 
be difficult to match with the wound healing timeline. 
Considering the balance between swelling behavior, 
structural stability, and biodegradability, the GelMA-PBA/
PVA 6:4 ratio GPP hydrogel was ultimately selected for 
subsequent experiments.

3.2. Self-healing and dynamic response 
performance of GPP hydrogel

The microstructure of GelMA-PBA, PVA, and GPP 
hydrogels was studied using SEM (Figure 1F). The results 
showed that PVA hydrogel exhibited a characteristic 
porous structure, while GelMA-PBA hydrogel had larger 
circular pore sizes. Furthermore, the pores of the GPP 

hydrogel combined the characteristics of both hydrogels, 
confirming the successful composite formation of the 
hydrogel. The gelation performance of the hydrogels 
was preliminarily evaluated using a tilting experiment. 
As shown in Figure 1G, individual GelMA-PBA or PVA 
systems displayed noticeable flow under tilting conditions, 
while the composite hydrogel maintained a stable gel shape 
under gravity, indicating the formation of effective borate 
ester dynamic covalent bonds within the system, thus 
constructing a stable three-dimensional network structure.

Further, different dyeing methods were applied to the 
hydrogels (Figure 1H), and the hydrogels were physically 
cut and reassembled to evaluate their self-healing ability. 
The results showed that hydrogels of different colors 
quickly fused into a whole after being cut and brought back 
together, and maintained their structural integrity during 
subsequent handling, fully demonstrating the excellent 
self-healing performance of the composite hydrogel.

The borate ester dynamic covalent bonds not only 
imparted good self-healing properties to the hydrogel, 
but their unique ROS-responsive characteristics also 
allowed the hydrogel to selectively respond to the ROS 
enriched in the infectious microenvironment, enabling 
controllable degradation. To verify this characteristic, GPP 
hydrogel samples were treated with H₂O₂ and PBS, and 
an inverted experiment was conducted (Figure 1I). The 
results showed that the GPP hydrogel treated with H₂O₂ 
exhibited significant structural damage and gradually 
dissolved, while the PBS-treated group remained stable 
under the same conditions. Further in vitro degradation 
results showed that, within 8 days, the mass loss rate of the 
GPP hydrogel in the H₂O₂-treated group exceeded 80% 
(Figure 1J). This significant ROS-responsive degradation 
behavior is primarily attributed to the ROS-induced 
cleavage of borate ester bonds, which disrupts the dynamic 
crosslinking network inside the hydrogel, ultimately 
leading to the accelerated disintegration of the gel.24

3.3. Synthesis and characterization of 3D-printed 
GPP@G-ELNs

To construct an integrated hydrogel capable of regulating 
the infectious wound microenvironment, exosome-like 
nanovesicles were first extracted from ginger (G-ELNs) 
(Figure 2A). TEM results demonstrated that the extracted 
G-ELNs exhibited a typical bilayer spherical structure 
(Figure 2B). The particle size of G-ELNs was analyzed by 
NTA (Figure 2C), revealing a primary size distribution 
ranging from 100 to 375 nm, which was consistent with 
TEM observations. Zeta potential measurement showed 
a value of −18.7 mV, indicating negative surface charge 
and favorable stability (Figure S1). Furthermore, given 
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Figure 1. Synthesis, structural characterization, and functional properties of GPP hydrogel. (A) Schematic diagram of the construction of GelMA-PBA/
PVA (GPP) hydrogel. (B) 1H nuclear magnetic resonance (1H NMR) spectrum of GPP hydrogel. (C) Fourier-transform infrared (FTIR) spectrum of GPP 
hydrogel. (D) Swelling ratio changes of GPP hydrogels with different GelMA-PBA/PVA ratios at various time points. (E) Mass loss rate of GPP hydrogels 
with different ratios at various time points. (F) SEM images of GelMA-PBA, PVA, and GPP hydrogels. (G) Gelation behavior of GPP hydrogel. (H) Self-
healing performance of GPP hydrogel. (I) Reactive oxygen species (ROS) responsiveness of GPP hydrogel. (J) Mass loss rate changes of GPP hydrogel in 
ROS environments. 
Abbreviations: GelMA: Methacrylated gelatin; PBA: Phenylboronic acid; PBS: Phosphate-buffered saline; PVA: Polyvinyl alcohol; ROS: Reactive oxygen 
species.

https://doi.org/10.36922/IJB026090080


International Journal of BioprintingInternational Journal of Bioprinting Ginger exosome hydrogel for wound repair

Volume 12 Issue 3 (2026)	 9� doi: 10.36922/IJB026090080

Figure 2. Construction and physicochemical characterization of the GPP@G-ELNs hydrogel scaffold. (A) Schematic illustration of the preparation process 
of G-ELNs. (B) Transmission electron microscopy (TEM) image of G-ELNs. (C) Particle size distribution analysis of G-ELNs by nanoparticle tracking 
analysis (NTA). (D) The distribution of proteins in G-ELNs was exhibited by Coomassie Brilliant Blue staining. (E) Schematic illustration of the fabrication 
of the 3D-printing GPP@G-ELNs hydrogel scaffold. (F) Evaluation of the extrusion performance of the printing ink. (G, H) Scanning electron microscopy 
(SEM) images of the surface and cross-section of the GPP@G-ELNs hydrogel scaffold. (I, J) Compressive stress–strain curves and compressive modulus of 
the GPP@G-ELNs hydrogel scaffold. (K, L) Tensile stress–strain curves and tensile strength of the GPP@G-ELNs hydrogel scaffold. 
Notes: *p < 0.05, ****p < 0.0001; “ns” indicates no significant difference. 
Abbreviations: GelMA: Methacrylated gelatin; PBA: Phenylboronic acid.

that proteins in plant-derived vesicles are crucial for their 
biological functions, we evaluated the protein composition 
of G-ELNs (Figure 2D). The results showed that G-ELNs 
exhibited particularly high protein abundance in the 
ranges of 100–250 kD, 35–70 kD, and 15–25 kD, suggesting 

the presence of a series of proteins that may contribute to 
their bioactivity. Subsequently, drug release assays were 
performed to assess the release efficiency of G-ELNs, 
which exhibited sustained release over 14 days, confirming 
their ability to continuously modulate the infectious 
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microenvironment (Figure S2).

The hydrogel scaffold (GPP@G-ELNs) with a well-
defined porous architecture was fabricated using 3D 
printing technology, which facilitates the diffusion of 
oxygen and nutrients at the wound site (Figure 2E). The 
self-healing property of the GPP hydrogel enables it to 
maintain structural stability during the extrusion process, 
thereby ensuring good printability and shape fidelity of 
the scaffold. The extrusion performance of the hydrogel 
ink under different printing temperatures and extrusion 
pressures was further investigated (Figure 2F). The results 
indicated that optimal extrusion behavior was achieved 
when the printing temperature was maintained at 10 °C 
and the nozzle pressure was controlled within the range 
of 30–40 kPa. Based on these parameters, GPP@G-ELNs 
hydrogel scaffolds were successfully constructed on a low-
temperature printing platform (Figure 2G and 2H). SEM 
images revealed that the scaffold exhibited a highly porous 
structure with pore sizes ranging from approximately 
300 to 400 μm, which is conducive to cell infiltration and 
facilitates nutrient exchange and metabolic waste removal.

The mechanical properties of the scaffold were further 
systematically evaluated through tensile and compressive 
tests. The compressive stress–strain curves (Figure 2I and  
2J) show that, compared with pure GelMA hydrogel (13.55 
± 1.67 kPa), the GelMA-PBA hydrogel exhibited a decrease 
in mechanical strength, which may be attributed to the 
introduction of PBA molecules partially interfering with 
the crosslinking density of the GelMA network, thereby 
reducing the overall mechanical integrity. In contrast, the 
GPP double-network hydrogel, constructed via physical 
crosslinking with PVA, displayed significantly enhanced 
mechanical strength (43.76 ± 2.96 kPa), indicating that the 
PVA network effectively reinforced the overall hydrogel 
network and improved its elasticity. Tensile stress–strain 
tests further confirmed this trend: the tensile strength of 
GPP hydrogel (290.15 ± 33.15 kPa) was markedly higher 
than that of GelMA hydrogel (218.67 ± 21.01 kPa) (Figure 
2K and 2L). This superior mechanical performance not 
only ensures good compatibility and structural integrity 
with the surrounding tissue but also demonstrates the 
promising potential of this scaffold for applications in skin 
tissue engineering.25

3.4. In vitro biocompatibility evaluation of GPP@G-
ELNs hydrogel

Good biocompatibility is a prerequisite for scaffolds used in 
wound repair.26 We first evaluated the blood compatibility 
of the hydrogels using a hemolysis assay (Figure S3). The 
results showed that treatment with H₂O caused obvious 
red blood cell rupture and pronounced hemolysis, whereas 

no noticeable hemolytic behavior was observed in the 
solutions treated with GPP or GPP@G-ELNs, indicating 
their good blood compatibility. Furthermore, Live/
Dead cell staining revealed that at both day 1 and day 
3, no apparent dead cell signals (red fluorescence) were 
detected in the control, GPP, or GPP@G-ELNs groups, 
demonstrating that L929 cells maintained good viability 
during this period (Figure 3A).

Cell viability was further assessed using the CCK-8 
assay. The results showed that after co-culture of L929 
cells with the hydrogel extracts, cell viability in all groups 
remained above 95% (Figure 3B), further confirming the 
excellent biocompatibility of the GPP@G-ELNs scaffold 
and its suitability for subsequent in vivo evaluation. In 
addition, the EdU assay was employed to evaluate the 
effect of the hydrogels on cell proliferation (Figure 3C). 
The results demonstrated that the control, GPP, and 
GPP@G-ELNs groups all promoted cell proliferation to a 
certain extent, and quantitative analysis revealed that the 
GPP@G-ELNs group exhibited the most pronounced pro-
proliferative effect (Figure 3D), which may be attributed 
to the sustained release of G-ELNs, thereby providing a 
potential advantage for its in vivo application.

3.5. In vitro antibacterial activity and promotion of 
macrophage polarization by GPP@G-ELNs hydrogel

Infectious wounds are typically accompanied by extensive 
bacterial colonization and an imbalanced immune 
microenvironment.27. Among them, E. coli and S. 
aureus, as the most common Gram-negative and Gram-
positive bacteria, respectively, are the major pathogens 
responsible for persistent wound infections. To evaluate 
the antibacterial performance of the hydrogel system, Live/
Dead fluorescence staining was employed to analyze both 
bacterial strains. As shown in Figure 4A, abundant green 
fluorescence signals were observed in the control and GPP 
groups, indicating high bacterial viability. In contrast, 
extensive red fluorescence was observed in the GPP@G-
ELNs group for both E. coli and S. aureus, suggesting 
significant bacterial death and demonstrating the excellent 
antibacterial activity of the GPP@G-ELNs hydrogel. 
Further quantitative analysis of antibacterial efficiency 
revealed that GPP@G-ELNs achieved inhibition rates of 
approximately 71.01 ± 2.78% against S. aureus and 87.43 
± 3.72% against E. coli (Figure 4B and 4C), indicating its 
strong potential for in vivo antibacterial applications.

Persistent bacterial infection often leads to dysregulation 
of the immune microenvironment, which severely impedes 
wound healing.28 As key regulators of the immune response, 
macrophages tend to accumulate in a pro-inflammatory M1 
phenotype under inflammatory conditions. To investigate 
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Figure 3. Biocompatibility evaluation of the GPP@G-ELNs hydrogel. (A) Representative Live/Dead fluorescence staining images of L929 cells after 
co-culture with GPP@G-ELNs hydrogel extracts for 1 and 3 days. (B) CCK-8 analysis of L929 cells after co-culture with GPP@G-ELNs hydrogel extracts 
for 1 and 3 days. (C, D) Representative EdU fluorescence staining images and quantitative analysis of L929 cells after co-culture with GPP@G-ELNs 
hydrogel extracts. 
Notes: *p < 0.05; “ns” indicates no significant difference.

whether the GPP@G-ELNs hydrogel could modulate the 
inflammatory microenvironment, immunofluorescence 
staining was performed to analyze the M1 macrophage 
marker CD86 (Figure 4D). The results showed that 
macrophages stimulated with lipopolysaccharide (LPS) 
exhibited strong CD86 fluorescence, indicating high 
expression of pro-inflammatory markers. Similarly, strong 
CD86 expression was observed in the GPP-treated group, 
suggesting limited anti-inflammatory regulatory capacity. 
In contrast, macrophages treated with GPP@G-ELNs in the 
presence of LPS showed a significant reduction in CD86 
expression, indicating that this hydrogel system effectively 
suppressed inflammation-related signaling. Furthermore, 
the expression of the M2 macrophage marker CD206 was 
examined. Macrophages in the LPS-stimulated and GPP-
treated groups exhibited minimal CD206 expression, 
indicating persistent inflammation, whereas GPP@G-
ELNs treatment significantly increased CD206 expression, 

promoting macrophage polarization toward the M2 
phenotype (Figure 4E). Quantitative analysis of fluorescence 
intensity was consistent with these observations (Figure 4F 
and 4G). In addition, qPCR analysis of M1 markers IL-6 
and TNF-α, as well as the M2 marker IL-10 (Figure 4H), 
confirmed that GPP@G-ELNs inhibited M1 macrophage 
expression while promoting M2 polarization. Collectively, 
these results demonstrate that GPP@G-ELNs hydrogel 
effectively induces macrophage polarization toward an 
anti-inflammatory, pro-repair phenotype, thereby actively 
modulating the immune microenvironment. This further 
supports that the GPP@G-ELNs hydrogel possesses both 
antimicrobial activity and immunomodulatory function in 
the context of infected wound healing.

3.6. Regulatory effect of the GPP@G-ELNs scaffold 
on wound healing

To investigate the regulatory effect of the GPP@G-ELNs 
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Figure 4. Antibacterial performance of the GPP@G-ELNs scaffold and its regulatory effect on macrophage polarization. (A) Live/Dead fluorescence 
staining images of S. aureus and E. coli after co-culture with the GPP@G-ELNs scaffold. (B) Inhibition rate of the GPP@G-ELNs scaffold against S. 
aureus. (C) Inhibition rate of the GPP@G-ELNs scaffold against E. coli. (D) Immunofluorescence staining images of the CD86 marker in macrophages 
pre-stimulated with LPS after co-culture with the GPP@G-ELNs scaffold. (E) Immunofluorescence staining images of the CD206 marker in macrophages 
pre-stimulated with LPS after co-culture with the GPP@G-ELNs scaffold. (F) Quantitative analysis of CD86 fluorescence intensity in different treatment 
groups. (G) Quantitative analysis of CD206 fluorescence intensity in different treatment groups. (H) Detection of IL-6, IL-10 and TNF-α expression after 
macrophage co-culture by PCR. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; “ns” indicates no significant difference. 
Abbreviations: IL: Interleukin; LPS: Lipopolysaccharide; PCR: Polymerase chain reaction; TNF-α: Tumor necrosis factor alpha.
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scaffold on wound healing, an infectious full-thickness 
skin wound model was first established on the backs of SD 
rats, and the healing process was evaluated through gross 
observation and histological analysis (Figure 5A). Figure 5B 
presents the wound healing progression of the control, GPP, 
and GPP@G-ELNs groups, along with quantitative analysis 
of wound closure. By day 7, the wound healing rates in the 
GPP and GPP@G-ELNs groups were significantly higher 
than those in the control group, with the GPP@G-ELNs 
group exhibiting the most pronounced improvement. By 
day 14, the GPP@G-ELNs group achieved nearly complete 
wound closure, whereas large unhealed areas remained in 
both the control and GPP groups.

Further quantitative analysis of wound area and 
healing rate (Figure 5C and 5D) revealed that on day 14, 
the wound area in the GPP@G-ELNs group was only 
0.0592 ± 0.0079 cm², compared with 0.3966 ± 0.0151 cm² 
and 0.2818 ± 0.0069 cm² in the control and GPP groups, 
respectively. Correspondingly, the wound healing rate in 
the GPP@G-ELNs group reached 92.46 ± 1.00%, which 
was markedly higher than that in the control group (49.50 
± 1.92%) and the GPP group (64.13 ± 0.87%). These results 
demonstrate that the GPP@G-ELNs hydrogel scaffold 
significantly accelerates wound healing and promotes 
tissue regeneration. Overall, the GPP@G-ELNs hydrogel 
effectively coordinates multiple phases of the healing 
process, including immunomodulation, angiogenesis, 
and extracellular matrix remodeling, thereby overcoming 
the pathological barriers of wounds and substantially 
improving repair quality and functional recovery.

Histological staining was performed on skin tissues 
harvested from SD rats on day 14 post-operation. As shown 
by H&E staining (Figure 5E), preliminary granulation tissue 
formation was observed in all groups; however, the control 
and GPP groups exhibited pronounced inflammatory 
cell infiltration, which is likely associated with persistent 
infection-induced inflammation at the wound site (Figure 
5G). In contrast, abundant and actively proliferating 
fibroblasts were observed in the GPP@G-ELNs group, 
indicating a significant pro-healing effect of the GPP@G-
ELNs hydrogel. Masson’s trichrome staining further 
revealed that newly formed collagen fibers in the control 
group were sparsely distributed, whereas the GPP@G-
ELNs group exhibited dense and well-organized collagen 
deposition, suggesting that the wound had progressed 
into the tissue remodeling stage. Immunohistochemical 
analysis further demonstrated  that the GPP@G-ELNs 
hydrogel significantly downregulated the expression of 
inflammatory cytokines such as TNF-α, confirming its 
immunomodulatory capability (Figure 5F). Meanwhile, 
VEGF staining showed a markedly higher number of 

positive cells in the GPP@G-ELNs group compared with 
the control and GPP groups, further verifying its strong 
pro-angiogenic effect. Quantitative statistical analysis 
showed a consistent trend (Figure 5H and 5I). At the same 
time, we observed the COL-1 positive regions and found 
that GPP@G-ELNs significantly promoted the enrichment 
of COL-1 in the defect area, which is consistent with the 
results of Masson’s trichrome staining (Figure S4).

4. Conclusion
In this study, we successfully developed a 3D-printed 
hydrogel scaffold (GPP@G-ELNs) loaded with ginger-
derived exosome-like nanovesicles (G-ELNs) and 
validated its therapeutic efficacy for infectious wound 
repair. The scaffold can adapt to the dynamic wound 
microenvironment, maintain structural stability during 
the repair process, and exert responsive therapeutic effects 
to promote wound regeneration.

In the infectious full-thickness wound model, the 
GPP@G-ELNs hydrogel significantly accelerated wound 
closure, with excellent antibacterial, anti-inflammatory 
and pro-angiogenic activities. Histological evaluation 
confirmed that the scaffold markedly reduced inflammatory 
cell infiltration, promoted granulation tissue formation, 
and enhanced collagen deposition and remodeling. The 
core mechanism of its superior regenerative performance 
lies in the loading of G-ELNs, which modulates the 
local immune microenvironment of the wound, thereby 
synergistically enhancing the antibacterial efficacy and 
tissue regeneration capacity of the scaffold.

Nevertheless, several limitations of this study should 
be acknowledged. First, although the GPP@G-ELNs 
hydrogel showed promising therapeutic outcomes in 
animal models, further preclinical studies are required to 
validate its adaptability and efficacy across different types 
of wounds. Second, the source and extraction process of 
G-Exo may influence their biological activity and stability, 
necessitating additional optimization to ensure batch-to-
batch consistency. Moreover, the long-term performance 
of the hydrogel, including its degradation behavior 
and potential long-term immune responses, was not 
investigated in this study and warrants further exploration, 
as these factors may impact its future clinical translation.
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Figure 5. Regulatory effects of the GPP@G-ELNs scaffold on in vivo infectious wound healing. (A) Schematic illustration of the experimental procedure 
used to evaluate the effects of the GPP@G-ELNs scaffold on infectious wound healing in rats. (B) Representative photographs and schematic images showing 
the wound healing process in rats from different treatment groups. (C) Quantitative analysis of wound area in each group. (D) Quantitative analysis of 
wound healing rate in each group. (E) Hematoxylin and eosin (H&E) staining and Masson’s trichrome staining images of wound skin tissues after 14 days 
of treatment. (F) Immunohistochemical staining images of TNF-α and VEGF in wound skin tissues after 14 days of treatment. (G) Quantitative analysis of 
newly formed granulation tissue in wound tissues after 14 days of treatment. (H, I) Quantitative statistical analysis of TNF-α- and VEGF-positive staining 
areas. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Abbreviations: TNF-α: Tumor necrosis factor alpha; VEGF: Vascular endothelial growth factor.
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