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A B S T R A C T   

Bacterial infection and scar formation remain primary challenges in wound healing. To address these issues, we 
developed a decellularized pomelo peel (DPP) functionalized with an adhesive PVA-TSPBA hydrogel and anti-
bacterial gallic acid/copper MOFs. The hybrid wound dressing demonstrates favorable biocompatibility. It does 
not impede the proliferation of fibroblasts or immune cells and can stimulate fibroblast migration, endothelial 
angiogenesis, and M2 macrophage polarization. Additionally, the dressing can scavenge reactive oxygen species 
(ROS) and provide antioxidant effects. Furthermore, DPP + MOF@Gel effectively inhibits the viability of 
S. aureus and E. coli in vitro and in vivo. The histological observations revealed enhanced granulation tissue 
formation, re-epithelialization, and angiogenesis in the DPP + MOF@Gel group compared to other groups. The 
local immune response also shifted from a pro-inflammatory to a pro-regenerative status with DPP + MOF@Gel 
treatment. The skin incision stitching experiment further exhibits DPP + MOF@Gel could reduce scar formation 
during wound healing. Taken together, the hybrid DPP + MOF@Gel holds great promise for treating bacteria- 
infected skin wounds and inhibiting scar formation during wound healing.   

1. Introduction 

Nature offers abundant raw materials for wound healing. In ancient 
China, people lacked access to modern wound dressings and used nat-
ural medicinal herbs instead. They would mash the herbs and apply 
them to wounds to promote healing. One renowned example is Shiunko, 
which effectively treats chapped skin, frostbite, trauma, and burns by 
stimulating granulation tissue and re-epithelialization [1,2]. Besides 
Shiunko, there are other potential medicinal plants. Pomelo peel is a 
by-product of pomelo consumption and is rich in nutrients and bioactive 

compounds. It contains compounds such as pectin, polysaccharides, 
phenolic acids, flavonoids, coumarins, carotenoids, and aroma-active 
volatiles [3]. Among them, coumarin compounds exhibited the same 
anti-inflammatory effect as dexamethasone, which could effectively 
inhibit edema in vivo and the production of pro-inflammatory cytokines 
such as IL-1β, TNF-α, and prostaglandin 2 in vitro [4]. In addition, the 
residual component, phenolic acids, and flavonoids show considerable 
antioxidant properties. It revealed significant dose-dependent inhibition 
of DPPH activity, with an IC50 of 68.55 μg/mL compared to 55.87 
μg/mL for vitamin C as the standard control [5]. Modulating 
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inflammation and oxidative stress are pivotal targets for optimizing the 
wound microenvironment to establish a favorable wound bed for heal-
ing. Moreover, such anti-inflammatory and anti-oxidative strategies can 
reduce scar formation and improve healing quality [6,7]. Reducing scar 
formation represents a pressing need in the current landscape of wound 
management. Thus, the pomelo peel has the potential to become a 
wound dressing, which can promote wound healing and improve the 
quality of healing. 

In previous work, we decellularized pomelo peel (DPP) and fabri-
cated it into a natural cellulose wound dressing. However, our pre- 
research studies find it still has some inherent challenges for wound 
management. Firstly, it is prone to dehydration and becomes rigid upon 
moisture loss. Secondly, pomelo peel is difficult to adhere onto wounds 
and liable to detach after application. Finally, some wounds present with 
infection complications. Herein, we try to modify pomelo peel and 
endow it with more functions to make it more suitable for the applica-
tion of wound repair. Adhesive hydrogel can be used as a coating ma-
terial for DPP to address the aforementioned issues. It is able to not only 
enhance the adhesion of the DPP, but also prevent moisture loss. 
Moreover, incorporating anti-bacterial agents into the coated hydrogel 
could achieve the anti-bacterial properties of the DPP. In recent years, 
the biocompatible PVA-TSPBA hydrogel has attracted more attention. It 
has been widely used to deliver bioactive factors [8–10], stem cells [11]. 
Additionally, the PVA-TSPBA hydrogel is a reactive oxygen species 
(ROS)-sensitive hydrogel capable of scavenging ROS produced in the 
tissue microenvironment [12,13]. Therefore, the PVA-TSPBA hydrogel 
is selected as a coating material to modify the DPP. 

After addressing the adhesion issues of the DPP, we subsequently 
consider incorporating antibacterial agents into the coated hydrogel to 
impart antibacterial properties to the DPP. Metal ions play an important 
role in the anti-bacterial field, which can avoid drug resistance. For 
example, nanosilver particles or silver ions have been widely used in 
various wound treatments [14,15]. However, more and more evidence 
shows that silver ions have apparent cytotoxicity and organ accumula-
tion problems, and silver can hinder the process of re-epithelialization in 
the later stage of wound repair [16]. By comparison, copper clusters are 
potential alternatives. It has been used to inhibit bacteria infection in 
agriculture for decades [17]. And the biosafety of copper ions is better 
than silver. Because copper is a necessary element of the human body 
and can be metabolized by the human body [18]. In addition, copper 
clusters are readily available and inexpensive [19]. Numerous strategies 
exist for delivering copper ions, with metal-organic frameworks (MOFs) 
representing one potential approach due to their excellent properties, 
such as structural diversity, porosity, tailorability, and high specific 

surface area. Gallic acid, a bioligand, is a naturally occurring poly-
phenolic active molecule that can exert anti-inflammatory effects by 
reducing the expression of pro-inflammatory cytokines such as inter-
leukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) [20,21]. It can 
form MOF particles with copper ions through self-assembly. 

Taken together, we utilized DPP as the substrate material, PVA- 
TSPBA hydrogel as the coating to improve DPP’s adhesive and mois-
ture retention properties, and gallic acid/Cu MOFs as an antimicrobial 
agent (Schematic 1). We hypothesize that the DPP coated with gallic 
acid/copper MOFs loaded PVA-TSPBA hydrogel (DPP + MOF@Gel) 
could address the bacteria infection wound healing and improve healing 
quality. In vitro, we examined the adhesive properties, biocompatibility, 
antimicrobial effects, anti-inflammatory activity, and antioxidant ca-
pacity of DPP + MOF@Gel. In vivo, we evaluated the impact of DPP +
MOF@Gel on granulation tissue formation, angiogenesis, re- 
epithelialization, and scar formation during wound healing. 

2. Materials and methods 

2.1. Reagents 

All the pomelos used in the experiment were purchased from 
Yonghui supermarket (Shatian pomelo, China). Dulbecco’s modified 
Eagle culture medium (DMEM, catalog number: 11965118), penicillin- 
streptomycin (PS, catalog number: 15140122), and fetal bovine serum 
(FBS, catalog number:10099-141C) were purchased from Invitrogen 
(California, USA). Sodium hypochlorite (catalog number: S101636) and 
Triton-X100 (catalog number: T109027) are provided by Aladdin 
Biotechnology Co., Ltd., and Tris-HCl (pH = 8.5, catalog number: 
R23195) is purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, 
China). Glutaraldehyde was purchased from Aladdin Biochemical 
Technology Co., Ltd. (catalog number: G105905, Shanghai, China). 
Ethanol was purchased from McLean Biochemical Technology Co., LTD 
(catalog number: E809063, Shanghai, China). The cell counting kit-8 
(CCK-8) was purchased from Beyotime Biotech (catalog number: 
C0040, Shanghai, China), and the acridine orange/ethidium bromide 
staining kit was purchased from Merida Technology (catalog number: 
Shenzhen M247364, China). Anhydrous copper chloride (catalog num-
ber: C106775, Shanghai, China), Gallic acid (catalog number: G131992, 
Shanghai, China), 4-(bromomethyl) phenylboronic acid (catalog num-
ber: B181368, Shanghai, China), N, N, N′, N′- tetramethyl-1-mer 3-pro-
pane-diamine (catalog number: T106825, Shanghai, China) and 
tetrahydrofuran (catalog number: T120775, Shanghai, China) were 
purchased from Aladdin. Anti-CD31 rabbit polyclonal antibodies 

Schematic 1. (A) The schematic diagram illustrates the preparation of the decellularized pomelo peel coated with gallic acid/copper MOFs loaded PVA-TSPBA 
hydrogel was developed for bacteria-infected wound healing (B) and improved healing quality (C). 
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(catalog number: GB-11063-2) were purchased from Abcam Group. 
Rabbit polyclonal Anti-CD206 rabbit pAb (catalog number: ab64693) 
and Mouse monoclonal Anti-iNOS antibody (catalog number: 
ab178945) were purchased from Abcam Group. 1,1-Diphenyl-2-trinitro-
phenylhydrazine (DPPH, Sigma-Aldrich, catalog number: 1898-66-4) 
was used to determine the free radical scavenging activity. Goat Anti- 
Rabbit IgG H&L (Alexa Fluor® 594, catalog number: ab150080) and 
Goat anti-mouse IgG H&L (Alexa Fluor® 488, catalog number: 
ab150113) were purchased from Abcam Group. 

2.2. Preparation of copper ion/gallic acid MOFs 

Firstly, 12.8 g of anhydrous copper chloride was dissolved in 500 mL 
of deionized water in a round-bottomed flask. Next, 10 g of gallic acid 
was added and stirred until fully dissolved. The pH of the solution was 
then adjusted to 7.5 using an 8 mol/L KOH solution. The mixture was 
heated in a muffle furnace at 140 ◦C for 24 h. Finally, the resulting light 
gray solid was isolated by centrifugation at 12,000 rpm and 4 ◦C for 15 
min. The solid was washed three times with ultrapure water and dried at 
37 ◦C to obtain the Cu/GA MOFs powder. 

2.3. Characterization of Cu/GA MOFs 

Cu/GA MOFs was characterized by Fourier-transform infrared 
spectroscopy (FTIR, Thermo Scientific Nicolet iS5), X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific K-Alpha), and X-ray diffraction 
(XRD, Thermo Scientific K-Alpha). The internal structure of Cu/GA 
MOFs was visualized using scanning electron microscopy (SEM, TES-
CAN MIRA LMS) and transmission electron microscopy (TEM, FEI Talos 
F200S). Particle size distribution was analyzed by dynamic light scat-
tering (DLS) using a nanoparticle size analyzer (Malvern Zetasizer Nano 
ZS90). 

2.4. Preparation of decellularized pomelo peel sponge (DPP) 

Pomelo peels were cut into 2 mm thick discs and soaked in a 10 % w/ 
v SDS solution on a low-speed shaker at room temperature for 5 days. 
After 5 days, the samples were washed 3 times with ultrapure water and 
then soaked in 0.1 % Triton-X100 (v/v) and 10 % sodium hypochlorite 
(v/v) for 2 days. Next, the samples were incubated in Tris-HCl buffer (pH 
8.5) for 2 days. Finally, the samples were sterilized by soaking in alcohol 
for 2 h, washed 3 times with sterile PBS, and lyophilized. The freeze- 
dried pieces were UV sterilized for 30 min and stored aseptically. 

2.5. Synthesis of TSPBA linker 

4-(Bromoethyl)phenylboronic acid (1 g, 4.6 mmol) and N,N,N′,N′- 
tetramethyl-1,3-propanediamine (0.2 g, 1.5 mmol) were added to N,N- 
dimethylformamide (DMF) (40 mL) and stirred at 60 ◦C for 24 h. 
Next, 100 mL of tetrahydrofuran (THF) was added to the supernatant to 
obtain a white solid precipitate, which was washed 3 times with THF. 
The white residue was resuspended in 20 mL of THF, centrifuged at 
8000 rpm for 5 min at room temperature, and lyophilized to obtain 0.6 g 
of TSPBA as a white solid (70 % yield). 

2.6. TSPBA NMR spectrum 

The purified TSPBA powder was dissolved in deuterated DMSO and 
analyzed by 1H nuclear magnetic resonance (NMR) spectroscopy on a 
400 MHz instrument (Bruker Avance III). 

2.7. Swelling rate of PVA-TSPBA 

The PVA-TSPBA hydrogels were lyophilized overnight and weighed 
to obtain the dry weight (Wb). The dried gels were immersed in PBS at 
37 ◦C for 5, 15, 20, 25, 30, and 60 s, removed, and weighed wet to obtain 

Ww. The swelling ratio was calculated using the following equation: 
Swelling ratio = (Ww - Wb)/Wb. 

2.8. Self-healing ability of coated hydrogels 

The self-healing ability was evaluated by cutting two differently 
colored hydrogel strips in half and reconnecting them after exchanging 
the red and blue halves. Upon heating to 37 ◦C, permeation occurred 
between the disconnected hydrogel junctions. 

2.9. Rheological experiment 

The dynamic rheological behavior before and after gelation at 25 ◦C 
was assessed using a stress-controlled rheometer (Haake Mars 60) with a 
25 mm aluminum parallel-plate geometry. The structural recovery was 
modeled by determining the modulus changes at 1 % and 300 % strain. 
Measurements were conducted under linear viscoelastic conditions with 
a 500 μm gap between plates. 

2.10. Adhesion test and leakage test 

For adhesion testing, 50 g cylindrical alloy samples were placed in 
air or water. An 8 mm diameter, 1 mm thick hydrogel disk was adhered 
to the alloy surface. Successful adhesion was indicated if the disk could 
lift the alloy using an 8 mm diameter iron rod. For leakage testing, a 5 
mm hole was drilled in the bottom of a plastic water tank and covered 
with an 8 mm diameter, 1 mm thick hydrogel disk. The water was dyed 
blue for visualization. Leakage was evaluated by observing water flow 
before and after covering the hole with the hydrogel. 

2.11. Preparation of hydrogel-coated decellularized pomelo peel sponge 

The decellularized pomelo peel was soaked in 100 mL of a 10 % wt/ 
wt PVA solution containing 250 μg/mL Cu/GA MOFs and vacuum 
infiltrated overnight. Next, 100 mL of a 3 wt% TSPBA solution was 
added to the surface of the decellularized pomelo peel to obtain the 
intelligent dressing modified with a ROS/pH dual-responsive adhesive 
coating. 

2.12. Characterization of hydrogel-coated decellularized pomelo peel 
sponge 

FTIR spectroscopy (Thermo Scientific Nicolet 6700) was used to 
analyze DPP, PVA, Cu/GA MOFs, DPP + Gel, and DPP + MOF@Gel to 
determine their chemical groups. The microstructure of the decellular-
ized pomelo peel bright composite dressing was characterized by scan-
ning electron microscopy (TESCAN Mira LMS). The drug release profile 
under various hydrogen peroxide concentrations (125 μM, 250 μM, 500 
μM) and pH conditions (pH 7.4 PBS, pH 5.0 PBS) was measured by 
UV–vis spectrophotometry (Shanghai Meibao Instrument Co.). The 
mechanical properties of Gel (PVA-TSPBA), MOF@Gel, DPP + Gel, and 
DPP + MOF@Gel were evaluated by tensile, shear, and compression 
testing using an electromechanical universal tester (CMT6104, Mester 
Industrial). For tensile tests, samples were stretched at 2 mm/min until 
failure. For shear tests, samples were adhered between two pork skin 
slices and pulled apart at 2 mm/min. For compression tests, samples 
were compressed at 2 mm/min to 90 % strain. Water contact angles of 
DPP, DPP + Gel, and DPP + MOF@Gel were measured by goniometry 
(Lauda Scientific LSA100). Zeta potentials of MOF, DPP + Gel, and DPP 
+ MOF@Gel were determined by dynamic light scattering using a zeta 
potential analyzer (Malvern Zetasizer Nano ZS90). 

2.13. Release profiles of Cu/GA MOFs 

To study Cu/GA MOFs release under varying H2O2 concentrations 
and pH, DPP + MOF@Gel composites containing 125 μg/mL Cu/GA 
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MOFs were prepared. The composites were immersed in 1 mL solutions 
of 0, 125, 250, and 500 μM H2O2 and in PBS at pH 5.0 and 7.4. At each 
indicated time point, supernatant absorbance at 260 nm was measured 
by UV–vis spectrophotometry (Shanghai Meipu UV-3100). Cu/GA MOFs 
concentration was calculated from the absorbance using a standard 
curve. The release rate was calculated as: Release rate (%) = Ct/CA ×
100 % 

Where Ct is the calculated MOF concentration at time t, and CA is the 
initial MOF loading per DPP. Release curves were generated from the 
data. 

2.14. In vitro cytotoxicity test 

The leaching and direct contact methods assessed the cytotoxicity of 
Cu/GA MOFs and the composite dressings. Sterilized composites were 
incubated in culture medium for 24 h. L929 and Raw264.7 cells (4 ×
103 cells/well) were seeded in 96-well plates in regular medium for 24 h. 
The medium was replaced with 100 μL of leaching solution from Cu/GA 
MOFs, DPP, DPP + Gel, or DPP + MOF@Gel. At 1, 3, and 7 days, 10 μL 
CCK-8 reagent in 90 μL medium was added and incubated for 2 h. 
Absorbance was measured at 450 nm. For direct staining, 2 μM calcein 
AM and 8 μM propidium iodide in PBS were used. After 1 or 3 days in 
leaching solutions, L929 and Raw264.7 cells were incubated with the 
dye (500 μL) for 30 min at 37 ◦C. Live (green) and dead (red) cells were 
visualized by inverted fluorescence microscopy. Hemolysis testing was 
performed by isolating red blood cells (RBCs) from rat whole blood 
mixed with 109 mM sodium citrate (9:1 ratio). RBCs were centrifuged at 
3000 rpm for 5 min and washed with PBS. A 5 % (v/v) RBC suspension 
was prepared. Composite dressing powder was generated by pulverizing 
lyophilized samples in liquid nitrogen to obtain a 2.5 mg/mL dispersion. 
0.5 mL RBCs were mixed with 0.5 mL of composite dispersions at 
varying concentrations in 1.5 mL tubes. After incubating at 37 ◦C for 1 h 
and centrifuging at 10,000 rpm for 10 min, 200 μL supernatant was 
transferred to a 96-well plate. Absorbance was measured at 562 nm 
(Molecular Devices microplate reader). Deionized water and PBS were 
positive and negative controls. Hemolysis (%) was calculated as: He-
molysis (%) = (Am - Ap)/(Ah - Ap) × 100 % 

Where Am is sample absorbance, Ah is water absorbance, and Ap is 
PBS absorbance. Each concentration was tested in triplicate. 

2.15. In vitro cell migration assay 

HUVECs were seeded in 6-well plates and cultured in high-glucose 
DMEM with 10 % FBS. At 90 % confluence, a straight scratch was 
made through the cell monolayer using a sterile 1 mL pipette tip. Loose 
cells were washed away with PBS. Cells were then incubated in serum- 
free DMEM (control) or serum-free DMEM containing sample extracts 
for 24, 48, and 72 h. Phase contrast images were captured at 0, 24, 48, 
and 72 h post-scratch. The gap closure rate was quantified using ImageJ 
software (NIH). In vitro transwell migration assays were performed by 
suspending HUVECs (1 × 104 cells/pore) in 100 μL DMEM with 1 % FBS. 
The cells were seeded into 24-well Transwell plates (Corning Inc.) 
containing Transwell inserts. The lower chambers contained 500 μL of 
sample extracts (DPP, DPP + Gel, DPP + MOF@Gel) or control medium. 
After 24 h of incubation at 37 ◦C and 5 % CO2, non-migrated cells were 
removed from the top of the insert using a cotton swab. Migrated cells on 
the underside were stained with crystal violet (Beyotime) and imaged 
under a microscope. 

2.16. In vitro angiogenesis test 

In vitro angiogenesis assays were performed by coating 24-well 
plates with 300 μL of growth factor reduced Matrigel (BD Biosciences) 
and incubating at 37 ◦C for 30 min to solidify. HUVECs (2 × 104 cells/ 
well) were seeded on the Matrigel substrate and treated with sample 
extracts (DPP, DPP + Gel, DPP + MOF@Gel) in serum-free DMEM or 

serum-free DMEM only (control). After 6 h of incubation at 37 ◦C and 5 
% CO2, cells were imaged by microscopy (Carl Zeiss) and the number of 
branch points was quantified using ImageJ software (NIH). 

2.17. In vitro antioxidant, ROS elimination, and macrophage polarization 
tests 

The free radical scavenging activity of DPP, DPP + Gel, and DPP +
MOF@Gel extracts (containing ~25 μg/mL Cu/GA MOFs) was evalu-
ated by DPPH assay. DPPH (Sigma-Aldrich) was mixed with sample 
extracts in a 96-well plate (200 μL reaction volume) and incubated in the 
dark at room temperature for 30 min. Absorbance was read at 517 nm by 
UV–vis spectroscopy. The percent inhibition was calculated as:  

Inhibition (%) = (1 - ODsample/ODcontrol) × 100%                                       

ROS elimination by the composite dressings was assessed using 
DCFH-DA staining. Human dermal fibroblasts and macrophages were 
treated with sample extracts for 24 h then incubated with 0.3 mM H2O2 
for 30 min. Cells were stained with 10 μM DCFH-DA in DMEM for 20 min 
at 37 ◦C, 5 % CO2. Fluorescence was imaged by inverted microscopy. 
Controls lacked extract or H2O2 treatment. 

Macrophage polarization: Inflammatory microenvironment was 
formed by adding 100 ng/mL LPS to the culture solution and incubating 
for 24 h. The cultures were then co-cultured with extract for 48 h. The 
control group was not treated. Subsequently, 4 % paraformaldehyde was 
added for cell fixation for 15 min, PBS was rinsed three times for 5 min, 
then 0.5 % Triton was added for osmotic membrane-breaking treatment 
for 15 min, and 5 % BSA was added for 2 h of closure. The cells were 
incubated with rabbit anti-CD206 polyclonal antibody (1:200, Abcam) 
or rabbit anti-INOS polyclonal antibody (1:200, Abcam) at 4 ◦C over-
night, and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (1:2000, 
Abcam) or goat anti-rabbit IgG H&L (Alexa Fluor® 594) (1:2000, 
Abcam) were incubated for 2 h at room temperature. Finally, the nuclei 
were stained with DAPI and observed and photographed by fluorescence 
inverted microscope (Leica DMi8). 

2.18. In vitro antibacterial test 

To evaluate in vitro antibacterial activity, DPP, DPP + Gel, and DPP 
+ MOF@Gel were incubated with Staphylococcus aureus or Escherichia 
coli for 12 h. Samples were then fixed overnight in 2.5 % pentanediol, 
dehydrated through an ethanol gradient, and lyophilized before imaging 
by SEM. For co-culture assays, dressings were incubated in 24-well 
plates containing bacterial medium. After incubation, the medium was 
removed, serially diluted 100,000-fold, and plated using the agar plate 
method to determine inhibition of S. aureus and E. coli growth. Plates 
were imaged and colonies counted after 18 h. Each experimental group 
was tested in triplicate. 

2.19. In vivo wound healing examination 

All animal procedures complied with the NIH Guide for the Care and 
Use of Laboratory Animals and were approved by the Research Ethics 
Committee of Nanchang University. Infected skin wound healing was 
evaluated in a rat model. 24 male SD rats (200 ± 20 g, 8 weeks old) were 
anesthetized and the dorsal area was shaved and disinfected with 
iodine/ethanol. Full-thickness 8 mm diameter skin defects were gener-
ated and infected with 107 CFU Staphylococcus aureus. Rats were treated 
with DPP, DPP + Gel, DPP + MOF@Gel, or gauze coverings (negative 
control). Wound areas were photographed over time to assess healing. 
On specified days, wound tissue was excised, fixed in 4 % para-
formaldehyde, and sectioned. H&E and Masson’s trichrome staining 
evaluated wound healing histologically. The Giemsa stain is used to 
assess the number of bacteria in the skin tissue. Tissue sections were 
stained with Giemsa’s dye for 15 min, rinsed in distilled water and 
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visualized under a microscope. 
In addition, a rat model was used to evaluate the effect of the com-

posite dressings on scar formation. 24 male SD rats (200 ± 20 g, 8 weeks 
old) were anesthetized and four 2 cm incisions were made on the shaved 
and disinfected backs. Rats were treated with sutures (4-0 non- 
absorbable), DPP + Gel, DPP + MOF@Gel, or gauze coverings (nega-
tive control). Wound areas were photographed over time to assess scab 
formation, size, and thickness. After 4 and 8 days, skin tissues were 
excised, fixed in 4 % paraformaldehyde, and sectioned. H&E and Mas-
son’s trichrome staining evaluated healing. On day 8, the Vancouver 
Scar Scale scored re-epithelialization. 

2.20. In vivo antibacterial ability evaluation 

To establish biofilm-infected wounds, 20 μL of 5 × 107 CFU/mL 
Staphylococcus aureus was applied and allowed to incubate for 1 day. 
Wound exudate was collected using a swab and cultured on agar plates. 

The in vivo antibacterial activity of the dressings was evaluated by 
counting bacterial colonies. Giemsa staining assessed residual bacteria 
in the wounds. 

2.21. Histological observations 

Skin tissue sections were dewaxed and hydrated, followed by antigen 
repair. After incubation with 10 % goat serum for 30 min at room 
temperature, CD31 primary antibody (1:100) was added and incubated 
at 4 ◦C overnight. After incubation with secondary antibody for 15 min 
at room temperature, DAB color development was performed. The 
nuclei were stained with DAPI for 15 min and observed under a fluo-
rescence microscope. Angiogenesis was assessed by CD31 immunoflu-
orescent staining. Relative fluorescence intensity of CD31 was 
quantified by image analysis and normalized to the blank control group. 

Fig. 1. The preparation and characterization of decellularized pomelo peel (DPP) and PVA-TSPBA hydrogel. (A) The photograph of the DPP. (B) The internal 
structure of the DPP. (C) The porosity of the DPP and gelatin scaffold (positive control). (D, E) The protein and DNA content of pomelo peel before and after 
decellularization. (F) The water absorption behavior of the DPP and gelatin scaffold. (G) The schematic illustrates the preparation process of PVA-TSPBA hydrogel. 
(H) The schematic shows the tests of the self-healing behavior and adhesive capacity of the PVA-TSPBA hydrogel. (I) The self-healing behavior of PVA-TSPBA 
hydrogel at 37 ◦C. (J) Dynamic shear rheological characterization of the PVA-TSPBA hydrogels. (K) The adhesive capacity of the PVA-TSPBA hydrogel was iden-
tified by the leak test. 
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2.22. Data analysis 

Results are expressed as mean ± standard deviation (SD). Statistical 
analyses were performed using SPSS 20.0. Graphs were generated in 
Origin. One-way ANOVA determined statistical significance. P values 
less than 0.05 were considered significant. P values are denoted as: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

3. Results and discussion 

3.1. Preparation and characterization of DPP and PVA-TSPBA hydrogel 

Fig. 1A shows the cylindrical decellularized pomelo peel exhibiting a 
rough surface morphology. DPP possesses a multi-channel porous ar-
chitecture, and the porosity of DPP is (88.25 ± 0.58) % which is close to 
commercial gelatin sponge (89.72 ± 0.99) % (Fig. 1B–C). The elution 
rate of both DNA and protein of DPP reached more than 95 % 
(Fig. 1D–E), which meets the standard for decellularized materials. The 
removal of plant DNA and protein contributes to reduce the immuno-
genicity of decellularized plant scaffolds [22,23]. Fig. 1F exhibits the 
water absorption rate of DPP is much faster than gelatin sponge. The 
DPP can reach maximum water absorption within 6 s, whereas gelatin 
sponge requires 15 s. Subsequently, we developed hydrogel coating 
materials to functionalize the DPP. Fig. 1G outlines the synthesis steps 
for the PVA-TSPBA hydrogel. The N,N-Dimethyl formamide was used as 
solvent, 4-(bromoethyl)phenylboron and N,N,N,N,N,N-tetramethyl-1, 
3-propanediamine (TMPA) were reached at 60 ◦C for 24 h to obtain 
TSPBA. And then the TSPBA was mixed with PVA to make PVA-TSPBA 
hydrogel [24]. We examined the adhesive and self-healing ability of 
PVA-TSPBA hydrogel (Fig. 1H). As shown in Fig. 1I, the PVA-TSPBA 
hydrogel could achieve self-healing within 5 min at 37 ◦C. In addition, 
the dynamic shear rheological test also proved that the PVA-TSPBA 
hydrogel has a self-healing ability. The PVA-TSPBA hydrogel is turned 
into liquids under high shear and reverts to gel states when the shear 
strain is reduced (Fig. 1J). The underwater adhesion experiments 
showed that the PVA-TSPBA hydrogel can lift 50 g of iron out of the 
water by its viscosity (Fig. 1K). Herein, the synthesized PVA-TSPBA 
hydrogel can enhances the adhesion between the DPP and wound bed, 
preventing DPP shifting and falling off during application. In addition, 
the PVA-TSPBA hydrogel contains a lot of water, which can provide 
moisturization and prevent desiccation and hardening of the DPP. 

3.2. Preparation and characterization of gallic acid/Cu MOFs 

As shown in Fig. 2A, anhydrous copper chloride and gallic acid 
powder were fully dissolved in deionized water, then underwent a hy-
drothermal reaction at 140 ◦C for 24 h. Strong coordinated interactions 
between the copper ions and gallic acid ligands formed a unique crystal 
structure of gallic acid/Cu MOFs with high stability. The TEM and SEM 
(Fig. 2B) images revealed the synthesized gallic acid/Cu MOF nano-
particles exhibited irregular hexagonal morphologies. Particle size dis-
tribution analysis indicated the obtained particles ranged from 300 to 
600 nm (Fig. 2C). And the energy mapping scanning analysis showed 
that the nanoparticles were mainly composed of Cu (79.74 %), C (14.31 
%), O (4.58 %) (Fig. 2D). Moreover, the main peaks of Cu 2p3/2 at 933 
eV and Cu 2p1/2 at 955.9 eV, and a very weak satellite peak at 945 eV 
(Fig. 2E). For one thing, there is no typical +2 state Cu satellite peaks at 

940 and 962 eV [25]. For another, the ligand gallic acid has strong 
reducing properties, it is capable of reducing divalent copper to mono-
valent copper [26,27]. Thus, we speculate that we have prepared 
monovalent copper MOFs in this study. The FTIR spectra showed that 
the wave peaks of gallic acid/Cu MOFs cover the major wave peaks of Cu 
and gallic acid (Fig. 2F). Copper ions also have cytotoxicity issues [28], 
so we examined the cytotoxicity of gallic acid/Cu MOFs in vitro. As 
shown in Fig. 2G and H, high concentrations of MOFs (250 μg/mL) can 
cause massive L929 cell death after co-culture for 1 and 3 days, 
respectively. In contrast, no significant cell death was observed in the 
groups treated with lower MOF concentrations of 125 μg/mL and 75 
μg/mL (Fig. 2G and H). Then, gallic acid/Cu MOFs were mixed with 
PVA-TSPBA hydrogel to enhance the function of hydrogel, and the final 
concentration of gallic acid/Cu MOFs was 125 μg/mL. Herein, to reduce 
the cytotoxicity of copper ions, the effective way is to control its con-
centration below 125 μg/mL according to our results. As shown in 
Fig. 2I, the PVA couldn’t gelation without any treatment. The 
PVA-TSPBA (Gel) and MOFs loaded hydrogel (MOF@Gel) mixtures 
formed hydrogel. The gelation time of MOF@Gel (1.32 ± 0.12) s was 
much shorter than that of Gel (2.15 ± 0.19) s (Fig. 2J). We speculate that 
the copper ion/gallic acid MOFs contain more hydroxyl groups, and the 
hydrogen bonding interactions further shorten the gelation time. The 
rheological dynamic time scanning (Fig. 2L) and dynamic frequency 
scanning (Fig. 2K) demonstrated that PVA was in the liquid state with 
G’’ > G′, whereas PVA-TSPBA was in the gel state with G’ > G ’’. 

3.3. Preparation and characterization of functionalized DPP coated with 
gallic acid/copper MOFs loaded PVA-TSPBA hydrogel (DPP +
MOF@Gel) 

As shown in Fig. 3A, the schematic shows the composition of DPP +
MOF@Gel, comprising DPP, PVA-TSPBA hydrogel, and gallic acid/Cu 
MOFs. In this system, DPP acts as the substrate material. The PVA- 
TSPBA hydrogel functions as a coating to enhance DPP’s adhesive and 
moisture retention ability [13]. Meanwhile, the gallic acid/Cu MOFs 
provide antibacterial activity [29]. The interface between the DPP and 
hydrogel shows the DPP was coated entirely with a thin, ~200 μm layer 
of hydrogel (Fig. 3B). Surface images of DPP + MOF@Gel exhibited that 
the hydrogel coating did not obstruct the DPP’s underlying porous ar-
chitecture and rough topography (Fig. 3C). The energy spectroscopy 
analysis showed that the DPP sponge was predominantly composed of C 
(57.9 %) and O (42.1 %) elements. The MOF@Gel primarily contained C 
(41.4 %), Cu (40.8 %) and O (17.8 %), while the DPP + MOF@Gel was 
composed of C (45.6 %), Cu (33.1 %) and O (21.3 %) (Fig. 3D). The 
compressive stress of DPP + MOF@Gel (4.53 ± 0.14 MPa) was much 
greater than DPP (3.59 ± 0.09 MPa) and MOF@Gel(0.28±; 0.03 MPa) 
with 90 % compressive strain (Fig. 3E). The tensile stress of DPP +
MOF@Gel before fracture can reach 337.52 ± 7.54 KPa, which is much 
higher than DPP (299.03 ± 10.23 KPa) (Fig. 3F). The compressive and 
tensile properties of the DPP material ensure its structural integrity even 
under a certain external force stimulus during use [30,31]. The adhesive 
strength of DPP + Gel and DPP + MOF@Gel on glass were (138.71 ±
7.12) KPa and (145.24 ± 11.48) KPa, and on porcine skin it was (181.67 
± 10.15) KPa and (190.67 ± 6.36) KPa (Fig. 3G, H). Fig. 3I further 
visualized the strong adhesive ability of DPP + MOF@Gel, which could 
block the leaking water. The gallic acid and copper ions showed a boost 
release under acidic condition (pH 5.0), while showed a slowly and 

Fig. 2. The preparation and characterization of gallic acid/copper MOFs and MOFs loaded PVA-TSPBA hydrogel. (A) The schematic illustrates the prepa-
ration process of gallic acid/copper MOFs. (B) TEM and SEM images of gallic acid/copper MOFs. (C) Elemental composition analysis of gallic acid/copper MOFs by 
energy dispersive X-ray spectroscopy (EDX). (D) The size distribution of gallic acid/copper MOFs particles. (E) Identifying the valency of Cu ion within the gallic 
acid/copper MOFs. (F) The FTIR characterization of gallic acid, CuCl2, and gallic acid/copper MOFs. (G) The cytotoxicity of gallic acid/Cu1+ MOFs with different 
concentrations on L929 cells after co-cultured with gallic acid/Cu1+ MOFs for 1 and 3 days. (H) The quantification of the proliferation of L929 cells after co-cultured 
with gallic acid/Cu1+ MOFs for 1, 3, and 7 days. (I) The photograph of the PVA, PVA-TSPBA, and MOFs loaded PVA-TSPBA hydrogel before and after gelation. (G) 
The gelation time of the PVA-TSPBA hydrogel and gallic acid/copper MOFs loaded PVA-TSPBA hydrogel. Rheological dynamic time scanning (K) and dynamic 
frequency scanning (L) of the original hydrogel and MOFs loaded hydrogels. 
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Fig. 3. The preparation and characterization of functionalized DPP coated with gallic acid/copper MOFs loaded PVA-TSPBA hydrogel (DPP þMOF@Gel). 
(A)The schematic illustrates the composition of the DPP + MOF@Gel. (B) The cross-section shows the interface between DPP and a thin layer of hydrogel. (C) The 
morphology of DPP, MOFs@Gel, and DPP + MOF@Gel. (D) The elemental analysis of DPP, MOFs@Gel, and DPP + MOF@Gel. (E, F) The adhesive capacity of the 
GelMA, DPP + Gel, and DPP + MOF@Gel on glass (H) and skin (I). (G) The adhesive capacity of DPP + MOF@Gel was identified by the leak test. (H, I) The 
Compressive (H) and tensile (I) properties of DPP, Gel, MOF@Gel, and DPP + MOF@Gel. (J) The release profile of gallic acid from DPP + MOF@Gel under pH 7.4 
and pH 5.0 PBS solution. (K) The release profile of gallic acid from DPP + MOF@Gel in 0, 125, 250, and 500 μm H2O2 PBS solution. (L) The release profile of copper 
ion from DPP + MOF@Gel in 0, 125, 250, and 500 μm H2O2 PBS solution. (M) The release profile of copper ion from DPP + MOF@Gel under pH 7.4 and pH 5.0 
PBS solution. 
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sustained release under physiological condition (pH 7.4). In addition, 
the release of gallic acid and copper ions would be accelerated with the 
increased concentration of H2O2 from 125 to 500 μm (Fig. 3J-3M). The 
initial rapid release of copper ions can kill most bacteria quickly and 
control the progress of wound infection [29]. 

3.4. The biocompatibility examination of DPP + MOF@Gel 

In the microenvironment of chronic wounds, the activities of various 
enzymes are impaired [32]. However, large amount of ROS exist in the 
microenvironment of the chronic wound which can affect the degrada-
tion of materials [33]. Therefore, we examined the degradation of DPP 
+ MOF@Gel under different concentrations of H2O2. As shown in 
Fig. 4A and Figure S1, the DPP + MOF@Gel could gradually degrade in 
the presence of H2O2, and the degradation rate of the DPP + MOF@Gel 
could be accelerated with the increased concentration of H2O2. We also 
explored the cytotoxicity of DPP + MOF@Gel. The extracts of DPP, 
MOF@Gel, and DPP + MOF@Gel did not affect the proliferation of L929 
cells and RAW264.7 cells after co-culture for 1, 3 and 7 days (Fig. 4B and 
C and Figure S2). Following, we explored the effects of DPP + MOF@Gel 
on cell migration. As shown in Fig. 4D, E and Figure S3, the fastest 
wound healing was observed in the DPP + MOF@Gel group compared to 
the DPP and DPP + Gel groups. In addition, the transwell assay revealed 
that the DPP + MOF@Gel group had more infiltrated cells (88 ± 3 
cells/mm2) compared to the DPP + Gel group (62 ± 2 cells/mm2), DPP 
group (54 ± 3 cells/mm2), and blank group (51 ± 2 cell/mm2) (Fig. 4F 
and G). Yang et al. demonstrated that gallic acid could accelerate ker-
atinocyte and fibroblast migration by activating focal adhesion kinases 
(FAK) under both normal and high-glucose conditions [34]. Moreover, 
HUVECs treated with DPP + MOF@Gel extracts exhibited obvious 
tubular formation compared to the other 3 groups. The average numbers 
of formed nodes in the DPP + MOF@Gel group (34 ± 3) were signifi-
cantly more than the DPP + Gel (15 ± 1), DPP (10 ± 2), and blank 
groups (9 ± 2) groups (Fig. 4H and I). Finally, there was no significant 
hemolysis among the dispersions of the DPP, DPP + Gel, and DPP +
MOF@Gel (Fig. 4J). 

3.5. In vitro analysis of antibacterial capacity, antioxidant capacity and 
macrophage polarization capacity of DPP + MOF@Gel 

As shown in Fig. 5A, the colony formation exhibited that DPP +
MOF@Gel had strong antimicrobial capacity. The survival rates of E. coli 
and S. aureus in the DPP + MOF@Gel treated group were (9.09 ±
0.48)% and (9.90 ± 1.47)%, respectively. These were significantly 
lower compared to 87.84 ± 2.33 % (E. coli) and 90.50 ± 1.19 % 
(S. aureus) for DPP + Gel, and 97.26 ± 1.78 % (E. coli) and 98.07 ± 1.82 
% (S. aureus) for DPP (Fig. 5B and C). The SEM images directly 
discovered that E. coli and S. aureus could survive on the surface of DPP 
and DPP + Gel groups, and keep their original shape after 24 h of co- 
culture. In contrast, E. coli and S. aureus cultured on DPP + MOF@Gel 
appeared non-viable, with collapsed cellular architecture after 24 h 
(Fig. 5D). In this study, the antibacterial activity of DPP + MOF@Gel is 
derived from copper ions. Many studies have confirmed the antibacterial 
effect of copper ions. For example, Sun et al. developed a multifunc-
tional chitosan-copper-gallic acid based antibacterial nanocomposite 
wound dressing. The Cu nanoparticles and Cu ions showed strong 
antibacterial properties [35]. Following, we also explored the ROS 

scavenging ability of DPP + MOF@Gel. The 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA) was used as a ROS probe, the green 
fluorescence intensity was used to evaluate ROS levels. As shown in 
Fig. 5E, the fluorescence intensity was significantly reduced in the DPP 
+ MOF@Gel group compared to the blank, DPP, and DPP + Gel groups 
after H2O2 stimulation. In addition, the inhibitory effect of DPP +
MOF@Gel (61.10 ± 1.73 %) on free radicals was significantly stronger 
than DPP (5.16 ± 1.05 %) and DPP + Gel (6.41 ± 1.16 %) groups 
(Fig. 5F). Finally, we detected the effects of DPP + MOF@Gel on 
macrophage polarization. LPS-induced inflammation in RAW264.7 cells 
led to predominant M1 macrophage polarization, indicated by high 
iNOS+ expression, in blank, DPP, and DPP + Gel groups. On the con-
trary, the RAW264.7 cells treated with DPP + MOF@Gel extracts 
exhibited increased CD206 expression and M2 macrophage polarization 
(Fig. 5G). For one thing, the PVA-TSPBA hydrogel contains chemical 
groups capable of reacting with ROS, resulting in clearing the ROS 
produced in the tissue microenvironment [13,36]. For another, the DPP 
contains compounds such as pectin, polysaccharides, phenolic acids, 
flavonoids, coumarins, carotenoids, and aroma-active volatiles [3]. 
These compounds have been identified to have anti-inflammatory, 
antioxidant and other properties [4,37]. Therefore, the DPP + MOF@-
Gel combined the inherent anti-inflammatory, anti-oxidiant, ROS scav-
enging functions of DPP and PVA-TSPBA hydrogel. And the exertion of 
these functions is also conducive to the polarization of M2 macrophages. 

3.6. The effects of DPP + MOF@Gel on bacteria-infected skin wound 
healing 

As shown in Fig. 6A, DPP, DPP + Gel, and DPP + MOF@Gel dressings 
were applied to S. aureus-infected skin defect. Wound photography 
revealed accelerated wound closure in the DPP + MOF@Gel group 
compared to other groups. For example, the residual wound area of the 
DPP + MOF@Gel group (28.69 ± 0.59 %) was much smaller than the 
DPP (52.67 ± 2.63 %), DPP + Gel (43.49 ± 1.95 %), and the blank 
groups (73.17 ± 1.15 %) after 3 days of treatment (Fig. 6B). Subse-
quently, we examined the in vivo antibacterial efficacy of DPP +
MOF@Gel post-application. As shown in Fig. 6C, the S. aureus survival 
rate of the DPP + MOF@Gel group was only 7.09 ± 1.87 % after 3 days 
of treatment, which was significantly decreased compared to DPP (93.92 
± 2.88 %), DPP + Gel (87.75 ± 3.95 %) (Fig. 6D). Furthermore, Giemsa 
staining revealed abundant S. aureus within the wound tissues of Con-
trol, DPP, and DPP + Gel groups on both day 3 and day 7 (Fig. 6E). On 
the contrary, only a few residual S. aureus were found in the DPP +
MOF@Gel treated group on both day 3 and day 7. Especially on day 7, 
the wound is almost bacteria-free (Fig. 6F). The good antibacterial effect 
of DPP + MOF@Gel is attributed to copper ions. It has been discovered 
that the positively charged copper ions combine with negatively charged 
bacteria, and copper ions can destroy the cell wall when they enter the 
bacteria, resulting in the death of the bacteria. In addition, the copper 
ions entering the cells can interact with the protein enzymes of bacteria. 
It acts to denature and inactivate enzymes, thereby killing bacteria [29, 
35]. 

Human skin tissue defects are primarily repaired by in situ growth of 
granulation tissue, which consists of infiltrating cells, neo-
vascularization, and newly synthesized extracellular matrix [38,39]. As 
shown in Fig. 7A, more granulation formation was observed in the DPP, 
DPP + Gel, and DPP + MOF@Gel groups compared to the control group. 

Fig. 4. The biocompatibility test of DPP þ MOF@Gel. (A) The morphology of the DPP + MOF@Gel after 7 days of degradation at different concentrations of 
H2O2. (B) Live/Dead assay of L929 cells treated with DPP, DPP + Gel, and DPP + MOF@Gel extracts after 1 and 3 days of culture. (C) The proliferation of L929 cells 
treated with the extracts of DPP, DPP + Gel, and DPP + MOF@Gel for 1, 3, and 7 days, respectively. (D) The scratch assay of L929 cells treated the extracts of DPP, 
DPP + Gel, and DPP + MOF@Gel for 24 and 48 h. (E) The quantification of the residual wound of DPP, DPP + Gel, and DPP + MOF@Gel groups after 24 and 48 h of 
migration. (F) The transwell assay of L929 cells treated the extracts of DPP, DPP + Gel, and DPP + MOF@Gel for 24 h. (G) The quantification of the infiltrated L929 
cells of DPP, DPP + Gel, and DPP + MOF@Gel groups after 24 h of migration. (H) The tubular formation assay of HUVECs treated the extracts of DPP, DPP + Gel, and 
DPP + MOF@Gel for 24 h. (I) The quantification of junction points of the formed tubular in DPP, DPP + Gel, and DPP + MOF@Gel groups. (J) Hemolysis test of DPP, 
DPP + Gel, DPP + MOF@Gel. 
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Fig. 5. In vitro antibacterial, ROS clearance, anti-oxidant, and macrophage polarization tests of DPP þMOF@Gel. (A) The colony formation of the E. coli and 
S. aureus after treatment with the extracts of DPP, DPP + Gel, and DPP + MOF@Gel for 24 h. The quantification of the E. coli (B) and S. aureus (C) inhibition ratio of 
(A). (D) The morphology of E. coli and S. aureus cultured on the surface of DPP, DPP + Gel, and DPP + MOF@Gel for 24 h. (E) The ROS clearance ability of the 
extracts of DPP, DPP + Gel, and DPP + MOF@Gel on H2O2 pretreated L929 cells and RAW cells. (F) The anti-oxidant ability of the extracts of DPP, DPP + Gel, and 
DPP + MOF@Gel. (G) The effects of the DPP, DPP + Gel, and DPP + MOF@Gel extracts on macrophage polarization. 
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And the thickness of granulation tissue in the DPP + MOF@Gel group 
(270.33 ± 7.09)μm reached a peak level at day 7, which was much 
thicker than the DPP + Gel (170.67 ± 13.57)μm, DPP (136 ± 5.57)μm, 
and blank group (104 ± 6.56)μm (Fig. 7C). Moreover, the DPP +
MOF@Gel group exhibited increased CD31 positive cells within granu-
lation tissue compared to the DPP + Gel, DPP, and blank groups after 7 
and 14 days of treatment (Figure S4). Besides, the re-epithelialization 
rate of the DPP + MOF@Gel group had reached (80.18 ± 1.46)% on 
day 14, which was much higher than the DPP (56.72 ± 1.22)%, DPP +
Gel (65.08 ± 1.72)% and blank group (49.76 ± 1.19)% (Fig. 7B). 
Additionally, a large amount of collagen deposition was seen in the DPP 
+ MOF@Gel (70.76 ± 1.43 %) and DPP + Gel (63.27 ± 1.64 %) groups 
compared to the DPP (53.06 ± 1.23 %) and blank groups (48.09 ± 1.93 
%) (Fig. 7E). Furthermore, numerous regenerated hair follicles were 
present in the wound center of the DPP + MOF@Gel group, while 
limited hair follicle regeneration occurred in the other three groups. The 
regeneration of hair follicle and other skin appendages helps to reduce 
scarring and improve healing quality [40,41]. 

Finally, we explored the immune responses during wound healing. 
The expression of iNOS+ (M1 macrophage) in the DPP + MOF@Gel 
group was lower than DPP + Gel, DPP, and control groups on both day 3 
and day 7 (Fig. 8A and B). And the expression of CD206 (M2 macro-
phage) in the DPP + MOF@Gel group was dramatically increased than 
DPP + Gel, DPP, and control groups on both day 3 and day 7 (Fig. 8A and 
C). In addition, the ratio of M1/M2 macrophages revealed that the in-
flammatory status of DPP + MOF@Gel, DPP + MOF@Gel, and DPP 

groups all belong to pro-regenerative status on day 3 and day 7. Espe-
cially on day 7, the ratio of M1/M2 macrophages of the DPP +
MOF@Gel group (0.12 ± 0.02) was much lower than DPP + Gel (0.42 ±
0.03), DPP (0.58 ± 0.04), which was less than 1 (Fig. 8D). In vitro, we 
have already demonstrated the DPP + MOF@Gel could promote M2 
macrophage polarization. The in vivo results further verify this result. 
This DPP + MOF@Gel regulated local immune responses from pro- 
inflammatory status to pro-regenerative status, and provide a good 
wound bed for wound healing. 

3.7. The wound-suturing ability of DPP + MOF@Gel 

In the preceding wound healing experiment, we observed the 
smallest scar area with DPP + MOF@Gel treatment. We conducted 
wound suturing experiments with professional scar assessment to 
further validate these findings. As shown in Fig. 9A, the DPP + Gel and 
DPP + MOF@Gel dressings were placed over the incisions, and the in-
cisions were closed directly with sutures or kept opening as controls. The 
incisions treated with suture and DPP + Gel had not fully closed on day 
4. And the incision treated with suture still had a scab on day 8, while 
the DPP + MOF@Gel group had no visible scar formation (Fig. 9A and 
B). The quantitative analysis further revealed that the final scar area of 
DPP + MOF@Gel group (3.87 ± 1.56 %) was significantly low than the 
suture (3.87 ± 1.56 %) and DPP + Gel group (3.87 ± 1.56 %) (Fig. 9C). 
Moreover, the Vancouver Scar Scale was used to evaluate the formed 
scar in different groups [42], and the DPP + MOF@Gel group had the 

Fig. 6. The effects of DPP þ MOF@Gel on biofilm infected skin wound healing. (A) The photographs of the wounds treated with DPP, DPP + Gel, and DPP +
MOF@Gel for 3, 7, and 14 days respectively. (B) The residual wound area of DPP, DPP + Gel, and DPP + MOF@Gel groups at each indicated time point. (C) The 
colony formation of S. aureus derived from the wounds treated with DPP, DPP + Gel, and DPP + MOF@Gel for 3 days. (D) The S. aureus viability of DPP, DPP + Gel, 
DPP + MOF@Gel on day 3. (E) The Giemsa staining of DPP, DPP + Gel, and DPP + MOF@Gel groups after 3 and 7 days of treatment. (F) The quantification of 
detected S. aureus within the wound area of DPP, DPP + Gel, and DPP + MOF@Gel groups after 3 and 7 days of treatment. 
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Fig. 7. Histological observations. (A) The HE staining of DPP, DPP + Gel, and DPP + MOF@Gel groups after 3, 7, and 14 days of treatment. (B) The quantification 
of re-epithelialization rate of DPP, DPP + Gel, and DPP + MOF@Gel on day 3, 7, and 14, respectively. (C) The thickness of the granulation of the wound area within 
DPP, DPP + Gel, and DPP + MOF@Gel groups on day 3, 7, and 14, respectively. (D) The trichrome staining of the wound center area of DPP, DPP + Gel, and DPP +
MOF@Gel groups after 14 days of treatment. (E) The collagen deposition of wound center area of DPP, DPP + Gel, DPP + MOF@Gel group after 14 days of treatment. 
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lowest score close to normal skin (Fig. 9D). The HE staining results 
further discovered that the DPP + MOF@Gel treated incision was 
completely healed on day 4, and many hair follicles (yellow stars) were 
presented at the incision site on day 8 (Fig. 9E). Trichrome staining 
showed a prominent scar area and less collagen deposition in the blank, 
suture, and DPP + Gel groups. In contrast, the DPP + MOF@Gel group 
had an obvious scar area, and collagen orientation was close to the 
normal skin (Fig. 9F). 

Inflammation is a major cause of hypertrophic scar formation. 
Appropriate suppression of the pro-inflammatory response during skin 
wound repair can greatly reduce scar formation after wound healing. Liu 
et al. developed a biomedical blue by using lipoic acid, which can 
decreasing the expression of inflammatory cytokines and transforming 
growth factor-β1 (TGF-β1), resulting in scarless wound healing [43]. 
Reactive oxygen species Scavenging is feasible as another target to 
reduce scar formation. Carney et al. reported over 25 ROS scavenger 
genes significantly downregulated in the hypertrophic scar at all time 
points compared with basal level controls in a swine wound healing 
model [44]. In our study, the DPP + MOF@Gel exhibited good 
anti-inflammatory, anti-oxidiant, ROS scavenging functions. This may 
be the main reason for reducing scar formation of DPP + MOF@Gel. 

4. Conclusion 

In this study, the decellularized pomelo peel (DPP) coated with gallic 
acid/copper MOFs loaded PVA-TSPBA hydrogel (DPP + MOF@Gel) was 
developed for bacteria-infected wound healing and stitching wound. In 
this hybrid wound dressing, the DPP is the substrate material. The PVA- 
TSPBA hydrogel works as a coating material to enhance DPP’s adhesive 
and moisture retention ability. The gallic acid/Cu MOFs are antibacte-
rial agents. In vitro, the DPP + MOF@Gel exhibits good biocompati-
bility. For example, it does not affect the proliferation of fibroblast cells 
and immune cells, and it can promote the migration of fibroblasts and 
the angiogenesis of endothelial cells. In addition, it also can scavenge 
ROS, anti-oxidant, and promote M2 macrophage polarization. More-
over, the DPP + MOF@Gel is capable of inhibiting the viability of 
S. aureus and E. coli both in vitro and in vivo. The histological obser-
vations revealed that the granulation tissue formation, re- 
epithelialization, and angiogenesis were also significantly enhanced in 
the DPP + MOF@Gel group. And the local immune responses had 
changed from a pro-inflammatory to a pro-regenerative state in the DPP 
+ MOF@Gel group. The skin incision stitching experiment further ex-
hibits DPP + MOF@Gel could reduce scar formation during wound 

Fig. 8. The inflammatory responses of DPP þMOF@Gel during wound healing. (A) The co-staining of CD206 (M2 macrophage) and iNOS+ (M1 macrophage) of 
DPP, DPP + Gel, DPP + MOF@Gel group after 3 and 7 days of treatment. (B) The relative fluorescence intensity of iNOS expression on day 3 and 7, respectively. (C) 
The relative fluorescence intensity of CD206 expression on day 3 and 7, respectively. (D) The ratio of numbers of iNOS positive cells/numbers of CD206 positive cells 
on day 3 and day 7. 
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Fig. 9. The wound-suturing ability of DPP þ MOF@Gel. (A) The photographs of wound-suturing tests of suture, DPP + Gel, and DPP + MOF@Gel after 4 and 8 
days of treatment. (B) The visualization of the formed scar of suture, DPP + Gel, and DPP + MOF@Gel groups after 8 days of treatment. (C) The scar area of DPP +
Gel, and DPP + MOF@Gel groups after 8 days of treatment. (D) The Vancouver scar score of DPP + Gel, and DPP + MOF@Gel groups after 8 days of treatment. The 
H&E (E) and trichrome staining (F) of the wound area of DPP + Gel, and DPP + MOF@Gel groups after 4 and 8 days of treatment. 

J. Yang et al.                                                                                                                                                                                                                                    



Bioactive Materials 32 (2024) 260–276

275

healing. These results suggest the hybrid DPP + MOF@Gel may provide 
a new method for managing biofilm-infected skin wounds. 
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