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a b s t r a c t 

Oral aphthous ulcers are common mucosal lesions that cause pain and discomfort. There are diverse bio- 

materials and drug treatments for oral ulcers used in both research and clinical settings. However, the 

complex oral environment often results in low adhesion and short drug retention times, which lead to 

poor drug availability and treatment outcomes. In this study, a mussel-inspired adhesive hydrogel was 

developed by grafting catechol onto hyaluronic acid (C-HA), and dopamine was added for oxidative pre- 

polymerization to form modified hyaluronic acid (M-HA), which remarkably increased the adhesion of the 

hydrogels. Then, M-HA was interpenetrated into the gelatin methacryloyl (GelMA) network. Chlorhexidine 

gluconate (CHG) was then incorporated into the hydrogel to enhance its availability and therapeutic ef- 

fect through its sustained-release capability. The GelMA/M-HA hydrogel demonstrated strong adhesion to 

wet tissues, antibacterial and anti-inflammatory properties, and good biocompatibility. In both rat oral 

ulcers and infected wounds, the adhesive hydrogel significantly accelerated the healing of the ulcers and 

infected wounds. These results indicated that this adhesive hydrogel offers a promising new strategy for 

the treatment of oral ulcers in clinical practice. 

Statement of significance 

Oral ulcers are a common and high-incidence mucosal condition that seriously affect people’s daily lives, 

often making it difficult for patients to chew and speak. However, a dynamic oral environment with var- 

ious types of bacteria influences drug availability and treatment effects in clinical settings. To address 

this challenge, an adhesive, mussel-inspired, drug-loaded hydrogel was constructed using natural macro- 

molecules (hyaluronic acid and gelatin) with good biocompatibility. Chlorhexidine gluconate (CHG), with 

its broad-spectrum antibacterial activity, has been incorporated to synergistically promote oral ulcer heal- 

ing. The splendid adhesion, antibacterial, and therapeutic effects of this hydrogel demonstrated a new 

strategy for treating oral ulcers. 

© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text 

and data mining, AI training, and similar technologies. 
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. Introduction 

Oral aphthous ulcers are one of the most prevalent oral mu- 

osal diseases with a high incidence ( > 25 % prevalence in the pop-

lation) [ 1 , 2 ]. Uncomfortably, oral ulcers cause severe pain, which 

ay make it difficult for patients to eat, chew, and speak, and 

ome oral ulcers can turn into malignant diseases, such as epithe- 

ial tissue in the ulcer falling off and forming depressions [ 3 , 4 ].

he treatment options for oral ulcers include antibiotics and other 

rugs used in the whole body or parts [ 5 ]. However, the oral cav-

ty is a complex environment that carries many functional move- 

ents, making it difficult for liquid drug preparations to remain 

n the affected area for a long time, resulting in low bioavailabil- 

ty and efficacy [ 6 ]. To address this challenge, viscous patches have 

een designed in recent studies [ 7 ]. Yan et al. prepared a poly(ionic

iquid)-based diclofenac sodium (DS)-loaded (PIL-DS) buccal tissue 

dhesive patch with intrinsic antimicrobial properties that demon- 

trated pertinence to bacterial oral ulcers [ 8 ]. Li et al. designed a

anus patch for the accelerated treatment of oral ulcers inspired by 

arnacles [ 9 ]. A potentially more effective method could be drug- 

oaded nanoparticles, which were used to treat oral ulcer in a pre- 

ious study [ 10 ]. However, these patches are capable of only a sin-

le use and it is difficult to combine this with clinical practice. 

Hydrogels have a unique three-dimensional mesh structure 

ith good biocompatibility and plasticity, which are beneficial for 

ell growth [ 11–13 ]. And hydrogels are versatile, providing good 

rospects in many fields of bioengineering, especially in controlled 

rug release [ 14–16 ]. Catechol is an adhesive molecule present 

n marine mussels, therefore, hydrogels containing catechol poly- 

ers exhibit remarkable adhesion enhancement [ 17 , 18 ]. Addition- 

lly, catechol has anti-inflammatory and antioxidant properties, 

aking it suitable for use in wound healing [ 19–22 ]. Moreover, 

argles of broad-spectrum antimicrobial chlorhexidine gluconate 

CHG) have been proven to be useful in preventing oral mucosi- 

is caused by chemotherapy and demonstrates a healing effect on 

ral mucosal wounds [ 23 , 24 ]. On the basis of the clinical treat-

ent means, the CHG acted in conjunction with adhesive hydro- 

el which can play long-term effects of the drug based on multi- 

unctional materials and showed a better synergistic effect. 

Here, we report an interpenetrating polymer network (IPN) hy- 

rogel with the GelMA and catechol hyaluronic acid (C-HA). The 

elMA was crosslinking by UV to form the backbone structure of 

PN hydrogel, the dopamine (PDA) was peroxidation on the cate- 

hol of C-HA to prepare the modified hyaluronic acid (M-HA) en- 

angle on the GelMA, the GelMA/M-HA hydrogel showed the sig- 

ificant adhesion property. At the same time, the CHG was loaded 

n the IPN hydrogel which achieved the universal antibacterial and 

nti-inflammatory effect. Furthermore, the effectiveness of the an- 

ibacterial and anti-inflammatory properties of the CHG/GelMA/M- 

A hydrogel will also be examined in the treatment of oral ulcers. 

his strategy accomplishes an effective way for hydrogel dressing 

o treat oral ulcers in clinical. 

. Materials and methods 

.1. Materials 

Hyaluronic acid (HA; 10 0–20 0 kDa), gelatin (99.0 %), 

ethacrylic anhydride (MA, 94.0 %), and N-hydroxythiosuccinimide 

NHS; 98.0 %) were purchased from Shanghai Aladdin Bio- 

hemical Technology Co. Ltd. (China). Rhodamine 123, N- 

3-Dimethylaminopropyl)-N′ -ethylcarbodiimide hydrochloride 

EDC; ≥98 %), Dopamine hydrochloride (DA), and Phenyl (2,4,6- 

rimethylbenzoyl) phosphate lithium salt) (Photoinitiator LAP, 

 97.0 %) were purchased from Sigma-Aldrich (St Louis, MO, USA). 

hlorhexidine digluconate (CHG (19–21 % water solution) and 
99
,1-diphenyl-2-trinitrophenylhydrazine (DPPH) were purchased 

rom Macklin (China). Escherichia coli ( E. coli ; ATCC-700926) and 

taphylococcus aureus ( S. aureus ; ATCC-6538) were provided by the 

nstitute of Biophysics, Chinese Academy of Sciences, for bacteria- 

elated experiments. Porphyromonas gingivalis ( P.gingivalis ; ATCC- 

3277) and Streptococcus mutans ( S. mutans ; ATCC-25175/35668) 

ere provided by Southwest Medical University, China. 

Trypsin (0.25 %), penicillin, streptomycin, Dulbecco’s modified 

agle’s medium (DMEM), high glucose DMEM, fetal bovine serum 

FBS), Luria-Bertani (LB) medium, and Brain Heart Infusion (BHI) 

edium were purchased from Wuhan Saiweier Biotechnology Co., 

td. (Wuhan, China). IL-1 β and TNF- α Elisa kits were purchased 

rom Jiangsu Meimian Industrial Co., Ltd. And IL-6 Elisa kits was 

urchased from Beijing Solarbio Science & Technology Co., Ltd. 

.2. GelMA/M-HA hydrogel preparation 

The modified catechol hyaluronic acid (C-HA) has been reported 

n a previous study [ 25 ]. All reaction processes were maintained at 

 pH of approximately 4–6 through the HCl and NaOH solutions. 

o produce C-HA, HA (1.0 g) was dissolved in 100 mL of the MES 

uffer solution. To this solution, EDC (388.0 mg) and NHS (288.0 

g) were added and dissolved. The solution was allowed to rest 

or 30 min before 471.0 mg of dopamine was slowly added and 

tirred in for 4 h, this was then dialyzed for 2 d and freeze-dried.

elMA was prepared by adding MA (2.0–3.0 mL) into a gelatin 

ater solution (10.0 g in 100 mL PBS) at 50 °C and stirred for 

 h. GelMA was then dialyzed for 7 d (50 °C) and freeze-dried 

ntil required for use. The Proton Nuclear Magnetic Resonance 

pectrum (1 H-NMR, 400 MHz, Varianunity Inova-400 Spectrome- 

er) was tested with D2 O dissolution and the Fourier Transform In- 

rared Spectrometer (FT-IR, potassium bromide pellet, Nicolet-5700 

ourier Infrared Spectrometer, Thermofisher Scientific, Waltham, 

A, USA) was used to confirm the successful GelMA and C-HA 

ynthesis. 

The GelMA/M-HA combined hydrogel was prepared by combin- 

ng 2 % C-HA and 4 % DA in a Tris-based buffer solution for 1

. This allowed the polydopamine (PDA) prepolymer assemble and 

orm M-HA, then 10 % GelMA, 1 % M-HA, and 0.2 % LAP were com-

letely mixed and dispersed (20 % GelMA:2 % M-HA = 1:1(v:v)). The 

ixed solution was illuminated with UV (2 mW/cm2 ) for 1 min to 

btain the GelMA/M-HA hydrogel. The hydrogel was freeze-dried 

nd observed using a scanning electron microscope (SEM, Quattro 

, Thermofisher Scientific). 

.3. Swelling test 

The GelMA/M-HA and GelMA hydrogels (D = 5 mm, H = 6 mm) 

ere immersed in PBS. The weights of the hydrogel were then 

easured at days 0, 1, 2, 3, 4, 5. The weight swelling rate ( λ) was

etermined using the following equation: 

= Wi 

W0 

(1) 

here Wi is the weight of the samples after swelling, while W0 is 

he initial weight of the samples. Pictures of the hydrogel swelling 

efore and after hydrogel swelling were recorded. 

.4. Reactive oxygen species (ROS) scavenging ability of hydrogels 

The ROS-scavenging efficiency of the hydrogels was evalu- 

ted using DPPH [ 26 ]. To determine this, 200 μL of GelMA and

elMA/M-HA hydrogels were placed in a 24-well plate, then the 

ydrogels were immersed in DPPH (0.1 mmol/L in PBS) for 30 min. 

bsorbance was measured at 517 nm using a UV-vis, and the DPPH 
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cavenging ability was calculated using Eq. (2) as follows: 

P P H sca v enging ability ( %) = ADP P H − ASample 

ADP P H 

× 100% (2) 

here ADP P H and ASample represent the absorbance of the DPPH so- 

ution with and without the hydrogel, respectively. 

.5. Rheological test 

The rheological properties of the hydrogels were evaluated us- 

ng a rheometer (Kinexus Lab + , NETZSCH, Germany). The GelMA 

nd GelMA/M-HA hydrogels (D = 25 mm, H = 2 mm) were prepared 

o test the storage (G′ ) and loss modulus (G′′ ) at 37 °C. The fre-

uency was set as 1 rad/s and the strain amplitude was set as 1 %.

.6. Mechanical properties test 

The mechanical properties of the hydrogels were tested using 

n electric universal testing machine (Instron 5943, Norwood, MA, 

SA). For the tensile properties, various hydrogels were prepared 

ith a width of 15 mm and a thickness of 2 mm, and the testing

auge length was approximately 10 mm. To determine compres- 

ion properties, various hydrogels with diameters of 12 mm and 

eights of 5 mm were prepared. Porcine mucous membrane and 

kin were chosen to analyze the availability and persistence of the 

ydrogels, and the adhesion strength test was based on the stan- 

ard lap-shear test. Hydrogels were prepared with a diameter of 

5 mm and a height of 5 mm. All the tests were performed at a

onstant peel speed of 10 mm/min. 

.7. Drug-loaded and releasing ability of hydrogels 

Based on the method of preparation of the GelMA/M-HA hydro- 

el, different concentrations of CHG were mixed with M-HA, which 

ormed total miscible liquids with GelMA and illuminated with UV 

or 1 min to obtain CHG/GelMA/M-HA drug-loaded hydrogels. 

The CHG/GelMA/M-HA drug loaded hydrogels with 0.2 %, 0.5 %, 

nd 1.0 % of CHG were placed into 1 mL of PBS at 37 °C. After

, 3, 9, 12, 24, 48, 72, 96, and 144 h of soaking, 100 μL of solu-

ion was removed and its absorbance was measured at 259 nm us- 

ng the microplate reader, the same volume of corresponding fresh 

edium was replenished. 

.8. Biocompatibility of hydrogels 

Human gingival fibroblasts (hGFs) are the main cell type in the 

um connective tissue, which not only has an active self-renewal 

bility but can also synthesize collagen fibers, elastic fibers, and 

echanisms that play an important role in the protection and re- 

air of periodontal tissues. Therefore, hGF was selected to eval- 

ate the biocompatibility of various hydrogels. Hydrogel samples 

200 μL) were inserted into 24-well plates and sterilized with a 

V light. Then, 1 mL of hGFs (1 ×104 cells/mL, 10 % FBS in DMEM 

igh-glucose medium) was added to co-culture with the hydrogel. 

n day 1, hGFs were evaluated for cell proliferation using CCK-8. 

he samples were analyzed using a microplate reader at 450 nm 

fter the addition of CCK-8 for 3 h. Simultaneously, the samples 

ere fixed with 2.5 % glutaraldehyde overnight, stained with rho- 

amine 123, and observed under a fluorescence microscope (EVOS 

50 0 0, Thermofisher). 

.9. Anti-inflammatory properties of hydrogels in vitro 

Macrophages (RAW 264.7) are one of the most common inflam- 

atory cell models widely used to evaluate the effects of inflam- 

ation and are chosen to evaluate the anti-inflammatory proper- 

ies of various hydrogels. RAW 264.7 cells (2 ×105 cells/mL, 10 % 
100
BS in DMEM high-glucose medium) were added to a 24-well 

late and cultured for 24 h. Lipopolysaccharides (LPS, 50 ng/mL 

n DMEM cell culture medium) were added to the original culture 

edium and cultured for 4 h to induce inflammatory responses. 

he hydrogels were then immersed in DMEM for 24 h, the liquid 

hat leached from the hydrogels were added to each well and co- 

ultured for 3 h. The cell culture medium was collected and an- 

lyzed using IL-1 β , IL-6, and TNF- α ELISA kits, according to the 

anufacturer’s instructions. 

.10. Antibacterial properties of hydrogels 

Four types of bacteria were selected to evaluate the antibacte- 

ial properties of the hydrogels. Hydrogel samples (200 μL) were 

laced in 24-well plates and sterilized with UV light. The bacteria 

ere grown in 5 mL LB ( E. coli and S. aureus ) and BHI ( P.gingivalis

nd S. mutans ) medium for approximately 6 h at 37 °C, respec- 

ively. The bacteria were diluted with PBS to 5 ×106 CFU/mL, and 1 

L of the solution were seeded in 24-well plates to immerse the 

amples. The culture was incubated at 37 °C for 24 h, the sam- 

les were taken out and washed gently by PBS. Then, 50 μL of 

acterial dilution solution was coated on a plate and cultured at 

7 °C for 24 h. The plate was photographed to calculate the bacte- 

ial colony number using the Image J. Simultaneously, the various 

acteria that adhered to the different samples were fixed with 4 % 

araformaldehyde overnight and subjected to gradient dehydration 

y 50 %, 75 %, 90 %, and 95 % ethyl alcohol, and anhydrous ethanol

or SEM observation. 

For the bacteriostatic ring experiment, the four types of bacte- 

ia (50 μL, 1 ×108 CFU/mL) were coated on a plate and the hydrogel 

amples were place on the plates. The plate was cultured at 37 °C 

or 24 h. The plate was photographed, and the size of the inhibi- 

ion ring was calculated using Image J. 

.11. Oral ulcer healing in vivo 

All procedures were performed in accordance with the Animal 

rotection Agreement of the China Animal Protection Association 

nd Southwest Medical University and all ethical guidelines for 

xperimental animals were followed (No. 20220316-003). Sprague 

awley (SD) rats (male, 220 g) were purchased from Dossy Co., 

TD (Chengdu, China). After adapting to the living environment, a 

lter paper (D = 5 mm) soaked with acetic acid was attached to the 

ats’ oral walls for 2 d to form the oral ulcer model. Once the ul-

er was formed, the hydrogel samples were placed on the ulcer 

ounds. On days 1, 3, and 5 after the application of the hydrogels, 

hotographs of the oral ulcer were recorded, and the wound area 

as calculated using Image J. Oral ulcer wounds and major organs 

heart, liver, spleen, and kidney) were removed on day 5 and fixed 

ith 4 % paraformaldehyde. They were embedded in paraffin and 

ectioned. The sections were stained with hematoxylin and eosin 

H&E) and observed under a microscope. 

.12. Infected wound therapeutic efficiency in vivo 

S. aureus is typically used to create an infected wound with 

ound seepage for bacterial inflammation. Acute skin damage was 

reated on each of the rats back with a hole punch, to this wound, 

0 μL of S. aureus (1 ×107 CFU/mL) was added to form an infected 

ound. On days 5, 10, 15, and 20, photographs of the infected 

ounds were recorded, and the wound area was calculated using 

he Image J. On day 20, the wounded tissues were removed and 

xed with 4 % paraformaldehyde. Wound tissues were embedded 

n paraffin, sectioned, and observed under a microscope after H&E 

nd Masson staining. Wound tissues were subjected to immunoflu- 

rescence analysis for CD68/CD206. 
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Fig. 1. Design and preparation of adhesive drug-loaded hydrogels. a Schematic of the adhesive drug-loaded hydrogels used in oral ulcers. b Images of GelMA and 

GelMA/M-HA hydrogels gelation by UV. c SEM images GelMA and GelMA/M-HA hydrogels. d Images of GelMA/M-HA hydrogels adhered on the bent finger joints under 

distortion stress at different angles. 
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.13. Statistical analysis 

All experiments were performed in triplicates, and the results 

re expressed as mean ± standard deviation (SD). One-way analy- 

is of variance (ANOVA) was used to analyze the experimental re- 

ults, and the statistical difference between the two groups was 

onsidered significant at p < 0.05. 

. Results 

.1. The characterization of the hydrogel preparation 

The GelMA had mature preparation and characterization meth- 

ds in recent studies [ 27 ]. The 1 H NMR and FT-IR spectra showed 

wo peaks at approximately 5.5 ppm (Fig. S1a). The peak at 1725 

m−1 belonged to the O = C bond of Fig. S1b. The grafting rate of 

elMA was approximately 50.0 %. The 1 H NMR and FT-IR spectra 

f C-HA are shown in Fig. S2, where the peak at approximately 

.75 ppm corresponds to the hydrogen proton of the benzene ring, 

nd the peaks at 1241 cm−1 and 1651 cm−1 belong to N-C and 

 = C, respectively [ 28 ]. The grafting rate of C-HA is approximately

3.0 %. After 1 min UV, the GelMA and GelMA/M-HA were gela- 

ion ( Fig. 1 b). SEM images indicated that both the GelMA and 

elMA/M-HA hydrogels had an obvious network structure, and the 

ore size of the GelMA/M-HA hydrogel was smaller than that of 

elMA ( Fig. 1 c). Moreover, the GelMA/M-HA hydrogel was placed 
101
n a finger joint to observe its stability. GelMA/M-HA adhered to 

he finger with finger movement, whereas, GelMA was easily di- 

orced from the finger ( Fig. 1 d and S3). 

.2. Physiochemical properties of the hydrogels 

The anti-swelling property is critical when a hydrogel is used to 

reat oral ulcers. The moist environment in the oral cavity causes 

he hydrogel to swell easily, which influences its use. As shown in 

ig. 2 a, the volume of the hydrogels remained relatively constant 

fter submergence in PBS for 5 days. The weight change of the hy- 

rogel dipped in PBS is shown in Fig. 2 b. The swelling rates of the

elMA and GelMA/M-HA hydrogels were approximately 6.0 % and 

2.0 %, respectively. Based on the high GelMA hydrogel crosslink- 

ng, the anti-swelling property of the GelMA/M-HA hydrogel de- 

reased slightly because of the hydrophilicity of HA and the UV 

bsorption of PDA. The hydrogels reached its max swelling on day 

. 

Antioxidant properties are also important for wound healing, as 

he inflammatory reaction is mostly accompanied by abnormal ROS 

 29 , 30 ]. In this study, the PDA aggregates on M-HA may have an

OS scavenging effect. DPPH was used to test the ROS-scavenging 

bility of the hydrogels. As shown in Fig. 2 c, the GelMA/M-HA hy- 

rogel showed a significant increase compared to that of GelMA. 

Furthermore, the rheological analysis, which represented the 

ritical state between solid and liquid, was defined as the cross 
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Fig. 2. Physiochemical properties of adhesive hydrogels. a Images of GelMA and GelMA/M-HA hydrogels swelling at day 1 and 5. b Swelling ratio curve of GelMA and 

GelMA/M-HA hydrogels. c ROS inhibiting of GelMA/M-HA hydrogels for DPPH free radical. d Storage and loss moduli (G’ and G’’) of GelMA and GelMA/M-HA hydrogels. 

e Shear adhesion strength curve of various hydrogels on porcine skin. f Shear adhesion strength curve of various hydrogels on porcine mucosa. h Tensile stress curve of 

different hydrogels. g Compressive stress curve of different hydrogels. i Compressive modulus of different hydrogels. (n = 5, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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oint of G′ and G′′ . As shown in Fig. 2 d, the G′ of GelMA/M-HA hy-

rogel was lower than GelMA, however, both hydrogels had a sim- 

lar G′′ at a high vibration frequency. This result indicated that the 

elMA/M-HA hydrogel was more suitable for oral adhesion than 

elMA. 

Considering the complex and variable oral environment, the ad- 

esive and mechanical properties of the hydrogels were systemat- 

cally determined to maintain a stable state of adherence to the 

ral mucosa [ 7 ]. In this study, DA was mixed into the solution be-

ore GelMA hydrogel gelation (GelMA/DA), and C-HA and GelMA 

ere mixed to form GelMA/C-HA. Conversely, the hydrogel adhe- 

ion was evaluated with porcine skin. The adhesive strength be- 

ween GelMA/M-HA hydrogel and porcine skin was significantly in- 

reased for the M-HA incorporation, with an adhesive strength of 

6.52 kPa, which was approximately 7.90 times greater than that 

f the GelMA hydrogel, as this only had an adhesive strength of 

.09 kPa ( Fig. 2 e and S4a). In contrast, the porcine buccal mu-

osa was adhered to various hydrogels, and the shear adhesive 

trength was tested using a universal mechanical test machine, as 
102
hown in ( Fig. 2 f and S4b). The adhesive strength between the 

elMA/M-HA hydrogel and the mucosa was approximately 28.52 

Pa, whereas that of GelMA was 7.42 kPa. Although the adhesive 

bilities of GelMA/DA and GelMA/C-HA were higher than that of 

elMA, they were remarkably lower than that of the GelMA/M- 

A hydrogel. This result indicates that PDA pre-polymerization in 

he hydrogel resulted in stronger adhesion than compared to the 

thers. 

Tension and compression properties were measured to assess 

he mechanical properties of the hydrogels. The tensile curves are 

hown in Fig. 2 g and S4c, it indicates that the HA incorporated in

he hydrogel improved the ductility of the hydrogel, which veri- 

ed that HA was entangled in the network of hydrogels to form an 

nterpenetrating polymer network. The addition of DA decreased 

he tensile strength, which might be caused by the DA absorption 

f UV or its black influence on UV-stimulated gelation. Simultane- 

usly, the compression properties of GelMA/C-HA were better than 

hose of the others, and its compression modulus was the high- 

st, as shown in Fig. 2 h and i. The mechanical properties of the 
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Fig. 3. Drug release of hydrogels and biological properties. a SEM-EDS images of drug-loaded GelMA/M-HA hydrogels. b CHG release curve of GelMA/M-HA hydrogels 

with different concentrations. c Fluorescence images of rhodamine 123 stained hGFs co-cultured with different hydrogels at day 1. d CCK-8 of the viability of hGFs co- 

cultured with different hydrogels at day 1. e Images of rhodamine 123 stained macrophages induced by LPS and regulated by different hydrogels. f CCK-8 of the viability 

of macrophages induced by LPS and regulated by different hydrogels. g IL-6 release from macrophages regulated by different hydrogels. h IL-1 β release from macrophages 

regulated by different hydrogels. i TNF- α release from macrophages regulated by different hydrogels. (n = 3, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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elMA/M-HA hydrogel were soft and malleable, in accordance with 

he rheological results. 

.3. Drug-releasing ability of the hydrogels 

The vital significance of hydrogels as wound dressings is their 

ustained drug release and improved drug availability. CHG was 

oaded onto the GelMA/M-HA hydrogel at different concentrations 

0.2 %, 0.5 %, and 1.0 %). SEM and energy dispersive X-ray spec- 

roscopy (EDS) showed that the Cl of the CHG condensate appeared 

n 0.2 %/GelMA/M-HA, which indicated that CHG was successfully 

oaded into the hydrogel ( Fig. 3 a). Elemental analysis showed that 

l increased from 0.3 % to 1.4 % when CHG was loaded (Fig. S5).

he drug-release curve for the drug-loaded GelMA/M-HA hydrogel 

s shown in Fig. 3 b (the standard curve is shown in Fig. S6). Within

2 h, the drug release concentration increased rapidly. The drug 

oncentrations remained stable for 144 h. However, a medium CHG 

oncentration can achieve the same or higher drug release, which 
103
ffects drug bioavailability. The electrically charged group of CHG 

as ionized in the solvent, which combined with the group of hy- 

rogels to aggregate the floccules, resulting in incomplete gelation 

f the hydrogel. Therefore, 0.5 %/GelMA/M-HA was selected to con- 

uct follow-up experimentation to ensure the effectiveness of the 

rug. 

.4. The compatibility and anti-inflammatory properties of the 

ydrogels 

HGFs are representative oral mucosal cells involved in wound 

ealing [ 11 ]. In the fluorescence microscopy images, the hGFs 

tained with rhodamine 123 showed that all groups had a simi- 

ar number of hGFs and the hGFs on the hydrogels had a better 

pread ( Fig. 3 c). CCK-8 analysis showed that the hydrogel samples 

ad no impact on hGFs proliferation ( Fig. 3 d). 

Subsequently, macrophages (RAW 264.7) were used to invoke 

n inflammatory response [ 31 ]. Various hydrogels have been pre- 
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Fig. 4. Anti-bacterial properties of hydrogels. a Images of E.coli colonies and SEM of E.coli co-cultured with hydrogels. b Images of S.mutans colonies and SEM of S.mutans 

co-cultured with hydrogels. c Images of S.aureus colonies and SEM of S.aureus co-cultured with hydrogels. d Images of P.gingivalis colonies and SEM of P.gingivalis co-cultured 

with hydrogels. e Number of the E.coli co-cultured with hydrogels. f Number of the S.aureus co-cultured with hydrogels. g Number of the S.mutans co-cultured with hydrogels. 

h Number of the P.gingivalis co-cultured with hydrogels. (n = 3, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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ared with their extract liquids in the culture medium, and the 

xtract liquids have been used to regulate macrophages with 

n inflammatory response. Macrophages were stained with rho- 

amine 123 ( Fig. 3 e). Macrophages induced by LPS were round and 

ancake-like (blank group), which proved that the macrophages 

ifferentiated into M1 phenotypes [ 32 ]. However, the macrophages 

o-cultured with the hydrogel were regulated, and their pheno- 

ype was not obvious in M1. CCK-8 analysis showed that the 

ydrogel extract liquids co-cultured with macrophages exhibited 

igher proliferative activity than that of the blank group ( Fig. 3 f). 

urthermore, inflammatory factors IL-1 β , IL-6, and TNF- α were 

ested to analyze the inflammatory response [ 33–35 ]. As shown 

n Fig. 3 e–i, the secretion of the inflammatory factor GelMA was 

igher than that of the blank because of the low cell activity of 

he blank group. The 0.5 %/GelMA/M-HA had the lowest inflamma- 

ory factor release than others, while it had the highest cell ac- 

ivity. All three inflammatory factors are pro-inflammatory factors 

hat are secreted by M1. The significant reduction in their levels 

n the 0.5 %/GelMA/M-HA group supports the results of its anti- 
104
nflammatory properties. In addition, the levels of proinflammatory 

actors released by GelMA/M-HA decreased with the addition of 

DA. 

.5. Antibacterial properties of the hydrogels 

CHG is widely used for its broad-spectrum antibacterial prop- 

rties in clinical. Therefore, typical gram-negative bacteria ( E.coli ), 

ram-positive bacteria ( S. aureus ), P.gingivalis, and S. mutans were 

sed to test the antibacterial properties of the hydrogels. After be- 

ng co-cultured with the various hydrogels, the four types of bac- 

eria adhered to and proliferated in the hydrogel and bacterial cul- 

ure medium; only in the 0.5 % CHG loaded GelMA/M-HA group 

id the bacterial activity decrease until death occurred ( Fig. 4 a–d). 

he 0.5 %/GelMA/M-HA hydrogel exhibited outstanding antibacte- 

ial properties against E.coli, S. aureus, P.gingivalis, and S. mutans . 

hus, it is possible that the 0.5 %/GelMA/M-HA drug-loaded hydro- 

el has a universal antibacterial effect. SEM analysis of the mor- 

hology of the bacteria adhered to the hydrogels, as shown in 
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Fig. 5. Adhesive drug-loaded hydrogels for oral ulcer treatment. a Schematic of hydrogels used in oral ulcer treatment. b Images of oral ulcer treatment in different ways 

at day 0, 1, 3, and 5. c Wound area of the oral ulcer at day 1, 3 and 5. d HE and Masson staining of oral ulcer treated by different ways at day 5. (n = 5, ∗p < 0.05, ∗∗p < 0.01, 
∗∗∗p < 0.001). 
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ig. 4 a–d, it showed that the bacteria had a full and smooth ap-

earance in the GelMA and GelMA/M-HA hydrogels. However, in 

he 0.5 %/GelMA/M-HA hydrogel, the bacteria were depressed or 

rumpled, and some types of bacteria could not maintain their 

riginal form for granulation. The bacterial concentration calcu- 

ated by bacterial coating ( Fig. 4 e–h), showed that bacterial growth 

n GelMA and GelMA/M-HA was unaffected. However, the bacte- 

ial growth in the 0.5 %/GelMA/M-HA hydrogel was decreased, ap- 

roximately 67.8, 661.3, 10.3, and 12.6 times for E.coli, S. aureus, 
105
.gingivalis , and S. mutans, respectively. In addition, except S. mu- 

ans , the GelMA/M-HA hydrogel exhibited slight antibacterial ac- 

ivity. This might be because the concentration of the bacterial cul- 

ure solution was higher; therefore, the antibacterial ability of the 

atechol group was insufficient, and some of the CHG was signifi- 

ant. 

A bacteriostatic ring experiment was performed to analyze the 

ntibacterial activity of the hydrogels. As shown in Fig. S7, all four 

acteria were restrained by CHG, and the diameters of the bac- 
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Fig. 6. Immunofluorescence staining for oral ulcer treatment. a Immunofluorescence staining images of oral ulcers treatment in different ways at day 5. b The fluorescence 

area of CD206/iNOS at day 5. (n = 3, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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eriostatic circles were noticeably increased by approximately 4.4, 

.9, 3.0, and 9.6 times for E.coli, S. aureus, P.gingivalis , and S. mu- 

ans, respectively. When the concentration of CHG increased to 

.0 %, the bacteriostatic cycle expanded. 

.6. Oral ulcers healing in vivo 

To further investigate oral ulcer healing in vivo , an oral ulcer 

odel was constructed in rats to evaluate the process and speed 

f healing with different hydrogel treatments ( Fig. 5 a). The healing 

rocess was recorded with a picture, as shown in Fig. 5 b, and im-

ges of the oral ulcers were used to analyze the size using Image J. 

n day 1, the hydrogel dressing promoted oral ulcer healing com- 

ared to the blank and CHG mist spray groups, although the CHG 

ist spray group also received oral ulcer therapy. On days 3 and 5, 

he 0.5 %/GelMA/M-HA hydrogel exhibited the best treatment ef- 

ect, and the wound area was significantly reduced ( Fig. 5 c). The 

ound area analysis showed that the adhesive GelMA/M-HA hy- 

rogel promoted the healing of oral ulcers because of its long-term 

etention and sustained drug release. Thus, CHG plays a vital role 

n the GelMA/M-HA hydrogel drug delivery system. On day 5, H&E 

taining of the oral ulcer wound was conducted ( Fig. 5 d). It was

bserved that only the 0.5 %/GelMA/M-HA hydrogel-treated group 

ad an intact and thin epidermis. Moreover, the number of inflam- 

atory cells on the oral ulcer was minimal in oral ulcer treated 

ith 0.5 %/GelMA/M-HA hydrogel. Masson’s staining showed that 

he 0.5 %/GelMA/M-HA hydrogel group exhibited the best treat- 

ent results. The oral ulcers were also stained by immunofluo- 

escence with iNOS (red) and CD206 (green) ( Fig. 6 a and S8) and

mmunohistochemistry with IL-6/TNF- α (Fig. S9), illustrating that 

he 0.5 %/GelMA/M-HA hydrogel treatment group had significant 

nflammatory regulation ( Fig. 6 b). 

Regarding oral use, it is inevitable that the hydrogel has a risk 

f being swallowed by a living body. The viscera (heart, liver, 

pleen, lung, and kidney) of rats treated with the hydrogel were 

bserved after H&E staining for histological assessment. As shown 

n Fig. S10, the hydrogel dressings caused no damage to these or- 

ans, indicating that the hydrogel has good biosafety and biocom- 

atibility. 

.7. Infected wound healing in vivo 

To further explore the universality of wound healing with hy- 

rogels, an infected wound model was constructed on the backs 
106
f rats. The hydrogels were attached to the infected wounds. As 

hown in Fig. 7 a, the images of the infected wound healing pro- 

ess show that the 0.5 %/GelMA/M-HA hydrogel had the best 

ound healing. The wound area statistics using Image J showed 

hat the CHG spray group promoted healing in the early stage, 

nd the 0.5 %/GelMA/M-HA hydrogel showed conspicuous treat- 

ent ( Fig. 7 b). Moreover, the GelMA/M-HA hydrogel indicated that 

he hydrogel without CHG also promoted infected wound healing 

ompared to that of the other groups. 

On day 20, H&E staining of the healing-infected wound was 

ntuitively displayed on the wound edge ( Fig. 7 c and f). The re- 

ults demonstrated that the 0.5 %/GelMA/M-HA hydrogel decreased 

he wound to approximately 3700 μm from 6900 μm. The num- 

er of angiogenesis treated with 0.5 %/GelMA/M-HA was approx- 

mately 1.8 times than that in the other groups ( Fig. 7 d and g).

hrough Masson staining, the collagen volume fraction (CVF) was 

sed to assess infected wound healing, as shown in Fig. 7 e and 

. Wounds treated with the 0.5 %/GelMA/M-HA hydrogel were ap- 

roximately 86.7 % healed, which was higher than that of the 

ther groups. On day 5, the unhealed wounds were stained with 

D68/CD206 to analyze the MA phenotype (Fig. S11). The results 

howed that the M2 phenotype was the main component of MA in 

he 0.5 %/GelMA/M-HA treated group, which indicated that inflam- 

ation in chronic wounds was regulated by 0.5 %/GelMA/M-HA. 

ll the results showed that the infected wound promoted healing 

sing the 0.5 %/GelMA/M-HA hydrogel. 

. Discussion 

The oral ulcer is an obnoxious oral wound disease, the vital 

linical need is rapid healing when the clinical treatment is insuf- 

cient to meet demand such as some sprays and regular patches 

 36 ], therefore, there is a need for more effective strategies for the 

reatment of oral ulcers. To address the treatment challenges and 

linical needs of oral ulcers, hydrogels are a very promising treat- 

ent with wet tissue adhesion and improved drug delivery [ 37–

9 ]. The two irreplaceable advantages of adhesive hydrogels are 

he sustained-release ability of therapeutic drugs and long-term lo- 

al action ability, as well as the biocompatibility and biofunction- 

lity of the hydrogel materials [ 40 , 41 ]. To achieve these required

haracteristics, inspiration has been taken from the marine mus- 

el, as mussel-inspired catechol hydrogels present outstanding ad- 

esive capacity and antioxidant and anti-inflammatory effects [ 19 ]. 

owever, the capabilities of these hydrogels can be improved. To 
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Fig. 7. Adhesive drug-loaded hydrogels for infected wound treatment. a Images of infected wound treatment in different ways at day 0, 5, 10, 15, and 20 (Scale bar = 1 

mm). b Wound area of the infected wound at day 5, 10, 15, and 20. c HE staining of an infected wound treated in different ways at day 20. d HE staining of angiogenesis 

in different ways at day 20. e Masson staining of an infected wound treated in different ways at day 20. f Statistical graph of wound edge at day 20. g Statistical graph of 

angiogenesis at day 20. h Statistical graph of CVF at day 20. (n = 3, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). 
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urther improve adhesion, DA was added and pre-polymerized in 

he hydrogel, which increased the degree of substitution of cate- 

hol groups and loaded into the hydrogels [ 42–44 ]. The adhesion 

bility of GelMA/M-HA was higher than those of GelMA/C-HA and 

elMA/DA. By adjusting the pre-polymerization time, the adhesive 

bility increased (Fig. S12). This illustrates that oxidation or for- 

ation of polydopamine can increase the adhesion of the hydro- 

el. However, cohesion and interpenetration of the hydrogel sup- 

orted its increased adhesion ability. To analyze the mechanical 

roperties of the hydrogel, it was acknowledged that the addi- 

ion of HA and the color change for DA polymerization softened 
107
he GelMA/M-HA hydrogels [ 19 , 45 ]. However, the intermolecular 

nteractions between HA, catechol, and GelMA improve physical 

rosslinking [ 46 , 47 ]. Interestingly, the soft GelMA/M-HA hydrogel 

howed better suitability and higher adhesive ability in the oral 

ucosa. 

Although the catechol group showed a tendency to promote 

ealing, antibacterial and anti-inflammatory effects, it was not suf- 

cient or remarkable when used in severe wounds or excess bacte- 

ia. Individual drugs have low bioavailability, making long-term re- 

ention in the wound area difficult. This reflects the need to design 

 combined system with a drug and bioactive materials to achieve 
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etter treatment. Therefore, CHG was loaded into the hydrogel to 

emonstrate a significant advantage over the clinical CHG mist 

pray. Both drug availability and therapeutic effects were improved 

hen CHG was loaded into the hydrogel. It promoted wound heal- 

ng, antibacterial, and anti-inflammatory effects [ 48 ]. Thus, in this 

tudy, the CHG load and catechol functionalization of the hydrogel 

ad an obvious synergistic effect in promoting wound healing. Fur- 

hermore, this adhesive hydrogel was used to load other drugs into 

arious microenvironments and wounds. 

. Conclusion 

In this study, a CHG-loaded hydrogel was designed with im- 

roved wet-tissue adhesion and sustained-release drug capabili- 

ies. Natural macromolecular GelMA was chosen for the hydro- 

el skeleton, and HA was chosen to form an interpenetrating net- 

ork in which the two macromolecules had good biocompatibility. 

he catechol groups grafted on HA supported the wet tissue adhe- 

ion ability, and CHG promoted healing and antibacterial and anti- 

nflammatory effects. Thus, CHG/GelMA/M-HA is a better treat- 

ent for oral ulcers and infected wounds in vivo . It is anticipated 

hat this hydrogel design will contribute to alleviating oral ulcers. 
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