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A B S T R A C T   

Multifunctional hydrogels have been developed to meet the various requirements of wound healing. Herein, an 
innovative hydrogel (QCMC-HA-PEG) was formed through the Schiff base reaction, composed of quaternary 
ammonium-modified carboxymethyl chitosan (QCMC), hyaluronic acid (HA), and 8-arms Polyethylene Glycol 
aldehyde (8-ARM-PEG-CHO). The resulting hydrogels exhibited good mechanical and adhesive properties with 
improved antibacterial efficacy against both Gram-positive and Gram-negative bacteria compared to CMC 
hydrogels. QCMC-HA-PEG hydrogels demonstrated remarkable adhesive ability in lap-shear test. Furthermore, 
the incorporation of MnO2 nanosheets into the hydrogel significantly enhanced its reactive oxygen species (ROS) 
scavenging and oxygen generation capabilities. Finally, experimental results from a full-thickness skin wound 
model revealed that the QCMC-HA-PEG@MnO2 hydrogel promoted skin epithelization, collagen deposition, and 
inflammatory regulation significantly accelerated the wound healing process. Therefore, QCMC-HA-PEG@MnO2 
hydrogel could be a promising wound dressing to promote wound healing.   

1. Introduction 

Skin is the largest organ of the human body, protecting tissues and 
organs from harmful bacteria as well as physical and chemical damage. 
In case of injury, bacteria and other microbes could easily invade the 
body, disrupting the physiological balance and potentially leading to 
severe illness or even death in the worst situation [1–3]. When replacing 
the dressings, traditional wound dressings (like gauze) could easily 
adhere to newly regenerated soft tissue leading to secondary injury [4]. 
To effectively promote wound healing, the optimal wound dressings 
should have the following properties: 1) rapidly absorbing wound 
exudate and maintaining a proper healing environment; 2) creating an 
environment with adequate oxygen levels to expedite wound healing; 3) 
exhibiting good biocompatibility and having the ability to promote cell 
proliferation and migration [5–8]. Due to their good permeability, 
excellent biocompatibility, and ability to provide a moist environment, 
hydrogels have been widely used as wound dressings, which are mainly 
fabricated with natural polymers such as HA, sodium alginate (SA), and 

chitosan (CS) [9–11]. However, the functions of single-component 
hydrogel still have many limitations in practical applications [12–14]. 

Carboxymethyl chitosan (CMC), a derivative of CS, exhibits 
biocompatibility, biodegradability, and antibacterial activity. However, 
the antibacterial efficacy of CMC needs to be further enhanced in order 
to achieve the status of an ideal wound dressing [15]. Polymer quater
nary ammonium salt has remarkable antibacterial activity and low 
toxicity, making it a research hotspot in the field of antibacterial agents 
[16,17]. 

In previous studies, Aiping Hui et al. developed an antibacterial 
material by incorporating quaternary ammonium chitooligosaccharides 
into the ZnO/palygorskite nanocomposite by self-assembly process, 
resulting in a nanocomposite with excellent antibacterial activity [18]. 
Inspired by this, in this study, QCMC was synthesized by grafting qua
ternary ammonium groups onto CMC via a nucleophilic substitution 
process. This approach allows QCMC to retain the inherent biological 
characteristics of CMC as a natural polysaccharide while harnessing the 
potent antibacterial properties of quaternary ammonium salts. 
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The adhesive and anti-inflammatory abilities stand as pivotal char
acteristics of wound dressings. Hydrogel dressings with good adhesive 
ability can effectively adhere to wounds and are the premise for dress
ings to function normally in the human body part, particularly in joint 
parts [19]. As a main ingredient of the extracellular matrix, HA con
tributes to the movement and proliferation of cells and has anti- 
inflammatory properties. The carboxyl groups present in HA can form 
peptide bonds by linking with the amino groups found in tissues. Hence, 
HA was integrated into CMC to enhance its adhesive properties [9,20]. 

To improve the mechanical properties of the wound dressings, 8- 
ARM-PEG-CHO was incorporated into the crosslinking structure [21]. 
In our previous study, the multi-armed polyethylene glycol structure 
was introduced into chitosan hydrogel, and the mechanical properties of 
the hydrogel were significantly improved [22]. 

Excessive ROS can significantly delay the wound healing process 
[23]. As one of the efficient nanozymes, manganese dioxide (MnO2) 
nanosheets could catalyze the decomposition of hydrogen peroxide to 
oxygen and water, reducing oxidative stress [24]. Compared with other 
nanoenzymes such as nanoceria (CeO2), gold nanoclusters, and C3N4 
nanofusiform, MnO2 nanosheets are biodegradable and biocompatible 
[25]. Hence, the incorporation of MnO2 nanosheets into QCMC-HA-PEG 
hydrogel enhances its capacity to scavenge ROS while concurrently 
generating oxygen, thereby fostering cell activity, promoting cell pro
liferation and migration, and ultimately expediting the wound healing 
process [26,27]. 

In this study, CMC was first modified by grafting strong positively 
charged quaternary ammonium salt groups onto CMC via nucleophilic 
substitution reaction, resulting in the formation of QCMC to enhance its 
antibacterial performance. To further improve the adhesive and me
chanical capability of the hydrogel, HA and 8ARM-PEG-CHO were 

added to QCMC, forming a double cross-linking network. MnO2 nano
sheets were uniformly dispersed within QCMC-HA-PEG hydrogels 
(QCMC-HA-PEG@MnO2) (Fig. 1) further enhancing ROS scavenging 
ability and generating O2. Compared to previously published studies 
focusing on individual properties, our synthesized hydrogel exhibits 
comprehensive characteristics [12–14]. It is hypothesized that the 
QCMC-HA-PEG@MnO2 hydrogel could regulate inflammation promote 
angiogenesis and re-epithelialization, accelerate collagen deposition, 
and effectively facilitate skin wound healing and tissue restoration. 

2. Materials and methods 

CMC (MW = 100–200 kDa, degree of substitution≥80 %) and HA 
(400–1000 kDa) were obtained from Shanghai Yuanye Bio-Technology 
Co., Ltd. 8ARM-PEG-CHO (10 kDa) was obtained from Guangzhou 
Tanshtech Bio-Technology Co., Ltd. Calcein-AM/PI, and hematoxylin- 
eosin were obtained from Jiangsu Keygen Biotech Co., Ltd. Masson's 
trichrome was obtained from Wuhan Service Co., Ltd. DMEM was pur
chased from BioChannel Biological Technology Co., Ltd.Fetal Bovine 
Serum (FBS) was offered by CellMax cell Technology (Beijing) Co., Ltd. 
Cell Counting Kit-8 (CCK-8) was offered by Solarbio (Beijing, China). 
Cell flow cytometry analysis was performed using Challenbio's Long
CytoTM detection. RT SuperMix for qPCR was offered by Novoprotein, 
Shanghai, China. Cell culture dishes was purchased from NEST 
Biotechnology Co., Ltd. All other reagents were of analytical grade and 
were used directly without further preparation. 

2.1. Preparation of QCMC-HA-PEG@MnO2 hydrogels 

The CMC solution was prepared by dissolving 1 g of CMC in 25 mL of 

Fig. 1. Schematic of the preparation of QCMC-HA-PEG@MnO2 hydrogel with multifunctional properties including antibacterial, antioxidant, and promoting wound 
healing capabilities. 
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deionized water, followed by dropwise addition of solutions containing 
1 mmol, 2 mmol, and 3 mmol of GTA to synthesize 1QCMC, 2QCMC, and 
3QCMC. Then the solution was placed in an oil bath at 65 ◦C and reacted 
for 14 h. After that, anhydrous ethanol was added to the solution, 
centrifuged, and the bottom product was redissolved in deionized water 
and dialyzed against DI water for 2 days (change water 3 times a day). 
The final solution was freeze-dried and product was stored for further 
use. 

To prepare CMC-PEG hydrogels, 300 μL of a 5 wt% CMC solution and 
20 μL of an 8ARM-PEG-CHO (molar ratio 1:1) solution were fully mixed 
and formed hydrogel within 5 min. 

To prepare 1QCMC-HA-PEG hydrogel, 300 μL of 1QCMC solution (5 
wt%) was fully mixed with 100 μL of HA solution (1.5 wt%). Next, 20 μL 
8ARM-PEG-CHO (100 mg/mL) was added and fully mixed. The hydrogel 
could be formed within 5 min. 2QCMC-HA-PEG and 3QCMC-HA-PEG 
hydrogels were prepared following the same procedure. 

To prepare δ-MnO2, 2.2 g of TMAOH-5H2O was dissolved in 20 mL of 
3 wt% H2O2 with stirring, and 0.594 g of MnCl2-4H2O was dissolved in 
10 mL of deionized water using sonication. The TMAOH solution was 
added to the MnCl2 solution and stirred for 12 h, and the final solution 
was centrifuged at 4230 rpm for 5 min. MnO2 was obtained at the 
bottom of the centrifuge tube, which was then subjected to three washes 
with deionized water and dried using a vacuum dryer to obtain the final 
MnO2 nanosheets. To prepare the QCMC-HA-PEG@MnO2 hydrogel rich 
in nanoenzyme, different concentrations of MnO2 nanosheets were 
added to QCMC-HA-PEG. 

2.2. Characterization of hydrogels 

The morphology of hydrogel and the MnO2 nanosheets were char
acterized by Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscope (TEM). 

The chemical structures of the materials (selecting the 2QCMC as a 
representative) were characterized by Fourier Transform Infrared 
Spectroscopy (FTIR) spectrometer and 500 MHz Nuclear Magnetic 
Resonance (NMR) spectroscopy. Using an X-ray diffractometer (XRD), 
the hydrogel's phase structure was examined. The EA2400II elemental 
analyzer was employed to determine the percentage content of carbon 
(C), hydrogen (H), and nitrogen (N) elements within the hydrogel. 

The distribution of MnO2 nanosheets particle sizes was assessed 
using a nanoscale analyzer. Additionally, high-resolution spectra of Mn 
2p and O 1 s were obtained for the MnO2 samples using a 40 eV electron 
energy analyzer. 

The viscoelastic properties and gelation time (s) of hydrogels were 
tested by rheometer. Strain tests were carried out with a strain of 1 %, a 
frequency of 1 Hz, and a temperature of 25 ◦C to evaluate the storage 
modulus (G′) and loss modulus (G″) of the hydrogel. 

For the hydrogel swelling test, hydrogels were first freeze-dried 
weighed (W0), and then placed into PBS. At certain time intervals, the 
hydrogels were taken out and reweighed (Wt). The swelling ratio SR (g/ 
g), was determined for each batch of hydrogels using the following 
formula: 

SR(g/g) =
Wt − W0

W0  

2.3. Hydrogel adhesion and self-healing properties test 

The lap-shear test was performed to investigate the adhesive ability 
of hydrogel. The fresh pig skin was sliced into rectangular pieces 
measuring 2 × 5 cm2. Subsequently, the freshly prepared hydrogel was 
applied onto the pig skin, and its adhesive performance was assessed 
through shear strength tests [22]. The tests were performed in tripli
cates. To observe the self-healing process, two hydrogels were stained 
with different food colors (green and orange) and then cut in half. The 
cutting pieces were put together and recording the time for them to heal 

together completely. 

2.4. Antibacterial assay 

The antibacterial activity of the hydrogel was assessed using E. coli 
(ATCC® 35320™) and S. aureus (ATCC 6538P). All materials underwent 
sterilization using ultraviolet light for 6 h before the experiment. Sub
sequently, the hydrogels were positioned in 24-well plates, which were 
then added with 990 μL of LB broth and 10 μL of E. coli or S. aureus at a 
concentration of 1 × 107 CFU/mL, well-mixed. In the control group, no 
treatment was administered to the 24-well plates, which were subse
quently incubated in a biochemical incubator at 37 ◦C for 24 h. 

PBS solution was used to dilute the bacterial solution in the 24-well 
plate to a concentration of 100 CFU/mL, and 100 μL of the dilute bac
terial droplets were then introduced and equally distributed on the 
surface of the AGAR medium. After being cultured in the biochemical 
incubator at 37 ◦C for 24 h, the number of colonies on the AGAR dish 
was recorded using a digital camera. The following formulas are used to 
calculate the bacterial survival rate (V) and antibacterial rate (R): 

V(%) =
NSample

NControl
× 100%  

R(%) = 1 − V(%)

where NSample is the number of colonies in the material group and 
NControl is the number of colonies in the empty control group. 

2.5. ROS scavenging and oxygen generation assays 

Using the o-diazepine-Fe2+ oxidation technique, the hydroxyl (⋅OH) 
free radical's scavenging capacity was measured [28]. The sample so
lution to be tested was prepared by mixing 2 mL H2O2 solution (100 μM) 
with 2QCMC-HA-PEG@MnO2 hydrogel with different concentrations of 
MnO2 nanosheets contents (0.1 %, 0.05 %, 0.025 %). 500 μL FeSO4 
solution (9 mM), 1 mL salicylic acid-ethanol solution (9 mM), 2 mL 
deionized water and 1 mL sample solution to be tested were mixed and 
incubated in an incubator at 37 ◦C for 1 h. The solution's absorbance 
(510 nm) was measured with a plate reader. 2QCMC-HA-PEG@MnO2 
hydrogel (500 μL) was added into 1 mL H2O2 solution (100 μM), and the 
O2 concentration was detected by a commercial oxygen meter (PreSens, 
OXY-1 ST Trace) according to the manufacturer's instructions [25]. 

2.6. Cytotoxicity test 

The cytotoxic activity of hydrogels was assessed using mouse em
bryonic fibroblasts (NIH3T3). NIH3T3 cells were seeded in well plates at 
a density of 3000 cells per well, and 200 μL of culture medium (high 
glucose DMEM medium, 10 % fetal bovine serum, and 2 % pen/strep) 
was added. The cells were then grown at 37 ◦C in a cell incubator [22]. 
Once the cells adhering to the surface of the culture flask, the initial 
media was replaced with media solution containing hydrogel extract 
solution. The sample solutions were removed on day 1, day 2, and day 3, 
and the wells were washed twice with PBS. 

On day 1, day 2, and day 3, NIH3T3 cell viability was analyzed using 
the LIVE/DEAD cell viability assay following previous studies and the 
manufacturer's protocol [22]. After that, photographs were taken with 
an inverted fluorescence microscope (MF53-N, Mingmei, Guangzhou, 
China). 

2.7. In vivo wound healing 

Female Sprague Dawley (SD) rats weighing approximately 180–220 
g were used to evaluate the in vivo wound healing ability of the 
hydrogels. The animal experimental procedures were performed ac
cording to the Guidelines for National Research Council's Guide for the 
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Care and Use of Laboratory Animals and approved by the Animal Ethics 
Committee of Jinan University (2020031845). The wound was created 
with a biopsy punch on the back of rats (wound position was illustrated 
in Fig. S10), and treated with different materials control (no treatment), 
CMC-HA-PEG, 2QCMC-HA-PEG, and 2QCMC-HA-PEG@MnO2. On days 
0, 3, 7, and 14, the wound size was captured using a digital camera, and 
the closure rate was quantified. Additionally, the skin tissues of surgical 
areas were collected for further investigation on days 3, 7, and 14 
respectively. 

2.8. Analysis of immune infiltration in wound tissue 

On day 14, the skin tissue was ground and filtered through a 200- 
mesh copper mesh to obtain a tissue suspension, which was then 
centrifuged at 2000 rpm for 5 min to collect the cells. To assess M2 
macrophage infiltration in skin tissue, the collected cells were incubated 
with macrophage flow cytometry antibodies (Anti-CD11b-FITC, Anti- 
CD80-APC, and Anti-CD206-PE) for 30 min, and then centrifuged at 
2000 rpm for 5 min to remove the unbound antibodies. After washing 
once with PBS (0.01 M, pH = 7.4), the stained cells were resuspended 
with 500 μL of PBS and analyzed by flow cytometry [29]. 

2.9. Histopathological analysis and quantitative PCR 

The skin samples, including the wound area and its surrounding 
tissue, were collected and preserved in a 4 % paraformaldehyde solution 
before embedding in paraffin. Following this, the tissue samples un
derwent sectioning, dewaxing, staining, and histopathological assess
ment. Staining techniques include Hematoxylin and Eosin (H&E) 
staining and Masson's trichrome staining. The images were captured 
using an inverted microscope (MF53-N, Mingmei, Guangzhou, China). 
Quantitative PCR (qPCR) steps in supplementary materials [30]. 

2.10. Imaging and analysis 

The thickness of the epidermis was measured using Image J software. 
The degree of collagen deposition is calculated as the collagen index: (B 
+ G)/(2R + B + G) for each pixel in the image (R, B, and G represent red, 
blue, and green pixel values, respectively) [31]. The collagen index 
ranges from 0 to 1 (meaning that the subject is extremely red to 
completely turquoise). 

2.11. Statistical analysis 

All data are shown as the mean standard deviation of at least three 
independent experiments. Significant was tested by student t-test 
(ANOVA). Statistical analysis was performed using JMP Pro 13 software 
(SAS Institute, Cary, North Carolina, USA) [32]. 

3. Results and discussion 

3.1. Characterization of hydrogels 

The hydrogen NMR spectra of CMC and QCMC are shown in Fig. 2A. 
The peak at 4.23 ppm in the CMC spectrum was attributed to the proton 
on the carboxymethyl [33]. Another strong signal at 3.15 ppm corre
sponds to the proton of the methyl in the quaternary ammonium salt. 
The proton signal in the chain of the quaternary ammonium salt was at 
2.71 ppm, 4.10 ppm, and 3.33 ppm [34]. The results confirmed that the 
quaternary ammonium salt was successfully grafted onto CMC. 

The FTIR spectra of CMC and QCMC were shown in Fig. 2B. In the 
infrared spectrum of QCMC, the peak of 3439 cm− 1 was shifted to 3257 
cm− 1, which was due to the reaction of the amino groups in CMC and the 
breaking of hydrogen bonds [35]. Moreover, it was identified that the 
presence of the trimethyl quaternary ammonium ion led to the 
appearance of a novel absorption peak at 1476 cm− 1. In the infrared 
spectrum of QCMC-HA-PEG, the absorption peaks near 1047 cm− 1 are 
attributed to the C-OH bonds in HA, proving that HA is involved in the 
formation of double-network hydrogels. This result demonstrates the 
successful synthesis of double-network hydrogels (Fig. S1) [36]. 

The XRD patterns of CMC and QCMC were shown in Fig. 2C. CMC 
exhibited strong diffraction absorption peaks at 2θ = 10.62◦ and 19.9◦, 
indicating that CMC had a crystal structure. Except for the weak 
diffraction absorption peak at 2θ = 20◦, the diffraction peaks in other 
parts of QCMC disappeared. After the quaternization of CMC, the con
tent of free amino groups in the molecular chain decreased, leading to a 
decrease in the number of hydrogen bonds in the macromolecular chain 
and thus a decrease in crystallinity. Furthermore, the introduction of 
quaternary ammonium salt groups into CMC molecules weakened the 
hydrogen bonding between CMC molecules and destroyed the crystal 
structure [34]. Hence, the XRD results confirmed the amorphous nature 
of carboxymethyl chitosan as a polymer. Additionally, to validate the 
successful synthesis of CMC from the quaternary ammonium salt and to 

Fig. 2. (A) 1H NMR spectra of QCMC and CMC; (B) FTIR spectra of QCMC and CMC; (C) X-ray diffraction pattern of QCMC and CMC; (D) microstructure of different 
hydrogels imaged by SEM; (E) average pore sizes of different hydrogels. (n = 3, ****p < 0.0001.) 
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ascertain the degree of substitution (DS) of QCMC, the elemental anal
ysis results of each raw material and product were presented in Table S1. 
These findings demonstrated that the DS of substitution of the quater
nary ammonium salt in QCMC increased with the rise in the reactant 
GTA. 

As shown in Fig. 2D, all hydrogel samples had a relatively uniform 
three-dimensional interconnected pore structure, which promoted the 
penetration and transfer of nutrients and oxygen on the wound surface. 
The pore size of CMC-PEG hydrogel was the smallest (189.7 ± 27.97 
μm). The pore sizes of 1QCMC-HA-PEG, 2QCMC-HA-PEG, and 3QCMC- 
HA-PEG hydrogels were 260.7 ± 43.17 μm, 252.6 ± 39.82 μm, and 
280.2 ± 37.01 μm, respectively (Fig. 2E). Because grafting the quater
nary ammonium salt onto CMC affects the formation of the Schiff base 
bond, resulted in a lower crosslink density of the hydrogels and thus lead 
to larger pore size. 

The morphology of the prepared MnO2 nanosheets was characterized 
by TEM. The MnO2 nanosheets showed a layered structure (Fig. S2A). 
The particle size of the MnO2 nanosheets was 375.45 nm (Fig. S2B). The 
binding energy of the 2QCMC-HA-PEG@MnO2 composite hydrogel was 
the Mn 2p1/2 peak at 654.2 eV and the Mn 2p 3/2 peak at 642.4 eV, and 
the difference between the two is 11.7 eV (Fig. S2C). The existence of 
MnO2 nanosheets was confirmed, and the significant O 1 s peak 
confirmed the existence of Mn(IV)O2 nanosheets further (Fig. S2D) 
[37,38]. The above results demonstrate the successful preparation of 
MnO2 nanosheets and their successful incorporation into the 2QCMC- 
HA-PEG hydrogel. 

Fig. S3 shows that the hydrogel absorbed water and swelled rapidly 
after immersion in PBS. The swelling rate reached the maximum after 

about 30 min and reached equilibrium after 2 h. Among them, CMC-PEG 
hydrogel has the lowest swelling rate and reaches swelling equilibrium 
after swelling 19.6-fold. The swelling rates of the three hydrogels 
(1QCMC-HA-PEG, 2QCMC-HA-PEG, and 3QCMC-HA-PEG) were 27- 
fold, 30-fold, and 36-fold, respectively. This occurred because the 
hydrogels' swelling rates increased with decreasing crosslink density and 
increasing pore size. 

3.2. Rheological properties of hydrogels 

Fig. 3A shows the representative images of different hydrogel types. 
3QCMC-HA-PEG hydrogels had difficulty forming a regular shape, so 
further studies focused on 1QCMC-HA-PEG and 2QCMC-HA-PEG. 
Compared with CMC-PEG, the gelation time of 1QCMC-HA-PEG, and 
2QCMC-HA-PEG were 186 ± 24 s, and 241 ± 19 s, respectively 
(Fig. 3B). The higher the grafting ratio of the quaternary ammonium 
salt, the more amino groups were occupied on the CMC, resulting in a 
prolonged gelation time of the hydrogel. As shown in Fig. 3C–D, in the 
scan frequency range of 0.1–10 Hz, G′ of the hydrogels in all groups was 
larger than G″, indicating that they all had a stable gel network. At a 
sampling frequency of 10 Hz, the G′ values of the hydrogels CMC-PEG, 
1QCMC-HA-PEG, and 2QCMC-HA-PEG were 145.7 Pa, 120.4 Pa, and 
141.5 Pa, respectively. The energy storage modulus of 2QCMC-HA-PEG 
is similar to that of CMC-PEG, indicating that the modified hydrogel 
2QCMC-HA-PEG also has good mechanical properties. Fig. S5 shows 
that hydrogels could maintain a stable network structure in the strain 
range of 0.01%~126%. When the strain reaches 126%, the curve of G′ 
intersects with that of G″, indicating the hydrogel has a gel-sol transition. 

Fig. 3. (A) Representative images of different hydrogels; (B) gelling time of different hydrogels; (C) rheology dynamic time sweeps of different hydrogels; (D) 
frequency sweep analysis of different hydrogels. (n = 3, **p < 0.01.) 
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After that, the value of G′ is higher than that of G″, demonstrating that 
the hydrogel network collapses and changes into a liquid state. 

Moreover, for biomedical applications, the ideal hydrogel degrada
tion rate is critical. On day 14, there was no significant difference be
tween the groups in the remaining weights of the CMC-PEG, 2QCMC- 
HA-PEG, and 2QCMC-HA-PEG@MnO2 hydrogels, which were 54.3 ±
2.3 %, 45.2 ± 6.8 %, and 51.6 ± 5.7 %. 

3.3. Hydrogel adhesion and self-healing properties test 

Fig. 4A illustrates the application of the QCMC-HA-PEG hydrogel on 
fresh porcine skin, demonstrating good adhesive ability between the 
hydrogel and skin. The hydrogel remained attaching to the porcine skin 
firmly, in the process of being subjected to bending, twisting, and 
flushing with tap water. The adhesive mechanism of hydrogel could be 
concluded as following: 1) the free negative-charged carboxyl groups 
can bind to the glycosyl compounds (glycolipids or glycoproteins) on the 
cell membrane of skin tissues, resulting in an adhesion effect [39]; 2) the 
existence interactions between materials and tissue surfaces, such as 
hydrogen bonding, hydrophilic and hydrophobic interactions. Fig. 4B 
mainly displays the relevant experimental parameters and methods of 
lap shear test. Fig. 4C shows that compared with CMC-PEG (1.05 ± 0.41 
kPa) and 1QCMC-HA-PEG (5.35 ± 0.47 kPa) hydrogel, the adhesion 
strength of 2QCMC-HA-PEG hydrogel was higher (5.78 ± 0.12 kPa), 
showing excellent adhesion properties. The 2QCMC-HA-PEG hydrogel 
had a good adhesion effect on skin tissue, and the adhesion strength was 
higher than that of commercial fibrin gel (3.90 ± 0.42 kPa) [40]. 

To show the self-healing ability of QCMC-HA-PEG hydrogels, two 
hydrogels (with different colors) were cut in half. Subsequently, the two 
cut pieces were connected, and after 10 min, the two hydrogels could 
merge (Fig. S6). The excellent injectability of the hydrogel is further 
demonstrated in Fig. S7. 

3.4. Antibacterial assay 

The anti-bacterial ability of different hydrogels against E. coli 
(ATCC® 35,320™) and S. aureus (ATCC 6538P) was investigated. 
Fig. 5A shows that the number of colonies in the CMC-PEG hydrogel 
group was slightly reduced compared to the control group. The number 
of colonies in the QCMC-HA-PEG group was significantly lower than 
that in the control group (P < 0.001). Furthermore, it was observed that 
the number of colonies decreased with the increase in the substitution 
level of quaternary ammonium salt. This trend indicates that the intro
duction of quaternary ammonium salt effectively enhanced the anti
bacterial effect of CMC. Compared to unmodified CMC, the positive 
charge density of QCMC is increased, and then the strong cationic 

properties help it adsorb to negatively charged proteins and lipopoly
saccharides on the surface of bacteria, leading to the death of bacteria 
[41]. As depicted in Fig. 5B, the antibacterial efficacy of the QCMC-HA- 
PEG hydrogel notably increased. The antimicrobial rates of the 2QCMC- 
HA-PEG group against E. coli and S. aureus were 81.85 ± 2.45 % and 
80.25 ± 1.98 %, respectively. 

The BCI value of both 1QCMC-HA-PEG and 2QCMC-HA-PEG 
hydrogels were notably lower compared to CMC-PEG. The RBC 
adsorption rate of both 1QCMC-HA-PEG and 2QCMC-HA-PEG hydrogels 
were notably higher compared to CMC-PEG. There was no significant 
distinction observed between the 1QCMC-HA-PEG and 2QCMC-HA-PEG 
hydrogels (Fig. S8). Nevertheless, the antibacterial efficacy of 2QCMC- 
HA-PEG surpassed that of 1QCMC-HA-PEG. Consequently, subsequent 
investigations were directed toward exploring the properties of 2QCMC- 
HA-PEG hydrogels. Fig. S9 shows the hemolysis rate of the hydrogel is 
<2 %, which is considered to be non-hemolytic. Therefore, all hydrogels 
have good blood compatibility. 

3.5. ROS scavenging and oxygen generation assays 

Excess ROS is one of the causes of delayed wound healing. The 

Fig. 4. (A) Photographs of hydrogels attached to the porcine skin; (B) schematic of the lap shear test; (C) the average adhesive strength of different hydrogels to the 
porcine skin. (n = 3, ****p < 0.0001.) 

Fig. 5. (A) Representative images of the growth of bacterial colonies of E. coli 
and S. aureus on agar plates after co-culturing with hydrogels for 24 h; (B) the 
antibacterial ratio of hydrogels. (n = 3, **p < 0.01, ***p < 0.001 and ****p 
< 0.0001.) 
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accumulation of ROS around the wound not only triggers a robust in
flammatory response but also impairs the functions of skin fibroblasts, 
thus affecting the regeneration of wound tissue. However, the integra
tion of MnO2 nanosheets into the hydrogel not only effectively elimi
nates ROS but also promotes oxygen production around the wound area 
and stimulates cell growth [25]. 

Fig. 6A shows the successful synthesis of 2QCMC-HA-PEG@MnO2 
hydrogels with concentrations of 0.1 %, 0.05 %, and 0.025 % manganese 
dioxide. The oxygen probe was used to monitor oxygen concentration 
changes in the upper H2O2 solution (Fig. 6C). After 1 h of continuous 
monitoring, the oxygen release performance of hydrogel scaffolds with 
different concentrations of MnO2 content was analyzed. As shown in 
Fig. 6B, the higher the concentration of MnO2, the more oxygen was 
produced. After 40 min, the hydrogel containing 0.1 % MnO2 reached a 
peak oxygen concentration of 91.48 %. Notably, both the 0.05 % and 
0.025 % groups exhibited continued oxygen production even at the 60 
min. Based on the test results, it was observed that the 0.025 % group 
exhibits a longer duration of oxygen release compared to the 0.05 % 
group. In addition, hydrogels with a concentration of 0.025 % MnO2 
exhibited more consistent oxygen production rates and longer oxygen 
release time. All three hydrogels exhibited good hydroxyl radical scav
enging ability (Fig. 6D). The hydroxyl radical scavenging rates of 0.1 %, 
0.05 %, and 0.025 % hydrogels were 40.83 ± 2.4 %, 32.34 ± 2.26 %, 
and 16.61 ± 2.88 %. Compared with other groups, the 0.025 %-2QCMC- 
HA-PEG@MnO2 produced more uniform and persistent oxygen after 
eliminating the H2O2, which probably was attributed to the better 
dispersion of MnO2 nanosheets. In summary, the 0.025 %-2QCMC-HA- 
PEG@MnO2 nanosheets were chosen for subsequent experimental 
studies due to their ability to be evenly distributed and their prolonged 
oxygen production effect. 

Furthermore, attaining optimal hydrogel degradation rates is para
mount for biomedical applications. On day 14, the remaining weight of 
CMC-PEG and 2QCMC-HA-PEG hydrogels was measured to be 48.8 ±
0.86 % and 32.8 ± 0.8 %, respectively (Fig. S4). In comparison to CMC- 
PEG, it can be observed that 2QCMC-HA-PEG exhibits faster degradation 
performance, which may be attributed to the faster degradation rate of 
HA. 

3.6. Cytotoxicity test 

To further assess the impact of the three different hydrogels on cell 
proliferation, different hydrogel extract was cultured with NIH3T3 cells 
for three days. Fluorescence microscopy images in Fig. 7A revealed that 
the majority of cells were viable. The proliferation of the fibroblast cells 
demonstrated that the hydrogels did not induce cytotoxicity in the cells. 
In Fig. 7B, it is evident that on days 1, 2, and 3, the cell survival rate 
exceeded 95 % across all hydrogel groups, with no significant variance 
in cell viability observed between the different groups. Consequently, 
CMC-PEG, 2QCMC-HA-PEG, and 2QCMC-HA-PEG@MnO2 hydrogels 
demonstrated minimal cytotoxicity to NIH3T3 cells and exhibited 
excellent cytocompatibility. 

3.7. Evaluation of in vivo wound healing 

The wound healing efficacy of CMC-PEG, 2QCMC-HA-PEG, and 
2QCMC-HA-PEG@MnO2 hydrogels was assessed through full-thickness 
wound-repair experiments. The wound healing progress was moni
tored over 14 days using a digital camera, and quantitative analysis of 
the wound area was conducted using Image J. 

As the results show, the wound healing rate in the 2QCMC-HA- 
PEG@MnO2 hydrogel group was faster than those in the CMC-PEG and 
2QCMC-HA-PEG groups, according to the results of macroscopic ex
amination images (Fig. 8A) and quantitative data (Fig. 8B–C). On day 3, 
the wound closure rates in the 2QCMC-HA-PEG (36.51 ± 7.93 %) and 
2QCMC-HA-PEG@MnO2 (40.25 ± 6.95 %) groups were significantly 
higher than those in the control (10.26 ± 2.04 %) and CMC-PEG (23.67 
± 8.63 %) groups (Fig. 8C). This could be attributed to the addition of 
quaternary ammonium salts and HA, which have hemostatic and anti
bacterial effects in the early stage of wound healing. On day 7 and 14, 
wounds treated with 2QCMC-HA-PEG@MnO2 have a higher wound 
closure rate (74.24 ± 5.58 % and 95.98 ± 1.57 %) than that of control 
(55.44 ± 6.13 % and 79.21 ± 5.47 %), CMC-PEG (63.87 ± 5.83 % and 
84.81 ± 3.22), and 2QCMC-HA-PEG (68.54 ± 5.12 % and 92.17 ± 1.93 
%) groups. Therefore, the results reveal that the treating effect of 
2QCMC-HA-PEG@MnO2 was better than that of 2QCMC-HA-PEG, 

Fig. 6. (A) Hydrogels with different concentrations MnO2 nanosheets; (B) the real-time O2 level monitored by an oxygen probe; (C) schematic diagram of oxygen 
production performance of hydrogels; (D) the hydroxyl radical scavenging effects of different 2QCMC-HA-PEG@MnO2 hydrogels. (n = 3, ***p < 0.001 and ****p 
< 0.0001.) 
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attributing to the loading of MnO2 nanosheets. Because the loaded MnO2 
nanosheets could both scavenge active oxygen species and promote 
oxygen production to further facilitate cell proliferation. In addition, it is 

noticeable that the wound area of 2QCMC-HA-PEG@MnO2 group was 
smaller than that of other groups within the range of day 3 to day 14. 
Because the MnO2 nanosheets evenly distributed in the hydrogel and 

Fig. 7. (A) The LIVE/DEAD fluorescence images at day 1, 2, and 3 with different treatments; (B) NIH3T3 cells viability on day 1, 2, and 3 analyzed by LIVE/DEAD 
cytotoxicity assay. 

Fig. 8. (A) Representative photographs of cutaneous wounds treated by hydrogels on day 0, 3, 7, and 14; (B) area traces of wound closure over 14 days after therapy; 
(C) wound closure rates of all groups on day 3, 7, and 14. (n = 4, *p < 0.05, ***p < 0.001, and ****p < 0.0001.) 
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played oxygen production effect durably and uniformly. What's more, 
higher wound closure rates of 2QCMC-HA-PEG and 2QCMC-HA- 
PEG@MnO2 could be observed on day 14 than that of CMC-PEG, 
attributing to the angiogenic property of HA. Because the property 
plays a vital role in promoting re-epithelialization and shortening the 
period of wound healing. Overall, the results above demonstrate that the 
2QCMC-HA-PEG@MnO2 hydrogel holds promising potential for expe
diting the wound healing process. 

3.8. H&E and Masson staining 

Fig. 9A shows that new epithelial and granulation tissues have 
appeared after 7-day treatments. As shown in Fig. 9C, the thickness of 
the neonatal epithelium in the 2QCMC-HA-PEG group (165.2 ± 46.25 
μm) and the 2QCMC-HA-PEG@MnO2 group (152.2 ± 35.42 μm) was 
significantly higher than that in the control group (94.21 ± 15.18 μm) 
and CMC-PEG (96.8 ± 131.31 μm). After the inflammatory phase, 
capillary buds infiltrate the wound site and form granulation tissues 
with fibroblasts and endothelial cells to provide nutrients and oxygen for 
cell metabolism. Compared with the control group and the CMC-PEG 
group, the 2QCMC-HA-PEG and 2QCMC-HA-PEG@MnO2 group had a 
higher number of newly formed blood vessels in the skin tissue (Fig. 9D), 
which may be attributed to the fact that HA can stimulate angiogenesis. 
The incorporation of MnO2 nanosheets serves to eliminate excess ROS 

and mitigate the formation of hydroxyl radicals, thereby playing a 
crucial role in preventing ROS-induced damage to cellular structures 
and lipid peroxidation. These results suggest that the 2QCMC-HA- 
PEG@MnO2 hydrogel not only has a protective effect on the wound 
surface but also can promote angiogenesis through the biological ac
tivity of HA [42], effectively promoting the re-epithelialization of the 
wound and accelerating wound healing. 

As shown in Fig. 9B–E, Masson trichrome stain analysis of the group 
treated with 2QCMC-HA-PEG@MnO2 revealed more densely packed 
collagen bundles compared with the other groups (control: 0.57 ± 0.06; 
CMC-PEG: 0.61 ± 0.02; 2QCMC-HA-PEG: 0.66 ± 0.04; 2QCMC-HA- 
PEG@MnO2: 0.74 ± 0.05). 2QCMC-HA-PEG@MnO2 group showed 
significantly higher collagen indices compared to the CMC-PEG group. 
On the 14th day, there was still a lot of granulation tissue in the skin of 
the control group, indicating that its healing speed was slower, while 
hair follicles had already been generated in the hydrogel group. Among 
them, the 2QCMC-HA-PEG@MnO2 group had the best healing effect, 
and its structure was similar to normal skin. This is because nano
enzymes can scavenge excessive ROS and reduce the formation of hy
droxyl free radicals, playing an important role in preventing excessive 
ROS from damaging cell structure, producing lipid peroxidation, and 
causing skin aging (Fig. S11). The results confirm that 2QCMC-HA- 
PEG@MnO2 could promote epidermal regeneration and collagen 
regeneration during wound healing. 

Fig. 9. (A) H&E staining and partially enlarged images of wound tissue on day 7 (black scale bar: 500 μm, white scale bar: 200 μm). The epidermis is represented by 
the dotted lines, and the granulation tissue is represented by the blue arrows; (B) Masson staining and partially enlarged images of wound tissue after surgery on day 
14; (C) quantification of the epithelium thickness on day 7; (D) the number of blood vessels on day 7; (E) quantification of the collagen index on day 14; (F) The gene 
(Collagen-1, Collagen-3, α-SMA and VEGF) expression level of skin regeneration tissue on day 14. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.) 
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In terms of tissue remodeling, we focused on collagen deposition, 
muscle tissue regeneration, and vascularization to determine the 
mechanism and evaluate the intended effect. On day 14, the expression 
level of Collagen-1 and Collagen-3 in the regenerated skins was detected 
with qPCR, because they are the major components of skin collagen 
[43]. As the results showed in Fig. 9F, the expression level of Collagen-1 
and Collagen-3 in 2QCMC-HA-PEG@MnO2 group was the highest 
among all the groups. Reportedly [44], the expression of α-SMA in 
smooth muscle cells plays an important role in regulating the contrac
tion and relaxation of cells and controlling the function and morphology 
of organs. Therefore, the expression level of α-SMA in the regenerated 
skins was further detected by qPCR on day 14. According to the results in 
Fig. 9F, the α-SMA expression level of 2QCMC-HA-PEG and 2QCMC-HA- 
PEG@MnO2 groups was higher than that of control and CMC-PEG 
groups. In addition, the 2QCMC-HA-PEG@MnO2 group had the high
est expression level of α-SMA among all the groups. As previous studies 
reported [45], VEGF is one of the key regulators of angiogenesis, helping 
to form new vascular networks and promoting blood supply to tissues. 
Similarly, the expression level of VEGF in the regenerated skins was also 
detected by qPCR on day 14. According to the outcomes in Fig. 9F, the 
VEGF expression level of 2QCMC-HA-PEG and 2QCMC-HA-PEG@MnO2 
groups was higher than that of control and CMC-PEG groups, which was 
consistent with the quantification results of H&E. In conclusion, the 
2QCMC-HA-PEG@MnO2 hydrogel can significantly raise the expression 
level of collagen, α-SMA, and VEGF across the wound healing to facili
tate the collagen deposition, muscle tissue regeneration, and 
vascularization. 

3.9. Inflammatory factor expression 

As an important pathophysiological response, inflammation has been 
proved to play a critical role in the process of wound healing [46]. 
Exhibiting pro-inflammatory functions, M1 macrophages can promote 
immune response in the early stages of skin wound healing, and kill 
foreign pathogens and bacteria. Having anti-inflammatory functions, 
M2 macrophages are mainly involved in tissue repairing in the later 
stages of wound recovery. Additionally, CD80 is a specific surface 
marker for M1 macrophages. After surgical treatments for 2 weeks, the 
expression level of CD80 of control group was higher than that of CMC- 

PEG, 2QCMC-HA-PEG, and 2QCMC-HA-PEG@MnO2 groups, as shown 
in Fig. 10A and B. What's more, CD206 is a biomarker of selectively 
activated inflammatory cells associated with anti-inflammatory and 
tissue remodeling responses. As shown in Fig. 10A–C, the expression 
level of CD206 of 2QCMC-HA-PEG and 2QCMC-HA-PEG@MnO2 groups 
was significantly higher than that of control group, which could be 
attributed to the anti-inflammatory ability of HA. 

Macrophages can be divided into pro-inflammatory phenotype and 
anti-inflammatory phenotype. Pro-inflammatory macrophages mainly 
secrete pro-inflammatory factors such as iNOS, IL-6, IL-1β, and TNF-α, 
while anti-inflammatory macrophages mainly secrete ARG-1, TGF-β, IL- 
10, and other anti-inflammatory factors. Thus, after treatments for 2 
weeks, we used qPCR to detect the expression level of major inflam
matory factors in 2QCMC-HA-PEG@MnO2 treated group to further 
verify the phenotypic transformation of macrophages. According to the 
results in Fig. 10D–E, the expression level of anti-inflammatory factors 
such as ARG-1, TGF-β and IL-10 in 2QCMC-HA-PEG@MnO2 group was 
lower than that of other groups, while the expression level of pro- 
inflammatory factors such as iNOS, IL-6, IL-1β was opposite. These 
outcomes indicate that the 2QCMC-HA-PEG@MnO2 hydrogel exhibited 
anti-inflammatory capacity via regulating the transformation of mac
rophages from M1 to M2 during the tissue-remodeling stage. 

4. Conclusion 

In conclusion, although the 2QCMC-HA-PEG@MnO2 exhibited 
certain limitations in hemostasis, we have successfully developed a 
hybrid hydrogel with excellent antibacterial and self-healing properties 
and good adhesion for promoting wound healing. The results show that 
the hydrogel had good performance in the ROS scavenging experiment 
in vitro and exhibited a sustained oxygen production effect across the 
experimental process. Therefore, it was able to kill bacteria and promote 
cell proliferation in the early stage of wound healing. Moreover, the 
2QCMC-HA-PEG@MnO2 hydrogel performed better than other groups 
in promoting angiogenesis, collagen deposition, inflammatory regula
tion, and epidermal regeneration, according to the outcomes of the full- 
layer wound repairing experiment and qPCR quantitative analysis re
sults. In summary, the designed hydrogel has great potential to be used 
as skin wound dressing in the applications of biomedical fields. 

Fig. 10. (A) Flow cytometry analysis of wound tissue on day 14; (B) flow cytometry analysis of M1 macrophage infiltration at skin wound tissue; (C) flow cytometry 
analysis of M2 macrophage infiltration at skin wound tissue; (D) expression level of anti-inflammatory factors in wound tissue on day 14; (E) expression level of pro- 
inflammatory factors in wound tissue on day 14. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.) 
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