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ECM-mimetic immunomodulatory hydrogel 
for methicillin-resistant Staphylococcus aureus–infected 
chronic skin wound healing
Wenshuai Liu1,2, Rui Gao2, Chunfang Yang2, Zujian Feng2, Wenbin Ou-Yang3, Xiangbin Pan3, 
Pingsheng Huang2,4, Chuangnian Zhang2,4, Deling Kong5, Weiwei Wang2,4*

The treatment of difficult-to-heal wounds remains a substantial clinical challenge due to deteriorative tissue 
microenvironment including the loss of extracellular matrix (ECM), excessive inflammation, impaired angiogenesis, 
and bacterial infection. Inspired by the chemical components, fibrous structure, and biological function of natural 
ECM, antibacterial and tissue environment–responsive glycopeptide hybrid hydrogel was developed for chronic 
wound healing. The hydrogel can facilitate the cell proliferation and macrophage polarization to M2 phenotype, 
and show potent antibacterial efficacy against both Gram-negative and Gram-positive bacteria. Significantly, the 
glycopeptide hydrogel accelerated the reconstruction of methicillin-resistant Staphylococcus aureus (MRSA)–
infected full-thickness diabetic and scalding skin by orchestrating a pro-regenerative response indicated by 
abundant M2-type macrophages, attenuated inflammation, and promoted angiogenesis. Collectively, ECM-mimetic 
and immunomodulatory glycopeptide hydrogel is a promising multifunctional dressing to reshape the damaged 
tissue environment without additional drugs, exogenous cytokines, or cells, providing an effective strategy for 
the repair and regeneration of chronic cutaneous wounds.

INTRODUCTION
The management of difficult-to-heal cutaneous wounds caused by 
injuries, including burns, bruises, tears and contusions, or diseases, 
such as diabetes, remains highly challenging in clinic (1–4). Clinical 
care of chronic wounds results in huge social and economic burden, 
which also substantially impairs the life quality of patients (5). In 
addition, cutaneous wounds are commonly susceptible to bacterial 
infection because of the loss of inherent protective function of skin, 
which could further prevent the wound healing (6–9). To combat the 
infection at wounds, antibiotics are being abusively used, increasingly 
inducing the antibiotic resistance of pathogenic bacteria (10, 11).

The wound healing cascade typically encompasses four programmed 
but overlapping phases including hemostasis, inflammation, cell pro-
liferation, and tissue remodeling (12, 13). Nowadays, diverse dressings 
have been developed for wound care. Traditional wound dressing 
including gauze, cotton wool, and polymer bandages cannot provide 
a moist environment at the wound dressing interface and are unable 
to prevent bacterial infection (13, 14). Moreover, the removal of 
dressings inevitably damages the regenerative tissue. Recently, to 
further drive the chronic wound healing, hydrogels that have abun-
dant water and three-dimensional (3D) structure are widely used as 
a platform to construct controlled delivery systems for antibacterial 
drugs (15), antioxidant agents (16), cytokines (17, 18), or therapeutic 

stem cells (19) that could expedite the regeneration of damaged 
skin. However, these approaches are often limited by sophisticated 
manufacture, excessive components, potential drug-associated toxicity 
or high cost, severely impeding the clinical application. Attractively, 
bioactive materials could also be rationally designed and leveraged 
to facilitate the tissue regeneration without the presence of drugs, 
cytokines, or cells (20–22) by effectively directing the biological be-
haviors of host cells (23–27), such as cell migration, infiltration, and 
differentiation, and promoting the secretion of growth factors. These 
biomaterials or scaffolds commonly provide an optimal structural 
and functional microenvironment for tissue reconstruction, repre-
senting an alternative strategy in regenerative medicine. For chronic 
skin wound healing, it is key to exquisitely engineer a versatile dressing 
that could potently modulate the biological activities in the wound 
microenvironment including host cell behavior, inflammation, and 
vascularization and eliminate the bacterial infection to meet the 
complex and ordered process in the skin regeneration.

In recent years, biomimicry provides an innovative approach for 
developing multifunctional materials and devices (22, 27–29) by 
replicating either the chemical components, architecture, or mechani-
cal properties of the native tissues or organs (30, 31). Most extracellular 
matrices (ECMs) in tissue are highly complex, dynamic, and hydrogel-
like networks of hierarchically filamentous substances including 
polysaccharides and proteins (32–34). The ECM affords structural 
and mechanical support and biochemical signals for tissue develop-
ment by controlling cell growth and phenotype. ECM in the diseased 
or injured tissue was commonly lost, thus lacking matrix for sup-
porting constructive communication between endogenous cells and 
preventing the tissue repair. Here, to recapitulate the glycoprotein 
and collagen molecules and fibrillar architecture in ECM and the 
biological function of natural ECM, hybrid hydrogels assembled by 
dual synthetic glycopeptides were engineered to serve as an ECM-
mimicking dressing for bacteria-infected cutaneous wound healing 
without additional therapeutic agents or cells. As shown in Fig. 1, 
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glucomannan (GM) was conjugated with endogenous antibiotic 
peptides (ILPWKWPWWPWRR) through dynamic and acid-sensitive 
imine bonds (denoted as GM-P), which could mediate the macrophage 
polarization towards M2 type that could control the inflammation 
at wound site. Hyaluronic acid (HA) grafted with collagen tripeptide 
(GPHyp) through matrix metalloproteinase-2/9 (MMP-2/9)–
responsive peptide (PVGLIG) was prepared as another glycopeptide 
(HA-P) that could mimic the structure support for cell adhesion, 
migration, and proliferation of native ECM and supply necessary 
amino acids for collagen reconstruction during ECM assembly. 
Two glycopeptides were physically mixed in water to form GM-P@
HA-P hybrid hydrogel as an artificial ECM with porous structure 
cross-linked by hierarchical fibers with diameters ranging from 
nanometers to micrometers. Moreover, the dynamic pH- and 
MMP-2/9–responsive bonds present in glycopeptides would confer 
the hydrogel dynamic change and wound microenvironment–
adaptive feature, which would facilitate the cell proliferation and 
tissue growth. In addition, the hydrogel would provide a moist 
environment at wounds and avoid surgical removal since it was 
fully degradable. Our results demonstrated that ECM-mimicking 
GM-P@HA-P hydrogel could prominently remodel the injured tissue 
environment by eradicating bacteria infection, reducing inflamma-
tion via macrophage M2 polarization, and promoting angiogenesis, 
which significantly expedited the skin regeneration against both 
methicillin-resistant Staphylococcus aureus (MRSA)–infected full-
thickness scald wound and diabetic ulcer. Together, it is foresee-
able that bioinspired GM-P@HA-P hydrogel acting as a highly 
effective and nontoxic dressing that could eradicate microbe and 
simultaneously restore chronic skin wounds holds great promise 
for clinical translation.

RESULTS AND DISCUSSION
Preparation and characterization of glycopeptide 
GM-P and HA-P
The ECM of skin tissue is a highly fibrous and porous 3D network 
and mainly composed of glycoprotein, collagen, and laminin, which 
could support cell growth and guide tissue regeneration (35). The 
decellularized skin ECM comprises hierarchical fibers with nanometer- 
and micrometer-scale dimensions (36). In addition, cutaneous ECM 
has good affinity with various cells that could mediate the process 
of wound healing. GM is a kind of polysaccharide composed of 
repeating mannose and glucose units, which is highly affinitive to 
specific cell receptors such as mannose receptors (MRs) in macro-
phages (37). HA is a linear polysaccharide that consists of alternating 
units of a repeating disaccharide, which is an essential component 
in ECM. Moreover, HA is highly involved in cellular signaling, 
wound repair, and matrix organization (38). Here, to mimic the 
chemical composition, spatial structure, and biological function of 
natural cutaneous ECM, two types of glycopeptide were prepared 
(Fig. 2, A and B). GM was oxidized by sodium periodate to generate 
multiple aldehyde and hemiacetal species in the backbone, which 
could react with amine to form imine linkages. The oxidized product 
was termed as GM-CHO, and the oxidization degree determined by 
colorimetric hydroxylamine titration (fig. S1) was about 23%. In 
addition, the molecular weight of GM-CHO was similar to that of 
GM, as confirmed by gel permeation chromatography analysis 
(fig. S2), and the characteristic stretching vibration peak for carbonyl 
bond in the aldehyde group was found at 1640 cm−1 in the Fourier 
transform infrared spectrum (fig. S3). All these data indicated that 
GM-CHO was successfully synthesized. Then, GM-peptide (GM-P) 
conjugate was prepared through the imine bond formation by simply 

Fig. 1. Schematic diagram for the formation and application of biomimetic GM-P@HA-P glycopeptide hydrogel as a multifunctional dressing for MRSA-infected 
chronic skin wound healing. 
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mixing GM-CHO with antimicrobial peptide (AMP) in solution. AMP 
is an endogenous low–molecular weight peptide with 13 amino 
acids (NH2-ILPWKWPWWPWRR) and excellent antibacterial 
activity against both Gram-positive and Gram-negative bacteria 
(39). The chemical structure of GM-P was determined by 1H NMR 
(proton nuclear magnetic resonance) (fig. S4), and the molar per-
centage of peptide graft was 8.6%.

To prepare HA-peptide (HA-P) conjugate, HA was first 
modified by 3-maleimide propionic acid through esterification 

with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and 
DMAP (4-dimethylaminopyridine), and then, MMP-sensitive pep-
tide sequence–coupled collagen tripeptide (PVGLIG-GPHyp) was 
grafted to HA by Michael addition at room temperature. HA-P was 
characterized by 1H NMR (fig. S5), and the molar percentage of 
peptide graft was 18.5%. Collagen peptide (COL-P) is the prod-
uct of enzymatic hydrolysis of collagen, which could promote cell 
proliferation, migration, and thus may accelerate the wound heal-
ing (40).

Fig. 2. Preparation and characterization of glycopeptides. (A and B) The synthesis route of GM-P (A) and HA-P (B). AMP sequence: ILPWKWPWWPWRR; COL-P 
sequence: GPHyp; GM-P, GM-antibacterial peptide; HA-P, hyaluronic-collagen tripeptide. (C and D) Representative CD spectrum of AMP and GM-P (C), COL-P, and HA-P 
and (D) in solution (0.1 mg/ml). (E and F) CD spectrum of GM-P (E) and HA-P (F) aqueous solution (0.1 mg/ml) as a function of temperature. (G and H) Representative 
scanning electron microscopy (SEM) images for GM-P (G) and HA-P (H) assembly in aqueous solution.
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Then, the peptide conformation in HA-P and GM-P polymers 
was investigated by circular dichroism (CD) analysis. Figure 2C 
shows that native AMP (0.1 mg/ml) solution displayed a negative 
band with a minimum at 205 nm and a positive band with a maxi-
mum at 190 nm, which was attributed to the secondary structure of 
 helix. Figure 2D shows that native collagen peptide (0.1 mg/ml) 
solution displayed a negative band with a minimum at 196 nm, which 
was attributed to the secondary structure of random coil. A similar 
spectroscopy profile was observed for GM-P and HA-P, suggesting 
that the graft of peptide to GM or HA did not change the intrinsic 
secondary structure of polypeptide. Moreover, as the temperature 
increased, there was no significant change in the ellipticity of CD 
spectra and the overall profiles were maintained over 20° to 60°C 
(Fig. 2, E and F), indicating a good temperature stability of peptides 
in HA-P and GM-P. As shown in Fig. 2 (G and H), GM-P or HA-P 
alone could self-assemble into hydrogel (10%, w/w) with an irregular 
and plate-like structure.

Preparation and characterization of GM-P@HA-P hydrogel
To study the formation of hybrid GM-P@HA-P hydrogel, the aqueous 
solution of each glycopeptide was mixed at mass ratios of GM-P to 
HA-P at 2:1, 1:1, and 1:2. As exhibited in Fig. 3A, semisolid 
hydrogels were obtained at three mass ratios because of the physical 
cross-linking forces among polysaccharides mainly driven by hydro-
gen bonds (41). Representative scanning electron microscopy (SEM) 
images (Fig. 3B, top row) of GM-P@HA-P hydrogel with a mass 
ratio of 1:1 show highly porous network structures, and the average 
pore diameter (Fig. 3C) was in the range of 4.0 to 16.0 m, while the 
hybrid hydrogels prepared with other mass ratios have a lower den-
sity of cross-linked network and smaller distribution of pore sizes 
(fig. S6). It was also observed that natural skin ECM shows a highly 
fibrillar and porous architecture (Fig. 3B, bottom row) with a wide 
pore size distribution in the range of 4.0 to 20.0 m (Fig. 3D). 
Furthermore, the dimension of fibers within the hydrogel was varied 
from nanoscale to several micrometers. Transmission electron 
microscopy (fig. S7) further confirmed that GM-P@HA-P hydrogel 
showed ramiform nanofibrils with the diameter in the range of 20 
to 30 nm. In addition, compared with the assembly of an individual 
glycopeptide (Fig. 2, G and H), the interpenetrating porous archi-
tecture formed by the co-assembly of dual glycopeptides was more 
similar with that of natural ECM. On the basis of these structural 
features and from the point view of biomimicry, hydrogel fabricated 
at a mass ratio of 1:1 was more closed to natural ECM.

Then, the mechanical properties of the composite hydrogel were 
examined by dynamic rheology analysis under various mechanical 
measurement conditions. As shown in Fig. 3E, the values of G′ 
(storage modulus) were always greater than G″ (loss modulus) for 
GM-P@HA-P hydrogel within the time sweep of 0 to 1000 s, sug-
gesting a gel state, irrespective of the different mass ratios between 
GM-P and HA-P. GM-P@HA-P (1:1) was used as a representative 
sample for the following proof-of-concept studies. Within the 
angular frequency of 0.1 to 100 rad/s (Fig. 3F) and the temperature 
range (Fig. 3G) of 10° to 50°C, GM-P@HA-P hydrogel maintained 
its gel state, indicating that the hydrogel was stable and temperature 
insensitive. As shown in Fig. 3H, the value of both G′ and G″ decreased 
with the increasing of shear strain, suggesting the injectability or 
extrudability of hydrogel. When the strain reached to ~30%, G″ was 
over G′, indicating the gel-to-sol phase transition and the destruction 
of the cross-linked structure of hydrogel. The self-healing property 

of hybrid hydrogel was then examined. Figure 3I shows that both G′ 
and G″ modulus decreased to lower values upon applying a large 
strain of 50%, and the value of G′ was smaller than that of G″, 
demonstrating a sol phase. When the strain was recovered to 5%, 
the sol returned to gel, indicating that GM-P@HA-P hydrogel was 
self-healing. Next, the self-healing properties of GM-P@HA-P 
hydrogel were qualitatively estimated. As shown in Fig. 3J, the sep-
arate parts cut from hydrogel could be self-assembled into one piece 
of hydrogel after contacting for 2 hours without external force, which 
was probably attributed to the reconstruction of abundant hydro-
gen bonds among polysaccharides (42). Under physiological con-
ditions, the skin was often stretched and squeezed; thus, the self-healing 
property was necessary to keep the integrality of hydrogel. In addi-
tion, GM-P@HA-P hydrogel could be easily injected through a syringe 
equipped with a 20-gauge needle (Fig. 3K). GM-P@HA-P hydrogel 
was convenient for practical application. Then, the hydrogel modulus 
was tested as a function of time with the presence of MMP or acid. 
Under normal conditions, the skin surface is weakly acidic with pH 
varying from 4 to 6, and overexpression of MMP-2/9 and alkaline 
environment (pH value ≈ 7.5 to 8.9) are commonly observed in 
chronic or infected wound (43, 44). When the bacteria were elimi-
nated, pH values in the wound turn into neutral and then to acidic 
along with wound healing, which would accelerate the dissolution 
of GM-P@HA-P hydrogel. It was found that the modulus of GM-
P@HA-P hydrogel was gradually decreased in the presence of 
MMP or acid pH (fig. S8), while the hydrogel was stable in alkaline 
pH (phosphate-buffered saline, pH ≈ 8), suggesting that the glycopeptide 
hydrogel was MMP and acid sensitive. Wound-environment respon-
sivity would impart the hydrogel dynamic and tissue-adaptive proper-
ties that would enable the infiltration of host cells, benefiting the cell 
proliferation and tissue regeneration (45).

In vitro antibacterial activity of GM-P@HA-P hydrogel
Infection by drug-resistant bacteria is a great challenge for impaired 
skin regeneration. Next, the antimicrobial capacity of GM-P@HA-P 
hydrogel was investigated against Gram-positive (MRSA) and Gram-
negative (Escherichia coli) bacteria strain. Bacteria suspensions (~107 
colony-forming units/ml) were cocultured with GM-P@HA-P 
hydrogel for 24 hours. Figure 4A showed that no obvious colonies 
were observed in the GM-P@HA-P hydrogel group, while there was 
colony formation with chitosan (CS) hydrogel treatment or without 
treatment. The bacterial killing ratio of CS hydrogel and GM-P@
HA-P was about 64.51 ± 7.67% and 96.86 ± 3.49% against MRSA 
and 73.65 ± 9.24% and 97.63 ± 2.85% against E. coli, respectively. 
The minimum inhibitory concentration of glycopeptide hydrogel was 
about 0.5 and 2 mg/ml (fig. S9) against MRSA and E. coli, respec-
tively. Hence, GM-P@HA-P hydrogel had good antimicrobial efficacy 
toward both MRSA and E. coli. Then, the antibacterial mechanism 
was studied. The permeability of bacteria membrane was further 
examined by propidium iodide (PI) staining, and Hoechst 33342 
was used to label bacteria. PI can penetrate the destroyed cell mem-
brane and emit red fluorescence under excitation. Figure 4B shows 
strong intracellular red fluorescence signals in GM-P@HA-P hydrogel–
treated bacteria after incubation for 1 hour, suggesting the disrup-
tion of cell membrane of MRSA. Afterward, the release of potassium 
ion (K+) and -galactosidase from dead MRSA was measured. As 
shown in Fig. 4 (C and D), GM-P@HA-P hydrogel significantly 
induced the leakage of both K+ and -galactosidase along with a 
time-dependent feature. These results certified that GM-P@HA-P 



Liu et al., Sci. Adv. 8, eabn7006 (2022)     8 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 13

hydrogel could break the transmembrane potential and resulted in 
the leakage of biomacromolecules and ion electrolytes in cytoplasm, 
which is in accordance with the antibacterial effect of cationic pep-
tide polysaccharides (46).

A bacterial biofilm was often formed with the development of 
infection in wound (47–49). Therefore, the eradication of bacteria 
biofilm by GM-P@HA-P hydrogel was also assessed by plate culture 
assay. After incubating the MRSA biofilm with GM-P@HA-P hydrogel 
for 2 hours, intensive and strong red fluorescence signals (Fig. 4E) 
attributed to dead MRSA were observed. Whereas in CS hydrogel–
treated biofilm, no obviously red fluorescence signal was detected. 

As shown in Fig. 4F, the morphology of bacteria in the biofilm treated 
with GM-P@HA-P hydrogel was damaged and distorted, while these 
in control or CS group show characteristic spherical morphology of 
MRSA. These data suggested that GM-P@HA-P hydrogel could 
destruct the established MRSA biofilm due to its superior anti-
bacterial ability.

Cell viability, migration, tube formation, and macrophage 
polarization of GM-P@HA-P hydrogel
Given that the structure and biological function of GM-P@HA-P was 
ECM mimetic, the biological activity of hydrogel was first tested in 

Fig. 3. Structure, mechanical, and self-healing properties of the GM-P@HA-P hydrogel. (A) Representative optical pictures for preparing the GM-P@HA-P hydrogel. 
(B) Representative SEM images of lyophilized GM-P@HA-P hydrogel and natural cutaneous ECM prepared by spray drying. (C and D) Diameter distribution diagram of 
pores in the GM-P@HA-P hydrogel (C) and natural skin ECM (D). Data represent means ± SDs (n = 3). (E to H) Rheological analysis of GM-P@HA-P hydrogel as a function of 
time (E), angular frequency (F), temperature (G), and shear strain (H). (I) The self-healing property of GM-P@HA-P hydrogel. (J) Macroscopic self-healing test of GM-P@HA-P 
hydrogel. Dyes for hydrogel staining were rhodamine and aniline blue for red and blue color, respectively. (K) Optical images of GM-P@HA-P hydrogel demonstrating the 
injectability.
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cellular level. The cytotoxicity was first tested by coculturing NIH/3T3 
cells with GM-P@HA-P hydrogel. As shown in Fig. 5A, cells were 
widely distributed on the hydrogel and were viable, indicated by the 
abundance of green fluorescence dots throughout the fluorescence 
images obtained by live/dead assay. The cell viability (Fig. 5B) quan-
titatively determined by cholecystokinin-8 (CCK-8) assay demon-
strated that the hydrogel showed comparable cell viability with the 
control group after culturing cells for 1, 4, or 7 days. These data demon-
strated that GM-P@HA-P hydrogel was nontoxic to NIH/3T3 cells. In 
addition, the hemolysis ratio (Fig.  5C) of GM-P@HA-P hydrogel 
was 1.94 ± 0.28%.

Afterward, the migration of NIH/3T3 cells cultured over GM-P@HA-P 
hydrogel was assessed. As shown in Fig. 5 (D and E), the GM-P@HA-P 
hydrogel significantly enhanced the migration of NIH/3T3 cells in 
comparison with cells seeded in the plate. To evaluate the effect of 
GM-P@HA-P hydrogel on angiogenesis in vitro, the vessel-forming 
ability of human umbilical cord endothelial cells (HUVECs) was 
tested by the tube formation assay. Figure 5 (F and G) indicated that 
GM-P@HA-P hydrogel showed comparable ability in improving the 
tubule formation of HUVECs in comparison with the commercial 
Matrigel. These results indicated that GM-P@HA-P hydrogel not 
only had good cytocompatibility but also facilitated the cell prolifer-
ation, migration, and tubule formation in vitro, which may benefit 
the reparation and angiogenesis of impaired tissues.

Macrophages can be typically polarized into pro-inflammatory 
M1 or reparative M2 phenotype, which may be influenced by the 
biochemical properties of biomaterials (50, 51). A notable feature of 
macrophages during M2 polarization is their elevated expression of 
MR, which was also known as CD206 (24). GM, as an MR ligand 

with high affinity to macrophages, may trigger intracellular signaling 
transduction pathways related to M2 polarization. The polarization 
effect of GM-P@HA-P hydrogel was examined using RAW264.7 
cells, and interleukin-4 (IL-4) was used as a positive control. First, 
to study the changes of cell morphology after treatment, fluorescein 
isothiocyanate–modified phalloidin was used to label the F-actin, 
and the characteristic surface biomarker CD206 was used to identify 
M2-type macrophages. As shown in Fig. 6A, after being incubated 
in GM-P@HA-P hydrogel for 48 hours, RAW264.7 cells exhibited 
obvious pseudopod-like structures. Moreover, the elongated macro-
phages displayed stronger intensity of red fluorescence of CD206 
staining, indicating the polarization of macrophages to M2 pheno-
type. Flow cytometry (Fig. 6, B to D) confirmed that the percentage 
of M2-type (CD206-positive) macrophages was significantly increased 
with the treatment of GM-P@HA-P hydrogel, while the ratio of 
M1-type (CD86 positive) macrophages was not obviously influenced 
and maintained at a low level.

Then, polymerase chain reaction (PCR) and Western blot were 
used to identify the signal transduction pathway for macrophage 
polarization. We found that the expression level of transcription 
factor signal transducer and activator of transcription 6 (STAT6) 
was significantly up-regulated by GM-P@HA-P hydrogel (Fig. 6E). 
IL-4 also led to the increase of STAT6 expression because IL-4–
mediated M2 macrophage polarization has been well established 
through a Janus kinase type 1 (JAK1)–STAT6 pathway (52). How-
ever, there was no obvious change in the expression of p-JAK1 after 
GM-P@HA-P hydrogel treatment (Fig. 6, F and G), indicating that 
MR activation was not transmitted through the JAK1-STAT6 path-
way. Furthermore, GM-P@HA-P hydrogel significantly increased 

Fig. 4. In vitro antibacterial activity of GM-P@HA-P hydrogel. (A) Representative optical images of colony-forming units for MRSA and E. coli suspensions. (B) Fluores-
cence micrographs for the membrane permeability of MRSA cultured with hydrogel. Hoechst 33342 staining, blue channel; PI staining, red channel. (C and D) The con-
centration of K+ (C) and -galactosidase (D) in the culture medium of MRSA treated with GM-P@HA-P hydrogel. (E and F) Representative fluorescence and SEM images of 
live/dead staining assay of the MRSA biofilm treated with hydrogel. Data are shown as means ± SDs, n = 3. *P < 0.05.
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the expression of extracellular signal–regulated kinase (ERK) 
(Fig. 6, F and G) compared with the treatment of IL-4 or untreatment. 
These data suggested that GM-P@HA-P hydrogel could effectively 
prime macrophages toward M2 phenotype through the activation 
of MR and following transduction by the ERK/STAT6 pathway 
(Fig. 6H), which may promote the treatment of chronic wound by 
decreasing the inflammation.

GM-P@HA-P hydrogel accelerated MRSA-infected chronic 
wound healing
Before therapeutic study, in vivo biocompatibility of the glycopeptide 
hydrogel was assessed. The degradation of hydrogel was important 
for in vivo treatments. If nondegradable hydrogel was resident in vivo 
after wound repair, then potential toxicity and other long-term 
safety concerns may limit its application. The degradation behavior 
of GM-P@HA-P hydrogel was evaluated by noninvasive fluores-
cence imaging. GM-P@HA-P hydrogel labeled with rhodamine was 
subcutaneously injected at the back of mice, and images were recorded 
at preconcerted time points. The fluorescence intensity (fig. S10) of 
GM-P@HA-P hydrogel was gradually decreased over time, demonstrating 

the hydrogel degradation. GM-P@HA-P hydrogel was degraded 
completely at 2 weeks after injection. Hematoxylin and eosin (H&E) 
staining of subcutaneous tissue sections from the injection sites 
(fig. S11) showed that no apparent histopathological structure ab-
normality was observed, suggesting that the GM-P@HA-P hydrogel 
did not cause significantly local inflammatory response. Histological 
assessment of major tissues (fig. S12) including heart, liver, spleen, 
lung, and kidney showed that the degradation of GM-P@HA-P 
hydrogel did not cause any damage to these organs. Blood routine 
parameters (fig. S13) were also in normal ranges. These data proved 
that GM-P@HA-P hydrogel did not induce significantly local or sys-
temic toxicity in mice.

Then, GM-P@HA-P hydrogel was evaluated as a dressing for 
MRSA-infected diabetic wound. Animal models with diabetes induced 
by streptozotocin were constructed and used to investigate diabetic 
wound healing (53). SD (Sprague Dawley) rats with the blood glucose 
level over 17 mM were applied to establish MRSA-infected wounds. 
MRSA-infected full-thickness wounds (diameter, 1 cm) were estab-
lished on the back of diabetic SD rats. Then, MRSA infection was im-
plemented. Bacterial colonies were distinctly observed on agar plates 

Fig. 5. In vitro cytotoxicity, migration, and tube formation of cells treated by GM-P@HA-P hydrogel. (A) Representative fluorescence images for NIH/3T3 cells 
cultured over the GM-P@HA-P hydrogel after incubation for 1, 4, and 7 days. Live cells were stained by calcein-AM (green color). Scale bar, 200 m. (B) Relative viability of 
NIH/3T3 cells inoculated on the GM-P@HA-P hydrogel. Data are shown as means ± SDs (n = 3). (C) Hemolysis ratio of the GM-P@HA-P hydrogel. Control and NS were dis-
tilled water and normal saline solution, respectively. (D and E) The migration of NIH/3T3 cells in the culture plate or on the GM-P@HA-P hydrogel. Scale bar, 200 m. 
(F and G) Tube formation of HUVECs cultured over GM-P@HA-P hydrogel. Scale bar, 100 m. Data are shown as means ± SDs (n = 3). *P < 0.05.
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(fig. S14) cultured with MRSA samples collected from the infected 
wounds at day 1, indicating the success of MRSA infection. The hy-
drogel was painted onto the wound sites as a wound dressing (Fig. 7A), 
which could fill the tissue defect as a scaffold for in situ tissue engi-
neering. Commercial CS hydrogel was used as positive control, ow-
ing to its antibacterial and pro-regenerative abilities in tissue repair. 
GM-P@HA-P hydrogel accelerated the wound healing (Fig. 7B) and 
significantly improved the epidermis regeneration compared with 
untreated or CS hydrogel–treated MRSA-infected wounds. As shown 
in Fig. 7C, the MRSA-infected wound without any treatment was diffi-
cult to heal, and only 55% of the wound areas were closed after 21 days 
partially owing to the self-contraction of murine skin wounds. How-
ever, the wound closure ratio in GM-P@HA-P hydrogel group was 
over 95%, which was significantly higher than that with CS hydrogel 
treatment (~70%). The anti-MRSA effect was further confirmed by 
the fact that no obvious bacterial colonies (fig. S14) were found on 
the plate cultured with bacteria sample from wounds treated by 
GM-P@HA-P hydrogel at day 21.

The histopathological structures of regenerated skin during wound 
healing were analyzed by H&E and Masson’s trichrome staining. As 
shown in Fig. 7D, on the seventh day, there were many inflammatory 
cells but few collagen fibers in untreated wounds; however, wounds 
treated by GM-P@HA-P hydrogel showed abundant collagen fibers. 
At day 14, a few collagen fibers were observed in untreated wounds, 
which were still infiltrated by many inflammatory cells. Besides, a 
thin epithelium layer was found in the CS group. For GM-P@HA-P 
hydrogel–treated wounds, an epithelium layer with high regularity 
and dermis with abundant fibroblasts formed. At day 21, a thin epi-
dermis was regenerated in untreated and CS-treated wounds, and 
more collagen fibers with random arrangement were observed. The 
collagen content in GM-P@HA-P hydrogel–treated wound was more 
than that in CS-treated wounds (fig. S15). A relatively intact epider-
mis and dermis with highly ordered fibrous collagen structure were 
observed in GM-P@HA-P hydrogel–treated wound, which were 
similar with the histopathological structure of normal skin tissues 
(fig. S16). The appearance of hair follicles also indicated the regeneration 

Fig. 6. Glycopeptide hydrogel effectively polarized macrophages toward M2 type. (A) Representative CLSM images of RAW264.7 cells treated by GM-P@HA-P 
hydrogel for 24 hours (red, CD206; green, F-actin; blue, cell nuclear). (B) Flow cytometry analysis of CD206 and CD86 expression. (C and D) The percentage of M2-type 
(C) (F4/80+CD206) and M1-type (D) (F4/80+CD86) macrophages, n = 3. *P < 0.05. (E) Relative mRNA expression of STAT6. (F and G) Protein expression level of p-ERK 
and p-JAK1 in macrophages determined by Western blotting. *P < 0.05. NS, not significant. (H) The mechanism of M2-type macrophage polarization induced by 
GM-P@HA-P hydrogel.
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Fig. 7. GM-P@HA-P hydrogel promoted the healing of MRSA-infected full-thickness diabetic wounds in rats. (A) Schematic diagram of GM-P@HA-P hydrogel for 
wound closure and repair as a wound dressing. (B) Representative images of wounds during healing. (C) Wound closure rate at different times after wound care. Data are 
shown as means ± SDs (n = 5), *P < 0.05. (D) H&E and Masson’s trichrome staining of tissue sections of skin collected from wound area at days 7, 14, and 21. (E and F) Immuno-
histochemical staining of IL-6 and tumor necrosis factor– (TNF-) (E) and IL-10 and transforming growth factor– (TGF-) (F) expressed in wounds at day 21.
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of the dermis layer. The healed dermal tissue (Fig. 7D and fig. S17) 
shows that hair follicles of GM-P@HA-P group are more abundant 
than CS hydrogel group. Together, these results obviously demon-
strated that GM-P@HA-P remarkably promoted the collagen depo-
sition and reduced the inflammation in wound environment, by which 
the closure and regeneration of diabetic skin wound were accelerated.

In addition, inflammation is a major issue preventing the wound 
healing, which could be typically characterized by pro-inflammatory 
cytokines including IL-6 and tumor necrosis factor– (TNF-). 
Figure 7E and fig. S18 showed that the secretion of pro-inflammatory 
IL-6 and TNF- was high in the untreated wound, demonstrating the 
presence of excessive inflammatory cells, which was significantly 
down-regulated by the treatment of hybrid glycopeptide hydrogel. 
The expression of anti-inflammatory IL-10 and transforming growth 
factor– (TGF-) in GM-P@HA-P group was significantly higher 
than these in untreated or CS hydrogel–treated wounds. Besides the 
pro-inflammatory cytokines, the phenotype of macrophages recruited 
at the injure location was also an important indicator for inflamma-
tion response. The M1-type macrophages would promote inflamma-
tion, while M2-type macrophages inhibit inflammation and promote 
tissue regeneration. To further illustrate the inflammation level at 
the wound sites, the infiltration of macrophages was investigated by 
immunofluorescence staining. CD86 and CD206 was chosen as a 
typical surface marker for M1 or M2 macrophages, respectively. As 
shown in Fig. 8 (A and B), compared to untreated or CS hydrogel–
treated wounds, GM-P@HA-P hydrogel not only significantly 
decreased the percentage of CD86-positive macrophages but also 
increased the percentage of CD206-positive macrophages infiltrated 
in the wound sites at day 21, indicating a weakened inflammatory 
state. It was also found that the proportion of M2 macrophages was 
over that of M1 macrophages in the glycopeptide hydrogel–cured 
wounds, while CS-treated or untreated diabetic skin wounds were 
dominated by M1 macrophages. These data suggested that an ele-
vated inflammation remained at the untreated diabetic skin wound 
and GM-P@HA-P hydrogel could effectively ameliorate the local 
inflammatory response and transform the tissue microenvironment 
from inflammatory to reparative by polarizing naive macrophages 
recruited at the wound to M2 type and promoting the secretion of 
anti-inflammatory cytokine and TGF.

Angiogenesis is required for tissue remodeling. M2 macrophages 
can promote the proliferation and differentiation of vascular endo-
thelial cell by secreting vascular endothelial growth factors to stimulate 
angiogenesis (54, 55). CD31 is a transmembrane protein expressed 
in early angiogenesis, demonstrating the neovascularization, while 
–smooth muscle actin (-SMA) is a cytoplasmic protein expressed 
in later angiogenesis, indicating the maturation of vascular smooth 
muscle cells. As shown in Fig.  8C, remarkable angiogenesis was 
found in GM-P@HA-P hydrogel–treated wounds, and the relative 
fluorescence intensity of anti-CD31 and -SMA antibody (Fig. 8C) 
indicated a significantly higher density of vessels in dermis from 
wounds cured by GM-P@HA-P, compared with that in control and 
CS hydrogel–treated groups. Collectively, the glycopeptide hydro-
gel could effectively reduce the inflammation and improve the an-
giogenesis at the diabetic wound. It could also be concluded that 
controlling the macrophage polarization was efficient in alleviating 
the inflammation level at the wound site. Furthermore, the epider-
mis thickness was examined by immunofluorescent staining of the 
keratin expression in the wound sites. Keratin was a vital branch of 
fibrin, mainly expressed in epithelium (56). As shown in Fig. 8D, 

the secretion level of cytokeratin 14 (CK 14) protein in control and 
CS groups was significantly higher than that in the GM-P@HA-P 
hydrogel group at day 21. Besides, the renascent epithelial thickness 
stained by CK 14  in the hybrid glycopeptide hydrogel group was 
significantly lower in comparison with that in CS-treated wounds. 
Together, GM-P@HA-P hydrogel could expedite the regeneration 
of infected diabetic wounds by promoting the reconstruction of epi-
dermis and mature dermis layer characterized by ordered collagen 
fibrils, abundant hair follicles, and thin keratin layer.

Last, the pro-healing effect of GM-P@HA-P hydrogel was tested 
on another representative chronic wound model, MRSA-infected scald 
skin wound. Results (figs. S19 to S21) demonstrated that GM-P@HA-P 
hydrogel could accelerate the regeneration of MRSA-infected scald 
wounds in SD rats, which, on its own, could effectively clear MRSA 
infection, reduce inflammation, facilitate angiogenesis and blood 
vessel maturation, and accelerate the remodeling of skin patho-
logical structure. Furthermore, apart from hydrogels, dressings based 
on slippery textile or ion-loaded niacin metal-organic framework 
were fabricated by microfluidic electrospray or printing to cure hard-
to-heal wounds (57, 58) by focusing on biological processes com-
monly occurring during wound healing, including fluid exudation 
and the secretion of reactive oxygen species in damaged tissue. Such 
dressings could either drain tissue fluids from the wound or provide 
a controlled release of copper and zinc ions, resulting in superior 
antioxidant capability. Reduced inflammation, promoted angio-
genesis, and enhanced collagen deposition were observed in infected 
full-thickness skin defect model. However, few approaches have 
been focusing on the substitution of defected tissue ECM with an 
inherently bioactive hydrogel. Our ECM-mimicking and immuno-
modulatory glycopeptide hydrogel demonstrated great advantage 
in normalizing the deteriorative tissue microenvironment in chronic 
wounds, without the use of anti-inflammatory drugs, cytokines, or 
mineral salts. In addition, more hybrid hydrogels could be generated 
by adjusting the mass ratio between glycopeptides or selecting other 
types of bioactive polysaccharides or peptides. These data convincingly 
demonstrated that the synthetic, ECM-mimicking, and immuno-
modulatory glycopeptide hydrogel could reshape the deteriorative 
environment in chronic wounds including infected diabetic and scald 
skin injury and facilitate a valid reparative tissue regeneration. Accord-
ing to these excellent properties obtained in this work, the regeneration 
of skin appendages including hair follicles and sweat glands and the 
recovery of skin functions will be included in future endeavors.

In summary, inspired by the composition, structure, and func-
tion of ECM, a type of man-made hybrid hydrogel with total glyco-
peptide components and 3D fibrous network structure was successfully 
manufactured. The hybrid glycopeptide significantly promoted the 
cutaneous healing and regeneration in chronic skin injuries, including 
diabetic and scald wounds. Compared with the present hydrogel-
based systems for wound healing, the resultant GM-P@HA-P hydrogel 
in this work owns the following advantages: (i) ECM-mimicking 
design principle including total biocompatible polysaccharide and 
peptide components, highly fibrillar network architecture with 
hierarchical fiber diameters, wound-environment adaptivity, and cell 
modulation ability such as improving cell adhesion, migration, and 
proliferation; (ii) facile, mild, and low-cost hydrogel manufacturing: 
self-assembly in aqueous solution at room temperature without 
chemical cross-linking or external light irradiation, tunable compo-
sition, and good injectability with self-healing property; (iii) excellent 
inherent antibacterial ability against drug-resistant bacteria strains 
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without the use of metal oxide or antibiotic; (iv) totally biodegradable 
and biocompatible; (v) the hydrogel could relieve the detrimental 
inflammation and promote angiogenesis through polarizing mac-
rophages into M2 type as transmitted by MR-ERK-STAT6 signaling 
pathway; and (vi) restore the histopathological structure of chronic 
skin wounds in the absence of cytokines, drugs, nuclei acids, or thera-
peutic cells. Overall, the bioinspired GM-P@HA-P hydrogel was a 
promising wound dressing that could augment the repair and regenera-
tion of cutaneous tissue, which may be extensively used in the manage-
ment of chronic wounds caused by burns, cuts, diabetes, and so on.

MATERIALS AND METHODS
Materials and reagents
The AMP (ILPWKWPWWPWRR) and collagen peptides (C-PVGLIG- 
GPHyp) were purchased from Bankpeptide biological technology 

Co. Ltd (Hefei, China). GM ( ≥ 15 000 mPa·s) and HA was pur-
chased from Sigma-Aldrich (St. Louis, USA). All animal ex-
perimental procedures were approved by Animal Experiment 
Ethics Committee and Authority of Institute of Radiation Medicine, 
Chinese Academy of Medical Sciences [approval no. SYXK (Jin) 
2019-0002].

Synthesis and characterization of GM-P and HA-P
GM-P was prepared through the formation of imine bonds via Schiff’s 
base reaction between the oxidated GM and peptide. Typically, 
100 l of AMP solution [5 weight % (wt %)] and 100 l of GM-CHO 
solution (5 wt %) were mixed at room temperature, and the reac-
tion was continued for 24 hours. GM-P was obtained by dialysis 
against water and lyophilization. Details for the synthesis and 
characterization of GM-CHO were provided in the Supplementary 
Materials.

Fig. 8. GM-P@HA-P hydrogel promoted M2-type macrophage polarization and angiogenesis during the wound healing. (A and B) Representative immunofluores-
cence images and quantification analysis of macrophage phenotype in the regenerated skin tissues on day 21 after diabetic wound healing. Macrophages were stained 
with CD86 (A) or CD206 (B) in red, and the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) in blue. Scale bar, 100 m. (C) Representative immunofluores-
cence images of CD31 (red)/-SMA (green) staining in the regenerated skin tissues and quantification of blood vessel density on day 21 after wound healing. Nuclei were 
stained with DAPI in blue. Scale bar, 50 m. (D) Representative immunofluorescence images for CK 14 staining to show the epidermal thickness. The epithelial cells were 
stained with CK 14 in red, and the nuclei were stained with DAPI in blue. Scale bar, 50 m. *P < 0.05.
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HA-P was prepared by the Michael addition reaction between 
maleimide-decorated HA and collagen peptide. Briefly, 1 ml of 
collagen peptide solution (5 wt %) and 1 ml of HA-maleimide solu-
tion (5 wt %) were mixed and reacted for 24 hours at room tempera-
ture. After dialysis against deionized water for 72 hours, HA-P was 
obtained by lyophilization. The structure of GM-P and HA-P was 
characterized by 1H NMR. Synthesis for maleimide-decorated HA 
was shown in the Supplementary Materials.

Fabrication and characterization of GM-P@HA-P hydrogel
The hybrid GM-P@HA-P hydrogel was fabricated by simply mixing the 
two kinds of glycopeptides in aqueous solution at various mass ratios. 
The gelation occurred in 1 min upon vortex. The interior morphology 
of glycopeptide hydrogel was investigated by SEM (Hitachi S-4800, 
Japan). GM-P@HA-P hydrogel was quick-frozen in liquid nitrogen 
and lyophilized, and at least three random areas were captured for ana-
lyzing the morphology of the hydrogels. The rheology properties of hy-
drogels were evaluated by an AR 2000ex rheometer (TA Instruments).

In vitro antibacterial activity and mechanism
The antimicrobial activity and mechanism of GM-P@HA-P hydro-
gel were determined by shaking culture method, PI staining, and 
the leakage of K+ and -galactosidase against MRSA and E. coli. 
Bacterial biofilms of MRSA were also treated with hydrogels and 
observed by SEM (FEI Quanta 200, Holland). Details for these ex-
periments are described in the Supplementary Materials.

Cytocompatibility evaluation of GM-P@HA-P hydrogel
Cytotoxicity of GM-P@HA-P hydrogel was evaluated on the NIH/3T3 
cells by CCK-8 and live/dead assay. The hemolysis of hydrogel was 
studied using fresh rabbit whole blood. The migration of NIH/3T3 
cells and tube formation of HUVECs on the hydrogel were also 
examined. Details for these experiments were provided in the 
Supplementary Materials.

Macrophage activation by hydrogel
Macrophage polarization of GM-P@HA-P hydrogel was evaluated 
on the RAW264.7 cells by flow cytometry and observed by CLSM 
(confocal laser scanning microscopy). Reverse transcription PCR 
and Western blot were used to determine the potential cellular sig-
nal transduction pathway for macrophage polarization. Details for 
these experiments were provided in the Supplementary Materials.

MRSA-infected chronic wound healing in vivo
The infected-wound model of full-thickness defective skin wounds 
in diabetic SD rats wounds (diameter, 1 cm) or scald skin wounds 
(diameter, 2 cm) in normal SD rats were produced on the back. At 
predetermined times, the volume of wounds was photographed and 
measured to calculate the wound closure rate. The skin tissues of wound 
site were harvested to assess the wound healing process by H&E, 
Masson’s trichrome, immunohistochemical, and immunofluorescence 
staining. Detailed experimental procedures were shown in the 
Supplementary Materials.

Statistical analysis
Data are shown as means ± SDs. Differences between two groups 
were analyzed by Student’s t test. One-way analysis of variance 
(ANOVA) was used to assess the difference between multiple 
groups. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn7006

View/request a protocol for this paper from Bio-protocol.
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