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Abstract 

Elevated oxidative stress and inflammation, bacterial infections, and vascular impairment undoubtedly impede 
the normal diabetic wound healing process, which has encouraged the development of high-performance dress-
ings for wound management. Herein, a new type of multiple-crosslinked injectable hydrogel, GCP, was developed 
via the radical polymerization of propenyl groups and the formation of copper‒polyphenol coordination bonds 
and Schiff base bonds. The copper‒polyphenol coordination and Schiff base bonds in the GCP hydrogel were 
disrupted in the acidic microenvironment of diabetic wound, resulting in the release of copper ions and protocat-
echualdehyde (PA) to scavenge reactive oxygen species (ROS), promote angiogenesis and cell migration, and exert 
antibacterial and anti-inflammatory activities via the CuPA complexes. Consequently, markedly accelerated infected 
diabetic wounds healing was achieved through this tissue microenvironment remodeling strategy. Moreover, 
the underlying mechanism of the antibacterial properties was investigated by 16S rRNA sequencing. The results 
indicated that the CuPA complexes can clearly inhibit the growth and reproduction of S. aureus by downregulating 
specific genes associated with ABC transporters, hindering bacterial protein synthesis, and enhancing oxidoreductase 
activity. This innovative hydrogel platform for wound management may inspire new methods for the preparation 
of high-performance biomedical materials and the treatment of other clinical diseases.
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Graphical Abstract

Introduction
As the global population continues to age, the inci-
dence and prevalence of age-related chronic diseases, 
such as diabetes, are increasing each year and are pro-
jected to reach 1.31 billion by 2050 [1], which not only 
causes discomfort and inconvenience for patients but 

also escalates the financial burden on families and the 
broader society. Individuals with diabetes commonly 
exhibited dysregulated carbohydrate, lipid, and protein 

metabolism [2], resulting in impaired protein synthesis 
and tissue regeneration, weakened immune function and 
delayed wound healing. Consequently, diabetic wounds 
are among the most severe chronic complications faced 
by diabetic patients. Unfortunately, in addition to the 
elevated glucose levels and oxidative stress within the 
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wound microenvironment that severely impede the nat-
ural healing process, recurrent bacterial infections also 
transform acute wounds into chronic refractory condi-
tions [3], notably extending the duration of wound repair 
and exacerbating patient discomfort. Therefore, develop-
ing high-performance dressings aimed at enhancing the 
recovery of infected diabetic wounds holds great clinical 
significance and social value.

The spontaneous healing of skin injuries commonly 
encompasses four overlapping phases, hemostasis, 
inflammation, proliferation, and tissue remodeling [4], 
and represents a highly complex biological process 
involving spatiotemporal and orderly interactions among 
various cells [5], extracellular matrix components [6], and 
cytokines [7], restoring the skin barrier and maintain-
ing tissue homeostasis. Dysregulation in one or more 
of these stages may lead to the formation of chronic, 
unhealed wounds or pathological scars. Owing to impair-
ments in peripheral circulation, platelets and fibrinogen, 
which serve as crucial cellular and stromal constituents 
involved in the hemostatic phase of wound healing [8], 
these factors are unable to reach the hemorrhagic site 
promptly to perform their function. In addition, the inad-
equate supply of oxygen and nutrients essential for tissue 
regeneration prevents local necrotic materials from being 
removed in a timely manner [9], which may trigger infec-
tion. Furthermore, immune cells, particularly neutrophils 
and macrophages, rapidly infiltrate wounds and secrete 
many chemokines and cytokines to recruit cells and pro-
mote cellular proliferation [10]. These immune cells also 
efficiently release various proteases and generate reactive 
oxygen species (ROS) to counteract the invasion of path-
ogenic microorganisms and remove damaged cells [11]. 
Although early inflammatory responses facilitate wound 
recovery, extensive research has shown that the sustained 
presence of increased levels of immune cells or pro-
longed inflammation can compromise cellular structure 
and function, contributing to dysregulated repair mech-
anisms and delayed wound healing [12]. This intricate 
condition of infected diabetic wounds places stringent 
demands on advanced dressings designed to improve the 
wound healing microenvironment.

Hydrogels, which are characterized by a high mois-
ture content (80–90%) and a three-dimensional network 
structure, closely mimic natural tissue and demonstrate 
superior abilities to absorb tissue exudates, retain mois-
ture, and facilitate gas exchange and are anticipated to 
address the challenges mentioned above [13]. Gelatin 
methacryloyl (GelMA) contains extracellular matrix 
(ECM) components and is widely recognized for its excel-
lent tissue adhesion, hemostatic capabilities, and bio-
compatibility. However, its limited functionality restricts 
its ability to effectively address the challenges posed by 

complex wounds. Therefore, GelMA can be appropriately 
functionalized by incorporating cytokines, drug mole-
cules, nanomaterials, or stem cells, and subsequently fos-
ter a more favorable local environment for tissue repair 
by the conditional responsive release of these factors 
[13, 14]. Among these functional components, metal-
phenolic networks (MPNs) stand out as an excellent 
choice. By integrating suitable metals and polyphenols, 
MPNs exhibit a variety of enzymatic activities under cer-
tain conditions, enabling the elimination of excess ROS 
in cells and tissues [15], in addition to its antibacterial, 
anti-inflammatory, pro-angiogenic and immunoregula-
tory activities. Previous studies by our group and other 
researchers have proven that copper ions (Cu2⁺) can 
inhibit and eradicate pathogenic microorganisms, includ-
ing Staphylococcus aureus (S. aureus), Escherichia coli (E. 
coli) [16], and Klebsiella pneumoniae (K. pneumoniae) 
[17], by interacting with sulfhydryl groups [18], altering 
bacterial cell membrane permeability, and generating of 
ROS [19]. Cu2⁺ can also increase the expression of vas-
cular endothelial growth factor (VEGF) and promote col-
lagen synthesis and angiogenesis [20]. Moreover, as an 
essential trace element in the human physiology, copper 
possesses a tightly regulated metabolic mechanism and 
a lower toxicity risk [21]. Polyphenolic compounds, such 
as tannic acid (TA) and protocatechualdehyde (PA), have 
been proven to have many pharmacological effects, such 
as antioxidant, antiapoptotic, and are also able to induce 
M1 to M2 macrophages polarization during the middle 
to late stages of tissue regeneration, thereby creating an 
anti-inflammatory immune microenvironment [22].

Inspired by these data, a new type of multiple-
crosslinked injectable hydrogel, GCP, was developed 
by blending GelMA and copper‒protocatechualdehyde 
(CuPA) networks followed by ultraviolet (UV) irradia-
tion in the presence of lithium phenyl-2,4,6-trimethylb-
enzoylphosphinate (LAP), where the propenyl groups 
in GelMA polymerize, copper‒catechol coordination 
occurs, and Schiff base bonds between the amino groups 
in GelMA and the aldehyde groups in CuPA form. In pre-
vious studies, the polyphenols used to form MPNs with 
copper are primarily TA [23, 24]. Notably, we are the first 
to combine Cu2+ with PA to construct a CuPA network 
for diabetic wound treatment, aiming to fully exploit the 
aldehyde groups of the PA to form Schiff base bonds and 
the hydroxyl groups to establish Cu‒catechol coordina-
tion, thereby maximizing the mechanical properties of 
the GCP hydrogel without introducing additional func-
tional modifications. GelMA can facilitate cell adhesion 
due to its RGD sequence [25] and adhere to skin tissue 
through hydrogen bonding and π‒π stacking interac-
tions, endowing the GCP hydrogel with excellent adhe-
sion performance. Then, the elevated oxidative stress 
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and reduced pH in the wound microenvironment dis-
rupts the Cu–catechol coordination and the Schiff base 
bonds, and Cu2⁺ and PA are released into the wound site 

to regulate different biological processes. The results 
showed that the GCP hydrogel can reshape the infected 
diabetic wound environment through its antibacterial, 

Scheme 1  Schematic representation of the synthesis of the GCP hydrogel and its mechanism in accelerating infected diabetic wound repair. Cu: 
copper; PA: protocatechualdehyde; ROS: reactive oxygen species; MA: methacrylic anhydride; LAP: lithium phenyl-2,4,6-trimethylbenzoylphosphin
ate; GelMA: gelatin methacryloyl; M1/M2: M1/M2-polarized macrophages
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antioxidant, pro-angiogenic, and immunomodulatory 
effects, consequently enhancing infected diabetic wound 
repair. Moreover, we fabricated a single network hydrogel 
(GC) composed of photo-crosslinked GelMA containing 
ceria nanoparticles (Ce NPs) for comparison because Ce 
NPs can effectively eliminate ROS in conditions linked 
to oxidative stress, such as acute kidney injury, ischemic 
stroke, and diabetic wounds [26–28], on the basis of the 
interconversion between Ce3+ (reduced state) and Ce4+ 
(oxidized state) [29], attenuate the release of inflamma-
tory mediators and suppress the inflammatory response 
[30]. Compared with those of the GC hydrogel, the 

antibacterial, angiogenic, and cell migration-promot-
ing capabilities of the GCP were greater. This work is 
expected to provide novel materials and strategies for 
the clinical management of infected diabetic wounds. 
A schematic representation of the above is provided in 
Scheme 1.

Results and discussion
Synthesis and characterization of the CuPA complexes
CuPA complexes were synthesized by combining 
CuCl2·2H2O and PA at a molar ratio of 1: 2, where the 
catechol moieties on PA chelated to copper ions to 

Fig. 1  Characterization and antioxidation properties of CuPA complexes. A TEM image of CuPA (scale bar: 200 nm). B Elemental mapping of CuPA 
(scale bar: 100 nm). C FTIR spectra of CuPA. D Raman spectra of CuPA. E XPS spectra of Cu 2p. F, H Superoxide anion scavenging capacity of CuPA 
at concentrations ranging from 5 to 100 μg mL⁻1. G, I DPPH radical scavenging capacity of CuPA at concentrations of 1–5 μg mL⁻1. n = 3, mean ± SD, 
*p < 0.05, **p < 0.01, ***p < 0.001
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establish an MPN. The pH of the reaction was adjusted 
to 8.7, which mitigates the autooxidation of catechol to 
quinone while enhancing copper chelation [31]. Trans-
mission electron microscopy (TEM) and elemental map-
ping analysis revealed that CuPA exhibited a classic sheet 
structure, with copper evenly distributed throughout the 
system (Fig. 1A, B). The maximum UV absorption peak 
of CuPA was observed at 354 nm (Figure S1A, Support-
ing Information). The characteristic Fourier transform 
infrared (FTIR) spectroscopy peaks of PA were located 
at 1872, 1754, 877, and 811 cm⁻1, indicating the presence 

of 1,2,4-trisubstituted benzene, whereas the peaks at 
1597 and 1447 cm⁻1 were attributed to vibration of the 
benzene skeleton. The peaks at 3230 and 1298 cm⁻1 were 
attributed to the stretching vibrations of the C–O and 
O–H bonds, respectively. The split peaks of the C–H 
bond in the aldehyde group were detected at 2820 and 
2749 cm⁻1 because of Fermi resonance. Moreover, since 
conjugation with benzene occurs, the stretching vibra-
tion peak of the C=O bond in the aldehyde group shifted 
to a lower frequency of 1652 cm⁻1. The formation of 
Cu–catechol coordination bonds in the CuPA complexes 

Fig. 2  Characterization and antioxidation properties of Ce NPs. A TEM image of Ce NPs (scale bar: 5 nm). B Elemental mapping of Ce NPs (scale 
bar: 100 nm). C FTIR spectra of Ce NPs. D XRD pattern of Ce NPs. E XPS spectra of Ce 3d. F, H Superoxide anion scavenging capacity of Ce NPs 
at concentrations ranging from 1 to 100 μg mL⁻1. G, I DPPH radical scavenging capacity of Ce NPs at concentrations of 1–100 μg mL⁻1. n = 3, 
mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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resulted in a decrease in peak intensity and a shift toward 
higher frequencies for PA in general, which may be asso-
ciated with changes in the molecular structure (Fig. 1C).

The representative Raman peaks of PA in the range of 
300–2000 cm⁻1 are showed in Fig.  1D. The peak at 757 
cm⁻1 was attributed to the shear vibration of the C–H 
bond connected to benzene, whereas the peaks at 813 

Fig. 3  Characterization of hydrogels. A SEM images of GelMA, GC, and GCP hydrogels (scale bar: 200 μm). B Quantitative analysis of pore size 
in various hydrogels (n = 50). C Elemental mapping of GC hydrogel and D GCP hydrogels (scale bar: 250 μm). E Images of GelMA, GC, and GCP 
hydrogels formation under UV irradiation (395 nm, 3 min). F FTIR spectra of gelatin, GelMA, GC, and GCP. G Shear-thinning behavior and injectability 
of GCP hydrogel. H Strain amplitude sweeps tests of GCP hydrogel (0.1% to 1000% strain at 1 Hz). I Cyclic strain recovery trials of GCP hydrogel 
across three cycles (5% to 500% strain at 1 Hz). J Self-healing properties of the GCP hydrogel. K Adhesion capacity of the GCP hydrogel on biological 
tissues from C57BL/6 mice
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and 1597 cm⁻1 represented the strong stretching vibra-
tions of benzene. The peak at 1165 cm⁻1 was attributed to 
the vibration of the C–H bond connected to the benzene 
group and the O–H bond shear vibration. Furthermore, 
the peak at 1441 cm⁻1 was attributed to the H–C=O 
shear vibration and partial OH shear vibration, whereas 
the peak at 1647 cm⁻1 represented the stretching vibra-
tion of the C–C=O bond linked to the benzene. Upon 
the addition of CuCl2, a small peak appeared at 432 cm⁻1, 
which is typical of copper chloride. In addition, the char-
acteristic peaks of CuPA shifted in relation to those of 
PA; for example, the peaks at 813 and 1597 cm⁻1 in the 
PA spectrum showed displacements of 15 and 22 cm⁻1, 
resulting in shifts of 798 and 1575 cm⁻1 in the CuPA 
spectrum, respectively. Moreover, several peaks were 
undetectable in the CuPA spectrum and are likely too 
weak to be distinguished from the background.

The X-ray photoelectron spectroscopy (XPS) data 
revealed that the peaks attributed to Cu+ 2p3/2, Cu+ 
2p1/2, Cu2+ 2p3/2, and Cu2+ 2p1/2 were located at 
932.82 eV, 952.60 eV, 935.08 eV, and 954.94 eV, respec-
tively (Fig.  1E). Notably, copper predominantly existed 
in the Cu2+ state (91.71%), which further confirmed the 
successful synthesis of CuPA. Given the remarkable anti-
oxidant properties of PA [31], we evaluated the ability of 
the CuPA complex to scavenge ROS (H2O2 and ·O2

−) and 
its capacity to neutralize DPPH free radicals. Our results 
indicated that CuPA can significantly reduce ·O2

− levels 
within the concentration range of 5 to 100 µg mL⁻1 and 
effectively eliminate DPPH at concentrations between 1 
and 5 µg mL⁻1 (Fig.  1F–I). Moreover, CuPA also exhib-
ited considerable catalase-like enzyme activity by decom-
posing H2O2 at various concentrations (Figures  S1B-C, 
Supporting Information). These findings strongly proved 
that the CuPA complex possess exceptional antioxidant 
capacities.

Synthesis and characterization of the Ce NPs
Many studies have demonstrated that Ce NPs have excel-
lent antioxidant, antibacterial, and anti-inflammatory 
properties; notably, their antioxidant effects play a criti-
cal role in alleviating oxidative stress-associated diseases 
[32]. Spherical Ce NPs, approximately 3 nm in diameter 
with a crystal lattice spacing of nearly 0.32 nm, were syn-
thesized on the basis of previous studies [33], and ele-
ment mapping analyses confirmed the presence of Ce 
within these particles (Fig. 2A, B, Figure S2, Supporting 
Information). The zeta potential of the Ce NPs was + 14.0 
mV, and they presented a maximum UV absorption 
peak at 288 nm (Figure S3, Supporting Information). 
Figure  2C shows that the Ce–O bond stretching vibra-
tions appeared at 472 cm⁻1 in Ce NPs spectrum [34]. 
According to the Ce NPs standard (JCPDS No. 34-0394), 

these nanoparticles exhibited a cubic fluorite structure, 
and X-ray diffraction (XRD) revealed distinct diffrac-
tion peaks at (111), (200), (220), (311), (400), and (331) 
(Fig.  2D). Together, these data strongly indicate that we 
successfully synthesized Ce NPs.

The antioxidant efficacy of Ce NPs is contingent upon 
the transition between Ce3+ (reduced state) and Ce4+ 
(oxidized state). Generally, the surface of Ce NPs pre-
dominantly consists of Ce4+. However, as the diameter 
of the Ce NPs decreases, oxygen vacancies are generated, 
facilitating the presence of Ce3+ [35]. The Ce 3d3/2 and Ce 
3d5/2 peaks in the XPS spectrum indicated that Ce3+ con-
stituted 42.85% of the Ce atoms, whereas Ce4+ accounted 
for 57.15%. This implied that the Ce NPs consisted of a 
mixture of Ce4+ and Ce3+ at a ratio of approximately 1.3 
(Fig.  2E). We subsequently evaluated the antioxidant 
functions of the Ce NPs. As shown in Fig. 2F–I, the Ce 
NPs notably reduced the ·O2

− and DPPH levels within 
the concentration range of 1–100 µg mL⁻1. These results 
proved that the Ce NPs possessed substantial antioxidant 
effects by effectively scavenging ROS such as ·O2

− and 
DPPH radicals. Furthermore, research has shown that Ce 
NPs can mimic the activities of superoxide dismutase and 
catalase [36], thereby establishing them as potent ROS 
scavengers for treating various diseases associated with 
oxidative stress and inflammation.

Synthesis and characterization of the hydrogels
The GelMA hydrogel was prepared by grafting MA 
onto gelatin, followed by curing with LAP and UV irra-
diation. The 1H NMR spectrum of GelMA exhibited 
two distinct peaks at 5.3 and 5.5 ppm, confirming the 
successful incorporation of MA into the gelatin matrix. 
In addition, the degree of functionalization (DoF) of 
MA in the synthesized GelMA was approximately 69% 
(Figure S4, Supporting Information) [3]. The GCP and 
GC hydrogels were created by integrating CuPA com-
plexes or Ce NPs into the GelMA framework, followed 
by curing with LAP and UV exposure. Scanning elec-
tron microscopy (SEM) and elemental analysis revealed 
that the GelMA, GC, and GCP hydrogels possessed a 
porous network structure, with no significant differ-
ences in pore size observed among the groups (Fig. 3A, 
B). Additionally, the copper in the GCP hydrogel and 
cerium in the GC hydrogel were uniformly distributed 
throughout the network (Fig. 3C, D). Figure 3E presents 
images of GelMA, GC, and GCP hydrogels subjected to 
UV irradiation, illustrating their transformation from a 
liquid state to a solid state upon UV exposure.

The prominent peaks observed in the FTIR spectrum 
of gelatin were broad, appeared within the ranges of 3300 
to 2500 cm⁻1 and 3700 to 3200 cm⁻1, and were attributed 
to the O–H stretching vibrations associated with the 
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carboxyl and hydroxyl groups, which are characteristic 
features of gelatin. The peaks at 3423 and 3077 cm⁻1 in 
the gelatin, GelMA, and GCP spectra were ascribed to 
N–H bond stretching vibrations. In addition, a peak at 
1647 cm⁻1 indicated the stretching vibrations of the C=O 

bond, whereas the peak at 1540 cm⁻1 represented the 
C–N bond stretching vibrations and N–H bond bending 
vibrations. Compared with the spectrum of gelatin, the 
addition of MA led to a less intense absorption peak in 
the spectrum of GelMA. This reduction can be attributed 

Fig. 4  Characterization, antioxidation capacities, and catalase-like activity of hydrogels. A Evaluation of the hemostatic capability of hydrogels. B 
Schematic illustration of the rat liver injury model and hydrogel intervention. C Quantification of bleeding volume in rat livers following hydrogel 
administrations. D Swelling ratio of hydrogels. E Hemocompatibility assessment of hydrogels. F, I Superoxide anion scavenging capacity 
of hydrogels. G, J DPPH radical scavenging capacity of hydrogels. H, K Catalase-like activity of different hydrogels. n = 3, mean ± SD, *p < 0.05, 
**p < 0.01, ***p < 0.001
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primarily to the acylation reaction that occurred between 
the carbonyl groups on MA and the hydroxyl groups on 
gelatin, which notably attenuated the absorption peak 
related to the O–H stretching vibration. Furthermore, 
the intensity of this absorption peak in the GCP hydro-
gel spectrum was lower than that in the GelMA spec-
trum, likely because the molecular structure of GelMA 
was altered by the introduction of the CuPA complexes 
(Fig. 3F).

Before investigating the effects of the GCP hydrogel 
on diabetic wound healing in rats, we conducted a com-
prehensive assessment of its fundamental properties, 
including injectability, self-healing, adhesion, hemosta-
sis, swelling, degradation, permeability, breathability, and 
hemocompatibility. Figure 3G shows that the GCP hydro-
gel exhibited excellent shear-thinning behavior; specifi-
cally, its viscosity progressively decreased as the shear 
rate increased. In addition, the GCP hydrogel was placed 
in a syringe and continuously squeezed to form the let-
ters "NJMU". This suggested that GCP has exceptional 
injectability, which can be attributed to the integration of 
CuPA into GelMA, along with the introduction of Schiff 
base bonds and copper‒catechol coordination bonds.

Given that the normal activities of animals may lead 
to the detachment and fracture of hydrogels, the GCP 
hydrogels needed to possess adequate self-healing and 
adhesion properties. Thus, we evaluated the self-healing 
capabilities of GCP by performing the strain amplitude 
sweeps and cyclic strain recovery tests using a rheometer. 
In the strain amplitude sweeps tests, the loss modulus 
(G") exceeded the storage modulus (G’) when the strain 
reached 294.7% at a constant frequency of 1 Hz, indi-
cating a change from the solid state to the liquid state 
(Fig. 3H). In the cyclic strain recovery trials, G’ surpassed 
G" under an applied 5% strain, demonstrating that the 
hydrogel maintained its solid form. However, G" became 
larger than G’ when the strain was increased to 500%, 
resulting in the gel transforming into a liquid state and 
a shift from elastic deformation to viscous deformation. 
The GCP hydrogel demonstrated transitions between the 
solid and liquid states as the strain varied from 5 to 500%. 
Notably, the hydrogel can revert to its original state after 
being subjected to three cycles at 5% strain (Fig.  3I). 
These observations underscored the remarkable self-
healing properties of the GCP hydrogel, as illustrated in 
Fig. 3J. The entire process primarily involved the fracture 
and reversible recombination of Schiff base bonds and 
copper‒catechol coordination bonds. Furthermore, we 
evaluated the adhesion characteristics of the GCP hydro-
gel via the use of biological tissue from C57BL/6 mice 
and nonbiological substrates. The results clearly indi-
cated that GCP had outstanding adhesion performance. 
Specifically, GCP can effectively adhere to the heart, liver, 

spleen, and kidney of mice (Fig. 3K) and different bottle 
surfaces, such as plastic and glass (Figure S5, Support-
ing Information). The adhesion performance of the GCP 
hydrogel may be associated with interactions between 
the polyphenol groups within the hydrogel and the amino 
and hydroxyl groups present in the tissue [3, 37].

Because blood is lost during the construction of full-
thickness skin wounds in rat models, we also investigated 
the hemostatic properties of the hydrogels. We utilized 
6-week-old SD rats to establish a liver injury model and 
assessed the hemostatic effects of different hydrogels 
within 1 min after application (Fig.  4A, B). The results 
indicated that the GelMA, GC, and GCP hydrogels 
exhibited varying degrees of hemostatic efficacy; notably, 
treatment with the GCP hydrogel significantly reduced 
bleeding to 60.53 ± 10.60 mg (Fig.  4C). The hemostatic 
functions of the GelMA and GC hydrogels were attrib-
uted primarily to their rapid absorption of platelets from 
the blood and formation of a gel-like substance, which 
created a pressure barrier that facilitates blood clotting 
[38]. In the GCP hydrogel, the catechol groups within the 
CuPA complexes synergistically interact with the GelMA 
matrix to facilitate hemostasis by recruiting calcium ions 
to vascular smooth muscle cells, thereby promoting vas-
cular contraction [3].

When a hydrogel is applied to a diabetic wound, it 
effectively absorbs interstitial fluid from the affected 
area, thereby mitigating the risk of recurrent bacterial 
infections. Additionally, the hydrogel degrades within 
the wound microenvironment, facilitating the release of 
copper and PA. Moreover, the RGD sequence in GelMA 
enhances cellular adhesion and is involved in biologi-
cal processes such as cell signaling, proliferation, and 
differentiation. The MMP sequence in GelMA is selec-
tively recognized and enzymatically degraded by matrix 
metalloproteinases present at the wound site, promot-
ing material degradation while supporting tissue recon-
struction. Therefore, it is essential to assess the swelling 
and degradation properties of hydrogels. Our results 
revealed that the swelling rates of the GelMA, GC, and 
GCP hydrogels were 154.27%, 156.60%, and 125.55%, 
respectively (Fig.  4D). Notably, the swelling rate of the 
hydrogel decreased from 154.27% to 125.55% following 
the incorporation of the CuPA complexes; this finding 
indicates that CuPA enhanced network crosslinking to 
some extent. Furthermore, the GelMA and GC hydro-
gels fully degraded in approximately 60 h, whereas the 
GCP hydrogel degraded entirely in approximately 72 h 
because of its greater abundance of Cu–catechol coordi-
nation bonds and Schiff base bonds. Type I/II collagenase 
significantly accelerates the degradation of GelMA, GC, 
and GCP hydrogels, primarily due to the enzymatic 
cleavage of gelatin. Both GelMA and GC hydrogels 
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Fig. 5  Cytocompatibility, intracellular ROS scavenging, and cell migration promotion of hydrogels. A Cell viability and B Calcein-AM/PI staining 
of L929 cells cultured with hydrogels for 12 and 24 h (scale bar: 200 μm). C Cell viability and D Calcein-AM/PI staining of HaCaT cells treated 
with hydrogels for 12 and 24 h (scale bar: 200 μm). E Intracellular ROS levels in L929 cells treated with various hydrogels (scale bar: 200 μm). F Mean 
fluorescence intensity of ROS among the groups. G Migration of L929 cells treated with hydrogels for 24 h (scale bar: 200 μm). H Quantification 
of migration distance in L929 cells treated with hydrogels. n = 3, mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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exhibited approximately 80% degradation within 4 h, 
while the degradation rate of GCP hydrogel was slightly 
slower compared to GelMA and GC (Figure S6, Sup-
porting Information). Due to the difficulty of water mol-
ecules penetrating highly crosslinked networks, the water 
retention capacity of hydrogels typically decreases. Our 
results also revealed that the triple-network crosslinked 
GCP exhibits slightly weaker water retention compared 
to GelMA and GC (Figure S8B, Supporting Information).

The exceptional permeability and breathability of the 
hydrogels facilitate the maintenance of a moist wound 
environment, enhance gas exchange, and promote accel-
erated wound healing. We measured their dynamic water 
contact angles (WCAs) at 0 min and 5 min to indirectly 
evaluate the permeability of hydrogels. The WCAs of 
GelMA were 44.1° and 23.4° at 0 min and 5 min, respec-
tively; for GC, they were 107.8° and 99.3°; and for GCP, 
they were 63.2° and 44.5° (Figure S7, Supporting Infor-
mation). These results indicate that GelMA and GCP 
exhibit excellent hydrophilicity, while GC demonstrates 
a certain degree of hydrophobicity. Over the 5-min 
period, the water contact angles of GelMA, GC, and 
GCP changed by 20.7°, 8.5°, and 18.7°, respectively, indi-
cating that the permeability of the hydrogels follows the 
order: GelMA > GCP > GC. The minimal change in GC is 
likely due to its lower affinity for water, while the smaller 
change in GCP compared to GelMA may be attributed 
to its enhanced network crosslinking, which limits water 
penetration. In addition, the water vapor transmission 
rates (WVTR) of GelMA, GC, and GCP were determined 
to be 1989, 2064, and 1808 mg m⁻2 d⁻1, respectively (Fig-
ure S8A, Supporting Information). These values exceed 
those of most previously reported hydrogels [39], indicat-
ing their superior capacity to maintain an optimal moist 
wound environment and accelerate diabetic wound heal-
ing. Furthermore, the results provide additional evidence 
that the incorporation of PA enhances the mechanical 
properties of the GCP hydrogel.

Additionally, the hydrogels should also demonstrate 
superior hemocompatibility, meaning that no significant 
hemolysis should occur upon material introduction. As 
shown in Fig.  4E, no apparent hemolysis was observed 
in any of the hydrogel treatment groups. The hemolysis 
rates were as follows: GelMA at 0.36% ± 0.18%, GC at 
0.20% ± 0.09%, and GCP at 0.87% ± 0.09%. All these values 

remained below the established acceptable hemolysis 
rate threshold of 5% [38]. GelMA is considered a mate-
rial with outstanding biocompatibility, and the catechol 
groups in the GCP hydrogels can maintain cell mem-
brane integrity and mitigate hemolysis by alleviating 
oxidative stress and inflammation within cells [40]. On 
the basis of the abovementioned results, the GCP dress-
ings has been proven to have outstanding fundamental 
properties, such as self-healing, adhesion, hemostasis, 
swelling, degradation, permeability, breathability, and 
hemocompatibility, which are required for the treatment 
of infected diabetic wounds.

Antioxidant capacities and enzyme‑like activities 
of the hydrogels
In individuals with diabetes, persistently elevated blood 
glucose levels stimulate cellular mitochondria to pro-
duce large amounts of ROS. The overproduction of ROS 
can exacerbate inflammation and facilitate the onset of 
chronic inflammatory conditions such as arthritis and 
atherosclerosis [41]. In addition, high ROS levels may 
damage vascular endothelial cells, resulting in compro-
mised blood vessel function, reduced wound healing 
rates, and increased susceptibility to cardiovascular dis-
eases [42]. To address the challenge of increased reactive 
ROS levels in diabetic wounds, we investigated the anti-
oxidant properties of the composite hydrogels via the use 
of antioxidation kits and mouse fibroblasts (L929 cells). 
The findings indicated that the GCP and GC hydrogels 
demonstrated pronounced abilities to scavenge ·O2

− 
and DPPH free radicals, and the GCP hydrogel exhib-
ited notable catalase-like activity (Fig.  4F-K). Moreover, 
L929 cells were treated with 200 µM H2O2 and different 
hydrogels, and the GCP and GC hydrogels both displayed 
exceptional efficacy in terms of intracellular ROS clear-
ance (Fig. 5E, F). Overall, the GCP hydrogel exhibited a 
robust capacity for eliminating ROS. This efficacy may be 
attributed to the increased antioxidant potential of CuPA 
when functional groups such as aldehydes and hydroxyls 
from polyphenolic bioactive compounds are integrated 
[43, 44]. These functional groups can directly transfer 
their active hydrogen atoms to ·O2

−, DPPH, and H2O2, 
thereby neutralizing ROS activity [45].

A material with outstanding biocompatibility is gener-
ally thought to not induce significant toxicity, which is 

Fig. 6  Anti-inflammatory and pro-angiogenic functions of hydrogels. A Schematic representation of the anti-inflammatory properties of hydrogels. 
B–D Relative mRNA expression levels of iNOS, IL-1β, and IL-6. E Western blot images showing iNOS, IL-1β, and IL-6 protein expression across groups. 
F–H Relative protein expression levels of iNOS, IL-1β, and IL-6. I Representative images of tube formation by HUVECs in the presence of different 
hydrogels. J Number of junctions and K meshes formed by HUVECs among groups. L Relative mRNA expression and M protein concentration 
of VEGF in HUVECs treated with hydrogels. n = 3, mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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crucial for preserving the health of human cells and tis-
sues. Therefore, we assessed the biocompatibility of the 
synthesized hydrogels with L929 and human immortal-
ized keratinocytes (HaCaT cells). CCK8 assays and Cal-
cein-AM/PI staining revealed that the viability of L929 
and HaCaT cells exceeded 95% after treatment with vari-
ous hydrogels for 12 and 24 h, with no evident signs of 
cell death observed (Fig.  5A–D). These results demon-
strated that the GelMA, GC, and GCP hydrogels favora-
ble cytocompatibility.

Cell migration promoting, anti‑inflammatory 
and angiogenic capacities of hydrogels
We further investigated the abilities of the hydrogels 
to promote the migration of L929 and HaCaT cells. 
Enhanced cell migration facilitates signal communication 
among wound cells and accelerates wound reconstruc-
tion in diabetic rats. After co-culturing the hydrogels 
with L929 and HaCaT cells, we observed that the GCP 
hydrogel significantly accelerated cell migration within 24 
h compared with cell migration in the control, GelMA, 
and GC groups (Fig. 5G, H, and Figure S9 in Supporting 
Information). This finding indicated that the GCP hydro-
gel exhibited a robust capacity to promote fibroblasts and 
epidermal cells migration and demonstrated great poten-
tial as a dressing to accelerate wound healing.

Elevated blood glucose levels trigger an enhanced 
inflammatory response in individuals with diabetes, pro-
moting the body to produce various inflammatory fac-
tors such as iNOS, IL-1β, and TNF-α. Sustained release 
of these mediators may result in chronic inflammation 
and immune dysfunction [46]. Infected diabetic wounds 
also exhibit considerable inflammation. Thus, we evalu-
ated the anti-inflammatory performance of the synthe-
sized materials by coculturing hydrogels, 1 μg mL−1 LPS, 
and mouse monocyte macrophages (RAW264.7 cells). 
The quantitative real-time PCR (qRT-PCR) and west-
ern blot data indicated that the GC and GCP hydrogels 
significantly reduced the mRNA and protein expres-
sion levels of iNOS, IL-1β, and IL-6 in RAW264.7 cells 
(Fig.  6A–H). Furthermore, the GC and GCP hydrogels 
displayed exceptional efficacy in decreasing the fluores-
cence intensity of CD86 (Figures  S10A-B, Supporting 
Information). Notably, the GCP hydrogels demonstrated 

the most pronounced anti-inflammatory effects, likely 
attributable to the beneficial anti-inflammatory proper-
ties of polyphenolic compounds. Studies have demon-
strated that curcumin exerts anti-inflammatory effects by 
modulating signaling pathways such as the TLR4/NF-κB 
and JAK/STAT pathways [47, 48]. Quercetin and its 
derivatives inhibit inflammatory responses by suppress-
ing the expression of inflammatory mediators, including 
TNF-α and IL-6, and regulating the PI3K/AKT signaling 
pathway [49]. Furthermore, polyphenolic compounds 
can alleviate systemic inflammation by modulating the 
gut microbiota and its metabolites, such as short-chain 
fatty acids (SCFAs) [50]. Our research further revealed 
that the anti-inflammatory properties of the GCP hydro-
gel containing PA may be associated with the inhibition 
of NF-κB activation. Specifically, the GCP hydrogel was 
observed to markedly downregulate the mRNA expres-
sion level of NF-κB and decrease the protein expression 
ratio of phospho-NF-κB p65 to total NF-κB p65 (Fig-
ures S10C-E, Supporting Information).

In addition to elevated levels of inflammation and oxi-
dative stress, the management of diabetic wounds is fur-
ther complicated by challenges in terms of angiogenesis. 
Prolonged hyperglycemia leads to human umbilical vein 
endothelial cells (HUVECs) and vascular dysfunction 
[51]. These difficulties in angiogenesis and vascular repair 
hinder the reconstruction of diabetic wounds. Adequate 
regenerated vasculature is essential for delivering effi-
cient immune cells, nutrients, and oxygen to the wound 
site, thereby promoting tissue remodeling [52]. Therefore, 
multifunctional hydrogel dressings should possess prop-
erties that facilitate angiogenesis. We evaluated the angi-
ogenic effects of the hydrogels by coculturing them with 
HUVECs; then, images of tube formation were acquired, 
and RNA and protein from HUVECs were extracted and 
measured via qRT-PCR and an ELISA kit. For the pro-
tein assays, we established a standard curve for VEGF 
ranging from 0 to 200 pg mL−1 (Figure S11, Supporting 
Information). As shown in Figs.  6I–K, the GCP hydro-
gel increased the number of junctions and meshes dur-
ing vessel formation. In addition, the VEGF mRNA and 
protein contents and ANG mRNA level increased follow-
ing GCP intervention (Figs. 6L, M, Figure S12, Support-
ing Information), which suggested that GCP can greatly 

(See figure on next page.)
Fig. 7  Antibacterial properties of hydrogels and transcriptomic analysis of S. aureus treated with CuPA. A Dilution plate images of S. aureus and E. 
coli treated with hydrogels. B SEM images of S. aureus and E. coli under various hydrogel conditions (scale bar: 1 μm). C SYTO9/PI staining of S. aureus 
and D E. coli treated with hydrogels (scale bar: 1 mm). E Viability of S. aureus and F E. coli following hydrogel treatment. G Venn diagram illustrating 
the gene features of S. aureus. H Volcano plot indicating upregulated (n = 277) and downregulated (n = 112) genes in S. aureus treated with CuPA 
(|log2FC|≥ 2, p < 0.05). I KEGG enrichment analysis of downregulated DEGs in S. aureus treated with CuPA. J Expression of downregulated genes 
in aminoacyl-tRNA biosynthesis and ABC transporter pathways in S. aureus treated with CuPA. n = 3, mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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increase angiogenesis, potentially due to the copper-
mediated activation of the angiogenic pathway [53].

Antibacterial properties of various hydrogels
One of the primary challenges associated with wound 
healing in diabetic patients is infections caused by bac-
teria such as S. aureus, E. coli, K. pneumoniae, and Pseu-
domonas aeruginosa, with S. aureus considered the most 
prominent pathogenic organism [54]. These bacterial 
infections can trigger an inflammatory response that may 
result in fluctuations in blood glucose levels in individu-
als with diabetes. In addition, bacterial infection can lead 
to more severe complications, such as cellulitis and bac-
teremia [55, 56]. Thus, antibacterial functions are vital 
for hydrogels to combat potential bacterial infections in 
diabetic wounds. The antibacterial efficacy of GCP was 
assessed through dilution plating, SEM, and SYTO9/PI 
staining assays. Figure 7A, E, and F show that GCP sig-
nificantly reduced the activities of S. aureus and E. coli, 
and SEM analysis revealed notable alterations in the 
inherent morphology of both bacterial species (Figure 
S13, Supporting Information). The original spherical and 
rod-shaped structures of the bacteria were compromised, 
leading to diminished viability and eventually, death 
(Fig. 7B). These findings suggested that the GCP hydro-
gel had robust antibacterial efficacy against S. aureus and 
E. coli, and SYTO9/PI staining confirmed this conclu-
sion. SYTO9 labels the nuclei of bacteria and emits green 
fluorescence, whereas PI penetrates compromised mem-
branes of dead bacteria to stain their nuclei and emits red 
fluorescence. Thus, SYTO9 labels both viable and nonvi-
able bacteria, whereas PI specifically labels dead bacte-
ria only. The results indicated that the viable counts of S. 
aureus (Fig. 7C) and E. coli (Fig. 7D) markedly decreased 
following GCP hydrogel treatment.

After evaluating the specific antibacterial properties 
of the GCP hydrogels, we further explored the poten-
tial bactericidal mechanism of the CuPA complex, the 
critical component of the GCP hydrogel responsible for 
its antibacterial function. S. aureus was cultured in two 
groups (Control and CuPA), with three replicate samples 
in each group, and RNA was extracted post-coculture for 
transcriptomic sequencing. The constructed Venn dia-
gram revealed that 65 genes were expressed in untreated 

S. aureus only, whereas 34 genes were expressed in 
CuPA-treated S. aureus only, and 2275 genes were iden-
tified in both groups (Fig.  7G). Analysis of this dataset 
showed that among the differentially expressed genes 
(DEGs) after CuPA treatment, 277 genes were upregu-
lated and 112 genes were downregulated (Fig.  7H; Fig-
ure S14, Supporting Information). The DEGs from both 
the Control and CuPA groups are also presented in a 
heatmap (Figure S15, Supporting Information). KEGG 
enrichment analysis of revealed that certain pathways, 
including aminoacyl-tRNA biosynthesis and ABC trans-
porters, were significantly enriched in the downregulated 
DEGs (Fig. 7I). The expression of aspS, trpS, and serS in 
the aminoacyl-tRNA biosynthesis pathway and modA, 
B4602_RS12435, B4602_RS03205, B4602_RS09570, 
B4602_RS09575, and B4602_RS03210 in the ABC trans-
porter pathway of S. aureus decreased following CuPA 
treatment (Fig. 7J). Aminoacyl-tRNA facilitates the trans-
fer of amino acids to ribosomes, promoting bacterial 
protein synthesis [57]. The ABC transporter is essential 
for nutrient uptake by and toxin secretion from bacte-
ria and may also contribute to antibiotic resistance [58]. 
Therefore, the GCP hydrogel may impede the growth 
and reproduction of S. aureus by downregulating cer-
tain genes associated with ABC transporters and bac-
terial protein synthesis. Furthermore, our results also 
demonstrated that CuPA treatment altered certain cel-
lular components, biological processes, and molecu-
lar functions (Figure S16, Supporting Information). GO 
enrichment analysis of the upregulated DEGs revealed 
increased in oxidoreductase activity and a heightened 
stress response to copper ions, which may also contrib-
ute to S. aureus mortality (Figure S17, Supporting Infor-
mation). Enhanced oxidoreductase activity can eradicate 
bacteria by facilitating ROS generation and interfering 
with microbial metabolism [59].

The GCP hydrogel enhances wound healing in infected 
diabetic rats
Given that the GCP hydrogel exhibited suitable fun-
damental properties and exceptional antioxidant, anti-
inflammatory, antibacterial, and angiogenic effects, we 
further investigated the ability of GCP to promote wound 
healing in 6-week-old SD rats. Figure  8A illustrates the 

Fig. 8  GCP hydrogel accelerates wound healing in infected diabetic rats. A Schematic diagram of the experimental design for the in vivo wound 
healing study. B Images of wounds sites in rats across experimental groups on days 0, 2, 4, 7, 10, and 14. C Temporal wound healing trajectories 
depicted by color-coded wound areas: blue (day 0), yellow (day 2), green (day 4), orange (day 7), pink (day 10), and red (day 14). D Quantitative 
analysis of wound area reduction over time in each group. E Representative H&E staining and F Masson’s trichrome staining images of wound 
tissues on days 7 and 14 (scale bar: 500 μm and 200 μm, respectively). D: Dermis, Ep: Epidermis, H.F: Hair follicle, Sc. G: Sebaceous gland. G Epidermal 
thickness and H collagen density in wound tissues among the groups. n = 3, mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 9  Anti-inflammation and pro-angiogenic effects of GCP hydrogel in infected diabetic wounds. A Representative immunofluorescence staining 
images of CD206, α-SMA, VEGF, and CD31 in wound tissues across groups (scale bar: 100 μm). B–E Quantitative analysis of fluorescence intensity 
for CD206, α-SMA, VEGF, and CD31 in wound tissues. F Immunohistochemical staining images of IL6 in wound tissues (scale bar: 200 μm). G 
Percentage of IL6-positive staining area in wound tissues among the groups. n = 3, mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
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animal experimental design. We established a diabetic rat 
model through the intraperitoneal injection of 45 mg kg⁻1 
streptozotocin. On Days 3 and 7, the blood glucose lev-
els of the rats were randomly examined, and those with 
values equal to or greater than 16.7 mM were consid-
ered diabetic. The diabetic rats were then randomly allo-
cated to four groups: the Control, GelMA, GC, and GCP 
groups. After anesthesia, a 10 mm full-thickness circular 
wound was created on the backs of each rat. In addition, 
10 µL of S. aureus (1.0 × 108 CFU mL⁻1) and 100 µL of dif-
ferent solidified hydrogels were applied to the wounds. 
The day of surgery was designated Day 0. Images of the 
infected wounds from each group of diabetic rats were 
acquired on Days 0, 2, 4, 7, 10, and 14. On Days 7 and 
14, wounds from each group were harvested for hema-
toxylin‒eosin (H&E) staining and Masson’s trichrome 
staining to quantify the epidermis thickness and collagen 
density. On Day 14, blood and other vital tissues from the 
rats were also collected to assess the biocompatibility of 
the hydrogels. Furthermore, immunofluorescence  (IF) 
and immunohistochemical (IHC)  staining were per-
formed on wound sections obtained on Day 7 to assess 
the angiogenic and anti-inflammatory capacities of the 
hydrogels during wound healing.

Images of the infected wounds from each group of dia-
betic rats are shown in Fig.  8B, and the wound healing 
trajectory is depicted in Fig.  8C. The results revealed a 
progressive reduction in the wound area over time in all 
of the groups, with the GCP hydrogel exhibiting the most 
pronounced wound healing promotion. Specifically, from 
Day 2 until the conclusion of the trial, the wound areas of 
the rats treated with GC or GCP were markedly smaller 
than those of the control rats. In addition, a notable 
reduction in the wound area in the GCP group compared 
with the GC group was noted on Days 7 and 10 (Fig. 8D). 
H&E staining revealed that the hydrogel-treated groups 
exhibited a reduction in neovascularization and inflam-
matory cell infiltration compared to the control group. 
(Figure S18, Supporting Information) [60, 61]. Further-
more, the formation of hair follicles and sebaceous glands 
was observed in both the GC and GCP groups on Days 7 
and 14 [62, 63]. In addition, GCP hydrogel intervention 
significantly reduced the epithelial gap and increased the 
collagen density in the wounds of diabetic rats (Fig. 8E–
H). These findings suggest that the GCP hydrogel can 
effectively facilitate infected diabetic wound healing by 
accelerating re-epithelialization, stimulating collagen 
fiber formation, and promoting the regeneration of skin 
appendages [64].

The challenges related to inflammation and angiogen-
esis are the primary factors that impede wound healing in 
diabetic patients. Our experimental results demonstrated 
that the GCP hydrogel exhibited anti-inflammatory and 

proangiogenic effects in  vitro. Therefore, we aimed to 
further investigate whether the GCP hydrogel has sig-
nificant anti-inflammatory and proangiogenic functions 
in infected wounds in diabetic rat models through IF and 
IHC staining for CD206, IL6, α-SMA, VEGF, and CD31 
on Day 7 (Fig.  9). CD206 and IL6 are well-established 
markers of inflammatory activity, whereas increased 
angiogenesis is indicated by elevated VEGF expres-
sion. CD31 is widely recognized as a marker for vascular 
endothelial cells, whereas α-SMA serves as an indicator 
for smooth muscle cells [65]. Elevated expression levels 
of CD31 and α-SMA create a conducive foundational 
environment for angiogenesis. The results indicated that 
GCP significantly increased the mean fluorescence inten-
sity of CD206, α-SMA, VEGF, and CD31 and reduced the 
IL6-positive area in diabetic rats. These data suggest that 
GCP possesses notable anti-inflammatory and angio-
genic properties in infected diabetic wounds.

Biocompatibility of the GCP hydrogel
Finally, we assessed the in  vivo biocompatibility of the 
hydrogels by measuring routine blood and biochemi-
cal indices and observing pathological alterations in the 
heart, liver, spleen, lung, and kidney across different 
groups on Day 14. Our findings revealed that no evidence 
of organ damage or pathological changes in the groups 
treated with hydrogels (Figure S19, Supporting Infor-
mation). In addition, no significant variations in routine 
blood and biochemical markers were observed among 
the groups (Figure S20, Supporting Information). These 
results demonstrated that the GCP hydrogel exhibited 
excellent biocompatibility.

Advantages of the GCP hydrogel
In comparison to existing hydrogels utilized for diabetic 
wound management, such as silver-based dressings 
and growth factor-incorporated hydrogels, the copper-
integrated GCP hydrogel synthesized in our study dem-
onstrates superior attributes in antimicrobial efficacy, 
biosafety, pro-angiogenic capacity, and cost-effectiveness. 
Regarding antimicrobial performance and biosafety, 
silver exhibits broad-spectrum antibacterial activity, 
effectively suppressing the proliferation of common bac-
terial strains (e.g., achieving over 99% inhibition rates 
against  E. coli  and  S. aureus) and drug-resistant patho-
gens [66]. However, the high chemical activity, strong 
cellular penetration capacity, and significant bioaccumu-
lation potential of silver ions and nanoparticles may lead 
to localized toxicity upon their release from hydrogels 
[67]. As for copper, it also demonstrates broad-spectrum 
antibacterial activity, with the GCP hydrogel in this study 
achieving inhibition rates of approximately 98% against S. 
aureus  and  E. coli. As an essential trace element in the 
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human physiology, copper possesses a tightly regulated 
metabolic mechanism and a lower toxicity risk, rendering 
it significantly superior to silver-based dressings in terms 
of biosafety [21]. Furthermore, while hydrogels contain-
ing growth factors exhibit favorable biocompatibility, 
their inherent instability and lack of antimicrobial func-
tionality may limit their long-term efficacy in the man-
agement of diabetic wounds.

In terms of pro-angiogenic capacity, silver itself lacks 
intrinsic angiogenic properties. Although VEGF can 
effectively stimulate wound angiogenesis, it is suscep-
tible to degradation by certain proteases in the wound 
microenvironment [68]. In contrast, copper-based hydro-
gels have been demonstrated to exhibit robust stability 
and potential angiogenic effects [69]. In this study, we 
observed that the GCP hydrogel increased the num-
ber of junctions and meshes during vessel formation 
and upregulated the fluorescence expression of VEGFA, 
CD31, and α-SMA in the wounds of diabetic rats, poten-
tially mediated through the copper-induced activation 
of HIF-1α/VEGF signaling pathway [70]. Additionally, 
hydrogels containing silver or growth factors are expen-
sive, whereas copper-based materials have a lower cost, 
and copper exhibits catalytic activity comparable to plati-
num. Furthermore, the potent antibacterial properties of 
copper-based hydrogels can reduce the reliance on anti-
biotics, thereby mitigating the risk of bacterial resistance. 
Collectively, these advantages underscore the potential 
of copper-based GCP hydrogels for future clinical appli-
cations in the diabetic wound management. In future 
research, the hydrogels can be further optimized by 
incorporating additional functional components, such as 
other metals (e.g., zinc, magnesium), bio-functional poly-
saccharides, or alternative carriers, to enhance its efficacy 
not only for diabetic wounds but also for other compli-
cated diseases. However, it is important to acknowledge 
that the clinical efficacy of the GCP hydrogel may be 
affected by long-term safety and individual variability, 
which warrant further investigation.

Conclusions
Herein, a dual cross-linked multifunctional injectable 
hydrogel consisting of GelMA and CuPA complexes was 
developed through UV light-initiated polymerization of 
propenyl groups in GelMA and the formation of Schiff 
base bonds between the amino groups in GelMA and the 
aldehyde groups in CuPA. Owing to the introduction of 
CuPA, the as-fabricated GCP hydrogel exhibited an excep-
tional ability to remodel the wound microenvironment due 
to its antioxidant, antibacterial, angiogenic, cell migration-
promoting, and anti-inflammatory effects. Moreover, the 
GCP hydrogel exhibited excellent injectability, self-healing, 
adhesive, hemostatic properties, and biocompatibility. The 

16S rRNA sequencing results of S. aureus treated with 
CuPA revealed that the CuPA complexes inhibited the 
growth and reproduction of S. aureus by downregulating 
certain genes associated with ABC transporters, hindering 
bacterial protein synthesis, and enhancing oxidoreductase 
activity, yielding bactericidal effects. This research may 
provide additional ideas for the development of high-per-
formance wound healing dressings and novel strategies for 
the treatment of complicated diseases.

Materials and methods
Detailed experimental methods and partial results were 
submitted in the Supporting Information.
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