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Background: Bacterial invasion, protracted inflammation, and angiogenesis inhibition are hallmarks of chronic diabetic wounds, 
bringing about patient morbidity and rising healthcare costs. For such wounds, there are currently few efficient therapies available.
Methods: We reported the development of carboxymethyl chitosan (CMCS)-based self-healing hydrogel loaded with ultra-small 
copper nanoparticles (Cunps) for local treatment of diabetic wound healing. The structure of Cunps was identified by XRD, TEM, XPS 
and other methods, and the characterization of the synthesized Cunps-loaded self-healing carboxymethyl chitosan (CMCS)-proto-
catechualdehyde (PCA) hydrogel (Cunps@CMCS-PCA hydrogel) was further investigated. The therapeutic effect of Cunps@CMCS- 
PCA hydrogel in diabetic wound healing was explored in vitro and in vivo.
Results: The findings showed that a kind of ultra-small size copper nanoparticles with excellent biocompatibility was prepared. 
CMCS was chemically conjugated to PCA to form self-healing hydrogels via the formation of an amide bond followed by the loading 
of ultra-small copper nanoparticles. The obtained Cunps@CMCS-PCA hydrogel showed a typical three-dimensional interlinked 
network structure with self-healing ability and porosity. It exhibited good biocompatibility in diabetic wounds. Furthermore, 
Cunps@CMCS-PCA hydrogel group significantly prevented bacterial growth in the skin wound of diabetic rats as compared to 
model group and CMCS-PCA hydrogel-treated group. After 3 days, no visible bacterial proliferation was observed. It also increased 
angiogenesis through Cunps mediated activation of ATP7A to prevent induction of autophagy. Furthermore, Cunps@CMCS-PCA 
hydrogel mainly depended on PCA-induced inhibition on inflammation of macrophage via JAK2/STAT3 signaling pathway. As 
a result, compared with delayed wound healing process with lower wound healing rate valued at 68.6% within 7 days in the model 
group, Cunps@CMCS-PCA significantly accelerated wound healing recovery and increased wound healing rate to 86.5%, suggesting 
that Cunps@CMCS-PCA hydrogel effectively accelerated wound healing.
Conclusion: Cunps@CMCS-PCA hydrogel offered a new therapeutic approach for quickening diabetic wound healing.
Keywords: chronic diabetic wounds, wound healing, copper nanoparticles, carboxymethyl chitosan, protocatechualdehyde, hydrogel

Introduction
The wound healing process is continuous events which can be divided into four separate but overlapping steps; these 
include hemostasis, inflammation, proliferation and remodeling. In terms of chronic wound healing, it was characterized 
by severe scarring, inflammation and prolonged healing time.1 Especially during the occurrence of diabetic wound 
healing, numerous distinct cell types are regulated at various phases of the biological process.2 The limitations of diabetic 
chronic repairment are mainly manifested as reduced neovascularization and collagen deposition, prolonged inflamma-
tory reaction, and enhanced oxidative stress. Although many new treatment methods including autologous skin 
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transplantation, revascularization, negative pressure suction and stem cell therapy show the promising therapeutic 
potential, high cost of treatment, clinical effectiveness and safety limit their application in medical practice.3 At the 
location of the diabetic wound injury, bacteria such Staphylococcus aureus and Escherichia coli initially multiply, leading 
to chronic bacterial infections and excessive local inflammation.4 In addition, activated pro-inflammatory macrophages 
secrete a greater quantity of pro-inflammatory cytokines, which maintains an excessive level of inflammation at the 
wound site and slows the progression from the inflammatory phase to the proliferative phase.5 The diabetic wound injury 
is also characterized by impaired angiogenesis and poor vascular integrity.6 Taken together, in order to promote wound 
healing process, the multifaceted therapy should be made in killing bacteria, increasing angiogenesis, and reducing 
inflammation.

Neovascularization is significantly aided by the crosstalk between autophagy and copper transporter ATP7A in 
endothelial cells. Recent studies have demonstrated that excessive autophagy activation and lower expression of copper 
transporter ATP7A protein can be found in human umbilical vein endothelial cells (HUVECs) cultured under high 
glucose (HG) conditions as well as in diabetic db/db animals, thus resulting in poor wound healing.7–9 Furthermore, 
VEGFR2-mediated angiogenesis are selectively regulated owing to ATP7A’s binding to VEGFR2 in endothelial cells 
(ECs) for preventing VEGFR2 ubiquitination and VEGFR2-targeted lysosomal degradation. The formation of autophagy 
lysosomes and autophagy flux are promoted by ATP7A deletion, which speeds up the degradation of VEGFR2 protein. 
Therefore, the down-regulation of ATP7A may lead in the reduction of VEGFR2 expression, which may impair 
angiogenesis in diabetic peripheral artery disease.10,11 The up-regulation of ATP7A in diabetic wounds may represent 
a feasible therapeutic means of enhancing angiogenesis.

Copper (Cu) as an indispensable trace element is reported to take part in the healing process for wounds.12–14 

Particularly, the addition of copper can activate copper transporter ATP7A, which in turn inhibits autophagy and 
increases the expression of VEGFR2.15,16 Diabetic wound healing rates are reportedly increased by the delayed release 
of Cu2+ from copper-based metal-organic framework nanoparticles.17 CuO2 nanodots that have been sprayed on the 
wound site have been shown to be effective against MRSA, to reduce inflammation, to encourage angiogenesis, and to 
speed up the wound healing process.18 Ultra-small size copper nanoparticles have less long-term toxicity and adverse 
effects than large-sized Cu nanoparticles due to their ultra-small size and rapid clearance.19 Some hydrogels containing 
ultra-small Cu nanoparticles have been developed to control inflammation and promote wound healing.20 Hydrogel 
containing ultra-small CuS nanoparticles can effectively increase collagen deposition, up-regulate VEGF expression, and 
enhance angiogenesis, in which ultra-small copper nanoparticles play a coordinated role in promoting angiogenesis.21 As 
a new type of “smart” hydrogels, self-healing polysaccharide-based hydrogels may repair internal damage and recreate 
3D polymer networks by dynamic interaction between polymer chains.22 They are widely employed in wound dressings 
due to their exceptional qualities including outstanding antibacterial and hemostatic capabilities, mechanical strength, 
excellent self-healing properties, quick gel performance and good stability.23,24 In recent years, the research based on 
carboxymethyl chitosan (CMCS) in the field of medical application has attracted more and more attention. CMCS, as an 
amphiphilic compound derived from chitosan, shows excellent water solubility, biocompatibility, controllable biodegrad-
ability and good antibacterial ability. Furthermore, CMCS has been widely studied and applied in the treatment of 
chronic skin wound healing.25 Protocatechualdehyde (PCA), a naturally phenolic molecule from the medicinal plant 
Salvia miltiorrhiza, is reported to not only exhibit its anti-inflammatory properties but also represent a new class of active 
biomaterial for the production of hydrogels.26 PCA inhibits the release of inflammatory cytokines from macrophages 
stimulated by lipopolysaccharide (LPS).27 Additionally, it has the ability to control the JAK2/STAT3 signaling pathway 
and prevents the activation of inflammation.28,29

In order to overcome several common limitations encountered in conventional treatment of the chronic diabetic 
wound, we proposed the ultra-small Cu nanoparticles (Cunps)-loaded self-healing CMCS-PCA hydrogel 
(Cunps@CMCS-PCA hydrogel), as shown in Figure 1. For the creation of sophisticated hydrogel, CMCS was biocon-
jugated with PCA via covalent amide bonds to form self-healing and anti-bacterial hydrogel. Cunps were prepared and 
loaded in hydrogel, which enhanced angiogenesis via Cunps induced VEGF secretion and activation of ATP7A for 
prevention of autophagy. Cunps@CMCS-PCA hydrogel mainly relied on PCA to inhibit the activation of pro- 
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inflammatory macrophage and attenuate inflammatory response. As a result, it is proposed that the antibacterial 
Cunps@CMCS-PCA hydrogel could promote diabetic wound healing in diabetic rats.

Materials and Methods
Materials
Carboxymethyl chitosan (degree of substitution ≥90%, isoelectric point: 3–4) was brought from Shanghai McLean Biochemical 
Technology Co., Ltd. (Shanghai, China); 3,4-dihydroxybenzaldehyde with a molecular weight of 138.12 was obtained from 
Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China). Adenine (purity ≥98%, molecular weight 135.14) was 
obtained from Beijing Coolebo Technology Co., Ltd. (Beijing, China). Antibodies including LC3B (1:1000, ZEN- 
BIOSCIENCE, Chengdu, China), Beclin-1, TNF- α, IL-1β (1:1000, WanLeiBio, China, Shenyang), VEGF (1:1000, 

Figure 1 The primary hypothesis of synthesis and potential wound healing applications of Cunps@CMCS-PCA hydrogel. (A) Schematic diagram of the formation of 
Cunps@CMCS-PCA hydrogel. The main components include CMCS, PCA, and Cunps. (B) The potential angiogenic mechanisms of Cunps in diabetic wound healing. (C) 
Synthetic process of CMCS-PCA hydrogel. (D) Cunps@CMCS-PCA hydrogel improved wound healing in type 1 diabetic rat model.
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WanLeiBio, Shenyang, China), ATP7A (1:1000, Soleibo, Beijing, China), β-actin (1:5000, HUABIO, Jinan, China), JAK2, 
STAT3, VEGFR2 and CD31 (1:1000, HUABIO, Jinan, China), INOS (1:1000, Affinity Biosciences, USA), CD206 (1:1000, 
Affinity Biosciences, USA) were obtained. All of the other compounds purchased were of an analytical quality and were sourced 
from a variety of different vendors. EarthOx Life Sciences in Millbrae, California, USA, provided the goat anti-rabbit IgG/HRP 
secondary antibody. The American Type Culture Collection supplied the Staphylococcus aureus (ATCC 25923) and Escherichia 
coli (ATCC 25922) bacteria strains. The Sprague Dawley rats with the total number of more than 70 that Jinzhou Medical 
University provided had a body weight ranging from 220 to 250 g each individual. The experimental methodology was approved 
by the Institutional Animal Care and Use Committee of Jinzhou Medical University, and it was carried out in compliance with the 
National Guidelines for Animal Protection.

Cells Culture
Human umbilical vein endothelial cells (HUVECs) were obtained from the Cell Bank of the Chinese Academy of 
Sciences in Shanghai, China. HUVECs were cultured in F12 medium with 10% fetal bovine serum (Gibco BRL). High 
glucose-cultured HUVECs (HG-HUVECs) were frequently used to simulate the diabetic environment in vitro. These 
HG-HUVECs were obtained by treating HUVECs with high glucose (HG; 40 mM) for 72 hours (the medium was 
changed every 24 hours), as was previously described.30 Murine macrophage RAW264.7 cell line was purchased from 
American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone, UT, 
USA) containing 10% fetal bovine serum (FBS; Gibco, CA, USA) and 1% penicillin–streptomycin (PS). Inflammatory 
macrophages were stimulated with lipopolysaccharide (LPS, 100 ng/mL) for 24 h.

Synthesis and Characterization of Cunps
After mixing 100 mL of water, 0.34 g of CuSO4, and 0.57 g of adenine, reaction was performed in a water bath at 70 °C 
under agitation. Finally, the pH was adjusted by adding oxalic acid. After being heated for 5 h, the product was separated 
from the rest of the system by 30 min of centrifugation at a speed of 15,000 rpm. The resulting Cunps were washed with 
water, passed through a microporous membrane with a pore size of 0.22 μm, and then dried in a vacuum oven at 
a temperature of 80 °C for 18 hours. The characterization of Cunps was investigated using X-ray diffraction (XRD) 
analysis, energy-dispersive X-ray element mapping and spectroscopic analysis (EDS), X-ray photoelectron spectroscopy 
(XPS), transmission electron microscopy (TEM) and thermogravimetric analysis (TGA). The phase structure and crystal-
linity of Cunps were identified by X-ray diffraction (XRD, ULTIMAIV RIGAKU, Tokyo, Japan) in the range of 10–80° 
with a scan rate of 10°/min. The morphology of samples was investigated using transmission electron microscopy (TEM, 
Tecnai G2 F20, Hillsborough, OR, USA). The valence states of Cu in the samples was characterized by X-ray photoelectron 
spectroscopy (XPS, PHI QUANTERA-II, ULVAC-PHI, INC., Tokyo, Japan). Thermogravimetric analysis was performed 
using TA Instrument SDT Q600-0883 (DSC-TGA) equipment with heating rate of 10 °C min−1, flow rate of 100 mL/min, 
under argon atmosphere, using a crucible of alumina. The MTT assay and the hemolysis test (n=3) were employed, as stated 
in a study that we had previously published.31,32 HG-HUVECs and LPS stimulated RAW264.7 cells were incubated with 
Cunps at different concentrations for 24 hours, respectively. After incubation with serum-free medium containing MTT for 
4 hours, DMSO solution was added to each well and the absorbance was measured at 490 nm. Hemolysis test was 
performed to investigate the biological compatibility of Cunps at varying concentrations. After 15 days of daily intravenous 
administration of a single dosage of Cunps consisting of 2 mg/kg of body weight, tissue sections from the heart, liver, lung, 
spleen, and kidney were stained with hematoxylin and eosin (H&E).

Synthesis and Characterization of Cunps@CMCS-PCA Hydrogel
The preparation of Cunps@CMCS-PCA hydrogel was divided into two steps. First, CMCS and PCA solutions were gently 
stirred (120 rpm) at a volume ratio of 3:1, and then the samples were cooled overnight (4 °C) to create the self-healing 
CMCS-PCA hydrogel. The prepared Cunps were immersed in CMCS-PCA hydrogel to form Cunps@CMCS-PCA 
hydrogel. The interaction between PCA and CMCS in the hydrogel was determined by Fourier transform infrared 
spectroscopy. Briefly, CMCS-PCA hydrogel was ground with KBr powder and pressed into pellets for infrared spectro-
scopy detection. An investigation into the morphology of Cunps@CMCS-PCA hydrogel was carried out using scanning 
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electron microscope (SEM) (Zeiss SIGMA 500). The samples were cut along the longitudinal direction and cross sections 
of the slices were sprayed with a thin layer of gold using a sputter coater (Hitachi MC1000). Au was then sprayed on the 
cross section and the internal structure of the sample was observed using SEM at an accelerating voltage of 5 kV. Using 
a rotating rheometer, the rheological characteristics of the Cunps@CMCS-PCA hydrogel were evaluated (Anton Paar 
MCR92). According to the earlier report, the swelling ratio and degrading property of hydrogels were also investigated.33 

Furthermore, the swelling ratio and degradation rate of hydrogels (n=3) were investigated according to the previous 
report.34 In order to evaluate the swelling performances of hydrogels, dry hydrogels (Wd) with known weight were 
immersed in distilled water at room temperature. At different time intervals (t), the swollen gels were taken out from the 
solution followed by removing excessive water from the surface of the hydrogels, and finally weighed (Wt). The swelling 
ratio was calculated by the following equation: Swelling ratio (%) = (Wt - Wd)*100/Wd. For determining the degradation 
rate of hydrogels, hydrogels were immersed in 30 mL of PBS (pH 7.4) at a constant temperature (37 °C) and shaken at 
100 rpm. At the pre-determined time points, the samples were withdrawn and rinsed with deionized water to remove 
excessive components, dried for 12 h at 60 °C and then weighed. The mass loss of hydrogels was then defined by the 
following equation: Mass loss of the hydrogel (%) = (W0 − Wt)*100/W0, where W0 and Wt are the dry weights of the 
hydrogel at the initial and pre-determined time points.

Test on Antibacterial Activities of Cunps@CMCS-PCA Hydrogel
According to the previous report,35 the antibacterial activity of the hydrogel was measured against Escherichia coli (E. 
coli) and Staphylococcus aureus (S. aureus) by performing the inhibition zone test. The bacteria were spread evenly over 
the surface of agar plates by sterile cotton swab. At the same time, the drug-sensitive paper with a diameter of 0.5 cm 
covered with CMCS solution, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel containing the same concentra-
tion of CMCS was then placed on the agar plates. These plates were cultured in an incubator at 37 °C overnight. The 
antimicrobial performance was assessed by measuring the diameter of antibacterial circle.

The bacterial suspensions containing E. coli and S. aureus were appropriately diluted so that the bacterial content is 
about 108 CFU/mL. One hundred microliters of each of the bacterial solution and LB medium containing PBS, CMCS- 
PCA hydrogel and Cunps@CMCS-PCA hydrogel were placed into an EP tube respectively for continuous shaking for 24 
h at 37 °C. Finally, the optical density (OD) at a wavelength of 600 nm was measured with a microplate reader (n=3).

Migration Assay
Transwell assays (n=3) and scratch wound tests (n=3) were utilized to determine the migrating ability of HG-HUVECs 
treated with Cunps, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel, respectively. For the scratch wound 
experiment, HG-HUVECs were first seeded in a 6-well cell culture plate, and then the cell monolayer was scraped 
with a 200 µL pipet tip in a line. When Cunps, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel were applied to 
plates and incubated with cells at 37 °C, HG-HUVECs migration toward the center of the well were observed using the 
microscope and distance was measured to a precise degree. The migration of HG-HUVECs was detected using the 
transwell method. HG-HUVECs were pre-seeded in the top layer of a cell culture insert precoated with basement 
membrane Matrigel. After samples were placed into insert pre-seeded with HG-HUVECs, cells had passed through the 
membrane and migrated to the lower surface of the filter. The migrated cells may be viewed and counted under an optical 
microscope (Leica DMI6000B, Germany).

Tube Formation Assay
After HG-HUVECs were resuspended in serum-free medium, cells were deposited into each well of a 24-well plate that 
had been coated with Matrigel. CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel were added to each well for a 
continuous cell incubation for 8 h. The final step consisted of observing and analyzing HG-HUVECs was performed 
using an optical microscope (Leica DMI6000B, Germany) and images were captured at a magnification of 100 times. 
The total branching points and total tube length of HG-HUVECs were determined (n=3).
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Establishment of Diabetic Wound Model and Treatment with Formulations
Based on the previous report,36 to develop Sprague Dawley rats model of type 1 diabetes, the drug streptozotocin (STZ; 
Sigma-Aldrich Company) was administered by daily intraperitoneal injection to Sprague Dawley rats at a dose of 55 mg/ 
kg/body weight. This was done to ensure that the animals’ blood glucose levels were higher than 16.7 mmol/L. Then, rats 
were anesthetized and hair was then removed, and full thickness resectable skin wounds (diameter: 2 cm) were made on 
their backs. Finally, 2 weeks of daily application of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel to the 
wound was completed. Based on the previous report,37 the reduction in wound size can be determined using the 
following formula: Wound Healing rate (%) = (A0- At) × 100/A0, where A0 is the initial wound area and At is the 
wound area after 3, 7,10, and 14 days of treatment. The assessment of the wound healing process was given by 
examining images of diabetic wound using a digital camera. In order to conduct an analysis of the pathological changes 
that took place at the wound site, the surrounding muscles and wound were dissected out and then preserved in 10% 
formalin. After being dehydrated and then waxed with paraffin, the specimens that were embedded in solid paraffin were 
cut into a series of slices. Examined wound sections were treated by H&E staining and Masson trichrome staining for 
visualizing angiogenesis and collagen deposition, and evaluating inflammatory reaction and cell proliferation, which 
were allowed to determine whether or not the wounds had the potential to heal.38,39 In addition, immunofluorescence 
staining was applied to evaluate the inflammatory response by checking the expressions of INOS and CD206 in diabetic 
wound tissue treated with Cunps@CMCS-PCA hydrogel. The development of blood vessels was also investigated by 
determining the expression of CD31 in wound site using immunofluorescence and immunohistochemistry methods.

Immunohistochemical Staining
Immunohistochemical staining was performed according to the previous report.40 After being dewaxed in xylene, the 
sections went through a rehydration process that used an alcohol gradient. After that, the sections were treated with 
hydrogen peroxide (H2O2) at a concentration of 3% for 10 minutes, and antigen retrieval was accomplished by incubating 
them at high pressure in citrate buffer for 3 minutes (pH 6.0). After being washed with PBS, the sections were then 
blocked with goat serum for 20 minutes. The primary antibodies were then incubated at a temperature of 4 °C for a full 
24 hours. After this step, the sections were given the incubation with polymer and immunoglobulin (IgG), which was 
done in accordance with the varied sources of the primary antibodies. After that, the sections that had been stained were 
seen using a substrate containing 3.3-diaminobenzidine (DAB), and the sections that had been counterstained were 
stained with hematoxylin. After being cleaned with xylene, the parts were dehydrated with alcohol and then neutral resins 
were applied to seal them. In order to examine the non-specific staining, certain sections were treated without primary 
antibodies and instead with normal serum. Under a light microscope and with the assistance of the image analysis 
software, each segment was scrutinized for its quantitative characteristics.

Immunofluorescence Staining
Following a 24-hour incubation with CMCS, PCA, CMCS-PCA hydrogel, and Cunps@CMCS-PCA hydrogel, the cells 
were fixed with 4% paraformaldehyde for 30 minutes, permeabilized with 0.1% Triton X-100 for 20 minutes, and then 
blocked with goat serum for 20 minutes. The cells were then treated with the primary antibodies, and they were kept in 
an incubator at 4 °C overnight. In the final step, secondary antibodies, such as Texas red-conjugated donkey anti-rabbit 
IgG or fluorescein isothiocyanate (FITC)-conjugated donkey anti-rat IgG, were added to the cells and allowed to incubate 
for 1 hour before being removed. An image of fluorescence was seen when viewed via an optical microscope (Leica 
DMI6000B, Germany).

Western Blot Assay
According to the previous report,41 proteins are first separated by size or other physical properties by gel electro-
phoresis. A polyvinylidene fluoride (PVDF) membrane was used to separate protein lysates using 12% SDS- 
polyacrylamide gel electrophoresis (PAGE) (BioTrace; Pall Corporation, New York, USA). The membrane was 
incubated with a dilution of the primary antibodies at a concentration of 1:500 overnight at 4 °C after blocking 
with 1% bovine serum albumin (BSA) at room temperature for 1 hour. Following a wash, a 1:500 dilution of the 
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secondary antibody was applied to the membrane, which was then incubated for an additional hour at room 
temperature. After another wash, the membrane was dyed with enhanced chemiluminescence (ECL). With the aid 
of a UVP gel analysis device, the target protein’s level was captured and examined (iBox Scientia 600; UVP, LLC, 
CA, USA).

Statistical Analysis
The means and standard deviation of all data are presented (SD). ANOVA was used to compare the groups in the one- 
way fashion. To be statistically significant, a value of *p < 0.05, **p < 0.01, and ***p < 0.001 was used.

Results
Characterization of Cunps
Cunps were found to be spherical in shape and have an average size of just 10 nm according to TEM image (Figure 2A). 
Cunps’ hydrodynamic size was measured using dynamic light scattering (DLS), and the findings demonstrated that the 
average size of Cunps was approximately 7.1 nm (Figure 2B). The Cunps’ X-ray diffraction (XRD) spectra (Figure 2C) 
showed adenine-specific peaks that corresponded to JCPDS Card no. 04–0567, which was accord with the previous 
report.42 Cu may be related with the newly observed diffraction peaks at 2θ=11.69°, 27.34° and 30.72°. The presence of 
C, N, O, and Cu in Cunps was detected by energy-dispersive X-ray spectroscopy (EDS) (Figure 2D), indicating the 
effective incorporation of Cu atoms into the adenine. According to elemental mapping and energy-dispersive spectroscopy 
(EDS) results, Cu elements were uniformly dispersed into Cunps (Figure 2E). The existence of the Cu2+ valence state of 
copper was confirmed by high-resolution XPS spectroscopy (Figure 2F). Being consistent with the previous report,43 Cu2+ 

was linked to the observable cluster of satellite features at 943.33 eV and 962.68 eV, while the signal at 934.05 eV, attributed 
to the binding energy of Cu2+, indicated that Cu2+ was successfully conjugated to adenine. Figure 2G showed the results of 
a thermogravimetric analysis (TGA) experiment that was conducted to investigate the thermal stability of Cunps. Prior to 
195 °C, the weight loss was frequently caused by a loss of water molecules. Thermal analysis of free adenine had revealed 
the presence of two decomposition steps, one centered at 383 °C and the second at 667 °C, which were attributed to the loss 
of C4N3H3 and N2CH2,

44 while thermal analysis of coordinated adenine had revealed the presence of two degradation steps 
at similar temperature ranges of 195–408°C and 408–800°C. As a direct consequence of this, compared to free adenine, the 
proportion of lost mass shifted from smaller values to greater values in the first step, and vice versa in the second step. The 
binding of N-adenine to copper gave the ring structure its initial degree of rigidity; however, this stiffness began to weaken 
during the second stage, which coincides with a greater percentage of mass loss. According to MTT studies, Cunps was 
biocompatible and did not appear to be cytotoxic. The cell survival rate in HG-HUVECs and LPS stimulated RAW264.7 
cells in 24 h was still above 80% when the concentration of Cunps was increased to 100 μg/mL (Supplementary Figure 1A). 
Hemolysis test findings (Supplementary Figure 1C) further demonstrated high blood compatibility of Cunps. In the positive 
control group that had only pure water treatment, the erythrocytes were fragmented. Contrarily, when treated with Cunps at 
a concentration of 2 mg/mL, the red blood cells did not suffer hemolysis, indicating that Cunps showed high blood 
compatibility. By employing H&E staining to examine the histological differences of the main organs, systemic toxicity of 
Cunps in vivo was assessed. Cunps at 2 mg/kg/body did not cause any evident histological differences in major organs as 
compared to the sham group (saline treatment), suggesting that Cunps did not cause any substantial toxicity (Supplementary 
Figure 1B).

Characterization of Cunps@CMCS-PCA Hydrogel
Infrared spectroscopy was used to examine the synthesis and characterization of CMCS-PCA hydrogel. Being consistent 
with the previous report,45 in IR spectra of PCA-CMCS hydrogel (Figure 3A), the peak at 1411 cm−1 representing CN 
stretching vibration was observed. In addition, the peak of CMCS-PCA hydrogel at 1587 cm−1 was significantly higher 
than that of pure CMCS and PCA, while the peak at 1635 cm−1 was lower, indicating that the amino group of CMCS was 
covalently connected with the carboxyl group of PCA through the amide bond, leading to the conversion of primary 
amine to secondary amine. Both CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel underwent in vitro swelling 
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Figure 2 Characterization of Cunps. (A) TEM image of Cunps. (B) Particle size distribution of Cunps measured by DLS. (C) XRD pattern of Cunps. (D)The energy- 
dispersive X-ray spectrum of Cunps. (E) Energy-dispersive spectrometer (EDS) mapping images of C, N, Cu and O. (F) The expanded regions of XPS spectra showing the 
peaks of Cu(2p) of Cunps. (G) Thermogravimetric analysis (TGA) of Cunps.
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Figure 3 Structure and multifunctional properties of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. (A) FTIR of CMCS, PCA, CMCS-PCA hydrogel. (B) Swelling 
changes of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel at 37 °C, data are mean ± SD (n=3). (C) Degradation determination of CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel in PBS, data are mean ± SD (n=3). (D) Inhibition zone images of CMCS solution, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. (E) 
Determination of the viability of the bacterial suspension containing CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. The untreated bacterial suspension was set as 
model group. These data are representative of three independent experiments and are expressed as mean ± SD, ***p < 0.001. (F) Analysis of hepatic hemorrhage in Sprague 
Dawley rats treated with CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. The bleeding amount was determined after the application of the hydrogel to the hepatic 
bleeding site. We took the untreated bleeding site as the sham group. Data are representative of three independent experiments and are presented as mean ± SD, ***p < 
0.001. (G) Storage and loss moduli of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel with changes of temperature. (H) Viscosity of CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel with changes of shear stress. (I) G’ and G” of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel when the step strain was switched 
from 1% to 1000% at 37°C. (J) SEM images of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel at room temperature. (K) Photographs of the self-healing adhesive 
behavior of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. (L) Images of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel with joint bending.
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and degradation assays. As seen in Figure 3B and C, it was discovered that as the swelling capacity of both CMCS-PCA 
hydrogel and Cunps@CMCS-PCA hydrogel increased over time, more water was absorbed, and high swelling ratios of 
373% for CMCS-PCA hydrogel and 306% for Cunps@CMCS-PCA hydrogel within 120 min were obtained. 
Furthermore, the prolonged degradation of both hydrogels depended on the passage of time, showing that the hydrogel 
network had slowly collapsed, which caused the component’s release.

We further investigated antibacterial activities of both hydrogels against gram-positive and gram-negative bacteria. It was 
established in Figure 3D and 3E that owing to the antibacterial activities of CMCS, CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel considerably reduced the growth of S. aureus and E. coli, as evidenced by larger diameter 
of the bacterial inhibition zone. Furthermore, we also evaluated the haemostatic properties of hydrogels using a rat model of 
massive hepatic haemorrhage by determining the amount of bleeding after applying the hydrogels in the bleeding site of liver 
and comparing the results with the untreated wounds. It was discovered that Cunps@CMCS-PCA hydrogel exhibited good 
hemostatic capabilities, and the total blood loss in the Cunps@CMCS-PCA hydrogel group was significantly lower than that 
in the untreated wounds as sham group (98.5±20.2 mg vs 783.8±159.6 mg) (Figure 3F). The rheological properties of 
hydrogels can be achieved by measuring the energy storage modulus (G’) and the energy loss modulus (G”) over a specific 
temperature range. Figure 3G showed thermal scanning rheological studies of the Cunps@CMCS-PCA hydrogel’s elastic 
and viscous modulus. It was clear that with the increase in temperature, the energy storage modulus (G’) of CMCS-PCA 
hydrogel and Cunps@CMCS-PCA hydrogel decreased, while the energy loss modulus (G”) maintained a certain constant 
range. Furthermore, both hydrogels were in a colloidal state owing to the fact that the energy storage modulus (G’) in CMCS- 
PCA hydrogel and Cunps@CMCS-PCA hydrogel was bigger than the energy loss modulus (G”). The flow curves that were 
estimated at a variety of shear rates and temperatures were presented in Figure 3H. When the shear rate was increased, there 
was an immediate reduction in the gels’ viscosities. As the shear rate continued to progressively increase, the gel’s viscosity 
slowly declined and tended to be slightly changed, demonstrating behavior consistent with shear thinning. As can be seen in 
Figure 3I, each hydrogel’s G’ reduced from approximately ~100 Pa to a few Pa when the step strain was increased from 1% 
to 1000%. Due to the high dynamic strain (1000%) that caused the hydrogel network to collapse after two cycles of stepped 
strain, the G’ value was reduced. However, after reducing the dynamic strain to 1%, the Cunps@CMCS-PCA hydrogel 
quickly returned to its original G’ value, indicating that the hydrogel quickly regained its original structure and good self- 
healing properties.

Cunps@CMCS-PCA hydrogel and CMCS-PCA hydrogel’s porous structure were both visible in SEM images 
(Figure 3J). The hydrogel’s gel structure was not changed during the incorporation of Cunps, and pore size in 
Cunps@CMCS-PCA hydrogel tended to be smaller as compared to CMCS-PCA hydrogel. The hydrogel’s strong 
covalent connections can spontaneously rebuild and recrosslink when the colloidal structure is artificially damaged, as 
shown by the self-healing images of the CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel (Figure 3K). When 
CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel were applied to the skin, neither hydrogel was easily removed 
from the skin with joint rotation, further demonstrating the dressing’s viscosity (Figure 3L).

Cunps@CMCS-PCA Hydrogel Enhanced Angiogenesis via Cunps Stimulated VEGF 
Secretion and Activation of ATP7A to Prevent Induction of Autophagy
As angiogenesis is a crucial step in the repairment of skin wounds and helps generate and remodel new blood vessels,46 

we first investigated whether Cunps can induce the angiogenesis response of HG-HUVECs. Figure 4A and B showed that 
the migration rate was significantly increased after HG-HUVECs were incubated with Cunps for 12 and 24 hours, and 
Figure 4C and D showed that Cunps induced the higher number of migrated HG-HUVECs as compared to untreated HG- 
HUVECs, indicating the ability of Cunps to promote migration of HG-HUVECs in vitro. Cunps@CMCS-PCA hydrogel, 
in particular, induced the highest migration rate in HG-HUVECs and the maximum number of cells to penetrate through 
the chamber. Results from Matrigel tube formation (Figure 4E and 4F) further demonstrated that Cunps promoted tube 
formation by increasing the linked cell and tube counts in arbitrarily chosen locations as compared to the untreated HG- 
HUVECs group. In particular, when compared to the other treatment groups, the number of vascular loops and branches 
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Figure 4 Cunps@CMCS-PCA hydrogel induced angiogenesis in vitro. Normal HUVECs were set as control group. (A) Cell scratch assay in in HG-HUVECs treated with 
Cunps, CMCS-PCA hydrogel, and Cunps@CMCS-PCA hydrogel at 12 and 24 hours following a single scratch. Images were taken at 12 and 24 hours after the scratch. The 
scale bar is set at 100 μm. (B) Determination on cell migration rate in different groups. *p < 0.05, **p < 0.01; data reflect mean ± SD (n=3). (C) Migration pictures of HG- 
HUVECs treated with Cunps, CMCS-PCA hydrogel, and Cunps@CMCS-PCA hydrogel. A scale bar of 100 μm is used. (D) A quantitative examination of the number of 
migrated cells in different groups. *p < 0.05, **p < 0.01; data reflect mean ± SD (n=3). (E) In vitro tube formation assay in HG-HUVECs following Cunps, CMCS-PCA 
hydrogel, and Cunps@CMCS-PCA hydrogel treatments. A scale bar of 100 μm is used. (F) Total loops were measured. Data represent mean ± SD (n=3), **p < 0.01, ***p < 
0.001. (G) Immunofluorescence detection of LC3B in HG-HUVECs treated with Cunps, CMCS-PCA hydrogel, and Cunps@CMCS-PCA hydrogel. The 100 μm scale bar is 
used. (H) Intracellular LC3B immunoquantification (red). Data are expressed as mean ± SD (n=3), **p < 0.01, ***p < 0.001. (I) Western blot images and analysis of ATP7A, 
VEGF, VEGFR2, Beclin-1, LC3B-II/LC3B-1 after 24 h of HG-HUVECs treated with Cunps, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. Data represent mean ± 
SD (n=3), *p < 0.05, **p < 0.01, ***p < 0.001.
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was higher in the group treated with Cunps@CMCS-PCA hydrogel. All of these observations pointed to the possibility 
that Cunps@CMCS-PCA hydrogel promoted HG-HUVECs angiogenesis in vitro.

Endothelial autophagy has been demonstrated to be activated in diabetic wound sites than in normal skin, which 
exhibited a negative impact on diabetic wound tissue healing by limiting angiogenesis.47 The expression of VEGFR2 can 
increase as a result of inhibition of copper transporter ATP7A mediated autophagy via the addition of copper. We 
therefore explored whether Cunps controlled angiogenesis was mediated by the regulation of copper transporter ATP7A 
and autophagy. According to Figure 4G-I, compared with normal HUVECs, immunofluorescence results showed that 
expression of LC3B protein in HG-HUVECs was dramatically elevated and western blot results also confirmed that the 
levels of the autophagy-related proteins LC3B II/LC3B I and Beclin-1 were much higher, while the expression of ATP7A 
and VEGFR2 was lower, indicating that HG down-regulated ATP7A and induced autophagy for accelerating the 
degradation of VEGFR2. On the contrary, the addition of Cunps promoted the entry of copper transporter ATP7A into 
cells as evidenced by the higher expression of ATP7A, and further prevented autophagy by reducing fluorescence 
intensity of LC3B protein and decreasing levels of LC3B II/LC3B I and Beclin-1. As a result, the expression of VEGFR2 
was increased owing to the prevention of degradation of VEGFR2 in autolysosome. Meanwhile, the addition of Cunps 
also stimulated VEGF secretion. Taken together, it was proven that Cunps in CMCS-PCA hydrogel not only stimulated 
VEGF secretion but also activated ATP7A to prevent induction of autophagy, thus promoting angiogenesis in vitro.

Cunps@CMCS-PCA Hydrogel Mainly Depended on PCA Mediated Inhibition of 
Activation of Pro-Inflammatory Macrophage to Attenuate Inflammatory Response 
in vitro
As diabetic wounds are typically characterized by chronic inflammation and exhibit persistent pro-inflammatory macrophage 
polarization, it is especially crucial to suppress the inflammatory response and promote a transition of macrophage from pro- 
inflammatory type to anti-inflammatory phenotype in wound site. According to earlier publications,48 LPS at 100 ng/mL was 
added into macrophages for 24 hours in order to replicate the status of macrophages in diabetic wounds. As shown in 
Figure 5A and C, when compared to the normal macrophages (control group), the expression of INOS was increased and the 
ratio of CD206 to INOS were significantly decreased in the LPS-stimulated macrophage group, indicating that macrophages 
were activated to an inflammatory type under the stimulation of LPS. Contrarily, the addition of PCA from PCA, CMCS- 
PCA hydrogel, and Cunps@CMCS-PCA hydrogel reduced activation of pro-inflammatory macrophage by downregulating 
INOS expression and enhancing the ratio of CO206 to INOS. Interestingly, CMCS also made a limited contribution on 
reducing INOS expression and increasing ratio of CD206 to INOS as compared to PCA. Particularly, Cunps@CMCS-PCA 
hydrogel revealed the lowest levels of INOS in the western blot assay and immunofluorescence assay, proving that 
Cunps@CMCS-PCA hydrogel mainly depended on PCA to prevent inflammatory polarization of macrophage. 
Additionally, Cunps@CMCS-PCA hydrogel enhanced anti-inflammatory abilities of macrophages by demonstrating 
increased CD206 expression and ratio of CD206 to INOS. Western blotting analysis (Figure 5C) showed that 
Cunps@CMCS-PCA hydrogel induced the lowest levels of TNF-α in LPS-stimulated macrophage, indicating that 
Cunps@CMCS-PCA hydrogel inhibited the inflammatory response of macrophage. We next studied the role of JAK2/ 
STAT3 signaling pathway on regulating macrophage polarization in vitro. Western blot results showed that LPS stimulated 
macrophage produced a strikingly higher level of JAK2 and STAT3 with significant differences from normal macrophage. 
On the contrary, increased expressions of JAK2 and STAT3 in macrophages polarized by LPS were partly abrogated by the 
addition of PCA, CMCS, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. Thus, it was concluded that 
Cunps@CMCS-PCA hydrogel exerted an anti-inflammatory effect in LPS-stimulated macrophages in vitro by promoting 
the polarization of macrophages from pro-inflammatory state to anti-inflammatory state via inhibited activation of the JAK2/ 
STAT3 signaling pathway.
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Cunps@CMCS-PCA Hydrogel Accelerated Diabetic Wound Healing Recovery in 
Type 1 Diabetic Rats
After validating its potential function on antibacterial ability, boosting angiogenesis, and decreasing inflammatory 
response in vitro, we explored the promising contribution of Cunps@CMCS-PCA hydrogel on speeding up wound 
closure and improving wound healing quality in vivo. Type 1 diabetic Sprague Dawley rats (model rats) and normal 
Sprague Dawley rats with skin wound were then divided into four treatment groups: normal rats treated with PBS (sham 
group), model rats treated with PBS (model group), CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. According 
to Figure 6B, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel were found to have high antibacterial activity 
against both Gram-positive and Gram-negative bacteria at the diabetic wound site when compared to the PBS-treated 
model group. This was demonstrated by their ability to effectively inhibit bacterial proliferation in the diabetic wound at 
various time intervals. In particular, Cunps@CMCS-PCA hydrogel significantly prevented bacterial growth in the wound 
of diabetic rats as compared to the CMCS-PCA hydrogel-treated group. After 3 days, no visible bacterial proliferation 
was observed. It was claimed that the addition of Cunps as an extra antibacterial agent showed extended and improved 

Figure 5 Cunps@CMCS-PCA hydrogel inhibited inflammatory response in LPS-stimulated macrophages by shifting the inflammatory phenotype to the anti-inflammatory phenotype. 
(A) Immunofluorescence images of INOS and CD206 in LPS-stimulated macrophages (RAW264.7) treated with PCA, CMCS, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel 
for 24 hours. DAPI (blue) as a nuclear marker. The scale bar is set at 200 μm. (B) Determination on ratio of CD206 to INOS based on relative fluorescence quantitative analysis; data are 
mean ± SD (n=3), **p < 0.01, ***p < 0.001. (C) Western blot analysis of the expression levels of JAK2, STAT3, INOS, CD206, and TNF-α in LPS-stimulated RAW264.7 macrophages 
treated with PCA, CMCS, CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel for 24 hours. Data represent mean ± SD (n=3), *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6 Cunps@CMCS-PCA hydrogel accelerated wound healing process in type 1 diabetic rats. Normal Sprague Dawley rats were used to create the sham-operated 
group’s wounds treated with PBS. The model group consisted of wound in Sprague Dawley rats with type 1 diabetes treated with PBS. (A) Schematic diagram of animal 
experimental design. (B) Photos of bacteria in wound exudates from diabetic wound tissues at 1 and 3 days after being administrated with CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel. (C) Representative images of full-thickness skin defects in type 1 diabetic rats at 1, 3, 7, 10 and 14 days after being administrated with CMCS- 
PCA hydrogel and Cunps@CMCS-PCA hydrogel. (D) Traces of wound closure within 14 days in different groups. (E) Determination on wound healing rate of full-thickness 
skin defect in a type 1 diabetic rat model at 3, 7, 10 and 14 days after being administrated with CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. Data represent 
mean ± SD (n=3), **p < 0.01, ***p < 0.001. (F) Representative H&E staining images of diabetic wound at 3, 7 and 14 days after being administrated with CMCS-PCA hydrogel 
and Cunps@CMCS-PCA hydrogel. The black scale represents the wound length. The scale bar is set at 2mm.
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antimicrobial activity in vivo. Additionally, based on an image of H&E staining, the reepithelialization of the wound area 
was assessed, and the length of the wound area in diabetic wounds was determined. It was found that CMCS-PCA 
hydrogel and Cunps@CMCS-PCA hydrogel demonstrated higher level of reepithelialization as compared to the model 
group, according to Figure 6C-F. The wound area and length in diabetic rats treated with CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel were greatly reduced, demonstrating that CMCS-PCA hydrogel and Cunps@CMCS-PCA 
hydrogel effectively accelerated wound healing.

Cunps@CMCS-PCA Hydrogel Improved the Healing Quality of Diabetic Wound by 
Inhibiting Inflammation and Enhancing Angiogenesis in vivo
In order to demonstrate whether Cunps@CMCS-PCA hydrogel was beneficial at all stages of chronic diabetic wound 
healing, we focused on the processes of 3-day inflammatory modulation, 7-day mature vasculation, 14-day granulation 
and collagen deposition in the diabetic wound site. As seen in Figure 7A, it was found that in terms of the model group, 
there was a high infiltration of inflammatory cells in diabetic wound tissue. No visible vascular vessels were formed 
at day 7, while no obvious collagen formation was observed at day 14. By contrast, the wound healing process was 
obviously accelerated by CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel. At day 3, the number of inflamma-
tory cells was lower following treatment with both hydrogels. At day 7, more new blood vessels and a little amount of 
collagen were observable. Additionally, as compared to CMCS-PCA hydrogel, Cunps@CMCS-PCA hydrogel improved 
the quality of diabetic wound healing by promoting the development of muscle fibers, hair follicles, and sweat glands. 
After 14 days, thick collagen with a well-organized collagen fiber structure was also found. In order to evaluate the 
effectiveness of wound healing, Masson trichrome staining was performed. According to Figure 7E, as compared to the 
model group and CMCS-PCA hydrogel-treated group, the higher levels of collagen fibers and collagen deposition were 
observed in Cunps@CMCS-PCA hydrogel-reated group. All these results confirmed that although CMCS-PCA hydrogel 
and Cunps@CMCS-PCA hydrogel demonstrated the similar wound healing rate with 14 days after administration 
(Figure 6C-F), Cunps@CMCS-PCA hydrogel significantly improved the wound healing quality by inducing thick 
collagen deposition and promoting the formation of hair follicles, collagen fibers as compared to CMCS-PCA hydrogel.

We later examined Cunps@CMCS-PCA hydrogel-mediated angiogenesis and inflammation response in the wound. 
According to the results of immunofluorescence staining and immunohistochemistry, it was found that Cunps@CMCS- 
PCA hydrogel displayed increased levels of CD31 expression as the characteristic hallmark of endothelial cell vascular 
proliferation (Figure 7F and G). On the seventh day, the number of new blood vessels was considerably higher in the 
Cunps@CMCS-PCA hydrogel-reated group than those in the model group and CMCS-PCA hydrogel-treated group. 
Using immunofluorescence staining and western blotting, we further investigated Cunps@CMCS-PCA hydrogel 
mediated inflammatory prohibition in diabetic wound site. According to Figure 7C and D, the level of INOS expression 
elevated and the level of CD206 expression declined in diabetic wound, indicating that the bulk of the macrophages in 
wound site were inflammatory type. In response to treatment with Cunps@CMCS-PCA hydrogel, the expression of 
CD206 was elevated, whereas INOS protein expression was downregulated. The strongest red fluorescence, which 
represented CD206, and the lowest green fluorescence, which represented INOS, were found in Cunps@CMCS-PCA 
hydrogel-treated group. It indicated that Cunps@CMCS-PCA hydrogel encouraged the conversion of macrophages from 
the inflammatory type to the anti-inflammatory type. We further explored the reduction of the inflammatory response in 
view of the role that Cunps@CMCS-PCA hydrogel may promote macrophage polarity from inflammatory type to the 
anti-flammatory type. Higher levels of IL-6 and IL-1β in diabetic wound tissue showed that the inflammatory response 
was greatly exacerbated (Figure 7B and D). Cunps@CMCS-PCA hydrogel lowered the levels of IL-6 and IL-1β to 
reduce the inflammatory response in diabetic wound site. All these results showed that Cunps@CMCS-PCA hydrogel 
strongly inhibited inflammation by promoting the macrophage functional polarity towards an anti-inflammatory pheno-
type in vivo.
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Figure 7 Cunps@CMCS-PCA hydrogel promoted angiogenesis and inhibited inflammation for improving diabetic wound healing quality in vivo. (A) H&E staining images of 
diabetic wounds treated with CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel on at day 3, 7 and 14 after administration. The scale bar is 100 μm. (B) 
Immunofluorescence staining images of IL-6 in diabetic wounds treated with CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel at day 3 after administration. The 
scale bar is 100 μm. (C) Immunofluorescence staining images of INOS and CD206 expression in diabetic wound tissue treated with CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel at day 3 after administration. INOS (green), CD206 (red) and DAPI (blue). The scale bar is 100 μm. (D) Western blot analysis on expression 
levels of INOS, CD206, and IL-1β in diabetic wound tissue treated with CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel at day 3 after administration. Data 
represent mean ± SD (n=3), *p < 0.05, **p < 0.01. (E) Masson’s trichrome staining of CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel-treated wound sections at day 
7 and 14 after administration. The scale bar is 100 μm. (F) Immunohistochemical staining images of CD31 in diabetic wounds treated with CMCS-PCA hydrogel and 
Cunps@CMCS-PCA hydrogel at day 7 after administration. The scale bar is 100 μm. (G) Immunofluorescence staining images of CD31 in diabetic wounds treated with 
CMCS-PCA hydrogel and Cunps@CMCS-PCA hydrogel at day 7 after administration. Vascular endothelial cells (CD31) and nuclei were stained in green and blue. The scale 
bar is 100 μm.
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Discussion
Angiogenesis, the formation of blood vessels, occurs during wound healing. It is an essential step to provide cells with 
nutrition and oxygen during cutaneous wound healing. Due to metabolic abnormalities, the high glucose environment 
impaired endothelial cell dysfunction and weakened angiogenesis ability, resulting in the wound healing difficulty.49 The 
biological process of chronic wound healing is intricately regulated and involves interactions between several cell types 
and mediators.50 The change of ATP7A in type 1 diabetes plays a significant role in neovascularization by affecting 
VEGFR2-mediated signaling and angiogenesis.51 This is due to the possibility that VEGFR2 ubiquitination and 
VEGFR2-targeted lysosomal degradation are prevented by the binding of ATP7A to VEGFR2. Secondly, ATP7A 
depletion enhanced autophagic flux, including the formation of autophagolysosomes, which hastens the degradation of 
VEGFR2 protein.

Cu-based nanoparticles have been reported to treat diabetes skin wound healing.14 Cu is the primary element 
controlling VEGF expression, promoting endothelial cell growth and migration, and taking part in angiogenesis. It 
was found that when Cunps we prepared were administered, Cunps stimulated the secretion of VEGF. In the meanwhile, 
Cunps promoted copper transporter ATP7A entry into cells as shown by the increased expression of ATP7A and further 
prevented autophagy-mediated degradation of VEGFR2, thus resulting in promotion of angiogenesis.

Because of its high biocompatibility and innate antibacterial activity,52 polysaccharide-based biomaterials such as 
CMCS have received a lot of attention. The primary chain of CMCS has a lot of amino groups which can be easily 
modified by a mild crosslinking reaction.53 PCA can combine with water-soluble CMCS to form a self-healing hydrogel 
that can preserve the shape and mechanical strength necessary for treating wound. When the diabetic wound was covered 
with Cunps@CMCS-PCA hydrogel, it promoted diabetic wound closure by suppressing chronic inflammation, encoura-
ging the creation of granulation tissue, collagen deposition and stimulating neovascularization.

Although Cunps@CMCS-PCA hydrogel has been discussed in the treatment of diabetic wounds and created 
ultrasmall copper nanoparticles are highly biologically safe based on the time coverage and dose administration, long- 
term biological safety of Cunps cannot be ignored and should be deeply explored. At the same time, there was an 
uncertainty about the mechanism of Cunps@CMCS-PCA hydrogel in the treatment of chronic diabetic wounds including 
how Cunps@CMCS-PCA hydrogel affected other cells and whether Cunps@CMCS-PCA induced diabetic wound 
healing through other pathways. These problems need to be further clarified and solved.

Conclusion
We created a self-healing hydrogel composed of CMCS and PCA that was loaded with ultra-small copper nanoparticles, and 
recognized its beneficial impact in expediting diabetic wound healing. The results demonstrated that Cunps@CMCS-PCA 
hydrogel exhibited antibacterial properties and depended on Cunps mediated activation of ATP7A to stimulate angiogenesis by 
preventing the autophagic degradation of VEGFR2. PCA as a component of self-healing hydrogels played a major role in 
inducing the anti-inflammatory transition of macrophage by deactivating the JAK2/STAT3 signaling pathway. Finally, in 
streptozotocin-induced type 1 diabetic rat models, Cunps@CMCS-PCA hydrogel enhanced wound closure rate and improved 
the wound healing quality by preventing the proliferation of bacteria, inhibiting inflammation and enhancing angiogenesis in vivo.
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