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A B S T R A C T   

Excessive reactive oxygen species (ROS) at severe burn injury sites may promote metabolic reprogramming of 
macrophages to induce a deteriorative and uncontrolled inflammation cycle, leading to delayed wound healing 
and regeneration. Here, a novel bioactive, anti-fouling, flexible polyzwitterionic hydrogel encapsulated with 
epigallocatechin gallate (EGCG)-copper (Cu) capsules (termed as EGCG-Cu@CBgel) is engineered for burn wound 
management, which is dedicated to synergistically exerting ROS-scavenging, immune metabolic regulation and 
pro-angiogenic effects. EGCG-Cu@CBgel can scavenge ROS to normalize intracellular redox homeostasis, effec
tively relieving oxidative damages and blocking proinflammatory signal transduction. Importantly, EGCG-Cu can 
inhibit the activity of hexokinase and phosphofructokinase, alleviate accumulation of pyruvate and convert it to 
acetyl coenzyme A (CoA), whereby inhibits glycolysis and normalizes tricarboxylic acid (TCA) cycle. Addi
tionally, metabolic reprogramming of macrophages by EGCG-Cu downregulates M1-type polarization and the 
expression of proinflammatory cytokines both in vitro and in vivo. Meanwhile, copper ions (Cu2+) released from 
the hydrogel facilitate angiogenesis. EGCG-Cu@CBgel significantly accelerates the healing of severe burn wound 
via promoting wound closure, weakening tissue-damaging inflammatory responses and enhancing the remod
eling of pathological structure. Overall, this study demonstrates the great potential of bioactive hydrogel dressing 
in treating burn wounds without unnecessary secondary damage to newly formed skin, and highlights the 
importance of immunometabolism modulation in tissue repair and regeneration.   

1. Introduction 

Burn injuries, particularly severe burns, are the most traumatic and 
physically debilitating cutaneous injuries, which can affect nearly every 
organ and cause substantial morbidity and mortality worldwide [1,2]. 
Skin grafting remains the gold standard for treating severe burn wounds 

in clinic, which can reduce the mortality rate and duration of patient 
hospitalization [3,4]. However, drawbacks including limited donor skin, 
fragility, rough texture, and increased scar contractures, limit the 
autologous skin grafting in practice [5,6]. Moreover, the chronic wound 
healing process caused by repeated bacteria infection and persistent 
inflammatory response can lead to hypertrophic scarring, ulceration and 
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even amputation, and thus remains a major challenge in burn man
agement [7]. Therefore, modulating the inflammatory response is an 
important therapeutic strategy in managing wound healing with the aim 
of disrupting the chronic inflammation. Hydrogel dressings have 
recently received tremendous interest owing to their considerable ad
vantages, including absorption of wound exudate and maintenance of a 
moist environment and skin adaptiveness [8,9]. In particular, hydrogels 
can be engineered as a platform with various biological functions to 
regulate the inflammatory microenvironment by delivering drugs or 
cytokines, scavenging the proinflammatory mediators, and providing 
biochemical cues for immune cell modulation [10–12]. However, cur
rent immunomodulatory approaches in developing bioactive hydrogel 
dressings do not pay sufficient attention to the complexity of the 
multi-cellular response and the special pathology characters during burn 
wound healing and regeneration. 

Poor healing in burn wounds is often associated with immune 
dysfunction leading to severe tissue destruction and extensive inflam
matory reactions with a spectrum of pathological phases [13]. Upon 
injury, pro-inflammatory cells, including macrophages and neutrophils, 
infiltrate and induce the release of multiple inflammatory mediators, 
such as interleukin (IL)-1, IL-6, IL-8, IL-18, tumor necrosis factor-α 
(TNF-α), and reactive oxygen species (ROS) [14–17]. In particular, ROS 
directly induce cell apoptosis because of the lethal oxidative damage to 
DNA, proteins and lipid peroxidation of membranes, which is implicated 
in tissue damage and even multiple organ failure [13,18]. In addition, 
ROS are closely related with local and systemic inflammatory reactions, 
and acts as key signaling molecules to affect the recruitment and func
tion of inflammatory cells [19–21]. Specifically, ROS accumulation in 
wound sites primes the macrophages into the pro-inflammatory M1 
phenotype through structural dysfunction of macrophage mitochondria 
and promoting the glycolysis [22], which is known to be the core driving 
force for initiating the inflammatory response. The enhanced glycolytic 
metabolism of M1-type macrophages impairs the tricarboxylic acid 
(TCA) cycle and mitochondrial oxidative phosphorylation (OXPHOS), 
and thus stabilizes hypoxia-inducible factor 1 (HIF-1α) protein, down
regulating succinate dehydrogenase (SDH) [23–25]. Massive accumu
lation of succinate regulates the mitochondrial transition from ATP 
synthesis to mitochondrial-derived ROS production [26], and the 
amplification of ROS at the wound site further recruits macrophages and 
polarizes them into M1 type, thus initiating an uncontrolled inflamma
tion cycle and delayed wound healing. Accordingly, we hypothesized 
that effective ROS scavenging and reprogramming the glycolytic meta
bolism in macrophage might alleviate oxidative stress damage and 
inhibit the cycle of inflammation, thereby accelerating the healing of 
severe burns. 

Herein, we proposed a bioactive hydrogel platform for burn wound 
care with the encapsulation of an epigallocatechin gallate (EGCG)-cop
per (Cu) metal organic framework capsule (Fig. 1), which was expected 
to integrate synergistical effects of ROS-scavenging, immune metabolic 
regulation, and pro-angiogenesis. EGCG, one of the most abundant 
polyphenols in tea, has several biological effects, including anti- 
bacteria, anti-inflammation, and anti-oxidation [27–30]. In particular, 
EGCG regulates the phenotypic changes and metabolic reprogramming 
of macrophages by interfering with glycolysis [31,32]. Additionally, 
copper ions (Cu2+) can promote angiogenesis by inducing the secretion 
of vascular endothelial growth factor (VEGF) [33–35], and stabilize 
EGCG by forming chelate complex to improve its bioavailability [36]. 
Therefore, a metal-polyphenol capsule (EGCG-Cu) was developed by the 
formation of an EGCG-Cu coordination network to sustainably release 
EGCG and Cu2+ at the injury site, enabling the hydrogel to modulate the 
inflammatory microenvironment and pro-angiogenesis. Moreover, the 
zwitterionic hydrogel with anti-adhesion properties and flexible me
chanics was applied as a wound dressing, which could not only retain 
bioactive EGCG-Cu capsules in the wound bed, but also prevent bacterial 
adhesion and unnecessary secondary damages to the newly formed skin 
tissue. Using these unique advantages, this work demonstrated that 

EGCG-Cu capsule-encapsulated hydrogel dressing could greatly accel
erate the burn wound healing and angiogenesis through the scavenging 
of toxic ROS together with regulating TCA cycle in macrophages, 
providing an effective strategy for chronic wound management. 

2. Materials and methods 

Materials including chemical regents and antibodies used in this 
study are shown in supporting information file. 

Synthesis of EGCG-Cu capsules: CaCO3 particles were first synthesized 
via a rapid co-precipitation method. Briefly, poly (sodium 4-styrenesul
fonate) (PSS, 20 mg) was completely dissolved in CaCl2⋅2H2O solution 
(0.33 M, 10 mL), and then quickly poured into Na2CO3 (0.33 M, 10 mL) 
and stirred continuously for 30 s. The precipitate was centrifuged (3000 
rpm, 2 min) and washed thrice with deionized water. Subsequently, 
EGCG (24 mM, 4 mL), CuCl2⋅2H2O (24 mM, 4 mL), and 3-morpholino
propanesulfonic acid solutions (MOPS, 100 mM, pH 8.0, 4 mL) were 
sequentially added to the CaCO3 precipitate with vortex for 60 s. The 
mixture was then centrifuged (3000 rpm, 2 min) and washed with 
deionized water and repeated thrice. Finally, ethylene diamine tetra
acetic acid (EDTA) solution (100 mM, pH 8.0, 10 mL) was added to the 
precipitate and shaken for 10 min to dissolve the CaCO3 template, and 
the product was obtained by washing twice. The surface morphology 
was investigated using scanning electron microscope (SEM; S-4800, 
Hitachi, Japan). The binding energy were detected using X-ray photo
electron spectroscopy (XPS; Thermo, ESCALAB XI, USA). Fourier 
transform infrared spectrometer (FTIR; Thermo, NICOLET iS10, 
Finland) was used to analyze the major functional groups of EGCG- Cu 
capsules. 

Synthesis of EGCG-Cu@CBgel: Carboxybetaine zwitterionic hydrogels 
(termed as CBgel) were prepared via free radical copolymerization of 
carboxybetaine monomer (CB) and 1-carboxy-N-methyl-N-di(2-metha
cryloyloxy-ethyl) methanaminium inner salt crosslinking agent 

Fig. 1. Bioactive EGCG-Cu@CBgel for severe burn wound healing via ROS 
scavenging, metabolic reprogramming of macrophages, and pro-angiogenesis. 
EGCG-Cu@CBgel was prepared via one-pot free radical copolymerization of 
carboxybetaine monomer (CB) and the zwitterionic crosslinking agent (termed 
as CBOX), while EGCG-Cu capsules were loaded during the polymerization 
process. EGCG released from the hydrogels could scavenge excess ROS to 
reduce oxidative stress damage and regulate the glycolysis of macrophages, 
collaboratively inhibiting inflammation via TCA cycling. Cu2+ promoted the 
secretion of VEGF for angiogenesis. Thus, EGCG-Cu capsules-delivering poly
zwitterionic hydrogel accelerated the regenerative burn wound healing. 
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(termed as CBOX). CB monomer was dissolved in deionized water at a 
concentration of 30 wt% and CBOX was added to the monomer solution 
at 2 wt% (% of CB). After degassing, pre-dissolved thermal initiator 
ammonium persulfate (APS) and EGCG-Cu capsules (0.02 wt% of 
deionized water) were added to the above solution, and the obtained 
solution was incubated at 60 

◦

C for 4 h to obtain EGCG-Cu@CBgel. 
In vitro Cu ions release: The release of Cu2+ from EGCG-Cu@CBgel was 

assessed in phosphate-buffered saline (PBS, pH 7.4) with or without 
H2O2 at 37 

◦

C. Briefly, EGCG-Cu@CBgel samples were incubated in 5 mL 
PBS or H2O2 (40 μM) with continuous shaking (100 rpm). At pre
determined time intervals, release medium (1 mL) was extracted and an 
equal amount of fresh medium was supplemented. The amount of 
released Cu was measured using inductively coupled plasma mass 
spectrometry (ICP-MASS; PerkinElmer, NexION 300X, USA). 

In vitro ROS scavenging activity: The H2O2 scavenging abilities of 
EGCG-Cu capsules were assessed at 25 

◦

C. A volume of 50 μL of H2O2 
solution (40 μM (PBS, 25 mM, pH 7.4) was added into individual wells of 
a 96-well microplate, and then 50 μL of EGCG-Cu capsules at different 
concentrations were added. After reaction for 2 h, the H2O2 concen
tration was measured by Amplite™ Hydrogen Peroxide Assay Kit ac
cording to the manufacturer’s protocol (AAT Bioquest, USA). 

2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging by 
EGCG-Cu capsules was further evaluated according to a previously 
described radical scavenging assay [10]. Briefly, different concentra
tions of EGCG-Cu suspension were added into 2 mL of DPPH ethanol 
solution (100 μM) and ethanol was used as control. After incubating for 
30 min, the absorbance of the supernatants was measured at 513 nm 
with a Varioskan Flash Microplate Reader (Thermo Fisher Scientific). 

Intracellular ROS scavenging activity and antioxidation: Antioxidant 
analysis of EGCG-Cu capsules (25 μg mL− 1) was conducted against 
HUVEC cells. HUVEC cells were seeded in 96-well plates at a density of 
1 × 104 cells per well. Fresh media (100 μL) containing EGCG-Cu cap
sules (10 μL) were added. Cells were stimulated with H2O2 (100 μM) to 
produce excess ROS. The cell viability was then evaluated with a cell 
counting kit-8 (CCK-8) assay. 

To study the scavenging ability of EGCG-Cu capsules of intracellular 
ROS, HUVEC cells at a density of 2 × 104 cells per well were seeded in a 
24-well plate and pre-treated with Rosup (100 μg mL− 1) to elevate the 
intracellular ROS level for 4 h. Dichlorodihydrofluorescein diacetate 
(DCFH-DA) was employed to detect the intracellular ROS level. 

Mitochondrial function and metabolism of macrophages: RAW 264.7 
cells were seeded in 6-well plates at a density of 1 × 105 cells per well 
and stimulated with lipopolysaccharide (LPS) for 24 h. Cells were then 
incubated with EGCG-Cu capsules for 24 h to investigate the level of 
mitochondrial membrane potential (MMP) and adenosine triphosphate 
(ATP). 

The MMP values were determined using the JC-1 MMP Assay Kit 
(Beyotime Biotechnology). Briefly, cells were washed twice and then 
incubated with JC-1 staining working solution for 20 min. Subsequently, 
the cells were washed twice with JC-1 dilution buffer and immediately 
observed using laser confocal scanning microscope (CLMS). Flow 
cytometry was performed to detect the fluorescence intensity. For ATP 
determination, cells were first washed and lysed at 4 

◦

C, and lysed cells 
were centrifuged at 12000 g, and the supernatant (20 μL per well) was 
added to a black 96-well plate (Thermo Scientific, Madison, WI, USA) 
containing ATP working solution (100 μL per well). Luminescence 
values of resulted solutions were measured using an enzyme marker 
(Infinite M200 Pro, Tecan, Switzerland). The activities of hexokinase 
(HK) and phosphofructokinase (PFK) were measured by Hexokinase 
Activity Assay Kit (AKSU061 M) and Phosphofructokinase Activity 
Assay Kit (AKSU062 M) according to the manufacturer’s manual (Box
bio Science & Technology Co., Ltd., Beijing, China). 

To investigate the effect of EGCG-Cu capsules on cell metabolism, 
RAW 264.7 cells were inoculated in 60 mm culture dishes and pre- 
stimulated with LPS for 24 h. Cells were then incubated with EGCG- 
Cu capsules for another 24 h. Subsequently, cells were collected and 

ground in liquid nitrogen. Prechilled methanol/acetonitrile/water 
(2:2:1, v/v/v; 1 mL) was added to each sample and sonicated for 30 min 
in an ice bath and repeated twice. Proteins were precipitated via incu
bation at − 20 

◦

C for 1 h and then centrifuged at 12,000 rpm, and the 
supernatant was discarded and aspirated for vacuum drying. For mass 
spectrometry, 200 μL of acetonitrile/water solution (1:1, v/v) was added 
and analyzed using an instrumentation system equipped with ultra 
performance liquid chromatography (Vanquish, UPLC, Thermo, USA) 
and high resolution mass spectrometry (Q Exactive, Thermo, USA) 
equipped with a Waters BEH Amide column (100 × 2.1 mm, 1.8 μm). 
Data were processed using the TraceFinder software. 

In vitro macrophage polarization: Bone marrow derived macrophages 
(BMDMs) were isolated from C57BL/6 mice and cultured for 7 days, as 
previously described [37]. Macrophages were pre-incubated with 100 
ng mL− 1 LPS for 24 h and then incubated with EGCG-Cu. After 48 h, cells 
were collected via centrifugation and washed twice with cold PBS. 
Treated cells were stained with FITC-labeled anti-CD80 antibodies, 
PE-labeled F4/80 antibodies and APC-labeled CD206 according to the 
manufacture’s guidelines, and then analyzed via flow cytometry (C6, 
BD, USA). The gene expression of inducible nitric-oxide synthase 
(iNOS), IL-1β, and CD86 in macrophages was measured via quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR). The 
expression level of IL-6 and TNF-α in the media was measured with a 
commercially available ELISA kit (cusabio, Wuhan, China). The 
expression of NF-κB p65 and HIF-1α was determined via western blot
ting. RIPA lysis buffer (Beyotime, P0013B) containing 1 mM phenyl
methanesulfonyl fluoride (PMSF) (Beyotime, ST506) was applied to 
obtain total cell lysates of treated macrophages. 

In vivo burn wound healing model and histological analysis: Burn wound 
models were established on the backs of BALB/C mice. Before surgery, 
the mice were anesthetized with isoflurane, and the dorsum was shaved 
and then wiped with alcohol to disinfect. The bare dorsum of mice was 
burned using scald apparatus (YLS-5Q) at 100 

◦

C for 10 s. Mice were also 
injected subcutaneously with meloxicam at a dose of 5 mg kg− 1 for pain 
relief. Wound-bearing mice were randomly divided into four groups, 
including control, CBgel, EGCG-Cu, and EGCG-Cu@CBgel, with 17 mice 
in each group. Each wound was covered with a sheet of Tegaderm (3 M). 
Wound areas were recorded at different times with a digital camera and 
hydrogels were replaced at day 3, 7, and 10. The wound closure rate was 
calculated by comparing the wound area at sampling time with that at 
day 0. 

On day 3, 7, and 14, wound tissue samples (n = 5) were collected and 
fixed with 4% formaldehyde, dehydrated, and embedded in paraffin, 
and then cross-cut into 5 μm thick sections. Tissue slices were stained 
with hematoxylin and eosin (H&E, G1120, Solarbio Life Science) and 
Masson’s trichrome stain to evaluate the histomorphology of the re
generated skin tissue. 

Dihydroethidium (DHE) staining was used to evaluate the ROS 
scavenging in vivo. Tissues isolated at the third day were sliced, and then 
rewarmed at room temperature. Circles were drawn around the tissues 
with a histology marker pen, and self-luminous fluorescence quencher 
was added and incubated for 5 min, followed by a 10-min water rinse. 
ROS dye solution was added to the circle, which was incubated at 37 

◦

C 
in dark for 30 min, and washed in a decolorizing shaker for 3 times. Then 
4,6-diamidino-2-phenylindole (DAPI) dye solution was added and 
incubated at room temperature in dark for 10 min and washed in PBS 
(pH 7.4) for 3 times. Finally, the slices were sealed with anti- 
fluorescence quenching tablets. 

Immunofluorescence staining of tissues was used to evaluate angio
genesis and inflammation. Skin tissue slices were dewaxed and then 
placed in antigen retrieval buffer for antigen retrieval in a microwave 
oven. Then, circle autofluorescence quenching was performed on the 
tissue sections. Tissue slices were washed with PBS and then sealed with 
goat serum at room temperature for 2 h. The slices were then incubated 
with rabbit polyclonal antibody against CD31 (1:200, Abcam), mouse 
polyclonal antibody against α-SMA (1:200, Abcam), mouse polyclonal 
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antibody against CD68 (1:200, Abcam), and rabbit polyclonal antibody 
against CD86 (1:200, Bioss), respectively. After incubation overnight in 
4 

◦

C, the slices were washed with PBS (pH 7.4) on a shaking bed for 3 
times, 5 min each time. After drying, the second antibody corresponding 
to the primary antibody was added and incubated at room temperature 
for 1 h. Then the slices were washed with PBS (pH 7.4) on a shaking bed 
for 3 times, 5 min each time. Finally, DAPI staining solution was incu
bated at room temperature for 10 min and washed in PBS (pH 7.4) for 3 
times. The slices were sealed with anti-fluorescence quenching tablets, 
and observed with microscope and quantitatively analyzed by ImageJ 
software. 

All animal procedures were performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals of Peking Union 
Medical College and experiments were approved by the Animal Exper
iments and Ethics Review Committee of the Institute of Radiation 
Medicine, Chinese Academy of Medical Sciences (No. IRM-DWL- 
2021043). 

Statistical analysis: Statistical analyses were performed with Graph
Pad Prism software (version 8.0). Statistical significance between two or 
multiple groups was performed with t-test or one-way ANOVA, respec
tively. Data are presented as mean ± standard deviations (SDs). Statis
tical significance was denoted by *p < 0.05, **p < 0.01, or ***p < 0.001. 

3. Results and discussion 

3.1. Synthesis and characterization of EGCG-Cu@CBgel 

A zwitterionic hydrogel dressing encapsulated with EGCG-Cu metal 
organic framework capsules was rationally designed and fabricated. The 
pyrocatechol structure of EGCG could cooperate with multiple types of 
metals ions to form a metal organic framework with controllable size 

and shapes to prolong bioavailability [30]. EGCG has antioxidant ability 
that can obliterate exvessive ROS and it is found that EGCG-based 
hydrogel without any metal ions can accelerate diabetic wound heal
ing by decreasing ROS and inducing M2 phenotype polarization [38]. 
However, as a small molecule, low bioavailability and stability limit its 
application. Recently, metal-phenol coordination materials have been 
developed to form complexes, which improve the stability and extend 
the residence time period in vivo [36,39]. Cu was an essential modulator 
of multiple cellular signaling pathways with a vital role in angiogenesis 
via the regulation of endothelial cell survival, proliferation, and migra
tion [40,41]. At the initiation stage of angiogenesis, Cu activates and 
amplifies angiogenic responses induced by major pro-angiogenic stim
uli, including hypoxia and growth factors such as VEGF and fibroblast 
growth factor (FGF). During endothelial cell proliferation, migration, 
and morphogenesis, the specific binding of Cu to angiogenin, a major 
angiogenic factor, is able to argument the interaction with endothelial 
cells. During extracellular matrix (ECM) remodeling, Cu acts as a 
co-factor for members of the LOX (lysine oxidase) enzyme family, 
catalyzing the crosslinking of collagen and elastin, contributing to the 
stability of ECM [40,42]. Therefore, EGCG-Cu capsules were fabricated 
to synergistically enhance angiogenesis through multiple mechanism. 
Furthermore, Cu existing either in the oxidized or reduced state (Cu + or 
Cu2+) has inherent redox property, which could maintain redox ho
meostasis by serving as a cofactor for oxidase and antioxidant enzymes, 
including lysyl oxidase, Cu/Zn superoxide dismutase (SOD), 
retina-specific amine oxidase, etc. [43] Hence, EGCG-Cu capsules were 
also expected to increase the antioxidant activity of EGCG. As shown in 
Fig. 2A, EGCG-Cu capsules were prepared via the co-precipitation 
method. The aqueous solutions of EGCG and CuCl2 were deposited 
onto CaCO3 particles, which was followed by removal of CaCO3 tem
plates with EDTA solution. 

Fig. 2. Synthesis and physicochemical properties of EGCG-Cu@CBgel. (A) Schematic diagram of the synthesis of EGCG-Cu@CBgel. (B) UV–Vis spectra of EGCG and 
EGCG-Cu capsules. (C) SEM image and (D) EDX elemental mapping of EGCG-Cu capsules. Scale bar is 5 μm. (E) SEM images and (F) swelling ratio of CBgel and EGCG- 
Cu@CBgel. (G) Rheological analysis of EGCG-Cu@CBgel under strain sweep in the range of 0.1–100%, and (H) frequency sweep in the range of 0.1–100 rad s− 1 at 25 
◦

C. (I) Tensile stress-strain curves and (J) Young’s modulus and tensile elongation of EGCG-Cu@CBgel. (K) In vitro release of Cu2+ from EGCG-Cu@CBgel in the absence 
or presence of H2O2 (40 mМ). 
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The successful coordination of Cu2+ with EGCG was first proven via 
the UV–Vis spectra. A characteristic absorption peak of EGCG at 274 nm 
gradually decreased after Cu complexation, while a new characteristic 
absorption peak appeared at 325 nm, due to the formation of specific 
three-dimensional structure of EGCG combined with Cu2+, leading to 
red-shift of the maximum absorption of EGCG, demonstrating the suc
cessful complexation of Cu with EGCG (Fig. 2B). The peak at 250 nm 
might be assigned to the typical absorption of a minimal amount of 
EDTA-Cu chelation compound [44,45]. The presence of Cu2+ in 
EGCG-Cu capsule was confirmed via XPS measurements (Figure S1A). 
After chelation with Cu2+, O1s peak corresponding to the HO–C group 
splited from 533.1 eV to a new peak at 531.8 eV, indicating electron 
transfer from Cu2+ to EGCG (Figure S1B). Furthermore, SEM revealed 
that EGCG-Cu capsules exhibited spherical morphology, and Cu2+ were 
uniformly distributed in the capsules (Fig. 2C and D). Additionally, FTIR 
spectra and surface charges were examined during preparation. The 
typical EGCG peaks were observed in EGCG-Cu@CaCO3 and EGCG-Cu 
capsules at 3440 cm− 1 (Figure S2A). A peak at 876 cm− 1 was the 
characteristic vibrational band of vaterite, which disappeared after the 
removal of CaCO3 template. The surface charge of EGCG-Cu capsule was 
increased to − 14.60 ± 0.26 mV after removing the CaCO3 template 
(Figure S2B). Furthermore, EDS results (Figure S2C) showed the disap
pearance of Ca signal in EGCG-Cu capsules, indicating CaCO3 template 
was completely removed. In addition, Cu2+ content in EGCG-Cu capsule 
was 7.88 wt%, which was measured by ICP-MASS. Therefore, these re
sults confirmed the successful preparation of EGCG-Cu capsules. 

To improve EGCG bioavailability and reduce Cu2+ toxicity, EGCG-Cu 
was loaded in hydrogel to retain the bioactive substances at the wound 
site in a sustainable controlled-release manner. EGCG-Cu@CBgel was 
prepared by free radical copolymerization of CB monomer and CBOX 
crosslinking agent. SEM images showed that both CBgel and EGCG- 
Cu@CBgel possess a uniform three-dimensional network with highly 
porous structures (Fig. 2E). The strong hydration capacity of zwittrionic 
moities enabled the hydrogel to rapidly swell in water and held a large 
volume of water without dissolution. The swelling ratio of EGCG- 
Cu@CBgel was significantly higher than that of CBgel (446 ± 5% vs 256 
± 30%) (Fig. 2F). The effect of EGCG-Cu on the mechanical properties of 
CBgel was investigated via rheological analysis. Both G′ and G″ of the 
hydrogel decreased with the addition of EGCG-Cu, and the value of G′ 
was maintained higher than that of G″, indicating that EGCG-Cu@CBgel 

maintained elastic solid-like property at a strain of 0.1–100% (ω = 1 rad 
s− 1) and angular frequencies of 0.1–100 rad s− 1 (γ = 1%) (Fig. 2G and 
H). Time-scanning rheological analysis showed that the hydrogels with 
different concentrations of EGCG-Cu were stable (Figure S3). Beyond 
that, wound dressings required mechanical flexibility to ensure skin 
adaptability during tissue movement and deformation. The maximum 
stress and strain of CBgel were 17.78 kPa and 171%, respectively, while 
these of EGCG-Cu@CBgel were 12.84 kPa and 314% (Fig. 2I and J). The 
Young’s modulus of CBgel was greater than that of EGCG-Cu@CBgel, 
while the elongation at break of EGCG-Cu@CBgel was significantly 
higher than that of CBgel (314.2% vs. 170.7%). Thus, the introduction of 
EGCG-Cu softened the zwitterionic hydrogel and decreased the rigidity 
and brittleness, thereby improving the adaptability to skin wounds. 
These results indicated that EGCG-Cu encapsulation did not obviously 
change the water absorption and rheological properties of CBgel, but 
improved the tissue adaptability of the hydrogel by promoting the 
elasticity. 

The release kinetics of Cu2+ in EGCG-Cu@CBgel were then investi
gated. As shown in Fig. 2K, when incubated in PBS or H2O2 solution, 
EGCG-Cu@CBgel displayed a sustained release of Cu2+ with a similar 
profile over 120 h, demonstrating the insensitivity of the hydrogel to 
H2O2 and retention of Cu2+ in the oxidizing environment. The accu
mulative release of Cu2+ in the first 60 h could reach ~50%, and then 
plateaued with a total release content of ~60% over 120 h. A sustained 
release pattern could maintain Cu2+ at a low concentration, which might 
be a feasible approach to avoid unnecessary tissue toxicity [34]. These 

results confirmed that CBgel encapsulating EGCG-Cu capsules was suc
cessfully fabricated with crosslinked network, water retention, flexi
bility, and prolonged release of Cu2+. 

3.2. Cytocompatibility, proliferation, migration, angiogenesis, and 
antioxidant activities of EGCG-Cu@CBgel in vitro 

Cytocompatibility is an essential and prerequisite for biomaterials as 
wound dressings. The cytotoxicity of EGCG-Cu@CBgel was studied 
against NIH-3T3 cells via live/dead staining (Fig. 3A). Massive red 
fluorescent cells (dead cells) appeared in CuCl2 group, while more than 
95% of NIH-3T3 cells incubated with EGCG-Cu@CBgel survived, as 
evidenced by numerous green fluorescent cells (alive cells), and almost 
no red fluorescent cells (dead cells) were observed, indicating that 
encapsulation of EGCG-Cu capsule in CBgel could prevent the toxicity of 
high concentration of Cu2+. CCK-8 assay demonstrated the cell viability 
in CuCl2 group was significantly decreased to 21%, while that of the 
other groups remained at ~100%, confirming a favorable cytocompat
ibility of EGCG-Cu@CBgel (Fig. 3B). 

Endothelial cell migration is a crucial step in angiogenesis and 
vascular repair [46]. Consequently, the ability of the bioactive hydrogels 
to promote cell migration was evaluated. The migration of HUVECs 
cultured with EGCG-Cu@CBgel extracts was significantly enhanced 
(Fig. 3C and D). Moreover, as shown in Fig. 3E and F, HUVECs 
co-cultured with EGCG-Cu@CBgel extracts demonstrated much more 
junctions and higher tube densities than untreated or CBgel-treated cells, 
indicating a pro-angiogenesis capability of EGCG-Cu. Interestingly, cell 
migration and tube formation were also improved in CBgel group 
compared with control group, possibly due to the ionic conductivity of 
zwitterionic polymer that could recruit vascular endothelial cells and 
promote cell migration [47], and the inhibition of methylation reactions 
and detoxification of homocysteine by the betaine structure in zwitter
ionic polymers [48]. Then, the expression level of VEGF in HUVECs after 
treatment with EGCG-Cu@CBgel was measured. EGCG demonstrated no 
significant influence on the cytotoxicity and expression of VEGF at 
concentration lower than 25 μg mL− 1 (Figure S4Aand S4B) [30]. In 
comparison, EGCG-Cu@CBgel markedly elevated the expression of VEGF 
in HUVECs (Fig. 3G), which was mainly attributed to the release of Cu2+

that could promote the secretion of VEGF [49]. Collectively, these re
sults suggested that EGCG-Cu@CBgel with favorable cytocompatibility 
could significantly promote cell proliferation, migration, and angio
genesis, which might facilitate the vascularization and endothelializa
tion during wound healing. 

Polyphenols including EGCG, are considered to neutralize free rad
icals such as hydroxyl (HO•), superoxide (O2•), nitric oxide (NO•), 
alkoxyl and peroxyl radicals, and nonradicals such as peroxynitrite 
(OONO− ) and hypochlorite (ClO− ) to exert a direct scavenging action 
against ROS [50]. It was found EGCG-Cu was able to effectively scav
enge free radicals and H2O2 in a dose-dependent manner (Fig. 3H and I), 
certifying its antioxidant activity. With the increase of EGCG-Cu con
centration, the scavenging efficiency of free radicals was increased 
gradually. Compared with the control group, the nitrogen radical con
centration was decreased to 50%, and the H2O2 scavenging rate was 
~35% after treatment with EGCG-Cu (200 μg mL− 1). In addition, the 
scavenging ability of intracellular ROS by EGCG-Cu was also investi
gated, according to the experimental protocol shown in Fig. 3J. First, it 
was confirmed that EGCG and EGCG-Cu capsules were nontoxic against 
HUVECs at concentration lower than 50 μg mL− 1 (Figure S4C). 
DCFH-DA probe was used to detect intracellular ROS, and Rosup was 
used as the positive control. After treatment with Rosup, HUVECs 
showed a strong DCF fluorescence signal, indicating the high levels of 
intracellular ROS (Fig. 3K). EGCG-Cu treatment significantly reduced 
the fluorescence signal, suggesting EGCG-Cu could obliterate intracel
lular ROS. Flow cytometric analysis (Fig. 3L) also showed that the 
fluorescence intensity (FI) of cells incubated with EGCG-Cu was signif
icantly reduced compared with the positive control. The excessive 
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intracellular ROS accumulation could disrupt chemical bonds in DNA, 
lipids and proteins, causing cell apoptosis and necrosis [18]. Subse
quently, CCK-8 assay was performed to verify the protective effect on 
cells against H2O2. The cell survival rate (Fig. 3M) was decreased to 
nearly 50% after the addition of 100 mM H2O2, whereas the survival 
rate was significantly increased to approximately 100% after 
co-incubation with EGCG-Cu, indicating that EGCG-Cu could protect 
cells from H2O2 damage. These results indicated that EGCG-Cu could 
scavenge intracellular and extracellular free radicals, protecting cells 
from damage by oxidative environment. 

For severe burn wound care, it is also essential to prevent unnec
essary bio-adhesion to avoid damage to the newly formed skin and tis
sues, as well as relieve the severe pain experienced during the nursing 
process of the burn wound [51,52]. Therefore, the antifouling properties 
of EGCG-Cu@CBgel were investigated via cell adhesion and protein 
adsorption experiments. Few cells adhered to CBgel and EGCG-Cu@CBgel 

surface (Figure S5A); instead, cells adhered and spread on the tissue 
culture polystyrene plates (TCPs), demonstrating effective anti-adhesion 
ability of CBgel. Furthermore, the antifouling property against 
non-specific protein absorption was evaluated. As serum albumin was 
the major protein in blood, bovine serum albumin (BSA) was used to 

detect protein adsorption on hydrogels. There was a significant reduc
tion in protein adsorption on CBgel and EGCG-Cu@CBgel, down to 
approximately 6% and 11%, respectively, compared with that on TCPs 
(Figure S5B). These data indicated that EGCG-Cu@CBgel could effec
tively avoid adhesion of proteins and cells, and as a non-adhesive wound 
dressing, which was expected to significantly reduce the secondary 
damage to tissue during dressing replacement. 

3.3. EGCG-Cu capsules modulate metabolic reprogramming of 
macrophages and reduce M1 polarization 

Metabolic reprogramming of cells is increasingly recognized as a 
systematic response of cells to environmental and/or genetic alterations 
that provide important metabolites to influence cell growth, prolifera
tion, and survival as well as related pathophysiological and toxicological 
processes, and the metabolic state of immune cells can determine im
mune responses [32,53]. Therefore, regulating immune cell metabolism 
might be a vital intervention approach for treating inflammation-related 
diseases. Previous studies indicated that EGCG could interfere with 
metabolically related enzymes by inhibiting the activity of glutamate 
dehydrogenase (GDH) in glutamate metabolism, and suppressing the 

Fig. 3. Cytocompatibility, proliferation, migration, angiogenesis and antioxidant activities of EGCG-Cu@CBgel in vitro. (A) Live/dead staining of NIH-3T3 cells after 
incubation with EGCG-Cu@CBgel. (B) Evaluation of the cytotoxicity against NIH-3T3 cells. (C, D) Representative images and quantitative analysis of the transwell 
migration assay and (E, F) tube formation for HUVECs. (G) Levels of VEGF in culture supernatants of HUVECs treated with EGCG-Cu@CBgel. (H) Free radical 
elimination via EGCG-Cu capsules. (I) In vitro H2O2 scavenging ability of EGCG-Cu capsules. (J) Schematic illustration of intracellular ROS scavenging. (K) Repre
sentative fluorescence micrographs of Rosup-stimulated HUVECs. (L) Remaining intracellular ROS of Rosup-stimulated HUVECs after incubation with EGCG-Cu 
capsules. (M) Cell survival rate after H2O2 stimulation (Concentration, 25 μg mL− 1). ***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant. 
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activity of lactate dehydrogenase (LDH) and key glycolytic enzymes, 
including HK and pyruvate kinase (PK), to alter glycolytic outcomes [25, 
31,54]. Here, we hypothesized that metabolic reprogramming might 
affect metabolite production from pathways involved in macrophage 
homeostasis. Mitochondria, as the main sites of metabolism, were at the 
core of cell metabolic network, and thus, we first investigated the effects 
of EGCG-Cu on the MMP and production of ATP. The decrease of MMP 
was a landmark in the early stage of apoptosis, which could be rapidly 
and sensitively detected by JC-1 dye. The preferential aggregation of 
JC-1 dye (JC-aggregates) in mitochondria would induce the emission of 
red fluorescence, while monodisperse JC-1 (JC-monomers) in cytoplasm 
would emit green fluorescence. As shown in Fig. 4A, more JC-monomers 
with green fluorescence were observed in macrophages treated with 
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) or LPS. However, an 
increase in red fluorescence together with a decrease in green fluores
cence was found in EGCG-Cu group, indicating that EGCG-Cu could 
alleviate the decrease in MMP caused by LPS stimulation. Furthermore, 
flow cytometry analysis showed that following treatment with CCCP and 
LPS, the population of cells containing JC-aggregates decreased slightly 
compared with that in control group, while cells containing 
JC-monomers were significantly elevated, and co-incubation with 
EGCG-Cu decreased the percentage of cells with JC-monomers to 29.0% 
(Figure S5). The ratio of green to red fluorescence intensities (Fig. 4B) 
was significantly decreased in EGCG-Cu group, indicating EGCG-Cu 
could protect the mitochondria structure and function from oxidative 

stress-induced damage. Afterward, ATP production in cells cultured 
with EGCG-Cu was investigated. Decreased ATP levels indicate the 
dysfunction of mitochondria, which is usually coincided with the 
reduction of MMP during apoptosis. Fig. 4C showed that ATP production 
in RAW 264.7 cells incubated with EGCG-Cu after LPS stimulation was 
restored to a level comparable with that in control group. These results 
demonstrated that EGCG-Cu could recover the LPS-induced decline in 
MMP and ATP to normal levels, preventing the destroy of mitochondrion 
function caused by detrimental oxidative microenvironment. 

Furthermore, inflammation activates macrophages to undergo 
glycolytic metabolic conversion away from OXPHOS. M1-phenotype 
macrophages exhibit higher glycolytic enzyme activity compared with 
that in M2-phenotypes [23,31]. Accordingly, the effect of EGCG-Cu on 
macrophage metabolism was evaluated. Key metabolites altered in 
glycolytic and TCA cycles and pathways were shown in Fig. 4D. First, the 
activities of key enzymes related to glycolysis in macrophages were 
investigated. HK was the first key enzyme in the glycolytic pathway to 
control the rate of glucose metabolism, catalyzing the conversion of 
glucose into glucose 6-phosphate (G-6-P) [55,56]. PFK catalyzed the 
conversion of fructose-6-phosphate (F-6-P) to fructose-1, 6-diphosphate 
(F-1,6-P), the second phosphorylation reaction of the glycolytic 
pathway. As the main rate-limiting enzyme and regulatory point in the 
glycolytic process, the rate of glycolysis is mainly depended on the ac
tivity of PFK [57]. HK and PFK activites were significantly decreased in 
BMDMs treated by EGCG-Cu, compared with those in the LPS-treated 

Fig. 4. Metabolic reprogramming by EGCG-Cu. (A) MMPs of macrophages determined via JC-1 staining. Red and green fluorescence represents JC-aggregates in 
healthy mitochondria and cytosolic JC-monomers in compromised mitochondria with collapsed MMPs, respectively. (B) Quantitative analysis of MMPs calculated by 
the ratios of green to red fluorescence intensity based on flow cytometry (n = 3). (C) Intracellular ATP levels of macrophages (n = 3). (D) Schematic map showing the 
changes in targeted key metabolites involved in glycolysis and TCA cycle. Enzymatic activity of HK (E) and PFK (F). (G) Heatmap and (H) quantitative analysis of LC- 
MS data showing the relative abundance of glycolysis metabolites (n = 3). (I) Heatmap and (J) quantitative analysis of the relative abundance of TCA metabolites 
determined by LC-MS (n = 3). ***p < 0.001, **p < 0.01, or *p < 0.05. 
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group (Fig. 4E and F). These results suggested that EGCG-Cu could 
inhibit the activity of key enzymes of glycolysis in an inflammatory 
state, suppressing the rate and efficiency of glycolytic metabolic in 
BMDMs. 

Cellular metabolism (e.g., glycolysis and TCA) and its related me
tabolites play a crucial role in the polarization of macrophagepheno type 
and function. The key metabolites of macrophages co-cultured with 
EGCG-Cu after LPS stimulation or macrophages incubated in complete 
medium (control) were analyzed via liquid chromatography-tandem 
mass spectrometry (LC-MS). The heat map (Fig. 4G) and quantitative 
analysis (Fig. 4H) showed that the levels of key metabolites of glycolysis, 
including phosphoenolpyruvate, dihydroxyacetone phosphate, 3-phos
phoglycerate, and G-6-P, were decreased with LPS stimulation. How
ever, the level of pyruvate was increased in comparison with that in 
control, but decreased with EGCG-Cu treatment. After glycolysis, py
ruvate faces several routes: reduction to lactate catalyzed via LDH, 
simple decarboxylation to ethanol catalyzed via pyruvate decarboxylase 
with the release of carbon dioxide, or oxidized to acetyl coenzyme A 
(CoA) in mitochondria [58]. The first two routes were commonly 
adopted in anaerobic environment and the third was chosen in aerobic 
environment. After LPS treatment, macrophages were in an inflamma
tory state with a predominantly glycolytic metabolism. Therefore, py
ruvate was mainly converted to lactate or ethanol. However, the lactate 
content in LPS-stimulated macrophages was slightly decreased 
(Fig. 4H), due to anaerobic metabolic burst with a sharp increase in 
pyruvate concentration. The intracellular kinetics of lactate might be 
influenced by the LDH isoenzyme pattern, with LDHA favoring lactate 
production, which was not inhibited by high pyruvate concentrations; 
whereas LDHB favored pyruvate production, which was inhibited by 
high pyruvate concentrations. Thus, LDHA deficiency could elevate 
pyruvate levels [59,60]. Furthermore, pyruvate accumulation stabilized 
HIF-1α and induced the expression of HIF-1α regulatory genes, which 
would further exacerbate inflammation [61]. Pyruvate could be con
verted to acetyl CoA via thiamin pyrophosphate and pyruvate dehy
drogenase (PDH). However, under thiamin pyrophosphate-deficient 
conditions, there was a reduction in PDH activity and expression, which 
would further inhibit the conversion of pyruvate to acetyl CoA and 
inhibit the TCA cycle. EGCG-Cu treatment could increase the content of 
thiamin pyrophosphate and alleviate the accumulation of pyruvate by 
converting pyruvate to acetyl CoA and promoting the normalization of 
TCA cycle (Figure S7). These data suggested EGCG-Cu could reduce 
inflammation by downregulating pyruvate, inhibiting glycolytic meta
bolism and enhancing TCA cycles. 

Then, the influence of EGCG-Cu on TCA cycles was further analyzed. 
LPS stimulation induced a significant increase in the levels of key me
tabolites, such as trans-aconitate, succinate, isocitric acid, and citric acid 
in macrophages as shown in heat map (Fig. 4I) and quantitative analysis 
(Fig. 4J), indicating a disruption in TCA cycle. However, after incuba
tion with EGCG-Cu, the levels of these metabolites were significantly 
decreased. Trans-aconitate, as an isomer of cis-aconitate, participated in 
the competition for cis-aconitate production and inhibited the TCA 
cycle. Additionally, TCA cycle were impaired in M1 macrophages, 
leading to the accumulation of succinic acid and citric acid. Citric acid 
was translocated to the cytoplasm to generate NADPH, which promoted 
the production of the inflammation mediator ROS that could stabilize 
HIF-1α expression. Increased expression and activation of HIF-1α further 
enhanced the transcription of glycolytic genes to maintain glycolytic 
metabolism in M1-type macrophages. Excess succinic acid inhibited the 
activity of proline hydroxylase, which maintained HIF-1α stability and 
further deteriorated the inflammatory response [24]. These data sug
gested that EGCG-Cu could reduce inflammation-evoking succinic and 
citric acid to decrease the HIF-1α expression, effectively ameliorating 
the increase in glycolysis and the inhibition of TCA cycle induced by LPS 
stimulation. 

To verify the immunomodulatory effect, BMDMs were stimulated by 
EGCG-Cu. Cells cultured in normal complete medium and LPS- 

stimulated cells were used as the negative and positive control group, 
respectively. Immunofluorescence staining (Fig. 5A) showed that after 
co-incubation with EGCG-Cu for 24 h, the expression of typical M1 
macrophage marker CD80 was significantly decreased in comparison 
with LPS treatment, and flow cytometry analysis indicated the per
centage of M1-type (F4/80+CD80+) macrophages was decreased to 
6.61% after EGCG-Cu treatment (Fig. 5B and C), confirming that EGCG- 
Cu could reduce M1 macrophage polarization and relief the inflamma
tory response induced by LPS. In addition, the expression of 
inflammation-related genes was detected via qRT-PCR (Fig. 5D). EGCG- 
Cu treatment dampened the pro-inflammatory effect of LPS, as evi
denced by the low expression of typical M1-type macrophage-related 
genes encoding iNOs, IL-1β and CD86. Previous studies had reported 
that relatively high concentrations of Cu2+ ions (above 100 μM) 
increased the expression of M1-related markers. Nevertheless, releasing 
Cu2+ from biomaterials could induce the M2 phenotype, suggesting that 
macrophage phenotype could be dependent on the concentration of the 
ion [62,63]. Moreover, the effect of Cu on macrophage phenotype 
changes of EGCG was assessed. The results showed that, compared with 
EGCG, there was no significant change in the effect of EGCG-Cu in 
decreasing the expression of M1 macrophage marker, indicating that 
Cu2+ of this concentration did not change the modification effect of 
EGCG on macrophages (Figure S8). Pro-inflammatory cytokines, such as 
TNF-α and IL-6 secreted by cells in the culture medium supernatant were 
also assayed. Following co-incubation with EGCG-Cu, the expression of 
TNF-α and IL-6 by LPS-treated BMDMs (Fig. 5E and F) was significantly 
decreased from 175 to 102 pg mL− 1 and from 693 to 427 pg mL− 1, 
respectively. These findings suggested that by effectively reducing 
macrophage M1 polarization, the expression of inflammatory genes and 
the secretion of pro-inflammatory cytokines, EGCG-Cu could regulate 
the inflammatory response. 

HIF-1α is a key reprogrammer of inflammatory cell metabolism from 
OXPHOS to glycolysis [24,26]. Hence, the NF-κB signaling pathway and 
expression of HIF-1α were evaluated. Fig. 5G showed that EGCG-Cu 
treatment effectively downregulated NF-κB p65 phosphorylation and 
HIF-1α expression. Quantitative analysis (Fig. 5H and I) further revealed 
that the phosphorylation level of NF-κB p65 was decreased by 38.46% 
after EGCG-Cu treatment, compared with that following LPS treatment 
(0.40 ± 0.05 vs. 0.65 ± 0.05), while HIF-1α was decreased by 28.94% 
(0.36 ± 0.05 vs. 0.51 ± 0.01). These results demonstrated that EGCG-Cu 
might alleviate inflammation through both HIF-1α and NF-κB signaling 
pathways, while in-depth mechanism deserved study in future. 

3.4. EGCG-Cu@CBgel promotes burn wound healing in vivo 

The unique advantages of EGCG-Cu@CBgel, including anti
oxidantion, cellular metabolism regulation and anti-inflammation were 
expected to accelerate the healing of burn wounds. The therapeutic 
strategy was illustrated in Fig. 6A. First, a circular burn wound with a 
diameter of ~8 mm on the back of mice was obtained using scald 
apparatus. Representative macroscopic images and wound closure at 
different time points were presented in Fig. 6B–D. On day 3, EGCG- 
Cu@CBgel group displayed a smaller wound area than that in other 
groups. On day 7, compared with control and CBgel groups, the wound 
area of EGCG-Cu and EGCG-Cu@CBgel groups was significantly reduced 
at 18.7% and 14.4%, respectively. On day 14, wounds cared by EGCG- 
Cu and EGCG-Cu@CBgel were almost completely healed, with a 
closure rate of 94.6% ± 1.9% and 97.5% ± 1.0%, respectively, sug
gesting a faster wound healing process. 

Subsequently, histopathology of wounds during healing was 
analyzed by hematoxylin-eosin (H&E) and Masson’s trichrome staining. 
On day 3, no epidermis formation was observed in any group, but the 
wound edge in EGCG-Cu@CBgel group was significantly reduced with 
higher wound edge contraction in comparison with other groups. On day 
7, the scab was shed in each group, and epidermis in EGCG-Cu@CBgel 

group started to regenerate (Fig. 6E). By day 14, the wound was 
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completely closed in each group, and EGCG-Cu@CBgel group displayed 
the smallest wound edge lengths (red arrows) and the thinnest 
epidermal thicknesses (Fig. 6F and G). Additionally, more abundant 
dermal tissue hair follicles (yellow arrows) and neovasculars (red dotted 
circles) were clearly visible in EGCG-Cu@CBgel group, whereas fewer 
appendages were regenerated in other groups. These results indicated 
that EGCG-Cu@CBgel could accelerate burn wound healing, by facili
tating the epidermis formation and promoting dermal tissue generation. 
Collagen, as a major component of the extracellular matrix, plays a 
critical role in extracellular matrix ECM assembly and tissue recon
struction [64]. Therefore, collagen deposition as a main indicator of 
remodeling phase during wound healing was assessed via Masson’s tri
chrome staining. On day 3, no collagen deposition was observed in any 
group. By day 7, collagen deposition (blue fibers, Fig. 6H) clearly 
appeared in EGCG-Cu@CBgel group, whereas there was few collagen 
deposition in other three groups. EGCG-Cu@CBgel treatment resulted in 
a significantly higher collagen volume fraction (Figure S9) than the 
management of CBgel or EGCG-Cu capsule, indicating an accelerated 
remodeling process. By day 14, compared with the control group, the 
density of collagen fibers in EGCG-Cu@CBgel group was significantly 
increased (Fig. 6I), which would promote ECM remodeling. 

EGCG-Cu@CBgel significantly expedited burn wound healing by boost
ing epithelialization, dermis maturation, angiogenesis and collagen 
deposition. 

To explore the physiological process of wound repair, immunofluo
rescence staining was used to evaluate the metabolism of related pro
teins. First, the antioxidant effect in vivo was evaluated by DHE staining. 
Fig. 7A showed that a large number of red fluorescent cells (DHE+) 
appeared in the control and CBgel group on day 3, indicating excessive 
ROS accumulation in the inflammation phase during wound healing. On 
the contrary, DHE+ cells in EGCG-Cu and EGCG-Cu@CBgel groups were 
significantly reduced, demonstrating the superior ROS-scavenging effect 
of EGCG-Cu. The statistical results (Fig. 7D) also showed that EGCG- 
Cu@CBgel could significantly reduce the level of ROS in the inflamma
tory phase, compared with the control or EGCG-Cu group, which could 
relieve the acute inflammation and oxidative stress damage. 

Furthermore, angiogenesis was indicated by α-smooth muscle actin 
(α-SMA) and CD31 staining. The expression of CD31 and α-SMA in 
EGCG-Cu and EGCG-Cu@CBgel groups was significantly higher than that 
in other groups (Fig. 7B). More neovasculars and larger vessel diameters 
were found in EGCG-Cu@CBgel group. Quantitative analysis shown in 
Fig. 7E and F demonstrated that EGCG-Cu@CBgel induced the highest 

Fig. 5. Regulation of macrophage polarization by EGCG-Cu. (A) Representative CLSM images of BMDMs after treatment with LPS or LPS/EGCG-Cu for 48 h (green, 
CD80; red, red-actin; blue, cell nuclear). (B) Flow cytometry of CD80 expression (gated on F4/80+ cells). (C) Percentage of M1 type (F4/80+ CD80+) macrophages, n 
= 3. (D) Relative mRNA expression of iNOs, IL-1β and CD86. (E) Secretion of TNF-α and (F) IL-6 in culture supernatants of macrophages. (G) Protein expression levels 
of p-p65 and HIF-1α in macrophages determined by western blots. Densitometric analysis of p-p65 (H) and HIF-1α (I). ***p < 0.001, **p < 0.01, or *p < 0.05. 
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Fig. 6. Burn wound healing accelerated by EGCG-Cu@CBgel in mice. (A) The diagram for burn wound care and experimental procedure. (B) Photographs of treated 
wounds at day 0, 3, 7, and 14 after surgery. (C) Traces of wound closure. (D) The percentage of wound areas. (E) H&E staining of the wound on day 3, 7, and 14 (red 
arrows indicate microscopic wound edges, red dotted circles represent blood vessels, yellow arrows indicate granulation tissue). Quantitative analysis of the width of 
wound edges (F) and epidermal thickness(G) under different treatments on day 14. (H) Masson’s trichrome staining of the wound on days 3, 7, and 14 (Red dotted 
circles represent blood vessels, yellow arrows indicate granulation tissue and collagen deposition is indicated by blue fibers). (I) Quantitative analysis of collagen 
volume fraction on day 14. Data are shown as mean ± SDs (n = 5). ***p < 0.001, and *p < 0.05. 

Q. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 29 (2023) 251–264

261

Fig. 7. Immunofluorescence staining of skin tissues post-wounding. (A) The DHE staining on day 3. (B) Representative photographs of CD31 (green) and α-SMA (red) 
staining on day 14 after wounding. (C) Representative photographs of CD68 (red) and CD86 (green) staining on day 7. (D) Quantitative analysis of DHE staining and 
the relative expression of CD31 (E) and α-SMA (F), and (G) the percentage of M1 macrophages. Data are shown as mean ± SD (n = 4). ***p < 0.001, **p < 0.01, or 
*p < 0.05. 
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expression level of CD31 and α-SMA, which was 2.24- and 2.67-fold 
higher than those in the control group, respectively, indicating EGCG- 
Cu sustainably released from CBgel promoted neovascularization dur
ing wound healing. 

The anti-inflammatory ability of the hydrogel dressing in vivo was 
studied by examining the infiltration and polarization of macrophages in 
the subcutaneous layer of wounds. Immunofluorescence staining against 
CD68 marker showed numerous macrophages (red fluorescence) in 
control and CBgel group (Fig. 7C), indicating a severe inflammatory 
response after injury. Quantitative data showed that CD68+CD86+ M1 
macrophages were reduced by 66.25% in the wound tissue treated with 
EGCG-Cu@CBgel in contrast with that in control group (Fig. 7G), 
demonstrating sustainable delivery in hydrogel was better than the 
direct use of EGCG-Cu in dminishing the infiltration of pro- 
inflammatory M1 macrophages. Thus, EGCG-Cu@CBgel could modu
late the local inflammatory response, thereby accelerating the wound 
healing. Tissue regeneration is an intricate multistep and temporally 
ordered process that involves a large number of genes, modifiers and 
pathways. Therefore, further study is needed to determine the exact 
mechanism by which EGCG-Cu induces wound repair and the applica
tion of other trauma models needs to be validated in our next study. 

4. Conclusion 

In this study, we demonstrated that a bioactive EGCG-Cu@CBgel 

dressing was successfully developed for severe burn wound care. EGCG- 
Cu@CBgel showed effective ROS scavenging capability to normalize the 
intracellular redox homeostasis, and to downregulate M1 type macro
phages polarization by modulating the specific glycolysis metabolism, 
thus inhibiting the inflammatory cycle. Additionally, the sustainable 
release of Cu2+ promoted angiogenesis by inducing higher expression of 
VEGF. Therefore, by integrating the immunometabolism regulation ef
fect and angiogenesis activity, EGCG-Cu@CBgel significantly accelerated 
the healing of deep second-degree burn wounds. Altogether, this study 
confirmed the effectiveness of macrophage metabolic reprogramming in 
chronic tissue repair. This would allow the development of therapeutic 
approaches to activate endogenous repair mechanisms, providing great 
promise in clinical wound care. 
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