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CaGA nanozymes with multienzyme activity
realize multifunctional repair of acute wounds by
alleviating oxidative stress and inhibiting cell
apoptosis†

Zenghong Chen,‡a Xinyu Zhao,‡b Liting Lin,‡c Yuyu Cui,a Dongsheng Cao,*a

Xu-Lin Chen*b and Xianwen Wang *a,c

Acute wounds result from damage to the skin barrier, exposing underlying tissues and increasing suscep-

tibility to bacterial and other pathogen infections. Improper wound care increases the risk of exposure

and infection, often leading to chronic nonhealing wounds, which cause significant patient suffering.

Early wound repair can effectively prevent the development of chronic nonhealing wounds. In this study,

Ca-Gallic Acid (CaGA) nanozymes with multienzyme catalytic activity were constructed for treating acute

wounds by coordinating Ca ions with gallic acid. CaGA nanozymes exhibit high superoxide dismutase/

catalase (SOD/CAT) catalytic activity and good antioxidant performance in vitro. In vitro experiments

demonstrated that CaGA nanozymes can effectively promote cell migration, efficiently scavenge ROS,

maintain mitochondrial homeostasis, reduce inflammation, and decrease cell apoptosis. In vivo, CaGA

nanozymes promoted granulation tissue formation, accelerated collagen fiber deposition, and recon-

structed skin appendages, thereby accelerating acute wound healing. CaGA nanozymes have potential

clinical application value in wound healing treatment.

1. Introduction

Currently, wound repair remains a critical social and medical
issue.1 The occurrence of acute wounds is often associated
with trauma or surgery. The inflammatory response is a part of
the wound healing process, but excessive inflammation can
worsen tissue damage,2,3 resulting in poor wound healing and
ultimately the formation of chronic wounds.4 Chronic wound
formation is associated with multiple factors, such as wound
size, depth, and infection. Owing to compromised skin barrier
function, acute wounds expose the underlying tissues, making
them prone to infections by bacteria and other pathogens.5–7

Improper wound care increases the risk of exposure and infec-

tion, which often progresses to chronic nonhealing wounds,
causing great suffering to patients. Early wound repair can
effectively prevent wounds from progressing to a chronic non-
healing state. Today, various new biomaterials and regenera-
tive medicine technologies continue to be developed to
provide multiple options for tissue repair,8,9 but how to effec-
tively and safely apply these technologies to the clinical treat-
ment of acute wounds remains a challenge.

Reactive oxygen species (ROS) are normal metabolic pro-
ducts of redox reactions within cells and are produced primar-
ily by mitochondrial oxidation.10,11 However, excessive ROS
can trigger a series of harmful reactions, including apoptosis
and inflammation. When skin tissue is damaged, ROS activate
pathways such as the NF-κB pathway, leading to inflammation
and promoting the secretion of inflammatory factors.12–14

Gallic acid (GA) is a natural polyphenol with various biological
activities, including anti-inflammatory,15,16 antibacterial,17,18

and antitumor19,20 properties. The molecular structure of GA
contains phenolic hydroxyl and carboxyl groups,21,22 resulting
in both polyphenol and carboxylic acid properties, making it
prone to oxidation. Therefore, GAs are often used in industrial
preservation and antiseptic applications. GA can scavenge
various free radicals,23 including nitrogen radicals, hydroxyl
radicals, and superoxide anions. Additionally, GA and its
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derivatives also exhibit excellent enzyme-like activity.24 GA can
reduce intracellular oxidative stress levels, inhibit the pro-
duction of intracellular ROS, and protect cells from oxidative
stress damage.25,26 GA also inhibits the release of inflam-
mation-related factors, exerting anti-inflammatory effects.15,27

However, the poor stability of GA in alkaline or neutral
environments and its limited solubility in water restrict its bio-
logical activity. Calcium ions (Ca2+) play crucial roles in cell
signal transduction and physiological functions.28,29 By regu-
lating calcium-dependent signaling pathways, the production
of proinflammatory cytokines can be reduced. Additionally,
calcium ions can regulate mitochondrial homeostasis and
change mitochondrial function, thus affecting the occurrence
of oxidative stress.30,31 During tissue repair, calcium ions
promote wound healing by enhancing fibroblast migration.32

Calcium ions can regulate processes such as cytoskeletal remo-
deling, focal adhesion formation, and disassembly through
the formation of localized calcium signals, directly affecting
cell migration ability. Moreover, calcium ions influence cell
movement by modulating the polymerization and depolymeri-
zation of actin through calcium-binding proteins such as
calmodulin,33,34 thereby altering the dynamic structure of the
cytoskeleton. Calcium ions also activate PKC, regulating
migration-related signaling pathways and affecting cell polarity
and directionality.35,36

Metal polyphenol coordination can organically integrate
the properties of the two, and even show new properties.37 To
develop nanomaterials with multifunctional repair capabili-
ties, this study successfully prepared CaGA nanozymes by coor-
dinating calcium ions with gallic acid through alkalization.
The constructed CaGA nanozymes exhibited high superoxide
dismutase/catalase (SOD/CAT) catalytic activity and excellent
in vitro antioxidant capacity. Cell experiments revealed that
CaGA nanozymes promoted cell migration. Additionally, CaGA
nanozymes are able to scavenge ROS generated by oxidative
stress within cells, suppress intracellular inflammation, and
maintain cell viability. Further experiments revealed that CaGA
nanozymes could stabilize mitochondrial structures, reduce
mitochondrial damage, and thereby decrease cell apoptosis.
Animal experiments indicated that CaGA nanozymes could
rapidly promote granulation formation in acute wounds, redu-
cing the wound healing time. Moreover, CaGA nanozymes
exhibited good biocompatibility, suggesting a novel strategy
for promoting acute wound healing (Scheme 1).

2. Materials and methods
2.1 Materials

The Total SOD Assay Kit with WST-8 (Beyotime), H2O2 Assay
Kit (Nanjing Jiancheng Bioengineering Institute, China), 1,1-
diphenyl-2-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) purchased from Macklin
(Shanghai, China), CCK-8 Assay Kit (Spark Jade), Cell
Apoptosis Kit (Bestbio), Cell Live/Dead Assay Kit (Bestbio),

Mitochondrial Membrane Potential Assay Kit (Bestbio), and
ROS Assay Kit (Beyotime) were used.

2.2 Preparation of CaGA nanozymes

Two mmol of gallic acid monohydrate was dissolved in a 0.05
M NaOH solution, added to a 10 mM CaCl2 solution, and
stirred for 1 hour. The mixture was subsequently adjusted to
pH 7.0 and stirred continuously at room temperature. The
solution obtained after 12 h of reaction was washed by cen-
trifugation to obtain a brown precipitate, namely, CaGA
nanozymes.

2.3 Characterization

The sample morphology was analyzed via transmission elec-
tron microscopy (JEM-1400 Plus, Japan). X-ray diffraction
(XRD) patterns were measured via an X-ray diffractometer
(DX-2700BH, Haoyuan, China) under 40 kV and 30 mA radi-
ation. To determine the chemical composition of the sample
(Thermo Scientific K-Alpha, China), X-ray photoelectron spec-
troscopy (XPS) was used. Fluorescence images were obtained
via a laser confocal microscope (U-LH100HGAPO, Olympus
Corporation). The UV-vis absorption spectrum of the sub-
stance was measured via a UV-vis spectrophotometer (Thermo
Scientific Genesys 50, China). The optical density (OD) was
measured via a multifunctional enzyme-linked immuno-
sorbent assay (SpectraMax iD3, Shanghai).

2.4 Radical scavenging

Different concentrations of CaGA nanozymes were added to
the prepared ABTS+/DPPH radical working solutions.38,39 After
reacting in the dark, a UV-Vis spectrophotometer was used to
measure the absorbance of the mixed solutions at 734/519 nm
to assess the ability of the CaGA nanozymes to scavenge
radicals.

2.5 Assessment of CAT-like activity

The H2O2 scavenging ability of the CaGA nanozymes was
tested via an H2O2 assay kit. H2O2 reacts with ammonium mol-
ybdate to form a stable yellow complex, which presents an
absorption peak at 405 nm. CaGA nanozymes at different con-
centrations were incubated with 2 mM H2O2 at 37 °C for
2 hours. After the reaction, the concentration of residual H2O2

was measured according to the manufacturer’s instructions,
and the H2O2 decomposition ability was calculated.

2.6 Assessment of SOD-like activity

Exploration of the superoxide anion (O2
•−)-scavenging activity

of CaGA nanozymes. A SOD assay kit was used to evaluate O2
•−

scavenging activity according to the manufacturer’s instruc-
tions. Different concentrations of CaGA nanozymes were
added to the working solution. After standing for 10 min, the
absorbance at 550 nm was measured via a microplate reader.

2.7 Cell migration experiment

L929 cells were uniformly seeded in 6-well plates, and
scratches of the same width were made in each well. Different
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concentrations of CaGA nanozymes (0, 15, and 30 μg mL−1)
were added to each well. The degree of cell migration in each
well was recorded at 0, 24, and 48 h.

2.8 Cell oxidative stress model

HUVECs were treated with a 1 mM H2O2 solution to establish
an oxidative stress model. The samples were divided into a
negative control group (Control), a model group (H2O2), a
15 μg mL−1 CaGA NP group (Low), and a 30 μg mL−1 CaGA NP
group (High). Flow cytometry and fluorescence staining were
performed according to the instructions of the ROS, cell apop-
tosis, live/dead, and mitochondrial membrane potential assay
kits.

2.9 Transcriptome sequencing

The cell oxidative stress model was established via the afore-
mentioned methods, and the cells were divided into H2O2 and
CaGA NP groups. Transcriptomic sequencing was performed
on the cells from both experimental groups. Differential gene

analysis and statistics were conducted on the sequencing
results, and enrichment analysis of the differentially expressed
genes (DEGs) was performed.

2.10 Acute wound model

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Anhui Medical University and approved by the Animal
Ethics Committee of Anhui Medical University (no.
LLSC20220731). The mice were randomly divided into the
following 3 groups (n = 5): the PBS group, the GA group,
and the CaGA NP group. First, the backs of all the mice
were shaved, and the mice were anesthetized with sodium
pentobarbital (40 mg kg−1). A circular wound approximately
9 mm in diameter was made on the back skin.
Immediately proceed with treatment after successful model-
ing. On days 0, 2, 4, 6, and 8 of treatment, photographs of
the wounds were taken via a digital camera. The wound
area was analyzed via ImageJ software, and the wound

Scheme 1 (A) Schematic of the synthesis of CaGA nanozymes. (B) Schematic diagram of the treatment of acute wounds.
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healing rate was calculated. The calculation formula was as
follows:

Woundhealing rate ð%Þ
¼ ½remaining wound area=originalwound area� � 100:

2.11 Tissue section staining and hematological assessment

All the mice were euthanized after 8 days of treatment.
Important organs were stained with hematoxylin–eosin (H&E).
Skin tissues were analyzed histologically via H&E and
Masson’s trichrome staining. Images were collected via a slide
scanner. Additionally, blood from each group was collected for
serum biochemical assays (liver and kidney function markers),
and complete blood counts were performed to evaluate the
in vivo biocompatibility of the CaGA nanozymes.

2.12 Statistical analysis

Statistical analysis was performed on the data from each
experimental group. The numerical data are expressed as the
mean ± standard deviation (X ± SD). The number of statistical
cases in each group is greater than or equal to 3. Student’s t
test was used to compare the data between groups to deter-
mine whether there were significant differences. A significance
level of P < 0.05 indicated statistical significance (*p < 0.05, **p
< 0.01, ***p < 0.005, and ****p < 0.001).

3. Results and discussion
3.1 Characterization of CaGA nanozymes

CaGA nanozymes are formed by coordinating calcium chloride
nanozymes with the natural product gallic acid (Fig. 1A).
Transmission electron microscopy (TEM) images (Fig. 1B)
revealed that the synthesized CaGA nanozymes had a uniform
morphology, a low degree of agglomeration, and a particle size
of approximately 200–300 nm (Fig. 1C). Owing to the presence
of negatively charged –OH and –COOH groups on the surface
of gallic acid, its zeta potential is negative. However, after coor-
dinating with metal ions to form complexes, the zeta potential
(Fig. 1D) remains negative, and the nanozymes as a whole
present a negative charge. This approach has a wide range of
applications in biochemistry and lays the foundation for
further experiments. Afterward, the FTIR (Fig. 1E) spectra
showed characteristic bands. After coordination with metal
ions, the stretching vibrations of the 3200–3400 cm−1 phenolic
group and 1660.30 cm−1 carboxyl group (indicated by arrows)
disappeared, indicating that the H of GA was replaced by the
metal ion Ca. The XRD results indicate that the CaGA nano-
zymes are amorphous (Fig. S1†). The XPS spectrum of the
CaGA nanozymes shows two peaks at 347.40 eV and 350.93 eV
(Fig. 1F and G). These results indicate that the oxidation state
of Ca in CaGA is +2. The XPS peaks for C and O at 284.8 eV
and 531.39 eV correspond to the +4 oxidation state of C and
the −2 oxidation state of O, respectively (Fig. S2 and S3†).
These findings confirmed the successful synthesis of the CaGA
nanozymes. In conclusion, this study successfully synthesized

novel nanozymes with a uniform morphology, and characteriz-
ation methods such as FTIR, XRD, and XPS confirmed the
coordination between Ca and GA. This provides a new
approach for the synthesis and development of nanomaterials.

3.2 Multienzyme-like antioxidative activity of CaGA
nanozymes

The resolution of inflammation plays a crucial role in regulat-
ing the healing process of wounds. Inflammation is often
accompanied by the production of a large amount of ROS,
leading to oxidative stress, which is a key factor hindering
wound healing. Fig. 2A shows the anti-inflammatory activity of
the CaGA nanozymes. ABTS+ and DPPH were used to deter-
mine the ability of ABTS+ and DPPH to remove ROS and reac-
tive nitrogen. In the ABTS+ probe experiment, CaGA nano-
zymes at a concentration of 20 μg mL−1 were able to scavenge
78% of the free radicals, and the color of the solution gradu-
ally decreased from blue (Fig. 2B and E). In the DPPH probe
experiment, more than 90% of the free radicals were cleared
by the 20 μg mL−1 CaGA nanozymes, and the solution gradu-
ally changed from purple to light purple (Fig. 2C and F).
Under physiological conditions, SOD acts as the main anti-
oxidant enzyme, catalyzing superoxide anion (O2

•−) into O2

and H2O2,
40,41 which are then converted into nontoxic H2O

and O2 by CAT.42–44 Therefore, the cascade catalytic activity of
SOD and CAT can protect organisms from excessive ROS
damage.45,46 The SOD-like and CAT-like activities of the CaGA
nanozymes were studied below. The SOD-like enzyme activity
of CaGA nanozymes was explored via the WST-8 method.
When the concentration of CaGA nanozymes was 150 μg mL−1,
the inhibition rate of O2

•− was 98%, indicating that CaGA
nanozymes have the ability to clear superoxide anions
(Fig. 2D). The experiments revealed that CaGA nanozymes can
catalyze H2O2 to produce oxygen, exert effects on CAT-like
enzymes, and exhibit concentration-dependent activity.
Approximately 99% of H2O2 is decomposed by 100 μg mL−1

CaGA nanozymes (Fig. 2G). The above experiments confirmed
that CaGA nanozymes exhibit good SOD/CAT enzyme activity
and strong antioxidant capabilities in vitro, providing a theore-
tical basis for subsequent cell and animal experiments.

3.3 CaGA nanozymes promote cell migration

Before the cell experiments were started, the biocompatibility
of the material with cells was investigated. The results
(Fig. S4†) revealed that when the concentration of the CaGA
nanozymes reached 200 μg mL−1, the viability of the HUVECs
remained as high as 100%. Cell migration is a crucial step in
wound healing,47,48 where fibroblasts and epithelial cells
migrate from surrounding tissues to the wound site, contribut-
ing to granulation tissue and new skin formation. This study
investigated the effects of different concentrations of CaGA
nanozymes on cell migration. Microscopy images of cell
migration (Fig. 3A) revealed that after 24 hours, the cells in the
control group exhibited minimal migration. In contrast, the
cells in the other two groups exhibited varying degrees of
migration, which was positively correlated with the material
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concentration. After 48 h, the migration rate of the control
group of cells was only 8.53%, the low-concentration material
group had a migration rate of 42.79%, and the high-concen-
tration material group had a migration rate of up to 80.07%
(Fig. 3B). These results indicated that CaGA nanozymes effec-
tively promoted cell migration and that the extent of migration
was positively correlated with the material concentration. This
may be because the Ca in CaGA nanozymes can directly par-
ticipate in the conduction of calcium signals and further regu-
late the activity of calcium-dependent proteins, thereby
affecting the migration behavior of cells.

3.4 CaGA nanozymes reduce oxidative stress, alleviate
inflammation, and decrease cell apoptosis

Next, this research investigated the ability of CaGA nanozymes
to protect cells from oxidative stress damage. The results
revealed that cells treated with H2O2 exhibited significant oxi-
dative stress, with prominent green fluorescence after ROS
staining (Fig. 3C). In contrast, the groups treated with CaGA

nanozymes presented a significant reduction in ROS-associ-
ated green fluorescence. Moreover, the clearance of ROS by
these materials also exhibited a concentration-dependent
effect. Flow cytometry for ROS detection (Fig. 3D) indicated
that CaGA NP treatment resulted in a cell population predomi-
nantly in the low-ROS region, confirming these findings.
When cell viability and death were assessed, H2O2-induced
cells presented a marked increase in cell death, as evidenced
by increased red fluorescence and decreased green fluo-
rescence (Fig. 3F). The low-concentration treatment also
induced a degree of cell death, whereas the high-concentration
treatment resulted in a lower cell death rate. These results
suggest that CaGA NP treatment effectively reduces H2O2-
induced cell death. The mitochondrial membrane potential is
a crucial indicator of mitochondrial function, with a high
membrane potential correlated with increased red fluo-
rescence and a low membrane potential with increased green
fluorescence. H2O2 induction led to a decreased mitochondrial
membrane potential (Fig. 3E), and with increasing concen-

Fig. 1 Preparation and characterization of CaGA nanozymes. (A) Schematic of the synthesis of CaGA nanozymes. (B) TEM images of CaGA nano-
zymes. (C) Particle size distribution of CaGA nanozymes. (D) Zeta potential of CaGA nanozymes (n = 3). (E) FTIR spectra of CaGA nanozymes. (F)
Full-spectrum XPS spectrum of CaGA nanozymes. (G) XPS spectrum of the Ca 2p orbital.
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trations of CaGA nanozymes, green fluorescence was gradually
replaced by red fluorescence, indicating the protective effect of
CaGA nanozymes on mitochondria. Changes in the mitochon-
drial membrane potential are often early markers of apoptosis.
Flow cytometry was used to assess the apoptotic status of
H2O2-induced cells (Fig. 3G). The results revealed that the
control group had a high survival rate (88.1%) and low apopto-
sis rate (10.74%), whereas the H2O2 treatment group had a sig-
nificantly increased apoptosis rate (89.8%), particularly late
apoptosis (61.7%). Both the low-concentration (89.8% vs.
14.65%) and high-concentration (89.8% vs. 12.07%) treatment
groups exhibited some degree of cell apoptosis, with most
cells remaining viable. The above results demonstrate that
CaGA nanozymes have strong ROS scavenging abilities in the
face of oxidative stress, protecting mitochondrial function,
maintaining cell viability, and reducing apoptosis.

3.5 Mechanistic exploration of CaGA nanozymes against
oxidative stress

To further understand the mechanism by which CaGA nano-
zymes protect cells from oxidative stress damage, transcrip-
tomic sequencing was performed on both the H2O2 group and
the CaGA NP-treated group. The H2O2 group was used as the
control for DEG analysis. The heatmap shows the differential
gene expression between the two groups (Fig. 4A). In compari-
son, the CaGA NP-treated group had 2857 genes whose
expression was upregulated, 1625 genes whose expression was
downregulated, and 12 128 genes whose expression was not
significantly different (Fig. 4B). KEGG enrichment analysis
revealed significant enrichment of pathways related to inflam-
mation and apoptosis (Fig. 4C). Further enrichment analysis
of the DEGs, shown in the circular bar plots (Fig. 4D–G),

Fig. 2 In vitro free radical scavenging capacity and enzyme-like activity of CaGA nanozymes. (A) Schematic diagram of the free radical scavenging
and enzyme-like activities of CaGA nanozymes. (B and C) UV absorbance curves of scavenged ABTS+ radicals and DPPH radicals. (D) SOD-like
enzyme activity (n = 3). (E and F) Rates of ABTS+ and DPPH radical scavenging by CaGA nanozymes (n = 3). (G) CAT-like enzyme activity (n = 3).
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revealed gene expression in the NF-κB, TNF, apoptosis, and
P53 signaling pathways. Additionally, protein interaction
network analysis (Fig. 4H) revealed the interaction network
among proteins related to inflammation and apoptosis. The
sequencing results indicate that CaGA nanozymes downregu-
late the NF-κB and TNF-α inflammatory pathways, reducing
inflammation levels. Furthermore, CaGA nanozymes effectively

downregulate the apoptosis and P53 signaling pathways, inhi-
biting cell apoptosis. After treatment with CaGA, several genes
related to mitochondrial function, including Bcl-2, cyto-
chrome-c, XIAP, and caspase-3, were significantly downregu-
lated. These key genes play important roles in protecting cells
from oxidative stress damage, reducing inflammation, and
inhibiting apoptosis.

Fig. 3 CaGA nanozymes promote cell migration and protection against cell damage. (A) Microscopy images of the promotion of L929 cell
migration. (B) Statistical analysis of the cell migration rate (n = 3). (C) Confocal fluorescence images of ROS. (D) Flow cytometry detection of ROS
levels. (E and F) Confocal fluorescence images of living/dead JC-1 cells. (G) The extent of cell apoptosis was detected by flow cytometry.
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3.6 CaGA nanozymes promote wound healing in vivo

To study the effects of CaGA nanozymes on acute wound
healing in vivo, a full-thickness skin injury model was estab-
lished, and wounds treated with different interventions were

recorded and subjected to relevant tissue staining (Fig. 5A).
Compared with the PBS group, both the GA and CaGA NP
groups promoted wound healing (Fig. 5B), with the CaGA NP
group showing almost complete healing of the wound by day 8
of treatment. Statistical analysis of the wound healing rate

Fig. 4 The mechanism by which CaGA nanozymes alleviate oxidative stress injury. (A) Heatmap of significantly up- and downregulated genes. (B)
Volcano plots of up- and downregulated genes. (C) KEGG enrichment analysis of the DEGs associated with inflammation and apoptosis. (D–G) Ring
bar diagram of DEGs in the NF-κB, TNF, apoptosis, and P53 signaling pathways. (H) PPIs are associated with inflammation and apoptosis.
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(Fig. 5C) revealed that 89.34% of the mice in the CaGA NP
group healed on day 8, whereas 63.82% and 73.37% of those
in the control and GA groups, respectively, healed. To further
validate the observed healing, histopathological analysis of the
skin tissues was performed. Skin tissues from day 8 mice were

stained with hematoxylin and eosin (H&E) and Masson’s tri-
chrome (Fig. 5E). H&E and Masson staining revealed greater
granulation tissue and increased collagen fiber density in the
CaGA-NP group than in the control group. The semiquantita-
tive statistics of the slices revealed that the epithelial thickness

Fig. 5 CaGA NP treatment of acute wounds in vitro. (A) Treatment model diagram of acute wounds. (B) Photographs of wounds after different treat-
ments. (C) Statistical analysis of the wound healing ratio (n = 3). (D) Weight changes in the mice (n = 3). (E) H&E and Masson staining of the wound
on day 8.
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of the CaGA nanozyme-treated group was significantly reduced
and that granulation tissue was increased (Fig. S5 and S6†).
Additionally, new hair follicles were observed in the regener-
ated dermal tissue. These results indicate that CaGA nano-
zymes promote acute wound healing by increasing collagen
deposition and granulation tissue formation. This study also
monitored body weight changes in the mice during the experi-
ment (Fig. 5D) and revealed a slight increase in body weight,
with no significant differences among the three groups. The
above results confirmed that CaGA nanozymes promote acute
wound healing in vivo without significantly affecting the
overall health of the animals.

3.7 In vivo biocompatibility assessment of CaGA nanozymes

On the 8th day of the acute wound treatment period, routine
blood and biochemical tests were conducted on the mice from
each treatment group (Fig. 6A–H). The results revealed that key
parameters in the routine blood and biochemical tests of the

mice treated with CaGA nanozymes were within normal ranges
and did not significantly differ from those of the control
group. Additionally, to comprehensively evaluate the in vivo
biocompatibility of the CaGA nanozymes, histological analysis
of major organs (heart, liver, spleen, lungs, and kidneys) was
performed via H&E staining (Fig. 6I). The results indicated
that the tissue structures of these organs were intact, with no
significant morphological changes or inflammatory responses
observed. These findings demonstrated that CaGA nanozymes
exhibited good in vivo biocompatibility during the treatment of
mouse wounds.

4. Conclusion

This study developed a metal-polyphenol nanozyme with mul-
tienzyme activity that exhibits excellent antioxidant properties
in vitro. In vitro experiments demonstrated that CaGA nano-

Fig. 6 Assessment of the biocompatibility of CaGA nanozymes. (A–H) Blood parameters and biochemical indices of mice in different groups on day
8 (n = 3). (I) Images of H&E-stained sections of major organs (heart, liver, spleen, lungs, and kidneys) from the different groups on day 8.
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zymes effectively promoted cell migration. Additionally, CaGA
nanozymes efficiently scavenge H2O2-induced ROS, maintain
mitochondrial homeostasis, and reduce inflammation, thereby
decreasing cell apoptosis. The in vivo results indicate that
CaGA nanozymes enhance granulation tissue formation, accel-
erate collagen deposition, and reconstruct skin appendages,
thereby accelerating acute wound healing. Furthermore, the
CaGA nanozymes showed good biocompatibility, providing
solid safety assurance for the development and application of
CaGA nanozymes. In summary, CaGA nanozymes have poten-
tial clinical application value in wound healing treatment.
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