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Background: Skin wounds are a prevalent issue that can have severe health consequences if not treated correctly. Nanozymes offer
a promising therapeutic approach for the treatment of skin wounds, owing to their advantages in regulating redox homeostasis to
reduce oxidative damage and kill bacteria. These properties make them an effective treatment option for skin wounds. However, most
of current nanozymes lack the capability to simultaneously address inflammation, oxidative stress, and bacterial infection during the
wound healing process. There is still great potential for nanozymes to increase their therapeutic functional diversity and efficacy.
Methods: Herein, copper-doped hollow mesopores cerium oxide (Cu-HMCe) nanozymes with multifunctional of antioxidant,
antimicrobial and pro-vascularity is successfully prepared. Cu-HMCe can be efficiently prepared through a simple and rapid solution
method and displays sound physiological stability. The biocompatibility, pro-angiogenic, antimicrobial, and antioxidant properties of
Cu-HMCe were assessed. Moreover, a full-thickness skin defect infection model was utilized to investigate the wound healing
capacity, as well as anti-inflammatory and pro-angiogenic properties of nanozymes in vivo.

Results: Both in vitro and in vivo experiments have substantiated Cu-HMCe’s remarkable biocompatibility. Moreover, Cu-HMCe
possesses potent antioxidant enzyme-like catalytic activity, effectively clearing DPPH radicals (with a scavenging rate of 80%),
hydroxyl radicals, and reactive oxygen species. Additionally, Cu-HMCe exhibits excellent antimicrobial and pro-angiogenic proper-
ties, with over 70% inhibition of both E. coli and S. aureus. These properties collectively promote wound healing, and the wound
treated with Cu-HMCe achieved a closure rate of over 90% on the 14th day.

Conclusion: The results indicate that multifunctional Cu-HMCe with antioxidant, antimicrobial, and pro-angiogenic properties was
successfully prepared and exhibited remarkable efficacy in promoting wound healing. This nanozymes providing a promising strategy
for skin repair.

Keywords: Cu-HMCe nanozyme, antioxidation, antibacterial, vascularization, wound healing

Introduction

Skin wounds, whether they result from accidents, surgical procedures, or chronic medical conditions, pose a significant
healthcare challenge worldwide.' Proper wound healing is a complicated and dynamic process associated with various
cellular and metabolic activity that must take place in a coordinated and timely manner.** Failure to achieve optimal

wound healing can lead to chronic wounds, increased susceptibility to infections, and impaired quality of life for affected
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individuals.®® The wound healing process is a meticulously choreographed sequence of events, comprising three
overlapping phases: inflammation, proliferation, and remodeling.gf11 During these phase, inadequate or impaired
wound healing can result from a variety of physical and chemical factors, including underlying medical conditions
(such as diabetes or vascular disease), poor blood circulation, excessive oxidative stress, uncontrolled inflammation, and
bacterial infections.'*™'*

In acute wounds, inflammation plays a crucial and controlled role in the healing process. However, a prolonged and
dysregulated inflammatory microenvironment leads to a sustained release of pro-inflammatory cytokines.'> '’ This, in turn,
hinders the normal wound healing process, resulting in the development of chronic wounds. In addition, M1 macrophages,
which are abundantly present in chronic wounds, produce large amounts of reactive oxygen species (ROS). Under normal
physiological conditions, ROS serve as important signaling molecules that regulate several cellular processes such as
inflammation and tissue repair.'® However, excessive production of reactive oxygen species in the wound results in
oxidative stress, which impedes vital processes necessary for wound healing, such as the inhibition of angiogenesis and
the dysfunction of endothelial cells.'**° Moreover, bacterial infections are also a well-known formidable impediment in
process of wound healing.?' ** Among them, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) are
frequently encountered.”* These bacterial infections further worsen the unfavorable wound microenvironment, hindering
the production of extracellular matrix and making it more difficult to achieve timely and effective wound healing. >’

In promoting wound healing, it is essential to pay attention to the three factors mentioned above, which play a critical
role and should not be overlooked. Nevertheless, conventional treatment is incapable of addressing all of these factors
concurrently. In recent times, nanotechnology has permitted the exploration of alternative approaches for innovative
wound healing therapies. Wang et al synthesized an erythrocyte template nano-enzyme (ETN), which effectively kills
methicillin-resistant Staphylococcus aureus (MRSA) by combining peroxidase (POD)-like catalysis with near-infrared
(NIR)-induced photo-thermal effect, thereby promoting wound healing.?® Huang et al constructed functional molecule-
mediated Cu®" co-assembled multifunctional nanozymes (Cu-DCA NZs) to promoted healing of diabetic wounds.?’
While there are several nanozymes available for managing skin wounds, many of them do not possess the complete range
of antioxidant, antimicrobial, and pro-angiogenic capabilities.

In recent years, cerium oxide nanoparticles have become a subject of great interest in the field of wound healing due to
their excellent antimicrobial, anti-inflammatory, antioxidant and angiogenic properties.”® It has been shown that these
nanoparticles can rapidly switch between two oxidation states, Ce®" and Ce*", resulting in high redox activity.® This redox
property plays a crucial role in scavenging free radicals and inhibiting bacterial growth. Hollow mesoporous cerium oxide
(HMCe) is a unique material consisting of spherical particles with a hollow structure and many mesoporous structures on
the surface. Compared to other cerium oxide nanoparticles and hybrid materials, the hollow mesoporous structure of HMCe
makes it easier to create functional composites by combining with other materials, modifying the surface of organic or
inorganic molecules, loading molecules, etc. and so on to enhance the synergistic impact. Copper (Cu), abundant and
inexpensive in nature, is one of the metal elements in the center of natural enzyme activity. Studies have shown that Cu
plays a vital role in wound healing, being involved in various cellular processes throughout the different stages of wound
healing.**>! However, the concentrated release of Cu?" may lead to excessive localized concentrations, causing toxicity.
Controlling the rate and concentration of Cu”* release by immobilizing it on the surface or inside of the nanoparticles is an
effective solution to deal with Cu®* toxicity. In this regard, Cu-MOF nanoparticles have been widely used in the study of
chronic wound healing.** However, Cu-MOF particles are large, unstable, structurally fragile, and lack the ability to
regulate the complex microenvironment of diabetic wounds. Constructing physiologically stable Cu**-loaded nanoparticles
to achieve slow release of Cu”" while endowing the nanozymes with more functions may be more conducive to synergistic
repair therapy for diabetic wounds. Therefore, the combination of Cu nanoparticles and cerium oxide nanoparticles is
a novel approach to develop functional wound healing nanomaterials.

Here, a multifunctional nanozyme that integrates all three features for skin wound management was designed and
constructed. Hollow mesoporous cerium oxide (HMCe) nanospheres are initially synthesized by a wet chemical method
to serve as carrier material, after which copper (Cu) is in-situ co-deposited on the surface of HMCe using the metal
reduction method (Scheme 1). Along with good biocompatibility, Cu-HMCe has demonstrated superoxide antioxidant
enzyme-mimetic catalytic activity for scavenging reactive oxygen species (ROS) and facilitating wound healing. Both
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Scheme | Schematic illustration showing the copper-doped hollow mesopores cerium oxide nanozyme preparation and its role in the treatment of skin wounds.

in vitro and in vivo studies have provided evidence of the antibacterial properties, anti-inflammatory effects, and
angiogenesis-promoting abilities of Cu-HMCe. Thus, Cu-HMCe has the potential to synergistically promote wound
healing in several ways.

Experimental and Methods

Materials

Cerium nitrate hexahydrate (CeN;O9'6H,0, 99.5%, CAS:10125-13-0) were supplied by Aladdin Industrial Corporation
(Shanghai, China). Copper (II) Chloride Dihydrate (CuCl,-2H,0, 99.999%, CAS:10125-13-0) was purchased from Sigma
Aldrich (Shanghai, China). Tetramethylbenzidine (TMB, 99.5%, CAS:54827-17-7) and 2’,7’-Dichlorodihydrofluorescein
diacetate (DCFH-DA, CAS: 4091-99-0) were obtained from Beijing Baiaolaibo Technology Co., Ltd (Beijing, China). PVP
K30 (CAS:9003-39-8), ethylene glycol (>99%, CAS: 107-21-1), and ethanol (99.7% CAS:64-17-5), were purchased from
Shanghai Macklin Biochemical Co., Ltd (Shanghai China). The Cell Counting Kit 8 (CCK-8) was supplied by Nanjng
Jiancheng Bioengineering institute (Nanjing, China, CAS:G012).

The Synthesis of Hollow Mesopores Cerium Oxide (HMCe) Nanospheres

Cerium oxide nanospheres were synthesized using a wet chemical method. In brief, an established quantity of cerium
nitrate hexahydrate (0.5 g) and PVP K30 (0.2 g) were initially dissolved in 15 mL of ethylene glycol. Subsequently, 1 mL
of an aqueous solution containing 1 M HCI was incorporated with vigorous stirring. Following a stirring duration of 30
minutes, the clear solution was moved into a 20 mL autoclave that had a teflon lining. The autoclave was then exposed to
a temperature of 160 °C for a period of 3 hours. Upon reaching room temperature, the resultant product, exhibiting
a grayish color, was collected and subjected to multiple washes with deionized water for 20 minutes at a speed of
10,000 rpm. For further characterization, the product was then dried overnight at 60 °C. The nanozymes were dispersed
in distilled water for particle size and surface charge measurements conducted using an instrument of dynamic light
scattering (DLS) (Nano-Brook 90PlusZata, Brookhaven).

The Synthesis of Copper-Droped HMCe (Cu-HMCe) Nanozymes
CuCl,-2H,0 (0.7 mL, 44.8 g/L) aqueous solutions were added to the resulting HMCe products obtained above. The
mixture was transferred into an autoclave after stirring for 1 hour, and subsequently, it was subjected to heating at
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a temperature of 160 °C for a period of 3 hours in an oven. To obtain Cu-HMCe nanozymes, the mixture underwent
centrifugation, followed by three rounds of ethanol washing, and finally dispersed in ultrapure water for future utilization.
The surface morphology of Cu-HMCe was examined using scanning electron microscopy (SEM, FEI Corporation,
Quanta 250 FEG). Cu-HMCe nanoparticles were dispersed in anhydrous ethanol and added dropwise onto the front side
of a copper mesh, which was air-dried at room temperature. Subsequently, the microscopic morphology and elemental
composition of Cu-HMCe were analyzed using transmission electron microscopy (TEM, JEOL, JEM-2100F). The
elemental composition and valence states of materials were characterized using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific ESCALAB 250 XI). The nanozymes were dispersed in distilled water for particle size and
surface charge measurements conducted using an instrument of dynamic light scattering (DLS) (Nano-Brook 90PlusZata,
Brookhaven).

Evaluation of Biocompatibility in vitro

Human umbilical vein endothelial cells (HUVECs, purchased from Shanghai Hongshun Biotechnology Co., LTD) were
employed to evaluate the biocompatibility of the nanozymes. We adopted a variety of methods to test the biocompat-
ibility of materials, including the cell counting Kit-8 (CCK-8), Live/Dead co-staining assay as well as an evaluation of
the cellular morphology and cytoskeleton structure. Firstly, the effect of different concentrations of Cu-HMCe on cellular
activity was investigated. HUVECs were inoculated into 96-well plates at a concentration of around 5000 cells per well
in 100 pL of medium. Following a 24-hour incubation, various concentrations of Cu-HMCe (2.5-80.0 pg/mL) were
introduced to the cell culture medium. After an additional 24-hour incubation, the CCK-8 solution was included and
incubated for another hour. The results of cellular activity were presented as optical density (OD) measured at 450 nm.
Afterwards, the cytotoxicity of HUVECs cultured on Cu-HMCe for varying periods was investigated. Similar to the prior
process, the proliferation and viability of HUVECs were evaluated via CCK-8 assay as well as the Live/Dead co-staining
assay after 1, 3, and 5 days of co-culturing with Cu-HMCe. The optical density (OD) measured at 450 nm was used to
present the outcomes of cellular proliferation, and the cells stained with acridine orange and ethidium bromide were
observed using inverted microscopy.

Additionally, the morphology and cytoskeleton structure of HUVECs were examined using a Confocal laser scanning
microscope (CLSM) after being co-cultured with the resulting nanozymes. Briefly, after culturing for 3 days, the specimens
were immobilized in a 4% paraformaldehyde solution and subsequently made permeable by the inclusion of 0.1% Triton
X-100. In order to hinder any unspecific attachment, the specimens were then obstructed employing bovine serum albumin
(BSA). Afterwards, rhodamine-conjugated phalloidin (Life Technologies) was utilized to visualize the F-actin filaments in
the cells, while 4°, 6-diamidino-2-phenylindole (DAPI, Life Technologies) was employed for staining the nuclei. All these
procedures were conducted under dark conditions to ensure accurate visualization of the samples.

To assess the effect of nanozymes on the integrity of erythrocytes, hemolytic assay was performed by
spectrophotometric measurement of hemoglobin release after erythrocyte lysis. The erythrocytes were collected
by taking 1.5 mL of fresh mouse blood, adding it to 3 mL of saline, centrifuging at 1000 r/min for 5 min and
centrifuging three times. 970 pL of different concentrations of nanozymes were mixed with 30 pL of erythrocytes
and the final concentrations of nanozymes were 5, 10, 20 and 40 pg/mL. Physiological saline-treated water and
deionized water were used as negative and positive control groups, respectively. The mixture was incubated on
a shaker at 37 °C for 1 h and centrifuged at 1000 r/min for 5 min. The absorbance value of the supernatant at 540
nm was determined by a microplate spectrophotometer. The formula for calculating the percentage hemolysis rate
is as follows:

. . Absgmple — AbSpegative
Hemolysis Ratio(%) = k £ % 100 %
cImOTysIs 10( 0) Abspositive - Absnegative ’

In vitro Assessment of Antibacterial Efficacy
To evaluate the antibacterial effectiveness of the nanozymes, E. coli and S. aureus were employed for the study. The
turbidimetry approach was employed for this assessment. The nanozymes derived from the experiment were cultivated in
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LB culture medium alongside 100 pL of bacterial suspension with a concentration of 10° CFU/mL. Incubation of each
sample occurred on a shaker set at 37 °C for varying durations of 6, 12, 24, or 48 hours. Subsequently, collecting the
bacterial suspension and performing turbidimetry analysis at a wavelength of 570 nm, utilizing a microplate reader
(Biotek Synergy H1). There were three replications of the experiment in parallel.

Evaluation of Antioxidant Activity in vitro

To assess the ability of antioxidant compounds, a range of methods for measuring antioxidant activity have been
employed. Firstly, a free radical-eliminating assay was conducted using a classic 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) free radical experiment to investigate the antioxidant enzyme-mimetic activities of Cu-HMCe. Subsequently,
HUVEC cells were introduced into confocal dishes or 6-well plates, at respective densities of 5.0x10* or 2.0x10° cells
per well, and incubated for a period of 24 hours. After that, PBS, HMCe, or Cu-HMCe were applied to the cells for
a duration of 12 hours. To evaluate the results, the treated cells were stained with 10 uM DCFH-DA solution and
incubated in a dark environment at a temperature of 37 °C for a duration of 30 minutes. The cells were observed using
LSCM or analyzed using flow cytometry after washing three times with PBS. Meanwhile, the ability of Cu-HMCe to
scavenge free radicals at different time points was also investigated.

In addition, the resulting nanozymes were subjected to -OH scavenging ability test using 3.3°,5,5’-
tetramethylbenzidine (TMB) measurements. The hydroxyl radical (-OH) was produced through the conventional fenton
reaction of H,O, and Fe*". This reaction leads to the conversion of TMB to oxidized TMB (oxTMB), characterized by
a distinctive absorbance at 652 nm. Hence, the remaining concentration of ‘OH can be measured by monitoring the
absorbance of oxTMB at 652 nm. In addition, the electron paramagnetic resonance spectrometer (JES-FA200, JEOL,
Ltd., Japan) was utilized to examine the effectiveness of the resulting nanozymes in scavenging hydroxyl radicals (*OH),
using DMPO as the scavenger. Briefly, a solution comprising of DMPO (40.0 mM), resulting nanozymes (100.0
pg-mL ™), and H,O, (10.0 mM) was prepared and analyzed.

Angiogenesis Ability of Nanozymes
To investigate the effect of resulting nanozymes on the pro-angiogenic capacity of HUVECs, cell migration assays along with
tube formation assays were performed in vitro. For the cell migration assays, HUVECs were planted in 24-well plates at a cell
density of 4x10* per well and incubated until they reached approximately 90% confluence. Subsequently, using a 200 pL
sterile plastic tip to create a scratched area. The corresponding wells were then treated with the fresh culture medium
containing different resulting nanozymes and co-cultured for 24 hours. The relative distance traveled by the wounded cells
was measured by an inverted microscope to observe the migration of the cells. For the analysis of angiogenesis, a 96-well plate
was prepared by coating it with 10 pL. of Matrigel on ice. The plate was incubated at 37 °C for 30 minutes. Subsequently,
HUVECs were inoculated into each well at a cell density of 5000 cells per well. Afterward, the cells were treated with either
PBS or various resulting nanozymes. The formation of tubes was assessed at 12 and 24 hours using an inverted microscope.
Vascular nodes and branches were measured as indicators of tube formation and quantified using Image-J software.
Furthermore, to evaluate the neovascularization capacity of HUVECs, extracellular proteins (CD31) were subjected to
immunofluorescence staining. HUVECs were inoculated into confocal dish at a cell density of 2x10* cells per well and
cultured overnight. Following this, the cells were exposed to various nanozymes or PBS for a duration of 24 hours. The
treated cells were washed with PBS and then fixed with a 4.0% solution of paraformaldehyde. After fixation, the cells
were incubated with anti-CD31 antibodies for a duration of 24 hours. Subsequently, DAPI staining was performed for 15
minutes and their observation was carried out using CLSM.

In vivo Wound Healing Experiments

In this study, Sprague Dawley (SD) male rats were used to observe the promotional effect of nanozymes on wound
healing in vivo. Our animal procedures were conducted in accordance with the Guidelines for the National Research
Council’s Guide for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of
Guangzhou Sport University (Ethical certificate number: 2023DWLL-35). The rats were divided into four groups,
including the treating with PBS group (control group), the treating with Cu®" group, the treating with HMCe group,
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and the treating with Cu-HMCe group. First, SD rats were anesthetized with pentobarbital sodium (30 mg/kg), and were
created a full-thickness 10 mm diameter circular wound in the dorsal region using a 10 mm puncture perforator. After
removing the wounded skin, a 10 pL suspension of E. coli (1.0 x 10° CFU/mL) was evenly applied to the wound surface
and left to dry naturally. This procedure established a model of circular bacterial infection. Subsequently, the wounds
were treated with 200 pL of PBS or 200 pL of PBS containing different concentrations of Cu®*, HMCe, and Cu-HMCe
solutions, respectively, according to the grouping. The wound size of each sample rat was recorded using a digital camera
every day for 14 days after surgery, and the wound closure area was estimated using Image J software. On days 3, 10, and
14, rats were euthanized, and skin tissue from the wounds were collected and preserved in 4% paraformaldehyde tissue
fixative. The collected skin tissue sections were subjected to H&E staining, Masson staining and immunohistochemical
analysis. Firstly, the slices were fixed, washed and embedded in paraffin, and sliced at 5 um. The sections collected on
the 14th day were then stained with H&E and Masson trichrome, and the sections taken on the 3rd and 10th day were
stained with immunofluorescence antibodies for tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and Platelet
endothelial cell adhesion molecule-31 (CD31). Staining steps were performed according to standard protocols.
Microscopy was used to observe and photograph the slides. The wounds were evaluated histologically at each time
point in each group and the images presented were representative of all replicates.

The neovascularization ability was evaluated by assessing the positive a-SMA and CD31 immunofluorescence in the
tissue sections. Firstly, tissue slides coated with paraffin were subjected to an overnight incubation at 4 °C with
immunofluorescence antibodies against CD31 or a-SMA, and then the slides were incubated with rhodamine-
conjugated goat anti-rabbit or fluorescein isothiocyanate (FITC) -conjugated goat anti-mouse secondary antibody for
30 minutes. For visualization, the nuclei were stained with DAPI. The results were observed by CLSM.

Statistical Analysis

The experimental data are expressed as mean + standard deviation (SD). All experiments were repeated at least three
times, and statistical analysis was carried out using GraphPad Prism software with ANOVA/Tukey’s test or Student’s
t-test. Significance levels of *p< 0.05, **p< 0.01, and ***p<0.001 were applied.

Results

Construction and Characterizations of Nanozymes

The Cu-HMCe nanozyme was synthesized using a simple and rapid method. SEM and TEM images showed that the Cu-
HMCe particles exhibited a spherical shape with a size of about 100-200 nm. The nanozyme possessed a mesoporous
structure and a slightly rough surface (Figure 1A and B). These unique structures could promote a slow but sustained
release of Cu, resulting in the longer-lasting activity of Cu-HMCe. The rough surface morphology of Cu-HMCe may be due
to the deposition of copper oxide. Besides, the mapping images of energy dispersive spectroscopy showed a consistent
dispersion pattern of Cu (purple), Ce (yellow), O (green), and N (red) within the nanozyme (Figure 1C). The presence of
Cu, Ce, O, and N elements was further validated through X-ray photoelectron spectroscopy (XPS) analysis (Figure 1D).
The high-resolution Cu 2p spectrum of Cu-HMCe exhibited characteristic peaks at approximately 954.3 eV and 934.1 eV,
corresponding to Cu 2p1/2 and Cu 2p3/2 states, respectively (Figure 1E). The Cu 2p spectrum and the existence of O 1s
peaks in the XPS spectra suggested that the Cu element in Cu-HMCe occured in Cu" and Cu** oxidation states. Similarly,
the Ce 3d spectrum of Cu-HMCe revealed a mixture of Ce®” and Ce*" states (Figure 1F). The characteristic peaks at
approximately 724.78 eV and 710.58 eV were attributed to Ce 3d3/2 and Ce 3d5/2 states, respectively.

To demonstrate the impeccable assembly of Cu-HMCe, we also conducted dynamic light scattering (DLS). The
results revealed that the hydrodynamic size of Cu-HMCe in distilled water was 143.4 + 4.3 nm, significantly larger than
that of HMCe (~ 135.1 + 3.3 nm, as shown in Figure 1G and H), indicating the deposition of CuO on the surface of
HMCe. Additionally, the surface of cerium oxide nanoparticles is negatively charged due to carrying a large number of
carboxyl groups. The zeta potential of Cu-HMCe was higher than that of HMCe, which was attributed to the shielding
effect of CuO deposition on surface charges (Figure 11). Taken together, the above results provided confirmation of the
successful preparation of Cu-HMCe.
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Biocompatibility Evaluation of Nanozymes

Favorable biocompatibility is an important indicator for nanozymes. Therefore, we adopted a variety of tests to
investigate the biocompatibility of Cu-HMCe. The results of CCK-8 demonstrated that HUVECs maintained a cell
viability of over 80% even when exposed to high concentrations (80 pg/mL) of Cu-HMCe (Figure 2A). Moreover,
there was no significant difference in PBS, HMCe, and Cu-HMCe groups after a 5-day treatment (Figure 2B). The
Figure 2C displayed the live/dead staining of HUVECsS in response to 3 days of culture on control, HMCe, and Cu-
HMCe. The results demonstrated that both HMCe and Cu-HMCe were compatible with cell activity. Besides, the cell
morphology observations analysis revealed that HUVECs cultivated on Cu-HMCe had a larger spreading area
compared to the control and HMCe group. Furthermore, the HUVECs on Cu-HMCe exhibited a distinct elongated
spindle-like shape with well-defined pseudopods (Figure 2D). The above results suggest that Cu-HMCe exhibits good
cytocompatibility, the addition of Cu did not adversely affect the cells. Whatmore, the appropriate concentration of
Cu" had a positive effect on cell growth.
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Furthermore, fresh mouse erythrocytes were applied to perform a hemolysis test to assess the hemocompatibility of
Cu-HMCe. The results showed that Cu-HMCe exhibited good blood compatibility, as no significant hemolysis was
observed even at high concentration (40 pg/mL), and the hemolysis rates were all less than 5% (Figure 2E). Besides, as
showed in Figure 2F, the color of the supernatant of the blood cells after Cu-HMCe treatment showed a yellowish color
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consistent with PBS treatment. These results indicate that the nanozymes are well biocompatible and safe enough for
further in vivo experiments. Hollow mesoporous cerium oxide nanoparticles act as copper carriers for slow and sustained
release of Cu®’, preventing toxicity from excessive localized concentrations of Cu*".

Angiogenesis Experiment

The dysfunction of the vasculature is a significant impediment to chronic wound contraction.**** To explore the in vitro
angiogenesis of nanozymes and the impact of HUVECs on tissue revascularisation, we conducted cell migration and
endothelial tube formation tests using HUVECs. The results of the cell migration assay showed a significant increase in
cell migration in the HMCe and Cu-HMCe groups compared to the control group (Figure 3A and C). Furthermore, the
Cu-HMCe group exhibited notably higher cell mobility when compared to the HMCe group, indicating that the presence
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Figure 3 (A) migration assays and (B) tube formation assays of HUVECs co-cultured with control, HMCe and Cu-HMCe. Quantified analysis of (C) migration assays and
(D) tube formation assays. Significance levels of *p< 0.05, **p< 0.01, and ***p<0.001 were applied.
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of Cu had a positive impact on cellular migration, and this effect was further enhanced over time. After 24 h of co-
culture, the cell migration rates were 21.8 + 1.87%, 50.8 + 2.7% and 63 + 4.5% in the control, HMCe and Cu-HMCe
groups, respectively. We further evaluated the effect of resulting nanozymes on the tubular formation of HUVECs. As
shown in Figure 3B, after 24 h of co-culture, HUVECS in the control group formed fewer tubes, whereas an intact tubular
network of HUVECs was observed in the Cu-HMCe group. Figure 3D further showed that the number of tubes is
significantly higher in the HMCe and Cu-HMCe groups, with the Cu-HMCe group having the highest number of tubes
compared to the control group. These findings suggested that Cu-HMCe exhibited a beneficial impact on the migration of
cells and angiogenesis in vitro. This could potentially be attributed to the incorporation of Cu into HMCe. Cu is an
important cofactor for many enzymes, some of which play key roles in angiogenesis. In previous studies, Cu has been
shown to affect the proliferation and migration of vascular endothelial cells, contributing to angiogenesis and repair of
damaged blood vessels.**! Synergistic interaction of HMCe and Cu in Cu-HMCe enhances the microenvironment for the
movement and formation of tubes by HUVECs.

Antibacterial Activities of Nanozymes

The maintenance of antibacterial activity to manage infections is imperative for wound recovery. In order to explore the
in vitro antibacterial proficiency of the nanozymes, the turbidimetry method was employed. As depicted in Figure 4A and
B, Cu-HMCe nanozymes exhibited strong antibacterial properties against both S. aureus and E. coli compared to PBS
and HMCe. Additionally, the antimicrobial effectiveness of Cu-HMCe increased gradually over time, which may be
related to the continuous release of the antibacterial Cu element. The excellent antimicrobial effect of nanozymes is
mainly attributed to the antimicrobial properties of HMCe and Cu”?". HMCe is able to affect bacterial viability by
inducing oxidative stress and interfering with nutrient transport functions.>® Cu®" released by nanozymes can act on
bacteria by destroying their cellular structure, inducing oxidative stress, interfering with enzyme activity, and interfering
with intracellular metal ion balance, leading to bacterial inhibition and death.*® In addition, the irregular shape and rough
edges of Cu-HMCe can cause mechanical damage to the bacterial membrane.

The typical microenvironment of a chronically infected wound is usually characterized by an acidic matrix due to the
production of multiple acidic metabolites by bacteria during infection.>” The pH response capability of Cu-HMCe was
evaluated by incubating it with different pH medium solutions. The results showed that Cu-HMCe exhibited a unique
acid-responsive release pattern (Figure 4C). In a neutral medium, the cumulative Cu release was only about 20% over 80
hours. However, in an acidic solution, Cu release reached above 60% within 24 hours and continued consistently. It can
be concluded that the release of Cu was promoted by acidic environment. This result suggests that Cu-HMCe has great
potential for application in acidified chronic refractory wounds with bacterial infections. The responsive release of Cu**
in acidified wounds could help to improve its utilization and efficacy.

In vitro Evaluation of Antioxidant Activity

Reactive oxygen species (ROS) include a variety of molecules such as superoxide anion (O, ), hydrogen peroxide
(H,0,) and hydroxyl radical (-OH). Studies have shown that appropriate oxidative stress is beneficial for promoting
tissue regeneration and repair, while excessive oxidative stress is detrimental to tissue repair.’®*’ Therefore, the
ability to scavenge ROS is also a key indicator of wound healing promoting nanozymes. In the DPPH assays, the
Cu-HMCe exhibited the highest free radical scavenging ability, which gradually increased over time (Figure 4D and
E). Quantitative analysis revealed that the Cu-HMCe successfully eliminated over 80% of the free radicals
(Figure 4F). To further explore the antioxidant properties of Cu-HMCe, hydroxyl radical (OH) was selected as
a representative ROS to investigate the scavenging abilities of Cu-HMCe. As with the prior results, the colorimetric
TMB assays revealed that Cu-HMCe displayed excellent OH scavenging ability compared to the other two groups
(Figure 4G). ESR spectra also showed the low characteristic signal of OH for Cu-HMCe (Figure 4H). Furthermore,
the results of the ROS staining indicated a notable decrease in DCFH-DA positive cells in the Cu-HMCe group, as
compared to the control group (Figure 4I). These findings suggest that Cu-HMCe exhibits excellent antioxidant
enzyme-mimetic activity, effectively scavenging reactive oxygen species and demonstrating good antioxidant proper-
ties. This is mainly due to the fact that cerium oxide nanoparticles can scavenge excess free radicals by continuously
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participating in the process of reducing Ce (IV) and oxidizing Ce (III) in a redox cycle. Therefore, Cu-HMCe can

reduce excessive oxidative stress at the wound site, protect cells and tissues from post oxidative damage, and

provide a favorable microenvironment for wound repair.
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In vivo Wound Healing Experiments

Next, a model of a full-thickness wound defect was created to evaluate the healing properties of Cu-HMCe nanozymes
on skin injuries. In the Figure SA, it can be seen that all groups showed a gradual decrease in wound size over time. Of
note, the wound healing rate of Cu-HMCe and HMCe treatment groups was faster than that of other groups. Within two
weeks of treatment, the Cu-HMCe group had almost fully healed wounds covered with new epithelium. At the same
time, the control group and the Cu®" group still had open wounds, while the HMCe group had small closed wounds with
eschars. Consequently, these findings indicate that the inclusion of Cu into HMCe has boosted the capacity to facilitate
wound healing.

To examine the process of healing and regeneration, H&E staining and Masson staining were conducted on wound
specimens obtained from various treated groups. After 14 days of treatment, the control and Cu®" groups exhibited
congestion in the dermal layer, while the HMCe group showed persistent damage in the epithelialized tissue. On the
contrary, the Cu-HMCe group exhibited the generation of intact dermal and epithelial formations within the recovered
tissue (Figure 5D). As the epithelium acts as a protective barrier against pathogen infection, evaluating re-
epithelialization is crucial for wound healing.*® Quantitative analysis revealed that the Cu-HMCe treated group exhibited
the highest rate of re-epithelialization (Figure 5SB). Additionally, collagen deposition is a key biomarker for damaged skin
healing.*! Masson staining and quantitative analysis demonstrated that the Cu-HMCe treated group had significantly
denser collagen deposition compared to the other three groups (Figure 5C). Consequently, these findings demonstrate that
Cu-HMCe can substantially facilitate epidermal remodeling and accelerate wound healing.

In vivo Evaluation of the Anti-Inflammatory and Vascularization Properties of
Nanozymes

To gain deeper insights into the mechanisms underlying the wound-healing effects of nanozymes, we performed immuno-
histochemical staining to evaluate the inflammatory response during skin injury. TNF-a, IL-6, and IL-1p represent prominent
pro-inflammatory cytokines that serve as crucial markers of inflammation.**** Immunohistochemical analysis showed that the
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Figure 5 (A) The wound closure rates within 4 days after surgery. Corresponding quantitative analysis of the (B) wound re-epithelization and (C) collagen deposition on
14 days. (D) Histological analysis of wound tissues at 14 days. Significance levels of *p< 0.05, **p< 0.01, and ***p<0.00| were applied.
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Cu-HMCe group displayed the lowest percentage of inflammatory cells expressing TNF-a and IL-6 at 10 days postopera-
tively, whereas the control group expressed the highest inflammatory factors (Figure 6A). Figures 6B and C also showed that
the wound tissue’s production of TNF-a or IL-6 was notably lower in the HMCe and Cu-HMCe groups compared to the other
two groups. These findings indicate that Cu-HMCe is effective in preventing the inflammatory response in cutaneous wounds.

The ability of the nanoenzymes to promote neovascularization in vivo was further explored by CD31 immunohis-
tochemical staining. In the early postoperative period, there was no significant difference in the formation of neovascu-
larization between all groups. While at 10-day post-surgery, both the HMCe and Cu-HMCe treated groups exhibited
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Figure 6 (A) Immunohistochemical staining images for TNF-q, IL-6 or CD31 of the wound sections after 10-day treatment. Quantified analysis of the relative expression of
(B) IL-6 and (C) TNF-a. (D) Quantified analysis of the number of vessels. (E) Immunofluorescence staining images for CD3 | and a-SMA of the wound sections after |4-day
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increased neovascularization formation. The Cu-HMCe group displayed the highest increase, which can be attributed to
the angiogenic properties of the Cu component (Figure 6D). Meanwhile, Cu-HMCe demonstrated promising anti-
inflammatory capabilities which facilitated the development of blood circulation, thereby considerably enhancing the
formation of neovascularization.

The revascularization ability of Cu-HMCe is further confirmed by conducting CD31 (red) and a-SMA (green)
immunofluorescence staining on HUVECs. As depicted in Figure 6E, Cu-HMCe displayed noticeably heightened
CD31 and a-SMA expression, while HMCe exhibited a moderate level of expression. Conversely, the control and Cu?
* group showcased a lower level of CD31 and a-SMA expression. This conclusively demonstrated the potential of Cu-
HMCe in accelerating wound regeneration by promoting vascularization through up-regulation of CD31 and a-SMA
expression. Thus, it was fully proven that the Cu-HMCe had the ability to promote angiogenesis in vivo, which was
better than the application of Cu*" or HMCe alone.

Overall, the obtained nanozymes have demonstrated their ability to effectively suppress the inflammatory micro-
environment and promote angiogenesis, which in turn accelerates the healing of wounds. This integration of functions
showcases the synergistic effects of the nanozymes in facilitating wound repair.

Conclusions

In summary, we reported a copper-doped cerium oxide nanozymes with hollow mesopores, showing excellent porosity,
stability, and biocompatibility. In vitro experiments highlighted the promotion of endothelial cell proliferation and
migration. Further, in vivo and in vitro experiments supported multiple ways it promotes wound healing, such as
antioxidation, improving the local inflammatory environment, and promoting neovascularization. According to the
study, Cu-HMCe nanozymes with multi-functionality have the potential to significantly enhance wound healing. Such
findings offer a glimpse into a promising future where multifunctional Cu-HMCe nanozymes hold the key to more
efficient, cost-effective, and patient-centric solutions for skin wound management. However, in order to make Cu-HMCe
closer to clinical application, it is necessary to further study its biosafety and promoting vascularization mechanism.
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