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ABSTRACT

The impaired immune function observed in diabetic patients significantly increases their susceptibility of diabetic wounds to bacterial infec-
tions. Conventional treatment for bacterial infections relies heavily on antibiotics; however, this approach is often accompanied by the
development of bacterial resistance. In this study, a nanozyme (Q@CuMn@G) exhibiting exceptional antibacterial efficacy with the capability
to circumvent drug resistance was ingeniously designed. It operates through the generation of hydroxyl radicals (¢OH) via a self-cascade reac-
tion. The glucose oxidase (GOx) encapsulated within the Cu-metal-organic framework (MOF) generates H,O, by degrading glucose present
in the wound environment, which is subsequently catalyzed by the Cu-MOF to produce «OH, thereby exerting potent antibacterial effects.
Meanwhile, MnO, loaded within Cu-MOF generates O, ameliorating the hypoxic environment of the wound and further supporting the
degradation of glucose by GOx. Quaternized chitosan is employed as a shell to envelop the nanozyme, thus preventing the rapid degradation
of GOx. In vitro experiments demonstrated that Q@CuMn@G exhibits sustained release of ®OH and significant bactericidal effects against
Escherichia coli and Staphylococcus aureus, confirming the high antibacterial activity of the nanozyme. Moreover, in vivo experiments revealed
that Q@CuMn@G effectively kills bacteria in infected diabetic wounds, modulates the immune microenvironment, and accelerates wound
healing, achieving a healing ratio of 96.78%. This study employs the Q@CuMn@G nanozyme to achieve highly effective antibacterial efficacy
through chemodynamic therapy, thereby offering an innovative strategy for antibiotic-free treatment of diabetic wound repair.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0267620

I. INTRODUCTION

Chronic wound infections pose a significant challenge to
contemporary healthcare, encompassing diabetic wounds, fungal
wounds, pressure ulcers, and more."” The impaired immune func-
tion in diabetic patients makes their wounds prone to bacterial infec-
tions and hinders their ability to clear such infections autonomously,
leading to a disruption in the balance of the immune microenvi-
ronment and prolonged inflammatory responses that impede tissue

Consequently, the development of novel therapeutic approaches to
circumvent bacterial resistance holds substantial social and eco-
nomic significance for the treatment of diabetic bacterial-infected
wounds.

Chemodynamic therapy (CDT) has been widely applied in the
field of antibacterial therapy as a novel treatment strategy in recent
years.” CDT is predicated on the Fenton/Fenton-like reaction, uti-
lizing Fenton metals-including Fe-based nanocatalysts and various
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repair.”* However, the overuse of antibiotics in clinical practice
has led to the emergence of bacterial resistance, diminishing the
efficacy of traditional antibiotics in treating bacterial infections.”

Fenton metalloid nanocatalysts such as Cu, Mn, Mo, and Ag—to
convert endogenous H,O; into hydroxyl radicals (¢OH) that can
effectively eliminate bacteria and circumvent bacterial resistance.”
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Therefore, CDT involving e¢OH is regarded as an ideal antibacte-
rial modality.”'’ Because of their high porosity and large specific
surface area, metal-organic frameworks (MOFs), which are com-
posed of nodal metals or metal oxides and organic linker ligands,
are chemically stable and serve as effective CDT reagents. When
active molecules capable of performing Fenton or Fenton-like reac-
tions are utilized as building blocks of MOFs, they can decompose
in acidic environments and achieve antibacterial effects through
CDT."""" Among various MOF materials, Cu MOFs are promising
CDT reagents. The Cu*/Cu®" in Cu-MOFs exhibit variable oxi-
dation states, allowing them to catalyze the generation of highly
reactive #OH from H,O, through Fenton-like reactions. In addi-
tion, Cu-MOFs possess a high specific surface area and well-defined
porous structures, facilitating the efficient loading and release of
H,0; or other reactants. Furthermore, the organic ligands in Cu-
MOFs can be chemically modified to introduce specific functional
groups, allowing for the design of more efficient CDT agents tailored
to specific requirements.’ o1

However, the content of endogenous H» O, is often insufficient,
restricting the therapeutic efficacy of CDT.!” To address this lim-
itation, researchers have developed various novel materials. Zhao
et al.'® encapsulated Cu-Fe peroxide nanoparticles, which can be
decomposed to release substantial quantities of exogenous H,O,
under near-infrared (NIR) irradiation, thereby compensating for the
limitations of endogenous H,O; and further enhancing the per-
formance of CDT. Wang ef al."” designed a Cu peroxide-loaded
mesoporous dopamine nanomaterial (CuO,@MPDA). This MPDA-
mediated photothermal therapy (PTT) can enhance the production
of eOH from CuO; by accelerating the chemical reactions, thereby
demonstrating high antibacterial efficiency at very low concentra-
tions. Although these strategies address the issue of inadequate
endogenous H,O, levels, they still rely on external physical stim-
uli to enhance H,O; generation, introducing additional complexity
to wound treatment protocols. For diabetic chronic wounds, adopt-
ing a tailored approach—Ileveraging the hyperglycemic environment
to generate H,O,—is considered a strategic and effective solution.
Glucose oxidase (GOx) can catalyze the oxidation of glucose to
generate H,0,,0% addressing the issue of insufficient endogenous
H,0; for CDT agents in diabetic models. This enzymatic property
makes GOx a promising candidate for enhancing the efficacy of
CDT in glucose-rich pathological environments. When GOx is com-
bined with Fenton or Fenton-like reagents, the generated H,O; can
be further catalyzed to produce highly antibacterial #OH, exerting
potent antibacterial effects through a cascading reaction. Simultane-
ously, this process consumes blood glucose, modulates the immune
microenvironment, and accelerates wound healing.

In light of the above-mentioned considerations, a multifunc-
tional nanozyme with potent antibacterial properties specifically
targeting diabetic refractory wounds was designed (Scheme 1).
Utilizing a well-established hydrothermal synthesis method, we
fabricated Cu-MOF@MnO; nanocomposites (CuMn), which were
subsequently functionalized with GOx via physical adsorption to
establish an efficient cascade reaction system. Finally, quaternized
chitosan (QCS) was used to encapsulate the nanozyme, preventing
premature degradation of GOx (Q@CuMn@G). The GOx loaded
on the nanozyme decomposes glucose, generating H,O, and glu-
conic acid. The Cu MOF catalyzes a Fenton-like reaction, facilitating
the decomposition of H,O; to generate highly antibacterial ¢«OH,
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achieving antibacterial effects through CDT. In addition, MnO,
decomposes H,O; to produce oxygen, further accelerating wound
healing. This innovative design not only addresses the challenges of
bacterial infection and hypoxia in diabetic wounds but also provides
a cascade-based therapeutic strategy to promote wound healing.

Il. EXPERIMENTAL SECTION
A. Materials

Potassium permanganate (KMnOy, AR), sodium thiosulfate
(Na;S,03, AR), trimellitic acid (H3BTC, AR), Cu sulfate pentahy-
drate (CuSO4-5H,0, AR) and quaternized chitosan (QCS, AR) were
purchased from Macklin, glucose oxidase (GOx, AR) was purchased
from Aladdin, and absolute ethanol was purchased from Damao,
Tianjin.

B. Preparation of MnO, NPs and CuMn@G

For the preparation of MnO, NPs, 50 ml of deionized water is
used to dissolve 0.017 g of KMnOy, and the liquid is then sonicated
for 30 min. To dissolve 0.017 g of Na,S,03, 50 ml of deionized water
was utilized. Drop by drop, the previously prepared Na,S,03 solu-
tion was added to the KMnOy solution at 25 °C, rapidly changing
the color of the mixture from purple to yellow-brown. This demon-
strated the formation and eventual dark browning of the MnO, NPs.
After washing with water by centrifugation, the particles were mixed
into a 2 ml solution and stored for later use.

For the synthesis of Cu-MOF@MnO, (CuMn), 045 g
(2.14 mM) of H3BTC was dissolved in 48 ml of anhydrous ethanol
under continuous magnetic stirring. Subsequently, 0.75 g (3.1 mM)
of CuSO4-5H,0 was introduced into the solution, followed by vigor-
ous stirring for 10 min. MnO, nanoparticles were then incorporated
into the mixture, which was transferred into a Teflon-lined auto-
clave for hydrothermal treatment at 120 °C for 12 h. After cooling
to ambient temperature, the resulting product was collected via cen-
trifugation, washed three times with anhydrous ethanol to remove
residual reactants, and dried under vacuum at 60°C for 24 h,
yielding the final CuMn composite.

For the synthesis of Cu-MOF@MnO,@GOx (CuMn@GQG),
CuMn (20 mg, 4 mg/ml) was mixed with GOx (5 mg, 1 mg/ml) in
deionized water and stirred in the dark for 24 h, followed by centrifu-
gation to obtain CuMn@G. Meanwhile, the supernatant before and
after GOx adsorption was collected, and the GOx loading capacity
was determined using a BCA assay kit.

C. Preparation and characterization of Q@CuMn@G

QCS (10 mg, 2 mg/ml) was added to the CuMn@G (20 mg,
4 mg/ml) composite and stirred continuously for 2 h. The
Q@CuMn@G composite was then produced by freeze-drying after
a single wash with deionized water. Using scanning electron micro-
scopy (SEM) and transmission electron microscope (TEM), the
morphological properties of Cu-MOF, CuMn, and Q@CuMn@G
were investigated. To determine the valence states, describe the
atomic chemical environments, and carry out peak deconvolu-
tion analysis, X-ray photoelectron spectroscopy (XPS) was utilized.
X-ray diffraction (XRD) analysis was used to identify the crystallo-
graphic facets, which were then compared with reference data for
standard MnO,. Q@CuMn@G was subjected to Fourier-transform
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Scheme 1. Fabrication of Q@CuMn@G and the underlying mechanisms mediating enhanced wound healing.

infrared spectroscopy (FT-IR) in order to obtain spectral data in the
4000-500 cm ™! range. The Brunauer-Emmett-Teller (BET) method
was employed to analyze the surface area and pore size distribu-
tion of Cu-MOF, CuMn, and Q@CuMn@G. Q@CuMn@G solution
(0.1 mg/ml) was incubated at 37 °C for 48 h, and the cumulative
release of Cu®* was quantified using inductively coupled plasma
mass spectrometry (ICP-MS) at designated time intervals.

D. Hydroxyl radical detection

The peroxidase-like activity was systematically investigated
under various conditions by examining different materials (MnO,,
Cu-MOF, CuMn, and Q@CuMn@G) and by modulating the pH and
concentration of Q@CuMn@G after incubation with 7.7% H,O; in
advance. The peroxidase-like activity of the samples was quantita-
tively assessed by measuring the absorbance of TMB at 652 nm and
methyl violet at 580 nm.

Reaction mixtures comprising glucose (Glu, 50 mM), Glu with
GOx, Glu with CuMn (2 mg/ml), Q@CuMn@G (2 mg/ml), and Glu
with Q@CuMn@G were incubated with TMB (6 mM) for 30 min in
order to examine the enzymatic activity of GOx. After centrifuging
the reactions, the UV absorbance at 652 nm was determined.

E. Oxygen detection

Q@CuMn@G was immersed in a solution (pH 6) for different
times; the supernatant was discarded after centrifugation, and then
H, 0 solution (pH 7.4, 0.25 M) was added to observe the number of
bubbles formed.

F. Assessment of antibacterial activity in vitro

Using Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli), evaluating the antibacterial efficiency of the different treat-
ment groups. After adjusting the bacterial suspension to a con-
centration of 10’ CFU/ml, it was divided into four experimental
groups and supplemented with Glu (1 M) and Cu-MOF, CuMn, and
Q@CuMn@G (all at 2 mg/ml). The samples underwent incubation
at 37 °C with 200 rpm agitation, and the optical density (OD) of the
bacterial solutions was measured at predefined intervals.

G. Cell testing in vitro
1. The CCK-8 assay and cell live/dead staining

To determine the biocompatibility of extracts from different
materials, human umbilical vein endothelial cells (HUVECs) were
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cultivated with them. After being sown on 96-well plates, HUVECs
were left in material extracts for 24 and 48 h. The vitality of the cells
was assessed using the cell counting kit-8 (CCK-8) and live/dead
cell staining. A fluorescent microscope was used to visualize cellu-
lar fluorescence, and a microplate reader was used to determine OD
values.

2. Crystal violet staining

After fixing the cells with 4% paraformaldehyde, they were
rinsed with PBS to get rid of any leftover fixative, and then they were
stained for 15 min with 0.1% crystal violet. The cells were stained,
washed with deionized water to get rid of any remaining dye, and
then photographed under an optical microscope.

3. Cytoskeleton staining

For 24 h, HUVEC and material extracts were co-cultured.
FITC-conjugated phalloidin was then used to stain F-actin, and
DAPI was used to counterstain the cell nuclei. From then on,
fluorescence microscopy was used to visualize cellular morphology.

4. In vitro scratch assay

HUVECs were cultivated until 90% confluency after being
sown in 24-well plates at a density of 4 x 10* cells/well. Then, sterile
pipette tips were used to generate a consistent scratch wound. Fol-
lowing the addition of material extracts to the wells, the cells were
co-cultured for 48 h. Phase-contrast microscopy was used to capture
images and track cell migration at predetermined intervals.

5. Transwell assay

A 24-well plate was used to hold the logarithmic growth phase
HUVEC, which were seeded at a density of 3 x 10* cells/well into the
upper chamber of transwell inserts. Serum-free medium was main-
tained in the upper chamber, while complete medium with 20% FBS
added was placed in the lower chamber. After 24 h of incubation, the
medium was taken out, and 0.1% crystal violet staining was used to
measure the number of migrating cells.

6. Cellular immunofluorescence

HUVEC and RAW264.7 macrophages from various treatment
groups were blocked with 5% BSA for 1 h at 25°C after being
fixed with 4% paraformaldehyde and permeabilized with Triton X-
100 (0.1%). Primary antibodies against HIF-1, CD86, and CD206
were then added to the cells and incubated for 1 h at 37 °C. Next,
unbound antibodies were rinsed with PBS, and then fluorophore-
conjugated secondary antibodies were added and left to incubate for
1 h in the dark. The cell nuclei were counterstained with DAPI, and
fluorescence images were captured using a confocal microscope.

H. Hemolysis assays

Fifty microliter material suspensions were incubated with 1 ml
of saline at 37 °C for 30 min, while saline without nanozyme and 1
ml of deionized water were used as positive and negative controls,
respectively. Each experimental group then received 20 ul of freshly
drawn rat arterial blood, which was then incubated at 37 °C for 1 h.
Following centrifugation, spectrophotometry was used to detect the
supernatant’s absorbance at 545 nm.

pubs.aip.org/aip/apm

I. The wound model of diabetic rats was
established in vivo

A diabetic wound healing model was established in
Sprague-Dawley (SD) rats. Streptozotocin (65 mg/kg) was
intraperitoneally injected 5 days prior to wound induction. Diabetes
induction was confirmed through consecutive blood glucose mea-
surements (>300 mg/dl). Rats were then anesthetized with sodium
pentobarbital (50 mg/kg), and a full-thickness excised bacterial
infected wound (10 mm diameter) was created on the dorsal surface
following aseptic preparation. Wounds were topically treated with
PBS, Cu-MOF, CuMn, and Q@CuMn@G daily. Wound healing
progression was documented through digital photography at
postoperative days 0, 3, 7, 10, and 14. Wound areas were quantified
using ImageJ software. The animal studies were sanctioned by the
Medical Ethics Committee of Guangzhou Maiersi Biotechnology
Co., LTD. (IACUC-MIS20230171-1) and were carried out strictly
by the operating procedures of the Animal Center.

J. Histological and immunohistochemical analysis

On the 14th postoperative day, the animals were put to sleep,
and samples of wound tissue were taken for histological examina-
tion. Skin samples were fixed, embedded, and dehydrated and then
sectioned at a thickness of 4 ym. Immunofluorescence staining for
CD31 and a-smooth muscle actin (a-SMA), Masson’s trichrome
staining, and H&E staining were used for histological analysis. We
used both light and fluorescence microscopy to evaluate stained
sections.

K. Statistical analysis

The mean + SD is used to express all experimental results. The
t-test or one-way analysis of variance (ANOVA) was used for the
statistical analyses, and the significance levels were *p < 0.05, **p
<0.01,and ***p < 0.001.

I1l. RESULTS AND DISCUSSION
A. Representation of Q@CuMn@G

The crystal structures of Cu-MOF, CuMn, and Q@CuMn@G
were systematically characterized by XRD, with the corresponding
diffraction patterns shown in Fig. 1(d). Comparison with the simu-
lated XRD pattern of Cu-MOF (Figure S1) confirmed the formation
of highly purified Cu-MOF. Significant alterations in diffraction
peaks were observed upon MnO, doping in Cu-MOF. The com-
parative analysis of the XRD pattern with the standard reference
for a-MnO, (JCPDS PDF#43-1455) revealed excellent correspon-
dence between the observed diffraction peaks and the character-
istic (101), (201), (211), (410), (402), and (103) crystallographic
planes. This confirms the successful formation of Mn-doped Cu-
MOF (CuMn). The XPS survey spectrum of Cu-MOF, CuMn, and
Q@CuMn@G [Fig. 1(a)] exhibited distinct peaks corresponding to
Cu 2p, Mn 2p, O 1s, N 1s, and C 1s core levels. Furthermore,
the high-resolution Cu 2p spectrum of Cu-MOF exhibits distinct
peaks at 935.0 and 954.9 eV [Fig. 1(b)], corresponding to Cu 2p3/»
and Cu 2py;; transitions, respectively. These spectral signatures
confirm the predominant presence of Cu** species in the MOF
structure. Similarly, the Mn 2p spectrum reveals two characteris-
tic components at 642.9 eV (Mn 2p32) and 651.2 eV (Mn 2pi2)
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FIG. 1. Characterization of Q@CuMn@G NPs. (a) XRD patterns of Cu-MOF, CuMn, and Q@CuMn@G. (b) and (c) High-resolution Cu2p and Mn2p spectra of Cu-MOF,
CuMn, and Q@CuMn@G. (d) XRD spectra of Cu-MOF, CuMn, and Q@CuMn@G. (e) Nitrogen adsorption desorption curve and pore diameter distribution (f) of Cu-MOF,
CuMn, and Q@CuMn@G. (g) TEM images of Cu-MOF, CuMn, and Q@CuMn@G. (h) EDS spectrum of Q@CuMn@G. (i) Elemental mapping of C, N, O, Cu, and Mn of
Q@CuMn@QG. (j) UV-vis spectra of Cu-MOF, CuMn, CuMn@G, and GOx. (k) Standard curves for BCA protein quantification. (I) Protein quantification of GOx before and

after adsorption. (m) FTIR spectra of various materials.

[Fig. 1(c)], providing definitive evidence for the successful incor-
poration of MnO,. This isotherm is classified as Type IIT according
to the ITUPAC classification, accompanied by an H3 hysteresis loop
[Fig. 1(e)]. Due to the loading of GOx and encapsulation by the
outer chitosan layer, the pore size of Q@CuMn@G became smaller
compared to CuMn [Fig. 1(f)], indicating the effective loading of

GOx and the successful encapsulation of QCS. SEM analysis (Figure
S2) demonstrated that Q@CuMn@G exhibited a well-defined lay-
ered morphology throughout the synthesis process. As demon-
strated by TEM [Fig. 1(g)], the particle sizes of Cu-MOF, CuMn,
and Q@CuMn@G were nearly identical, and elemental mapping
confirmed the homogeneous distribution of constituent elements.
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The detection of nitrogen signals was attributed to the presence of
both QCS and GOx [Figs. 1(h) and 1(i)]. The successful immo-
bilization of GOx in CuMn@G was confirmed by the UV-vis
spectrum [Fig. 1(j)], which showed a distinctive absorption peak
at 280 nm.”* The loading efficiency of GOx was quantitatively
determined through the BCA protein assay. Prior to and follow-
ing adsorption, the amount of protein in the supernatant was
determined [Fig. 1(l)], with reference to a pre-established pro-
tein quantification standard curve [Fig. 1(k)], yielding a calculated
GOx loading efficiency of 53.98%.'° FT-IR analysis of Q@CuMn@G
[Fig. 1(m)] revealed characteristic absorption bands at 3440 cm™
(O-H), 1504 and 1476 cm™ (C-H), and 1100-1300 cm™! (C-N),
confirming the successful incorporation of QCS functional groups.
The above-mentioned series of characterization results proved that
Q@CuMn@G was successfully synthesized. To ensure the effi-
cacy and safety of the nanozyme, the release of copper ions from
Q@CuMn@G was monitored using ICP-MS (Figure S3). The results
indicated that the cumulative release of Cu®* reached ~0.2 mg/l
within 48 h, which remained within safe limits.>’

B. In vitro self-cascade reaction of Q@CuMn@G

Cu, as a Fenton-like active metal, catalyzes the conversion of
endogenous H,O, into eOH via Fenton-like reactions, while GOx
facilitates the enzymatic catabolism of glucose to generate H,O,. The
POD-like catalytic mechanism involves the decomposition of H,O,
coupled with the oxidation of TMB to form a blue-colored prod-
uct, enabling quantitative assessment of enzymatic activity through
spectrophotometric measurement of the characteristic absorbance.
Consequently, we quantitatively assessed the enzymatic activity of
GOx within the composite materials by detecting ¢OH. The results
[Fig. 2(a)] indicate that H,O, is only produced when both glucose
and GOx are present, and that H,O, generates «OH in the pres-
ence of Cu-MOF. Under the intervention of H,O>, the generation
abilities of ®OH from different products were observed. It was visu-
ally evident that the production of ¢OH is mainly attributed to the
catalytic capability of Cu-MOF [Fig. 2(b)]. Subsequently, a quanti-
tative analysis was conducted, revealing no significant differences in
catalytic performance among Cu-MOF, CuMn, and Q@CuMn@G
[Fig. 2(c)]. We further investigated the POD-like catalytic behavior
of Q@CuMn@G under various experimental conditions. As illus-
trated in Fig. 2(d), the POD-like activity of Q@ CuMn@G exhibited a
pH-dependent enhancement, with catalytic efficiency progressively
increasing as the pH decreased. This phenomenon can be attributed
to the pH-responsive decomposition of Cu-MOF, where lower pH
values promote increased release of Cu®*, thereby enhancing the
POD-like catalytic activity. The concentration-dependent POD-like
activity of Q@CuMn@G was systematically evaluated, as presented
in Figs. 2(e) and 2(f). The concentration of Q@CuMn@G and its
POD-like enzymatic activity were positively correlated [Fig. 2(e)].
Methyl violet, which exhibits a purple color in its reduced state,
undergoes substrate-mediated oxidation to a colorless form in the
presence of POD-like activity. The experimental data presented
in Fig. 2(f) further corroborate that elevated concentrations of
Q@CuMn@G significantly enhance the POD-like enzymatic activ-
ity. Furthermore, we employed an alternative approach to evaluate
the POD-like activity of CuMn through quantitative measurement
of oxygen evolution. As illustrated in Fig. 2(g), with the increase in
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the acid treatment time of Q@CuMn@G, the reaction process was
accelerated, promoting MnO; to catalyze the production of O, from
H,0, indicating an enhanced catalytic activity of CAT-like activity
in Q@CuMn@G after acid treatment. To further investigate the sta-
bility of GOx in Q@CuMn@G, we measured its catalytic activity over
a 5-day period (Figure S4). The results revealed that while GOx activ-
ity exhibited a declining trend during this timeframe, it maintained
measurable catalytic activity throughout the observation period.
Figure 2(h) presents a comprehensive reaction pathway schematic,
elucidating the mechanistic details of the catalytic processes within
the system: GOx reacts with glucose to produce H,O,, catalyzed
by Cu-MOF to form eOH. MnO, catalyzes H,O> to generate O,,
supporting glucose breakdown by GOx in a cascade reaction.

C. Antibacterial activity of Q@CuMn@G

The aforementioned experimental findings demonstrate the
efficient cascade catalytic properties of Q@CuMn@G. Consequently,
this system not only depletes essential bacterial nutrients such as
glucose but also converts the generated H,O, into «OH through
catalytic processes, thereby achieving potent antibacterial effects.”®
To systematically evaluate the antibacterial efficacy of Q@CuMn@G,
the growth curves of bacteria were initially determined [Figs. 3(a)
and 3(b)], and a 12-h time point was selected as the intervention
duration for subsequent plate validation experiments. The antibac-
terial activity of Q@CuMn@G was quantitatively assessed using
the spread plate method, with the results presented in Fig. 3(c).
Both CuMn and Q@CuMn@G exhibited relatively low antibacterial
activity, whereas Q@CuMn@G demonstrated significant antibac-
terial activity after glucose culture. Its potent antibacterial perfor-
mance can be attributed to GOx-mediated oxidation of glucose to
generate H,O,, as well as the Fenton-like reaction catalyzed by
Q@CuMn@G to decompose H,O,, thereby releasing ¢OH to erad-
icate bacteria. To validate this conclusion, vitamin C was added
to the Q@CuMn@G + Glu group to scavenge eOH, resulting in
weakened bactericidal efficacy in this group. This confirms that
the antibacterial effect of Q@CuMn@G is mediated by the produc-
tion of ¢OH (Figure S5). Furthermore, the antibacterial mechanism
was corroborated through SEM analysis. As shown in Fig. 3(d), the
bacterial membrane integrity was severely disrupted following treat-
ment with Q@CuMn@G in the presence of Glu, providing direct
visual evidence of the material’s potent antibacterial properties.

D. Biocompatibility of Q@CuMn@G

Biocompatibility represents a crucial parameter for assessing
the clinical applicability of nanozyme materials.”” The cellular via-
bility of HUVEC co-cultured with various materials was quantita-
tively assessed using Live/Dead staining at specific time points. The
Cu-MOF, CuMn, and Q@CuMn@G groups showed a progressive
increase in cell density and a much lower cellular mortality rate
than the normal group. Crystal violet staining assays further con-
firmed enhanced proliferative activity in HUVEC following material
treatment, shown in Fig. 4(a). Quantitative cell viability analysis
revealed that the Q@CuMn@G group demonstrated superior pro-
liferative capacity compared to other groups, with viability exceed-
ing 100% [Fig. 4(b)]. Cellular morphology was examined through
cytoskeletal staining using FITC-conjugated phalloidin.”® Morpho-
logical analysis [Fig. 4(c)] demonstrated that HUVECs cultured
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FIG. 2. In vitro self-cascade reaction of Q@CuMn@G. (a) Assay of GOx activity. (b) POD-like activity of different substances. (c) Quantification of absorbance values of
POD-like activity for different substances. (d) POD-like activity of Q@CuMn@G at different pH; the Q@CuMn@G concentration was 100 ug/ml. (e) POD-like activity of
Q@CuMn@G at different concentrations was detected by TMB. (f) POD-like activity of Q@CuMn@G at different concentrations was detected by methyl violet. (g) CAT-like
activity of Q@CuMn@G after acid treatment for different times. In the experimental setup, “Con” denotes the Cu-MOF control group, with the upper axis indicating the
duration of acid treatment (pH 6) and the left axis representing the reaction time. (h) Schematic representation of the reaction pathway.

with Q@CuMn@G exhibited enhanced cellular spreading and main- group remained below 5%, which was within the prescribed hemoly-
tained distinct spindle-shaped morphology in comparison to other sis limit.”” Furthermore, concentration-dependent hemolysis analy-
groups. The hemocompatibility of Q@CuMn@G was assessed using sis of Q@CuMn@G [Fig. 4(e)] revealed that concentrations below
in vitro hemolysis experiments. All experimental groups had col- 100 ug/ml maintained excellent biocompatibility. Cellular migra-

oration similar to the negative control, shown in Fig. 4(d), with little tion capacity was evaluated using the in vitro wound healing scratch
hemolytic activity. Notably, the hemolysis ratio in the Q@CuMn@G assay.”’ As demonstrated in Fig. 4(f), all treatment groups exhibited
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FIG. 3. Antibacterial activity of Q@CuMn@G. (a) E. coli and (b) S. aureus growth curves for bacteria. (c) Spread plate image illustrates the elimination of S. aureus and E.
coli using several materials (PBS, CuMn, Q@CuMn@G, and Q@CuMn@G + Glu) during a 12-h treatment period. (d) SEM morphology of S. aureus and E. coli treated

with several materials for 12 h.

enhanced migratory capability compared to the model group, with
Q@CuMn@G displaying wound closure rates similar to the nor-
mal group [Fig. 4(g)]. Complementary Transwell migration assays
[Fig. 4(h)] confirmed that Cu-MOF, CuMn, and Q@CuMn@G sig-
nificantly enhanced HUVEC migration compared to the model
group, shown in Fig. 4(i). In summary, Q@CuMn@G exhibits excel-
lent biocompatibility and has significant potential for application in
the treatment of diabetic wounds.

E. Immunomodulatory activity of Q@CuMn@G

Since persistent inflammatory responses significantly
impair wound healing processes, we systematically evaluated
the immunomodulatory potential of Q@CuMn@G. As demon-
strated in Figs. 5(a) and 5(e), Q@CuMn@G effectively modulated
the immune microenvironment and restored cellular viability fol-
lowing hypoxia and high-glucose treatment. The anti-inflammatory
efficacy of Q@CuMn@G was assessed through immunofluores-
cence analysis. Immunofluorescence results [Fig. 5(b)] revealed
significant upregulation of HIF-1 expression in the model group

following hypoxia and high-glucose conditions. Treatment with
various materials led to HIF-1 downregulation, with Q@CuMn@G
demonstrating the most pronounced effect [Fig. 5(f)]. These results
are hypothesized to result from the decomposition of glucose by
GOx in Q@CuMn@G, generating H,O,, which is subsequently
catalyzed by MnO, to produce O, thereby alleviating the cellular
damage induced by the hypoxic and high-glucose environment. To
investigate Q@CuMn@G-mediated macrophage polarization, we
induced M1 and M2 phenotypes using LPS and IFN-y, followed
by immunofluorescence characterization, as presented in Figs. 5(c)
and 5(d). The model group showed considerable downregulation
of CD206 (M2 marker) and marked elevation of CD86 (M1
marker) expression compared to the normal group. The different
material treatments effectively downregulated the expression of
CD86 [Fig. 5(g)] while significantly enhancing the expression of
CD206 [Fig. 5(h)], with Q@CuMn@G having the most signif-
icant effect. This finding indicates that Q@CuMn@G mediates
anti-inflammatory effects through inhibiting M1 macrophage
polarization and promoting M2 phenotype differentiation.

APL Mater. 13, 051115 (2025); doi: 10.1063/5.0267620

© Author(s) 2025

13, 051115-8

1¥/€10 G20z Joquisydes 61


https://pubs.aip.org/aip/apm

APL Materials

a
=
v
S

24h  48h

48h

Normal

ll)l)lml - - -
100 pm - - -
L, n S L% RAE e e c ¢ ¥

Normal

Cu-MOF

CuMn

CuMn

Model

ARTICLE

Q@CuMn@G

Q@CuMn@G

PBS

Cu-MOF

CuMn

Model

Q@CuMn@G

Cu-MOF

CuMn

Q@CuMn@G

2
g

Cell viability of HUVEC (%)

Hemolysis ratio (%)

pubs.aip.org/aip/apm

= Normal £ Cu-MOF 1 CaMa 88 Q@CaMaiG

) —
— _
——

Hemolysis ratio (%)

K3

Positive 200 100 50 25

= Normal 3 PBS 03 Cu-MOF £ CuMn 88 Q@CuMn@G

® =
g S

Number of migrating cells
&
s

Y : ¢ &
o™ B

©
oY RO
o
Cud
Model

o

FIG. 4. Biocompatibility of Q@CuMn@G. (a) HUVEC cells treated with different materials for different times were stained with live/dead fluorescence and crystal violet. (b)
The CCK-8 assay was used to evaluate cell viability. (c) The adhesion morphology CLSM images at 24 h for various groups. (d) Hemolysis ratio and images of hemolysis
for different material treatments. () Hemolysis ratio and images of hemolysis treated with different concentrations (#g/ml) of Q@CuMn@G. (f) Pictures of various groups’
in vitro scratch assays and (g) quantitative analysis. (h) Images of various groups’ in vitro transwell assays and (i) quantitative analysis.

APL Mater. 13, 051115 (2025); doi: 10.1063/5.0267620

© Author(s) 2025

13, 051115-9

11:/€:1,0 G20T Joquialdas 61


https://pubs.aip.org/aip/apm

APL Materials ARTICLE pubs.aip.org/aip/apm

Model
Normal Cu-MOF

&

Live/Dead

Normal PBS

=y

HIF-1/DAPI

LPS+IFN-y
C Cu-MOF CuMn Q@CuMn@G
=
<«
2
%
o
o/

LPS+IFN-y
Normal PBS Cu-MOF CuMn

=2

Q@CuMn@G

CD206/DAPI

e . f h .-
- HIF-1 CD86 59 CD206
Zm st 14 = ——
g R i N » I
Za{ 512 I H 3
z - & =15
% 8 g1 z o
= : g é 10 I
H 40 H -
= -] I g ;
KB ) 1 1
e 1
0 0 i
S 3 g o G S & ¥ o) G - §a G S P W GO
o N O o @ o & o' N @ o 9 S (@ o < a0 ¢ @
o R gpe m"’\w e T AT o o e wo‘\_\“ o o o
o Q¥ o Qf
Model Model LPS+IFN-y LPS+IFN-y

FIG. 5. Immunomodulatory activity of Q@CuMn@G. (a) After the hypoxia and high glucose model, HUVEC cells treated with various substances were stained live or
dead. (b) Expression of HIF-1 in HUVEC cells treated with different materials after hypoxia and high glucose modeling and (f) quantitative statistics. (c) CD86 expression
in RAW264.7 cells treated with various substances following LPS + IFN-y modeling and (g) quantitative statistics. (d) CD206 expression in RAW264.7 cells treated with
various substances following LPS + IFN-y modeling and (h) quantitative statistics. (e) Viability of HUVEC cells treated with different materials after hypoxia and high glucose
modeling.

L¥:/€110 G202 Jequisydes 61

APL Mater. 13, 051115 (2025); doi: 10.1063/5.0267620 13, 051115-10
© Author(s) 2025


https://pubs.aip.org/aip/apm

APL Materials ARTICLE pubs.aip.org/aip/apm

a 0 day 3 day 7 day 10 day 14 day

=

100 A

80+ =

PBS

60 ~ e

‘Wound healing ratio (%)

B 2z
51
z 404 /
5 Normal
z - DW+PBS
=1 204 DW-+Cu-MOF
= “=DW+CuMn
S0 e DWAQ@CuMn@G
0 T T T T T T T
<@ 0 2 4 6 8 10 12 14 16
®] ~
= in Healing period (days)
] o)
é 3
=4

DW+PBS DW+Cu-MOF DW+CuMn DW+Q@CuMn@G

DW+Cu-MOF

FIG. 6. In vivo therapeutic efficacy of Q@CuMn@G. (a) Images of wound healing and wound superpositions at various intervals following treatment with various substances.
(b) Statistical analysis of the wound healing ratio over time in various groups. (c) H&E staining at 7 and 14 days in different interventions. (d) Masson staining at 7 and 14
days in different interventions.

APL Mater. 13, 051115 (2025); doi: 10.1063/5.0267620 13, 051115-11
© Author(s) 2025

1¥/€10 G20z Joquisydes 61


https://pubs.aip.org/aip/apm

APL Materials

IL-6

Iﬂogm

IL-10

I:.
2
2

=y

Merge DAPI o-SMA CD31

30

Mean intensity(a.u.)

54

0

Normal

I 200 pm

Normal

DW+PBS

DW+PBS

25+

20

151

10 1

Ak

o

o

=
@*Cﬁ\
Ay

o
< e
« Xq(\l.
A

N

DW+Cu-MOF

DW+Cu-MOF

ARTICLE

DW+CuMn

DW+CuMn

pubs.aip.org/aip/apm

DW+Q@CuMn@G

DW+Q@CuMn@ G

d "’
144 0-SMA - — .
ars :
12 —ttr I
3 12 sss
LI
=10 I r 1
= b4
w
S 8-
2
8
= 61
E
<9
= 41
) L
0 T T T
» ) N3 .
ﬁ«“““ \NX@ e O % oo
A \ﬂx‘- oV @S
N X

o

FIG. 7. Angiogenic effects of Q@CuMn@G. (a) Images of immunohistochemical staining for IL-6 or IL-10 (brown). (b) CD31 and a-SMA IF staining in various groups. (c)

Quantitative analysis of CD31 and (d) a-SMA expression in various groups.

APL Mater. 13, 051115 (2025); doi: 10.1063/5.0267620

© Author(s) 2025

13, 051115-12

L¥:/€110 G202 Jequisydes 61


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

F. Q@CuMn@G accelerates healing of diabetic
infected wounds

To assess Q@CuMn@G’s therapeutic effectiveness on diabetic
wounds infected with bacteria, we established a full-thickness corti-
cal infected wound model in diabetic rats under anesthesia,’’ which
were randomly divided into four experimental groups. As illustrated
in Fig. 6(a), all three treatment groups demonstrated significantly
enhanced wound healing efficacy compared to the diabetic model
group, with visible improvements from day 3 post-treatment. The
Q@CuMn@G group exhibited no signs of infection or erythema
throughout the healing process, achieving a remarkable wound
closure ratio of 96.78% by day 14 [Fig. 6(b)]. This exceptional perfor-
mance can be attributed to the synergistic catalysis of Q@CuMn@G,
where GOx-mediated glucose consumption generates H,O, at the
wound site. Subsequently, Cu®* and MnO, sequentially catalyze
the decomposition of H>O; to produce oxygen and eOH, thereby
exerting potent antibacterial effects.’

We performed histological studies utilizing Masson’s trichrome
staining and H&E staining of the skin at the wound site in rats. This
was performed to better understand the wound healing mechanisms
of Q@CuMn@G. Results are presented in Figs. 6(c) and 6(d). H&E
staining analysis revealed that by day 7, inflammatory processes and
infection compromised perifollicular vasculature, resulting in signif-
icant erythrocyte extravasation. Consequently, the diabetic wound
(DW) group exhibited severe erythrocyte aggregation within hair
follicles, while all three treatment groups showed significant reduc-
tion in this pathological feature compared to the DW group. By
day 14, the normal group demonstrated near-complete epidermal
regeneration with restored follicular density. Among the treat-
ment groups, Q@CuMn@G demonstrated the highest hair follicle
regeneration, indicating superior regenerative capacity. Epidermal
thickness measurements [Fig. 6(c)] revealed significant hyperpla-
sia in the DW and DW + Cu-MOF groups compared to normal
controls, indicating persistent inflammation, whereas CuMn and
Q@CuMn@G groups maintained normal epidermal thickness pro-
files. Masson’s trichrome staining [Fig. 6(d)] demonstrated reduced
and disorganized collagen fiber deposition in the DW and DW
+ Cu-MOF groups, while the Q@CuMn@G group exhibited abun-
dant and densely organized collagen matrix. Q@CuMn@G acceler-
ates diabetic wound healing by promoting hair follicle and epidermal
regeneration and increasing collagen deposition.

G. Q@CuUMn@G promotes the transition
of diabetic infected wounds from
the inflammatory to the proliferative stage

Three successive phases, the inflammatory, proliferation,
and remodeling phases, generally define the physiological pro-
cess of cutaneous wound healing. In diabetic bacterial-infected
wounds, persistent inflammatory responses prolong the overall
healing time.”” To investigate the immunomodulatory effects of
Q@CuMn@G, we performed immunohistochemical analysis of
key inflammatory mediators [Fig. 7(a)]. The immunohistochemical
analysis revealed that the DW group showed reduced levels of IL-
10 and increased levels of IL-6. Q@CuMn@G showed a considerable
downregulation of IL-6 expression and an elevation of IL-10 expres-
sion when compared to other treatment groups. These findings
suggest that Q@CuMn@G exerts potent anti-inflammatory effects

pubs.aip.org/aip/apm

by modulating the inflammatory phase of diabetic wound healing,
thus accelerating the overall healing process.

Impaired local angiogenesis during the proliferative phase rep-
resents another critical factor contributing to delayed healing in dia-
betic infected wounds.”""” Efficient re-epithelialization during the
proliferative phase is a crucial determinant of successful wound heal-
ing. During the inflammatory phase, fibroblasts are recruited to the
wound bed, where they become activated in a low-stress microenvi-
ronment, proliferating and secreting collagen matrix components.
The production of vital extracellular matrix (ECM) proteins by
a-SMA-positive myofibroblasts, such as collagen and fibronectin,
aids in wound contraction and encourages tissue remodeling and
repair.’® To assess neovascularization and tissue regeneration, we
performed immunofluorescence staining using CD31 and a-SMA
as molecular markers [Fig. 7(b)]. According to quantitative exam-
ination of fluorescence intensity, all treatment groups exhibited
significantly higher levels of CD31 and a-SMA protein than the
DW group, with the Q@CuMn@G group displaying the most pro-
nounced upregulation [Figs. 7(c) and 7(d)]. This indicates that
Q@CuMn@G promotes neovascularization and wound recovery by
upregulating these key markers.

IV. CONCLUSION

In this work, we developed a nanozyme, Q@CuMn@G, which
utilizes a glucose-activated self-cascading reaction to achieve effi-
cient antibacterial effects, modulate the immune microenvironment
of diabetic wounds, and enable repair of bacterial-infected dia-
betic wounds. The GOx in Q@CuMn@G reacts with glucose in the
wound to generate H,O,. The Cu-MOF catalyzes the conversion of
H,O; into highly bactericidal ¢OH through a Fenton-like reaction.
Simultaneously, the loaded MnO; catalyzes H,O, to produce O,
alleviating the hypoxic conditions of the wound and further support-
ing the catalytic activity of GOx. This cascade reaction mechanism
ensures sustained antibacterial action and accelerates wound heal-
ing. The results demonstrate that Q@CuMn@G exhibits the ability
to effectively eliminate E. coli and S. aureus through generating «OH.
Q@CuMn@G showed strong antibacterial activity both in vitro and
in vivo settings, consumed glucose to produce oxygen, and improved
the immune microenvironment of hypoxic and high-glucose in dia-
betic wounds, stimulated angiogenesis, and stimulated tissue regen-
eration. In conclusion, Q@CuMn@G shows significant potential in
the treatment of diabetic bacterial infected wounds, providing an
efficient, simple, and antibiotic-free antibacterial treatment strategy.

SUPPLEMENTARY MATERIAL

The comparison of the XRD patterns between Cu-MOF
and simulated patterns, SEM images and elemental mapping
of Q@CuMn@G, in vitro release behavior of Cu?t, stability of
GOx, and validation of the antibacterial mechanism involving
hydroxyl radical generation by Q@CuMn@G are given in the
supplementary material.
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