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ABSTRACT: An abnormal microenvironment underlies poor
healing in chronic diabetic chronic wounds. However, e�ectively
modulating the microenvironment of the diabetic wound remains a
great challenge due to sustained oxidative stress and chronic
inflammation. Here, we present a unimolecular enzyme−polymer
conjugate that demonstrates excellent multienzymatic cascade
activities. The cascaded enzyme conjugates (CECs) were
synthesized by grafting poly(N-acryloyl-lysine) (pLAAm) from
the glycan moieties of glucose oxidase (GOx) via glycan-initiated
polymerization. The resulting CECs exhibited multiple enzymatic
properties of GOx, superoxide dismutase mimic, and catalase
mimic activities simultaneously. The CECs facilitated the depletion
of high blood glucose, ROS scavenging, bacteria-killing, anti-
inflammatory e�ects, and sustained oxygen generation, which restored the microenvironment in diabetic wounds. In vivo results
from a diabetic mouse model confirmed the capacity and e-ciency of the cascade reaction for diabetic wound healing. Our findings
demonstrate that the three-in-one enzyme−polymer conjugates alone can modulate the diabetic microenvironment for wound
healing.

■ INTRODUCTION
Diabetes is one of the severest chronic diseases that pose a
threat to human health.1,2 Chronic wounds under hyper-
glycemia are one of the most common complications in
diabetic patients.3 The chronic hard-to-heal nature of the
wound is attributed to various factors, such as hyperglycemic
environment,4,5 bacterial infection,6−8 elevated levels of
oxidative stress,9,10 long-term chronic inflammation,11,12 and
insu-cient angiogenesis leading to hypoxia.13−16 Typically,
excessive reactive oxygen species are responsible for damaging
proteins, nucleic acids, and cells in wounded tissue, impeding
neovascularization, and limiting oxygen and nutrient delivery
to the wound bed.17,18 This further leads to a self-perpetuating
cycle of deterioration and dysfunction.19 To address these
issues, current clinical trials are focused on the local release of
drugs, growth factors, miRNA, allogeneic cells, and the use of
living skin-equivalent grafts.20 However, these treatments,
while promising in controlling one or more symptoms, still face
hurdles in e-ciently regenerating diabetic wounds. Few
therapeutic strategies possess the ability to modulate and
restore the hyperglycemic and inflammatory microenviron-
ments simultaneously and synergistically.

Among the various approaches that are actively pursued,
enzymatic cascade therapy is one of the most promising
techniques for addressing the abnormal diabetic microenviron-

ment.21−24 This therapy involves di�erent types of enzymes
that catalyze multiple sequential reactions in a confined
environment. In the process, (i) GOx catalytically decomposes
blood glucose to normal levels; (ii) superoxide dismutase
(SOD) catalyzes the superoxide anion radical into hydrogen
peroxide;25,26 and (iii) catalase (CAT) converts accumulated
hydrogen peroxide into oxygen to relieve hypoxia.27 Thus,
enzymatic cascade therapy can reduce diabetic symptoms,
while providing multiple therapeutic e�ects.

Due to the inherent issues of low stability, immunogenicity,
and complexity associated with natural enzyme cascades,
numerous e�orts have been made to develop enzymatic
nanomaterials to mimic the reactions.21−28 Nanozymes have
been extensively used in biomedical fields, owing to their high
stability.29−34 However, there are still challenges to be
addressed when applying them in in vivo therapies, such as
low specific surface areas,35 heterogeneous catalysis su�ering
from mass transfer limitations, and potential in vivo
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cytotoxicity. One of the major hurdles in achieving an e-cient
cascade reaction is the uncontrolled distance between the two
sequential catalytic sites, as the loading of nanozymes is often
achieved through random mixing, embedding, or coupling.
This can greatly reduce the cascade e-ciency, in accordance
with the substrate channeling theory.36,37 All of these can
lessen the therapeutic e-cacy of diabetic wound treatments.

Here, we propose a “three-in-one” approach. It entails
creating cascaded enzyme conjugates (CECs) with multiple
enzymatic properties of GOx, SOD-mimic, and CAT-mimic,
all of which work in tandem to significantly promote the
healing of diabetic wounds (Scheme 1). The approach is based
on the site-specific growth of poly(N-acryloyl-lysine)
(pLAAm),38 from the glycan moieties of GOx through
biocompatible atom-transfer radical polymerization using
activators regenerated by electron transfer (ARGET-
ATRP).39 After being coordinated with ferrous ions (Fe2+),
the unimolecular GOx-poly(LAAm) CECs demonstrate multi-
enzymatic activities of GOx, SOD-mimic, and CAT-mimic
simultaneously. The catalytic oxidation of glucose by the GOx
core and dismutation of O2·− by SOD-mimic produce
hydrogen peroxide, which is catalyzed by CAT-mimic to
generate oxygen sequentially. The multienzymatic sites are
confined in a nanoscale space, which greatly facilitates the
homogeneous, consecutive, and synergistic cascade reactions.
As a result of these activities, CECs exhibited the ability to
deplete glucose, scavenge ROS, kill bacteria, generate oxygen,
and reduce inflammation. An in vivo study was performed to
verify the ability of CECs to promote healing by restoring the
microenvironment of diabetic wounds. Astonishingly, external
CEC patches on the wound were shown to significantly
decrease blood sugar levels in diabetic mice after wound
healing, suggesting potential hypoglycemic activity. Together,
this work has developed unimolecular cascaded multienzyme
conjugates, providing a multipronged strategy to restore the
microenvironments for diabetic wound healing.

■ EXPERIMENTAL SECTION
Materials. Glucose oxidase (EC 1.1.3.4) of Aspergillus niger,

sodium periodate, FeSO4·7H2O, ascorbic acid (ASC), L-lysine
hydrochloride, and N,N,N′,N″,N″-pentamethyldiethylenetriamine
(PMDETA) were purchased from Aladdin. Poly(N-acryloyl-lysine)
(pLAAm) was synthesized according to S. Nagaoka’s work40 (Figures
S1 and S2). (2-(Aminooxy)ethyl)2-bromo-2-methylpropanoate
(ABM) was synthesized as previously reported,41 and ELISA kits

were bought from 4A Biotech. E. coli (K-12 MG16653) and S. aureus
(ATCC 45330) were obtained from our laboratory collection. All
other reagents were purchased from Sinopharm and used without
further purification.
Synthesis of Initiator-Modified GOx. The GOx-ABM was

synthesized as previously reported. Briefly, sodium periodate was
added to the GOx solution (1 mg/mL in PBS) dropwise with a molar
ratio of ∼500:1. After 30 min of stirring on ice, the oxidized GOx
(GOx-Oxi) was dialyzed (NW10000, Spectrum) against PBS to
remove unreacted compounds. The ABM was then added to the
GOx-Oxi solution dropwise (20 μM in 0.01 M PBS, pH 6.5) with a
molar ratio of 15:1. The reaction was incubated at room temperature
for 4 h protected from light. The mixture was filtered through a 0.45
μm filter to remove precipitated proteins. After being dialyzed (NW
7000) against PBS, the initiator-tethered GOx (GOx-ABM) was dried
by lyophilization (LGJ-10N, Yaxing) and stored at −20 °C before use.
Synthesis of CECs. CECs were prepared by ARGET-ATRP.

Typically, 0.2 g of monomer poly(LAAm), 10 μmol of FeSO4, and 20
μmol of PMDETA were premixed in 1 mL of water. After
deoxygenation with nitrogen for 20 min, 20 μL of ascorbic acid
(0.4 M) was injected into the flask. Then, 1 mL of deoxygenated
GOx-ABM solution (0.02 μM) was injected into the flask to begin
polymerization. The reaction lasted for 15 min if not specified. Extra
FeSO4 was added to the mixture (10 μmol) and incubated for 1 h.
The resulting mixture was then dialyzed against PBS to remove the
excess salt and monomer at 4 °C for 24 h and then filtered through a
0.45 μm filter to remove the precipitate.
Characterization of CECs. For SDS-PAGE, protein samples were

dissolved in reductive loading bu�er and run on a 12% polyacrylamide
gel (100 V, DYY-12C). The proteins were stained with Coomassie
brilliant blue R-250. The particle size distribution and zeta potential
were measured by dynamic light scattering (NanoBrook, Brookhaven,
Canada) and analyzed by BIC DLS software. Circular dichroism
spectra were recorded by using a J-1500 circular dichroism
spectrometer (JASCO). The samples were dissolved in water at a
concentration of 0.1 mM in a 1 mm quartz cuvette. For morphological
characterization, drops of the protein solution were pipetted onto a
TEM grid. TEM analysis was performed using a Hitachi H7650
transmission electron microscope. XPS was conducted on an
ESCALAB 250 (VA).
CEC Activity Assay. GOx activity was measured using a

chromogenic method. In brief, the substrate solution was prepared
by mixing 2.3 nmol of HRP, 0.1−0.6 mmol of glucose, and 80 μmol of
o-anisidine in 3 mL of citrate bu�er (pH = 5.6). After 5 min of
incubating at 37 °C, 1 mL of enzyme solution (0.31 μM) was added
to the substrate solution for 3 min, followed by a stop solution (2 M
H2SO4). The absorbance of the colored supernatant was measured at
a wavelength of 540 nm. The enzyme activities were calculated
according to the following formula

Scheme 1. Schematic Representation of the Mechanism by Which CEC Facilitates the Restoration of the Wound
Microenvironment, Thereby Improving Diabetic Wound Healing by Cascade Multienzyme Catalysis
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= × + ×X A N
m

(U/mg) (1.0816 0.0008)
(1)

where A is the absorbance value, N is the dilution factor, and m (mg)
is the amount of GOx added. For the kinetic analysis, the data points
were fit to enzyme saturation curves to obtain the kinetic parameters
using Michaelis−Menten analysis using GraphPad Prism.

For the GOx activity preservation experiment, the native GOx and
CECs with equivalent activities were mixed with a 1% trypsin
solution, respectively. The residual enzyme activities were analyzed at
di�erent sampling times.
ROS-Scavenging Ability Assay of CECs. The catalytic ability of

CECs toward di�erent ROS species was monitored. The SOD-mimic
activity of CECs was measured using an SOD assay kit-WST (WST-1
method, Jiancheng, China) and read with an ELISA reader, according
to the manufacturer’s instructions. The CAT-mimic activity of CECs
was evaluated using a CAT assay kit (Jiancheng, China), according to
the manufacturer’s protocol. ESR spectra for CECs were obtained to
identify the hydroxyl radical with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the spin trap, by using an ESR A300 spectrometer
(Bruker). The ESR spectrometer was operated at a microwave power
of 19.6 mW, frequency of 9.85 GHz, and scan range of 100 G.
Detection of pH Decrease and Oxygen Generation. Native

GOx and CEC (1 nmol) were added to glucose solution (0−50 mM,
pH 7.0), respectively. The pH values were measured with a pH meter.
Oxygen production was evaluated using a dissolved oxygen kit,
according to the manufacturer’s instructions. Each experiment was
performed three times in parallel.
Glucose Consumption Test. Glucose solutions with di�erent

concentrations (0, 16.5, 33, 66, 132, and 264 mM) were examined
with a blood glucose meter to establish a standard curve. CECs with

di�erent concentrations (0.125, 0.250, and 0.500 nM) were separately
incubated with 11 mM glucose solution (150 rpm, 37 °C). The
solution was taken out at certain time points and measured by a
glucose meter according to the standard curve.
Antibacterial Experimentation. E. coli and S. aureus were

selected as the two representative common bacterial strains in wound
infections. The bacterial solution was diluted to 1 × 106 cfu/mL.
Subsequently, the dilution was added to 20 μL enzyme samples with
equivalent GOx of 0.156 to 2.5 nM in citrate bu�er (pH 5.6). After
being cocultured at 37 °C for 18 h, the OD value of the suspension
was measured at a wavelength of 600 nm. Meanwhile, 100 μL of the
suspension was taken for the PCY agar plate coating and then
incubated at 37 °C for 18 h. Bacterial colonies were counted to
evaluate the antimicrobial e-cacy.
Cytotoxicity Testing. Cytotoxicity of mouse embryonic fibroblast

3T3-L1, macrophage RAW 264.7, and human umbilical vein
endothelial cell HUVEC were measured using the CCK8 cytotoxicity
detection kit (Biosharp). Briefly, cells were assayed in 24-well tissue
culture plates for 24 h. 100 μL of CEC solution with various
concentrations (0.156, 0.313, 0.625, 1.25, and 2.5 nM) in citrate
bu�er (pH 5.6) was added to the plate in quadruplicate. After 24 h of
incubation, cells were replaced with the CCK-8 reagent at 37 °C for
30 min. The absorbance values at 450 nm were measured by a plate
reader.
Anti-inflammation Testing. RAW 264.7 macrophage cells were

seeded in a 24-well tissue culture plate (5 × 104 cells/mL) for 24 h
and treated with lipopolysaccharide (LPS, 1 μg/mL). 50 μL of CEC
with various concentrations (0.0313, 0.0625, 0.125, 0.25, 0.375, and
0.5 nM) was added to the plate in quadruplicate. After 24 h of
incubation, ROS levels in RAW 264.7 cells were measured using a

Figure 1. Characterization of CECs. (a) SDS-PAGE of GOx, GOx-Oxi, GOx-ABM, and CECs. Lane 1, protein marker; lane 2, GOx; lane 3, GOx-
Oxi; lane 4, GOx-ABM; and lane 5, CECs. (b) TEM image of CEC nanoparticles. (c) Size distribution of GOx, GOx-Oxi, GOx-ABM, and CECs
measured by DLS. (d) Corresponding zeta potentials of GOx, GOx-Oxi, GOx-ABM, and CECs, respectively. (e) CD spectroscopy of GOx, GOx-
Oxi, GOx-ABM, and CECs, respectively.
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fluorescence probe, 2′,7′-dichlorofluorescin diacetate (DCFH-DA).
Cells were loaded with DCFH-DA by incubation with 10 μM DCFH-
DA in DMEM for 30 min. After being washed with PBS three times,
the cells were examined with fluorescence microscopy (CTR6500,
LEICA) to determine the ROS level.
Cell Migration Assay. The HUVEC cells were seeded in a 24-

well plate. When reaching 80−90% confluence, the cell sheet was
scraped with a pipet tip and washed with PBS to remove the
unattached cells. The remaining cells were cultured in an endothelial
cell growth medium and then treated with 0.8 mM H2O2. A 50 μL
aliquot of CEC with various concentrations (0.125, 0.25, and 0.5 nM)
was then added to the plate. Cell migration was examined by 0.5%
crystal violet staining and microscopy. The injured fields in each well
were photographed at di�erent time points, and the closure areas were
quantified.
Mouse Wound Model. Animal operations were carried out

following the guidelines and approved by the laboratory animal ethics
committee of Fuzhou University. To construct the diabetes models,
BALB/C mice (male, 8 weeks old, weighing approximately 20−23 g)
were induced by intraperitoneal injection of STZ (120 mg/kg, 0.1 M
citrate bu�er, pH 4.5). The voided volume of food intake and the
body weight of the mice were measured daily. One week after
injection, blood samples were taken from mouse tails for 7 days to
measure glucose concentration. Mice with a blood glucose
concentration greater than 16.7 mM consecutively were included in
the diabetic group. Here, healthy mice were used as the control group.
The diabetic mice were randomly divided into three groups (six per
group). The full-thickness incisional skin wounds (∼10 mm) were
created in the dorsal skin. Sterile cotton pads (∼0.05 g) soaked with
0.5 nM CEC bu�er (∼0.4 g) were applied to skin wounds (D-CEC).
A group with sterile cotton pads soaked in PBS was used as negative

D-Con. A group with a commercially available wound dressing
(Comfeel, Coloplast) was used as the positive control (D-CP). The
wound dressings were changed every 3 days. The wounds of the four
groups were photographed on days 0, 3, 6, 9, 12, and 15.
Histological Analysis and Detection of Cytokines and

Growth Factors. For the histological analysis, the wound tissues
were collected and mounted on glass slides and stained with
hematoxylin and eosin (H&E) or Masson. The levels of cytokines
and growth factors were measured using ELISA kits and read with a
plate reader, according to the instructions of the manufacturer (4A
Biotech, Beijing). The following cytokines or growth factors were
measured: vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), IL-1 β, IL-6, TNF-α, IL-4, IL-10, and TGF-β1.
Statistical Analysis. All experiments were conducted in parallel.

Data were statistically analyzed and expressed by mean ± standard
deviation (SD). One-way ANOVA was used to analyze the significant
di�erence in the experimental data. * for P < 0.05, ** for P < 0.01,
*** for P < 0.001.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Fe(II)-Coordinated

CEC. Site-specific conjugation of the polymer to protein
generally involves additional preprocessing steps and a limited
amount of grafting. To overcome these shortcomings, we have
reported a versatile approach to overcome these shortcomings
through the multivalent conjugation of polymers to the glycan
moieties of glycoproteins.41,42 Briefly, this approach begins
with gently oxidizing glycans on GOx with sodium periodate to
produce ketones (GOx-Oxi) on the glycan moieties.43 The
initiator ABM specifically reacted with the ketones to form a

Figure 2. GOx catalytic activity and enzyme-mimetic properties of CECs. (a) GOx catalytic activity changes during the process of CEC synthesis.
(b) Kinetic assay of CEC activity, according to the Michaelis−Menten model with glucose as the substrate. (c,d) SOD and CAT mimetic activity of
CECs, respectively. Data are shown as the mean ± SD, n = 3. (e) ESR spectra of ·OH trapped by the DMPO probe. (f) Generation of dissolved
oxygen by 0.625 mM CEC in a 1 M glucose solution.
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macroinitiator (GOx-ABM). The site-specific growth of
poly(LAAm) from the glycan moieties of GOx is achieved
through the in situ-grown polymer from the macroinitiator via
biocompatible ARGET-ATRP (Figure S1).39

Polymerization processes were monitored by SDS-PAGE,
CD, and DLS analyses (Figure 1). There was no apparent
e�ect of the oxidation and initiator tethering on the molecular
weight, hydrodynamic radii (Rh), zeta potential, or CD shape.
After polymerization, the original GOx band disappeared.
GOx-poly(LAAm) conjugates exhibited a fuzzy and broad
molecular weight distribution band. DLS analysis showed that
Rh increased from 9 nm for native GOx to a wide range of 16−
136 nm after polymerization, indicating slight aggregation of
the GOx-poly(LAAm) conjugates. The TEM images were
consistent with the SDS-PAGE and DLS results, in which the
CECs appeared as nanoparticles with a size of approximately
45 nm. Furthermore, the increase in the conjugate size was also
accompanied by a shift in surface zeta potential from −20.4 to
−36.6 mV, indicating the stability of CECs in an aqueous
solution. However, the CD spectra of CECs remained similar
to those of native GOx, indicating that the mild chemical
reaction and the polymer conjugate have little influence on the
secondary structure. The elemental state of the Fe coordinated
in the polymer brushes was determined by X-ray photoelectron
spectroscopy (Figure S3). The main peak ascribed to Fe 2p3/2
was fitted with an Fe(II)/Fe(III) ratio of 1.3:1, suggesting that
Fe(II) is the predominant component in the conjugates. The
presence of Fe(III) is probably due to the unavoidable
oxidation during the preparation steps. Overall, these results
demonstrate the formation of the GOx-poly(LAAm) con-
jugates by glycan-initiated polymerization.
Multienzymatic Cascade Activity of CECs. The

mechanism of the multienzymatic cascade reaction of CECs
is illustrated in Scheme 1. Fe(II) ions and catenulate
poly(LAAm) brushes are coordinated to form a stable diamino
acid coordination iron structure. In this platform, the
coordinated ferrous irons in the polymer brushes simulta-
neously act as the active centers of single-atom artificial
enzymes (SAzymes). It can mimic the antioxidant enzymes of
SOD and CAT, thereby scavenging superoxide radicals and
hydrogen peroxide.38,44 In the cascade enzymatic reaction, the
GOx core of CECs catalyzes glucose to generate gluconic acid
and H2O2. SOD-mimic also decomposes a superoxide radical
to generate H2O2. The intermediate H2O2 is then scavenged by
CAT-mimic to generate oxygen, relieving inflammatory
symptoms in diabetic wounds. As a result of considering the
structure and function of the conjugate in its entirety, the
unimolecular confinement of the multienzymatic cascade
boosts the ability of CECs to e-ciently catalyze an abundance
of glucose and toxic ROS to oxygen molecules.

The preservation of the GOx activity was first measured to
evaluate the influence of the poly(LAAm) brushes (Figure 2a).
The GOx-ABM still preserved 90.1% of the activity of native
GOx after oxidation and initiator tethering. After polymer-
ization, the CECs retained 76.8% of the activity of GOX-ABM
(69.2% of the activity of native GOx). Considering the non-
negligible protein loss in the washing and dialyzing steps, the
conjugation of multivalent polymers has only a relatively small
influence on enzyme activity. This is attributed to the
biorthogonality and mild conditions of the glycan-specific
modification. Kinetic parameters were calculated by using the
Michaelis−Menten kinetic model (Figures 2b and S4). CECs
exhibited a lower Km toward glucose, indicating a stronger

a-nity for CECs (0.313 mM) than that for native GOx (0.435
mM) (Table 1). However, the kcat values for CECs (86.4 s−1)

were lower than that of native GOx (134.4 s−1), suggesting that
poly(LAAm) may a�ect glucose utilization. Taken together,
CECs retained 89.3% of the kcat/Km value after poly(LAAm)
conjugation compared to native GOx. Our previous work has
demonstrated that multivalent conjugation of poly(ethylene
glycol) methyl ether methacrylate provides e�ective protection
against harsh environments, such as trypsin digestion.41

However, the poly(LAAm) branches provide only limited
protection to the GOx core against excess trypsin digestion
(Figure S5). Thus, achieving a balance between enzyme
activity and stability is essential for the formation of well-
defined CECs.

The ROS scavenging capacities of CECs were examined,
including the SOD-mimic activity, CAT-mimic activity, and
hydroxyl radical (·OH) scavenging capacity. The SOD-mimic
activity of CECs was assessed using the WST-1 method
(Figure 2c). As the concentration of CECs increased, an
increase in the level of SOD inhibition was observed. At a
concentration of 0.625 nM, CECs exhibited an inhibition rate
of approximately 32.2%, demonstrating their potent catalytic
activity as a SOD-mimic. The CAT-mimic activity of CECs
was evaluated using a hydrogen peroxide assay (Figure 2d). As
the concentration of CECs increased, the concentration of
hydrogen peroxide decreased, indicating favorable CAT
activity of CECs. The results demonstrate that the CECs
possess tandem SOD- and CAT-mimic abilities while
preserving the GOx functionality. The quantity of hydroxyl
radicals was estimated using electron spin resonance (ESR)
spectroscopy with a DMPO spin trap (Figure 2e). The
presence of CECs led to a slight increase in the level of
hydroxyl radicals compared with GOx, indicating that the
Fe(II)-chelated CECs do not have an inherent ·OH catalytic
capacity. Similarly, the results suggest that no significant
Fenton reaction occurred within the CEC catalytic system.
The substantial suppression of the Fenton reaction could be
attributed to several factors: a neutral pH, the chelation of the
Fe(II) by the poly(LAAm) conjugates, and the continuous
consumption of H2O2 by CAT-mimic catalyzing.45

Chronic hypoxia causes a delay in the healing of diabetic
wounds by impeding neovascularization, extracellular matrix
formation, and re-epithelialization. Hence, it is imperative to
generate oxygen for the wound to mitigate hypoxia.46,47 The
tandem SOD and CAT mimicking the ability of CECs enables
them to scavenge excessive H2O2 generated by ROS and
glucose oxidation, which can be subsequently catalyzed into
oxygen (Figure 2f). The concentration of dissolved oxygen
exhibited a continuous increase over a period of 120 min
during incubation in an open environment containing glucose
solution with a concentration of 11.1 mM. It is worth
mentioning that providing low-dose dissolved oxygen locally
and continuously is one of the most e-cacious methods for
alleviating the hypoxic microenvironment of diabetic wounds.

Table 1. Comparison of Kinetic Parameters of GOx and
CEC

enzyme [E]/nM Vmax/mM s−1 Km/mM Kcat/s−1
Kcat/Km

(s−1 mM−1)

GOx 31.25 0.042 × 10−3 0.435 134.4 308.97
CEC 31.25 0.027 × 10−3 0.313 86.4 276.04
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In Vitro Decreasing Glucose and Antibacterial
Activity. GOx can facilitate the oxidation of glucose to
gluconic acid and the reduction of H2O to H2O2. To examine
the glucose consumption capabilities of CECs at hypoglycemic
levels (11.1 mM), a glucose consumption test was performed.
As shown in Figure 3a, the results demonstrate a significant
decrease in glucose levels, even at a low concentration of 0.125
nM CECs. Correspondingly, the pH values, which represent
the generation of gluconic acid, also show a decrease from 6.8
to 6.6 after incubation with 0.125 nM CEC for 72 h (Figure
3b). These findings provide evidence of the catalytic activity of
CECs that continuously lowered the glucose level and pH in
hypoglycemic solution over an extended period.

GOx is often considered as a major antibacterial compound
in honey.48,49 It can catalyze the continuous oxidation of
glucose into gluconic acid and H2O2, which exhibit substantial
antibacterial activity. Furthermore, the acidic environment
created by gluconic acid contributes to bacterial control.
Recently, GOx has been utilized as an antibacterial agent for
wound disinfection.50−53 In vitro experiments have confirmed
the antibacterial e�ectiveness of GOx against E. coli and S.
aureus (Figure 3c−e). The CECs retained an antibacterial rate
(91.8% for 1.25 nM CECs) comparable to that of the
corresponding GOx (91.6%) against S. aureus. CECs possessed
a relatively weaker antibacterial e�ect against E. coli at low
concentrations in comparison to GOx. The dissimilarity in
performance can be attributed to the varying susceptibility of
Gram-positive and Gram-negative microorganisms toward

hydrogen peroxide oxidation.54 At concentrations below
0.625 nM, the antibacterial potential of CECs significantly
declined compared to GOx. The discrepancy can be elucidated
by the CAT mimetic behavior of CECs. The catalytic process
carried out by CECs resulted in a substantial consumption of
H2O2, thereby diminishing the oxidation of the bacterial cell
wall.
In Vitro Cytotoxicity. The in vitro cytotoxicity of CECs

was evaluated by the MTT assay. CECs with di�erent
concentrations were cocultured with HUVEC, fibroblast, and
macrophage RAW 264.7 cells for 2 days (Figures 4a and S6).
The viabilities of the three cells treated with CEC at
concentrations ranging from 0.156 to 2.5 nM were >90%,
indicating the high cytocompatibility of CECs with normal cell
strains. Hence, a concentration of 0.5 nM CEC was selected as
the safe upper dose for further experiments to ensure possible
antibacterial e-cacy and prevent unwanted tissue damage.
In Vitro ROS Scavenging and Promoting Cell

Migration. In the case of diabetic wounds, the presence of
hyperglycemia and recurring infections can result in an
overabundance of ROS, which can impede the healing process
of chronic wounds. The feasibility of e�ectively scavenging
these excess ROS was demonstrated in macrophages that were
stimulated by lipopolysaccharide. The intracellular ROS levels
were measured using a DCFH-DA probe as the ROS indicator.
As shown in Figure 4b,c, ROS accumulation in macrophages
was e�ectively reduced by CEC treatment in a concentration-
dependent manner. The weakened intracellular fluorescence of

Figure 3. In vitro decreasing glucose and antibacterial properties of CECs. (a,b) Glucose level (a) and pH change (b) over time by incubation of
CECs of di�erent concentrations in an 11.1 mM glucose solution. Scale bar: 2 cm. (c,e) Photographs of the bacterial colony (c) and antibacterial
ratios of CECs and GOx against E. coli (d) and S. aureus (e), respectively.
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the DCF ROS probe was further confirmed by microscopy
observations. Additionally, the MTT assay verified that the
administration of CECs (0.5 nM) significantly mitigated the
toxicity of ROS to HUVEC cells (Figure S7).

In the inflammatory process, the excessive production of
hydrogen peroxide can result in detrimental e�ects on host
tissues. Moreover, hydrogen peroxide plays a key role as an
intermediate in CEC-catalyzed cascade reactions. Therefore, it

Figure 4. In vitro cytotoxicity and anti-inflammatory properties of CECs. (a) Viability of HUVEC cells was evaluated by the CCK-8 assay after
treatment with varying concentrations of CECs for 24 h at 37 °C. (b,c) Quantitative analysis and fluorescence images of ROS levels in RAW 264.7
microphage induced with LPS (1 μg/mL) and subsequently treated with CECs of di�erent concentrations. Data are shown as mean ± SD, n = 3.
(d) Quantitative analysis of cell viabilities of H2O2 (0.8 mM)-induced HUVEC cells and treated with varying concentrations of CECs. (f,e) Images
and quantification of the transwell migration assay of HUVECs. (g,h) Images and quantification of the HUVEC scratch-wound migration assay.
The scratch-wound edges are demarcated by blue lines. Data are shown as mean ± SD, n = 3.
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