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KEY WORDS Abstract Bacterial infection hampers wound repair by impeding the healing process. Concurrently,
inflammation at the wound site triggers the production of reactive oxygen species (ROS), causing

Nanozymes; . . . . . .
Quadruple enzymatic oxidative stre.ss z.md Fiamage to.pro.tems fmd cells. Thls.can lead to chronic wour.lds, posing se.vere risks.
—— Therefore, eliminating bacterial infection and reducing ROS levels are crucial for effective wound
Antibacterial therapy; healing. Nanozymes, possessing enzyme-like catalytic activity, can convert endogenous substances
Wound therapy; into highly toxic substances, such as ROS, to combat bacteria and biofilms without inducing drug
RNA-seq; resistance. However, the current nanozyme model with single enzyme activity falls short of meeting
Anti-inflammatory; the complex requirements of antimicrobial therapy. Thus, developing nanozymes with multiple enzy-
Reactive oxygen species; matic activities is essential. Herein, we engineered a novel metalloenzyme called Ru-procyanidin na-
Reactive nitrogen species noparticles (Ru-PC NPs) with diverse enzymatic activities to aid wound healing and combat bacterial

infections. Under acidic conditions, due to their glutathione (GSH) depletion and peroxidase
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Introduction

(POD)-like activity, Ru-PC NPs combined with H,O, exhibit excellent antibacterial effects. However,
in a neutral environment, the Ru-PC NPs, with catalase (CAT) activity, decompose H,O, to O,, alle-
viating hypoxia and ensuring a sufficient oxygen supply. Furthermore, Ru-PC NPs possess exceptional
antioxidant capacity through their superior superoxide dismutase (SOD) enzyme activity, effectively
scavenging excess ROS and reactive nitrogen species (RNS) in a neutral environment. This maintains
the balance of the antioxidant system and prevents inflammation. Ru-PC NPs also promote the polar-
ization of macrophages from M1 to M2, facilitating wound healing. More importantly, Ru-PC NPs
show good biosafety with negligible toxicity. In vivo wound infection models have confirmed the ef-
ficacy of Ru-PC NPs in inhibiting bacterial infection and promoting wound healing. The focus of this
work highlights the quadruple enzymatic activity of Ru-PC NPs and its potential to reduce inflamma-
tion and promote bacteria-infected wound healing.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Bacterial infections are a major cause of death among humans.
Infectious disorders caused by bacteria are often treated with
conventional antibiotics, which can be made from natural sub-
stances or modified chemicals' *. These antibiotics can disrupt
cell membrane/wall formation, protein synthesis, or DNA repli-
cation/repair, leading to the death of pathogenic bacteria or inhi-
bition of their growth’. Prolonged or unregulated use of antibiotics
has given rise to multidrug-resistant superbugs, which pose a
significant threat to public health and the environment®. By 2050,
it is anticipated that drug-resistant bacteria will be the cause of
approximately 700,000 annual fatalities, with a total estimated
death toll of 10 million’. Moreover, conventional antibiotics are
often ineffective against bacteria in biofilms due to the protective
extracellular polymers that surround them®. Thus, discovering new
antimicrobial agents and strategies has become a significant
challenge.

Nanozymes are widely utilized in antimicrobial research due to
their peroxidase (POD)-like activity, which can produce radicals
from hydrogen peroxide (H,O,) with high antibacterial activity
and minimal toxicity” '*. Among these radicals, -OH can cause
oxidative damage to cell walls and membranes, and when used in
combination with chemodynamic therapy (CDT), it can show
more potent antibacterial effects'. However, numerous hurdles
remain to be overcome in this field, such as the abnormally
elevated levels of glutathione (GSH) found in the bacterial
microenvironment, which significantly hampers the efficacy of
nanozymes'>. To tackle these prevailing challenges, the integra-
tion of nanozymes with other functionalities offers a promising
avenue. Notably, within infectious environments, the enzyme
glutathione peroxidase (GSH-Px) demonstrates remarkable effi-
ciency in reducing GSH levels. Therefore, the synergistic utili-
zation of peroxidase (POD) and GSH-Px can effectively enhance
the generation of reactive oxygen species (ROS) while concur-
rently depleting excess GSH'®.

Simultaneously, the wound site is frequently accompanied by
an inflammatory response that triggers the generation of ROS,
including H,O,, hydroxyl radicals (-OH), and superoxide anion
radicals (O, 7)"”. Amounts of ROS levels can induce profound
oxidative stress, leading to protein damage and the impairment of
normal cellular function, thereby giving rise to chronic wounds
that, in severe instances, can be life-threatening'®. Consequently, it

is imperative to eradicate bacterial infection and effectively
eliminate ROS to facilitate the process of wound healing. More-
over, macrophages play a crucial role in controlling inflammation
through phenotypic switching and the clearance of apoptotic
neutrophils. However, macrophages with a proinflammatory
phenotype (M1) release an excessive quantity of inflammatory
factors, while macrophages with an anti-inflammatory phenotype
(M2) do not secrete enough'®. This imbalance in the immune
response results in the continual release of ROS, proteases, and
free radicals, causing further tissue damage and hindering critical
processes such as angiogenesis, collagen deposition, wound re-
epithelialization, and wound healing. Therefore, to effectively
promote wound healing, it is crucial to eliminate free radicals and
regulate macrophage polarization.

Recent reports have suggested that ruthenium metalloenzymes
have POD activity and glutathionase properties, making them
applicable in noninvasive antimicrobial treatments*”*'. However,
ruthenium alone was not effective in fighting inflammation caused
by infected wounds. In contrast to previous antimicrobial nano-
materials, many of which are limiting and inefficient>**?, natural
product antimicrobials have high potential for application®".
Natural polyphenol procyanidins (PCs) extracted from plants can
act as antioxidant, antibacterial, and anti-inflammatory
agents™ >’. Fe-Cur is a novel class of metallo-liganded natural
product nanozymes that exhibit excellent antioxidant properties>®.
Although the anti-inflammatory properties of natural product
complexes have been extensively researched, their antibacterial
effects are not as well documented. Herein, the present study
introduced a novel nanozyme composed of procyanidins coordi-
nated with ruthenium, which exhibited four enzymatic activities
(Scheme 1). This nanozyme demonstrated effective antibacterial
properties by depleting glutathione (GSH) under acidic condi-
tions, as well as POD-like activity. Under neutral conditions, the
cat-like ability to provide oxygen, as well as antioxidant and anti-
inflammatory activities, was exhibited by the Ru-PC NPs through
scavenging ROS and RNS and the presence of PC. The optimal
microenvironment for efficient cell proliferation, angiogenesis,
granulation tissue formation, and re-epithelialization was fostered
by the Ru-PC NPs, which concurrently addressed infection, oxy-
gen supply, free radical scavenging, macrophage polarization from
M1 to M2, and inflammation reduction. Additionally, RNA
sequencing (RNA-Seq) results demonstrated that Ru-PC NPs
interfered with various metabolic processes in MRSA bacteria,
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Scheme 1  Schematic illustration of Ru-PC NPs for the treatment of bacterial infection.

including glycolysis, the TCA cycle, pyruvate metabolism, and
cysteine synthesis upregulation, thereby exhibiting a potent anti-
bacterial effect. These findings establish the potential of Ru-PC
NPs as a highly effective antimicrobial agent capable of replac-
ing antibiotics for treating bacterial-infected wounds.

2. Materials and methods

2.1.  Materials

RuCl; (10049-08-8, Shanghai, China) was purchased from
Aladdin, and procyanidins (Cz;oH60,3) (4852-22-6, Shanghai,
China) and polyvinylpyrrolidone (PVP 9003-39-8, Shanghai,
China) were purchased from Macklin. Tryptone soybean broth
(LA-0110, China), agar powder (C;,H;309) (9002-18-0, Beijing,
China) were purchased from Solarbio. A bacterial life and death

staining kit (100T) (BB-41-266, Shanghai, China) were purchased
from BestBio. Glutathione (CS0260-1 KT, Shanghai, China)
(reduced form) was purchased from Aladdin. 5,5'-Dithiobis (2-
nitrobenzoic acid) (DTNB) (69-78-3, Chongqing, China), o-phe-
nylenediamine (OPD) (95-54-5, Chongging, China), 3,3',5,5'-
tetramethylbenzidine (TMB) (54827-17-7, Chongqing, China),
diphenyl-2-picrylhydrazyl (DPPH) (1898-66-4, Chongqing,
China) and 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulfonate)
(ABTS) (30931-67-0, Chongging, China) were purchased from
Macklin.

2.2.  Synthesis of Ru-PC NPs

While preparing a PVP (66 mg) in methanol (5 mL) solution,
20 mg of RuCl; was gradually added while stirring to 1 mL of
methanol. Next, 1 mL of methanol was added dropwise with
10 mg of procyanidin to the solution, which was then agitated for
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3 h. Next, the solution was dialyzed against water overnight and
collected for subsequent testing.

2.3.  Characterization

Transmission electron microscopy (JEM-1400 Plus, Tokyo,
Japan) was utilized to investigate the sample morphology,
while the chemical composition was determined by X-ray
photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha,
Beijing, China). A  fluorescence  microscope  (U-
LH100HGAPO, Olympus Corporation, Tokyo, Japan) was
employed to capture the fluorescence images. A UV—Vis
spectrophotometer (Thermo Scientific Genesys 50, Shanghai,
China) was used to measure the UV—Vis absorption spectrum
of the substance, and a universal microplate spectrophotometer
(Synergy2 SLFPTAD, San Diego, CA, USA) was utilized to
determine the optical density (OD).

2.4.  Peroxidase-like catalytic activity

The peroxidase-like activity of the material was assessed by
mixing it with TMB and OPD reagents, as well as H,O,, in an
acetate buffer solution with a pH range of 3.0—8.0 at a concen-
tration of 0.12 mol/L. The color reaction at a wavelength of
652 nm for OxTMB and 492 nm for OPD was measured to
determine the peroxidase-like activity of the material.

2.5.  Detection of catalase-like catalytic activity

Catalase-like catalytic activity was evaluated using a portable
dissolved oxygen meter (JPB607A) to measure the oxygen
concentration under continuous stirring. Before conducting the
experiment, dissolved oxygen was removed from deionized
water by purging it with nitrogen for 30 min. The levels of ox-
ygen were measured for various concentrations of Ru-PC NPs
and HQOQA

2.6.  RNS scavenging ability

DPPH and ABTS were selected to evaluate the RNS scavenging
ability of the Ru-PC NPs samples mixed with 3 mL of DPPH or
ABTS solution and allowed to react in the dark for 20 min. Then,
the full wavenumber scanning curves were recorded, and the
absorbance values at 517 and 734 nm were measured.

2.7.  Evaluation of O5~ scavenging ability

The ability of Ru-PC NPs to scavenge O, ~ was evaluated using a
kit for detecting superoxide anions. The test solution of O, ™ free
radicals was prepared as instructed and subsequently exposed to
varying concentrations of Ru-PC NP solution at a temperature of
37 °C. After incubation, the solution’s absorbance was measured
at 550 nm, and the scavenging capacity of Ru-PC NPs against
O, was calculated.

2.8.  GSH consumption

Ellman’s method was employed to detect the consumption of
GSH, and all experiments were conducted under dark conditions.
By rupturing the disulfide bond (-S-S-), the yellow product 2-
nitro-5-thiobenzoic acid was produced when the Ellman reagent

5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) interacted with the
mercaptan group (-SH) in glutathione. Ru-PC NPs were coin-
cubated with GSH in PBS for a range of times to examine how
GSH consumption varies with time. To assess the amount of GSH
depletion, the resultant solution was combined with DTNB and
centrifuged, and the residual suspension was subjected to UV—Vis
absorption spectroscopy.

2.9.  In vitro antibacterial test

The antibacterial performance of Ru-PC NPs was assessed
in vitro using the plate counting method to determine the
number of CFUs on the plates. Gram-positive and gram-
negative bacterial strains, namely, Escherichia coli (E. coli,
DHS5«) and methicillin-resistant  Staphylococcus —aureus
(MRSA, MU50), were chosen for the experiment. These strains
were immersed in an acidic PBS solution with a pH of 5.5. The
experiments were divided into two groups: (1) bacteria + Ru-
PC NPs and (2) bacteria + Ru-PC NPs + H,0,. Concentration
gradients of Ru-PC NPs were set at 0, 10, 30, 50, and 80 pg/mL,
and the H,0O, concentration was maintained at 100 pmol/L in 96-
well plates, which were incubated for 6 h. After incubation, 40 pL
of the bacterial suspensions were plated onto agar plates and
photographed after 6 h to determine the survival rate.

2.10.  Live/dead bacterial staining assay

Bacteria incubated with Ru-PC NPs and 100 pmol/L H,O, for
8 h were used for the live/dead bacterial staining assay. The
bacterial suspensions were labeled using the Live/Dead BacLight
bacterial viability kit, which contained PI and SYTO9. Following
different treatments, the bacterial cells were exposed to PI and
SYTO9 fluorescence nucleic acid stain and incubated for 25 min
in the absence of light. The bacterial cells were then rinsed three
times and suspended in 0.9% physiological saline solution. The
live and dead cells were observed using a laser scanning
microscope.

2.11.  Morphological observation of bacteria

The bacteria were fixed with 2.5% glutaraldehyde after 12 h of
different treatments. The bacteria were subjected to continuous
suspension in ethanol solutions with varying concentrations of
10%, 30%, 50%, 70%, and 90%. After each suspension, the cells
were repeatedly suspended in ethanol solutions of the same con-
centrations and dehydrated for 10 min. In addition, the bacterial
samples were dispersed in 200 pL of ethanol, and scanning
electron microscopy was used for characterization.

2.12.  Cytotoxicity test in vitro

In vitro cytotoxicity assessment of the viability of HUVECs after
exposure to Ru-PC NPs at varying concentrations was deter-
mined using the CCK-8 kit. Following a 24-h coculture of
HUVECs and Ru-PC NPs, the supernatant was discarded, and
the cells were washed three times with aseptic buffer. Subse-
quently, the cells were incubated with 50 nL. CCK-8 solution and
450 pL fresh culture medium. The absorbance of the cells was
measured at 450 nm using a Thermo Varioskan Flash microplate
instrument after 2 h of incubation at 37 °C to quantify cell
viability.
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2.13.  The assessment of hemolysis

The hemolytic activity assessment involved diluting fresh BALB/c
mouse red blood cells with PBS to a 2% concentration. The red
blood cell suspension was diluted and combined with different
concentrations of Ru-PC NPs solution and then incubated at 37 °C
for 4 h. After centrifugation at 2000 rpm for 10 min (H16S0—W,
Cence, Changsha, China), the supernatant was collected for
analysis. The hemolysis rate of each group was determined by
measuring the absorbance of the supernatant at 540 nm using a
microporous plate instrument. The hemolysis rate was obtained
according to the following Eq. (1):

Hemolysis rate (%) = (Asample =Anee) / (Apos=Aneg) X 100 (1)

The absorbance of the negative control (A,e,) and positive
control (A,.s) were obtained, and the absorbance of the Ru-PC
NPs groups at concentrations of 12.5, 25, 50, 100, and
200 pg/mL were represented by Agample- The positive and negative
controls were ultrasonic water and PBS, respectively.

2.14.  Cell lines and culture conditions

The Chinese Academy of Sciences provided two cell lines: human
umbilical vein endothelial cells (HUVECs) and RAW?264.7 mac-
rophages. DMEM containing 10% fetal bovine serum (FBS) and
supplemented with 1% streptomycin and penicillin was utilized to
propagate HUVECs and RAW264.7 cells.

2.15.  ROS staining test

To assess the intracellular scavenging ability of reactive oxygen
species by the samples, a DCFH-DA probe was utilized. The cells
were plated in 6-well plates and treated with both LPS and sam-
ples. After 12 h, the DCFH-DA probe was added and incubated for
20 min, after which fluorescence images were captured for each

group.
2.16.  Anti-inflammation assay

All in vitro anti-inflammatory assessments were performed using
RAW264.7 cells, a mouse macrophage line. To induce macro-
phage polarization toward the M1 type, LPS solution (100 ng/mL)
was added to the culture medium, followed by incubation with 30
and 50 pg/mL Ru-PC NPs to activate the macrophages (500 uL,
2 x 10* cells/mL). After incubation for 24 h, anti-inflammatory
activity was evaluated. The distinctive surface biomarkers of M1
and M2 macrophages (INOS and CD206, respectively) were
identified using immunofluorescence labeling at various Ru-PC
NPs concentrations to measure macrophage polarization. The
supernatants were collected, and the concentrations of proin-
flammatory cytokines (IL-6 and TNF-«) were measured using
appropriate enzyme-linked immunosorbent assay (ELISA) quan-
tification kits according to the manufacturer’s instructions.

2.17.  In vivo wound healing

Animal experiments were conducted in accordance with the
guidelines established by the Institutional Animal Care and Use
Committee of Anhui Medical University (approved No. LLSC
20231268). Four groups were formed, consisting of 5 BALB/c

mice each, which were randomly divided. The groups were (1)
PBS group (control); (2) H,O, group; (3) Ru-PC NPs group; and
(4) Ru-PC NPs + H,0, group. Anesthesia was induced in the
mice with sodium pentobarbital, and their back hair was shaved. A
sterile scalpel was used to create a circular wound with a diameter
of 1 cm on the skin. Next, 50 pL of a suspension of MRSA
(1 x 10° CFU/mL) was applied to the wound and allowed to air
dry, and the mice were left for 6 h. Afterward, the wound sites
were treated with drops of Ru-PC NPs (100 pg/mL, suspended in
PBS) and H,0; (100 pmol/L, suspended in PBS). The size of the
mouse skin wound was measured and recorded on Days 1, 4, and 8
after each treatment, and the wound area was calculated using
ImageJ software. On Day 8, skin samples from the mice were
collected for histopathological examination using HE and Masson
staining. Finally, biosafety experiments were conducted by
extracting blood and vital organs from the mice.

2.18.  Transcriptome sequencing of MRSA treated with Ru-PC
NPs

To investigate the effect of Ru-PC NPs treatment on MRSA,
transcriptome sequencing was performed on MRSA exposed to
50 pg/mL Ru-PC NPs and 100 pmol H,0, for 8 h. TSB medium-
treated MRSA was used as a control. All samples were processed
using an RNA-seq pipeline by Shanghai Personal Biotechnology
Co., Ltd. (Shanghai, China). The differentially expressed genes
were analyzed using the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) Mapper, and heatmaps were generated using
GraphPad Prism 8.

2.19.  Statistical analysis

The experiments were conducted at least twice or in triplicate. The
findings presented in this report are representative. The
mean =+ standard deviation (SD) was used to express the quanti-
tative data. One-way analysis of variance (ANOVA) was applied
to assess the differences between groups, and statistical signifi-
cance was deemed present when the P value was less than 0.05.

3. Results and discussion

3.1.  Preparation and characterization of Ru-PC NPs

Ru-PC NPs were synthesized through the dropwise addition of
procyanidin to a mixture of RuCl; and methanol-dispersed PVP?’.
The presence of PVP facilitated the formation of Ru-PC NPs,
which exhibited better water dispersibility (Fig. 1A). TEM anal-
ysis was used to characterize the morphology and elemental dis-
tribution of the Ru-PC NPs, and the particle size statistics revealed
a homogeneous distribution of Ru, C, N, and O elements due to
copolymerization (Fig. 1B-F). The prepared Ru-PC NPs also
exhibited homogeneity and possessed a small particle size, with an
average size of 25 + 10 nm (Fig. 1G). We conducted measure-
ments on the particle size of Ru-PC NPs and additionally incor-
porated the zeta potential of the Ru-PC NPs to substantiate the
stability of the Ru-PC NPs. The results showed that Ru-PC NPs
have a regular particle size distribution and stability in solution
(Supporting Information Figs. S1 and S2). The composition,
properties, and valence states of the Ru-PC NPs samples were
determined using XPS. Ru, C, N and O can be identified in the
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XPS spectrum of the Ru-PC NPs sample (Fig. 1H). Strong binding
energy peaks for Rut 3ps;2 and Rut 3p1» were observed at
463.28 and 485.28 eV, respectively (Fig. 1I). The fine spectra of
Cls show the existence of carbon—carbon single bonds, carbon-
oxygen single bonds, carbon—carbon double bonds, and carbon-
oxygen double bond structures in Ru-PC NPs (Fig. 1J). The
Fourier-transform infrared spectra of Ru-PC NPs also indicate that
successful coordination has been achieved between Ru’" and

procyanidins (Supporting Information Fig. S3). These results
confirmed the association of Ru with procyanidin in the prepared
nanoparticles.

3.2. Multiple enzyme activities of Ru-PC NPs

Ruthenium-based materials are widely used in industrial produc-
tion due to their various catalytic enzyme-related activities™. The
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multiple enzyme activity of Ru-PC NPs was evaluated in this
study to gain a deeper understanding of their potential applications
in the biomedical field (Fig. 2A).

The POD enzyme activity of Ru-PC NPs was assessed by using
two chromogenic substrates, OPD and TMB. It was observed that
the reaction of H,O, with TMB catalyzed by Ru-PC NPs resulted
in a significant increase in absorbance at 652 nm and a darker
color compared to TMB with Ru-PC NPs alone. The data showed
a positive correlation between the material concentration and peak
absorption (Fig. 2B-D). A significant positive relationship was
observed between the concentration of Ru-PC NPs and peak ab-
sorption in the experiments concerning OPD, indicating that the
concentration of Ru-PC NPs had an impact on peak absorption
(Fig. 2E-QG), thus indicating the POD enzyme-related activity of
Ru-PC NPs’'. The catalytic activities of the POD-like character-
istics of Ru-PC NPs were contingent upon the pH value of the
solution. A superior catalytic performance of Ru-PC NPs was
observed as the pH of the solution decreased (Supporting
Information Fig. S4).

Furthermore, Ru-based materials are known to have good
glutathione depletion capacity. The GSH-Px-like nanase activity
of Ru-PC NPs was investigated through the use of DTNB as a
probe, as demonstrated in this study. After incubation of Ru-PC
NPs at a concentration of 50 pg/mL for 5 h, GSH was completely
depleted (Fig. 2H), indicating the good GSH depletion capacity of
Ru-PC NPs.

Notably, a substantial amount of oxygen was generated from
H,0, in the presence of Ru-PC NPs, indicating the existence of
catalase (CAT) enzyme activity in Ru-PC NPs (Fig. 21)*2. Under
neutral conditions, the CAT activity of Ru-PC NPs was higher than
that under acidic conditions (Supporting Information Fig. S5).

To verify the capacity of Ru-PC NPs to neutralize oxygen
radicals, a WST-1 assay was performed to assess their ability to
quench O, . The results revealed that Ru-PC NPs possessed
potent superoxide dismutase (SOD) activity (Fig. 2J)*".

Moreover, Ru-PC NPs exhibited excellent antioxidant capacity
by eliminating free radicals under neutral conditions. The radical
scavenging ability of Ru-PC NPs was assessed by utilizing DPPH
and ABTS as model molecules. With the increase in the con-
centration of Ru-PC NPs, the solution exhibited a decrease in
color intensity, and its absorption peak at the corresponding
wavelength decreased, demonstrating the radical scavenging
ability of Ru-PC NPs (Fig. 2K and L). An increase in the con-
centration of Ru-PC NPs resulted in an increase in the scavenging
ratios of DPPH and ABTS, as observed in our experiments
(Fig. 2M). It can be inferred from these findings that a substantial
antioxidation capability is exhibited by Ru-PC NPs, which is
expected to facilitate skin regeneration by diminishing ROS and
RNS at the wound site under neutral conditions®*. Ru-PC NPs
possess multiple enzymatic activities, including POD, GSH-Px-
like nanase, SOD, and CAT enzyme activities, as well as excel-
lent antioxidation capacity. These findings suggest that Ru-PC
NPs hold great potential for antibacterial and anti-inflammatory
activities, making them promising candidates for biomedical
applications.

3.3.  Invitro antibacterial efficiency assessment

The outstanding POD-like and GSH-Px-like activities of Ru-PC
NPs prompted the investigation of their potential antibacterial
properties through in vitro experiments. Although H,O, is
commonly used for bacterial treatment, its low inherent content in

bacteria limits its antibacterial efficacy. In contrast, -OH radicals
are highly toxic oxidants that can cause damage to various bio-
logical macromolecules, resulting in bacterial death™. The cata-
lytic activity of Ru-PC NPs, similar to that of POD, enables the
decomposition of low concentrations of H,O,, resulting in the
generation of highly toxic -OH, which enhances the antimicrobial
effectiveness. The addition of H,O, to Ru-PC NPs resulted in a
further decrease in the E. coli and MRSA survival rates (Fig. 3A
and C). By means of statistical analysis, it was demonstrated that
there is a direct correlation between the concentration of Ru-PC
NPs and their antibacterial performance, and the synergistic ef-
fect of the combination of Ru-PC NPs with H,O, notably
enhanced their antibacterial efficacy (Fig. 3B and D). When
compared to the traditional antibiotic vancomycin, Ru-PC
NPs + H,0O, exhibit superior antibacterial activity (Supporting
Information Fig. S6). Additional evidence for the potent antibac-
terial activity of Ru-PC NPs was provided by the live/dead assay.
To directly determine the viability of bacteria, they were stained
with propidium iodide (PI, red fluorescence) and SYTO9 (green
fluorescence) after treatment with different agents (Fig. 3E and F).
Consistent with previous results, Ru-PC NPs alone showed only
weak antibacterial effects, but their combination with H,O,
significantly enhanced their bactericidal effects. This suggests that
Ru-PC NPs can effectively kill bacteria by catalyzing the pro-
duction of -OH radicals by H,O,, owing to their similar OXD and
POD activities.

To investigate the bactericidal mechanism of Ru-PC NPs, the
morphology and ROS content of bacteria were studied after
treatment with different agents. SEM analysis showed that Ru-
PC NPs induced significant morphological alterations in the
bacterial cells. The bacterial cell membrane was disrupted in the
Ru-PC NPs + H,O, group, leading to the collapse and wrinkling
of the bacterial surface. Damage to the bacterial membranes was
further analyzed using SEM images. For E. coli, the bacterial
membrane was lysed and ruptured, while the edges of the bac-
terial membrane became blurred for MRSA in the Ru-PC
NPs + H,O, group, indicating the loss of some intracellular
matrix (Fig. 4A and B). For the healing of wounds induced by
drug-resistant bacteria, the disruption of bacterial membrane
formation and its protection against wound healing is of para-
mount importance. Hence, further investigation was undertaken
to examine the bactericidal effect of Ru-PC NPs + H,0O, on
bacterial biofilms. As illustrated in the Supporting Information
Figs. S7 and S8, a pronounced disruptive effect on biofilms
was observed with Ru-PC NPs + H,O,.

In addition, the production of bacterial ROS was evaluated
using DCFH-DA (Fig. 4C). Based on these findings, a possible
bactericidal mechanism of Ru-PC NPs was proposed. First, Ru-PC
NPs exhibited OXD-like catalytic activity, which converted O, to
ROS, leading to the death of bacteria. Second, Ru-PC NPs
demonstrated POD-like activity, catalyzing the production of large
amounts of -OH from low concentrations of H,O,, causing
damage to the bacterial cell membrane and cell wall. Third,
Ru-PC NPs possessed GSH-Px activity, depleting GSH in bacteria
and thereby enhancing the antibacterial effect of the catalytic
treatment (Fig. 4D).

3.4. Invitro anti-inflammation assays
The biocompatibility of the prepared Ru-PC NPs was initially

assessed using HUVECs and RAW264.7 cells. After coculture
with Ru-PC NPs for 24 h, the cell viability assay of these cells
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Figure 2  Properties of Ru-PC NPs. (A) Schematic diagram of Ru-PC NPs with SOD-like, OXD-like, POD-like, CAT-like and GSH-Px-like
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showed that the cytocompatibility was excellent (Fig. 5A and
B). Additionally, hemolysis assays showed that these hydrogels
had good hematological biocompatibility, with hemolysis rates
<5% (Fig. 5C). An in vitro angiogenesis experiment was
conducted to assess the potential impact of Ru-PC NPs on

angiogenesis. Increased loop formations and connections were
observed in HUVECS treated with Ru-PC NPs compared to the
control group (Supporting Information Fig. S9). Thus, these
results confirmed the biocompatibility of the synthesized Ru-

PC NPs.
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To assess the extracellular oxidative protection of
RAW264.7 cells against LPS-induced ROS in the presence of
various concentrations of Ru-PC NPs, intracellular ROS levels
were measured by DCFH-DA staining. In the absence of stimu-
lation, the blank group showed almost no green fluorescence, and
the fluorescence intensity (FL) was extremely low. After stimu-
lation by LPS, stronger green fluorescence and a new peak in the
FL distribution map were observed in the control cells, indicating
exposure to oxidative stress. However, cells protected by low and

high Ru-PC NPs displayed weaker fluorescence, with an FL dis-
tribution plot similar to that of the blank group (Fig. 5D). Addi-
tionally, the corresponding flow cytometry results confirmed this
finding (Fig. 5G and H). This indicates that the addition of Ru-PC
NPs had a superior protective effect on LPS and better scavenging
of ROS with increasing Ru-PC NPs concentrations.

The chemokine cytokine IL-6 is known to play a role in the
synthesis of acute phase proteins and contributes to the inflam-
matory response. TNF-«, a key proinflammatory cytokine, also
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possible mechanism of Ru-PC NPs for high-efficiency antibacterial activity in vitro.

promotes the involvement of T cells in the inflammatory signaling
cascade®®. The levels of these cytokines were evaluated using
immunofluorescence, and the results showed that the low Ru-PC
NPs and high Ru-PC NPs groups had significantly lower levels
of IL-6 and TNF-« than the LPS group (Fig. 5E and F). Both
fluorescence intensity statistics and ELISA results confirmed that
the concentrations of IL-6 and TNF-a were decreased in the
groups treated with low and high concentrations of Ru-PC NPs
(Fig. 5I-L).

The strong anti-inflammatory properties of this nanozyme
may be attributed to its potent ability to scavenge ROS and
function as a powerful antioxidant, which can ultimately pro-
mote M2 macrophage polarization®’. This is especially important
since inflammatory reactions sometimes involve an initial rise in
ROS generation that might amplify inflammatory cascade ac-
tivityzx. To confirm this, representative markers of M2 macro-
phages (CD206) and M1 macrophages (iNOS) were further
detected in each group using immunofluorescence staining. The
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experimental design utilized macrophages treated with LPS as
the positive control group, whereas untreated macrophages were
utilized as the negative control group. As shown in Fig. 6A,
positive staining for iNOS was more prominent in the LPS-
treated group than in the control group, while significantly
lower iNOS results were observed in the low and high Ru-PC
NPs groups. The concentration-dependent effect was more pro-
nounced as the Ru-PC NPs concentration increased. The results
shown in Fig. 6B indicated a significant increase in CD206 levels
in the low and high Ru-PC NPs groups. The flow cytometry
results provided further evidence that Ru-PC NPs promoted the
polarization of M2 macrophages (Fig. 6C and D). The results
obtained provided compelling evidence for the anti-
inflammatory properties of Ru-PC NPs. As demonstrated in
Fig. 6E, the potent antioxidant and ROS scavenging capabilities
of Ru-PC NPs led to a superior anti-inflammatory effect, which
subsequently led to a decrease in the levels of inflammatory
factors such as IL-6 and TNF-e, ultimately inducing macrophage
polarization toward the M2 phenotype.

3.5.  Biocompatibility of Ru-PC NPs

The in vivo toxicity of Ru-PC NPs was assessed, and routine
blood analysis of mice treated with Ru-PC NPs demonstrated
that the data remained within normal levels (Supporting
Information Fig. S12A). H&E staining imaging revealed no
significant toxicity in the heart, liver, spleen, lungs, and kidneys
of mice treated with Ru-PC NPs (Fig. S12B), indicating that Ru-
PC NPs are a safe and effective treatment for bacterially infected
wounds.

3.6.  Invitro antibacterial and wound healing assays

Given the multiple enzymatic activities and antimicrobial prop-
erties described earlier, it is believed that the utilization of Ru-
PC NPs can be effective for the treatment of MRSA-infected
wounds. Wound infection models were created on Day —1 and
treated on Day 0, and wound pictures were taken on Days 1, 4,
and 8 (Fig. 7A). The results illustrated the effectiveness of Ru-
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PC NPs in treating infected wounds (Fig. 7B and C). In com-
parison to the conventional antibiotic vancomycin, a more
effective therapeutic outcome and accelerated wound healing
rate are achieved with Ru-PC NPs + H,0, in the context of
bacterial infections in animal wounds (Supporting Information
Figs. S10 and S11). The improved healing in the Ru-PC
NPs + H,O, group can be attributed to the heightened GSH-
Px and POD-like activities, which resulted in more efficient
bacterial eradication. Furthermore, the nanozyme demonstrated a
superior antioxidant defense system by exhibiting high CAT-like,
SOD-like, and -OH scavenging abilities. Compared to Day —1,
the wound area progressively decreased in all four groups on
Days 1, 4, and 8, with the most substantial decrease observed in
the Ru-PC NPs + H,O, group (Fig. 7F). Histological analysis
using hematoxylin and eosin staining (H&E) was further per-
formed to evaluate wound healing efficiency. The degree of
wound healing can be indicated by the thickness of granulation
tissue, which forms when the surrounding naive connective tis-
sue proliferates to replace necrotic parenchymal tissue during
tissue injury (Fig. 7D). As shown in Fig. 7G, the thickness of
granulation tissue in the Ru-PC NPs 4 H,0O, group was signif-
icantly higher than that in the other three groups, indicating
better wound healing efficacy. Collagen regeneration on the
trauma surface during the transformation of granulation tissue
into scar tissue is also an important indicator of tissue remod-
eling and tensile strength’. Masson staining was conducted on

Day 8 to confirm collagen deposition. Fig. 7E shows the stained
collagen in blue, and all groups displayed significant areas of
epidermal structure defects, with a large number of inflammatory
cells observed in the control group. Collagen deposition was
significantly higher in the Ru-PC NPs + H,0, group than in the
control group (Fig. 7H), indicating that multiple classes of
enzyme activity, which catalyze intracellular cascade reactions
that resemble intracellular antioxidant defense systems’’, may
have promoted collagen deposition in the Ru-PC NPs + H,0,
group.

3.7.  Immunofluorescence analysis

To assess the inflammatory response, TNF-« and IL-6 immuno-
fluorescence staining was performed. The control group exhibited
the highest TNF-« and IL-6 expression levels (Fig. 8A and B),
indicating an intense inflammatory response. Furthermore, the
relative quantitative analysis (Fig. 8D and E) indicated that the
Ru-PC NPs + H,O, group had the lowest TNF-a and IL-6
expression levels, indicating a reduced presence of inflammation
or infection.

To investigate the mechanism of ROS scavenging by Ru-PC
NPs, the ROS levels in tissues were quantified by employing a
DHE probe*'. The results, as shown in Fig. 8C, indicated that the
control group had strong red fluorescence, whereas the Ru-PC
NPs + H,0, group had very little red fluorescence, suggesting
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that the nanozyme has the ability to mimic the antioxidant defense
system and effectively scavenge ROS, as shown in Fig. 8F.
Accelerating wound healing in bacterial infections can be
achieved by promoting epidermal formation, collagen deposition,
and neovascularization. Neovascularization, an important indica-
tor of wound healing, was detected through double immunofluo-
rescence staining for a-smooth muscle actin (a-SMA) and
CD31%. The expression of CD31 was significantly higher in the
Ru-PC NPs and Ru-PC NPs + H,0O, groups, as shown in Fig. 9A
and D, indicating that Ru-PC NPs + H,0, had better pro-

vascularization ability and could promote wound healing more
effectively.

Additionally, as demonstrated in Fig. 9B and E, collagen
deposition in granulation tissue was assessed using a twofold
immunofluorescence staining procedure that included both
collagen and waveform proteins, which are fibroblast indicators.
The increased deposition of the extracellular matrix (ECM) and
directed alignment of collagen fibers are needed for the promotion
of ECM construction®*. The least amount of collagen was observed
in the control group according to the results, while the Ru-PC
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NPs + H,O, group had higher collagen deposition and a greater
degree of oriented alignment, indicating improved collagen
growth and favorable wound repair.

During wound healing, macrophages play a crucial role in
which M1 macrophages mediate the proinflammatory response
and M2 macrophages mediate the anti-inflammatory response.
To assess the anti-inflammatory properties of Ru-PC NPs, double
immunofluorescence staining was carried out to detect M2
macrophages (CD206) and M1 macrophages (INOS)*. The
findings demonstrated that there was an elevation in M2 mac-
rophages and a reduction in M1 macrophages in both the Ru-PC
NPs and Ru-PC NPs + H,0, groups (Fig. 9C and F), indicating
their superior anti-inflammatory capacity and mitigated inflam-
matory response. It is worth noting that the Ru-PC NPs + H,0,
group exhibited the most potent anti-inflammatory ability.
Therefore, combining Ru-PC NPs with hydrogen peroxide is an
optimal therapeutic approach for bacterial wound healing
(Fig. 9G).

3.8.  Genome analysis of the antibacterial effect of Ru-PC NPs

To clarify the molecular mechanisms responsible for the anti-
MRSA activity of Ru-PC NPs, transcriptome sequencing was
performed to identify DEGs in MRSA treated with Ru-PC

A MRSA VS Ru-PC+H,0, B

DOWN 182 UP 126

pualue<0.05
[log2FaldChangel>0
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NPs + H,O, compared to the control group™. In total, 126
DEGs were upregulated, and 182 DEGs were downregulated.
Representative DEGs are presented in Fig. 10A and B. In this
study, high-throughput sequencing was undertaken to scrutinize
the genomic landscape of the Ru-PC NPs + H,O, group in rela-
tion to the H,O,, Ru-PC NPs, and vancomycin groups. The
discernment of differentially expressed genes among these groups
is deemed crucial for gaining insights into the underlying mo-
lecular mechanisms linked to their distinct phenotypic character-
istics (Supporting Information Figs. S13-S15). GO enrichment
analysis was performed to functionally categorize the DEGs
(Supporting Information Fig. S16). Classification and KEGG
pathway enrichment analyses revealed that the antibacterial ac-
tivity of Ru-PC NPs operates through multiple mechanisms
(Fig. 10C and D).

First, Ru-PC NPs were found to inhibit the glycolytic
pathway of bacteria’®. Previous studies have identified ALDO
and GAPDH as key factors in the antimicrobial mechanism®’.
These genes are regulated by exogenous bacterial toxins such as
LPS, which can induce their expression. ALDO and GAPDH are
considered regulators of antimicrobial activity in the glycolytic
pathway, as they modulate ATP content and the NADH/
NAD™" ratio in bacteria, thereby affecting energy metabolism
and redox status™®.
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bactericidal mechanism of Ru-PC NPs, which interferes with pyruvate metabolism and inhibits the TCA cycle, thereby potentially impacting
energy metabolism. Furthermore, the material can influence organismal metabolism by inducing changes in the expression of genes associated
with various amino acid metabolic pathways, with a significant upregulation observed in genes related to the regulation of synthetic cysteine.

Second, Ru-PC NPs + H,O, was observed to interfere with
pyruvate metabolism and inhibit the TCA cycle, thereby impeding
energy metabolism and cell proliferation in bacteria®’. Pyruvate
metabolism is closely related to acid—base homeostasis and redox
status; thus, regulating genes related to pyruvate metabolism can
impact the bacterial internal environment and lead to bacterial
death or apoptosis’’. Hence, inhibiting the TCA cycle and regu-
lating pyruvate metabolism are crucial for Ru-PC NPs to exert
their antibacterial effects.

Finally, Ru-PC NPs were shown to affect bacterial somatic
metabolism by altering the expression of genes related to several
amino acid metabolic pathways. Upregulation of genes involved
in cysteine synthesis was found to enhance the reducing and
antioxidant capacity of the organism, thereby improving its anti-
microbial activity. Cysteine is a vital antioxidant involved in the
detoxification of cells in organisms and serves as an important
source of sulfur for the synthesis of other thiosubstitutes, such as
thiols and disulfide-bonded proteins'.

Overall, our findings demonstrate that the bactericidal
mechanism of Ru-PC NPs mainly interferes with pyruvate
metabolism by inhibiting bacterial glycolysis and suppressing
the TCA cycle, thereby modulating energy metabolism.
Furthermore, the regulation of gene expression related to amino
acid metabolism, especially those involved in cysteine synthesis,
is influenced by Ru-PC NPs, which affects the organism’s
metabolism. As shown in Fig. 11, this study provides new per-
spectives on the antimicrobial mechanisms of Ru-PC NPs, and
their potential as a highly effective antimicrobial agent is
emphasized’”.

4. Conclusions

A novel nanozyme, Ru-PC NPs, was developed in this study with
quadruple enzymatic activity for treating infected wounds. Strong
antimicrobial activity against E. coli and MRSA was observed for
Ru-PC NPs, which was attributed to their POD-like activity,
ability to cause GSH loss, and cat-like activity that promoted

oxygen replenishment. Remarkable antioxidant capacity was
observed in Ru-PC NPs, which allowed them to scavenge surplus
ROS and RNS, thereby maintaining the balance of the antioxidant
system and preventing inflammation. Additionally, the PC mole-
cules present in Ru-PC NPs exhibited anti-inflammatory proper-
ties that inhibited the release of inflammatory factors from
macrophages and facilitated their conversion to the M2 pheno-
type. Furthermore, in vitro studies indicated that Ru-PC NPs
could stimulate cell proliferation, leading to wound healing by
eliminating bacteria, reducing inflammation, providing oxygen,
regulating free radical levels, and promoting vascular growth. Ru-
PC NPs can inhibit glycolysis in MRSA and the TCA cycle,
interfere with pyruvate metabolism, and upregulate cysteine
synthesis, thus achieving excellent antibacterial effects. These
findings underscore the critical role of Ru-PC NPs nanozymes in
accelerating the healing of infected wounds, suggesting that
multifunctional nanozymes can expedite the wound-healing
process.
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