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Nanozymes are effective novel antibacterial agents. However, they still have some shortcomings such as
low catalytic efficiency, poor specificity, and non-negligible toxic side effects. Here, we synthesized
iridium oxide nanozymes (IrO, NPs) by a one-pot hydrothermal method and used guanidinium peptide-
betaine (SNLP/BS-12) to modify the surface of IrO, NPs (SBI NPs) to obtain a high-efficiency and low-
toxicity antibacterial agent. In vitro experiments showed that SBI NPs with SNLP/BS12 could enhance
IrO, NPs to target bacteria, mediate bacterial surface catalysis and reduce the cytotoxicity of IrO, NPs to
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DOI: 10.1039/d3tb01104f mammalian cells. Importantly, SBI NPs were able to effectively alleviate MRSA acute lung infection and

effectively promote diabetic wound healing. Accordingly, iridium oxide nanozymes functionalized with
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1. Introduction

Bacterial infections are a serious threat to human life and
health, including chronic wound infection, chronic pneumonia,
septicemia, endocarditis and so on.' At present, about 700 000
people die from bacterial infections every year. According to the
World Health Organization’s prediction, about 10 million people
will die from bacterial infections in 2050, which is the total
number of deaths from all diseases at present.””® It can be seen
that the diagnosis and treatment of bacterial infection is of great
practical significance. The reasons for such high mortality rates
due to bacterial infection are, on the one hand, the reduced
retention of antibiotics by osmosis in the bacterial microenvir-
onment and the up-regulation of the efflux pump for the
excretion of foreign substances.”'® On the other hand, bacteria
also acquire drug resistance through enzymatic degradation of
antibiotics or changes in target proteins."'™* These factors
directly increase the resistance of bacteria to traditional anti-
biotics. In addition, bacterial biofilms provide further protection
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guanidinium peptides are expected to be an effective antibiotic candidate in the postantibiotic era.

for bacteria by establishing a resistant microenvironment
that repels the penetration and retention of antibiotics.**2°
Therefore, there is an urgent need to develop alternative anti-
microbial therapies.

Bacterial surface modification technology has developed
into an essential method for the diagnosis and treatment of
bacterial infections.>"** For example, polypeptides or quaternary
ammonium salts show a strong destructive effect on the surface
structure of bacteria by modifying or combining with the
surface.®”* Generally, the surface of bacteria is negatively charged,
so the design of many polypeptide antibacterial agents focuses on
the optimization of surface electrical properties.””>>” For example,
Professor Ji’s group designed and constructed an antimicrobial
agent with bacterial adaptive size and surface charge, which can
enhance the effectiveness of anti-biofilm activity and the treatment
of chronic lung infection.'® It is worth noting that the previous
work on peptide antibacterial materials mainly focused on the
optimization and improvement of natural host defense polypep-
tides to enhance stability and antibacterial activity.”** However,
polypeptides are easily degraded by proteases in the body.>* There-
fore, Wang et al. designed a multi-armed guanidine-rich copolypep-
tide and realized the disturbance and destruction of the bacterial
surface structure.”® In addition, quaternary ammonium salt anti-
bacterial agents are mainly bound to the surface of bacteria
through electrostatic interaction, so as to achieve the purpose of
destroying their surface structures.’*> Therefore, the technology
based on bacterial surface modification is expected to enhance
bacterial adhesion and destruction, and has significance for reveal-
ing nanomaterial functions and structures.
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Sipunculus nudus Linnaeus peptide (SNLP) is a tripeptide
derived from the marine source of Sipunculus nudus. The SNLP
molecule contains a guanidine group that may have a strong
affinity for gram-positive bacteria rich in negatively charged
components. Moreover, Sangtanoo et al. found that the SNLP
inhibited lipopolysaccharide-induced nitric oxide production
by macrophages and had anti-inflammatory activity.*® Lauryl
betaine (BS-12) is a long chain alkyl quaternary ammonium
salt, the long chain alkane allowing the molecule to be inserted
into the bacterial wall membrane and significantly enhancing
the antibacterial properties. In addition, the quaternary ammo-
nium group is considered to be an effective antibacterial
moiety. On this basis, Wu et al. combined BS-12 with a
fluorescent carbon dot by covalent bonding and the presence
of a hydrophobic long-chain alkane and a positively charged
quaternary ammonium group allowed the fluorescent carbon
dot to selectively attach to gram-positive bacteria, achieving
both bacterial and antibacterial differentiation.>® Therefore,
the application of the anti-inflammatory activity of SNLP and
the bacterially adherent reagent BS-12 in the fight against
bacterial infections may be surprisingly effective.

Nanozyme-catalyzed therapy has been successfully used in
preclinical studies of many diseases and has shown promising
clinical applications, especially in the eradication of biofilms and
the treatment of bacterial infections.>>*° A kind of nanomaterial
with enzyme-like activity is called a nanozyme, which has the
advantages of low cost, simple preparation, high stability and
adjustable enzyme activity.*"*> At present, many nanomaterials
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(Ag/CaP coatings, Ag nano flowers, Fe;0, nanoparticles, EtNBSS
NPs, UCNANS, and hydrogel) have been developed for the treat-
ment of bacterial infections.”**® Generally, the biofilm micro-
environment has the characteristics of low pH (4.5-6.5), high
expression of enzymes (esterase, lipase, and hyaluronidase), high
concentration of H,0,, hypoxia, etc.**" It has been reported that
nanozymes catalyze endogenous H,0, in the infected microenvir-
onment to generate high levels of *OH, thereby destroying the
bacterial biofilm.> It is worth noting that a single ROS molecule is
very short (possibly at the nanosecond level), easily decomposed
into other oxidizing substances and has a small range of action
(<200 nm).>* To solve these problems, Yang’s group and Xiong’s
team designed a series of silver palladium alloy (AgPd) nanocages,
from which they selected those that could efficiently generate
surface-bound ROS by in situ catalysis, thus realizing the anti-
bacterial activity of nanozymes with high efficiency and low
toxicity.>* Therefore, the construction of nano-catalytic therapy
with surface-bound ROS of bacteria can further improve the anti-
bacterial effect.

In this work, we synthesized SNLP/BS-12 via a classical ester
condensation reaction and then directly synthesized SNLP/BS-
12@Ir0O, NPs (SBI NPs) using a one-pot hydrothermal method.
The prepared SBI NPs exhibited excellent POD-like activity, bac-
terial targeting and antibacterial activity. In vivo experiments
demonstrated the potential of SBI NPs to treat acute lung infec-
tions and to promote diabetic wound healing (Scheme 1). This
study demonstrates the potential of multifunctional nanozymes
with bacterial targeting, pH-responsive catalytic production of
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Scheme 1 Schematic illustration of guanidine-based peptide-functionalized nanozymes mediating bacterial surface enzyme catalysis, resistance to

biofilms and anti-bacterial infection activity in vivo.
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ROS and promotion of wound healing for practical clinical
applications.

2. Results and discussion
Synthesis and characterization of SBI NPs

Iridium oxide nanoparticles (IrO, NPs) have excellent enzymatic
activity and stability, and have been widely used for cancer
treatment and imaging diagnostic reagents.>® Referring to the
previous method,*>>® we fabricated IrO, NPs by the direct
thermal hydrolysis method of IrCl;-xH,O. Transmission electron
microscopy (TEM) images showed that IrO, NPs hold a typical
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spherical structure and the particle size is 30.9 £ 11.4 nm
(Fig. 1A and Fig. S1, ESIf). In order to reduce the cytotoxicity
of IrO, NPs to normal mammalian cells and improve the
antibacterial efficiency, marine peptides with a guanidine group
(SNLP) and lauryl betaine (BS-12) were selected for surface
modification of IrO, NPs. Synthesis of SNLP/BS-12 was carried
out using esterification condensation, and the NMR hydrogen
spectrum (Fig. S2 and S3, ESIt) indicated that the two amino
groups on one SNLP molecule would be replaced by BS-12
molecules, respectively. Afterwards, different mass ratios of
SNLP/BS-12 and IrCl;-xH,O were reacted at 80 °C for 6 h using
a one-pot hydrothermal method under alkaline conditions (the
product was named SBI NPs). TEM images revealed that the SBI
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Fig. 1 Synthesis and characterization of SBI NPs. TEM images of (A) IrO, NPs and (B) SBI NPs. (C) XRD of IrO, NPs and SBI NPs. (D) HAADF-STEM image
and EDX elemental mapping of SBI NPs (red: Ir; green: O; yellow: N; and purple: C). (E) XPS of IrO, NPs and SBI NPs. (F) Ir 4f XPS spectra of the prepared
(F) IrO, NPs and (G) SBI NPs. (H) FT-IR spectra of IrO, NPs, SNLP/BS-12 and SBI NPs. (I) UV-vis-NIR spectra of IrO, NPs, SNLP/BS-12 and SBI NPs. (J) Zeta

potentials of IrO, NPs, SNLP/BS-12 and SBI NPs.
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NPs also have a spherical morphology with a diameter of 36.9 £
4.98 nm. (Fig. 1B and Fig. S4, ESIt). Since the small granulums
are at the lower limit of X-ray powder diffraction (XRD), the XRD
spectrum shows a very broad peak (Fig. 1C).”” Energy-dispersive
spectrometry (EDS) analysis of SBI NPs proves the presence of Ir,
O, N, and O elements (Fig. 1D and Fig. S5, ESIf), which are
distributed uniformly. X-Ray photoelectron spectroscopy (XPS)
results (Fig. 1E) displayed that both IrO, NPs and SBI NPs have C
1s, O 1s and Ir 4p peaks, and both of those Ir 4f peaks have
similar peak shapes, while the difference between IrO, NPs and
SBI NPs is the presence of N 1s peaks as well as higher C 1s peaks
in SBI NPs, indicating the successful synthesis of SBI NPs. The X-
ray photoelectron spectroscopy (XPS) spectra of IrO, NPs and SBI
NPs in the Ir 4f region exhibited two binding peaks at around
61.76 and 64.71 eV, corresponding to Ir*" at 61.67 and 64.69 eV,
and Ir*" at 62.55 and 65.81 eV, respectively (Fig. 1F-G). FT-IR
spectra exhibited that the SBI NPs, SNLP/BS-12 and IrO, NPs had
very broad peaks at 3750-3250 cm ™', indicating the presence of
O-H, whereas SBI NPs and SNLP/BS-12 additionally have N-H
bonds and showed higher peaks. Compared to IrO, NPs, SBI NPs
and SNLP/BS-12 revealed higher peaks at 3000-2700 cm ™' as
well as 1690-1500 cm ™" due to the presence of C-H, C=N, C=0
and Ir=0 (Fig. 1H). UV-vis spectra (Fig. 1I) showed that SBI NPs
and IrO, NPs have a very broad absorption distribution at 190-
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1100 nm. In addition, zeta potential results revealed that IrO,
NPs, SNLP/BS-12 and SBI NPs have —8.86, +19.8 and 39.6 mV,
respectively (Fig. 1J) and the positive potential of the SBI NPs
may be attributed to the positive charge of SNLP/BS-12. The
above data confirmed that SBI NPs have been successfully
synthesized.

Catalytic performance of SBI NPs

It is an effective antibacterial strategy to use nanozymes to
catalyze endogenous H,0, and then produce highly toxic
reactive oxygen species against MRSA infection.’® Therefore,
we investigated the catalytic activity of SBI NPs at different pH
conditions and examined the type of reactive oxygen species.
The peroxidase-like activity of SBI NPs was studied through the
catalytic oxidation of 3,3',5,5'-tetramethylbenzidine (TMB).
In the presence of H,0,, the characteristic absorption peak of
oxidized TMB at 652 nm is used as an indicator (Fig. 2A).
As shown in Fig. 2B, IrO, NPs with TMB and H,0, have a
distinct characteristic absorption peak at 652 nm. As the
bacterial microenvironment is weakly acidic (pH 4.5-6.5), we
studied the POD-like activity of the NPs under weakly acidic as
well as physiological environmental conditions. As shown in
Fig. 2C and D, IrO, NPs and SBI NPs can catalyse the produc-
tion of oxidative TMB in the presence of H,O, in a pH-
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Fig. 2 Peroxidase activity of SBI NPs. (A) Schematic illustration of the mechanism of IrO, NPs. (B) POD-like activities of IrO, NPs with different agents.
POD-like activities of (C) IrO, NPs and (D) SBI NPs were evaluated under different pH conditions. Absorbance spectra of TMB with different cycles of (E)
IrO, NPs and (F) SBI NPs (HAc-NaAc buffers, pH = 4.5). (G) The principle of determination of *OH production by the TA method. (H) The measurement of

*OH generation in different solutions using TA as a fluorescent indicator.
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dependent manner and have almost no catalytic activity at pH
7.4, indicating indirectly the safety of SBI NPs under physiolo-
gical conditions. The sustained catalytic capacity is also an
important part of the evaluation of nanomaterials. As shown in
Fig. 2E and F, the IrO, NPs and SBI NPs remained stable in their
catalytic capacity for five cycles of catalysis. Afterwards, we used
terephthalic acid (TA) as an indicator to detect the OH gener-
ated by different components during catalytic oxidation under
HAc-NaAc buffers at pH 4.5 (Fig. 2G). As shown in Fig. 2H, the
TA fluorescence intensity of SBI NPs + H,0, was much higher
than those of the other groups, indicating that SBI NPs were
able to effectively convert H,O, to *OH. Next, we compared
the POD activity of SBI NPs at different pHs as well as at
different temperatures, which showed that the strongest activ-
ity was found under acidic conditions and tepid environments
(Fig. S6 and S7, ESIY). The catalytic performance of SBI NPs was
further investigated by the enzyme kinetics theory and typical
enzymatic reaction kinetics was monitored within the specifed
range of TMB or H,0, concentrations. For catalytic reactions,
the Michaelis-Menten constant (K;,,) represents the affinity of
the substrate and the enzyme and a lower K, value indicates a
higher affinity of the enzyme for the substrate. Based on the
initial reaction rate and the double-reciprocal plot of the Line-
weaver-Burk equation, the K, of SBI NPs was determined to be
79.4 x 107> M with H,0, as the substrate and the V.., was
153 x 10°® M s~ " (Fig. S8, ESIY). The K, was determined to be
95.82 x 10~ ® M with TMB as the substrate, and the V;,.x was
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126.4 x 107° M s~ (Fig. S9, ESIf), indicating comparable
affinity to that of nanomaterials (Table S1, ESIT).

Antibacterial activity of SBI NPs in vitro

We selected MRSA and E. coli as research objects and used
growth curves to show the effects of different concentrations of
IrO, NPs on bacterial growth (Fig. S10, ESIT). It can be seen that
the IrO, NPs had the ability to inhibit the growth of MRSA,
while it has almost no inhibitory activity against the negative
bacterium E. coli. To enhance the anti-MRSA activity of IrO,
NPs, we loaded them with a reagent with a bacterial surface
modification effect, SNLP/BS-12. Firstly, we explored whether
the inhibition of MRSA by SNLP, BS-12 and SNLP/BS-12 with
IrO, NPs was synergistic, and the results showed that the
fractional inhibitory concentration (FIC) indexes between them
were 0.5, indicating that both of them have an additive relation-
ship (Fig. S11, ESIt). After that, we evaluated the effect of SBI NPs
synthesized with different feeding ratios of SNLP/BS-12 and
IrCl;-xH,O on bacterial activity. The results showed that the
antibacterial activity of SBI NPs was the best when the feeding
ratio was 1:1 (Fig. S12, ESIT). Based on the excellent ability of
both NPs to inhibit bacterial growth, we evaluated the antibac-
terial performance of each component against MRSA using a
colony-forming unit (CFU) assay and used vancomycin, a first-
line anti-MRSA drug, as a positive control (Fig. 3A and B). As
shown in Fig. S14 (ESIt), SBI NPs exhibited antibacterial activity
and showed concentration dependence. Similarly, we compared
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Fig. 3 Anti-bacterial activities of NPs in vitro. (A) Photographs of bacterial colonies formed by MRSA treated with different components. (B) Bacterial
survival of MRSA by the plate counting approach. (C) Live/dead fluorescence staining images of MRSA using SYTO9/PI after various therapies. Scale bar:
50 um. (D) PI fluorescence intensity using ImageJ software. The concentrations of IrO, NPs, SNLP/BS-12, SBI NPs and vancomycin were 1/2 x MIC values
and treated with PBS as a control group. The final concentration of MRSA was 5 x 10°> CFU mL™™ *p < 0.05; **p < 0.01; ***p < 0.001 and n.s. not
significant.
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the PI fluorescence intensity of SBI NPs after treatment of MRSA
with each component, using the live/dead bacteria staining
(Syto9/PI) method, which could be observed by confocal laser
scanning microscopy (CLSM) and was comparable to that of the
vancomycin group, indicating that SBI NPs had a significant
ability to kill MRSA (Fig. 3C and D). We also evaluated the
fluorescence intensity of MRSA after treatment with SBI NPs
(Fig. 815, ESIT), and the PI fluorescence gradually increased with
increasing concentrations of SBI NPs, indicating an increase in
dead bacteria, which was consistent with the results of CFU.
Compared to currently reported anti-bacterial nanozymes, SBI
NPs have considerable activity (Tables S2 and S3, ESI¥).

Antibiofilm activity of SBI NPs

It has been reported that ROS are capable of damaging the dense
structure of bacterial biofilms (Fig. 4A).>° To explore the anti-
biofilm activity of SBI NPs, we constructed a biofilm formation
inhibition assay by crystal violet staining (CV staining). As shown
in Fig. 4B and C, after co-incubating the different treatment
groups with MRSA for 24 h and 72 h, it was found that the SBI NP
group almost completely inhibited biofilm formation, while IrO,
NPs required a longer incubation time (72 h) and were also only
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able to partially inhibit biofilm formation (Fig. 4D and E).
Meanwhile, we performed 3D fluorescence imaging of MRSA
biofilms (Fig. 4F) and the experimental results were consistent
with those of CV staining. Subsequently, we performed similar
experiments with different concentrations of SBI NPs, which, as
seen in Fig. S15 (ESIt), have a strong ability to inhibit biofilm
formation at low concentrations (31.25 ug mL ™). These results
indicated that SBI NPs have good anti-biofilm formation activity.

Anti-bacterial mechanism of SBI NPs

Based on the excellent anti-bacterial and anti-biofilm activities of
iridium oxide nanoenzymes, we further investigated the anti-
bacterial mechanism (Fig. 5A). Firstly, we evaluated the ability of
SNLP/BS-12-mediated bacterial targeted labeling. Rho B-labeled
SBI NPs (Rho B-SBI NPs) were used for co-incubation with MRSA.
Using laser confocal microscopy, as we expected (Fig. 5B), Rho
B-SBI NPs (red fluorescence) and MRSA (blue fluorescence)
showed clear colocalization, indicating that SBI NPs were able
to target MRSA. Subsequently, we incubated Rho B-labeled
SNLP/BS-12 (Rho B-SNLP/BS-12) with MRSA (Fig. 5C) and Rho
B-SBI NPs with HUVECs (Fig. 5D). The results confirmed that the
binding of SBI NPs to MRSA was due to SNLP/BS-12. It is worth
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Fig. 4 Anti-biofilm properties of NPs. (A) Illustration of MRSA biofilm damaged by NPs. (B and D) CV staining results of inhibitory effects of different
components on MRSA biofilm formation for 48 h and 72 h. (C and E) Biofilm biomass of MRSA biofilms corresponding to CV staining results. (F) 3D
confocal fluorescence images of MRSA biofilms treated with various components for 24 h staining with SYTO9. Scale bar: 100 pm. (G) SYTO9
fluorescence intensity. *p < 0.05; **p < 0.01; ***p < 0.001 and n.s. not significant.
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Fig. 5 Anti-bacterial mechanism of SBI NPs. (A) Mechanism diagram of SBI NPs and MRSA. (B) The binding of Rho B-SBI NPs and Hoechst 33342
labeled-MRSA was observed after co-incubation. (C) The binding of Rho B-SNLP/BS-12 and Hoechst 33342-labeled MRSA was observed after co-
incubation. (D) The binding of Rho B-SBI NPs and Hoechst 33342-labeled HUVECs was observed after co-incubation. Scale: 100 um. (E) Bacterial viability
of MRSA treated with different components (PBS, 0.1% SDS, 0.5 M NaCl, and 50 mM urea) and after 24 h of addition of SBI NPs. The viability of bacteria
with the addition of different components was set to 100%. (F) A DCFH-DA fluorescent probe was used to detect the changes in ROS content of MRSA
treated with different components. (G) Quantification of fluorescence intensity. (Compared with the control group, *p < 0.05, **p < 0.01, ***p < 0.001.)

noting that SBI NPs do not target and label normal HUVEC cells,
indicating that SBI NPs have high-efficiency and low-toxicity
antibacterial ability.

In addition, to further investigate the binding mode of SBI
NPs to MRSA, we co-incubated SBI NPs and MRSA with Nacl (to
separate electrostatic interactions), sodium dodecyl sulfate
(SDS, to interrupt the formation of hydrophobic interactions),
and urea (to form competitive hydrogen bonds), respectively.
The results showed that urea could block the inhibitory effect of
SBI NPs on MRSA, so the combination of SBI NPs and MRSA
was mainly through hydrogen bonds (Fig. 5E). Since 0.1% SDS
is toxic to MRSA, the OD600 tends to 0. Meanwhile, SBI NPs
have POD-like activity, so we evaluated the ability of iridium
oxide nanoenzymes to mediate ROS production in bacterial
microenvironments. As shown in Fig. 5F, the green fluores-
cence of MRSA treated with IrO, NPs and SBI NPs increased
compared to the control group, indicating an increase in
intracellular ROS content. These results suggested that SBI
NPs label MRSA in a hydrogen bond manner through the

This journal is © The Royal Society of Chemistry 2023

guanidinium peptide/betaine moiety and subsequently iridium
oxide mediates ROS anti-MRSA activity.

Relieving lung bacterial infections

Lung diseases caused by microbial infections affect hundreds
of millions of children and adults worldwide.' Herein, we
constructed an acute lung infection model for evaluating the
anti-bacterial activity of SBI NPs in vivo (Fig. 6A). Briefly, ICR
mice (7 weeks) were infected with MRSA by a nasal drip and
randomly divided into 3 groups of 5 mice each (set as day 1). On
day 2, PBS, SBI NPs and vancomycin were administered intra-
nasally to each mouse. On day 3, the lung tissues of the mice
were removed and examined physiologically. Body weights were
examined during the treatment, and the data demonstrated
that no significant changes were found compared to the control
group (Fig. 6B). As shown in Fig. 6C, it could be observed that
the PBS group showed obvious pathological features such as
redness and congestion, but the lung morphology of the SBI
NPs and vancomycin groups returned to normal. In addition,
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Fig. 6 Relieves lung bacterial infections. (A) Schematic illustration of the acute lung infection model and experimental procedures. (B) Body weight
changes of mice during treatment (n = 5). (C) The appearance of lungs in various treatment groups. (D) H&E-stained histologic sections after the different
treatments of lung tissues. Scale bar: 40 um. Images of (E) Masson and (F) Sirius red staining for collagen deposition in lung tissues. Scale bar: 200 pm.

*p < 0.05; **p < 0.01; ***p < 0.001 and n.s. not significant.

H&E staining was used to assess lung lesions. Compared to the
control group, the SBI NPs and vancomycin groups had no
edema as well as a reduction in the inflammatory response
(Fig. 6D). Collagen deposition in the lung tissues was observed
by using Masson and Sirius staining. The results demonstrated
that the PBS group showed extensive lung damage and pulmon-
ary fibrosis with incomplete alveolar expansion, indicating
severe lung lesions. After treatment with vancomycin, the lung
lesions were significantly better, but there was still a small
amount of collagen deposition. In contrast, after treatment with
SBI NPs, the lung tissue tended to be normal, with complete
alveolar expansion and no fibrosis. These results indicated that
SBI NPs had a significant improvement in the treatment of acute
lung infections in mice (Fig. 6E and F). The above data con-
firmed that SBI NPs hold good anti-bacterial activity in vivo.

Diabetic wound healing

Generally, diabetic patients have difficulty in healing wounds
and are more susceptible to bacterial infections. This is

6400 | J Mater. Chem. B, 2023, 11, 6393-6403

because the onset of diabetes affects blood circulation and
prevents the growth of fresh granulation. This, combined with
poor circulation, prevents the active ingredients of antibacterial
drugs from being transported through the blood vessels to
the wound to take effect, and the residue of sugar-rich blood in
the wound increases the likelihood of bacterial infection. The
combination of these factors can lead to increased infection,
failure to heal the wound and further development of
gangrene.®® Therefore, we studied whether SBI NPs have the
ability to heal diabetic wounds. As shown in Fig. 7A, we
constructed a diabetic wound model as well as treatment
measures. Briefly, ICR mice (7 weeks) were injected with STZ
every other day and used to construct a diabetic mouse model
of infection (fasting blood glucose values >11.1 mmol L™ 1).
During this period, changes in the body weight and blood
glucose values were observed (Fig. 7B), compared to the begin-
ning, and it was found that the mice exhibited significantly
reduced body weight and showed symptoms of polyuria, poly-
dipsia, and weight loss. After four injections of STZ, the

This journal is © The Royal Society of Chemistry 2023
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percentage of hyperglycaemic mice was 90%. A circular wound
(~8 mm in diameter) was then created on the back of the
hyperglycaemic mice and MRSA was added dropwise to cause
wound infection (set as Day 0). Macroscopic images of the
wounds were analysed (Fig. 7C), and body weights were recorded
(Fig. 7D) during the 9 days of treatment in the 3 groups of mice.
The wound area of the SBI NPs group gradually closed and hair
regrew (Fig. 7E). Subsequently, we performed H&E straining
analysis of the three groups on day 9 (Fig. 7F), and the PBS
group showed a large infiltration of inflammatory cells and
severely damaged epidermal and dermal tissues. In stark con-
trast, the group of SBI NPs and vancomycin regenerated intact
epithelial tissues at the damaged sites and the SBI NP group
formed distinct hair follicle tissues. In addition, immunofluor-
escence staining of IL-6 and IL-10 demonstrated that the PBS
group continued to stimulate the development of an inflamma-
tory response, whereas the SBI NP and vancomycin groups were
more likely to promote tissue repair (Fig. 7G). The above results
suggested that SBI NPs have the ability to fight skin infections
and promote diabetic wound healing.

This journal is © The Royal Society of Chemistry 2023

Biosafety evaluation of SBI NPs

The biosafety of nanomaterials is an important indicator of
whether they can be used for in vivo therapy. Therefore, we
investigated the cytotoxicity of SBI NPs on mouse embryonic
fibroblasts and human umbilical vein endothelial cells (Fig. 8A
and B). The results showed that no significant cytotoxicity was
detected at concentrations of SBI NPs < 62.5 pg mL ™. Even when
the concentration was as high as 250 ug mL ™", the two cells were
still able to maintain the cell viability of about 80%. Next, blood
safety was assessed by an erythrocytes-hemolysis assay. As shown
in Fig. 8C, when the concentration of SBI NPs was increased from
15.625 to 250 ug mL ", the hemolysis rates were extremely low at
less than 3%. Representative pictures of SBI NPs incubated with
different concentrations of erythrocytes also supported the quan-
titative results. Furthermore, we injected high doses of SBI NPs
(5 mg kg™ ") into healthy ICR mice and examined the effects on
major organs. No significant changes were found in the H&E
staining of important organs such as the heart, liver, spleen,
lungs, and kidneys (Fig. 8D). These data indicated the good
biosafety of SBI NPs in a certain concentration range.
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3. Conclusions

In conclusion, we have successfully constructed a guanidinium
peptide-modified iridium oxide nanozyme with good enzymatic
catalytic activity and bacterial targeted binding ability. In vitro
experiments showed that the modified guanidinium peptide
could enhance the anti-biofilm activity of iridium oxide nano-
zymes and had better anti-biofilm activity than the clinical first-
line drug vancomycin. Importantly, iridium oxide nanozymes
functionalized with guanidinium peptides were able to effectively
alleviate MRSA acute lung infection and effectively promote
diabetic wound healing. Accordingly, functionalized iridium oxide
nanozymes with guanidinium peptides are expected to be an
effective antibiotic candidate in the post-antibiotic era.
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