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Artificial Phages with Biocatalytic Spikes for Synergistically
Eradicating Antibiotic-Resistant Biofilms

Sutong Xiao, Lan Xie, Yang Gao, Mao Wang, Wei Geng, Xizheng Wu, Raul D. Rodriguez,
Liang Cheng, Li Qiu,* and Chong Cheng*

Antibiotic-resistant pathogens have become a global public health crisis,
especially biofilm-induced refractory infections. Efficient, safe, and biofilm
microenvironment (BME)-adaptive therapeutic strategies are urgently
demanded to combat antibiotic-resistant biofilms. Here, inspired by the
fascinating biological structures and functions of phages, the de novo design
of a spiky Ir@Co3O4 particle is proposed to serve as an artificial phage for
synergistically eradicating antibiotic-resistant Staphylococcus aureus biofilms.
Benefiting from the abundant nanospikes and highly active Ir sites, the
synthesized artificial phage can simultaneously achieve efficient biofilm
accumulation, extracellular polymeric substance (EPS) penetration, and
superior BME-adaptive reactive oxygen species (ROS) generation, thus
facilitating the in situ ROS delivery and enhancing the biofilm eradication.
Moreover, metabolomics found that the artificial phage obstructs the bacterial
attachment to EPS, disrupts the maintenance of the BME, and fosters the
dispersion and eradication of biofilms by down-regulating the associated
genes for the biosynthesis and preservation of both intra- and extracellular
environments. The in vivo results demonstrate that the artificial phage can
treat the biofilm-induced recalcitrant infected wounds equivalent to
vancomycin. It is suggested that the design of this spiky artificial phage with
synergistic “penetrate and eradicate” capability to treat antibiotic-resistant
biofilms offers a new pathway for bionic and nonantibiotic disinfection.
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1. Introduction

The emergence and proliferation of
antibiotic-resistant pathogens has been
established as a global public health cri-
sis, dramatically escalating morbidity and
mortality.[1–4] Notably, ≈80% of stubborn
and refractory infections are intimately
associated with biofilm formation.[5–7] In
contrast to planktonic bacteria, the biofilms
are equipped with a dense shield of extra-
cellular polymeric substance (EPS) [8] and
a biofilm microenvironment (BME) replete
with acidity and H2O2,[9,10] which can effec-
tively safeguard the bacteria against host
immune defenses and impede the penetra-
tion of antibacterial agents.[11,12] Further-
more, the biofilm can alter the phenotype
of encapsulated bacteria and stimulate the
formation of persistent bacteria,[13,14] thus
rendering great challenges to the current
antibacterial therapies. Consequently, in-
novative strategies are urgently demanded
to actualize BME-adaptive full-stage erad-
ication of drug-resistant bacterial biofilm,
such as the photothermal responsive
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nanoparticles[15] and immuno-activation antibacterial
nanosystems.[16,17] Although high biofilm eradication prop-
erties have been achieved, these methods are still too complex,
and additional treatments are usually needed. The construction
of facile and BME-adaptive therapeutic strategies may offer a new
paradigm to treat antibiotic-resistant biofilm-related recalcitrant
infected wounds.

Recent advancements in reactive oxygen species (ROS)-related
biocatalytic therapies provide a new promising avenue for com-
bating drug-resistant bacterial biofilm and refractory wound
infections.[18] By generating highly toxic ROS, the biocatalytic
materials can potentially overcome bacterial resistance and have
comparable therapeutic effects as conventional antibiotics.[19,20]

Among diverse biocatalytic materials, such as nanocarbon-based
or polymer-based enzyme-mimics,[21] metal oxide-based bio-
catalysts have received extensive attention due to their excel-
lent biocompatibility, structural diversity, feasible modification,
tunable catalytic sites, and low cost when compared to the
other materials-based biocatalysts. For instance, the Fe-doped
MoOx nanoflowers can significantly enhance ROS production,[22]

oxygen-deficient S-doped TiO2 can be used for photocatalytic
disinfection,[23] MoO2/WO3 heterojunction particles show high
efficiency in treating bacteria-induced osteomyelitis via mi-
crowave irradiation,[24] and Cu-porphyrin modified-Fe2O3 2D
nanosheet exhibits broad-spectrum inhibition activity against
oral pathogens via ROS and released ions.[25]

Although significant achievements have been made in treat-
ing planktonic bacteria,[26,27] the application of metal oxide-based
ROS biocatalysts for combating biofilm still encounters several
challenges,[28] including a relatively low ROS production activ-
ity, extremely short half-lives of toxic ROS, and most importantly
limited adhesion and penetration capabilities, which severely re-
strict their oxidative damage and biofilm eradication activity.[29,30]

Even though it remains a substantial challenge, it is highly desir-
able to design metal oxide-based biocatalysts with integrated high
ROS generation activity, excellent biofilm accumulation, and ef-
ficient penetration capacities to facilitate the BME-adaptive treat-
ments of antibiotic-resistant biofilms.[31,32] In nature, abundant
microorganisms have evolved distinctive biological structures
and morphologies conducive to predation and defense.[33–35] For
instance, phage viruses with multiple tail-spike structures func-
tion as specialized predators of bacterial hosts, which efficiently
recognize and capture bacteria and ultimately trigger bacterial
lysis. Ideally, creating metal oxide-based ROS biocatalysts with
phage-like spiky structures and biofunctions would engage di-
rectly with the biofilm to fundamentally destabilize and loosen
their dense shield compositions.

Inspired by the fascinating biological structures and functions
of phages,[36–38] here, we propose the de novo design of a spiky
Ir@Co3O4 (S) particle to serve as an artificial phage for syner-
gistically eradicating antibiotic-resistant biofilms (Figure 1). The
primary motivation for this study derives from two concepts: 1)
design metal oxide-based biocatalysts with abundant nanospikes
that are capable of accumulating and penetrating the bacterial
biofilm, thus triggering the severe biofilm disruption; 2) create
highly active Ir catalytic sites with potent electronic coupling by
Co─O─Ir structure in Ir@Co3O4 (S) that can enable the synthe-
sized nanospikes to rapidly respond to the BME to generate ROS,
and function as an artificial phage with the synergistic “penetrate

and eradicate” effects to combat biofilms. The superior and po-
tent peroxidase (POD)- and oxidase (OXD)-mimetic ROS produc-
tion capacities and mechanisms of these spiky Ir@Co3O4 (S) par-
ticles have been carefully investigated by combining diverse ex-
perimental and theoretical approaches. Systematic in vitro stud-
ies demonstrate that the spiky structure plays an essential part in
bacterial capture, biofilm accumulation, and penetration, which
eventually induces hole structure to facilitate the in situ ROS de-
livery and enhance biofilm eradication. Moreover, metabolomics
found that the accumulation of Ir@Co3O4 (S) particles obstructs
the bacterial attachment to EPS, disrupts the maintenance of the
cellular environment, and promotes the dispersion and eradica-
tion of biofilms by down-regulating the associated genes for the
biosynthesis and preservation of both intra- and extracellular en-
vironments. Our in vivo results corroborate that the synthesized
artificial phage can eradicate biofilm and expedite wound healing
with therapeutic effectiveness equivalent to vancomycin. The pro-
posed synergistic “penetrate and eradicate” therapeutic strategy
by artificial phages offers a promising paradigm to advance the
treatment of recalcitrant infected wounds and other antibiotic-
resistant biofilm infection-related therapies.

2. Results and Discussion

In a typical synthesis procedure, an iridium/cobalt carbonate
hydroxide precursor with spiky morphology was synthesized
via a one-pot hydrothermal coprecipitation method, accompa-
nied by subsequent pyrolysis-activation process to obtain spiky
Ir@Co3O4 (S) particles (named Ir@Co3O4 (S)) to serve as ar-
tificial phages. For comparison, a claviform-shaped Ir@Co3O4
(named Ir@Co3O4 (C)) was fabricated by employing a probe son-
icator to destroy the spiky structure of Ir@Co3O4 (S) (Figure S1,
Supporting Information). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) spectra reveal that
Ir@Co3O4 (S) adopts a spiky morphology consisting of uni-
formly sharp nanoscale bristles radiating from the center out-
ward (Figure 2a,b; and Figures S2–S4, Supporting Information).
The control samples, pristine Co3O4 and Ir@Co3O4 (C), both
exhibit a fragmented claviform structure. Meanwhile, the aver-
age size of Ir@Co3O4 (S) is measured to be around 5 μm in
dynamic light scattering (DLS) (Figure S5, Supporting Informa-
tion). Thereafter, the selected area electron diffraction (SAED)
pattern preliminarily clarified the crystalline structure of the
nanospikes (Figure S6, Supporting Information).[39] The high-
resolution TEM (HR-TEM) images in Ir@Co3O4 (S) further de-
liver detailed lattice patterns with interplanar spacings of 0.244
and 0.286 nm, well-matched to the (311) and (220) facets of Co3O4
nanocrystals, respectively, in accordance with the fast Fourier
transform (FFT) image (Figure 2c). The X-ray powder diffrac-
tion (XRD, Figure 2d) pattern demonstrates that the as-prepared
Ir@Co3O4 (S) maintains a face-centered cubic symmetry pattern
of Co3O4 (space group: Fd-3m) [40,41] with no detection of Ir phase
(Figure 2e; and Table S1, Supporting Information).

High-angle annular dark field-scanning TEM (HAADF-STEM)
has been carried out for Ir@Co3O4 (S), as illustrated in Figure 2f,
which exhibits a high density of ultrasmall Ir nanoclusters
uniformly dispersed on the surface of Co3O4 crystals. Atomic-
resolution HAADF-STEM images visually provide the precise
periodic arrangements of Ir sites (Figure 2g). Subsequently, the
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Figure 1. Design of artificial phages with biocatalytic spikes for synergistic biofilm eradication. a) Fabrication process of spiky Ir@Co3O4 (S) particles to
serve as artificial phages. b) Schematic diagram of the bioinspired and BME-adaptive artificial phages, and c) the treatment processes and mechanisms
of artificial phages for disintegrating the biofilm of antibiotic-resistant pathogens and promoting wound healing.

energy-dispersive X-ray (EDX) elemental mapping analysis high-
lights the homogeneous spatial distribution of Ir, Co, and O ele-
ments throughout Ir@Co3O4 (S) (Figure 2h; and Figure S7, Sup-
porting Information). Comprehensive surface structural infor-
mation of Ir@Co3O4 (S) was also obtained from Raman spec-
troscopy (Figure 2i). The fabricated samples present the charac-
teristic peaks of Co3O4,[42] while the Eg vibrational mode at ≈678
cm−1 exhibits a substantial blueshift relative to pristine Co3O4,
suggesting lattice strain and a more disordered phase on the sur-
face due to the modification of Ir clusters.

Afterward, X-ray photoelectron spectroscopy (XPS) was con-
ducted to probe the local coordination environments and elec-
tronic structures of Ir@Co3O4 (S). The survey XPS spectra
demonstrate the presence of Ir, Co, and O with similar Ir: Co
molar ratios (0.0176 in Ir@Co3O4 (S) and 0.0180 in Ir@Co3O4
(C)) (Figure S8, Supporting Information). The high-resolution Ir

4f spectrum can be deconvoluted into two doublets centered at
61.21/64.31 and 61.89/65.29 eV, labeled as Ir0 and Irn+, respec-
tively, which indicates that Ir precursor is partially reduced to
metallic Ir (Figure 2j). The peak at 60.6 eV is attributed to the
orbital overlap of Co 3p. Notably, the Ir species in Ir@Co3O4 (C)
maintain remarkably comparable electronic structures (Figure
S9, Supporting Information). As revealed in Figure 2k; and
Figure S10, and Table S2, Supporting Information, the pri-
mary peak signals of Co 2p are recognized as Co2+ and Co3+,
respectively.[43–45] Concurrently, the Co2+/Co3+ intensity ratio in
Ir@Co3O4 (S) is 0.466, which is much smaller than pristine
Co3O4 (0.940). Taken together, we deduce that there are distinct,
robust interactions and substantial electron transfer between Ir
clusters and Co3O4, thereby enabling the stable anchor of Ir
clusters.[46] Further assessment of the O 1s spectra of Ir@Co3O4
(S) and Ir@Co3O4 (C) unveils a larger lattice oxygen M─O
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Figure 2. Material synthesis and characterization. a) SEM image of Ir@Co3O4 (S). b) TEM image of the spiky structure of Ir@Co3O4 (S). c) HR-TEM
image of Ir@Co3O4 (S). The inset shows the FFT image. d) XRD patterns of Co3O4, Ir@Co3O4 (C), and Ir@Co3O4 (S). e) Crystal-structural diagram
of Ir@Co3O4. f,g) Atomic-scale HAADF-STEM images of Ir@Co3O4 (S). h) The EDS elemental mapping images of Ir@Co3O4 (S). Experiments were
repeated independently (a–c, f–h) three times with similar results. i) The Raman spectra of Co3O4, Ir@Co3O4 (C), and Ir@Co3O4 (S). The XPS survey
scan spectra of Co3O4, Ir@Co3O4 (C), and Ir@Co3O4 (S) in j) Ir 4f, k) Co 2p, and l) O 1s regions. a.u. indicates the arbitrary units.

concentration in comparison to Co3O4 (Figure 2l; and Table S3,
Supporting Information), which can be ascribed to the doping by
the Ir species, demonstrating the occurrence of potent electronic
coupling at the interface by Co─O─Ir bonding.[41]

Upon elucidating the morphologies and chemical struc-
tures of Co3O4, Ir@Co3O4 (C), and Ir@Co3O4 (S), we per-
formed a comprehensive assessment of their POD- and
OXD-mimetic biocatalytic performances utilizing the universal
3,3,5,5-tetramethylbenzidine (TMB) colorimetric assay.[47,48] The
Ir@Co3O4 (S) and Ir@Co3O4 (C) exhibit similarly superior POD-
and OXD-mimetic activities, while Co3O4 exhibits nearly no ROS
production activity (Figure 3a; and Figure S11, Supporting Infor-
mation). Moreover, the pH-dependent POD- and OXD-mimetic
ROS production activities of Ir@Co3O4 (S) have also been de-

tected to demonstrate its high BME-adaptivity, suggesting that
the synthesized artificial phages mainly produce ROS in biofilm-
infected regions, while they show no ROS generation in normal
tissue environments (Figure 3b; and Figures S12 and S13, Sup-
porting Information). Besides, the stability of Ir@Co3O4 (S) was
evaluated, revealing a consistent maintenance of its characteris-
tic spiky morphology and continuous ROS-generating capabil-
ity, which further highlights the superior potential of Ir@Co3O4
(S) in sustaining prolonged therapeutic efficiency for full-stage
biofilm eradication (Figure S14, Supporting Information). Sub-
sequently, the catalytic constant (Km), maximal reaction velocity
(Vmax), and turnover number (TON) are systematically explored
(Figures S15 and S16, Supporting Information).[49,50] Compared
to the low activity of Co3O4 (Vmax = 1.38 and TON = 3.40 × 10−3),
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Figure 3. Detection of the ROS-related biocatalytic performances. a) POD- and OXD-mimetic activities employing TMB-based UV–vis spectra in the
presence of biocatalytic materials. Data are expressed as mean ± SD (n = 3 independent experiments, data are presented as mean ± S.D.). b) pH
effects of the POD-mimetic activity of Ir@Co3O4 (S). c) Kinetic parameters in biocatalytic materials. d) Comparison and analysis of the TON and
Vmax values with previously published state-of-the-art enzyme-mimetic materials. e) The free radical quenching experiments, tert-butyl alcohol (TBA),
p-benzoquinone (BQ), and sodium azide (NaN3) were utilized as quenching agents for •OH, •O2

−, and 1O2, respectively. f) The •O2
− generation

ability in the presence of H2O2 tested by HE assay. g) EPR spectra for recording the •O2
− and 1O2 signals. h) Schematic process of the Ir@Co3O4 (S)

induced enzyme-mimicking ROS production for bacterial disinfection. i) Crystal-structural diagram of Ir@Co3O4*OH and Co3O4*OH. j) Bond lengths
and adsorption energies of Ir@Co3O4 and Co3O4 in interaction with *OH. k) Calculated PDOS of Co 3d and Ir 4d orbitals with O 2p orbital in *OH. a.u.
indicates the arbitrary units.
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the Ir@Co3O4 (S) (Vmax = 27.27 and TON= 1.36), and Ir@Co3O4
(C) (Vmax = 23.98 and TON = 1.20) present superior POD-like
catalytic kinetics (Figure 3c; and Figure S17, Supporting Infor-
mation). Ir@Co3O4 (S) also displays superior enzymology in-
dexes across the other reported state-of-the-art POD-mimics that
include metal oxides, metal nanoparticles, single-atom enzyme
analogs, and metal–organic frameworks (Figure 3d; and Table
S4, Supporting Information). Furthermore, we have extended
the same preparation approach to a series of other noble met-
als with a similar large d-electron wave-function spatial range as
Ir supported onto Co3O4. Notably, Ir@Co3O4 (S) demonstrates
a markedly superior capacity to generate ROS (Figure S18, Sup-
porting Information).

Furthermore, the free radical quenching experiment was ini-
tially conducted to elucidate the generated species of ROS, which
could be identified as 1O2 and •O2

− (Figure 3e; and Figure
S19, Supporting Information).[51,52] Subsequently, the presence
of •O2

− has been confirmed by a hydroethidine (HE) probe
(Figure 3f; and Figure S20, Supporting Information),[53] and the
1O2 species can be detected by the 9,10-diphenanthraquinone
(DPA) in a time-dependent manner (Figure S21, Supporting
Information). In addition, adopting 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) as the
specific spin trap reagents, the electron paramagnetic resonance
(EPR) measurements verify the significant production of •O2

−

and 1O2 under mildly acidic conditions (Figure 3g).[54,55] Collec-
tively, modifying Ir sites will enable the synthesized spiky artifi-
cial phages to rapidly respond to the BME to generate ROS; thus,
it may effectively combat biofilm-associated infections induced
by antibiotic-resistant pathogens (Figure 3h).

We carried out density functional theory (DFT) calculations
to elucidate the underlying mechanism of the rapid reaction ki-
netics occurring at the biocatalytic Ir sites. Primary investiga-
tions utilizing constructive modeling indicate substantial elec-
tron transfer between Ir sites and Co3O4 substrates, which is
mediated via interfacial Co─O─Ir bonds (Figure S22, Support-
ing Information). Based on our previous studies, H2O2 under-
goes decomposition during the POD-like reaction to generate
two *OH intermediates that attach to reaction sites.[56] Therefore,
we thoroughly analyzed the crucial intermediate of Ir*OH and
Co*OH. As evidenced by the comparison of charge density differ-
ence analysis and Bader charge, the charge transfer of Ir@Co3O4
(0.41 |e|) interacting with *OH is noticeably smaller than that of
Co3O4 (0.55 |e|) (Figure 3i; and Figure S23, Supporting Informa-
tion), which implies a more reactive state with a weaker affinity
and binding force toward oxygen intermediates. Besides, analy-
ses of bond length and adsorption energy indicate that the pro-
cesses of oxygen intermediate adsorption and desorption pref-
erentially occur at the Ir sites (Figure 3j). Moreover, the Ir 4d /
Co 3d-O 2p orbitals interactions within *OH were assessed em-
ploying the partial density of states (PDOS), revealing that the Ir
4d orbitals maintain a higher density of states with the O 2p or-
bitals near the Fermi energy level (Figure 3k), which yields an en-
hanced reactivity and is notably consistent with our experimental
results. To sum up, the unique spiky morphology and the effi-
cient and BME-adaptive ROS generation capability of Ir@Co3O4
(S) can function as an artificial phage with synergistic “penetrate
and eradicate” effects to combat bacteria and biofilms, which will
be thoroughly elaborated in the following studies.

Encouraged by the unique spiky morphology and superior
ROS-generating properties of Ir@Co3O4 (S), we subsequently
explored its bionic ability as an artificial phage to capture and
kill drug-resistant planktonic bacteria. All antibacterial experi-
ments were based on methicillin-resistant Staphylococcus aureus
(MRSA). As shown in Figure 4a,b, the different morphologies
of Ir@Co3O4 (S) and Ir@Co3O4 (C) offer these materials with
distinct interactions with bacteria. SEM and TEM images visual-
ize that the spiky nanostructures of Ir@Co3O4 (S) can effectively
penetrate the bacterial cell walls and lipid membranes, establish-
ing a secure and localized capture of MRSA.[57] The visible distor-
tion and morphological collapse indicate the irreversible destruc-
tion (Figure 4c). In contrast, the fragmented claviform Co3O4
and Ir@Co3O4 (C) exhibit poor bacterial capture capacity, pre-
ferring to adhere to the bacterial surface and thus causing slight
damage to bacteria (Figure 4d; and Figures S24 and S25, Sup-
porting Information). Moreover, we calculated the bacterial con-
tent after incubation with materials under different incubation
conditions. The Ir@Co3O4 (S) treated group (Figure 4e) can sig-
nificantly decrease the bacteria concentration, which is consider-
ably faster than the Ir@Co3O4 (C) treated group (Figure 4g). Be-
sides, the minimal inhibit concentration (MIC) and minimum
bactericidal concentration (MBC) obtained for the Ir@Co3O4 (S)
treated group are both 0.08 mg mL−1, which are significantly
lower than that of Ir@Co3O4 (C) (MIC: 0.2 mg mL−1 and MBC:
0.32 mg mL−1) and Co3O4 (MIC: more than 0.5 mg mL−1 and
MBC: more than 0.32 mg mL−1) (Figures S26 and S27, Sup-
porting Information).[58,59] Subsequent spread plate results fur-
ther clearly demonstrate that Ir@Co3O4 (S) has a capture and
killing potency of ≈100%, remarkably superior to the 36.3% of
Ir@Co3O4 (C) (Figure 4f,h; and Figures S28 and S29, Support-
ing Information). Overall, the spiky structures play an essential
part in bacterial capture and promote a synergistic and effective
sterilization capability in conjunction with in situ ROS genera-
tion.

Thereafter, 3D reconstructions of Live/Dead detections were
also performed utilizing fluorescence microscopy and a confocal
laser scanning microscope (CLSM).[60] As shown in Figure 4i;
and Figure S30, Supporting Information, the Ir@Co3O4 (S)
treated group expresses notably intense red fluorescence in the
appearance of aggregates, confirming that a substantial amount
of MRSA has been efficiently captured and lethally killed. Con-
versely, the Ir@Co3O4 (C) treated group maintains a sufficiently
high survival rate. The protein leakage assay also offers convinc-
ing evidence of MRSA membrane structure disruption and cy-
toplasmic leakage, with the highest degree of lipid membrane
permeability in the Ir@Co3O4 (S) treated group (Figure 4k).
Subsequently, to further verify whether a large amount of ROS
released by Ir@Co3O4 (S) in response to BME could oxidize
the lipids of MRSA cell membranes, a lipid peroxidation probe,
C11-BODIPY581/591, was labeled to detect the accumulation of
lipid peroxides (LPO) (Figure 4l; and Figure S31, Supporting
Information).[61] CLSM images indicate that the Ir@Co3O4 (S)
treated group demonstrates the strongest green fluorescence, im-
plying that it induces the most severe lipid peroxidation. These
results lead us infer that the fabricated spiky artificial phage syn-
ergistically accomplishes thorough killing of MRSA bacteria in-
volving two pathways: 1) the spikes are capable of capturing and
puncturing the bacteria, triggering the severe cell membrane
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Figure 4. Evaluation of in vitro bactericidal actions on planktonic MRSA. Schematic illustration of the bactericidal mechanism of a) spiky Ir@Co3O4 (S)
and b) claviform Ir@Co3O4 (C). Representative SEM and TEM images of the bacteria after cultivation with Ir@Co3O4 (S) c) and Ir@Co3O4 (C) d). The
bacterial viabilities of captured MRSA toward the incubation time and concentration of Ir@Co3O4 (S) e), Ir@Co3O4 (C) g). OD600 values are positively
correlated with the number of bacteria in the solution. The spread plate of MRSA before (above) and after (below) dispersing Ir@Co3O4 (S) f) and
Ir@Co3O4 (C) h). i) 3D CLSM images of bacteria incubated with Ir@Co3O4 (S) and Ir@Co3O4 (C), Green: live bacteria, Red: dead bacteria (scale bar:
50 μm). j) Statistics on the antibacterial effects of agar plates (n = 3 biologically independent replicates). k) Detection of bacterial protein leakage (n =
3 biologically independent replicates). l) C11-BODIPY581/591 fluorescence labeled images of bacteria (scale bar: 50 μm). Experiments were repeated
independently c-i,l) three times with similar results. Data are expressed as mean ± S.D. The assessment of P-values is performed through the utilization
of one-way analysis of variance (ANOVA). Indication of significant differences is marked by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001, ns represented nonsignificance). a.u. indicates the arbitrary units.
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disruption and leakage of intracellular substances; 2) the Ir sites
catalyze the accumulation of ROS, along with the potent penetra-
tion of the spiky structure, Ir@Co3O4 (S) can achieve the in situ
release of ROS and facilitate bacterial death.

Biofilms generated by pathogenic bacteria are a primary fac-
tor in many chronic infectious diseases.[7,62] Benefiting from the
low pH and enriched H2O2 of BME, the inherent physiological
heterogeneity within biofilms substantially weakens the antibac-
terial effectiveness of antibiotics, thereby promoting antibiotic
resistance.[7,63] Among them, an efficient nanoparticle perme-
ation implemented within the dense protective layer of biofilms is
a crucial prerequisite for the dispersion and ROS oxidative erad-
ication of biofilms.[16] To theoretically evaluate the accumulation
and penetration of Ir@Co3O4 (S) into mature biofilms, we con-
structed an all-atom molecular dynamics model to explore the
puncture behavior of spiky and plate-like structures on EPS and
lipid bilayer (Figure 5a).[64] As the transmembrane mode sim-
ulations displayed in Figure 5b, a constant force is applied to
the spike/plate-like materials to approach the membrane to sim-
ulate the puncture phenomenon. As the simulation time pro-
gresses, the spiky material migrates along the pores and even-
tually achieves the penetration of the EPS and lipid bilayer. The
z-axis top view indicates that the position of the spiky material
shifts significantly during the penetration of the EPS and lipid bi-
layer, forming a visible pore structure, in contrast to the constant
surface position of the plate-like material. By quantifying of the
EPS density (Figure S32, Supporting Information) and the inter-
action force (Figure 5c), we found that the spiky structure under-
goes a pronounced change in EPS density during the penetration
process and exhibits significant interaction with both EPS and the
lipid bilayer. Conversely, the plate-like material experiences only
a limited change that can be considered negligible compared to
the spike case.

Following that, we comprehensively evaluated the biofilm
eradication effects of Ir@Co3O4 (S) by diverse experimental
methods. As visualized by Live/Dead staining, the Ir@Co3O4
(S) displays a substantial reduction in the number of live bacte-
ria and the integrity of the biofilm is extensively compromised
with an evident decrease in thickness. In contrast, Ir@Co3O4
(C)-treated biofilms remain relatively intact with a thicker state
(Figure 5d; and Figure S33, Supporting Information). Crystal vio-
let staining also reveals a 90% reduction in biofilm biomass, sup-
porting its superior biofilm removal ability (Figure 5e,f). Subse-
quently, the Alexa Fluor 647-dextran labeled biofilm matrix in-
dicates that the Ir@Co3O4 (S) can apparently reduce the EPS
levels (labeled in blue) with an elimination rate close to 100%,
which is more efficient than the Ir@Co3O4 (C) (Figure 5g,h;
and Figures S34 and S35, Supporting Information). Additionally,
the C11-BODIPY581/591 CLSM images show that the Ir@Co3O4
(S) treated group displays the strongest green fluorescence, thus
demonstrating the most intense lipid peroxidation of embed-
ded MRSA (Figure 5i–k; and Figures S36 and S37, Support-
ing Information). These data verify that the spiky Ir@Co3O4
(S) can effectively penetrate the biofilm, and the induced hole
structure facilitates in situ ROS delivery and enhances biofilm
eradication.

To further elucidate the mechanism underlying MRSA killing
and biofilm eradication mediated by Ir@Co3O4 (S), comprehen-
sive RNA sequencing (RNA-seq) transcriptomics studies were

implemented. We performed a comparative analysis of gene ex-
pression profiles in biofilm cells subjected to PBS (control group)
or Ir@Co3O4 (S). The intersection and disparities in gene ex-
pression were visualized through Venn diagrams and volcano
plots, which reflect differentially expressed genes (DEGs) be-
tween the juxtaposed groups. The analysis unveils 34 DEGs that
are upregulated and 215 DEGs that are downregulated within the
Ir@Co3O4 (S) group compared to the control group (Figure 6a,b).
The heatmap presents the metabolite disparities across the two
groups (Figure 6c).

According to Gene Ontology (GO) analysis, these DEGs cor-
relate with diverse biological processes, cellular components,
and molecular functions (Figure 6d). By integrating with GO-
enriched bubble plot analysis, we can evidence that biosynthetic
processes are considerably affected under Ir@Co3O4 (S) treat-
ment, with involvement of cellular amino acid biosynthesis (e.g.,
hisA and hisH), carboxylic acid biosynthesis (e.g., arcC and
hutU), and hemoglobin binding (e.g., isdC). Biosynthesis-related
genes are implicated in MRSA virulence factors, lipid peroxida-
tion, bacterial nutrient uptake, and metabolism. The inhibition
of these genes would substantially impair the capacity of MRSA
to colonize and reproduce (Figure 6e).[65] Furthermore, we hy-
pothesize that Ir@Co3O4 (S) inhibits MRSA biofilm activity by
intervening in the maintenance of the cellular environment and
obstructing bacterial adherence to EPS, such as conservation of
intracellular sites (e.g., ftnA), extracellular regions (e.g., sceD),
and saccharide synthesis (e.g., isdC). This suppression reduces
bacterial virulence and affects biofilm survival by disrupting the
agglomerate binding of EPS, thus affecting the survival of the
bacterial biofilm.[66]

In addition, the extracted differential metabolites are subse-
quently analyzed against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and highlight the top 14 metabolic path-
ways that are downregulated following Ir@Co3O4 (S) treatment
(Figure 6f). DEGs in the Ir@Co3O4 (S) treated group are con-
centrated in pathways related to amino acid syntheses and
metabolisms, such as histidine metabolism and arginine biosyn-
thesis, associated with biofilm formation detachment.[16,67] Fur-
thermore, the inhibition of ABC transporter protein genes (e.g.,
hisG and ahpF), which control the simultaneous process of ATP
hydrolysis and transport, suggests an impact on the MRSA nu-
trient uptake mechanism.[68] To summarize, we conjecture that
Ir@Co3O4 (S) particles can foster the dispersion and eradica-
tion of biofilms by down-regulating the associated genes for the
biosynthesis and preservation of both intra- and extracellular en-
vironments (Figure 6g).

Before animal experiments, we assessed the biosafety of
Ir@Co3O4 (S) using human umbilical vein endothelial cells
(HUEVCs). As analyzed by the Calcein-AM Live/Dead and Cell
Counting Kit-8 (CCK-8) assay kits, all experimental groups dis-
play limited short-term toxicity, whereas the cellular activity
of HUEVCs recovers significantly after 3 days of incubation
and maintains a satisfactory viability (Figures S38 and S39,
Supporting Information). Additionally, no hemolysis has been
observed for Ir@Co3O4 (S), even at a high concentration of
2.4 mg mL−1 (Figure S40, Supporting Information), indicating
excellent blood compatibility. These results demonstrate that
Ir@Co3O4 (S) exhibits favorable biocompatibility and biomed-
ical application potential. Considering the superior biosecurity
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Figure 5. Theoretical and experimental studies on the biofilm penetration and eradication. a) Schematic diagram of EPS and lipid bilayer destruction
by puncture of spiky Ir@Co3O4 (S). b) Representative snapshots and z-axis top view snapshots of plate and spiky-like materials on EPS and lipid
bilayers; data are simulated by molecular dynamics (MD). c) Interaction force profiles with EPS and lipid bilayers during the action of flat and spiky
materials. d) z-stack images corresponding to Live/Dead staining of bacteria (scale bar: 25 μm). e) Photographs of biofilms stained by crystal violet. f)
Bacterial biomass of biofilms treated with different samples quantified by crystal violet-stained biofilms (n = 3 biologically independent replicates). g)
Alexa Flour 647 stained confocal microscopy images of different materials cointeracting with MRSA biofilms (scale bar: 50 μm). h) Statistics of Alexa
Fluor 647 relative intensity (n = 3 biologically independent replicates). i) C11-BODIPY581/591 stained confocal microscopy images of different materials
cointeracting with MRSA biofilms (scale bar: 50 μm). j) Calculated statistics on the degree of LPO (n = 3 biologically independent replicates). k) PI
relative intensity statistics (n = 3 biologically independent replicates). l) Schematic diagram for before and after application of Ir@Co3O4 (S) biocatalyst
to eradicate biofilm. Experiments were repeated independently b, d, e, g, i) three times with similar results. Data are expressed as mean ± S.D. The
assessment of P-values is performed through the utilization of one-way ANOVA. Indication of significant differences is marked by asterisks (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns represented nonsignificance). a.u. indicates the arbitrary units.
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Figure 6. Transcriptomic analysis of MRSA killing and biofilm eradication. a) Venn diagram of differentially expressed genes in the Ir@Co3O4 (S) and
PBS (Control) treated groups. b) Volcano plots of differentially expressed genes (gray: not significantly different genes; red: upregulated genes; blue:
downregulated genes). c) Heat map of differentially expressed genes involved in bacterial metabolism pathway (red represents genes with relatively high
expression levels, blue represents genes with relatively low expression levels). d) GO annotation analysis of DEGs in biofilms treated with Ir@Co3O4
(S). e) GO enrichment of downregulated genes. f) KEGG enrichment (TOP 14) of downregulated genes. g) Schematic diagram of biofilm penetration
and dispersion mechanism by Ir@Co3O4 (S) particles.
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Figure 7. In vivo antibacterial and biofilm eradication effects of artificial phages. a) Schematic illustration of the treatment schedule for the MRSA-
infected wounds. b) Digital photographs of wound sizes on different days. c) Traces of wound closure over 12 days for groups treated with PBS, H2O2,
vancomycin, and Ir@Co3O4 (S), respectively. d) Wound healing rate after treatment by different systems. e) MRSA colonies that were harvested from
different groups on day 2. f) The counted bacterial colony numbers in (e) (n = 3 biologically independent replicates). g) HE staining images of the
epidermal histological sections in different groups after 12 days (scale bar: 50 μm). h) The number of WBCs, and i) the percent of NEUT in peripheral
blood (n = 3 biologically independent replicates). j) Masson staining images of the epidermal histological sections in different groups after 12 days
(scale bar: 50 μm). k) Calculated collagen volume fraction value in j) (n = 3 biologically independent replicates). l) CD31 staining images of the epidermal
histological sections in different groups after 12 days (scale bar: 100 μm). m) CD31 relative expression in l) (n = 3 biologically independent replicates).
n) Overall evaluation of the Ir@Co3O4 (S), vancomycin, and H2O2 for bacterial disinfection. Experiments were repeated independently b, e, g, j, l) three
times with similar results. Data are expressed as mean ± S.D. The assessment of P-values is performed through the utilization of one-way ANOVA.
Indication of significant differences is marked by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns represented nonsignificance). a.u.
indicates the arbitrary units.

Adv. Mater. 2024, 2404411 © 2024 Wiley-VCH GmbH2404411 (11 of 14)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202404411 by T
echnische U

niversität C
hem

nitz, W
iley O

nline L
ibrary on [27/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

and desirable antibiofilm activity of Ir@Co3O4 (S) against MRSA
in vitro, we also evaluated the biofilm eradication potency of
Ir@Co3O4 (S) in vivo employing an MRSA-infected rabbit exci-
sional wound model (Figure 7a). The infection model was es-
tablished by inoculating 100 μL of 108 CFU mL−1 MRSA at
the wound site, which was subsequently incubated for 24 h to
facilitate biofilm formation. The wound was then treated with
Ir@Co3O4 (S) at a concentration of 0.08 mg mL−1. The pho-
tographs and changes in wound sizes were recorded after ster-
ilization treatment (Figure 7b; and Figure S41, Supporting In-
formation). Remarkably, the Ir@Co3O4 (S) treated group shows
a comparable wound healing rate to the vancomycin-treated
group, with full recovery after 12 days. In contrast, both con-
trol and H2O2-treated groups persistently present wound sup-
puration, along with abscessed skin and intense inflamma-
tion (Figure 7c,d). Subsequently, the volume of MRSA on the
wounds is quantified through the standard agar plate count tech-
nique following wound disinfection treatment, thereby endors-
ing the in vivo biofilm eradication capacity of Ir@Co3O4 (S)
(Figure 7e,f).

Moreover, the peripheral tissues from the infectious sites
were collected for histopathological analysis on day 12. Hema-
toxylin and eosin (H&E) staining photographs unveil the pres-
ence of numerous nuclei in a lobulated pattern in both PBS
and H2O2-treated groups, demonstrating an extensive inflam-
matory cell infiltration.[69] However, the Ir@Co3O4 (S) treated
group displays successfully controlled inflammation, similar
to the vancomycin-treated group (Figure 7g). A comparative
hematological analysis of peripheral blood depicts a consid-
erable reduction in white blood cell (WBC) and neutrophils
(NEUT) counts for the Ir@Co3O4 (S) treated group as com-
pared to the PBS and H2O2-treated groups. The WBC and
NEUT counts in Figure 7h,i resemble those of the vancomycin-
treated group, which correlates with the elimination of residual
biofilm infection from the wound without triggering significant
inflammation.

Sequentially, Masson trichrome staining analysis of collagen
regeneration reveals that the collagen fibers are uniformly and
regularly arranged in Ir@Co3O4 (S) and vancomycin-treated
groups, with dramatically superior deposition than the control
and H2O2-treated groups (Figure 7j,k). Additionally, the relative
CD31 immunofluorescence intensity of Ir@Co3O4 (S) (7.06 ×
10−3 μm2) and vancomycin-treated wounds (6.56 × 10−3 μm2) are
markedly increased, reflecting the newly formed blood vessels
after wound revascularization, that results in excellent wound re-
covery (Figure 7l,m; and Figure S42, Supporting Information).
Meanwhile, no damage or abnormality was detected in ma-
jor organs with respect to the healthy group, suggesting that
Ir@Co3O4 (S) is a relatively secure skin sterilization therapy
(Figure S43, Supporting Information). Furthermore, a compar-
ison of the effectiveness of Ir@Co3O4 (S), vancomycin, and
H2O2 in bacterial biofilm eradication and wound healing pro-
motion indicates a similar efficacy of Ir@Co3O4 (S) and van-
comycin across most therapeutic indexes (Figure 7n). Conclu-
sively, these in vivo sterilization results corroborate the syn-
thesized artificial phage as a potent antibiotic-free agent that
is capable of efficiently eradicating MRSA biofilm and expedit-
ing wound healing with therapeutic effectiveness equivalent to
vancomycin.

3. Conclusion

In summary, we have designed and constructed a spiky
Ir@Co3O4 (S) particle system to serve as an artificial phage for
synergistically eradicating antibiotic-resistant MRSA biofilms.
Benefiting from the synergistic effects of abundant nanospikes
and highly active Ir catalytic sites, the synthesized metal
oxide-based artificial phage can simultaneously achieve effi-
cient biofilm accumulation, EPS penetration, and superior BME-
adaptive ROS generation. Systematic in vitro studies demon-
strate that artificial phage can induce hole structure to facilitate
in situ ROS delivery and enhance biofilm eradication. Moreover,
metabolomics studies evidenced that the accumulation of arti-
ficial phage obstructs the bacterial attachment to EPS, disrupts
the maintenance of the cellular environment, and promotes the
dispersion and eradication of biofilms by down-regulating the
associated genes for the biosynthesis and preservation of both
intra- and extracellular environments. Our in vivo investigations
demonstrate that the artificial phage can eradicate MRSA biofilm
and expedite wound healing with therapeutic effectiveness equiv-
alent to vancomycin. We anticipate that the design of this spiky
artificial phage with synergistic “penetrate and eradicate” capa-
bility and pronounced ROS-catalytic activity will not only provide
a potential pathway to treat antibiotic-resistant biofilms-induced
recalcitrant infected wounds but also open up new avenues for
bionic and nonantibiotic disinfection strategies.

4. Experimental Section
Experimental details, including materials, characterizations, synthesis of
Co3O4, Ir@Co3O4 (C), and Ir@Co3O4 (S), ROS catalytic assays, and in
vitro and in vivo antibacteria experiments, were listed in the Supporting
Information.

Animals: Healthy adult New Zealand white rabbits (2.5–3.0 kg, male)
were procured from Chengdu Dossy Biological Technology Co. Ltd.
(China). All the animal experiments were performed following the animal
ethical standards from the Animal Ethics Committee at West China Hos-
pital, Sichuan University, Chengdu, China: the assigned approval number
was 20220506003.

Statistical Analysis: All data were expressed in this manuscript as
mean ± S.D. All the results were performed at least three times using in-
dependent experiments. No samples were excluded from the analysis. The
one-way ANOVA analysis was employed for comparison between groups.
In all cases, significance was defined as P ≤ 0.05. Asterisks indicate signif-
icant differences (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns represented nonsignificance). The statistical analysis was carried out
using GraphPad Prism 8.0 (GraphPad Software Inc.).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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