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HIGHLIGHTS

•	 The phage-inspired de novo design of the artificial peroxidase (IrNC@TiO2) features robust subnanometer cluster sites and a sea-
urchin-like topography.

•	 The potent enzymatic activity of Ir clusterzymes and the topological advantages of the spiky substrate endow IrNC@TiO2 with the 
ability to effectively capture and eradicate planktonic Streptococcus mutans while inhibiting biofilm formation.

•	 IrNC@TiO2 can significantly inhibit tooth-surface biofilm development, prevent enamel demineralization, and reduce caries incidence 
in anticaries experiments

ABSTRACT  Dental caries, a highly prevalent oral disease, is primarily driven 
by pathogenic biofilms; however, current antimicrobials exhibit limited efficacy 
and poor specificity against cariogenic biofilms. Although nanobiocatalysts that 
can produce reactive oxygen species represent a promising alternative to conven-
tional antimicrobials, most current designs fail to achieve robust bacterial inter-
action and exhibit insufficient disruption of biofilm integrity. To address these 
challenges, we report the de novo design of phage-inspired artificial peroxi-
dases (IrNC@TiO2) featuring a robust sub-nanometer cluster site and urchin-like 
topography, which enables efficient oral biofilm elimination and dental caries 
prevention. Structural characterization confirmed that sub-nanometer Ir clusters 
are stably anchored to the TiO2 support via Ir–O coordination. Leveraging the 
robust enzymatic activity of Ir clusterzymes and the topological advantages of 
the spiky substrate, IrNC@TiO2 exhibits potent multi-enzyme mimetic activ-
ity, generating substantial amounts of ·O2

− and HClO to effectively capture and 
eradicate planktonic Streptococcus mutans and suppress biofilm formation. In a caries model, IrNC@TiO2 significantly inhibited tooth 
surface biofilm development, prevented enamel demineralization, and reduced caries incidence. The material also demonstrated negligible 
cytotoxicity and outperformed conventional non-abrasive additives in tooth-whitening assays. This work introduces a robust and efficient 
ROS-generating platform for oral health care and proposes a promising solution for clinical caries prevention.
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1  Introduction

Dental caries represents one of the most widespread and 
costly oral diseases worldwide, affecting approximately 2.3 
billion people and causing substantial health and economic 
burdens [1]. The disease originates from microbial biofilms 
that colonize tooth surfaces, where densely organized bac-
terial communities become embedded in an extracellular 
polymeric substance (EPS) matrix, primarily composed 
of exopolysaccharides [1, 2]. Streptococcus mutans (S. 
mutans), a key cariogenic pathogen, exhibits both acido-
genic and acid-tolerant properties [3]. Through glycolytic 
metabolism, it generates localized acidic microenviron-
ments with pH values as low as 4.5, promoting sustained 
enamel demineralization and periodontal tissue destruction 
[4]. The insoluble, three-dimensional EPS matrix produced 
by S. mutans acts as a physical barrier that shields bacteria 
from host immune responses and impedes the penetration 
of antimicrobial agents, thereby complicating treatment 
efforts [5, 6]. Current clinical approaches largely rely on 
broad-spectrum antibiotics, which exhibit limited efficacy 
and specificity against cariogenic biofilms, providing inad-
equate protection against dental caries [7–11]. There is thus 
a pressing need to develop novel antibiofilm strategies capa-
ble of selectively targeting acidogenic pathogens under the 
highly cariogenic conditions prevalent in high-risk popula-
tions [12–14].

•	 The phage-inspired de novo design of the artificial per-
oxidase (IrNC@TiO2) features robust sub-nanometer 
cluster sites and a sea urchin-like topography.

•	 The potent enzymatic activity of Ir clusterzymes and 
the topological advantages of the spiky substrate endow 
IrNC@TiO2 with the ability to effectively capture and 
eradicate planktonic Streptococcus mutans while inhibit-
ing biofilm formation.

•	 IrNC@TiO2 can significantly inhibit tooth surface bio-
film development, prevent enamel demineralization, and 
reduce caries incidence in anticaries experiments.

Antimicrobial nanomaterials represent a promising 
approach to suppressing biofilm formation by reducing 

bacterial viability and preventing microbial adhesion on 
treated surfaces [15–19]. Among these, bioinspired cata-
lytic platforms that mimic natural enzymes have garnered 
attention for their ability to generate reactive oxygen spe-
cies (ROS), which inflict irreversible damage on bacterial 
cells [20–28]. These nanozymes offer several advantages 
as potential alternatives to conventional antibiotics, includ-
ing high design flexibility, multi-functionality, reduced risk 
of resistance development, and minimal systemic toxicity 
[29–31]. However, the activity of most catalytic antibacte-
rial materials remains confined to planktonic bacteria, with 
limited capacity to disrupt the structural integrity of estab-
lished biofilms [32–35]. Once encased within a protective 
extracellular matrix, pathogens become largely inaccessible 
to conventional ROS-mediated killing [36–39]. Further-
more, the short lifespan (< 200 ns) and restricted diffusion 
range (~ 20 nm) of ROS impair the efficacy of many cata-
lytic nanomaterials, highlighting the need for designs that 
enable closer interaction with bacterial targets [40–45]. In 
nature, bacteriophages use their tail structures to recognize, 
capture, and lyse bacteria, offering insights for antibacte-
rial material design [46]. Recently, preliminary studies have 
developed spiky carbon spheres and metal oxide artificial 
enzyme materials to enhance material–biofilm interaction 
and disrupt protective layers by mimicking bacteriophages’ 
spiky structures and biological functions [47, 48]. However, 
achieving high stability and biocompatibility of active cent-
ers in traditional metal-based artificial enzyme materials 
remains a significant challenge, as they often deactivate in 
environments with continuously produced ROS [49].

Iridium (Ir), a rare element in the Earth’s crust, is often 
referred to as a “green element” due to its distinctive elec-
tronic configuration and associated biological inertness [50, 
51]. Ir and its complexes are utilized in various industrial, 
medical, and catalytic applications [52]. In particular, Ir-
based materials, such as Ir nanoparticles [53], Ir–N–C [51], 
and Ir-MOFs [54], show considerable promise in biomedical 
sensing and cancer therapy, owing to their multi-enzyme 
mimetic activities and minimal systemic toxicity [55]. 
Titanium dioxide (TiO2), recognized for its high stability 
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and biocompatibility, serves as an excellent substrate for 
immobilizing biocatalysts [56, 57]. When combined with 
Ir, which offers abundant d-electrons and robust redox 
stability in multi-electron processes [58], the resulting Ir-
anchored TiO2 hybrids may open new avenues for designing 
efficient, robust, and biocompatible enzymatic nanomaterials 
capable of combating oral biofilms, a possibility that has 
yet to be explored [59]. Furthermore, routine toothbrushing 
remains the most common and economical approach to car-
ies prevention [60]. Yet, the complex morphology of tooth 
surfaces, including pits and fissures, limits the efficacy of 
mechanical cleaning, allowing biofilms to persist in hard-to-
reach areas [1]. There is thus a compelling need to develop 
TiO2-based ROS-catalytic nanomaterials endowed with tai-
lored topographical features to enhance biofilm disruption 
and mitigate dental caries.

Here, we report the de novo design of phage-inspired 
artificial peroxidases (IrNC@TiO2) with robust sub-
nanometer cluster site and urchin-like topography for 
efficient oral biofilm elimination and dental caries pre-
vention. Our approach is motivated by two key objec-
tives: first, to develop physiologically stable, biocom-
patible, and nanostructured spikes that enhance the 
mechanical removal of dental biofilms; and second, to 
precisely engineer sub-nanometer Ir cluster-based ROS-
catalytic sites that introduce an efficient, robust, versa-
tile, and biofilm microenvironment-adaptive enzymatic 
reaction for oral health care (Fig. 1a, b). Our experi-
mental and computational analyses demonstrate that sub-
nanometer Ir clusters are stably anchored to the TiO2 
support via Ir–O coordination. Leveraging the robust 
enzymatic activity of Ir clusterzymes and the topo-
logical advantages of the spiky substrate, IrNC@TiO2 
exhibits potent multi-enzyme mimetic activity, generat-
ing substantial amounts of superoxide radicals (·O2

−) 
and hypochlorous acid (HClO) to effectively capture 
and eradicate planktonic S. mutans and suppress biofilm 
formation. In a caries model, IrNC@TiO2 significantly 
inhibited tooth surface biofilm development, prevented 
enamel demineralization, and reduced caries incidence. 
The material also demonstrated negligible cytotoxicity 
and outperformed conventional non-abrasive additives 
in tooth-whitening assays. This work introduces a robust 
and efficient ROS-generating platform for oral health 
care and proposes a promising solution for clinical car-
ies prevention.

2 � Experimental Section

2.1 � Materials

The iridium chloride hydrate (IrCl3·xH2O) was purchased 
from J&K Scientific. The NaN3, tert-butanol (TBA), 
benzoquinone (BQ), 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO, 97.0%), celestin blue (CB, 97.0%), sodium 
hydroxide (NaOH, 96.0%), 3,3′,5,5′-tetramethylbenzidine 
(TMB, 99.9%), acetic acid (99.7%), hydrogen peroxide 
solution (AR, 30 wt% in water), ethanol (analytical rea-
gent, AR), urea, diethylene glycol, potassium titanium 
oxide oxalate dihydrate (K2TiO(C2O4)2·2H2O), and phos-
phate buffered solution were all purchased from Aladdin 
Ltd. The rest of the reagents were also supplied by Alad-
din, unless otherwise mentioned.

2.2 � Synthesis of IrNC@TiO2

In the synthesis of IrNC@TiO2, 200 mg of the previously 
synthesized spiky TiO2 (S-TiO2, details in Supporting Infor-
mation) in 40 mL of deionized water, sonicated for 30 min, 
and dispersed well. Then, a certain amount of IrCl3·xH2O 
was added in a molar mass ratio of 1:35, followed by soni-
cation for 30 min to disperse it well. The solution was then 
heated to 180 °C in a Teflon-lined stainless steel autoclave 
for 12 h. After the reaction, the autoclave was allowed to 
cool to room temperature. The resulting products (Irx@
TiO2) were washed with deionized water and ethanol to 
remove any ionic residues and then dried in an oven at 50 
°C overnight. To synthesize IrNC@TiO2, the previously 
prepared Irx@TiO2 was heated in a tube furnace at 300 °C 
for 2 h under an argon atmosphere, followed by cooling to 
room temperature. The synthesis method of IrNP@TiO2 was 
essentially the same as that of IrNC@TiO2, except that the 
heat treatment temperature was 600 °C.

2.3 � Anticaries Experiments

The extracted teeth used for the anticaries experiment were 
healthy and free of caries. Teeth were placed in a centri-
fuge tube containing 2 mL of a bacterial suspension of 
S. mutans (108 CFU mL−1) in brain heart infusion (BHI) 
medium with 1% (w/v) sucrose. After incubation for 24 h 
at 37 °C, the teeth were washed twice with saline solution 
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to remove non-adherent cells and then immersed in fresh 
medium. Then, the commercial spherical TiO2, S-TiO2, and 
IrNC@TiO2 systems with H2O2 containing NaCl were added 
into the centrifuge tube. The final concentrations of materi-
als and H2O2 are 100 μg mL−1 and 200 μM, respectively. 
During incubation, the centrifuge tubes were placed in a 

shaking incubator to apply mechanical agitation, inducing a 
force interaction between the material and the biofilm. The 
above treatment was repeated every 12 h. After 6 weeks of 
incubation, the biofilm on the teeth was harvested. SYTO 9 
and propidium iodide were used for labeling live and dead 
cells, and Alexa Fluor 647-dextran conjugate (647/668 nm; 

Fig. 1   Design of phage-inspired artificial peroxidases (IrNC@TiO2) with robust sub-nanometer cluster site and urchin-like topography for 
enhanced biofilm eradication and dental caries prevention. a Spiky structure of IrNC@TiO2 is designed to emulate the phage-like mechanism of 
bacterial capture and the subsequent delivery of ROS, thus promoting effective sterilization. b Application of IrNC@TiO2 as a toothpaste addi-
tive for tooth whitening and the removal of biofilms to mitigate the risk of dental caries
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Molecular Probes) was used to label and visualize the 
extracellular polymeric substances (EPS). Confocal laser 
scanning microscopy (CLSM) images were acquired and 
analyzed by Image J. Then, the teeth were cleaned, and the 
enamel was observed using scanning electron microscopy 
(SEM) and micro-computed tomography (Micro-CT, Quan-
tum GX, PerkinElmer).

3 � Results and Discussion

3.1 � Design and Analysis of IrNC@TiO2

As illustrated in Fig. 2a, Ir-doped spiky TiO2 (Irx@TiO2) 
was synthesized via a hydrothermal ion exchange reaction 
using S-TiO2 and IrCl3 as precursors. IrNC@TiO2 with 
sub-nanometer Ir cluster site was subsequently obtained 
by annealing Irx@TiO2 at 300 °C under an argon atmos-
phere. The evolution of the crystal structure with annealing 
temperature was monitored using X-ray diffraction (XRD). 
As shown in Fig. S1, no significant phase transformation 
occurred below 600 °C. At 700 °C, the spiky morphology of 
TiO2 was largely preserved (Fig. S2), though weak diffrac-
tion peaks emerged at 2θ = 27.4° and 36.1°, corresponding 
to the (110) and (101) planes of rutile TiO2 (PDF#21–1276), 
indicating partial phase transition. By 900 °C, the rutile 
phase became dominant, accompanied by severe degrada-
tion of the spiky architecture (Fig. S2).

To preserve the structural integrity of the substrate dur-
ing thermal treatment, we selected the sample annealed at 
600 °C (denoted IrNP@TiO2) as a comparative control. We 
also examined how the hydrothermal ion exchange process 
influences the crystallinity of TiO2. As shown in Fig. S3, 
the initially low-crystallinity solvothermal TiO2 transformed 
into well-crystallized anatase after 12 h of hydrothermal 
treatment, indicating lattice consolidation. XRD patterns 
of IrNC@TiO2 and IrNP@TiO2 (Fig. 2b) exhibited charac-
teristic peaks at 2θ = 25.3°, 37.8°, 48.0°, 53.9°, and 55.1°, 
corresponding to the (101), (004), (200), (105), and (211) 
planes of anatase TiO2 (PDF #21–1272), respectively. No 
diffraction signals attributable to Ir-containing crystalline 
phases were detected in either sample, confirming the high 
dispersion of Ir species on the TiO2 support.

SEM images revealed that the solvothermally synthesized 
S-TiO2 exhibited a well-defined spiky morphology with an 
average diameter of 1.13 μm, which is advantageous for 

enhancing bacterial interaction (Figs. 2c and S4). High-res-
olution transmission electron microscopy (HRTEM) imag-
ing further confirmed the crystalline nature of the substrate 
and shows that individual TiO2 spikes contained numerous 
lattice defects, which are expected to facilitate the adsorp-
tion of Ir precursors during synthesis (Figs. 2d and S5). The 
structural integrity of the TiO2 support was preserved fol-
lowing Ir incorporation, as evidenced by SEM and TEM 
imaging (Figs. S6 and S7). Upon closer examination, uni-
formly dispersed dark contrast features were observed on 
the TiO2 surface (Fig. S7), indicative of the presence of 
sub-nanometer Ir clusters. Elemental mapping via energy-
dispersive X-ray (EDX) spectroscopy confirmed the homo-
geneous distribution of Ir across the spiky TiO2 architecture 
(Fig. S8).

Atomic-scale characterization of IrNC@TiO2 was per-
formed using high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). As shown 
in Fig. 2e, highly dispersed sub-nanometer Ir cluster sites 
were clearly visible across the spiky TiO2 support, with an 
average diameter of 0.92 nm. Compared to pristine TiO2, 
IrNC@TiO2 exhibited fewer lattice defects (Fig. 2f), consist-
ent with lattice consolidation during synthesis. Lattice fringe 
measurements corresponded to the (101) plane of TiO2 
(0.35 nm) and the (111) and (200) planes of metallic Ir (0.22 
and 0.20 nm, respectiv; Fig. S9). Energy-dispersive X-ray 
spectroscopy (EDS) mapping further confirmed the presence 
of Ir-rich aggregates (Fig. 2g). In contrast, HAADF-STEM 
imaging of IrNP@TiO2 (annealed at 600 °C) revealed uni-
formly distributed Ir nanoparticles with an average size of 
1.88 nm (Figs. S10 and S11), indicating that higher anneal-
ing temperatures promote Ir cluster growth. Due to the sig-
nificantly reduced zeta potential of IrNC@TiO2 compared 
to TiO2, the particle surfaces are abundantly negatively 
charged, which increases inter-particle repulsion and results 
in superior dispersion and stability in practical treatment 
environments (Fig. S12).

The chemical composition and electronic structure of 
IrNC@TiO2 were further characterized using X-ray pho-
toelectron spectroscopy (XPS). Survey spectra confirmed 
successful Ir incorporation in Irx@TiO2, IrNP@TiO2, 
and IrNC@TiO2 (Fig. S13). High-resolution Ir 4f spectra 
(Fig. 2h) revealed three contributions: metallic Ir (60.4 eV), 
Ir3+ (61.7 eV), and Ir4+ (62.1 eV). The as-prepared Irx@TiO2 
contained a substantial proportion of Ir3+, whereas anneal-
ing led to a pronounced shift in oxidation state: metallic 
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Fig. 2   Preparation and structure characterization of phage-inspired artificial peroxidases. a Synthetic process of IrNC@TiO2. b XRD patterns 
of IrNC@TiO2 and IrNP@TiO2. c SEM image and d HRTEM image of urchin-like TiO2. e, f AC-HAADF-STEM image and g STEM–EDX 
spectroscopy of IrNC@TiO2. h Ir 4f XPS spectra and the corresponding percentages of Ir species of the samples. i Ir L-edge XANES spectra, j 
Ir oxidation state, and k Fourier-transformed k3-weighted EXAFS spectra of IrNC@TiO2 and standard samples (Ir foil and IrO2). l WT analysis 
at the Ir L-edge of different samples. Atomic color coding in the structure: Ir, yellow; Ti, blue; and O, red (Color figure online)
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Ir became the dominant species in both IrNC@TiO2 and 
IrNP@TiO2, with the complete disappearance of Ir3+. This 
transition reflected electron transfer during thermal treat-
ment. The higher proportion of metallic Ir in IrNP@TiO2 
(annealed at 600 °C) compared to IrNC@TiO2 (300 °C) 
indicated that elevated temperatures promoted reduction 
of Ir3+ to Ir0. The persistent presence of Ir4+ was attrib-
uted to Ir–O bonding with the TiO2 substrate, confirming 
stable interfacial coordination after annealing. We further 
examined changes in the valence states of Ti and O in the 
TiO2 support following the deposition of Ir clusters. As 
shown in Fig. S14, the Ti p peak of IrNC@TiO2 was shifted 
by + 0.1 eV toward higher binding energy relative to that of 
S-TiO2, indicating an increase in the Ti valence state. This 
shift suggests electron transfer from Ti to Ir species during 
Ir cluster formation. Moreover, analysis of the O 1s region 
revealed a − 0.2 eV shift of the lattice oxygen peak toward 
lower binding energy in IrNC@TiO2 (Fig. S14), which could 
be ascribed to the formation of Ir–O bonds between the Ir 
clusters and the TiO2 substrate.

X-ray absorption near-edge structure (XANES) spectros-
copy and extended X-ray absorption fine structure (EXAFS) 
spectroscopy were further measured to probe the electronic 
and coordination structures of the biocatalysts. The XANES 
spectra of the Ir L-edge for IrNC@TiO2 were considerably 
higher than those for metallic Ir but lower than those for 
IrO2, indicating an average valence state of + 1.32 (Fig. 2i, 
j), which suggests the existence of Ir cations. This is in 
agreement with the trend observed in XPS. The Fourier 
transforms of the EXAFS spectra were plotted in Fig. 2k to 
probe the local environment of the Ir cluster. Peaks at ~ 2.5 
Å, which were associated with the Ir–Ir interaction, appeared 
in both IrNC@TiO2 and metallic Ir. For IrNC@TiO2, the 
peak at ~ 1.6 Å corresponded to the scattering interaction 
between Ir and O, which consisted of the Ir–O bond of 
IrO2. Additionally, wavelet transform (WT) analysis of the 
EXAFS data was performed to obtain information in both 
R- and k-space, thereby enhancing the discrimination of dif-
ferent backscattering atoms (Fig. 2l). Both the centers of 
IrNC@TiO2 and IrO2 are located at R-space (~ 1.6 Å) and 
k-space (~ 7.1 Å−1), which should be attributed to the Ir–O 
scattering path. Additionally, IrNC@TiO2 presents a weaker 
peak in R-space near 2.8 Å and in k-space at about 13.2 
Å−1, indicating the presence of the Ir–Ir signal. These find-
ings confirmed the presence of Ir nanoclusters on the TiO2 
substrate, stabilized as an Ir–O–Ti coordinated framework.

3.2 � ROS‑Catalytic Performances and Theoretical 
Analysis

After successfully characterizing the morphology and 
chemical structure of IrNC@TiO2 biocatalysts, we further 
tested their peroxidase (POD)-like activity. The colorless 
compound 3,3′,5,5′-tetramethylbenzidine (TMB) served as 
a molecular probe that could be transformed into blue oxi-
dized TMB (oxTMB) in the presence of POD mimics and 
H2O2. The oxTMB features a characteristic absorbance at a 
wavelength of 652 nm. According to Figs. 3a, b and S15, the 
IrNC@TiO2 exhibited the most favorable POD-like activity, 
which varied in relation to pH levels. A comprehensive study 
was carried out to assess the long-term activity and stability 
of IrNC@TiO2 as a POD mimic (Fig. S16). The data indi-
cated that IrNC@TiO2 retained high activity after six cycles, 
with no notable decline in performance. Then, we calculated 
the values of maximal reaction velocity (Vmax), Michaelis 
constant (Km), and turnover number (TON, the maximum 
number of substrates converted per unit active catalytic 
center) (Figs. 3c, d and S17). Compared to the IrNP@TiO2 
(Vmax = 61.08 × 10−8 Ms−1, TON = 145.10 × 10−3 s−1, and 
Km = 3.17 mM), the IrNC@TiO2 exhibited higher Vmax 
and TON values and lower Km (Vmax = 87.26 × 10−8 Ms−1, 
TON = 308.30 × 10−3 s−1, and Km = 2.12 mM), thus indi-
cating more efficient catalytic kinetics and affinity of sub-
nanometer Ir cluster toward H2O2.

Then, we compared the catalytic activity of IrNC@TiO2 
with that of recently reported POD mimics, including metal-
lic oxides, metal nanoparticles, and single-atom enzyme 
mimics (details are provided in Table S1). Although not 
possessing the highest Vmax, the IrNC@TiO2 and IrNP@
TiO2 exhibited the highest TON value among these currently 
established POD mimics (Fig. 3e). The ability of biocata-
lysts to generate ·O2

− can be characterized by an ·O2
− spe-

cific probe hydroethidine (HE). HE could react with ·O2
− to 

produce fluorescent ethidium, which was excited at 470 nm 
and emitted at ~ 650 nm. As shown in Fig. 3f, the IrNC@
TiO2 and IrNP@TiO2 have distinct absorbance peaks at 650 
nm, and the intensity of IrNC@TiO2 was significantly higher 
than IrNP@TiO2, demonstrating that IrNC@TiO2 produced 
a much higher amount of ·O2

− than the IrNP@TiO2. The 
generation of ·O2

− was verified through free radical quench-
ing experiments (Fig. S18); no significant production of ·OH 
or 1O2 was observed during the tests. Ultimately, the electron 
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Fig. 3   Evaluation and analysis of POD and HPO mimetic activities. a UV–Vis absorption spectrum associated with POD-like activity derived 
from TMB oxidation tests. b POD-like activity of IrNC@TiO2 under various pH conditions (Inset: images of the corresponding TMB solutions; 
n = 3 independent experiments, data are presented as mean ± SD). c Steady-state kinetics of IrNC@TiO2 and IrNP@TiO2 to H2O2 substrate 
(n = 3 independent experiments, data are presented as mean ± SD). d Comparison of Vmax and Km between IrNC@TiO2 and IrNP@TiO2 to H2O2 
substrate. e Comparison of the TON and Vmax values with reported enzyme mimetic catalysts. f Fluorescence spectra of ·O2

− with HE as the 
probe. g UV–Vis absorption spectrum and h corresponding HPO-like activity based on CB degradation tests of the samples (n = 3 independent 
experiments, data are presented as mean ± SD). i POD-like reaction path on the IrNC@TiO2 model, and j corresponding possible free energy 
profiles. k HPO-like reaction path on the IrNC@TiO2 model, and l corresponding possible free energy profiles. In (b, h), statistical signifi-
cance was calculated using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons; all tests were two-sided, *p < 0.05, 
**p < 0.01, ***p < 0.001, ns, no significance
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paramagnetic resonance (EPR) also revealed that the gener-
ated ROS type was ·O2

− (Fig. S19).
Among the diverse ROS, HClO is recognized as highly 

destructive to pathogens due to its exceptionally high 
REDOX potential. Consequently, the development of artifi-
cial enzymes that mimic halogen peroxidase (HPO), using 
H2O2 as a substrate to catalyze the conversion of halogen 
ions (Cl−, Br−, I−) into corresponding hypohalogenic acids 
(such as HClO) or organic halides, has emerged as a cru-
cial strategy for combating antibiotic-resistant pathogens. 
In addition to its POD mimetic properties, the Ir cluster may 
also imitate HPO to catalyze the generation of HClO when 
H2O2 and Cl− were present. This catalytic activity can be 
monitored using CB (Fig. 3g, h). The comparison of absorb-
ance values at 520 and 645 nm revealed that the intensity 
ratio I520 nm/I645 for IrNC@TiO2 (1.39) indicates the high-
est catalytic activity, compared with IrNP@TiO2 (1.30) and 
pure S-TiO2 (0.46). We also detected the catalytic process 
using an aminophenyl fluorescein (APF) probe (Fig. S20), 
yielding a similar conclusion. Taken together, we have dem-
onstrated that IrNC@TiO2 exhibited superior ROS-catalytic 
activities, which can be attributed to its unique chemical 
structure.

To further clarify the possible reaction steps of IrNC@
TiO2 to generate ·O2

− and HClO, the catalytic pathways 
of POD-like and HPO-like processes were calculated. 
For the POD-like pathway of IrNC@TiO2, three possible 
reaction pathways were proposed for the POD-like cata-
lytic production of ·O2

− and the Gibbs free energy of all 
intermediates in each reaction step (Figs. 3i, j and S21). 
Initially, IrNC@TiO2 effectively adsorbed an H2O2*, and 
subsequently, H2O2* readily underwent cleavage into two 
OH*. In path 1, two OH* adsorbed on neighboring Ir 
atoms, and the rate-determining step (RDS) of the reac-
tion occurs at step ii, the detachment of an ·OOH in the 
presence of an H2O2, which displayed an energy bar-
rier of 1.42 eV. In path 2 and path 3, the two OH* were 
adsorbed on an Ir atom and an adjacent Ti atom of the 
substrate, respectively, and the Gibbs free energy bar-
rier in step ii was only 0.51 eV. The ·OOH detached in 
step ii splits readily into ·O2

− and H+. The detachment 
of H2O* on path 2 and path 3 occurred to form an OH* 
adsorbed on Ti. For path 2, the RDS occurred at step iv, 
i.e., the detachment of an ·OOH to form an H2O* in the 
presence of an H2O2, which had a free energy barrier of 
1.18 eV. For path 3, H2O2 was adsorbed in step iv, which 

underwent cleavage to form two OH* adsorbed on the 
Ti atom and the neighboring Ir atom, respectively. Then 
the detachment of one ·OOH in the presence of H2O2 
corresponded to the generation of another ·O2

−, forming 
two OH* and one H2O* adsorbed on Ir and neighbor-
ing Ti, respectively, and the H2O* readily desorbed, thus 
returning to the state of two OH* adsorption. The cata-
lytic reaction proceeded cyclically. For path 3, the RDS 
of the reaction occurred in step ii at an energy of 0.51 eV, 
which was lower than the decisive rate step energy barrier 
for paths 1 and 2. Therefore, path 3 is the most reasonable 
path for the catalytic generation of ·O2

− by IrNC@TiO2.
For the HPO-like pathway of IrNC@TiO2, two possi-

ble pathways were proposed, as shown in Figs. 3k, l and 
S22. Step i is similar to that of the POD mimetic path-
way, in which IrNC@TiO2 efficiently adsorbs one H2O2* 
molecule, and subsequently, H2O2* undergoes cleavage 
to produce two OH* adsorbed on Ir and neighboring Ti 
atoms, respectively. Following this, the two OH* combine 
to form one O* and one H2O* molecule. For path 1, the 
RDS occurred at step iv, where O* generated OCl− in 
the presence of a nearby Cl−, which has a free energy 
barrier of 0.66 eV. For path 2, one H2O2 molecule was 
incorporated at step iv, thus forming one O* adsorbed on 
Ir and two OH* adsorbed on Ir and neighboring Ti atoms, 
respectively. Then the O* broke off and combined with 
one Cl− to form OCl−, which corresponds to the genera-
tion of HClO with the participation of H+ in the envi-
ronment. The reaction returned to the state of two OH* 
adsorption. The catalytic reaction cycle proceeded. The 
RDS of path 2 occurred in step iii at an energy of 0.17 
eV, the process of H2O* detachment, of which the energy 
was smaller than the decisive step energy barrier of path 
1. Therefore, path 2 was the most reasonable path for the 
catalytic generation of HClO.

3.3 � Assessment of Antibacterial Activity of Planktonic 
S. mutans

Our observations confirmed the pronounced antibacterial 
activity of the spiky nanostructure; however, the underly-
ing mechanisms governing bacterial capture and adhe-
sion remained incompletely understood. Previous studies 
indicated that bacteria exhibited heightened adherence to 
textured surfaces. To elucidate the interfacial interactions 
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between bacterial membranes and the spiky architecture 
of IrNC@TiO2, we conducted molecular dynamics (MD) 
simulations. Given the complexity of membrane–nanostruc-
ture interactions, we developed two simplified models: one 
featuring a flat surface (7.57 nm × 7.57 nm) and the other 
an epitaxial nanotube-based spiky surface (tip diameter: 
0.85 nm, length: 9.50 nm), both immersed in an aqueous 
environment and interacting with a model lipid membrane 
(Fig. 4a) [46, 49].

To simulate the approach and penetration of TiO2 nano-
structures into lipid membranes, we applied a pulling force 
to drive the nanomaterials toward the bilayer during the 
simulation. This force represented physical interactions aris-
ing from experimental shaking, Brownian motion, and van 
der Waals forces in real systems. As shown in Fig. 4b, the 
flat TiO2 surface failed to penetrate the membrane, which 
remained structurally intact. In contrast, the spiky TiO2 
nanostructure readily pierced the lipid bilayer, leading to its 
progressive disruption. We quantified these interactions by 
tracking the vertical separation between the center of mass 
(COM) of the membrane and each TiO2 structure. Within 
20 ns, the spiky TiO2 advanced further into the membrane 
than its flat counterpart. While the flat surface reached a 
steady separation distance, the spiky structure continued 
to penetrate beyond the 20 ns simulation period, indicating 
ongoing membrane intrusion.

We further observed the intrusion event by analyzing the 
time evolution of the interaction energy between the lipid 
membrane and the flat/spike surface. As shown in Fig. 4c, 
the energy of the two structures showed completely opposite 
trends under sustained traction. For the duration of the TiO2 
flat, the interaction energy between the TiO2 flat and the 
lipid membrane increased after 20 ns. This demonstrated 
that it was difficult for TiO2 to enter the cell membrane. On 
the contrary, the interaction energy between the TiO2 spike 
and the lipid membrane decreased. This was evidence that 
the entry of TiO2 spikes into the cell membrane was a spon-
taneous process. Therefore, we demonstrated that the TiO2 
spike could easily adhere to bacterial membranes compared 
to flat TiO2, providing significantly higher possibilities for 
spiky TiO2 to capture bacteria firmly.

S. mutans, a dominant species in dental biofilms and a 
primary etiological agent of dental caries, drove irreversible 
tooth demineralization through its acidogenic metabolism 
[61, 62]. Effective removal of cariogenic biofilms required 
efficient eradication of their planktonic populations. Given 

its enzyme mimetic properties, IrNC@TiO2 was evaluated 
as a targeted antibacterial and extracellular polymeric sub-
stance (EPS)-degrading system under acidic biofilm-like 
conditions (Fig. 4d). Antibacterial activity against plank-
tonic S. mutans was assessed by measuring optical density 
at 600 nm (OD600, Fig. S23) and quantifying colony-forming 
units (CFU, Fig. S24). After 10 h of co-culture to ensure 
sufficient contact, IrNC@TiO2 at 100 µg mL−1 achieved 
approximately 90% bacterial inhibition, while complete 
growth suppression was observed at 200 µg mL−1 (Figs. 4e 
and S25). To elucidate the antibacterial mechanism, S-TiO2 
and commercial spherical TiO2 (C-TiO2) were used as con-
trols. As shown in Figs. 4f, g and S26, neither H2O2 nor 
C-TiO2 exhibited significant antibacterial activity, with 
CFU counts comparable to those of the untreated control. 
S-TiO2, though lacking enzyme-like activity, reduced bacte-
rial survival by approximately 75%, likely due to physical 
interactions with its urchin-like topography—significantly 
outperforming C-TiO2 (~ 14% inhibition). Notably, IrNC@
TiO2 combined with H2O2 achieved nearly 99% bacterial 
eradication, underscoring the synergistic effect of its topo-
graphical bacterial capture and enzyme mimetic catalytic 
activity.

Bacterial viability was further assessed using Live/Dead 
staining (Figs.  4h and S27). Control and H2O2-treated 
groups showed minimal red fluorescence, indicating negli-
gible bacterial death. In contrast, SYTO 9 staining revealed 
approximately 67% and 39% survival rates for C-TiO2 and 
S-TiO2 groups, respectively, consistent with their modest 
antibacterial properties. The IrNC@TiO2 group exhibited 
near-complete bacterial lethality, with predominantly red 
fluorescence. Notably, both S-TiO2 and IrNC@TiO2 sam-
ples showed substantially more bacterial adhesion within the 
same field of view compared to controls, demonstrating that 
the spiky nanostructure enhanced bacterial capture capacity.

The nanospikes induced deformation and penetration of 
the bacterial envelope, causing localized membrane disrup-
tion, loss of membrane potential, and leakage of cytoplasmic 
contents. We conducted SEM to examine the morphology 
of S. mutans. For enhanced visual distinction from the speci-
men background, bacterial cells were highlighted in blue 
(Fig. 4i). Following treatment with IrNC@TiO2, the cell 
walls displayed marked deformation and structural dam-
age. TEM further illustrated direct interaction between the 
nanospikes of IrNC@TiO2 and bacterial cells (Fig. 4j). In 
contrast, bacteria in the control, H2O2, and C-TiO2 groups 
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Fig. 4   Assessment of antibacterial activity of planktonic S. mutans. a TiO2 flat and TiO2 spike model established in molecular dynamics simulations. 
b Time evolution of the distance variation (inset: Representative snapshots for the membrane penetration event) and c the interaction energy between 
the center-of-mass distance of the membrane and TiO2 model. (Here, the pulling force constant is kS = 1000 kJ mol−1 nm−2.) d Schematic illustration of 
the antibacterial mechanism of IrNC@TiO2. e Number of colonies of S. mutans treated under different concentrations of IrNC@TiO2 (n = 3 independ-
ent experiments per group, data are presented as mean ± SD). f Number of pavement colonies after treatment with different materials (n = 3 independent 
experiments per group, data are presented as mean ± SD) and g corresponding bactericide rate (n = 3 independent experiments per group, data are pre-
sented as mean ± SD, statistical significance was calculated by Chi-square test for multiple comparisons, all tests were two-sided, *p < 0.05, **p < 0.01, 
***p < 0.001, ns, no significance). h Live/Dead fluorescence images, i SEM images and j TEM images of S. mutans treated with different materials. k 
Protein leakage analysis of S. mutans treated with different materials (n = 3 independent experiments per group, data are presented as mean ± SD). In (e, 
f, k), statistical significance was calculated using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons; all tests were two-sided, 
*p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance
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maintained membrane integrity, while only minor disruption 
was observed in the S-TiO2 group, consistent with its limited 
physical antibacterial effect. Protein leakage assays provided 
additional evidence of membrane compromise and cytoplas-
mic release (Fig. 4k). The IrNC@TiO2 group exhibited the 
highest level of protein leakage, confirming severe mem-
brane disruption. These results collectively demonstrated the 
exceptional efficacy of IrNC@TiO2 in eradicating planktonic 
S. mutans via a combination of mechanical disruption and 
ROS-mediated damage.

3.4 � Oral Biofilm Disruption Assessment

Biofilms were encased in EPS, a matrix of polysaccharides, 
proteins, and nucleic acids, that shielded microbial com-
munities from antibiotics and created a resistant microen-
vironment by limiting drug penetration [63–66]. Eliminat-
ing biofilms was therefore critical for effective treatment of 
bacterial infections. To evaluate the antibiofilm efficacy of 
IrNC@TiO2 against S. mutans, we cultured biofilms on glass 
substrates and visualized them using CLSM. As shown in 
Fig. 5a–c, approximately 72% of biofilm-associated bacte-
ria were eradicated by IrNC@TiO2, compared to only ~ 13% 
and ~ 31% in the C-TiO2 and S-TiO2 groups, respectively. 
SEM further revealed pronounced disruption of biofilm 
integrity (highlighted in blue) in the IrNC@TiO2 group rela-
tive to other treatments (Fig. 5d).

Biofilm biomass was also quantified by crystal violet 
staining, confirming the superior biofilm removal capacity 
of IrNC@TiO2. Crystal violet staining was used to quan-
tify total biofilm biomass by staining both cellular and 
extracellular polymeric components. In control samples, 
staining was uniform with no visible light areas, indicat-
ing intact biofilm architecture (Fig. S28). By contrast, 
treated groups (H2O2, C-TiO2, S-TiO2, and IrNC@TiO2) 
showed patchy, lighter staining, suggesting structural dis-
ruption and reduced biomass. After dissolving the bound 
dye, absorbance at 570 nm was measured for quantifica-
tion (Fig. 5e). The IrNC@TiO₂ group exhibited the most 
pronounced reduction in absorbance. These findings sug-
gested that IrNC@TiO2 demonstrated robust antibiofilm 
activity, attributed to the synergistic interaction between 
the high concentration of ROS produced by its enzyme-
mimicking catalysis and the biomimetic spiky surface 
structure.

To theoretically investigate biofilm penetration by spiky 
nanostructures, we performed molecular dynamics simula-
tions using a simplified biofilm model composed of dextran, 
a common component of extracellular matrices in EPS [67, 
68]. A pulling force was applied to drive flat and spiky TiO2 
structures perpendicularly toward the biofilm surface, while 
monitoring changes in center-of-mass distance and interac-
tion energy. Over a 20 ns simulation, the flat TiO2 structure 
stalled upon contact with the biofilm surface, whereas the 
spiky TiO2 continued to advance into the matrix (Fig. 5f). 
The accompanying decrease in interaction energy indicated 
that biofilm penetration by the spiky nanostructure was 
energetically favorable (Fig. 5g). These simulations pro-
vided a theoretical basis for the enhanced biofilm-disrupting 
capacity of IrNC@TiO2, consistent with our experimental 
observations.

3.5 � Dental Caries Prevention and Tooth Whitening

Antifouling coatings applied to tooth surfaces had shown 
potential in preventing initial bacterial adhesion [69], but 
eliminating established biofilms remained challenging. 
As the primary pathogen responsible for dental caries, S. 
mutans formed persistent biofilms. The localized acidity in 
these biofilms continuously eroded the tooth surface miner-
als, leading to irreversible damage to the enamel [70]. Given 
its potent antibacterial activity, IrNC@TiO2 could effec-
tively inhibit biofilm formation on tooth surfaces, thereby 
reducing acid-induced dissolution of tooth minerals and 
demonstrating a preventive effect against dental caries. Con-
sequently, IrNC@TiO2 exhibited highly promising applica-
tion prospects (Fig. 6a). To evaluate its clinical relevance, 
we treated human teeth with preformed biofilms using dif-
ferent material systems. Control, H2O2-, and C-TiO2-treated 
groups exhibited characteristic dome-shaped bacterial clus-
ters (green) embedded in an EPS matrix (blue), typical of 
cariogenic biofilms formed under sucrose-rich conditions 
(Fig. 6b) [71]. In contrast, IrNC@TiO2 treatment resulted in 
sparse cell clusters and reduced EPS. We further quantified 
bacterial viability and EPS degradation using fluorescence 
intensity ratios. While H2O2 and C-TiO2 showed minimal 
bactericidal effect (strong green, weak red fluorescence), 
S-TiO2 and IrNC@TiO2 achieved approximately 26% and 
74% bacterial killing, respectively (Fig. 6c), consistent with 
earlier results on glass substrates. The IrNC@TiO2 group 
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also exhibited marked EPS degradation (Fig. 6d), indicating 
that its POD-like activity not only killed bacterial cells but 
also disrupted the biofilm matrix through radical-mediated 
catalysis, as reported in previous studies [72].

The structural and density differences observed among 
biofilms corresponded to varying degrees of deminerali-
zation in the underlying enamel. Macroscopic examina-
tion revealed extensive enamel demineralization in carious 
teeth, characterized by chalky white spots resembling early 

clinical caries lesions (Fig. S29). SEM images of treated 
tooth samples showed severe surface erosion and micro-cav-
ity formation in the control group. In contrast, the enamel 
surface in the IrNC@TiO2 treatment group remained largely 
smooth and intact, although localized demineralization and 
minor exposure of dentinal tubule openings persisted. This 
was attributed to its inability to completely eliminate bio-
film. However, compared to the control group, the IrNC@
TiO2 treatment group exhibited significantly reduced 

Fig. 5   S. mutans biofilm resistance evaluation of IrNC@TiO2. a CLSM image of S. mutans biofilm treated with different samples. b Fluores-
cence ratio of SYTO 9 and PI, and c corresponding antibacterial rate of S. mutans biofilm after treated with different samples (n = 3 independent 
experiments per group, data are presented as mean ± SD, statistical significance was calculated by Chi-square  test for multiple comparisons, 
all tests were two-sided, *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance). d SEM images of S. mutans biofilm treated with different 
samples. e Absorbance of crystal violet-stained S. mutans biofilm treated with different samples (n = 3 independent experiments per group, data 
are presented as mean ± SD, statistical significance was calculated using one-way ANOVA followed by Tukey’s post hoc test for multiple com-
parisons, all tests were two-sided, *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance). f Time evolution of the distance variation, and g the 
interaction energy between the center-of-mass distance of the biofilm and TiO2 model (inset of f: Representative snapshots for the biofilm pen-
etration event)
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Fig. 6   Dental caries prevention assessment of IrNC@TiO2. a Schematic diagram of the anticaries effect of IrNC-TiO2. b Stained CLSM fluo-
rescent images of S. mutans membrane treated with different materials, and c corresponding bactericidal rates. d Blue fluorescence intensity 
corresponding to EPS (n = 3 independent experiments per group, data are presented as mean ± SD, statistical significance was calculated using 
one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons, all tests were two-sided, *p < 0.05, **p < 0.01, ***p < 0.001, ns, 
no significance). e SEM images of dental surfaces treated with different materials in the dental caries prevention experiment. f Micro-CT images 
of the processed tooth samples (scale bar: 3 mm)
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demineralization and a markedly lower number of exposed 
dentinal tubules (Fig. 6e). Micro-CT further confirmed these 
observations: control teeth exhibited substantial defects. At 
the same time, IrNC@TiO2-treated specimens displayed 
minimal surface damage and only limited areas of subsur-
face demineralization. This early caries indicator might pro-
gress under persistent bacterial challenge (Fig. 6f). Together, 
these results demonstrate that IrNC@TiO2-mediated H2O2 
catalysis can effectively inhibit the development of dental 
biofilm on tooth surfaces, thereby reducing biofilm–acid-
mediated dissolution of tooth minerals. This mechanism 
suppressed enamel demineralization and prevented the 
formation of dental caries. In the moist and dynamic oral 
environment, ensuring effective and sufficiently prolonged 
contact between the material and tooth surfaces was a pre-
requisite for achieving its antibacterial efficacy. IrNC@TiO2 
held promise as an active ingredient in daily or prescription 
toothpastes and mouthwashes, targeting caries prevention 
and tooth whitening. Despite brief contact duration per use, 
consistent daily application maintained effective antimicro-
bial concentrations in the oral cavity. This controlled plaque 
formation and pigment deposition, delivering long-term car-
ies protection and whitening effects.

Although TiO2 has been explored as a tooth-whitening 
agent, its dependence on UV activation limits practical 
application. Toothpaste formulations offered a conveni-
ent alternative, in which abrasive additives mechanically 
removed surface stains during routine brushing. However, 
conventional whitening agents often require prolonged use 
to achieve visible effects, and the role of abrasive morphol-
ogy in pigment removal remains poorly understood. We 
hypothesized that spiky TiO2 structures would enhance 
stain removal compared to smooth analogues. To test this, 
we developed a brushing simulator using a wear testing 
apparatus and evaluated stain removal on discolored human 
teeth. Quantitative analysis of the residual stain area showed 
that IrNC@TiO2 achieved a 70.0% removal rate, which 
was significantly higher than that of C-TiO2 (24.5%) and 
untreated controls (8.1%) (Fig. 7a, b). Color change was 
further quantified using the Commission Internationale De 
L’Eclairage (CIELab) system [69, 73, 74]. After 60 min of 
simulated brushing, the IrNC@TiO2 group reached a value 
of 71.9, outperforming both C-TiO2 (42.0) and controls 
(28.6) (Fig. 7c). These results demonstrated that IrNC@
TiO2 served as an effective additive for toothpaste, enabling 
rapid and efficient tooth whitening.

Finally, we have evaluated the biocompatibility of IrNC@
TiO2 using Live/Dead staining and CCK-8 assays. After 24 
h of exposure, endothelial cells maintained high viability 
even at IrNC@TiO2 concentrations of up to 200 μg mL−1 
(Fig. S30). These results confirmed the favorable cytocom-
patibility of IrNC@TiO2 and supported its potential suit-
ability for oral healthcare applications.

4 � Conclusions

In this work, we presented the rational design of phage-
inspired artificial peroxidases (IrNC@TiO2) with a robust 
sub-nanometer cluster site and urchin-like topography for 
efficient oral biofilm elimination and dental caries preven-
tion, thereby promoting comprehensive oral health care. 
Through combined structural characterization and theoreti-
cal modeling, we established that sub-nanometer Ir clusters 
were stabilized on TiO2 via Ir–O coordination, forming an 
electronic interface that drove efficient enzyme mimetic 
activity. Density functional theory calculations identified 
favorable reaction pathways for POD- and HPO-like ROS 
catalysis, enabling continuous and localized production of 
antibacterial oxidants within the oral microenvironment. 
Complementing its ROS-catalytic function, the spiky sur-
face topography of IrNC@TiO2 facilitated mechanical cap-
ture of bacteria. It enhanced penetration into both bacterial 
membranes and extracellular biofilm matrices, as evidenced 
by molecular dynamics simulations and electron micros-
copy. This combined catalytic and physical dual mechanism 
could effectively eliminate S. mutans and inhibit biofilm 
maturation on the tooth surface. In clinically relevant mod-
els, IrNC@TiO2 significantly reduced enamel demineraliza-
tion and prevented the formation of carious lesions, demon-
strating potential as a preventive anticaries agent.

Moreover, when incorporated into a toothpaste formu-
lation, IrNC@TiO2 outperformed conventional abrasives 
in stain removal and whitening efficacy, without inducing 
detectable cytotoxicity. This multi-functional capacity, 
spanning from molecular-level catalysis to macroscopic 
cleaning, positions IrNC@TiO2 as a promising platform 
for oral hygiene and therapeutic applications. Beyond den-
tistry, this study illustrated a generalizable strategy for 
designing topologically and catalytically active materials 
that bridged functional gaps in biomedical surface science. 
By integrating structural design with enzymatic reactivity, 
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this work opens pathways toward next-generation bioac-
tive materials for preventive health care and the treatment 
of biofilm-related infectious diseases.
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