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A multimodal defect-rich nanoreactor triggers
sono-piezoelectric tandem catalysis and iron
metabolism disruption for implant infections

Fuyuan Zheng'*t, Xufeng Wan"?t, Yangming Zhang'*t, Yan Yue'?, Qiaochu Li3, Zhuang Zhang'?,
Shuoyuan Li"%, Hong Xu'?, Qiang Su®, Xiaoting Chen®, Le Tong®’, Long Zhao'?, Jian Cao'?,
Xin Tang'*?, Xiao Yang®, Jiagang Wu®, Jian Li", Xiang Lv®*, Zongke Zhou"**, Duan Wang'-**

Tracking and eradicating drug-resistant bacteria are critical for combating implant-associated infections, yet
effective antibacterial therapies remain elusive. Herein, we propose an oxygen vacancy-rich (BiFe)o.9(BaTi)o.103_x
nanoreactor as a piezoelectric sonosensitizer by spatiotemporal ultrasound-driven sono- and chemodynamic
tandem catalysis to amplify antibacterial efficacy. The piezoelectric charge carriers under a built-in electric field
synchronize the reaction of O, and H,0, efficiently generating H,0,. The electron-rich oxygen vacancies modulate
the local electronic structure of an Fe site. It facilitates reactive oxygen species generation by piezoelectric elec-
trons and accelerates valence state cycles of Fe(lll)/Fe(ll) to achieve the sustained maintenance of hydroxyl radicals
via H,0,/Fe(ll)-catalyzed chemodynamic reactions, which lead to bacterial membrane damage. Transcriptomics
analysis revealed that intracellular Fe overload induced by excessive Fe(ll)-mediated dysregulation of the two-
component system disrupts bacterial metabolism, triggering bacterial ferroptosis-like death. Thus, the porous
titanium scaffold, engineered with a piezoelectric nanoreactor, demonstrates superior antibacterial efficacy under

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

ultrasound and facilitates osteogenesis via piezoelectricimmunomodulation-activated therapy.

INTRODUCTION
Titanium (Ti)-based metal has been extensively used in bone im-
plants because of its benign mechanical properties and excellent
biocompatibility (1). However, Ti implants also show good biocom-
patibility with bacteria and induce implant-associated infections
(IAIs) (2). Managing IAIs requires surgical implant revisions and
repeated antibiotic therapy (3, 4). Unfortunately, the effectiveness
of these strategies is often hindered by antibiotic-induced antimi-
crobial resistance and biofilm-induced inhibited drug penetration
(5, 6). Moreover, the IAls may arise at all time points because of the
unformed osseointegrated interface on the Ti implant (7, 8). There-
fore, it is essential to develop an antibiotic-free therapeutic plat-
form on implant surfaces, which can either disrupt the bacterial
biofilm or provide effective antimicrobial effects until the complete
formation of an osseointegrated interface as needed (9, 10).
Bacterial dynamic therapy is an antibacterial strategy that involves
chemical reactions to generate reactive oxygen species (ROS), includ-
ing photodynamic therapy, sono-piezodynamic therapy (SPT), and
chemodynamic therapy (CDT) (11, 12). SPT is a clinical nonantibio-
tic and noninvasive treatment based on ultrasound (US)-activated
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piezoelectric sonosensitizers to generate ROS with water (H,0) and
oxygen (O,) and induce excessive oxidative stress in tumor or bacteria
(13). Characterized by a noncentrosymmetric crystal, piezoelectric
sonosensitizers enable the conversion of mechanical force into
electrical energy, generate polarized charges, and therefore create a
built-in electric field (BIEF) under US (14). Consequently, the BIEF
promotes the separation of carriers and generates activated electrons/
holes, producing ROS to trigger SPT-mediated antibacterial efficacy
(15). However, most piezo-based sonosensitizers indicate unsatisfac-
tory redox reactions and ROS yields because of limited carrier
concentration and rapid recombination of excited electron-hole pairs
under US (16, 17). In addition, the short lifespan of ROS may further
reduce antibacterial efficiency (18). Thus, exploring an advanced
strategy that can simultaneously generate abundant ROS and extend
their activity duration to enhance antibacterial efficacy is still chal-
lenging. Combining SPT with CDT on the basis of tandem catalysis,
which can convert endogenous H,O; to hydroxyl radicals (¢«OH)
through transition metal catalysts (TMCs), especially an iron (Fe)-
based Fenton reaction, involves the sequential catalytic processes and
synergistically enhances ROS production and duration (19). Therein,
Fe-based TMCs, based on valence state interconversion between
Fe(III) and Fe(II), have achieved an effective CDT effect. However,
CDT is inhibited by the relatively low concentration of H,O, in bac-
teria (20). Moreover, the rate-determining step of conventional Fen-
ton reactions limits the CDT efficiency because of the high activation
energy of Fe(III) in H,O, decomposition kinetics (21). The piezocat-
alytic self-cycled Fenton technology that enables the coupling of
Fe(II) regeneration and H,0O, production into one redox system
would ensure sustained «OH generation (22). Thus, the key to devel-
op Fe-based TMCs with explosive and sustained ROS yield, under
which the SPT and CDT are activated and synergized in a sequential
manner on the basis of tandem catalysis, is to promote a faster Fe(III)/
Fe(II) cycle and achieve real-time recovery of Fe(II) and in situ syn-
thesis of H,O,.
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Defect engineering is a potent strategy to improve piezoelectric
and catalytic performance by regulating the crystal lattice and mod-
ulating the surface electronic structure (23). Oxygen vacancies (OVs)
created by doping-defect engineering not only produce holes to
promote charge separation and traps to capture excited electrons but
also increase the electron density of reaction center atoms (24). It
can facilitate the reduction of adjacent Fe(III) sites and expedite the
Fe(III)/Fe(II) cycles, as well as accelerate the oxygen reduction to im-
prove H,O, yield (25, 26). Therefore, it is anticipated that Fe-based
TMCs with tandem catalysis between SPT and CDT could achieve
superior antibacterial efficacy via a doping-defect engineering strat-
egy. However, the monotherapeutic biofilm clearance necessitates
high exogenous ROS production, which damages normal tissues
(27). Meanwhile, the escaping planktonic bacteria recolonize and
reform a new biofilm after the exogenous treatment withdraws (28).
Thus, it is crucial to develop a combined moderate treatment strate-
gy that enables biofilm elimination and sustained suppression of bio-
film reformation.

Excessive intracellular iron can disrupt iron homeostasis and in-
duce lipid peroxidation-related bacterial ferroptosis-like death (29).
However, the bacterial ferroptosis-like death is severely restricted by
adaptive defensive pathways to avoid iron accumulation (30). Two-
component systems (TCSs), as a signal transduction system, not
only enable the misfolded metal iron removal but also signal into the
pathogens to promote a defense response (31). The Fe(II) accumula-
tion can inactivate the defensive efficacy of TCSs and disrupt iron
homeostasis, resulting in iron-induced toxicity in pathogens. How-
ever, this targeting metal homeostasis strategy may exhibit limited
efficacy because of the instability and easy exhaustion of Fe(II) and
iron efflux system (32). In our previous study, we proposed copper-
based sonosensitizers to achieve US-activated piezo-hot carriers that
facilitate the Cu(I) conversion, ultimately leading to cuproptosis-like
bacterial death (33). On the basis of the existing research and hy-
potheses, the controlled redox state of Fe, induced by spatiotemporal
US-driven tandem catalysis and continuous Fe(III)/Fe(II) cycles
and Fe(II) conversion, could facilitate TCS-mediated iron metabolic
interference and bacterial ferroptosis-like death. However, the ROS-
mediated oxidative stress may induce persistent inflammation and
impede bone remodeling (34). The key to addressing IAlIs after bac-
terial clearance is to relieve inflammation and foster osteogenesis si-
multaneously (35). Piezoelectric materials can create a bioelectrical
microenvironment, which targets electrical signals to regulate mac-
rophage behaviors and promote bone regeneration (36). By modu-
lating the M1-to-M2 polarization of macrophages, this bioelectrical
environment can effectively reshape the inflammatory response and
stimulate the expression of osteogenesis-related factors (37).

Herein, we prepared a multifunctional Ba/Ti-doped perovskite-
structured [(BiFe)o9(BaTi)g103_, (BFBT)] nanoreactor as a piezo-
electric sonosensitizer for combating IAIs through spatiotemporal
US-triggered superior antibacterial effects combined with enhanced
osteogenesis effects. We developed a BFBT nanocrystal with suffi-
cient OVs using a facile doping-defect engineering strategy. Sub-
sequently, the porous titanium bone implants, commonly used in
orthopedic surgery, were modified by integrating BFBT and hy-
droxyapatite (HA) to create the TH-BFBT scaffold (Fig. 1A). US
stimulation can induce the external periodic pressure, produce a
polarization change, and therefore create BIEF in the nanoreactor.
Specifically, the more negative and positive redox potential levels in
BFBT allowed the separated charge carriers to react with O, and
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H,O, promoting piezocatalytic H,O, and ROS synthesis under
US. Meanwhile, the OV enabled electron migration to the Fe site
driven by BIEF during the US process, accelerating valence state
cycles of Fe(III)/Fe(II) and sustaining high levels of Fe(II). In situ
H,0; could react with Fe(II) to promote efficient CDT, indicating a
potential mechanism for tandem catalysis between SPT and CDT,
which ultimately induced bacterial elimination regardless of the
rate-limiting step and H,0O; levels (Fig. 1B). Moreover, the mem-
brane fluidity and permeability induced by ROS could promote the
intracellular flux of Fe(II). Transcriptomics analysis revealed that
intracellular Fe overload induced by Fe(II)-mediated TCS dysregu-
lation disrupted bacterial metabolism and eliminated bacteria by the
combination of sono-piezodynamic CDT and bacterial ferroptosis-
like death. In addition, the TH-BFBT scaffold expedited inflamma-
tion relieving and bone regeneration by modulating macrophage
behavior within an electrical microenvironment and releasing P and
Ca ions from HA (Fig. 1C). The multifunctional BFBT coating on
the bone implant surface can effectively eliminate bacteria, inhibit
potential recurrence by US-driven tandem catalysis therapy between
SPT and CDT and TCS-mediated iron metabolic interference therapy,
and promote bone regeneration by piezoelectric immunomodulation-
activated therapy, marking a notable advancement in IAIs.

RESULTS

Structure of BFBT nanocrystals

The methodology for preparing BFBT is illustrated in Fig. 1A. The
transmission electron microscopy (TEM) images displayed irregular
particle sizes ranging from 50 to 200 nm in both BiFeO;_, (BF) and
BFBT samples, with uniform distribution of all elements confirmed
by elemental mapping (Fig. 2A and figs. S1 and S2). High-resolution
TEM (HR-TEM) images revealed distinct and orderly lattice fringes
in both samples (Fig. 2B). The BF sample displayed an interplanar
spacing (d) of 0.2866 nm, while the BFBT sample demonstrated a
larger d value of 0.3044 nm, likely due to the increased length of the
metal-oxygen bond and suggesting a degraded degree of crystallin-
ity. Scanning electron microscopy (SEM) images showed a dis-
tinctive microstructure in BF and BFBT samples, with nanosized
particles adhering to irregular particles (fig. S3), enhancing the sur-
face area for catalytic reactions. X-ray diffraction (XRD) patterns of
BF and BFBT displayed a hexagonal crystal structure within the R3¢
space group (JCPDS: 75-6667) (Fig. 2C). Although it had the well-
known difficulty in synthesizing a pure phase, BFBT had fewer
impurity peaks compared to BE indicating that BFBT had a purer
perovskite crystal structure. In addition, the increased intensity of
the (006) peak suggested an unfavored crystal orientation, implying
that doping-defect engineering influenced the growth of lattice
planes (fig. S4). Raman spectroscopy effectively captured the bond-
ing interactions among ions and groups in a perovskite crystal (38).
The BFBT sample exhibited a shift to a lower wavenumber (redshift)
compared to the BF sample (fig. S5). This redshift indicated weak-
ened metal-oxygen bonds, which correlated with the larger d value
observed using HR-TEM. Subsequently, the distinctive peaks falling
within the wavenumber range of 150 to 400 cm ™' were subjected to
further analysis, as they correspond to the vibrations of B—O bonds,
primarily reflecting the vibrations of B-site ions (Fig. 2D). The red-
shift in the A;-2 and A;-3 modes suggested weaker B—O bonds in
the BFBT sample, indicating an increased off-center shift of B-site
ions and reduced crystallinity (39). This weakening was attributed to
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Fig. 1. Schematic illustration of sono-piezoelectric tandem catalysis and bacterial iron metabolism disruption for implant infections. (A) Fabrication of BFBT and
the TH-BFBT bone scaffold. (B) Activated by US, BFBT uses H,O and O, to produce H,0,, which subsequently undergoes Fenton reaction. Under BIEF, electron-rich OVs
modulated the electron density of adjacent Fe, facilitating the Fe(lll)/Fe(ll) redox cycle. (C) In an infected bone implant model, the TH-BFBT bone scaffold demonstrated
antibacterial efficiency through ROS attacks, bacterial ferroptosis-like death, and osteogenesis efficiency by immunomodulation.

the limited hybridization between the oxygen p-orbitals and Fe’*/

Ti** d-orbitals, likely due to the nanodomain formation because of
Ba’* and Ti** doping. Moreover, the full width at half maximum
(FWHM) observed in Raman spectroscopy was a significant metric
for assessing the symmetry of the BOg octahedron. The FWHM of
A;-2 and E-2 modes increased, indicating an enhanced structural
disorder and increased local heterogeneity (fig. S6). The increased
displacement of B-site ions and greater lattice deformation can en-
hance piezoelectricity and strain response. Then, we conducted sec-
ond harmonic generation (SHG) tests on the BF and BFBT samples
to assess potential enhancements in piezoelectricity. SHG is fre-
quently used to evaluate the symmetry and piezoelectric properties
of piezoelectrics (40). The oscilloscope traces of SHG signals at 532 nm
for both BF and BFBT samples were illustrated, indicating the existence
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of piezoelectricity (41). The SHG pole figure demonstrated a higher
degree of anisotropy in the BFBT sample, suggesting its better piezo-
electric response (Fig. 2E and fig. 7).

Piezocatalytic activities of BFBT nanocrystals

To assess the piezocatalytic effect, we measured the generation of
+OH and «O,". Methylene blue (MB) scavenged +OH, leading to a
decrease in absorption intensity (fig. S8) (42). The BFBT + H,0,
group with US showed the least absorbance, followed by the BF +
H,0, group (Fig. 2F). Moreover, prolonged US exposure led to a
continuous decline in absorption intensity, confirming the catalytic
efficacy of BFBT with H,0, (fig. S9). The generation of «O,~ was
evaluated through the degradation of 1,3-diphenylisobenzofuran
(DPBF) (43) (fig. S10). There was a notable increase in «O,~ production
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observed with the BFBT + US group (fig. S11). To ascertain the spe-
cific reactive free radicals involved in our piezocatalysis, we conducted
experiments to trap these radicals using various scavengers. These
included EDTA [to scavenge Fe(II)], benzoquinone (to scavenge
«0;7), and isopropyl alcohol (to scavenge «OH). Cumulatively,
results suggested that «OH predominated as the principal active spe-
cies, followed by «O,~ under US. The deficiency of Fe(II) limited the
production of «OH, reducing the catalytic efficiency (figs. S12 to S14).
To confirm the generation of self-supplied H,O,, we used a potassi-
um permanganate-based colorimetric assay. The results demonstrat-
ed that both BF and BFBT had the capability to produce H,O; (fig.
§15). In addition, electron paramagnetic resonance (EPR) spin-
trapping was used to detect «OH generated during piezocatalytic
degradation (Fig. 2G). Under US, a quartet peak with a 1:2:2:1 inten-
sity ratio emerged, confirming the formation of DMPO-+<OH (33).
The signal intensity of BFBT was greater than that of BE and the
intensity increased in the presence of H,O,. To understand the in-
creased ROS production of BFBT, we initially conducted electro-
chemical impedance spectroscopy (EIS) and transient piezocurrent
spectroscopy (I-t curve), as the efficacy of piezocatalytic activity
heavily relies on the efficiency of generating, separating, and migrat-
ing electron-hole pairs in piezoelectric materials (17). The BFBT
sample notably displayed smaller semicircle radius in EIS plots than
BE denoting its comparatively lower resistance to charge transfer.
Moreover, upon activation of US, the BFBT sample manifested mark-
edly elevated transient piezoelectric current values in I-t curves than
BE indicative of a heightened rate of carrier generation (Fig. 2H).
It has been reported that facilitated charge transfer and carrier gen-
eration were linked to the formation of OVs, which are typically
associated with the production of two electrons, implying that in-
creasing concentration of OV (Coy) can enhance electron numbers
(16). Moreover, the previously mentioned crystallinity degradation
caused by doping-defect engineering was anticipated to promote
structural relaxation of surface atoms and generate OV's (44). There-
fore, we investigated OV's using EPR spectra, where BFBT showed a
stronger oxygen defect signal at g = 2.004, indicating a higher Coy
compared to BF (Fig. 2I). The high-resolution XPS spectra of O 1s
were fitted by the Lorentz function. The peak at 531 eV is attributed
to OV, while the one at 529 eV corresponds to lattice oxygen (45). The
BFBT sample exhibited a higher Coy of 53.7% compared to the BF
sample (fig. S16). Hence, doping-defect engineering not only in-
creased B-site ion displacement to enhance piezoelectricity but also
induced structural relaxation and generated OV, thereby promoting
catalytic activities. To further investigate whether OV influenced the
Fe-mediated Fenton reaction, we analyzed the chemical states of Fe
using XPS spectra. The rise in the proportion of Fe(II) from 30.5 to
48.0% suggested an increased electron density on Fe within BFBT
(Fig. 2] and fig. S17). The elevated Fe(II) content could potentially be
attributed to the augmented presence of OVs, which modulated the
local electron structure and increased the surrounding electron
density of reaction center atoms as electron donors. In addition, our
study delved deeper into the status of Fe and OVs in BFBT after 10 min
of US treatment. The findings revealed a continued rise in Fe(II),
indicating that the piezoelectric potential enhanced the migration of
electrons to Fe sites and expedited the Fe(III)/Fe(II) cycles. The slight
decrease in Coy suggested that OVs were involved in the piezocataly-
sis process (fig. S18). To confirm the hypothesis, we undertook an in
situ assessment of the Fe(II) content using 1,10-phenanthroline in
the reaction solution. Without US, Fe(II) underwent continuous
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consumption and conversion to Fe(III) with H,O,, while under US
conditions, the content of Fe(II) remained largely unchanged after
the reaction (Fig. 2K). XPS revealed similar results, showing that after
reacting with H,O,, Fe(II) in BF remained essentially unchanged,
whereas in BFBT, the Fe(II) content slightly increased under US (fig.
S19). This might be attributed to OVs capturing piezo-electrons
under US, thereby increasing local electron density and maintaining
Fe(II) levels. For further verification of the sustained Fenton reac-
tions, we monitored the generation of «OH over a continuous 8-hour
reaction period, as well as the Fe valence state after the reaction. The
EPR results indicated that the production of «OH remained essen-
tially stable throughout 8 hours, and after 8 hours of reaction, ~62.5%
of Fe(II) remained on the surface of the BFBT nanoreactor (fig. S20).
Therefore, the continuous reduction of Fe(III) to Fe(II) facilitated the
piezocatalytic self-cycled CDT, producing «OH with self-supplied

Mechanistic studies on the enhanced piezocatalytic
performance of BFBT nanocrystals

For deeper exploration of the potential in generating ROS under US,
the band structures of both BF and BFBT were scrutinized to unveil
insights into specific redox reactions. The bandgap was determined
by the energies of the conduction band (Ecp) and valence band
(Evs) (46). The bandgap values (Eg) were determined via ultraviolet-
visible (UV-vis) diffuse reflectance spectroscopy (fig. S21) and cal-
culated using the Tauc equation

(ohv)'/" = A(hv—E,) (1)

In the equation, o represents the absorption coefficient, / repre-
sents the Planck constant, A refers to a constant, and v stands for the
photon frequency; for direct bandgap semiconductors, 7 is 1/2. The
Eg values for BF and BFBT were measured as 1.98 and 2.07 eV, re-
spectively (fig. S22). The Mott-Schottky plots were generated for BF
and BFBT to ascertain the Ecp, with the flat-band potential (Eg,)
computed from the linear plot intercept. The positive slope signi-
fied the n-type semiconductor for both materials. For BF and BFBT,
the determined Eg, values were —0.09 and —0.28 V, respectively
(versus NHE, 0.22 V more positive versus Ag/AgCl) (fig. S23). For
n-type semiconductors, the Ecg tends to be 0.1 to 0.2 eV more neg-
ative than the Eg,. Following rigorous calculations, the Ecg values
were established as —0.19 and —0.38 eV for BF and BFBT, respec-
tively. The Eyg was subsequently determined (Fig. 3A) through
the equation

Eyp =Ecp +E, (2)

The inherent CB potential of BEBT was more negative than that
of BE, which was negative enough to meet the redox potential of
0,/+0," at —0.33 V, suggesting that the electrons within the CB
were favorable for the redox reaction. The Ecg of both BF and
BFBT fulfilled the criteria for reacting with «O,”/H,0, (0.35 V)
and H,0,/«OH (1.49 V). Moreover, the BFBT sample exhibited the
greatest piezo-potential and band bending, facilitating faster arrival
of free electrons (e”) and holes (h") at the nanocrystal surface to
engage in the reaction, thus triggering the tandem redox reaction (Fig.
3B). The bent band of BFBT also met the reaction conditions of H,O/
H,0, (1.76 V). In conclusion, we formulated a mechanism for ROS
generation through US-driven sono-piezoelectric tandem catalysis
(Egs. 3 to 7). Furthermore, the larger bandgap of BFBT, combined
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with its piezoelectric potential, prevented the recombination of holes
and electrons, thereby promoting reaction occurrence.

BFBT — e~ +h* (3)

O,+e” — +0; 4)

«0, +e +2H" —H,0, (5)
H,0,+Fe’* — Fe** + « OH+OH"~ (6)
2H,0+2h* — H,0, +2H" (7)

To better understand the influential mechanism of enhanced
sono-piezoelectric tandem catalysis, we performed density function-
al theory (DFT) calculations on BF and BFBT. First, we modeled BF
and BFBT with OVs wherein the oxygen defect was primarily local-
ized in the surface layers (fig. S24). The corresponding free energy
diagrams and key intermediate conformations during the tandem
reaction process of generating «OH from O, in BF and BFBT simula-
tions were presented (Fig. 3C and fig. $25). The O, molecule initially
attached to the surfaces of BF and BFBT with reduction energies of
—0.92 and —0.67 eV, respectively, revealing that O, readily adsorbed
on both surfaces and underwent reduction. However, the energy dia-
gram (U = 0.68 V) showed that the energy barrier for the step from
*OOH to H,0O, in BF was too high, resulting in poorer catalytic
performance for self-supplied H,O, compared to BFBT (fig. S26).
Afterward, Fe* uniformly cleaved the self-supplied H,O, to create
surface-active groups that were bound to Fe around OV. Notably, the
electron-rich Fe in BFBT exhibited higher reactivity, leading to a
strong adsorption capacity, making it challenging for H,O, mole-
cules to stabilize on the surface, thereby directly dissociating into
20H* with low energy. This demonstrated that electron-rich Fe re-
duced the energy barrier for H,O, adsorption and dissociation,
thereby boosting the activity of Fenton reaction. Moreover, differen-
tial charge density analysis revealed a larger electron cloud between
BFBT and *HOOH, indicating more substantial electron injection
from BFBT to *HOOH compared to BF (Fig. 3, D and E, and fig. S27).
In addition, the crystal orbital Hamilton population (COHP) analy-
sis showed a decrease in the negative integrated COHP (—ICOHP)
value, indicating that the O—O bond was weaker in *HOOH in
BEBT (Fig. 3F). These points provided a robust explanation for the
enhanced efficiency of ROS generation via tandem reactions on the
BFBT nanoreactor. To gain a clearer understanding of the electronic
redistribution at the Fe active sites, we further analyzed the Bader
charge transfer of Fe. The results indicated that the transferred charge
from the active Fe center near OV was 1.28 e in BF and 1.20 e in
BEFBT, suggesting an increase in charge density in BFBT (Fig. 3, G
and H). However, the transferred charge from Fe sites located away
from the OV increased to 1.36 e and 1.24 e, respectively (Fig. 3,  and
]). This suggested that in BFBT, the electron-rich OVs donated more
electrons to the Fe active sites, leading to a faster Fe(III)/Fe(II) cycle
and achieving a real-time recovery of Fe(II). In conclusion, the Fe
active sites of BFBT received an increased electron supply modulated
by OV, resulting in enhanced sono-piezodynamic CDT tandem re-
actions to produce more ROS with self-supplied H,O, (Fig. 3K).
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Antibacterial assessment in vitro

Titanium underwent surface pore making through alkali-heat treat-
ment (porous Ti, T), leading to the development of well-defined
porosity and a high surface area (fig. S28A) (47). These surfaces
were further modified with pDA [Ti@pDA (Tp)], nano-HA [Tp@
HA (TH)], and BFBT (TH-BFBT). We selected a concentration of
3 mg/ml of BFBT nanoparticles to optimize the loading amount and
efficiency of BFBT on the scaffold (fig. S28B). SEM results indicated
that the morphologies of HA, BE, and BFBT remained unchanged
after being loaded onto the Ti scaffold (fig. S28, C and D). XRD
analysis revealed that TH, TH-BE and TH-BFBT exhibited diffrac-
tion peaks similar to those of HA, BF, and BFBT, respectively, indi-
cating that loading did not alter the crystalline structure of the
nanoparticles (fig. S29, A and B). In addition, TH-BFBT demon-
strated excellent ROS generation capacity, reflecting piezocatalytic
properties comparable to those of the nanoparticles (fig. $29, C and
D). After being loaded onto the Ti scaffold, the Fe(II) content in
BFBT remained stable, preserving its high catalytic reactivity. Fur-
thermore, the Fe(II) content showed a slight increase after the reac-
tion with H,O,, indicating that the loading process did not interfere
with the Fe(III)/Fe(II) valence cycling and maintained a high level
of Fe(II) (fig. S29, E and F). The stability of the BFBT coating on
TH-BFBT under US stimulation was investigated by measuring the
released BFBT using inductively coupled plasma (ICP) (fig. S30). In
process 1, both released Fe ions and BFBT from the scaffolds were
included, while process 2 included only the released Fe ions. The
ICP analysis revealed that both processes had similar Fe concentra-
tions, suggesting that the BFBT coating remained firmly attached to
the TH-BFBT surface, likely due to the strong adhesive properties
of pDA (48). Initially, the in vitro antibacterial efficacy of different
scaffolds against Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli) was examined by the spread plate method (fig. S31).
Under US, TH-BFBT demonstrated remarkable bacterial viability
rates of 6.9% for S. aureus and 5.7% for E. coli (Fig. 4, A and B). Its
exceptional antibacterial property was derived from the explosive
generation of ROS through US-driven tandem catalysis between
SPT and CDT. Moreover, TH-BFBT demonstrated enhanced anti-
bacterial performance compared to TH-BF because of superior
piezoelectric properties and increased electron density on Fe of
BFBT. Without US, TH-BFBT exhibited inadequate antibacterial
performance without SPT. The membrane integrity and morpholo-
gy of S. aureus and E. coli posttreatment were assessed by SEM (fig.
S32). Notably, bacteria in Tp and TH groups showed typical spheri-
cal (S. aureus) or rod-shaped (E. coli) morphology. In TH-BF + US
and TH-BFBT groups, minor surface irregularities were observed.
However, the TH-BFBT + US group displayed more surface fold-
ing, shrinkage, and cracking. The antibiofilm efficacy was assessed
using Live/Dead and crystal violet staining. Live/Dead results
showed severe disruption and fragmentation of the bacterial bio-
film with intense red fluorescence after TH-BFBT + US treatment,
indicating extensive bacterial eradication (Fig. 4C). Crystal violet
staining revealed a significantly reduced violet stain in TH-BFBT +
US-treated biofilms, with optical density at 570 nm confirming this
disruption (fig. $33). To examine bacteria microscopically, we ana-
lyzed the bio-TEM images. Bacteria treated with TH-BFBT + US
exhibited incomplete cell walls and cytoplasmic leakage, whereas
bacteria treated with Tp 4 US retained intact morphology (Fig. 4, D
and E). To investigate contributing factors in the antibacterial pro-
cess, we co-incubated S. aureus with TH-BFBT and EDTA (an iron
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chelator), which inhibited the Fe-mediated Fenton reaction, reduc-
ing «OH production and resulting in 25.3% bacterial viability be-
cause of limited ROS assault by SPT (fig. S34). In addition, bacteria
co-incubated with leaching solution of TH-BFBT after 30 min of US
stimulation for 24 hours showed 66.1% viability, indicating the an-
tibacterial efficacy of the released Fe ions. The stable antibacterial
property of TH-BFBT was demonstrated through a cyclic antibacte-
rial test, simulating the continuous interaction with bacteria in a
biological setting. In each cycle, TH-BF and TH-BFBT were first
exposed to bacteria for 24 hours, followed by either US treatment or
no treatment before seeding bacteria on culture plates, and then dis-
infected with ethanol. From day 1 to day 7, the antibacterial rate
of TH-BFBT remained nearly constant, whereas TH-BF showed
slightly lower antibacterial performance and a gradual decline over
time (fig. S35).

Biological analysis of the antibacterial mechanism

To delve deeper into the intricate mechanism, we conducted RNA
sequencing analysis on S. aureus treated with the TH-BFBT scaffold.
Volcano plots depicted that 300 genes were up-regulated and 293
genes were down-regulated in TH-BFBT without US compared to
the control. In addition, the TH-BFBT + US group demonstrated
349 genes up-regulated and 316 genes down-regulated (fig. S36).
The correlation analysis depicted that the three groups were compa-
rable (fig. S37). Differentially expressed genes (DEGs) underwent
Gene Ontology analysis (fig. S38). Furthermore, the DEGs under-
went Kyoto Encyclopedia of Genes and Genomes (KEGG) annota-
tion analysis (fig. S39). The top 10 pathways showed that significant
enrichment (P < 0.05) revealed significant impacts of TH-BFBT on
S. aureus, notably in nitrogen metabolism, TCS, limonene degrada-
tion, ascorbate metabolism, and P-alanine metabolism (Fig. 4F).
Nevertheless, TH-BFBT + US primarily influenced TCS, cationic
antimicrobial peptide resistance, purine metabolism, glycolysis, and
nitrogen metabolism (Fig. 4G). The TCS showed a notable enrich-
ment index and low P value in both enrichment analyses, prompting
us to further investigate bacterial ferroptosis-like death. Ferroptosis
refers to a type of controlled cell death marked by iron-dependent
phospholipid peroxidation (49). Bacterial TCSs are signal transduc-
tion systems consisting of a response regulator that adjusts gene ex-
pression to modulate the response and a cognate sensor histidine
kinase that detects specific signals (50). Excess extracellular Fe(II)
inactivated the defensive efficacy of TCS and disrupted iron homeo-
stasis, inducing iron-induced toxicity in pathogens and lastly lead-
ing to ferroptosis (32). Notably, we observed both up-regulation and
down-regulation of related genes in TH-BFBT and TH-BFBT + US
groups, culminating in a phenomenon reminiscent of bacterial iron
homeostasis and ferroptosis, with a more pronounced effect evident
in the TH-BFBT + US group (Fig. 4H). To further confirm ferropto-
sis induced by TH-BFBT, we assessed intracellular ROS using DCFH-
DA as a probe and observed higher fluorescence in the TH-BFBT +
US group, indicating increased ROS levels from the Fe(II)-mediated
Fenton reaction (fig. $40). Subsequently, we examined cellular lipid
peroxidation using a C11 BODIPY fluorescent probe. S. aureus
treated with TH-BFBT + US exhibited the highest level of lipid peroxi-
dation, followed by TH-BF + US (Fig. 41 and fig. S41). Moreover, in-
creased levels of intracellular Fe(IT) accumulation were observed in
S. aureus treated with TH-BFBT + US using the FerroOrange fluores-
cent probe, which is a characteristic hallmark of ferroptosis (Fig. 4]
and fig. S42). In conclusion, the stability and resistance to depletion
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of Fe(IT) reduced the defensive efficacy of TCS, resulting in disrupt-
ed bacterial iron homeostasis and increased intracellular ROS levels.
The synergistic impact of disrupted TCS and elevated ROS, both
intra- and extracellular, compromised the integrity of the bacterial
membrane, leading to Fe(II) accumulation and further ROS produc-
tion within the bacteria, ultimately inducing bacterial ferroptosis-
like death. In addition, we provided a detailed illustration of the
alterations in ferroptosis and the associated gene expression changes
(Fig. 4K).

Osteogenesis and immunomodaulation in vitro

To assess the osteogenic capability of various scaffolds, we first evalu-
ated their cell adhesion and proliferation abilities. Cell viability as-
sessed via Live/Dead assay and Cell Counting Kit-8 (CCK-8) revealed
minimal cytotoxicity across all scaffolds (Fig. 5A and fig. S43A). We
then assessed the potential cytotoxicity of US-driven piezocatalysis
using the CCK-8 assay (fig. S43B). Cell viability decreased to 78.7%
with TH-BF and 72.9% with TH-BFBT under US. However, cell ac-
tivity recovered after 2 days of further culture, and all groups showed
similar proliferation after 4 days, indicating that short-term irradia-
tion did not cause lasting toxicity. Moreover, the TH-BFBT scaffold
was fully infiltrated by cells with an elongated actin cytoskeleton,
demonstrating excellent cell adhesion (fig. S43C). SEM results dem-
onstrated consistent outcomes, with the TH-BFBT scaffold exhibit-
ing enhanced cell spreading and tight adhesion, characterized by
notably elongated filopodia (fig. S43D). As for osteogenic perfor-
mance, alkaline phosphatase (ALP) expression demonstrated a no-
table increase within the TH-BFBT scaffold on both the 7th and
14th days, indicating enhanced cellular proliferation. On the 14th day,
qualitative ALP staining revealed a distinct purple hue exclusively
observed in the TH-BFBT group, suggesting the highest ALP activity
(fig. $43, E and F). In addition, bone morphogenetic protein 2 (BMP-
2) and Runt-related transcription factor 2 (RUNX2) were selected to
assess the osteogenic capacity of TH-BFBT. The expression levels of
BMP-2 and RUNX2 were greatly higher in the TH-BFBT group (Fig.
5, B to E). It has been reported that the electrical microenvironment
generated by piezoelectric materials played a crucial role in osteo-
genesis and could facilitate macrophage polarization (37, 51). To
further find out the mechanism on osteogenesis, we investigated
whether TH-BFBT, characterized by high spontaneous polarization,
could produce an electric signal under local tissue pressure. Finite
element modeling was used to calculate the piezopotential generated
by BF and BFBT when subjected to mechanical stresses typically ex-
erted by cells, which range from 0.1 to 10 nN. The analysis revealed
that BFBT produced a notably higher piezopotential, ranging from
92.30 pV to 9.23 mV, compared to BF under identical mechanical
forces (fig. S44). Besides, we assessed intracellular Ca?" concentra-
tions using the fluorescent probe Fluo-4 AM, which represents a
mechanism underlying the promotion of osteogenesis through elec-
trostimulation. The Ca* levels of TH-BEBT experienced a notable
increase, suggesting that electrostimulation generated by BFBT led to
elevation in intracellular calcium concentration (Fig. 5F and fig.
§45). Furthermore, the immunomodulatory properties of TH-BFBT
were investigated because of the association of M1 macrophages with
inflammation and M2 macrophages in bone regeneration during in-
fected bone loss. The immunofluorescence result and quantitative
analysis demonstrated a significant reduction in inducible nitric ox-
ide synthase (iINOS) expression (a surface marker of M1 macro-
phages) and a concomitant increase in cluster of differentiation 206
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(CD206) expression (a surface marker of M2 macrophages) upon
treatment with TH-BFBT (Fig. 5G and fig. $46). To explore the cytokine
profile, we conducted quantitative reverse transcription polymerase
chain reaction experiments. The results revealed a notable decrease
in the expression of pro-inflammatory cytokines [interleukin-6 (IL-6)
and tumor necrosis factor-o (TNF-a)] in the TH-BFBT group (Fig.
5, H and I). Conversely, there was a significant increase in the ex-
pression of anti-inflammatory gene markers (IL-4 and IL-10) in the
TH-BFBT group (Fig. 5, ] and K). The findings implied that the elec-
trical microenvironment provided by TH-BFBT had the capacity to
modulate immune responses, fostering polarization toward the M2
macrophage phenotype, ultimately accelerating bone repair after the
pro-inflammatory antibacterial process (Fig. 5L).

Antibacterial performance in vivo

To evaluate in vivo antibacterial and osteogenic efficacy, we surgi-
cally placed scaffolds infected with S. aureus into bone defects of
femoral condyle in Sprague-Dawley rats (Fig. 6A and fig. $47). On
the seventh day postsurgery, the animals were euthanized after the
treatment of 6 days with US, and their femurs were harvested for bac-
teriological and histological analyses. Bacterial samples collected
from the scaffolds were cultured in both liquid and solid Luria-
Bertani (LB) media, yielding quantitative outcomes. Both approaches
confirmed that TH-BFBT(+) showed superior antibacterial efficacy
compared to other groups (Fig. 6, B and C). Hematoxylin and eosin
(H&E) staining showed neutrophil infiltration around the bone de-
fect in Tp(+), TH(+), and TH-BFBT(—) groups, and fewer neutro-
phils were found in TH-BF(+) and the least in TH-BFBT(+) (Fig. 6,
D and E). Furthermore, Giemsa staining was conducted to evaluate
the infection of the injury, revealing that the TH-BFBT(4) group
showed fewer bacteria (Fig. 6, F and G). To further evaluate the real-
time antimicrobial efficacy in vivo, we used fluorescently labeled bac-
teria (DiR iodide) and implanted them into the host using the same
methodology. The fluorescence intensity was then used to visualize
the bacterial status. We subjected the rats to US and observed a con-
siderable reduction in fluorescence intensity over time in the TH-
BFBT(+4) group, while the intensity remained relatively stable in the
Tp(+) group, indicating the robust antimicrobial capability of TH-
BEBT under US conditions (Fig. 6, H and I). We further assessed the
ROS-generating capability of TH-BFBT in vivo over a period of 7 days.
The results demonstrated that the ROS generation by TH-BFBT
remained consistent when subjected to US stimulation throughout
the 7-day period, highlighting its sustained antibacterial efficacy
(fig. 548).

Osteogenic performance in vivo

Rat femurs were scanned using microcomputed tomography
(micro-CT) at 4- and 8-week intervals postimplantation, producing
detailed three-dimensional (3D) reconstructions of the femoral
condyles through Imaris software. The reconstructions showed no-
table bone loss around defects in Tp(+) and TH(+), likely due to
bacterial proliferation-induced osteolysis, while TH-BFBT(+) ex-
hibited robust in vivo osteogenic activity with considerable new
bone formation (Fig. 7A). Micro-CT quantitative analysis highlight-
ed distinctive parameters including trabecular thickness (Tb.Th),
trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone
volume/total volume (BV/TV), with TH-BFBT exhibiting notable
differences (Fig. 7, B to E). Calcitonin and alizarin red S were intra-
peritoneally injected to mark the bone formation areas for assessing
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new bone deposition rates. The largest separation and area between
the two calcium deposition lines were observed in TH-BFBT (Fig.
7F). This indicated that TH-BFBT necessitated outstanding antibac-
terial and osteogenic capabilities in vivo.

Histological analyses, including H&E, toluidine blue (TB), and
Goldner trichrome staining, were subsequently conducted to evaluate
the potential enhancement of bone formation by the piezoelectric
scaffold in vivo (Fig. 8A). The H&E staining revealed evident for-
mation of a new bone in TH-BFBT(+). TB-stained sections showed
enhanced new bone growth encircling the scaffolds in TH-BFBT(+)
at 8 weeks. Goldner staining revealed an increased mineralized
bone of TH-BFBT(+) through its antibacterial and osteogenic ca-
pabilities. Quantitative analysis of this staining indicated that TH-
BFBT(+4) exhibited a greater percentage of new bone area compared
to other groups (fig. S49). In the immunofluorescence examination,
tissue staining revealed a notable increase in CD206-positive areas
and a reduction in iNOS-positive areas treated with TH-BFBT(+)
compared to other groups, highlighting its potent immunomodu-
latory effects in promoting M1-to-M2 macrophage polarization
(Fig. 8, B to D). The assessment of blood vessel and bone ingrowth
was conducted through four-color immunofluorescence using
4’,6-diamidino-2-phenylindole (DAPI), Runx2, BMP-2, and CD31
markers (Fig. 8E). The expression levels of osteogenesis-related fac-
tors, Runx2 and BMP-2, were markedly elevated in TH-BFBT(+),
suggesting the capacity of implants to stimulate bone formation
and fulfill the essential criteria for facilitating optimal bone growth
around implants (Fig. 8, F and G). Moreover, it revealed the in-
creased fluorescence intensity of CD31 in TH-BFBT, indicating
enhanced vascularization (Fig. 8H). The heightened expression of
osteogenesis-associated proteins might be ascribed to the antibac-
terial efficacy of TH-BFBT under the sono-piezoelectric tandem
reaction combined with the ferroptosis process and the immuno-
modulatory ability of the piezoelectric scaffolds. Furthermore, his-
tological assessment of dissected organs demonstrated the absence
of structural changes, suggestive of commendable biosafety (fig.
S50). Hematological profiling additionally unveiled favorable indi-
cators within the experimental cohort (fig. S51), thereby affirming
the commendable biocompatibility and limited adverse reactions of
TH-BFBT.

DISCUSSION
Current clinical strategies for managing IATs primarily involve anti-
biotics and the physical removal of infected tissues or implants.
However, repeated antibiotic use increases the risk of drug resis-
tance, and biofilm formation often limits drug penetration. Severe
pain and disability have been documented when IAIs become diffi-
cult to reverse. We believe that an antibiotic-free, ROS-enabled bac-
terial dynamic therapy, recognized as a noninvasive treatment, can
effectively alleviate IAIs. Lead-free piezoelectric nanocrystals used
as sonosensitizers have also been explored to address bacterial infec-
tions. In this design, we incorporate a multifunctional defect-rich
nanoreactor into the Ti scaffold, providing superior antibacterial ef-
ficacy through sono-piezoelectric tandem catalysis while also en-
hancing bone regeneration by modulating macrophage responses.
In conclusion, we developed a US-triggered piezoelectric nano-
reactor for the effective treatment of IAls. Upon US stimulation,
BEFBT initiates the tandem catalysis of SPT and CDT, where self-
supplied H,O; from SPT serves as the reaction substrate for CDT,
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leading to notably enhanced ROS production. In addition, the effi-
cacy of CDT is also contingent upon the ability of OVs to regulate
the local electronic structure, facilitating the reduction of Fe(III)
and accelerating Fe(III)/Fe(II) redox cycles, thereby sustaining a
self-cycled Fenton reaction. Transcriptomics analysis revealed that
sustained Fe(II) levels disrupt the TCS of S. aureus, leading to dys-
regulation of bacterial iron metabolism and ultimately triggering
ferroptosis-like death. In addition to its bactericidal effects, BFBT
facilitates osteogenesis in the postantibacterial phase. The reduction
in M1 macrophage markers and the increase in M2 markers suggest
that the nanoreactor effectively modulates the postantibacterial in-
flammatory environment, thereby promoting bone repair through
the electric signals generated by BFBT. In vivo experiments demon-
strated that TH-BFBT, after US stimulation, significantly enhanced
new bone formation in Sprague-Dawley rats with IAls, attributable
to the multifunctional effects of the nanoreactor, including ROS-
mediated antibacterial activity, bacterial ferroptosis-like death, and
immunomodulation-driven osteogenesis. Our research provides a
potential strategy for designing lead-free piezoelectric materials in
the biomedical field, with potential applications not only in the effi-
cient treatment of IAls but also in combating other infections.

MATERIALS AND METHODS

Chemicals

Nano-HA, Bi,O3 (99%), Fe;03 (98%), BaCO3 (99%), and TiO,(98%)
were bought from Sinopharm Chemical Reagent Co., Ltd. (China).
Commercial titanium implants were obtained from Baoji Shengzen
Metal Co., Ltd. (China). Dopamine hydrochloride, MB, alizarin red S,
and calcein were obtained from Sigma Chemical Co. DPBF was
from Aladdin (China).

Synthesis of BFBT nanocrystals

BF and BFBT were constructed by the solid-state reaction method.
The alcohol and ZrO, balls were mixed with Bi,O3 (99%, 21.18 g),
Fe;03 (98%, 7.33 g), BaCO3 (99%, 1.99 g), and TiO; (98%, 0.82 g) in
nylon jars for ball-milling (120 rpm, 24 hours). The mixture was
then calcined at 850°C for 6 hours, followed by sand grinding at
2000 rpm for 8 hours (VB-0.3Q, Suzhou Vgreen Nano-chem Tech-
nology Co., Ltd., China).

Preparation of the TH-BFBT scaffold

The titanium scaffold was agitated in a 10 mM tris-HCl buffer (pH 8.5)
including dopamine hydrochloride (3 mg/ml) for 24 hours, leading
to the formation of Tp. Subsequently, the Tp scaffold was submerged
in an HA solution (3 mg/ml) for 12 hours to create TH. The TH-BF
and TH-BFBT scaffolds were then developed by soaking the TH scaf-
folds in varying solutions (3 mg/ml) for 18 hours.

Characteristics

XRD (Rigaku Ultima IV, Cu Ko radiation) was applied to measure
the structures of samples. Raman spectra were obtained using Raman
spectroscopy with a 532-nm excitation wavelength (Invia Reflex,
Renishaw, UK). EPR (A300, Bruker, Germany) was conducted to
probe Coy. XPS (K-Alpha+, Thermo Fisher Scientific, United States)
was applied to test the chemical state. The ferroelectric characteristic
was identified through SHG analysis using the MStarter 100 SHG
Microspectral Scanning Test System (Nanjing Metatest Optoelectronics
Co., Ltd., China). Electrochemical experiments were conducted
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applying a three-electrode system on an electrochemical worksta-
tion (CHI660E, Shanghai Chenhua Instrument Corporation, China)
to measure the piezocurrent, charge transfer resistance, and flat
band potential through Mott-Schottky and Nyquist plots. The work-
ing electrode was F-doped SnO, glass coated with a piezoelectric
catalyst, the reference electrode was a Ag-AgCl electrode, and the
counter electrode was platinum. A Na,SO4 (0.1 M) solution served as
the supporting electrolyte, and mechanical vibration was applied us-
ing a variable power ultrasonic machine (40 kHz). The surface mor-
phologies were examined using SEM (Gemini 300, ZEISS, Germany).
Using HR-TEM (JEM-F200, JEOL, Japan), the related lattice fring-
es and high-resolution images were captured. The release of Fe ions
from TH-BFBT scaffolds was measured using an ICP-mass spec-
trometry spectrometer (7850, Agilent, United States). For this analy-
sis, the scaffolds were immersed in a 0.9% NaCl solution at 37 + 1°C,
following the international standard ISO 10993-12, with a surface-
area-to-volume ratio of 3 cm?/ml. Triplicate samples were used to
obtain the average value along with the SD.

Iron concentration

The concentration of Fe(II) was determined using 1,10-phenanthroline
spectrophotometry. The Fenton degradation reaction solution (1 ml)
was filtered and combined with acetic acid/sodium acetate solution
(2 ml, Macklin, China) and 0.4 ml of 1,10-phenanthroline (Macklin,
China) solution (1.2 g liter ™) in a colorimetric tube. The solution was
adjusted to 10 ml, and then after 5 min of color development, a
UV-vis spectrophotometer (UV-5200, METASH, China) served to get
the absorbance at 510 nm.

In vitro detection of ROS

The ROS produced upon exposure to US stimulation were assessed
using MB, DPBE, Rhodamine B (RhB), potassium permanganate,
and EPR techniques. To evaluate the production of «OH, various
materials were combined with MB and exposed to US (1.5 W/cm?,
1 MHz, 50% duty cycle) with or without H,O; (0.5 mM). The altera-
tions in MB (Macklin, China) absorption at 664 nm before and after
US stimulation were measured by a UV-vis spectrophotometer
(UV-5200, METASH, China). Similarly, DPBF exhibits specific oxi-
dation by «O,", evident through a reduction in the absorption peak
at 410 nm. Active species trapping experiments were performed to
determine the key active species involved in US-induced piezoelec-
tric degradation. RhB was selected as the probe dye for this study.
The absorbance of RhB at 554 nm was monitored to assess the deg-
radation effect in the presence of different scavengers. To verify the
self-supplying capability of H,O, by BFBT, a potassium permanga-
nate-based colorimetric assay was used to measure the formation of
H,0,, which is indicated by an enhancement in absorbance at 525 nm.
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) (0.1 mM) was used to
detect «OH by an EPR spectrometer (A300, Bruker, Germany).

Theoretical calculations of the electronic structure of

BF and BFBT

DFT calculations were conducted using the projector augmented
wave method within the Vienna Ab Initio Simulation Package (52).
The exchange-correlation potential was chosen according to the
generalized gradient approximation by Perdew, Burke, and Ernzer-
hof (53). Van der Waals interactions, especially long-range ones,
were accounted for via the DFT-D3 methodology (54). Plane wave
cutoff energy was fixed at 500 eV, with the iterative Kohn-Sham
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equation solution’s energy threshold set at 10~° eV. To mitigate spu-
rious interactions between periodic images, a 15-A vacuum layer
was introduced perpendicular to the sheet. The K-mesh was refined
in real space with a resolution of 0.04 2x/A. Structural relaxations
were pursued until atomic residual forces dropped below 0.05 eV/A. In
addition, a U parameter of 4 eV was applied to the Fe d-orbitals in
BF to account for on-site Coulomb interactions between d states,
following the DFT + U formalism.

Antibacterial assessment in vitro

S. aureus [Gram-positive, American Type Culture Collection (ATCC)
25923] and E. coli (Gram-negative, ATCC 25922) were cultured in
sterile LB medium. Both bacteria were tested at an initial concentra-
tion of 10* colony-forming units (CFUs)/ml in the antimicrobial
measurement. The antibacterial efficacy of Tp, TH, TH-BE, and TH-
BFBT was evaluated using the spread plate method. The materials
were incubated with bacterial suspensions in EP tubes. They were
either subjected to US (1.5 W/cm?, 1 MHz, 50% duty cycle) for 5 min
or kept untreated. Next, 50 pl of the bacterial solution was taken and
evenly spread on LB agar plates. Once the bacterial colonies reached
an appropriate size, they were counted after capturing images. The
same method and procedure were used for the inhibition assay of
EDTA. The antibacterial efficiency of each sample was calculated
using the following equation

CFUSample

X 100
CFU

Bacterial viability (%) =

control

The bacterial morphology was examined using SEM (Gemini
300, ZEISS, Germany). A diluted S. aureus and E. coli solution was
added to different scaffolds for 8 hours. The US groups were then
exposed to US for 5 min (1.5 W/cm?, 1 MHz, 50% duty cycle). After
incubation, the scaffolds were fixed in 4% formaldehyde for 2 hours
and washed with phosphate-buffered saline (pH 7.0). The bacteria
were then dehydrated with ethanol solutions, followed by gold coat-
ing before SEM observation. TEM (JEM-1400FLASH, JEOL, Japan)
images were subsequently taken. Following 4 days of bacterial
growth on different scaffolds to form a biofilm, the Live/Dead Bac
Light viability kit (Thermo Fisher Scientific, United States) was used
to perform a Live/Dead staining assay, and the data were acquired
using confocal laser scanning microscopy (CLSM; N-SIM S, Nikon,
Japan). Similarly, biofilms were stained with crystal violet (Biosharp,
China) and images were scanned for qualitative assessment. To
quantify the dye deposited on the biofilms, ethanol was used for dis-
solution, and the optical density was examined at 570 nm.

RNA sequencing

S. aureus (ATCC 25923) was cultured with TH-BFBT with and
without US stimulation. During the logarithmic phase, the bacteria
were harvested by cryocentrifugation and promptly frozen in liquid
nitrogen. This experiment was replicated three times for all groups:
control group (Control-1, Control-2, and Control-3), experimental
group 1 (TH-BFBT-1, TH-BFBT-2, and TH-BFBT-3), and experi-
mental group 2 (TH-BFBT + US-1, TH-BFBT + US-2, and TH-
BFBT + US-3). Total RNA isolation and cDNA library construction
were executed, followed by sequencing on an Illumina HiSeq plat-
form at Majorbio Biopharm Technology Co., Ltd. DESeq2 (version
1.24.0) software was used to analyze expression quantification data,
with DEGs identified using a screening threshold of |log,FC (fold
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change)| > 1 and P < 0.05. The biological functions and pathways
related to these DEGs were investigated using the KEGG (www.
genome.jp/kegg/) database. KEGG pathway analysis was performed
using KOBAS software, with pathway significance evaluated through
Fisher’s exact test, offering insights into functional differences between
the samples. The heatmap was created through the online platform
available at www.bioinformatics.com.cn.

Ferroptosis evaluation

Intracellular ROS levels, intracellular lipid hydroperoxides, and
Fe(II) were detected using DCFH-DA (Yuanye Bio-Technology Co.,
China), C11 BODIPY 581/591 (Amgicam, China), and FerroOrange
(Dojinto, Japan), respectively. The fluorescence intensity and
images were obtained using Opera Phenix Plus (PerkinElmer,
United States).

Cell proliferation and spreading assay

Mouse osteoblastic MC3T3-E1 cells (GNM15) and macrophage
RAW 264.7 cells were bought from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cell cultures were incu-
bated at 37°C in a humidified environment with 5% CO, under stan-
dard laboratory conditions for in vitro studies. The CCK-8 assay was
conducted to detect cell viability using a CCK-8 kit (Beyotime, China).
The microplate reader (Multiskan SkyHigh, Thermo Fisher Scientific,
United States) was used to measure the absorbance on days 1, 3, and
5. In addition, cell viability was evaluated by seeding cells onto various
scaffolds for 3 days and assessing them using Cytotoxicity Assay
Kit/Calcein/PI Cell Viability (Beyotime, China) and observed using
CLSM. MC3T3 cells were cultured on various samples for 2 days in
a 12-well plate. After fixing with 4% paraformaldehyde for 2 hours
and permeabilizing with 0.1% Triton X-100 for 30 min, the cytoskele-
ton and nucleus were stained with phalloidin and DAPI (Solarbio,
China), respectively, and fluorescence imaging was performed via
CLSM. Similarly, for morphological analysis, the cells were fixed for
2 hours in 500 pl of 2.5% glutaraldehyde solution and dehydrated
using a series of ethanol concentrations. Following drying, the samples
were examined using SEM.

Osteogenic differentiation in vitro

Following the seeding of MC3T3-E1 cells onto different scaffolds,
the medium was changed to an osteoinductive medium comprising
ascorbic acid (50 pg/ml), 10 nM dexamethasone, and 10 mM f-
glycerophosphate (Sigma-Aldrich, United States) to promote osteo-
genic differentiation. The medium was changed every 3 days. ALP
activity was measured on days 7 and 14 using a BCIP/NBT ALP
colorimetric assay kit (Beyotime, China). Similarly, intracellular
ALP levels were quantified using an Alkaline Phosphatase Assay Kit
(Beyotime, China) after MC3T3-E1 cells were cultured on the scaf-
folds for 7 and 14 days. For the immunofluorescence analysis of
BMP-2 and RUNX2, cells were incubated with specific primary an-
tibodies: rabbit anti-BMP2 (1:200, Abcam, United States) and rabbit
anti-RUNX2 (1:200, Abcam, United States). The secondary antibody
used was a donkey anti-rabbit Alexa Fluor 594 antibody (1:500,
Invitrogen, United States). Cells were counterstained for the cytoskel-
eton with fluorescein isothiocyanate-labeled phalloidin (Solarbio,
China) and for nuclei with DAPI. The fluorescence intensity and
images was obtained using Opera Phenix Plus (PerkinElmer, United
States). In addition, the intracellular Ca>* concentration was evalu-
ated by seeding cells onto various scaffolds for 3 days and assessing
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them using a Fluo-4 Calcium Assay Kit (Beyotime, China). The re-
sults were then observed using CLSM.

Immunomodulation in vitro

RAW 264.7 cells were cultured with lipopolysaccharide (10 pg/ml;
L4391, Sigma-Aldrich, United States) to evaluate macrophage polar-
ization and cultured with different groups for 24 hours. For immuno-
fluorescence staining, cells were stained with primary antibodies to
detect iNOS and CD206. The primary antibodies used were rabbit
anti-CD206 (1:200, Abcam, United States) and rat anti-iNOS (1:200,
Abcam, United States). Secondary antibodies included donkey anti-
rabbit Alexa Fluor 594 (1:500, Invitrogen, United States) and donkey
anti-rat Alexa Fluor 488 (1:500, Invitrogen, United States). After stain-
ing, cell nuclei were labeled with DAPI. The fluorescence intensity and
images was obtained using Opera Phenix Plus (PerkinElmer, United
States). Gene expression levels of pro-inflammatory factors (TNF-a
and IL-6) and anti-inflammatory factors (IL-4 and IL-10) (TsingKe
Biotech Co., Ltd., Beijing, China), were measured by quantitative re-
verse transcription polymerase chain reaction. The housekeeping
gene selected was glyceraldehyde-3-phosphate dehydrogenase, and
the primer sequences are provided in table S1.

In vivo experiments

Male Sprague-Dawley rats weighing 200 to 220 g and ~2 months old
of age were purchased from Beijing Huafukang Bioscience Co., Ltd.
Animal studies were carried out following the ethical regulations of
the Laboratory Animal Ethics Committee at West China Hospital,
Sichuan University, Chengdu, China (20240313011). In the 2 weeks
preceding the experiments, all rats were housed under controlled
conditions, including a temperature of 25 + 3°C, humidity of 60 to
70%, and a 12-hour light/dark cycle. Sprague-Dawley rats (n = 9 per
group) were randomly divided to five groups: Tp(+), TH(+), TH-
BF(+), TH-BFBT(—), and TH-BFBT(+). To establish an implant-
related infection model, engineered Ti implants (4 mm in height
and 3 mm in diameter) were submerged in a solution containing
S. aureus (2 X 107 CFUs ml™") at 37°C for 12 hours. Following this,
rats were anesthetized with 1.5% isoflurane, and a bone defect was
surgically made in the lateral femoral condyle. Rats were euthanized
at 1, 4, and 8 weeks postimplantation to evaluate both the antibacte-
rial and osteogenesis efficacy.

Antibacterial efficacy in vivo

Rats underwent 5 min of US stimulation (1.5 W cm™2,1 MHz, 50%
duty cycle) from the first day to the sixth day following surgery. The
rats were euthanized, and the implants were extracted and collected
in sample collection tubes for bacterial collection on the seventh day
postsurgery. Agar plating of serial dilutions was performed to assess
implant infection. In addition, surrounding bone tissue was collected,
decalcified, and analyzed histologically using H&E and Giemsa stain-
ing to evaluate antibacterial and anti-inflammatory effects. These tis-
sue sections were captured using Vectra Polaris (PerkinElmer, United
States). To further investigate the real-time antibacterial effect in vivo,
we labeled bacteria with DiR iodide (Yeasenbiotech, China) and then
implanted the scaffolds into rats using the same method. Four hours
later, the Tp(+) and TH-BFBT(+) groups underwent 10 min of US
stimulation, and bacterial in vivo imaging was performed using the
IVIS Spectrum (PerkinElmer, United States). Then, we conducted
in vivo experiments to assess the ROS generation. TH-BFBT was im-
planted subcutaneously, and US was applied at designated intervals
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(or left untreated). Luminol, injected before treatment, served as the
ROS indicator, with IVIS used for detection and quantification.

Osteogenesis in vivo

To evaluate osseointegration at the bone-implant interface and the
thickness of the surrounding trabeculae, femoral condyles under-
went scanning using the Quantum GX Micro CT (PerkinElmer,
United States). CT scans were reconstructed into 3D images using
Imaris 9.9 software (BitPlane, Oxford Instruments). Subsequently,
Skyscan NRecon software was used to quantify parameters includ-
ing Tb.Th, Tb.N, Tb.Sp, and % BV/TV. To evaluate the rate of new
bone growth, rats were intraperitoneally injected with alizarin red S
(30 mgkg™") and calcein (20 mg kg™") at 4 and 6 weeks after surgery.
The rats were euthanized 8 weeks postimplantation. The implants,
along with the surrounding bone, were then collected, sectioned,
and analyzed using CLSM (Nikon, Japan).

Microstructural analysis of a new bone: Histology

and immunohistochemistry

Histological sections were prepared perpendicular to the implants’
longitudinal axis within the femoral condyle before decalcification.
The sections were ground to a thickness of 100 pm, followed by pol-
ishing of the slides and staining with H&E, TB, and Masson’s tri-
chrome. Subsequently, the staining was performed and visualized
using VS200 (Olympus, Japan). Furthermore, additional bone sam-
ples without implants underwent fixation, decalcification, dehydra-
tion, and embedding in paraffin. The tissues were sectioned and
prepared for four-color immunofluorescence staining with the pri-
mary antibodies (Abcam, UK): RUNX2 (1:200, ab236639), BMP-2
(1:200, ab214821), CD31 (1:500, ab182981), and DAPI (1:1000,
ab285390). In addition, three-color immunofluorescence staining
was conducted using iNOS (1:1000, ab283655), CD206 (1:200, CST
no. 24595), and DAPI (1:1000, ab285390). Last, four-color and three-
color immunofluorescence staining was visualized using Vectra Po-
laris (PerkinElmer, United States).

Statistical analysis

Means + SD were used to express the data, with error bars repre-
senting the SD. Statistical analysis involved the analysis of variance
(ANOVA), followed by Tukey’s multiple comparison test. Signifi-
cance was marked by *P < 0.05, **P < 0.01, ***P < 0.001, and
*HEEP < 0.0001.

Supplementary Materials
This PDF file includes:

Figs. S1to S51

Table S1
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