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ABSTRACT

Sonodynamic therapy (SDT) has attracted widespread attention in treatment of implant-associated infections,
one of the key factors leading to implant failure. Nevertheless, constructing efficient ultrasound-triggered
coatings on implant surfaces remains a challenge. Herein, an acoustic metastructure Cu-doped defective tita-
nium oxide coating (Cu-TiO,) with lattice strain was constructed in situ on titanium implant to realize effective
sonocatalysis. The redistribution of Cu atoms broke the pristine lattice of TiOy during the thermal reduction
treatment to regulate its energy structure, which favored separation of electron-hole pairs generated by ultra-
sound radiation to enhance the sonocatalytic generation of reactive oxygen species. In addition, the acoustic
metastructure enhanced the absorption of ultrasound by Cu-TiO, metastructure coating, which further promoted
its sonocatalytic effect. Thus, Cu-TiO, metastructure coating could efficiently eliminate Staphylococcus aureus and
Escherichia coli infections under ultrasonic irradiation in 10 min. Besides, the osteogenic property of implant was
significantly improved after infection clearance in vivo. This work provides a fresh perspective on the design of

SDT biosurfaces based on metastructure and strain-defect engineering.

1. Introduction

Implant-associated infections (IAls) are a highly threatening chal-
lenge in dental implants and orthopedic surgery. In addition to the
surgical implantation process, secondary bacterial infections persist
throughout the service life of dental implants and bone implants. Pro-
longed use of antibiotics confers bacterial resistance and immune escape
properties, which undoubtedly poses a significant obstacle to the erad-
ication of IAIs [1,2]. So far, the physical removal of IAls by subsequent
surgical procedures or even replacement with dental implants and bone
implants has been the main clinical solution. However, traditional
debridement methods impose a serious clinical burden on patients and
the threaded structure and rough surface of dental implants and bone
implants make complete elimination challenging [3,4]. Therefore, it is
crucial to explore effective and non-invasive treatment strategies for
IAlIs. Exogenous stimulus-triggered therapeutic effects could be
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externally activated by ultrasound (US) [5,6], light [7,8], electrical field
[9,10], magnetic field [11], and so on. They allow highly effective,
non-invasive and non-antibiotic-dependent treatments without the need
for subsequent surgical procedures.

US has great potential for the therapy of deep bone tissue infections
due to its non-invasiveness, minor energy attenuation and high tissue
penetration [12-14]. Sonodynamic therapy (SDT) is an emerging
non-invasive therapeutic approach in which US delivers energy to
sonosensitizers to stimulate the separation of electron-hole pairs, trig-
gering redox reactions that ultimately produce lethal reactive oxygen
species (ROS, including hydroxyl radicals (-OH), superoxide anions
(-032), and singlet oxygen (102)) [15-17]. However, the development of
sonosensitizers is limited to nanoparticles, which cannot be stabilized at
the site of infection for long periods of time, and therefore do not
perform US-triggered antibacterial function immediately when bacterial
infection occurs. There should be two fundamental factors for
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sonosensitizers that overcome IAls: (1) providing mechanical support
and (2) long-term stabilization in the lesion. Hence, the development of
efficient US-triggered coatings on implant surfaces seems to be a
reasonable approach. Unfortunately, loading nanoscale sonosensitizers
on implant surfaces is an ineffective strategy because they typically
exhibit limited US absorption efficiency, resulting in unsatisfactory ROS
yields. To date, the development of US-triggered coatings that effec-
tively absorb US and enable SDT remains a challenge.

In recent years, the emergence of metamaterials has broken the
limitations of traditional materials [18-20]. Notably, acoustic meta-
structures can control the propagation of US in new ways [21-24]. The
rise of metamaterials has created a wave in the biomedical field, and
researchers have achieved a series of exciting results [25,26]. Inspired
by this, the construction of acoustic metastructure coatings on titanium
(Ti) surfaces can enhance US absorption and improve sonocatalytic ef-
ficiency. Titanium oxide (TiO3), a commonly used sonosensitizer, is not
only cytocompatible but also easy to achieve in situ growth on Ti surfaces
[27-29]. Therefore, the development of TiOs acoustic metastructure
coatings will bring opportunities for SDT. However, the large band gap
(~3.2 eV) and fast carrier recombination rate (50 & 30 ns) of TiO5 have
become the biggest obstacles to its efficient ROS generation [30]. To
address these problems, heterostructures and oxygen defect engineering
have been employed to suppress electron-hole pairs recombination [31,
32]. In contrast, oxygen defect engineering is a simple and effective
option to improve the charge transfer performance of semiconductor
sonosensitizers, which significantly improves catalytic performance [33,
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34]. Although a variety of sonosensitizers have been developed by this
strategy, there is still great room for improvement in their ROS yields to
achieve efficient SDT.

Lattice distortion can be introduced by heteroatomic doping and
vacancy defects, which will introduce intermediate energy levels in the
band gap. Unlike the impurity energy levels caused by individual de-
fects, they are not discretely distributed in the band gap, but are stacked
together and connected to the edges of the conduction band (CB) or the
valence band (VB) to form band tail states [35]. It is evident that lattice
strain engineering is one of the potential strategies to improve the
electronic structure and carrier behavior of TiO,. However, the extent of
lattice distortion formation is limited by chemical equilibrium under the
existing chemical strategies, which makes it difficult to have a consid-
erable impact on the energy band structure [36]. Plasma immersion ion
implantation (PIII) as a means of physical modification that is not
restricted by the solid solubility of elements in the materials [37]. In
addition, it is possible to introduce almost all elements into the target
materials without introducing any impurity elements. After PIII, the
thermal treatment processes usually activate the dopant and exacerbate
the degree of lattice distortion [38]. Cu, as an essential trace element in
the human body, promotes cell proliferation, angiogenesis and collagen
deposition [39]. Moreover, the different ion radius and valence states
between Cu and Ti is beneficial to the formation of lattice distortions of
Cu doped TiO; in the process of thermal reduction [40,41].

Hence, we constructed a Cu-doped defective TiO5 metastructure
coating (Cu-TiO,) on Ti surface by micro-arc oxidation (MAO), PIII and
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Scheme 1. Schematic illustration of (a) synthesis processes for TiO5, Cu-TiO5 and Cu-TiO,. (b) Cu-TiO, metastructure coating sonodynamic mechanism and

sonodynamic antibacterial therapy.
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thermal reduction treatment (Scheme 1). Cu atoms were redistributed
during thermal reduction treatment, resulting in lattice distortions.
Remarkably, the lattice distortions produced band tail states, which
facilitated the separation of electron-hole pairs. Cu-TiO, metastructure
coating can effectively eradicate bacterial infections by SDT and
possessed osteogenic properties. This work may make a valuable
contribution to the design of efficient SDT coatings based on lattice
distortion and metastructure engineering.

2. Results and discussion
2.1. Characterization of Cu-TiO, metastructure coating

The SEM images of Ti, TiO,, Cu-TiO,, TiO, and Cu-TiO, are shown in
Fig. 1a. The surface of pickled Ti was relatively rough, with ridged
protrusions. TiO, exhibited a porous structure typical of MAO coatings,
with highly interconnected pores and an average pore size of about 3
pm. Unlike the isolated pores observed in conventional MAO coatings,
[B40,1% migrated into the plasma channel during MAO to participate in
the discharge, and then was converted to B;O3 above 900 °C. The B,O3
in the molten state dissolved in the TiO, deposited around the discharge
channel [42-44]. Therefore, continuous cascade discharges occurred,
leading to interconnected pores. Under high-magnification SEM, it can
be observed that the surface of titanium dioxide is relatively smooth and
flat, with nanoscale pores present. The Cu-TiO, sample also exhibited a
connected porous structure, and the surface was smooth, which indi-
cated that Cu ion implantation did not significantly damage the
morphology of TiOy. On the contrary, due to the etching effect of
hydrogen plasma under high temperature, the TiO, surface was uneven
and the roughness was significantly increased. It is worth noting that the
surface morphology of the Cu-TiO, sample was similar to that of TiO,,
and there were no Cu particles on the surface, which indicated that Cu
atoms did not aggregate on the surface during the thermal reduction
treatment.

The XRD pattern of TiO2 showed characteristic diffraction peaks of Ti
and sharp rutile phase TiO,, indicating a high degree of crystallinity
(Fig. 1b). The sharp rutile phase characteristic diffraction peaks were
also observed in the Cu-TiO, sample. In addition, there were no char-
acteristic diffraction peaks of Cu or copper oxide in it, which may be due
to the high dispersion of Cu atoms in the coating. The diffraction peaks
of TiO, were significantly weakened and broadened after the reduced
calcination treatment, indicating that its crystal structure was signifi-
cantly damaged. It is worth noting that the diffraction peak intensity of
Cu-TiO, was weaker than that of TiO,. More importantly, the diffraction
peaks of the (110) and (101) crystal planes of Cu-TiO, were shifted to
higher angles (Fig. 1c and d), which implied that the spacing of the
crystal planes was decreased. The cell parameters of the different sam-
ples were obtained by Bragg’s law. As shown in Table S1, the c-axis
direction length and the cell volume of Cu-TiO, decreased, but there was
no significant change in the cell volume for Cu-TiO and TiOy. There-
fore, it is likely that Cu atoms were doped into the lattice of TiO, during
the thermal reduction treatment.

The elemental valence states were further analyzed by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. le, f and 1g. There
were two peaks for TiO5 and Cu-TiO at 458.5 eV (Ti 2ps,2) and 464.4 eV
(Ti 2p12), indicating that Ti only existed in the form of Ti**" In contrast,
there are two additional Ti>" signal peaks at 456.4 eV and 461.5 eV for
TiO, and Cu-TiO, samples due to the thermal reduction treatment. And
Cu element was also reduced to a lower state (Fig. 1g). The Ti%* content
of TiOy and Cu-TiO, was calculated to be 21.93 % and 33.38 %
respectively (Ti®" content: Cu-TiO, > TiO,), which meant that there
were more oxygen defects in Cu-TiO, sample. The O 1s XPS high-
resolution spectrum clearly showed that lots of oxygen vacancies
(with a binding energy of 531.4 eV [45]) were introduced during the
reduced calcination treatment (Figs. 1f), 23.83 % for TiO, and 38.78 %
for Cu-TiO. It can be seen that the content of Ti®* and oxygen vacancies
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in Cu-TiO, sample were both higher than those in TiO,, which was
attributed to the doping of Cu atoms. Based on these data, it can be
inferred that Cu atoms doped into the TiO; lattice during thermal
reduction treatment, which replaced the Ti lattice sites and broke the
original lattice coordination. Specifically, substitutional doping of Cu
atoms in an oxygen-deficient environment induced chemical compen-
sation effect, which led to the escape of O atoms from the lattice sites to
form oxygen vacancies. Oxygen vacancies not only induced the gener-
ation of Ti" [46], but also caused localized collapse of the lattice
structure.

As mentioned above, Cu atoms redistributed during thermal reduc-
tion treatment, resulting in the formation of lattice distortions. To
elucidate this unusual phenomenon, we observed and analyzed the
microstructures of the Cu-TiO, sample by transmission electron micro-
scopy (TEM). In order to avoid distortion of the sample during thinning,
the focused ion beam (FIB) working area was selected on the hole wall
with a relatively flat surface (Fig. S1) to ensure the authenticity of the
sample microstructure. As shown in Fig. S2, the thickness of the sample
after FIB thinning was about 54 nm, which met the requirement of TEM.
Combining the research of our research group and other research groups
[47-51], the distribution of Cu atoms in the TiOg coating is closely
related to the depth from the surface. Therefore, regions 40 nm and 300
nm away from the coating surface were selected as Region I and Region
II, respectively (Fig. 2a), to comparatively illustrate the lattice distor-
tions caused by Cu atom doping.

The specific location of Region I is shown in the red box in Fig. 2b,
where the lattice structure was affected by Cu atoms doping so that it
was considered as “outer layer with Cu atoms doping”. As shown in
Fig. 2c and S3, a large number of dislocations and planar vacancies were
observed in Region L. The fast Fourier transformation (FFT) showed the
special elongated diffraction spots of the planar vacancies (Fig. 2c inset).
Fig. 2d shows the strain mapping of Region I along the xx direction,
revealing large strain fluctuations caused by high-density dislocations
and planar vacancies, in which compressive strain dominated. In order
to further analyze the impact of Cu atoms doping, the lattice structures
of regions C-1, C-2 and C-3 were selected. As shown in Fig. 2e, region C-1
corresponded to the (101) crystal plane of the rutile phase TiOy (normal
crystal plane spacing of about 0.25 nm [52,53]), which exhibited lattice
distortions, with a crystal plane spacing of 0.228 nm. The lattice was
under compressive strain in the xx, yy, xy, and yx directions (Fig. 2f),
which was consistent with the XRD analysis results (Fig. 1d). In partic-
ular, 3D atomic imaging (Fig. S4a) and the corresponding lattice line
scan (Fig. S4b) in structural domain C-1 revealed obvious atomic defects
in Cu-TiOy, implying that Cu atoms doping into the lattice introduced
oxygen vacancies, which was consistent with the XPS analysis (Fig. 1g).
Similarly, lattice distortions were also present in the C-2 and C-3 regions
(Figs. S5a and 5b), with a (101) crystal plan spacing of 0.229 nm.

Region II was 300 nm away from the sample surface (Fig. 2g) and
was too deep for Cu ion implantation, so it was defined as the “inner
surface layer without Cu atoms doping”. Unlike Region I, the lattice
structure of Region II was relatively complete, with low dislocation
density and strain fluctuations (Fig. 2g-i), and the corresponding FFT
showed independent diffraction spots (Fig. 2h inset). Meanwhile, the
rutile TiO2 (101) crystal plane in Fig. 2j was not compressed or
stretched, and the spacing between the crystal planes was 0.243 nm. As
revealed by 3D atomic imaging and lattice line scanning analysis
(Figs. S6a and S6b), the crystal planes in Region II were complete and
almost free of atomic defects. As shown in Figs. S7a and S7b, the un-
damaged lattice structures were also observed in the H-2 and H-3 re-
gions. Comparative analysis of the TEM images of Region I and Region II
reveals that Cu atom doping indeed caused lattice distortions in TiO»
lattice. Lattice distortions affect the energy band structure of Cu-TiOy
metastructure coating, which will be discussed later.
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Fig. 1. Properties of Cu-TiO, metastructure coating. (a) SEM images of Ti, TiO, Cu-TiO,, TiO, and Cu-TiO,. (b) XRD patterns of Ti, TiO,, Cu-TiO,, TiO, and Cu-
TiO,. (c) Enlarged patterns in the ranges of 26.5-28° and (d) 35-37° of XRD patterns. High-resolution XPS spectra of (e) Ti and (f) O elements for TiO5, Cu-TiO5, TiOy
and Cu-TiO, samples. (g) High-resolution XPS spectra of Cu element for Cu-TiO, and Cu-TiO, samples.
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Fig. 2. Microstructural characterization of Cu-TiO, metastructure coating. (a) FIB image of Cu-TiO,. (b) TEM bright-field image of Region A marked in (a). (c)
HRTEM image of Region I and inset shows the fast Fourier transformation (FFT) image for (c). (d) Geometric phase analysis (GPA) in the xx direction of (c). (e) The
Inverse Fast Fourier Transformation (IFFT) image of the area C-1 in (c). (f) GPA in the xx, Xy, yx, and yy directions of (e). (g) TEM bright-field image of Region B
marked in (a). (h) HRTEM image of Region II and inset is the FFT image for (h). (i) GPA in the xx direction of (h). (j) The IFFT image of the area H-1 in (h).

2.2. Ultrasonic performance and band structure

The outstanding sound-absorbing properties and acoustic-to-thermal
conversion capacity of porous materials often attract the attention of
researchers [54]. Hyperthermia is an effective measure to kill bacteria
[55]. Consequently, we evaluated the acoustic-to-thermal conversion
property of Cu-TiO, metastructure coating. During ultrasonic irradia-
tion, the temperature of TiO,, TiO,, Cu-TiOy and Cu-TiO, gradually
increased, and Cu-TiO, reached 53.1 °C at 10 min (Fig. 3a). Neverthe-
less, the temperature of the Ti surface can only reach a maximum of
42 °C, which was not sufficient to significantly kill bacteria. The results
of the acoustic-to-thermal conversion curves were further supported by
the real-time infrared images shown in Fig. 3b. The acoustic-to-thermal
conversion capabilities of TiO2, TiOy, Cu-TiO3, and Cu-TiO, were almost
the same, which indicated that Cu ion implantation and reduction heat
treatment did not affect the acoustic-to-thermal property of Cu-TiOy
metastructure coating. Compared with Ti, TiOg, TiOy and Cu-TiOy, the
ultrasonic current density of Cu-TiO, was significantly improved
(Fig. 3c), indicating that it had an excellent US-triggered electron
transition effect. Cu-TiO, metastructure coating can respond to US to
achieve high electron-hole pairs separation efficiency, which was
conducive to the improvement of sonocatalytic performance. Methylene
blue (MB) can be oxidatively degraded by highly reactive ROS. There-
fore, the sonocatalytic performance of Cu-TiO, metastructure coating
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was evaluated by degrading MB through ultrasonic irradiation. As
shown in Fig. 3d, the absorbance of MB in the Cu-TiO, group decreased
significantly compared with that in the Ti, TiOy and Cu-TiO5 groups,
while the absorbance of MB in TiO, group decreased slightly. This result
indicated that the lattice distortions significantly improved the sono-
catalytic efficiency Cu-TiO, metastructure coating, which may be
attributed to the lattice distortions changing the energy band structure
of Cu-TiO, metastructure coating. Subsequently, the ESR test results
showed that Cu-TiO, metastructure coating can produce a strong -OH
characteristic peak during ultrasonic irradiation, while the -O3 and 10,
signals remained silent (Fig. 3e-S8a and S8b).

In order to reveal the sonocatalytic mechanism and band structures,
the electronic structures of TiO,, TiO, and Cu-TiO, samples were further
studied. Photoluminescence (PL) occurs with electron-hole pairs
recombination in semiconductors, and the peak intensity is positively
correlated with the electron-hole pairs recombination rate. As shown in
Fig. 3f, the Cu-TiO, metastructure coating had the slowest electron-hole
pair complexation rate, which was favorable for increasing the yields of
ROS [56]. After thermal reduction treatment, TiO, and Cu-TiO, showed
strong absorption tails in the whole visible light range (Fig. 3g). What’s
more, the absorbance of Cu-TiO, was significantly higher than that of
TiO, and TiO,. The band gaps of TiO, and Cu-TiO, were 2.21 eV and
2.03 eV, respectively, which were much smaller than the band gap of the
original TiO5 (2.92 eV, Fig. 3h). It is worth noting that the VB of TiO,
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Fig. 3. Sonothermal property test, ultrasonic-triggered ROS and band gap structure. (a) Sonothermal property test and (b) real-time infrared image of different

samples. (c¢) Ultrasonic current tests of Ti, TiO,, TiO,, Cu-TiO5 and Cu-TiO, samples. (d) MB degradation test spectra

of Ti, TiO,, TiO,, Cu-TiO, and Cu-TiO, samples

under ultrasonic irradiation. (e) ESR image of -OH. (f) PL emission spectra of TiO,, TiO, and Cu-TiO,. (g) UV-vis absorption spectra, (h) band gaps, (i) VB-XPS and (j)

band structure diagrams of TiO,, TiO, and Cu-TiO, samples.

and Cu-TiO, shifted upward (2.04 eV and 2.01 eV, respectively), and
new band tail states were formed (Fig. 3i) [57].

The mechanisms for the ultrasonic dynamics and band structures
were proposed using XPS valence band spectroscopy, ultraviolet-visible
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(UV-vis) absorption spectroscopy and theoretical calculation (Fig. S9),
as seen in Fig. 3j. Cu atoms diffused into the TiO; lattice and replaced Ti
lattice sites during the thermal reduction treatment, resulting in the
generation of a large number of Ti®" and oxygen vacancies. On one
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hand, this replacement behavior disrupted the original lattice structure
and resulted in lattice distortions, which introduced multiple impurity
energy levels in the band gap. They were continuously attached to VB to
form band tail states. An additional potential advantage of these engi-
neered distortions is that they provide trapping sites for carriers and
prevent them from rapid recombination, thus promoting electron
transfer and sonocatalytic reactions [58]. As shown in Figs. S9d-S9i,
lattice distortion significantly enhanced the energy band structure of
Cu-TiO, metastructure coating, which plays a key role in enhancing
sonocatalytic performance. On the other hand, the presence of oxygen
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vacancies in Cu-TiO, metastructure coating reduced the CB position
(—0.02 eV) [59]. What’s more, electron-hole pairs recombination was
not easy to occur in Cu-TiO, metastructure coating (Fig. 3f). As a result,
the electron-hole pairs in the Cu-TiO, metastructure coating separate
rapidly under ultrasonic irradiation. The electrons easily jumped to the
CB with the help of band-tailed states and a large number of holes
remain in VB. Finally, the holes combine with OH- thus producing a
large amount of -OH.
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Fig. 4. Antibacterial performance study of Cu-TiO, metastructure coating in vitro. (a) Colony growth chart of Staphylococcus aureus with and without US
treatment and (b) the antibacterial rate. (c) Colony growth chart of Escherichia coli with and without US treatment and (d) the antibacterial rate. (e, f) SEM images of
Staphylococcus aureus and Escherichia coli on different sample surfaces with and without US treatment.
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2.3. Antibacterial activity of Cu-TiO, metastructure coating in vitro

Bacterial infections tend to be random and highly recurrent during
the service life of implants. Therefore, immediate response treatment
after implant infection is crucial. Fig. 4a-d evaluate the antibacterial
rate of Cu-TiO, metastructure coating against Staphylococcus aureus
(S. aureus) and Escherichia coli (E. coli) using the plate coating method.
As shown in Fig. 4a—c, Ti did not exhibit an antibacterial effect after 10
min of US irradiation, TiO,, TiO, and Cu-TiO; exhibited a slight killing
effect on bacteria due to the excellent acoustic-to-thermal conversion.
Excitingly, Cu-TiO, showed a significant bactericidal effect after 10 min
of ultrasonic irradiation. The antibacterial rates of Cu-TiOy against
S. aureus and E. coli reached 90.00 % and 97.24 %, respectively
(Fig. 4b-d). As seen in Fig. S10a, no significant antibacterial rings
existed around all samples and the release of copper ions from Cu-TiO5
and Cu-TiO, under ultrasonic irradiation was minimal, which did not
cause a killing effect on bacteria (Fig. S10b). What’s more, copper ion
release curves for 21 days showed that Cu-TiO3 and Cu-TiO, released too
little copper ions to have a killing effect on the bacteria (Fig. S11). The
above results confirmed the excellent antibacterial SDT of Cu-TiOy
metastructure coating in vitro. The morphological characteristics of
S. aureus and E. coli can further reflect the growth of bacteria on the
sample surfaces. As shown in Fig. 4e—f, when samples were not irradi-
ated by US, the forms of S. aureus (spherical) and E. coli (rod-shaped)
were normal, they were full and round. Although the S. aureus and E. coli
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on the Ti, TiOy, TiO, and Cu-TiO, surfaces were not significantly
affected, the S. aureus and E. coli growing on the Cu-TiO, surface were
deformed to varying degrees (yellow arrows) after 10 min of ultrasonic
irradiation, with the bacterial membrane clearly wrinkled and shrunk
into a ball. The above results show that Cu-TiO, metastructure coating
can achieve a significant killing effect on bacteria based on its excellent
SDT and the antibacterial properties are broad-spectrum.

2.4. Osteogenic property of Cu-TiO, metastructure coating in vitro

Photographs of rBMSCs cytoskeleton staining on different sample
surfaces at 1, 4 and 24 h are shown in Fig. 5a. Red represents the
cytoskeleton and blue represents the nucleus. The rBMSCs on the TiOq
surface expanded over a greater area during an hour of culture.
Following a 4-h culture period, rBMSCs distributed evenly and took on
polygonal overall forms on the surfaces of Ti, TiO,, Cu-TiO,, and Cu-
TiOy. After 24 h of culture, there was no discernible variation in the
quantity of cells present on the surfaces of the samples belonging to each
group. The cells were polygonal in shape and had numerous filopodia
and lamellipodia. Compared with Ti, the adhesion of cells on TiOy, TiO,,
Cu-TiO2 and Cu-TiO, surfaces was better, with longer filopodia and
more obvious lamellipodia. The proliferation activity of rBMSCs
cultured on Ti, TiO, TiOy, Cu-TiO2 and Cu-TiO, surfaces for 1, 4 and 7
days is shown in Fig. 5b. After 1 day of culture, there was no significant
difference in the proliferation activity of cells on the surfaces of the
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Fig. 5. rBMSCs growth on different sample surfaces to evaluate osteogenic activity in vitro. (a) Fluorescence staining of the cytoskeleton of cells cultured on
different sample surfaces at 1, 4 and 24 h. (b) Quantitative results of proliferation activity of cells cultured on different sample surfaces at 1, 4 and 7 days. (c)
Fluorescence images of live/dead staining (green/red) of cells cultured on different sample surfaces at 4 days. (d) SEM images of cells cultured on different sample
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S. Wang et al.

various samples. After 4 days of culture, the activity of rBMSCs on the
TiOg, TiOy, Cu-TiO3 and Cu-TiO, surfaces was slightly higher than that
on Ti surface, and the cell activity on TiO, surface was lower than that of
the other three groups. After 7 days of culture, the cell activity on TiO»,
TiOy, Cu-TiO; and Cu-TiO, surfaces was significantly higher than that on
Ti surface, and the cell activity on the Cu-TiO, surface was the highest.
The higher the fluorescence intensity value, the stronger the cell
viability, and the more obvious the cell proliferation. Fig. 5c displays
fluorescent staining images of rBMSCs on the surfaces of different
samples, and live and dead cells were stained green and red,
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respectively. rBMSCs grew well on the surfaces of Ti, TiO5, TiOy, Cu-
TiO4 and Cu-TiO,, and no dead cells were observed, indicating that Cu-
TiO, exhibited superior cell safety. The cell morphologies on the sur-
faces of the different samples were observed using SEM, and the corre-
sponding results are shown in Fig. 5d. The rBMSCs grew well on Ti, TiOg,
TiOy, Cu-TiO2 and Cu-TiO, surfaces, with normal morphologies and
could spread well on the sample surfaces. Notably, the highest number
of rBMSCs was found on the surface of Cu-TiO,, which meant Cu-TiO,
metastructure coating could promote cell proliferation most. What
more, Hemolysis test shows that TiOy, TiOy, Cu-TiO2 and Cu-TiO, has
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good blood compatibility (Figs. S12 and S13).

Collagen secretion and extracellular matrix mineralization play
important roles in osteogenesis [60]. The quantification of collagen
secretion and extracellular matrix mineralization after 14 days of cell
culture on sample surfaces are shown in Fig. 5Se-f, respectively. The
results showed that the collagen secretion and mineralization of the
Cu-TiO, metastructure coating were significantly higher than Ti TiOo,
TiOy, and Cu-TiOs. Collagen and extracellular matrix mineralization
staining results are consistent with quantitative results (Fig. S14). In
addition, the ALP activity of Cu-TiO, were all higher than the other
groups (Fig. 5g). The above results indicated that Cu-TiO, metastructure
coating had excellent osteointegration function in vitro.

2.5. Antibacterial activity of Cu-TiO, metastructure coating in vivo

Considering the antibacterial capability and excellent biocompati-
bility of the Cu-TiO, metastructure coating in vitro, an infection model of
rat femoral implants was constructed. In short, 5-week-old male Sprague
Dawley rats were randomly divided into 4 groups, numbered Ti US -, Cu-
TiO, US -, Ti US + and Cu-TiO, US +. The model construction and
treatment strategy are shown in Fig. 6a. After the US treatment, the
implants were removed and colony counting experiments were per-
formed to evaluate the antibacterial rate in vivo. The results showed that
the bacteria on Cu-TiOy metastructure coating were almost completely
killed (Fig. 6b). It was observed by SEM that the bacteria on the surface
of Ti US + survived normally, while the bacteria on the surface of Cu-
TiO, US+ were shriveled (Fig. 6¢). According to statistics, the antibac-
terial rate of Cu-TiOy US + group was as high as 98.97 % (Fig. 6d).

Inflammatory reactions usually occur in bacterial infections, so the
inflammation of the tissues surrounding the implants was assessed by
hematoxylin and eosin staining (H&E). As shown in Fig. 6e and S15, a
large number of inflammatory cells can be observed in the tissues of rats
in the Ti US - and Cu-TiO, US - groups. After 10 min of US treatment,
tissue inflammation remained in the Ti US + group. In contrast, the
tissue inflammation of rats in the Cu-TiO, US + group had subsided
significantly and was almost negligible. In addition to the inflammatory
response, bacteria on the implant surface can infiltrate into the sur-
rounding tissue and cause further damage to the surrounding tissue.
Giemsa staining (Fig. 6f) showed that there were a large number of
bacterial colonies (red arrows) in Ti US -, Ti US + and Cu-TiO, US -
groups, while there were almost no bacterial colonies in Cu-TiO, US +
group. The H&E and Giemsa staining results showed that Cu-TiOy
metastructure coating can be used to treat bone implant infections, and
to remove residual bacteria in the tissue surrounding the implant. In
summary, the SD rat femoral implant bacterial infection model fully
demonstrates that Cu-TiO, metastructure coating can effectively remove
bacterial infection, eliminate the inflammatory response and provide a
harmonious environment for subsequent osseointegration when treated
with US.

2.6. Osteogenic evaluation in a bacterial infection model

Bacterial infection of bone implants can seriously affect the growth
of new bones around the implants, and peri-implant osseointegration is
an important indicator of the length of time the implants serve. There-
fore, after the bacterial infection of the implants is cleared, the growth of
new bones around implants is crucial. In the above-mentioned bacterial
infection model of rat femoral implants, the remaining rats were
sampled 42 days after the implantation surgery for assessment of oste-
ogenic performance after clearance of bacterial infection. Micro-CT was
used to test the degree of regeneration of bone tissues around the im-
plants. Micro-CT 2D and 3D imaging analysis (displayed in Fig. 7a-b)
shows that after 42 days of implantation, the Ti US -, Ti US +, Cu-TiO,
US - and Cu-TiO, US + groups all formed new bones, but the new bone
mass was significantly higher in the Cu-TiO, US + group than in the
other three groups. The quantitative results of the new bone volume are

467

Bioactive Materials 48 (2025) 458-473

shown in Fig. 7b, ¢ and 7d. The new bone volume fraction (BV/TV) of Ti
US -, Ti US +, Cu-TiOy US - and Cu-TiO, US + groups was 4.89 %, 4.49
%, 4.18 % and 7.89 %, respectively. In line with the BV/TV, the quan-
titative results of the new bone trabeculae (Fig. 7c-d) show that the
number of new bone trabeculae and the density of the bone surface in
the Cu-TiO, US + group were also significantly higher than those in the
Ti US -, Ti US + and Cu-TiOy US - groups. The highest content of new
bones in Cu-TiOy US + group was attributed to Cu-TiO, metastructure
coating inherent bone promoting property and the favorable osteogenic
environment after bacterial removal in vivo.

New bone tissues were stained light brown in osteocalcin immuno-
histochemical staining (Fig. 7e), and the Cu-TiO, US + group had the
greatest thickness of new bones around the implants. Safranin-O/fast
green staining can distinguish cartilage from cortical bone (stained red
and green, respectively). As can be seen in Fig. 7f, most of the new bones
around the Cu-TiO, US + group were stained green, indicating that they
existed in the form of cortical bone, while the new bones in the other
three groups were mostly in the form of cartilage. The results of bacterial
clearance and subsequent bone formation in the rat femur implant
bacterial infection model mutually corroborate and together indicate
that Cu-TiO, metastructure coating has the ability to achieve bacterial
clearance in the early stage with SDT and promote bone integration in
the later stage. To evaluate the biosafety of the Cu-TiO, metastructure
coating, H&E staining was performed. It demonstrated the absence of
any acute biotoxicity in the harvested major organs (heart, liver, spleen,
lung, and kidney) across all groups (Fig. S16).

3. Conclusion

In summary, a US-triggered Cu-TiO, metastructure coating con-
taining a host of lattice distortions was prepared in situ on the titanium
surface for IAIs therapy. During the thermal reduction treatment, Cu
atoms diffused into the lattice of TiO and replaced the lattice sites of Ti.
This process introduced lattice distortions, leading to the impurity en-
ergy levels connecting together and attaching to VB to produce band tail
states. Under the stimulation of US, the electrons in VB can easily
separate from the holes and cross the band gap with the help of band tail
states, resulting in more ROS and a significant increase in SDT efficiency.
Cu-TiO, metastructure coating showed more than 90 % inhibition
against both S. aureus and E. coli under ultrasonic irradiation. What'’s
more, Cu-TiO, metastructure coating effectively promoted osseointe-
gration after elimination of the bacterial infection. Overall, this meta-
structure and lattice distortion engineered Cu-TiO, coating possesses
good US-triggered antibacterial ability, which provides a promising
strategy for the design of SDT coatings and the therapy of IAls.

4. Materials and methods
4.1. Preparation of Cu-TiO,

Commercial titanium plates (10 mm x 10 mm x 1 mm) were ul-
trasonically cleaned twice for 5 min each in a mixture of HF and HNOs.
The volume ratio of HF, HNO3 and ultrapure water was 1: 5: 4 (HF,
China National Pharmaceutical Group Chemical Reagent Co., Ltd.;
HNOs3, 68 %, China National Pharmaceutical Group Chemical Reagent
Co., Ltd.). The sample obtained was called Ti. Ti and a cylindrical
graphite electrolytic cell were used as the anode and cathode of Microarc
oxidation (MAO), respectively. 0.1 M sodium tetraborate
(NayB407-10H20) and 0.25 M KOH mixed liquid as the electrolyte. MAO
was carried out using a constant voltage method with an oxidation
voltage of 400 V, a frequency of 600 Hz, a duty cycle of 10 %, and a time
of 8 min. The corresponding sample was named TiO,. We installed the
cathode target. Cylindrical metallic copper rods are used as cathode
targets for Cu-PIIl. And TiO, samples were placed in the sample cham-
ber. Next, we evacuated the sample chamber. When the vacuum in the
sample chamber reached 6 x 1073 Pa, argon gas was passed in. At the
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same time, the cathode target was excited by a pulsed arc, which
generated a copper plasma. Then the copper plasma entered the sample
chamber through a magnetic filtration system to realize Cu-PIII of TiO,.
The specific implantation parameters are shown in Table 1. Subse-
quently, TiO, and Cu-TiO; were further treated with thermal reduction
treatment to prepare TiO, and Cu-TiO,. The atmosphere and tempera-
ture of thermal reduction treatment are shown in Table 2.

4.2. Material characterization

The morphology of samples was observed by scanning electron mi-
croscope (SEM, SU8220, Hitachi, Japan) to observe the sample
morphology. X-ray photoelectron spectrometer (XPS, Thermo Scientific
K-Alpha, Thermo Fisher, USA) was used to detect the surface elements
and valence band positions. The phase composition of materials was
detected by X-ray diffractometer (XRD, PHASER, Bruker, Germany).
Thin sectioning of the coating was performed using a focused ion beam
dual beam electron microscope (FIB, Helios G4 UX, FEI, USA), and then
it was observed using a field emission transmission electron microscope
(TEM, Tecnai G2 F20, FEI Electron Optics, Netherlands). Ultra-
violet-visible spectroscopy was tested using a UV-vis spectrometer
(Lambda 750, PerkinElmer, USA). The copper ion release was test by
inductively coupled plasma (ICP, Prodigy Plus, Leeman Labs, USA).

4.3. Ultrasonic performance test

Sonocatalytic performance test: The sonocatalytic performance of Cu-
TiO, was evaluated by testing the degradation of methylene blue (MB)
solution (4 ppm). First, the samples were placed in a 24-well plate, 1 ml
of MB solution was added, and then the samples were irradiated with US
1.5 W/cmz, 50 % duty cycle, 1 MHz) for 10 min. The absorbance in the
500-750 nm band was measured by multimode microplate reader (Bio
Tek Cytation 5, Agilent, USA).

Sonothermal performance test: We placed the sample to a 24-well cell
culture plate and added 1 mL of ultrapure water to each well containing
the sample. To avoid the influence of the ultrasonic probe itself heating
on the test, a 1 cm thick gel was placed between the ultrasonic probe and
the cell culture plate. An infrared imager was used to detect the tem-
perature change of the sample during ultrasonic irradiation (1.5 W/cm?,
50 % duty cycle, 1 MHz) for 10 min.

Sonocurrent test: The electroacoustic conversion properties of the
samples were detected by an electrochemical workstation (AUTO LAB
PGSTAT128N, Metrohm, Switzerland). Reference electrode, counter
electrode and working electrode were saturated mercuric oxide elec-
trode, platinum electrode and samples, respectively. 0.2 M NazSO4 so-
lution was used as the electrolyte, and US irradiation was used with 2.5
W/cm?, 1 MHz, 100 % duty cycle.

Reactive Oxygen Species Stimulated by US: The types and signal
strength of ROS were measured using an X-band benchtop continuous
wave electron paramagnetic resonance spectrometer (EPR, EMXnano,
Bruker, Germany), and the US irradiation time was 2 min for every
sample, with 1.5 W/cm 2,50 % duty cycle and 1 MHz. 5,5-Dimethyl-1-
pyrrolin-N-oxide (DMPO, 50 mM, in ultrapure water) was used as a
trapping agent to identify hydroxyl radicals (¢OH) and superoxide an-
ions (e03), and 2, 2, 6, 6-tetramethylpiperidine (TEMP, 50 mM) was
used to study singlet oxygen (105). The solvent for eO3 testing was

Table 1
Experimental parameters of PIIL.
Target Cathode

Pulse frequency/Hz 10 10
Pulse width/ps 500 500
Target voltage/kV -15 -
Atmospheric pressure/Pa 6x10° -
Implantation time/min 15 -
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Table 2
Experimental parameters of thermal reduction treatment.
Time (min) Temperature (°C) Plasma power(W) H, Ar
(sccm) (sccm)
70 700 0 10 80
10 700 0 10 80
60 700 50 10 80

methanol, while ultrapure water was used as the solvent for the other
two kinds of ROS.

4.4. Density functional theory calculations

We have employed the VASP to perform all the spin-polarized den-
sity functional theory (DFT) calculations within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formu-
lation. We have chosen the projected augmented wave (PAW) potentials
to describe the ionic cores and take valence electrons into account using
a plane wave basis set with a kinetic energy cutoff of 400eV. Partial
occupancies of the Kohn—Sham orbitals were allowed using the
Gaussian smearing method and a width of 0.05 eV. The electronic en-
ergy was considered self-consistent when the energy change was smaller
than 10—6 eV. A geometry optimization was considered convergent
when the force change was smaller than —0.05 eV/A2. Grimme’s DFT-
D3 methodology was used to describe the dispersion interactions
among all the atoms. During structural optimizations of the surface
models, the 5 x 5 x 1 gamma-point centered k-point grid for Brillouin
zone was used.

4.5. In vitro antibacterial test

Bacterial culture in vitro: Gram-negative Escherichia coli (E. coli,
ATCC 25922) and Gram-positive Staphylococcus aureus (S. aureus,
ATCC 25923) were selected for the bacterial test. To assess the antimi-
crobial efficacy of all samples, bacteria were used at a logarithmic phase
concentration of 1 x 10’ CFU/mL. Each sample was placed in a 24-well
plate, and 500 pL of bacterial suspension was transferred to the 24-well
plate containing the sample. The bacteria and samples were incubated
together in a 37 °C constant temperature incubator for 6 h.

Bacterial plate count tests: The antibacterial ability of all samples was
tested by the plate counting method. After 6 h of co-cultivation with the
sample, the 24-well plate containing the sample and bacterial suspen-
sion was irradiated with US for 10 min. The ultrasonic power for
S. aureus and E. coli was 0.8 W/cm?, with a duty cycle of 50 % and a
frequency of 1 MHz. The sample without ultrasonic irradiation was used
as the control group. The concentration of the bacterial solution was
diluted 10,000 times with 0.9 wt% sodium chloride solution. 100 pL of
the bacterial suspension was evenly spread on an agar plate and incu-
bated for a further 18 h at 37 °C. The corresponding antibacterial rate
calculation formula is, Antibacterial rate (%) = (Nctr1 - NExperiment)/Ncirl
x 100 % (Nci represents the average colony count in Ti without US
treatment, and Ngxperiment T€presents the average colony count in each
group).

The copper ion release under ultrasonic excitation: Cu-TiO5 and Cu-TiOy
samples were immersed in 0.9 % NaCl solution for 6 h at a constant
temperature of 37 °C. Then, US irradiation was used for 10 min with 0.8
W/cm?, 1 MHz and 100 % duty cycle. ICP testing of immersion solutions
to test for the release of copper ions.

Morphology of Bacteria: The bacteria and the samples were co-
cultured for 6 h, with or without US irradiation of the samples with
bacteria, as detailed in 2.4.1 and 2.4.2. The bacteria were fixed over-
night using a 2.5 vol% glutaraldehyde solution (Sinopharm Chemical
Reagent Co., Ltd.) at a volume of 1 ml/well. The samples were succes-
sively dehydrated in a gradient alcohol series (volume fraction: 30 %,
50 %, 75 %, 90 %, 95 % and 100 %) for 10 min each and allowed to air
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dry. Finally, the morphology of bacteria was observed using scanning
electron microscope (S3400N, HITACHI, Japan).

4.6. In vitro osteogenic evaluation

Cell culture: Rat bone marrow mesenchymal stem cells (rBMSCs)
were used to evaluate the cytocompatibility of the samples. The cells
were provided by the Cell Resource Center of the Chinese Academy of
Sciences. The cell culture medium consisted of 89 % a-MEM basic cul-
ture medium, 10 % fetal bovine serum (FBS) and 1 % penicillin-
streptomycin (Gibco, USA). The cells were cultured in an incubator fil-
led with 5 % CO; at a temperature of 37 °C in a humidified atmosphere.

Cytocompatibility Evaluation: The samples were placed in a 24-well
plate, the rBMSCs (2 x 10* cells/well) were seeded on the surface of
the sample. AlamarBlue assay was used to evaluate cell viability for cells
seeded within Ti, TiO,, TiO,, Cu-TiO5 and Cu-TiO,. The rBMSCs cultured
for 7 days with cell culture medium refreshed every 3 days. After
incubating for 1 day, the samples that attached with cells were trans-
ferred to a new 24-well plate, leaving behind the cells that escaped from
samples. Cell culture medium supplemented with 10 % alamarBlue
(Thermo Scientific) was added to wells with samples (test wells) and
empty wells (negative control wells). After culturing for another 2 hin a
37 °C cell culture incubator, 100 pL of the culture solution was trans-
ferred from each well to a new 96-well plate to measure the absorbance
at an excitation wavelength of 560 nm and an emission wavelength of
590 nm by a microplate reader (BioTek). The samples were then rinsed
against PBS twice to remove residue alamarBlue, and 1 mL fresh cell
culture medium was added to each well and refreshed every 3 days. The
proliferative activity of rBMSCs was expressed by fluorescence intensity.
Specially, the fluorescence intensity was calculated according to the
proliferative activity of rBMSCs,

The proliferative activity of rBMSCs = Al - A2

where Al is the fluorescence intensity of the test wells; A2 is the
fluorescence intensity of negative control wells (with media plus ala-
marBlue but no cells).

Cellular live/dead staining and morphological observation: The density
of rBMSCs inoculated on the surface of the sample was 2 x 10* cells/
well. After being cultured for 4 days according to the above method, the
original medium was removed, the samples were washed twice with
PBS, and 100 pL of a fluorescent staining solution (PBS solution con-
taining 5 pM Ethidium homodier-1 and 2 pM calcein-AM) was added.
Washing twice with PBS after incubating at 37 °C for 30 min, and the cell
viability/death was observed by fluorescence microscope (OLYMPUS,
DP72, Japan).

The cells were fixed overnight using a 2.5 vol% glutaraldehyde so-
lution (Sinopharm Chemical Reagent Co., Ltd.) at a volume of 1 mL/
well. The cells were successively dehydrated in a graded alcohol series
(volume fraction: 30 %, 50 %, 75 %, 90 %, 95 % and 100 %) for 10 min
each, air-dried naturally, and then the morphology of cells was observed
using a scanning electron microscope (S3400N, HITACHI, Japan).

Cell adhesion and spreading: The rBMSCs were seeded at a density of 2
x 10* cells/well. After being placed in a 37 °C incubator for 1, 4 and 24
h, the original medium was removed, washed twice with PBS, and 1 ml
of 4 % paraformaldehyde (PFA) solution was added to fix the cells. After
permeabilizing the cells with 0.1 % (v/v) Triton X-100, the nuclei and
cytoskeletons were stained with DAPI and FITC-phalloidin, respectively.
Finally, the samples were photographed using a fluorescence micro-
scope (OLYMPUS, DP72, Japan).

Alkaline phosphatase (ALP) activity: The sample surface was seeded
with rBMSCs at a density of 5 x 10° cells/well and incubated in an
incubator for 14 days. At the designated time point, the samples were
placed in a new cell culture plate and washed twice with PBS. 0.5 mL of
cell lysis solution was added to each well and lysed at 4 °C for 30 min.
The collected cell lysate was centrifuged at 8000 rpm for 10 min in a
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centrifuge. Taking 20 pL of the supernatant and adding it to p-nitro-
phenyl phosphate (PNPP). Incubate at 37 °C for 30 min and stop the
reaction with 1 M sodium hydroxide solution. After the solution was
cooled to room temperature, the absorbance value (OD4s5) at a wave-
length of 405 nm was measured and the total ALP activity was calculated
based on the standard curve. The total protein content in the superna-
tant can be detected using a BCA kit, and the relative activity of intra-
cellular ALP on the sample surface can be normalized using the total
protein content.

Collagen Secretion: The collagen secretion of stem cells on the sample
surface was assessed using the Sirius Red (Sigma, USA) staining method.
The sample surface was seeded with rBMSCs at a density of 5 x 10°
cells/well and incubated in an incubator for 14 days. At the designated
time point, the samples were rinsed twice with PBS and placed in a new
24-well plate. The cells were fixed with 4 % PFA for 30 min, rinsed twice
with PBS, and then incubated with 0.1 % Sirius Red solution (dissolved
in saturated picric acid). After 18 h, the stained samples were washed in
0.1 M acetic acid. For qualitative observation of collagen secretion, 0.1
M acetic acid was used to rinse the specimen repeatedly until no red
color was precipitated, and the specimen was photographed by a ste-
reomicroscope (fluorescence microscope bright field mode). To quanti-
tatively detect the collagen content on the surface of the samples, 0.5 mL
of elution solution (prepared by mixing methanol and 0.2 M NaOH so-
lution in equal volumes) was added to each well, shaken well for 15 min,
and the absorbance of the eluent at 540 nm (ODs4¢) was measured using
a microplate reader.

Extracellular Matrix (ECM) Mineralization: The inoculation density of
rBMSCs on the surface of every sample was 5 x 10> cells/well, and the
samples were incubated in an incubator for 14 days. At the designated
time point, the samples were placed in a new 24-well plate and the cells
were washed twice with PBS for 3 min each. The cells on the surface of
the samples were fixed with 75 % alcohol for 1 h. 500 pL of alizarin red
(Sigma Aldrich, USA) solution was added to each well and transferred to
a 4 °C refrigerator for 10 min. The stained samples were washed in ul-
trapure water. After staining, rinse the specimen repeatedly with ul-
trapure water until no color is precipitated (generally 3-5 times), and
obtain the staining results using a stereomicroscope (fluorescence mi-
croscope bright field mode). Quantitative analysis of extracellular ma-
trix mineralization: 0.5 mL of 10 % sodium hexadecyl pyridinium
phosphate solution with a concentration of 10 mM was added to each
well to elute the dye. The absorbance of the resulting solution at 620 nm
was measured.

4.7. Blood compatibility evaluation

Hemolysis rate: The blood compatibility of the material surfaces was
evaluated using whole blood from SD rats. The samples were placed in
24-well plates, and 1.5 mL of 0.9 % NaCl solution was added to each
well, and equal amounts of 0.9 % NaCl solution and ultrapure water
were added to the blank wells as the negative control and positive
control groups, respectively, and kept warm at 37 °C for 30 min. 30 pL of
human whole blood was added to the wells of the plates, and kept warm
at 37 °C for 60 min after shaking. 1 mL of the extract was extracted from
each well, and centrifuged at 3000 rpm for 5 min, and 100 pL was
extracted from each well. Centrifuge 1 mL of leachate from each well at
3000 rpm for 5 min, and then add 100 pL of supernatant into a 96-well
plate, and measure the absorbance at 545 nm with an enzyme counter.
The hemolysis rate of the samples was calculated according to the
following formula:

Hemolysis rate (%) = (ODsample - ODnpegative control) / (ODpositive control -
ODnegative control) X 100%

Platelet adhesion: The whole blood of healthy and fresh SD rats was
centrifuged at 1500 rpm for 15 min, and the middle layer of yellowish
platelet-rich plasma was added to the surface of the samples dropwise,
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60 pL for each sample, and then placed in a 37 °C incubator to keep
warm for 30 min. 0.9 % NaCl solution was rinsed twice, and 2.5 %
glutaraldehyde (China National Pharmaceutical Corporation, Shanghai,
China) was added to fix the platelets, and 500 pL was added for each
sample, and then placed in a 4 °C refrigerator for 4 h. The platelets were
fixed by adding 2.5 % glutaraldehyde (Shanghai, China) solution, 500
pL of each sample was added, and placed in the refrigerator at 4 °C for 4
h. The platelets were dehydrated using gradient concentrations of
ethanol/water and ethanol/hexamethylsilanediamine solution, and the
platelet adhesion pattern was observed by scanning electron microscope
(S-3400N Typel, Hitachi, Japan).

4.8. Animal experiments

Rat femur implant infection model: Ti and Cu-TiO, samples were
implanted in the femurs of 5-week-old male Sprague-Dawley rats, and
an implant infection model induced by S. aureus was constructed. The
rats were anesthetized by intraperitoneal injection of 500 pL 4 % chloral
hydrate, the hair at the femoral site was removed and the skin was
disinfected. A sterile scalpel was used to cut through the skin and muscle
tissue to expose the distal femur. A 2 mm hole was drilled between the
rats’ intercondylar eminences using a K-wire, parallel to the sagittal
plane. Then, 20 pL of S. aureus bacterial solution (1 x 10°® CFU/mL) was
injected, followed by implantation of Ti and Cu-TiO,. Finally, the muscle
and skin tissues were sutured. The rats were treated with US for 10 min
(1 W/em™2, 50 % duty cycle, 1 MHz) on day 0 and day 7 after im-
plantation, respectively. Part of all rats were euthanized on the seventh
day of implantation to evaluate the antibacterial ability of the implants
by taking out the implants. For details of the bacterial smear plate
operation, see 4.4. The remaining rats were kept for breeding, and after
42 days of implantation, they were euthanized. The femurs containing
the implants were removed and immersed in 4 % PFA at 4 °C overnight
for osteogenic evaluation.

Micro-CT test: Bone growth on the surface of the femoral implant was
detected using a computed tomography scanner (Micro-CT, SkyScan
1276, Bruker, Germany) with the following scanning parameters: 70 kV,
200 mA, 9 mm resolution, 0.3° step size, and a 360° scan range. The
implant position was assessed using 2D tomographic images, and the
new bone growth on the implant surface was observed qualitatively
using 3D reconstruction models. The volume of new bone was quantified
using statistical analysis of the 3D models.

3D micro-CT images construction: We used NRecon software to
reconstruct the scanned data. And the reconstructed data is the data
needed for analysis. The implant and the surrounding new bones were
precisely extracted from the bone by CTAn software. The data consisted
of many images. To ensure the accuracy of the data, we first determined
the range of images to analyze. Specifically, the top of the implant was
used as the first image analyzed, and the bottom of the implant was used
as the last image analyzed. We accurately selected the region of interest
(ROI) with the draw tool. We saved the ROI additionally as a new file
named VOIL. We opened the VOI by CTAn software and separated the
implant and the new bones around it by modulation threshold (The
threshold range for new bones around the implant was 65-150 and the
threshold range for implants was 150-255). Then, we saved the sepa-
rated data separately and named them IMG 1 and IMG2 respectively.
Finally, we loaded IMG 1 and IMG 2 into CTvox software to construct the
3D data of Micro-CT.

4.9. Statistical analysis

Statistical differences among groups were analyzed using GraphPad
Prism 10 software, P. P < 0.05 indicates statistically significant differ-
ences between the two. P < 0.05 is indicated as *, P < 0.01 is indicated as
** P < 0.001 is indicated as ***, and P < 0.0001 is indicated as ****,
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