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ARTICLE INFO ABSTRACT

Keywords: Background: The decline in antibiotic use has made the treatment of post-implant infections increasingly chal-
Near infrared response lenging, especially the problem of bacterial invasion caused by inadequate tissue fusion with the implant in the
Osseointegration

early stages of the implant. Developing multiple methods to reduce bacterial infections through synergies will be
superior to a single model of antimicrobial means.

Methods: The composite coating composed of titanium phosphate (TiP)/copper oxide nanoparticles (CuO)/nano-
hydroxyapatite (n-HA) named TiP-ua was used to kill Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) under near infrared (NIR) irradiation by means of photothermal therapy (PTT) and photodynamic
therapy (PDT) synergism.

Results: The TiP-ua composite coating can reach about 60 °C and produce a certain amount of reactive oxygen
species after 15 min irradiation with 980 nm near infrared light with 0.9 W/cm? power. Under the NIR irra-
diation of 0.9 W/cm? power for 10 min, the composite coating can achieve about 90% killing effect on S. aureus
and more than 90% killing effect on E. coli. In terms of mouse pre-osteoblasts (MC3T3-E1), TiP-ua showed more
superiority in promoting osteogenic differentiation ability. In the mouse infection model, it also showed good
antibacterial effect, and could significantly reduce the expression of inflammatory factors and accelerate wound
healing. In the bone defect model, the intervention significantly accelerated the regeneration of neobone tissue
and enhanced osseointegration capacity.

Conclusions: The experimental results show that TiP-ua coating not only has good photothermal conversion
ability, but also has good biosafety, which can accelerate the regeneration and repair of bone tissue around the
implant, including accelerating the osteogenic differentiation of cells, and reduce the activity of bacteria to
effectively reduce the inflammatory response.

The translational potential of this article: The collaborative antibacterial and bone repair coating in this study has a
simple preparation process, high repeatability, high biosafety and positive effect on bone tissue repair, and has
great clinical application potential in orthopedics and dental implants.

Orthopedic implant
Synergistic antibacterial

1. Introduction missing bone and restore normal function [1]. Compared to the hydrogel
implants that researchers have promoted in recent years, titanium im-
Titanium (Ti) orthopedic implants are commonly used to replace plants will show better support [2]. However, Ti implants are
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susceptible to bacterial infection during the implant placement process
due to their inherent lack of antimicrobial and anti-infective properties,
which can lead to implant placement failure [3]. Common antimicrobial
orthopedic implant means include reducing bacterial adsorption [4,5],
contact antimicrobial [6] and release of antimicrobial particles for
sterilization [7,8]. However, for bacteria that are already adsorbed to
the implant surface, means of reducing their adsorption become mean-
ingless. Also contact antimicrobial, although good for bacterial killing, is
detrimental to the integration of normal tissues. The bactericidal mode
of releasing antimicrobial particles is only effective at the beginning of
the implantation period, and as the implantation time increases, the
number of antimicrobial particles decreases and the bacterial control
decreases. In addition, the use of antibiotic drugs is also commonly used
in clinical antibacterial and anti-infection treatment, with the frequent
use of drug resistance bacteria will seriously affect health [9,10].
Therefore, there is an urgent need for a long-lasting, controlled, and safe
antimicrobial method.

Recently, there has been interest in the development of smart
responsive near infrared (NIR) orthopedic implants to address these
challenges [11]. NIR-responsive orthopedic implants are designed to
have an impact on the prevention and treatment of bacterial infections
using phototherapeutic techniques such as photodynamic therapy (PDT)
or photothermal therapy (PTT) [12]. In addition, some NIR-responsive
orthopedic implants contain materials that promote bone tissue repair,
leading to faster and more effective osseointegration. The use of
NIR-responsive implants has the potential to improve the long-term
success of implants by reducing the risk of infection and promoting
bone tissue repair [13]. This technology is still in the early stages of
development and currently common photocatalytic photothermal ma-
terials such as MXene [14], metal sulfide [15-17] and Ti dioxide [18]
are available. But more research is focused on its antibacterial and
anti-infection ability. In fact, the same attention needs to be paid to the
osteoblastic differentiation capacity of cells and the rate of bone tissue
repair, and more research is needed to fully understand their potential
advantages and limitations. In conclusion, the NIR-responsive implant is
an innovative technology that is expected to improve the success rate of
implant surgery, and its PDT production of reactive oxygen species and
synergistic effect with PTT will be able to long-acting kill bacteria safely.
TiP not only has good ability to promote cell osteogenic differentiation
and accelerate bone integration, but also has excellent biocompatibility
[19]. Moreover, studies of TiP as a photothermal coating to kill bacteria
in vivo are very rare.

In this study, the nanoflower-like titanium phosphate (TiP) coating
was prepared on the surface of a Ti substrate to demonstrate that this
coating is a highly efficient photothermal conversion coating. The TiP
coating was then hydrothermally loaded with homogeneous copper
oxide nanoparticles to enhance its NIR-responsive effect, and finally the
nano-hydroxyapatite (n-HA) coating was further induced by calcifica-
tion to cover the copper oxide nanoparticles to form a composite coating
(TiP/CuO/n-HA named TiP-ua). In vitro studies demonstrated that the
composite TiP-ua coating exhibits excellent antibacterial properties
through the synergistic effects of PDT and PTT. Under NIR irradiation,
the TiP-ua coating maintained a high level of biosafety. Furthermore,
the micro-nano surface topography of the coating significantly reduced
cellular inflammatory responses. In vivo experiments further confirmed
the superior performance of TiP-ua-coated implants, which exhibited
remarkable antibacterial efficacy and effectively mitigated inflamma-
tory responses. Consistent results were observed in a bone defect model,
where TiP-ua implants promoted accelerated bone regeneration and
improved osseointegration capabilities. These findings highlight the
potential of TiP-ua implants in addressing persistent implant-associated
infections and propose a novel method for clinical applications in or-
thopedic and dental implantology.
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2. Experimental
2.1. Material and methods
(1) Material

Anhydrous, ethanol hydrogen peroxide and hexamethyltetramine
were obtained from Tianjin Tianli Chemical Reagents Co., Ltd., China.
Phosphate was purchased from Tianjin Yongda Chemical Reagents Co.,
Ltd. Titanium was bought from Jinfu Equipment manufacturing Co., Ltd.
Anhydrous calcium chloride, and anhydrous copper sulfate were ob-
tained from Shanghai Taitan Technology Co., Ltd.

(2) Preparation of TiP coating

In order to make the Ti sheet dust-free and oil-free, the Ti sheet was
cleaned by ultrasonic alternately in deionized water and alcohol for 30
min, and the samples were dried after cleaning. The samples were then
placed vertically in a PTFE-lined reactor, and a solution consisting of 8.5
wt% phosphoric acid and 9 wt% hydrogen peroxide was poured into the
reactor to react at 0.15 MPa and 120 °C for 24 h. After hydrothermal
reaction, rinse with deionized water and dry at 50 °C.

(3) Preparation of TiP-Cu coating

0.002 g Cu(CO2CH3)2-H20 was mixed with 10 mL deionized water
and placed in a 200 °C PTFE lined reactor for 1 h. The samples treated by
the above method were labeled as TiP-Cu. The sample was removed
from the solution, washed off the floating matter that was not firmly
bonded on the surface, and put in a drying oven with blast air at 50 °C
for drying.

(4) Preparation of TiP-Ca coating

The TiP was placed vertically in a reactor lined with PTFE solution at
120 °C for 1 h. The solution consisted of 1 M CaCl; and 0.701 g C¢H1oNy4
and was dried in a blast drying oven at 50 °C for later use.

(5) Preparation of TiP-ua coating

TiP-Cu was placed vertically in a reactor with PTFE and reacted with
the internal solution at 120 °C for 1 h. The solution consisted of 1 M
CaCly and 0.701 g CgH;2N4. Samples were taken out and rinsed with
deionized water, and then dried in an air blast drying oven at 50 °C.

2.2. Characterization

The surface morphology of the samples was observed using scanning
electron microscope (SEM, JSM-7100F, Japan). The elemental compo-
sition on the surface of the samples was observed using Energy-
dispersive X-ray spectroscopy (EDS, Oxford Max", UK). The crystal
structure was examined by X-ray diffraction (XRD, X’Pert PRO, The
Netherlands) in a step scan mode with a step size of 0.02° ranging from
10° to 80°. The determine their chemical compositions by using the
Fourier transform infrared (FTIR, Bruker Alpha, Germany). The contact
angle (CA) test of various samples was determined by the VAC apparatus
(AST products, Inc., US).

2.3. Photothermal effects

The photothermal performance test was carried out under NIR light
at 980 nm. The samples were put into a 24 well plate, and 1 mL PBS was
added into each hole to irradiate in turn under NIR light with a power of
0.9 W/cm?. The real-time temperature of different samples in different
time periods was detected and recorded with a thermal imager, and the
thermal imaging of the samples was taken.
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2.4. Detection of reactive oxygen species (ROS)

The active oxygen species formation of the samples were detected
under 980 nm NIR light (0.9 W/cmz) to evaluate the photodynamic
properties of the samples. Pure Ti was used as a control. Singlet oxygen
(*0,) was detected by DPBF and generated in different samples under
980 nm laser (0.9 W/cm?). The sample was immersed in 3 mL DPBF
medium (ethanol solution) and then exposed to 980 nm laser for 0, 1, 3,
6, 9 min. After the reaction, the absorbance of DPBF solution was
measured by ultraviolet spectrometer at 414 nm.

2.5. Invitro antibacterial properties

Before the antibacterial experiment, the Ti, TiP, TiP-Cu, TiP-Ca and
TiP-ua coating samples were autoclaved and prepared in triplicate for
each condition. The sterilized solid medium was removed from the oven
and inverted. About 20 mL of solid medium was poured into each dish
and left to cool. The sterilized samples were placed in 24 well plates, and
1 mL bacterial suspension with a concentration of 1 x 10° colony
forming units (CFU)/mL was added to each sample. The power densities
were 0.6 W/cmz, 0.9 W/cmz, 1.2 W/cm? and 1.5 W/cm? when the
samples were irradiated with 980 nm NIR light for 10 min. After the
treatment, 20 pL bacterial solution was taken on the medium for CFU
analysis, and then the culture dish was placed upside down in a 37 °C
incubator for 24 h, and the number of colonies was taken out, photo-
graphed, and measured. The formula for calculating the antibacterial
rate is R = [(A\g—Ap)/Ao] x 100%, where R is the antibacterial rate (%),
Ao is the average number of viable bacteria on the control sample, A is
the average number of viable bacteria on Ti, TiP, TiP-Cu, TiP-Ca and TiP-
ua under NIR light illumination. The unirradiated blank group was the
control group.

2.6. Protein leakage

To quantitative the protein concentration of bacteria, the Staphylo-
coccus aureus (S. aureus) and Escherichia coli (E. coli) were placed in 1 mL
bacterial suspension (1 x 10° CFU/mL). After treatment with 980 nm
NIR light (0.9 W/cmz), the bacteria of different samples were collected
and centrifuged at 13,000 rpm for 4 min at 4 °C. The supernatants were
harvested, and the protein leakage of each group was monitored by the
BCA Protein Assay Kit (Beyotime, China) on a microplate reader.

2.7. Biocompatibility assessment

2.7.1. Cell proliferation and adhesion

Mouse pre-osteoblasts (MC3T3-E1) were employed to evaluate the
cell proliferation and adhesion on different samples. The samples were
disinfected by high-pressure steam sterilization and then placed in 24
well plates. Afterwards, the cells were seeded on the surfaces of the
samples at a density of 5 x 10°/mL and incubated at 37 °C in an incu-
bator containing 5% CO,. The cells were cultured for 1, 4, and 7 days for
the proliferation assay and 1 day for the attachment assay. The Cell
Counting Kit (CCK)-8 (Beyotime, China) was used to analyze cell pro-
liferation. At each time point of measurement, 1 mL of medium was
added to each well with 100 puL CCK-8 reagent according to the manu-
facturer’s instructions. After 1 h incubation at 37 °C, the absorbance was
read with a microplate reader (Biorad iMark, USA) at 450 nm. Each
group included three parallel samples. The samples cultured for 1 days
were rinsed with phosphate-buffered saline (PBS), fixed with 2.5%
glutaraldehyde (Aladdin, China), and dehydrated by sequential soaking
in 30%, 50%, 75%, 80%, 95%, and 100% ethanol for 15 min each. Then
the dried samples were observed under SEM.

2.7.2. Live/dead fluorescent staining
The biocompatibility of all samples was evaluated by measuring the
cell viability of MC3T3-E1 contacted with the surface coating. The cells
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on TiP and TiP-Ca coated samples were analyzed with the live/dead
assay by staining with Calcein-AM and EthD-1, and pure Ti samples were
used as the control. MC3T3-E1 cells (density 5 x 10%/mlL) were sus-
pended in culture medium then seeded on samples so that the coating
directly contacted the cells to examine potentially toxic effects. After
they were incubated for 1, 4, and 7 days in an incubator containing 5%
CO4 at 37 °C, the medium was removed, and each sample was washed
with PBS. Subsequently, the samples were dyed in PBS solution con-
taining 2 pM Calcein-AM and 2 pM EthD-1 for 30 min in the dark. The
fluorescent images were recorded by an inverted fluorescent microscope
(Eclipse Ti-S, Nikon, Japan).

2.7.3. Cell structure observation (NIR/No NIR)

After the cells were co-cultured with the material for 24 h, the me-
dium was sucked out, washed twice with PBS, and then 1 mL PBS was
added. After 10 min irradiation of each sample with 980 nm NIR light,
PBS was sucked out and nuclear and membrane staining was performed.
The observation was recorded by inverted fluorescence microscope.

2.7.4. Invitro inflammation evaluation

Macrophages were seeded in 24 well plates at a density of 40% and
cultured for 24 h, after which the medium was replaced with RAW264.7-
specific culture medium. The materials were then introduced, and an
inflammatory model was induced by adding LPS at a concentration of 1
pg/mL, followed by overnight incubation. After three washes with PBS,
the cells were fixed with immunostaining fixative for 15 min and sub-
sequently washed three times with PBS. Permeabilization was per-
formed using 1% Triton X-100, followed by overnight blocking with
immunostaining blocking buffer. The cells were then incubated over-
night with diluted primary antibodies, including anti-TNF-a rabbit and
anti-iNOS rabbit. After three PBS washes, the samples were incubated
with Cy3-labeled goat anti-rabbit IgG secondary antibody at room
temperature for 2 h. Finally, the nuclei were counterstained with DAPI
for 5 min, followed by three PBS washes. The samples were then
observed and statistically analyzed.

2.7.5. Alkaline phosphatase (ALP) activity

ALP activity was determined by quantifying the amount of phos-
phoric p-nitrophenol (pNPP), a product of alkaline phosphatase re-
actions, using an ALP kit (Beyotime) according to assay protocols. 1 mL
cell suspension was inoculated on each sample in a 24 well plate at a
density of 5 x 10%/mL. After 7 days and 14 days, the culture medium
was removed, and the samples were washed with PBS. Then, 200 pL cell
lysis solution (Beyotime) was added to each well for 4 min. Collect the
lysate and centrifuge and take the supernatant. 50 pL supernatant was
added into the 96 well plate and incubated with 50 pL pNPP at 37 °C for
30 min. Finally, 100 pL termination solution was added and the optical
density was measured using an enzyme-labeled meter set at 405 nm. A
calibration curve was obtained using a solution of p-nitrophenol of
known concentration. The unit of diethanolamine (DEA) enzyme ac-
tivity is calculated according to the definition in the ALP Kit instruction
manual.

2.8. Immunofluorescent staining

Immunocytochemistry analysis was carried out to explore the oste-
ogenic differentiation of MC3T3-E1 cells after 7 days and 14 days culture
with the samples. Briefly, the samples were washed with PBS three
times, fixed with 4 % (v/v) paraformaldehyde (PFA, Biosharp, China)
for 15 min, and washed gently three times with PBS. After that, the cells
were blocked using PBS containing 0.3% (v/v) Triton X-100 (Solarbio,
China) and 5% (v/v) goat serum (Absin, China) overnight at 4 °C. Then
the fixed cells were incubated overnight at 4 °C with the respective
primary antibody: rabbit polyclonal anti-osteocalcin (1: 200 (v/v),
Beyotime, China) or rabbit monoclonal anti-Runt-related transcription
factor 2 (1: 200 (v/v), Beyotime, China). After incubation time, the
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Scheme 1. Schematic illustration of the NIR-responsive Ti-TiP/CuO/HA (TiP-ua) coating for synergistic effects on the implant-related infection. The TiP-ua
coating construct by hydrothermal. TiP clusters were constructed in situ on the surface of Ti, and then CuO nanoparticles were loaded on the TiP surface. Finally, n-
HA was formed in situ by PO3~ groups from TiP. At mild temperatures, the high thermal action responsive by NIR significantly enhanced the antibacterial activity of
the TiP-ua composite coating, resulting in a large amount of dispersion and penetration on the surface of the Ti implant, and killing bacteria through a synergistic
antibacterial strategy of PTT and PDT. The TiP-ua composite coating also showed good biocompatibility and anti-infection effect in rats while synergizing anti-

bacterial activity under NIR.

samples were washed with PBS three times each for 5 min and were
incubated with the secondary antibody (Cy3-labeled Goat Anti-Rabbit
IgG, 1 : 400 (v/v), Beyotime, China and Goat Anti-Rabbit IgG-Alexa
Fluor 488, 1 : 400 (v/v), Beyotime, China) for 2 h at room temperature.
After rinsing with PBS, the cell nuclei were counterstained with DAPI
(Bevotime, China). Finally, the samples were rinsed with PBS and
observed by the inverted fluorescence microscope. The whole process
was carried out under darkness. The fluorescence intensity of osteo-
calcin (OCN) and Runt-related transcription factor 2 (RUNX2) were
calculated using Image J software.

2.9. In vivo antibacterial evaluation

All animal procedures in the experiments were performed in accor-
dance with the Guidelines for Care and Use of Laboratory Animals of
Taiyuan University of Technology and approved by the Animal Ethics
Committee of Taiyuan University of Technology (TYUT-202208010).
Male C57 rats (4 weeks) were divided into 5 groups: (1) Ti, (2) TiP, (3)
TiP-Cu, (4) TiP-Ca, (5) TiP-ua. Each group has three rats. The different
samples were subcutaneously embedded into the back site of corre-
sponding rats. And S. aureus (10 pL, 2 x 10° CFU mL 1) was injected into
the injured area. After surgery, the wound sites of rats were sutured.
After 20 min post-surgery, the groups (1)—(5) were irradiated with 980
nm laser (0.9 W/cm?) for 5 min, respectively. Taking real-time thermal
photographs of different populations under near-infrared irradiation.
After 7 days, the rats were sacrificed and the samples of each group were
separated into Luria-Bertani medium and ultrasonic shocked (180 W,
37 °C) for 5 min for collecting the S. aureus on the surface of the implant.
Furthermore, the bacterial colonies of each group were quantified by
diluted plate assay after culturing 1 day at 37 °C.
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2.10. Histology evaluation

The surrounding tissues of different samples were fixed in 4% PFA
solution for staining. All staining figures were accustomed to assessing
the anti-infected efficiency of different modified samples in vivo. The
histological analysis of different samples was observed via a light
microscope.

2.11. In vivo bone defect repair evaluation

2.11.1. Animal models

10 randomized SD rat were allocated into five groups: Ti, TiP, TiP-
Cu, TiP-Ca, and TiP-ua. All animals were anesthetized with 3% so-
dium pentobarbital after one week of acclimatization. The rat’s skin was
fully exposed, and a lateral knee incision approximately 2 cm in length
was made. Soft tissues were bluntly separated up to the lateral epi-
condyle of the femur utilizing vascular forceps. An electric drill was used
to create a bone defect (1 mm), which was thoroughly rinsed with saline
before implanting the different implant groups. The skin was sutured
layer by layer, and the incision was sterilized with povidone-iodine.
Postoperatively, penicillin was administered intramuscularly for three
days. 4 and 8 weeks post-surgery, the rat were euthanized and speci-
mens of the femur were collected. The specimens were stored in a 4%
PFA solution for subsequent experiments.

2.11.2. Micro-CT

The harvested specimens were fixed and preserved in a 4% PFA so-
lution to maintain structural integrity. Subsequently, the femoral sam-
ples were subjected to Micro-CT imaging, utilizing a multilevel
thresholding algorithm to accurately differentiate bone tissue from
surrounding soft tissues. Quantitative analysis focused on key
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Fig. 1. The preparation and morphological characterization of different modified coatings. (A) SEM of Ti, TiP, TiP-Cu, TiP-Ca and TiP-ua coatings; (B) XRD image of
surface CuO in TiP-Cu; (C) FTIR spectra of the samples; (D) The XRD patterns of the sample; (E) Elemental maps of TiP-Cu and TiP-ua; (F) EDS spectrum of the TiP-Cu
coating; (G) EDS spectrum of the TiP-ua coating; (H) Water contact angles on various sample surfaces.

parameters, including implant positioning accuracy, potential implant
migration or subsidence, and osteogenic performance metrics such as
bone volume to total volume ratio (BV/TV) and trabecular thickness
(Tb.Th).

2.11.3. Histological evaluation

To evaluate osseous development inside the implant across various
groups, the specimens were preserved in 4% PFA solution and then
dehydrated using a gradient of 70%, 95%, and 100% ethanol. The fe-
murs were embedded in methyl methacrylate solution and stained after
paraffin embedding. The specimens with implant were sectioned using a
hard tissue slicer. HE staining was employed to examine bone repair
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around the implants, and Masson staining was performed to observe
bone tissue maturation around the implants.

2.11.4. Immunohistochemistry

Bone tissues were preserved in 4% PFA solution and then transferred
to 10% EDTA decalcification solution (20-30 times the tissue volume)
for decalcification. Specimens were thoroughly washed, and endoge-
nous peroxidase in the bone tissues was inactivated using hydrogen
peroxide. Following routine dehydration, embedding, and sectioning,
the specimens were kept overnight at 4 °C with antibodies against
RUNX2 (an osteogenic marker) and IL-6 (an inflammation marker).
Secondary antibodies were then applied, and the samples were
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min: 10, are detected from the decay of DPBF of different samples.
visualized.

2.11.5. In vivo safety evaluation

In vivo safety of implant was evaluated in SD rat. The venous blood
and different organs (heart, liver, spleen, lung and kidney) were
collected. The analysis of routine blood biomarkers was performed using
a veterinary automated hematology analyzer (BC-2800vet, Mindray,
China). Hematoxylin-eosin (HE) staining were conducted on heart, liver,
spleen, lung and kidney to analyze histological damage.

2.12. Statistical analysis

A two-tailed analysis of variance (ANOVA) and t test were used to
analyze significant differences between two groups of samples. Com-
parisons involving more than two groups were conducted using one-way
ANOVA with a post hoc test. All experiments were repeated 3 times and
expressed as mean + standard deviation. SPSS 11.0 software was used
for statistical analysis of the data with different significance levels. (*p
< 0.05, **p < 0.01 and ***p < 0.001 were regarded as significant,
highly significant, and extremely significant, respectively.).
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3. Result and discussion
3.1. Synthesis and characterization

In this work, we designed an intelligent NIR-responsive antibacterial
active Ti surface where CuO NPs and n-HA are incorporated with TiP
cluster, achieving the multiple antibacterial therapeutic efficacies. The
nano-photothermal agents CuO NPs [20] can improve NIR light energy
into PTT and PDT, which can regulate the disassembly of bacterial as
shown in Scheme 1.

Fig. 1A shows the surface morphology of the TiP coating after the
first hydrothermal reaction, the flake structure is uniformly distributed
on the substrate, increasing the area and surface roughness of the
original Ti substrate, and the loading of the TiP coating surface with
small particulate matter, proven by XRD analysis in Fig. 1B-be CuO
nanoparticles to enhance the photothermal conversion of the coating
[21]. The SEM figures also show the morphology of the TiP coating
surface loaded with HA, compared to TiP-ua where the gaps between the
coatings become smaller and the number of particles loaded becomes
larger when the TiP coating surface loaded with CuO nanoparticles first.
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Fig. 1C shows the infrared diffraction images of different samples. It
can be clearly seen that 952 cm ™ is the characteristic absorption peak of
phosphoric acid group [22]. After adding CuO, the infrared diffraction
peak shifts and the characteristic peak of phosphoric acid moves to 960
em™!. 566 cm™! and 1036 cm™! are the peaks of characteristic phos-
phoric acid of HA [23]. The peak at 3491 cm ™! is the characteristic peak
of hydroxyl group [24]. The TiP-Cu sample may have the characteristic
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peak of hydroxyl group due to the formation of part of Cu(OH); in the
reaction process of CuO, while the characteristic peak of hydroxyl group
is more obvious in TiP-Ca due to the presence of HA. However, the
surface of TiP-ua is covered by a layer of CuO nanoparticles, so the
amount of HA coating after calcification is less than that without CuO
particles, so the performance of hydroxyl characteristic peaks is not as
obvious as that of TiP-Ca coating. It can also be seen from the XRD
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images in Fig. 1D that TiP, TiP-Ca and TiP-ua samples generated by
treated Ti will have some TiO; on the sample surface due to the use of
H,03 in the preparation process. After the hydrothermal treatment of
synthesized CuO, the characteristic peak of CuO can be obviously
observed on the sample surface. The peaks of HA (PDF No. 73-1731) are
also observed on the material surface after calcification, demonstrating
successful introduction of HA to the material surface through calcifica-
tion. Compared with TiP-Ca samples, the HA peak of TiP-ua samples
decreased, because the content of HA in TiP-ua is less than that in
TiP-Ca, which is consistent with the results shown in the previous FTIR.

The surface elemental composition of both TiP-Cu and TiP-ua sam-
ples was analyzed by EDS surface scanning, as shown in Fig. 1E, F and G.
TiP-Cu coating successfully introduce Cu element on the surface of TiP.
After calcification the Cu element content is reduced due to the forma-
tion of a new HA coating on the surface effectively reducing the cyto-
toxic effect of CuO due to direct contact with cells or organization [25].
And enhances the biocompatibility of the implants.

The values of contact angles (CA) between all samples and water are
shown in Fig. 1H. The CA values of Ti, TiP, TiP-Cu, TiP-Ca and TiP-ua are
46.5 + 0.8°, 17.3 + 2.2°, 24.9 + 3.7°, 33.6 + 2.1° and 33.1 + 6.7°,
respectively. Ti is the worst hydrophilic, the CA of TiP-Cu is slightly
greater than that of TiP, and the CA of TiP-ua is substantially less than
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that of TiP-Cu. Different surface physicochemical structures result in
different hydrophilicity [26].

3.2. Light-to-heat conversion

In order to find the most suitable photothermal conversion ability of
TiP-ua coating under 980 nm NIR light irradiation, the thermal imager
was used to detect temperature changes and draw the temperature
curve. As shown in Fig. 2A, the photothermal conversion performance
with 980 nm NIR of TiP was investigated. It can be clearly seen that the
photothermal conversion efficiency of TiP increases with the extension
of reaction time. The TiP prepared for 24 h can reach more than 55 °C
after 15 min irradiation with NIR light. Fig. 2A also shows the photo-
thermal conversion ability of TiP-Ca samples with different preparation
times. Contrary to TiP’s conclusion, the photothermal conversion effi-
ciency of TiP-Ca decreases with the extension of preparation time. We
believe that in addition to the inherent optical ability of TiP, the flower-
like nanostructure also makes an important contribution to the photo-
thermal effect [27], and the nanostructure can improve the transfer heat
performance and promote the photothermal conversion [28,29], while
the granular HA coating formed by consuming TiP does not have this
ability. Therefore, in order to prepare TiP-ua coatings with the most
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suitable photothermal conversion efficiency, TiP fabricated for 24 h and
TiP-Ca fabricated for 1 h are selected as the best preparation parameters
for subsequent experiments. Fig. 2A also shows the photothermal con-
version efficiency of different samples under the most suitable prepa-
ration parameters. It is obvious that the nanoflower-like TiP structure
can increase the photothermal conversion ability of Ti and the addition
of CuO nanoparticles has the same ability. Both TiP-ua and TiP-Cu
samples can reach about 60 °C when irradiated with 980 nm NIR for
15 min. TiP-ua can maintain good photothermal stability under cyclic
irradiation test. Fig. 2B directly shows the change of the surface tem-
perature of TiP-ua samples with the change of irradiation time. The
image appears blue-green when the irradiation time is 1 min, and bright
white when the irradiated time is 15 min, indicating the excellent
photothermal conversion ability of the material.

In order to study the photocatalytic performance of different samples
with NIR light, DPBF was used to measure the content of ‘0, produced
by NIR irradiation. The intensity of absorption peak decreased with the
increase of the content of !0, produced. As shown in Fig. 2C, TiP-ua
exhibits the maximum absorption peak intensity change after 9 min
irradiation with 0.9 W/cm? NIR, while Ti has the smallest change. It can
be concluded that TiP-ua has the best photocatalytic ability compared
with the other three types of samples.
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3.3. NIR-responsive bacteria eradication performance of modified coating
in vitro

The antibacterial activity of Ti, TiP, TiP-Cu, TiP-Ca and TiP-ua
against S. aureus and E. coli was determined by a spread plate method
at different power levels. For S. aureus at 0.6 W/cm? the power is too low
to kill the bacteria effectively. At 0.9 W/cm? TiP-ua shows the best
antibacterial activity and the antibacterial rate is about 90%. At 1.2 W/
cm? and 1.5 W/cm? TiP-ua show a significant difference in antibacterial
power only with Ti, probably because the power is too high and the
surface temperature is too high, it has a significant effect on the bacteria.
For E. coli 0.6 W/cm? is not enough to make a significant difference
between TiP-ua and the other samples except for Ti, because the power
was too low for the PTT and PDT advantages to be realised. 0.9 W/cm?
was sufficient for TiP-ua to kill E. coli, and 1.2 W/cm? and 1.5 W/cm?
showed similar trends to S. aureus. Overall, at 0.9 W/cmz, the TiP-ua
sample showed excellent PTT and PDT antibacterial activity, unlike
the other samples, and was able to kill most bacteria and it is no concern
about damage to normal cells. Fig. 3E shows the direct view of the
antibacterial effect of different samples with 0.9 W/cm? NIR by spread
plate method. The degree of bacterial membrane damage is measured by
the situation of protein leakage as shown in Fig. 3F. The protein leakage
of TiP-ua is the most serious in E. coli, and the protein leakage of TiP-Ca
and TiP-ua is the most serious in S. aureus. The increased protein content
in the solution indicates the increased permeability of the bacterial
membrane and the higher the degree of damage of the bacterial



Z. Liao et al.

Journal of Orthopaedic Translation 52 (2025) 55-69

14 day

8

Fluorescence intensity
) @
o =3

Fluorescence intensity

-
=)

7d 7d

14d
Runx2

|

ALP activity (DEA unit)

14d
OCN

Time (day)

Fig. 6. In vitro osteogenic ability of different samples. (A and B) Immunofluorescent images of OCN and RUNX2 expressed by MC3T3-E1 cells cultured with samples
for 7 and 14 days; (C and D) Fluorescence intensity analysis of RUNX2 and OCN of different samples after 7 and 14 days; (E) The ALP activity of MC3T3-E1 cells

cultured for 7 and 14 days. (*p < 0.05, **p < 0.01, ***p < 0.001).

membrane [30]. Microscopic observations in Fig. 3G show that the
bacterial membrane structure of E. coli and S. aureus (as indicated by the
red arrow) has been damaged to varying degrees, which further in-
dicates that TiP-ua can effectively destroy the bacterial membrane and
kill bacteria under the combined action of PTT and PDT.

3.4. In vitro biocompatibility, osteogenesis and anti-inflammatory of
implant

The cell biological response of the material was assessed by
measuring the proliferation of MC3T3-E1 osteoblasts on the surface of
the samples and the data is shown in Fig. 4A. After the cells were co-
cultured with the material for 1, 4 and 7 days, the number of cells in
each group increase with increasing days of cultivation and all had good
proliferation, indicating that all samples are non-cytotoxic and
biocompatible. The TiP-Cu group has less cell proliferation than the
other groups to some extent because the CuO nanoparticles generated on
the surface are in direct contact with the cells [31]. However, TiP-ua
does not show a clear advantage in promoting cell proliferation,
possibly because the role of HA and TiP are to promote cell directed
differentiation, while it does not show a clear advantage in promoting
cell proliferation, resulting in a disadvantage in the total number of cells
[32,33]. The cytotoxicity of the samples was assessed using live/dead
staining as shown in Fig. 4B. The results show that the number of cells on
the surface of the samples increase as the culture time increased and
little cell death is observed, consistent with the previous CCK-8 results
indicating that all materials are non-cytotoxic and biocompatible.
Fig. 4C shows that the SEM pictures of MC3T3-E1 cells. It is found that
cells spread state in 1 day. All the samples show good biocompatibility.

To further evaluate whether the normal cell structure would be
disrupted under NIR light (0.9W/cm2) irradiation conditions, MC3T3-
El cells grown for 24 h was subjected to NIR light irradiation and
stained for nuclei and membranes. The results show that all samples
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without NIR light irradiation have good cell structure and the cell
membranes do not show any obvious breakage or deformation. In the
condition of NIR light (0.9W/cm?) irradiation, the cells on TiP and Ti
can maintain good morphology, and most of the cell membranes in the
TiP-Cu are damaged and the nuclei were exposed, while after the
introduction of HA coating (TiP-ua), the situation of TiP-Cu is improved,
the TiP-ua could clearly be seen to have the same intact cell structure as
the cells under no NIR light conditions, and there is no obvious
destruction of the cell membranes, therefore we conclude that the
irradiation of TiP-ua with NIR light (0.9W/cm?) for 10 min does not
disrupt the normal cell structure and has a good biosafety.

To elucidate the regulatory effects of different implants on the
functional phenotype of macrophages in vitro, we co-cultured macro-
phages with various samples and induced inflammatory responses using
lipopolysaccharide (LPS) stimulation for 12 h. As shown in Fig. 5A,
immunofluorescence analysis revealed a significant increase in the
proportion of TNF-a-positive macrophages following LPS stimulation.
Notably, the TiP-ua group exhibited the smallest fluorescence area
(Fig. 5C), indicating the lowest level of TNF-a expression. Similarly,
immunofluorescence analysis of iNOS (Fig. 5B) demonstrated analogous
trends, with TiP-ua showing the weakest fluorescence signal (Fig. 5D),
suggesting minimal iNOS expression. The observed results may be
attributed to the ability of TiP-ua to attenuate the ROS generation
associated with TiP-Cu, thereby mitigating cellular inflammatory re-
sponses. Additionally, the finely structured micro-nano surface topog-
raphy of TiP-ua may contribute to the suppression of cellular
inflammation, further enhancing its anti-inflammatory properties [34,
35].

After 7 and 14 days of MC3T3-E1 cells culture, the expressions of
OCN and RUNX2 osteogenic proteins were studied by immunofluores-
cence staining. OCN fluoresces red, RUNX2 fluoresces green, and the
nuclei are stained blue with DAPI. Immunofluorescence staining images
as shown in Fig. 6A and B shows that after 7 days of cultivation, OCN



Z. Liao et al.

Health status Operation

Journal of Orthopaedic Translation 52 (2025) 55-69

Bacteria observation
and histological
analysis

! 980 nm NIR

P P Y SR

NIR- or NIR+ treatment Tissue and Samples

collection

0 day 7 day

T
TP
—a TIP-Cu
v TiP-Ca

4 TiP-ua

——tt

0.8

Antibacterial rate
°
=

0.2

Adaptive Feeding 7 day 544 bacterial solution to the
surface of the sample
0 day
B 1 min 2 min 3 min 4 min 5 min
399 46.9 497 522 526 C
[ | | I L | |
o e clo .
I | beed] Ree] ) @
187 185 177 17.8 20.7 60
57.8 59.1 60.1 616 E 55
g

| [ o || ] § 50
o + i
— w0
18.9 19( 18.9 189 20.3 35

56.3 60.7 619
) — .
LELJI Uﬂl EI HI E "I H

221 218 215 195 22

52.2 58.2 61.0

E

207
59.3

E C

207 205
63.0 64.1

Slo

207

k|
&

20.7

17.8
56.3

TiP-ua lﬂl' El
| =

20.7 223 207

0.0

TP TiP-Cu TiP-Ca TiP-ua

7 Day | ;

Fig. 7. In vivo antibacterial effect of different samples. (A) Schematic illustration of the experimental process for S. aureus infected implants in model rats; (B, C)
Thermal photographs of real-time temperature and corresponding photothermal heating curve of different groups with NIR irradiation in vivo (Irradiation intensity:
0.9 W/cm?, 5 min); (D) The antibacterial rate of the implant samples of different group; (E) Number of S. aureus colonies of the implant samples for different groups

with NIR irradiation. (*P < 0.05, ***p < 0.001).

fluorescence is more obvious in the samples of TiP, TiP-Ca and TiP-ua
groups, and the fluorescence intensity of each group is improved after
14 days of cultivation compared with 7 days of cultivation. The fluo-
rescence intensity of OCN in TiP-Ca and TiP-ua groups increase most
obviously and the fluorescence expression is the highest. In addition, the
fluorescence expression of RUNX2 at 7 day is relatively obvious in TiP,
TiP-Ca and TiP-ua groups. The change of fluorescence intensity is less
than that in OCN after 14 days of culture, but the fluorescence expres-
sion of TiP-ua and TiP-Ca groups is higher in all RUNX2 groups.

Further calculation results by Image J software shown in Fig. 6C and
D. The fluorescence expression of TiP-ua at 7 days of RUNX2 is the
highest among the other 4 groups. Although the fluorescence intensity of
TiP-ua at 14 days is slightly lower than that of TiP-Ca group, there is no
significant difference, and TiP-Ca and TiP-ua show significant differ-
ences with other groups. The fluorescence intensity of TiP-ua group in
OCN at 7 days is significantly higher than that of the other 4 groups and
TiP-ua group have the same result at 14 days. At the same time, TiP-ua
exhibited the largest OCN fluorescence intensity of all groups at 14 days.
These results indicate that TiP-ua coating can effectively promote the
high expression of cell related osteogenic differentiation protein,
accelerate the osteogenic differentiation of cells, and facilitate the rapid
bone repair. The ALP assays illustrate that the induced ALP activity
variation is not obvious from sample to sample in 7 days, the ALP ac-
tivity of samples is only significantly higher than the blank. But at the 14
days the ALP activity of TiP-Ca and TiP-ua are significantly higher than
the blank and Ti samples. And TiP-Ca is also significantly higher than
that of TiP. These results indicate that the preparation of HA induce the
increase of ALP activity to a certain extent, enhance the ability of
composite coating to induce osteogenic differentiation, and accelerate
bone tissue regeneration and repair.
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3.5. NIR-responsive bacteria eradication performance of modified coating
in vivo

Considering excellent bacteria eradication performance, the anti-
bacterial efficacy of the modified coating in vivo was further investi-
gated in an animal model with subcutaneous infections (Fig. 7A). Due to
the susceptibility of the soft tissue seal and epithelial barrier, the soft
tissue around the Ti-based implants (such as percutaneous implant and
orthopedic implant) can be easily infected by bacteria, thereby
increasing the implant failure and related complications [36]. There-
fore, the subcutaneous implant infection model was applied to investi-
gate the antibacterial effect of the modified coatings. Briefly, the
samples contaminated with S. aureus were implanted subcutaneously
into the back of rats. After implantation, a certain amount of S. aureus
suspension was injected into the back wound of rats and the wound was
sutured in time to simulate implant associated infection. As shown in
Fig. 7B, the subcutaneous samples are irradiated with 980 nm NIR light
(0.9 W/em?) for 5 min respectively, the representative temperature
images and the local NIR-responsive real-time temperature changes of
the implant sites for different groups are detected by the thermal cam-
era. As shown in Fig. 7C, the temperature of TiP-ua group growth rapidly
from 30 °C to 64.1 °C after irradiation for 5 min, whereas only a slight
temperature change from 30 °C to 52.6 °C of Ti group. However, the
temperature of TiP is rapidly increased and stabilize at about 61.6 °C, as
similar as that of TiP-Cu to 61.9 °C, and the TiP-Ca is rapidly to 61.0 °C
proving the efficiently photothermal conversion capability in vivo.

After taking out the stitches at 7 days post-surgery, the infection site
of different groups was harvested to evaluate their antibacterial capacity
in vivo. To quantify the residue S. aureus around the samples, the
modified samples were collected separately into sterile PBS for CFU
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assay. Upon 980 nm NIR irradiation, all experimental groups show a
CFU decreasing at different degrees. As shown in Fig. 7D, the TiP-ua
group displayed a prominent antibacterial efficiency of 75.9 % against
S. aureus on coating surfaces which is significantly higher than the other
groups (Ti: 20.3 %, TiP: 44.3 %, TiP-Cu: 44.9 %, TiP-Ca: 43.1 %). The
representative images of spread plates of viable S. aureus on samples for
TiP-ua reveal a remarkable decrease in comparison with other groups
(Fig. 7E). The results demonstrate that the S. aureus on TiP-ua implant
could be efficiently eliminate by the NIR-responsive PTT antibacterial
strategy.

Researchers have found that the surrounding tissues of exogenous
implants are prone to infection in the early postoperative period [37].
Bacteria contaminated with implants can induce host immune response,
causing an inflammatory response involving immune cells and a clotting
cascade [38]. During implant infection, the accumulation of bacteria
around the implant can be a persistent virulence factor, leading to the
accumulation of large numbers of inflammatory cells, degradation of
collagen, and sustained damage to surrounding tissues [39]. Therefore,
hematoxylin-eosin staining (HE) and Masson staining were used to
evaluate the inflammation and recovery of the tissue surrounding the
modified sample. As shown in Fig. 8A and D, many inflammatory cells
are found in the tissues of the control group Ti, indicating that the severe
bacterial infection cause an obvious immune response. However, most
of the cells in TiP-ua group have normal morphology, with only a few
neutrophils dotted, indicating a slight inflammatory response in vivo. At
the same time, disease-related pathogens can destroy
collagen-containing  tissues by producing collagenase and
collagen-degrading enzymes [40]. Regeneration of collagen fibres are an
important part of wound healing. The Masson staining results in Fig. 8B
are further used to illustrate the significant differences in the recovery of
infected tissues in different groups. A large area of regular and uniform
collagen fibres are found in the TiP-ua group, indicating abundant cell
migration and formation of extracellular matrix and granulation tissue
[41]. As shown in Fig. 8E, the deposition level of blue collagen fibres in
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TiP-ua group are significantly higher than that in control Ti group and
other modified coating groups, indicating that TiP-ua group has good
tissue regeneration ability.

Pathogenic bacteria can induce acute immune response, leading to
massive accumulation of immune cells, suppurative inflammation and
severe damage to surrounding tissues [39]. In the occurrence and
development of bacterial infectious diseases, inflammatory response is
the physiological response of the body to stimulation, usually mediated
by inflammatory cytokines. As a heterogeneous immune cell, macro-
phages can differentiate into pro-inflammatory M1 and
anti-inflammatory M2 phenotypes under different microenvironments
[42]. The anti-inflammatory factor Arg-1 of macrophages plays a key
role in the formation and repair of infected tissues [43]. In order to
further investigate the anti-inflammatory properties of different coat-
ings, the expression of typical M2-related anti-inflammatory factor
Arg-1 was analyzed using the immunohistochemical (IHC) results of the
soft tissues surrounding the modified samples. As shown in Fig. 8C and
F, anti-inflammatory cytokine levels of Arg-1 are significantly increased
in the NIR irradiated TiP-ua coating compared to the other groups,
indicating outstanding inflammatory regulatory or regenerative prop-
erties. Balanced expression of anti-inflammatory factors in infected tis-
sues, including enhanced polarization of macrophages M2, suggests a
potential inflammatory regulatory effect of NIR radiation on TiP-ua
coatings. Combined with the above results, the TiP-ua coating respon-
sive by NIR has excellent antibacterial ability, which can resist bacterial
invasion and inhibit the inflammatory response of infected tissues dur-
ing the recovery process.

3.6. The in vivo bone defect repair capacity of the modified coating

To further evaluate the osteogenic potential of the samples in bone
defect repair, critical-sized femoral defects were created in a rat model
and implanted with different materials [44]. After 4 and 8 weeks of
implantation, the defect sites were harvested for comprehensive
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analysis. Micro-CT scanning revealed distinct osteogenic patterns
among the five groups (Fig. 9A). At the 4 weeks, Ti and TiP-Cu groups
exhibited significant implant exposure with incomplete osseointegra-
tion, while TiP showed relatively complete coverage but with localized
areas of thin new bone formation. Notably, TiP-Ca and TiP-ua demon-
strated superior osteogenic performance, with the most substantial new
bone formation. This trend persisted at 8 weeks, with TiP-Ca and TiP-ua
showing more complete bone coverage and higher bone mineral density
[45].

Quantitative analysis of micro-CT data (Fig. 9B and C) revealed that
TiP-ua significantly increased the BV/TV ratio compared to pure Ti and
TiP-Cu at both time points. Although TiP-Ca showed comparable pa-
rameters to TiP-ua due to their similar hydroxyapatite structures, no
significant difference was observed between these two groups. Analysis
of trabecular thickness (Fig. 9D and E) demonstrated that TiP-ua
significantly enhanced trabecular thickness compared to Ti, TiP, and
TiP-Cu, indicating higher maturity of the newly formed bone and su-
perior bone repair capacity.

Histological evaluation through H&E and Masson’s trichrome
staining (Figs. 9F and 8G) revealed reduced inflammatory cell infiltra-
tion and enhanced bone-implant contact in the TiP-ua group compared
to Ti controls, suggesting improved implant stability and osseointegra-
tion [46]. Immunohistochemical analysis of RUNX2 expression (Fig. 9H)
demonstrated significantly larger positive areas in the TiP-ua group
compared to other groups (Fig. 9J), indicating enhanced osteogenic
differentiation. Conversely, IL-6 staining (Fig. 9I) revealed minimal
positive areas in the TiP-ua group (Fig. 9K), suggesting the lowest in-
flammatory response among all groups.

Although TiP-Ca demonstrated comparable bone repair capacity to
TiP-ua, its clinical applicability may be limited by inferior antibacterial
properties and potential inflammatory risks. To further assess biosafety,
we conducted complete blood count analysis and histopathological ex-
amination of major organs (heart, liver, spleen, lungs and kidneys). As
shown in Fig. 10, all experimental groups showed no significant in-
flammatory cell infiltration or pathological changes, confirming the
excellent biocompatibility of TiP-ua without inducing significant local
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or systemic inflammatory responses or immune rejection [47]. These
systematic evaluations demonstrate the safety, reliability, and signifi-
cant clinical potential of TiP-ua material for bone defect repair
applications.

4. Conclusions

In summary, a uniform TiP flower cluster coating was successfully
formed on the surface of Ti substrate, with CuO and HA nanoparticles in
situ deposited on the TiP surface. The TiP-ua coating not only demon-
strated excellent photothermal performance under 980 nm NIR laser
irradiation but also exhibited superior synergistic antibacterial effects
through combined PTT and PDT, effectively eradicating both Gram-
positive S. aureus and Gram-negative E. coli, thereby achieving
controllable and enhanced antibacterial treatment. Importantly, the TiP-
ua coating exhibited excellent biosafety. Beyond its robust antibacterial
activity, it effectively suppressed inflammation in an in vivo infection
model while promoting more mature neobone formation, enhanced
osseointegration, and reduced inflammatory responses during bone
defect repair. In a word, the TiP-ua coating, as an effective strategy for
synergistic antibacterial therapy, provides a promising approach for
antibacterial infection prevention and repair in medical implant coat-
ings. The NIR-responsive TiP-ua coating is expected to further expand
the application of PTT and PDT assisted antibacterial-repair strategies in
the biomedical field [48].
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