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ABSTRACT

After prosthesis replacement for the treatment of bone tumors, incomplete removal of tumor cells is the main
challenge. Moreover, combating implant-associated infection and simultaneously promoting osseointegration are
highly demanded for orthopedic implants and therefore, a multifunctional coating that produces tumor thera-
peutic effects, antibacterial activity, and osteogenesis at the same time is of clinical significance. Herein, a
phototherapy platform composed of rare-earth elements - doped titanium dioxide nano-shovel/quercetin/L-
arginine (TiO2@UCN/Qr/LA) on titanium bone implant is fabricated. The stable nano-shovel structure pre-
pared by a hydrothermal method improves the photothermal conversion ability of titanium. Incorporation of Yb
and Er enhances the upconversion capability, thereby facilitating generation of reactive oxygen species (ROS)
during exposure to near-infrared II (NIR-II) light. Furthermore, under the action of ROS, L-arginine is catalyzed
to release nitric oxide (NO) free radicals. In vitro and in vivo experiments indicate that the combined actions of
ROS, quercetin, and NO not only inhibit bone tumor growth at a temperature of 48 °C, but also eliminate
Staphylococcus aureus biofilms on the Ti implants at a mild temperature of 45 °C upon illumination with a 1,060
nm laser. Moreover, TiO2@UCN/Qr/LA promotes angiogenesis and osteogenic differentiation, reduces inflam-
mation, and accelerates formation of new bone tissues.

1. Introduction

osseointegration, and bacteria resistance. Yuan et al. prepared a multi-
functional MoS;/PDA-RGD coating which not only improved the

Osteosarcoma is an aggressive malignant tumor occurring mainly in
children and adolescents [1-5]. The common treatment strategy is
surgery and some patients also need prosthesis replacements [6-8].
However, incomplete obliteration of tumor cells is frequently observed
after surgery [9,10,11,12] and poor osseointegration and infection
caused by biofilms often prolong the healing time risking amputation
[13-15]. Therefore, implants should possess multiple functions
including elimination of residual tumor cells, enhanced
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osteogenesis of MSCs, but also endowed Ti implant with antibacterial
ability when exposing to NIR (808 nm) laser [16]. Xiang et al prepared a
DTC@BG scaffold which can be used for photothermal ablation of bone
tumors and stimulation of newborn bone formation [17]. Unfortunately,
very few biomedical implants possess all three properties inherently and
so development of the suitable multifunctional coatings is of clinical
interest albeit challenging.

Near-infrared (NIR) light - assisted therapy including photothermal
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therapy (PTT) and photodynamic therapy (PDT) is a useful cancer
therapy [18-20]. NIR-II light can penetrate tissues more deeply than
NIR-I light because of weaker absorption by interstitial fluids, fats, and
skin tissues and hence, NIR-II light - assisted therapy has large clinical
potential [21,22]. PTT has also been demonstrated to not only obliterate
tumor tissues, but also kill bacteria [23,24]. However, the single PTT
treatment typically requires a relatively high temperature to eliminate
tumors and bacterial biofilms resulting in scalding of surrounding
normal tissues [25]. Similarly, when PDT is applied alone, the excess
amount of ROS can produce deleterious effects in the human body
[26,25]. However, when PTT and PDT are implemented in concert, the
synergistic effects have been shown to kill tumor cells and bacteria at the
same time with a relatively small amounts of ROS and low temperature
[27,26].

With the development of nanotechnology, gas-generating nano-
platforms (GGNs) have desirable therapeutic features [28-30]. Nitric
oxide (NO) which affects many physiological processes such as angio-
genesis, immune response, and bone transduction is used in anti-tumor
treatment, anti-biofilm formation, stem cell therapy, and angiogenesis
[31-34]. Generally, a high concentration of NO (10 ~ 10°® M) can kill
cancer cells directly via interactions with mitochondria and DNA
[35,36] and moreover, NO can enter bacteria to inhibit growth [37,38].
Low concentrations of NO (10'9 ~ 1012 M) accelerate vascular remod-
eling and production because of regulation of proliferation and migra-
tion of endothelial cells through the physiological effects of extracellular
signals [39,40]. NO has also been shown to be an auxiliary modality to
improve the therapeutic effects of PTT or PDT [41,42]. However, NO
must be released precisely and controllably to the diseased area -
in the treatment but the small diffusion range and short half-life of NO
are limitations in clinical applications [43,44]. L-Arginine (LA) as a NO
donor can produce NO via catalysis of NO synthase (NOS) or ROS and
good biocompatibility has been demonstrated [45,46].

Herein, a multifunctional coating which can be triggered by NIR-II
light is designed and fabricated on Ti implants to achieve bone tumor
treatment, anti-biofilm formation, as well as osseointegration simulta-
neously. The stable TiO2 nano-shovel arrays are formed on the Ti im-
plants by hydrothermal in tetramethylammonium hydroxide (TMAOH),
and ytterbium (Yb) and erbium (Er) are doped by secondary hydro-
thermal. The surface temperature of the implants rises to a sufficiently
high level due to the nano-shovel arrays upon irradiation with the 1,060
nm laser and Yb and Er enable up-conversion to generate ROS upon
illumination with NIR-II light. Quercetin (Qr) is immobilized covalently
on the surface of the TiO2 nano-shovel with organosilane as the coupling
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reagent, while the positively charged LA adsorb electrostatically onto
the negatively charged Qr. Qr as a flavonoid compound inhibits tumor
growth while producing antibacterial, anti-inflammatory, and anti-
osteoporotic effects [47,48]. LA can be catalyzed by ROS generated by
the rare-earth doped TiO; nano-shovel during 1,060 nm laser irradiation
to release NO. Hence, the system can quickly eliminate tumors and
biofilms by the combined actions of PDT, PTT, Qr, and NO. At the same
time, the nano-shovel structure and Qr promote osteogenic differentia-
tion of bone marrow mesenchymal stem cells (BMSCs) and NO promotes
angiogenesis and osseointegration (Scheme 1). The anti-tumor, anti-
biofilm, and osseointegration properties are investigated systematically
and verified in vivo and in vitro.

2. Material and methods
2.1. Preparation of TiO2@UCN/Qr/LA

The medical-grade pure Ti substrate was cut into pieces with a size of
1 cm x 1 ecm x 2mm and cleaned with ethanol and deionized (DI) water
for 20 min. The samples were immersed in 45 mL of TMAOH (1 mol/L),
placed into a 50 mL autoclave, and subjected to a hydrothermal treat-
ment at 200 °C for 12 h. After natural cooling, the samples were cleaned
with deionized water (labeled as TiO5). The samples underwent a second
hydrothermal treatment in the autoclave in a solution containing 224.6
mg Yb(NO3)3 and 230.6 mg Er (NO3)3 at 240 °C for 30 h. Afterwards, the
samples were cleaned with DI water and dried in an oven at 80 °C
(labeled as TiOo@UCN). To covalently modify with Qr, the samples were
immersed in a 4% v/v 3-aminopropyltriethoxysilane (APTES) solution
in absolute ethanol for 12 h for aminosilanization. The aminosilanized
samples were soaked in the Qr solution (5 x 102 M and pH of 5) at 30 °C
for 6 h (labeled as TiO2@UCN/Qr). After cleaning with DI water, the
samples were soaked in the LA solution (5 x 102 M) at 30 °C for 6 h
(labeled as TiO;@UCN/Qr/LA).

2.2. Characterization

The morphology, size and roughness of the nano-shovel were
examined by field-emission scanning electron microscopy (FE-SEM,
JSM-7001F, JEOL, Japan), transmission electron microscopy (TEM,
Tecnai G20, FEI, USA) equipped with energy-dispersive spectroscopy
(EDS), and atomic force microscopy (AFM, XE-100, Park Systems). The
structure of the nano-shovel was analyzed by TEM and X-ray diffraction
(XRD, Rigaku Dmax-3C, Cu Ka radiation) and X-ray photoelectron

Scheme 1. Schematic illustration of TiO,@UCN/Qr/LA nano-shovel on Ti implants for tumor ablation, biofilm elimination, vascularization and bone regeneration.
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spectroscopy (XPS, K-Alpha, Thermo) was employed to determine the
surface composition of the samples. The JS94 (Powereach, China) was
used to determine the zeta potentials of the solutions and the JC2000D2
(Powereach, China) was employed to measure the contact angles and
hydrophilicity of the samples. The electrochemical impedance spectro-
scopy (EIS) was tested by electrochemical workstation (CHI660E,
Chenhua, China).

2.3. In vitro photothermal effects

The samples were put on a 24-well plate together with 1 mL of the
phosphate buffer saline (PBS) and irradiated with the 1,060 nm laser
with different power settign (0.3 W cm’z, 0.6 W cm’z, and 0.9 W cm™2).
A thermal imager was used to record the real-time temperature every
minute for 15 min.

2.4. In vitro photocatalytic effects

The ROS (-OH and '0,) generated during 1,060 nm light irradiation
were monitored with the aid of methyl violet (MV) and 1,3-diphenyliso-
benzofuran (DPBF), respectively. To reach the adsorption/desorption
equilibrium, the samples were immersed in 1 mL of MV (0.025 g/L) and
DPBF (0.07 g/L), respectively and placed in the dark for 10 min. After
irradiation with the 1,060 nm laser with different power (0.3 W em 2,
0.6 W cm’z, 0.9W cm’z), the optical densities (OD) of the residual MV
and DPBF solutions were determined at 580 nm and 420 nm by ultra-
violet-visible =~ (UV-vis) spectrophotometry. The EMXPLUS10/12
(Bruker, Germany) was employed to monitor the electron spin reso-
nance (ESR).

2.5. NO generation

The concentration of NO released from the samples upon irradiation
with the 1,060 nm laser with different power (0.3 W cm2, 0.6 Wem ™2,
0.9 W cm™~2) was measured using a NO kit. The diazonium compounds
formed were analyzed by UV-vis spectrophotometry at 540 nm.

2.6. In vitro antitumor ability

The osteosarcoma cells (Saos-2 cells, Shanghai Chinese Academy of
Sciences) were cultured in the Dulbecco’s modified eagle medium
(DMEM) in an incubator (37 °C, 5% CO5). The DMEM medium was
supplemented with penicillin/streptomycin (1%) and fetal bovine serum
(FBS 10%) and changed every day. To evaluate the anti-osteosarcoma
performance, the UV-sterilized samples were put on a 24-well plate
and 1 mL of Saos-2 cells (2 x 10* cells/cm?) was added. Ten groups were
studied (Table 1).

2.6.1. Live/Dead assay

The ablation effects of the osteosarcoma cells were evaluated with a
live/dead kit. After the samples underwent different treatments (NIR-II -
and NIR-II + ) and washed with PBS, they were covered with 50 pL of the

Table 1

Grouping and naming of samples.
Samples Named Samples Named
Ti Ti Ti + NIR-II Ti +
TiO, TiO, TiO3 + NIR-II TiOy +
TiO,@UCN TiO,@UCN TiO2@UCN + NIR-II TiO,@UCN +
TiO,@UCN/Qr TiO,@UCN/Qr TiO,@UCN/Qr + TiO,@UCN/Qr +

NIR-II
TiO,@UCN/Qr/  TiO,@UCN/Qr/  TiO,@UCN/Qr/LA + TiO,@UCN/Qr/
LA LA NIR-II LA +

The groups indicated by “+” were irradiated with the 1,060 nm laser (0.9 W
cm~2) for 10 min and the temperature during irradiation was maintained at 48
°C using a water bath.
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staining solution and incubated in the dark for 1 h. Four regions were
chosen randomly for observation under a confocal scanning laser mi-
croscope (CLSM).

2.6.2. Annexin V/PI staining

The Saos-2 cells after different treatments (NIR-II - and NIR-II + )
were digested with 2.5% trypsin (without EDTA) and collected by
centrifugation. Annexin V-FITC and propidium iodide were added to the
cells and incubated in the dark for 20 min and then the multicycle
software was used to analyze the number of apoptotic cells.

2.6.3. Cell morphology

The morphology of the cells after different treatments (NIR-II - and
NIR-II + ) was examined by FE-SEM. After the cells were fixed with 3%
glutaraldehyde for 1 h, dehydrated with gradient ethanol (20-100%) for
20 min, air-dried, and gold coated, they were observed by FE-SEM.

2.7. Invitro evaluation of the antibacterial activity

2.7.1. Antibiofilm assay

The bacteria used in the experiment were Staphylococcus aureus
(S. aureus, ATCC 29213). The bacterial suspension (2 mL, 1 x 10° CFU/
mL) was cultured with the samples at 37 °C to form biofilms after 2 days.
The biofilm-covered samples were put in 1 mL of PBS and illuminated
with a laser (1,060 nm, 0.6 W cm?) for 15 min to evaluate the anti-
biofilm capability. The temperature was maintained by placing the
container with the samples in a constant temperature water bath.

The spread plate technique was adopted to assess the anti-biofilm
forming capability. To dislodge the bacteria from samples, the samples
after different treatments (NIR-II -, NIR-II + 25 °C and NIR-II + 45 °C)
were sonicated in 1 mL of PBS. The standard agar medium was coated
with 50 pL of the bacteria suspension diluted 1,000 times and incubated
at 37 °C for 24 h. The agar plate with growing colonies was photo-
graphed and counted with Ti without irradiation being the control. The
antibacterial ratio was calculated by the following formula:

ﬂ*ﬂmph) / Beone] X 100%

FE-SEM was performed to observe the morphology of the bacteria in
the biofilms after fixing with 2.5% glutaraldehyde and rinsing with PBS.
After serial dehydration with alcohol (20 to 100%) for 15 min and gold
coating, they samples were examined by SEM. A CLSM was used to
capture the 3D pictures of the biofilms stained with the live/dead kit
(acridine orange/propidium iodide). After the irradiated samples were
stained in the dark for 15 min, 4 regions were randomly selected and
observed by CLSM.

Antibacterial ratio = [(Buonyol —

2.7.2. Bacterial membrane permeability
O-nitrophenyl-g-D-galactopyranoside (ONPG) was used to investi-
gate the membrane permeability of the biofilms. After different treat-
ments (NIR-II -, NIR-II + 25 °C and NIR-II + 45 °C), the samples were
treated with the ONPG solution (500 pL) and the OD value of the yellow
supernatant was determined on a microplate reader at 420 nm.

2.7.3. Protein leakage

The samples were placed in the bacterial suspension (1 mL, 5 x 107
CFU/mL). After different treatments (NIR-II -, NIR-II + 25 °C and NIR-II
+ 45 °C), the bacterial suspension was centrifuged for 12 min at 5,000
rpm and 4 °C. An assay kit (P0010; Beyotime) was utilized to determine
the quantity of leached proteins in the supernatant.

2.8. Invitro angiogenic activity of HUVECs

The human umbilical vein endothelium cells (HUVECs) were
cultured the same way as the Saos-2 cells described in section 2.6, except
that the power of the laser was 0.6 W cm™2 and the temperature was
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45 °C.

2.8.1. Live/Dead assay
The experimental protocol was the same as that described in section
2.6.1.

2.8.2. VEGF secretion

The amount of VEGF secreted by the HUVECs was measured by the
VEGF enzyme-linked immunosorbent assay (ELISA) kit (Abcam, UK).
After different treatments (NIR-II - and NIR-II + ), the HUVECs were
cultured for 24 h before collecting the supernatant was collected and the
VEGF released from the HUVECs was quantified according to the man-
ufacturer’s instructions.

2.8.3. Angiogenesis

ECMatrix ™ (Millipore, Cat. No. ECM625) was used in the angio-
genesis evaluation in vitro. Before the experiment, the ECMatrix' ™ gel
was thawed at 4 °C overnight. After the viscous ECMatrix ™ gel was
mixed slowly mixed the diluted buffer, 50 pL of the solution were added
to a pre-cooled 96-well plate and allowed to solidify for 45 min at 37 °C.
After the different treatments (NIR-II - and NIR-II + ), the HUVECs were
cultured further for 3 days and the supernatant of the culture medium
was collected. The HUVECs (2 x 10* cells) and collected medium were
added to the solidified ECMatrix™ colloid and incubated for 4, 8, and
12 h at 37 °C. At each time point, photographs were taken from 4
random areas by a fluorescent inverted microscope.

2.9. Invitro osteogenic differentiation of BMSCs

The culturing conditions and treatments were the same as those for
the HUVECs described in Section 2.8 except that the medium was
change to the minimum essential medium alpha medium (a-Mem,
Gibco, America).

2.9.1. Cell morphology

The morphology of the BMSCs on the samples after different treat-
ments (NIR-II - and NIR-II + ) was examined by the cytoskeleton as-
sembly experiment. The cells were fixed with paraformaldehyde (4%)
for 45 min and stained with FITC and DAPI for 1 h and 15 min in the
dark, respectively. Four random areas were selected for CLSM.

2.9.2. Annexin V/PI staining
The experimental protocol was the same as shown in section 2.6.2.

2.9.3. Alkaline phosphatase (ALP) activity

After incubation for 4 and 7 days, the cells were lysed in the cell
lysate and the intracellular ALP activity was determined quantitatively
using the ALP detection kit.

2.9.4. Collagen secretion and matrix mineralization

Collagen secretion and matrix mineralization of the BMSCs cultured
on the samples were analyzed quantitatively by Sirius Red (Sigma,
America) and Alizarin Red (Aladdin, China) staining, respectively. After
culturing for 7 and 14 days, the BMSCs were fixed with 4% para-
formaldehyde and 75% ethanol and then stained with 0.1 wt% Sirius red
and 40 mM alizarin red (pH = 4.2). The stain was cleaned with 0.1 M
acetic acid and distilled water until it became colorless and then and
eluted with 1 mL of 0.2 M NaOH/methanol (1:1) and 500 pL of 10%
hexadecylpyridinium chloride. The OD values of these two solutions
were measured at 570 nm.

2.9.5. Osteogenesis-related gene expression

The BMSCs were collected after culturing for 7 days and digested
with trypsin (2.5%). The Eastep® super total RNA extraction kit
(Promega) and PrimeScript™ RT reagent Kit (Takara) were employed to
extract the cellular RNA and reverse transcribe the RNA, respectively.
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The StepOne real-time PCR system (Applied Biosystems) was used to
determine the gene expression level (OCN, OPN, RUNX2). The primer
sequences for the genes are listed Table S1 and the gene expression level
of GADPH was used for normalization.

2.10. In vivo anti-tumor therapy

The animal experiments were approved by the Animal Ethics Com-
mittee of “Shanxi Medical University” and followed the stipulated reg-
ulations and 1% w/w sodium pentobarbital (30 mg/kg) was used in
anesthesia. The tumor-bearing mouse model was established to evaluate
the synergistic anti-tumor effects triggered by NIR-II in vivo. The Balb/c-
nu mice (four-week-old) were assigned randomly to four groups (Ti, Ti
+, TiOo@UCN/Qr/LA, and TiO,@UCN/Qr/LA + ). After the hips of
nude mice were injected with Saos-2 cells to form a mature tumor
(diameter of 8 mm), the sample (®5 mm x 0.2 mm) was implanted in
the tumor center. The light source for the irradiation group was a 1,060
nm laser (0.9 W cm™2) and the first day of phototherapy was designated
as day 0. Moreover, phototherapy was performed every other day for 10
min. The width and length of the tumor were recorded and the relative
tumor size was V/Vy. The initial tumor - implant volume was recorded as
Vo and the tumor volume was calculated by the following formula:

V = (tumor length) x (tumor width)’/2 — implant volume

On the 15th day, the tumor was taken out, photographed, weighed,
and stained with hematoxylin and eosin (H&E), terminal deoxy-
nucleotidyl transferase uridine triphosphate nick end labeling (TUNEL)
and Ki-67.

2.11. In vivo antibacterial activity

An infection model was established in the tibia of Kunming mice
(300 g) to evaluate the synergistic antibacterial effects triggered by the
NIR-II laser in vivo. The mice were divided randomly into four groups
(Ti, Ti 4+, TiO,@UCN/Qr/LA, and TiOo@UCN/Qr/LA + ). The tibia of
the anesthetized mice was implanted with a cylindrical sample (®1.5
mm X 3 mm) covered with the biofilm and the wound was sutured. One
day after operation, the irradiation groups were irradiated with the
1,060 nm laser (0.6 W ¢cm~2) for 15 min and the temperature was
recorded every minute. The mice were euthanized three days after
surgery. The samples were taken out and the remaining bacteria on the
surface were dislodged ultrasonically in 1 mL of PBS. The standard agar
medium was coated with 50 pL of the bacteria suspension diluted 1,000
times to evaluate the bacteria resistance in vivo. Tissue infection around
the implant was evaluated by H&E, Giemsa and CD31 staining and the
levels of tumor necrosis factor-a (TNF-a) and interleukin 6 (IL-6) in the
tissues were analyzed with the ELISA kit (Abcam) and immunofluores-
cence kit (Novus) in accordance with the manufacturers’ instructions.

To verify that the penetration depth of the NIR-II laser was sufficient,
the same method was adopted to assess the photothermal and antibac-
terial performance of the samples in New Zealand white rabbit (2 kg)
femurs. The 808 nm (1 W cm ™~ 2) and 1060 nm (1 W c¢cm2) lasers were
used as light sources.

2.12. In vivo osteogenic activity assay

The samples and surgical procedures were described in section 2.11
and the mice were euthanized after 4 weeks. The tibia of the mice with
the samples were inspected by a micro-CT (VivoCT80, Scanco Medical,
Switzerland) to establish a 3D model to quantify the amount of newly
formed bone tissues. The tibia with the sample was fixed with para-
formaldehyde (4%), dehydrated with gradient alcohol, impregnated
with xylene, and embedded in polymethyl methacrylate to make the
section which was stained with H&E and Safranin-O/Fast Green to
evaluate osseointegration. Finally, the biological safety was investigated



G. Zhang et al.

by staining the main organs of the mice including the heart, liver, spleen,
lung, and kidney with H&E.

2.13. Statistical analysis

All the experimental data were analyzed by the one-way analysis of
variance and expressed as the mean + SD with n > 3. The significance,
high significance, and extreme significance were assessed by *p < 0.05,
**p < 0.01, and ***p < 0.001, respectively.

3. Results and siscussion
3.1. Morphology of the nano-shovel

The preparation process is illustrated in Scheme 2. The uniform
nanostructures mimicking crescent moon shovels are formed on the Ti
plates after the alkali thermal reaction, and the coating thickness was
about 650 nm (Figure S1). After doping with Yb and Er and immersion in
the Qr and LA solutions, the morphology and roughness of the samples
are basically unchanged (Figure S2, Fig. 1A and 1B). The TEM image
(Fig. 1C) obtained from the scratched particles of TiO;@UCN shows that
doping with the rare-earth elements does not alter the (101) plane of
TiO, with a lattice spacing of 0.35 nm. EDS confirms that Yb and Er are
distributed uniformly on the TiO, nano-shovel. After sonication for 20
min or immersion in PBS at room temperature for 90 days, the nano-
shovel is stable and adheres well to the substrate (Figure S3). The
diffraction peaks of 54.1° and 70.2° in the XRD spectra further corrob-
orate successful preparation of the TiO3 nano-shovel with the anatase
phase. TiO@UCN, TiO,@UCN/Qr, and TiO,@UCN/Qr/LA show
similar XRD patterns as TiO,, indicating that doping with rare-earth
elements and grafting of activating factors do not alter the structure of
TiO,.

The surface chemical composition of TiO3, TiIO2@UCN, TiO,@UCN/
Qr, and TiO@UCN/Qr/LA is determined by XPS as shown in Fig. 1E.
Peaks of Ti 2p, O 1 s, and C 1 s are observed from the TiO, nano-shovel
and Yb 4d and Er 4d peaks are observed from TiO2@UCN confirming
successful doping with Yb and Er. After silanization and covalent
bonding of Qr on the surface of TiO,@UCN, the intensity of the Yb 4d
and Er 4d peaks decreases but the Si 2p peak appears from APTES
(Figure S4) [49]. After introduction of LA, the N 1 s peak increases but
the Si 2p peak decreases. In the high-resolution C 1 s spectrum of
TiO2@UCN/Qr (Fig. 1E1), peaks of C = C and C = O appear at 284.1 eV
and 287.7 eV, respectively, indicating that Qr is modified on the silan-
ized TiOo@UCN surface [50]. The new peak of C = N (286.9 eV)
observed from TiO;@UCN/Qr/LA (Fig. 1E2) stems from the imine bond
in LA corroborating grafting of LA [48]. The zeta potentials also verify
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grafting of LA on TiOo@UCN/Qr (Fig. 1F). The potential of the nega-
tively charged Qr solution decreases from 23.43 mV to —10.6 mV after
mixing with the LA solution (—35.9 mV) suggesting LA is grafted onto
TiO2@UCN/Qr electrostatically [51].

The wettability is shown in Fig. 1G. The alkali reaction improves
the hydrophilicity of Ti as shown by the decrease in the contact angle
from 53.76° to 10.83° due to the morphological change. After doping
with rare-earth elements, the contact angle on TiO2@UCN increases to
33.63°. However, the contact angle on TiO2@UCN/Qr decreases and
further decreases to 10° after modification with LA. The improved hy-
drophilicity is expected to promote cell adhesion by increasing the af-
finity between the matrix and cell wall proteins [52].

The amount of Qr and LA are determined by ultraviolet spectro-
photometry (Figure S6). The amounts of Qr immobilized on
TiO,@UCN/Qr and TiO,@UCN/Qr/LA are 2.97 and 2.69 ug/cm2
respectively, and the LA immobilized on TiO2@UCN/Qr/LA is 1.25 pg/
cm?. Furthermore, the release curve of Qr in TiO,@UCN/Qr/LA is
measured and the results are shown in Figure S7. This result shows that
the fixation of L-Arg can slow down the release of Qr. In the initial stage,
the release of Qr is not in large amounts, but gradual-
ly reached a tipping point. Meanwhile, the First-order model and Higu-
chi model were established, and the first-order model have a higher
degree of fit.

3.2. Photothermal and photocatalytic characteristics and controlled
release of NO

The photothermal conversion ability is investigated by irradiating
the samples in 1 mL of PBS with the 1,060 nm laser (0.6 W cm 2. As
shown in Fig. 2A and Figure S8, the change in the surface temperature of
the samples with nano-shovels is basically the same with the tempera-
ture maintained at around 55 °C after irradiation for 8 min. In contrast,
the highest temperature on Ti is only 45 °C thus verifying that the nano-
shovel has good photothermal properties. The specific mechanisms of
the photothermal response from TiO; nanostructures irradiated with
NIR light have been elaborated in our previous study [53,54]. Firstly,
the optical properties played a major role in the photothermal response,
and the TiO; nanostructures have higher absorption and lower reflec-
tivity than flat Ti [55]. Secondly, the nanostructures could improve the
heat-transfer performance, thus facilitating photothermal conversion
[56]. In addition, the doping of rare earth elements could significantly
increase the absorption of TiO; in the near-infrared band, and the heat
generated in photocatalysis might also contribute to the rising temper-
ature [57]. The laser power affects the photothermal effects. As the
power density of the 1,060 nm laser is increased from 0.3 W cm ™2 to 0.9
W cm ™2, the temperature of TiO,@UCN/Qr/LA increases rapidly from

Scheme 2. Schematic illustration of the crafting process of TiO,@UCN/Qr/LA nano-shovel on Ti implant.
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42.4°Cto 63.4 °C (Fig. 2B). The heating and cooling curve illustrates the
high efficiency and stability of TiOo,@UCN/Qr/LA in the photothermal
conversion process (Fig. 2C) consequently providing the foundation for
photothermal therapy.

The amounts of 10, and -OH produced by irradiation are determined
by DPBF and MV, respectively. Figure S9 shows the change in the ab-
sorption peak intensity at 420 nm for the different samples after irra-
diation with the 1,060 nm laser for 15 min (0.9 W cm’z). Compared to
the blank control, the absorption peaks of Ti and TiO; only exhibit small
decline, but those of TiO,@UCN, TiO@UCN/Qr, and TiO,@UCN/Qr/
LA decrease significantly to the same level, implying that a lot of 105 is
generated and modification with Qr and LA has no obvious effects on the
production of 102. On the other hand, the yield of 102 increases with
illumination time and laser power. The results of -OH produced upon
irradiation are similar to those of 10,. It has been shown that optical
absorption, electron-hole pair separation, and crystallinity of TiO3 can
be enhanced by doping with rare-earth elements, nonmetals, and
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Fig. 1. (A) SEM image of TiO,@UCN/
Qr/LA; (B) AFM image of TiO,@UCN/
Qr/LA; (C) TEM image and elemental
maps of the nano-shovel separated from
TiO>@UCN; (D) XRD patterns of TiOs,
TiO,@UCN, TiO,@UCN/Qr, and
TiO,@UCN/Qr/LA; (E) XPS survey
spectra of TiO,, TiO,@UCN,
TiO,@UCN/Qr, and TiO,@UCN/Qr/
LA, (E1) C 1 s spectra of TiO,@UCN/Qr
and (E2) TiO,@UCN/Qr/LA; (F) Zeta
potentials on Qr, LA, and Qr@LA solu-
tion; (F) Contact angles on the samples
(***p < 0.001).

transition metals [58]. The doping ions can reduce the band gap and
expand the light response range. There existed some intermediate en-
ergy levels in the band gap of TiO2@UCN owing to the introduction of
the dopants [59,60]. Another reason might be that the doped ions could
introduce the oxygen vacancie to prevent electron-hole pairs recombi-
nation or cause charge imbalance which could adsorb more hydroxide
ions or O3 to form hydroxyl radicals, thus jointly improving the photo-
catalytic activity under near-infrared light [61,62]. As shown in Fig. 2D,
the diameter of the loop for TiO,@UCN decreases significantly, sug-
gesting reduced resistance of charge transport and better charge transfer
after doping of Yb and Er. The decrease in the semicircle at intermediate
frequencies indicates that the smaller interfacial resistance of
TiO2@UCN promotes transfer and transportation of charges leading to
improved photocatalytic properties [63]. The amount of ROS generated
by Ti and TiO2@UCN/Qr/LA under 1,060 nm laser irradiation is
determined by ESR (Fig. 2E and F). A negligible ESR signal is detected
from Ti but that from TiO,@UCN/Qr/LA is strong, indicating that TiO4
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Fig. 2. Evaluation of heat, ROS, and NO: (A) Photothermal curves of Ti, TiO5, TiO2@UCN, TiO,@UCN/Qr, and TiO,@UCN/Qr/LA upon 1,060 nm light irradiation
0.6 W cm’z); (B) Temperature change of TiOo@UCN/Qr/LA during 1,060 nm light irradiation (0.3 W cm 2 - 0.9W cm’z); (C) Heating and cooling curve of
TiO>,@UCN/Qr/LA for 3 cycles; (D) EIS of TiO5 and TiO,@UCN with or without irradiation; (E) 102 and (F) -OH detected from Ti and TiO,@UCN/Qr/LA by ESR with
the DMPO probe; (G) NO release from TiO,@UCN/Qr/LA upon 1,060 nm light irradiation (0.3 W cm ™2 — 0.9 W em™2); (H) Fluorescence images of NO of Ti and

TiO,@UCN/Qr/LA after 1,060 nm laser irradiation.

nano-shovel doped with Yb and Er produces 10, and -OH during NIR-II
light exposure due to the up-conversion property and therefore, the
photocatalytic properties are improved significantly.

The conversion of LA to NO in the catalytic reactions has been
explored in the field of biomedicine [45] and the NIR-responsive
TiO2@UCN/Qr/LA provides the suitable platform to realize PTT, PDT,
and ROS-responsive NO therapy at the same time. Release of NO from
TiO2@UCN/Qr/LA during 1,060 nm laser irradiation is presented in
Fig. 2G. TiOo@UCN/Qr/LA cannot produce NO without laser irradiation
and release of NO triggered by ROS exhibits a positive correlation with
the laser power. When it is increased from 0.3 W cm ™2 to 0.9 W cm ™2,
the amount of NO changes 1.2 pM to 3.8 pM. The DAF-FM probe further
verifies generation of NO rendered by catalysis of ROS. After 1,060 nm
laser irradiation, TiO,@UCN/Qr/LA shows obvious NO fluorescence
staining compared to Ti (Fig. 2H). In addition, the N 1 s high-resolution
spectra of TiOo@UCN/Qr/LA irradiated with or without 1060 nm laser
were analyzed by XPS (Figure S10). As shown in Fig. 1, after
TiO2@UCN/Qr/LA was irradiated with 1060 nm laser, the proportion of
C = O bond reduced, indicating the formation of NO and citrulline.

3.3. In vitro therapeutic effects on osteosarcoma

The killing effects of Saos-2 cells is investigated in vitro. As shown in

Fig. 3A, the live/dead staining assay reveals that most of the cells exhibit
green fluorescence without laser irradiation. The sporadic dead cells on
TiO2@UCN/Qr and TiO,@UCN/Qr/LA can be attributed to the anti-
tumor effects of Qr [47,48]. After laser irradiation for 10 min, most of
cells in the Ti 4 and TiO9 + groups survive, even though the temperature
rises to 48 °C. After doping with the rare-earth elements, a few dead cells
appear from the TiO2@UCN + group showing that PDT enhances low-
temperature PTT in killing tumor cells. Introduction of Qr further in-
creases the number of dead cells in the TiO2@UCN/Qr + group. Sur-
prisingly, almost all the tumor cells in the TiO2@UCN/Qr/LA + group
are dead indicative of the synergistic anti-tumor effects of hyperthermia,
ROS, Qr, and NO. Flow cytometry is performed and as shown in the
Fig. 3B, the Saos-2 cells show great activity without light irradiation but
in contrast, those in the TiO2@UCN/Qr/LA + group undergo apoptosis
(64.7%) according to live/dead staining.

The morphological changes of the tumor cells are monitored by SEM
(Fig. 3C). The Saos-2 cells of the Ti, TiO,@UCN, and TiO,@UCN/Qr/LA
groups spread well. After 1,060 nm laser illumination 10 min, the cell
morphology of the Ti + group does not change but those of the
TiO2@UCN + and TiO2@UCN/Qr/LA + groups begin to shrink, espe-
cially the TiO2@UCN/Qr/LA + group. The therapeutic effects of normal
cells are investigated under the same conditions. As shown in
Figure S11, although some of the normal cells die, they do not ablate as
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Fig. 3. In vitro osteosarcoma cell ablation of Ti, TiO5, TiO,@UCN, TiO,@UCN/Qr, and TiO,@UCN/Qr/LA: (A) CLSM images of Saos-2 cells (green/red represents
live/dead cells); (B) Flow cytometry results of Saos-2 cells; (C) SEM images of Saos-2 cells.

extensively as the Saos-2 cells. The main reason is that tumor cells are
more sensitive to heat than normal cells [60] and therefore, the photo-
therapeutic effects of TiOo@UCN/Qr/LA are quite good giving rise to
tumor cell apoptosis and tumor ablation as a result of synergistic PTT,
PDT, Qr, and NO effects. Previous studies have pointed out that Qr had
an inhibitory effect on multiple cancer cells and can inhibit a variety of
enzymes in cancer cells to participate in cell proliferation and signal
transduction pathways [61,62]. Meanwhile, Qr also played an anti-
tumor role by inducing apoptosis of tumor cells [63,64]. Moreover,
the synergistic effect of Qr and chemotherapy drugs or radiotherapy
could effectively kill tumors, and Qr could also protect normal cells from

the side effects of chemotherapy and radiotherapy [65,66].

3.4. In vitro bacterial biofilm elimination

The anti-biofilm efficiency is assessed by the spread plate method
(Fig. 4A) and the antibacterial rate is calculated by counting the number
of colony forming units (Fig. 4B). All the samples do not exhibit apparent
bacteriostasis against biofilms without NIR-II light irradiation
(Figure S12). After irradiation with the 1,060 nm laser for 15 min at 25
°C, the Ti + and TiO; + groups still show negligible bactericidal effects,
but the antibacterial efficiency of the TiO;@UCN +, TiO2@UCN/Qr +,
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Fig. 4. Anti-biofilm efficiency of Ti, TiO5, TiOo@UCN, TiO2@UCN/Qr, and TiO,@UCN/Qr/LA in vitro and corresponding mechanism: (A) Photographs of bacteria
colonies detached from the S. aureus biofilms after different treatments; (B) Anti-biofilm efficiency based on the spread plate results; (C) Fluorescence images, (D)
SEM images, and (E) Biofilm survival percentages of S. aureus; (F) Bacterial membrane permeability after different treatments; (G) Protein leakage of S. aureus after
different treatments; (H) Biofilm elimination mechanism of TiO,@UCN/Qr/LA nano-shovel; (*p < 0.05, **p < 0.01, ***p < 0.001).
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and TiO2@UCN/Qr/LA + groups is 32.2%, 37%, and 51.1%, respec-
tively. The results show that the ROS produced by TiO2@UCN has some
bactericidal ability and introduction of Qr and NO produces further
improvement. However, the activity is not sufficient to eliminate biofilm
formation completely without PPT. When the temperature rises to 45 °C,
the antibacterial efficiency of the TiOo@UCN + and TiO2@UCN/Qr +
groups increases to 58.8% and 75.7%, respectively, indicating that the
combination of hyperthermia, ROS, and Qr produces weak bactericidal
effects without NO. In contrast, the antibacterial efficiency of the
TiOo@UCN/Qr/LA + at 45 °C reaches 99.3% revealing that a combi-
nation of low-temperature PTT, PDT, Qr, and NO is essential to elimi-
nate biofilms.

The anti-biofilm effects are evaluated quantitatively by live/dead
staining and the 3D fluorescence images after exposure to the 1060 nm
laser for 15 min are depicted in Fig. 4C. The biofilm of the Ti + group is
stained green indicating that the bacteria survive despite laser irradia-
tion. The green area of the TiO; + group decreases slight mainly because
of PTT and there is some biofilm inhibition. Some red fluorescence ap-
pears from the TiOo@UCN + group indicating that ROS generated
enhance the antibacterial activity. After introduction of Qr, the red area
increases but biofilms are not eliminated completely. After LA is
immobilized on the surface of TiO,@UCN/Qr and NO is added to Kkill
bacteria, the TiOo@UCN/Qr/LA + group exhibits excellent anti-biofilm
effects.

The morphology of the S. aureus biofilms is observed by SEM
(Fig. 4D). After exposure to the 1,060 nm laser for 15 min, the biofilms of
the Ti + and TiO; + groups are dense and the bacteria have the typical
spherical morphology with the complete membrane structure. In com-
parison, the biofilms of the TiO,@UCN + and TiO2@UCN/Qr + groups
are largely eliminated and the bacteria survival percentage drops to
60.3% and 49% (Fig. 4E), respectively. Furthermore, atrophy and
deformation can be observed from some bacteria. Only a trace amount of
bacteria remains in the TiO2@UCN/Qr/LA + group but they are sever-
ely shriveled and distorted.

The degree of bacterial membrane damage is measured by ONPG
which can penetrate damaged cell membranes and react with bacterial
intracellular p-d-galactosidase to form o-nitrophenol [67]. After incu-
bation for 15 min in the dark, hydrolysis of ONPG shows insignificant
changes (Fig. 4F), indicating negligible impact on bacteria without light
irradiation. Comparatively, even when the temperate is 25 °C, the
TiO2@UCN + and TiO,@UCN/Qr + groups show extensive hydrolysis
of ONPG compared to the Ti + and TiO, + groups. The permeability of
the bacterial membrane of the TiO,@UCN/Qr/LA + group increases,
implying that ROS damage the bacterial cell membrane. When the
temperate is increased to 45 °C, hydrolysis of ONPG of the TiO,@UCN
+, TiOo@UCN/Qr +, and TiO,@UCN/Qr/LA + groups increases
further. In particular, the combination of the PTT, PDT, and NO im-
proves the bacterial membrane permeability of the TiO,@UCN/Qr/LA
group. Meanwhile, membrane destruction results in leakage of cyto-
plasm [68-70] which shows a similar trend as hydrolysis of ONPG
(Fig. 4G).

Generally, once bacteria were adsorbed on the inert surface, a large
number of polysaccharides, lipids and other polymers would be pro-
duced to wrap around the bacteria, thus forming a natural barrier layer.
The protective layer could prevent antibiotics from embedded in the
bacterial outer wall and increase the difficulty of removing biofilm
[71,72]. Previous studies have confirmed that ROS could destroy the
extracellular matrix by degrading biofilm components, leading to the
elimination of biofilms [73]. For instance, ROS could react with the
ribonucleic acid, leading to the destruction of the DNA bonds and
collapse of the extracellular DNA structural framework [74]. However, a
large amount of ROS was required to effectively eliminate biofilm due to
the antioxidant system of biofilm. NO molecules, as a free radical, can
not only weakened the protection of biofilms by the antioxidant system,
but also greatly enhance the ability of ROS to penetrate into biofilms
[74]. Meanwhile, NO also could react with ROS to produce more deadly
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peroxynitrite (ONOO-) molecules (Figure S13) which can destroy bac-
terial cell membranes effectively [75,76]. In addition, some studies have
shown that Qr could increase the permeability of the cell membrane by
destroying the integrity of the bacterial cell membrane [77,78]. At the
same time, the protein synthesis in the bacteria could be blocked,
thereby affecting the physiological functions of the protein in the bac-
teria [79].

According to the antibacterial results, Fig. 4H shows the mechanism
associated with biofilm elimination. Hyperthermia and ROS generated
by the up-converted TiO,@UCN/Qr/LA during NIR-II light exposure
cause initial oxidation damage to the bacterial membrane. NO produced
by LA by ROS catalysis further cripples the antioxidant defense system of
the bacteria and destroys the integrity of the cell membrane. Posteriorly,
the released Qr acts as a bactericide to destroy the bacteria and the
irreversible damage to the cell membrane exacerbates loss of intracel-
lular components leading to death. Our results reveal the combined ef-
fects of PTT, PDT, Qr and NO produced by TiO,@UCN/Qr/LA under
NIR-II light irradiation are responsible for the excellent outcome.

3.5. In vitro angiogenesis

The prerequisite to osseointegration at the bone-implant interface is
angiogenesis [80] and the angiogenic activity is investigated by
culturing HUVECs on the samples. As shown in Fig. 5A, all the samples
show no obvious cytotoxicity with or without irradiation. In particular,
the TiO2@UCN/Qr/LA + group promotes HUVECs proliferation attrib-
uted to NO. VEGF secretion is an indicator of the HUVECs activity and
key factor in angiogenesis [81] and the level of VEGF secreted by
HUVECGs is quantified by ELISA (Fig. 5B). Similar to fluorescent staining,
only the HUVECs of the TiOo@UCN/Qr/LA + group shows more VEGF
secretion. The angiogenesis ability of HUVECs is evaluated by an
angiogenesis kit containing ECMatrix™ gel. During cultivation, the
HUVECs begin to self-assemble after 4 h forming branched nodes and
meshed circles (Fig. 5C). The branching and reticular circles are
enlarged after 8 h and parallel tubular cell lines are seen after 12 h. The
number of points and circles as well as tube formations of the
TiO2@UCN/Qr/LA + group increase significantly compared to the other
groups at the same time point. Previous studies showed that NO diffu-
sion in vasculature contributed to vascular permeability, and longer-
term responses such as HUVECs survival, migration and proliferation
[82]. Meanwhile, NO could up-regulate the expression of VEGF, thereby
promoting angiogenesis [82]. On the other hand, LA catalyzed by ROS
could produce L-citrulline with excellent biocompatibility, which might
also affect the physiological function of cells [83]. At the same time, the
abundant vascular network provides the necessary nutrients and oxygen
for osteoblasts and osteoinductive growth factors giving rise to
enhanced osseointegration [84,85].

3.6. In vitro response of BMSCs

The biological interface requires the proper cytocompatibility and
osteogenic activity for osseointegration. As precursors of osteoblasts,
BMSCs play a crucial role in bone regeneration [86]. The morphology,
proliferation, apoptosis, osteogenic differentiation, and expression
levels of related genes of BMSCs are therefore monitored to evaluate the
osteogenic ability. As shown in Fig. 6A and S14, the F-actin and cell
nuclei are stained with FITC and DAPI to observe the cell morphology,
adhesion and spread activity. With or without light exposure, the BMSCs
on all the samples exhibit the same trend, indicating that the effects of
light on the BMSCs at 45 °C are minimal. Compared with Ti and TiO,
the BMSCs spread poorly on TiOo@UCN and the number also decreases
possibly because of the poor hydrophilicity of TiO2@UCN after doping
with rare earth elements. However, most of the BMSCs show the typical
slender shape with numerous filamentous feet on TiO;@UCN/Qr and
TiOo@UCN/Qr/LA, suggesting that Qr benefits growth and proliferation
of BMSCs. There is no obvious difference between the TiO,@UCN/Qr
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Fig. 5. Invitro angiogenesis evaluation of Ti, TiO,, TiO,@UCN, TiO,@UCN/Qr, and TiO,@UCN/Qr/LA: (A) Fluorescence images of HUVECs (green/red representing
live/dead cells); (B) VEGF concentrations secreted by HUVECs; (C) Angiogenesis ability of HUVECs (**p < 0.01, ***p < 0.001).

Fig. 6. Response of BMSCs in vitro: (A) Fluorescence images of BMSCs after culturing for 1 day; (B) Flow cytometry results of BMSCs; (C) ALP activity, (D) Collagen
secretion, and (E) ECM mineralization after culturing 7 and 14 days; (F) Osteogenisis-related gene (OCN, OPN and RUNX2) expressions after culturing for 5 days (*p

< 0.05, **p < 0.01, ***p < 0.001).

and TiO;@UCN/Qr/LA groups with respect to cell viability and
morphology, indicating that LA does not affect the BMSCs.

Flow cytometry (Fig. 6B) shows early apoptotic cells in the
TiO2@UCN group and after irradiation with the 1,060 nm laser, the
number of the early apoptotic cells increases significantly, indicating
that both doping with rare-earth elements and generation of ROS by
TiO,@UCN under light irradiation have adverse effects on BMSCs.
However, with or without light irradiation, the cells on TiO2@UCN/Qr/
LA regain their vitality.

ALP is a key indicator of early differentiation of osteogenesis and so
up-regulation of ALP is meaningful for osteogenesis [54]. Quantitative
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analysis of ALP is shown in Fig. 6C. The BMSCs cultured on TiO3 and
TiO2@UCN for 3 and 7 days show stronger ALP activity than Ti, sug-
gesting that TiOy NSs promote early proliferation of BMSCs. Moreover,
Qr promotes osteogenic differentiation [47,48]. Osteogenic differenti-
ation of BMSCs in the late stage is evaluated by quantitative determi-
nation of collagen secretion and ECM mineralization (Fig. 6D and E).
With the exception of TiO2@UCN, the results are in line with the ALP
activity. The level of collagen and mineralization on the surface of the
Qr-functionalized nano-shovel is significantly higher than that of other
groups after 7 days and it is more apparent after 14 days. The results
demonstrate that surface functionalization with Qr mitigates the adverse
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effects of rare-earth doping and the nano-shovel structure plays a key
role in accelerating osteogenic differentiation.

The expression of osteogenic related genes (OCN, OPN and RUNX2)
is analyzed by RT-QPCR. After incubation in the osteogenic induction
medium for 5 days, the expression level of the osteogenic genes on the
Qr-modified surface is significantly higher than that of the other samples
(Fig. 6F). The results confirm that immobilization of Qr on the surface
improves the osteogenic activity.

It had been reported the cell behavior was sensitive to the nanoscale
topography of the substrate, and the proper size and morphology of the

Chemical Engineering Journal 428 (2022) 131155

TiO4 nano-shovel was conducive to cell growth [87]. The nanopatterned
surface had been shown to promote the expression of integrins and
formation of focal adhesions, consequently promoting assembly of the
cytoskeletal structure [88,89]. Meanwhile, similar to the adhesion
properties of marine organisms (such as mussel adhesion protein), the
catechol functionality of Qr on the implant might be outer-oriented and
exposed to the cells, thus favoring cell adhesion/proliferation and
increasing the metabolic activity [90].

Fig. 7. In vivo treatment of osteosarcoma: (A) Infrared images and (B) Heating curves of the Ti and TiO,@UCN/Qr/LA groups at the tumor sites of Saos-2 tumor-
bearing mice irradiated with the 1,060 nm laser (0.9 W cm2); (C) Photographs of tumors on day 0 and day 15 of the Ti, Ti +, TiOo@UCN/Qr/LA, and TiO,@UCN/
Qr/LA + groups; (D) Relative tumor volume changes with time; (E) Tumor weights on day 15; (F) H&E, (G) TUNEL and (H) Ki-67 staining of tumor sites on day 15

(***p < 0.001).
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3.7. In vivo tumor ablation

In view of the favorable therapeutic effects of TiO,@UCN/Qr/LA in
vitro, the xenograft model of nude mice is established to evaluate the
effects in vivo. As shown in Fig. 7A and B, the photothermal effects are
recorded. The temperature of the osteosarcoma tissue rises to 48 °C
within 4 min when the TiO,@UCN/Qr/LA tumor is irradiated with the
1,060 laser but pure Ti only reaches a temperature of 40.6 °C. At the
same time, the temperature of the surrounding tissues is lower than that
of the osteosarcoma tissue boding well for less damage. The tumor
volume changes of the Ti and TiO,@UCN/Qr/LA groups with or without
light irradiation on day 0 and day 15 are displayed in Fig. 7C. It is evi-
dent that the tumors of the Ti, Ti +, and TiO2@UCN/Qr/LA groups in-
crease after 15 days but in contrast, that of the TiO,@UCN/Qr/LA +
group decreases significantly in volume.

To further quantify the effect of anti-osteosarcoma, the relative
tumor volume (V/Vy) is calculated and the tumor is weighed (Fig. 7D
and 7E). After light-triggered therapy, the relative volume of the tumor
of the TiO,@UCN/Qr/LA + group decreases to 0.156 and the weight is
0.447 g showing excellent anti-tumor activity. The trend of the tumors of
the Ti and Ti + groups is basically the same with the relative tumor
volume increasing to 6 and weight increasing to about 1.5 g, indicating
that laser irradiation alone cannot eradicate the tumor. The TiO,@UCN/
Qr/LA group also shows the weak anti-osteosarcoma ability on account
of the inhibitory effects of Qr on cancer cells [48]. H&E (Fig. 7F) and
TUNEL staining (Fig. 7G) reveals extensive necrosis of osteosarcoma
cells in the TiOo@UCN/Qr/LA + group, while there is a mass of osteo-
sarcoma cells in the other groups. Meanwhile, the tumor slices are
stained with Ki-67 antibody to investigate the cellular proliferation ac-
tivity of tumors from different groups. The TiO2@UCN/Qr/LA + group
causes negligible cellular proliferation, whereas evident tumor cell
proliferation is observed from the Ki-67 staining images in the treatment
groups of Ti, Ti +, and TiO2@UCN/Qr/LA groups, confirming the
prominent in vivo therapeutic efficacy (Fig. 7H). In summary, the com-
bined actions of hyperthermia, ROS, and NO produces the desirable
effects observed from the TiO,@UCN/Qr/LA group, and the treated
nude mice survived longer (Figure S15).

3.8. In vivo anti-infection analysis

To evaluate the anti-biofilm ability of TiO2@UCN/Qr/LA in vivo, the
Ti and TiO2@UCN/Qr/LA samples with intact S. aureus biofilms are
implanted into the tibia of mice. In the light-exposed group, the implant
sites are irradiated with the 1,060 nm laser and the photothermal con-
version ability is evaluated in vivo with the aid of a thermal camera to
record the temperature in real time (Fig. 8B). The temperature of the
TiO2@UCN/Qr/LA group increases rapidly from 27 °C to 44.1 °C within
4 min and then stabilizes, whereas that of the Ti group only rises to
38.2 °C (Fig. 8C). After two days, the samples are taken out and soni-
cated. The bacterial solution is cultured in the medium at 37 °C for 12 h
and spread on the plate. As shown in Fig. 8D and Figure S16, the Ti and
Ti + groups do not exhibit any antibacterial activity and the
TiO2@UCN/Qr/LA group show almost no bactericidal effects. However,
the antibacterial rate of TiO3@UCN/Qr/LA + reaches 98.7%.

To prove that the NIR-II light has stronger tissue penetrating ability
than NIR-I light, the photothermal and anti-biofilm capabilities of
TiOo@UCN/Qr/LA in rabbit femurs are assessed upon irradiation with
the 1,060 nm and 808 nm lasers (1 W cm’z), respectively. As shown in
Figure S17, the heating rate is higher under the 1,060 nm laser irradi-
ation at the same time point before stabilizing at 45.8 °C, which is 8 °C
higher than that for the 808 nm laser. Furthermore, TiOo@UCN/Qr/LA
under 1060 nm laser irradiation shows better anti-biofilm ability in the
rabbit femur. These results show that the biofilm of the TiO,@UCN/Qr/
LA group can be removed in vivo by NIR-II laser irradiation.

During the perioperative period, the tissues surrounding the im-
plants are susceptible to exogenous infection and after infection,
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inflammatory cells respond quickly and migrate to the infected site.
Severe inflammation may also lead to implantation failure [91-93] and
therefore, inflammation and bacterial infection of the soft tissues around
the implants after phototherapy are evaluated by H&E staining and
Giemsa staining, respectively (Fig. 8E). As expected, significant acute
inflammation and neutrophil infiltration (indicated by black arrows) are
observed by H&E staining from the Ti and Ti + and TiO2@UCN/Qr/LA
groups. At the same time, many adherent bacteria appear from the tis-
sues (indicated by yellow arrows) in these groups after Giemsa staining.
On the contrary, only a litter neutrophils and bacteria are found from the
TiO2@UCN/Qr/LA + group, indicating excellent antibacterial activity in
vivo after light irradiation.

The immune response is also evaluated by ELISA and immunofluo-
rescence. As shown in Fig. 8F, G, and H, the levels of pro-inflammatory
cytokines (IL-6 and TNF-a) in the TiO,@UCN/Qr/LA + group are lower
than those of the other three groups. Immunity plays a key role in
osseointegration and the anti-inflammatory effects of implant affect
subsequent angiogenesis and new bone formation [94]. Hence, the
material-mediated immune response of the samples without biofilms is
evaluated (Figures S18). Compared to the blank control, although the
samples without biofilms still show inflammatory response, it is far
lower than those with biofilms, suggesting that bacterial infection is the
main cause of inflammation. The TiO,@UCN/Qr/LA group without
biofilms shows the lowest inflammatory response because Qr alleviates
inflammation [47,48].

In addition, in vivo angiogenesis was observed by CD31 immuno-
histochemistry and the results are shown in Fig. 81. As expected, the
TiO2@UCN/Qr/LA + group has the best angiogenesis effect in vivo.

3.9. In vivo bone formation

Osseointegration of implants is inhibited by infection and therefore,
new bone formation on the biofilm-covered implants is studied. The
newly formed bone around the implants four weeks after implantation is
investigated by micro-CT and histological staining. The reconstructed
3D images are shown in Fig. 9A (new bone shown in grey and implant in
pink). The new bone mass of the TiO,@UCN/Qr/LA + group is larger
than those of the Ti, Ti +, and TiO,@UCN/Qr/LA groups. The corre-
sponding quantitative analysis (Fig. 9B and C) reveals that the new bone
mass of the TiO,@UCN/Qr/LA + group is the biggest with the bone
volume (BV) being 4.19 and bone volume/total volume (BV/TV) being
40.58. The TiO,@UCN/Qr/LA group fares slightly better than the Ti and
Ti + groups perhaps due to the nanostructure and Qr. Furthermore,
osteogenic or cartilage differentiation on the implants is analyzed by
Safranin-O and Fast Green staining. Fig. 9D shows plenty of new dense
bone around the TiO,@UCN/Qr/LA + implant and it is confirmed by
H&E staining (Fig. 9E), indicating TiO2@UCN/Qr/LA + implant pro-
motes osseointegration. The increased amount of new bone on
TiO2@UCN/Qr/LA + in the presence of biofilms infection is ascribed to
the anti-infection and osteogenic ability.

Finally, histological analysis is conducted on the main organs
including the heart, liver, spleen, lung, and kidney by H&E staining to
investigate the bio-safety of TiO2@UCN/Qr/LA. No obvious toxicity or
damage to the main organs is observed (Figure S19) thereby corrobo-
rating the biological safety.

4. Conclusion

An NIR-II-triggered multifunctional nano-platform is designed for Ti
implants to ablate osteosarcoma, eliminate biofilms, and promote
osseointegration at the same time. The TiO, nano-shovel shows the
photothermal ability and doping with Yb and Er leads to excellent
photocatalytic performance under 1,060 nm laser irradiation. The ROS
generated catalyze LA to produce NO. Systematic in vitro and in vivo
assessments verify the ability of TiO,@UCN/Qr/LA to ablate tumors and
eliminate biofilms as a result of the combined effects of PTT, PDT, Qr
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Fig. 8. In vivo evaluation of anti-biofilm and anti-inflammation effects: (A) The schematic diagram of TiO,@UCN/Qr/LA for anti-biofilm and osseointegration
testing; (B) Infrared images and (C) Heating curves of the Ti and TiO,@UCN/Qr/LA groups at the implant sites irradiation with the 1,060 nm laser (0.6 W cm™2); (D)
Anti-biofilm efficiency of the Ti, Ti +, TiO,@UCN/Qr/LA, and TiO,@UCN/Qr/LA + groups in mice; (E) H&E and Giemsa staining of soft tissues surrounding the
implants after two days with the black and yellow arrows indicating neutrophils and bacteria, respectively; (F) and (G) ELISA detection of inflammation markers (IL-6
and TNF-a) of the tissues surrounding the implants; (H) Immunofluorescence staining images of IL-6 and TNF-« in vivo; (I) CD31 immunohistochemistry of soft tissues
surrounding the implants (***p < 0.001).
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Fig. 9. Bone formation evaluation in vivo: (A) 3D micro-CT reconstructed images of the Ti, Ti +, TiO,@UCN/Qr/LA, and TiO,@UCN/Qr/LA + groups; (B)
Quantitative analysis of BV, (C) BV/TV, (D) Safranin-O and Fast Green, and (E) H&E staining of the tissues around the implants (**p < 0.01).

and NO. NO also facilitates angiogenesis and combined with the anti-
inflammatory ability and osteogenic differentiation rendered by Qr,
osseointegration is promoted.
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Figure S1. SEM images of TiO2, TiO2@UCN, TiO2@UCN/Qr, and TiO2@UCN/Qr/LA.



Figure S2. AFM images of TiO2, TiO2@UCN, TiO2@UCN/Qr, and TiO>@UCN/Qr/LA.



Figure S3. SEM images of TiO; after sonication for 20 min or immersion in PBS for

90 days at room temperature.
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Figure S4. (A) High-resolution XPS Si 2p spectra of of TiO2@UCN, TiO2@UCN/Qr,
and TiO2@UCN/Qr/LA; (B) High-resolution Yb 4d spectra and (C) Er 4d spectra of
TiO2, TiO2@UCN, TiO2@UCN/Qr, and TiO2@UCN/Qr/LA.
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Figure S5. FTIR spectra of Ti, TiO;, TiO@UCN, TiO@UCN/Qr, and
TiO2@UCN/Qr/LA.
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Figure S6. The amount of Qr on the surface of TiO2@UCN/Qr and TiO2@UCN/Qr/LA,
and the amount of LA on the surface of TiO2@UCN/Qr/LA.
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Figure S7. (A) The release curve of Qr on the surface of TIO2@UCN/Qr/LA; (B) First-

order model; (C) Higuchi model.



Figure S8. Photothermal images of Ti, TiO;, TiO@UCN, TiO@UCN/Qr, and
TiO2@UCN/Qr/LA acquired at different time.
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Figure S9. (A) 'O, spectra acquired during degradation of DPBF after 15 min (0.9 W
cm 2); '0; spectra obtained during degradation of DPBF for TiO,@UCN/Qr/LA at (B)
different time and (C) different power density; (D) -OH spectra showing decay of MV
at 15 min (0.9 W cm?); -OH spectra showing degradation of DPBF for

b

TiO2@UCN/Qr/LA at (E) different time and (F) different power density.
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Figure S10. N 1s spectra of TiO2@UCN/Qr/LA with or without 1060 nm laser
irradiation.
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Figure S11. CLSM images of Saos-2, HUVECs, BMSCs cells (green/red represents
live/dead cells).
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Figure S12. Photographs of S. aureus colonies detached from the biofilms under dark

conditions after 15 min.

13



. Ti
R .- -Tit

: TiO, @UCN/Qr/iLA
K *. - - - -Ti0,@UCNIQLA +

(=3
1

Iutensity:‘a] 07 a.u.
&

(&)
1

360 300 420 450
Wavenumber/mnm

Figure S13. the relative -ONOO- detection with an L-tyrosine probe after 1060 nm light

irradiation.
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Figure S14. Fluorescence images of BMSCs after culturing for 1 day without 1,060 nm

light irradiation.

15



100

[=.:]
=
1

¥

(=2
=
1

=
=
1

Survival time/day

20

T T VS .
1’10{‘9‘3%’1‘%@”@'(1

Figure S15. Survival curves of nude mice after different treatments.
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Figure S16. Spread plate results of Ti and TiO2@UCN/Qr/LA rods with and without

1,060 nm light irradiation obtained from mice.

17



Figure S17. (A) Temperature change curves of TiO2@UCN/Qr/LA with 808 nm and
1060 nm laser (1 W cm™) irradiation in rabbit femoral; (B) Spread plate results of
TiO2@UCN/Qr/LA rods upon 808 nm and 1,060 nm laser irradiation for 15 minutes

obtained from rabbits.
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Figure S18. Anti-inflammation evaluation of Ti and TiO2@UCN/Qr/LA without

biofilms in vitro.
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Figure S19. Histological analysis of major organs including the liver, spleen, kidney,

heart, and lung by H&E staining.
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Table S1. Primer sequences in the real-time polymerase chain reaction (RT-PCR)

analysis.

Gene
GAPDH
OCN
OPN
RUNX2

Gene forward primer sequence (5°-3")
GGTTGTCTCCTGCGACTTCA
AGACTCCGGCGCTACCTTGG

ATCTCCTTGCGCCACAGAATGC
AACCCACGAATGCACTACCCA

21

Reverse primer sequence (5°-3")
TGGTCCAGGGTTTCTTACTCC
CGGTCTTCAAGCCATACTGGTCTG
ATCTCCTTGCGCCACAGAATGC
GGAACTGATAGGATGCTGACGAAG



Table S2. The relative chemical composition (at.%) of the surface elements on
TiO2@UCN, TiO2@UCN/APTES, TiO2@UCN/Qr and TiO2@UCN/Qr/LA detected
by XPS.

Samples Ti2p(%) Cls(%) Nls(%) Ols(%) Si2p(%) Ybad(%) Er4d (%)
TiO2@UCN 1.55 38.95 522 50.3 0 1.9 0.8
TiO>@UCN/APTES 1.04 74.26 3.8 15.74 4.45 0.32 0.11
TiO2@UCN/Qr 1.15 63.17 4.49 26.99 1.07 0.11 0.02
TiO2@UCN/Qr/LA 0.62 63.78 17.61 17.49 0.45 0.04 0
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