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Bone metastasis remains a clinical challenge and is still considered incurable. While nanoparticles-based drug
delivery and photothermal therapy (PTT) show promise in treating subcutaneous solid tumor, their therapeutic
outcome in treating bone metastasis is limited, due to the inaccessibility of bone metastatic site and the
complexity of bone metastasis. Herein, we reported a simple nanoplatform composed of thermo-sensitive lipo-
somes (TSL) and gold nanorods (GNR) to treat bone metastasis through improved chemotherapy combined with
GNR-assisted PTT. Lipid combination of TSL was firstly tailored to regulate its stability under physiological
condition as well as its sensitivity in responding to PTT-caused mild hyperthermia. The obtained TSL with loaded
drug was then combined with GNR to form the nanoplatform through unsophisticated incubation. Cell experi-
ments revealed that upon near-infrared (NIR) irradiation, the nanoplatform effectively inhibited the viability and
migration ability of tumor cells through PTT, PTT-triggered thermo-sensitive drug release, and PTT-augmented
sensitivity of tumor cells to drug. In a murine model of bone metastasis, the nanoplatform enabled effective
delivery of loaded drug and GNR to bone metastatic site for rapid drug release upon local NIR irradiation.
Through killing tumor cells and rebalancing the turnover of osteoclasts and osteoblasts, the nanoplatform largely
preserved bone structure for pain relief and survival extension. Inspired by the simplicity of nanoplatform
acquirement and treatment operation, the strategy of liposomes-based thermo-sensitive drug delivery in com-
bination with GNR-assisted PTT is considered greatly promising in treating bone metastasis.

1. Introduction skeletal pain, pathological fracture, hypercalcemia, and spinal cord

compression, which remarkably reduce quality of life and further

Bone is a common site for cancer metastasis, ranking after the liver
and lung (Hu et al., 2022). Bone metastasis has a high morbidity and
mortality. Approximately 70-80 % of patients with advanced breast and
prostate cancers, and more than 30 % of patients with thyroid, lung,
kidney, and bladder cancers will ultimately develop bone metastasis,
which accounts for 15-20 % of total metastases (Gao et al., 2021;
Weilbaecher et al., 2011). While regional and localized cancer is not
lethal, bone metastasis remains a clinical challenge and is currently
considered incurable. Once metastasizing to the bone, the 5-year sur-
vival rate of cancer patients sharply decreases to 1 % for lung cancer, 6
% for prostate cancer, and 13 % for breast cancer with the median
survival time less than one year (Svensson et al., 2017). Moreover, bone
metastasis is always accompanied with skeletal-related events including
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worsen survival.

Preoperative or postoperative chemotherapy is the standard treat-
ment for bone metastasis and however, still suffers from poor thera-
peutic outcome. The reasons are multiple. Firstly, different from soft
tissues, bone as a hard tissue is rigid with low permeability and reduced
blood flow, which hinders the achievement of sufficient dose through
systemic medication. Secondly, to reach therapeutic window, high-dose
dosing is needed and consequent unfavorable side effect will result in
poor prognosis. Thirdly, unique bone microenvironment provides a
protective effect against chemotherapy. In-depth understanding of basic
biology of bone metastasis drives the development of advanced thera-
pies such as hormone therapy, immunotherapy, and anti-resorptive
therapy (Yu et al., 2023). However, these treatments are usually
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palliative with only modest clinical outcome in enhancing survival. For
example, bisphosphonate-based anti-resorptive therapy can delay the
development of skeletal-related events as well as decreasing pain in a
short term, and unfortunately, shows no statistical significance in the
overall survival and progression-free survival when compared with
placebo (Lorange et al., 2023). Following anti-resorptive therapy, up to
50 % of patients will even develop new bone metastases (Roodman,
2004).

Nanoparticles-based drug delivery systems (NDDSs) provide a new
therapeutic avenue for bone metastasis (Fan et al., 2024; Liu et al.,
2023a). While reducing side effects by shielding chemotherapeutic
drugs, NDDSs can improve pharmacokinetics of free drugs and facilitate
their accumulation at tumor site through the enhanced permeability and
retention (EPR) effects to benefit therapeutic outcome. To further
enhance drug accumulation and drug bioavailability at bone metastatic
site for maximizing therapeutic outcome, NDDSs can be further deco-
rated for targeted delivery by targeting tumor, bone, and bone micro-
environment (Li et al., 2024), and/or stimuli-sensitive delivery capable
of responding to exogenous stimuli such as light and heart, and/or
endogenous stimuli from bone microenvironment such as acidic pH,
high redox potential, and hypoxia (Lavrador et al., 2018; Long et al.,
2021). A great number of targeted and/or sensitive NDDSs with
improved therapeutic outcome in inhibiting bone metastasis and its
caused pain have been extensively reported (Li et al., 2023; Ren et al.,
2022). However, due to the inaccessibility of bone metastatic site and
the complexity of bone metastasis, these smart NDDSs-based chemo-
therapy strategy even using combination of several chemotherapeutic
drugs for bone metastasis are still limited to some extent. Given that
combinational therapy is more effective than single chemotherapy, at-
tempts are continuously made to develop new treatment modalities.
Photothermal therapy (PTT) can kill tumor through light-heat conver-
sion of photothermal agents for local hyperthermia, while exerting few
side effects to normal tissues. Moreover, local hyperthermia can increase
the sensitivity of tumor cells to chemotherapeutic drugs and thus pro-
mote the efficiency of chemotherapy (Sheng et al., 2023; Tang et al.,
2024). Together with its minimal invasiveness, time-spatial controlla-
bility, and simplicity of operation, PTT has been evidenced as an
effective and safe treatment modality (Guo et al., 2018; Roy et al.,
2023). However, despite great success in solid tumor ablation, the
application of PTT alone in deep and internal bone metastasis is severely
hampered, probably as a result of thermal resistance, limited irradiation
area, and insufficient bone penetration depth (Chao et al., 2023).
Therefore, multifunctional nanoplatform combining currently available
systemic therapies with adjuvant PTT emerges as a prospective alter-
native to promote therapeutic outcome (Amiryaghoubi et al., 2023;
Ashique et al., 2023).

Among versatile nanoplatforms for combinational therapy, the
nanoplatform employing thermo-sensitive NDDSs and photothermal
agents for photothermo-chemotherapy gains more attentions, due to its
relatively high synergistic effect by thermal ablation of cancer cells and
thermo-sensitive anti-tumor drug release. Instead of sophisticated
structure design and chemical modification (Chen et al., 2024; Gautam
et al., 2024), we herein report an easily achievable nanoplatform
employing highly thermo-sensitive TSL as carrier of doxorubicin (DOX)
and GNR as photothermal agent to treat bone metastasis. The nano-
platform was formed by simple incubation of TSL and GNR and was then
intravenously injected. After local irradiation with NIR laser of 808 nm
at bone metastatic site, the synergistic therapeutic outcome in bone
metastasis inhibition and pain relief is evaluated.

2. Materials and methods
2.1. Materials

The lipids including 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine
(DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-

International Journal of Pharmaceutics: X 8 (2024) 100282

distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene  glycol)
with terminated thiol (DSPE-PEG-SH), and cholesterol (Chol) were
purchased from AVT (Shanghai) Pharmaceutical Tech Co., Ltd.
(Shanghai, China). Hydrophilic doxorubicin hydrochloride (DOX) was
purchased from Meryer Co. Ltd. (Shanghai, China). 3-(4,5)-dime-
thylthiahiazo(—z-y1)-3,5-di-phenytetrazoliumromide (MTT) was pur-
chased from Sigma-Aldrich (MO, USA). The other main chemicals were
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Fetal
bovine serum (FBS) was purchased from Gibco Life Technologies (AG,
Switzerland). Dulbecco’s Modified Eagle’s Medium (DMEM) was from
Invitrogen Corporation (CA, USA). All chemicals were analytical or
HPLC grade and used as received.

Mouse prostate cancer cells (RM-1) line was obtained from Institute
of Biochemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). Nanoparticles synthesis.

2.1.1. Synthesis of GNR

GNR was a gift from Dr. Zhirui Guo from the Second Affiliated
Hospital of Nanjing Medical University. The synthetic procedures have
been detailed in their work (Liu et al., 2011; Zhang et al., 2021). GNR
was quantified in an inductively coupled plasma optical emission
spectrometer (ICP-OES, Agilent 5100).

2.2. Synthesis of DOX loaded TSL (DOX-TSL)

TSL were synthesized according to the protocol well established our
previous work (Cao et al., 2019; Long et al., 2020; Tao and Chen, 2024).
Blank TSL were formulated with (67-X)% DPPC, X% DMPC, 30 % Chol,
and 3 % DSPE-PEG-SH (molar ratio, X% = 4, 8, 16, and 32 %). Briefly, all
lipids were dissolved in chloroform in a round-bottomed flask and then
dried to form a thin film through rotary evaporation in water bath at
60 °C. The resulting film was left overnight to completely remove
chloroform and then hydrated with 250 mM citric acid solution, fol-
lowed by sonication at 45 °C. After dialysis against PBS (pH = 7.4),
blank TSL with transmembrane pH gradient was obtained. To load DOX,
DOX was added to blank TSL suspension at 1:5 (weight ratio) and the
mixture was incubated at 60 °C for 40 min to produce DOX-TSL
suspension.

2.3. Nanoparticles characterization

2.3.1. Morphology, size, polydispersity, and zeta potential

The morphology and size of TSL and GNR were observed on a
transmission electron microscope (TEM, JEM-1230, Japan). The hy-
drodynamic diameter, polydispersity (PDI), and zeta potential of TSL
were determined by dynamic light scattering (DLS, Zetasizer ZS90,
Malvern). DLS measurements were carried out at least in triplicate.

2.3.2. Differential scanning calorimetry (DSC)

DSC thermograms were obtained on DSC 8000 (PerkinElmer, USA).
The measurement started at 16 °C and the temperature was raised at a
rate of 1 °C/min to 60 °C.

2.3.3. Drug loading and in vitro drug release of TSL

DOX loading and in vitro DOX release were determined on a high-
performance liquid chromatography (HPLC, Waters) system equipped
with a fluorescence detector (2475 FLR Detector) with the HPLC con-
ditions detailed in our previous work (Long et al., 2021). To determine
DOX entrapment efficiency (EE%), the prepared DOX-TSL suspension
was centrifuged at 12000 rpm for 10 min and the supernatant containing
unloaded DOX was collected for HPLC analysis. EE% was defined as
loaded DOX normalized to totally added DOX.

To determine in vitro drug release for evaluating stability and
thermo-sensitivity of TSL, the prepared DOX-TSL suspension was
transferred into a dialysis bag and dialyzed against PBS (pH = 7.4) at
25 °C (room temperature), 37 °C (physiological temperature), and 37 °C
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for 12 h plus 43 °C for 10 min and 37 °C for remaining time (PTT
treatment condition), respectively. The dialysis lasted for 24 h and at the
predetermined timepoints (12 h and 24 h), aliquots of the dialysate
containing released DOX was withdrawn for HPLC analysis.

2.3.4. Photothermal property of GNR

Ultraviolet-visible (UV-Vis) spectrum of GNR was recorded on an
UV-3600 spectrophotometer (Shimadzu, Japan). The effects of GNR
concentration and NIR power on the photothermal properties of GNR
were investigated. Aqueous GNR solutions with varied concentrations
(50, 100, 200, and 400 pg/mL) were placed in a 1.5 mL Eppendorf tube
(1 mL solution of each sample) and exposed to an 808 nm NIR laser at
different powers (0.5, 1.0, and 2.0 W/em?, Changchun New Industries
Optoelectronics Technology, China) for 10 min. At the same point of
GNR solution, the temperature was recorded every 2 min using a tem-
perature probe (YZ-1650, Yangzi, China).

2.4. Cell experiments

2.4.1. Cell culture
RM-1 cells were cultured in DMEM supplemented with 10 % fetal
bovine serum (FBS) in a humidified atmosphere containing 5 % COa.

2.4.2. Cytotoxicity and cell migration

Invitro cytotoxicity of GNR, DOX, DOX-TSL, and the nanoplatform of
DOX-TSL and GNR (DOX-TSL + GNR) with or without NIR irradiation
was first assessed by MTT. The nanoplatform was formed by simply
incubating pre-synthesized DOX-TSL and GNR with gentle shaking for
30 min, allowing for potential conjugation of DOX-TSL and GNR
through gold-thiol of lipid-PEG coupling. RM-1 cells seeded in 96-well
plate with a density of 3000 cells per well were incubated with GNR
(25, 50, 100, 200, and 400 pg/mL), DOX, DOX-TSL (0.2, 0.4, 0.8, and
1.6 pg/mL), and the nanoplatform, respectively, for 3 h. The cells were
then washed with fresh media followed by incubation for another 21 h.
Finally, the cells were treated for MTT on a microplate reader (Synergy
2, BioTek). Similarly, RM-1 cells were treated for Calcein-AM/PI double
staining to detect living/dead cells according to the standard protocol
recommended by the manufacturer.

Cell migration was assessed by wound healing assay. RM-1 cells were
seeded in 6-well plate (20,000 cells per well) and then treated with DOX,
GNR, and DOX-TSL + GNR at 1.0 pg/mL of DOX and 100 pug/mL of GNR
for 3 h. After washing, a wound area was generated using a 10 pL pipette
tip to scrap cell monolayer. The cells were further incubated for 21 h and
the wound width was observed on an inverted microscope to calculate
migration ratio. Migration ratio was defined as reduced area relative to
initial wound area acquired by Image J software.

In the case of NIR irradiation, cells were irradiated for 5 min at the
power of 0.5 W/cm? before further incubation for 21 h.

2.4.3. Cellular uptake and intracellular drug release

RM-1 cells treated with DOX and DOX-TSL + GNR at 0.4 pg/mL of
DOX and 100 pg/mL of GNR for 3 h. The cells were then incubated in
fresh media and at the predetermined intervals (0, 1, 2, and 4 h) with or
without NIR irradiation, the cells were washed and fixed with 4 %
paraformaldehyde for DOX fluorescence observation using a confocal
laser scanning microscope (CLSM, TCS SP8, Leica) to study cellular
uptake and intracellular drug release of TSL. A fluorescent filter of 488
laser and 590 + 20 nm emission was utilized for DOX. In the case of NIR
irradiation, cells were irradiated for 5 min at the power of 0.5 W/cm?2.

2.5. Animal experiments

2.5.1. Animal model of bone metastasis

C57BL/6 mice (aged 8-10 weeks, 18-22 g in body weight, male)
were obtained from Animal Center of Nantong University. All animal
studies were approved by the Animal Care and Use Committee of
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Nantong University (Approval ID: P20230301-025) and the Jiangsu
Province Animal Care Ethics Committee (Approval ID: SYXK[SU]
2007-0021).

A murine model of bone metastasis was established by directly
injecting RM-1 cells into the tibia of hind limb of C57BL/6 mice, which
was described in detail in our previous work (Long et al., 2021; Wang
et al., 2014). The mice were housed in standard cages and given free
access to food and water. It was noted that animal experimenters were
blinded to the treatment while processing data.

2.5.2. Tissue distribution and NIR imaging

Tissue distribution was assessed in tumor-bearing C57BL/6 mice. On
the 7th day after tumor modeling, randomly grouped mice intravenously
received drug treatment of DOX, DOX-TSL, and the nanoplatform at 5
mg/kg body weight of DOX and 10 mg/kg body weight of GNR (n = 3,9
mice in total). At 12 h post-injection, all mice were euthanized through
cervical dislocation to harvest some tissues of the heart, liver, spleen,
lung, kidney, tumor-free bone, and tumor-bearing bone. Tissue samples
were mixed with 1 % SDS (0.1 mL/5 mg tissue) and then vigorously
smashed using a homogenizer (FastPrep-24TM 5G, Boyi Biotech, China).
After removing crumbling tissues, the samples were prepared for
studying tissue distribution. To determine DOX content, the samples
were mixed with acetonitrile (1:3, v/v) to extract DOX for HPLC anal-
ysis. Extracted DOX needed filtering with a syringe filter (0.45 pm in
pore diameter) to completely remove protein for HPLC analysis. To
determine GNR content, the samples were treated with aqua regia (1:2,
v/v) for ICP-OES analysis. After 24 h treatment, aqua regia was removed
through heating and then diluted for the analysis.

Meanwhile, NIR imaging was carried out to study intratumoral DOX
release upon NIR irradiation. On the 7th day after tumor modeling, mice
intravenously received drug treatment of the nanoplatform at 5 mg/kg
body weight of DOX and 10 mg/kg body weight of GNR (6 mice in total).
At 12 h post-injection, bone metastatic site of 3 mice was irradiated for
10 min at the power of 0.5 W/cm?. Immediately afterwards, all mice
were euthanized and some tissues of the heart, liver, spleen, lung, kid-
ney, tumor-free bone, and tumor-bearing bone were harvested for ex
vivo NIR imaging using a small animal dedicated IVIS imaging system
(Lumina II, Caliper Life Sciences). DOX Fluorescence intensity was
analyzed by IVIS imaging software.

2.5.3. Drug treatment, pain behavior test, and therapeutic evaluation

On the 7th day after tumor modeling, mice were randomly grouped
as PBS, DOX, DOX-TSL, and DOX-TSL + GNR + NIR (n = 8, 32 mice in
total), receiving intravenous treatment at 5 mg/kg body weight of DOX
and 10 mg/kg body weight of GNR every four days for total three times.
In the case of NIR irradiation, bone metastatic site of mice was irradiated
for 10 min at the power of 0.5 W/cm? at 12 h post-injection.

On the 6th and 17th days, mechanical allodynia and thermal
hyperalgesia of mice were tested to evaluate cancer-induced bone pain
(CIBP). Mechanical allodynia was examined by measuring withdrawal
responses of hind paw to a series of von Frey filaments with various
strengths (Dixon, 1980). Thermal hyperalgesia was examined by
measuring withdrawal latency of hind paw upon heat generated by a
radiant beam (Hargreaves et al., 1988). Detailed protocols were
described in our recent work (Huang et al., 2024).

The survival of mice was checked every day and all living mice were
euthanized on the 35th day.

2.5.4. X-ray and computed tomography (CT) and assessments

In another animal experiment, tumor-bearing mice were grouped
and treated with the same protocol described in Section 2.5.3 (n = 3, 12
mice in total). On the 20th day after tumor modeling, whole-body X-ray
and CT assessments were performed on a clinical digital radiography
(uDR 566i, United Imaging) and a clinical 16-slice CT scanner (Somatom
Emotion, Siemens) and, respectively, to directly observe bone situation.
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2.5.5. Bone staining

Following X-ray and CT assessments, hematoxylin and eosin (H&E)
as well as tartrate-resistant acid phosphatase (TRAP) and alkaline
phosphatase (ALP) (TRAP/ALP) staining of tumor-bearing bone as well
as tumor-free bone were performed to obtain more bone information.
Bone was decalcified and then cut into 6 pm slice for H&E staining or
TRAP/ALP staining using TRAP/ALP staining kit® (Wako, Osaka,
Japan). Detailed decalcification process was described in our previous
work (Long et al., 2021).

Meanwhile, H&E staining of the heart, liver, spleen, lung, and kidney
was performed to evaluate biosafety.

2.6. Data analysis

Data were statistically analyzed using unpaired student’s t-test for
two groups or one-way analysis of variance (ANOVA) test for multiple
groups. A p-value less than 0.05 (p < 0.05) was considered significantly
different.

3. Results and discussion
3.1. Synthesis and characterization of the nanoplatform

In this work, liposomes were chosen as thermo-sensitive NDDSs, due
to their advantages: 1) they are safe and efficacious, verified by the fact
that 80 % of approved cancer NDDSs are liposomes; 2) their stability
under normal physiological conditions as well as response sensitivity to
heat can be accurately tailored using marketed lipids being of different
phase-transition temperatures; 3) they are easily surface-functionalized
using polyethylene glycol (PEG)-lipid; 4) their synthetic procedure and
effective loading of chemotherapeutic agent have been well established
(Thapa and Kim, 2023). On the other hand, GNR was selected as pho-
tothermal agent, owing to its following features: 1) it has good NIR light-
adsorbing ability for deep tissue penetration and excellent photothermal
conversion efficiency; 2) compared with other photothermal nano-
materials with complicate structure or morphology for efficient photo-
thermal conversion, its synthetic protocol has been well established; 3) it
can easily connect with TSL for the formation of the nanoplatform
through gold-thiol coupling between GNR and thiol-functionalized lipid
in TSL (Taylor et al., 2022).

TSL, formulated with DPPC, DMPC, Chol, and DSPE-PEG-SH, was
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synthesized through thin film evaporation-hydration method, DMPC of
which was additionally included to tailor the thermo-sensitivity of TSL.
DOX was actively loaded, achieving a high EE% (Table S1). Fig. 1A
showed the representative TEM image of DOX-TSL formulated with 63
% DPPC, 4 % DMPC, 30 % Chol, and 3 % DSPE-PEG-SH, which had
spherical morphology with the diameter less than 80 nm. DPPC with the
phase-transition temperature at 41 °C is widely used to fabricate TSL,
whose thermo-sensitivity is unfortunately unsatisfactory. As shown in
Table S2, TSL without DMPC could maintain its payload, releasing 24.8
% at room temperature and 35.1 % at the physiological temperature
within 24 h. Under PTT treatment condition (37 °C for 12 h plus 43 °C
for 10 min and returning to 37 °C for another 12 h, 24 h in total), the
release was accelerated, which was, unfortunately, only 61 %. Inclusion
of DMPC with the phase-transition temperature at 24 °C did not impair
the stability of TSL, whereas endowing TSL with high thermo-sensitivity.
However, the inclusive amount of DMPC was not positively correlated
with the thermo-sensitivity, which was probably due to the interaction
of DMPC with the other lipids as well as resultant lipid rearrangement of
lipid bilayer. DSC results revealed that the phase-transition tempera-
tures of TSL without DPPC and containing 4 % DMPC were around 55 °C
and 50 °C, respectively (Fig. S1 and S2). As they could still sensitively
respond to 43 °C for rapid drug release, this result strongly suggested
that thermo-sensitive release of TSL was not merely determined by the
phase-transition temperatures of TSL. Some other mechanisms are also
involved. Generally, it was found that the TSL containing 4 % DMPC had
comparable stability and considerably improved thermo-sensitivity
compared with the other formulations (Fig. 1B), which was therefore
selected as the formulation.

On the other hand, GNR was synthesized through seed-mediated
growth. TEM image exhibited that the length of GNR was about 50
nm and its aspect ratio was around 4.0 (Fig. 1C). UV-vis spectrum of
GNR revealed a strong peak at 812 nm, indicating its NIR light-
adsorbing ability for effective photothermal conversion upon 808 nm
laser irradiation (Fig. 1D). To verify it, the photothermal conversion of
GNR at different GNR concentrations and different NIR powers were
investigated. As shown in Fig. 1E, GNR exhibited desired photothermal
conversion efficiency, which was concentration-dependent, and at GNR
concentration of 100 pg/mL, the temperature was rapidly increased by
25.1 °C within 4 min of NIR irradiation at the power of 2.0 W/cm?. The
photothermal conversion of GNR was also NIR laser power-dependent.
At the power of 0.5 W/cm? and GNR concentration of 100 pg/mL, the
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Fig. 1. Characterization of TSL and GNR. (A) Representative TEM image of TSL formulated with 63 % DPPC, 4 % DMPC, 30 % Chol, and 3 % DSPE-PEG-SH. (B)
Cumulative DOX release profiles of TSL with or without DMPC under PTT treatment condition (37 °C for 12 h plus 43 °C for 10 min and returning to 37 °C for another
12 h, 24 h in total). (C) TEM image and (D) UV-vis spectrum of GNR. (E) Photothermal conversion efficiency of GNR at different concentrations (50, 100, 200, and
400 pg/mL) under NIR laser irradiation (2.0 W/cm?). (F) Photothermal conversion efficiency of GNR (100 pg/mL) irradiated by NIR laser of different powers (0.5,

1.0, and 2.0 W/cm?). Data were expressed at mean + SD (n = 3).
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temperature could be increased by 7.3 °C within 4 min (Fig. 1F).
Thereby, this safer NIR power was chosen for cell and animal
experiments.

3.2. PTT significantly potentiates in vitro anti-tumor outcome of the
nanoplatform

In the following, MTT was performed to study the cytotoxicity of
GNR, DOX, DOX-TSL, and the nanoplatform of DOX-TSL and GNR
against RM-1 cells. As revealed in Fig. 2A, the cytotoxicity of GNR was
concentration-dependent, which could be to some extent boosted upon
NIR irradiation at the power of 0.5 W/cm?2. At the concentration of 100
pg/mL, the cell survival rate was nearly 90 %; together with its good
photothermal conversion and less temperature increment to mild hy-
perthermia (~43 °C) for improved safety when irradiating (Fig. 1F) (Gao
et al., 2022), this relatively biocompatible concentration was used for
NIR irradiation in further cell experiments. On the other hand, the
cytotoxicity of DOX was far higher than that of GNR, which was also
concentration-dependent. Moreover, mild-hyperthermia PTT alone did
not exert significant cytotoxicity to the cells and could, however,
significantly enhanced the cytotoxicity of DOX (DOX + GNR + NIR vs
DOX) (Fig. 2B), which was consistent with the literature that PTT could
sensitize tumor cells to therapies (Tang et al., 2024). Compared with
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DOX, the cytotoxicity of DOX-TSL was significantly inhibited and was
dramatically magnified when being combined with PTT (DOX-TSL +
GNR + NIR vs DOX-TSL), resulting from PTT and its triggered thermo-
sensitive release for boosted chemotherapy. Moreover, it was observed
that PTT magnified the cytotoxicity of DOX-TSL more than DOX (DOX-
TSL + GNR + NIR vs DOX + GNR + NIR), indicating that DOX-TSL
promoted DOX uptake through nanoparticle-mediated endocytosis.
These internalized DOX was shielded by TSL, leading to weak fluores-
cence as well as reduced cytotoxicity of DOX-TSL in comparison to free
DOX, and was however, released for strong fluorescence and enhanced
anti-tumor outcome upon PTT (Fig. 2C and D). This result was also
consistent with the release profiles that TSL containing 4 % DMPC kept
stable under the physiological condition but was capable of sensitively
responding to mild hyperthermia (Fig. 1B and Table S2). Moreover, it
was noted that in MTT assay, the difference between DOX + GNR + NIR
and DOX-TSL + GNR + NIR became marginal over increased DOX
concentration, because the cytotoxicity of DOX was approaching the
plateau.

Enhanced in vitro anti-tumor outcome of the nanoplatform combined
with PTT was further corroborated by Calcein-AM/PI double staining
and cell migration assay. Living/dead cell staining revealed that almost
all cells were living in control group and a small number of dead cells
stained by red were observed after the treatment with DOX. Especially,
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Fig. 2. PTT-combined thermo-sensitive release for improved in vitro anti-tumor outcome. (A) MTT assay of GNR with or without NIR irradiation. GNR concentrations
varied from 50 to 400 pg/mL. (B) MTT assay of DOX, DOX-TSL, the nanoplatform of DOX-TSL and GNR with or without NIR irradiation. DOX concentrations varied
from 0.2 to 1.6 pg/mL, while GNR concentration was fixed at 100 pg/mL. (C) Intracellular DOX release of DOX, DOX-TSL, and the nanoplatform with or without NIR
irradiation (D) corresponding quantitative analysis of DOX fluorescence intensity. (E) Calcein-AM/PI double staining of RM-1 cells and (G) corresponding quanti-
tative analysis of dead cells after the treatment with DOX, DOX-TSL, and the nanoplatform with or without NIR irradiation. DOX and GNR concentrations were 0.4
and 100 pg/mL, respectively. (F) Wound-healing assay of RM-1 cells and (H) corresponding quantitative analysis of migration ratio after the treatment with DOX,
DOX-TSL, and the nanoplatform with NIR irradiation. DOX and GNR concentrations were 0.4 and 100 pg/mL, respectively. Data were expressed at mean & SD (n =6

for A and B; n = 3 for D, G, and H). **p < 0.01 and ***p < 0.001.
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compared with DOX-TSL group with barely observed dead cells, the
nanoplatform upon NIR irradiation significantly induced cell death
(Fig. 2E and G). Similar trend was found in cell migration assay (Fig. 2F
and H). The results of MTT, living/dead cell staining, and wound healing
were in good consistence.

3.3. Improved drug delivery of the nanoplatform in combination with PTT
effectively inhibits bone metastasis and relieves CIBP

DOX and GNR contents in various tissues of tumor-bearing mice were
determined through HPLC and ICP-OES, respectively, to study the tissue
distribution of the nanoplatform. As shown in Fig. 3A, following intra-
venous injection, DOX in different formulations was widely distributed
in the heart, liver, spleen, lung, kidney, tumor-free bone, and tumor-
bearing bone. Especially, DOX-TSL and the nanoplatform showed a
relatively high DOX distribution compared with free DOX, corroborating
the fact that nanomedicines could effectively improve pharmacokinetics
of free drugs to facilitate drug delivery (Karahmet Sher et al., 2024; Shen
et al., 2024). GNR in the nanoplatform displayed similar tissue distri-
bution to DOX-TSL (Fig. 3B), indicating that GNR was simultaneously
delivered by DOX-TSL through its coupling with TSL mediated by gold-
thiol affinity. It was worthy of noting that DOX as well as GNR distri-
bution of the nanoplatform determined by HPLC and ICP-OES, respec-
tively, was total content, which could not reflect thermo-sensitive
release state. Therefore, NIR fluorescence imaging was carried out to
evaluate sensitive release. As the luminescence of DOX is out of NIR
window, which can be greatly interfered by background auto-
fluorescence when being used for in vivo fluorescence imaging (Liu et al.,
2023b), the main tissues were harvested for ex vivo imaging immediately
after NIR irradiation. The results demonstrated that without NIR
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irradiation, DOX fluorescence of the nanoplatform in various tissues was
weak with a relatively strong fluorescence observed in the liver. Upon
local NIR irradiation, DOX fluorescence in tumor-bearing bone was
significantly enhanced, because of DOX release for direct observation of
its fluorescence (Fig. 3C and D). The results also suggested that local NIR
irradiation at bone metastatic site did not trigger DOX release in the
other tissues, indicating its safety.

Therapeutic outcome in pronging survival and relieving CIBP was
investigated with the protocol illustrated in Fig. 4A. The result showed
that the mean survival time of PBS, DOX, DOX-TSL, and DOX-TSL +
GNR + NIR groups was 20.5, 20, 22, and 30 days, respectively (Fig. 4B).
Single chemotherapy of DOX had no any beneficial effects on survival.
Only marginal improvement was observed in DOX-TSL group, indicating
the inability of conventional NDDSs in treating bone metastasis. GNR-
assisted PTT boosted chemotherapy of DOX-TSL for significantly
improving survival time. Aside from poor survival time and rate, one of
other key fears associated with bone metastasis is CIBP (Yang et al.,
2024). As shown in Fig. 4C and D, bone metastasis caused severe CIBP,
showing significantly decreased paw withdrawal threshold and with-
drawal latency (without treatment vs baseline). CIBP was potentiated
over time (PBS vs without treatment), suggesting that the progression of
bone metastasis could further aggravate CIBP. DOX-TSL as well as DOX
treatment was unable to relieve CIPB; in contrast, the nanoplatform
upon NIR irradiation effectively relieved CIPB (DOX-TSL + GNR + NIR
vs DOX-TSL). Moreover, it was observed that compared with without
treatment group, the paw withdrawal threshold and withdrawal latency
was significantly elevated. This result might indicate that the progres-
sion of bone metastasis is inhibited rather than delayed in this case.

On the 20th day after tumor modeling, clinical X-ray and CT imaging
were performed to investigate bone situation. Bone metastasis would
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Fig. 3. Tissue biodistribution and thermo-sensitive DOX release upon NIR irradiation. (A) DTX and (B) GNR contents of different drug formulations in the heart,

liver, spleen, lung, kidneys, heart, tumor-free bone, and tumor-bearing bone at 12 h post-injection. (C) DOX fluorescence imaging of harvested tissues immediately
after NIR irradiation and (D) corresponding quantitative analysis. Tumor-bearing mice received intravenous treatment at 5 mg/kg body weight of DOX and 10 mg/kg
body weight of GNR. In the case of NIR irradiation, bone metastatic site of mice was irradiated for 10 min at the power of 0.5 W/cm? at 12 h post-injection. Data are
expressed as mean + SEM (n = 3). ***p < 0.001.
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Fig. 4. In vivo therapeutic outcome in pronging survival and relieving CIBP. (A) Protocol of drug treatment for in vivo therapeutic evaluation. Tumor-bearing mice
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from random 8 tumor-bearing mice at 6th day after tumor modeling, prior to grouping for drug treatment. Data are presented as mean + SEM (n = 8). *p < 0.05, **p

< 0.01, and ***p < 0.001.

alter the functions of osteoblasts and osteoclasts, resulting in bone
destruction (Mao et al., 2023), as verified by our results. As shown in
Fig. 5A and B, compared with contralateral tumor-free bone with well-
defined bone morphology and structure, tumor-bearing bone dis-
played severe bone fracture, loss, and hyperplasia, which invaded pe-
ripheral tissue. This result also suggests that bone metastasis from
prostate cancer is both osteoblastic and osteolytic, of which osteolysis
might be dominated (Loots and Guise, 2024). Like free DOX, the ther-
apeutic outcome of conventional DOX-TSL was unsatisfactory with
slightly inhibited bone destruction observed in these two groups.
Comparatively, bone morphology and structure were largely preserved
in DOX-TSL + GNR + NIR, although soft tissue around bone metastasis
was still somewhat swelling, which was probably caused by bone
metastasis-induced inflammation. The results of X-ray and CT imaging
were consistent. Afterwards, the mice were sacrificed and tumor-bearing
bone as well as tumor-free bone was harvested and decalcified for H&E
and TRAP/ALP staining for histopathological comparison. H&E
demonstrated that tumor-free bone was characteristic of normal
trabecular bone and normal bone marrow containing massive bone
marrow cells, while rapidly proliferating tumor cells destroyed trabec-
ular bone, almost filling the whole bone marrow, once bearing tumor
(Fig. 5C). Although DOX-TSL as well as DOX treatment could kill tumor
cells and preserve trabecular bone to some extent, tumor cells still
occupied the majority of the bone marrow. In contrast, after the treat-
ment with DOX-TSL + GNR + NIR, the bone became histologically
similar to tumor-free bone, indicating that bone metastasis was effica-
ciously inhibited. TRAP/ALP staining was further carried out to detect

the activities of osteoclasts and osteoblasts. It is reported that there is a
dynamic balance between osteoclasts and osteoblasts in healthy bone
and herein, TRAP/ALP staining of tumor-free bone suggested that the
activity of osteoclasts stained by wine red should play a predominant
role in this balance (Fig. 5D). Unexpectedly, while the activity of oste-
oblasts stained as dark brown was increasing, osteoclasts seemed to
disappear in PBS group. The increase of the activity of osteoblasts for
bone formation to compensate bone loss caused by tumor might
contribute to such a phenomenon (Chen et al., 2023). The activity of
osteoclasts slightly increased after the treatment with DOX-TSL and
DOX, which remarkably increased to achieve a rebalance with the ac-
tivity of osteoblasts after the treatment with DOX-TSL + GNR + NIR.
Generally, it was a corollary that thermo-sensitive chemotherapy of
DOX-TSL in combination with GNR-assisted local PTT could effectively
kill tumor cells in the bone, thus rebalancing the turnover of osteoclasts
and osteoblasts for relieving CIBP and prolonging survival.

Meanwhile, some main tissue, such as the heart, liver, spleen, lung,
and kidney were also harvested for H&E staining and no toxicity was
observed in all groups. H&E staining also revealed distant metastasis
from bone to the lung, which was significantly inhibited after the
treatment with DOX-TSL + GNR + NIR (Fig. S3).

4. Conclusion

In summary, we try to utilize a simple nanoplatform composed of
TSL as carrier of DOX and GNR as photothermal agent to treat bone
metastasis through improved chemotherapy combined with PTT. The
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Fig. 5. Bone histological evaluation. (A) Whole-body X-ray and (B) CT imaging of tumor-bearing mice. (C) H&E and (D) TRAP/ALP staining of harvested tumor-
bearing bone as well as tumor-free bone. Osteoclasts and osteoblasts were stained as wine red and dark brown, respectively, in TRAP/ALP staining, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

synthesized TSL showed a high stability to maintain its payload under
physiological condition and a high sensitivity to mild hyperthermia for
rapid release, while GNR displayed a desired photothermal conversion
capacity upon 808 nm NIR irradiation. The pre-synthesized DOX-TSL
and GNR were incubated and the nanoplatform was obtained through
gold-thiol coupling between GNR and TSL. Cell experiments revealed
that upon NIR irradiation, the therapeutic outcome of the nanoplatform
was significantly improved through the anti-tumor outcome of PTT it-
self, PTT-triggered thermo-sensitive DOX release, and PTT-augmented
sensitivity of tumor cells to DOX. Animal experiments demonstrated
that the nanoplatform facilitated simultaneous delivery of DOX and GNR
to target site; through local NIR irradiation, the nanoplatform effica-
ciously killed tumor cells in the bone and thus rebalanced the turnover
of osteoclasts and osteoblasts, which ultimately prolonged survival time
and relieved CIBP. The combination of TSL and GNR thus emerges as
easy-to-operate but effective nanoplatform to treat bone metastasis.
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