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a b s t r a c t

Bone metastasis, a life-threatening complication of advanced breast cancer, is often accompanied by

debilitating pain (cancer-induced bone pain, CIBP) that severely impairs life quality and survival. The

concurrent treatment of bone metastases and CIBP remains a clinical challenge because the therapeu-

tic options are limited. In this study, we construct a near-infrared light-activated nano-therapeutic sys-

tem to meet this conundrum. In detail, sorafenib (SRF) and photosensitizer (chlorin e6, Ce6) are encap-

sulated into mesoporous hydroxyapatite nanoparticles (HANPs), which are further functionalized with

hyaluronic acid (HA) to obtain HA-SRF/Ce6@HANPs system. The designed nanoplatform destroys tumor

cells in vitro and in vivo via the synergism of SRF (interrupting the exchange of cystine/glutamate by

inhibiting SLC7A11) and photodynamic therapy (PDT, inducing reactive oxygen species generation). The

decrease in tumor burden and reduction of extracellular glutamate significantly attenuate CIBP in mice

model with developing bone cancer. Moreover, the combination of HA-SRF/Ce6@HANPs and PDT inhibit

osteoclasts activation, promote osteoblast differentiation and accelerate bone repair. Overall, the nanoa-

gent with good biocompatibility may provide an effective therapy method for the concurrent treatment

of breast cancer bone metastasis and CIBP.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Although major breakthrough has been made in the fight

against breast cancer, it remains the leading cause of death in

women worldwide [1]. Around 70% of patients with breast can-

cer have had skeletal metastasis [2,3]. The patients suffer from life-

threatening skeletal-related events, such as severe pain [4,5]. Most

worthy of attention is that cancer-induced bone pain (CIBP) is not

just the outcome of cancer, but a promoter of tumor progression

[6,7]. Pain relief and cancer treatment are supplements for each

other, indicating that concurrent therapy of cancer and CIBP makes

sense in improving the efficacy of cancer comprehensive treatment

[8].

Currently, CIBP management strategies focus on radiotherapy

and analgesic drugs following three-step analgesic ladder [9,10].
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However, system administration of these analgesic drugs is often

accompanied by severe side effects [8]. It has been revealed that

CIBP is a complex state with peripheral and central features con-

taining multiple potential mechanisms [11,12]. On one hand, tumor

and stromal cells can induce bone pain by disrupting host bone

cell processes [13]. On the other hand, glutamate, a neurotransmit-

ter released by cancer cells via the cystine/glutamate antiporter so-

lute carrier family 7 member 11 (SLC7A11), is capable of initiating

a pain response in peripheral tissues [14,15]. Therefore, inhibition

of the SLC7A11 could alleviate CIBP by reducing glutamate release

[16,17].

Coincidentally, SLC7A11 is important for cancer cells to main-

tain redox homeostasis by supplying cystine (oxidized cysteine)

for glutathione (GSH) biosynthesis [18,19]. As the cofactor of glu-

tathione peroxidase 4 (GPX4), GSH plays a key role in scaveng-

ing reactive oxygen species (ROS) and protecting cancer cells from

oxidative damage [20]. Therefore, SLC7A11/GSH/GPX4 axis is the
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Scheme 1. Illustration of antitumor and analgesic effects of HA-SRF/Ce6@HANPs.

most important antioxidant system in many tumor types [21,22].

It has been reported that cystine-starved cells undergo imbalance

of oxidative stress and sensitive to photodynamic therapy (PDT)

[23,24]. Yet, deletion of SLC7A11 might be a feasible target to ac-

cess to effective photodynamic strategies, being regarded as pre-

eminent protocols for the treatment of breast cancer bone metas-

tasis [25,26]. Preclinical and clinical research has discovered that

sorafenib (SRF) could block the SLC7A11, suspend the transporta-

tion of cysteine and depress the production of GSH, thus it might

be an ideal candidate to destroy aggressive cancer cells and miti-

gate CIBP [27,28].

Herein, sorafenib (SRF) and chlorin e6 (Ce6) were encapsulated

into mesoporous hydroxyapatite nanoparticles (HANPs), and then

the obtained SRF/Ce6@HANPs were capped with hyaluronic acid

(HA) to construct HA-SRF/Ce6@HANPs system for concurrent can-

cer treatment and pain management. In the guidance of HA, HA-

SRF/Ce6@HANPs could precisely accumulate in bone metastases. As

shown in Scheme 1, the combination of HA-SRF/Ce6@HANPs and

PDT, triggered by 660nm laser irradiation, synergistically inhibited

breast cancer growth both in vitro and in vivo. The decrease in tu-

mor burden and reduction of extracellular glutamate significantly

attenuated CIBP-associated flinching and other pain-related behav-

iors in mice model with developing bone cancer. Concomitantly,

the nanoplatform broke “vicious cycle” by suppressing activation

of osteoclasts and apoptosis in cancer cells. Moreover, bone repair

was accelerated with assistance of calcium released by HANPs. This

nanoplatform provided some new insights on the concurrent ther-

apy of breast cancer bone metastases and CIBP.

High acidity is a hallmark of tumor microenvironment (TME)

of bone metastasis, and acid-responsive drug delivery nanoplat-

form is of critical [29]. Firstly, HANPs were prepared via chemical

precipitation and hydrothermal method [30]. Transmission electron

microscope (TEM) image in Fig. 1a demonstrated its mesoporous

rod-like morphology with average diameter of ∼118nm which was

coincided with the result of dynamic light scattering (Fig. S1 in

Supporting information). Then, the porosity of HANPs was mea-

sured via N2 adsorption-desorption isotherms. The results in Figs.

1b and c displayed that surface area and pore size were about

51.5405±0.1214 m²/g and 10.4392nm, respectively. Furthermore,

element distribution (Fig. S2 in Supporting information) in HANPs

was investigated by energy dispersive X-ray (EDX), proving suc-

cessful preparation of HANPs. X-ray diffractometer (XRD) pattern

of HANPs was detected, and the result (Fig. S3 in Supporting in-

formation) showed that the diffraction pattern of single-phase hy-

droxyapatite was matched well with the joint committee on pow-

der diffraction standards (JCPDS) card [31].

Subsequently, HA was graphed onto the surface of HANPs

through amidation reaction, to obtain HA-HANPs. The analysis of

fourier-transform infrared spectroscopy (FTIR) indicated that HA

was connected to HANPs successfully (Fig. S4 in Supporting in-

formation). As shown in Fig. 1d, HANPs were obviously covered

by HA polymers. Meanwhile, the particle size of HA-HANPs was

slightly increased significantly (Fig. 1e), and the zeta potential was

decrease from 1.51±0.07mV to −19.2±0.75mV (Fig. 1f). Then,

grafting degree of HA was analyzed by thermogravimetric study.

As shown in Fig. 1g, in region of 200–800 °C, HA-HANPs showed a

weight loss of 20.86 wt% due to HA decomposition, and the graft

ratio of HA was calculated to be approximately 18.94 wt%.

Next, ultraviolet-visible (UV-vis) spectrum was used to charac-

terize the drugs loaded nanoplatform. As shown in Fig. 1h, SRF and

Ce6 were successfully loaded in HANPs to obtain SRF/Ce6@HANPs

with high drugs entrapment efficiency (SRF: ∼88.5% and Ce6:

∼82.1%). Acid sensitivity of HANPs moved us to investigate the

drug release profile in vitro. Fig. 1i showed that both SRF release

increased about 70% in acid buffer than that in neutral condition,

and Ce6 release profile exhibited same trend. These results indi-

cated that HA-SRF/Ce6@HANPs were acid response nanoplatform.

Moreover, the nanoplatform exhibited good storage stability with

no significant changes of particle size (Fig. S5 in Supporting infor-

mation).

Then, we were inspired to investigate anti-tumor effect of the

nanoagent on 4T1 breast cancer cells. As shown in Fig. 2a and

Fig. S6 (Supporting information), cellular uptake amount of FITC in

HA-FITC@HANPs was 1.5-folded higher than that in FITC@HANPs at

4h, implying their specially targeting effect. Moreover, cell inhibi-

tion effect of HA-SRF/Ce6@HANPs on 4T1 tumor cells showed con-

centration dependent manner (Fig. 2b). In addition, cell apoptosis

induced by the nanoplatform was detected by annexin V-FITC/PI

kit. And the results in Fig. 2c and Fig. S7 (Supporting information)

demonstrated that around 62% of cells were in apoptotic stage af-

ter treatment with HA-SRF/Ce6@HANPs+Laser, which was signif-

icantly higher than that in HA-SRF@HANPs and HA-Ce6@HANPs

+Laser groups.

Subsequently, we investigated ROS-generating activity with

2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as indicator.

Although cancer cells depending on high level of ROS to main-

tain their proliferation, no apparent green fluorescence could be

observed in control group and HANPs treated tumor cells, as dis-

played in Fig. 2d and Fig. S8 (Supporting information), which was

mostly due to high ability of antioxidant defense system. After dis-

ruption of the antioxidant defense system by blocking SLC7A11

with SRF, weak fluorescence was observed in HA-SRF@HANPs

group. When combined with PDT, a large amount of ROS accumu-

lated in cancer cells as exhibited by strong green fluorescence in

HA-SRF/Ce6@HANPs+Laser treated group (Fig. 2d and Fig. S8).

We further investigated anti-tumor mechanism of the

nanoplatform via some experiments. Fig. 2e and Fig. S9 (Sup-

porting information) clarified that HA-SRF@HANPs and HA-

SRF/Ce6@HANPs+Laser significantly inhibited SLC7A11 expression,

resulting in the disruption of cysteine metabolism homeosta-

sis in tumor cells. Distribution of cystine/glutamate exchange

would reduce release of glutamate and uptake of cystine. As

shown in Fig. 2f, media glutamate concentration was reduced

around 0.5-fold after treatment with HA-SRF@HANPs and HA-

SRF/Ce6@HANPs+Laser. Insufficient supply of cysteine would

induce an anergic state of intracellular GSH (Fig. 2g). It was

presumed that HA-Ce6/SRF@HANPs+Laser could deplete GSH

in two aspects: First and foremost, SRF directly decreased GSH

concentration by cutting off its precursor [32]. Second, ROS

generation in PDT could diminish GSH to some extent. Interest-

ingly, GSH depletion inactivated lipid peroxidation repair enzyme

GPX4, which was measured through a cellular western blot and

glutathione peroxidase assay kit. HA-Ce6@HANPs+Laser and HA-

Ce6/SRF@HANPs+Laser could reduce both expression (Fig. 2h and
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Fig. 1. (a) TEM of HANPs. (b, c) Nitrogen adsorption/desorption isotherms (b) and corresponding pore-size distribution curve of HANPs (c). (d) TEM of HA-HANPs. (e) Size

distribution. (f) Zeta potential. (g) Thermogravimetric analysis. (h) UV–vis spectra. (i) Release profile of SRF and Ce6 from HA-SRF/Ce6@HANPs.

Fig. S10 in Supporting information) and activity (Fig 2i) of GPX4

in different degrees, which was consistent with the GSH depletion

effect of the same group. Together, these experiments confirmed

that HA-Ce6/SRF@HANPs+Laser could destroy the antioxidant

system of tumor cells.

In light from above results, we were moved to investigate the

in vivo antitumor effect on mouse model with bone metastasis. All

animals were kept in a pathogen-free and well-fed environment.

The procedures for care and use of animals were approved by the

Ethics Committee of Zhengzhou University. Seven days post intra-

tibial injection of 4T1 cells, the tumor-bearing mice were randomly

divided into five groups and treated with different formulations

via i.v. injections at equivalent SRF and Ce6 doses. As shown in

Fig. 3a, HA-SRF@HANPs and HA-Ce6@HANPs+Laser inhibited tu-

mor growth moderately after treatment for 18 days. In contrast,

HA-Ce6/SRF@HANPs+Laser exhibited outstanding tumor inhibition

efficiency, and these results were consistent with cytotoxicity in

vitro. The mass of tumor concurred well with the tumor growth

curve in the end of efficacy study (Fig. 3b). Then, main organs

and tumor tissues were stained with the hematoxylin-eosin (H&E)

staining, and tumor tissues were further stained with terminal de-

oxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay

and Ki67.

As revealed in Fig. 3c, the tumor cells in control and HA-

HANPs showed in highly aggressive shape of vigorous proliferation

and closely arranged. The tumor cell morphologies treated with

HA-SRF@HANPs and HA-Ce6@HANPs+Laser changed in varying

degrees, while the mice treated with HA-Ce6/SRF@HANPs+Laser

showed significant apoptosis and necrosis, demonstrating its high-

est potency in eradicating breast cancer bone metastases. Cell

proliferation marker Ki67 was also significantly down-regulated

after treatment with HA-Ce6/SRF@HANPs+Laser (Fig. 3d). More-

over, immunofluorescent images displayed a large number of

TUNEL positive cells in HA-Ce6/SRF@HANPs+Laser group, which

was significantly higher than that of HA-SRF@HANPs and HA-

Ce6@HANPs+Laser groups (Fig. 3e).

After evaluation of anticancer effect, the inhibition effect of

HA-Ce6@HANPs+Laser on osteolysis induced by bone metasta-

sis was studied. Tartrate-resistant acid phosphatase (TRAP) is the

biomarker for osteoclasts that reflect bone resorption in vivo. Im-

munohistochemical staining was used to analyze TRAP expression

in bone microenvironment of tumor-bearing tibiae. After treatment

with HA-SRF/Ce6@HANPs+Laser, TRAP-positive osteoclasts remark-

ably decreased in interface between tumor and bone compared

with untreated group (Figs. 4a and b). Administration of HA-

SRF@HANPs and HA-Ce6@HANPs+Laser only resulted in a minor

reduction of TRAP-positive osteoclasts. The changes of TRAP in HA-

SRF/Ce6@HANPs+Laser group demonstrated that bone resorption

was significantly decreased.

CIBP is a frequent symptom of breast cancer patients with

bone metastasis [33]. After administration with different formu-

lations, pain behavior in tumor bearing mice was evaluated by

recording the number of flinches, spontaneous lifting time and the

movement scores of tumor-bearing limbs over a 4-min time pe-

riod [34,35]. Spontaneous lifting of the tumor-bearing limb was

first observed on Day 7 post-injection of breast cancer cells. Both

the number of flinches and spontaneous lifting time gradually in-

creased over time (Figs. 4c and d). Comparatively, HA-SRF@HANPs

and HA-Ce6@HANPs+Laser could partially attenuated mice flinch-

ing compared to control group. Obvious difference of flinches num-

ber between control and HA-SRF/Ce6@HANPs+Laser groups was

first observed on Day 9, and maximum difference was observed on

Day 19. Moreover, the use of tumor bearing hindlimb was scored

to evaluate pain level. As depicted in Fig. 4e, the use of tumor-

bearing limb in HA-SRF/Ce6@HANPs+Laser group appeared normal

with occasional limping. However, mice in control group showed

partial or non-use of the tumor-bearing limb at the endpoint. All

of the results suggested that HA-SRF/Ce6@HANPs+Laser could not

only inhibit the tumor cells proliferation, but also inhibit osteo-

clasts activation and alleviate bone pain of bone metastatic mice,

synergistically blocking vicious cycle of bone metastasis.

Subsequently, systemic toxicity was evaluated by testing bio-

chemical indexes. As displayed in Fig. S11a (Supporting informa-

tion), liver biochemical parameters, including aspartate amino-

transferase (AST), alanine aminotransferase (ALT), alkaline phos-

phatase (ALP) and glutamyl transferase (GGT) were detected and
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Fig. 2. (a) Cell uptake. (b) Cell viability. (c) Cell apoptosis experiment. (d) Intracellular ROS detection, scale bar: 200μm. (e) SLC7A11 expression level. (f) Glutamate release.

(g) Intracellular GSH level. (h) Western blot results for GPX4 expression. (i) GPX4 activity. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Fig. 3. (a) Relative tumor volumes (n=5). (b) Tumor weight in different treatment groups (n=5). (c) H&E, Ki67 and TUNEL staining of the tumor tissues, scale bar: 200μm.

(d) Ki67 and (e) TUNEL and positive tumor cells (n=3). Data represent means ± standard deviation (SD), statistical analysis by one-way analysis of variance (ANOVA). ∗P <

0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Fig. 4. (a, b) TRAP staining of the tumor tissues. Scale bar: 200μm. (c) Number of flinches. (d) Spontaneous lifting time and (e) score of bone metastatic hindlimb. Data

represent means ± SD (n=5). ∗∗∗P < 0.001.

all of these parameters were within the normal range. Kidney bio-

chemical parameters (Fig. S11b in Supporting information), such as

blood urea nitrogen (UREA), creatinine (CREA) and uric acid (UA)

of all treatment groups showed no significant differences com-

pared with control group. These results indicated that this ther-

apeutic strategy showed negligible damage on renal and hepatic

functions. Moreover, neither obvious body weight drop (Fig. S12

in Supporting information) nor abnormality in main tissue sec-

tions (Fig. S13 in Supporting information) were observed in all

treatment groups at the end of antitumor studies. Overall, the

hematology and histopathology analysis demonstrated that HA-

SRF/Ce6@HANPs possessed superior biocompatibility in vivo.

In this current study, we focused our eyes on the concurrent

treatment of breast cancer bone metastasis and CIBP. The nanoplat-

form boosted PDT via the synergism of SRF-mediated interruption

of system SLA7A11/GSH/GPX4 antioxidant axis and Ce6-induced

ROS storm, which were verified by in vitro and in vivo experi-

ments. Next, HA-SRF/Ce6@HANPs exhibited excellent analgesic ef-

fect, which was mainly attributed to reduced levels of extracellu-

lar glutamate in the bone metastases microenvironment and sup-

pression of tumor growth and metastasis. As expect, the combi-

nation of PDT and SLC7A11 inhibition exhibited encouraging per-

formance in both tumor suppression and pain management, which

was demonstrated in mice model of breast cancer bone metasta-

sis. Looking forward, whether other mechanisms in contained in

the analgesic effect of HA-SRF/Ce6@HANPs+Laser deserve more in-

depth investigation.
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