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Abstract

Biocompatible tissue-borne crystalline nanoparticles releasing anticancer therapeutic inorganic 

elements are intriguing therapeutics holding the promise for both tissue repair and cancer therapy. 

However, how the therapeutic inorganic elements released from the lattice of such nanoparticles 

induce tumor inhibition remains unclear. Here we use selenium-doped hydroxyapatite 

nanoparticles (Se-HANs), which could potentially fill the bone defect generated from bone tumor 

removal while killing residual tumor cells, as an example to study the mechanism by which 

selenium released from the lattice of Se-HANs induces apoptosis of bone cancer cells in vitro and 

inhibits the growth of bone tumors in vivo. We found that Se-HANs induced apoptosis of tumor 

cells by an inherent caspase-dependent apoptosis pathway synergistically orchestrated with the 

generation of reactive oxygen species. Such mechanism was further validated by in vivo animal 

evaluation in which Se-HANs tremendously induced tumor apoptosis to inhibit tumor growth 

while reducing systemic toxicity. Our work proposes a feasible paradigm toward the design of 
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tissue-repairing inorganic nanoparticles that bear therapeutic ions in the lattice and can release 

them in vivo for inhibiting tumor formation.

Graphical abstract
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Bone cancer is one of the most prevalent cancers with the lowest long-term survival rate 

among children and adolescents.1 The most common type of bone cancer is osteosarcoma. 

Osteosarcoma is a primary malignant solid tumor of bone-forming stem cell origin. It often 

germinates in the distal femur and proximal tibia and easily metastasizes to lungs.2,3 Current 

clinical treatment of osteosarcoma, such as directed resection, can remove the tumor lesions. 

However, residual tumor cells still remain in the periphery of the bone defect site. Adjuvant 

chemotherapy is accordingly indispensable for killing the residual tumor cells and 

preventing tumor recurrence. Meanwhile, to ease the physical limitation of patients, the 

defect generated by an operation also needs to be filled for bone repair.4 Biocompatible bone 

mineral nanoparticles releasing anticancer chemotherapeutic agents are of great potential for 

satisfying both of the above requirements at the same time.

Since traditional chemotherapy drugs are prone to cause torturous late effects such as 

anthracycline-induced cardiomyopathy,5 cisplatin-related renal dysfunction,6 and hearing 

loss,7 nutritional trace elements with antitumor effects, which are also necessary for human 

health, may be a better choice for the osteosarcoma therapy. To the best of our knowledge, 

selenium is such an element. We, together with several other groups, have demonstrated that 

selenium is a crucial anticarcinogen,8 and selenium deficiency is highly associated with the 

risk of many health problems9 and multiple cancers in bone,10,11 lung,12 breast,13 ovarian,14 

prostate,15,16 and gastrointestin.17 Up to now, the antitumor function of selenium has been 

extensively confirmed. Many studies showed that the cytotoxic effect of selenium against 

several human cancer cell lines was associated with an increase in the level of intracellular 

reactive oxygen species (ROS).18,19 However, the exact mechanism involved in tumor 

suppression by selenium, especially in a form of inorganic ions released from mineral 

nanoparticles, remains unclear. To gain an understanding of such mechanism, we created an 

intelligent biomaterial of selenium-doped hydroxyapatite nanoparticles (Se-HANs) with 

biodegradable and pH-sensitive properties. Meanwhile, Se-HANs could potentially play a 

dual role in treating osteosarcoma via chemotherapy arising from selenium ions and 
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promoting bone regeneration by hydroxyapatite nanoparticles. In this study, the in vitro 

cellular uptake, degradation and cytotoxicity, the in vivo tumor growth inhibition, and 

systemic toxicity of Se-HANs were extensively evaluated. More importantly, the inherent 

mechanism of osteosarcoma suppression was systematically investigated (Figure 1).

RESULTS AND DISCUSSION

Selenium Release from the Lattice of the Se-HANs through a pH-Sensitive Degradation 
Fashion

Natural bone is a hierarchically structured material assembled from basic building blocks of 

mineral nanoparticles in the frame of bone collagen protein.20 Hydroxyapatite (HA) is a 

main inorganic mineral in vertebrate bones and tooth enamels and has been widely studied 

as excellent bone substitutes.21 In this work, a series of biodegradable and pH-sensitive Se-

HANs including 3%Se-HANs, 6%Se-HANs, and 10%Se-HANs were separately synthesized 

by a modified aqueous precipitation method based on our former work.22 Selenium-free 

HANs and pure sodium selenite (Na2SeO3) were designed for controls. X-ray diffraction 

(XRD) analysis confirmed that the typical peaks of HA were present in all Se-HANs, and 

there was no significant difference between Se-HANs and the standard HA (JCPDS card no. 

09-0432) (Figure 2A). The size, morphology, and colloidal stability in biological solutions 

are important factors that should be considered in designing nanoparticles.23 Nanoparticles 

with a size under 100 nm possess better cell endocytosis efficiency than those with a larger 

size.24 HA nanoparticles with needle-like morphology were confirmed to have an ideal 

mechanical compatibility to natural bone and significantly promote osteogenesis.25 In this 

study, dynamic light scattering (DLS) and transmission electron microscopy (TEM) results 

demonstrated that by using such a modified aqueous precipitation method, the size of 

needle-like Se-HANs and HANs was controlled within 100 nm. These nanoparticles were 

also dispersed well in the PBS solution and capable of forming a stable colloid even after 

stored for over a month (Figure 2B–D and Table S1). Moreover, elemental mapping showed 

that element distribution of selenium in Se-HANs was similar to that of calcium and 

phosphorus, indicating that selenium has been completely incorporated into HA lattices and 

evenly distributed in entire nanoparticles (Figure 2E). These findings imply that the 

incorporation of selenium ions into HA lattices does not alter the primary features of HANs 

including physical dimension, geometrical shape, and crystal lattice. The integrated 

selenium ions have a potential capacity to be delivered via a degradation-medicated 

sustained release, like calcium and phosphate ions.

We proceeded to investigate the release kinetics of Se-HANs in two different PBS buffers of 

pH 7.4 and pH 5.0. The former was used to simulate the normal healthy tissue, while the 

latter was designed as a biomimetic acidic microenvironment of tumor tissue.26 The results 

showed that the selenium release from Se-HANs was much greater in the acidic condition 

than in the neutral condition. After release for 12 h in the acidic condition, the accumulation 

of selenium in 3%Se-HANs, 6%Se-HANs, and 10%Se-HANs reached up to 40.3%, 42.2%, 

and 54.1%, respectively (Figure 2F). Also, the release rate of selenium was significantly 

elevated with the increase of selenium content in different compounds. In both acidic and 

neutral conditions, there was an obvious two-stage release. The first stage (0–24 h) was short 
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and belonged to a phase of burst release, whereas the second stage (24–120 h) was long and 

ascribed to a phase of sustained release. Moreover, we found that the release of Ca2+ ions 

was highly associated with the degradation kinetics of as-prepared nanoparticles and was 

sensitively influenced by pH value, as the nanoparticle degradation was much greater in acid 

conditions of pH 5.0 than in neutral conditions of pH 7.4 (Figure S1). Therefore, these 

results clearly indicate that the selenium release from nanoparticles is a typical degradation-

mediated pattern, and the current Se-HANs are indeed highly sensitive to environmental pH 

and can be employed as an effective pH-sensitive nanocarrier.

Degradation of the Internalized Se-HANs Restrains the Viability of Osteosarcoma Cells

We first evaluated the response of Se-HANs to human osteosarcoma cells MNNG/HOS and 

studied the degradation behavior in vitro. The results showed that Se-HANs were able to be 

readily internalized in osteosarcoma cells via nonspecific endocytosis, where they were 

initially encapsulated in the endosomes and finally transported to the lysosome with the 

acidic microenvironment for intracellular degradation (Figure 3A,B). We applied 

fluorescence intensity of FITC-labeled nanoparticles as a quantitative indicator to evaluate 

intracellular degradation of nanoparticles. We found that the internalized nanoparticles were 

gradually degraded in the lysosomes to result in a corresponding fluorescent decay with the 

increase of incubation time, and 10%Se-HANs presented the highest decrease among all 

nanoparticles (Figure 3C). Moreover, cell viability was highly associated with the 

degradation of Se-HANs. After cell-nanoparticle interaction for 18 h, cell viabilities of 

10%Se-HANs, 6%Se-HANs, 3%Se-HANs, HANs, and Na2SeO3 were 17%, 50%, 97%, 

100%, and 31%, respectively (Figure 3D). Na2SeO3, used as a positive inhibition control, 

showed an obvious inhibition effect. Its inhibition performance was superior to all the other 

groups before 12 h, but was inferior to 10%Se-HANs after 18 h. These findings imply that 

the selenium content in different Se-HANs affects nanoparticle degradation in the lysosome 

and cell viability. Higher selenium content of Se-HANs generates a faster degradation and 

thus results in a lower cell viability.

Se-HANs Induce Apoptosis of Tumor Cells through an Inherent Caspase-Dependent 
Apoptosis Pathway Synergistically Orchestrated with ROS Generation

Many mineral nanoparticles used as antitumor agents have been found to kill tumor cells 

through ROS induction.27–30 For instance, Zn2+ ions from intracellular dissolution of ZnO 

nanoparticles could trigger ROS generation,31 thereby activating a p53-mediated cell death 

pathway.32,33 Analogously, in our study, selenium ions were released within osteosarcoma 

cells through the degradation of Se-HANs and resulted in the decline of cell viability. Recent 

studies have reported that antitumor activities of selenium ions are probably due to the 

apoptosis of tumor cells, particularly those mediated by ROS.34,35 Hence, we surmised that 

such a low cell viability was probably caused by selenium-induced ROS generation and the 

subsequent cell apoptosis. To confirm such inference, we monitored a unique indicator of 

ROS, a fluorescent product of 2′,7-dichlorofluorescein (DCF) generated during the process 

of ROS formation. The results showed that both 3% Se-HANs and HANs exhibited no 

detectable DCF, whereas there was a remarkable increase of DCF in the compounds with 

higher selenium content including 6%Se-HANs, 10%Se-HANs, and 2 µM Na2 SeO3 (Figure 

3E). Also, we verified that the compounds with a higher selenium content displayed a nearly 
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100% cell viability throughout the coculture of nanoparticles and cells for 48 h (Figure 3F), 

as they could not induce osteosarcoma apoptosis after intracellular ROS generation was 

inhibited by adding MnTMPyP (Figure 3G). Therefore, these data imply that ROS 

generation plays a pivotal role in the process of selenium-induced tumor apoptosis. This is 

consistent with the earlier findings that ROS generation could induce osteosarcoma 

destruction.34

It is well documented that caspase-3, as a key apoptotic executioner, can be activated by 

caspase-8 and caspase-9. Caspase-8 is an apoptotic initiator of the death receptor-mediated 

extrinsic pathway, whereas caspase-9 is an apoptotic initiator of the mitochondria-mediated 

intrinsic pathway.24,36 To prove the possible mechanism of caspases-dependent apoptosis, 

we successfully detected the activated/cleaved caspase-3 in the compounds of high selenium 

content including 10%Se-HANs and 2 µMNa2SeO3 at different time points of 12, 18, and 24 

h (Figure 4A). We found two activated initiators of caspase-9 and caspase-8 in the same 

compounds of high selenium content (Figure 4B). Moreover, truncated Bid (tBid, 15 KD) 

derived from original Bid (22 kDa) by the cleavage of caspase-8 was detected in both 

10%Se-HANs and 2 µM Na2SeO3 (Figure 4B). The generation of tBid further confirmed the 

initiation of extrinsic apoptotic pathway activated by the apoptotic initiator of caspase-8. 

Additionally, the tBid was translocated to the mitochondria for stimulating the release of 

cytochrome c that activated the caspase-9 for starting the intrinsic apoptotic pathway (Figure 

4C). Therefore, tBid plays a crucial role in bridging the activation of both extrinsic and 

intrinsic caspase-dependent apoptotic pathways. Namely, in this study we report a 

potentially inherent mechanism, a caspases-dependent apoptosis, on tumor impression by 

selenium.

These findings demonstrate that anti-osteosarcoma activity of Se-HANs is basically 

manipulated via a caspase-dependent apoptosis involving both extrinsic and intrinsic 

apoptotic pathways. Intracellular ROS generation probably provides an initially synergistic 

effect on the caspase-dependent apoptosis. On one hand, ROS regeneration likely plays as a 

vital signal transduction molecule in aggregating the Fas receptor, thereby activating 

caspase-8 and triggering the death receptor-mediated extrinsic apoptotic pathway.37–39 On 

the other hand, ROS can facilitate the permeabilization of mitochondria to release 

cytochrome c and effectively activate the intrinsic apoptotic pathway.40 Therefore, our 

current work not only verifies the key role of ROS generation induced by Se-HANs on 

tumor apoptosis but also systematically illuminates the inherent mechanism of caspase-

dependent apoptosis involving both extrinsic and intrinsic apoptotic pathways.

Se-HANs Induce Apoptosis To Inhibit Tumor Growth while Reducing Systemic Toxicity in 
Vivo

The aforementioned data confirmed that antiosteosarcoma activity of Se-HANs was 

positively dependent on the selenium content of the compounds, and thus 10%Se-HANs 

exhibited the better efficacy on inducing tumor apoptosis due to the higher selenium ions 

content. Here we chose 10%Se-HANs (100 mg/mL) to investigate antineoplastic activity, 

systemic toxicity, and in vivo degradability using a BALB/c nude mouse osteosarcoma 

model. Based on the calculation of release kinetics, 10%Se-HANs of 100 mg/mL was able 
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to release approximately 3 mM in the neutral condition (pH 7.4) and 16 mM in the acidic 

condition (pH 5.0). We thereby designed pure HANs (100 mg/mL) physically mixed with 0, 

3, and 16 mM Na2SeO3 as controls for in vivo evaluation. Our results showed that 10%Se-

HANs significantly inhibited tumor growth after treatment for 9 days, and the inhibition 

capacity was gradually enhanced with the increase of treatment time (Figure S2). After 

treatment for 30 days, 10%Se-HANs tremendously reduced tumor volume from 5960.76 

± 1910.90 to 1781.57 ± 901.87 mm3 and tumor weight from 4.84 ± 1.16 to 1.79 ± 0.95 g in 

comparison with the control (Figure 5A–C). We also found that HANs/Na2SeO3 exhibited a 

selenium dose-dependent tumor inhibition, and HANs/16 mM Na2SeO3 presented the least 

tumor volume and tumor weight among all three controls. Since antitumor activity was 

mainly dependent on the intratumor selenium concentration, the equivalent selenium content 

between 10%Se-HANs and HANs/16 mM Na2SeO3 showed no significant difference on 

both tumor volume and tumor weight.

The pathological analysis was further performed by hematoxylin-eosin (HE) staining, 

immunohistochemical staining of platelet endothelial cell adhesion molecule-1 (CD-31), and 

terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) assay. The 

results showed that tumor cells with large and oval-shaped nuclei grew well around the 

abundant blood vessels in the control and pure HANs groups. In contrast, tumors treated 

with 10%Se-HANs and HANs/16 mM Na2SeO3 exhibited the typical apoptotic tumor tissue 

with poor vascularization and condensed nucleus chromatin (Figure 5D). To determine in 

vivo biodegradability of implanted materials, the residual of these calcium-based 

biomaterials was identified by von Kossa staining (Figure 5D). We found that there were 

obvious aggregations of HANs in all control treatments, while the experimental group of 

10%Se-HANs was completely degraded. These findings imply that the remarkably 

antitumor capacity of 10%Se-HANs is highly associated with its efficient biodegradability in 

acidic environment of the tumor.

Apoptosis of osteosarcoma cells induced by 10%Se-HANs had been confirmed by the 

brown-stained nucleus in the TUNEL assay (Figure 5D). However, the exact in vivo 

mechanism of such apoptosis was unclear. As we know, the in vivo physiological 

environment is much more complicated than the in vitro environment. Hence, cells in vivo 

may have an altered stress response and metabolism compared to in vitro model.30 To 

determine whether the in vivo mechanism of tumor apoptosis induction was consistent with 

the in vitro model, 8 hydroxyguanosine (8-OHdG) and cleaved/activated caspase 3, 8, and 9 

were analyzed with immunostaining, respectively. 8-OHdG is a base lesion in DNA due to 

attack by free radicals, which can be formed under an oxidative stress. Therefore, it has been 

applied as an indicator for in vivo ROS detection.41 We found that the tumor treated with 

both 10%Se-HANs and HANs/16 mM Na2SeO3 exhibited ROS-induced DNA damage, as 

the nuclei were positively stained for 8-OHdG (Figure 6A). Furthermore, cleaved caspase 9, 

8, and 3 were also positive in 10%Se-HANs as well as the other two selenium-containing 

groups (Figure 6B–D). These data indicated that the mechanisms of Se-HANs-induced ROS 

generation and the subsequent caspase-dependent apoptosis involving both extrinsic and 

intrinsic apoptotic pathways were also adequate for the in vivo model.
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Despite all mice survived to the experimental end point without showing significant 

differences on body weight (Figure S3), systemic toxicities varied extremely in different 

groups based on the analysis of biochemical parameters of blood including aspartate 

transaminase (AST), blood urea nitrogen (BUN), creatinine (CREA) and lactate 

dehydrogenase (LDH). In vivo systemic toxicity of nude mice should be attributed to two 

origins. The major one was the waste produced by rapid metabolism of the malignant 

osteosarcoma cells.10 Selenium ions could induce apoptosis of osteosarcoma cells, retard 

tumor metabolism, protect healthy organs from tumor malignancy, and thus reduce the 

systemic toxicity in vivo. The other one was the potential toxicity of overdosed selenium, 

which may cause a side effect to mice organs and thereby induce a systemic toxicity.42–44 

We found 10%Se-HANs presented the lowest systemic toxicity by profoundly decreasing 

the levels of AST, BUN, CREA, and LDH compared with the controls, even including the 

mixture of equal selenium content, HANs/16 mM Na2SeO3 (Figure 6E). The possible reason 

was that gradual selenium release mediated by a pH value from 10%Se-HANs might lead to 

a high enrichment of selenium at the local tumor with a tiny leakage in normal tissue. The 

controlled release of selenium enabled Se-HANs to kill the tumor without harming the 

normal tissue. On the contrary, Na2SeO3 mixed with HANs was immediately decomposed 

after delivery to the targeted tumor and expanded to the adjacent normal tissue. A high dose 

of Na2SeO3 could have an obvious antitumor effect, but also could be dangerous for normal 

tissue. To determine this inference, we excluded the interference of the tumor malignancy by 

using a normal BALB/c mouse model to individually investigate the systemic toxicity of the 

10%Se-HANs in vivo. Our results showed no significant difference in body weight between 

10%Se-HANs and the control (saline). However, HANs/16 mM Na2SeO3 significantly 

inhibited ponderal growth after treatment for 18 days (Figure S4). After treatment for 30 

days, HANs/16 mM Na2SeO3 exerted an evident systemic toxicity by significantly 

increasing the levels of AST, ALT, and LDH and decreasing the level of ALP, while 10%Se-

HANs was nontoxic compared to the other three groups (Figure S5). HANs/16 mM 

Na2SeO3 also increased the visceral index of liver compared to the saline control (Figure 

S6), which implied the toxicity-induced hepatomegaly. Pathological changes of liver tissue, 

such as hepatic edema, were further confirmed in mice treated with HANs/16 mM Na2SeO3, 

while 10%Se-HANs showed no obvious histological lesion (Figure S7). These results not 

only revealed the side effects of selenium over dose in the normal tissues, mainly in the form 

of the liver toxicity, but also confirmed that 10%Se-HANs could avoid the selenium-caused 

systemic toxicity by pH-mediated selenium release. Taken together, 10%Se-HANs are more 

effective in decreasing the systemic toxicity generated from both tumor malignancy and 

selenium itself than all other controls.

In traditional nanomedicine development for cancer therapy, the drug carriers are usually 

designed separately from the drug and just a structural excipient without any therapeutic 

effect.45 For osteosarcoma treatment, the ideal drug carriers should also fulfill another role 

as a bone filler. This idea was achieved by doping selenium into the HA lattice to attain the 

antitumor mineral nanoparticles, Se-HANs. In this study, a caspase-dependent apoptosis 

induced by Se-HANs was elucidated in vitro and in vivo, in which both the extrinsic and the 

intrinsic apoptotic pathways were synergistically activated by ROS generation. Hence, our 
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work not only proposed a paradigm to design tissue-repairing mineral nanoparticles bearing 

therapeutic ions for tumor inhibition but also revealed the inherent apoptosis mechanism.

CONCLUSION

In summary, we successfully produced a series of biodegradable and pH-sensitive bone 

nanoparticles consisting of Se-HANs. In vitro cell evaluation demonstrated that Se-HANs 

had a remarkable antitumor activity and were able to significantly induce the apoptosis of 

human osteosarcoma cells. Such an antiosteosarcoma capacity exhibited an obvious dose 

effect, and the higher selenium content of 10%Se-HANs showed an enhanced inhibition 

effect compared with the controls of HANs with lower selenium content and selenium-free 

HANs. More importantly, we systematically elucidated the exact mechanism of apoptosis on 

tumor cells induced by Se-HANs and suggested an inherent caspase-dependent apoptosis 

pathway synergistically orchestrated with ROS generation. In vivo animal evaluation further 

confirmed that 10%Se-HANs tremendously induced tumor apoptosis, suppressed tumor 

growth, and reduced systemic toxicity. Consequently, our current findings reveal the 

mechanism of tumor inhibition by selenium-doped bone mineral nanoparticles.

METHODS

Preparation of Se-HANs

A series of Se-HANs including 3%Se-HANs, 6%Se-HANs, and 10%Se-HANs were 

separately prepared by a modified method. The molar ratio of selenium and phosphate 

(Se/P) in the three compounds was 3%, 6%, and 10%, respectively. Briefly, the mixed 

aqueous solution of (NH4)2HPO4 and Na2SeO3 was added dropwise to the aqueous solution 

of Ca(NO3)2·4H2O under vigorous stirring at 75 °C, and the pH was adjusted to 10 with the 

ammonia solution of 25% (v/v). Sodium polyacrylate (PAAS) was used as a dispersant 

during the deposition reaction. The precipitate was continuously stirred at 75 °C for over 24 

h until the generation of a semitransparent and well-dispersed colloid. The specific colloid 

was further rinsed with the deionized water and collected by centrifugation. We also 

prepared the control of selenium-free HANs using the same protocol.

Nanoparticles Characterization

XRD (PANalytical B.V., Netherlands) was used to investigate the phase composition of Se-

HANs and HANs. Nanoparticle size and zeta potential were examined by DLS (Malvern, 

U.K.). Morphology and elemental mapping of Se-HANs and HANs were observed by TEM 

(Tecnai G2 F30, FEI, Holland). To measure the content of selenium ions in Se-HANs, 1 mg 

of synthesized nanoparticles were fully dissolved in nitric acid and analyzed by inductively 

coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, PerkinElmer, U.S.A.).

Release Kinetics of Selenium Ions

The release of selenium ions from Se-HANs was measured using ICP-MS in two different 

buffer solutions of pH 7.4 and pH 5.0. Briefly, the synthesized nanoparticles were prepared 

as a suspension solution of 1 mg/mL with a neutral phosphate buffer solution (PBS, pH 7.4) 

in a 1.5 mL tube. The tubes were subsequently shaken on a water bath shaker at 37 °C. At 
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each time interval, the tubes were centrifuged, and 1 mL of the supernatant from each tube 

was collected for ICP-MS analysis. To simulate selenium ion release in lysosome or acidic 

tumor microenvironment, the PBS was adjusted to pH 5.0, and the experimental procedure 

was the same as detailed above. Three duplications were prepared for each group. As 

comparative analysis, we also measured the release of calcium ions from HANs and Se-

HANs using QuantiChromTM Calcium Assay Kit (BioAssay Systems, U.S.A.) in the same 

buffers of pH 7.4 and pH 5.0.

Cellular Uptake and Intracellular Location

Human osteosarcoma cells MNNG/HOS were cultured in MEM medium containing 10% 

fetal bovine serum, 100 units/mL penicillin, and 100 mg/mL streptomycin, and the medium 

was changed every 2 days. For TEM observation, Se-HANs were directly added to culture 

dishes at a concentration of 50 µg/mL and cocultured for 12 h. Cell sections were 

immediately prepared by following a published protocol46 and observed with a specific cell 

TEM (H-7000FA, HITACHI, Japan). For laser confocal scanning microscopy (LCSM) and 

flow cytometry (FCM) analysis, the synthesized nanoparticles were first labeled with FITC, 

according to the previously reported method,47 and sterilized by 75% ethanol. MNNG/HOS 

cells were placed in 6-well plates with an initial density of 1 × 106 cells/well. The cells were 

then separately incubated with FITC-labeled Se-HANs and HANs at a concentration of 50 

µg/mL for 3, 6, 12, and 24 h. At each time point, the cells were washed with PBS, harvested, 

and resuspended in PBS. Semiqualitative time course analysis of cellular uptake were 

measured by intracellular fluorescence intensity using flow cytometry (Cytomics FC500, 

Beckman Coulter, U.S.A.). For LCSM analysis, MNNG/HOS cells were seeded on sterile 

glass coverslips in 6-well plates at a density of 2 × 105 cells/well and allowed to attach for 

24 h. To each well, 50 µg/mL of FITC-labeled Se-HANs and HANs were added and 

incubated for 3, 6, 12, and 24 h. LysoTracker Red was then added to stain the lysosome red 

for 1 h before stopping incubation. At each time point, the cells were washed with PBS, 

fixed with 4% paraformaldehyde for 20 min, and stained with 10 µg/mL DAPI solution. The 

intracellular location was visualized under a FluoViewFV1000 CSLM (Olympus, Japan).

Cell Viability

MNNG/HOS cells were seeded at a density of 5 × 103 cells/well in 96-well plates and 

cultured for 48 h. Both Se-HANs and HANs (50 µg/mL) were added to each well and 

incubated for 0, 6, 12, 18, 24, 36, and 48 h. Sodium selenite (Na2SeO3, 2 µM) was used as a 

positive control, and pure medium without adding any compounds was designed as a blank 

control. Cell viability was performed by CCK-8 reagent kit, and the optical density (OD) 

value was measured by a microplate reader (Eon, BioTek, U.S.A.) at a wavelength of 450 

nm.

ROS Generation

ROS generation was measured by intracellular conversion of dichlorofluorescein diacetate 

(DCFH/DA) into a fluorescent product DCF.48 MNNG/HOS cells were plated in 6-well 

plates at a density of 1 × 106 cells/well. After culturing for 16 h, the cells were separately 

incubated with Se-HANs (50 µg/mL), HANs (50 µg/mL), and sodium selenium (2 µM) for 

3, 6, 12, 18, and 24 h. Thereafter, DFCH/DA (1 µM) was added to each well and incubated 
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at 37 °C for 30 min before cells were detached. The cells were subsequently collected by 

centrifugation, washed twice with PBS, and resuspended in PBS. ROS generation was 

measured by the fluorescence intensity (485 nm excitation; 538 nm emission) using a FCM 

(Cytomics FC500, Beckman Coulter, U.S.A.). To investigate the inhibition effect of ROS 

generation in the presence of selenium, a ROS depressed model was constructed by adding 

MnTMPyP (10 µM) to each well to culture for 1 h before incubation with the nanoparticles.

Western Blotting

MNNG/HOS cells were separately treated with Se-HANs (50 µg/mL), HANs (50 µg/mL), 

and sodium selenite (2 µM) to analyze apoptotic proteins at different designed time points. 

The cells were lysed on ice for 30 min and centrifuged at 13,000 rpm for 30 min at 4 °C. 

The supernatant was mixed with the loading buffer, and the protein concentration was 

determined by the BCA assay. For each group, 30 µg of protein was loaded to SDS-

polyacrylamide gel, separated by electrophoresis at 100 V for 2 h, and then transferred to 

polyvinylidene fluoride (PVDF) membranes. After blocking with TBST (0.1% Tween-20, 

10% tri-sec-buffer saline, 89.9% deionized water) containing 5% nonfat milk, the 

membranes were incubated with primary antibodies (all purchased from Cell Signaling) 

overnight at 4 °C and then incubated with HRP-conjugated secondary antibodies. The 

immunoreactive blots were observed using the ECL kit (Thermo Scientific Pierce, U.S.A.) 

with a chemiluminescence system (Bio-Rad).

Immunofluorescence Staining

To investigate the outer mitochondrial permeabilization, a two-color immunofluorescence 

experiment was performed to detect subcellular localization of cytochrome c. MNNG/HOS 

cells (1 × 105 cells/well) on glass coverslips were treated with Se-HANs (50 µg/mL), HANs 

(50 µg/mL), and sodium selenite (2 µM) for 12 h. MitoTracker Red CMXRos was applied at 

a concentration of 200 nM to stain the mitochondrial for 30 min at 37 °C. The cells were 

fixed with 4% paraformaldehyde for 20 min at 4 °C, permeablized by 0.3% Triton X-100 for 

20 min, and blocked with 1% BSA for 2 h at room temperature. The cells were then 

incubated with the monoclonal primary antibody (1:300, Cell Signaling) of cytochrome c at 

4 °C for overnight. Secondary antibody labeled with Alexa Fluor 488 was added and 

incubated for 2 h at room temperature. The stained cells were rinsed three times with cold 

PBS and stained with 10 µg/mL DAPI solution. The morphology of mitochondrial and 

subcellular localization of cytochrome c were examined using confocal microscopy. 

(FluoViewFV1000, Olympus, Japan).

Construction of Animal Model

The xenograft osteosarcoma model was constructed using BALB/c nude mice (4–6 weeks) 

to investigate antitumor activities of Se-HANs in vivo. Animal proposal was approved by 

Institutional Animal Care and Use Committee (IACUC) of Huazhong University of Science 

and Technology. The osteosarcoma model was inoculated at the left shoulder by injecting 3 

× 106 cells/site. Ten days after cell implantation, the tumor volume was approximately 100 

mm3. The mice were randomly divided into 5 groups (6 mice per group) including 10%Se-

HANs, HANs/16 mM sodium selenite (high selenium), HANs/3 mM sodium selenite (low 
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selenium), HANs, and the blank control of physiological saline. The mice were intratumor 

injected with 20 µL of test nanoparticles for each mouse.

Evaluation of Anti-Osteosarcoma Activity in Vivo

The mice were repeatedly treated and weighed every 3 days, and the tumor volume was 

measured with a vernier caliper according to the equation: volume (mm3) = (length × 

width2)/2. On day 30, 500 µL of blood was collected from the tail vein of each mouse, and 

the blood serum was isolated to analyze some biochemical indicators containing ALT, AST, 

ALP, BUN, CREA, and LDH. Thereafter, all mice were euthanized, and an autopsy was 

conducted. The tumors were detached, weighed, and fixed with 10% neutral formalin. 

Tumor tissues were embedded with paraffin, sectioned at a thickness of 5 µm, and mounted 

onto slides for histological examination. Tumor growth status and organ tissue lesions were 

observed using HE staining. In vivo degradation of Se-HANs and HANs was analyzed by 

von Kossa staining by following a standard procedure.49 Apoptotic osteosarcoma cells in 

tumor tissues were detected with the TUNEL assay using a cell death detection kit (Roche, 

Germany). The CD-31, cleaved caspase-8, and cleaved caspase-3 were investigated by 

immunohistochemical analysis according to a previously reported method.50 Primary 

antibodies included anti CD-31 (1:100, R&D) as well as anticleaved caspase-8 and 

anticleaved caspase-3 (1:100, Cell Signaling). The oxidative damage and caspase-9 

activation were detected by immunofluorescence on the paraffin sections of tumors with 

anti-8-OHdG (1:100, Abcam) and anticleaved caspase-9 (1:50, Santa Cruz), respectively.

Statistical Analysis

One-way analysis of variance (ANOVA) was carried out using SPSS 21.0 with Tukey’s 

multiple comparison tests to determine the significant difference among three or more 

groups. The level of significance was set as p < 0.05, p < 0.01, and p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Preparation and working principle of antitumor nanoparticles. Se-HANs were fabricated 

using selenite to replace phosphate of HANs. Intratumoral injection of Se-HANs was 

performed on the xenograft osteosarcoma model. Se-HANs were internalized into tumor 

cells by nonspecific endocytosis and rapidly degraded in the acidic lysosome to release 

selenium. Cell apoptosis was activated by a primary, selenium-induced, caspase-dependent 

apoptosis pathway synergistically orchestrated with the ROS generation.
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Figure 2. 
Nanoparticle characterization and release kinetics of selenium in PBS solutions at pH 5.0 or 

pH 7.4 (A) XRD patterns confirmed that both Se-HANs and HANs presented the typical 

peaks of hydroxyapatite (HA), and there was no significant difference between Se-HANs 

and HANs. (B) DLS indicated both Se-HANs and HANs exhibited very narrow size 

distributions and centered at around 70 nm. (C, D) TEM images showed nanoparticles of 

10%Se-HANs and HANs were needle-like and <100 nm in length. SAED patterns (insets at 

the top-right corner) indicated that both 10%Se-HANs and HANs were polycrystalline 
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substances. Tyndall effect (insets at the lower left corner) suggested that both 10%Se-HANs 

and HANs were capable of forming stable colloid in PBS solution even after setting still for 

over a month. (E) Analysis of elemental mapping demonstrated that the selenium had a 

similar elemental distribution as calcium and phosphate in Se-HANs, indicating that the 

selenium was completely incorporated into the HA lattice and evenly distributed in entire 

nanoparticles. (F) Selenium release from Se-HANs was much greater in the acidic condition 

(pH 5.0) than in the neutral condition (pH 7.4), and the accumulated selenium release of 

3%Se-HANs, 6%Se-HANs, and 10%Se-HANs in the acidic condition for 12 h was as high 

as 40.3%, 42.2%, and 54.1%, respectively.
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Figure 3. 
Intracellular uptake, location, and degradation of nanoparticles to manipulate cell viability 

and ROS generation. (A) Dynamic uptake and intracellular location of internalized 

nanoparticles were shown at different time intervals, and more nanoparticles were 

accumulated with the increase of incubation time. Scale bars are 10 µm. (B) TEM images 

confirmed that Se-HANs were internalized by human osteosarcoma cells through a typical 

endocytosis process. White dotted lines delineate cell membrane invagination and endosome 

formation, white arrows point out newly generated endosomes loaded with nanoparticles, 

red arrows indicate the primary lysosome combined with the endosome, and blue arrows 

show the obvious degradation of Se-HANs within the secondary lysosome. (C) Fluorescence 

intensity of FITC-labeled nanoparticles used as a quantitative indicator of nanoparticle 

degradation showed that the selenium content in different compounds significantly affected 

nanoparticle degradation in the lysosome, and the higher selenium ratio generated a faster 

degradation. (D) Cell viability indicated that a certain amount of selenium was indeed 

capable of inhibiting the viability of osteosarcoma cells, and the inhibition efficiency was 

highly positively related to the selenium content. (E) Fluorescence intensity of DCF 

generated during the process of ROS formation demonstrated that both 3% Se-HANs and 

HANs exhibited no detectable DCF, whereas there was a remarkable increase of DCF in the 

compounds with the higher selenium content including 6%Se-HANs, 10%Se-HANs, and 2 

µM Na2SeO3. (F, G) Under the condition of intracellular ROS generation inhibited by 

adding MnTMPyP, the compounds with higher selenium content could not result in 
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detectable DCF and displayed a nearly 100% cell viability without any cell apoptosis 

throughout the coculture of nanoparticles and cells for 48 h.
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Figure 4. 
Caspase-dependent apoptotic pathway. (A) Immunoblotting results indicated that the 

activated/cleaved caspase-3 was verified at the protein bands of 19 KD and 17 KD in the 

compounds of high selenium content of 10%Se-HANs and 2 µMNa2SeO3 at different time 

points of 12, 18, and 24 h. (B) Activated/cleaved caspase-9 (35 KD), caspase-8 (43 KD and 

18 KD), and tBid (15 KD) as key apoptotic factors were also detected in the same 

compounds of high selenium content. (C) Release of cytochrome c from the mitochondria 

into cytosol was detected after coculture of cells and nanoparticles for 12 h. Scale bars are 

10 µm.
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Figure 5. 
In vivo evaluation of antiosteosarcoma activity. Compared with pure HANs and HANs/3 

mM Na2SeO3, the compounds with higher selenium content including 10%Se-HANs and 

HANs/16 mM Na2SeO3 exhibited highly efficient inhibition of tumor growth as evidenced 

by the reduction of (A) tumor size, (B) tumor weight, and (C) tumor volume (mean ± SD, n 

= 6, *p < 0.05, **p < 0.01 and ***p < 0.001). The pathological analysis further 

demonstrated that tumors treated with 10%Se-HANs and HANs/16 mM Na2SeO3 exhibited 

the typical apoptotic tumor tissue with poor vascularization and condensed nucleus 
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chromatin compared with HANs and HANs/3 mM Na2SeO3 (D). Calcium staining of von 

Kossa demonstrated 10%Se-HAN was completely degraded without any obvious calcium 

aggregations (D). Red arrows show blood vessels within tumor tissue, while black arrows 

indicate the nondegraded materials that were aggregated to granules in tumor tissue. Scale 

bars are 100 µm.
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Figure 6. 
Se-HANs-induced tumor apoptosis and reduced systemic toxicity in vivo. (A) 8-OHdG, (B) 

cleaved caspase-9, (C) cleaved caspase-8, and (D) cleaved caspase-3 were positive in tumors 

treated with different selenium contents including 10%Se-HANs, HANs/3 mM Na2SeO3, 

and HANs/16 mM Na2SeO3, indicating that the mechanisms of Se-HANs-induced ROS 

generation and the subsequent caspase-dependent apoptosis were also adequate for the in 

vivo model. Scale bars are 100 µm. (E) Biochemical analysis of blood at the experimental 

end point showing that 10%Se-HANs exhibited a lowest systemic toxicity by profoundly 
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declining the levels of AST, BUN, CREA, and LDH compared to the controls. (mean ± SD, 

n = 6, *p < 0.05, **p < 0.01).
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