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Osteosarcoma is a primary solid neoplasm, about 20% of which is derived from malignant
cancerous bone tissue. It usually grows on the metaphysis of long bone, and often
metastasizes to lungs. Unfortunately, it is prevalent amongst teenagers and has the highest
morbidity. Although the current chemotherapy significantly improves patient’s quality of
life, 40-50% of the patients die due to pulmonary metastasis.[] After a decade’s effort,
osteosarcoma was still treated with limited success. Consequently, researchers have turned to
biomaterials with antitumor effects.[2 3] Ideally, such biomaterials should not only fill the
bone defects caused by the tumor surgery, but also inhibit tumor recurrence. Hence, this
work aims to integrate the two functions into one biomaterial.

Hydroxyapatite (HA) nanoparticles (HANS) are the main inorganic mineral in bone and
tooth enamel.[4] Recently doping certain trace element into the HA structure has attracted
much attention in order to modify HA functions. Various trace elements, such as
magnesium, ] strontium, 8 silicon,[”] and zinc,[®] have been incorporated into the HA
crystals for the purpose of osteogenesis stimulation and inflammatory suppression. However,
selenium doping has been seriously ignored although it is a nutritional trace element, which
has been intimately associated with many health problems, such as arthropathy and
cardiomyopathy, thyroid function, immune function and reproductive function.l-11 It is
known that sodium selenite, a typical supplementation form of selenium, can inhibit the
proliferation of various kinds of cancer cells via its apoptosis-inducing effect.[12-14] |n
addition, nanomaterials have shown great potential in treating cancer. [15-191 Therefore, we
propose that the incorporation of selenite ions into HA crystals might be an innovative idea
for treating osteosarcoma. Herein, for the first time, we proposed to investigate the HANs
doped with selenite ions (HANSe) for in vivo targeted treatment of osteosarcoma of human
origin. Firstly, an in situ nude mouse model of osteosarcoma was constructed. Then the
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efficacy of the HANSe materials in treating osteosarcoma was systematically investigated
(Scheme 1).

HAN, HANSe3, and HANSe10 nanoparticles were prepared with selenite ions doped at the
Se/P mass ratio of 0%, 3% and 10%, respectively, following our reported protocol.[20] The
nanoparticles were found to be needle-like (Scheme 1b) and the typical length of the
nanoparticles ranged from 300 to 800 nm (Scheme 1b and Figure S1). The release profiles of
selenite ions from the HANSe powders in phosphate buffered saline (PBS) solution (Figure
1a) showed that HANSe3 and HANSe10 presented different release behaviors. The total
amount of selenite released from HANSe3 and HANSe10 could reach 89.72% and 30.64%,
respectively. Compared with HANSe10, HANSe3 exhibited sustainable release of selenite
ions in PBS solution, which might influence their antitumor effect.

After HANSe materials were intratumorally injected into the osteosarcoma, HANSe3
exhibited the least tumor volume among all groups. Before treatment, the tumor volume was
almost the same for all groups. But after treatment for 30 days, there was a significant
difference in tumor size between different groups. HANSe3 group showed the slowest rate
of tumor growth (p < 0.05). The tumor volume of the HANSe3 group was increased from
(140.81 + 55.25) mm? to (1496.82 + 878.69) mm3. In contrast, the tumor volume of the
HANSe10 group was increased from (194.20 + 55.04) mm? to (3329.82 + 762.75) mm?.
There was no significant difference in tumor volume among control, HAN and HANSe10
group (p> 0.05). Similar results were noted in the images of the tumors (Figure 1c). The
tumors in HAN and HANSe10 group were larger than those in HANSe3 group, and some
white powder materials were evident on the surface of the tumors in the HAN and HANSe10
groups. The HANSe3 group not only showed the greatest retardation in tumor volume but
also the lowest amount of the residual materials on the surface of the tumors, demonstrating
its better biodegradability. Hydroxyapatite is of the lowest solubility in physiological
medium among calcium phosphate materials.[26] These results, along with those obtained
from selenium release profiles in PBS solution (Figure 1), indicated that HANSe3 materials
could be degraded in the tumor tissue and then release selenite ions, which further inhibited
tumor growth. Indeed, selenite ions could inhibit cancer cell growth by inducing
apoptosis.[27-29]

All animals survived until the endpoint of the experiment without showing death, infection,
and edema. Although different levels of toxicity were noted in all groups, HANSe3 showed
lower systemic toxicity than the other three groups, as reflected by the blood test data (Table
S1). There was a slight decrease in the number of white blood cells (WBC) in HAN and
HANSe3 group. However, an increase in WBC number was observed in HANSe10 group,
implying that HAN and HANSe3 could not induce inflammation and HANSe3 exhibited
good blood compatibility. The red blood cells (RBC), hemoglobin (HGB) and hematocrit
(HCT) indexes decreased after treatment with HAN, HANSe3 and HANSe10. Compared to
the control, HAN and HANSe10 group, HANSe3 also exhibited a notable decrease in mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH). In addition, mean
corpuscular hemoglobin concentration (MCHC) was higher in HAN and HANSe10 group
than in HANSe3 group. However, there was no statistical difference in red blood cell volume
distribution width (RDW) and red blood cell volume distribution width-standard deviation
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(RDW-SD) among all groups. All except the control group caused decreases in platelet
(PLT) and platelet hematocrit (PCT) following treatment. Moreover, HANSe3 treatment also
resulted in a decrease in mean platelet volume (MPV), platelet volume distribution width
(PDW) and platelet-large cell ratio (P-LCR). All of these results indicate that HANSe3
material was not toxic to the circulation system.

Biochemical parameters of blood were also evaluated in the study (Figure S2). Initially, the
4 groups showed no significant differences in the levels of alanine aminotransferases (ALT),
blood urea nitrogen (BUN) and alkaline phosphatase (ALP) (p>0.05). However after
treatment, the aspartate transaminase (AST) and creatinine (Cr) level in HANSe3 group
decreased dramatically compared to HANSe10 (p < 0.05), while the lactic dehydrogenase
(LDH) level of these two groups was unchanged. There was also a statistically significant
difference in LDH level between HAN group and the HANSe3 group (p=0.0042). These
results showed a clear improvement in the blood levels of ALT, AST, BUN, Cr and LDH 30
days post HANSe3-treatment. This result suggested that HANSe3 could decrease the
systemic toxicity caused by the malignant behavior of tumor cells and also enhance the
functions of the liver, kidney and heart. The malignancy of osteosarcoma cells was very
high; they grew fast and produced a lot of wastes owing to the high metabolic rate,
increasing the burden of liver and kidney. Since the HANSe3 released more selenite ions
(Figure 1a), the antioxidant properties of the released selenite ions could have indirectly
protected the liver, kidney and heart function.[25-27]

Osteosarcoma often metastasizes to lungs via the blood stream. To determine whether there
was metastasis to main organs in the mice after treatment, autopsy was conducted at the
endpoint of the experiment. In the HANSe treatment groups, no evidence of matasitasis to
lungs was observed as the histological morphology of the lung tissues in these groups was
similar to that of the normal lung tissues (Figure S3). However, the control group exhibited
visible liver metastasis (Figure 2a). Such metastasis was also evident in lungs as
hematoxylin-eosin (H&E) staining exposed the existence of two metastatic osteosarcomas in
the pulmonary tissue and the two tumors were separated by pulmonary alveoli (Figure 2b).
These metastatic tumor cells were fusiformic and polymorphic with a deep-dyed, big
nucleus that showed a typical mitotic phase. Analysis of the liver tissue demonstrated
another form of damage, as featured by hepatocytes necrosis and monocytes infiltration
(inflammation reaction) (Figure 2c). Such inflammation responses also occurred in the bone
marrow, where enormous giant cells and lymphocytes were scattered within the bone
marrow (Figure 2d), which may be induced by osteosarcoma infiltration.

Heart analysis showed that there were structural changes of cardiac muscle (basal unit of the
heart), which might hinder or disturb the normal contraction and relaxation processes of the
heart (Figure 2e-h). Prominent degenerative changes were well noted in the control, HAN
and HANSe10 groups while the cardiac muscle in HANSe3 group exhibited the normal cell
integrity with little or no degenerative change. These results confirmed that HANSe3 could
improve the function of the heart by inhibiting cardiac damage of malignant osteosarcoma
cells.
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The structural changes in the tumor tissue after 30 days following HANSe3 treatment were
reflected intuitively on the pathological section. As shown in Figure 3, tumor tissue grew
actively in the control group with the majority of the tumor cells infringed to the muscular
layer. In HAN group, most of the materials were encapsulated by fibrous tissue with active
tumor cells residing in the periphery. The tumor cells grew well around the blood vessels,
but succumbed to necrosis once far from them. The tumor tissue in HANSe3 group
segregated into minor tumor nodules separated by the fibrous tissue. Upon treatment,
necrosis was noted in the center with no visible residual materials. In contrast, tumor cells in
the HANSe10 group grew fast and invaded the muscular layer. To determine the presence of
residual material as a measurement of material biodegradability, von Kossa stain was used to
label the calcium and HA in the tissue.[28] It is revealed that the tumors in HAN and
HANSe10 groups were positively stained by the von Kossa staining, but not for the HANSe3
group (Figure 3b). The results show that HAN could not be degraded by the tissue but was
aggregated to form granules that were encapsulated by the fiber. HANSe10 was partially
degraded by the tumor tissue as evidenced by non-degradable granules in the tissue texture.
These direct evidences confirmed that HANSe3 had the best biodegradability.

To investigate the possible molecular mechanism involved in the anti-tumor effect of
HANSe, expression of Ki-67 protein and metal matrix proteinase-9 (MMP-9) was evaluated
using immunochemical staining following treatment (Figure 3c and 3d). Ki-67 protein is an
antigen vital for cell proliferation and positively expressed in G1, S, G2, and M phase of cell
cycle.[29.30] |t js an important index for malignant tumor development. Tumor cells secret
MMP-9 into extracellular matrix, leading to its degradation and thus paving the way to cell
invasion and development.[31] The control group was positive for Ki-67 and MMP-9
expression at a rate of (95.77 + 1.76) % and (61.55 + 5.20) %, respectively. The HAN group
showed a lower level of Ki-67 and MMP-9 with their expression rate being (86.44 + 4.13) %
and (30.88 + 2.58) %, respectively. For the HANSe3 group, the expression rate of Ki-67 and
MMP-9 protein was (93.11 £+ 2.62)% and (17.88 + 1.88)%, respectively, whereas that for the
HANSe10 group was (90.66 + 3.26)% and (14.44 £ 1.63)%. Generally there was no
statistical difference in Ki-67 expression (©>0.05) between groups, but MMP-9 expression
obviously decreased (p<0.05) following treatment, especially in the HANSe group. Thus,
our findings suggested that HANSe3 retarded the tumor growth by decreasing MMP-9
expression due to its sustained release of selenite ions. In addition, previous studies showed
that a variety of nanoparticles (including HA) can reduce cell migration by increasing
intracellular traction stress and enhancing cell adhesion strength .[321 Such effect might also
take place in our nanoparticle-treated systems.

Osteosarcomas often penetrate and destroy the cortex of the bone and extend into the
surrounding tissues with pulmonary metastases being the most frequent. Surgical resection
with neoadjuvant chemotherapy is currently the main treatment approach for osteosarcoma.
Surgical removal of the primary tumor is, however, followed by distal recurrence in 80~90%
of the patients. Thus a new approach is needed to inhibit tumor recurrence after the surgical
removal of the bone tumors. One approach is to use a biomaterial to fill the bone defect after
the surgical removal while inhibiting tumor cells’ local recurrence. Our data shown above
suggest that HANSe3 could be such a biomaterial. On one hand, HANSe3 contains and
releases selenite ions that can inhibit cancer progression through their apoptosis-induction
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effect. On the other hand, it resembles the main inorganic component in natural bone and
can fill the defect formed after the surgical removal of osteosarcoma. Moreover, Positron
emission tomography (PET) imaging showed that HANSe treatment could enhance the
glucose metabolism in the tumor cells, which did not conform to the classical metabolism in
cancer (Figure S4). In addition, the zeta potentials of the HANSe nanoparticles are lower
than —25 mV (Figure S1), which is required for nanoparticles to be stabilized by electrostatic
repulsion.[33] Hence, HANSe3 is a promising nanoparticle system that can be used in
treating bone tumors.

In summary, we have developed HANSe3 nanoparticles that can inhibit bone tumor growth
and improve healthy organ functions /in vivo. Although the mechanism involved was
complex, the released selenite ions played a crucial role. These ions could not only suppress
tumor growth, but also significantly improve the functions of liver, kidney and heart, leading
to enhanced therapy efficacy for osteosarcoma. Such HANSe3 nanoparticles are ideal
implants after tumor’s wide resections by surgery since they have dual functions—as a
scaffold to fill the bone defects caused by the surgery and as a carrier to release drug in a
sustained manner to inhibit tumor recurrence. Therefore, our work generates a new strategy
for the surgical treatment of osteosarcoma and regeneration of bone defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cumulative release of selenite ions and therapeutic effect of HANSe treatment on aggressive

osteosarcoma. a) HANSe3 exhibits a sustained release profile compared to HANSe10. All
experiments are repeated at least three times. b) Plot of tumor volume versustime. Mice
bearing osteosarcoma are euthanized at each predetermined time point, and no mice die
from tumor. Data are presented as mean tumor volume + standard deviation (n=3). Tumors
in the HANSe3 group are significantly smaller than all other groups from day 15 to day 23
(* indicates p<0.05 for HANSe3 and ** indicates p<0.01 for HANSe3, versus no treatment
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control, HANSe10, and HAN groups by SPSS with Tukey’s multiple comparison tests). c)
Gross view of representative tumor-bearing mice after treatments for 30 days. Green arrows
highlight the remaining dense materials.
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Figure 2.
HANSe inhibits tumor metastasis and protects cardiac tissue from malignant infiltration. a)

Representative liver image with visible metastatic tumor from mice in control group. Green
arrows indicate the metastatic osteosarcomas. b) Hematoxylin-eosin (H&E) staining shows
lung metastasis of the tumor in control group, as highlighted by blue arrows. The deep-dyed
big nuclei reveal that the tumor cells are in a typical mitotic phase. ¢) H&E staining for liver
tissue slides in control group demonstrates the hepatocytes necrosis (white arrows) and
monocytes infiltration. d) The presence of giant cells and lymphocytes (red arrows)
visualized by H&E staining reveals that an inflammation reaction in bone marrow is induced
in control group. (e-h) H&E staining of cardiac tissue acquired after treatments for 30 days
with saline, HAN, HANSe3 and HANSe10. e) Prominent degenerative changes of cardiac
muscle are evidenced in saline group. g) HANSe3 effectively protects cardiac muscle from
degeneration. (f & h) Neither HAN (f) nor HANSe10 (h) improves the degenerative changes.
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von Kossa

¥

Figure 3.
Tumor necrosis induced by HANSe3 through suppressing MMP-9 is associated with in vivo

biodegradation. a) H&E staining of osteosarcoma tissue from mice with treatments for 30
days. Tumor cells are found infringing into adjacent muscular layer in control and HANSe10
group. The tumor tissue in HANSe3 group is separated into minor tumors by fibrous tissues,
exhibiting a necrosis phenotype. b) Von Kossa staining of osteosarcoma tissue indicates the
presence of residual materials. HAN is not degraded and the particles aggregate to form
granules that are encapsulated by fibrous tissues. The negative staining for HANSe3 group
indicates that HANSe3 nanoparticles have been completely degraded. The expressions of
Ki-67 (a maker protein for malignant proliferation), and MMP-9 (a metalloproteinase
responsible for extracellular matrix degradation and tumor invasion) were evaluated by
immunohistochemical staining (c—d). There is no difference for Ki-67 expression between
groups (c), indicating that tumor cell proliferation is not effected by HANSe. d) HANSe3
significantly decreased MMP-9 expression, suggesting that HANSe3 may inhibit
osteosarcoma by suppressing tumor invasion instead of cell proliferation.
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Scheme 1.
Illustration of HANSe in treating osteosarcoma. a) Crystal lattice of HANSe showing the

substitution of phosphate ions with selenite ions. b) High resolution transmission electron
microscope (HR-TEM) images of HANSe. Insets are morphology (top) and selected area
electron diffraction (SAED, bottom) of the HANSe nanoparticles. c) General concept of
osteosarcoma treatment with HANSe. Nude mice model bearing primary tumor is
constructed by orthotopic intra-femur injection of SOSP-9607 cells of human origin.
HANSe nanoparticles are in-situ injected for the evaluation of their anti-tumor efficiency.
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