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Background: In recent years, using hydroxyapatite nanoparticles (HANPs) for tumor therapy attracted increasing attention because
HANPs were found to selectively suppress the growth of tumor cells but exhibit ignorable toxicity to normal cells.

Purpose: This study aimed to investigate the capacities of HANPs with different morphologies and particle sizes against two kinds of
osteosarcoma (OS) cells, human OS 143B cells and rat OS UMR106 cells.

Methods: Six kinds of HANPs with different morphologies and particle sizes were prepared by wet chemical method. Then, the
antitumor effect of these nanoparticles was characterized by means of in vitro cell experiments and in vivo tumor-bearing mice model.
The underlying antitumor mechanism involving mitochondrial apoptosis was also investigated by analysis of intracellular calcium,
expression of apoptosis-related genes, reactive oxygen species (ROS), and the endocytosis efficiency of the particles in tumor cells.

Results: Both in vitro cell experiments and in vivo mice model evaluation revealed the anti-OS performance of HANPs depended on the
concentration, morphology, and particle size of the nanoparticles, as well as the OS cell lines. Among the six HANPs, rod-like HANPs
(R-HANPs) showed the best inhibitory activity on 143B cells, while needle-like HANPs (N-HANPs) inhibited the growth of UMR106 cells
most efficiently. We further demonstrated that HANPs induced mitochondrial apoptosis by selectively raising intracellular Ca>* and the gene
expression levels of mitochondrial apoptosis-related molecules, and depolarizing mitochondrial membrane potential in tumor cells but not in
MC3T3-E1, a mouse pre-osteoblast line. Additionally, the anti-OS activity of HANPs also linked with the endocytosis efficiency of the
particles in the tumor cells, and their ability to drive oxidative damage and immunogenic cell death (ICD).

Conclusion: The current study provides an effective strategy for OS therapy where the effectiveness was associated with the particle
morphology and cell line.
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Introduction

Osteosarcoma (OS) is a type of primary malignant bone tumor originating from mesenchymal cells. It usually germinates in the
distal femur and proximal tibial metaphysis in children and adolescents.'* The current clinical treatment of OS is extensive tumor
resection combined with neoadjuvant chemotherapy or radiotherapy. However, this treatment is usually accompanied with the
low cure rate and the poor prognosis of patients due to high invasiveness, lung metastasis and multidrug resistance of 0S.>* So
far, many efforts have been made towards more effective strategies for OS therapy in preclinical studies or clinical studies. These

10.11 9nd so on. However, there is still

strategies mainly include gene regulatory therapy,”’ immunotherapy,® targeted therapy
a long way to go for these research strategies used in clinical because of unsatisfactory therapeutic effect and failure in

achievement of the long-term survival of patients.
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Alternatively, the application of nanomaterials such as polymers or metal materials for cancer therapy attracted
increasing attention of many researchers in recent years. But most nanomaterials are usually associated with evident

12,13

toxicity to the body. For example, metal materials released toxic ions in the body for a long time, and inorganic

materials such as titanium dioxide (TiO,) inhibited the activity of normal cells."* By contrast, hydroxyapatite [Ca;
(PO4)6(OH),, HA], the main inorganic constituent of human bone and teeth, has been widely used in biomedical field due
to their excellent bioactivity and biocompatibility.'*>* Moreover, the good antitumor activity of HA nanoparticles
(HANPs) has been widely investigated in many advanced tumors such as bone tumor,”® breast cancer and

142425 since they were found to inhibit the proliferation of Ca-9 tumor cells in vitro by Aoki et al in

melanoma,
1993.%° Interestingly, HANPs exhibited multifunctional and distinctive activity which depended on the cell lines.
Zhang et al found that the HANPs could not only inhibit tumor growth but also promote bone regeneration.'* We
hypothesized that the unique characteristic of HANPs made it suitable for OS therapy and sought to investigate how the
particle morphology and size impact the anti-OS effect.

Taken together, to test the anti-OS activity of HANPs in the present study, we selected six kinds of HANPs with three
typical morphologies, ie, granular, rod-like and needle-like, each shape with two different sizes. To study the selective effect
of HANPs on various cells, two kinds of OS cells, human OS 143B cell line derived from human bone tissue, rat OS
UMRI106 cell line induced by injecting radioisotope phosphorus,* and a mouse pre-osteoblast MC3T3-E1 cell line were
used in the in vitro cell experiment and in vivo animal study. We systematically investigated the function of HANPs on
different cell lines by primarily using in vitro cytotoxicity assay, endocytosis assay, measurement of intracellular Ca*",
reactive oxygen species (ROS), the expression of mitochondrial apoptosis-related molecules, and evaluation of the anti-OS
effect in the tumor-bearing mice model. The results indicated that HANPs exhibited good activity against OS cells due to
selective initiation of mitochondrial apoptosis in the tumor cells but not in MC3T3-E1 cells. And the antitumor capacity was

dependent on nanoparticle morphology and OS cell line (Scheme 1). This study offers an effective strategy for OS therapy.
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Scheme | Schematic diagram of anti-OS effect of HANPs associated with the morphology of particles and OS cell source. Among the six HANPs with different
morphologies and particle sizes, the rod-like HANPs inhibit the growth of 143B cells most efficiently in vitro and in vivo, while needle-like HANPs are strongest to suppress
the proliferation of UMRI06 cells. The anti-OS capacity of HANPs correlates with the morphology of particles, endocytosis efficiency, the levels of intracellular Ca®*,
oxidative damage, immunogenic cell death (ICD) and mitochondrial apoptosis, as well as the cell source.
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Materials and Methods

Materials

Fetal bovine serum (FBS) was purchased from Thermo Fisher Scientific (Gibco, Waltham, MA, USA). Dulbecco’s Modified
Eagle Medium (DMEM), Minimum Essential Medium o (a-MEM), 1% penicillin—streptomycin solution, phosphate-buffered
solution (PBS) and Trypsin-0.25% EDTA were purchased from Hyclone (Logan, Utah, USA). DMEM that contains 1.5 g/mL
NaHCO; was purchased from iCell Bioscience Inc. (Shanghai, China). Cell Counting Kit-8 (CCK-8) and JC-1 MitoMP
Detection Kit were purchased from Dojindo Laboratories (Kumanoto, Japan). Cell-Light™ EdU Apollo 567 In Vitro Kit was
purchased from RiboBio Co., Ltd. (Guangzhou, China). 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI)
and Fluo-3 AM were purchased from Beyotime Institute of Biotechnology (Shanghai, China). Fluorescein diacetate (FDA)
and propidium iodide (PI) were purchased from Sigma-Aldrich (St Louis, MO, USA). Matrigel and Fluorescein isothiocya-
nate (FITC) Annexin V Apoptosis Detection Kit I was purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Fluorescein Isothiocyanate (FITC) was purchased from Beijing Solarbio Science & Technology Co. Ltd. (Beijing, China).
Reactive Oxygen Species Assay Kit was purchased from Nanjing JianCheng Bioengineering Institute (Nanjing, China). The
RNeasy Mini Kit was purchased from Qiagen (Hilden, Germany). The iScript™ gDNA Clear cDNA Synthesis kit and
SsoFast™ EvaGreen Supermix were purchased from BioRad Laboratories Inc. (Hercules, CA, USA). The TUNEL Kit, Ki-67,
cyclin D1, CD31 and cytochrome C primary antibody were obtained from Servicebio (Wuhan, China). The calreticulin (CRT)
primary antibody was purchased from Abcam (Cambridgeshire, UK).

Preparation and Characterization of Hydroxyapatite Nanoparticles (HANPs)

The six types of HANPs with different morphologies and particle sizes were named granular HANPs-1 (G-HANPs-1),
granular HANPs-2 (G-HANPs-2), rod-like HANPs-1 (R-HANPs-1), rod-like HANPs-2 (R-HANPs-2), needle-like
HANPs-1 (N-HANPs-1) and needle-like HANPs-2 (N-HANPs-2), respectively. The particles were synthesized according
to our previous studies.'*** In brief, the six HANPs were prepared by using chemical precipitation method with
PEG2000 as template to improve the dispersion of particles. The morphology of the six HANPs was controlled by
regulating the synthesis process parameters including the initial input of reactant concentration and post-treatment of the
synthesized slurry such as hydrothermal treatment, calcination and drying methods. Among the six HANPs, G-HANPs-1
was synthesized by inputting 0.5 mol/L Ca(NOs;),-4H,0 and 0.3 mol/L (NH4),HPO, and drying at 60°C. G-HANPs-2
was prepared by calcination at 700°C for 1 h in a muffle furnace. R-HANPs-1 and R-HANPs-2 were obtained by
hydrothermal heating for 12 h at 150°C and 120°C, respectively. N-HANPs-1 was synthesized with an initial input of 0.1
mol/L Ca(NO3), 4H,0 and 0.06 mol/L. (NH4),HPO,4 and drying at 60°C. N-HANPs-2 was prepared by mixing 0.5 mol/L
Ca(NO3),-4H,0 and 0.5 mol/L (NH,4),HPO4 with a Ca/P volume ratio of 1.67, followed by lyophilization for 24 h and
calcination for 2 h in a muffle furnace at 300°C (Figure S1A). The morphology and particle size of HANPs were
observed by the Transmission Electron Microscope (TEM, FEI Tecnai G2F20, USA). According to the TEM images, the
particle size of HANPs was evaluated by using Nano Measure software 1.2 to count at least 70 nanoparticles in the
representative image of each group.

Culture of OS Cells and Mouse Pre-Osteoblast

Human OS cell line (143B), rat OS cell line (UMR106) and mouse pre-osteoblast line (MC3T3-E1) were purchased from
iCell Bioscience Inc (China). 143B cells, UMR106 cells and MC3T3-E1 cells were cultured in DMEM that contains 1.5
g/mL NaHCOj; and a-MEM, respectively, at 37°C under 5% CO, atmosphere. All the mediums for cell culture were
supplemented with 10% FBS and 1% penicillin—streptomycin solution. 143B cells, UMR106 cells and MC3T3-E1 cells
were seeded in 24-well plates at a density of 2.0x10* cells/well, 1.5x10* cells/well and 1.0x10* cells/well, respectively.
After incubation for 4 h, HANPs suspensions at different concentrations (100, 200, 400 and 800 pg/mL) in medium were
treated to the cells and co-cultured for 4, 24, 48 or 72 h for the following studies.
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The Cell Viability Assay

Cell viability was measured by CCK-8 assay according to the previously described method.*® The control group has the
cells without HANPs treatment. The blank group contained only the media with neither of the cells nor HANPs. The
optical density (OD) value was detected at the wavelength of 450 nm via a multimode microplate reader (Tecan Infinite
200pro, Switzerland), and the cell viability (%) was calculated according to Equation 1.

Cell Vlablhty (%) = ([OD]test - [OD]blank)/([OD]control - [OD]blank) X ]00%(1)

The Cell Proliferation Assay

The cell proliferation was measured by Cell-Light™ EdU Apollo 567 In Vitro Kit. After MC3T3-E1 cells were co-
cultured with HANPs at the concentration of 400 pg/mL for 1, 2 and 3 days respectively, the cells were treated according
to the kit’s instructions. The images were collected under a fluorescent inverted microscope (Leica-DMI4000B,
Germany), and 3-5 visual fields were randomly selected for each sample. Red represents proliferative cells, and blue
represents all living cells. The formula of the cell proliferation rate (%) was calculated according to Equation 2.

Cell proliferation rate (%) = (red fluorescent cells/blue fluorescent cells) x 100%.(2)

The Confocal Laser Scanning Microscopy (CLSM) Observation of OS Cells and Mouse

Pre-Osteoblast

After the three kinds of cells were co-cultured with HANPs at the concentration of 400 pug/mL for 1, 2 and 3 days,
respectively, the live/dead cells were stained with FDA (Ex/Em = 488/520 nm) and PI (Ex/Em = 535/615 nm), and the
cell nuclei were dyed with DAPI (Ex/Em = 405/454 nm). The cells were then observed by CLSM (Zeiss LSM880, USA).

The Analysis of Cellular Uptake Efficiency in OS Cells and Mouse Pre-Osteoblast
The intracellular uptake efficiency of HANPs into 143B, UMRI106 and MC3T3-E1 cells was measured by FCS (BD
FACSCanto II, USA). The six HANPs were labeled with FITC, following a reported method.?” After the cells were co-
cultured with the FITC-HANPs (Ex/Em = 488/520 nm) at the concentration of 400 pg/mL for 4 h, the culture media were
removed, and the cells were washed with PBS, trypsinized, collected, re-suspended in ice-cold FACS buffer, and
determined by FCS.

The Intracellular Ca** of OS Cells and Mouse Pre-Osteoblast

The levels of intracellular Ca*" of 143B, UMR106 and MC3T3-E1 cells were measured by a fluorescent dye, Fluo-3 AM
(Ex/Em = 488/525 nm). After the cells were co-cultured with the HANPs at the concentration of 400 ng/mL for 1, 2 and
3 days, the media was discarded, and the cells were washed once with PBS (pH 7.4), trypsinized, collected by
centrifugation (1500 rpm, 5 min), re-suspended in Fluo-3 AM dye with a final concentration of 1 uM and cultured at
37°C for 40 min. Then, the cells were washed twice to remove residual Fluo-3 AM dye, allowed to stay in PBS at 37°C
for 20 min, and analyzed by a multimode microplate reader (Tecan Infinite 200pro, Switzerland).

The Estimation of Mitochondrial Membrane Potential (Aym) of OS Cells and Mouse

Pre-Osteoblast

The levels of Aym of 143B, UMR106 and MC3T3-E1 cells were measured using JC-1 MitoMP Detection Kit. After co-
culturing with the HANPs at the concentration of 400 ug/mL for 1, 2 and 3 days, the media were discarded and the cells
were washed with PBS, trypsinized, collected, re-suspended in JC-1 working solution (143B and UMR106 cells: 2 pmol/
L; MC3T3-El cells: 4 pmol/L) and incubated at 37°C under an atmosphere of 5% CO, for 30 min. Subsequently, the
cells were washed twice with HBSS, soaked in Imaging Buffer Solution, and qualitatively analyzed by CLSM and
quantitatively analyzed by fluorescence microplate reader (Green, Ex/Em = 488/525 nm; Red, Ex/Em = 535/585 nm;
SYNERGY H1; BioTek, USA).
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The Detection of Intracellular ROS of OS Cells and Mouse Pre-Osteoblast

The levels of intracellular ROS from 143B, UMR106 and MC3T3-E1 cells were evaluated via intracellular conversion of
2,7-dichlorofluorescein diacetate (DCFH/DA) into a fluorescent product DCF using Reactive Oxygen Species Assay Kit
(Ex/Em=500/525 nm). After exposure of the cells to HANPs in the medium at the concentration of 400 pg/mL for 1, 2
and 3 days, the media were removed, and the cells were washed with PBS, trypsinized, collected, re-suspended in DCFH-
DA (10 uM) at 37°C for 30 min. The level of intracellular ROS was measured by a multimode microplate reader.

The Cell Apoptosis Assay for OS Cells

The apoptosis of 143B cells and UMR106 cells was detected by fluorescein isothiocyanate (FITC) Annexin V Apoptosis
Detection Kit. After 143B cells or UMR106 cells were co-cultured with HANPs at the concentration of 400 pg/mL for 1
and 3 days, respectively, the cells were stained with Annexin V FITC/PI according to the instruction of the staining kit
and immediately detected by flow cytometry (FCS, Beckman-CytoFLEX, China).

The Quantitative Real-Time PCR (qRT-PCR) for OS Cells and Mouse Pre-Osteoblast
After 143B, UMR106 or MC3T3-E1 cells were co-cultured with the HANPs at the concentration of 400 pg/mL for 1, 2
and 3 days, the total RNA from the cells was extracted using Buffer RLT from RNeasy Mini Kit. The extracted RNA was
converted into cDNA using the iScript™ ¢DNA Synthesis kit. Then, the SsoFast™ EvaGreen® kit was used to combine
cDNA with the primers of the target gene, and the expression levels of the target gene were obtained by a CFX96™
system (Bio-Rad). The gene primer sequences of the present study are shown in Table S1I.

Construction of the OS Animal Model

Balb/c nude mice (female, 5 weeks old, weighing 16.22 + 0.67 g) were purchased from GemPharmatech Co., Ltd
(China). All the animal experiments were approved by the Animal Care and Use Committee of Sichuan University in
accordance with the guidelines of the Chinese Society of Laboratory Animals on animal welfare. All mice were
randomly divided into 14 groups, including seven groups for 143B mice model and seven groups for UMR106 mice
model. Each mice model had one control group without HANPs treatment and six experimental groups with the six
HANPs treatments. The mixture containing Matrigel (50 pL), 143B cells (1 x 107 cells/mL) or UMR106 cells (5 x 10°
cells/mL) with 50 uL. HANPs suspension (50 mg/kg) (or complete medium for control group) were subcutaneously
injected into the back of each mouse.'***** Then, the growth of tumor tissue of each nude mice was monitored.

Evaluation of the Antitumor Effect of HANPs in vivo

During the observation period, the mice were weighed every 3 or 4 days. The length and width of the tumor tissue on
each mouse was measured with a vernier caliper according to the equation: tumor volume (mm?) = (length x width?)/
2.2428 At the end of the animal observation period (143B, 4 weeks; UMRI106, 3 weeks), all mice were euthanized, and
the tumor tissue was isolated, weighed, and fixed in 10% neutral formalin. Then, the tissue samples were embedded in
paraffin and stained with hematoxylin—eosin (H&E) and immunocytochemistry for histopathological analysis.
Immunocytochemistry staining was also performed to observe the expression of TUNEL, Ki-67 (143B, 1:500,
GB13030-2; UMR106, 1:2000, GB111141), cyclin D1 (1:400; GB13079), CD31 (1:2000; GB13428), cytochrome
C (1:1000; GB11080) and CRT (1:100; ab92516).

Biosafety Assessment of HANPs

The tissues including heart, liver, spleen, lung and kidney from the aforementioned sacrificed mice were detached, and
fixed with 10% neutral formalin for H&E staining. Blood was collected by cardiac puncture of each mouse for
haematological studies with an automatic hematology analyzer (Mindray-BC-2800Vet, China). The serum sample was
obtained by centrifugation of the whole blood at 5000 rpm/min for 15 min, and the biochemical analysis of the serum
was then performed by an automatic biochemical analyzer (Mindray-BS-240VET, China). The serum biochemical
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indicators included liver function (ALT and AST), renal function (CREA and UREA), blood phosphorus and blood
calcium.

Statistical Analysis

All experimental data were represented as mean + SD, and the data were obtained from at least three parallel samples for
each experimental condition. Statistical analyses were performed with one-way analysis of variance (ANOVA) using
SPSS 20.0. The level of P<0.05 were considered as statistically significant of experimental data.

Results
Characterization of HANPs

Six HANPs with different morphologies and particle sizes were successfully prepared by wet chemical method combined
with different post-treatment. These HANPs were typically granular (G-HANPs), rod-like (R-HANPs) and needle-like
(N-HANPs). Each morphology had two particle sizes, small ones called G-HANPs-1, R-HANPs-1, N-HANPs-1 and
bigger ones named G-HANPs-2, R-HANPs-2, N-HANPs-2 (Figure S1A). The preliminary XRD results showed that the
characteristic peaks of the six HANPs correspond to those of the HA standard (JCPDS: 09-0432), indicating a pure HA
phase (Figure S1B). The morphology and particle size of the as-prepared HANPs were characterized by TEM. The
results revealed that all the six HA were nano-scale. Both G-HANPs-1 and G-HANPs-2 were granular with the particle
sizes of 13.80 + 2.62 nm and 33.80 + 5.09 nm, respectively. R-HANPs-1 and R-HANPs-2 were rod-like with different
aspect ratios, and their long diameter was 52.60 = 5.65 nm and 67.00 + 12.72 nm, their short diameter was 28.75 + 2.69
nm and 29.13 + 5.17 nm, respectively. N-HANPs-1 was needle-like with a length of 46.39 =+ 6.14 nm and a width of 7.66
+ 1.10 nm, and N-HANPs-2 was needle-like with a length of 87.59 + 10.12 nm and a width of 29.37 + 4.74 nm

(Figure S1C).

Cell Relative Viability

The relative viability of OS cells (143B and UMR106 cells) in vitro was evaluated by CCK-8, Edu and FDA/PI staining assays
following treatment of the six HANPs with different concentration and incubation duration. The results from CCK-8 assay
indicated that the viability of 143B cells was associated with the incubation duration and the concentration of the six HANPs.
One-day incubation showed ignorable cytotoxicity to or even promoted the proliferation of 143B cells, while three-day
incubation significantly reduced the viability of 143B cells. The six HANPs from 100 to 400 pg/mL inhibited the growth of
143B cells in a concentration-dependent manner, but a higher concentration of HANPs at 800 pg/mL did not lead to a higher
cytotoxicity. Among the six HANPs, a short size of R-HANPs (R-HANPs-1) showed the persistent and the strongest inhibitory
effect on the cell viability (21.47%) following the treatment for 3 days (Figure 1A). Similar to the effect on 143B cells, all the six
HANPs inhibited the proliferation of UMR106 cells in a concentration-dependent manner. However, differences were in that the
viability of UMR106 cells reduced following only 1-day incubation. Prolonged incubation even resulted in a lower cytotoxicity.
Among the six HANPs, only the needle-like (N-HANPs-1 and N-HANPs-2) showed a persistent inhibitory effect on the growth
of UMR106 cells. Moreover, we found the particle size of HANPs did not obviously impact their cytotoxicity to UMR106 cells
(Figure 1B). Additionally, the viability of MC3T3-E1 cells, a mouse pre-osteoblast line, was also inhibited by HANPs at a high
concentration of 400 or 800 pg/mL, which was measured by CCK-8 assay (Figure S2). This result was contrary to that from Edu
and FDA/PI staining assay which showed that HANPs at the concentration of 400 pug/mL had little inhibitory activity on the
proliferation of MC3T3-E1 cells (Figures S3 and S4C). FDA/PI staining results further confirmed that HANPs suppressed the
proliferation of the two OS cells (Figure S4A-B). Together, these results indicated that HANPs selectively inhibited the growth of
OS cells. Among the six HANPs at the concentration of 400 pg/mL, R-HANPs-1 most strongly inhibited the proliferation of
143B cells, while N-HANPs showed the greatest inhibitive effect in UMR106 cells.

Intracellular Uptake Assay
We then tested the cellular uptake efficiency of HANPs in 143B, UMR 106 and MC3T3-E1 cells, respectively. The FCS results
showed that all the six HANPs could be internalized into the OS cells and MC3T3-E1 cells. Among the six HANPs,
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Figure | Among the six HANPs, R-HANPs had the strongest inhibitory effect on the viability of 143B cells, and N-HANPs had the strongest inhibitory effect on the viability
of UMRI06 cells. The viabilities of 143B (A) and UMRI06 (B) cells after the cells were treated with six HANPs at the different concentration of 100, 200, 400 and 800 g/
mL for 1, 2 and 3 days (n=3; vs 0 pg/mL, *P<0.05, **P<0.01; vs 400 pg/mL, #P<0.05, *P<0.01).

R-HANPs-1 and N-HANPs-1 had the greatest endocytosis efficiency in 143B cells. The mean fluorescence intensity of
R-HANPs-1 was slightly higher than that of N-HANPs-1 despite no statistical difference between these two groups (Figure 2A
and B). N-HANPs-1 and N-HANPs-2 had the highest endocytosis efficiency in UMRI106 cells (Figure 2C and D).
Additionally, the endocytosis efficiency of all HANPs but N-HANPs-1 reduced in MC3T3-E1 (Figure S5), compared to
that in 143B (Figure 2A and B) and UMR106 cells (Figure 2C and D).

The Levels of Intracellular Ca**, Aym and ROS
Since HANPs entered OS cells was observed, we next investigated the levels of intracellular Ca", Aym, ROS of the cells. We
found intracellular Ca** level was increased in the OS cells along the incubation time after HANPs treatments (Figure 3A and B).
In contrast, HANPs treatment did not result in obvious change in the Ca** production in MC3T3-E1 cells compared to the control
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without HANPs (Figure S6A). We further observed the Aym in 143B and UMRI106 cells reduced (Figures 3C and
S6B-C, E-F), but no such phenomenon occurred in MC3T3-E1 cells (Figure S6D, G) after 1 or 3 days co-culture of six
HANPs and cells. Among the six HANPs, R-HANPs-1 had the strongest effect on inducing mitochondrial apoptosis in 143B
cells, and N-HANPs showed the strongest effect on inducing mitochondrial apoptosis in UMR106 cells. This trend was
consistent with the oxidative damage experiment. The relative ROS levels of the 143B cells following HANPs treatment were
higher than that of the control group. The relative ROS levels in all the HANPs groups increased along with the co-culturing time
from 1 to 3 days (Figure 3D). At the same time, among the six HANPs, G-HANPs-1, N-HANPs-1 and N-HANPs-2 caused the
continuous increase of the ROS in UMR106 cells along with co-culturing time, while the other three HANPs led to gradually
reduced ROS levels in UMR106 cells (Figure 3E). However, the relative ROS fluorescence intensities of the MC3T3-El1 cells in
all experimental groups were lower than that of the control group from 1 to 3 days (Figure S7). Taken together, these results
suggested the selective effect of HANPs to induce the increase of intracellular Ca®" and ROS, decrease of Aym in OS cells but
not in MC3T3-El1 cells.
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Figure 3 HANPs increased the level of intracellular Ca®*, depolarized mitochondria membrane potential and promoted ROS production of the tumor cells. The relative
intracellular Ca®* fluorescence intensity of 143B (A) and UMR106 (B) cells after the cells were treated with six HANPs at the concentration of 400 pg/mL for I, 2 and 3
days. The representative CLSM images of 143B and UMRI106 cells by JC-1 staining after the cells were treated with six HANPs at the concentration of 400 nug/mL for 3 days
(n=3; after HANPs treatment, the corresponding red fluorescence (JC-| aggregates) decreased, while the corresponding green fluorescence (JC-1 monomers) increased,
indicating that mitochondrial depolarization occurred in tumor cells after HANPs treatments) (C). The relative ROS fluorescence intensity in 143B (D) and UMRI106 (E)
cells after the cells were treated with six HANPs at the concentration of 400 pg/mL for I, 2 and 3 days (n=3; for 143B cells: vs control, *P<0.05,%*P<0.01; vs R-HANPs-1,
$P<0.05, *P<0.01; for UMRI06 cells: vs control, *P<0.05,%P<0.01; vs N-HANPs-I, **P<0.01; vs N-HANPs-2, %P<0.05, %4P<0.01).

Cell Apoptosis Induced by Different HANPs

The cell apoptosis was analyzed qualitatively and quantitatively based on DAPI staining and FCS. The representative
CLSM images indicated that the nuclei of 143B or UMR106 cells following HANPs treatment for 3 d turned shrank and
fragmented, showing the signs of apoptosis (Figures 4A and S8A-B).'** However, no obvious change in the nuclei
morphology of MC3T3-E1 cells in HANPs groups was observed compared to the control group (Figure S8C). FCS
results from Annexin V FITC/PI staining showed that the apoptosis rate of all experimental groups was higher than that
of the control group following 1- or 3-day incubation. With the extension of co-culturing time, the apoptosis rate,
especially late apoptosis obviously increased in each experimental group. At day 3, the total apoptosis proportions of
143B cells following six HANPs treatment were 11.92%, 22.02%, 14.02%, 16.69%, 16.51% and 6.29%, respectively,
while 6.83% in the control group without HANPs treatment (Figures 4B, C and S9A). At day 3, the total apoptosis
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Figure 4 HANPs induced the apoptosis of 143B and UMRI06 cells. The typical CLSM images of 143B and UMRI106 cells stained with nuclei (blue) after the cells were
treated with six HANPs at the concentration of 400 pg/mL for 3 days (n=3; white triangle: the nucleus shrinkage or fragmentation) (A). The apoptosis rates obtained by
double-staining with Annexin V-FITC/PI of 143B (B and C) and UMRI106 (D and E) cells after the cells treated with six HANPs at the concentration of 400 ug/mL for |
(B and D) and 3 (C and E) days (n=3).
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percentages of UMRI106 cells in G-HANPs-1, G-HANPs-2, R-HANPs-1, R-HANPs-2, N-HANPs-1 and N-HANPs-2
were 8.56%, 14.97%, 15.70%, 15.87%, 13.52% and 12.51%, respectively, while 5.73% in the control group (Figures 4d,
E and S9B). These results indicated that among the six HANPs, R-HANPs-1 induced the apoptosis of 143B cells most
effectively, and N-HANPs sustainably induced the apoptosis of UMR106 cells.

Detection of Mitochondria Apoptosis-Related Molecules

The rise of intracellular Ca** and ROS, and the loss of Aym might cause the mitochondria-related apoptosis. We next
investigated the gene expression levels of mitochondria apoptosis-related proteins such as p53, Bax, Bcl-2 and caspase
proteins by gqRT-PCR. Of these proteins, p53 suppresses tumor growth, Bax is pro-apoptotic while Bcl-2 anti-apoptotic®*’;
caspase-3, as a key apoptotic executioner, can be activated by caspase-8 and caspase-9.%17? The results showed that the levels
of these genes were up-regulated in 143B cells after the six HANPs treatment for 1 or 3 days (Figure 5A). Gene expression
levels of caspase-3 and caspase-8 in 143B and UMR106 cells were increasingly up-regulated from 1 to 3 days by the addition
of HANPs, while that of caspase-9 became lower than the control group after 2 or 3 days’ incubation of HANPs. HANPs also
showed the similar function in UMR106 cells to that in 143B cells for the up-regulation of all the tested genes. However,
among the six HANPs, only the N-HANPs up-regulated gene expression along with the incubation duration from 1 to 3 days
(Figure 5B). HANPs did not up-regulate the expression level of all the apoptosis-related genes except Bel-2 in MC3T3-El
cells compared to the control group (Figure S10). Therefore, HANPs selectively induced mitochondria-related apoptosis in
143B and UMR106 cells but not in MC3T3-E1 cells.

Antitumor Effect of HANPs in vivo

Based on the in vitro results, we then examined the antitumor effect of HANPs in OS-bearing Balb/c nude mice models.
After subcutaneously inoculated with tumor cells and HANPs, tumor growth and body weight were monitored every 3 or
4 days (143B: 28 days; UMR106: 21 days) (Figure S11). In 143B or UMR106 OS-bearing mice model, there was no
significant difference in body weight between the control group and all the experimental groups (Figure 6A and F). For
143B model, tumors were observed at day 7 and grew sharply in the control group. But the growth of tumors was delayed
by the addition of HANPs at day 7 after tumor inoculation. At each time point, tumor volume was smaller in the
R-HANPs-1 group than that in the other six groups (Figures 6B and S11A). For UMR106 model, the tumor appeared in
the control group and all experimental groups at day 5. After day 13 and 21, the tumor sizes in the control group
increased gradually. Among the six HANPs, only N-HANPs-1 and N-HANPs-2 presented the continuous inhibition on
the tumor tissue. And tumor tissue in N-HANPs-1 and N-HANPs-2 was the smallest among the seven groups at each
observation time point since day 9 (Figures 6G and S11B).

At the last day of monitoring period (143B: 28 days; UMR106: 21 days), tumors were isolated from each OS-bearing
mouse and weighed. For 143B tumor, the results showed tumor sizes in the experimental group were significantly smaller
than those of the control group. Among the six HANPs, the tumor tissue treated with R-HANPs-1 was smallest
(Figure 6C-E). For UMR106 tumor, abundant blood vessels could be observed in the tumors for the control groups,
G-HANPs-2, R-HANPs-1 and R-HANPs-2. Among the six HANPs, N-HANPs presented the best antitumor efficiency
(Figure 6H-J). The above results indicated the antitumor performance of HANPs was related to their morphology and
particle size. Among the six HANPs, R-HANPs with a shorter size in long diameter showed the best anti-143B-tumor
effect, and N-HANPs showed the best anti-UMR106-tumor effect.

Histopathological Analysis in vivo

To further verify the antitumor effect of HANPs, we next examined the histopathology of tumor tissue by H&E staining.
As indicated by the H&E staining images, the tumor cells in the control groups were compact with obvious blood vessels
that support the tumor growth. HANPs-treated tumor tissues, especially R-HANPs-1-treated 143B and N-HANPs-treated
UMR106 cell tumors, turned obvious loose, indicating fewer cells than that in the control group (Figure 6K-L). Results
from TUNEL staining revealed that HANPs induced the apoptosis of tumor cells. The relative apoptosis rate contrasted
with the levels of Ki-67, cyclin D1 and CD31, indicating that HANPs suppressed the proliferation and G1-S transition of
tumor cells, as well as the vascular differentiation. Mitochondria damage was then observed by the elevation of
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Figure 5 HANPs activated mitochondria apoptotic signaling in 143B and UMR06 cells. The gene expression level of mitochondria apoptosis related molecules in 143B (A)
and UMR06 (B) cells after the cells were treated with six HANPs at the concentration of 400 ug/mL for I, 2 and 3 days (n=3; for 143B cells: vs control, *P<0.05,%*P<0.01;
vs R-HANPs-1, *P<0.05, **P<0.01; for UMRI06 cells: vs control, *P<0.05,4P<0.01; vs N-HANPs- 1, “P<0.05, **P<0.01; vs N-HANPs-2, &P<0.05, 24p<0.01).

cytochrome C in the HANPs-treated tumors. Moreover, we found HANPs induced the immunogenic cancer cell death
(ICD) due to the highly expressed CRT detected in the HANPs-treated tumor tissues (Figures 7 and 8). Together, the
addition of HANPs promoted the apoptosis and ICD of tumor cells, and inhibited the proliferation and vessel
differentiation in both of 143B and UMR106 tumor.

In addition to verifying the biosafety of HANPs, H&E staining and hematological test were performed. The images
from H&E staining indicated that the heart, liver, spleen, lung, and kidney of each mouse showed normal tissue
morphology, and no obvious infiltrations of inflammatory cells (Figure S12). As shown in Tables S2 and S3, compared
to the control group, HANPs treatment did not lead to any change for the levels of all the tested blood routine data or the
blood calcium and blood phosphorus, and exhibited no damage to liver function (ALT and AST), kidney function (CREA
and UREA) (Figure S13). The above results indicated that HANPs are safe for OS therapy in vivo.
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Figure 6 All the six HANPs inhibited the growth of 143B tumor tissues, while only N-HANPs inhibited the growth of UMRI06 in the tumor-bearing mice model. Body
weight (A and F) and tumor volume (B and G) in 143B (A and B) and UMRI106 (F and G) OS-bearing mice after treated with six HANPs during the observation period.
The typical images of tumors resected from 143B (C) and UMRI106 (H) OS-bearing mice at day 28 and 21, respectively. The quantitative analysis of the resected tumor
weight (D and I) and tumor volume (E and }) in 143B (D and E) and UMRI06 (I and J) OS-bearing mice day 28 and 21, respectively (n=5; for 143B nude mice: vs control,
*P<0.05, **P<0.01; vs R-HANPs-1, *P<0.05; for UMR 106 nude mice: vs control, *P<0.05, **P<0.01; vs N-HANPs- I, *P<0.05, **P<0.01; vs N-HANPs-2, P<0.05, %¥P<0.01).
H&E staining of the resected tumor tissue in 143B (k) and UMRI106 (I) OS-bearing mice at day 28 and 21, respectively (scale bar: 250 pm).
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Figure 8 HANPs induced the apoptosis, inhibited the vascular differentiation and promoted CRT expression level in OS tumors. Immunohistochemical staining and semi-
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Discussion

This study was proposed to investigate the activity of HANPs against OS. OS is a representative primary malignant bone
tumor with bimodal age distribution and is common in children and adolescents.>* With advances in clinical surgical
treatment and neoadjuvant chemotherapy, the mortality rates of patients decreased significantly and the prognosis
improved.” However, patients with recurrent or metastatic have a poor prognosis, with a 5-year survival rate lower
than 20%.** Nanotechnologies might be promising strategies for OS therapy. In recent years, HANPs exhibited excellent
antitumor performance, and can prevent lung metastasis of tumor.'*****>° Zhang et al found that HANPs could
effectively inhibit tumor growth, prevent tumor metastasis and improve the survival rate of tumor-bearing rabbits.'*
These studies suggested that HANPs might be potential nanomaterials to prevent the growth of OS.

The physicochemical properties (ie, morphology, size, crystallinity) of HANPs were pivotal for their activity against
tumor cells. Motskin et al showed that rod-like HANPs had obvious advantages over spherical nanoparticles in cellular
uptake.’” Li et al found that the rod-like HANPs with a crystallinity of 45.60% were the most prominent to suppress the
growth of A375 and SK-MEL-28 melanoma cells among three types of HANPs with different morphology and
crystallinity.>* This study demonstrated the crucial role of morphology of HANPs against OS. These HANPs had
three kinds of morphologies, granular, rod-like and needle-like, and two particle sizes for each morphology, all of
which showed great inhibitory effect on two OS cells. The anti-OS activity depended on the morphology, particle size as
well as the cell line. Among the six HANPs, rod-like HANPs (R-HANPs) showed the best inhibitory activity on 143B
cells, while needle-like HANPs (N-HANPs) inhibited the growth of UMR106 cells most efficiently. This result was
further confirmed by using OS-bearing tumor mice model. We then demonstrated that the morphology of HANPs
regulated the endocytosis of the particles in tumor cells. The endocytosis efficiency and the concentration of the particles
correlated with their activity against tumor cells in vitro and in vivo.

It is interesting that the cells including tumor cells or normal cells showed different sensitivity to HANPs. Following
1-day incubation with HANPs, OS cell line 143B cells and MC3T3-E1 pre-osteoblast proliferated more than that without
HANPs treatment, while the viability of another OS cell line UMR106 cells decreased. The toxicity of HANPs to 143B
cells appeared after 3 days’ incubation while prolonged treatment of the particles did not show more toxicity to UMR106
cells. It has been reported that materials have different antitumor effects on different OS cell lines due to phenotypic and
genetic differences among OS cell lines.*®**° The 143B cell line is a thymidine kinase-deficient and highly invasive
human OS cell line.*” The UMRI106 cell line is a transplantable rat OS clone cell line induced by injection of
radioisotope phosphorus.>**' The main application directions of these two cell lines are different. Generally, 143B
cells were widely used in anti-OS studies in vitro or in vivo, while UMR106 cells were considered as osteoblasts, which
are usually applied in osteogenic studies.** *® Then we found HANPs selectively initiated the mitochondrial apoptosis by
inducing the increase of ROS and mitochondria-related apoptotic genes, loss of mitochondrial membrane potential in
both OS cells, but did not in MC3T3-E1 cells. This selective inhibition of tumor cells but not of normal cells such as
MSC and HSF cells by HANPs was previously reported in some studies.'***~¢ Although the mechanism by which cells
responded differently remains unknown, we speculated it might be due to their intrinsic regulation function between the
tumor cells and normal cells such as particle-cell association, expression levels of inflammatory cytokines or stage of cell
differentiation.*’

Ca®" is an important second messenger widely existing in various cells, which participates in and controls almost all
life processes involving the proliferation and migration of tumor cells.*® A large amount of studies have found that
imbalance of Ca®" homeostasis may interfere with cell metabolism, leading to apoptosis.*’>' Yin et al found that Ca®"
released from curcumin and transferrin co-loaded CaO, NPs further activated mitochondrial apoptotic signaling path-
ways in cell injury.”’ HANPs is a weakly alkaline inorganic salt, which can dissolve and release certain Ca*" and PO, in
an acidic lyso/endosome. It is reasonable that more HANPs in the cytoplasm might lead to increased intracellular Ca®*
load. However, a small part of the Ca®" produced by its degradation can quickly enter the blood and be distributed to
various organs and tissues of the body for metabolism through blood circulation, excreted from feces and urine mainly
through liver and kidney. Most of the remaining Ca*" can be deposited in bone tissue in the form of insoluble bone

mineral salts, which did not participate in calcium metabolism and carry out calcium circulation through bone growth and
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remodeling.>” This may also be the reason why the addition of HANPs do not cause the increase of Ca®>* concentration in
pre-osteoblasts. In the tumor cells, HANPs released large amounts of Ca*" when HANPs were exposed to the acidic
tumor microenvironment. The subsequent elevation of intracellular calcium activated mitochondria-related apoptosis
pathways, caused cell damage and apoptosis.

Mitochondrial function plays an important role in tumorigenesis, metastasis, and chemotherapy resistance. During
apoptosis, mitochondria release cytochrome C from the cytoplasm that activates the caspase pathway in tumor cells.”
Cytochrome ¢ is primarily known for its function for ATP synthesis in the mitochondria.* As a pro-apoptotic protein,
Bax can also promote mitochondrial cytochrome C releases and induce caspase cascade reaction. Meanwhile, the ROS
level in cells increased, resulting in DNA damage that can activate p53 expression and induce apoptosis.’”>¢
Mitochondrial apoptosis pathways include endogenous caspase-9 apoptosis pathways activated by mitochondrial injury
and exogenous caspase-8 apoptosis pathways activated by recruitment of death-inducing signal complexes.”'
Interestingly, based on PCR results, we found that caspase-8 gene expression was higher than caspase-9 in 143B and
UMRI106 cells treated with the six HANPs. Therefore, these results suggested HANPs brought exogenous damage to the
cells. Cyclin D1 is an important G1/S specific Cyclin. Mutation, amplification or overexpression of Cyclin D1 can
change the cell cycle process in a variety of tumors and may lead to tumorigenesis.’”®® Cyclin D1 thus serves as an
important target for cancer treatments.’’>® In this study, we further found HANPs downregulated the expression of
Cyclin D1, which may potentially result in the reduction of the tumors.

Moreover, we observed the up-regulation of calreticulin (CRT) in HANPs-treated tumor cells CRT is one of the major
calcium-binding proteins in the endoplasmic reticulum in the immune cells to cause immunogenic cell death (ICD) in the
body.®"®® The ICD effect induced the release of “danger signals” that elicited the innate immune response in mice. The
impact of HANPs on induction of immune response against tumor cells will be explored in the following work.
Additionally, we demonstrated that HANPs could not cause organic lesions and inflammatory reactions in organs,
which is consistent with previous studies that showed HANPs generally had little inhibitory effect on normal tissue
cells, or even promoted the proliferation of normal cells.'**** Hence, our results preliminarily confirmed that HANPs
had excellent anti-OS performance and good biosafety. Given the selective inhibition of tumor cells but not of normal

cells, HANPs are good candidate nanomaterials for OS therapy in clinic.

Conclusion

In summary, the prepared six kinds of HANPs selectively inhibited the growth of OS cells in vitro and in vivo by
selectively inducing the increased intracellular calcium and mitochondrial apoptosis in the OS tumor cells but not in the
mouse pre-osteoblast. The anti-OS activity of HANPs was associated with the morphology, and concentration of the
particles, as well as the OS cell lines. Among the six HANPs, rod-like HANPs (R-HANPs) showed the best inhibitory
activity on 143B cells, while needle-like HANPs (N-HANPs) had inhibited the growth of UMRI106 cells most
efficiently. The inhibition activity of HANPs against OS also involved the endocytosis efficiency of the particles, and
their ability to drive oxidative damage and ICD of the tumor cells. Additionally, HANPs showed no obvious systemic
toxicity to the mice. Therefore, this work confirmed that HANPs were safe and effective for OS therapy and underlined
the crucial roles of particle morphology and the cell source in determining the antitumor activity of the particles. This
work directs the rational design of nanoparticles for tumor therapy. Since the ICD effect was observed by the
introduction of HANPs, the follow-up study will focus on how the particles regulate the tumor immune

microenvironment.
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