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ABSTRACT

Osteosarcoma (OS) remains one of the most threatening primary malignant human tumors of the bone,
especially in the first or second decade of life. Unfortunately, the clinical therapeutic efficacy has not
substantially improved over the past four decades. Therefore, to achieve efficient tumor eradication, a
new approach to prevent tumor recurrence is urgently needed. Here, we develop a new bisphosphonate
(BP)-loaded microarc oxidation (MAO) coated magnesium-strontium (Mg-Sr) alloy pellet that can inhibit
0S, and we illuminate the cellular and molecular mechanisms of the inhibiting effect. To generate such
pellets, nitrogen-containing BP is chemically conjugated with a MAO coating on hollow Mg-Sr alloys. We
demonstrate that BP coated Mg pellet has multiple desired features for OS therapy through in vitro and
in vivo studies. At the cellular level, BP coated Mg pellets not only induce apoptosis and necrosis, as well
as antitumor invasion of OS cells in the two-dimensional (2D) cell culture environment, but also damage
the formation of multicellular tumor spheroids by OS cell lines in the three-dimensional (3D) cell cul-
ture environment. At the in vivo level, BP coated Mg pellets can destroy tumors and prevent neoplasm
recurrence via synergistic Mg degradation and drug release. It is further suggested that the superior in-
hibitory effect on OS of our pellet is achieved by inhibiting the mevalonate pathway at the molecular
level. Hence, these results collectively show that the BP coated Mg pellet is a promising candidate for
future applications in repairing defects after tumor removal in OS therapy.

Statement of significance

Osteosarcoma (OS) is prone to metastases and unfavorable prognosis and the clinical thera-
peutic efficacy has not substantially improved over the past four decades. It is of high demand
in developing new materials that can not only repair the bone defects but also inhibit OS in
the lesion location. To solve these problems, we design a hollow Mg-Sr alloy pellet that is
modificated with micro-arc oxidation coating and then loaded with Bisphosphonates (BP). Our
results of the in vitro and in vivo biological assays show the inhibition effects and the corre-
sponding signal pathway of BP coated Mg pellets on OS. Our work illustrates the process and
mechanism of the tumor therapeutic efficacy for a new biomaterial, which could expand our
understanding the ultimate principle of biomaterials-induced tumor therapy.
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1. Introduction

The impact of cancer on the skeleton can be devastating and
often results in a major decline in quality of life and reduced sur-
vival rates. As the most common primary malignant tumor of the
skeleton, osteosarcoma (OS) is characterized by the infiltration of
malignant mesenchymal cells and the formation of immature bone
stroma [1]. It usually arises from the metaphyses of long extrem-
ity bones. Despite its rarity, the negative impact of OS on the
youth should not be underestimated due to the peak incidence oc-
curring during childhood and adolescence. Statistics suggest that
0S accounts for 15% of all solid extracranial cancers in this age
group [2,3]. Advances in surgical techniques, adjuvant therapy and
biomedical engineering have led to a major shift away from ampu-
tation towards limb-salvage surgery (LSS) for OS [4]. Not surpris-
ingly, randomized controlled trials (RCTs) comparing amputation
with LSS showed that LSS results in higher 5-year survival rates
and better functional outcomes [5].

For complete tumor removal, the margins of the tumor resec-
tion should be at least as wide as Enneking’s definition [2]. The
resulting tumorous bone defects are usually segmental, and the re-
construction outcome of the patients becomes the key issue during
the postoperative rehabilitation process [6]. However, despite no
increase in mortality, the risk of local recurrence and mechanical
loosening in patients is inevitable. In general, local recurrence is
largely due to residual tumor cells at the margins of excision, and
a lack of biological or osteogenic activity between the OS prosthe-
sis and bone interface commonly induces periprosthetic osteolysis
and fatigue fracture risk under prolonged stress [7,8]. Despite the
development of cementless fixation techniques or supplementation
with bone grafts leading to relatively ideal results, local recurrence
is still as high as 30%, and the failure of an implant in a young sur-
vivor varies between 40% and 60% at 10 years [9-11]. Undoubtedly,
this dilemma also exists in bone metastases and contributes sub-
stantially to morbidity and mortality in patients with advanced-
stage cancers [12]. Therefore, developing new materials with tu-
mor suppression and bone induction activity applied in primary or
metastatic malignant bone tumors is necessarily clinically required.
Advancing this research will be expected to increase the long-term
stability of limb reconstruction and functional recovery.

In the current study of orthopedic biomaterials, magnesium
(Mg) and alloys are considered to be particularly suitable for use
as orthopedic fixation without the requirement of surgical removal
after healing [13]. This advantage is mainly due to the degradabil-
ity in the physiological environment, osteogenic activity and close
elasticity modulus to the natural bone [14]|. Moreover, there have
been interesting studies of Mg-based materials for multifunctional
applications in orthopedics, such as tumor treatment. As early as
1890, Mg sutures were first used by Nicoladoni to treat heman-
giomas. Treatment of hemangiomas via Mg seed and wires had
been applied in 27 patients with severely progressive or persistent
tumors between 1975 and 1980. A positive result was obtained
in approximately 50% of these tumors; however, the mechanisms
of tumor treatment were unclear [15-17]. Our research group has
previously reported on the inhibition effects on the OS of Mg from
the perspective of 2D cell cultures in vitro [18]. We have also il-
lustrated the cellular mechanisms by which zoledronic acid (ZA)-
loaded Mg-Sr alloys inhibit giant cell tumors, a benign tumor in
bone [19]. However, the in vivo results for Mg alloy on highly ma-
lignant OS and the corresponding molecular mechanisms are lack-
ing. These findings encourage us to promote and reform the appli-
cation of Mg in bone tumors.

In addition to surgical operation, drug therapy is the most com-
monly used adjuvant method to treat malignant bone tumors. It
has been reported that bisphosphonates (BPs) have direct antitu-
mor properties and induce OS ossification by bone-specific accu-
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mulation [20-22]. In particular, ZA, as a nitrogen-containing bis-
phosphonate, has shown the most promising results in adjuvant
therapy in primary bone tumors and bone metastases. However,
there are still some challenges that need to be overcome, espe-
cially the systematic side effects in clinical applications, such as
renal damage and gastrointestinal side effects [23,24].

To address these issues, we designed hollow Mg pellets based
on the as-cast Mg-1.5 wt. % Sr alloys for OS therapy. In our previ-
ous study, the Mg-Sr alloy substrate was proven to have matched
degradation for bone graft application by tailoring the composi-
tion and structure with proper processing and coating [25]. Inte-
grated fracture calluses were formed and bridged the fracture gap
without gas bubble accumulation while the substitutes simultane-
ously degraded. Thus, Mg-Sr alloys are believed to be potential ma-
terials for bone filling. In this study, a bilayer-structured coating
was fabricated on Mg-Sr alloy pellets, consisting of an outer layer
of BP and an inner layer of MAO-derived MgO coating. Therefore,
these new pellets integrated the advantage of the osteogenic effect
of Mg and the tumor-inhibiting characteristics of BP. The in vitro
tumor inhibition of Mg-based pellets was evaluated under two-
dimensional (2D) and three-dimensional (3D) culture systems, in
vivo OS therapy was observed in tumor-bearing mice, and a se-
ries of molecular and cellular assays were further used to reveal
the responses and mechanisms by which the pellets inhibit OS
(Scheme 1).

2. Materials and methods
2.1. Preparation and characterization of Mg alloy pellets

99.9 wt%s Mg and 99.9 wt% Sr were used to prepare the
cast billets of Mg-1.5 wt% Sr via resistance melting, which
was protected by a mixed gas atmosphere (1 vol.% SFg and 99
vol.% CO,). Afterwards, they were machined into hollow three-
dimensional pellets with reference to calcium sulfate (Osteoset®,
®3 mm x 3 mm, Wright Medical Technology), termed “Bare Mg".
The details of the preparation procedures can be found in our pre-
vious study [26].

Following sanding with SiC paper and cleaning in acetone, MAO
treatment was conducted on the Mg-Sr pellets for 5 min using the
stainless steel container as the cathode with a frequency of 1000
Hz, a work voltage of 360 V, and a work duty cycle of 40%. The
electrolyte was comprised of 8 g L'l KF-2H,0, 4 g L'! (NaPO3)g
and 0.8 g L'! Ca (OH),. After preparing the MAO coatings, the Mg-
Sr pellets were rinsed thoroughly with DI water and dried by warm
air. The resultant Mg-Sr pellets were termed “MAO coated Mg”.

A nitrogen-containing BP-loaded MAO coating on the Mg-Sr
pellets was prepared due to the strong interactions between BPs
and calcium. To achieve this end, MAO coated substrates were
immersed into a 102 M aqueous ZA solution at 37 °C for 24 h
through the chemical association of ZA with Ca2*. The resultant
Mg-Sr pellets were termed “BP coated Mg”.

The microstructures of the pellets were observed under a scan-
ning electron microscope (SEM, HITACHI S-4800) equipped with
an energy dispersive spectrometer (EDS). In vitro degradation of
the Mg pellets was described by pH variation and ion release. The
samples were immersed in Hank’s Balanced Salt Solution (HBSS,
Gibco) solution at 37 °C for 14 days with an immersion ratio of
1.25 cm?/mL. The immersion solutions were changed every day,
and the initial pH value was set at 7.4. The pH value was moni-
tored every day during immersion. The release of Mg and Sr ions
after immersion was estimated using an atomic absorption spec-
trophotometer (AAS, Hitachi Z2000). The experiments were per-
formed in triplicate.

The hemocompatibility was evaluated by the hemolysis ratio
(HR), which was conducted according to the procedure recorded
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Scheme 1. Schematic illustration of the applications of BP coated Mg pellets for OS treatment.

in the DIN ISO 10993-4 standard. Normal saline and deionized wa-
ter were used as the negative control and positive control, respec-
tively. All the reactions were performed in triplicate.

2.2. In vitro two-dimensional (2D) tumor inhibitions

The rat OS cell line UMR-106 was purchased from the Type Cul-
ture Collection of the Chinese Academy of Sciences and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS). For Mg alloy extract prepara-
tion, the pellets were soaked in DMEM supplemented with 10% FBS
at 37 °C for 24 h. The ratio between the area of the pellets and
the volume of the medium was 1.25 cm?/mL. The OS cells were
seeded into 96-well plates at a density of 6x10* cells per cm? and
cultured at 37 °C for 24 h, and then the Mg alloy extracts were
used to treat the tumor cells for 1, 3 and 5 days. Afterwards, the
effects of Bare Mg, MAO coated Mg and BP coated Mg on tumor
cell proliferation were determined via CCK-8 assays (DOJINDO).

The cell viability was observed by live/dead staining. Briefly, the
tumor cell culture and Mg alloy extract treatments were the same
as above. At 1 day, the cell medium was removed, and the ad-
herent cells were subjected to Calcein AM/Ethidium homodimer-
1 (EthD-1) staining (Sigma) following the manufacturer’s protocol.
Afterwards, the stained cells were photographed using a fluores-
cence microscope (Olympus, BX51).

Cell apoptosis and necrosis were quantified via flow cytometry
(FACS). Tumor cell culture was the same as above. After incubat-
ing with Mg alloy extracts for 24 h, the cells were collected and
stained with Annexin V-Fluorescein isothiocyanate (FITC) and 7-
aminoactinomycin D (7-AAD, Millipore) for apoptosis and necrosis
detection, respectively. All stained cells were analyzed with a BD
FACSCalibur flow cytometer and FlowJjo V10.0.7.

The cell cycle distributions were analyzed by FACS. The OS cells
in the logarithmic phase (2x10%) were cultured in 6-well plates
and incubated with the indicated Mg alloy extracts at 37 °C for
48 h. Afterwards, the cells were collected and fixed overnight with
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Table 1

Primer Sequences for RT-qPCR.
Genes Forward Reverse
P27 CCTATTTGGAGAGGTATAGAGTTGT =~ AGGCATGGCTGAAAAGCAAC
Cyclin D1 TCAAGTGTGACCCGGACTG CACTACTTGGTGACTCCCGC
Cyclin E CACAGCTTCGGGTCTGAGTT GGATGAAAGAGCAGGGGTCC
B-actin TGAGCTGCG ‘ACACCCT ATGTTTGCTCCAACCAACTGC

70% cold ethanol at 4 °C. The cells were then centrifuged and
washed with ice-cold PBS followed by staining with propidium
iodide (PI, 40 mg/mL) and an RNase A solution in the dark for
20 min. Finally, cells with fluorescence were acquired with a BD
FACSCalibur flow cytometer, and the distributions of the cell cycle
(GO/G1, S, and G2/M phase) were analyzed with Flow]o V10.0.7.

Cell invasion was evaluated by a Transwell system (BD Bio-
sciences) with 8 um pores coated with a Matrigel matrix. A to-
tal of 2x10* cells were seeded into the upper Matrigel chamber
and incubated with Mg alloy extracts (serum-free) for 24 h. A
medium with 5% FBS in the lower chamber was simultaneously
set as a chemoattractant. Tumor cells invading the opposite side of
the membrane were stained with 0.1 % crystal violet (Sigma) and
photographed.

SYBR Green Real-time PCR was performed to investigate the
relative mRNA expression level of the targeted genes involved in
the cell cycle of OS, which was treated with BP coated Mg pellets.
Fold changes of the targeted genes were calculated by the 2-AAct
method. The primer sequences of the selected genes are listed in
Table 1.

Each of these experiments was performed in triplicate.

2.3. In vitro three-dimensional (3D) tumor therapy
0S multicellular tumor spheroids (MCTS) were cultured accord-

ing to procedures previously described with slight modifications
[27]. Briefly, a single-cell suspension of the UMR-106 cell line with
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a density of 10%/well was transferred into U-bottomed ultralow at-
tachment 96-well microtiter plates (ULA plates), which could en-
courage tumor cell self-assembly into tight cell aggregates. Cells in
the ULA-plates were cultured at 37 °C, 5% CO, and 95% humidity
for 1 day, and then the spent media was exchanged for Mg alloy
extracts.

Afterwards, the morphology of the OS MCTS was observed un-
der the microscope and photographed. The cell viability of the
MCTS was evaluated by live/dead staining assay. Structures of the
spheroid sections were observed via paraffin sectioning and hema-
toxylin and eosin (H&E) staining. The percentage of cells expressing
the nuclear proliferation marker in MCTS was determined based
on Ki-67 and p65 immunohistochemical (IHC) staining. Each assay
was performed in triplicate.

2.4. Mevalonate pathway investigation

The production of mevalonate pathway intermediates, isopen-
tenyl pyrophosphate (IPP) and triphosphoric acid 1-adenosin-5’-
yl ester 3-(3-methylbut-3-enyl) ester (Apppl), was determined
via high-performance liquid chromatography mass spectrometry
(HPLC-MS). The accumulation of unprenylated small guanosine
triphosphate-binding proteins (G-proteins), RAS-related protein 1A
(Rap1A) and RAS homolog family member A (RhoA) was detected
by a western blotting assay. Briefly, the OS cells (10%/well) were
seeded in 6-well plates and pretreated with the indicated Mg pel-
let extracts at 37 °C for 48 h. Afterwards, the cells were col-
lected and treated with acetonitrile and water containing phos-
phatase inhibitors. Then, the cells were centrifuged, and the levels
of IPP and Apppl in the supernatant were quantified using HPLC.
After stimulation with Mg pellet extracts, the cells were washed
with PBS and lysed with a radioimmunoprecipitation assay (RIPA)
buffer containing proteinase inhibitor cocktail. After centrifugation,
the protein concentration in the supernatants was determined us-
ing a bicinchonic acid assay (BCA) kit. 40 micrograms of the total
protein per sample were fractionated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% BSA in a TBST buffer for 1 h at room tempera-
ture and then incubated with primary antibodies specific to Rap1A
(1:1000), RhoA (1:1000) and B-actin (1:10000) at 4 °C overnight,
followed by a horseradish peroxidase (HRP)-conjugated secondary
antibody. The proteins were detected and visualized by enhanced
chemiluminescence (Bio-Rad Laboratories).

2.5. In vivo tumor therapy

Six- to eight-weeks-old male Balb/c nude mice were pur-
chased from the Medical Experimental Animal Center of Guang-
dong Province. All animal studies were approved by the Institu-
tional Animal Care and Use Committee of Guangdong Provincial
People’s Hospital. To establish the OS model, a 1x106 UMR-106 cell
suspension was injected into the lower back of the mice. When
the tumor size reached approximately 0.5 cm in diameter (approx-
imately 10 days), mice with consistent tumor locations were di-
vided into three groups: the blank control group (tumor resection);
the MAO coated Mg pellet group (tumor resection + pellets); and
the BP coated Mg pellet group (tumor resection + pellets). Briefly,
the Mg alloy pellets were sterilized by cobalt-60 irradiation for use
in operation, and eighteen experimental mice were anesthetized
by intraperitoneal injection of 3% pentobarbital solution. The back
was sterilized with iodine and ethanol and then draped in a sterile
manner. A 1 cm incision was made at the right edge of the tu-
mor for tumor excisional surgery. Afterwards, the Mg pellets were
used to fill the defects of tumor lesions according to the groupings.
To evaluate the characteristics of the Mg pellets in vivo, only one
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pellet piece was implanted at each excision site. The tumor sizes
were carefully recorded every other day for the tumor volume cal-
culation within 28 days. The calculation formula of the volumes
(mm3) was V=ab2/2, where V (mm?3) was the volume of the tu-
mor, a (mm) was the tumor length and b (mm) was the tumor
width.

To evaluate the biodistribution of the Mg and Sr ions degraded
from the Mg alloy pellets, Balb/c nude mice were sacrificed at 2
and 4 weeks postoperatively. Whole blood and main organs related
to organism metabolism, including spleen, kidney, and liver, were
collected and digested via aqua regia at 60 °C for 30 min according
to the weight to volume ratio. Then, the amounts of Mg ions and
Sr ions were measured by ICP-MS and expressed as an ng/kg organ
weight according to the reported method [28].

After 28 d, the mice were euthanized, and the tumor tissues
and main organs, including heart, liver, spleen, lung, kidney, intes-
tine and brain, were preserved in a 4% paraformaldehyde solution.
Following routine tissue dehydration and paraffin embedding, 3.5
mm thick sections were cut and subjected to H&E staining and Ki-
67 IHC staining to assess tumor inhibition.

The degradation characteristics of different coated Mg pellets
implanted in parallel in vivo for 2 W and 4 W were observed
by micro-CT scanning and 3D reconstruction. To quantitatively de-
scribe the corrosion, the weight loss was normally measured after
removing the corrosion products in a chromic acid solution (200
g/L Cr,03 + 10 g/L AgNOs) according to the ASTM NACE/ASTM
G31-12a standard. Then, the corrosion rate (CR) was calculated ac-
cording to Eq. (1):

CR= (Am-K)/A-t.p (M

where Am is the mass loss, k is a constant equal to 8.79 x 10%
(mmyjy), A is the surface area (cm?), and p is the sample density
(g/em?).

2.6. Statistical analysis

Data were expressed as the mean =+ standard deviation (SD)
from the repeated independent experiments. The significant dif-
ference was analyzed using SPSS 13.0. Curves and the histograms
were drawn using GraphPad Prism v8.0. The comparisons among
groups were evaluated by one-way ANOVA and post hoc multiple
comparisons LSD. Statistically, the difference was termed as signif-
icant and highly significant at p-values less than 0.05 and 0.01, re-
spectively.

3. Results and discussion
3.1. Coating characterization

The typical morphology of the MAO coating with micropores
on the surface can be observed in Fig. 1A and D. The EDS analysis
(Fig. 1B and E) and the corresponding element spectra (Fig. 1C and
F) show the apparent peaks of Ca and P, indicating the existence
of calcium phosphate deposition. The Mg peak is mainly attributed
to MgO formed in the MAO coating. In addition, due to the thick
MAQO coating, a low content of Sr in the substrate cannot be found
in the EDS analysis. After BPs loading, the morphology shows that
the depositions covered a large proportion of the surface and that
the micropores cannot be seen. The EDS data revealed the exis-
tence of Mg, Ca and P peaks in Fig. 1E, and the reduced Ca peak
is probably due to dissolution of the Ca-P in the presence of ZA
solutions and/or a relatively weak signal.

3.2. In vitro degradation and hemocompatibility

The pH curve during immersion for 14 days is shown in Fig. 1G.
The pH value of the MAO coated Mg reaches 10 after 1 day and
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Fig. 1. Surface morphologies and EDS spectra of MAO coated Mg (A, B, C) and BP coated Mg (D, E, F). pH variation (G) and total ion release (H, I) amounts of MAO coated

Mg and BP coated Mg after immersion for 3, 7, and 14 days.

then gradually decreases to some extent and finally remains at
9. Likewise, BP coated Mg shows almost the same curve as MAO
coated Mg [29]. In addition, the accumulation amounts of the Mg
and Sr ions are shown in Fig. 1TH and I. The release of Mg ions for
MAO coated Mg gradually increases from 25 mg (1 d) to 1215 mg
(14 d) with time. Comparatively, the Mg ions released from the BP
coated Mg are significantly 4-5 times higher than those of MAO
coated Mg. Regarding the Sr ions, there is no apparent discrep-
ancy between the two coatings during the immersion period. The
amount of ion release is approximately 200 mg at 3 d and grad-
ually increased to ~600 mg at 14 d. The release of ZA from the
BP coated Mg is measured by HPLC, and the results are shown in
Fig. S1C. The release of ZA increased continually until day 7, and
the highest amount of cumulative release of ZA reached 19 pug/mL
(65.5 M).

The hemocompatibility of the Mg pellets was investigated by
hemolytic activity on red blood cells (RBCs) (Fig. 2A). The positive
control group (pure water) turns red because of the hemoglobin
released from the RBCs; however, there is negligible hemolysis in
all of the Mg pellet groups.

3.3. Cytotoxicity and cell viability

The expected sustained drug release encourages us to inves-
tigate the therapeutic effect of BP-coated Mg pellets on the OS
cells. First, the in vitro cytotoxicity of Bare Mg, MAO coated Mg
and BP coated Mg was determined on UMR-106 cells by a stan-
dard CCK-8 assay. Fig. 2B shows that the survival rate is slightly
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lower than 20% for UMR-106 cells treated with BP coated Mg be-
cause of BP’s toxicity toward OS cells. Then, the cell viability was
further investigated by fluorescence live/dead staining. As shown
in Fig. 2C, there are negligible dead cells (red fluorescence) in the
Bare Mg and MAO coated Mg groups, as most of them are stained
green with normal and healthy spindle shapes. More than 80% of
the tumor cells in the BP coated Mg group are dead with a round
shape and red color, which is consistent with the CCK-8 results.
Therefore, these results illustrate an evident tumor inhibition ef-
fect of the BP coated Mg. This may be ascribed to the release of
nitrogen-containing BPs, which could directly inhibit proliferation
and induce necrosis of aggressive OS cells according to previous re-
ports [22,30]. Both the preclinical data and clinical trials have also
confirmed that nitrogen-containing BPs could also inhibit tumor-
induced angiogenesis and tumor-related osteoclast activity, as well
as prevent tumor invasion and metastasis in patients [31].

3.4. Cell invasion

Metastasis during OS genesis usually arises from dividing cells
detaching from primary tumors and translocating into veins to es-
tablish new tumors at distant sites [32,33]. Since OS is highly in-
vasive, most patients eventually develop metastasis, especially pul-
monary metastasis, which is still the most prominent reason for
0S-caused fatalities. According to statistics, only 10% to 30% of pa-
tients could suffer from OS metastasis after surgical procedures
combined with chemotherapy. In this way, it is of great importance
to prevent OS metastasis with more effective therapeutic methods
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are presented as the mean + standard deviation of three independent experiments.
*: p < 0.05 and **: p < 0.01 compared with BP coated Mg pellets. &: p < 0.01
compared with MAO coated Mg pellets. Scale bars represent 50 pm.
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and to further improve the prognosis of tumor patients. Based on
the invasive process, the Transwell system and Matrigel models are
commonly used to evaluate OS invasiveness toward chemoattrac-
tants. As shown in Fig. 2D and G, OS cells adhering to the bottom
surface of the transwell polycarbonate membrane are stained with
a 1% crystal violet, and the microphotographs indicate that cells in
the BP coated Mg group invade significantly less (p < 0.01) than
those in the other groups, suggesting that the BP coating could in-
hibit the invasive ability and further metastasis of OS cells.

3.5. Cell apoptosis and cell cycle

To further investigate the effects of programmed cell death in-
duced by the BP-coated Mg pellets, we evaluated the apoptosis
and necrosis of OS cells. Programmed cell death is a natural bar-
rier that restricts tumor cells from surviving and diffusing. How-
ever, tumor cells usually evolve strategies to evade programmed
cell death by generating genetic mutations or epigenetic modifi-
cations, and the dysfunction of programmed cell death has been
demonstrated to be essential for cancer metastasis [34]. As a typ-
ical form of programmed cell death, apoptosis is generally charac-
terized by cell shrinkage, phosphatidylserine (PS) ectropion to the
outer leaflet of the plasma membrane, and nuclear fragmentation.
Necrosis, however, is characterized by uncontrollable cell damage
and spillage of cell contents. Apoptotic cells can only be labeled
by fluorescently tagged Annexin V because, as a calcium-binding
protein, Annexin V can bind to PS outside of apoptotic cells. How-
ever, necrotic cells can be distinguished from apoptotic cells by co-
staining with fluorescently conjugated Annexin V and PI [35,36].
As shown in Fig. 2E and H, a flow cytometry analysis shows that
Bared Mg and MAO coated Mg without drug loading failed to in-
duce apoptosis and necrosis, but cells treated with BP coated Mg
extracts could be stained by both Annexin V-FITC and PI, showing
that OS cells in the BP coated Mg group are in late apoptosis and
necrosis. The difference is significant (p < 0.01).

0S cell cycles treated with Mg pellet extracts were also per-
formed by flow cytometry. In general, the cell cycle is comprised of
four continuous phases, G1, S, G, and M, and culminates with DNA
duplication and cell division. Under this definition, tumors are con-
sidered to be the consequence of cell cycle disorder, which endows
tumor cells with the potential to replicate indefinitely and escape
programmed death [37]. This characteristic has been applied in
chemotherapy since most anticancer drugs manifest their action
via cell cycle phase tailor effects. For example, anthracyclines in-
duce Gy, S and G, phase arrest, while antimetabolites result in S
phase arrest [38]. The DNA histograms of our results in Fig. 2F and
the relevant statistics in Fig. 21 indicate that the exposure of tumor
cells to the BP coated Mg pellet extracts leads to a significant de-
crease in the Sub G1 fraction and an increase in the G,/M fraction
compared with other treatments, suggesting that BP coated Mg is
cell cycle phase-specific and that G,/M cell cycle arrest is involved
in the late apoptosis and necrosis induced by the BP released from
Mg pellets.

To further understand the mechanism of the strengthened
tumor cell programmed death and cell cycle regulation by BP
coated Mg, we evaluated the mRNA expression level of cell cycle
progression-related genes in tumor cells by real-time PCR. The cell
cycle phase is known to be tightly regulated by cyclin-cyclin de-
pendent kinase protein (CDK) complexes, such as cyclin D/CDK4
and cyclin E/CDK2 heterodimers [39]. In addition, the cycle process
is blocked by CDK inhibitors (CDKIs), including p21/Cip1, p27/Kip1
and p57/Kip2 [40]. As shown in Fig. 2], in the BP coated Mg group,
the expression level of p27 increases, and cyclin D1 and cyclin
E decreases significantly (p < 0.05). These molecular expressions
lead to cell cycle arrest and are of major importance to prevent
tumorigenesis [41]. These data suggest that BP coated Mg could
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Fig. 3. Multicellular tumor spheroid response to biodegradable Mg alloy pellets in an in vitro 3D culture environment. (A) Microscopic images of multicellular tumor
spheroids formed by the OS cell line UMR-106 treated with different Mg pellet extracts for 3 d. (B) Representative fluorescence imaging of tumor spheroid models exposed
to different Mg pellet extracts for 3 d. BP coated Mg induce tumor spheroid necrosis in 3D cell culture. (C) Histochemical characterization and (D) Ki-67 immunohistochem-
ical staining on the OS spheroid interface. Round-shaped structures are cell nuclei, and irregular faint areas represent the ECM. BP coated Mg pellets break the complete
histological structure of tumor spheroids and inhibit the expression of nuclear antigens associated with proliferating cells. Scale bar=50 pm.

enhance tumor cell eradication through the regulation of the cell
cycle.

3.6. Spheroid formation and differential response to Mg pellets

As a kind of solid bone tumor, OS grows in a complex 3D con-
formation surrounded by various tumor microenvironments, in-
cluding a low nutrient supply, hypoxia and cell communication
with adjacent tumor or nontumor cells [42]. However, tumor cells
have usually been cultured in a conventional 2D monolayer envi-
ronment in previous studies, which resulted in the failed recon-
stitution of the tumor microenvironment and a deficiency of the
original tumor characteristics. With this in mind, there has been
a great demand in developing in vitro 3D culture systems, which
have the ability to mimic in vivo-like cell behaviors more reli-
ably, including the 3D architecture and cellular connections. In our
present study, OS cells were cultured as MCTS in vitro to recapit-
ulate solid tumors from the perspectives of cell-cell or cell-matrix
interactions, the gradient distribution of oxygen and drug penetra-
tion limitations. This is the first time that the MCTS model repre-
sents the avascular regions in OS tissues to be used in evaluating
the effect of Mg alloys on tumor inhibition. Fig. 3A shows repre-
sentative optical photographs of MCTS treated with different Mg
pellet extracts. Apparently, the OS cells spontaneously form sta-
ble MCTS with a round and compact shape and a mean size of
120 pm. Fig. 3B shows that there are no inhibitory effects on the
growth or integrity of MCTS treated with Mg pellet extract and
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MAO coated Mg pellet extract at 3 d. In contrast, the stimulation
of BP coated Mg extract results in a significant inhibition of MCTS
growth at 3 days, which is characterized by a decreased size of
the spheroids and less compactness of the outer layers. To investi-
gate the effect of Mg pellets on MCTS viability, live/dead staining
(Calcien AM/EthD-1) was performed on the 3D spheroids. Fluores-
cent photographs (Fig. 3B) show that all survived cells are labeled
with green fluorescence in Bare Mg and MAO coated Mg groups.
However, all died cells are labeled with red fluorescence in the BP
coated Mg group. These viabilities are almost consistent with the
2D culture results in vitro, and the inhibition effect is much more
significant in the 3D environment. To observe the interior histolog-
ical characterization of MCTS, spheroids were embedded in paraffin
and stained with H&E at day 3. As shown in Fig. 3C, MCTS treated
with Bare Mg extract and MAO coated Mg extract present a dense
and compact cellular distribution, whereas spheroids show irregu-
lar and loose connections in the BP coated Mg group. Furthermore,
to assess the validity of these results, the proliferative cell marker
Ki-67 was immunostained for the 3D spheroids. Fig. 3D shows that
the majority of Ki-67-positive cells are mainly located on Bare Mg
and MAO coated Mg group but are very rare in the BP coated Mg
group. In summary, this OS spheroid system could mimic the ar-
chitecture of the tumor properties, especially the interaction of the
cell-cell and cell-matrix. We demonstrated the inhibitory effect of
BP coated Mg on OS in a 3D environment and that the perfor-
mance of OS cells is slightly different from the monolayer exper-
iments, especially the cellular activity.
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Fig. 4. Influence of biodegradable Mg alloy pellets on the mevalonate pathway of OS cells. (A) The intracellular accumulation amount of the metabolites IPP and (B) Apppl in
tumor cells incubated with different Mg pellet extracts at 12 and 24 h measured by HPLC-MS; (B) The accumulation of unprenylated Rap1A and unprenylated RhoA in tumor
cells incubated with different Mg pellet extracts at 24 h performed by western blot analyses. All data are presented as the mean =+ standard deviation of three independent
experiments. **: p < 0.01 compared with BP coated Mg pellets and &: p < 0.05 compared with MAO-coated Mg pellets.

3.7. Regulation of the mevalonate pathway

The mevalonate (MVA) pathway is a core metabolic pathway
that provides essential molecules for important cellular processes,
such as cholesterol biosynthesis and G-protein prenylation. That
is, the MVA pathway is fundamental for cell metabolism, growth
and survival [43]. Accordingly, this pathway has been involved in
multiple aspects of tumorigenesis [44]. As a result, targeting the
MVA pathway emerges as a promising approach for tumor therapy
[45]. Recent studies have reported that the multiple effects of BPs
on tumor cells are primarily through interference with the MVA
pathway. Specifically, nitrogen-containing BPs is known to inhibit
farnesyl pyrophosphate synthase (FPPs) in a dose-dependent man-
ner, which leads to an accumulation of IPP [46]. This intermediate
can be further metabolized into a pro-apoptotic ATP analog, Apppl
[47]. IPP/Apppl production further decreases the geranylgeranyla-
tion and farensylation of small G-proteins, such as Rap, Ras and
RhoA, and eventually leads to anti-neoplastic efficacy, including
apoptosis, necrosis, cell cycle arrest and anti-invasion [48,49]. To
confirm whether BP coated Mg pellets act through the MVA path-
way in OS, we measured the accumulation of extracellular IPP and
Apppl via HPLC-MS, as well as the expression level of unpreny-
lated proteins Rap1A and RhoA by western blotting in UMR-106
cells. Fig. 4A and B shows that BP-coated Mg induces significant
accumulations of IPP and Apppl after incubation for 12 h and 24
h in comparison with Bare Mg and MAO-coated Mg (p < 0.01).
However, there is a slight elevation of these two metabolites in
the MAO coated Mg group at 24 h compared to 12 h and there
is almost no increase in Bare Mg group. Along with this IPP/APPPI
intermediate production, upregulation of unprenylated Rap1A and
RhoA is obviously observed in the BP coated Mg group compared
to the others (Fig. 4C). Insufficient prenylation of the G-proteins
results in impaired cell function and induces the death of tumor
cells [50]. Therefore, regulation of the MVA pathway is the major
mechanism induced by BP coated Mg that ultimately triggers OS
inhibition.

689

3.8. In vivo tumor therapy

As a typical malignant bone tumor, the 5-year survival of OS
is approximately 70%. However, it rapidly declines to 20 to 30%
in patients with local recurrence and metastases, which further
increases the amputation rate [1]. Therefore, the elevated signifi-
cance of the effective treatment and repair of OS should be empha-
sized. Surgery resection generally has difficulty thoroughly elim-
inating tumor cells in LSS for OS patients. Residual OS cells al-
ways survive and further invade the surrounding healthy bone tis-
sues [51]. This puts forward a new request and new opportunity
to design and develop new biomaterials for suppressing residual
OS cells while simultaneously enhancing the repair of neoplastic
bone defects postoperatively by using a safe and effective proto-
col. To our knowledge, there are very few studies on this type of
biomaterial. In our present study, the tumor inhibition effect of BP
coated Mg was also investigated in vivo, which lays the foundation
for future antitumor applications. The visual images of residual tu-
mor tissues in different Mg pellet groups at 28 d post implantation,
and more details of the tumor volume and body weight during the
therapy period are shown in Fig. 5. Tumors in Bare Mg and MAO
coated Mg groups grow rapidly, and the tumor sizes are large due
to the highly malignant properties of OS. In contrast, there are only
small scars on the surgical site of the mice in the BP coated Mg
group, and the tumor volume is significantly reduced compared to
other groups, indicating a noticeable tumor inhibition effect. Fur-
thermore, Fig. 5D shows that the body weight of the mice during
the therapy always lies between 18 and 24 g, and the difference is
not significant; however, mice in the unsatisfied treatment group
become weaker as the tumor size increases.

H&E staining of tumor foci sections (Fig. 6A) indicates that tu-
mor cells show typical pathological characteristics of OS, and a
clear vascular structure (indicated by yellow colors) can be seen in
the Bare Mg and MAO coated Mg group, demonstrating the negligi-
ble therapeutic effects and recurrence of tumors, which are consis-
tent with the tumor volume changes (Fig. 5C). For the BP coated
Mg group, severe damage to the tumor tissues and irreversible
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Fig. 5. In vivo therapy effect on OS of different Mg pellets. (A) Representative photos of tumor-bearing nude mice in different groups 28 days after Mg treatment. In the
BP coated Mg pellet group, there is only a small scar on the back of the mouse, and the tumors are totally suppressed. (B) Tumor tissues collected from mice treated with
different Mg pellets at day 28. (C) Tumor volume growth curves of different treatment groups within a 28-day period. The tumor volume of BP coated Mg pellet group is
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compared with BP coated Mg pellets. (D) Dynamic change curve of the mouse body weight in different treatment groups during a period of 28 d.

necrosis are identified around the pellets, including atrophic tumor
structures, disappearance of cell nuclei and ambiguous intercellular
gaps.

Furthermore, to measure tumor cell proliferation in vivo, pro-
liferating cell nuclear antigen Ki-67 and transcription factor p65
(RelA) of the NF-xB family are immunohistochemically labeled. As
a nuclear DNA binding protein, Ki-67 is a widely used marker
for tumor proliferation and grading. A high Ki-67 index gener-
ally shows poor prognosis in clinical conditions [52]. On the other
hand, as a transcription factor, p65 could regulate the transcription
of genes and plays an important role in tumorigenesis, tumor de-
velopment, infiltration and metastasis by binding to the gene pro-
moter regions [53]. Fig. 6B and C show that Ki-67 and p65 are
highly expressed around the pellets in Bare Mg and MAO coated
Mg groups (indicated by brown or dark brown colors), suggest-
ing the rapid growth of OS cells. For the BP coated Mg group,
the expression of Ki-67 and p65 is negative (indicated by cen-
tral blue colors), demonstrating a significant inhibitory effect on
the cell proliferation of OS [54]. The in vivo biocompatibility of Mg
pellets is further investigated by H&E staining of the main organs
in mice, including the heart, liver, spleen, lung, kidney, intestine
and brain. As shown in Fig. 7, there is no inflammatory response
or tissue damage in any group. Therefore, all these results suggest
that BP coated Mg has advantages in OS therapy and prevention of
postoperative recurrence over traditional therapy.

The highly efficient therapeutic effect for inhibiting OS in vivo is
mainly attributed to the BPs released from the Mg pellets. Previous
studies have indicated that BPs exhibit pH-dependent cellular tox-
icity [55]. For the biodegradable drug carrier, Mg is beneficial for
the antitumor effects of BPs because of the alkaline environment
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produced by degradation. In addition, the in vivo satisfactory os-
seointegration effect of the Mg-Sr alloy substrate has been proven
in our previous studies [25]. In our present study, BP coated Mg
also promotes osteogenic differentiation and extracellular matrix
mineralization, as well as the expression of osteogenesis-related
genes in bone marrow mesenchymal stem cells (BMSCs), as shown
in Fig. S3. In addition, osteoclast- mediated bone resorption and
a decreased loss of bone mass could also be inhibited by BP ad-
ministration [29]. Additionally, the use of BP coated Mg alloy pel-
lets could reduce the BP dose compared to conventional therapy,
such as intravenous injection, and effectively avoid the side effects
of systematic use [24]. It is interesting that presently, BP injection
provides a therapeutic alternative for patients with metastatic bone
cancer in the clinic. That is, BP is effective for bone metastasis.
Therefore, our BP coated Mg has the potential to promote neoplas-
tic bone defects in both primary malignant and metastatic bone
tumors.

3.9. In vivo degradation behavior and ion biodistribution

Appropriate degradation behavior of biodegradable implants is
essential for mechanical strength and bone healing. The recon-
structed micro-CT 3D images without peritumoral tissues of the
MAO coated and BP coated Mg implanted for 2 and 4 weeks are
used to visually display the degradation trends from the view of
space-time. As shown in Fig. 8, all the coated Mg pellets undergo
volume reduction during implantation, but at a different level. At
4 W postimplantation, the residual volume of BP-coated Mg pel-
lets is obviously larger than that of the MAO coated Mg pellets.
Meanwhile, there are fewer corrosion pits on BP coated Mg pel-
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Brain

Fig. 7. H&E staining of the main organs in the different treatment groups. Scale bar=100 pum

lets, indicating the visible corrosion protection of the BP coating
in the early stages of in vivo implantation. In addition, the average
corrosion rates of MAO coated Mg and BP coated Mg pellets mea-
sured at 4 W dramatically decrease compared to those measured
at 2 W, and the corrosion rate of BP coated Mg is still lower than
that of MAO coated Mg at different points in time (p < 0.01).

In addition to the corrosion behaviors of Mg pellets, the biodis-
tribution of metallic elements should also be properly understood
because the metabolism of degradation products is closely related
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to biocompatibility and tissue repair. Therefore, the concentrations
of Mg ions and Sr ions in the main metabolic organs, including
the spleen, liver and kidney, as well as blood are carefully quan-
tified over the experimental period by ICP-MS. Fig. 9 shows that
the concentration of Mg ions in the kidney gradually increases and
reaches a peak at 4 W postimplantation (63.7 mg kg!); however,
the changes in the Mg ions in the other organs and blood are not
noticeable. Unlike this, much of the Sr ions are elevated in the
liver, kidney and blood, and the uptake is 1.9 pg kg1, 4.9 pg kg!
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and 4.6 ng L' at 4 W, respectively. These dynamic results suggest
that Mg ions may be slowly excreted through the kidney and that
Sr ions may enter the blood and then be metabolized through the
liver and kidney.

4. Conclusion

In conclusion, we synthesized a nitrogen-containing
bisphosphonate-loaded microarc oxidation coating on biodegrad-
able Mg-Sr alloy pellet and found that the pellets has outstanding
results for treating highly malignant OS. The BP coated Mg pellet
exhibits good biocompatibility, inductivity of tumor apoptosis
and necrosis, as well as inhibitory effects on tumor invasion and
cell cycle progression in both in vitro 2D and 3D cell culture
environments. After implantation in vivo, the BP coating could, to
some extent, protect Mg pellets against corrosion, and BP coated
Mg pellets could effectively inhibit tumor recurrence and growth.
Furthermore, the BP coated Mg pellets could significantly suppress
the mevalonate pathway at the molecular biology level in OS cells
compared to other Mg pellets. Above all, the as-synthesized BP
coated Mg pellets could be developed as a new candidate for
malignant bone tumor therapy combined with surgical operation.
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