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Preparation of porous calcium phosphate
microspheres with phosphate-containing
molecules at room temperature for drug delivery
and osteogenic differentiation

Jun-Feng Liu,7* Lu Wei,? Dilixiati Duolikun,? Xiao-Dong Hou,? Feng Chen, (& *2®
Jun-Jian Liu*® and Long-Po Zheng*®®

Calcium phosphate (CaP) has similar chemical properties to those of the inorganic component of human
bone tissue, for potential application in drug delivery for the chemotherapy of osteosarcoma. In this
work, CaP with a porous microsphere structure has been synthesized using fructose-1,6-bisphosphate
(FBP) as the phosphorus source by a simple wet-chemical strategy at room temperature. The CaP
porous microspheres, as an organic—inorganic hybrid nano-platform, exhibit good doxorubicin (Dox)
loading capacity, and Dox-loading CaP, enhancing the in vitro chemotherapy of osteosarcoma cells. The
CaP porous microspheres show high biocompatibility, and induce the osteogenic differentiation of
MC3T3-E1 These results indicate that the CaP porous microspheres reported in this study are promising
for application as an anti-osteosarcoma drug carrier and osteoinductive material for bone regeneration
in the treatment of osteosarcoma.

Introduction

Osteosarcoma (OS) is the most common primary malignant
bone tumor that mainly affects adolescents and young adults."
The five-year survival rate of non-metastatic osteosarcoma
patients has improved to approximately 70% with the applica-
tion of neoadjuvant chemotherapy combined with surgical
resection, but has hardly been further improved upon over the
past three decades due to distal metastasis and chemotherapy
resistance.>® Moreover, most of the chemotherapeutic agents
may bring about severe side effects in normal tissues and
organs due to their low selectivity and low sensitivity to the
target tumor tissue.

Nowadays, the development of nanotechnology provides
approaches to overcome the chemotherapy resistance of oste-
osarcoma tissue and improve the efficiency of chemotherapy.
Drug carriers with a porous structure may be favorable for the
loading of anti-osteosarcoma drugs. Calcium phosphate (CaP)
has similar chemical properties to those of the inorganic
component of human bone tissue, displaying excellent
biocompatibility, bioactivity, and osteoconductivity. CaP based
biomaterials have been widely used in drug/gene delivery,*®
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and bone tissue engineering/repair.>'® Therefore, CaP based
biomaterials may be a potential candidate for delivering
chemotherapeutic agents to improve the efficiency of osteo-
sarcoma treatment.

Fructose-1,6-bisphosphate (FBP), a fructose sugar phos-
phorylated on carbons 1 and 6, lies within the glycolysis meta-
bolic pathway of mammalian cells and regulates the activity of
several enzymes involved in metabolism in the human body. In
the 1980s, animal experiments and clinical studies showed that
FBP has effects on myocardial infarction, tissue ischemia,
hypoxic disease, and so on.* Oral FBP calcium salt tablets are
used for the adjuvant treatment of metabolic diseases, such as
cerebral metabolic diseases, ossification diseases, skeletal
muscle metabolic disorders, and diabetes. Meanwhile, FBP is
thought to be a nontoxic natural biomolecule, which may affect
the differentiation of mesenchymal stem cells.”” Increasing
evidence has shown that mesenchymal stem cells in the tumor
microenvironment play a pivotal role in the proliferation,
metastasis and chemotherapy resistance of osteosarcoma.
Thus, induction of the terminal differentiation of the mesen-
chymal stem cells has been estimated to be a promising ther-
apeutic approach in the treatment of osteosarcoma.'**

Herein, we have developed a facile wet-chemical strategy to
prepare CaP porous microspheres using FBP molecules as the
phosphorous source at room temperature. The CaP porous
microspheres are an organic-inorganic hybrid system, which
enhances chemotherapy efficiency in osteosarcoma treatment
as a drug nanocarrier and promotes the osteogenic

This journal is © The Royal Society of Chemistry 2018
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differentiation of MC3T3-E1. The results of the current study
provide a potential strategy for the future treatment of
osteosarcoma.

Experimental
Materials

Fructose-1,6-bisphosphate (FBP) disodium salt was purchased
from Sangon Biotech (Shanghai) Co., Ltd. Doxorubicin hydro-
chloride (Dox-HCIl) was purchased from Aladdin Chemistry Co.,
Ltd. The other chemicals used in the preparation of the samples
were purchased from Sinopharm Chemical Reagent Co. MC3T3-
E1 cells (293 [HEK-293] (Procell CL-0001)) were kindly provided
by Procell Life Science & Technology Co., Ltd. The MG-63 and
143Db cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA). The alizarin red staining
solution, von Kossa staining solution, DAPI staining solution,
alkaline phosphatase assay kit and phalloidine staining solu-
tion were purchased from Wuhan Servicebio Technology Co.,
Ltd. The cell counting kit-8 (CCK8) was purchased from
Dojindo, Japan. All chemicals were of analytical grade and used
directly without being further purified.

Preparation of the CaP microspheres

Typically, the CaP microspheres were prepared as follows:
0.550 g of NasFBP was dissolved in 8 mL of deionized water,
followed by the addition of 8 mL of an aqueous solution con-
taining 0.185 g of CaCl,. Then, 1.7 mL of NaOH solution (1 M)
was added slowly dropwise under magnetic stirring, and the
resulting solution was stirred for another 2 h at room temper-
ature. The product was collected by centrifugation, washed
three times with deionized water, and freeze-dried to a powder.

Control samples (HA nanorods) were prepared using
a normal phosphate source as follows: 0.660 g CaCl, was dis-
solved into 50 mL of deionized water, to which a 50 mL aqueous
solution containing 4.020 g NazPO, was quickly added under
magnetic stirring. The mixture was then stirred for 1 h in
awater bath at a temperature of 80 °C. The control samples were
collected by centrifugation, washed three times with deionized
water, and freeze-dried to a powder.

Characterization

The as-prepared samples were characterized using powder X-ray
diffraction (PXRD, Rigaku D/max 2550 V, Cu Ko radiation, [ =
1.54178 A), and Fourier transform infrared (FTIR) spectroscopy
(FTIR-7600, Lambda Scientific, Australia). The morphology of
the samples was characterized using scanning electron
microscopy (SEM, Hitachi S-4800, Japan), and transmission
electron microscopy (FEI TF20/2100F, USA). The doxorubicin
(Dox) concentrations were analyzed using a UV-Vis spectro-
photometer (UV-2300, Techcomp) at a wavelength of 232.6 nm.
A specific surface area and pore size analyzer (V-sorb 2800P,
Gold APP Instruments, China) was used to obtain the Brunauer—
Emmett-Teller (BET) specific surface area and pore size distri-
bution of the as-prepared samples.
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In vitro Dox loading and release experiments

The freeze-dried powder of CaP porous microspheres and HA
nanorods (100 mg each) were respectively dispersed in 50 mL of
water with a Dox concentration of 1 mg mL~". After ultrasonic
treatment for 10 min, the suspensions were shaken at
a constant rate (140 rpm) in two sealed vessels at 37 °C for 16 h,
followed by centrifugation and freeze drying to obtain the Dox-
loaded CaP porous microspheres and HA nanorods. Then, the
solution was centrifuged and the amount of Dox in the super-
natant was measured by UV-Vis absorption at a wavelength of
232.6 nm. The Dox loading capacity is defined as (M, — M;)/Ms
and the Dox loading efficiency is defined as (M, — M;)/M, X
100%, where M, is the total mass of Dox, M, is the mass of Dox
in the supernatant and Mg is the mass of the sample.

For the Dox release assay, 40 mg of freeze-dried powder of
Dox-loaded CaP porous microspheres and HA nanorods were
dispersed into 40 mL of phosphate buffer saline solution (PBS,
pH 7.4), and each solution was shaken at a constant rate at
37 °C. At predetermined time points, 1 mL of release medium
was withdrawn to measure the concentration of the released
Dox, and then 1 mL of fresh PBS was added.

Cell culture

MC3T3-E1 cells were maintained in o-modified Eagle's
minimum essential medium (a-MEM), and MG-63 cells and
143b cells were maintained in Dulbecco's modified Eagle's
medium (DMEM). These two types of medium were supple-
mented with 10% fetal bovine serum and 1% penicillin-strep-
tomycin (100 U mL " penicillin and 100 pg mL ™" streptomycin).
These three cells lines were maintained at 37 °C in a 5% CO,
atmosphere and detached with 0.25% trypsin-EDTA (Gibco) for
subculture after reaching 70-80% confluence. Generally, cells
were seeded into cell culture wells and incubated overnight for
attachment before co-culture with biomaterials.

Cell viability assay

The cell viability assay was assessed using a CCKS8 kit. All
materials were sterilized using ultraviolet irradiation for
30 min. After cell attachment, media containing different
concentrations of sterilized materials were added into the wells
and co-cultured with the cells for 24 h. Sample free culture
medium was used as the blank control. After incubation, the
medium was removed and the cells were washed twice with PBS.
Then, 90 uL of culture medium and 10 pL of CCK-8 solution
were added into each well and incubated at 37 °C for 3 h. The
absorbance of the samples was measured at 450 nm with
a spectrophotometric microplate reader (BioTek Instruments,
Inc., Winooski, VT, USA).

Meanwhile, the long-time influence of the as-prepared CaPs
materials on the viability of MC3T3-E1 cells was also studied.
The sterilized materials were dipped in cell culture medium at
certain concentrations and incubated at 37 °C for 24 h. Then,
the supernatant of the medium was added into the wells and co-
cultured with the cells for a designated time period. The culture
medium containing no extract was used as the blank control.

RSC Adv., 2018, 8, 25480-25488 | 25481
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Then, the cell viability was measured by a CCK8 kit as described
as above, and the data are shown in the form of a percentage
compared with the blank control from the first day.

Osteogenic differentiation analysis

MC3T3-E1 cells were cultured in culture medium containing
CaP microspheres or HA nanorods for 14 days. The medium was
changed every two days. Alkaline phosphatase (ALP) activity
assays and calcium deposition detection assays were performed
at both day 7 and day 14. After culturing for 7 days and 14 days,
the cell layers were washed with cold PBS and lysed in 100 pL
cell lysis buffer for 20 min. The lysates were centrifuged at
12 000 rpm for 15 min at 4 °C. The following procedures were all
conducted according to the manufacturer's protocol (Beyotime
Biotechnology, Shanghai, China). Calcium deposition in the
extracellular matrix was tested with alizarin red staining and
von Kossa staining. Briefly, the cells were washed with PBS and
fixed in 4% (v/v) paraformaldehyde for 15 min. Then, cells were
stained with 0.2% alizarin red solution for 30 min or von Kossa
staining solution for 2 h under ultraviolet radiation. After being
washed with deionized water twice, cells were dried at room
temperature for alizarin red staining.

Fluorescent staining

After being fixed in 4% (v/v) paraformaldehyde solution for 15 min,
cells were stained with DAPI staining solution for 5 min or phal-
loidine staining solution for 2 h. Then, the cells were washed with
PBS twice. The intracellular fluorescence signals were observed
under a fluorescence microscope (Leica, DMI6000B).

Statistical analysis

The data were analyzed with SPSS 24 (SPSS, Chicago, IL, USA)
and presented as mean + SD for the three independent exper-
iments. The Student's ¢test was used for calculating the
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significance between the different groups. A p value of < 0.05
indicates a significant difference.

Results and discussion
Characterization of the calcium phosphate microspheres

SEM and TEM micrographs of the HA nanorods and CaP porous
microspheres are shown in Fig. 1. The HA sample displays
a nanorod structure, which was used as the control. The
selected area electron diffraction (SAED) pattern of the HA
nanorods indicates that the sample is crystalline, which is in
good agreement with the PXRD results shown in Fig. 2A. As
shown in Fig. 1C-F, the CaP sample displays a porous micro-
sphere structure. The SAED pattern of the CaP porous micro-
spheres indicates that the sample has low crystallinity, which is
also in good agreement with the PXRD results.

The PXRD pattern (Fig. 2A) of the HA control sample shows
well-defined diffraction peaks, which can be well indexed to the
different crystal planes of HA (Cas(PO,4);(OH), JCPDS no. 09-
0432). Meanwhile, the PXRD pattern of the CaP porous micro-
spheres indicates low crystallinity, and shows several weak
peaks, which can also be indexed to HA. Fig. 2B shows the FTIR
spectra of pure FBP, the CaP porous microspheres and HA
nanorods. The broad absorption band at around 3409 cm ™' is
assigned to the absorbed water. The absorption peaks for the
CaP porous microspheres at 2957, 2925 and 2851 cm ™! can be
attributed to the symmetric and asymmetric stretching and
bending vibrations of the C-H bonds of the FBP molecules. The
intense absorption peaks at around 1093, 1020 and 539 cm™*
for the CaP porous microspheres can be attributed to PO,>".
Meanwhile, in the spectrum of the HA nanorods, typical
absorption peaks of PO,*~ were observed, with asymmetric and
symmetric stretching modes found at around 1096, 1036, 604
and 564 cm™'. These results indicate that the samples of CaP
porous microspheres are an organic-inorganic hybrid system.

S00nm

Fig.1 SEM and TEM micrographs of HA samples (A and B) and CaP porous microspheres (C—F). The inset in B shows the SAED pattern of the HA
samples, and the inset in F shows the SAED pattern of the CaP porous microspheres.
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Fig. 2 (A) PXRD patterns of the CaP porous microspheres and HA

samples; (B) FTIR spectra of pure FBP, the CaP porous microspheres
and HA nanorods.

In the reaction solution, there is an abundance of OH™ ions.
We deem that the FBP molecules could slowly release phos-
phate groups into the reaction solution through a hydrolysis
effect. Then, the calcium ions will react with the free phosphate
ions to form CaP (Scheme 1). Meanwhile, the FBP molecules
have a strong interaction with Ca®**, and form a complex
product. Therefore, the as-prepared CaP porous microspheres
using FBP as an organic phosphorus source is an organic-
inorganic hybrid system, containing CaP and FBP molecules
and their derivatives.

Fig. 3 shows the N, adsorption-desorption isotherm of the CaP
porous microspheres synthesized using FBP molecules as the
phosphorus source. According to the International Union of Pure
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and Applied Chemistry, it can be classified as a type-IV isotherm
loop. The BET specific surface area is 167.1 m®> g ', and the BJH
desorption cumulative pore volume and the average pore size of
the sample are 0.335132 cm® g%, and 29.4 nm, respectively. The
porous structure of the CaP microspheres is suitable for drug
loading. We chose the anti-tumor drug Dox as a typical drug
model, and found that the Dox-loading capacity of CaP micro-
spheres reaches 471.3 mg g '. Meanwhile, the Dox-loading
capacity of HA nanorods was found to be 197.8 mg g *. The
higher loading capacity of the as-prepared CaP microspheres could
be explained by the porous structure and high surface area, which
are beneficial for drug adsorption. The CaP porous microspheres
may be used as an in situ drug release system for anti bone tumors
and promoting bone regeneration. Therefore, the as-prepared CaP
microspheres do not require a high Dox loading capacity for the in
vivo studies, compared with the amount required for a drug
delivery system in the circulatory system.

The release kinetics of the CaP porous microspheres were
studied, and the release curve is shown in Fig. 4. Dox-loaded HA
showed a fast release of Dox and reached an equilibrium release in
a period of about 10 h. Meanwhile, as for the sample of Dox-loaded
CaPs, the release of Dox increased dramatically within 6 h. Then,
the concentration of released Dox gradually decreased after the
first 6 hours. CaPs is an inorganic-organic composite with
a porous structure. We suppose that the surface properties of CaPs
were changed after being immersed in the PBS solution, which
influenced the interaction between the CaPs and Dox molecules
and further affected the release curves of Dox-loaded CaPs.

To study the stability of the CaP porous microspheres, the
CaPs were immersed in PBS solution (pH 7.4) at 37 °C for 105 h.
The SEM micrographs and PXRD pattern of the immersed CaPs
are shown in Fig. 5. Compared with the fresh samples, the
morphology of the CaPs immersed in the PBS solution for 105 h
obviously changed, but a porous structure could still be iden-
tified. The PXRD pattern in Fig. 5C indicates that the crystal
phase of CaPs immersed in the PBS solution for 105 h can be
well indexed to the crystal planes of HA (Cas(PO,4);(OH), JCPDS
no. 09-0432), indicating that CaPs gradually transformed into
a well crystalline HA phase in PBS solution.

+ ‘? ‘ ’A_'\QY\
U
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& @
+ 2.?' Qi@ \’ Caz .?'.’
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2t 3 2
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Scheme 1 Schematic illustration of the strategy for the preparation of CaP porous microspheres using FBP disodium salt as a phosphorus source.
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Fig. 3 The N, adsorption—desorption isotherm of CaP porous
microspheres synthesized using FBP molecules as the phosphorus
source.
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Fig. 4 Dox release curves of the Dox-loaded CaPs and Dox-loaded
HA in PBS solutions (pH 7.4, 37 °C).

Effect of the CaP porous microspheres on cell viability

When the MC3T3-E1 cells were directly cultured with CaP
porous microspheres for 1 day, no significant difference in the
cell viability was found, when compared with the HA nanorods
or the blank control group (Fig. 6A). Meanwhile, when the
MC3T3-E1 cells were cultured with an extract of CaP porous
microspheres of different concentrations for 1 day, no signifi-
cant difference in the cell viability was found, compared with
the HA nanorods or the blank control group (Fig. 6B). Moreover,
when the co-culturing time increased to 3 and 7 days, the extract
of CaP porous microspheres showed a slight advance over the
extract of HA nanorods in terms of cell viability. The results
suggest that both the CaP porous microspheres and HA nano-
rods have good biocompatibility. The results can be well
explained by the high biocompatibility of the CaP and FBP
molecules, both of which are native to the human body.*®

Cellular toxicity of the Dox-loaded CaP porous microspheres
on osteosarcoma cells

After loading Dox, we studied the cellular toxicity of the Dox-
loaded CaP porous microspheres on osteosarcoma cells. The
inhibition rate of the Dox-loaded CaP porous microspheres on
the cell viability is significantly higher than that of the Dox-

25484 | RSC Adv., 2018, 8, 25480-25488
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Fig. 5 SEM micrographs (A and B) and PXRD pattern (C) of the CaP
porous microspheres after being immersed in PBS solution (pH 7.4) at
37 °C for 105 h.

loaded HA nanorods, with evidence of their inhibitory effect
on MG-63 cells (Fig. 7A) and 143D cells (Fig. 7B). In particular,
a low concentration (5 pg mL ') of Dox-loaded CaP porous
microspheres showed a good inhibition ratio (77.26 + 3.446%)
in 143b cells after 1 day of co-culturing, much higher than that
of Dox-loaded HA nanorods (9.37 + 3.96%). Even at a high
concentration (100 pg mL '), the Dox-loaded HA nanorods
showed a comparable inhibition ratio (80.22 + 2.21%) to that of
the Dox-loaded CaP porous microspheres at a low concentration
of 5 ug mL™" (Fig. 7B). A similar anti-proliferation effect on MG
63 and 143b cells could be observed after treatment of the Dox-
loaded CaP porous microspheres and HA nanorods for 2 days
(Fig. 7C and D). On day two, the inhibition rate was high for
both cell lines, even at low concentrations (5 pg mL™'). CaPs-
Dox still performed the best in the inhibition of the two cell
lines, which is in line with the data of the one day co-culture.
The intracellular accumulation of Dox was observed using
a fluorescence microscope. Red fluorescence indicated Dox
absorbed into the cells, while blue fluorescence indicated DAPI-
labeled cell nuclei. The fewer cell nuclei in Fig. 8 indicates the
presence of fewer cells after co-incubation of the Dox-loaded
materials and osteosarcoma MG63 cells, which verified the anti-
proliferative results shown in Fig. 7. As shown in Fig. 8, the Dox
fluorescence intensity in Dox-loaded HA nanorod treated MG63

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Cell viability studies of the HA nanorods and CaP porous
microspheres. (A) Cell viability assay of MC3T3-E1 cells co-cultured
with CaP porous microspheres or HA nanorods for 1 day. (B) Cell
viability assay of MC3T3-EL1 cells co-cultured with the extract solution
of CaP porous microspheres or HA nanorods at different concentra-
tions for 1, 3 and 7 days.

cells (Fig. 8B) was higher than that of the blank control group
(Fig. 8A), after co-culturing for 24 h. Meanwhile, Dox-loaded CaP
porous microsphere treated MG63 cells exhibited the highest Dox
fluorescence intensity (Fig. 8C). In both Dox-loaded HA nanorods
and Dox-loaded CaP porous microsphere treated cells, a higher
concentration of Dox loaded materials induced a higher Dox
fluorescence intensity (Fig. 8B and C). Above all, the CaP porous
microspheres exhibited a high performance in the inhibition of
the proliferation of osteosarcoma cells in vitro, which is in line with
the results from the Dox loading experiment.

Phalloidine staining shows the microfiber within the cells,
presenting the whole cell morphology. As is shown in Fig. 9,
MG63 cells exhibited normal morphology in the blank control
group. However, Dox-loaded material treated MG63 cells
showed cellular atrophy and fewer numbers of cells, especially
in the Dox-loaded CaP porous microsphere treated MG63 cells.
Similar data were collected for the 143b cells (Fig. 10). The 143b
cells exhibited normal morphology in the blank control group.
Dox-loaded material treated 143b cells showed
cellular atrophy and fewer numbers of cells, especially in the
CaPs-Dox treated 143b cells. The worse cellular morphology and
fewer cell numbers in the Dox-loaded CaP porous microsphere
treated group represent the better Dox loading efficiency of the
CaP porous microspheres than the HA nanorods.

As a biocompatible material, CaP is widely used to develop
various types of drug delivery systems that have superior

However,

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Dox-loaded CaP porous microspheres show a better inhibitory
effect on cell proliferation than Dox-loaded HA nanorods on MG-63
cells (A) and 143b cells (B) co-cultured for 1 day at various concen-
trations. The inhibition rate of the MG-63 cells (C) and 143b cells (D)
co-cultured with Dox-loaded CaP porous microspheres (CaPs-Dox)
and Dox-loaded HA nanorods (HA-Dox) for two days at various
concentrations.

functions in terms of biocompatibility, drug loading capability,
cellular uptake efficiency and controlled drug release.*"”">* In
this study, we synthesized CaP porous microspheres using FBP
biomolecules as an organic phosphorus source, which have
enhanced drug loading capability compared with those previ-
ously reported using an inorganic phosphorus source.”**
Therefore, the as-prepared CaP porous microspheres exhibit
promise for potential application in the promotion of the
chemotherapy efficiency of osteosarcoma, as a drug carrier with
high biocompatibility.

Effect of the CaP porous microspheres on the ALP activity

As an early marker of osteogenesis, the ALP activity can be used
to assess the osteogenic potential of MC3T3-E1 cells.* Fig. 11
shows that the ALP activity displayed an increasing tendency

A) Blank Control
DOX

DAPI Merge

B) HA-DOX (ug/mL) C)

CaPs-DOX (ug/mL)

200 pm

Fig. 8 Increased Dox fluorescence intensity in MG-63 cells after being
co-cultured with Dox-loaded HA nanorods (HA-Dox) and Dox-loaded
CaP porous microspheres (CaPs-Dox) for 24 h.
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Fig.9 DAPI staining and phalloidine staining of MG-63 cells when co-
cultured with Dox-loaded HA nanorods (HA-Dox) and Dox-loaded
CaP porous microspheres (CaPs-Dox) for 24 h.

HA-DOX Blank Control

CaPs-DOX

Fig. 10 143b cells were co-cultured with CaP porous microspheres
(CaPs-Dox) and HA-Dox for one day at a concentration of 5 ug mL™.

from day 7 to day 14 for both the CaP porous microspheres and
HA group. Moreover, MC3T3-E1 cells co-cultured with the CaP
porous microspheres (10 pg mL ") displayed higher ALP activity
compared with HA nanorods at the same concentration on day 7
and day 14. Interestingly, on day 7, a high concentration (20 pg
mL ") of CaP porous microspheres induced higher ALP activity
in the MC3T3-E1 cells, but on day 14, a high concentration (20

80, Day 7 Day 14
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Fig. 11 The CaP porous microspheres induced higher ALP activity
than the HA nanorods at certain concentrations and co-culture times
inthe MC3T3-E1 cells. *Significant difference (p < 0.05) compared with
the HA nanorods at the same concentration.
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pug mL™ ') of CaP porous microspheres induced lower ALP
activity, which showed that the concentration of CaP porous
microspheres did not show positive correlation with the ALP
activity. Therefore, the ALP activity was found to be influenced
by the type and concentration of the biomaterials, as well as the
treatment time. Overall, a low concentration of CaP porous
microspheres showed better osteogenic potential compared
with the HA nanorods in promoting ALP activity.

Effect of CaPs on calcium nodule formation

Calcium nodule formation is the result of extracellular matrix
mineralization, which reflects late stage osteogenic differenti-
ation.”® The formed calcium nodules were stained as black
stained dots or red stained dots by von Kossa staining and
alizarin red staining, respectively (Fig. 12). As is shown in
Fig. 12A, MC3T3-E1 cells co-cultured with CaP porous micro-
spheres (10 pug mL™") exhibit better mineralized nodule
formation ability, compared with the HA nanorods (10 ug mL ™)
at day 7 and day 14. Moreover, such time- and concentration-
dependent promotion of the CaP porous microspheres in
mineralized nodule formation was verified by the alizarin red
staining (Fig. 12B). This result further demonstrated the supe-
riority of CaP porous microspheres over HA nanorods in terms
of osteogenic induction.

Previous studies suggest that mesenchymal stem cells
(MSCs) are progenitor cells of osteosarcoma cells and that
osteosarcoma originates from defects in the differentiation of
MSCs.””* The osteogenic differentiation of MSCs can be
divided into a variety of stages, including MSCs, committed
osteoprogenitor, pro-osteoblast, early osteoblast, mature oste-
oblast and osteocyte.?*® Defects in any of these stages can induce
osteosarcoma. Moreover, MSCs promote tumor metastasis in
a variety of cancer types.**** MSCs also interact with osteosar-
coma cells to orchestrate the development of osteosarcoma.**>°
Qi et al.*” reported that exosomes derived from MSCs promote
osteosarcoma MG-63 cell proliferation through a hedgehog
signaling pathway. Taken together, MSCs play a pivotal role in
osteosarcoma origination, proliferation, metastasis and che-
moresistance. In this regard, facilitating the terminal differen-
tiation of MSCs is predicted to be a potential therapeutic
approach to inhibit osteosarcoma progression.

In this study, we tested the osteoinductive potential of the as-
prepared product using the murine pre-osteoblast cell line
MC3T3-E1, which is widely used in the research of osteogenic
differentiation. The results showed that the CaP porous
microspheres could facilitate osteogenic differentiation of this
pre-osteoblast cell line. Similar results have been reported using
MSCs.'® Moreover, apart from alleviating the tumor progression
caused by MSCs, facilitating the osteogenic differentiation of
MSCs could promote calcium deposition and bone formation at
the lesion sites, filling up the bone defects after the surgical
resection of the osteosarcoma.* This highlighted the thera-
peutic potential of CaP porous microspheres against osteosar-
coma (Fig. 13).

In addition, increasing evidence has been found that cancer
is a metabolic disease.*®** As an intermediate product of

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 von Kossa staining (A) and alizarin red staining (B) of the calcium nodules of MC3T3-E1 cells co cultured with the CaP porous micro-

spheres and HA nanorods.
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Fig. 13 Schematic illustration of the functions of CaP porous micro-
spheres in osteosarcoma treatment. CaP porous microspheres display
dual functions, to deliver Dox to inhibit the proliferation of osteosar-
coma cells and promote the osteogenic differentiation of MC3T3-E1.

glycolysis, FBP not only shows cytoprotective effects in a variety
of pathological conditions, such as ischemia, shock, inflam-
matory diseases and toxic lesions,***" it also shows anticancer
effects in certain cancer types. FBP inhibits the proliferation of
hepatocellular carcinoma cell lines in vitro through decreasing
IL-8 levels, which is closely related to tumor progression and
chemotherapeutic resistance and increasing the activity of pro-
apoptotic proteins.*” In this perspective, the as-prepared CaP
porous microspheres may exert a synergistic inhibitory effect on
inflammation in the process of osteosarcoma progression,
which further demonstrates the great therapeutic potential of
CaP porous microspheres against osteosarcoma.

Conclusions

Herein, we have synthesized CaP porous microspheres using
a facile wet-chemical strategy at room temperature, with
phosphate-containing FBP molecules as the phosphorous
source. The CaP porous microspheres are an organic-inorganic
hybrid system. With a porous structure, the sample displayed
a higher Dox-loading capability than the control sample of HA
nanorods. The Dox-loaded CaP porous microspheres exhibit
a high performance in the inhibition of the proliferation of

This journal is © The Royal Society of Chemistry 2018

osteosarcoma cells in vitro, and promote the enrichment of Dox
in osteosarcoma cells. Meanwhile, the CaP porous micro-
spheres are effective in inducing the osteogenic differentiation
of the pre-osteoblast cell line MC3T3-E1. All of the results
demonstrate that CaP porous microspheres are promising as
a multifunctional drug carrier in osteosarcoma treatment. The
chemical composition of CaP porous microspheres is CaP and
FBP molecules, both of which are native to the human body.
Therefore, CaP porous microspheres display high biocompati-
bility, which is significantly important in osteosarcoma treat-
ment. The CaP porous microspheres reported in this study
display potential for application in osteosarcoma related drug
delivery and the promotion of osteogenic differentiation in
subsequent bone regeneration.
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