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Abstract: Beta tricalcium phosphate (8-TCP) ceramic substituted materials have attracted a large amount of atten-
tion in the last decades because of their chemical similarity with bone inorganic components, good biocompatibility,
and osteoconductivity. Such materials can be used for bone replacement and bone formation in various forms, such
as nanoparticles, scaffolds and microspheres. In this study, five different microsphere materials of tricalcium
phosphate/trimagnesium phosphate (TMP) (TCP, 25% TMP, 50% TMP, 75% TMP, and TMP) composites were
prepared and characterized. With the increase of TMP content in the composite microspheres, the cumulative
concentration of Mg>" and Ca”" released from the microspheres increased, indicating that TMP can regulate the
degradation rate of the composite microspheres. The osteoblast precursor cell line (MC3T3-El cells) and human
umbilical vein endothelial cells (HUVECSs) were used as models to evaluate the biocompatibility, angiogenesis and
osteogenesis of the composite microspheres. The results showed that compared with TCP, TMP and 75% TMP
group, 25% TMP and 50% TMP composite microspheres had better cell compatibility and had a certain
proliferative effect on HUVECs. Therefore, composite microspheres of 25% TMP and 50% TMP have more
significant positive effects on angiogenesis and osteogenesis.
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The bone provides body support, facilitates movement,
protects vital organs, and transmits sound inside the ear
It’s a composite connective tissue of organic and inor-
ganic phases. Its inorganic phase is close to hydroxya-
patite, and the organic phase comprises type I collagen
fibres, water and other essential proteins. Bone defect is
usually caused by high-energy trauma, bone tumors,
infection, or congenital deformity'™. In orthopedic clinic,
biological and synthetic bone grafts are usually used to
repair bone defect. These grafts are categorized into
autografts, allografts, and xenografts”®*!. Current clinical
challenge of using autografts and allografts in the

regeneration of large bone defects has inspired the

0,

development of bone tissue engineering!">'%. At present,
synthetic bone grafts are mainly made of calcium
phosphate ceramics and widely used for bone regene-
ration in dentistry and orthopedics. Calcium phosphate
ceramics have excellent biocompatibility, osseointe-

gration and osteoconduction'''?

. Among them, trica-
lcium phosphate (TCP), especially p-tricalcium phos-
phate (B-TCP, p-Ca;(PO,),), has constantly been exp-
lored and applied in bone tissue regeneration for
excellent biodegradability!*"'*!. Nevertheless, pure 5-TCP
ceramics have uncontrolled degradation rate and no
pro-angiogenesis effect, which is not conducive to tissue

regeneration at the defective site.
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Partially substituting or doping ions in the S-TCP can
improve its biological propertiest'®2¢. Magnesium ions
have received much attention from researchers due to the
unique biological properties. There are growing evide-
nces that magnesium ions, released from magnesium-
containing bone repair materials after implantation, can
promote bone tissue regeneration in areas of bone defects
and accelerate healing of bone injuries’®’). In addition,
magnesium enhances the expression of vascular
endothelial growth factors, which plays a central role in
vascular development. Therefore, there is a non-negligible
role for magnesium in promoting angiogenesis. It is
strengthened because magnesium can directly promote
blood vessel growth under ischemic conditions!”®.
Numerous studies have shown that bone repair materials
containing magnesium promote both osteogenesis and
angiogenesis'**>'. However, these effects of magnesium
ions are strongly concentration dependent. Moderate
amounts of magnesium ions promote the mineralization
of bone marrow mesenchymal stem cells (BMSCs), while
excess magnesium ions inhibit the mineralization*?.
Therefore, the right amount of magnesium ion release for
bone implant materials is crucial for bone tissue rege-
neration and functional reconstruction. Furthermore, pre-
vious studies have shown that introducing magnesium
into an existing biocompatible matrix material can furt-
her promote tissue regeneration in the defect'’”!. The
combination of f-TCP with magnesium matrix materials
can regulate the degradation and further enhance the
ability of angiogenesis™>*>"!.

Another critical factor to consider for bone implant
materials is the shape of the material. Compared to
powder materials and block ceramics, microspheres with
good fluidity are less prone to agglomeration, and have a
point contact between microsphere particles. When sphe-
rical particles fill the bone pore cavity, the spaces bet-
ween their particles can constitute interconnected macro-
pores, conducive to the growth of cells, bone tissue and
blood vesselsP***!. Based on the above, we think dif-
ferent dopant concentrations of trimagnesium phosphate
(TMP) in TCP affects angiogenesis and bone regene-
ration. The pore structure on the surface of the microsp-
heres is conducive to the growth of blood vessels so as to
provide oxygen and nutrition for bone regeneration,
further promoting tissue regeneration in the area of the
bone defect.

Therefore, we prepared a biphasic composite micros-
phere composed of TCP and TMP, in which the content
of TMP in TCP increased from 0 to 100%, to explore
cytocompatibility, osteogenic differentiation, minerali-

zation and angiogenesis of MC3T3-E1 and HUVECs.

1 Materialsand methods

1.1 Preparation of TCP with different amo-

unt TMP

Gelatin/f-TCP/TMP microspheres were prepared by
water-in-oil emulsification and cross-linking method.
Paraffin was the oil phase, Span 80 the emulsifier, and
1-ethyl-3-(3-dimethylamino) propyl carbodiimide, hyd-
rochloride (EDC) the cross-linking agent. In a typical
preparation, 50 mL of paraffin and 5 mL of Span 80 were
mixed at 50 ‘C and used as the oil phase for the further
use 25% (in mass) gelatin solution was prepared and
mixed uniformly at 50 C with different compositions
(TCP, 25% TMP, 50% TMP, 75% TMP, and TMP) of
S-TCP/TMP powders and mixed homogeneously to
obtain an aqueous phase used for further processing. The
aqueous phase was added dropwise to the oil phase with
constant stirring. When the temperature of the above
system dropped below 20 ‘C, an amount of EDC binder
was added and stirred for 30 min. The prepared
microspheres were washed with isopropanol, filtered,
and dried at room temperature. The dried gelatin/f-
TCP/TMP microspheres were placed in a crucible, and
calcined in a muffle furnace to remove the gelatin to
obtain f-TCP/TMP microspheres.
1.2 Characterization techniques
1.2.1 X-ray powder diffraction

The chemical composition and crystal structures of the
samples were carried out using a Bruker D8 Advance
X-ray diffractometer (Germany) equipped with a 1.8 kW
CuKa ceramic X-ray tube, operating at 40 kV and 40 mA.
The data analysis was performed using y'Pert Highscore
Plus software from PANalytical.
1.2.2 Scanning electron microscopy

Microstructures were detected using a JEOL-7100F
scanning electron microscope (SEM, JSM-6701F, JOEL
Co., Ltd., Japan). The SEM sample to be observed was
deposited onto the SEM sample holder and sputtered
with gold to enhance the electrical conductivity.
1.2.2 Thermogravimetric analysis

Thermo gravimetric analysis of the samples was per-
formed using a synchronous thermal analyzer (STA503,
NETZSCH, Germany) with conditions of nitrogen as
protective gas, heating rate of 10 ‘C/min, and test tem-
perature range from 25 ‘C to 1000 C.

1.3 lonicrelease behaviors of the materials
The bidirectional microspheres were immersed in 0.05
mol/L Tris-HCI buffer solution (pH 7.4) with the mass
ratio of sample to buffer solution at 0.2 g/g, and then
placed in a constant temperature oscillator (37 ‘C). The
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supernatant was sampled and compensated to the same
volume by fresh Tris-HCI solution on the 3rd, 7th and
14th day after soaking. The contents of Ca and Mg ions
in the sampled solution were measured by ICP-OES
(Prodigy 7).
1.4 Invitro cell culture experiments

The MC3T3-El(Lot number: BNCC333989) and
HUVECs (Lot number: BNCC342438) purchased from
BNCC Company (China). Endothelial cell medium (ECM)
and alpha-minimum essential medium (a-MEM) were
purchased from HyClon Company (China). The prepared
composite microspheres of different components were
weighed 20 mg, respectively and placed in 1 mL culture
medium (a-MEM for MC3T3-E1 and ECM for
HUVECs), then placed in an incubator under constant
temperature at 37 'C for 24 h. Later, the supernatant was
filtered. Finally,
environment condition of 4 ‘C for further use.
1.4.1 Cytotoxicity of the microspheres

The MC3T3-E1 and HUVECs (a-MEM for MC3T3-
El and ECM for HUVECs) were seeded in different
24 well plates at the density of 3x10* cells/well and
incubated at 37 C. After 24 h, the medium were
replaced by different individual microsphere samples
with the prepared amount of TCP, 25% TMP,
50% TMP, 75% TMP, and TMP extract separately and
incubated again at 37 C (n=3 for each group,
including the control). After 1, 3 and 5 d, 100 pL of the
medium from each well plate was transferred into a
96-well plate, and 10 pL. of CCK-8 (biosharp life science)
solution was added and incubated for 2 h. The optical

the medium was stored in an

density (OD) values were measured on the Thermo Lab
Systems (MK3, USA) at the
wavelength of 450 nm.
1.4.2 Alkaline phosphatase activity

The MC3T3-E1 cells with their e-MEM were seeded
in 24 well plates at the density of 3x10* cells/well and
incubated at 37 C. After 24 h, the medium was replaced

microplate reader

by osteoblasts-inducing medium and incubated at 37 C,
with the medium being changed every two days.
Consequently, an Alkaline phosphatase (ALP) test was
carried out on the 7th and 14th day. The cells were fixed
with 4% paraformaldehyde for 30 min and then washed
with phosphate buffered saline (PBS). Later, the cells
were stained with an ALP staining kit (Beyotime
Biotechnology) for 10-15 min and then observed by a
fluorescence microscope.
1.4.3 Alizarinred Sstaining

Alizarin red S staining (ARS, Sigma-Aldrich, Ger-
many) staining was used to indicate bone-nodule forma-
tion. The test was carried out on the 14th day using the

1.4.2.
The fixed sample was stained with an ARS staining kit
(Beyotime Biotechnology) for 1-2 h, then washed with
PBS. A fluorescence microscope was used to examine the
samples. Finally, different images were also captured
from the fluorescence microscope.
1.4.4 Angiogenic effect assay

The MC3T3-El and HUVECs with their normal cell
culture media (e-MEM for MC3T3-E1 and ECM for
HUVECs) were seeded in different 6 well plates at the
density of 3x10” cells/well and incubated at 37 °C. After
24 h, the medium was replaced by the osteoblasts-
inducing medium with different amounts of prepared
TMP/TCP microspheres,
incubated again at 37 ‘C (n=3 for each group, including
the control). Total mRNA was extracted from HUVECs
seeded in the well plates for 1 and 3 day of culture.
Moreover, MC3T3-E1 cells were cultured for 3 and 7 d.
The well plates were washed with PBS, and then 1 mL of
RNAiso Plus was added. Then the standard testing centre
protocol was used to carry out the procedure. Table 1

same fixation method mentioned at the section

extracted separately, and

describes the primers used in PCR for gene expression
analysis.
1.5 Satistical analysis

Results were analyzed with OriginLab Pro 2021 and
the comparative studies of means were done by one-way
analysis of variance (ANOVA) with the quantitative data
expressed as the mean # standard deviation (SD). A
statistical significance was considered at *p < 0.05.

2 Results

2.1 Characterization of p-TCP/TMP com-
posite microspheres
2.1.1 Phase composition analysis

After preparation, the f-TCP/TMP composite micros-
pheres of each group display roughly the same size (Fig. S1).
Fig. 1 shows the X-ray diffraction patterns of the
prepared S-TCP/TMP composite microspheres. The resu

Tablel Primer sequencesused in RT-gPCR

Gene Primer sequence

VEGF AGGAGTACCCCGACGAGATAGA
CACATCTGCTGTGCTGTAGGAA

FGF ACAGGAGCGACCAGCACATT
TTGGTGTCTGCGAGCCGTAT

COLI CACTGCAAGAACAGCGTAGC
AAGTTCCGGTGTGACTCGTG

OPN ACACTTTCACTCCAATCGTCCCTAC

GGACTCCTTAGACTCACCGCTCTT
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XRD patterns of prepared TCP/TMP composite

Its revealed a slight shift and transformation in diff-
raction peaks as the number of TMP increases. Addi-
tionally, Fig. S2(a, b) in the supporting information
shows the XRD patterns of the synthesized f-TCP and
TMP with relatively sharp peaks, which indicate high
crystalline phases of the starting materials f-TCP and
TMP. The positions of the diffraction peaks are
consistent with the PDF standards of two powders
(11-0234, 09-0169 for TMP and S-TCP), respectively.
2.1.2 Surface structure morphology

SEM images (Fig. 2) show the surface structure mor-
phology of the prepared composite microspheres TCP,
25% TMP, 50% TMP, 75% TMP, and TMP. Pure TCP
microspheres (Fig. 2(a)), showed particulate morphology
with particle size distribution of 0.342+0.099 um. Pure

0.342:0.099 um
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TMP microspheres showed particulate morphology and
size distribution of 0.933+0.615 um (Fig. 2(e)). Besides,
the intermediate TMP percentages showed mixtures of
fine and coarse morphology, and increased large-coarse
particles as TMP increases (Fig. 2(b-d)).
2.1.3 Thermo gravimetric property

Fig. 3 shows the TG/DTA/DTG curves of the prepared
S-TCP/TMP microspheres prepared by water-in-oil emu-
Ision cross-linking method. As can be observed from
(Fig. 3(a, b, e)), the first weight loss of microspheres
occurred between 0-100 ‘C, which is attributed to the
loss of physically adsorbed water. The second weight
loss occurred between 300 and 400 C, which is
attributed to the EDC decomposition and the beginning
of the decomposition of some gelatin. There was a third
weight loss in the pure TMP ceramic microspheres
compared with other microspheres, mainly due to
gelatin's high decomposition (Fig. 3(e)). The 50% TMP
group and the 75% TMP group (Fig. 3(c, d)) had only
one mass change process, and the weight loss were both
higher than 40%. The experiment showed a complete
absence of weight loss after 600 °C, indicating a complete
decomposition of the gelatin and EDC in the composite
microspheres. The DTA curve also showed a solid exothermic
peak between 450 and 500 C, which is attributed to the
exothermic decomposition of gelatin. All results of DTA
and DTG were consistent with those of TG.
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Fig. 2 SEM images of different microsphere composites with insets showing their corresponding particle size distributions
(a)TCP; (b) 25% TMP; (c) 50% TMP; (d) 75% TMP; (¢) TMP



Fig. 4 showed the release behaviors of Ca*" and Mg
from different microspheres. Higher cumulative con-
centration of released Mg®" was detected when the mic-
rospheres initially contained a higher fraction of TMP.
The tendency of the Ca*"
that of the Mg”".

2.3 Cytocompatibility of the microspheres

CCKS assay was used to evaluate cytocompatibility of
the microspheres. Fig. 5(a) shows the effects of different

concentration was similar to

microspheres concentration extracts on cell viability of
MC3T3-El. There is no significant difference in OD
value between different treatment groups on the 1st
day. However the TMP, 25% TMP, 50% TMP and 75%
TMP groups showed successively enhanced OD value
compared to the control and TCP groups on the 3rd day,
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Fig. 3 TG/DTA/DTG curves of microspheres prepared by water in oil emulsion cross-linking method
(a) TCP; (b) 25%TMP; (c) 50%TMP; (d) 75%TMP; (e) TMP
2.2 lonicrelease property with the increase of TMP content, indicated that TMP

enhances cell viability in a dose-dependent manner. On
the 5th day, TCP and 75% TMP groups showed lower
OD value compared to the other groups, indicated that
both TCP and excessive TMP can inhibit cell viability
of MC3T3-El. As for HUVECs in Fig 5(b), on the 3rd
and 5th day, TMP, 25% TMP, 50% TMP showed
enhanced OD value compared to the control group,
while TCP and 75% TMP groups showed lower OD
value compared to the other groups, indicating that both
TCP and excessive TMP can inhibit cell viability of
HUVECs. All these results demonstrated that TCP/TMP
microspheres can enhance cell viability in a dose-
dependent manner. Notably, 25% TMP and 50% TMP

microspheres have higher ability to promote cell

proliferation.
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Fig. 4 Released Ca’*and Mg>* concentrations from materials immersed in tris-HCI solution



WU Wei, et al: In vitro Study of Biphasic Calcium Magnesium Phosphate Microspheres for Angiogenesis and Bone... 835

7
1.2
@ [ Control
.o L[CTCP oL EE
I TMP ek =
0.8 [125% TMP =
g ol [150% TMP
'E [175% TMP
A 0.6
=}
0.4r
02+
Dayl Day3 Day5
Time

1.2
&
Control
1L0- CJTCP e
O T™P

08 C_125%TMP e
g 0 50% TMP _ #x E
= 0,
56| 7% TMP | 2=
8

04r

gl

Dayl Day3 Day5
Time

Fig. 5 Cell viabilities of (a) MC3T3-E1 and (b) HUVECs assessed by CCK-8 assay
(a) MC3T3-El and (b) HUVECS assayed on day 1, 3, 5 cultured with different microspheres concentration extracts
*:p<0.01; **: p <0.005; ***: p <0.0002; Colorful figures are available on website

2.4 Osteogenic effects of the microspheres
ALP is the early signature protein for osteogenic
differentiation. ALP activity assay was used to evaluate
the osteogenic effects of the microspheres. The staining
of MC3T3-E1 after being cultured with different micro-
sphere concentration extracts has shown almost no
difference in density for all groups (Fig. 6). Nevertheless,
ALP staining in all material groups was stronger than
those in the control on the 14th day and TCP group
showed the highest ALP staining. ARS staining was used
as indicator of bone-nodule formation. The ARS staining
was performed after 14 d culture. As shown in (Fig. 6),
there is more calcium deposition in the group of 25% TMP
than the others.
2.5 Geneexpression
25.1 Expression levels of VEGF and FGF
Expression levels of VEGF and FGF were determined
by using RT-PCR after HUVECs cultured in different

ALP
Day7

Day14

ARS
Dayl14

concentration extracts of different microspheres on 1st
and 3rd day. There was no significant difference in the
VEGF levels on the 1st day, which indicated that gene
expression started after a few days of the cell culture.
The VEGF levels of 50% TMP group were slightly
higher on the 3rd day culture than the other groups
(Fig. 7(a)). On the 3rd day, the FGF level of 100% TMP
was slightly higher than the other groups(Fig. 7(b)).
These results indicated that 25% TMP and 50% TMP of
biphasic composite microspheres have greater potential
to promote HUVECSs angiogenesis.
2.5.2 Expression levels of collagen and osteopontin
Expression levels of collagen (COLI) and osteopontin
(OPN) genes of MC3T3-E1 cells were determined
quantitatively using RT-PCR after culture with the
different concentration extracts on the 3rd and 7th day
(Fig. 8). Although COLI expression levels on the 7th day
was significantly lower, the expression levels were

25% T™M

50% TMP

Fig. 6 ALP activity and ARS staining of MC3T3-E1 cells cultured with microspheres extract compared
with the control on the 7th and 14th day
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Fig. 8 (a) COLI and (b) OPN genes expression of MC3T3-E1 which cultured with microspheres extract
compared to the control on the 3rd and 7th day

up-regulated in both 50% TMP and 75% TMP groups
when compared with the control. As for OPN, the
expression level of all material treatment groups was
almost the same as that of the control group on the 3rd
day. However, compared with the control group, 75% TMP
and TMP groups, the expression level in TCP group was
significantly decreased on the 7th day.

3 Discussion

Tricalcium phosphate (TCP), especially p-tricalcium
Phosphate (S-TCP, 5-Cas(POy),), is one of the important
compounds of calcium phosphate with much application
in bone tissue formation and regeneration. This study has
tackled the biomaterials intended for promoting bone
formation and the composite evaluation, biocompatibility
process and their effect on MC3T3-E1 cells and HUVECs.
The TMP/TCP microspheres were prepared using the
cross-linking method®”’. An appropriate combination of
the TMP and the TCP ceramic can obtain a material
suitable for bone formation and regeneration*”. From
our results, the composite microspheres have shown a
mixture of fine and cores morphology compared with the
pure material®). This can explain our findings why the
cytocompatibility have a significant enhancement, and
the differentiation of MC3T3-Elcell on the 25% TMP

and 50% TMP composite microspheres were enhanced
compared to 75% TMP and the control®®. The extracts of
25% TMP and 50% TMP composite microspheres could
provide more favorable conditions for cell proliferation.
New vessel formation requires the integrated actions
of several angiogenic growth factors®®. The angiogenic-
associated genes (VEGF and FGF) are among the signi-
ficant proangiogenic growth factors which can regulate
angiogenesis. VEGF is a major angiogenic modulator
signal protein produced by the cells that stimulates blood

B7 1t also regulates several develop-

vessel formation
mental processes such as angiogenesis, lymphangio-
genesis and neuronal development®. FGF is a signal
protein involved in various biological processes, inclu-
ding cell growth and tissue repair. It regulates the proli-
feration, differentiation, and migration of endothelial
cellsP4
proliferation, differentiation, and migration[39'40]. In this
study, the 25% TMP, 50% TMP microspheres were no-
ticed promoting the specific angiogenic and osteogenic
gene expression, such as the VEGF, FGF, OPN and COLI.
The findings of the study demonstrated that the TCP/
TMP microspheres of a moderate concentration can inte-
ract more efficiently with MC3T3-El1 and HUVECs in

expediting osteogenic and angiogenesis'*'**!. Also, the

. Moreover, it also regulates endothelial cell

high magnesium environment created by the rapid degra-
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dation of the TMP/TCP composite may result in the
dysfunction of calcium-dependent physiology processes
and be disadvantageous to MC3T3-E1l cell physiology.
However, here the 25% TMP microspheres are more
suitable for the growth and differentiation of the cells
accordingly!*?.

The current results demonstrate that the composite
microspheres of a moderate concentration of TCP/TMP
can interact more efficiently with MC3T3-E1 and
HUVEC:s in expediting osteogenic and angiogenesis. Ta-
king all of these characterizations of TCP/TMP com-
posite microspheres under consideration, it is suggested
that the 25% TMP and 50% TMP composite microsp-
heres can effectively promote nutrient transport and an-
iogenesis, thus suitable for designing high-performance
systems for the formation and engineering of bone tissues.

4 Conclusions

This study aims to reveal the effects of the different
phase composition of TCP/TMP composite microspheres
(25% TMP, 50% TMP, 75% TMP) on the behavior of
MC3T3-E1 and HUVECs cells. The cytocompatibility
tests have confirmed that 25% TMP and 50% TMP
groups were more likely to promote cell proliferation,
and MC3T3-E1 cells differentiation. In addition, the
above two groups had a positive effect on the expression
of genes related to bone formation and angiogenesis.
However, the biological properties and mechanism of
these composites still need further in vivo study.
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Fig. S1 SEM images of different microsphere composites with Bars at 200 um (up row) and 10 um (down row)
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Fig. S2 XRD patterns of TMP (a) and -TCP (b)



