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ABSTRACT Although calcium sulfate bone cements possess
favorable characteristics of excellent clinical handling and
osteoconductivity, the rapid degradation and poor bioactivity
limit their wide applications. This study reports a type of novel
injectable and self-setting composite materials for bone defect
repair. Magnesium substituted tricalcium phosphate nano-
particles (43.849.0 nm) and calcium sulfate hemihydrate mi-
cro-size particles (5-21 pm) were mixed with a polyvinyl
alcohol solution with optimal compositions to obtain the
composite materials, which showed reasonable initial setting
time (11.7-19.2 min) and suitable compressed strength
(2.28-6.33 MPa). By utilizing magnesium powder as a poro-
gen, macro-pores (>100 pm) together with micro-pores were
created in the final product after setting. In addition, MC3T3-
E1 cells extended well and exhibited numerous lamellipodia
and long filopodia when cultured with the composite mate-
rials, indicating that they had no cytotoxicity. The in vivo
results indicated that the injectable composite materials could
achieve bone defect repair, when implanted in beagle femoral
condyle defects for 10 months. Our results show that the new
injectable composite materials are biocompatible and biode-
gradable, which possess great potential for bone defect repair.

Keywords: nanoparticles, magnesium substitution, injectable
materials, self-setting, bone defect repair

INTRODUCTION

A variety of injectable bone cements have been ex-
tensively utilized for bone defect repair and regeneration
[1-4]. Among them, calcium phosphate cements (CPCs)

and calcium sulfate cements (CSCs) exhibit advantageous
functions, such as appropriate self-setting time, good
biocompatibility, and osteoconductivity [5,6]. However,
the degradation rate of CPCs with a final composition of
hydroxyapatite (HA) is relatively slow, at approximately
1-2 wt.% per year, due to the low solubility of (Cas-
(PO,);OH: —log(K,)=58.4, at 25°C) [7,8]. Porous HA
blocks (Bonﬁ1®, Mitsubishi Materials, Chichibu, Japan)
with a porosity of 70% and a mean pore diameter of
280 um (sintered at 900°C) were replaced by newly
formed bone after implantation into a bone defect (8 cmx
3 cm) of the patient’s ilium for 79 months [9]. There is a
risk of late deformity due to the inadequate degradation
of the bone substitute material [10]. On the other hand,
CSCs show rapid degradation, with a higher solubility
(CaSO,: —log(Ky,)=3.5, at 25°C) approximately 1-2
months in vivo, which is much faster compared with bone
regeneration [11-13]. In some cases, the bone defects
remained unfilled while the CSCs implants were com-
pletely degraded, which led to the fracture of bone tissue
[1,14]. Thus, an appropriate degradation rate should be
achieved for injectable bone materials that can ideally
match with new bone regeneration.

Relatively poor osteoinductivity or osteogenic capacity
constitutes another major limitation for clinical applica-
tions of current ceramic bone cements [15]. Previous
studies reveal that the presence of Mg’ is likely beneficial
to the new bone growth, and promotes the proliferation
and differentiation of osteoblastic progenitor cells [16,17].
Mg’" is able to enter cells through the transient receptor
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potential melastatin (TRPM) family TRPM7. Mg’
(10 mmol L") can promote osteogenesis in human bone
marrow stromal cells (hBMSCs) through the activation of
canonical Wnt signaling pathway, in which the down-
stream protein P-catenin transfers into the nucleus and
up-regulates the direct target genes, LEF1 and Dkk1 [18].
Mg™" (5-10 mmol L") can also improve the osteogenesis
in hFOB1.19 human osteoblast cells by up-regulating the
expression of Runx2 and ALP via the TRPM7/PI3K sig-
naling pathway [19]. Diaz-Tocados et al. [20] demon-
strated that Mg™* (1.2 or 1.8 mmol L") in pro-osteogenic
medium enhanced the osteogenesis, mineralization and
differentiation of bone marrow mesenchymal stem cells
(MSCs) by activating the Notchl signaling pathway.

Mg’" can be supplied by using Mg-substituted calcium
phosphate (CaP) materials, in which nanoparticles are
more favorable for cellular uptake and easier to be de-
graded compared with micro-size particles [21-23].
Meanwhile, CaP nanoparticles possess unique properties
because of their chemical and crystallographic similarity
to the inorganic components of bone [22]. A previous
study reported that CaP nanoparticles of approximately
50-100 nm promoted the proliferation of MSCs com-
pared with micro-size particles of approximately 1-2 um,
due to their nanoscale topography [23]. Herein, Mg”* was
doped into the tricalcium phosphate nanoparticles as
bioactive ion sources.

In this study, Mg-substituted tricalcium phosphate
(hereafter referred to as TCMP) nanoparticles were syn-
thesized, and further mixed with calcium sulfate hemi-
hydrate (CSH) micro-size particles to obtain solid phases,
in order to adjust the degradation time and improve the
bioactivity in vivo. Injectable and self-setting composites
were developed by combining the solid phase with a li-
quid phase of polyvinyl alcohol (PVA) solution. The
setting time of these composite materials and compressive
strength of the resultant products were measured. In vitro
cytotoxicity was evaluated by co-culture of the resultant
products with MC3T3-El cells. Moreover, bone defect
repair with the injectable composite materials was per-
formed by using a beagle femoral defect model.

EXPERIMENTAL SECTION

Preparation of TCMP nanoparticles
CSH of analytical grade was purchased from ACROS

Sinopharm Chemical Reagent (Shanghai, China), unless
otherwise noted.

A mixed solution of Ca(NO;),-4H,0 (0.9 mol L") and
Mg(NO,),-6H,0 (0.1 mol L") was prepared by dissolving
the chemicals in deionized water. The above solution was
then added into a (NH,),HPO, solution (0.6 mol LY,
and the pH was adjusted to 9.5 with ammonium hydro-
xide and stirred at 500 r min_l, which was further aged at
80°C for 4 h. The precipitate product was thoroughly
rinsed with deionized water thrice, and further dried at
120°C for 12 h. The dried TCMP powder was screened
with a 200-mesh sieve.

Fabrication of injectable and self-setting composite
materials

The solid phase of injectable composite materials was
obtained by mixing TCMP and CSH powders. Mg
granules screened below 200 mesh were used as the
porogen. Different amounts of Mg granules (0, 1 wt.%,
5 wt.%) were added to the solid phases, hereafter referred
to as TCMP-CSH, TCMP-CSH-1%Mg, and TCMP-CSH-
5%Mg samples. The compositions of the solid phases for
the composite materials are listed in Table 1. A 5 wt.%
polyvinyl alcohol (PVA) solution as the liquid phase was
mixed with the solid phase at the weight ratio of the
liquid phase/solid phase of 0.5, which was placed in a
mildew incubator (M]J-II, Shanghai Drawell Scientific
Instrument Co., Ltd., Shanghai, China) at 37°C with a
relative humidity of approximately 95% for further set-
ting.

Characterization of chemical composition and sample
morphology
The crystal phase of samples was analyzed by X-ray dif-
fraction (Rigaku, Tokyo, Japan) with a 26 range from 20°
to 70° at a voltage of 40 kV, and a current of 100 mA
with monochromated CuKa radiation of 1.5418 A.
Fourier transform infrared spectrometry (FTIR, Cary 630,
Agilent Technologies, USA) was conducted in the range
of 400-4000 cm ' by using the attenuated total reflection
(ATR) mode.

Sample morphology was observed by an LEO Supra 35

Table 1 Chemical compositions of the solid phases for different
composite materials

. . . . S 1 CSH (wt.% TCMP (wt.% Mg (wt.%
Organics (Acros, Fukuoka, Spain). The particle size was ampres (wt.%) (wt.%) g (Wt.%)
in the range of 5-21 pm (n=30, three photographs were TCMP-CSH 20 20 0
selected and 10 particles were evaluated in each photo- ~ TCMP-CSH-1%Mg >0 49 !
graph). Other chemicals and reagents were obtained from ~ TCMP-CSH-5%Mg 0 45 >
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field emission scanning electron microscope (FESEM,
Carl Zeiss AG, Jena, Germany) operated at an accelerat-
ing voltage of 20 kV. Prior to observation, samples were
sputter-coated with gold for 60s by using a sputter
coating instrument (Cressington, Watford, England).
Chemical analysis of the TCMP powder was performed
by inductively coupled plasma-optical emission spectro-
metry (ICP-MS, Prodigy, Leeman Laboratories, Hudson,
USA). For the ICP-MS test, 10 mg of powder was dis-
solved in 10 mL of 2 wt.% nitric acid solution, and 1 mL
of the above solution was diluted with 50 mL of deionized
water. The elemental compositions were analyzed by
energy dispersive X-ray spectroscopy (EDX, INCAX
7582, Oxford Instruments, Abingdon, UK). The bright
field images of TCMP powder were observed by a Tecnai
G2 transmission electron microscope (TEM, FEI, Hills-
boro, USA) at 200 kV with a double-tilt holder (Gatan,
Pleasanton, USA). The electron diffraction patterns of the
particles were recorded by using a selected-area aperture
(10 um diameter).

Setting time and mechanical property

The setting time was recorded according to the ASTM
C191-18a standard by using a Vicat apparatus (Shanghai
Shenrui Test Equipment Manufacturing Co., Ltd,,
Shanghai, China). The solid and liquid phases were mixed
for 30 s to form a homogenous paste. The paste was filled
into a stainless-steel mold (6 mm diameter, 12 mm
height), which was then placed in a mildew incubator at
37°C with approximately 95% relative humidity. A needle
of 1 mm diameter under a load of 300-g force was used to
determine the setting time. The initial setting time was
recorded when an indentation of approximately 1 mm
depth was obtained. The final setting time was achieved
when there was no prominent indentation on the surface.
Five replicates were tested for each sample.

For mechanical tests, the pastes in cylindrical molds
(6 mm diameter, 12 mm height) were placed in a humi-
dified mildew incubator at 37°C with a relative humidity
of approximately 95% for 48 h to achieve complete set-
ting. The resultant hardened samples were polished with
sandpaper (2000 grit) to obtain a height of 10 mm and a
diameter of 6 mm. The mechanical strength of these
samples was measured by quasi-static compression tests
by using a Bose ELF3230 machine (TA Instruments, Eden
Prairie, USA) at a crosshead speed of 0.02 mm s ' until
fracture occurred. The maximum value of compressive
force was recorded based on the curve of load and dis-
placement. The compressive strength was calculated as
Force,,,/(nd’/4), where d is the diameter of the sample.

878 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Five replicates were tested for each sample.

Porosity measurement
The cylindrical samples (6 mm diameter, 10 mm height)
of the composite materials (TCMP-CSH, TCMP-CSH-1%
Mg, and TCMP-CSH-5%Mg) were used for the porosity
measurement (three replicates each). The porosity was
estimated by the Archimedes drainage method. The ori-
ginal weight (M,) of each sample in air was measured.
Samples were then immersed in absolute ethanol for 24 h.
The surface liquid was dried by a filter paper and the final
weight (M,) was recorded. The porosity (P) of each
sample was determined by the following:

M,—M
pA i (M
where M, is the original weight, M, is the final weight
after immersion, p is the density of absolute ethanol and
V is an apparent volume that can be calculated from the
geometry of cylindrical sample.

In vitro cell culture

MC3T3-E1 cells were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China).
MC3T3-E1 cells were cultured in regular culture medium
containing serum-free a-MEM (Hyclone, GE Healthcare,
Chicago, USA) supplemented with 10% v/v fetal bovine
serum (FBS, Gibco, Fisher Scientific, Pittsburgh, USA),
and 1% antibiotic/antimycotic (Gen-View Scientific Inc.,
Calimesa, USA) in a humidified CO, incubator (Thermo
Fisher Scientific, Waltham, USA) containing 5% CO, at
37°C. The culture medium was refreshed every three
days.

The cell biocompatibility was assessed according to the
ISO 10993-5 standard with a minor adjustment. The
hardened samples were immersed in the serum-free a-
MEM medium (0.1 g mL™") with rotation at 80 r min ' in
an orbital shaker (Jing Hong Laboratory Instrument Co.,
Ltd., Shanghai, China) at 37°C for 24 h. The extracts were
then filtered through 0.22 um filter membranes, and
supplemented with 10% v/v FBS and 1% v/v antibiotic/
antimycotic to obtain the extraction medium. The con-
centrations of Mg”" and Ca’" in the extracts were eval-
uated by using the ICP-MS. The TCMP-CSH, TCMP-
CSH-1%Mg, and TCMP-CSH-5%Mg samples were im-
mersed in a phosphate buffer saline (PBS) solution at
37°C for 24h (0.01 gmL '), and the Mg"* and Ca®*
concentrations in the extracts were measured by ICP-MS.

MC3T3-El cells were seeded at a density of 2.5x10°
cells/well in 96-well plates, and cultured with 100 pL
regular culture medium per well. After incubation at 37°C
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for 12 h in a CO, incubator, the culture medium was
replaced with the extraction medium for further culture
of 1, 3, and 5 days. The cells were rinsed with a-MEM
medium and replaced by 100 pL regular culture medium,
to eliminate the influence of Mg’ in the extracts on the
assay of Cell Counting Kit-8 (CCK-8) [24]. A 10 uL CCK-
8 (Gen-View Scientific Inc., Calimesa, USA) solution was
subsequently added to each well, which was further in-
cubated for 2.5h. The absorbance was measured at a
wavelength of 450 nm by using a microplate reader
(Multiskan Go, Thermo Fisher Scientific, Waltham,
USA). The cell viability was analyzed by the mean of
optical density (OD) values and standard deviation (SD).

MC3T3-E1 cells were seeded on the TCMP-CSH,
TCMP-CSH-1%Mg, and TCMP-CSH-5%Mg samples at a
density of 2x10" cells/well (1 mL per well). The samples
were gently rinsed by PBS after cell seeding for 24 h, and
immobilized in 4% paraformaldehyde for 2 h, which were
further dehydrated in a graded series of ethanol solutions
(50%, 70%, 90%, 95% and 100%) for 10 min each and
dried with hexamethyldisilazane (HMDS) for 20 min.
Sample morphology was observed by an LEO Supra 35
FESEM (Carl Zeiss AG, Jena, Germany) operated at an
accelerating voltage of 20 kV.

Fluorescent imaging

MC3T3-E1 cells were first inoculated into six-well plates
at the initial density of 4x10" cells/well (4 mL per well) for
24 h. The cell medium was replaced by 4 mL of the ex-
traction medium when the cell confluence reached ap-
proximately 80%. Cells were gently washed by PBS and
fixed with 4% polyformaldehyde for 20 min, followed by
PBS washing for three times. A fluorescein phalloidin
(FITC-phalloidin) solution (10 pg mL) (Mao Kang
Biotechnology Co., Ltd., Shanghai, China) was added to
the wells and stained for 50 min. The samples were
subsequently washed with PBS three times and stained
with a 4',6-diamidino-2-phenylindole (DAPI) solution
(100 ng mL ") to counterstain the cell nuclei for 15 min.
These samples were finally washed with PBS before ob-
servation under an Eclipse Ti inverted fluorescence mi-
croscope (Nikon Instruments Inc., Tokyo, Japan).

In vivo bone defect repair

Four healthy beagles (~12-15 kg) were anesthetized with
propofol (1 mLkg ' of animal weight) via intravenous
injection. After routine disinfection, hind legs were
shaved and an incision was procured to expose the femur
condyle. A cylindrical bone defect (8 mm diameter,
10 mm depth) was created. The defect sites were ran-
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domly filled with TCMP-CSH or TCMP-CSH-5%Mg
samples, or unfilled as the control group. The skin wound
was sutured, and all animals were injected with penicillin
(25,000 U kg ) post-operation for the first three days.

Digital radiographs for the implantation sites of the
hind legs with the beagles under anesthesia were taken
post-operation for 10 months by using an X-ray medical
machine (UDI150B-30, Shimadzu Production Institute,
Tokyo, Japan). Bone repair ability was detected by X-ray
computed tomography (Discovery CT750 HD, GE
Healthcare, Chicago, USA). The femur specimens were
cut-off around the implanted sample, and were further
decalcified by using 10% ethylenediaminetetraacetic acid
(EDTA) decalcification (Lianmai Biotechnology, Shang-
hai, China). The decalcified bone sections were stained
with hematoxylin and eosin (H&E) for histopathological
analysis. All procedures for animal experiments were
approved by the ethics committee of the General Hospital
of Northern Theater Command.

RESULTS AND DISCUSSION

Characterization of TCMP nanoparticles
The bioactivity of scaffolds was critically important for
bone defect repair. CPCs with micro-size HA particles
showed relatively low bioactivity. On the other hand, CaP
nanoparticles were found to promote the proliferation of
MSCs compared with micro-size particles [23]. Therefore,
TCMP nanoparticles were synthesized in this study in
order to develop bioactive injectable composite materials.
The morphology of a TCMP nanoparticle under TEM
is shown in Fig. la. The corresponding electron diffrac-
tion pattern of the particle (Fig. 1b) indicated the crys-
talline phase of TCMP corresponding well with p-TCP
crystals, including (1 1 0), (21 0), and (1 2 0) crystalline
planes with [0 O 1] zone axis. There was obvious ag-
gregation of TCMP nanocrystals (Fig. 1c). The particle
size was found to be approximately 43.849.0 nm in dia-
meter (n=45, three photographs were selected and 15
nanoparticles were evaluated in each photograph). The
concentric speckle diffraction rings in the selected area
electron diffraction (SAED) pattern diagram (Fig. 1d)
corresponded well with B-TCP crystals, including lattice
planes of (1 1 0), (02 4), and (3 0 0). The XRD pattern of
the as-synthesized TCMP powder (Fig. 1e) included main
peaks of (2 1 4), (02 10) and (2 2 0), corresponding well
with B-TCP (JCPDF card #09-0169); whereas the dif-
fraction peaks for TCMP shifted to larger angles due to
the substitution of Ca’* (radius=1.0 A) by Mg (ra-
dius=0.72 A) [25]. An obvious contraction of crystal

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 879
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Figure 1 Characterization of the synthetic TCMP nanoparticles. (a, c)
Bright field images of the synthetic TCMP nanoparticles; (b) corre-
sponding electron diffraction pattern of TCMP with [0 0 1] zone axis;
(d) corresponding SAED pattern of TCMP crystals; (e) XRD pattern of
the TCMP sample; (f) FTIR spectrum of the TCMP sample.

lattices was observed from a=10.492 A, ¢=37.380 A to
a=10.373 A and ¢=37.203 A, respectively, based on the
fitting analysis by using the software Jade 6.5. The peaks
at 548 and 605cm ' in the FTIR spectrum of TCMP
(Fig. 1f) were assigned to the bending mode of O-P-O
linkage in the phosphate group, while the bands at 1018
and 1065 cm ' were ascribed to the asymmetric stretching
of the P-O bond of the phosphate group. The ICP result
showed that the final Ca/Mg molar ratio was 9.42+0.15.

Development of injectable and self-setting composite
materials

The solid and liquid phases were thoroughly mixed to
develop injectable composite materials. The solid phase
consisted of CSH and TCMP powder, with or without Mg
granules as the porogen. The diffraction pattern of CSH
included main peaks from (0 2 0), (4 0 0) and (2 0 4)

880 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

(Fig. 2a), corresponding well with JCPDF card #41-0224
(peak positions indicated by the green vertical lines). The
FTIR spectrum of the CSH sample is shown in Fig. 2b.
The bands at 590 and 662 cm ' were assigned to the
bending vibration of the SO, group, while the bands at
1081 cm ' were attributed to the stretching mode of the
$-O group. The absorption peaks at 3548 and 3605 cm '
were ascribed to the stretching vibration of the O-H
group. The peak at 1618 cm ' was assigned to the bending
vibration of the H-O-H group. The XRD pattern and
FITR result of the TCMP-CSH-5%Mg sample after final
setting are shown in Fig. 2c and d. TCMP and a partial
amount of Mg were retained in the sample. Calcium
sulphate dihydrate (CSD) (Fig. 2, red lines, JCPDF card
#33-0311) was present in the final product, which was
produced by the reaction between CSH and water. The
FTIR spectrum of the final product (Fig. 2d) further
confirmed the reaction from CSH to CSD. The bands at
550 and 598 cm ' were assigned to the bending vibration
of the SO, group. The absorption peaks at 3393 and
3520 cm | were attributed to the stretching vibration of
the O-H group. The peak at 1618 cm ' from the bending
vibration of the H-O-H group proved the presence of
H,O molecules in CSD [26]. The initial and final setting
times of the injectable composite materials are shown in
Fig. 2e. The initial and final setting times of the TCMP-
CSH sample were 11.7+0.5 and 14.5+0.5 min, respec-
tively. The addition of Mg powder into TCMP-CSH-1%
Mg and TCMP-CSH-5%Mg samples, however, resulted in
a substantial increase of the initial and final setting times,
12.7+0.8 and 16.8+0.8 min for TCMP-CSH-1%Mg sam-
ples, and 19.2+0.8 and 27.5+1.0 min for TCMP-CSH-
5%Mg samples, respectively. The average compressive
strength for the composite materials of TCMP-CSH,
TCMP-CSH-1%Mg, and TCMP-CSH-5%Mg were 6.33+
1.21, 2.71+0.39, and 2.28+0.20 MPa, respectively (Fig. 2f).
The morphologies of TCMP-CSH, TCMP-CSH-1%Mg,
and TCMP-CSH-5%Mg samples are shown in Fig. S1.
The samples expanded with the addition of Mg powder as
the porogen after the final setting, and the volume in-
creased with the increase of Mg content.

Suitable setting time is a requisite criterion for in-
jectable bone grafts. Injectable composite materials must
be extruded and injected into defects prior to the initial
setting time [27]. CSH can solidify by mixing with water
for 5 min through a slight exothermic reaction [28]. The
injectable calcium sulphate (MIIG® X;, Wright Medical
Technology, Inc., Massachusetts, USA) must be extruded
within 3 min due to the fast setting, resulting in a short
time window for surgery [29,30]. Other commercial bone

May 2020 | Vol.63 No.5
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Figure 2 Characterization of the injectable composite materials. (a) XRD pattern and (b) FTIR spectrum of a CSH sample; (c) XRD pattern of the
TCMP-CSH-5%Mg sample after final setting; (d) FTIR spectrum of the TCMP-CSH sample after final setting; (e) initial and final setting times for the
TCMP-CSH, TCMP-CSH-1%Mg and TCMP-CSH-5%Mg samples; (f) compressive strength of the TCMP-CSH, TCMP-CSH-1%Mg and TCMP-

CSH-5%Mg samples after final setting.

cements, such as Norian® SRS” (Norian Corporation,
California, USA), Biobone” (ETEX Corporation, Massa-
chusetts, UK) and Bone Source” (Stryker Howmedica
osteonics, Mississippi, USA), showed the initial setting
time in the range of 10-20 min [5,31]. Our injectable
composite materials exhibit initial setting times in the
range of 12-19 min, which are suitable for surgery op-
eration.

The compressive strength of the TCMP-CSH, TCMP-
CSH-1%Mg and TCMP-CSH-5%Mg samples after setting
were 6.33+1.21, 2.71+0.39 and 2.28+0.20 MPa, close to
that from cancellous bone (2-12 MPa) [32]. The average
porosity of the three samples was 34.4%+3.8%, 43.7%

May 2020 | Vol.63 No.5
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+2.0% and 52.3%+2.3%, respectively (Fig. S2). Therefore,
the porosity increased and the compressive strength de-
creased with the increase of Mg content in the composite
materials. Previous research revealed that CPC cements
with different compositions and porosities (50%-84%)
showed the compressive strength ranging from 2 to
20 MPa [33-35]. Therefore, the compressive strength of
our products is close to those from porous CPC cements,
which can be utilized for small bone defect-filling in non-
load bearing cases.

Morphology and microstructure of composite materials
Microstructures of the TCMP-CSH, TCMP-CSH-1%Mg,
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and TCMP-CSH-5%Mg samples after complete setting
are shown in Fig. 3. The TCMP-CSH sample exhibited
relatively dense morphology (Fig. 3a), with a large
number of micro-pores (<10 um). With the increase of
Mg content, there was an obvious increase in the total
number of pores and pore size. Besides micro-pores, a
certain amount of meso-pores approximately 10-100 pm
were found in the TCMP-CSH-1%Mg sample (Fig. 3b).
Remarkably, macro-pores (>100 pm) together with meso-
pores and micro-pores (Fig. 3c) were found in the
TCMP-CSH-5%Mg group, likely due to the reaction of
Mg (porogen) with H,O. Rod-like CSD particles uni-
formly distributed in the composite materials (Fig. 3d-f),
consisting of the major matrix of the final products. The
EDX results further demonstrated the existence of CSD
and TCMP particles (Fig. 3g, h).

The porous structures of scaffolds are beneficial to bone
reconstruction, which facilitate the cell adhesion, nutrient

4 keV

transportation, blood vessel growth, and bone regenera-
tion [36-38]. When the pore size is less than 10 pm, this
allows circulation of body fluid. When the pore size is
between 10-75 pum, penetration of fibrous tissue is al-
lowed [39]. When the pore size is between 75 and
100 pm, the growth of unmineralized osteoid tissue is
facilitated. When the pore size is larger than 100 um, the
growth of mineralized bone is promoted [39]. In this
study, Mg granules were used as a porogen for the in-
jectable composite materials, which produced both
micro- and macro-pores due to formation of H, bubbles
by the reaction of Mg and water during the paste pre-
paration process [40]. The number and size of the pores
can be modulated by the Mg content in the composite
material. The chemical reaction of Mg particles and water
is depicted as
Mg+2H,0—-Mg(OH),+H,. (2)
Only micro-pores were present in the TCMP-CSH

-i keV

Figure 3 SEM micrographs and EDX results of the injectable composite materials after final setting. SEM micrographs for (a, d) TCMP-CSH, (b, e)
TCMP-CSH-1%Mg, (¢, f) TCMP-CSH-5%Mg; the EDX results of (g) CSD and (h) TCMP particles. Yellow circles in (b, c) represent pores. Red dots in

(d) indicate the corresponding EDX positions for (g, h).
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samples (Fig. S3a, ¢). A number of macro-pores
(~100-200 pm) and micro-pores (<10 um) were found in
the TCMP-CSH-5%Mg sample (Fig. S3b, d). The porosity
and pore size increased with the increase of Mg content in
the sample. Therefore, Mg powder can be an effective
porogen to modulate the pore size in the injectable
composite materials.

EDX mapping for Ca, S, P, and Mg elements of the
TCMP-CSH and TCMP-CSH-5%Mg samples (Fig. 4)
confirmed again that CSD comprised of the majority area
of the final product, except the pore areas. TCMP gran-
ules were homogeneously distributed in the CSD matrix
(Fig. 4a). A small amount of Mg granules were found to
disperse in the TCMP-CSH-5%Mg composite matrix
(Fig. 4f), which suggested that only a partial amount of
Mg participated in the pore-forming reaction.

In vitro cytotoxicity study

Cytotoxicity was evaluated following the CCK-8 assay. A
distinct increase of cell numbers was observed for the
same group with an increase of culture time. These results
indicated that the three groups showed no apparent cy-
totoxicity to the cells at different time periods (Fig. S4).
MC3T3-E1 cells adhered to the culture plate and spread
well when cultured with regular culture medium or ex-
tract from TCMP-CSH, TCMP-CSH-1%Mg, and TCMP-
CSH-5%Mg samples for 1 day (Fig. 5). Ca’" concentra-
tions in the extracts of TCMP-CSH, TCMP-CSH-1%Mg,
and TCMP-CSH-5%Mg were close to each other, while
Mg”" concentrations obviously increased in the extracts
with the increase of Mg content in the composite mate-
rials (Fig. S5). However, no significant difference in cell
numbers was found among the various groups (TCMP-
CSH, TCMP-CSH-1%Mg, and TCMP-CSH-5%Mg) at the
same time point, suggesting the small amount of Ca** and
Mg”" in the extracts have neglectable effects on cell pro-

Figure 4 EDX mapping for Ca, S, P, and Mg elements in (a—d) TCMP-
CSH and (e-h) TCMP-CSH-5%Mg samples. The white circles show the
Mg granules in the matrix. Scale bar=200 um.

May 2020 | Vol.63 No.5

Figure 5 Confocal microscopic images with dual staining of cell nuclei
(DAPI, blue) and cytoskeleton F-actin (phalloidin, green) for MC3T3-E1
cells cultured with (a-c) regular culture medium, and extracts from (d-f)
TCMP-CSH, (g-i) TCMP-CSH-1%Mg, and (j-1) TCMP-CSH-5%Mg
samples for 1 day. (c, f, i, 1) are magnified images for yellow boxes in (b,
e, h, k), respectively. (a, b, d, e, g, h, j, k) scale bars=100 pm, (c, f, i, 1)
scale bar=25 pum.

liferation. Moreover, MC3T3-E1 cells were directly cul-
tured on the TCMP-CSH, TCMP-CSH-1%Mg and
TCMP-CSH-5%Mg samples to evaluate cellular func-
tions, following the method as previously reported with a
minor modification [41]. The cells extended well and
exhibited numerous lamellipodia and long filopodia in all
experimental groups (Fig. S6). These results suggested
that the as-prepared composite materials had no cyto-
toxicity.

In vivo bone defect repair

Radiographic X-ray images for the control group, TCMP-
CSH and TCMP-CSH-5%Mg groups post-operation for
10 months are shown in Fig. 6a, e, i. The bone defect
areas (Fig. 6e, i) were filled after implantation of TCMP-
CSH and TCMP-CSH-5%Mg samples. The defect in the
control group was not fully recovered and remained
unfilled, as demonstrated by computed tomography (CT)
reconstruction images (Fig. 6b-d). CT reconstruction
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Figure 6 Radiographic X-ray and CT images of the control group (a-d), TCMP-CSH group (e-h), and TCMP-CSH-5%Mg group (i-1), post-
operation for 10 months. Blue circles represent the bone defect areas (a, b, e, f, i, j). (d, h, 1) are magnified images for yellow boxes in (c, g, k),

respectively. Red circles represent the unrepaired bone defects (d, 1).

images (Fig. 6f-h, j-1) confirmed that the defects in the
TCMP-CSH and TCMP-CSH-5%Mg groups were nearly
completely filled with newly formed bone, although un-
even surfaces were observed in the TCMP-CSH-5%Mg
group (Fig. 6j).

Histological H&E staining for the decalcified sections in
the three groups was performed. The defect zone was
partially filled by newly formed bone in the control group
with discontinuous periosteum (Fig. 7a), and a few os-
teocytes can be observed in Fig. 7b and Fig. S7b. The
defect zones were mostly filled with new bone tissue, and
thick trabeculae were found in the TCMP-CSH and
TCMP-CSH-5%Mg groups. As shown in Fig. 7c and e,
the marrow cavity formed in the TCMP-CSH and TCMP-
CSH-5%Mg groups, which can be regarded as a mature
bone marker. Numerous osteocytes and erythrocytes were
found, especially in the TCMP-CSH and TCMP-CSH-
5%Mg groups, indicating obvious bone regeneration
(Fig. 7d, f and Fig. S7d, f). The histological evaluation also
revealed a larger amount of new bone tissue with thicker
trabeculae, mature osteocytes, and marrow cavity in the
defect areas of TCMP-CSH and TCMP-CSH-5%Mg
groups after 10 months implantation. In contrast, only a
few osteocytes and relatively sparse trabeculae could be
seen in the control group. New trabeculae were present in
all three groups, which were discontinuous in the control

884 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

group compared with the TCMP-CSH and TCMP-CSH-
5%Mg groups (Fig. S7a, ¢, and e). Moreover, the im-
planted materials in TCMP-CSH and TCMP-CSH-5%Mg
groups could not be found in the histological sections,
which were likely thoroughly degraded post-operation for
10 months. In vivo results revealed that both TCMP-CSH
and TCMP-CSH-5%Mg groups can improve osteogenesis
and osteointegration compared with the untreated con-
trol group.

CPCs and CSCs have been widely used as injectable
bone substitutes. However, the former showed relatively
slow degradation in vivo, while the latter degraded too
fast. For example, CPC blocks (8 mmx5 mmx2 mm)
were implanted in beagle alveolar bone defects for
6 months. About 20% of the CPC samples degraded and
the ratio of new bone volume to total volume (BV/TV)
was only about 10%, suggesting that slow degradation of
CPC samples prevented bone regeneration [42]. On the
other hand, CSCs samples showed relatively fast de-
gradation within 4-10 weeks in vivo, and the unfilled
defects led to the risk of bone fracture [11,43]. For ex-
ample, CSCs completely degraded when implanted in the
defects (8 mm width) of tibial metaphysis of New Zealand
rabbits for one month, and only 34% of the defect volume
was replaced by newly formed bone, leading to further
bone fracture [43].
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SCIENCE CHINA Materials

ARTICLES

Figure 7 H&E staining of (a, b) the control group, (c, d) TCMP-CSH
group, and (e, f) TCMP-CSH-5%Mg group after implantation in beagle
femoral condyle defects for 10 months. The blue dashed line in (a)
shows the periosteum. The yellow arrows in (a, ¢, e) indicate newly-
formed bone. The blue dashed lines in (c, €) show the marrow cavities.
The green arrows in (b, d, f) show osteocytes. The red arrows in (d, f)

show erythrocytes.

In this study, TCMP and CSH powders were combined
together to modulate the degradation rate in vivo. Both
TCMP-CSH and TCMP-CSH-5%Mg samples were
completely degraded within 10 months, while the bone
defects were nearly fully filled by newly formed bone. No
bone fracture was observed for all beagles during the
experimental period. Therefore, compared with CPCs
and CSCs, the injectable composite materials developed
in this study showed suitable degradation rates in vivo,
which can facilitate bone regeneration in the case of
beagle femoral defect repair.

CONCLUSIONS

In this study, TCMP nanoparticles with an average par-
ticle size of 43.8+9.0 nm were synthesized via a wet
chemical reaction, which were further mixed with CSH
and PVA to develop the injectable and self-setting com-
posite materials. Mg granules were utilized as the porogen
to produce porous structures with macro-pores
(> 100 um) during paste preparation. A final setting time

May 2020 | Vol.63 No.5

~11.7-19.2 min and a compressive strength ~2.28-
6.33 MPa can be obtained by optimizing the amounts of
TCMP, CSH, and Mg in the composite materials. The
cytotoxicity assay demonstrated excellent biocompat-
ibility of the composite samples. Moreover, beagle fe-
moral bone defects can be repaired by using the injectable
composite materials, which were completely degraded
and replaced by newly formed bone after implantation for
10 months. This work reveals that the novel injectable
composite materials are promising candidates for bone
defect repair in the future.
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