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Abstract

Background: Calcium phosphate cement (CPC) can be molded or injected to form a scaffold in situ, which intimately
conforms to complex bone defects. Bioactive glass (BG) is known for its unique ability to bond to living bone and promote
bone growth. However, it was not until recently that literature was available regarding CPC-BG applied as an injectable
graft. In this paper, we reported a novel injectable CPC-BG composite with improved properties caused by the incorporation
of BG into CPC.

Materials and Methods: The novel injectable bioactive cement was evaluated to determine its composition, microstructure,
setting time, injectability, compressive strength and behavior in a simulated body fluid (SBF). The in vitro cellular responses
of osteoblasts and in vivo tissue responses after the implantation of CPC-BG in femoral condyle defects of rabbits were also
investigated.

Results: CPC-BG possessed a retarded setting time and markedly better injectability and mechanical properties than CPC.
Moreover, a new Ca-deficient apatite layer was deposited on the composite surface after immersing immersion in SBF for 7
days. CPC-BG samples showed significantly improved degradability and bioactivity compared to CPC in simulated body fluid
(SBF). In addition, the degrees of cell attachment, proliferation and differentiation on CPC-BG were higher than those on
CPC. Macroscopic evaluation, histological evaluation, and micro-computed tomography (micro-CT) analysis showed that
CPC-BG enhanced the efficiency of new bone formation in comparison with CPC.

Conclusions: A novel CPC-BG composite has been synthesized with improved properties exhibiting promising prospects for
bone regeneration.
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Introduction (Cajp (PO4)s (OH)y) as a final product, as the main constituent
part of the mineral phase of bone [5]. Due to its high

Calcium phosphate biomaterials, such as hydroxyapatite (HA) biocompatibility, osteoconduction and bone replacement capabil-

ceramic, calcium phosphate ceramics and calcium phosphate ity, CPC was approved in 1996 by the Food and Drug
cements (CPC), have been widely used as bone substitute materials

in clinical applications due to their good biocompatibility and
osteoconduction [1]. However, it is difficult to fill irregularly
shaped bone defects with sintered bioactive ceramics and these
materials have obvious limitations for use in minimally invasive
surgery [2]. CPC can be molded or injected to form a scaffold in
situ that intimately conforms to the shape of complex bone defects
[3]. In 1986, a typical CPC composed of a powdered mixture of
tetracalcium phosphate (TECP) [Ca; (PO4)2O] and dicalcium
phosphate anhydrous (DCPA) (CaHPO,) was first reported by
Brown and Chow [4]. This CPC powder could be mixed with
aqueous liquid to form a paste that would set in situ and form HA

Administration (FDA) to repair craniofacial defects [6]. Since
then, several other calcium phosphate cements and injectable
cements have been developed [7,8]. However, under adverse
critical conditions, such as poorly vascularized sites and elderly
patients with metabolic disorders, the osteoconductive and
degradation properties of CPC are not sufficient to achieve
complete bone regeneration. Hence, it is necessary to enrich CPC
with osteopromotive or osteoinductive factors to improve its
biological performance [9].

As a surface-active bone substitute, bioactive glass (BG) has
recently attracted attention due to its good biocompatibility both
in bone and in soft tissues [10]. Bioactive glasses e.g. 4555
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bioactive glass bond strongly to bone and promote bone growth
[11] by forming a hydroxycarbonate apatite (HCA) layer and
releasing Ca, P and Si ions [10]. These ions are supposed to
stimulate osteogenesis [12]. 45S5 bioactive glass promoted the
attachment, proliferation, differentiation and mineralization of
osteoblast-like cells [13]; up-regulated seven families of osteoblast
genes in osteoprogenitor cells; increased osteoblast phenotype
expression of osteoprogenitor cells; [14] and induced differentia-
tion of bone marrow stromal cells into mature osteoblasts [15],
suggesting that this bioactive glass creates both solution-mediated
and surface-mediated effects on bone cell activity. However,
previous studies have mainly focused on the preparation of BG in
the form of a scaffold. Relevant literature only recently became
available regarding CPC-BG as applied in minimally invasive
injectable grafts [16].

The purpose of the present study was to synthesize a type of self-
setting bloactive cement by the incorporation of BG into CPC.
The composition, morphology/microstructure, setting time, in-
jectability, compressive strength, surface reaction layer formation
and degradation of CPC-BG were investigated, and the cell and
tissue responses to CPC-BG were also investigated both in vitro
and in vivo.

Materials and Methods

Preparation and Characterization of the CPC-BG

CPC consisted of a powder and a liquid phase. The CPC
powder was composed of tetracalcium phosphate (TECP) and
dicalcium phosphate anhydrous (DCPA) in an equal molar ratio,
and the preparation method was as previously described [17].
Briefly, TECP was synthesized by a solid-to-solid reaction between
calcium phosphate and calcium carbonate at a temperature of
1500°C for 8 h. Dicalcium phosphate dehydrate (DCPD,
CaHPO42H,0) was prepared from ammonium hydrogen
phosphate (NH4)oHPO,) and calcium nitrate (Ca(NOs)y) in an
acidic environment. DCPA was obtained by removing the
crystallization water in DCPD at 120°C. The TECP and DCPA
powders were then mixed in a micromill to form the CPC powder.
All the chemicals used were purchased from Sinopham Chemical
Reagent Co. Ltd.

Bioglass 4555 (Wt %: 45% SiOg, 24.5% NayO, 24.5% CaO
and 6% Py0s) were provided by NovaBone® (LLC, Alachua,
USA). The NovaBone® product were ground in a ball mill and
sieved to obtain 45S5 particles with sizes ranging from approx-
imately 5-10 wm, with a median of 6 pwm.

The CPC-BG powder was prepared by adding BG 45S5
powder (10 and 20 wt%) into the CPC powder. The CPC-BG
composite powders were mixed with potassium phosphate buffers
(pH 7.0) for 1 min at the given P/L ratio (2.0 g/mL) with a spatula
to form homogeneous paste. The paste was then placed into
a plastic cylindrical mold with a diameter of 5 mm and a height of
10 mm for mechanical testing, a circular mold with a diameter of
10 mm and a thickness of 3 mm for measurement of in vitro
bioactivity, degradability and cell studies. Each specimen was set
in a 100% relative humidity box at 37°C for 24 h, at which time
the hardened CPC-BG composite was obtained. X-ray diffraction
(XRD, Dandong fangyuan Co., China) with CuKa radiation in
a continuous scan mode was adopted to characterize the phase
composition of the phase composition of the specimens. The 20
range was from 10° to 90° at a scanning speed of 2.4°/min. The
cross-section of the specimens was examined with a scanning
electron microscopy (SEM, Hitachi S-4800, Japan) equipped with
an energy dispersive spectrometer (EDS, Falcon, USA).
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Setting time, Injectability and Compressive Strength of
CPC-BG

CPC-BG paste was placed into a plastic cylindrical mold with
a diameter of 5 mm and a height of 10 mm, and it was then
allowed to set in a 100% relative humidity box at 37°C.

The setting time was taken as the time at which the paste
hardened to such an extent that a needle (300 g, ® =1 mm) would
not penetrate deeper than 1 mm into the sample. This criterion to
determine the setting time is based on the American Society for
Testing and Materials C 187-98 standard test method for normal
consistency of hydraulic cement, which is also called the Vicat
method, to determine the setting time. Each specimen was
performed in triplicate and the average value was calculated.

The injectability of CPC-BG composite paste was evaluated by
extruding 2.0 g of as-prepared paste through a 2.5 mL disposable
syringe with an opening nozzle with the diameter of 2.0 mm by
hand, according to a modified method described previously [18],
suggesting that injection by hand possessed even slightly lower
standard deviations than injection by machine with preset load.
After setting at 37°C in a 100% relative humidity box for pre-
selected time, the paste was extruded from the syringe until it was
unable to be injected. The weight of the paste injected through the
syringe was measured. The injectability was calculated as: =m
injected/ M iniial X 100%, where T is the injectability, m jpjccea and m
initial are the weight of the paste injected through the syringe and
the paste initially contained in the syringe. All values were the
average of three tests performed for each group and presented as
mean * standard deviation (mean * SD).

After hardened at 37°C in a 100% relative humidity box for 1
and 7 days, the compressive strength of CPC-BG composite
specimens was measured at a loading rate of 1 mm/min with
a universal testing machine (MTS-858, MTS System Inc, USA).
The compressive strength was calculated as following: S = Fmax/
A, where Fmax is the maximum load on the load-deformation
curve and A is the cross-sectional area of each specimen. The
measurement was performed three times and the results were
expressed as mean = SD.

Bioactivity and Degradation in Simulated Body Fluid
(SBF)

Simulated body fluid (SBF), which has ion concentrations and
a pH value similar to those of human blood plasma, was prepared
in accordance with the procedure described [19]. After setting for
24 h, the paste specimens (10 mm diameter and 3 mm thickness)
were soaked in an SBF solution at 37°C for 7 and 14 days with
a weight-to-volume ratio of 0.2 g/ml and the solution was
refreshed every day. For the evaluation of in vitro bioactivity,
the samples were removed after incubation for specified time
periods, rinsed in deionized water and dried at room temperature
until a constant weight was attained. The specimens were
characterized with EDS, and the surface morphologies of the
specimens were observed with SEM.

For the measurement of in vitro degradation, the 7-day-set
paste specimens were immersed into SBF solution at 37°C for 28
days with a weight-to-volume ratio of 0.2 g/ml and the solution
was refreshed every day. For this evaluation, the samples were
removed after incubation for specified time periods, rinsed in
deionized water and dried at 60°C for 24 h and weighed. In vitro
degradation was measured as D = [(Wo—Wt)/W] x100%, where
D is the degradation rate and Wy and Wt are the dry weight of the
mnitial specimen and the degraded specimen, respectively. All
values presented are the average of five tests performed for each
sample.
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Cell Attachment, Proliferation, Morphology and
Differentiation

With protocols approved by the Institutional Animal Care
Committee of Xijing Hospital (Permit Number: 08-269), osteo-
blasts were obtained from calvariae of 1-to 2-day-old Sprague-
Dawley rats with an enzyme-digestion technique as previously
described [20]. Briefly, under general anesthesia, calvariac were
dissected aseptically, rinsed with PBS several times, stripped of the
periosteum and adherent tissue and then minced. The minced
fragments were incubated with 4 ml of 0.25% trypsin (Sigma,
USA) for 20 min with gentle shaking at room temperature. Then,
the trypsin was removed and fetal bovine serum (FBS, HyClone,
USA) was added to terminate digestion. After digestion, the
fragments were uniformly attached to each culture flask bottom
and were cultured in a humidified atmosphere of 5% COy at
37°C. After 24 h, Dulbecco’s modified Eagle’s medium (DMEM,
Sigma, USA) supplemented with 1% penicillin/streptomycin
antibiotics (Sigma, USA) and 10% FBS was added to the flasks.
The medium was changed every 2 days. Cell subcultures at
passage 2 were used in the following studies.

To investigate cell attachment and proliferation, the CPC and
CPC-BG composite specimens (10 mm diameter and 3 mm
thickness) were sterilized by °°Co irradiation for 12 h. Prior to
cell seeding, CPC and CPC-BG composite specimens were pre-
wetted with basal tissue culture medium (DMEM supplemented
with 1% penicillin/streptomycin antibiotics and 10% FBS) after
setting for 24 h. Osteoblasts with a density of 5x10* cells/well
were seeded onto the specimens. Cell attachment study was
determined with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide (MTT) (Sigma, USA) assay. The specimen-
cell constructs were incubated in a humidified atmosphere of 5%
CO, at 37°C for 4, 8 h, rinsed in 0.15 M PBS, immersed in
a mixture of serum-free cell culture medium and MTT reagent
(5:1), followed and incubated in a humidified atmosphere of 5%
COy at 37°C for 4 h. The supernatant from each well was then
carefully removed and dimethyl sulfoxide was added to ensure the
solubilization of crystals. Next, 150 pl of the reaction solution with
the cells was carefully transferred to 96-well plates, and the optical
density (OD) values at 492 nm were measured. Six specimens in
each group were tested for each incubation period; each test was
carried out in triplicate per specimen. The results were presented
as means * SD.

Cell proliferation was evaluated by seeding cells at a density of
5x10* cells per sample followed by incubation for 1, 4 and 7 days;
the medium was replaced every second day. Adhesion and cell
viability on the substrates were assessed quantitatively using the
MTT assay. Six specimens in each group were tested for each
incubation period; each test was carried out in triplicate per
specimen. The results were presented as means * SD.

Cell attachment and morphology were confirmed by direct
visualization of specimen-cell constructs under SEM. The cells
were attached to the specimens for 1 and 4 days in a humidified
atmosphere of 5% COy at 37°C. At a pre-selected time point, the
specimen-cell constructs were removed, rinsed with PBS twice and
fixed with 2.5% glutaraldehyde in 0.1 M PBS for 30 min. The
fixed constructs were washed with PBS three times, dehydrated in
graded ethanol, vacuum-dried at 37°C overnight and sputter-
coated with gold-palladium prior to SEM observation.

To evaluate ALP activity, the medium was aspirated and
specimens were moved to new 24-well plates after 4 and 7 days of
incubation. Approximately 500 pl of cell lysis buffer containing
Triton X-100 was added to each well at room temperature to lyse
the cells. The cell lysate was placed in a 1.5 mL centrifuge tube,
centrifuged and then frozen to —20°C. At 4 and 7 days, the frozen
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samples were thawed at room temperature for 5 min to measure
ALP activity following the manufacturer’s instructions (Sigma,
USA). The absorbance of ALP was quantified with a plate reader
at 405 nm. The total protein content was determined by the
bicinchoninic acid method using a Pierce protein assay kit (Pierce
Biotechnology Inc., USA) according to the manufacturer’s
instructions. The ALP activities were normalized to the total
protein content. Each experiment was carried out in triplicate, and
the results were presented as means *=SD.

Implantation in vivo

Eighteen healthy female New Zealand white rabbits aged 4-5
months and weighing 2.5-3 kg were randomly divided into three
groups of 6 animals for each type of implant. The experiment was
carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals for the
National Institutes of Health. The animal protocol was approved
by the Institutional Animal Care Committee of Xijing Hospital
(Permit Number: 08-269). Under general anesthesia and sterile
conditions, cylindrical specimens (6 mm diameter and 10 mm
height) were implanted into each femoral condyle. Then, the
wounds were sutured and penicillin (240, 000 UI) was injected
into the rabbits for 3 days. Three animals of each group were
sacrificed with an overdose abdominal injection of pentobarbital
sodium at 4 and 12 weeks after implantation. The bone specimens
were harvested immediately after sacrifice and fixed in 10%
neutral buffered formalin. The macroscopic appearance of the
defects was evaluated to assess the degree of specimen in-
corporation and tissue reactions adjacent to the specimens. For
the micro-computed tomography (micro-C'T) analysis, the bone
specimens were imaged with three-dimensional microfocus com-
puted tomography (micro-C'T', eXplore Locus SP, GE, USA) at
a voltage of 80 kVp and an electric current of 80 mA. To evaluate
the in vivo resorption of the implanted materials, the residual
material volume fraction (RMVF) was calculated as
RMVF=VR/VT where VR is the volume of residual material
and VT is the total volume of material. The new bone volume was
quantified as the bone volume fraction (BVF) with the formula
BVF=VB/VT where VB is the newly formed bone volume and
VT is the total material volume. For histological evaluation, the
bone specimens were embedded in methacrylate resin after micro-
CT scanning. Tissue blocks were sectioned to 5 um thickness, and
at least three slices of histology sections were randomly obtained.
The sections were then stained with Van Gieson’s Stain and
observed with a light microscope (Nikon Microphot FXA).

Statistical Analysis

Experimental data were expressed as means * SD and the
Student’s ‘-test or one-way analysis of variance (ANOVA) with
post hoc tests was applied to comparison. Differences were
considered statistically significant at p<<0.05.

Results

Characterization of CPC-BG

After setting for 24 h in a 100% relative humidity box at 37°C,
XRD showed that the hardened CPC contained diffraction peaks
of HA. The main peaks for the HA of a hardened CPC-BG
composite, were not obviously altered and peaks for CaySiO,
could be seen in the XRD patterns of the CPC-BG composite with
10% BG (Figure 1). Moreover, the presence of CaySiO, and
Cla3SiO5 within the CPC-BG composite containing 20% BG was
also confirmed by XRD patterns.
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Figure 1. X-ray diffraction patterns of the CPC and CPC-BG composite specimens after setting for 24 h. (a) CPC. (b) CPC+10% BG. (c)

CPC+20% BG.
doi:10.1371/journal.pone.0062570.g001

The SEM micrographs for the cross section of the CPC and
CPC-BG composite specimens (10% and 20% BG) showed that
the CPC-BG composite specimens closely combined with each
other and showed more compact microstructure than CPC alone,
while the CPC formed a clay-like structure with many micropores,
after setting for 24 h in a 100% relative humidity box at 37°C
(Figure 2a—2c). Moreover, the microstructure of the hardened
CPC-BG composite specimens became more compact with the
increased BG content.

Setting Time, Injectability and Compressive Strength

For all CPC-BG composite pastes, the setting times were
prolonged as the content of BG increased; the time increased from
21 min to 25 min when the weight ratio of BG varied from 10% to
20% at a P/L ratio of 2.0 g/ml (Table 1).

The injectability of the CPC-BG composite paste was signifi-
cantly improved compared with the injectability of the CPC paste
(Figure 3a). Moreover, the CPC-BG composite paste did not give
any demixing when the weight ratio of BG increased from 10% to
20% due to the filter-pressing effect during extrusion through the
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syringe. Furthermore, the injectability of the CPC-BG composite
paste rose with an increase in BG content.

After setting in a 100% relative humidity box at 37°C for 1 and
7 days, the compressive strength of CPC and CPC-BG composite
specimens increased with prolonged time during setting
(Figure 3b). Furthermore, the compressive strength of the CPC-
BG composites rose with increasing BG weight ratio. The
composite with 20% BG exhibited the highest compressive
strength after setting for 7 days. The compressive strength of
CPC-BG composites (20%) reached 26 MPa at 1 day and 40 MPa
at 7 days compared with only 15 MPa and 22 MPa of CPC at the
same time points, respectively. There were significant differences
between CPC and CPC-BG composite (20%) specimens at day 1
and day 7 (p<<0.05).

Bioactivity and Degradation in SBF

After soaking for 7 days, the nano-sized aggregates of the bone-
like apatite appeared on both surfaces of both CPC and CPC-BG
composite specimens (Figure 2d-21). With longer immersion time,
the amount and grain size of apatite particles on the CPC and
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Figure 2. SEM micrographs of cross-sections of CPC and CPC-BG composite specimens that were hardened for 24 h (a-c) and
specimens immersed in SBF for different times (d-l). (a) CPC. (b) CPC+10% BG. (c) CPC+20% BG. (d, e) CPC after 7 days. (f) CPC after 14 days. (g,
h) CPC+10% BG after 7 days. (i) CPC+10% BG after 14 days. (j, k) CPC+20% BG after 7 days. () CPC+20% BG after 14 days.

doi:10.1371/journal.pone.0062570.g002

Table 1. The setting time of the cement pastes (P/L=2.0 g/
ml).

CcPC CPC+10% BG CPC+20% BG

Setting time (min) 15*0.8 2114 25+0.9

doi:10.1371/journal.pone.0062570.t001
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CPC-BG composite surfaces increased; thus, the apatite layers
increased in density. However, the apatite aggregates on the CPC-
BG composite surface were larger in number and denser than
those on CPC surface after immersion for 7 and 14 days.
Moreover, many crystals formed agglomerates and further
congregated to form a layer on the surface of the CPC-BG
composite and there was a noticeable increase in the density of the
apatite structures with the increase of BG content.

EDS indicated that the surfaces of the CPC-BG composites
(10% and 20%) consisted mainly of a calcium phosphate with Ca/
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Figure 3. Injectability of the CPC and CPC-BG composite pastes versus setting time (P/L=2.0 g/ml) (a) and compressive strength of
the CPC and CPC-BG composite specimens after setting for 1 and 7 days (P/L=2.0 g/ml) (b). An asterisk (*) indicates that the injectability

and compressive strength of the CPC-BG composite specimens were significantly different from those of CPC (p<<0.05).

doi:10.1371/journal.pone.0062570.g003

P ratios of approximately 1.56 and 1.53, respectively with Si and
some Na and Mg ions from soaking in the SBF solution for 7 days.
Conversely, the surface of CPC consisted of a calcium phosphate
with a Ca/P ratio of approximately 1.67, and it contained no Si
but did have some Na and Mg ions from the SBF solution
(Figure 4).

The degradation rates of the specimens were characterized by
their weight loss ratios in SBF solution. After soaking in SBF
solution at 37°C for 28 days, the degradation rates of all CPC-
BG composite specimens were significantly higher than the
degradation rates of CPC specimens from 7 to 14 days
(»p<<0.05).The degradation rates of CPC-BG composite speci-
mens (20%) were significantly higher from 21 to 28 days
compared with the degradation rates of CPC specimens
(»p<<0.05) (Figure 5). Furthermore, the degradation rate rose
with an increase in BG content.

Cell Attachment, Proliferation, Morphology and
Differentiation

The MTT assay was adopted to assess the number of cells that
adhered to the various biomaterials because OD absorbance
values can be used as an indicator of the number of cells. There
were no significant differences at 4 h for all the specimens
(Figure 6a). However, the OD values of the CPC-BG composite

- CPC
] -= CPC+10% BG s
- CPC+20% BG

104

Weight loss (%)

o

14 21 28
Immersion time (day)

Figure 5. Weight-loss ratios of the CPC and CPC-BG composite
specimens immersed in SBF for various periods. An asterisk (*)
indicates that the weight-loss ratio of the CPC-BG composite specimens
was significantly different than that of CPC (p<<0.05).
doi:10.1371/journal.pone.0062570.g005

specimens (20%) were significantly higher than the OD values of
the CPC specimens (p<<0.05) after a period of 8 h. There was no
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Figure 4. EDS analysis of the CPC and CPC-BG composite specimens immersed in SBF for 7 days. (a) CPC. (b) CPC+10% BG. (c) CPC+20%

BG.
doi:10.1371/journal.pone.0062570.g004

PLOS ONE | www.plosone.org

April 2013 | Volume 8 | Issue 4 | 62570



significant difference between CPC and CPC-BG composite (10%)
although the OD values of CPC-BG composite (10%) were higher
than the OD values of cells on CPC. In addition, the OD values of
the CPC-BG composite rose with an increase in BG content and
the highest OD values were obtained in the composite with 20%
BG after 8 h.

The viability of osteoblasts cultured on CPC and CPC-BG
composite specimens was assessed with the MTT assay because
the OD values can provide an indication of cell growth and
proliferation on various biomaterials. The OD values of the CPC-
BG composite specimens (20%) were significantly higher than the
OD values of the CPC specimens after 4 and 7 days (p<<0.05),
indicating that the CPC-BG composite specimens promoted cell
growth and facilitated proliferation with no cytotoxic effect on cells
compared with CPC specimens (Figure 6b).

Cells firmly attached and spread well on the surface of CPC and
CPC-BG composite specimens with morphologically normal
appearance after for 1 day of culture (Figure 7a, b). As number
of cells increased, the cells extended, spread well and exhibited
intimate attachment to the surfaces of the CPC and CPC-BG
composite specimens with cytoplasmic extensions after 4 days
(Figure 7c, d). Cell-to-cell junctions appeared in the SEM images.
The number of cells on the CPC-BG composite specimens was
greater than the amount on the CPC specimens.

Cell differentiation was evaluated by testing the ALP activity
of rat osteoblasts cultured on CPC and CPC-BG composite
specimens after 4 and 7 days. The ALP activity of cells cultured
on the CPC-BG composite (20%) was significantly higher than
the ALP activity on the CPC and TCPS controls ($<<0.05) after
4 and 7 days (Figure 8). Morecover, there was no significant
difference among CPC, CPC-BG composite (10%), and TCPS
control.

Macroscopic Evaluation

After 4 weeks’ implantation, macroscopic observations of CPC
and CPC-BG composites implanted into the bone defects of rabbit
lateral femoral condyles showed that the implants exhibited no
foreign body reaction, no inflammation and no necrosis in vivo
and were incorporated well with surrounding tissue. All CPC-BG
composite specimens were covered with a tissue layer that was
indistinguishable from surrounding tissue (Figure 9a, b). Con-
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versely, CPC specimens were covered with a thinner tissue layer
that could be distinguished by macroscopic evaluation (Figure 9c).
With the increase of the implantation period to 12 weeks, the
volume of CPC-BG composite specimens decreased accompanied
by a simultaneous bone ingrowth from the periphery inwards due
to the degradation of the CPC-BG composite. The boundaries
between normal surrounding tissue and the specimens were
indistinct, and the newly formed bone could not be distinguished
from normal bone (Figure 9d, e). Conversely, CPC specimens did
not show observable variations in size from the original
implantation after 12 weeks of degradation and the bone ingrowth
mainly occurred at the native bone margins and the defect
periphery (Figure 9f).

Micro-CT Analysis

3D reconstruction images of residual material of the CPC and
CPC-BG composite specimens after implantation for 4 and 12
weeks were adopted to assess the in vivo resorption of the implants
(Figure 10a). After a prolonged implantation time from 4 to 12
weeks, the surface morphologies of the CPC-BG composite
specimens exhibited many differences from their original appear-
ances. After 12 weeks’ implantation, a porous surface structure was
obtained. With increased implantation time, the pore size formed
by degradation became larger and the volumes of the CPC-BG
composite specimens decreased. Conversely, the CPC specimens
showed rare variations in appearance and volume and pore
formation was mainly found at the outermost edge of the implants
at 12 weeks after implantation. Figure 10b displays the bone
ingrowth into the implants at 4 to 12 weeks. At 4 weeks, there was
a small amount of newly formed bone at the interface of the CPC-
BG composite specimens, and more extensive bone ingrowth
occurred throughout the cross-section of specimens at 12 weeks
after implantation. However, bone formation in the CPC group
was mostly observed at the defect periphery at 4 weeks and only
a small amount of new bone tissue was found within the implants
12 weeks after implantation (Figure 10b). From 4 to 12 wecks, the
RMVF of CPC-BG (20%) composite specimens decreased from
81.16£2.66% to 66.18%1.32% whereas the RMVF of CPC
remained at 84.42*3.20% after 12 weeks of implantation,
revealing that the in vivo degradation of the CPC-BG composites
was much higher than that of CPC (p<<0.05) (Figure 11a). The

(b)
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Figure 6. Cell attachment on CPC and CPC-BG composite specimens at 4 h and 8 h (a), Cell viability on CPC and CPC-BG composite
specimens after 1, 4 and 7 days (b). An asterisk (¥) indicates that the cell attachment and proliferation of CPC-BG composite specimens were

significantly different from those of CPC (p<<0.05).
doi:10.1371/journal.pone.0062570.g006
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Figure 7. SEM micrographs of the morphological features of cells cultured on the CPC and CPC-BG composite specimens for 1 and
4 days. Images of cells cultured on (a) CPC and (b) CPC-BG composite specimens for 1 day. Images of cells cultured on (c) CPC and (d) CPC-BG
composite specimens for 4 days. C: cells. E: Cytoplasmic extensions of the cells. J: cell-cell junctions.

doi:10.1371/journal.pone.0062570.g007

BVF was applied to evaluate the newly formed bone more
precisely (Figure 11b). The BVF of each CPC-BG composite
specimen was significantly higher than the BVF of each CPC
specimen at both 4 and 12 weeks (p<<0.05).

These results confirmed that CPC-BG showed excellent bio-
compatibility, degradability and osteogenesis, and CPC-BG
exhibited greater bone-forming efficiency than CPC.

Histological Analysis

After 4 weeks’ implantation, the CPC-BG composite implant
was encapsulated by the surrounding bone tissue and the
boundary between the implant and host bone was detectable.
The material had started to degrade from the edge of the implant,

PLOS ONE | www.plosone.org

and new bone tissues had grown into the pores formed by the
degradation of the CPC-BG composite implant. The new bone
was 1n direct contact with the surface of the implant (Figure 12a—
d). After 12 weeks’ implantation, bone ingrowth had occurred in
many areas of the implant and the amount of newly formed bone
in those defects had increased dramatically together with the
resorption of the CPC-BG composite implant. Direct contact
between the new bone and the CPC-BG composite implant
increased from 4 weeks to 12 weeks (Figure 12g-j). For CPC,
resorption of CPC rarely occurred, and new bone tissue formed
only rarely at the interface of the implant after 4 weeks (Figure 12e,
f). After 12 weeks’ implantation, there was only marginal
degradation in the CPC implant and no fibrous layer appeared

April 2013 | Volume 8 | Issue 4 | 62570
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Figure 8. Alkaline phosphatase activity (ALP) of cells cultured
on the CPC and CPC-BG composite specimens for 4 and 7 days
with tissue-cultured polystyrene (TCPS) as the control. An
asterisk (*) indicates that the ALP activities of cells cultured on CPC-BG
composite specimens were significantly different from those of CPC and
the TCPS control (p<<0.05).

doi:10.1371/journal.pone.0062570.g008

between the bone and the implant surface (Figure 12k, I), which is
in accordance with the results of the macroscopic evaluation and
the micro-CT analysis. These results confirmed that the CPC-BG
composite showed excellent biocompatibility, biodegradability and
osteogenesis, and that the CPC-BG exhibited significant advan-
tages over CPC.

Novel Glass Composite for Bone Regeneration

Discussion

A major drawback of orthopedic implant materials such as
hydroxyapatie (HA) ceramic in current use is their hardened form,
which requires the surgeon to drill the surgical site around the
graft or to carve the implant into the desired shape and often leads
to increased bone loss, trauma and surgical time [21]. With the
emergence of minimally invasive surgery techniques, materials
with self-setting properties have drawn more attention [22,23]. In
the present study, a novel injectable CPC-BG composite has been
developed that can be mixed with the cement liquid (potassium
phosphate buffers) to form a paste that can be applied to fill
irregular bone cavities during surgery via injection especially
where shaping and contouring for esthetics are needed. The
material exhibited a retarded setting time and, consequently,
improved injectability due to the addition of BG as compared with
CPC paste. However, in clinical applications, the cement must be
applied within the initial setting time and be extruded during the
operation. Compared with CPC paste, which sets in <10 min,
CPC-BG composite paste’s extra setting time (21 min for 10 wt%
BG or 25 min for 20 wt% BG) gives an advantage to surgeons or
dentists by allowing more time for the operation before the paste
set.

As the cement is used for bone repair, the mechanical properties
of the hardened cement are another important index [24]. Many
researchers have worked to improve the mechanical strength of
CPC [7,18,25]. For instance, the mechanical strength of DCPD/
C3S cement is improved by mixing CaHPO,4-2H,O (DCPD) and
Ca3SiO;5 (C3S) mainly due to the filler effect of the calcium
silicate’s hydrated phase and the chemical interaction between the
CPC matrix and C3S particles. However, the setting time of the

Figure 9. Macroscopic evaluation of CPC-BG composite and CPC specimens implanted into bone defects of rabbits for 4 and 12
weeks. (a) CPC+10% BG for 4 weeks. (b) CPC+20% BG for 4 weeks. (c) CPC for 4 weeks. (d) CPC+10% BG for 12 weeks. (e) CPC+20% BG for 12 weeks.

(f) CPC specimens for 12 weeks.
doi:10.1371/journal.pone.0062570.g009
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Figure 10. Three-dimensional reconstruction using micro-CT analysis. (a) residual material of the CPC-BG composite and CPC. (b) cross-
sectional images of rabbit femur after implantation for 4 and 12 weeks.

doi:10.1371/journal.pone.0062570.9g010

DCPD/C3S cement with 40 wt% C3S was prolonged to
approximatlely 60 min with increased C3S amount, which would
enhance the chance of the cement being washed out by
physiological liquid during clinical application [26]. In the present
study, the compressive strength of CPC-BG composite specimens
was significantly higher than the compressive strength of CPC,
and the CPC-BG composite specimens with 20 wt% BG possessed
the highest compressive strength, at approximaltely 26 MPa and
40 MPa after setting for 1 and 7 days, respectively. This high
strength may be due to the lower setting rate and consequently
more compact of the CPC-BG composite
(Figure 2). Moreover, Si ions tend to inhibit grain the growth of
HA crystals [27], which further contributes to the tendency of the
CPC-BG composite to form a compact and homogeneous
microstructure. However, the exact interaction
between CPC and BG need to be further illuminated.
For bioactive substitution materials, it is important to induce
abone-like apatite layer on the surface that can form chemical bonds

microstructure

mechanism
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to bone tissue at the early stage of the implantation [28]. Bioglass has
been reported to form bone-like apatite on its surface after being
soaked in SBF [29]. In the present study, the number and grain size of
apatite aggregates on CPC and CPC-BG composite surfaces
increased with prolonged immersion time. However, the number of
apatite aggregates on the surface ofthe CPC-BG composite waslarger
than the amount on the CPC surface after immersion for 7 and 14
days. Moreover, this apatite layer grew more densely when there was
agreater content of BG in the CPC-BG composite, indicating that the
bioactivity of the CPC-BG composite was improved. These results
suggest that the addition of BG could result in a bioactive composite
with controllable bioactivity. It is well known that the formation of
apatite on the surface of CPC mainly relies on supersaturation of Ca**
and PO,>” jonsand that the process of deposition proceeding at alow
rate leads to absent homogeneous apatite layer formation at the early
stages of the implantation [30]. With the addition of BG in the
composite, a SiO? ™ rich gel layer forms on the surface of the BG and
plays an important role in the formation of a CaO-PyOs-rich film,

259 4 crc

=3 CPC+10% BG
20+ CPC+20% BG
154

10-

12
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Figure 11. Quantitative analysis of residual material and new bone formation from micro-CT images. (a) residual material. (b) new bone

formation for 4 and 12 weeks.
doi:10.1371/journal.pone.0062570.g011
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Figure 12. Van Gieson’s-stained sections of CPC-BG composite and CPC specimens that were harvested at 4 (a-f) and 12 (g-1) weeks
after implantation. (a, b) CPC+20% BG for 4 weeks. (c, d) CPC+10% BG for 4 weeks. (e, f) CPC for 4 weeks. (g, h) CPC+20% BG for 12 weeks. (i, j)
CPC+10% BG for 12 weeks. (k, I) CPC for 12 weeks. M: materials. B: bone formation. Scale bar: 400 um (black), 160 um (white).

doi:10.1371/journal.pone.0062570.9g012

which provides favorable sites for nucleation of apatite crystals that
form the apatite layer in the simulated body environment. As the
content of BG increases, the CPC-BG composite provides more
nucleation sites for the apatite crystals, resulting in the formation of
a homogeneous apatite layer on the surface of the CPC-BG
composite. The assumption that the CPC-BG composite forms
astronger bond with the surrounding bone tissue than CPC needs to
be further confirmed by in vivo studies.

The biomaterial should be degradable and gradually replaced
by newly formed bone tissue [31]. Proper degradation in
a physiological environment is one of the most important
characteristics of in bone repair applications. The degradation
rate of CPC, which is composed of TECP and DCPA, is slow [25].
In the present study, the degradation rate of CPC-BG composite
was significantly faster than the degradation of CPC, which can be
attributed to the higher solubility of BG. In addition, the
degradation rate of the CPC-BG composite can be adjusted by
controlling the BG content.

The cellular responses to biomaterials can be influenced by surface
characteristics of the biomaterials in vitro. Ideally, bioactive materi-
als should interact actively with cells and stimulate cell growth [32]. A
first effort to culture rat osteoblasts on the novel CPC-BG composite
was performed to evaluate cell attachment, proliferation and
differentiation. Because the cell attachment stage is the initial stage
of interaction between the cells and the biomaterial, its quality will
directly affect cell growth, morphology, proliferation and differen-
tiation [34]. Cells adhered better to the surface of the CPC-BG
composite specimen than CPC after 8 h,indicating thatthe CPC-BG
composite was superior over CPC in promoting cellular attachment.
Furthermore, cells adhered best to the CPC-BG composite with
20 wt% BG, suggesting that BG played an important role in

PLOS ONE | www.plosone.org
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promoting cellular attachment. It has been known that surface
silanols (Si-OH) of BG, which generate a high negative-surface-
charge density, contribute to the strong irreversible adsorption of
serum proteins [35]. The enhancement of cell attachment was mostly
likely associated with the preferential adsorption of serum proteins
such as fibronectin onto BG, an intermediary step preceding cell
attachment to the biomaterial surface [36].

Both CPC and BG have been shown to be biocompatible in
previous in vitro and in vivo studies [33]. The novel CPC-BG
composite exhibited a positive cellular behavior and was shown to be
cyto-compatible with no obvious negative effects on cellular viability.

ALP activity was routinely used as an early marker of osteoblast
differentiation in vitro. Fetal osteoblastes were shown to differen-
tiate in a 4555 Bioglass® conditioned medium in the absence of
osteogenic supplements [12]. 4555 BG exhibited a significant
effect on the early differentiation of marrow stromal cells into
osteoblast-like cells [10]. Interestingly, it has been reported that
this effect on differentiation of rat MSCs, was not observed in
human MSCs when cells were grown on BG or with BG
dissolution products [37]. Similarly, additional findings showed
that BG-supplemented materials did not affect ALP of human
MSCs in vitro but they did elicit a marked increase in bone
formation in vivo where a complex mixture of cells and growth
factors was present. This difference indicates that BG supports
bone formation through a more complex mechanism than direct
stimulation of MSC differentiation [38-40]. Recently, it was
reported that PLGA-S-BG composites supported BMP-mediated
osteogenesis of human BMSCs, which reflects the good osteoin-
ductive properties of BG [41]. In the present study, our results
showed that the CPC-BG composite promoted cellular differen-
tiation and possessed excellent bioactivity when BG was added as
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a constituent. Thus, to better understand the effect of BG on bone
cells, a more thorough study on the human MSC response to BG
or BG-supplemented materials in vitro is necessary.

Biocompatibility is a factor relevant to the response of cells that
are In contact with the biomaterial, and it has been reported that
the surface of biomaterials may affect the behavior and
morphology of cells cultured on their surface [42]. SEM results
for cell morphology confirmed that cells attached and spread on
the surfaces of both the CPC-BG composite and CPC. The
observed cell-to-cell junctions revealed that both the CPC-BG
composite and CPC were suitable for cell attachment and growth.
At day 4, the number of cells on the CPC-BG composite appeared
to be more than the number on the CPC specimens, which can be
attributed to strong irreversible adsorption of serum proteins onto
BG.

Moreover, cellular responses to biomaterials, such as cell
attachment, proliferation and differentiation, depend not only on
the surface morphology but also on the chemical composition of the
biomaterial [43], which plays a crucial part in determining the cell-
material interaction for biomaterials by influencing the quantity of
ions released from the biomaterial [44]. Previous studies have
demonstrated thation dissolution products containing Ca and Si that
were released from BG can stimulate cell attachment, proliferation,
differentiation and mineralization [10-14]. In the present study,
dissolution of the CPC-BG composite provided a Ca- and Si-rich
environment to stimulate cell growth, proliferation and differentia-
tion.

In the in vivo study, the macroscopic evaluation results showed
that both the CPC-BG composite and CPC implants exhibited no
obvious inflammatory response, rejection or necrosis in the
adjacent host tissue and they incorporated well with the
surrounding tissue. With the prolonged time to 12 weeks, the
boundaries between CPC-BG composite specimens and normal
surrounding tissue were indistinct due to the degradation of
specimens and subsequent ingrowth of new bone. Conversely, the
CPC specimens exhibited few variations in size after 12 weeks
implantation. It is well known that resorption of the bone-
substitute material is required in the replacement of bone tissue
because bone ingrowth into the defect area requires the liberation
of the space [45]. In this study, the precise evaluation of in vivo
degradation and newly formed bone was confirmed with micro-
CT analysis. The in vivo resorption increased with prolonged
implantation time. There was remarkably higher in vivo degra-
dation of CPC-BG composites, which substantially influenced
bone formation. As the implantation time increased, new bone was
regenerated and gradually penetrated into the implant accompa-
nied by the resorption of the CPC-BG composite implant. It is
believed that chemical dissolution was the main way of resorption
for the implant during the early period of implantation because it
changed and enlarged the microstructure of the implant, which
could facilitate cell-mediated resorption later on. The increased
degradation of the CPC-BG composite implant might be related
to the increased dissolution of BG after contact with fluids [40].
Additionally, ionic dissolution products of BG have been reported
to beneficially affect osteogenesis by formation of a hydroxycarbo-
nate apatite (HCA) layer and promotion of bone growth [11,12].
Moreover, it has been suggested that BG has a stimulatory effect
on neovascularization [39,40], which, together with the osteopro-
motive properties of BG, might further influence bone formation
when using a CPC-BG composite as the bone-substitute material.
BVF gradually increased while the volume of the CPC-BG
composite specimens continued to decrease over time, which
indicates that cell-mediated resorption occurred. Direct and
intimate contact appeared at the interfaces of both CPC-BG
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composite and CPC specimens. However, a quantitative analysis
showed that the BVF values for the CPC-BG composite specimens
were greatly higher than the values for CPC. Moreover, more
extensive bone ingrowth occurred throughout the cross-sections of
the CPC-BG composite specimens, which indicates that more
effective osteogenesis and oseointegration had occurred at the
defect area; these indicators are considered to be critical to firmly
anchor the implant in place [46]. Histological evaluation revealed
that the CPC-BG composite specimens were encapsulated by the
surrounding bone tissue, and the new bone was in direct contact
with the implant 4 week after implantation. New bone tissues
formation increased considerably both in and along the implant
together with the resorption of the CPC-BG composite implant 12
weeks after implantation. The implant of CPC-BG composite
implant formed tight and direct bonding with the surrounding host
bone without the intervention of soft tissue, in accordance with
macroscopic evaluation and micro-C'T results. These results
confirmed that the CPC-BG composites exhibited not only faster
biodegradability but also enhanced and more effective osteogen-
esis and osteointegration at the defect area; these are significant
advantages over CPC. However, our study was carried out under
optimal conditions. Considering the differences in bone metabo-
lism for healthy bone compared with those under compromised
conditions, the biological performance of CPC-BG composite
should be tested for compromised conditions such as osteoporosis.
Moreover, long-term studies of CPC-BG composites for bone
regeneration should be carried out. As an ideal implanted
biomaterial candidate for bone regeneration, the CPC-BG
composites discussed herein presented good biocompatibility and
osteoconductive properties and induced bone ingrowth into the
implant. In addition, the material was shown to be resorbable and
it is replaced by new bone in a creeping substitution manner.
Finally, the material can be handled as a paste and set in situ
within a comfortable time. Our findings suggested that CPC-BG is
a potential bioactive composite material for bone regeneration in
future clinical situations.

Conclusions

A novel injectable CPC-BG composite was first fabricated and
characterized by incorporating BG into CPC and showed
a prolonged setting time with improved injectability. The
mechanical strength of the CPC-BG composite was significantly
enhanced over CPC. Furthermore, incorporation of BG into the
CPC appeared to significantly improve the bioactivity and
degradability. The CPC-BG composite promotes the attachment,
proliferation and differentiation of rat osteoblasts and exhibits
excellent biocompatibility with no negative effects on cell
morphology or viability. Macroscopic observations of CPC-BG
composite implants exhibited no obvious inflammatory response,
rejection or necrosis, and the implants incorporated well with the
surrounding tissue in vivo. Micro-C'T" and histological evaluations
confirmed that the CPC-BG composite implants exhibited more
effective osteogenesis and osteointegration at the defect area than
CPC with good biocompatibility and biodegradability. In conclu-
sion, this novel injectable biomaterial with improved properties by
incorporation of BG into CPC exhibits promising prospects for
bone regeneration.
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