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racterization and in vitro cell
performance of anti-washout calcium phosphate
cement modified by sodium polyacrylate

Xingmei Li,ab Fupo Hec and Jiandong Ye *abd

The anti-washout ability of calcium phosphate cement (CPC) is essential for its application in massive

hemorrhage regions. However, the undesirable anti-washout property of CPC inhibits its broader

application. This study reports the effectiveness of sodium polyacrylate (PAAS) in the enhancement of

anti-washout ability of CPC. The washout resistance, injectability, rheological property, setting time,

compressive strength, phase, microstructure, and in vitro cell behaviors of the modified CPC were

evaluated. The results showed that PAAS significantly enhanced the anti-washout property and

injectability of the cement paste. Meanwhile, PAAS hardly affected the precipitation of hydroxyapatite

(HAp), setting time, and microstructure. A low content of PAAS slightly reduced the compressive strength

of CPC, but the compressive strength of CPC gradually increased with increasing PAAS content. The in

vitro cell assessments demonstrated that all the samples were biocompatible and mouse bone

mesenchymal stem cells (mBMSCs) well adhered, spread, and proliferated on the samples. This anti-

washout CPC modified by PAAS has potential application prospects in orthopedic surgery.
1. Introduction

Calcium phosphate cement (CPC) was successfully created by
Brown and Chow in 1980s.1 In the last three decades, CPC had
been increasingly investigated and used as a bone substitute
material because of its excellent biocompatibility, bioactivity,
osteoconductivity, injectability, self-setting characteristic, and
easy shaping for targeting specic defects.2 Injectable CPC has
the potential to repair bone defects by minimally invasive
surgical techniques. However, it is widely accepted that there
are some crucial issues that need to be solved to satisfy clinical
requirements, such as the undesirable anti-washout ability. The
CPC paste tends to disintegrate due to its weak cohesion, when
it contacts with biological uids or blood in surgical sites in
clinical applications. Solid particles separated from CPC may
get into the blood stream, causing a severe inammatory
response, pulmonary embolism, and cardiovascular deteriora-
tion in vertebroplasty or kyphoplasty procedures.3 Therefore, it
is necessary to improve the anti-washout ability of injectable
CPCs to meet the demand of clinical applications.
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Accelerating the setting process and improving cohesion are
both effective ways to improve the anti-washout property of
injectable CPCs. Many liquid or solid substances have been
used to reduce setting time of CPC. Previous studies revealed
that the addition of citric acid,4 mesoporous bioactive glass,5

magnesium phosphate,3 and wollastonite6 could effectively
shorten the setting time and improve the anti-washout property
of CPC. Moreover, increasing the cohesion of cement paste has
been proved another useful strategy to improve anti-washout
property. Numerous synthetic or natural polymers, such as
sodium alginate,7 chitosan,8–10 modied starch,10 hydroxypropyl
methylcellulose,11–13 polylactide,14 and xanthan gum,3 are effi-
cient additives for improving the cohesion of CPC paste.
However, in many cases the improvement in anti-washout
property of CPC by introduction of polymer additives was at
the expense of prolonging the setting time and reducing
mechanical strength and injectability of CPC.1

The aim of this study is to develop a novel injectable CPC,
which not only has a noticeably improved anti-washout prop-
erty, but also avoids prolonging setting time and markedly
reducing injectability and mechanical strength. Sodium poly-
acrylate (PAAS) is nontoxic and biocompatible. PAAS is widely
used as a safe food additive,15–17 and has potential applications
in the drug delivery or other implantable materials.18 Fig. 1
exhibits the chemical structure of PAAS. Due to the repeated
carboxyl groups along the molecular chain, PAAS possesses
high viscosity, strong hydrophilicity, and shape retention ability
when it is dissolved in aqueous solution. Therefore, these
advantages of PAAS motivated us to hypothesize that PAAS
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The chemical structure of PAAS.
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could be used to improve the anti-washout property of CPC
paste.

In this study, an attempt was made to improve anti-washout
property of injectable CPC by introducing PAAS. The effects of
PAAS on the washout resistance, injectability, rheological
properties, setting time, compressive strength, porosity, phase,
microstructure, and in vitro cellular behaviors were compre-
hensively investigated.
2. Materials and methods
2.1. Material preparation

The CPC powder used in this study was a mixture of partially
crystallized calcium phosphate (PCCP), dicalcium phosphate
anhydrous (CaHPO4, DCPA) and hydroxyapatite (Ca10(PO4)6(-
OH)2, HAp) with low crystallinity. The mass ratio of PCCP,
DCPA, and HAp in the mixtures was 4.5 : 4.5 : 1. The prepara-
tion procedures of PCCP powder was described in the previous
studies of our research group.19 PCCP powder was synthesized
from an aqueous solution of Ca(NO3)2$4H2O (0.36 M) and
(NH4)2HPO4$12H2O (0.15 M) by chemical precipitation method.
Then, the deposit was centrifugally separated, freeze-dried, and
calcined at 450 �C for 2 h in a furnace, and the calcined powder
was grinded to obtain the ready-for-use PCCP powder. DCPA
powder was obtained by dehydration at 120 �C for 12 h and then
milling for 2 h of the commercially available dicalcium phos-
phate dehydrate (CaHPO4$2H2O). HAp was synthesized through
a chemical precipitation method using calcium nitrate
(Ca(NO3)2$4H2O, 0.25 M) and diammonium phosphate
((NH4)2HPO4, 0.15 M).20 Subsequently, the precipitate was
washed with deionized water and centrifugally separated,
lyophilized and grinded to obtain the HAp powder. PAAS
powder was introduced into CPC powder at mass ratios of 0,
0.25%, 0.5%, 0.75%, 1.00%, and 2.00%, respectively. Deionized
water and CPC powder containing PAAS were homogeneously
mixed in an agate mortar to obtain CPC paste with a workable
consistency. The liquid to powder (L/P) ratio was 0.4 mL g�1.
The cement without PAAS was used as the control group. In this
study, all of the reagents used were of analytical grade and
commercially obtained from a domestic company (Aladdin
Industrial Corp, China) except those mentioned specially.
2.2. Rheological properties test

Rheological properties of CPC paste were analyzed by a rheom-
eter (ARG2, TA Instrument, USA). The viscosity and shear stress
curves were obtained by measuring the variation of viscosity
and shear stress at different shear rate. During the tests, the
shear rate was increased from the initial rate of 0.01 s�1 to the
nal rate of 100 s�1.
This journal is © The Royal Society of Chemistry 2017
2.3. Anti-washout property evaluation

Anti-washout property evaluation of the cement pastes included
qualitative visual observation and quantitative measurement.
The cement paste in a syringe was immediately injected into
a beaker lled with simulated body uid (SBF, 30 mL) solution.
Then these samples were put into a shaker at 37 �C and shaken
at a speed of 60 rpm for 0, 15, and 30 min. The samples were
taken out and evaluated by visual observation. For quantitative
measurement, the CPC pastes were placed into stainless steel
moulds. The cylindrical cement samples (diameter ¼ 6 mm,
height ¼ 12 mm) were immediately demoulded aer the
moulds lled with the cement paste, and then soaked in SBF
solution (30 mL for each) in the beakers. The beakers with
samples were xed in the above-mentioned shaker. Aer being
shaken for 0, 10, 20, 30, and 60 min, the samples were taken out
and dried at 37 �C. The mass of as-prepared samples and
decayed samples aer shaking was measured. The anti-washout
property of the cement paste was evaluated according to eqn (1).
Each specimen was repeated six times.

Mass loss% ¼ (mass loss during shaking)/(total mass) � 100%

(1)
2.4. Injectability test

Injectability of the cement paste was tested using a syringe,
which is tted with a needle of 2.1 mm in inner diameter. 5 g
CPC powder was mixed with deionized water (2.0 mL) for 30 s
and put into the syringe. The cement paste was extruded from
the syringe by a universal material testing machine (Instron
5567, Instron, USA) at a speed of 15 mm min�1 until
a maximum force of 100 N was reached. The extrusion rate was
kept constant, while the force during the extrusion process was
recorded. The mass of the CPC paste inside the syringe before
and aer extrusion was weighed. The injectability was calcu-
lated by the mass ratio of the extruded paste to the original
paste in the syringe.21 Each measurement was repeated four
times.
2.5. Setting time test

Setting time of the cements was measured according to the
Gilmore needle method. Aer mixing the CPC powder and
liquid, the homogeneous cement paste was poured into stain-
less steel moulds immediately. Subsequently, the cement
samples were placed in an incubator at 37 �C and 98% relative
humidity. The initial setting occurred when the cement could
withstand a small xed pressure exerted by a thin Gilmore
needle. The nal setting took place when the thick Gilmore
needle did not produce a visible impression. Each specimen
was repeated four times.
2.6. Compressive strength and porosity measurement

A cylindric steel mould (inner diameter ¼ 6 mm, height ¼ 12
mm) was used to prepare cement samples for compressive
strength and porosity tests. Aer being poured into the moulds,
the cement was pressed using a compression testing machine
RSC Adv., 2017, 7, 32842–32849 | 32843

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03221h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/2
8/

20
26

 9
:4

4:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
under a force about 10 kg for 15 s to remove the bubbles in the
paste. The cement samples were removed from the moulds and
hydrated in an incubator at 37 �C and 98% relative humidity for
3 days. A universal material testing machine (Instron 5567,
Instron, USA) was used to measure the compressive strength of
the cement samples at a crosshead speed of 1 mm min�1. The
porosity of the samples was determined by the Archimedes
technique with ethanol as displacement liquid, as described in
the previous report.6 Each specimen was repeated six times.

2.7. Phase and microstructure characterization

The hydrated samples were ground into powder, and then
characterized by an X-ray diffractometer (XRD, X'Pert PRO,
PANalytical, Netherlands) using Cu-Ka radiation. The XRD
patterns were collected in the range of 10� to 70� for 2q with
a step size of 0.013�. Microstructure and cross sectional
morphology of the hydrated samples were observed under
a scanning electron microscope (SEM, Nova NanoSEM 430, FEI,
Netherlands) with an accelerating voltage of 15 kV aer the
samples were gold-coated.

2.8. Cytocompatibility assessment

2.8.1. Cell culture. Mouse bone marrow stromal cells
(mBMSCs, ATCC, USA) were used to examine the effect of PAAS
additive on the cell behaviors on the modied CPC. mBMSCs
were cultured in cell culture asks in an incubator (37 �C, 5%
CO2). The complete culture medium was composed of 90%
high-glucose Dulbecco's modied eagle's medium (H-DMEM;
Gibco, USA) and 10% fetal bovine serum (FBS; Gibco,
Hyclone, USA). The complete culture medium was refreshed
every other day.

2.8.2. Cell proliferation. Six groups of hydrated cement
disks (diameter ¼ 6 mm; height ¼ 1.5 mm) were sterilized by
gamma irradiation at 15 kGy. The cement disks were placed into
48-well plates and cell suspension (500 mL, 2� 104 cells per mL)
was added to each well. Cells seeded on the cement disks were
cultured in a humidied incubator at 37 �C with 5% CO2. The
complete culture medium was refreshed every other day. Cell
Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan) was used
to evaluate the proliferation of mBMSCs on the samples. Aer
cell culture for 1, 3, and 7 days, the cement disks were trans-
ferred to a new 48-well plate. Then, complete culture medium
(250 mL) containing 10 vol% CCK-8 work solution was added to
each well and incubated at 37 �C in 5% CO2 for 1 h. The
absorbance of supernatant was read at 450 nm using a micro-
plate reader (Thermo 3001, Thermo, USA). The detected optical
density (OD) values were converted to cell numbers by making
a calibration curve of absorbance with cell numbers. Test for
each specimen was repeated six times.

2.8.3. Cell viability and attachment. Aer being cultured
for 24 h, the viability of mBMSCs cultured on the CPC disks was
observed using a Live kit (Biotium, USA) under a uorescence
inverted microscope (Nikon, Eclipse Ti-U, Japan), following the
manufacture's instruction. Morphology of cells attached on the
CPC disks was analyzed by SEM observation. Aer 1 day of
incubation, the disks were washed three times with phosphate
32844 | RSC Adv., 2017, 7, 32842–32849
buffer solution (PBS), xed with 2.5% glutaraldehyde solution
for 1 h, followed by dehydration with a series of gradient
ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%), air-dried,
sputtered with gold, and observed by SEM (Nova NanoSEM 430,
FEI, Netherlands). Cell cytoskeleton arrangement was observed
with a confocal laser scanning microscope (CLSM; TCS SP8,
Leica Co., Germany). Aer cell culture for 1 day, the disks were
taken out, washed with PBS, xed with 4% paraformaldehyde,
and immersed in 0.1% Triton (Sigma Aldrich, USA) solution for
5 min. Subsequently, the cell actin cytoskeleton and nuclei
stainings were performed using FITC-phalloidin (cell navigator
F-actin labelling kit, AAT Bioquest, USA) and DAPI (Beyotime,
China) according to the manufacturer's protocols. Then the cell
cytoskeleton was observed and photographed using CLSM.

2.8.4. Cell differentiation. mBMSCs were seeded on the
cement disks with a cell density of 3 � 104 cells per well, and
cultured in an incubator with 5% CO2 at 37 �C. The osteoblastic
differentiation of mBMSCs was assayed by the investigation of
alkaline phosphatase (ALP) activity. mBMSCs were lysed using
lysis buffer (250 mL, 0.1 vol% Triton X-100 in 10 mM Tris–HCl
buffer solution, pH ¼ 7.4) at 4 �C for 4 h. ALP activity was
analyzed by p-nitrophenylphosphate (pNPP, Sigma-Aldrich,
USA) method. The lysate (20 mL) from each sample was added
with pNPP solution (200 mL, 5 mM, dissolved in 0.1 M glycine
buffer), incubated at 37 �C for 15 min and terminated by the
addition of NaOH solution (200 mL, 1 M). The enzyme activity
was measured based on the formation of p-nitrophenol (pNP)
and quantied by absorbance at 410 nm. The total protein
content of cells was assessed using BCA Protein Assay Kit
(Thermo Scientic, USA) according to the manufacturer's
protocol and absorbance at 562 nm was read. The ALP activity
was expressed as enzyme activity unit per milligram of total
protein content.
2.9. Statistical analysis

All data in this study were presented as mean value � standard
deviation (SD). One-way analysis of variance (one-way ANOVA)
was used to evaluate the signicant differences between the
experimental data. A value of p < 0.05 was considered as
statistical signicance (*p < 0.05, **p < 0.01, ***p < 0.001).
3. Results and discussion
3.1. The preparation of anti-washout CPC

In this study, we have fabricated a novel anti-washout CPC for
bone repair by the addition of biocompatible PAAS, and inves-
tigated the effect of PAAS content on the physical–chemical
properties and in vitro cellular behaviors of CPC. PAAS is a water
soluble polymer, so it will dissolve whenmixing the CPC powder
containing PAAS with water and increase the viscosity and
cohesion of the CPC pastes. On one hand, PAAS could serve as
an anti-washout agent to enhance the anti-washout property of
CPC. On the other hand, PAAS could increase the viscosity of the
cement paste and the stability of the CPC pastes with an
appropriate content of PAAS, thus endowing the cement with an
excellent injectability.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Anti-washout observation of cement pastes in SBF after shaking
for 0, 15, and 30 min.
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3.2. Rheological properties

The rheological properties of CPC pastes with different PAAS
contents are shown in Fig. 2. As shown in Fig. 2(a), when the
shear rate was lower than 0.8 s�1, the viscosity of all the CPCs
with and without PAAS decreased rapidly with the increase of
shear rate. When the shear rate was higher than 0.8 s�1, the
viscosity of CPC pastes declined at rst, and then tended to be
in a steady state. The viscosity of CPCs increased with the
increase of PAAS content. Fig. 2(b) reveals that the shear stress
of CPC pastes increased with the increase of PAAS content. At
the shear rate of 40 s�1, it increased from 22 Pa to 537 Pa as the
PAAS content increased from 0 to 2.00 wt%.When the shear rate
was higher than 40 s�1, the shear stress of CPC pastes tended to
be stable. The viscosity and shear stress of the cement con-
taining 2.00 wt% PAAS was much higher than those of the
cements with lower PAAS contents.
Fig. 4 Mass loss of cement pastes in SBF after shaking for 0, 10, 20, 30,
and 60 min.
3.3. Anti-washout property

The qualitative and quantitative results of anti-washout prop-
erty of the cements with different concentrations of PAAS are
shown in Fig. 3 and 4, respectively. The mass loss of all the
groups increased with the prolongation of shaking time. The
control cement paste in the SBF solution could not maintain an
intact shape of long strip and its mass loss reached 63.26% �
2.95% aer shaking for 1 h. There was no noticeable disinte-
gration happening to all the CPC samples modied with PAAS
before shaking. As the content of PAAS in CPC increased from
0.25 wt% to 2.00 wt%, the mass loss of CPC paste decreased
from 10.23% � 1.48% to 4.97% � 0.84% aer shaking for 1 h.

In this study, PAAS effectively improved anti-washout prop-
erty of CPC. As the hydration reaction happens, the surrounding
water is likely to invade the cement paste, destroying the
connection among the CPC particles or HAp crystals and
leading to decay of cement paste.22,23 It is known that PAAS has
excellent hydrophilicity and gel properties.24 When PAAS was
introduced into CPC system, a network spreading all over the
paste could form and immobilize the CPC particles, maintain-
ing the shape of paste even exposed to the surrounding liquid.
Some studies demonstrated that the anti-washout property of
CPC is oen associated with cohesion.1 Baroud et al.25 proposed
that using high-viscosity cement could effectively prevent
extraosseous cement leakage, which oen occurs during the
vertebroplasty procedures. The viscosity of CPC paste increased
with the increase of PAAS content (Fig. 2(a)). PAAS acted as
Fig. 2 Influence of PAAS content on the viscosity (a) and shear stress
(b).

This journal is © The Royal Society of Chemistry 2017
a binder to increase the cohesion of the cement paste,
restraining the penetration of liquid into the cement paste and
the separation of the CPC particles and decreasing the mass
loss during shaking. In addition, it was reported that PAAS
formed insoluble gelatinous calcium salt by cross-linking of
carboxyl groups with Ca2+.26 The PAAS molecules adsorbed on
the surface of CPC particles via chemical bonding between
carboxyl groups in PAAS and calcium ions in CPC, which
promoted the CPC particles interlocking. As a result, the anti-
washout ability of CPC was markedly enhanced by the addi-
tion of PAAS.

3.4. Injectability

With the increasing development of minimally invasive tech-
niques in surgical procedures, there is growing requirement in
the injectability of CPC. Fig. 5(a) shows the injectability of the
CPCs with and without PAAS. Except the control CPC paste
(36.37% � 4.30%), all the cements with PAAS were almost
completely extruded. Compared with other anti-washout
agents, such as chitosan and sodium alginate, the addition of
PAAS is more benecial to improve the injectability of CPC
while enhancing its anti-washout property.

The control group showed poor injectability, which was re-
ected by severe solid–liquid separation during the extrusion,
as described in previous report.27 It can be seen that the
signicant improvement in the injectability of cement paste by
the addition of PAAS was attributed to its excellent rheological
RSC Adv., 2017, 7, 32842–32849 | 32845
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Fig. 5 The injectability (a) and extrusion curves (b) of the cements with
different contents of PAAS.

Fig. 6 Influence of PAAS content on the initial and final setting time of
the cements.

Fig. 7 Influence of PAAS content on the compressive strength of the
cements.
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properties and stability. The cement pastes with PAAS were
strongly shear-thinning, and could simultaneously behave like
a very viscous paste. Moreover, PAAS was used to modify the
injectability via a chemical interaction. PAAS is indeed known to
interact with calcium ions27,28 and is oen used to increase the
electronegativity of ceramic slips and improve the rheological
properties as a dispersant. The dispersing performance of PAAS
depends on its degree of polymerization.

Fig. 5(b) shows the extrusion curves recorded during the
injection processes. For the control CPC, there was a sharp
monotonous increase in the extrusion force, which could be
attributed to phase separation. By contrast, the extrusion force
of CPC pastes with PAAS was typically characterized by an initial
accelerated increase stage, a subsequent smooth plateau stage,
and a nal rapid increase stage. The accelerated extrusion force
at the initial stage was caused by the yield stress that must be
applied to make the paste start owing. The smooth plateau of
the extrusion force was caused by requirement of maintaining
the paste ow. From these curves, it was apparent that the
extrusion force at the plateau increased from 20 N to 80 N when
the content of PAAS increased from 0.25 wt% to 2.00 wt%. This
was attributed to the elevated viscosity of the pastes when
a higher content of PAAS was introduced. At the end of the
extrusion, the rapid increase in the extrusion force resulted
from the mechanical contact between the syringe plunger and
the bottom of syringe when almost all the paste was extruded.
3.5. Setting time

A suitable setting time is important for injectable cement in
clinical application. Reports indicated that some polymers could
inuence the hydration process of CPC and prolong its setting
time.29–31 Longer setting time is not conducive to improvement of
anti-washout property. The effect of PAAS content on the setting
time of CPC is shown in Fig. 6. It can be seen that the addition of
PAAS did not signicantly affect the initial and nal setting time
of cements when the content of PAAS was no more than 1 wt%.
However, the addition of 2 wt% PAAS slightly prolonged the nal
setting time of CPC. The PAAS adsorbed on the surface of cement
particles, which slowed down hydration process and then pro-
longed the setting time of CPC.
Fig. 8 Influence of PAAS content on the porosity of the cements.
3.6. Compressive strength and porosity

Fig. 7 presents the compressive strength of the cement samples.
Low content of PAAS (#1.00 wt%) decreased slightly the
32846 | RSC Adv., 2017, 7, 32842–32849
compressive strength of CPC compared with the control group
(22.59� 2.52 MPa). When the PAAS content increased from 0.25
to 2.00 wt%, the compressive strength of CPC increased from
14.13 � 0.62 MPa to 23.39 � 2.57 MPa.

Generally speaking, smaller amount of PAAS adsorbed on the
surface of CPC particles would weaken interface between CPC
particles and result in the decrease of compressive strength.
Chen et al.32 found the similar results that a higher weight ratio
of polyacrylic acid to CPC was feasible to increase the compres-
sive strength of CPC samples. In this study, larger amount of
PAAS in CPCmatrix would tend to form a homogeneous gel with
three dimensional network structure, wrapping cement particles
together by forming cross-links between carboxyl groups and
calcium ions. This would contribute to the increase in
compressive strength of CPC when the PAAS content increased.

The porosity of cement samples is shown in Fig. 8. The
addition of PAAS had little effect on the porosity of CPC, and the
porosity stayed between 40% and 50%.
This journal is © The Royal Society of Chemistry 2017
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3.7. Phase and microstructure characterization

Fig. 9 shows XRD patterns of the CPCs with different concen-
trations of PAAS aer hydration for 3 days. The crystallization
peaks were attributed to poorly crystalline HAp (JCPDS card no.
09-0432) resulting from the dissolution–deposition reaction
between PCCP and DCPA.19 There was no obvious difference in
the XRD patterns among the various experimental groups.
Fig. 10 presents SEM photographs of the fractured surface of the
control CPC and the samples with different concentrations of
PAAS. It can be observed that a lot of ne needle-like and plate-
like apatite grains interlocked with each other. Plentiful nano or
submicron pores with irregular shapes were observed. This
illustrated that the addition of PAAS did not signicantly
inuence the hydration product and microstructure of CPC.
Fig. 11 Attachment morphology (a), nuclear and cytoskeleton staining
(b), fluorescence photographs (c) of mBMSCs on CPCs after cultured
for 1 day. They were evaluated by SEM, confocal laser scanning
microscope, and fluorescence inverted microscope, respectively.
3.8. In vitro biocompatibility

PAAS is known to be nontoxic as a sodium salt of PAA, which has
been used in the drug delivery eld. Fig. 11(a) presents the
morphology of cell attached on the CPC samples aer cell
culture for 1 day. The cells completely spread on all the samples
with outstretched pseudopodium, indicating good cell adhe-
sion to the surfaces of all the CPCs. The images of nuclear (blue)
and cytoskeleton (green) of the cells cultured on disks are
shown in Fig. 11(b). The cells were in spindle-shape and well
spread. A large number of lopodia-like pseudopods were
exhibited on the surface of cells. Moreover, cells attaching on
the surfaces of CPC samples were closely connected with each
other. Fig. 11(c) displays the uorescence photographs of
Fig. 9 XRD patterns of the hydrated cements.

Fig. 10 SEM micrographs of the hydrated cements.

This journal is © The Royal Society of Chemistry 2017
mBMSCs cultured on the CPC samples. The cells grew and
spread very well. It suggested that the introduction of PAAS was
benecial for cell adhesion.

The cell proliferation on the CPC samples is presented in
Fig. 12. CCK-8 assay indicated that the proliferation of mBMSCs
on the CPCs with PAAS (#1.00 wt%) was superior to that on the
control CPC aer cell culture for 3 and 7 days. When the content
of PAAS was up to 2 wt%, the proliferation of cells was signi-
cantly inhibited on the day 3 but had no obvious variation on
the day 7 compared with the control group.

ALP activity is deemed as an early marker of osteogenic
differentiation. The ALP activity of mBMSCs on the CPC
samples is shown in Fig. 13. The ALP activity of mBMSCs on the
samples of all the groups had no obvious variation on the day 7.
Fig. 12 The proliferation of mBMSCs cultured on CPC and CPC with
PAAS. Data are represented as means � SD (**p < 0.01, ***p < 0.001).

RSC Adv., 2017, 7, 32842–32849 | 32847
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Fig. 13 ALP activity of mBMSCs cultured on the cement after 7 and 14
days. Data are represented means � SD (*p < 0.05, **p < 0.1).
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On the day 14, the ALP activity of mBMSCs on the sample with
0.25 wt% PAAS was slightly higher than that on the control
group, but no statistical signicance was attained. When the
content of PAAS was more than 0.25 wt%, the ALP activity was
a little lower than that on the control group.

Based on the mBMSCs responses to the cement samples, all
the CPCs with and without PAAS were demonstrated to provide
favourable conditions for cell adhesion, spreading, and prolif-
eration, proving the biocompatibility of PAAS as an effective anti-
washout agent. The cell behaviors of CPC samples might have
something to do with different surface conditions, such as
hydrophilicity and surface electrostatic. Due to the repeated
carboxyl groups along the molecular chain and strong hydro-
philicity, PAAS might enhance the surface hydrophilicity, elec-
tronegativity, and protein adsorption of CPC. This contributed to
the cell proliferation. Previous studies33,34 reported that poly(-
acrylic acid) surface with negative charges promoted the cell
adhesion, proliferation, osteogenic differentiation, and gene
expression of theMSCs by introducing carboxyl. In these studies,
PAA-modied surfaces adsorbed more bronectin molecules,
whose conformation might affect its specic bonding with
integrin. Moreover, the surface density of the PAA molecules
affected protein adsorption, cell adhesion, and proliferation.34,35

4. Conclusions

In this study, an anti-washout injectable CPC for bone repair
was successfully fabricated by the addition of PAAS. It is indi-
cated that the addition of PAAS signicantly improve the
washout resistance and injectability of CPC. PAAS hardly
affected the transformation to Hap during hydration process,
setting time, microstructure, and morphology of CPC. Low
content of PAAS slightly reduced the compressive strength, but
the compressive strength of CPC gradually increased with the
increasing PAAS content. Moreover, the modied CPC con-
taining PAAS was proved to be biocompatible and support
adhesion and proliferation of mBMSCs. Therefore, the anti-
washout cement containing PAAS has the potential for use in
orthopedic applications.
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