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Abstract Anti-washout CaF2 stabilized C3S (F-C3S)

bone cement was prepared by adding water-soluble car-

boxymethyl chitosan (CMCS) to the hydration liquid. The

setting time, compressive strength and in vitro bioactivity

of the CMCS modified F-C3S (CMCS–C3S) pastes were

evaluated. The results indicate that CMCS–C3S pastes

could be stable in the shaking simulated body fluid (SBF)

after immediately mixed. The addition of CMCS signifi-

cantly enhances the cohesion of particles, at the same time

restrains the penetration of liquid, and thus endows the

anti-washout ability. The setting times of the pastes

increase with the increase of CMCS concentrations in the

hydration liquid. Besides, the compressive strengths of

CMCS–C3S pastes after setting for 1–28 days are lower

than that of the pure F-C3S paste, but the sufficient

strengths would be suitable for the clinical applications.

The crystalline apatite deposited on the paste surface is

retarded from 1 to 2 days for the addition of CMCS, but the

quantities of deposited apatite are same after soaking in

SBF for 3 days. As the result that pure C3S paste has

shorter setting times than pure F-C3S paste, CMCS modi-

fied pure C3S pastes would have better anti-washout abil-

ity. Our study provides a convenient way to use C3S bone

cement with excellent anti-washout ability when the pastes

are exposed to biological fluids. The novel anti-washout

CMCS–C3S bone cement with suitable setting times,

sufficient strengths and in vitro bioactivity would have

good prospects for medical application.

1 Introduction

Tricalcium silicate (Ca3SiO5, C3S), a novel self-setting

biomaterial, has been shown to exhibit excellent in vitro

bioactivity, bacterial leakage and biocompatibility. Actu-

ally, C3S, the basic component of the Mineral Trioxide

Aggregate (MTA), has been investigated for endodontic

application since the early 1900s [1]. However, the neu-

rotoxic aluminum ions leached from MTA may cause

defects in adjacent bone growth [2, 3], and has some bad

effects on biocompatibility of MTA. In addition, the

complex composition of MTA makes it difficult to prepare,

and its origin as well the types of preparation may affect its

antimicrobial characteristics [4]. In order to avoid the

disadvantages of MTA, pure C3S has attracted the attention

of many investigators for further investigation as a new

bone cement [5, 6]. Several studies have proved the fea-

sibility of pure C3S to be used as an injectable bone-defect-

filling material, as the results that pure C3S shows good

self-setting ability (hydraulic properties), excellent in vitro

bioactivity, moderate degradability and cytocompatibility

[5, 7–10]. Moreover, the controlled releases of biologically

active Ca and Si ions from bioactive glasses lead to the

upregulation and activation of seven families of genes in

osteoprogenitor cells, which give rise to repaid bone

regeneration [11]. Studies also have indicated that the ionic

dissolution products released from pure C3S paste in a

certain concentration range also can promote the growth of

osteoprogenitor cell, it suggests that Ca and Si ions are the

main factors that affect the osteoprogenitor cell prolifera-

tion [12, 13]. These finding offers the possibilities of
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creating a gene activating C3S bone cement to achieve

bone regeneration by controlling its ionic dissolution

products [14].

However, the washout problem of C3S bone cement may

limit the further studies and potential wider applications of

this novel self-setting biomaterial. The hardened C3S paste

is stable in biological fluids, but the unhardened paste

would decay when it comes into contact with such fluids

before the completion of the setting reaction, thus the

decay of the paste would result in the failure of the oper-

ation or, at least, would decrease the effectiveness of the

operation. As well as the calcium phosphate cements

(CPC) [15, 16], two independent processes are thought to

proceed competitively when the C3S paste is immersed in

biological fluids. One process is the polymerization and

solidification of calcium silicate hydration (CSH) gel that is

triggered by the hydration reaction of C3S. Another is the

penetration of liquid into the unhardened paste that induces

washout of C3S paste. Unfortunately, its initial and final

setting times of 90 and 180 min with a liquid/powder (L/P)

ratio of 0.8 ml/g seem too long to avoid the washout

problem (Table 1). Although, Ca(H2PO4)2�H2O [17],

CaCl2 [18], Na2CO3 [19] and CaCO3 [20] had been applied

to reduced the setting time as shown in Table 1. The setting

times of C3S pastes with additives are also longer as

compared with those of CPC [15, 21]. It is hard to avoid

washout by accelerating setting process of C3S paste. So, it

is need to further develop the anti-washout C3S bone

cement by the reduction of liquid penetration.

In 1995, the no-decay CPC had been developed by

employing the fast setting CPC as the based cement, and

the penetration of liquid into the cement paste is reduced

by the addition of sodium alginate which forms a water

insoluble gel, calcium alginate. Several studies also have

shown that the incorporation of a gelling agent, such as

hydroxypropyl methylcellulose, carboxymethyl cellulose,

alginate, chitosan, modified starch, etc., into CPC could

provide good washout ability [22–24]. These admixtures

improve the anti-washout ability with the respect to the

cohesion of CPC by reducing bleeding, deaggregation and

washout loss [22]. As it is well known, chitosan and its

derivatives are useful natural biopolymers in the biomedi-

cal area due to their excellent biological properties such as

biocompatibility, biodegradability, and non-toxicity prop-

erties [25, 26]. Moreover, chitosan has pharmacological

benefits for bone formation [27]. With the inspiration from

anti-washout CPC, carboxymethyl chitosan (CMCS) solu-

tion was applied as a hydration liquid to overcome the

washout of C3S paste.

In this study, 2 wt% CaF2 stabilized C3S (F-C3S) was

used, because it is more easy to prepare F-C3S than pure

C3S as we previously described [9]. Moreover, the setting

times of F-C3S are longer than pure C3S [5]. Such a long

setting time (Table 2) is undesirable and disadvantageous

to clinical application because of the cement’s inability to

maintain its shape and provide initial strength after surgery

[21]. However, the longer setting time would be more

helpful to study and evaluate the effects of CMCS on the

penetration of liquid, which leads to the anti-washout and

unstable of the paste before the completion of the setting

reaction. In addition, the effect of CMCS solution on the

compressive strength and in vitro bioactivity of F-C3S

paste were investigated.

2 Materials and methods

2.1 Preparation of the paste

The F-C3S used in this study was prepared by the solid state

reaction as previously described [10]. Briefly, analytical

reagent SiO2, CaCO3, and CaF2 were used as starting

materials and homogenized in a ceramic grinder for 12 h.

Then, the raw mixtures were calcined in an electrical furnace

at 1450�C, the calcined samples were removed from the

furnace and quenched to room temperature in air. The cal-

cining processes were repeated until the free lime content is

lower than 0.1% (the free lime content in the sample

was determined according to ASTM C114 Section 27). The

F-C3S powder was prepared by grinding the calcined sam-

ple in a ball mill for 12 h. The particle size distribution of

F-C3S powder was characterized by a flow particle analyzer

(Sysemex FPIA-3000, Kobe, Japan). CMCS (carboxylation

degree: 83.6%, Zhejiang Aoxing Biotechnology Co., Ltd,

China) was dissolved in deionized water to form 0.50

and 1.00 wt% CMCS solutions. The viscosities of CMCS

solutions were determined using a rotational viscometer

(Shangping NDJ-1, Jingke, Shanghai).

To prepare the pastes, F-C3S powder was mixed with

deionized water, 0.50 and 1.00 wt% CMCS solutions with an

L/P ratio of 0.67 ml/g, and named as pure F-C3S paste, 0.50

wt% CMCS–C3S paste and 1.00 wt% CMCS–C3S paste

(Table 2), respectively. The mixtures were mixed to form a

homogeneous paste within 2 min for further experiment.

Table 1 The setting times of pure C3S based cements with an L/P of

0.8 ml/g at 37�C

Additives Content

(wt%)

Initial setting

time (min)

Final setting

time (min)

Ref.

– – 90 180 [5]

Ca(H2PO4)2�H2O 20 30 90 [17]

CaCl2 15 50 90 [18]

Na2CO3 25 20 45 [19]

CaCO3 40 45 85 [20]
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2.2 Measurement of the setting time

The homogeneous paste was packed in the mold and put in

an incubator which was kept at 37�C and 100% relative

humidity. The initial (I) and final (F) setting times were

measured with Vicat needle according to ISO9597-1989.

The initial setting time is defined as the time elapsed

between the initial contact of F-C3S powders and hydration

liquid and the time when the light needle (280 g,

Ø1.13 mm) plunges into the paste and has a span of

4 ± 1 mm to the tube bottom. The final setting time is

defined as the time elapsed between initial contact of F-C3S

powders and hydration liquid and the time when the heavy

needle (350 g, Ø1.13 mm) no longer leaves a complete

circular impression in the paste surface. The setting times

were the average value of at least five specimens.

2.3 Anti-washout test

The anti-washout ability were examined by manually

shaping 1.50 g homogeneous paste into a disk with the

diameter of 20 mm, and then the disk was immediately

soaked in 30 ml simulated body fluid (SBF, pH 7.40) in

shaker with a shaking rate of 90 r/min at 37�C [28]. The SBF

was prepared according to the procedure described by

Kokubo [29]. The ion concentrations of the SBF were similar

to those in human blood plasma. According to the reference

[28], the paste was considered to pass the anti-washout

ability test if it did not visibly disintegrate in SBF for 12 h.

2.4 Characterization of the paste

The homogeneous paste was molded into stainless moulds

with a diameter of 10 mm and height of 18 mm, and then

stored in a 37�C, 100% humidity water bath. The com-

pressive strength was measured with a loading rate of

0.5 mm/min using a mechanical testing machine (Hualong

HWT-200, Hualong, Shanghai), according to ASTM D695-

91. Six replicates were carried out for each group and the

result was expressed as mean ± standard deviation

(mean ± SD). The phase composition and fracture section

of paste curing at 37�C for 28 days were characterized by

XRD (ARL XTRA, Thermo Electron, America) and SEM

(JSM-6800F, JEOL, Tokyo, Japan), respectively.

2.5 Soaking in SBF

The 1-day setting pastes (Ø10 mm 9 3 mm) were soaked

in SBF with a surface area-to-volume ratio of 0.1 cm-1 and

cultured in an incubator at 37�C for 7 days. The SBF was

refreshed by every 12 h. Then the pastes were gently rinsed

with deionized water to remove the SBF followed by

drying at room temperature. The pH values of SBF after

soaking with pastes for various times were measured by pH

electrode (Leici pHS-2C, Jingke, Shanghai). The apatite

deposited on the surface of pastes was determined by FTIR

(Nexus 670, Nicolet, America) and XRD (ARL XTRA,

Thermo Electron, America). The surface morphologies of

pastes before and after soaked in SBF were characterized

by SEM (JSM-6800F, JEOL, Tokyo, Japan).

3 Results

3.1 Characterization of F-C3S powder

Figure 1a shows the XRD pattern of F-C3S powder used in

this study. C3S undergoes a series of reversible phase tran-

sitions depending on temperature or impurities. There is a

doublet peaks at *52� in the XRD pattern, and the smaller

peak occurs at a higher angle, these characteristics corre-

spond to the monoclinic phase of C3S [10]. Figure 1b shows

a frequency distribution and a cumulative distribution curve

of F-C3S powder. The particle size distribution is bimodal

with the peaks at about 2 and 20 lm, respectively. Cumu-

lative percentage of particles range of 0.2–10 lm and

10–100 lm are 75.81 and 23.87%, respectively. The F-C3S

powder contains a high number of small particles.

3.2 Setting times

The viscosities of hydration liquids were determined as

listed in Table 2. It is anticipated that the viscosities of

hydration liquids increase with increases of the CMCS

concentration. The setting times of the pastes are listed in

Table 2. An increase of setting time is observed with the

increase of CMCS concentration in hydration liquids.

Increasing CMCS concentration from 0 to 1.00 wt% leads to

a clear increase in initial setting time from 310 ± 2 to

Table 2 The viscosities of hydration liquids and setting times of F-C3S and CMCS–C3S pastes with an L/P ratio of 0.67 ml/g at 37�C

Sample Concentration

of CMCS (wt%)

Viscosity of hydration

liquid (mPa�s)

Initial setting

time (min)

Final setting

time (min)

Pure F-C3S paste 0 2.50 300 ± 2 360 ± 5

0.50 wt% CMCS–C3S paste 0.50 8.65 365 ± 2 415 ± 5

1.00 wt% CMCS–C3S paste 1.00 17.60 430 ± 5 585 ± 7
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440 ± 5 min and final setting time from 370 ± 5 to

595 ± 7 min, respectively.

3.3 Anti-washout ability

Figure 2 shows the pictures of the pastes before and after

immersed in the shaking SBF for 12 h. No noticeable

disintegration happened for all the paste disks before

immersed in SBF. Pure F-C3S paste decays fast, and finally

it is completely washed out after immersed in the shaking

SBF for 12 h. CMCS–C3S pastes do not decay obviously

during shaking. Some small debris is observed on the

surface of 0.50 wt% CMCS–C3S paste, the paste disk

maintains their original shape and dimension very well, and

no obvious disintegration occurs. The 1.00 wt% CMCS–

C3S paste shows excellent anti-washout ability, and it

remains stable in shape and sets into a hard disk without

evident disintegration.

3.4 Characterization of the pastes

3.4.1 Mechanical evaluation

The compressive stress–strain curves of the pastes after

curing in the water bath at 37�C for 1 day and 28 days

were determined (Fig. 3). A nonlinear ascending branch

before peak strength is observed in the compressive stress–

strain curves of CMCS–C3S pastes, whereas for pure F-C3S

paste, the ascending branch before peak strength almost

maintains linear. The elastic modules of 1-day hardened

pastes are 2547, 1628, and 1383 MPa for pure F-C3S,

0.50 wt% CMCS–C3S and 1.00 wt% CMCS–C3S pastes,

respectively. The elastic module of 1.00 wt% CMCS–C3S

paste is approximately 46% lower than that of pure F-C3S

paste. After setting for 28 days, the elastic modules of pure

F-C3S, 0.50 wt% CMCS–C3S, and 1.00 wt% CMCS–C3S

pastes have increased to 3436, 2571, and 2253 MPa,

respectively.

The compressive strengths of the pastes after curing in

the water bath at 37�C for various times are shown in

Fig. 4. It is clear to see that the compressive strengths

decrease with the increase of CMCS concentration. As the

result of retarded hydration by CMCS (Table 2), the 1-day

compressive strengths of CMCS–C3S pastes (23.60 ± 3.04

and 17.31 ± 1.09 MPa) are lower than that of pure F-C3S

paste (29.34 ± 3.40 MPa). The compressive strength of

paste increases gradually with the time proceeding.

3.4.2 FTIR spectra

The FTIR spectra of CMCS, unhydrated F-C3S and the

1-day setting pastes are shown in Fig. 5. In the spectrum of

CMCS, the characteristic peak at 1612 cm-1 is attributed

to the asymmetric vibration of –COO-, and this suggests

the existence of carboxymethyl group [30]. Furthermore,

the peaks at 1414 and 1326 cm-1 are assigned to the

symmetrical vibration of –COO- and extension vibration

of C–O, respectively. Moreover, the absorption peaks at

1067 cm-1 shows the existence of C–O–C bond. This

confirms that the –OH of chitosan has been substituted by

the carboxymethyl group [30]. The absorption peaks of

unhydrated C3S at 931-889-808, 520 and 449 cm-1 are

attributed to Si–O stretching, out of plane and in plane

bending of silicate, respectively. There are not detected

characteristic peaks of CMCS in the spectra of CMCS–C3S

pastes, and this may be due to the low content of CMCS in

the pastes. The partially resolved doublet peak at 1430 and

1480 cm-1 is attributed to carbonate species for the reac-

tion of atmospheric CO2 with Ca(OH)2 in the paste. The

broad bands at 1646 and 3451 cm-1 arise from OH

vibrations of free water in the paste matrix. The stretching

mode of OH in Ca(OH)2 gives rise to a sharp signal at

3643 cm-1 [31]. The Si–O asymmetric stretching vibration

at 931 cm-1 in the unhydrated F-C3S undergoes changes

upon hydration. The peak at 977 cm-1 is attributed to

the shift of the Si–O asymmetric stretching vibration in

pure F-C3S paste after setting for 1 day. The characteristic
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peaks of Si–O asymmetric stretching vibration in

CMCS–C3S pastes have smaller shifts than that in pure

F-C3S paste.

3.4.3 XRD patterns

Figure 6 shows XRD patterns of the pastes after curing in

the water bath at 37�C for 28 days. After hydration for

28 days, there is a remarkable change in XRD pattern as

compared with Fig. 1a, the peaks of F-C3S are almost

negligible. On the contrary, the new peak at 2h = 29.42�
appears due to the formation of CSH gel, and the peaks of

Ca(OH)2 appears. As the result of the addition of CMCS,

the peak intensity of Ca(OH)2 corresponding to (001)

crystal plane increases in the enlarged drawing.

3.4.4 SEM morphologies

Figure 7 illustrates SEM micrographs of the fracture sec-

tions of pastes after curing in the water bath at 37�C for

Fig. 2 Digital pictures of the pastes before (a, b, c) and after (d, e, f) immersed in the shaking SBF for 12 h

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0

5

10

15

20

25

30

35

1.00 wt% CMCS-C
3
S paste

0.50 wt% CMCS-C
3
S paste

pure F-C
3
S paste

St
re

ss
 (

M
Pa

)

Strain (mm)

(a)

0

10

20

30

40

50

pure F-C
3
S paste 

St
re

ss
 (

M
Pa

)

Strain (mm)

1.00 wt% CMCS-C
3
S paste 

0.50 wt% CMCS-C
3
S paste 

(b)

Fig. 3 Compressive stress–strain curves of the pastes after curing in

the water bath at 37�C for 1 day (a) and 28 days (b)
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28 days. The pastes are porous and aggregated with the

needle-like crystals of CSH gel. Besides, the needle-like

CSH gel in CMCS–C3S pastes with are longer than those in

pure F-C3S paste, and the pore size in CMCS–C3S pastes

are larger.

3.5 In vitro bioactivity

3.5.1 The pH values

The pH values of SBF on the 12th hour before refreshing

are presented in Fig. 8. The original pH value of SBF is

7.40. There is a quick increase of pH value after the pastes

soaking in SBF for 12 h, and pure F-C3S paste contributes

to the highest pH value. As the result of prolonging soaking

time from 1 to 3 days, and refreshing SBF, the pH value of

SBF after soaking with paste continues to decrease. There

is no obvious change of pH values after soaking for 4 days,

and the pH values are very close to original pH value of

SBF.

3.5.2 FTIR spectra

The FTIR spectra of the paste surfaces after soaking in SBF

for various periods are shown in Fig. 9. As compared with

the spectra of paste before soaking (Fig. 5), new peaks at

567 and 604 cm-1 in the spectra of paste after soaking in

SBF are assigned to P–O bending vibration. P–O stretching

vibrations give rise to a peak at 1040 cm-1. The broad

peak at *600 cm-1 is an indicator of the deposition of a

layer of amorphous apatite on the surface of paste after

soaking for 12 h. As the result that the amorphous apatite

layer develops and transforms into crystalline phase, the

band at about 600 cm-1 splits into double peaks (567 and

604 cm-1) [32]. These splitting peaks and the peak at

1040 cm-1 become sharp and dominant in the FTIR

spectra. It indicates that the amorphous apatite on the

surface of pure F-C3S paste, 0.50 wt% CMCS–C3S paste

and 1.00 wt% CMCS–C3S paste develops and transforms

to crystalline apatite after soaking for 1, 2 and 3 days,

respectively.

3.5.3 XRD patterns

The paste surfaces after soaking in SBF for various periods

were also examined by XRD (Fig. 10). The principal

crystalline phases of original (1-day setting) pasts are

unhydrated C3S, CSH gel and Ca(OH)2. After soaking

more than 12 h, peaks corresponding to unhydrated C3S,

CSH gel and Ca(OH)2 almost disappear, whereas CaCO3

4000 3000 2000 1000

0.50 wt% CMCS-C
3
S paste

44
9

52
080

8
88

9
93

1

Unhydrated F-C
3
S

1.00 wt% CMCS-C
3
S paste

pure F-C
3
S paste

34
23

11
20

10
67

71
8

13
26

14
14

16
12

29
19 60

3
86

6

34
51

14
30

14
80

12
15

11
55

52
2

45
7

16
46

36
43

93
4

95
8

T
ra

ns
im

is
si

on
 (

a.
u.

)

Wavenumber (cm-1)

97
7

CMCS

Fig. 5 FTIR spectra of CMCS, unhydrated F-C3S and the 1-day

setting pastes

10 15 20 25 30 35 40 45 50 55

18.0 34.0 34.5

C

B

A

A: Pure F-C
3
S paste

B: 0.50 wt% CMCS-C
3
S paste

In
te

ns
it

y 
(a

.u
.)

2θ ( ο )

C: 1.00 wt% CMCS-C
3
S paste

(0
01

)

(1
01

)

Fig. 6 XRD patterns of the pastes after curing in the water bath at

37�C for 28 days (open square Ca(OH)2; filled square C3S; filled
triangle CSH gel)

3070 J Mater Sci: Mater Med (2010) 21:3065–3076

123



phase appears, which is attributed to carbonization of

Ca(OH)2 by incorporating CO3
2- from SBF [5, 31]. In

addition, the peaks arising from the lower polymerization

of CSH gel can also be detected in CMCS–C3S pastes. The

characteristic peaks of crystalline apatite at 2h = 25.90�
and 31.96� on the surfaces of pure F-C3S paste, 0.50 wt%

CMCS–C3S paste and 1.00 wt% CMCS–C3S past arise

after soaking for 1, 2 and 2 days, respectively. The trans-

formation of amorphous apatite to crystalline apatite on the

paste surfaces (Fig. 9) is further proved by the XRD results

(Fig. 10). After immersion for 3 days, the diffraction peaks

for CaCO3 decrease and the characteristic peaks of crys-

talline apatite become the main constituent in the XRD

patterns.

3.5.4 SEM morphologies

SEM micrographs of the paste surfaces before and after

soaked in SBF at 37�C for various periods are shown in

Fig. 11. Before soaked, the surfaces of pure F-C3S and

0.50 wt% CMCS–C3S pastes are compact with some

micropores. The 1.00 wt% CMCS–C3S paste is still com-

posed of irregular C3S particles. It suggests that the C3S

Fig. 7 SEM micrographs of the fracture sections of the pastes after curing in the water bath at 37�C for 28 days
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particles in 1.00 wt% CMCS–C3S paste have a lowest

hydration degree than those in pure F-C3S and 0.50 wt%

CMCS–C3S pastes. This is attributed to the retarded

hydration of paste by CMCS (Table 2).

After soaking for 1 day, the micropores disappear, and

tiny ball-like particles are observed on the surface of pure

F-C3S and 0.50 wt% CMCS–C3S pastes. The higher

magnification SEM micrograph shows the size of apatite

particle deposited on 0.50 wt% CMCS–C3S paste surface

are lager than that on pure F-C3S paste surface, but the

amount of apatite particles on pure F-C3S paste surface are

more than that on 0.50 wt% CMCS–C3S paste surface, and

the apatite particles on pure F-C3S paste surface are more

compact. The C3S particles of 1.00 wt% CMCS–C3S paste

aggregate, and their original shape is not visibly disinte-

grated after immersion for 1 day. The higher magnification

SEM micrograph also shows that some tiny apatite parti-

cles have deposited on the 1.00 wt% CMCS–C3S paste

surface.

After immersion for 3 days, the apatite particles

deposited on the all paste surfaces become larger and more

compact. The higher magnification SEM micrographs

show that the apatite particles are lath-like and agglomerate

together to form an apatite layer with typical bonelike

apatite morphology, and some micropores are formed on

the surface again.

4 Discussion

As stated above, the major disadvantage of C3S cement for

clinical application is that it is easily decay when exposed

to the biological fluids, resulting in the failure of the

operation. As shown in Fig. 2d, the paste decayed com-

pletely in the absence of shaking SBF. Two opposite pro-

cesses (i.e., setting and washout) take place competitively

when pastes are soaked into biological fluids. It is hard to

avoid washout by accelerating the setting of the paste. The

main reason for the washout of paste may be the penetra-

tion of water into the paste by osmosis [23, 33, 34]. We try

to restrain the penetration of liquid into the paste by

addition of CMCS in the hydration liquid. To evaluate the

effects of CMCS on the anti-washout ability and stable of

the pastes in the shaking SBF, F-C3S was applied for its

longer setting processes as compared with pure C3S

(Tables 1 and 2) [10].

The anti-washout CMCS–C3S pastes have been devel-

oped by addition of CMCS in the hydration liquid (Fig. 2).

When F-C3S particles react with water, a nanoporous,

amorphous CSH gel forms in the original F-C3S particles,

while Ca(OH)2 crystals nucleate [5]. Being free from the

exposure to the biological liquids, the setting and

mechanical strength of paste are attributed to the poly-

merization and solidification of the CSH gel. However, it is

found that agglomeration of F-C3S particles caused by the

polymerization of CSH gel is hard to restrain the liquid

penetration in the shaking SBF, and avoid washout before

the completely setting of pure F-C3S paste (Fig. 2d). It is

considered that CMCS forms viscous solution (Table 2),

and physically absorbs on the surface of F-C3S particles,

which immobilizes F-C3S particles, and enhances

agglomeration of particles, at the same time restrains the

penetration of liquid into CMCS–C3S pastes, thus endows

the anti-washout ability (Fig. 2) [22]. Another possible

explanation for these results (Fig. 2) may be the formation

of new crosslinks by hydrogen bond and hydrophobic

interaction in the CMCS–C3S paste. As the result of the

rapid increase of pH value of inner pastes to about 12.4 [5],

the amino groups of CMCS would be completely depro-

tonated and then contributed to the loss of solubility of the

chain segments and to the formation of new cross-links by

hydrogen bond [35]. The immediately formation of CMCS

gel may pay an important role on the improved anti-

washout ability of CMCS–C3S pastes. Additionally, the

pure F-C
3
S paste
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Fig. 10 XRD patterns of the paste surfaces after soaking in SBF at

37�C for 0, 0.5, 1, 2, and 3 days (open circle CaCO3; filled circle
apatite; open square Ca(OH)2; filled square C3S; filled triangle CSH

gel)
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ionic cross-links by Ca2? between carboxylate ions

(–COO-) in CMCS and SiO4
4- in CSH gel may be formed

to immobilize F-C3S particles [36]. It seems that the ionic

interaction between –COO- and Ca2? is too low to find

direct evidence in FTIR results of CMCS–C3S pastes

(Fig. 7). However, the shifts of Si–O asymmetric stretching

vibration provide of the indirect evidences. As it is well

known that the shift of the Si–O asymmetric stretching

vibration to a higher wavenumber is considered as the

fingerprint evidence for a higher polymerization degree of

CSH gel [37]. As the results of the ionic interaction

between –COO- and Ca2? in the CMCS–C3S pastes, it is

found that Si–O asymmetric stretching vibrations of the

CMCS–C3S pastes have smaller shifts than that of pure

F-C3S paste (Fig. 7). Furthermore, the ionic interaction

between –COO- in CMCS and Ca2? in Ca(OH)2 results

the oriented growth of Ca(OH)2 in CMCS–C3S pastes

(Fig. 6).

As the time proceeding, the setting and strength of paste

are attributed to the polymerization and solidification of the

CSH gel. The increase of setting times with addition of

CMCS (Table 2) is the consequence of CMCS absorbed on

F-C3S particles and the ionic interaction between of

–COO- and Ca2?, which inhibits ion diffusion and slows

down the CSH gel formation, polymerization and solidifi-

cation (Figs. 5, 7). For the clinical applications, the setting

process of CMCS–C3S paste could be accelerated by

addition of some inorganic salts as mentioned above

(Table 1). The nucleation and growth of Ca(OH)2 are

minimized as the results of the ionic interaction between

–COO- and Ca2? [36], and the crystalline Ca(OH)2 in

CMCS–C3S pastes grows along (001) crystal plane

(Fig. 6). Although, the longer needle-like CSH gel in

CMCS–C3S pastes is observed (Fig. 7), bigger and more

pores are observed in the CMCS–C3S paste (Fig. 7).

CMCS does not increase the interlocking of CSH gel for

the compressive strengths, and thus can be taken just as an

impurity form the interlocking reaction. Thus, the 1-day

compressive strengths of the pastes are obviously

decreased with the addition of CMCS (Figs. 3, 4), but the

compressive strengths are tolerable and higher than that of

cancellous bone (5–10 MPa) [38], which could enable to

attain the necessary initial strength for the graft. It is

worthy to note that the 1-day elastic modules of the

CMCS–C3S pastes are decreased obviously (Fig. 3), the

low elastic modules of CMCS–C3S pastes are more com-

patible to that of bone, and maybe beneficial for the loading

condition. The lower strengths of the CMCS–C3S pastes

(Fig. 4) are attributed to their higher porosity (Fig. 7).

Besides, the final compressive strengths (28 days) of the

CMCS–C3S pastes are more than 30 MPa, this value is

valuable for the fabrication bone substitute materials [38].

Fig. 11 SEM micrographs of the paste surfaces before soaking (a, b, c), after soaking in SBF at 37�C for 1 day (d, e, f) and 3 days (g, h, i)
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The apatite formation ability is an essential property for

C3S paste, and this apatite layer can reproduce in vitro by

soaking in SBF with ion concentrations nearly equal to

those in human blood plasma. The effect of CMCS on the

apatite formation ability was evaluated by pH value, FTIR,

XRD and SEM. As the results of the slowing down

hydration of F-C3S with the addition of CMCS, the initial

pH values of SBF soaking with CMCS–C3S pastes are

lower than that soaking with pure F-C3S paste (Fig. 8).

After the pastes soaking in dynamic SBF, the subsequent

pH values of soaking environment decrease to about 7.40

(Fig. 8), which is opposite to previous studies soaking in a

static SBF [5]. The transformation of Ca(OH)2 into CaCO3

and the deposition of apatite contribute to the continuous

decreasing of pH values (Fig. 8). It is believed that this

dynamic condition leads to a more precise in vitro study,

and is more similar to the body environment [39]. Inter-

estingly, amorphous apatite deposited on pure F-C3S and

CMCS–C3S paste surfaces have been observed after

soaking for 12 h (Figs. 9, 11). Meanwhile, the hydration-

derived Ca(OH)2 reacts with HCO3
- in SBF and trans-

forms into CaCO3 (Fig. 10), which also have the good

biocompatibility and bond adaption [40]. The outstand-

ingly efficient deposition of apatite on paste surface is

attributed to the rapid dissolution of Ca(OH)2 and the high

proportion of pre-existing Si–OH nucleation site presented

by the nanoporous CSH gel structure (Fig. 9). However,

the transformation time of the amorphous apatite to crys-

talline apatite on the paste surfaces has been prolongs form

1 day to 2 days as the result of the addition of CMCS

(Fig. 9, 10). It could be explained that the ion exchanges

between SBF and CMCS–C3S pastes are lowed by the

inhibitory effect of CMCS. From a more quantitative point

of view, a quantitative analysis of apatite layer after

soaking in SBF is determined by SEM to complement the

findings to understand deposition ability of apatite.

Although, there are more apatite particles deposited on the

surface of pure F-C3S paste than on CMCS–C3S paste

surfaces after soaking in SBF for 1 day. The apatite layers

deposited on their surfaces are similar after soaking in SBF

for 3 days. Therefore, it is concluded that the level of in

vitro bioactivity of CMCS–C3S pastes is lower than that of

pure F-C3S pastes, but the quantity of deposited apatite are

same after soaking for 3 days.

In this study, F-C3S was used to investigate the anti-

washout ability. Pure C3S paste has shorter setting times

than pure F-C3S paste, and the shorter setting time would

results the weaker effect of the liquid penetration. In

practice, CMCS modified pure C3S pastes would show

better anti-washout ability. Originally, fabrication of anti-

washout CPC was achieved by using chitosan solution as

hydration liquid [41]. It has been reported that chitosan

forms a water-insoluble gel, and produces a reductive

effect on the fluid penetration process which was the cause

of decay [41]. Therefore, it is concluded that the mecha-

nism of anti-washout behavior is, at least in part, reduction

of fluid penetration into the paste. Gelatin is a candidate

additive capable of forming a water-insoluble gel, and the

anti-washout ability of calcium silicate cement has been

improved with the addition of gelatin. However, CMCS has

a less inhibitory effect on the setting reaction than gelatin

[42]. For example, the addition of gelatin significantly

prolonged the setting times of calcium silicate cements by

about 2–8 times [42]. As compared with gelatin, CMCS

maybe a superior additive to prepare the anti-washout

calcium silicate and C3S based cements.

Washout is a key problem of pure C3S paste when it

may be exposed to the biological fluids, because washout

would make the paste fail to set and provide the strength to

support the bone defects. CMCS–C3S pastes with the

excellent anti-washout ability, suitable setting times, suf-

ficient strengths and in vitro bioactivity would avoid the

failure of the operation in the above situations. Anti-

washout CMCS–C3S pastes could be wider and safer

applied in biomedical fields including orthopaedics, plastic

and reconstructive surgery, and oral and maxillofacial

surgery. According to the requirements of the non-decay/

anti-washout cement sated by Iskikawa et al. [15], the

handing properties and biocompatibility of CMCS–C3S

pastes are need to evaluated or further improved. For better

handing properties in term of the clinical applications,

smaller amount of additive is desirable to accelerate the

setting process of CMCS–C3S paste. Although the syner-

gistic combination of chitosan and CPC has shown a better

tissue response than pure CPC [41, 43], more studies need

to be conducted on the biocompatibility of CMCS–C3S

cements.

5 Conclusions

The anti-washout CMCS–C3S pastes were developed by

adding CMCS to hydration liquid with an L/P ratio of

0.67 ml/g. CMCS–C3S pastes could be stable in the shak-

ing SBF after immediately mixed. The addition of CMCS

significantly enhances the cohesion of F-C3S particles, at

the same time restrains the penetration of liquid, and thus

endows the anti-washout ability. The setting times of the

pastes increase with the increase of CMCS concentrations

in the hydration liquid. Besides, the compressive strengths

of CMCS–C3S paste after setting for 1–28 days are lower

than that of the pure F-C3S paste, but the sufficient

mechanical strength would be suitable for the clinical

applications. The crystalline apatite deposited on the paste

surface is retarded from 1 to 2 days for the addition of

CMCS, but the quantities of deposited apatite are same
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after soaking in SBF for 3 days. As the result that pure C3S

paste has shorter setting times than pure F-C3S paste,

CMCS modified pure C3S would have better anti-washout

ability. Novel anti-washout ability CMCS–C3S pastes with

suitable setting times, sufficient strengths and in vitro

bioactivity could have good prospects for biomedical

application.
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