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In Vitro Bioactive Behaviors of Hydrated Tricalcium Silicate Paste in Different
Simulated Body Fluids
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Abstract: The in vitro bioactive behaviors of hydrated tricalcium silicate (Ca;SiOs, C;S) paste were studied. The
results show that dry hydrated CsS paste contains about 23.97wt% Ca(OH),, and the dissolution of Ca(OH), results
in increased pH value of simulated body fluid (SBF). Apatite particles are firstly induced to deposit on hydrated
CsS paste surface. Then, hydrated C;S paste surface is co-deposited with CaCOs; and apatite particles. HCO;™ is
the principal buffer system of SBF, and the carbonation of Ca(OH), and deposition of CaCO; mainly contribute to
the decreasing of pH value. As a result of lower ion exchanges, hydrated C,S paste surface is finally deposited
with apatite. The deposition of apatite contributes to the further decreasing of pH value. The in vitro bioactivity
and further biocompatibility evaluations of C;S and C;S devised materials must be improved by considering the

concentration and behavior of HCO;™ in living body.
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The therapeutic effects of bioactive glasses arise control the dissolution concentrations of Ca and Si
from the influences of soluble Ca and Si ions on the ions™. Thus, the development of bioactive Ca-Si-based
gene expression of osteoprogenitor cells"?. The key to materials with the self-setting property is feasible and

esign the new bioactive Ca-Si-based materials is to esired”™. C;S based cements have been developed to
design th b Ca-Si-based 1 d d*. C;S based have been developed
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circumvent the shortcomings of traditional Ca-Si-based
bioactive materials!¥. Tricalcium silicate (Ca;SiOs, C5S)
has been extensively studied as novel bone cements
for dental and orthopaedic surgery !, because of its
excellent  self bioactivity,

setting ~ property,

degradability and stimulation effect on cell growth®”,

The excellent self setting property of C;S could be

described by the following idealized hydration
reaction.
Ca3Si05+(3+y—x)H20=

xCa0-8Si0,-yH,0+(3-x)Ca(OH), 1)

As with other Ca-Si-based bioactive materials, an
essential requirement for C;S bone cement is the
bioactivity. The bioactivity is often evaluated by

examining the deposition ability of apatite on the

material surface in a simulated body fluid (SBF) with
the ion concentrations nearly to those of human blood
plasma (Table 1)®. There is wide consensus that
hydrated C;S paste could induce the deposition of
apatite in SBFP. However, the deposition of apatite on
hydrated Cs;S paste has not been fully clarified.
Because, four factors are underestimated or ignored:

(1) The present and the content of Ca (OH), in
hydrated C;S paste;

(2) HCO;™ concentration in SBF is lower than that
in human blood plasma (Table 1);

(3) The carbonation of Ca (OH), by incorporating
HCO5 from SBF;

(4) The deposition relationships between apatite
and CaCOs.

Table 1 Ion concentrations of human blood plasma, SBF, P-SBF and C-SBF

Ion concentration / (mmol - ™)

Type

Na* K* Mg™ Ca* Cl- HCO5 HPO/> SO~
Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
SBF solution 142.0 5.0 1.5 2.5 147.8 42 1.0 0.5
P-SBF solution 137.8 5.0 1.5 2.5 147.8 0 1.0 0.5
C-SBF solution 142.0 3.0 1.5 2.5 147.8 42 0 0.5

So, the further investigation of in vitro bioactivity
of hydrated Cs;S paste is necessary and useful as an
initial and basic study of C;S bone cement. For this
purpose, the composition and structure of anhydrous
C;S and hydrated C;S paste were characterized.
Furthermore, we try to approach the problems by
studying the in wvitro bioactive behaviors of hydrated

CsS paste in different SBFs.
1 Experimental

1.1 Preparation of materials

CsS powder was prepared by the solid state
reaction as previous described P C;S powder was
mixed with deionized water with a liquid to powder
(L/P) ratio of 0.5 mL g™ to form a homogenous
mixture. Then, the mixture was stirred and stored at
37 C and 100% relative humidity for 24 h to form the
hydrated C;S paste.
1.2 Characterization of materials

Hydrated C;S paste was transferred into ethanol,

and dried in a vacuum for 24 h. Anhydrous C;S
powder and dry hydrated C;S paste were characterized
(XRD; ARL XTRA, Thermo

Fourier

by X-ray diffraction

Electron,  America), transform  infrared
spectroscopy (FTIR; Nexus 670, Nicolet, America) and
#Si solid state magic angle spinning nuclear magnetic
(*®Si MAS NMR; Avance 400D, Bruker,
Germany). XRD patterns were recorded with Cu Ko
radiation (A=0.154 18 nm) at 36 kV and 30 mA. The

scanning speed was kept at 10°-min™ with a step-scan

resonance

interval of 0.02°. FTIR spectra were collected using a

"and a

KBr pellet method with a resolution of 2 em”~
scan number of 32. ¥Si MAS NMR studies were
conducted under a magnetic field strength of 7.0455 T
and a #Si resonance frequency of 59.63 MHz. Samples
were packed in 7 mm zirconia rotors and spun at 5
kHz under an angle of 54°44’. The chemical shifts
were recorded relative to external tetramethylsilane

(TMS). A (Stad449C, Netzsch,

Germany) was used to conduct thermogravimetric

thermal analyzer
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analysis and differential thermal analysis (TG-DTA) of
hydrated C;S paste. Hydrated CsS paste was examined
from 50 to 1 000 °C with a heating rate of 10 °C -
min™.
1.3 In vitro bioactivity

SBF was prepared according to the procedures
described by Kokubo ™. Comparing with SBF, P-SBF
and C-SBF were prepared without the addition of
NaHCO; and K,HPO, -3H,0

Hydrated C;S pastes were soaked in SBF, P-SBF and

1

(Table 1), respectively.

C-SBF with a surface area-to-volume ratio of 0.1 em”
at 37 °C for 3 d. The solutions were refreshed by 12
h. The pH values of SBF, C-SBF and P-SBF before
refreshing on the 12th hour were measured by an
(pHS-2S, Leici, Shanghai,
China). At the given time, hydrated C;S pastes were

electrolyte-type pH meter

gently rinsed with deionized water followed by drying
at room temperature. Hydrated C;S paste surfaces
(ARL XTRA, Thermo

Electron, America) with the same condition as above.

were characterized by XRD

The morphological variations of paste surfaces were
characterized by SEM  (JSM-5900, JEOL, Tokyo,
Japan) equipped with an energy dispersive X-ray
(EDX, Thermo Electron, USA). SEM

micrographs were taken using an acceleration voltage

spectrometer

of 5.0 kV. EDS spectra were performed with an
accelerating voltage of 1 kV for the electron beam

(beam current 2 nA) using a data collection time of 1
00 s.

2 Results and discussion

2.1 Characterization of materials

Fig.1 shows the XRD patterns of anhydrous C;S
powder and hydrated C;S paste. Anhydrous C;S
powder undergoes a hydration reaction and transforms
to hydrated C;S paste, which consists of crystalline
Ca(OH), and amorphous C-S-H gel.

Fig.2 shows the FTIR spectra of anhydrous Cs;S
powder and hydrated C;S paste. The peaks of
anhydrous C;S powder at 931~808, 520 and 449 cm™
are attributed to Si-O stretching ", In the spectrum of
hydrated C;S paste, the partially resolved doublet
peaks at 1 430 and 1 480 cm ™ are attributed to

hydrated C S paste
O - Ca(OH),

W - CSH gel

15 20 25 30 35 40 45 50 55
20/ ()

Fig.1 XRD patterns of anhydrous C;S powder and
hydrated C;S paste

hydrated C;S paste

3643

977

anhydrous C;S powder

T T T T
4000 3000 2 000 1000
Wavenumber / cm'!

Fig.2 FTIR spectra of anhydrous C;S powder and
hydrated C;S paste

carbonate species for the reaction of Ca(OH), with
atmospheric CO,. The stretching mode of O-H in Ca
(OH), gives rise to a sharp signal at 3 643 cm™". The

I indicates the

characteristic peak at 977 cm
polymerization and formation of C-S-H gel in hydrated
CsS paste!'.

#Si MAS NMR spectra of anhydrous C;S powder

and hydrated C;S paste are shown in Fig.3. Gaussian
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Fig3 i MAS NMR spectra of anhydrous €S powder (a)
and hydrated C;S paste (b)
peak deconvolution is employed to separate and
quantify Q" units with peak positions adopted from
extensive studies . Anhydrous C;S raises a single
resonance at —68.67 ppm (Fig.3a). It indicates that
silicate tetrahedrons ([SiO,]) are isolated in the crystal
structure of C;S™. In turn, peaks located at —80.75
and —75.22 ppm correspond to Q' and (? units in C-
S-H gel ™. Moreover, the mean silicate chain length
(CL) of C-S-H gel in hydrated CsS paste is about 3.35,
which was calculated from the intensity of Q' and Q?
units (Fig.3b) according to the following equation".
2

0

( QI+QZ )

Two important quantities are obtained from TG-
DTA curves of hydrated CsS paste in Fig.4. First, the

chemically bound water is defined as the mass loss

CL = (2)

due to the decomposition between 140 °C (the boiling
temperature of free water in the paste) and 1 000 °C,
which can be understood as the amount of water
needed for CsS to hydration. The mass at 140 C is
defined as the total mass of the dry hydrated CS
paste. As a result the chemical bond water completely
loses at 1 000 °C, the mass at 1000 °C is regarded to
be equal to the mass of original anhydrous C;S
(MCa3Si0Os). The second mass loss corresponds to the
decomposition of Ca(OH),, which occurs between 440
and 520 C™. The masses at 105, 440, 520 and 1 000
C  (Tws, Tao, Tso and Tyop) are listed in Table 2.

0 200 400 600 800 1000
Temperature / 'C

Fig4 TG-DTA curves of hydrated CsS paste

Consequently, Ca(OH), content in hydrated CsS paste
(We), x and v in Eq.(1) can be simply calculated as

following.
_ m(:a<0H)2°(T440_T520) _
Won = My, o T x100% =
74T, -T.
MXIOO% =~ 23.97wt% 3)
187,
n _ 3Mca15i0ﬁ _ T440_T520 _ 3Tlooo
o ™ M, sio, My, o0 _mcmsu,n
T440_T520 _ 3T100o _ T440_T520 ( 4)
meo | 228 18
S MCaXSioS _ T 000 _ T o0 (5)
80, M, sio, - M, sio, T 228
_ (T14()_TI()()())_(T440_T52()) _
Ny,0 = My o -
(T1105_TIOOO)_(T440_T520)
15 (6)
¥ = L0~ 500 (7)
Nsio,
y= w0 < 35 @®)
Ngio,
Where,

me,om,=molecular weight of Ca(OH),=74;

M, om,=molecular weight of water=18;

M, om,=molecular weight of C;S=228.

Dry hydrated C;S paste contains about 23.97wt%
Ca(OH),, and the chemical formula of C-S-H gel could
be expressed as 2.00Ca0Si0,-3.52H,0.

2.2 pH values

Ca(OH), in hydrated C;S paste is a strong

alkaline substance with a pH value of 12.50 and

shows various biological properties and antibacterial
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Table 2 Analysis data form the TG-DTA curves

Sample T 1% T 1% Tsx | %

Too 1% W e Iwt% Chemical formula of C-S-H gel

Hydrated CsS paste 96.58 86.60 80.97

71.18 23.97 2.00Ca0-Si0,+3.52H,0

effects . However, release of OH ~ from Ca (OH),

contribute to the increased pH value of the

neighboring tissue, which may be detrimental to cell

18 Human blood plasma or SBF has a

and tissue
buffering ability due to the presences of HPO,~ and
HCO;~ (Table 2). In contrast to the previous in vitro
studies ® P-SBF and C-SBF were devised as
references to compare with the in vitro bioactivity in

SBF (Fig.5).

9.0

8.8 1
8.6 1
8.4 4
8.2 1
8.0 1

pH value

7.8 1
7.6 4

74

72 T T T T T T
0.5 1.0 1.5 2.0 235 3.0

Time / d

Fig.5 pH values of SBF, P-SBF and C-SBF soaked with
hydrated CsS pastes
The original pH values of SBF, P-SBF and C-
SBF are 7.40. After 12 hours of soaking, P-SBF has
the highest pH value than SBF and C-SBF. The pH
value variations of P-SBF and C-SBF soaking with

hydrated C;S pastes indicate the buffering effects of
HPO2~ and HCO;~ (Fig.5), respectively. HCO;™ is
conventionally described as the principal buffer
system of blood plasma. However, the pH value of C-
SBF finally maintain at about 7.80. In contrast, the
deposition of apatite would contribute a continue
decreasing of pH value of P-SBF. The continuous
decreasing of pH value suggests that the
biocompatibility of hydrated C;S pastes would be
improved with increased soaking time (Fig.5).
2.3 XRD patterns

After 3 days of soaking in SBF, the diffraction
of CaCO;
characteristic peaks of apatite become the main
(Fig.6a). The peaks of

apatite are detected on hydrated C;S paste surface

peaks completely disappear, and the

constituent of the pattern

after soaking in P-SBF for 1 day, and become the
main constituent of the pattern after soaking for 3
days (Fig.6b). During the whole soaking processes,
only the peaks of crystalline CaCO; are detected on
hydrated C;S paste surfaces soaking in C-SBF (Fig.
6¢).
2.4 SEM micrographs

After soaking in SBF and P-SBF for 2 hours,
hydrated C;S paste surfaces are completely deposited

with the ball-like particles (Fig.7d and e). Although

(a) (b)
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O - CaCO;
e .
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Fig.6 XRD patterns of hydrated C;S paste surfaces soaked in SBF, P-SBF and C-SBF
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Fig.7 SEM images and EDS spectra of hydrated C;S paste surfaces soaked in SBF, P-SBF and C-SBF for 2 h

EDS spectra indicate the particles are composed of Ca
and P elements (Fig.7g and h), the particles on the
hydrated C;S paste surface soaked in SBF are larger
than those in P-SBF. Moreover, the carbon element
content of the particles on hydrated C;S paste surface
soaked in SBF are higher than those in P-SBF (Fig.7¢g
and h). In contrast, the large irregular particles, which
are constructed with relative small cube-like particles,
sporadically deposit on hydrated C;S paste surface
soaked in C-SBF. Because there are no HPO,~ in C-
SBF, EDS spectrum confirms that the particles are
consisted of CaCO; (Fig.71).

(Fig.8a) and small (Fig.8d)

ball-like particles deposit on hydrated C;S paste

The relative large

surface soaked in SBF for 12 hours. As it is reported

previous 319,

the large particles are consisted of
CaCO; which is attributed to the carbonization of Ca
(OH), by incorporating HCO;* - form SBF (Fig.8a).
Hydrated C;S paste surface soaked in P-SBF is
deposited with apatite particles (Fig.8b), which have a
lager size than those on hydrated C;S paste surface
soaked in SBF. Irregular CaCO; particles deposit on

hydrated C;S paste surface soaked in C-SBF (Fig.8c

and f). The edge and surface of CaCO; particles are
distorted, and the growth steps of the particle edges
are observable (Fig.8f).

Hydrated C;S paste surfaces soaked in SBF and
P-SBF for 3 d have the same characterization (Fig.9a
and b), the flake-like apatite layers deposited on their
surfaces, and these could be confirmed by the XRD
results (Fig.6a and b). Hydrated C;S paste surface
soaked in C-SBF for 3 d are still deposited with
CaCOj; particles (Fig.9c).

2.5 In vitro bioactive behaviors

»Si MAS NMR spectra demonstrate that the
isolated silicate tetrahedrons ([SiO,]) of anhydrous C;S
polymerized to form C-S-H gel with a chain structure
(Fig.3). C-S-H gel

presents a layered structure based on Ca-O sheets

during the hydration process
ribbed with linear silicate “dreierketten” chains (Fig.
10). It is clear that the special structure of C-S-H gel
(Si-OH) for

apatite nucleation and deposition. The deposition of

(Fig.10) could provide favorable sites

apatite particles on hydrated C;S paste soaked in P-
SBF accords to the following reaction.

10Ca*(aq)+6HPO*(aq)+80H (aq) =
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SEM images of hydrated C;S paste surfaces soaked in SBF, P-SBF and C-SBF for 12 h
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Fig.9 SEM images of hydrated C;S paste surfaces soaked in SBF, P-SBF and C-SBF for 3 d

Cay(PO,)s(OH),(s)+6H,0(l) )
Then, apatite particles grow spontaneously, and
consume HPO, = from the refreshing P-SBF. The
HCO?* in C-SBF (Table 1) and Ca (OH), in hydrated
CsS paste (Table 2) are favorable for the carbonation
of Ca(OH), and deposition of CaCO; (Fig.7¢). The
deposition of CaCO; is directly attributed to the
carbonation of Ca (OH), by incorporating HCO;™ form
C-SBF [Eq.(10)].

Ca*(aq)+OH (aq)+HCOs (aq) =
CaCO5(s)+H,0(1) (10)
It is easy to understand that hydrated C;S paste
soaked in SBF is deposited with both apatite and
CaCO; particles. Thus the solubility product (Ksp) of
apatite [lgKyp=117.2 for Cay(PO,4)s(OH),] is lower than
that of CaCO; (IgKs=8.48 for calcite)’’ ", hydrated
CsS paste surface may sustain the earlier nucleation

and deposition of apatite particles than that of CaCOs
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Q ¢ ¢ @ ¢ @ @ Q on hydrated C;S paste surface soaked in SBF'".
l l (10-0.5x)Ca*(aq)+6HPO,*(aq)+xHCO; (aq)+80H (aq)
o, ¥ on o, ' ou
Sl’ "'Si’ :Calo_0.5x(PO4)6(CO3)x(OH)2 (S) + 6H20(l) (11)
HO, 0, 7o, ' o O, 0 OH The fabrication of apatite seeds would serve as
“ N 7 NG o N . P ' .
“ Ny A / 7N N e the new sites for the nucleation and growth of apatite
(Li |Ca La la |a |a (lja ('Za (|:a la éa |Ca and CaCO;. After soaking in SBF for 12 h, hydrated
(I) (|) (l) (L | (|) (l) | (|) (I) (l, 5 CsS paste surface is deposited with the relative large
N/ No” N ./ No.” N . . . .
S Si, S i, Si si, CaCO; particles and small apatite particles (Fig.8a).
vt T SN s N0 _ N
Ny As the result of high solubility product of Ca(OH),
w0t Y (1gK=5.32 for portlandite)™ and the consumption of
Layer of seven-fold coordinated Ca is sandwiched in between Ca(OH)2 by depOSitiOH of apatite and CaCO; particles,
“dreierketten” chain of silicate tetrahedron ([Si0,]) Ca(OH)2 could not be detected in XRD (Flg6) As the
Fig.10  Schematic representation of the basic structure of result of lowed ion exchanges between hydrated C;S
the C-S-H gel paste and SBF weakened by apatite and CaCOj; layer,

particles  (Fig.7d). Therefore, it is observed that the deposition of CaCO; would be stopped. On the
hydrated C;S paste surface is deposited with apatite other hand, CaCO; is a metastable phase in SBF as
particles after soaking in SBF for 2 h without the compared with apatite, the deposited CaCO; may
appearance of CaCO; particles (Fig.7d). EDS results partly converse to apatite in term of a dissolution-
also prove that apatite particles deposited on hydrated precipitation process 'L Therefore, hydrated CiS paste

CsS paste surface soaked in SBF contains more carbon surface is finally deposited with apatite after soaking
element than that in P-SBF  (Fig.7g and h). It means in SBF for 3 days (Fig.9a).
that the deposition of B-type carbonated apatite (HCA) Based on above comparative studies, the in vitro

[Eq. (11)] is more kinetically favorable than the bioactivity of hydrated Cs;S paste in SBF is further
deposition of stoichiometric apatite [Cajo(PO4)s(OH),] clarified as following stages (Fig.11).

(a) Before soaking (b) SBF

Na* K* Mg?* Ca** Cr HCOy HPO/ SO

HCO; HPOF  HCO;  HPOF

Hydrated C5S paste Hydrated C;S paste

©) SBF (@ SBF (e) SBF
Na* K* Mg** Ca?* CI HCO; HPO SO Na* K* Mg** Ca** CI HCOy HPO/> SO Na* K* Mg** Ca?* Cr HCO,; HPOZ SO

HCO; HPOZ  HCO;  HPOZ HCO; HPO}  HCO;y  HPOX

Differentiation layer
Conformation layer

Hydrated C;S paste Hydrated C;S paste

Fig.11 Schematic presentations of process of apatite deposition on hydrated C;S paste surface soaked in SBF
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Stage 1. When anhydrous C;S powders react with
water, C-S-H gel and Ca(OH), are the main hydration
products of hydrated C;S paste. The polymerization
and solidification of C-S-H gel contributes the setting
and strength of hydrated C;S paste, which exposes a
surface with a flake-like morphology before soaking
(Fig.8 in Ref. [4]).

Stage II. The dissolution of Ca (OH), with the
releases of Ca* and OH™ results in increased pH value
of SBF (Fig.5). The nucleation and deposition of B-
type carbonated apatite (HCA) is triggered by silanol
(Si-OH) groups of C-S-H gel, which act as the
nucleation sites (Fig.7a). B-type carbonated apatite
layer is defined as the initiator layer (Fig.9b).

Stage III. A new layer composed of large
crystalline CaCO; particles and small apatite particles
is formed and referred as the differentiation layer (Fig.
11¢). The pH value of SBF continues to decreasing as
the result of the consumption of Ca* and OH™. Ca(OH),
on the surface of hydrated C;S paste would completely
dissolve into Ca* and OH™ and transform to CaCO; and
apatite.

Stage IV. The initiator and differentiation layers
restrain the ion exchanges between hydrated C;S paste
and SBF, the deposition of CaCO; particles is ended.
Apatite particles deposit by consuming Ca’* and
HPO,/~, which are mainly form the refreshing SBF.
This new apatite layer is named as the conformation
layer (Fig.11d).

Stage V. Hydrated C;S paste surface is finally
deposited with apatite layer. As the result that the ion
exchanges between hydrate CsS paste surface and SBF
are in dynamic equilibrium, the pH value of SBF is
stable at 7.40.

In this study, HCO; ™ is closely related to the
carbonation of Ca (OH), and deposition of CaCO; on
hydrated C;S paste surface. Human blood plasma has
lower CI™ and higher HCOs™ concentrations (27.0 mmol +
L") than SBF (Table 1). Tt is speculated that the
carbonation of Ca(OH), and deposition of CaCO; would
be enhanced on hydrated C;S paste surface in living
body. The bioactivity and biocompatibility would be

significantly influenced by HCO; ~. So, the ionic

dissolution products of hydrated CsS paste in wvitro
would be far from that of hydrated C;S paste in vivo. It
means that cell proliferation assay of hydrated C;S paste
can not be directly predicted from the results of
traditional method™. As the conditions of the in vitro
bioactivity and biocompatibility described in the
literatures have not yet been standardized, it is crucial
and a challenge to precisely specify HCO;™ concentra-
tion during the experiments. By feeding these data
back, it would be possible to assist the rational design
and improvement processes of C;S and C;S derived

materials.
3 Conclusions

The in wvitro bioactive behaviors of hydrated C;S
paste are clarified in this study. C-S-H gel and Ca(OH),
are the main hydration products of C;S. The isolated
silicate tetrahedrons in anhydrous C;S polymerized to
form C-S-H gel with a layered structure based on Ca-O
sheets ribbed with linear silicate chains. There is about
23.97wt% Ca (OH), in dry hydrated C;S paste, the
dissolution of Ca(OH), results in increased pH value of
SBF. Apatite particles are firstly induced to deposition
on hydrated C;S paste surface. Then, hydrated C;S paste
surface are co-deposited with CaCO; and apatite
particles. HCO;™ is the principal buffer system of SBF,
and the carbonation of Ca (OH), and deposition of
CaCO; mainly contribute to the decreasing of pH value.
As the result of lowed ion exchanges, hydrated C;S
paste surface is finally deposited with apatite. The
deposition of apatite contributes to the further
decreasing of pH value. Because HCO;~ concentration
of SBF is lower than that of human blood plasma, the
carbonation and deposition of CaCO; on hydrated C;S
paste would be enhanced in living body. The
concentrations and behaviors of HCO;™ must be emph-
asized and recognized during the bioactivity and
biocompatibility studies of C;S and C;S devised mat

erials.
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