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ABSTRACT: Biomaterials containing calcium silicate have been widely used in dental and bone repaired applications.
This study investigated mechanical and in vitro biological properties of ordinary and white Portland cement both of which
are composed mainly of calcium silicates. The time of setting was determined using a Vicat needle. Compressive strength
was measured at the age of 1, 3, and 7 days. The 1 day set Portland cement pastes were soaked in a simulated body fluid to
investigate the ability of the material to form a bond with living bone tissue. X-ray diffraction traces of samples following
immersion in simulated body fluid demonstrated that both cement pastes form a hydroxyapatite layer within 7 days but
white Portland cement shows a noticeably higher amount of apatite crystal than that of ordinary Portland cement. Scanning
electron micrographs reveal a clear presence of hydroxyapatite on the surface of white, but not in ordinary Portland cement.
In addition, white Portland cement can achieve a compressive strength of 30 MPa within 24 h after curing in distilled water

at human temperature.
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INTRODUCTION formation of apatite on bioactive materials in vitro.
The hydroxyapatite layer formation on the material
When the body exhibits disease or damage, defensarface within 4 weeks of exposure to SBF in vitro
mechanisms will stimulate the formation of a fibrougyives an indication that the material is bioactive and
capsule around an artificial implant material in arwill form a bond with living tissue.
attempt to isolate it from surrounding tissue. Glass A range of calcium silicate based materials are
and ceramic materials have been shown to form stabdeirrently being investigated for their potential use in
bonds with living bone tissue in vitfo*. In 1969, the dental and bone-contact applicatidhid®. Previous
ability of material to form a bond with living bone research® has demonstrated the in vitro bioactivity of
tissue, referred to as bioactivity, was first obsefved the calcium sulphate hemihydrate-tricalcium silicate
Materials that exhibit bioactivity can therefore be used¢omposite bone cement. Huan and Ch&ngported
to repair damaged bone tissue. that silicate species could play an important role in
Silicates have been shown to accelerate the form&erming hydroxyapatite in the simulated body envi-
tion of new bone tissue by inducing genetic activity ofonment and the formation of a homogeneous apatite
bone-regulating celfs”. When a silicate is immersed layer on the material surface was dependent on the
in human plasma environment, a precipitation of ionpresence of tricalcium silicate.
forms. As human plasma is supersaturated with For the past decade, mineral trioxide aggregate
respect to hydroxyapatite, Si-OH functional groups of§MTA), consisting of 80% wt white Portland cement
the material surface induce the nucleation of apatitend 20% wt bismuth oxide, has been used as a root re-
crystals that grow spontaneously. The structure gfair material in dentistrif22. It was found that MTA
the hydroxyapatite layer formation is similar to theshows bioactivity and clinical success in the sealing
mineral component of bone and provides a focus farf connections between the root canal system and the
the attachment and proliferation of new bone-formingurrounding tissues. In spite of the increasing po-
cells®19, tential clinical applications, the bioactivity of cement
Kokubo et al® developed a cellular simulated based material in SBF is barely known. Accordingly,
body fluid (SBF) which contains ion concentrationghe bioactivity of ordinary Portland cement and white
similar to those of human plasma in order to reproducBortland cement in vitro was carried out in SBF in
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order to determine whether they form hydroxyapatitestrengths of the samples were measured at 1, 3, and
The pH values of the SBF solutions containing botft days using Hounsfield test equipment (H10KS-
cements was also measured. In the addition, th107) at a loading rate of 0.5 mm/min. The reported
setting and mechanical properties of both types aksults are the averages of five specimens.

Portland cement were investigated.
Bioactivity in vitro and dissolution

MATERIALS AND METHODS Simulated body fluid (SBF) was prepared according

Preparation and characterization to the procedure described by Kokuo The ion

Ordinary Portland cement (OPC) and white Portlan oncentrations of the SBF solution are similar to Fhose
y ( ) ?‘n human blood plasma. OPC and WPC paste disks at

cement (WPC) used in this investigation were prol day (10 in di q2 in heiah
duced by Siam Cement Public Company Limited; ay ( mm in lameter and = mm in neig t) were
nmersed in the SBF solution in hermetically sealed

Cement paste samples were prepared in a polypro i . o
P P prep royp olypropylene containers under sessile conditions at

lene beaker with sterile distilled water at a water t 7°C for 7 days with a surface area-to-volume ratio
cement ratio of 0.5 by mass. In e_zach case, 50 9 gff 0.1 e 1%, The pH values of SBF liquid were
cement was manually blended with 25 g of steril®' ©- d 1 3 and 7 d ) | |
distilled water using a polypropylene spatula. Thdheasure T_\E. ! Srll\/l i ayiigln%a:ﬂeectrop)‘/ftte—type
specimens were then cast into a rubber mould (10 mghd meterh( :jr!ge etrom P eter)(.j f er h
in diameter and 2 mm in height), sealed with plasti ays, t_e ISC Specimens were removed Irom the
SBF solution, gently rinsed with deionized water, and

wrap, and cured at 282 °C for 24 h. After curing, = - din air at ¢ t Th f
the sample were removed from the rubber moulds arﬂﬂe n ar a room temperature. e

their chemical compositions were determined at th@ ologies and crystalline phase of the OPC and WPC

: : te discs after immersion in SBF were determined
Electron Microscopy Research and Service Centre S X .
Chiang Mai University using low vacuum SEM with @gh_SI_EMP(\.j\IIE(l);_Z;EM-SMOLV) and X-ray diffraction

a JEOL JEM-5910LV microscope linked to an energ;& Hps FVV- )-

dispersive X-ray analyser (EDX). RESULTS

Setting time of the OPC and WPC paste Characterisation of OPC and WPC before

The time of setting of Portland cement paste wai"Mersingin SBF

determined using a Vicat needle according to ASTMBEM characterization of the surface of OPC and WPC
C191-993. The apparatus consisted of a movable rogaste after setting for 1 day has demonstrated that the
(300 g, 10 mm in diameter) and a steel needle (1 misurfaces of the samples, taken as-cast from the mould
diameter, 50 mm length). Portland cement powddrefore immersing in SBF, were smoothig. 1). An
(650 g) was mixed with the amount of distilled waterEDX spectrum of OPC and WPC surface confirms the
required for normal consistengy After mixing, a presence of the main elemental constituents which are
ring mould filled with the cement sample was placedalcium, silicon, aluminium, and oxygehi@. 2).

on a base plate and the excess paste at the top of the

mould was removed. A steel needle was plunged intgetting time and compressive strength of Portland

the Portland cement paste every 10 min. The initig#fement paste

setting time is determined as the time necessary {p can be seen that the setting time of WPC was
achieve a penetration of 25 mm and the final settingoticeably faster than that of OPEig. 3). The results
time as the total time when the needle does not sindhow that the initial and final setting times of OPC
into the paste. were 134 and 190 min respectively and that of WPC
were 130 and 170 min respectively.

The compressive strength of WPC and OPC
The compressive strength of the test materials wamstes after storage in a 100% humidity water bath at
determined according to ASTM D695-&#1 Port- 37°Cfor 1, 3, and 7 days is shownfig. 4. The result
land cement powder was mixed with water using @ndicated that the compressive strength of Portland
constant water to cement ratio (W/C) of 0.5, andement paste increased with increasing curing period
the mixture was cast in a cylindrical mould (6 mmand there was no significant difference between OPC
diameter< 10 mm high). After setting for 24 h, and WPC paste specimens. In the addition, after
the specimens were removed from the moulds and days of curing in distilled water at human body
were cured in a water bath at 37 °C. The compressitemperature, OPC and WPC paste specimens achieved

Compressive strength of the OPC and WPC paste
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Fig. 1 SEM micrographs of the surface of (a) OPC past

disc and (b) WPC paste disc after setting for 1 day.
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Fig. 2 EDX spectrum of (a) OPC paste disc surface (b) wpdnmersion in SBF solution for 7 days are shown in

paste disc surface after setting for 1 day.
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Fig. 3 The initial and final setting times of OPC and WPC
paste samples.

110
1004 | —=—OPC
904 |—a—wpC "
804
70+
60+
50
40+

204
101

Compressivé®trength (MPa)

Time (days)

Fig. 4 The compressive strengths of OPC and WPC paste
specimens at various times.

compressive strength of 94.2 MPa and 92.6 MPa
respectively.

Dissolution characteristics

After 1 week of contact with an OPC paste disc with
a surface area-to-volume ratio of 0.1 thypthe pH of
SBF increased from 7.25 to 9.2Bi¢. 5. In the case
of WPC the pH of SBF increased to 9.06.

Bioactivity in vitro
The SEM analyses of the paste disc surfaces following

Fig. 6. Formation of hydroxyapatite was only ob-
served on the WPC surface. The surface of WPC after
reaction with SBF is seen to support a particle deposit
of similar morphology to the apatite layer reported to
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Fig. 8 EDX spectrum of (a) OPC (b) WPC paste disc
surfaces following immersion in SBF solution for 7 days.

was present in the WPC paste after immersion but
this was not observed for the OPC paste. Elemental

Fig. 6 SEM micrographs of the surface of (a) OPC pasténapping a_lso shows that WPC surface ha_d a high
disc and (b) WPC paste disc following immersion in SBFconcer.\tratlon of PF{'Q' 9). These results confirm the
formation of an apatite layer on the surface of WPC

paste disc after immersion in SBF solutiSn

The X-ray diffraction (XRD) of the samples after
form on bioactive materidl°. The higher magni- immersion in SBF is shown iffig. 10 The XRD
fication SEM micrograph shows that small particlegpattern of OPC and WPC paste discs showed charac-
of an apatite formed as agglomerat&sg( 7). An teristic peaks of hydroxyapatite aff 2= 25.9, 31.8,
EDX spectrum of the surface of OPC and WPC past82.9, and 34.1. On account of the larger peak for WPC
following a residence time of 7 days in SBF is showrat 31.8, it can be inferred that WPC induces a larger
in Fig. 8 The spectrum demonstrates that phosphor@snount of apatite crystal.

solution for 7 days.
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Fig. 10 XRD data for paste disc surface of (a) OPC (b) WPC
after immersion in SBF for 7 day§l] calcium hydroxidep
calcium carbonatey hydroxyapatite.

bath at 37 °C. With a high initial strength, OPC and
WPC may be beneficial for clinical applications that
require a certain high initial strength in the first stage
of implantation. Portland cement mainly consists of
tricalcium silicates, €S, and dicalcium silicates,,S,
which react with water during the hydratith
On hydrating the cement, calcium silicate hydrate
(CSH) and calcium hydroxide are produced. These
provide strength and alkalinity to the material, respec-
tively4%. As time proceeds, the CSH phase formation
increases giving a denser and more homogeneous
cement matrix. This results in the formation of a
solid network which affords a moderate increase in the
mechanical strength and densification. The decrease
in the initially high porosity is due to the formation
of hydration products. In this study, when Portland
paste disc was immersed in SBF solution, calcium
hydroxide is leached from the Portland cement matrix.
The released OHons are partially buffered and cause
a moderate increase in pH from 7.25 to approximately
a ; ; ; 9.
Fig. 9 (a) Hydroxyapatite crystals precipitated on WPC  Bioactivity is shown by the formation of a hydrox-
paste surface; distribution of (b) silicon (c) calcium (d) phosyapatite layer on the surface of a material after immer-
phorous. sion in SBF solutiod. The Si-OH functional groups
on the surface of silicate material, such as silicate
glasses and ceramics, have been shown to act as nucle-
DISCUSSION ation centres for hydroxyapatite precipitatiot+2.
Recent research has shown that an increase in the
Calcium phosphate cement has been successfullyper saturation of Cais not sufficient to promote
used in clinics as bone repair biomaterial for manyhe formation of new crystals of hydroxyapatite on the
years36, However, poor mechanical properties limitmaterial surface in the SBF environméht* and the
any further application§=29. In this study, both OPC formation of this homogeneous hydroxyapatite layer
and WPC pastes can achieve a compressive strengghdependent on the content of silicate matéfial
more than 25 MPa within 24 h after curing in a watefThis explains why OPC shows lower intensity peak of
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hydroxyapatite than WPC. When OPC is immersed4.
in SBF, silicate ions are likely to concentrate around
the CSH gel, and thus the formation of apatite crystal5.
is limited in the CSH®. This may be due to the
lower proportion of silicate species in OPC compared
to WPC. Hence, it is thought that the deposition of
hydroxyapatite layer onto the Portland cement paste™
surface is attributed to both the dissolution of calcium
hydroxide and to the high proportion of preexisting
Si-OH nucleation sites presented by the nanoporousg
calcium silicate hydrate gel structure. However, ev-
idence of apatite formation on the OPC surface was
not observed in the SEM micrograph. This may 9.
be because a very low amount of apatite cannot be
detected by an SEM. Accordingly, the results of the
XRD, SEM, and EDX analysis show that WPC paste 0.
following immersion in SBF solution, can induce
hydroxyapatite precipitation on the material surface
within 7 days. This finding confirms the established"!-
bioactivity of the WPC paste.

Our study has indicated that the likely mechanism
of bonding between WPC paste and viable bone tissug,
is the spontaneous formation of an intermediate layer
of hydroxyapatite on contact with human plasma.
However, as a material containing a large amount
of calcium hydroxide, which is known to produce 13.
a pH of around 12.4 when in contact with water,
the hydrated cement paste may induce cytotoxi€ity
Such a result has been found in previous studies on
biocompatibility and cytotoxicity of calcium hydrox- 14
ide based root canal sealé¥$’. Further research
is now warranted to establish the biocompatibility
and cytotoxicity properties to confirm the stimulatory 15
effect of WPC for use in orthopaedic surgery.
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