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Abstract

Sintered dicalcium pyrophosphate (SDCP) is biocompatible to bone tissue both in the in vivo and in vitro model. However, the

molecular mechanisms that mediated these processes have yet to be identified. In this study, we investigated the influence of SDCP

ions on in vitro osteoblasts behavior.The powder of sintered b-dicalcium pyrophosphate (SDCP) was dissolved by HCl and then

diluted into different concentration of solutions by culture medium used in the osteoblast cell culture. The effects of various

concentration of SDCP on bone cell activities were evaluated by using MTT assay. For the differentiation of osteoblasts, alkaline

phosphatase (AP) staining, von Kossa stain for mineralized nodules and bone markers messenger ribonucleic acid (mRNA)

isolation and identification were performed at 3 h, days 1, 3, 7 and 14.

In the presence of 10�8
m SDCP for 14 days, the osteoblasts population was still significantly higher than that of control. In the

qualitative analysis for the formation of AP staining colonies and mineralization nodules formation were not affected by SDCP ions.

When osteoblasts cultured in the presence of 10�8
m SDCP ions, the osteocalcin mRNA expression was up-regulated; while the

collagen, osteonectin and osteopontin mRNA expression were down-regulated.

In this study, we demonstrated that the elevated concentration of calcium and pyrophosphate ions can activate genes of the

bone cells. This study will contribute to a better understanding of cell/biomaterial interactions and mechanisms that SDCP affect the

bone cells.

r 2003 Elsevier Ltd. All rights reserved.

Keywords: Gene expression; Sintered dicalcium pyrophosphate; Biocompatability; Osteoblastic cells
1. Introduction

Recent advancement in orthopedic surgery can be
attributed to the revolution in biomaterials. Initially, the
choice of biomedical materials for use in the body was
dependent on those already available off the shelf.
Later, many of the materials selected proved to be either
pathogenic or toxic. Whereas second-generation bioma-
terials were designed to be either resorbable or bioactive,
the next generation of biomaterials is combining these
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two properties. Third-generation bioactive glasses and
macroporous foams are being designed to activate genes
that stimulate regeneration of living tissues [1].

Sintered dicalcium pyrophosphate (SDCP) appear to
be biocompatible to bone tissue in the in vivo animal
model [2]. Host tissue responses to this material are
generally assessed by morphological and histological
examinations of the implant site in order to evaluate
their biocompatibility with respect to cytotoxicity. It is
difficult to exam in vivo reaction of a specific cell to the
substrate because numerous cell populations and
chemical factors are involved in implantation. In order
to determine the sequences of events and the parameters
influencing the interactive process, in vitro studies on
bone cell culture models are used to determine
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biocompatibility and to investigate bone and biomater-
ial interactions. Osteoblastic cells (responsible for bone
formation) are used most frequently [3–7] and osteo-
clasts (cell responsible for bone resorption) are also used
but less frequently [8,9].

In the in vitro model, SDCP has been proved to be
more biocompatible than hydroxyapatite [10]. Recent
work in our institute has also demonstrated that the
ingestion of either bisphosphonate [11] or SDCP
decreased the bony porosity and increased bone mineral
contents in the long bones of ovariectomized rats [12]. In
the later study, we demonstrated that SDCP can induce
apoptosis of osteoclasts in an ultrastructural model
characterized by changes of the nucleus accompanied by
degradation of cellular organelles [13]. However, the
molecular mechanisms that mediated these processes
have yet to be identified. Furthermore, it has not been
possible to define whether stimulation of bone synthesis
by SDCP occurs through direct contact between
substrate and cells or through soluble ions released by
SDCP during its resorption.

Collagen Type I is synthesized from procollagens that
are secreted in the extracellular space. Type I collagen
is the most abundant collagen in vertebrates, forms
90% of the organic mass of bone, and is produced in
large quantities by osteoblasts [14]. Osteocalcin is one of
the most abundant non-collagenous proteins in bone, but
the biologic function of osteocalcin has not been precisely
defined. Because of the specific interaction with hydro-
xyapatite, osteocalcin has been postulated to affect the
growth or maturation of Ca2+-phosphate mineral
phases. More recently, it was reported that osteocalcin
may act in combination with other hydroxyapatite-
binding proteins as a signal for bone remodeling [15].
Osteopontin is thought to promote or regulate the
adhesion, attachment, and spreading of osteoclasts to
the bone surface during bone resorption [16,17]. It is
known to be produced by osteoblasts [18–20], as well as
osteoclasts [19,21,22]. Another protein abundant in bone
with potential roles in regulating cellular activities, albeit
not in binding the cells, is osteonectin [23]. Studies in vitro
have shown roles of osteonectin in modulating cell
division and cell migration [23] and perhaps initiating
active mineralization in normal skeletal tissue [24]. Bone
sialoprotein, similar to osteopontine as a sulfate-protein
secreted by osteoblasts, is an early marker of osteoblasts
differentiation that plays significant roles in regulating
biomineralization [23]. Type I collagen expression is
considered an early differentiation marker of the
osteoblast phenotype [25–27]; while the expression of
osteocalcin, osteopontin, and osteonectin were late
differentiation marker as they associated with miner-
alization of the bone extracellular matrix [28].

In this study, we investigated the influence of SDCP
ions on in vitro osteoblasts behavior. This paper reports
the evaluation of the bioactivity and biocompatibility of
SDCP prepared at different concentrations (10�2–
10�14

m). The biocompatibility has been evaluated by
means of cytotoxicity and cytocompatibility tests. Cell
proliferation as well as the expression of some biochem-
ical parameters of osteoblastic phenotype (alkaline
phosphatase (AP) activity, type I collagen, osteocalcin,
osteonectin, and osteopontin production) have been
monitored.
2. Materials and methods

2.1. Preparation of sintered b-dicalcium pyrophosphate

solutions

The powder of sintered b-dicalcium pyrophosphate
(SDCP) was prepared as previously described [2]. In
short, the b-DCP powder (b-DCP: Ca2P2O7, Sigma, St.
Louis, MO, USA) mixed with 5 wt% Na4P2O7 � 10H2O
in water and dried at 70�C for 3 days. The well-mixed
and dried cake was grounded and sieved to obtain 40–60
mesh particles. The sieved particles were placed in a
platinum crucible and heated up to 930�C at a heating
rate of 3�C/min in a conventional Ni–Cr coiled furnace
and then maintained in air for 1 h after the sintering
temperature of 930�C was reached. The obtained SDCP
was dissolved by 12n hydrogen chloride and then
diluted into different concentration of solutions by
culture medium used in the bone cell culture. In the first
part of this study, the effects of various concentration of
SDCP ions on bone cell activities were evaluated by
using MTT assay as described below. The highest
concentration of SDCP used in this study was
1.0� 10�2

m, because when SDCP ions were higher than
1.0� 10�2

m, the buffering capacity of medium was
exceeded and the calcium phosphate precipitations
appeared. Thirteen different concentrations (1.0� 10�2–
1.0� 10�14

m) were tested for 1, 3, 7 and 14 days period.
While in the control cultures, an equivalent and molarity
of HCl was added.

2.2. Osteoblast cell culture

Sequential digestion of newborn Wistar-rat calvaria
was performed by using a modification of the methods
described by Wong and Cohn [29]. Briefly, after
pretreatment of the dissected calvaria with 4 mm Na2-
EDTA in a pre-warmed (37�C) solution containing
137 mm NaCl, 2.7 mm KCl, 3mm NaH2PO4, pH 7.2
(solution A), for 10 min three times, the fragments were
sequential digested with collagenase (180 U/ml, Sigma,
St. Louis, MO, USA) in solution A with EDTA. The
sequential digestion consisted of four times’ treatments
for 5min followed by two times’ treatments for 10 min.
The cells released after each treatment were immediately
harvested by centrifugation and resuspended in culture



ARTICLE IN PRESS
J.-S. Sun et al. / Biomaterials 25 (2004) 607–616 609
medium. Unambiguous identification of cell populations
as osteoblasts is complex since none of the parameters
used for defining osteoblasts-like cells are unique to this
cell types [30]. The presence of AP, an early marker of
osteoblasts [31], is used to assess the osteoblastic
character of the isolated cells [29,32–34].

2.3. Colorimetric MTT (Tetrazolium) assay for cell

viability [35]

The mitochondria activity of the bone cells after
exposure to various concentrations of SDCP was deter-
mined by colorimetric assay which detects the conversion
of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma catalog no. M2128, Sigma Co., St.
Louis, MO, USA) to formazan. For the assay,
2.5� 104 cells/well were incubated (5% CO2, 37�C) in
the presence of various concentration of SDCP ions. After
various time intervals the supernatant was removed,
100ml/well of MTT solution (1mg/ml in test medium)
was added and the wells were incubated at 37�C for 4h to
allow the formation of formazan crystal. Again the
supernatant was removed and acid-isopropanol (100ml
of 0.04n HCl in isopropanol) was added to all wells and
mixed thoroughly to dissolve the dark blue crystals. After
a few minutes at room temperature to ensure that all
crystals were dissolved, the plates were read on Micro Elisa
reader (Emax Science Corp., Sunnyvale, CA, USA), using
a test wavelength of 570nm against a reference wavelength
of 690nm. Plates were normally read within 1h after
adding the isopropanol.

2.4. Osteoblast differentiation

Osteoblasts cultured in the media in the presence of
dexamethasone have been shown to be capable of
synthesizing and mineralizing an extracellular matrix
and to form AP in vitro [36]. To subculture, the cells
were washed twice with sterile PBS followed by
treatment with 1:1 mixture of 0.03% collagenase
(25 U/ml in DMEM only; type VII, Sigma, St. Louis,
MO, USA) and 0.05% trypsin (Sigma, St. Louis, MO,
USA) for 20 min at 37�C in 5% CO2. The resulting cell
suspension was then passed and centrifuged at 1500 rpm
for 5 min to pellet the cells. The supernatant was
removed and the pellet resuspended in a-minimal
essential media (a-MEM; Sigma, St. Louis, MO,
USA). A concentration of 1� 106 cells/100 ml was added
to 35mm wells of a 6-well plate. The osteoblasts were
incubated at 37�C in 5% CO2 for 24 h. After 24 h, the
media were changed and the cells were incubated in a-
MEM supplemented with 10% fetal calf serum (FCS;
Gibco BRL, Rockville, MD, USA), antibiotics (genta-
micin 50 mg/ml, penicillin G 100 mg/ml [Gibco BRL,
Rockville, MD, USA]), l-ascorbic acid (50 mg/ml Gibco
BRL, Rockville, MD, USA), supplemented with 5 mm
b-glycerophosphate (Sigma, St. Louis, MO, USA) and
10�8

m dexamethasone (Sigma, St. Louis, MO, USA).
The day of subculture was day zero. From day one of
culture, 10�8

m SDCP solution was added. The medium
was changed every 3–4 days; AP staining, von Kossa
stain for mineralized nodules and bone markers
messenger ribonucleic acid (mRNA) isolation and
identification were performed at 3 h, day 1, 3, 7 and 14.

2.5. Alkaline phosphatase activity determination

After fixing the cells, the dishes were incubated for
30 min in TRIS Buffer (0.2m, pH 8.3) with AS-MX
phosphate (Sigma, St. Louis, MO, USA) as a substrate
and Fast Blue (Sigma, St. Louis, MO, USA) as a stain
[37]. The AP positive cells stained blue/purple. For each
experiment, a minimum of three dishes was counted and
the experiments were repeated three times.

2.6. The von-Kossa staining on mineralized nodules

formation

Since the calcium usually co-precipitate with the
phosphate ion in the in vitro culture condition,
mineralization of the nodules in the cultures was
assessed using von-Kossa stain. The matrix was washed
with PBS, and cultures were treated with 5% silver
nitrate solution 100 ml/well in the dark at 37�C for
30 min. The excess silver nitrate solution was then
completely washed away using double-distilled H2O and
the culture plate was exposed to sodium carbonate/
formaldehyde solution for few minutes to develop color.
Mineralized and unmineralized nodules could be dis-
tinguished separately: mineralized nodules by their von-
Kossa-positive staining (dark brown center and light
brown peripheral area), and unmineralized nodules by
their surface layer of cuboidal cells, light brown staining,
and three-dimensional structure. To evaluate bone
nodule area precisely, the von-Kossa-stained areas were
viewed by light microscopy. For each experiment, a
minimum of three dishes was counted and the experi-
ments were repeated three times.

2.7. Messenger ribonucleic acid (mRNA) isolation

and reverse transcriptase-polymerase chain reaction

(RT-PCR)

After a predeterrmined time, the RNA was isolated
from osteoblast cells by an acid guanidine method using
RTIzol Reagent (Gibco BRL, Rockville, MD, USA)
and reverse transcribed to cDNA. For the quantiti-
fication of mRNA, the method developed by Nakajima
et al. was used [38]. Briefly, 10-fold titrated cDNA
(1 mg RNA–1 pg RNA) was amplified by polymerase
chain reaction (PCR). The amplification procedure
consisted of 35 cycles (95�C for 1 min, 58�C for 1min,
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72�C for 10 min) with the oligonucleotide primer sets
shown in Table 1. The cDNA amplified by PCR was
fractionated by electrophoresis in agarose gel. Relative
expression were evaluated by detection of specific band
(39, Collagen type I: 1208 bp; 40, Osteocalcin: 462 bp;
Table 1

Oligonucleotide of 50 and 30 primers of targets

Collagen type I 1208 bp [39]

50 Primer 50-ATGGT GCTCC TGGTG CCA-30

30 Primer 50-TGTAT TCGAT GACTG TCTTG-30

Osteocalcin 462 bp [40]

50 Primer 50-ATGAG GACCC TCTCT CTGCT CACT-30

30 Primer 50-ACCGT TCCTC ATCTG GACTT TA-30

Osteonectin 890 bp [41]

50 Primer 50-CTT AGA TCA CCA GAT CCT TGT TGA

TG-30

30 Primer 50-CCC AGC ATC ATG AGG GCC TGG ATC

TT-30

Osteopontin 941 bp [42]

50 Primer 50-CAA CCA TGA GAC TGG CAG TGG TTT

GC-30

30 Primer 50-GCC TCT TCT TTA ATT GAC CTC AGA

AG-30
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Fig. 1. The effect of various concentrations of SDCP ions on osteoblast cells

SDCP for one day, there was significant decrease in the formation of formaza

of formazan was significantly increased. At the 10�8
m concentration of SDC

days’ culture, although it did not attain the significant level. (Shadowed bar

Po0:05:)
41, Osteonectin: 890 bp; 42, Osteopontin: 941 bp)
visualized by ethidium bromide staining.

2.8. Statistical analysis

All data are expressed as mean7standard deviation
and were analyzed by analysis of variance (one-way
ANOVA). Statistical significance was determined by
Bonferroni’s t-test . Probability values less than 0.05
were considered significant.
3. Results

3.1. Quantitative analysis of osteoblast cell counts

MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-
zolium bromide] is a pale yellow substrate that produces
a dark blue formazan product when incubated with
living cells. MTT ring is cleaved in active mitochondria,
and the reaction occurs only in living cells [35]. Fig. 1
shows the effect of various concentrations of SDCP ions
on osteoblast cells viability measured by MTT assay.
When osteoblast cells cultured with 10�2

m or 10�3
m

sts (1 Day)

10(-8)M 10(-9)M 10(-10)M 10(-11)M 10(-12)M 10(-13)M 10(-14)M

entration

sts (3 Day)
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entration
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ts (14 Day)
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viability (N ¼ 12). When osteoblast cells cultured with 10�2
m or 10�3

m

n; while in the 10�4
m or 10�10

m concentration of SDCP, the formation

P, the beneficial effect on the osteoblasts attained peak at the end of 3

mean the difference attained a statistically significant difference, i.e.,
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Fig. 2. Photomicrograph of AP staining for the differentiation of osteoblasts in the medium containing 5 mm b-glycerophosphate and 10�8
m

dexamethasone. At 3 h after differentiation medium, there was little AP positive staining colony was found in the culture. The AP positive

staining colonies first appeared at the 1st day’s culture, and then progressively increased as the culture period passed, and attained a significant degree

at the 14th day’s culture. Similar result was observed in the group cultured with 10�8
m concentration of SDCP ions. (Control: control group; Exp.

Study group with 10�8
m concentration of SDCP ions; bar=200mm.)

J.-S. Sun et al. / Biomaterials 25 (2004) 607–616 611
SDCP for one day, there was significant decrease in the
formation of formazan; while in the 10�4

m or 10�10
m

concentration of SDCP, the formation of formazan was
significantly increased in the first day’s culture (Fig. 1).
At the 10�8

m concentration of SDCP, the beneficial
effect on the osteoblasts attained to the end of 14 days’
culture, although it did not attain the significant level at
the 3rd and 7th days’ culture (Fig. 1). We selected the
10�8

m concentration of SDCP ions for the further
biochemical study.

3.2. Alkaline phosphatase staining and mineralized

nodules formation

When cultured in the medium containing 5mm b-
glycerophosphate and 10�8

m dexamethasone, the os-
teoblasts differentiated as the cultured period increased.
At 3 h after differentiation medium, little AP positive
staining colony was found in the culture. The AP
positive staining colonies first appeared at the 1st day’s
culture of control groups, and then progressively
increased as the culture period passed, and attained a
significant degree at the 14th day’s culture (Fig. 2).
Similar result was observed in the group cultured with
10�8

m concentration of SDCP ions (Fig. 2). The
addition of SDCP ions on the osteoblast cultures also
did not affect the formation of mineralization nodules,
and similar results were observed on the von-Kossa
staining (Fig. 3). The qualitative analysis of ALP and
mineralization were repeated in triplicate which showed
similar result. The formation of AP positive staining
colonies and mineralization nodules formation in the
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Fig. 3. Photomicrograph of von-Kossa staining for the mineralized nodules formation of the osteoblasts in the medium containing 5 mm b-

glycerophosphate and 10�8
m dexamethasone. At 3 h after differentaitaion medium, there little von-Kossa positive staining colony was found in the

culture. The von-Kossa positive staining colonies first appeared at the 1st day’s culture, and then progressively increased as the culture period passed,

and attained a significant degree at the 14th day’s culture. Similar result was observed in the group cultured with 10�8
m concentration of SDCP ions.

(Control: control group; Exp. Study group with 10�8
m concentration of SDCP ions; bar=200mm.)

J.-S. Sun et al. / Biomaterials 25 (2004) 607–616612
osteoblast cultures were not significantly affected by
SDCP ions.

3.3. Reverse transcriptase-polymerase chain reaction

In this model, osteoblasts have been known to express
type I collagen, osteonectin and osteopontin mRNA at
the 3 h culture, then attained their maximal expression
at the first day’s culture. The osteocalcin mRNA
expression was quite low in the first 3 days’ culture
and then appeared at the 7th day’s culture. In the
presence of on 10�8

m SDCP ions, type I collagen,
osteonectin and osteopontin mRNA expression were
down-regulated at the 3 h culture and then returned to
that of control level at the day 1. The osteocalcin
mRNA expression was up-regulated in the first 3 days’
culture and returned to that of control level at the day 7
(Fig. 4). When osteoblasts cultured in the presence of
10�8

m SDCP ions, the osteocalcin mRNA expression
was up-regulated; while the collagen, osteonectin and
osteopontin mRNA expression were down-regulated
than that of the control.
4. Discussion

Continuous advances in the field of implantable
calcium phosphate bioceramics have produced impres-
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Fig. 4. The effect of various concentrations of SDCP ions on bone

markers expression by RT-PCR. In this model, osteoblasts have been

known to express collagen type I, osteonectin and osteopontin mRNA

at the 3 h culture, then attained their maximal expression at the first

day’s culture. The osteocalcin mRNA expression was quite low in the

first 3 days’ culture and then appeared at the 7th day’s culture. In the

presence of on 10�8
m SDCP ions, collagen type I, osteonectin and

osteopontin mRNA expression were down-regulated at the 3 h culture

and then returned to that of control at the day 1. The osteocalcin

mRNA expression was up-regulated in the first 3 days’ culture and

returned to that of control at the day 7. When osteoblasts cultured in

the presence of 10�8
m SDCP ions, the osteocalcin mRNA expression

was up-regulated; while the collagen, osteonectin and osteopontin

mRNA expression were down-regulated than that of the control.

(Con.: control group; Exp. Study group with 10�8
m concentration of

SDCP ions; Col: Type I collagen; OC: osteocalcin; ON: osteonectin;

OPN: osteopontin.)
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sive progress with respect to their biocompatibility and
have shown an ability to promote tissue formation.
Biodegradable biomaterials have found a wide variety of
applications in clinical medicine. Certain biodegradable
calcium phosphates have been used as bone substitutes
to avoid the complications associated with bone grafts,
such as the shortage of supply, the immunogenicity, and
the transfer of disease with the graft [43–46]. One of the
main advantages of biodegradable substances is that it
obviates the need for eventual surgical removal. SDCP
has been proved to have great potential as an in vivo
biodegradable bone substitute [2,47]. Recent work in
our institute has also demonstrated that the ingestion of
SDCP decreased the bony porosity and increased bone
mineral contents in the ovariectomized rats [12]. In the
in vitro model, SDCP has been proved to be more
biocompatible than hydroxyapatite [10]. Later, we
demonstrated that SDCP can induce apoptosis of
osteoclasts in an ultrastructural model characterized
by changes of the nucleus accompanied by degradation
of cellular organelles [13]. However, it has not been
possible to define the molecular mechanisms that
mediated these processes; whether stimulation of bone
synthesis by SDCP occurs through direct contact
between substrate and cells or through soluble ions
released by SDCP during is still unknown. In the
previous study, it has been shown that osteoclast
differentiation and activation are thought to be
mediated through modulation of paracrine factors
produced by osteoblastic lineage cells [48]. In this study,
we investigated the influence of SDCP ions on in vitro
osteoblasts behavior.

From MTT assay of this study, we observed cells
proliferation was significantly (po0:05) increased in the
first day’s culture when osteoblasts were cultured with
10�4–10�10

m concentration of SDCP ions. At the
10�8

m concentration of SDCP, the beneficial effect on
the osteoblasts attained to the end of 14 days’ culture,
although it did not attain the significant level at the 3rd
and 7th days’ culture (Fig. 1). The concentration of
10�8

m SDCP ions was selected for the further biochem-
ical study.

The differentiation of osteoblastic cells in culture
involves a programmed developmental sequence [25,26].
The proliferation of cells in culture usually follows a
standard pattern, with an initial lag-phase (period of
adaptation during which the cell replaces elements of the
cell surface and extracellular matrix lost during trypsi-
nization), followed by the log-phase (phase of exponen-
tial increase in cell number, during which osteoblastic
cells are relatively undifferentiated), and the plateau
phase (in which cell division is balanced by cell loss and
bone cell phenotypic markers are expressed). In general,
cell cultures are most consistent and uniform in the log-
phase, and sampling at day 6 gives a high yield and
reproducibility of proliferative activity in osteoblast cells
[49,50]. The increased cell number with 10�8

m SDCP
ions at day 1 possibly was caused by an increased
growth rate during the lag-phase or an extended lag-
period, implying a stimulation effect of SDCP ions on
the cells during this phase. The cell number was quite
similar between the groups with and without 10�8

m

SDCP ions at days 3 and 7, implying the stimulation
effect of SDCP ions on the cells possibly was not evident
during the log-phase. The increased cell number with
10�8

m SDCP ions appeared again at day 14, implying a
stimulation effect of SDCP ions on the cells during the
plateau phase.

To assess the influence of surface composition on
bone cell specific markers, AP staining, von-Kossa
staining on mineralized nodules formation, collagen
Type I, osteocalcin, and osteonectin production were
measured. Osteoblast differentiation is a multistep series
of events modulated by an integrated cascade of gene
expression that initially supports proliferation and the
sequential expression of genes associated with the matrix
maturation, and mineralization of the bone extracellular
matrix [28]. AP expression is considered an early
differentiation marker of the osteoblast phenotype,
while the von-Kossa stain of mineralized nodules
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formation represented the end differentiation marker of
the osteoblasts. In this study, the differentiation of
osteoblasts was induced when b-glycerophosphate and
dexamethasone were added into the culture medium
[36,51], the degree of differentiation increased as the
cultured period increased (Figs. 2 and 3) and cultures of
osteoblasts also had detectable calcium deposition, as
seen on von-Kossa staining by days 7–14 after the cells
reached confluency [52]. However, the formation of AP
positive staining colonies and mineralization nodules
formation in the osteoblast cultures were not signifi-
cantly affected by adding of 10�8

m SDCP ions.
Although the von-Kossa stain is a measure of phosphate
ion precipitation, the possibility of ectopic mineraliza-
tion due to the cultures been grown in the presence of
the exogenous calcium phosphate and b-glyceropho-
sphate can be excluded since the similar results were
observed in the control samples.

Recent research shows that there is genetic control of
the cellular response of osteoblasts to bioactive glasses.
Several families of genes are up-regulated within 48 h of
the exposure of primary human osteoblasts to the ionic
dissolution products of bioactive glasses [53]. The
activated genes express numerous proteins that influence
all aspects of differentiation and proliferation of
osteoblasts. RT-PCR analysis was used in this study to
evaluate the cell–biomaterials interactions at the genetic
level. For the evaluation of RNA expression, northern
blotting analysis is used as usual, but this requires more
than 1 mg mRNA for one sample; i.e., over 107 cells are
needed to obtain 1 mg mRNA, so it is difficult to use
northern blotting for studying cell–biomaterials interac-
tions [54]. In fact, RT-PCR analysis seemed to fit our
purpose, as it needs only a small amount (pg) of mRNA
for detection.

When osteoblasts cultured in the presence of 10�8
m

SDCP ions, the osteocalcin mRNA expression was up-
regulated during the first 3 days’ culture; while the
collagen, osteonectin and osteopontin mRNA expres-
sion were down-regulated in the first 3 h culture (Fig. 4).
In the current study, the amount of osteocalcin mRNA
expression attained its highest amount at the day 7. The
osteocalcin, osteonectin and osteopontin mRNA ex-
pression reached their maximal earlier than the miner-
alization process, indicating an increased proportion of
non-collagenous proteins, including osteocalcin, osteo-
nectin and osteopontin being bound to the collagen
matrix or hydroxyapatite mineral [15,55].

Despite encouraging preliminary in vivo reports
about improvement with the use of SDCP in treatment
of osteoporosis after ovariectomy, basic-science and
controlled study reported to date still have not
established yet. In this study, we demonstrated that
elevated concentration of calcium and pyrophosphate
ions can activate genes of the bone cells. This study will
contribute to a better understanding of cell/biomaterial
interactions and mechanisms that SDCP ions affect the
bone cells. Although our study had limitations and our
findings are preliminary, continued and advanced study
on the alterations in gene expression of bone cells by
SDCP will provide a basis for understanding the
observed the bone cells responses to various biomedical
and pharmacological interventions.
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