
The study of tooth mineral has been linked to
the investigation of calcium phosphate miner-

als, namely hydroxyapatite (HA). Like other
bioactive materials, such as bioactive glass, HA
has been shown to bond directly with bone, result-
ing in the formation of a uniquely strong bone-
implant interface.1–4 In spite of the desirable prop-

erties of HA, they are not strong enough for load-
bearing areas.5–7 Thus, in an attempt to improve
osseointegration of implants in the bone and sur-
rounding tissue, HA and other calcium phosphate
ceramic coatings are being used.8

It is known that the surface properties of bio-
material play critical roles in inducing a biologic
response. Extensive in vivo research has demon-
strated plasma-sprayed HA implants to be biocom-
patible, with reports of early skeletal attach-
ment.9,10 However, the nature of HA properties on
tissue responses has not been fully investigated. A
significantly higher osteogenesis level was observed
in the presence of HA as compared to other bio-
materials.11 However, tissues respond differently to
biomaterials of different crystallinity. Major differ-
ences in the adhesive response of epithelial cells to
different crystallographic structures were reported,
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In this study, the specific objective was to investigate the combined effect of different treatments of
transforming growth factor-ß (TGF-ß) and hydroxyapatite (HA) on osteoblast response in vitro. Since the
nature of bone cell responses in vitro is influenced by the properties of HA ceramics, this study was
divided into 2 components: a chemical and crystallographic characterization of the HA ceramics, and
an in vitro cell culture study. Sintered HA samples were observed to have the highest crystallite size,
compared to as-received HA and calcined HA samples. No differences in surface roughness and chem-
ical composition were observed between the sintered, calcined, and as-received HA surfaces. In con-
currence with the x-ray diffraction, high-resolution x-ray photoelectron spectroscopy of Ca 2p also
indicated a higher crystallinity on sintered HA samples compared to calcined and as-received HA sam-
ples. Protein production by osteoblast cells was not statistically different on the 3 HA surfaces in the
absence of TGF-ß. However, there was a dose-dependent increase in TGF-ß–stimulated protein produc-
tion on the 3 different HA surfaces. As indicated by increased alkaline phosphatase–specific activity, as
well as 1,25 (OH2) vitamin D3–stimulated osteocalcin production, a more differentiated osteoblastlike
phenotype was observed on the sintered HA surfaces compared to the as-received HA and calcined
HA surfaces. An increased osteoblast-like cell activity on sintered HA surfaces in the presence of
different TGF-ß dosage suggested that sintering of HA surfaces may play an important role in governing
cellular response.
(INT J ORAL MAXILLOFAC IMPLANTS 1999;14:217–225)
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even though the chemical composition was identi-
cal.12 In other studies observed, there was an
adverse effect of amorphous HA coatings on the
establishment of an interface with bone, whereas
additional studies have suggested amorphous HA
coatings to be advantageous for a more stable
interface with the biologic environment.13–17 It
must also be noted that in many of these animal
and clinical studies, the physical and chemical
characteristics of plasma-sprayed HA were either
unknown, poorly known, or left unstated.18

In addition to HA coatings, other surface modi-
fications are employed as a means of controlling
cellular responses to biomaterial surfaces. Cur-
rently, growth factors and cytokines are also being
investigated as a means of stimulating desired cel-
lular responses at the material-tissue interfaces. In
addition, combinations of HA and such proteins
as bone morphogenetic proteins have been pro-
posed as a means to optimize bone-implant inter-
actions.19 In many instances, HA has been used as
a carrier for the proteins.20 Thus, the objective of
this study was to investigate the combined effect
of transforming growth factor-ß (TGF-ß) and HA
of different treatments on the osteoblast response
in vitro.

Materials and Methods

Hydroxyapatite. Hydroxyapatite disks were pre-
pared by CeraMed Corporation (Lakewood, CO)
using a wet reaction between calcium nitrate and
ammonium phosphate. The HA precipitate was
collected and washed several times with water. The
HA paste was then dried in a spray dryer to obtain
dry HA powders. The dry powders were then
pressed into as-received HA disks (12 mm diameter
by 2.5 mm thick) at a pressure of 20 kpsi. Calcined
HA disks were obtained by calcining the as-
received HA disks at 600°C over 4 hours, and sin-
tered HA disks were produced by sintering the as-
received HA disks (atmosphere pressure) at 1100°C
over 7 hours. Materials characterization and in
vitro cell culture experiments were then performed
on the as-received, calcined, and sintered HA disks.

Surface Roughness. Surface roughness was
measured using a profilometer (Taylor-Hobson
Surtronic 3, Leicester, England). Three samples for
each surface condition were measured, and the
average roughness (Ra) was quantified. Significant
difference in the Ra values was statistically ana-
lyzed using analysis of variance (ANOVA). The
alpha level for data analysis was set at � = .05,
and statistical differences were considered signifi-
cant if P < .05.

X-ray Diffraction. Since the as-received, cal-
cined, and sintered HA disks were from the same
batch, only 1 HA sample from each treatment was
examined using x-ray diffraction. The analyses
were carried out on a Scintag (Model PAD V) dif-
fractometer at 45 kV and 40 mA using copper K�
radiation. The diffractometer was equipped with a
solid state detector and the diffraction pattern was
collected as a continuous scan at 1.5 degrees/
minute. Crystallite size was measured using the
Rietveld technique. The technique was performed
using a DBW Rietveld package (version 3.2, Geor-
gia Institute of Technology, Atlanta, Georgia), with
accuracy of ± 25 Å.

X-ray Photoelectron Spectroscopy. Duplicate
surfaces were analyzed in a Perkin-Elmer 5400 x-
ray photoelectron spectroscopy (XPS) system
(Physical Electronics, Eden Prairie, MN) using a
base pressure of 10–7 and a take-off angle of 45
degrees. Survey spectra were obtained over a
range of 0 to 1100 eV using magnesium K� radia-
tion at 15 kV and 20 mA. A pass energy of 89.54
eV was used to collect the survey spectra. Atomic
concentrations for all identified elements were
quantified from the spectra taken at a pass energy
of 17.9 eV, using tabulated elemental sensitivity
factors obtained from the XPS system. High-reso-
lution spectra of the C 1s, Ca 2p and P 2p were
collected with a pass energy of 8.95 eV. From the
high-resolution spectra, full width at half maxi-
mum (FWHM) for Ca 2p1⁄2

and Ca 2p3⁄2
were mea-

sured. Photoelectron peak positions were cor-
rected for charging by reference to the
adventitious C 1s peak at 284.6 ± 0.4 eV. All high-
resolution spectra were deconvoluted using the
Gaussian-Lorentzian model. The calcium:phos-
phate ratios of as-received, calcined, and sintered
HA surfaces were statistically compared using
ANOVA, and statistical differences were consid-
ered significant at P < .05.

Cell Culture. Bone cell activity studies were car-
ried out using mature rat osteoblast cell line (ROS
17/2.8). The cells were seeded onto the HA disks
in 24 well-culture plates at a density of 10,000
cells/cm2/mL in alpha-minimal essential media (�-
MEM) containing 7% fetal bovine serum, 1%
antibiotic-antimycotic solution (5000 units peni-
cillin, 5000 mg streptomycin, 250 mg/mL ampho-
tericin ß [Gibco, Life Technologies, Grand Island,
NY]), 50 µg/mL ascorbic acid, and 4 mmol/L ß-
glycerophosphate. The study was conducted in an
incubator at 37°C and a humidified atmosphere of
95% air and 5% CO2. The culture medium was
changed every 2 days with complete �-MEM
media. At confluency, the cells were stimulated
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with 0, 0.01, 0.1, and 1 ng/mL TGF-ß (R & D Sys-
tems, Minneapolis, MN). Seven days after stimula-
tion, triplicate samples from each treatment were
assayed for protein synthesis, alkaline phosphatase
activity, and osteocalcin production.

Cell Surface and Matrix-Associated Protein Syn-
thesis. Total cell surface and matrix-associated pro-
tein synthesis was measured using the Pierce bicin-
choninic acid (BCA) protein assay (Pierce,
Rockford, IL). On the day of the assay, media were
removed from the cell culture and the cell layers
were lysed with 1 mL of Triton X-100 (0.2%,
Sigma, St Louis, MO). An aliquot of the triton
lysate (30 µL) was added to 200 µL of BCA work-
ing reagent and the samples were incubated for 30
minutes at 37°C. The concentration of cell surface
and matrix-associated protein synthesized was
determined from the absorbance read by a
microplate reader at 570 nm, using a standard pro-
tein concentration curve. The concentration of pro-
teins on HA disks of different treatment were sta-
tistically compared using ANOVA, and statistical
differences were considered significant at P < .05.

Alkaline Phosphatase–Specific Assay. On the day
of the assay, medium was removed from the cell
cultures and the cell layers were lysed with 1 mL
triton X-100 (0.2%). An aliquot of the triton lysate
(50 µL) was added to 50 µL of working reagent
containing equal parts of 1.5 mol/L 2-amino-2-
methyl-1-propanol (Sigma), 20 mmol/L p-nitro-
phenyl phosphate (Sigma), and 1 mmol/L magne-
sium chloride. The samples were then incubated for
1 hour at 37°C. After incubation, the reaction was
stopped with 100 µL of 1 N sodium hydroxide and
the absorbance read at 410 nm using a microplate
reader. Alkaline phosphatase (ALP) activity was
determined from the absorbance using a standard
curve prepared from p-nitrophenol stock standard
(Sigma). The ALP-specific activity was statistically
compared using ANOVA, and statistical differences
were considered significant at P < .05.

1,25 (OH2) Vitamin D3–stimulated Osteocalcin
Production. On the day of the assay, the medium
was removed from the cultures and frozen at –20°C
until assayed. The samples were then lyophilized
using a speed-vac (Savant, Holbrook, NY). The
sample residues were reconstituted at 1/4 of the
original starting volume using glass-distilled water.
1,25 (OH2) D3–stimulated osteocalcin production
was then measured using a commercially available
rat osteocalcin radioimmunoassay kit (Biomedical
Technologies, MA). Differences in 1,25 (OH2)
D3–stimulated osteocalcin production were statisti-
cally compared using ANOVA, and statistical dif-
ferences were considered significant at P < .05.

Results

Surface Roughness. The as-received, calcined, and
sintered HA surfaces were observed to have a
mean Ra value (± SEM) of 0.67 ± 0.07 µm, 0.80 ±
0.07 µm, and 0.67 ± 0.07 µm, respectively. At an �
level of .05, it was observed that the surface
roughness of as-received, calcined, and sintered
HA surfaces was not significantly different.

X-ray Diffraction. X-ray diffraction analyses for
all HA samples indicated an HA-type structure,
with as-received HA samples having broad HA
peaks (Fig 1). Calcined and sintered HA samples
(Figs 2 and 3) displayed more distinct, sharper x-
ray diffraction peaks as compared to as-received
HA samples, indicating higher crystallinity. The
crystallite size of sintered HA samples exceeds
2500 Å and is different from the crystallite size of
calcined HA (275 Å) and as-received HA (200 Å)
samples.

X-ray Photoelectron Spectroscopy. A represen-
tative XPS spectrum of HA surfaces is provided in
Fig 4. Carbon (7 - 16 atomic %), phosphorus,
oxygen, and calcium were observed on all HA sur-
faces, with no statistical difference in the calcium:
phosphorus ratio observed between the HA sur-
faces (Table 1). No statistical difference in the cal-
cium:phosphorus ratio of as-received, calcined,
and sintered HA surfaces was observed.

Figure 5 shows a typical P 2p spectrum
observed on all HA samples. Curve-fitted P 2p
spectra indicated 2 peaks for all HA samples. All
HA samples were observed to have a component
at 132.7 ± 0.2 eV and a smaller component at
133.7 ± 0.2 eV.

Similarly, the morphology of Ca 2p spectrum
was similar for all HA samples. A typical high-
resolution Ca 2p spectrum is shown in Fig 6. The
Ca 2p spectrum observed on all HA surfaces was
a doublet, with Ca 2p3⁄2

and Ca 2p1⁄2
at 346.9 ± 0.2

eV and 350.4 ± 0.2 eV, respectively. However, as
shown in Table 2, the full width at half maximum
(FWHM) of the Ca 2p3⁄2

and Ca 2p1⁄2
was signifi-

cantly different, depending on the treatments.
Cell Surface and Matrix-Associated Protein. In

the absence of TGF-ß stimulation, no statistical
difference in protein production was observed for
cells cultured on sintered, calcined, and as-received
HA surfaces (Fig 7). However, at a concentration
of 1 ng/mL TGF-ß, the cells cultured on sintered
HA surfaces exhibited significantly higher total cell
surface and matrix-associated protein when com-
pared to either as-received or calcined HA surfaces.

Alkaline Phosphatase–Specific Activity. When
compared to the as-received and calcined HA 
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Fig 2 X-ray diffraction of the
calcined HA samples, showing
data collected from 22 degrees
to 55 degrees 2�.

Fig 3 X-ray diffraction of the
sintered HA samples, showing
data collected from 22 degrees
to 55 degrees 2�.

2-Theta

25 30 35 40 45 50 55

2-Theta

25 30 35 40 45 50 55

Fig 1 X-ray diffraction of the
as-received HA samples, show-
ing data collected from 22
degrees to 55 degrees 2�.

2-Theta

25 30 35 40 45 50 55



The International Journal of Oral & Maxillofacial Implants 221

Ong et al

Fig 4 A representative XPS spectrum of the as-received, cal-
cined, and sintered HA surfaces.

Fig 5 A representative high-
resolution XPS spectrum for P
2p. Component A is at 132.7 ±
0.2 eV and component B is at
133.7 ± 0.2 eV.

Table 1 Average Calcium:Phosphate Ratio (± 1
Standard Error) on HA Surfaces of Different Treatments

Sample Calcium:phosphate ratio

As-received 1.6 ± 0.1
Calcined 1.63 ± 0.1
Sintered 1.75 ± 0.1

Table 2 Full Width at Half Maximum of Ca 2p Peaks (±
1 Standard Error) on HA Surfaces of Different Treatments

Sample Ca 2p3/2 Ca 2p1/2

As-received 1.67 ± 0.12 1.75 ± 0.12
Calcined 1.61 ± 0.08 1.68 ± 0.08
Sintered 1.40 ± 0.11 1.42 ± 0.11

Fig 6 A representative high-
resolution XPS spectrum of Ca
2p showing the Ca 2p3⁄2 and Ca
2p1⁄2.
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surfaces, the rat osteoblast sarcoma (ROS) 17/2.8
cells cultured on sintered HA surfaces exhibited
significantly higher ALP-specific activity for all
TGF-ß concentrations tested (Fig 8). The level of
ALP-specific activity of cells cultured on the as-
received and calcined HA surfaces did not statisti-
cally change over the different TGF-ß concentra-
tions evaluated.

1,25 (OH2) Vitamin3–Stimulated Osteocalcin
Production. As shown in Fig 9, no statistical dif-
ference in 1,25 (OH2) vitamin D3–stimulated
osteocalcin production was observed for cells
grown on the as-received and calcined HA sur-
faces at different TGF-ß concentrations. Similar to
the ALP-specific activity, a statistically higher 1,25
(OH2) vitamin D3–stimulated osteocalcin produc-
tion was observed for cells grown on sintered HA.
However, the osteocalcin production of cells cul-
tured on sintered HA surfaces was observed to
decrease when the TGF-ß concentration was
increased to 1 ng/mL.

Discussion

Depending on the properties of biomaterials, dif-
ferent rates of cellular responses have been
observed in vitro.21–24 These differences have been
attributed to varying surface chemistries and crys-
tallinities. Using a profilometer in this study, the
authors observed that the surface roughness of as-
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Fig 7 Cell layer and matrix-associated protein synthesis by
ROS 17/2.8 cells on HA surfaces of different treatments. Error
bar represents 1 standard error.

Fig 8 Alkaline phosphatase–specific activity of ROS 17/2.8
cells on HA surfaces of different treatments. Error bar represents
1 standard error.

Fig 9 1,25 (OH2) vitamin D3–stimulated osteocalcin produc-
tion by ROS 17/2.8 cells on HA surfaces of different treatments.
Error bar represents 1 standard error.
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received, calcined, and sintered HA surfaces was
not significantly different, suggesting that the
treatment does not affect surface roughness.

As shown in this study, the x-ray diffraction
analyses of calcined and sintered HA samples dis-
played sharper and more distinct x-ray diffraction
peaks as compared to as-received HA samples,
indicating higher crystallinity. The crystallite size
of sintered HA samples exceeded 2,500 Å and was
different from the crystallite size of calcined HA
(275 Å) and as-received HA (200 Å) samples. A
crystallite size of about 5,000 Å has been reported
for HA powders.25,26 These differences in crystal-
lite size have been associated with varying degrees
of dissolution rates, with smaller, more imperfect
crystals being subject to greater dissolution.27–29

The increase in crystallite size during sintering con-
curs with observations made by other investiga-
tors.30 Other studies using high-resolution trans-
mission electron microscopy have shown that
higher annealing temperature not only increases
grain size but also improves crystal perfection by
minimizing the number or preventing the forma-
tion of crystal void defects.31 As the grains become
larger, the gaps between grains shrink and the
material becomes denser.

As observed from the XPS analyses, no statisti-
cal difference in the calcium:phosphate ratio of as-
received, calcined, and sintered HA surfaces was
observed. Curve-fitting the P 2p spectra of all HA
samples indicated the presence of a major compo-
nent at 132.7 ± 0.2 eV and a smaller component at
133.7 ± 0.2 eV. The 132.7 eV component was
attributed to the presence of phosphate species and
the 133.7 eV component was attributed to the
presence of hydrogen phosphate species.32,33 Simi-
larly, the morphology of Ca 2p spectrum was simi-
lar for all HA samples. However, as shown in
Table 2, the FWHM of the Ca 2p3⁄2

and Ca 2p1⁄2

was significantly different, depending on the treat-
ments. The FWHM of Ca 2p spectrum for sintered
HA was statistically smaller compared to the cal-
cined and as-received HA samples. The change in
FWHM of Ca 2p was attributed to differences in
crystallinity. As observed in other biomaterials of
different crystallinities, changes in FWHM were
also observed when comparing amorphous TiO2
on Ti surfaces (FWHM = 1.3) to the TiO2 single
crystal (FWHM = 1.1).34,35

In in vitro cell culture studies, protein synthesis
is an important marker for evaluating cell func-
tion. Matrix proteins in bone have been reported
to play a crucial role in the calcification and archi-
tectural construction of these hard tissues.36 In this
study, total cell surface and matrix associated pro-

tein of the ROS 17/2.8 cells cultured on sintered,
calcined, and as-received HA surfaces were not
statistically different in the absence of TGF-ß stim-
ulation (Fig 7). However, there is a dose-dependent
increase in TGF-ß stimulated protein production
by cells on the 3 different HA surfaces. At a con-
centration of 1 ng/mL, protein production on the
sintered HA surfaces was observed to be statisti-
cally higher than protein production on calcined
and as-received HA surfaces. With an increase in
TGF-ß stimulation, a significantly greater protein
level was observed for the ROS 17/2.8 cells grown
on sintered HA surfaces, suggesting a possible
influence of heat treatments of HA surfaces on
protein synthesis.

Two other biochemical markers, the ALP-
specific activity and osteocalcin level, are used as
markers for determining osteoblast phenotype and
are considered to be important factors in determin-
ing bone mineralization (Harris MA, personal
communication).37–39 As shown in Figs 8 and 9,
cells grown on the sintered HA surfaces were ob-
served to exhibit significantly higher ALP-specific
activity and 1,25 (OH2) vitamin D3–stimulated
osteocalcin production at all concentrations of
TGF-ß used in this study, when compared to the
as-received and calcined HA surfaces, indicating a
higher cellular differentiation and mineralized
matrix production on sintered HA surfaces. How-
ever, as shown in Fig 9, the 1,25 (OH2) vitamin
D3–stimulated osteocalcin production was
observed to decrease significantly as the dosage of
TGF-ß increased, suggesting the arrest of the min-
eralization phase in the presence of increased TGF-
ß level. This finding was supported by other in
vivo studies, which showed a negative correlation
between TGF-ß dosage and ingrowth distance of
bone and tissues, with an increased TGF-ß level
increasing the inhibition of bone and tissue
growth.20

No statistical difference in ALP-specific activity
and 1,25 (OH2) vitamin D3–stimulated osteocalcin
production was observed when cells were cultured
on as-received and calcined HA surfaces. The low
ALP-specific activity and 1,25 (OH2) vitamin
D3–stimulated osteocalcin production on as-
received and calcined HA surfaces was suggested
to be attributed to many factors, including the
affinity of proteins to HA surfaces of different
treatments, the ingestion of HA particles, and
intracellular solubilization.40,41 It was observed
that intracellular dissolution of calcium-containing
crystals greatly influenced cell behavior.42–44 The
presence of HA particles and its intracellular solu-
bilization were hypothesized to adversely affect
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calcium and phosphate homeostatic mechanisms
and to modify the mechanical regulators of DNA
synthesis without any evidence of cytotoxic
effect.45 Further studies are required to confirm
this hypothesis.

Conclusions

Overall, this study has shown the importance of
characterizing HA surfaces. As indicated by x-ray
diffraction and XPS, sintered HA surfaces exhib-
ited the largest crystallite size compared to as-
received and calcined HA surfaces. No differences
in the surface roughness and chemical composition
were observed between any of the HA surfaces. In
the presence of different levels of TGF-ß, a higher
level of ALP-specific activity, total cell surface and
matrix-associated protein, and 1,25 (OH2) vitamin
D3–stimulated osteocalcin production were
observed for ROS 17/2.8 cells cultured on sintered
HA surfaces, suggesting a more differentiated,
osteoblast-like phenotype when compared to cells
cultured on as-received and calcined HA surfaces.
The osteoblast-like phenotype displayed by the
cells cultured on sintered HA surfaces suggests
that the combined presence of TGF-ß on HA sur-
faces of different treatments may play an impor-
tant role in governing the expression of osteoblast
characteristics.
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