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Abstract

Synthesis of tartrate-resistant acid phosphatase (TRAP) and formation of resorption pits by osteoclast-like cells, the bone-resorbing
cells, on nanophase (that is, material formulations with grain sizes less than 100 nm) alumina and hydroxyapatite (HA) were
investigated in the present in vitro study. Compared to conventional (that is, grain sizes larger than 100 nm) ceramics, synthesis of
TRAP was signi"cantly greater in osteoclast-like cells cultured on nanophase alumina and on nanophase HA after 10 and 13 days,
respectively. In addition, compared to conventional ceramics, formation of resorption pits was signi"cantly greater by osteoclast-like
cells cultured on nanophase alumina and on nanophase HA after 7, 10, and 13 days, respectively. The present study, therefore,
demonstrated, for the "rst time, enhanced osteoclast-like cell function on ceramic surfaces with nanometer-size surface topogra-
phy. � 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Healthy bone (which possesses physiological grain
sizes of less than 100 nm in diameter [1]) is continuously
remodeled through processes that involve formation of
a bone modeling unit, activation of bone cells (by the
action of growth factors such as insulin-like growth fac-
tors I and II [2]), resorption of bone by osteoclasts, and
formation of new bone by osteoblasts on the site of the
`olda resorbed bone [1]. Osteoclasts, derived from plu-
ripotent (that is, capable of di!erentiating into various
cells including monocytes and macrophages) cells of the
bone marrow, resorb bone by forming ru%ed cell mem-
brane edges (thereby increasing their surface area of
attachment onto bone surfaces), lowering the pH of the
local environment by producing hydrogen ions through
the carbonic anhydrase system [1] (and, thus, increasing
the solubility of hydroxyapatite crystals, the major inor-
ganic component of bone), and lastly, by removing

the organic components of the matrix via proteolytic
digestion that results in formation of bone resorption
pits [1].
Despite the fact that resorption of bone (and, thus, the

osteolytic activity of osteoclasts) is an integral part of
bone homeostasis, much of the research on biomaterials
proposed for orthopaedic/dental implant applications
has focused on osteoblast and not osteoclast functions.
The extent of bone resorption that occurs at an implant
surface determines, at least in part, the fate of a prosthetic
device; for example, orthopaedic/dental implant loosen-
ing and failure may result either from (i) malnourished
juxtaposed bone resulting from little or no resorption of
the bone surrounding an implant or from (ii) excessive
bone loss (osteolysis) resulting from enhanced resorption
of the bone surrounding an implant [3]. Moreover, since
osteoblasts are stimulated to deposit calcium-containing
mineral by growth factors (such as insulin-like growth
factors I and II) secreted by osteoclasts, resorption of
bone is soon followed by synthesis of new bone [1].
Undoubtedly, events at the tissue}implant interface that
mediate functions of osteoclasts and, thus, the extent of
resorption and subsequent formation of new bone
around prostheses, determine orthopaedic/dental im-
plant e$cacy.
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In vitro functions of osteoclasts have been well
documented on conventional orthopaedic/dental mate-
rials including ceramics (e.g., hydroxyapatite) [4,5]. For
example, compared to devitalized bone, functions (such
as decreased synthesis of tartrate-resistant-acid phos-
phatase (TRAP) and smaller and fewer resorption pits) of
osteoclast-like cells decreased on synthetic hydroxyapa-
tite substrates with grain sizes larger than 100 nm [4,5].
To date, functions of osteoclast-like cells on nanophase
(that is, material formulations with grain sizes less than
100nm) ceramics have not been explored. For this rea-
son, the present in vitro study investigated, for the "rst
time, select functions (speci"cally, synthesis of TRAP and
formation of resorption pits) of osteoclasts on nanophase
alumina and hydroxyapatite.

2. Materials and methods

2.1. Ceramic substrate synthesis and preparation

Alumina (Al
�
O

�
) samples (discs 10mm in diameter

and 2mm thick) were prepared as previously described
[6]. Brie#y, nanophase alumina (�-phase; Nanophase
Technologies Corporation) powder was compacted in
a tool-steel die via a uniaxial pressing cycle (0.2}1GPa
over a 10min period). Alumina grain size was controlled
by changing compact sintering temperatures. Nanophase
alumina compacts were sintered at 10003C for 120min to
obtain "nal grain sizes less than 100 nm. Alumina com-
pacts were sintered at 12003C for 120min to obtain
conventional "nal grain sizes greater than 100nm.
Hydroxyapatite (HA; Ca

�
(PO

�
)
�
(OH)) compacts

(10mm in diameter and 2mm thick) were prepared via
wet chemistry techniques adopted from previously pub-
lished methods [7]. HA grain size was controlled by
changing the time and temperature of HA precipitation;
speci"cally, the HA containing solution was stirred either
at room temperature for 24 h to obtain grain sizes less
than 100nm (i.e., nanophase grain size HA) or at 903C for
3 h to obtain grain sizes greater than 100nm (i.e., conven-
tional grain size HA). Each HA-containing solution was
then centrifuged, "ltered, dried at 603C for 8 h, heated in
air at 103C/min from room temperature to a "nal tem-
perature of 11003C, and sintered at this temperature for
60min.
All ceramic samples were degreased, ultrasonically

cleaned and sterilized in a steam autoclave at 1203C for
30min according to standard laboratory procedures [8].
Devitalized bone slices (1 cm�1 cm�1mm) of bovine

femurs were cleaned of adhering tissue and marrow ac-
cording to established protocols [9] and served as refer-
ence substrates. Bone slices were sterilized by soaking in
phosphate bu!ered saline solution supplemented with
1% antibiotic/antimycotic solution (Gibco) at room tem-
perature for 24 h prior to use in experiments with cells;

during this time period, the antibiotic/antimycotic con-
taining solution was changed every 8 h.

2.2. Osteoclast-like cell cultures

Rat bone marrow, osteoclast-like cells were obtained
using procedures modi"ed from literature reports [10].
Brie#y, Wistar rat (2}3 weeks old) femurs were removed,
dissected free of tissue, the ends of the tibiae cut o!, and
the marrow cavities #ushed by slowly injecting 3}5ml of
Dulbecco's modi"ed eagle medium (DMEM) containing
10% fetal bovine serum and 1% antibiotic/antimycotic
solution at one end of each femur. The isolated marrow
tissue was then centrifuged (at 21�g at room temper-
ature), resuspended in fresh DMEM (containing 10%
fetal bovine serum, 10��M 1-�, 25-(OH

�
) vitamin D

�
(Calbiotech) and 1% antibiotic/antimycotic solution)
either in the presence or absence of 10��M calcitonin
(Sigma), and seeded under standard cell culture condi-
tions (that is, under a 373C, humidi"ed, 5%CO

�
/95% air

environment) on substrates of interest to the present
study according to methods described in the sections
Synthesis of tartrate-resistant acid phosphatase, bone resor-
ptive activity, and Total intracellular protein synthesis.
Primary osteoclast-like cells were used in the ex-

periments. These cells were characterized by their
multi-nucleated morphology, positive staining for
tartrate-resistant acid phosphatase (TRAP), and bone
resorptive activity (which was inhibited in the presence of
calcitonin).

2.3. Synthesis of tartrate-resistant acid phosphatase

Bone marrow cells (1�10� cells) were seeded onto the
substrates of interest to the present study and cultured
under standard cell culture conditions in DMEM supple-
mented with 10% fetal bovine serum, 10��M 1-�, 25-
(OH

�
) vitamin D

�
(Calbiotech) and 1% antibiotic/anti-

mycotic solution for 7, 10, and 13 days. At the end of the
prescribed time periods, adherent cells were rinsed twice
with Ca��- and Mg��-free phosphate bu!ered saline,
and lysed with distilled water during three freeze}thaw
cycles. Tartrate-resistant acid phosphatase (TRAP) activ-
ity was thenmeasured in each supernatant containing the
lysate of cells according to established protocols [11,12].
Brie#y, aliquots from supernatant solutions were incu-
bated with 8mM p-nitrophenylphosphate in 0.1M sodium
acetate, 5mM ascorbic acid, 0.1% Triton X-100 and
10mM sodium tartrate (pH"5.4) (all chemicals from
Sigma) at 373C for 10min; the reaction of p-nitrophenol
to p-nitrophenylate was stopped by adding 0.05M
NaOH. Light absorbance of these samples was measured
on a spectrophotometer (MR600 Spectrophotometric
Microplate Reader; Dynatech) at 400 nm. TRAP activity
was determined from experimental samples, normalized
by total protein synthesis determined as described in
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Fig. 1. Synthesis of tartrate-resistant acid phosphatase (TRAP) in os-
teoclast-like cells cultured on alumina. Synthesis of tartrate-resistant
acid phosphatase (TRAP) in osteoclast-like cells cultured in Dulbecco's
modi"ed eagle medium (containing 10% fetal bovine serum, 1% anti-
biotic/antimycotic, and 10��M 1-�, 25-(OH

�
) vitamin D

�
) was deter-

mined on � devitalized bovine bone (reference substrate), 167 nm
grain size alumina (conventional), and on � 24nm grain size alumina
(nanophase). Compared to results obtained on alumina, synthesis of
TRAP was signi"cantly greater when osteoclast-like cells were cultured
on devitalized bone for all time periods tested in the present study.
More importantly, compared to results obtained on conventional
alumina, TRAP synthesis was signi"cantly greater when osteoclast-
like cells were cultured on nanophase alumina for 10 and 13 days.
TRAP activity on conventional alumina was undetectable. Values are
mean$SEM; n"3; *p(0.01 (compared to results obtained on
167nm grain size alumina); �p(0.01 (compared to results obtained on
respective substrates after 7 days of culture).

section Total intracellular protein synthesis, and expressed
as nano-moles of converted p-nitrophenol/min/g protein
[11,12].

2.4. Bone resorptive activity

Rat bone-marrow cells (1�10�) were seeded onto the
surface of the substrates of interest to the present study
and cultured under standard cell culture conditions in
DMEM (containing 10% fetal bovine serum, 10��M 1-�,
25-(OH

�
) vitamin D

�
and 1% antibiotic/antimycotic

solution) either in the absence or presence of 10��M

calcitonin for 7, 10 and 13 days. At the end of each
prescribed time period, the samples were rinsed with
ammonium hydroxide, sonicated, and stained with crys-
tal violet. Resorption pits on the ceramic and bone surfa-
ces were visualized using re#ected light microscopy
(Olympus I�70; New York/New Jersey Scienti"c Inc.)
with image analysis software (Image Pro); the number of
resorption pits formed as a result of the osteolytic activity
of osteoclast-like cells were counted [13]. Resorption pit
density (number of pits/cm�) was determined by aver-
aging the number of resorption pits in "ve random "elds
(2mm�) per substrate. Resorption pits on substrates of
interest to the present study were also visualized by
scanning electron microscopy (SEM) using a JOEL
JSM-840 scanning electron microscope.

2.5. Total intracellular protein synthesis

After 7, 10, and 13 days, osteoclast-like cells cultured
on the substrates of interest to the present study (as
detailed in Synthesis of tartrate-resistant acid phosphatase
and Bone resorptive activity sections) were rinsed twice
with Ca��- andMg��-free phosphate bu!ered saline and
lysed using distilled water and three freeze}thaw cycles.
Total protein content in these cell lysates was determined
spectrophotometrically using a commercially available
kit (Pierce Chemical Co.) and by following manufac-
turer's instructions. For this purpose, aliquots of each
protein-containing, distilled-water supernatant were in-
cubated with a solution of copper sulfate and
bicinchoninic acid at 373C for 30min. Light absorbance
of these samples was measured on a MR600 Spectro-
photometric Microplate reader at 570 nm. Protein
concentration in each of these samples was determined
from standard curves of absorbance versus known con-
centrations of bovine serum albumin (0}5mg/ml;
Sigma) run in parallel with the experimental samples; the
results were expressed as mg/cm� of substrate surface
area.

2.6. Statistical analysis

Cell experiments were run in triplicate and repeated at
three di!erent times per substrate of interest to the pres-

ent study. Numerical data were analyzed using standard
analysis of variance (ANOVA) techniques; statistical sig-
ni"cance was considered at p(0.01.

3. Results

3.1. Enhanced synthesis of TRAP by osteoclast-like cells
cultured on nanophase ceramics

No TRAP activity was detected when osteoclast-like
cells were cultured on either conventional alumina for all
time periods tested in the present study (Fig. 1) or on
conventional HA for 7 and 10 days (Fig. 2). Compared
to respective results obtained after 7 days, synthesis
of TRAP by osteoclast-like cells was signi"cantly greater
on devitalized bone after 10 and 13 days (Figs. 1 and 2),
on nanophase alumina after 10 and 13 days (Fig. 1), on
conventionalHA after 13 days (Fig. 2), and on nanophase
HA after 10 and 13 days of culture (Fig. 2). Compared to
respective results obtained after 10 days, TRAP synthesis
by osteoclast-like cells was signi"cantly greater on
nanophase and conventional HA after 13 days of culture
(Fig. 2). Synthesis of TRAP by osteoclast-like cells was
similar on either nanophase alumina or devitalized bone,
respectively, between 10 and 13 days of culture (Fig. 1).
Synthesis of TRAP was signi"cantly greater when

osteoclast-like cells were cultured on devitalized
bone (reference substrate) than on either nanophase or
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Fig. 2. Synthesis of tartrate-resistant acid phosphatase (TRAP) in os-
teoclast-like cells cultured on hydroxyapatite. Synthesis of tartrate-
resistant acid phosphatase (TRAP) in osteoclast-like cells cultured in
Dulbecco's modi"ed eagle medium (containing 10% fetal bovine serum,
1% antibiotic/antimycotic, and 10��M 1-�, 25-(OH

�
) vitamin D

�
) was

determined on � devitalized bovine bone (reference substrate),
179nm grain size hydroxyapatite (conventional), and on� 67 nm grain
size hydroxyapatite (nanophase) under standard cell culture conditions
(373C, humidi"ed, 5% CO

�
/95% air environment) after 7, 10, and 13

days. Compared to results obtained on nanophase hydroxyapatite,
synthesis of TRAP was signi"cantly greater when osteoclast-like cells
were cultured on devitalized bone for 7 and 10 days. TRAP synthesis
was similar on devitalized bone and on nanophase hydroxyapatite after
13 days. Compared to results obtained on conventional hydroxyapa-
tite, TRAP synthesis was signi"cantly greater when osteoclast-like cells
were cultured on nanophase hydroxyapatite for 10 and 13 days. Values
are mean$SEM; n"3; *p(0.01 (compared to results obtained on
179nm grain size hydroxyapatite); �p(0.01 (compared to results ob-
tained on respective substrates after 7 days of culture).

Fig. 3. Representative micrographs of resorption pits formed by os-
teoclast-like cells cultured on devitalized bovine bone. Scanning elec-
tron micrographs illustrating resorption pits formed by osteoclast-like
cells cultured on devitalized bovine bone in Dulbecco's modi"ed eagle
medium supplemented with 10% fetal bovine serum, 1% anti-
biotic/antimycotic and 10��M 1-�, 25-(OH

�
) vitamin D

�
in either the

(a) presence or (b) absence of 10��M calcitonin under standard cell
culture conditions for 13 days. Resorption pits (indicated by arrows on
the micrographs) were only formed when osteoclast-like cells were
cultured in the absence of calcitonin. Note: the cracks present on the
surface of devitalized bone occurred during sample preparation for scann-
ing electron microscopy after the cell-culture experiments. Bar"100�m.

conventional alumina for all time periods tested in the
present study (Fig. 1). Compared to either nanophase or
conventional HA, TRAP synthesis was signi"cantly
greater in osteoclast-like cells cultured on devitalized
bone for 7 and 10 days of culture; after 13 days, however,
synthesis of TRAP was similar in osteoclast-like cells
cultured on either nanophase HA or on devitalized bone
(Fig. 2).
More importantly, compared to respective conven-

tional ceramics, synthesis of TRAP was signi"cantly
greater in osteoclast-like cells cultured on nanophase
alumina (Fig. 1) and on nanophase HA (Fig. 2) for 10 and
13 days; in fact, compared to results obtained on conven-
tional ceramics after 13 days of culture, TRAP synthesis
was "ve and 12 times greater on nanophase alumina and
HA, respectively. Furthermore, compared to results ob-
tained on nanophase alumina, synthesis of TRAP was
over 12 times greater when osteoclast-like cells were
cultured on nanophase HA for 13 days.

3.2. Enhanced resorption activity by osteoclast-like cells
cultured on nanophase ceramics

In the presence of 10��M calcitonin in the cell culture
media, formation of resorption pits (an index of bone
resorptive activity) by osteoclast-like cells cultured on

devitalized bone slices for 13 days was inhibited (Fig. 3a).
Furthermore, no resorption pits were found on any of the
substrates of interest to the present study when osteoc-
last-like cells were cultured in the presence of 10��M

calcitonin in the cell-culture media for either 7, 10 or 13
days (data not shown).
In contrast, in the absence of calcitonin in the cell

culture media, resorption pits were formed when osteoc-
last-like cells were cultured either on devitalized bone
(Fig. 3b), alumina (Fig. 4a and b), or on HA (Fig. 4c and
d) for 13 days. These resorption pits were larger on
nanophase alumina (Fig. 4a) and on nanophase HA
(Fig. 4c) compared to those observed on the respective
conventional ceramic formulations after 13 days of os-
teoclast-like cell culture (Fig. 4b and d, respectively).
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Fig. 4. Representative micrographs of resorption pits formed by osteoclast-like cells cultured on ceramics. Scanning electron micrographs illustrating
resorption pits formed by osteoclast-like cells cultured on either (a) nanophase and (b) conventional alumina or on (c) nanophase and (d) conventional
hydroxyapatite in Dulbecco's modi"ed eagle medium supplemented with 10% fetal bovine serum, 1% antibiotic/antimycotic and 10��M 1-�,
25-(OH

�
) vitamin D

�
under standard cell culture conditions for 13 days. Resorption pits (indicated by arrows on the micrographs) were larger when

osteoclast-like cells were cultured on nanophase compared to conventional alumina and hydroxyapatite. Bar"100�m.

Compared to respective results obtained after 7 days of
culture, the number of resorption pits formed by osteoc-
last-like cells was signi"cantly greater after 13 days on
nanophase and on conventional alumina, respectively
(Fig. 5); the number of resorption pits formed by osteoc-
last-like cells after 7 and 10 days of culture on nanophase
alumina were similar. Compared to respective results
obtained after 7 days, the number of resorption pits
formed was signi"cantly greater when osteoclast-like
cells were cultured on nanophase and on conventional
HA for 13 days (Fig. 6); the number of resorption pits
formed by osteoclast-like cells cultured on conventional
HA for 10 and 13 days was similar. There was an increas-
ing (but not statistically di!erent) trend in the number of
resorption pits formed by osteoclast-like cells cultured on
devitalized bone between 7 and 13 days.
Formation of resorption pits was signi"cantly greater

when osteoclast-like cells were cultured on devitalized
bovine bone (reference substrate) than either on alumina
(Fig. 5) or on HA (Fig. 6) for 7 and 10 days. After 13 days,
the number of resorption pits formed by osteoclast-like
cells cultured on nanophase alumina (Fig. 5) and on
nanophase HA (Fig. 6) was similar to those observed on
devitalized bone.

More importantly, compared to conventional ceram-
ics, formation of resorption pits was signi"cantly greater
when osteoclast-like cells were cultured on nanophase
alumina (Fig. 5) and on nanophase HA (Fig. 6) after all
time periods tested in the present study; in fact, compared
to results obtained on conventional ceramics after 13
days of culture, the number of resorption pits on
nanophase alumina and on nanophase HA were three
and four times greater, respectively. In addition, com-
pared to results obtained on nanophase alumina,
formation of resorption pits was 25% greater when os-
teoclast-like cells were cultured on nanophase HA for 13
days.

4. Discussion

In addition to demonstrating, for the "rst time, en-
hanced synthesis of tartrate-resistant acid phosphatase
(TRAP) and increased formation of resorption pits on
nanophase (compared to conventional) alumina and
HA, the present study also contributed evidence that
may explain these results. Speci"cally, increased
osteoclast-like cell function on nanophase ceramics was

T.J. Webster et al. / Biomaterials 22 (2001) 1327}1333 1331



Fig. 5. Time course of resorption activity by osteoclast-like cells cul-
tured on alumina. Resorption pits formed on� devitalized bovine bone
(reference substrate), 167 nm grain size alumina (conventional), and
on � 24 nm grain size alumina (nanophase) were quanti"ed following
culture of osteoclast-like cells in Dulbecco's modi"ed eagle medium
(containing 10% fetal bovine serum, 1% antibiotic/antimycotic, and
10��M 1-�, 25-(OH

�
) vitamin D

�
) under standard cell culture condi-

tions (373C, humidi"ed, 5% CO
�
/95% air environment) for 7, 10, and

13 days. Compared to results obtained on alumina, the number of
resorption pits was signi"cantly greater when osteoclast-like cells were
cultured on devitalized bone after 7 and 10 days; compared to results
obtained on nanophase alumina, the number of resorption pits was
similar on devitalized bone for 13 days. Compared to results obtained
on conventional alumina, the number of resorption pits was signi"-
cantly greater when osteoclast-like cells were cultured on nanophase
alumina for 7, 10, and 13 days. Values are mean$SEM; n"3;
*p(0.01 (compared to results obtained on 167 nm grain size alumina);
�p(0.01 (compared to results obtained on respective substrates after
7 days of culture).

Fig. 6. Time course of resorption activity by osteoclast-like cells cul-
tured on hydroxyapatite. Resorption pits formed on � devitalized
bovine bone (reference substrate), 179 nm grain size hydroxyapatite
(conventional), and on � 67nm grain size hydroxyapatite (nanophase)
were quanti"ed following culture of osteoclast-like cells in Dulbecco's
modi"ed eagle medium (containing 10% fetal bovine serum, 1% anti-
biotic/antimycotic, and 10��M 1-�, 25-(OH

�
) vitamin D

�
) under

standard cell culture conditions (373C, humidi"ed, 5% CO
�
/95% air

environment) for 7, 10, and 13 days. Compared to results obtained on
nanophase hydroxyapatite, the number of resorption pits was signi"-
cantly greater when osteoclast-like cells were cultured on devitalized
bone for 7 and 10 days. The number of resorption pits was similar on
devitalized bone and on nanophase hydroxyapatite after 13 days. Com-
pared to results obtained on conventional hydroxyapatite, the number
of resorption pits was signi"cantly greater when osteoclast-like cells
were cultured on nanophase hydroxyapatite for 7, 10, and 13 days.
Values are mean$SEM; n"3; *p(0.01 (compared to results ob-
tained on 179nm grain size hydroxyapatite); �p(0.01 (compared to
results obtained on respective substrates after 7 days of culture).

independent of either ceramic surface chemistry or ma-
terial phase since enhanced TRAP synthesis and forma-
tion of resorption pits was observed on both nanophase
alumina and HA. Several explanations for the intriguing
phenomenon of enhanced osteoclast-like cell function on
nanoceramics may be proposed:
(i) It is plausible that the greater number of resorption

pits observed on nanophase ceramics may be due to
increased solubility of nanophase compared to conven-
tional alumina and HA by TRAP activity (which is the
main acid secreted by osteoclasts actively resorbing the
extracellular matrix of bone [14]). Support for this
explanation is provided by literature reports of
enhanced solubility of chemical species in nanophase
compared to conventional materials; for example, the
solubility of hydrogen increased by a factor of 10}100 in
nano versus larger grain size crystalline palladium [15].
(ii) Enhanced osteoclast-like cell functions on nano-

phase ceramics may also be due to increased (by 35}50%)
surface roughness of nanophase compared to conven-
tional formulations resulting from both decreased surface
grain size and decreased diameter of surface pores [16].
Support for this explanation is provided by reports in the
literature that demonstrated enhanced synthesis of
TRAP and increased formation of resorption pits by
osteoclast-like cells cultured on HA substrates of in-

creased micro-size surface roughness [4,5]. The present
study, however, was the "rst to provide evidence of
osteoclast-like cell function on surfaces composed of
nanophase alumina and HA similar to that observed on
devitalized bone.
(iii) In addition to greater surface roughness, nano-

phase ceramics are characterized by enhanced surface
wettability [16] (possibly due to increased surface rough-
ness and/or number of grain boundaries on their surfa-
ces). Increased surface wettability, or hydrophilicity, has
been associated with enhanced protein adsorption and,
subsequent, cell interaction(s) with biomaterials [17].
For example, previous studies by our research group
[18,19] demonstrated that the enhanced wettability of
nanophase ceramics corresponded to increased adsorp-
tion of vitronectin (a protein which mediates adhesion of
osteoblasts [18]) that, subsequently, led to greater os-
teoblast adhesion on nanophase alumina and hy-
droxyapatite. The present study provides the "rst
evidence of enhanced osteoclast-like cell function on
nanoceramic surfaces of increased wettability.
Surface properties (such as greater roughness [16,18]

and increased wettability [16,18]) of nanophase ceramics
that mediate enhanced osteoclastic functions constitute
parameters that should be taken into consideration
when designing and synthesizing the next generation of
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orthopaedic/dental implants. Since bone resorption by
osteoclasts is accompanied by subsequent deposition of
calcium-containing mineral by osteoblasts in vivo [1],
the results of the present study imply that enhanced,
coordinated functions of osteoclasts and osteoblasts may
occur on nanophase ceramics. Such enhanced corre-
sponding events between osteoclasts and osteoblasts may
lead to improved osseointegration of orthopaedic/dental
implants into juxtaposed bone.
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