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Introduction

Titanium (Ti) is a well-established dental implant material 
with many documented clinical successes (Buser et al. 
2012). The main advantageous properties of titanium are its 
biocompatibility and strength under bite-force loading con-
ditions; however, it produces a visible gray color in the soft 
tissues, making it esthetically unpleasant (Sailer et al. 
2007). Consequently, tooth-colored biocompatible ceram-
ics and bioactive glass substrates have been developed as 
novel candidate implant materials (Kaur et al. 2014). 
Zirconia (Zr) is osteoconductive and chemically inert, and 
produces a milder inflammatory response than does tita-
nium (Hisbergues et al. 2009). Y

2
O

3
-stabilized tetragonal 

zirconia polycrystals (Y-TZP) have several advantages over 
other ceramics, including high fracture toughness and flex-
ural strength (Pittayachawan et al. 2009), and have been 
widely used for hip replacements. However, reports of clin-
ical failures caused by low-temperature degradation (LTD) 
indicated a need to improve the structural stability of this 
material (Gremillard and Chevalier 2008; Lughi and Sergo 
2010). Modifications of zirconia with tantalum oxide 
(Ta

2
O

5
) or niobium oxide (Nb

2
O

5
) have been developed to 

prevent LTD by phase transformation from the tetragonal to 
the monoclinic form (Piconi and Maccauro 1999; Kim et al. 

2000). Recently, we reported that tetragonal zirconia poly-
crystal (TZP) discs containing Y

2
O

3
/Ta

2
O

5
 or Y

2
O

3
/Nb

2
O

5
 

[(Y, Ta)-TZP and (Y, Nb)-TZP, respectively] had osteogenic 
potential similar to that of those grown on anodized tita-
nium, which is widely used as a dental implant material 
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Abstract
Previously, we found that osteogenic responses to zirconia co-doped with niobium oxide (Nb

2
O

5
) or tantalum oxide 

(Ta
2
O

5
) are comparable with responses to titanium, which is widely used as a dental implant material. The present study 

aimed to evaluate the in vitro osteogenic potential of hydroxyapatite (HA)-coated zirconia by an aerosol deposition 
method for improved osseointegration. Surface analysis by scanning electron microscopy and x-ray diffraction proved that 
a thin as-deposited HA film on zirconia showed a shallow, regular, crater-like surface. Deposition of dense and uniform 
HA films was measured by SEM, and the contact angle test demonstrated improved wettability of the HA-coated surface. 
Confocal laser scanning microscopy indicated that MC3T3-E1 pre-osteoblast attachment did not differ notably between 
the titanium and zirconia surfaces; however, cells on the HA-coated zirconia exhibited a lower proliferation than those 
on the uncoated zirconia late in the culture. Nevertheless, ALP, alizarin red S staining, and bone marker gene expression 
analysis indicated good osteogenic responses on HA-coated zirconia. Our results suggest that HA-coating by aerosol 
deposition improves the quality of surface modification and is favorable to osteogenesis.

Keywords: implant dentistry, biomaterial(s), osteogenesis, surface chemistry, osseointegration, prosthetic dentistry



492 Journal of Dental Research 94(3) 

(Cho et al. 2014). Material composition and surface topogra-
phy are critical modulators of osseointegration. Accordingly, 
various surface modifications have been developed to 
enhance bone healing, including mechanical modifications 
such as grooves or textured rough patterns (Orsini et al. 
2000; Gahlert et al. 2007; Hsu et al. 2007) and coating with 
biomaterials or biomolecules to induce osteogenesis (Burr 
et al. 1993; Aldini et al. 2002; Knabe et al. 2004; De Maeztu 
et al. 2008).

HA is the natural mineral form of calcium apatite, the 
main component of bones and teeth. Therefore, it is widely 
accepted as a graft material for the treatment of bone defects 
and as a coating material to promote osteogenesis. Thus, 
HA was the first material used for osseointegration in dental 
implants (Ogiso et al. 1992; Knabe et al. 2004; Mistry et al. 
2011), although its use is controversial, because HA-coated 
implants have been poorly characterized (Ong and Chan 
2000). Furthermore, poor-quality coatings limit the utility 
of HA, causing failures in bone healing and implantation. 
HA surface-coating methods include plasma-spraying, elec-
trophoretic deposition, dip-coating, and spin-coating (Lee 
and Aoki 1995; Kuroda et al. 2002; Tamura et al. 2006; Han 
et al. 2008). It is difficult to produce a crystalline HA-coated 
surface with controlled pore size and porosity. In the pres-
ent study, we introduced an aerosol deposition technique to 
produce a high-quality HA-coating on zirconia surfaces and 
to overcome the drawbacks of HA-coating (Akedo and 
Lebedev 2000; Akedo 2006). The objective of this study 
was to evaluate the surface characteristics of HA-coated 
surfaces by a novel aerosol deposition technique and to 
identify osteogenic responses to the HA-coated zirconia.

Materials and Methods

Specimen Preparation

Pure titanium discs (25 mm diameter, 1 mm thickness) were 
prepared by machining (Ti-machined; Ti-m) or treated by 
anodizing (Ti-anodizing; Ti-a) (OnePlant System, Warrantec, 
Seoul, Korea). Zirconia was prepared by mixing 90.6 mol% 
ZrO

2
, 5.3 mol% Y

2
O

3
, and 4.1 mol% Nb

2
O

5
 powders for  

(Y, Nb)-TZP, and 86.2 mol% ZrO
2
, 7.2 mol% Y

2
O

3
, and  

6.6 mol% Ta
2
O

5
 for (Y, Ta)-YZP. The compositions were 

selected based on the absence of low-temperature degrada-
tion and the presence of reasonably high fracture toughness. 
Green, disc-shaped compacts (15 mm diameter, 1 mm 
thickness) were prepared by cold isostatic pressing of the 
powder mixtures at 200 MPa followed by sintering for 5 h 
at 1,650°C in air. The zirconia discs were polished and fin-
ished with diamond pastes to generate a mirror-like surface. 
After being polished, the (Y, Nb)-TZP and (Y, Ta)-TZP sur-
faces were roughened by sandblasting with 50 μm Al

2
O

3
 at 

2 bar and 1 bar pressure, respectively, as we previously 
reported (Cho et al. 2014).

Fabrication of HA Film by Aerosol Deposition

Commercially available HA powder (CodeBio, Cheonan, 
Korea) was used as the starting raw material for aerosol 
deposition (AD) (Akedo and Lebedev 2000; Akedo 2006). 
The HA was annealed at 700°C for 2 h under an air atmo-
sphere. Sandblasted (Y, Nb)-TZP and (Y, Ta)-TZP were 
ultrasonically cleaned with distilled water and acetone. The 
equipment used for AD of HA was primarily composed of 
an aerosol chamber and a processing chamber, connected 
by a tube (supplemental data). Preheated HA powders were 
mixed with carrier gas and aerosolized by means of a vibra-
tion system. The aerosol was added to the coating chamber 
through the tube and accelerated through a slit nozzle by 
pressure differences between the 2 chambers. The acceler-
ated HA powder was ejected from the slit nozzle and depos-
ited onto the discs at room temperature, to a thickness of 
approximately 10 μm.

Surface Roughness and Interface

The average surface roughness (R
a
) and topography were 

measured by confocal laser scanning microscopy (CLSM; 
LSM700, Carl Zeiss, Oberkochen, Germany). The micro-
structure of the zirconia discs with and without HA-coating 
was observed by scanning electron microscopy (SEM; SNE-
4500M, SEC CO., LTD, Suwon, Korea). In addition to this, 
interfaces between HA films and zirconia discs were observed 
by SEM to confirm deposition of dense HA films. R

a
 values 

represent the mean ± SD of 3 independent experiments.

Contact Angle

Four uncoated zirconia discs and HA-coated zirconia discs 
were prepared. Distilled water at 36.5ºC was dropped onto 
each of the discs, and 5 s later, contact angles were measured 
by means of an automated contact-angle-measuring device 
(Phoenix300, S.E.O. Co., Ltd., Ansung, Korea). Values rep-
resent the mean ± SD of 3 independent experiments.

Crystallinity

X-ray diffraction (XRD; MiniFlex 600; Rigaku CO., LTD, 
Tokyo, Japan) was used to examine the crystal structure of 
the deposited HA layer. XRD data were matched with Joint 
Committee on Powder Diffraction Standards (JCPDS) card 
# 9-432.

Cell Culture

Mouse pre-osteoblast MC3T3-E1 cells were purchased 
from ATCC (Manassas, VA, USA), seeded onto the discs, 
and cultured in α-minimal essential medium (α-MEM, 
Logan, UT, USA) with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin. Trypsinized and resuspended 
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cells were seeded onto the discs at a density 1 x 104 cells/
cm2 and incubated in air at 37°C and 5% CO

2
. Three speci-

mens were statically cultured per time interval, and 3 sets of 
cultures were examined for all in vitro experiments. The 
osteogenic medium contained 10 mM β-glycerophosphate 
and 50 μg/mL ascorbic acid in the α-MEM.

Cell Attachment

Twenty-four h after being seeded, disc-adherent cells were 
fixed in 4% formaldehyde. 4′,6-diamidino-2-phenylindole 
(DAPI; Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 
568 phalloidin (Invitrogen, Carlsbad, CA, USA) were used 
for detection of the nucleus and cytoskeleton, respectively. 
Fluorescence was visualized by CLSM and analyzed with 
ZEN2011 software (Carl Zeiss, Oberkochen, Germany).

Cell Proliferation Assay

At 1, 4, and 7 d after seeding, following attachment, pico-
green assays were performed with a Quant-iT PicoGreen 
assay kit (Invitrogen Ltd., Paisley, UK) for the assessment 
of cellular proliferation. MC3T3-E1 cells (1 x 104 cells/
cm2) were seeded onto the discs. Disc-adherent cells were 
washed with phosphate-buffered saline (PBS) and subjected 
to lysis with Tris-ethylenediaminetetraacetic acid (EDTA; 
TE) buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). DNA 
contents were determined by mixing 100 μL of picogreen 
reagent with 100 μL of DNA sample. The samples were 
loaded in triplicate, and fluorescence intensity was mea-
sured with a GloMax Multi-Detection System (Promega, 
Madison, WI, USA). Fluorescence intensity was converted 
to DNA concentration using a DNA standard curve accord-
ing to the manufacturer’s protocol. Values represent the 
mean ± SD of 3 independent experiments.

Cytotoxicity Test

Cytotoxicity was measured with Cell Counting Kit-8 (CCK-
8; Dojindo, Tokyo, Japan). MC3T3-E1 cells (1 x 104 cells/
cm2) were plated onto the discs, and tests were performed at 
1, 4, and 7 d after seeding. CCK-8 solution was added to 
each well, followed by incubation for 2 h at 37°C. The 
absorbance at 450 nm was determined by a GloMax Multi-
Detection System (Promega, Madison, WI, USA). Values 
represent the mean ± SD of 3 independent experiments.

Reverse-transcription PCR and Quantitative 
Real-time PCR

Cells were harvested at 2, 6, 10, and 15 d after osteoblast 
differentiation. RNA was isolated with QIAzol lysis reagent 
(QIAGEN, Valencia, CA, USA). The PrimescriptTM RT 
reagent kit for reverse transcription was purchased from 

Takara (Shiga, Japan). Quantitative real-time PCR was per-
formed with primer sets for type I collagen (Col1A1), alka-
line phosphatase (Alp), and osteocalcin (Oc) as previously 
described (Cho et al. 2009) and with Takara SYBR premix 
Ex Taq (Takara) on a 7500 Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA). The PCR primers were 
synthesized by Integrated DNA Technology (Coralville, IA, 
USA). All samples were run in duplicate, and the relative 
expression levels were normalized to glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). Gapdh mRNA expres-
sion levels remained steady during osteoblast differentiation, 
showing similar Ct values. Values represent the mean ± SD 
of 3 independent experiments.

Alkaline Phosphatase (ALP) Staining

An ALP staining kit was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Cells were cultured in osteogenic 
medium for 7 d, washed twice with PBS, and stained as 
described by the manufacturer.

Alizarin Red S Staining

Cells were cultured in osteogenic medium for 21 d and 
washed twice with phosphate-buffered saline, fixed with 
70% ethanol for 1 h, washed twice with distilled water, and 
stained with 40 mM alizarin red S (Sigma-Aldrich,  
St. Louis, MO, USA) for 10 min, then washed 3 times with 
distilled water.

Statistical Analysis

All quantitative data are presented as the mean ± SD. Each 
experiment was performed at least 3 times, and the results 
from one representative experiment are shown. Student’s t 
test was used for the contact angle and R

a
 value. Statistical 

analyses for cell proliferation assay, cytotoxicity test, and 
quantitative real-time PCR were performed by one-way 
analysis of variance (ANOVA) with Tukey’s post hoc test. 
Post hoc analysis was used to detect pairs of groups with 
statistically significant differences. Significance was con-
sidered at P < 0.05 (SPSS, Chicago, IL, USA).

Results

Characterization of the HA Film

HA film was produced and optimized using HA powder 
with a particle size of approximately 0.8–1.1 μm. The XRD 
patterns of the raw HA powder before deposition (raw), the 
heat-treated HA powder (700°C), and the as-deposited HA 
film (as-deposited) are shown in Fig. 1A (labeled a, b, and 
c, respectively). The peaks of the HA powder were consis-
tent with the dominant peaks of pure HA with high 
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crystallinity (asterisk, Fig. 1A). XRD analysis revealed 
only HA peaks (JCPDS card # 9-432). Collectively, the HA 

film exhibited only pure HA peaks 
without secondary crystalline phases. 
Thus, the composition of the pow-
der and film indicated that no 
chemical changes had occurred 
during deposition. The cross-sec-
tion of HA films on the (Y, Nb)-
TZP (a) and (Y, Ta)-TZP (b) was 
observed by SEM (Fig. 1B). There 
were no pores and cracks in the 
film layers, indicating the deposi-
tion of fully dense HA films. The 
deposited HA films had no orien-
tation and showed round particles, 
because the raw HA particles for 
aerosol deposition were round. 
The thickness of HA films aver-
aged 8.05 and 8.70 μm on (Y, Nb)-
TZP and (Y, Ta)-TZP discs, 
respectively, and the thickness of 
all experimental specimens was 
well-maintained in this study. The 
contact angle was significantly 
lower for HA-coated surfaces (a, 
63.72 ± 2.55°, P < 0.001; Fig. 1C) 
than for non-coated zirconia sur-
faces (b, 95.0 ± 3.21º, P < 0.001; 
Fig. 1C).

Surface Analysis of HA 
Film on Zirconia by AD

For each specimen, the average 
roughness (R

a
) and surface topog-

raphy were analyzed by CLSM. 
The R

a
 values of the (Y, Nb)-TZP 

and HA-coated (Y, Nb)-TZP were 
0.819 ± 0.05 μm and 1.131 ± 0.12 
μm, respectively (Figs. 2A, B, 
upper panel). The R

a
 values of the 

(Y, Ta)-TZP and HA-coated (Y, 
Ta)-TZP surfaces were 0.880 ± 
0.06 μm and 1.004 ± 0.12 μm, 
respectively (Figs. 2C, D, upper 
panel). A significant increase was 
observed in surface roughness 
with HA coating (P < 0.05). The 
surface morphology was observed 
by SEM (Figs. 2A–D, bottom 
panel). As-deposited HA film on 
the discs produced a shallow crater-

like surface with a network-type microstructure (Figs. 2B, 
D, bottom panel) and increased surface roughness.

A

a)

b)

c)

JCPDS # 9-432

raw

as-deposited

700oC

b) (Y, Ta)-TZP+HA

HA

HA
8.70 µm

a) (Y, Nb)-TZP+HA

HA

HA
8.05 µm

B

2,000 10,000 

2,000 10,000 

TZP

TZP

C

63.72  2.55˚ 95.0  3.21˚

a) HA-coated b) Non-coated

Figure 1. Surface analysis of hydroxyapatite (HA)-coated zirconia. (A) X-ray diffraction 
(XRD) patterns of raw HA powder before deposition (a), heat-treated HA powder (b), 
and as-deposited HA film (c) on the zirconia discs. (B) The cross-sections of the deposited 
HA film [HA-coated (Y, Nb)-TZP (a) and HA-coated (Y, Ta)-TZP (b)] were observed 
by scanning electron microscopy (SEM). Images are magnified 2,000× (left) and 10,000× 
(right). (C) Contact angle between the water drop and the substratum: (a) HA-coated 
zirconia surface and (b) non-coated zirconia surface.
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Cell Attachment and Morphology

We examined cell attachment and morphology by CLSM  
24 h after seeding MC3T3-E1 pre-osteoblast cells onto the 
discs (Fig. 3). Cell adhesion to the (Y, Nb)-TZP (Fig. 3C) 
and (Y, Ta)-TZP (Fig. 3E) discs was similar to adhesion to 
the Ti-m (Fig. 3A) and Ti-a (Fig. 3B) discs. However, cells 
on the HA-coated (Y, Nb)-TZP (Fig. 3D) and HA-coated (Y, 
Ta)-TZP (Fig. 3F) discs exhibited unusual morphology, 
with an elongated and thin cytoskeletal appearance.

Cellular Proliferation and Viability

Cellular proliferation on the zirconia and titanium discs was 
analyzed by picogreen assay (Fig. 4A). Cells were seeded 
and cultured on the discs and harvested at 1, 4, and 7 d. The 
proliferation increased throughout the experiment; cells 
proliferated more efficiently on the polished surfaces (Ti-m) 
than on the rough surfaces [Ti-a, (Y, Nb)-TZP ± HA, and (Y, 
Ta)-TZP ± HA]. Although the cell morphology suggested 

otherwise, cells on the HA-coated zirconia discs prolifer-
ated well, although more slowly than those on the uncoated 
discs. We also tried the CCK-8 assay for cell viability, and 
results agreed with those of the picogreen assay (Fig. 4B). 
These results suggest that HA coating is not cytotoxic; thus, 
it is biocompatible.

Osteoblast Differentiation

MC3T3-E1 pre-osteoblast cells were harvested after 2, 6, 
10, and 15 d of differentiation, and real-time PCR was per-
formed to measure the expression of the bone marker genes 
Col1A1 (Fig. 5A), Alp (Fig. 5B), and Oc (Fig. 5C) (Cho  
et al. 2009). Although the osteoblast differentiation patterns 
were similar, the degree of differentiation varied slightly 
among the surfaces. The polished Ti-m surface had a lower 
differentiation capacity than did the rough surfaces (Ti-a). 
Notably, HA-coated (Y, Nb)-TZP and HA-coated (Y, Ta)-
TZP discs exhibited osteogenic responses that were equiva-
lent to or slightly high than that of Ti-a, which is well-known 

50

1000

5000

(Y, Nb)-TZP (Y, Nb)-TZP + HAA

Ra : 0.819 µm 0.05 Ra : 1.131 µm 0.12

(Y, Ta)-TZP (Y, Ta)-TZP + HA 

Ra : 0.880 µm 0.06 Ra : 1.004 µm 0.12

B C D

Figure 2. Confocal laser scanning microscopy (CLSM) images showing the roughness (R
a
) of the material surfaces (upper panel). 

(A) (Y, Nb)-TZP; (B) hydroxyapatite (HA)-coated (Y, Nb)-TZP; (C) (Y, Ta)-TZP; and (D) HA-coated (Y, Ta)-TZP. Scanning electron 
microscopy (SEM) images of material surfaces (A-D, bottom panel). Images are magnified 50×, 1,000×, and 5,000×.
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for its efficacy in dental osseointegration. To verify the 
osteogenic effects of HA-coated zirconia, we performed 
ALP staining (Fig. 5D) and alizarin red S staining (Fig. 5E), 
which showed that the HA-coated (Y, Nb)-TZP and 
HA-coated (Y, Ta)-TZP discs had better osteogenic poten-
tial than did the uncoated zirconia discs.

Discussion

In the present work, we present a novel method for deposit-
ing HA film by aerosol deposition (AD). HA-coating was 
first introduced in the 1980s for improved osseointegration 
between bone and implants (Furlong and Osborn 1991). 
Many studies have focused on the osteogenic response to 
the HA-coating interface, as well as on the problems associ-
ated with the coating method and optimization of coating 
properties for the best biocompatibility and osseointegra-
tion (Ong and Chan 2000; Sun et al. 2001; Wang et al. 
2006). Several HA-coating methods have been introduced. 
Among them, plasma-spraying is commercially the most 
frequently used method and has shown many advantages in 

bone tissue response. However, despite the successful 
results, disadvantages such as irregular thickness, variations 
in crystallinity and composition of the coating, and exfolia-
tion of the coating layer have been reported. Therefore, it is 
important to ensure that the coating layer is uniform, and 
that crystallinity or composition does not change.

Surface analysis in the present study confirmed that the 
specimens had uniform and dense HA-coating thickness, 
improved wettability, and improved surface roughness. 
Analysis of our XRD data showed slightly weaker and 
broadened HA peaks of the films in comparison with those 
of the original HA powder (Fig. 1A). The presence of weak, 
broadened XRD peaks might suggest a small crystallite size 
of the coating; however, it is well-known that these phe-
nomena can be induced by the high-energy impact of the 
powder particles on the substrate during the AD process 
(Akedo 2006). In the present study, the HA-coating layer 
was composed of dense and uniform crystalline without a 
creation of amorphous HA, and hence it can be suggested 
that aerosol deposition will be highly resistant to dissolu-
tion, which is a drawback of HA-coating. Surface hydrophi-
licity has been known to influence osseointegration. The 
HA-coating in our study reduced the contact angle signifi-
cantly and induced hydrophilicity (Fig. 1C). As is well-
known, rapid hydration of the surface could enhance cell 
adhesion and bone apposition (Rupp et al. 2006). Therefore, 
we suggest, based on analysis of our data, that the enhanced 
wettability in the HA-coated surface would have a good 

A. Ti-machined B. Ti-anodizing

C. (Y,Nb)-TZP D. HA (Y,Nb)-TZP

E. (Y,Ta)-TZP F. HA (Y,Ta)-TZP

50 µm 50 µm

50 µm50 µm

50 µm 50 µm

Figure 3. Confocal images of MC3T3-E1 cells 24 h after being 
seeded onto titanium (Ti) or zirconia (Zr) discs. (A) Titanium-
machined, (B) titanium-anodized, (C) sandblasted (Y, Nb)-TZP, 
(D) hydroxyapatite (HA)-coated (Y, Nb)-TZP, (E) sandblasted 
(Y, Ta)-TZP, and (F) HA-coated (Y, Ta)-TZP. Original 
magnification is 300×; bar = 50 µm.

0

50

100

150

200

250

Day 1

Day 4

Day 7

C
on

ce
n

tr
at

io
n

 o
f 

D
N

A
 (

n
g)

Ti-m Ti-a (Y,Nb)-TZP (Y,Nb)-TZP
    + HA

(Y,Ta)-TZP (Y,Ta)-TZP
    + HA

A

0

1

2

3

4B

A
b

so
rb

an
ce

 (
45

0n
m

)

Figure 4. Cellular proliferation and viability on the discs. (A) 
Picogreen assay. Proliferation of MC3T3-E1 cells on titanium 
(Ti) or zirconia (Zr) discs on days 1, 4, and 7. (B) CCK-8 
assay. Cell viability was tested on days 1, 4, and 7 under the 
same conditions with picogreen assay. The data are expressed 
as the mean ± SD of 3 independent experiments. *Significant 
differences between groups (P < 0.05).
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influence on osseointegration. Many 
review articles have reported on the 
positive relationship between sur-
face roughness and osseointegration 
(Shalabi et al. 2006; Le Guéhennec 
et al. 2007; Wennerberg and 
Albrektsson 2010). Based on these, 
many trials for creating suitable 
surface roughness were conducted 
with the inclusion of HA-coating. 
Analysis of SEM data showed that 
the HA-coating formed a rough 
surface with a porous network-type 
microstructure and improved the R

a
 

value of the zirconia discs (Fig. 2).
Excellent osseointegration is the 

final goal of bone tissue healing 
around implant materials. HA must 
induce an appropriate cellular response 
to ensure biocompatibility and bio-
activity and to promote osseointe-
gration between bone and implant 
with good-quality coating. In this 
study, HA deposition induced a 
slight stress response in adherent 
cells, observed as a de-bulked and 
elongated cytoskeleton (Figs. 3D, 
F). Moreover, while HA did not 
affect proliferation at 4 d of cell 
culture, proliferation was slightly 
lower than on the uncoated surfaces 
by day 7 (Fig. 4). This apparent 
phenomenon has been demon-
strated elsewhere in vitro, whereas 
an in vivo study showed early tis-
sue integration (Roy et al. 2011). 
Despite the slight stressful state 
that was observed on the HA-coated 
zirconia in the present study (Figs. 
3, 4), real-time PCR and staining 
showed that the cells were well-
differentiated on HA-coated zirco-
nia surfaces (Fig. 5). Many other in 
vitro and in vivo studies have 
reported the benefits of HA deposition on implants (Chang 
et al. 1999; Rigo et al. 2004; Yang et al. 2009); however, HA 
coatings also present problems, such as dissolution of the 
HA and bacterial susceptibility (Ong and Chan 2000). Thus, 
improving the clinical usefulness of HA in dental implant 
materials remains a priority for future studies.

Taken together, our novel HA-coating method by aerosol 
deposition can be used to apply a thin and uniform coating 
of highly crystalline HA over zirconia implants, with good 
wettability. Furthermore, our in vitro study demonstrated 

that HA coating could be used for the method of implant 
surface modification showing favorable osteogenic response. 
However, further in vivo study is needed to confirm the  
efficacy of HA-coated zirconia implants with respect to 
osseointegration.
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Figure 5. Real-time PCR. (A) Type I collagen (Col1A1), (B) alkaline phosphatase (Alp), 
and (C) osteocalcin (Oc) in MC3T3-E1 cells on titanium (Ti) or zirconia (Zr) discs after 2, 
6, 10, and 15 d of culture in osteogenic medium. The data are expressed as the mean ± 
SD of 3 independent experiments. *Significant differences between groups (P < 0.05). (D) 
ALP staining. Cells were seeded onto the discs and cultured in osteogenic medium for 
7 d. ALP activity was determined by cytochemical staining as indicated in “Materials and 
Methods,” (E) Alizarin red S staining. Cells were seeded onto the discs and cultured in 
osteogenic medium for 21 d. Staining procedure is described in “Materials and Methods.”
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