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Abstract
Aside from being known for its excellent mechanical properties and aesthetic effect, zirconia has recently attracted attention as a new
dental implant material. Many studies have focused on hydroxyapatite (HA) coating for obtaining improved biocompatibility,
however the coating stability was reduced by a byproduct produced during the high-temperature sintering process. In this study, to
overcome this problem, we simply coated the zirconia surface with a sol–gel-derived hydroxyapatite (HA) layer and then sintered it
at a varied temperature (<1000 °C). The surface showed a nanoporous structure, and there was no crystalline phase other than HA
and zirconia when the sintering temperature was 800 °C. The adhesion strength of the HA layer (>40MPa) was also appropriate as a
dental implant application. In addition, in vitro cell experiments using a preosteoblast cell line revealed that the HA-coated zirconia
surface acts as a preferable surface for cell attachment and proliferation than bare zirconia surface. In vivo animal experiments also
demonstrated that the osteoconductivity of zirconia were dramatically enhanced by HA coating, which was comparable to that of Ti
implant. These results suggest that the sol–gel-based HA-coated zirconia has a great potential for use as a dental implant material.

Graphical Abstract

1 Introduction

The past decades have seen constant demands for dental
and bone-related implants according to the aging society
[1, 2]. Titanium (Ti) and its alloys are the most widely
used implant materials, which have excellent mechan-
ical strength and biocompatibility [3, 4]. However,
various problems have been reported when Ti is used as
a tooth implant, including nonspecific immune reac-
tions, autoimmune problems, and corrosion caused by
body fluids, such as saliva [5]. Moreover, aesthetic
problems caused by gray color of the Ti surfaces, which
is very different to that of tooth, is also one of the most
critical issues related to the Ti implant [6, 7].

Zirconia is bioinert ceramics which does not react with
living tissues and causes immune reactions. Particularly,
an yttria-stabilized zirconia demonstrates excellent frac-
ture resistance and flexural strength. Due to its superior
mechanical properties, zirconia has been used as ball
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head for total hip replacements [8–10]. In addition, it
possesses an excellent aesthetic effect with almost the
same color as the teeth [11, 12]. Thus, several attempts
have recently been made to fabricate a dental implant
using zirconia. However, poor osseointegration is one of
the most serious drawbacks of zirconia as a biomaterial.
Accordingly, many studies to overcome these problems
through surface modification have been actively con-
ducted in recent years [13–15].

The surface properties of zirconia are generally modified by
coating it with osseointegrated materials, such as hydroxyapatite
(HA). HA has been widely used for dental and orthopedic
applications because of the similarity of their chemical com-
positions to the mineral phase of a bone. The effect of HA
coating on bone regeneration have been proven by numerous
in vitro and in vivo studies [16, 17]. One simple method to coat
HA on zirconia implant surface is immersing the zirconia in
Simulated Body Fluid (SBF). The HA layer precipitated in SBF
demonstrated greatly increasing the cell characteristics, but the
coating layer was not very stable due to the poor adhesion of the
coating layer [18, 19]. Physical vapor deposition (PVD) is
another way to coat HA on the zirconia surface. Since as-
deposited HA layer is not fully crystallized, PVD methods
generally require heat treatment at a high temperature above
1200 °C. HA and zirconia, however react above this tempera-
ture and produce a byproduct, namely calcium zirconate [20].
Calcium zirconate hinders the formation of a uniform HA
coating layer because it was generated by consuming Ca in HA
phase [21]. Kim et al. coated fluoric HA as a buffer layer to
prevent this unwanted reaction [22]. However, coating of
multiple layers might weaken the adhesion stability; thus, a
method to coat a pure HA layer on zirconia without coating any
intermediate layers must be developed.

Herein, a thin and stable HA layer was formed on a zirconia
substrate using the sol–gel technique to improve its osseointe-
gration. A sol–gel derived HA was coated on a zirconia sub-
strate through the dip-coating method and then sintered with
various sintering temperatures which is lower than that used in
other studies (400–1000 °C). The microstructure and phases of
the coating layer were examined by scanning electron micro-
scopy (SEM) and X-ray diffraction (XRD), respectively. The
bioactivity of the HA-coated zirconia was evaluated by an
in vitro test using preosteoblast cells. Furthermore, an in vivo
test using a rabbit femoral defect model was performed to assess
the osteoconductivity of the HA-coated zirconia dental implant.

2 Materials and methods

2.1 Preparation of the zirconia substrates

A plate-type zirconia substrate was used to optimize the
coating conditions and evaluate the in vitro cellular

behaviors. A zirconia block was produced by the following
process: first, zirconia stabilized by 3 mol% of yttria powder
(3Y-TZP, Tosoh Corporation, Japan) was compressed at
20MPa, followed by the application of cold isostatic press
at a pressure of 200–300MPa and pre-sintering at 1100 °C;
next, the block was cut into a plate shape with dimensions
of 10 × 10 × 1 mm3; and the zirconia plate was then sintered
at 1500 °C for 2 h at a heating rate of 5 °C/min. A screw-
type zirconia substrate was also prepared by machining the
zirconia block to screw shape with 2-mm diameter and 10-
mm length to evaluate the osteoconductivity under the
in vivo condition.

2.2 HA sol synthesis

First, 0.015 mol (2.494 g) of triethylphosphite (TEP, Sigma-
Aldrich, USA) was added to a mixed solution of 23.92 ml
ethanol (Daejung, Korea) and 1.08 ml deionized water.
Second, 0.0251 mol (4.1102 g) of calcium nitrate tetra-
hydrate (Ca(NO3)2 · 4H2O, Sigma-Aldrich, USA) was dis-
solved in 25 ml ethanol. These solutions were mixed
together at room temperature for 3 days and aged at 37 °C
for 1 day with continuous stirring to make the HA sol. The
theoretical concentration of the final HA sol is 0.05 M when
it is assumed that all reactants have completely reacted. The
synthesis of the HA sol was confirmed by observing the
crystallized nanoparticles through transmission electron
microscope (TEM; Tecnai F20, FEI, USA) (Fig. S1).

2.3 HA coating on zirconia

HA was coated on the zirconia plate and screw using the dip-
coating technique. The dip-coating rate was 0.25 mm/s and
performed thrice. The sol was dried for 5 min in the oven at
37 °C between each dipping step. The HA-coated zirconia
plate was oven-dried at 70 °C overnight and sintered at
400 °C, 600 °C, 800 °C, and 1000 °C for 1 h at a heating rate
of 5 °C/min after the coating was completed. The specimens
generated under these conditions were designated as HA400,
HA600, HA800, and HA1000, respectively. For the zirconia
screw for using in vivo study, excessive sol was trapped
between the screw threads, which might cause an unwanted
thick coating layer; thus, spinning was performed at 150 rpm
for 15 s using a spin coater after every dip-coating. Subse-
quently, the HA-coated zirconia screw was heat-treated at
800 °C for 1 h at a heating rate of 5 °C/min.

2.4 Characterization of the HA-coated zirconia

The surface microstructure of the HA-coated zirconia was
analyzed using a field emission scanning electron micro-
scope (FE-SEM; Supra 55VP, Carl Zeiss, Germany). Prior
to the FE-SEM observation, a thin platinum layer was
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deposited (EM ACE200, Leica, Austria) to prevent electron
charging. The focused ion beam (FIB, Aurica, Zeiss, Ger-
many) technique was used to analyze the coating layer
thickness. The crystal phase of the HA-coated zirconia was
investigated by XRD (D8 advance, Bruker Miller co, Ger-
many). Wide 2θ angle range of 20°–60° and narrow 2θ
angle range of 31°–37° was obtained at a scan rate of 1 °/
min because of its small intensity. The binding energy of
composing elements of HA-coated zirconia was measured
by X-ray photoelectron spectroscope (XPS; AXIS-HSi,
KRATOS, Japan).

The mechanical stability of the coating layer was mea-
sured using the pull-out method. Epoxy precoated alumi-
num studs were placed on the coating surface and cured at
150 °C for 30 min. The stud was pulled from the attached
surface at a rate of 1 mm/min using a universal testing
machine (RB302 single-column type, R&B, Korea). In
order to evaluate the stability of the coating layer in the
screw-shaped specimen, the HA-coated screw-shaped spe-
cimen was removed after implantation by applying a torque
of 0.4 N·m to the synthetic bone, and the surface of the
implanted part and the unplaced part was observed
through SEM.

2.5 In vitro cell tests

The initial cell attachment and proliferation were evaluated
using preosteoblast cell lines (MC3T3-E1, ATCC, CRL-2593,
USA). All specimens were sterilized with 70% ethanol solu-
tion and UV radiation prior to cell seeding. The pre-incubated
preosteoblast cell lines were seeded on each sample at den-
sities of 3 × 104 and 2 × 104 cells/ml for the cell attachment
and proliferation assays, respectively. The cells were then
incubated in a humidified incubator at 37 °C with 5% CO2.
The alpha-minimum essential medium (α-MEM, Welgene Co,
Korea) containing 10% fetal bovine serum (Gibco, USA) and
1% penicillin–streptomycin (Pen strep, Gibco, USA) was used
as the culturing medium for all tests.

The initial cell adhesion was observed using a confocal
laser scanning microscope (SP8 X, Leica, Germany) 24 h
after cell seeding. After fixing the attached cells with 4%
paraformaldehyde solution, the cytoplasm and nuclei of the
cells were stained with fluorescent phalloidin (Alexa Fluor®

555 phalloidin, Invitrogen, USA), and 4′,6-diamidino-2-phe-
nylindole (DAPI, Invitrogen, USA) and then observed using
lasers with wavelengths of 540 and 350 nm, respectively.

The cell proliferation was assessed using the metox-
yphenyl tetrazolium salt (MTS) method. A 10% reagent
(CellTiter 96 Aqueous One Solution, Promega, USA) in
culture medium was added to the cells on the specimens and
incubated at 37 °C for 2 h after 3 and 5 days of culturing.
The supernatant absorbance was measured by a microplate
reader (EZ read 400, Biochrom, UK) at 490 nm.

2.6 In vivo animal test

An animal test was conducted using a rabbit femoral defect
model. This animal test was approved by Genoss’s Insti-
tutional Animal Care and Use Committee. Twelve-week-
old male New Zealand white rabbits with an average weight
of 2.5–3 kg were anesthetized with 0.1 ml of 2% Xylazine
HCl (Rompun, Bayer Korea, Korea) and 0.2 ml Tiletamine
HCl (Zoletil, Virbac lab, France), and Lidocaine (Yuhan
Corporation, Korea). A cylindrical defect with a radius of
0.9 mm was created on each leg. Zirconia and HA-coated
zirconia screws and Ti screw, which are positive control,
were then implanted to these defects by applying an inser-
tion torque of 20 Ncm. A postoperative antibiotic, genta-
micin (Dongkwang Pharmaceutical Co, Korea), was
intramuscularly administered at 0.1 mg/kg for 3 days after
surgery.

The rabbits were sacrificed four weeks after the surgery;
further, the specimens were extracted from the surrounding
tissues. For a histological observation, all the extracted
specimens were immediately fixed with 10% formalin then
embedded in resin (Technovit 7200 VLC, Germany). The
resin blocks containing the specimen and the tissues were
sliced to a thickness of 40 μm. The slides were then stained
using Goldner’s trichrome method and observed using an
optical microscope (Olympus BX51, Olympus, Japan). The
osteoconductivity was evaluated in terms of the bone-to-
implant contact (BIC) and new bone area ratios. The BIC
ratio was calculated by dividing the length of the screw
surface that bonded with the bone by the whole length of
the screw surface. In addition, the new bone area ratio was
defined as the area of the newly generated bone relative to
the area inside the threads at the top part of the screw.

2.7 Statistical analysis

Statistical Package for the Social Sciences (SPSS 23, SPSS
Inc., USA) was used to perform the statistical analysis. All
data were expressed as mean ± standard deviation. The
normality of the variables was verified using the
Shapiro–Wilk test. The statistical analysis was performed
by a one-way analysis of variance with Tukey post-hoc
comparison. A p value below 0.05 was considered sig-
nificant in all cases.

3 Results

3.1 Surface morphology of the HA layer

Figure 1 shows the surfaces of the bare and HA-coated
zirconia with various sintering temperatures observed by
SEM. Figure 1(a) depicts that the bare zirconia had a dense
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surface, and the average grain size was 500 nm. For HA400,
zirconia grains were observed through the translucent layer,
which did not have any grain structure (Fig. 1b). Mean-
while, small granules of HA were observed for HA600 (Fig.
1(c)). Most of the granules had a dense structure, while a
few granules showed very small pores. The surface became
flat when the sintering temperature increased to 800 °C (Fig.
1d). Interestingly, the inset of Fig. 1d demonstrates a
nanoporous structure. The average pore size of the HA800
was ~50 nm. Figure 1e shows HA1000. Most of the zirconia
surface was covered with the flat HA layer, but the coating
uniformity decreased because of some HA agglomerates.
The nanoporous structure also disappeared. Figure 1f shows
the cross-sectional image of the HA800 sectioned by the
FIB technique. The thickness of the HA layer was very

uniform through the surface, and its average value was
~400 nm, which was much thinner than that in the previous
studies [7, 23].

3.2 Characteristics of the HA-coated zirconia

The crystalline phases of the HA layers with different sin-
tering temperatures were investigated by XRD (Fig. 2). The
wide range (20°–60°) XRD spectra, shown in Fig. 2a only
demonstrated characteristic peaks of zirconia substrate
(ICDD data file no. 01-072-2743), since the coating layer
was very thin. In order to confirm the other component, the
narrower range (31°–37°) of XRD pattern was further
investigated as shown in Fig. 2b. In the narrow range
spectra, two main peaks on the bare zirconia substrate were

Fig. 1 SEM images of the HA-coated zirconia substrates with various sintering temperatures. a Bare zirconia, b HA400, c HA600, d HA800,
e HA1000, and f cross-sectional image of HA800. Scale bars: a–e 2 μm and 500 nm for large and inset images, respectively. f 1 μm
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detected at 34.7° and 35.3°, which corresponded to the
(110) and (002) planes of tetragonal zirconia, respectively.
A broad and small peak corresponding to the (200) plane of
cubic zirconia was detected at around 35°. The XRD pattern
of HA400 also demonstrated the characteristic peaks of
zirconia but did not show any calcium phosphate peak. The
HA peaks (ICDD data file no. 04-014-8416) began to be
detected at 31.9°, 32.2°, and 33° corresponding to (211),
(112) and (300) planes, respectively, when the sintering
temperature was above 600 °C. The intensity of the HA
peaks also increased when the sintering temperature
increased. However, for HA1000, aside from the sharper
and higher HA peaks, calcium zirconate phase (ICDD data
file no. 04-001-9308) was also detected at 31.7°.

3.3 Mechanical stability of the HA coating layer

Figure 3a shows the adhesion strength of HA layers examined
by peel-off test, which is widely used to evaluate the adhesion
strength of HA coating layer [22–24]. Bare zirconia also
measured under the same conditions to determine the bonding

strength of stud and epoxy. HA400 was excluded because it
was not suitable for coating purpose, as described in the earlier
sections. All sample groups demonstrated the adhesion strength
higher than 40MPa without a statistical difference. After the
peel-off test, the failed region was investigated using SEM
observation (Fig. 3b–e). For all specimen surfaces, epoxy resin
remained on the most of surface, and delamination of HA layer
was not observed even epoxy resin was removed.

3.4 In vitro biocompatibility of the HA-coated
zirconia

The effects of HA coating on the biological properties of zir-
conia were evaluated in terms of the initial cell attachment and
proliferation. For comparison in the in vitro test, cell behavior
was also evaluated on the Ti substrate, which has been most
widely used in the dental implant field. The CLSM images
depicted the cell morphology on the Ti, bare, and HA-coated
zirconia (HA800) (Fig. 4a–c, respectively). Predictably, the
cells were well attached and spread along the polishing line on
the Ti substrate. A smaller number of cells was observed for

Fig. 2 XRD patterns of the HA-coated zirconia substrates with various sintering temperatures. Range of 2θ are a 20°–60° and b 31°–37°

Fig. 3 Adhesion strength measured through peel-off test and SEM
images after testing. Adhesion strength of the HA-coated zirconia
substrates with various sintering temperatures a. SEM images of the
failure surfaces of the bare and HA-coated zirconia after the adhesion

test: b bare zirconia, c HA600, d HA800, and e HA1000. The black
and yellow dotted lines indicate the areas where the stud adheres to
and epoxy remains, respectively. Scale bars: 500 nm
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the bare zirconia and the spreading of cells was also sup-
pressed. Meanwhile, the number of cells for HA800 increased,
and each cell was widely spread.

Figure 4d shows the degree of preosteoblast proliferation on
each substrate evaluated by MTS. After 3 days of culturing, the
cell proliferation on the Ti substrate was observed to be much
faster than that on the other substrate. No significant difference
was found between the bare zirconia and HA800. The degree of
proliferation of the preosteoblast cell on HA800 dramatically
increased after 5 days of culturing, which was similar to that of
the Ti substrate.

3.5 In vivo osteoconductive properties of the HA-
coated zirconia

Animal experiments were performed to confirm the effect
of the HA coating on the in vivo osteoconductivity of the

zirconia-based implant and Ti implant for comparison
purposes. Figure 5 shows the typical histological images
of trichrome stained slices after 6 weeks of implantation.
The blue, brown, and black regions in the histological
images indicate the bone, zirconia implant, and Ti
implant, respectively. In the low-magnification images,
no signs of inflammation caused by implantation were
observed for all the sample groups (Fig. 5a–c). Mean-
while, the differences between each sample group were
clearly observed in the enlarged images. First, only a few
contacted areas between the bone and the implant were
observed for the bare zirconia implant, and a little amount
of bone filled the space inside the screw thread. After the
HA coating, a larger amount of bone tissue contacted
with the implant surface and filled the space inside the
thread. The in vivo osteoconductivity of the HA-coated
zirconia was also compared with that of a commercially

Fig. 4 In vitro cell attachment and cell proliferation. Confocal laser scanning microscope image of cells attached on the a Ti, b bare, and c HA-
coated zirconia surfaces. d Degree of proliferation of the MC3T3-E1 cells on the Ti, bare, and HA-coated zirconia substrates after 3 and 5 days of
seeding. Scale bars: confocal image (30 μm)

81 Page 6 of 10 Journal of Materials Science: Materials in Medicine (2021) 32:81



available Ti implant. The Ti implant provided a similar
level of bone contact and filling to the HA-coated
zirconia.

The BIC and BA ratios were investigated (Fig. 6) to
quantify the in vivo osteoconductivity of the bare zir-
conia, HA-coated zirconia, and Ti implants. Figure 6a
depicts that the HA-coated zirconia has a similar value of
approximately 50% compared with Ti, while the bare
zirconia has a BIC ratio value <10%. This result is
almost the same as the image of the histological analysis
identified earlier. Figure 6b illustrates a similar pattern
when the bone areas were examined. The HA-coated
zirconia was ~50%, which was about the same as 50% of
Ti and significantly larger than zirconia, which is ~30%.

4 Discussion

Zirconia is mechanically and chemically stable ceramic
biomaterials. Zirconia also has tooth like color so that it is
used as an abutment, but its bioinertness has limited the
application as a fixture. HA coating is one of the simplest
ways to enhance the osteoconductivity of zirconia for dental
implants. Mechanical stability of coating layer is also
important for implant materials because initial micro-
movement of implant is key factor for the implant success
[25, 26]. In this study, the structure and crystal phase of the
sol–gel based HA coating layer were controlled by adjust-
ing the sintering temperature. The optimized HA coating
demonstrated superior coating stability as well as

Fig. 5 Representative histological cross-sectional image of the
stained slices after 4 weeks of implantation. a, d Ti, b, e bare, and c,
f HA-coated zirconia. O and N indicate the old and new bone areas,

respectively. Scale bars: a–c low-magnification image (2 mm) and (d–f
high magnification images (200 μm).

Fig. 6 Quantitative analyses of in vivo experiments. a Bone-to-implant contact and b new bone area ratios of Ti, bare-, and HA-coated zirconia
(*p < 0.05)
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osseointegration without showing byproduct phases, which
is one of major problems of HA-coated zirconia system.

The morphological change in HA coating layer with differ-
ent sintering temperature could be explained by the mobility of
ions. As the sintering temperature increases, the mobility of ions
also increases. The higher mobility led to a faster reaction
between the HA particles. For HA600, adjacent HA particles
began to merge together and make granular structures on the
zirconia surface. The porous structure of HA800 might be
caused by the atomic diffusivity being not high enough to make
the dense surface. Likewise, most of the HA1000 specimen
surface was covered with the flat and dense HA layer having a
large grain size owing to its high atomic diffusivity. In addition,
the pores were found in the HA layer inside and in the HA layer
surface, suggesting that they would have an interconnected
structure. The micro-roughness of the implant surface is known
to be highly correlated with the bone integration of the materials
[27]. Based on these results, it is considered that the HA800
group has most osteoconductive surface due to its micro-
roughened surface.

Analysis of the crystallinity of HA coated zirconia
revealed more information. The absence of any peaks in
XRD observations means that the HA layer does not crys-
tallize at sintering temperature conditions as low as 400 °C.
Amorphous HA has a very high dissolution rate; hence,
sintering at 400 °C would not be appropriate for the coating
purpose to improve the osteointegration of dental implants
[28]. Calcium zirconate observed in XRD analysis of spe-
cimens fabricated at a sintering temperature of 1000 °C is an
undesirable reactant of HA and zirconia because it con-
sumes calcium and reduces the Ca and P ratio in the calcium
phosphate. During heat treatment, tricalcium phosphate is
produced by the thermal decomposition of HA, as shown in
Eq. (1). This usually occurs above 1300 °C. However, when
zirconia is present, the reaction temperature could be low-
ered to 1000–1150 °C because the reaction occurs as Eq.
(2), and calcium zirconate is formed as a byproduct [29–
31]. This phenomenon occurs at high temperatures because
it provides sufficient mobility and time for the decomposi-
tion of HA to TCP and the reaction of CaO, a byproduct of
decomposition, and zirconia [32]. The effect of sintering
temperature on the chemical composition of coating layer
was further carried out through X-ray photoelectron spec-
troscopy (Fig. S2). The survey spectra showed that the
characteristic peak of Zr is only observed in HA1000 (Fig.
S2a, b). In addition, comparing the O 1 s spectra, the
binding energy corresponding to metal oxide was observed
only in HA1000 (Fig. S2c, d). Because the XPS method can
normally observe a depth of 10 nm, these Zr and metallic
oxide peaks would be obtained not from the substrate but
from a byproduct, such as calcium zirconate. The calcium
zirconate, which is an unwanted by-product that is finally
produced, not only degrade the mechanical properties, but

also lower the osseoconductivity of the coating layer
[33, 34].

Ca10 PO4ð Þ6 OHð Þ2! 3Ca3 PO4ð Þ2þCaOþ H2O ð1Þ

Ca10 PO4ð Þ6 OHð Þ2þZrO2 ! 3Ca3 PO4ð Þ2þCaZrO3 þ H2O

ð2Þ

These results suggest that the HA coating layer should be
heat-treated at a temperature between 400 °C and 1000 °C
to obtain the crystalline HA phase without any by-products.

The mechanical stability of the coating layer is a very
important factor for the success of the implantation. The coating
layer is not effective anymore if it is peeled off during the
surgery. In addition, delaminated debris could induce unwanted
bone regeneration [35]. Weak bonding strength between coating
and substrate also can cause micromovement of implant which
might result in implant failure [25, 26]. From this point of view,
the adhesion strength measured by the peel off test shows that
the mechanical stability of the HA coating could be reasonable
for dental applications. The measured strength must be lower
than the actual adhesion strength between the HA layer and
zirconia substrates because the separation of the HA layer is not
seen when observing the area after measurement. In this way,
several existing studies have measured the coating strength of
various materials, which is similar to or lower than the value of
40MPa in this study [36–38]. According to ISO standard (ISO
13779) and researches, adhesion strength higher than 15MPa is
considered acceptable [24]. In addition, it was confirmed that
the bonding strength measured in a similar method in the pre-
vious papers on HA coated zirconia sintered at a high tem-
perature of 1600 °C has a value of 11.68MPa [39, 40]. This
was thought to be a phenomenon caused by the decrease in
mechanical properties due to the formation of TCP and calcium
zirconate at high temperatures mentioned above, and this was
proved through the observation of TCP in XRD analysis of the
fracture surface. Therefore, HA coated zirconia obtained
through sintering at a relatively low temperature had a bonding
strength superior to existing studies as well as international
standards, making it suitable for implant application. In addition,
the stability of coating layer on the screw type specimen was
also investigated. Because the use of stud is not applicable to the
screw type specimen, the coating stability was confirmed by
SEM after implantation the HA-coated zirconia on synthetic
bone (Fig. S3). There was no noticeable crack on the coating
layer both at ridge and groove parts of screw indicating that the
coating layer on the screw is also mechanically stable. Collec-
tively, 800 °C was chosen as the optimum sintering temperature
for further biological test because HA800 showed the most ideal
characteristics in terms of surface morphology, crystallinity, and
coating stability.

The improved osteoconductivity of HA-coated zirconia
was examined by in vitro cell test and in vivo animal study.
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The biocompatibility of Ti was also evaluated as a positive
control because it is most widely used as dental implant [11].
The preosteoblast cells did not stretch well on the bare zir-
conia substrate. This is mainly due to the zirconia properties
known as bioinert [41, 42]. On the other hand, HA800 sample
showed good cell extension, which is similar to the cells
attached on Ti (Fig. 4a, c). In addition, proliferation level of
preosteoblast cells was also improved on HA800 compared
with that on bare zirconia. Difference in proliferation level
between HA800 and Ti groups was not statistically significant
at day 5. The animal experiment revealed the improved
osteoconductivity of HA-coated zirconia more directly. HA-
coated zirconia and Ti showed almost the same behaviors in
histological image, BIC and BA. BIC and BA of HA800
group were ~400 and 80% higher than bare zirconia group,
respectively. Proven by cell and animal experiments, once the
zirconia is coated with HA, the biocompatibility, especially
osteoconductivity, is considerably increased compared with
zirconia without HA coating. These findings suggest that the
sol–gel-based HA-coated zirconia implant has a good poten-
tial as dental implant material.

5 Conclusion

Herein, sol–gel derived HA was successfully coated on the
zirconia surface using a simple dip-coating technique to
improve its osseointegration. The surface morphology and
the crystalline phase of the HA layer were varied with the
sintering temperature. A nanoporous HA layer was uni-
formly formed on the zirconia substrate when the sintering
temperature was 800 °C. The average thickness and pore
size of the HA layer were ~400 nm and ~50 nm, respec-
tively. In addition, there was no cracks on the coating layer,
and it was not easily detached under 40 MPa of stress. The
HA-coated zirconia exhibited a significantly enhanced
osteoconductivity. The MC3T3-E1 preosteoblast cells
more actively attached and proliferated on the HA-coated
zirconia compared with the bare zirconia surface. The HA-
coated zirconia dental implant sample demonstrated a
remarkably improved in vivo osteoconductivity similar to
that of the Ti implant. Collectively, these results suggest
that a low-temperature sintered sol–gel-derived HA coating
would increase the potential of zirconia in dental
applications.
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