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Effects of Different Microstructured Surfaces on the 
Osseointegration of CAD/CAM Zirconia Dental Implants:  

An Experimental Study in Rabbits
Qian Ding, DDS1/Rui Zhang, DDS2/Lei Zhang, DDS1/Yuchun Sun, DDS3/Qiufei Xie, PhD1 

Purpose: To assess different microstructured surfaces created by sandblasting and acid etching in an effort to optimize 
the osseointegration performance of dental zirconia implants with an optimized surface. Materials and Methods: Sixty 
CAD/CAM zirconia implants were divided into four groups. The control group had no surface treatment after sintering. 
The other groups had three different types of surface modifications: sandblasting; sandblasting and etching with 
hydrofluoric acid; and sandblasting and etching with an experimental hot etching solution composed of methanol, 
37% hydrochloric acid, and ferric chloride, heated to 100°C and applied for 60 minutes. Commercially available titanium 
implants with sandblasted and etched surfaces and identical dimensions were employed as a positive control. Surface 
micromorphologies of implants from the five groups were evaluated. The osseointegration performance of all the 
implants was assessed in adult New Zealand rabbits based on microcomputed tomography (micro-CT) and histologic 
analysis. Results: Sandblasting and acid etching with hot etching solution or hydrofluoric acid exhibited moderately 
rough surfaces with microstructures in both microscale and nanoscale. The sandblasting and etching with hydrofluoric 
acid group showed the highest surface roughness. Micro-CT revealed a significantly lower mean bone volume/total 
volume for the control group compared with the other four groups (P < .05). Among the groups, the sandblasting and 
hydrofluoric acid etching group was the highest, significantly higher than the titanium implant and sandblasting groups 
(P < .05). The sandblasting and etching with hot etching solution (P = .006) group also showed a significantly higher 
bone volume/total volume value than the titanium implant group. Histologic analysis revealed significantly higher bone-
to-implant contact for implants with modified surfaces compared with a sintered surface (P < .05), and no significant 
difference was found with respect to the sandblasted and etched titanium implants. Conclusion: The microstructured 
surfaces created by sandblasting and acid etching show osseointegration comparable to that of commonly used titanium 
implants. Int J Oral Maxillofac Implants 2020;35:1113–1121. doi: 10.11607/jomi.8207
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Yttria-stabilized tetragonal zirconia polycrystal 
(Y-TZP) has become a promising material for dental 

implants in recent years. Zirconia shows high chemi-
cal resistance and fracture toughness (7 to 10 MPa/m), 
reliable flexural strength (900 to 1,200 MPa), and de-
creased bacterial biofilm formation compared with ti-
tanium.1–3 In addition, it has an esthetic advantage to a 
certain extent, especially in the anterior of the maxilla. 
Y-TZP has the potential to be an effective implant ma-
terial alternative to titanium.4,5 Since it is appropriate 
for computer-aided manufacturing (CAM), customized 
zirconia implants can be designed and fabricated using 
the CAD/CAM technique according to the characteris-
tics of the individual patient’s hard and soft tissues.

Surface microtopography was reported to have a 
major influence on both titanium and zirconia implant 
osseointegration, with increased surface roughness 
leading to greater bone apposition6–8 and decreased 
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healing time.9,10 The superior osseointegration of zirco-
nia implants with different modified surfaces compared 
with machined, unmodified surfaces has been con-
firmed in experimental studies using rabbit models.11,12 
Nevertheless, the optimal surface modification or sur-
face microtopography for zirconia implants has not yet 
been determined. The most common surface treatment 
of zirconia implants in previous studies is sandblasting 
with airborne particles.13,14 Nanoscale surface modifi-
cations using acid etching in addition to sandblasting 
has been presented as an effective method that affects 
the cellular activities of osteoblasts and promotes os-
seointegration.15,16 However, while this process has 
been widely applied to titanium,9 it has rarely been 
tested in vivo for zirconia implants.17

A biomechanical study18 and a histologic study19 
found that zirconia implants treated with hydrofluoric 
acid showed enhanced osseointegration, resulting in 
removal torque and bone-to-implant contact values 
equivalent to those of sandblasted and acid-etched 
titanium implants. Flamant et al20 reported that hydro-
fluoric acid etching induced roughness gradients at 
both the microscale and nanoscale, affecting the mes-
enchymal stem cell morphology on the zirconia sur-
face. The combination of sandblasting and hydrofluoric 
acid etching could also enhance the proliferation and 
differentiation of preosteoblasts.21

Experimental hot etching solution was first used to 
etch the wings of etched and bonded fixed dental pros-
theses to roughen the surfaces and enhance retention.22 
It was composed of methanol, 37% hydrochloric acid, 
and ferric chloride, then heated to 100°C. The mechanism 
is related to the chemical dissolution of the grain struc-
ture23 and removal of the less-arranged, higher-energy 
atoms on the zirconia surface. Casucci et al24 reported 
that experimental hot etching solution could be used 
to significantly modify the zirconia surface on the na-
noscale. This procedure has the potential to improve the 
surface nanoroughness of zirconia implants. However, it 
has not been used in the surface treatment of zirconia 
implants. Accordingly, hydrofluoric acid and experimen-
tal hot etching solution were selected as surface modi-
fication methods in this study, and how they affect the 
nanoscale surface topography of zirconia was analyzed. 

Based on the above discussion, the specific aims of 
this study were to determine the optimized surface mi-
crostructure design and to optimize the osseointegra-
tion performance of zirconia implants in a rabbit model. 
The effects of different microstructured surfaces with 
both microscale and nanoscale topography created by 
sandblasting and acid etching on the osseointegration 
of zirconia dental implants were investigated, com-
pared with a well-established titanium implant. The null 
hypothesis was that microstructured surfaces have no 
influence on the osseointegration of zirconia implants.

MATERIALS AND METHODS

Implants
Cylindrical screw-type implants were designed us-
ing 3D computer-aided design (CAD) software (CATIA 
V5R19, Dassault Systèmes; Geomagic Studio 12.0, Geo-
magic). Based on the CAM technique, 60 zirconia im-
plants were fabricated by cutting 3Y-TZP milling blocks 
(Wieland) and final sintering (Zenotec Fire P1, Wieland). 
All implants had a diameter of 3.75 mm, an intraosse-
ous length of 6 mm, and spiral threads with pitch = 1.2 
mm and depth = 0.5 mm. 

Fifteen commercially available titanium im-
plants (BEGO Implant Systems) with blasted and 
etched TiPurePlus surfaces and identical dimensions 
(3.75 × 8 mm) were employed as the positive control 
group (BEGO titanium implant group).

Surface Treatments and Topography Analysis
The following types of surface treatments were used for 
zirconia implants: 

• Sintering (control group).
• Sandblasting: sandblasted with 110-μm Al2O3 

particles at 0.45 MPa (Ovaljet HiBlaster, SHOFU).
• Sandblasting and etching with a hot solution: 

Following the protocol reported by Casucci et al,24 
100-mL solution composed of 80 mL methanol, 
20 mL 37% hydrochloric acid, and 0.2 g ferric 
chloride was heated to 100°C and etched for 60 
minutes.

• Sandblasting and hydrofluoric acid etching: Etched 
in 40% hydrofluoric acid solution for 60 minutes at 
ambient temperature.25

After surface treatments, all zirconia implants were 
immersed in acetone, absolute alcohol, and deionized 
water sequentially and washed in an ultrasonic clean-
er for 20 minutes each. After drying for 24 hours,26 all 
implants were sterilized at high temperature and high 
pressure before surgery.

Scanning electron microscopy (SEM; JEOL, JSM-
6010LA) was used to observe the surface topographies 
of the implants. The surface roughness was evaluated us-
ing a 3D laser microscope (VK-9700K, Keyence) scanning 
over an area of 700 × 500 μm between the screw threads 
to calculate roughness parameters (Ra, Rq, and Rz).

Animals and Surgical Procedures
The study protocol was approved by the Ethics Com-
mittee of Peking University, China (LA2019061). A total 
of 19 male New Zealand White rabbits (weight 2.5 to 
3 kg) were used. A preoperative antibiotic (penicillin, 
480 mg) was administered intramuscularly. All animals 
were anesthetized by injecting phenobarbital sodium 
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(30 mg/kg) through the ear vein. Supplemental anes-
thetics were prepared as needed during the surgery. 
The bilateral distal femoral condyles and proximal tibial 
metaphyses were used as experimental sites (Fig 1). 
After surgical draping, the diaphysis was exposed via a 
skin incision and a blunt dissection of the muscles to 
allow elevation of the periosteum. BEGO System drills 
(BEGO Implant Systems) were used to prepare the im-
plant site under irrigation with 4°C sterile saline. 

One implant was placed in each experimental site 
of each rabbit. With a total of 75 implants, there would 
be a rabbit with the insertion of only three implants. In 
order to make the same healing potency for all animals, 
a zirconia cylinder specimen with a sintered surface 
was added. The four implants in each rabbit from dif-
ferent groups were numbered and randomly allocated 
to sites using the website http://www.randomization.
com. The implants were then inserted with a torque of 
10 to 15 Ncm and achieved primary stability. All zirco-
nia implants were inserted with the hexagonal coronal 
portion superior to the cortex. Titanium implants were 
placed by matching the implant shoulder to the cor-
tex. After the insertion of the implants, the fascia and 
skin were sutured in separate layers with resorbable 
sutures (Vicryl 5-0, Ethicon). After surgery, the animals 
were closely observed for any abnormal signs, such as 
wound dehiscence or infection. Perioperative antibiosis 
was performed with a 3-day course of a wide-spectrum 
antibiotic (penicillin, 480 mg/d, intramuscular).

Retrieval of Specimens
At 6 weeks after surgery, the animals were sacrificed by 
intravenous overdoses of lidocaine at 2%. The implants 

were surgically exposed, and bone blocks containing 
the implants and surrounding tissue were dissected 
and stored in 10% formalin at 4°C for microcomputed 
tomography (micro-CT) and histologic evaluations.

Micro-CT Analysis
The specimens were scanned in a micro-CT machine 
(MM CT, Inveon Acquisition Workplace, SIEMENS) to an-
alyze 3D bone formation around the implants. The slice 
resolution was 18 μm. A total of 1,024 micro-CT slices 
for each specimen were imaged at an x-ray energy level 
of 80 kV and a current of 500 μA. The integration time 
was 400 ms, and the total scanning time per specimen 
was approximately 27 minutes.

COBRA_Exxim software was used for 3D image re-
construction, and the reconstructed images were im-
ported into the Inveon Research Workplace (SIEMENS) 
for evaluation. The region of interest was defined as a 
500-μm-wide zone around the implant surface that be-
gan with the most apical slice containing the implant 
and extended up to the original implantation level27 
(Fig 2). To reduce the influence of artifacts, the black 
area at the bottom of each implant was excluded from 
the region of interest because of the significant arti-
facts presented in this area. The grayscale values for 
the bone and implant were determined as thresholds 
by comparing the original grayscale scan to different 
threshold levels of the complete slices and determin-
ing the threshold values for the mineralized bone and 
implant. All specimens had similar threshold levels for 
the bone and implant, which had no overlap and per-
mitted clear distinction.28 The minimum threshold in 
micro-CT analysis was set to −1,000 (the grayscale value 

Fig 1  Radiographs of two CAD/CAM zirco-
nia implants placed in the (a) femoral con-
dyles and (b) proximal tibial metaphysis. 

a b

Fig 2  Micro-CT images showing cross 
sections of a CAD/CAM zirconia implant in  
(a) sagittal plane and (b) horizontal plane. The 
green solid line marks the region of interest. 
The CT value for the black area at the bottom 
of the implant is less than −1,000. This area 
was excluded from the region of interest be-
cause of the presence of significant artifacts.

a b
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of air). Voxels with grayscale values above and below 
these values could then be categorized as background, 
implant, or mineralized bone, respectively. Threshold 
determination was repeated to evaluate intraexaminer 
repeatability. 

Subsequently, the bone morphology parameters 
and bone mineral density were calculated in the re-
gion of interest for each specimen. The outcome vari-
ables included the bone volume/total volume (ie, the 
percentage of bone volume in the region of interest), 
trabecular thickness, trabecular number, trabecular 
spacing, and bone mineral density.

Histologic Evaluation
After being submerged in 10% formalin solution for 
at least 24 hours, the specimens were washed with 
running water and dehydrated in a graded series of 
ethanol solutions. The dehydrated specimens were em-
bedded in polymethyl methacrylate without decalcifi-
cation according to standard procedures and sectioned 
in the frontal plane through the middle of the implant 
to obtain sections with a thickness of 200 µm. The sec-
tions were ground, polished to a uniform thickness of 
60 µm, and surface-stained with toluidine blue. 

Computer-based histomorphometric analysis was 
performed under a light microscope equipped with a 
high-resolution camera at a magnification of 40×. Bone 
morphometry data were analyzed using a software pro-
gram (BIOQUANT OSTEO Bone Biology Research Sys-
tem, v13.2.6, BIOQUANT Image Analysis Corporation). 
The bone-to-implant contact and bone area (equiva-
lent to 2D bone volume/total volume) were measured 
in the region of interest (also defined as a 500-μm-wide 
zone around the implant surface). The lengths of all re-
gions with direct bone-to-implant contact in the region 
of interest were measured, and their sum was divided 
by the total length of the implant perimeter in the area 
to obtain the percentage of bone-to-implant contact. 
All the sections were numbered, and the investigator 
who conducted micro-CT and histologic evaluations 
was blind to the grouping of each zirconia implant.

Statistical Analysis
The statistical analysis was performed using SPSS 22.0 
statistical software (SPSS, IBM). Mean values and SDs of 
all outcome variables were calculated for each group. 
All values are expressed as mean ± SD. The normal dis-
tribution and homogeneity of variance were tested 
using two-tailed analysis. When variances were homog-
enous and observed values were distributed normally, 
one-way analysis of variance and least significant differ-
ence tests (for multiple comparisons) were applied to 
detect differences between means of the five groups. 
Otherwise, a nonparametric analysis of the Kruskal-
Wallis H test was performed. P < .05 and P < .01 were 

considered statistically significant and highly signifi-
cant, respectively. 

RESULTS

Surface Micromorphology and Surface 
Roughness of Implants
The SEM images in Fig 3 show that the implant surfaces 
in the control group were relatively flat, with flaws and 
microcracks created during the CAM process. In the 
sandblasting group, the implant surfaces exhibited a 
microrough topography including peaks and valleys 
with sharp margins. Sandblasting and etching with 
hot etching solution surfaces became smoother with 
microscale grooves and irregular nanoscale pores. In 
contrast, the sandblasting and hydrofluoric acid etch-
ing surfaces appeared with granular textures and etch 
pits, resulting in both nanoroughness and microrough-
ness. The titanium implant surface exhibited typi-
cal features of a sandblasted and etched surface with 
multilevel pores. Table 1 shows the surface roughness 
levels. The highest Ra value was with the sandblasting 
and hydrofluoric acid etching group, and the lowest 
was the control group, with significant differences with 
the other four groups (P < .01). Ra values of the sand-
blasting, sandblasting and etching with hot etching so-
lution, and sandblasting and hydrofluoric acid etching 
groups were not significantly different from that of the 
titanium implant group (P > .05).

General Observations
Two implants were excluded from the results: one 
implant in the sandblasting group developed a peri-
implant infection, and one in the sandblasting and hy-
drofluoric acid etching group appeared to be enclosed 
by fibrous connective tissue instead of osseointegra-
tion. The remaining 73 implants were placed in the 
correct submerged position, and no signs of infection 
or defluvium were observed. Routine clinical inspec-
tions showed uneventful postoperative healing. After 
6 weeks of healing, all the remaining implants in the 
bone blocks were immobile, suggesting osseointegra-
tion. Around the implant head, the hexagonal coronal 
portions of 39 implants were partly or fully covered 
with newly formed bone (Fig 1), indicating the good 
biocompatibility of zirconia.

Micro-CT Analysis
The results of 3D bone morphometric analysis are pre-
sented in Table 2 and Fig 4. Compared with the control 
group, significantly increased bone volume/total vol-
ume and bone mineral density values were revealed in 
the sandblasting group (P < .01), sandblasting and etch-
ing with hot etching solution group, and sandblasting 
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and hydrofluoric acid etching group (P < .001); for the 
titanium implant group, the difference was only sig-
nificant for bone volume/total volume (P = .027). The 
sandblasting and etching with hot etching solution 
(P = .006) and sandblasting and hydrofluoric acid etch-
ing (P = .001) groups showed significantly greater bone 
volume/total volume values than the titanium implant 
group, while only the sandblasting and hydrofluoric 
acid etching group exhibited a significantly higher 
bone volume/total volume (P = .028) and bone min-
eral density (P = .001) compared with the sandblasting 
group. No significant difference was observed between 
the bone volume/total volume and bone mineral den-
sity values of the sandblasting and sandblasting and 
etching with hot etching solution groups. The compari-
son between the sandblasting and titanium implant 
groups also showed no significant difference.

Histologic Analysis
Six weeks after implant placement, successful osseo-
integration was observed in both the zirconia and 
titanium implants. At the interfaces with direct bone-
to-implant contact, no gaps or fibrous tissues were 
found, and new bone formation and remodeling were 
observed. In the control group, small areas of bone-to-
implant contact were interrupted by portions of soft 

tissue, and nonmineralized tissue layers were observed 
around the implant surfaces in most cases. In other 
groups, the bone-to-implant contact was more consoli-
dated, and some areas exhibited more mature lamellar 
bone around the implant surfaces (Fig 5).

As shown in Table 3 and Fig 4, the bone-to-implant 
contact values of the sandblasting, sandblasting and 
etching with hot etching solution, and sandblasting 
and hydrofluoric acid etching groups were significantly 
higher than that of the control group (P < .05) but did 
not significantly differ from that of the titanium implant 
group (P > .05). The values did not differ significantly 
among the sandblasting, sandblasting and etching 
with hot etching solution, and sandblasting and hydro-
fluoric acid etching groups. However, the bone area val-
ues of the sandblasting and etching with hot etching 
solution group (P = .011) and sandblasting and hydro-
fluoric acid etching (P = .045) groups were significantly 
higher than that of the titanium implant group. 

DISCUSSION

The zirconia implant surfaces with microstructures cre-
ated by sandblasting alone or sandblasting and etch-
ing in this study demonstrated good osseointegration 

Fig 3  SEM images showing the surface microtopographies of zirconia and titanium implants from five groups. CTRL = control group;  
SB = sandblasting group; SB-ST = sandblasting and etching with an experimental hot etching solution; SB-HF = sandblasting and hydrofluoric 
acid etching; BEGO = BEGO titanium implants.

Table 1  Mean Surface Topographic Parameters of the Implants Used in the Study (n = 3)

Implants Ra (μm) Rq (μm) Rz (μm)

Control 0.674 ± 0.034 0.857 ± 0.039 6.806 ± 0.425

Sandblasting 1.316 ± 0.089 1.615 ± 0.104 10.815 ± 0.484

Sandblasting and etching with hot etching solution 1.508 ± 0.056 1.844 ± 0.078 12.825 ± 0.951

Sandblasting and hydrofluoric acid etching 1.686 ± 0.168 2.062 ± 0.203 12.932 ± 1.146

BEGO titanium implants 1.544 ± 0.065 1.955 ± 0.081 12.567 ± 1.476
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Table 2  Results of Micro-CT Bone Morphometry Analysis (Mean ± SD)

Implants
Bone volume/ 

total volume (%)
Trabecular 

thickness (mm)
Trabecular 

number (1/mm)
Trabecular 

spacing (mm)
Bone mineral 

density (mg/cm3)

Control 46.10 ± 4.70 0.092 ± 0.016 5.07 ± 0.66 0.11 ± 0.015 1,378.59 ± 97.48

Sandblasting 54.72 ± 6.14 0.11 ± 0.028 5.19 ± 1.01 0.091 ± 0.023 1,529.12 ± 66.48

Sandblasting and etching with hot etching 
solution

58.81 ± 5.86 0.12 ± 0.014 4.87 ± 0.62 0.087 ± 0.021 1,507.54 ± 73.89

Sandblasting and hydrofluoric acid etching 60.30 ± 7.87 0.141 ± 0.051 4.74 ± 1.45 0.092 ± 0.036 1,998.83 ± 132.12

BEGO titanium implants 51.73 ± 8.42 0.10 ± 0.016 5.20 ± 0.74 0.095 ± 0.024 1,446.98 ± 44.42 

n = 15 for all groups, except sandblasting and sandblasting and hydrofluoric acid etching, where n = 14.

Fig 4  Bar graphs showing the re-
sults of (a) bone-to-implant contact 
(BIC), (b) bone area (BA), (c) bone 
volume/total volume (BV/TV), and 
(d) bone mineral density (BMD) val-
ues after 6 weeks of implantation. 
CTRL = control group; SB = sand-
blasting group; SB-ST = sandblasting 
and etching with an experimental 
hot etching solution; SB-HF = sand-
blasting and hydrofluoric acid 
etching; BEGO = BEGO titanium im-
plants. n = 15 for all groups, except 
SB and SB-HF, where n = 14. Statisti-
cally significant differences are indi-
cated as follows: *P < .05, **P < .01, 
***P < .001 compared with the CTRL 
group; #P < .05, ##P < .01, ###P < .001 
compared with the BEGO group; 
^P < .05 compared with the SB 
group; △P < .05 compared with the 
SB-ST group.
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Fig 5  Light micrographs showing the degree of bone-to-implant contact of the zirconia and titanium implants at 6 weeks after implant place-
ment ([a] magnification = 40×; [b] magnification = 12.5×). CTRL = control group; SB = sandblasting group; SB-ST = sandblasting and etching 
with an experimental hot etching solution; SB-HF = sandblasting and hydrofluoric acid etching; BEGO = BEGO titanium implants.
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equivalent to or better than that achieved by sand-
blasted and etched titanium implant surfaces. Previous 
animal and clinical studies also revealed the successful 
osseointegration of surface-modified zirconia implants, 
with osseointegration comparable to that of well-
established titanium implants.29–31

This study took the lead in investigating the osseo-
integration of four different surface-treated zirconia 
implants, and two different acid etching methods were 
used to create nanoscale surface topography on the 
zirconia surface, with experimental hot etching solu-
tion first used in zirconia implant surface modification. 
Overall, this study demonstrated that microstructured 
surfaces can improve the osseointegration of zirconia 
implants. Thus, the null hypothesis must be rejected. 
However, compared with sandblasted surfaces, the 
nanostructures created by acid etching showed no sig-
nificant improvement in the bone-to-implant contact 
values of the zirconia implants but showed a significant 
increase in peri-implant bone area, while the sand-
blasted and hydrofluoric acid-etched surfaces showed 
significantly higher bone volume/total volume and 
bone mineral density values compared with the sand-
blasted surfaces in micro-CT analysis. Therefore, the 
nanotopography created by acid etching, especially 
hydrofluoric acid etching, may play a role in improving 
peri-implant bone formation.

Al2O3 particles with granule sizes ranging from 105 
to 250 μm are the most commonly used particles for 
sandblasting zirconia implant surfaces.14,32 However, 
the biologic effects of surface contamination by resid-
ual Al2O3 particles remain controversial.33,34 In addition 
to removing contamination resulting from sandblast-
ing, surface modification by additional acid etching 
adds nanoscale topography to the microtopography of 
zirconia implants. The advantages of surface nanotop-
ography were reported to include an increase in the to-
tal surface contact area of the implant, better mimicry 
of cellular environments, and improved cell behavior 
and cell interactions at surfaces compared with conven-
tional surface topography.35 A systematic review17 re-
ported that zirconia implants with acid-etched surfaces 

showed significantly higher bone-to-implant contact 
than titanium implants. Also, acid-etched zirconia im-
plants may serve as a possible alternative for successful 
osseointegration.

In this study, additional etching with either hot 
etching solution or hydrofluoric acid created nanor-
oughness on the zirconia surface. However, neither 
type of etching led to a significant improvement in 
bone-to-implant contact compared with the sand-
blasted implants. The differences between the find-
ings of this study and past works may be related to the 
use of different sandblasting and etching techniques, 
leading to different surface micro- and nanotopogra-
phies. Another explanation may be the healing time 
considered herein; this study only evaluated a 6-week 
healing period in rabbits, which was selected to co-
incide with the timespan required for complete bone 
healing in humans.36 Therefore, early peri-implant 
bone responses based on different surface micro-
structures were not investigated, which is a limitation 
of this study. Nevertheless, the present study focused 
on the evaluation at the time point of 6 weeks, using 
sufficient samples and five groups of implants. Further 
research will focus on the effects of surface micro- and 
nanotopography on early peri-implant bone response 
and initial biomechanical performance of zirconia 
implants.

Nanostructures have been shown to elicit complex 
initial gene responses that favor healing at the bone-
implant interface.37 Schliephake et al14 reported that 
the bone-to-implant contact value showed no sig-
nificant difference between zirconia implants with 
sandblasted surfaces and sandblasted and etched 
surfaces in minipigs at both 4 weeks and 3 months 
after implantation time. Significantly higher removal 
torque was shown in sandblasted and etched zirconia 
implants compared with the sandblasted implants at 
4 weeks after implantation; however, this difference 
disappeared after 3 months. Halldin et al38 investi-
gated the effects of different surface microstructures 
created by oxalic acid and hydrofluoric acid etch-
ing on the osseointegration of titanium implants. 

Table 3  Histologic Analysis Results of the Implant Groups After 6 Weeks of Healing Time (Mean ± SD)

Implants Bone-to-implant contact (%) Bone area (%)

Control 27.92 ± 9.46 33.38 ± 10.51

Sandblasting 36.39 ± 15.33 37.10 ± 16.96

Sandblasting and etching with hot etching solution 39.23 ± 9.74 40.64 ± 12.95

Sandblasting and hydrofluoric acid etching 35.34 ± 12.83 38.07 ± 12.21

BEGO titanium implants 29.87 ± 11.14 27.80 ± 12.33

n = 15 for all groups, except sandblasting and sandblasting and hydrofluoric acid etching, where n = 14.
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They concluded that alteration of the nanostructure 
might improve the initial biomechanical performance, 
whereas the surface interlocking capacity seemed to 
play a more important role after longer healing times. 
This suggests that for long healing times, the surface 
microtopography is the main factor affecting the de-
gree of implant osseointegration. 

Histologic analysis is limited by the fact that it is 
based on one or a few sections cut from the specimen. 
Micro-CT has the potential to overcome this limitation; 
micro-CT is less time consuming than histologic analy-
sis, is nondestructive, and permits 3D analysis. Micro-CT 
has been used to evaluate peri-implant bone structure 
in many studies,27,39 and this method has been validat-
ed by histologic findings.28,40 The investigation of tra-
becular bone around titanium implants using micro-CT 
was highly reliable for the determination of trabecular 
bone parameters.41 The only disadvantage of micro-CT 
was the inaccurate measurement of direct bone-to-
implant contact areas due to inevitable artifacts. There-
fore, the combined use of micro-CT and histologic 
examinations in this study was a holistic and reliable 
strategy to evaluate implant osseointegration.

However, the bone volume/total volume values de-
termined using micro-CT were significantly higher than 
the bone area values (ie, 2D bone volume/total volume) 
assessed using histologic analysis in this study (P < .01). 
One reason was that measurement variations caused by 
the orientation of the section around the center line of 
the implant were reported to be approximately 30%.42 
Another important reason is the influence of artifacts 
on micro-CT data, which could hinder reliable discrimi-
nation between bone and soft tissue at the implant in-
terface.43 This may have resulted in the overestimation 
of bone volume/total volume and bone mineral density 
based on micro-CT. 

CONCLUSIONS

Within the limitations of this animal study, it is conclud-
ed that compared with sintered or sandblasted zirconia 
implants, implants treated by sandblasting and acid 
etching with hot etching solution or hydrofluoric acid 
exhibited moderately rough surfaces (Ra = 1 to 2 μm) 
with microstructures in both microscale and nanoscale, 
resulting in a significantly higher degree of osseointe-
gration that is equivalent to or better than that achieved 
by the well-established titanium implants. When con-
sidering long healing times, the surface microtopogra-
phy is the main factor affecting the degree of implant 
osseointegration. The nanotopography created by acid 
etching, especially hydrofluoric acid etching, may play 
a role in improving peri-implant bone formation.
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