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Purpose: To investigate the effect of H,0,/HCI heat treatment on peri-implant bone formation in vivo. Materials
and Methods: Twenty Ti-6AI-4V implants and 30 Ti-6Al-4V discs were used in this study. The implants and discs
were separated into 2 groups: sandblasted and dual acid-etched group (control group) and sandblasted, dual
acid-etched and H,0,/HCI heat-treated group (test group). Surface morphology, roughness, and crystal struc-
ture of the discs were analyzed by field-emission scanning electron microscopy, atomic force microscopy, and
low angle X-ray diffractometry. The implants were inserted into the femurs of 10 adult white rabbits. Animals
were injected with fluorescent bone labels at 1, 5, and 7 weeks following surgery to monitor progress of bone
formation. Animals were euthanized 8 weeks postsurgery, and block biopsies were prepared for histologic and
histometric analysis. Results: Microscopic evaluation showed the surfaces were quite irregular for both tech-
niques; however, the test surface demonstrated consistently smaller surface irregularities. The differences in Sa
values were significant (P =.022). No significant differences were found in the maximum peak-to-valley ratio val-
ues (P =.258). X-ray diffractometry analysis showed that titanium dioxide was found on the test surface. New
bone was formed on both implant surfaces. The bone-implant contact pattern appeared to produce a broad-
based direct contact. Test implants demonstrated 7.13% more bone to implant contact (P =.003) and 15.42%
more bone to implant contact for 3 consecutive threads (P =.001) than control implants. Test implants demon-
strated 37.04% more bone area 500 um outside of implant threads (P =.004) and 51.97% more bone area
within 3 consecutive threads (P = .001) than control implants. No significant differences were found in bone
area within all implant threads between the two groups (P = .069). Conclusion: This study demonstrated that
implants heat-treated with H,0,/HCI solution enhanced peri-implant bone formation. INT J ORAL MAXILLOFAC
ImPLANTS 2008;23:1020-1028.
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he endosseous dental implant has become a sci-

entifically accepted and well-documented treat-
ment for fully and partially edentulous patients.’°
Researchers indicated that the success of implants
relied on condition of osseointegration, which was
defined as direct structural and functional connec-
tion between ordered living bone and the surface of
a load-carrying implant." In clinical practice, rough-
ened surfaces have been used to increase the total
surface area available for osseous apposition.'%1'3
However, the bioinert titanium material formed a
biomechanical bonding rather than biochemical
bonding with bony tissue. The mechanical interlock-
ing required a period of relative immobilization. Fail-
ure to limit micromotion could cause loosening at
the bone-implant interface.#-16

Bioceramic coatings and chemical treatment are 2
common methods used to create a bioactive tita-
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nium surface. The coating most frequently utilized in
clinical settings has been hydroxyapatite.'”-2% How-
ever, hydroxyapatite is usually degradable in body
environments.?'22

Chemical treatment appears to be a simpler tech-
nique that can achieve a bioactive titanium surface.
NaOH?3-28 and H,0,2°-32 solutions were frequently
employed in chemical treatment. NaOH treatment
produces a sodium titanate gel layer on the titanium
surface while H,O, treatment produces a titanium
dioxide gel layer. Both layers can induce deposition of
bonelike apatite during soaking in simulated body
fluid. The materials bonded with bone through the
apatite layer at an early implantation period. How-
ever, the bioactivity of the titanium dioxide gel origi-
nated from the favorable structure of the gel itself
while the bioactivity of the sodium titanate gel
depended heavily on ion release from the gel.
Recently, it was reported that the treatment with
H,0,/HCl solution at 80°C for 20 minutes followed by
heating at 400°C for 1 hour formed a bioactive tita-
nium dioxide gel layer that was able to induce rapid
formation of apatite when soaked in simulated body
fluid.3132 This indicated that the H,0,/HCI heat treat-
ment had potential to improve bioactivity of titanium
implants. However, it is unclear whether this treat-
ment also improves new bone formation around
implants in animal experiments.

New bioactive surfaces have been developed by
using sandblasted, dual acid-etched, and H,0,/HCI
heat treatments.?3 Roughened surfaces are achieved
after sandblasting and dual acid-etched treatments.
The samples are heat-treated with H,0,/HCI solu-
tion. Therefore, a bioactive titanium dioxide gel layer
formed on the roughened surface. This surface incor-
porates the advantages of roughened surfaces and
bioactivity. The objective of this study was to investi-
gate bone formation on this new surface and the
effect of H,0,/HCI heat treatment on peri-implant
bone formation by in vivo examination.

MATERIALS AND METHODS

Design and Surface Treatment of Ti-6Al-4V
Implants and Discs

A total of 20 custom-made, screw-shaped, Ti-6Al-4V
implants and 30 Ti-6Al-4V discs of 10 X 10 X 1 mm?3
(Xihu Biomaterial Research Institute, Hangzhou,
China) were used in this study. The implants were 3
mm in diameter and 10 mm in length. Ten implants
and 15 discs were treated different ways.

« Treatment 1, sandblasted and dual acid-etched
group (control group): Half the implants and discs

were polished; sandblasted with large grits (green
silicone carbide) at a pressure of 4 MPa; and
washed with acetone, 75% alcohol, and distilled
water in an ultrasonic cleaner, respectively, for 15
minutes. Subsequently, the specimens were chem-
ically treated with a solution containing 0.11 mol/L
HF and 0.09 mol/L HNO; at room temperature for
10 minutes and dried at 50°C for 24 hours. Then,
the specimens were treated with a solution con-
taining 5.80 mol/L HCl and 8.96 mol/L H,S0, at
80°C for 30 minutes and dried at 50°C for 24 hours.

- Treatment 2, sandblasted, dual acid-etched, and
H,0,/HCl heat-treated group (test group): The
remaining discs and implants were treated in the
same manner as previously described after which
the implants were further treated with a solution
containing 8.8 mol/L H,0, and 0.1 mol/L HCI at
80°C for 20 minutes, dried at 50°C for 24 hours,
and heat-treated at 400°C for 1 hour.33

Surface Analysis of the Discs

Surface morphology of the discs was observed by
field-emission SEM (FSEM, FEl, SIRION100, Eindhoven,
The Netherlands). Scanning electron micrographs
were taken at several chosen areas on 10 discs of
both groups. Surface roughness of the discs was per-
formed by atomic force microscopy (AFM, SPA400,
Seiko Instrument, Chiba, Japan), and the measuring
area was 0.1 X 0.1 mm. Five samples of each group
were performed.Ten areas of 1 sample were arbitrarily
chosen. The roughness was measured by mean val-
ues. Two measurements, Sa and the maximum peak-
to-valley ratio, were performed on each sample. Sa is
the arithmetic mean of the absolute values of the sur-
face departures from a mean plane within the sam-
pling area.3* The maximum peak-to-valley ratio is the
maximum distance from peak to valley of the entire
measurement area. The mean Sa and the maximum
peak-to-valley ratio values were statistically analyzed.
Crystal structure of ten surfaces was analyzed by low-
angle X-ray diffractometry. Low-angle X-ray diffrac-
tometry patterns were recorded with a Rigaku RAD-I|
diffractometer using CuKa radiation operating under
40 kV and 25 mA acceleration at an angle of incidence
of 1 degree.

Animals and Surgical Procedure

Throughout this study, the rabbits used were treated
according to the guidelines for animal care estab-
lished by Zhejiang University. All surgery was per-
formed under sterile conditions in a veterinary oper-
ating room. The surgical procedure used has been
reported previously.3> Twenty implants were
inserted into the bilateral femurs of 10 adult white
rabbits weighing between 2.5 and 3.0 kg. The animals
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Fig 1 Surgical placement of the implants.

were anesthetized by an intramuscular injection of
SuMianXin Il (0.1 to 0.2 mL/kg, Military Veterinary
Institute, Quartermaster University of PLA, China)
and local administration of 0.5% lidocaine. The distal
aspect of the femur was surgically exposed by inci-
sions through the skin, fascia, and periosteum. The
distal femoral condyles were chosen as experimental
sites. The test implant was placed in the right femur,
and the control implant was placed in the left. Thus,
every rabbit served itself as comparison. By drilling
intermittently at a low rotary speed and profuse
saline irrigation, 1 osteotomy was prepared and
sequentially enlarged to 3 mm in diameter. The
implants were inserted without tapping until the
implant abutments were level with the bone surface
(Fig 1). After implantation, the animals received
antibiotics (penicillin, 400,000 U/d) for 3 days.

Fluorescent Bone Labeling

Fluorescent labels were administered to monitor
new bone formation. Oxytetracycline hydrochloride
(FLUKA, 200 mg/mL, 20 mg/kg i.m.) was adminis-
tered at 7 and 49 days after implantation. Calcein
green (Shanghai Sangon Biological Engineering
company, 25 mg/mL, 5 mg/kg i.m.) was administered
at 35 days following implantation.

Euthanasia and Histological Processing

Eight weeks following implantation, the animals
were euthanized with an overdose of SuMianXin I
(1.0 mL ,i.m.). Block specimens, including the
implants and surrounding tissues, were dissected
from all animals. Specimens were stored in 10% neu-
tral buffered formalin for 5 to 7 days. Undecalcified
cut and ground sections were prepared with the
EXAKT system.3® Two sections were taken from the
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central part of each specimen. Sections were cut to a
thickness of 200 ym. The sections were ground and
polished to a final thickness of approximately 30 pm.
One section was analyzed for fluorescent light
microscopy. One section was stained with Stevenel’s
blue and van Gieson'’s picro fuchsin for analysis of
histological examination.

Histological and Histometric Examination
Incandescent light microscopy (BX51, Olympus,
Tokyo, Japan) was used to observe the histological
behavior, including observations of peri-implant
bone formation, woven and lamellar bone, fibrovas-
cular tissue,and marrow.

Dynamic labeling of new bone formation was
evaluated with fluorescent light microscopy
(BX51TR-32FB3-E01, Olympus, Tokyo, Japan). Active
bone formation was evaluated relative to the pres-
ence or absence, intensity, and width of the fluoro-
chrome markers (evidenced by yellow or light green
labels, respectively).

One experienced masked examiner performed
the histometric analysis by using light microscopy
and a PC-based image analysis system (Image-Pro
Plus, Media Cybernetics, Silver Spring, Maryland,
USA). The following measurements were recorded
for both surfaces of each implant: bone-to-implant
contact, bone-to-implant contact for 3 consecutive
threads, bone area within all implant threads, bone
area 500 pym outside of implant threads, and bone
area within 3 consecutive threads.

Statistical Analysis

Group means and standard deviations were used to
calculate each parameter. Differences between
experimental samples were analyzed by using Stu-
dent’s paired t test. A P value < .05 was required for
statistical significance. SPSS 12.0 (SPSS, Chicago, Illi-
nois, USA) was used for all statistical analysis.

RESULTS

Surface Analysis of the Discs

Microscopic evaluation demonstrated no residual
particles from sandblasting for either the test or con-
trol surfaces (Fig 2). The surfaces were quite irregular
for both techniques, but the peroxide-treated test
surface demonstrated consistently smaller surface
irregularities.

The mean Sa values for the control and peroxide
treated test discs were 0.75 + 0.14 pm and 1.06 *
0.12 ym.The differences in Sa values were significant
(P =.022).The mean values of the maximum peak-to-
valley ratio for the control and peroxide-treated test
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Fig 2 FSEM micrographs of the control (a
and b) and test (¢ and d) discs. The sur-
faces were quite irregular for both tech-
niques; however, the peroxide treated test
surface demonstrated consistently smaller
surface irregularities.

Fig 3 AFM micrographs of the control (a)
and test (b) discs

discs were 0.64 + 0.04 um and 0.68 + 0.08 um. No sig-
nificant differences were found in the maximum
peak-to-valley ratio values (P =.258) (Fig 3).

Radiographic diffraction demonstrated a titanium
dioxide layer on the surface of the peroxide-treated
test implant. The crystal structure of titanium dioxide
was anatase, the rarest form of titanium dioxide.
However, TiH, diffractions appeared on the X-ray dif-
fractometry pattern of the control surface while TiH,
diffractions did not appear on the peroxide-treated
test surface (Fig 4).

All animals appeared to be in good health
throughout the test periods. At sacrifice, neither clini-
cal signs of inflammation nor adverse tissue reaction
were observed around the implants. All implants
were in situ at sacrifice.

Histological Observation

Incandescent light microscopy evaluation demon-
strated new bone formation on the test and control
implants. The bone-implant contact pattern

appeared to produce a broad-based direct contact
(Fig 5). However, there were differences in the bone
contact pattern. The contact of the test implants was
more continuous and tighter than that of the control
implants (Fig 6). The bone trabeculae in the vicinity
of the implants was thin, the marrow cavity was large
on the control implants, and intervening fibrous tis-
sue was found along the interface. In the test group,
the bone trabecular in the vicinity of the implants
was thick and fibrous tissue along the implant surface
was scarce.

Fluorescence microscopy evaluation was similar to
the incandescent light microscopy evaluation. The
fluorescent bone labels demonstrated new bone for-
mation on both implant surfaces. Yellow and light
green were more evident in the test implant than in
the control under the fluorescent light photomicro-
graph (Fig 7).

The bone-to-implant contact and bone area
results from the histometric evaluation are presented
in Figs 8 and 9. Test implants demonstrated 7.13%
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Fig 4 XRD patterns of the test (a) and control (b) surfaces.
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Fig 5 Incandescent light photomicro-
graphs of the control (a) and test (b)
implants at low magnification. The bone-
implant contact pattern appeared to pro-
duce a broad-based direct contact on both
implant surfaces. The new bone formed on
the test surface was more than that on the
control surface.
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Fig 6 Incandescent light photomicro-
graphs of the control (a) and test (b)
implants at high magnification. The contact
of the test implants was more continuous
and tighter than that of the control
implants. The bone trabeculae of the test
implants was thicker than that of control
implants.

Fig 7 Fluorescent light photomicrographs
of the control (a) and test (b) implants. The
bone-implant contact on both groups was
evident. In the test implant, yellow and light
green were more evident than in the control.
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Fig 8 Results of the histometric analysis of bone-to-implant
contact for the control and test implant surfaces (mean + SD in
%, N = 10). a: bone-to-implant contact; b: bone-to-implant contact
for 3 consecutive threads; asterisk, P <.05.

more bone to implant contact (P = .003) and 15.42%
more bone to implant contact for 3 consecutive
threads (P = .001) than did control implants (Fig 8).
Test implants demonstrated 37.04% more bone area,
500 um outside of implant threads (P = .004), and
51.97% more bone area within 3 consecutive threads
(P =.001) than did control implants. No significant dif-
ference was found in bone area within all implant
threads between the 2 groups (P =.069) (Fig 9).

DISCUSSION

It became apparent that bone-to-implant contact,
bone area within 3 consecutive threads,and bone area
outside of implant threads significantly increased in
the peroxide-treated test group. This indicates that
H,0,/HCl heat treatment of titanium implant can
increase bone-to-implant contact and peri-implant
bone formation. This phenomenon is similar to the
results reported in some literature. Treatment of a
commercial, machined surface titanium implant with
H,SO,/H,0, solution enhanced significantly contact
osteogenesis.3” Kaneko approved the treatment with
hydrogen peroxide solution containing tantalum chlo-
ride which provided higher bonding ability.3® Detailed
quantitative analysis of the bonding ability of an
implant heat-treated with H,0,/HCl solution should
be researched further.

Roughened surfaces on dental implants demon-
strate cellular recruitment that results in earlier
bone-to-implant contact.3®* Although the advan-
tage of increased bone-to-implant contact has not
demonstrated clinically significant improvements in
implant survival,**% rapid bone formation appears
to be logically associated with improved clinical per-
formance when endosseous implants are occlusally

1026 Volume 23, Number 6, 2008

Fig 9 Results of the histometric analysis of bone area for the
control and test implant surfaces (mean * SD in %, n = 10) a:
bone area within all implant threads; b: bone area 500 pm out-
side the implant threads; c: bone area within 3 consecutive
threads; asterisk, P < .05.

loaded soon after placement. Studies on this topic
have been underpowered and not demonstrated
significant differences. In this study, H,0,/HCl heat
treatment provided the test implant surfaces with
smaller surface irregularities, bigger surface rough-
ness, and a titanium-dioxide layer. Smaller surface
irregularities can increase the interlocking capacity
of implant surfaces and enable a favorable stress dis-
tribution of the functional loading of an implant at
the interface. The peroxide-treated test implant sur-
faces belong to moderately rough surfaces (Sa
between 1.0 and 2.0 pm), which show stronger bone
responses than smoother or rougher surfaces.*! The
titanium dioxide layer can induce apatite deposition,
which also favors bone formation. These support the
differences in bone-to-implant contact and bone for-
mation between the control and the test implants.

An essential requirement for the material to bond
to living bone is the formation of a biologically active
bonelike apatite layer on material surface in a body
environment.*6-48 Titanium oxide hydrogel is 1 of the
substances that induces apatite deposition on the
surface.There are 3 crystal structures of titanium diox-
ide gels, including amorphous structure, anatase, and
rutile.*® Studies have shown that anatase and rutile
can induce apatite deposition; anatase is better in
depositing apatite than rutile.’®2 In this study,
anatase was formed on the peroxide-treated test
implant surface, and there was TiH, on the control
implant surface. However, TiH, did not play a signifi-
cant role in bone response to the implant surface.>?
H,0,/HCl heat treatment can also provide apatite for-
mation on titanium implant surface due to the forma-
tion of a large amount of Ti-OH groups. Thus, the
obtained surface condition favors apatite formation.
Observation and analysis of existence of the apatite
layer in vivo is expected during further research.
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The anatase gel coatings were traditionally derived
by the sol-gel technique by hydrolysis of titanium
alkoxides.>**> Those sol-gel-derived coatings can
induce apatite apposition in simulated body fluid if
the coating exceeds a certain thickness (about 200
nm) and experiences a subsequent heat treatment at a
proper temperature range (400 to 550°C). A Ta-ion
incorporated anatase gel was obtained by treatment
of titanium metal with H,0,/TaCl; solution. After a sub-
sequent heat treatment above 300°C, this gel trans-
formed from amorphous to an anatase crystal struc-
ture and thus became bioactive enough to deposit
apatite.3%°¢ In the present study, H,0,/HCl heat treat-
ment was used to form the anatase gel on the test
implant surface. This treatment is much simpler than
the sol-gel processing in which the reactions are diffi-
cult to control due to the fast kinetics of the alkoxides
of transition metals. The H,0,/HCl solution is also sim-
ple and practical compared with the H,0,/TaCls solu-
tion. Therefore, it may be concluded that the H,0,/HCI
heat treatment is a superior technique over the tradi-
tional sol-gel coating technique and the H,0,/TaCl;
heat treatment in producing bioactive titanium diox-
ide gel coatings on titanium surfaces.

Chemical treatment of titanium with H,0,/HCI
solution is, therefore, a simple method that has
potential to improve bone formation. This treatment
has the advantage that it simply provides titanium
implants with bone-formation ability. Namely, the
surface of the treated titanium implant has the ability
to deposit apatite by itself to give osteoconductivity.

CONCLUSION

These data indicated that implants heat-treated with
H,0,/HCl solution enhanced peri-implant bone
formation and suggested H,0,/HCl heat treatment
played an important role in bone formation.
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