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Abstract: Objective: The purpose of this study was to investigate the effects of a zinc-substituted nano-hydroxyapatite
(Zn-HA) coating, applied by an electrochemical process, on implant osseointegraton in a rabbit model. Methods: A
Zn-HA coating or an HA coating was deposited using an electrochemical process. Surface morphology was examined
using field-emission scanning electron microscopy. The crystal structure and chemical composition of the coatings
were examined using an X-ray diffractometer (XRD) and Fourier transform infrared spectroscopy (FTIR). A total of 78
implants were inserted into femurs and tibias of rabbits. After two, four, and eight weeks, femurs and tibias were re-
trieved and prepared for histomorphometric evaluation and removal torque (RTQ) tests. Results: Rod-like HA crystals
appeared on both implant surfaces. The dimensions of the Zn-HA crystals seemed to be smaller than those of HA.
XRD patterns showed that the peaks of both coatings matched well with standard HA patterns. FTIR spectra showed
that both coatings consisted of HA crystals. The Zn-HA coating significantly improved the bone area within all threads
after four and eight weeks (P<0.05), the bone to implant contact (BIC) at four weeks (P<0.05), and RTQ values after
four and eight weeks (P<0.05). Conclusions: The study showed that an electrochemically deposited Zn-HA coating has

potential for improving bone integration with an implant surface.
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1 Introduction

As a natural bone mineral, hydroxyapatite (HA)
is used as a coating on implant surfaces to improve
bone integration with implants (Porter et al., 2004;
Yang et al., 2010a; 2010b). Currently, HA coatings
are applied to implant surfaces commercially using
plasma sprays (Herman, 1988; Ong and Chan, 2000).
However, these coatings have some drawbacks: they
can be too thick; it can be difficult to deposit them on
porous surfaces; they may have poor crystal structure;
and there may be poor adhesion between the HA and
the implants. Therefore, numerous other deposition
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processes have been studied (Ellies ef al., 1992; Palka
et al., 1998).

Investigations have shown that nano-HA has
specific properties that may affect cell activity and
enhance bone response (Guo et al., 2007; Sato et al.,
2008). Moreover, the similarity of its chemistry and
topography to those of natural HA crystals improves
osteoblast response (Ong et al., 1998). Thus, the size
and morphology of HA crystals deposited onto im-
plant surfaces should approximate those of HA in
natural bone tissue. Our previous studies indicated
that an electrochemical deposition process could form
nano-HA similar to HA found in bone tissue, which is
rod-like with a hexagonal cross section and a diameter
of about 70-80 nm. In vivo experiments showed that
this HA coating improved implant osseointegration
(He et al., 2009).

Zinc (Zn) is an essential trace element in the
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human body and has a stimulatory effect on bone
metabolism (Rossi et al., 2001). Zn deficiency results
in skeletal changes, including retardation of skeletal
growth (Barceloux, 1999), prolonged bone recovery
(Hosea et al., 2004), reduced premenopausal bone mass
(Angus et al., 1988), and postmenopausal osteoporo-
sis (Herzberg et al., 1990). Bone formation and min-
eralization are also improved by Zn (Hall et al., 1999),
which stimulates collagen production and alkaline
phosphatase (ALP) activity, increases bone formation
and mineralization, and decreases bone resorption.

In an earlier study, we applied Zn to a nano-HA
coating to improve its bioactivity. Zn presented in the
Zn-substituted nano-HA (Zn-HA) coating at a molar
ratio of 1.04%, and enhanced the proliferation and
differentiation of osteoblasts (Yang et al., 2012). The
aim of the current study was to investigate the effects
of a Zn-HA coating on implant osseointegration in a
rabbit model.

2 Materials and methods
2.1 Design and surface treatment of implants

In this study, we used screw-shaped titanium
implants with a diameter of 3.0 mm, length of 10 mm,
thread space of 0.7 mm, and thread depth of 0.35 mm.
Implants were polished by sandblasting with green
silicon carbide. Subsequently, HF/HNO; and HCl/
H,SO, solutions were in turn used to treat the im-
plants (Yang et al., 2008).

2.2 Deposition of HA and Zn-HA coatings

Deposition of HA coatings was performed ac-
cording to Yang et al. (2009a; 2010a; 2010b). The
implants formed the cathode electrode and the
counter electrode was a platinum (Pt) plate. Ca(NOs),
(1.2 mmol/L) and NH4H,PO, (0.72 mmol/L) were
dissolved in the electrolytes. The Ca/P ratio was 1.67.
To increase the conductivity, NaNO; (0.1 mol/L) was
added. A direct current (DC) power source was used
at 3.0 V at 85 °C for 30 min. For deposition of the
Zn-HA coatings, there was Zn(NOs); in the electro-
lyte solution. The Zn/(Ca+Zn) molar ratio was 10%.

2.3 Surface analysis

Field-emission scanning electron microscopy
(FSEM; FEI, SIRION100) was used to examine the

surface morphology of the porous surface of the HA
and Zn-HA coatings. An X-ray diffractometer (XRD;
Philips XD-98) with Cu Ko radiation was used to
determine the crystal structure. Fourier transform
infrared spectroscopy (FTIR), using the KBr pellet
technique, was used for spectroscopic analysis of the
grown CaP microcrystals.

2.4 Experimental design and implant surgery

The Institutional Animal Care and Use Com-
mittee of Zhejiang University approved the experi-
ment. Adult white rabbits weighing 2.5-3.0 kg were
used. Implants were inserted into femurs as described
by Nkenke et al. (2002). Briefly, bilateral femurs of
15 rabbits received a total of 30 implants (one per
femur). SuMianXin II (0.1-0.2 ml/kg, intramuscu-
larly (i.m.); the Military Veterinary Institute, Quar-
termaster University of PLA, Changchun, China) was
used for general anesthesia. Lidocaine was used for
local administration. The implant site was the distal
aspect of the femur. Test implants were inserted in the
left femurs and control implants in the right femurs. A
hole with a diameter of 3.0 mm was prepared. Im-
plants were placed into the hole. After implantation,
antibiotic (penicillin, 400000 U/d) was administered
for 3 d.

A total of 48 implants were placed into tibias
(one per tibia), similar to the number used by Suh et al.
(2007). In brief, the implant sites were the medial
surfaces of the tibias. A hole with a diameter of
3.0 mm was prepared. A control implant and a test
implant were inserted in each animal.

After two, four, and eight weeks, an overdose of
SuMianXin (1.0 ml, i.m.) was given to the animals.
Tissues were retrieved and prepared for histomor-
phometric evaluation and removal torque (RTQ) tests.

2.5 RTQ tests

RTQ tests were performed according to Suh et al.
(2007), Szmukler-Moncler et al. (2004), and Yang et
al. (2009b). Femurs containing the implants were
retrieved by segmental osteotomy. Tests were per-
formed immediately. Saline-soaked gauze was ap-
plied to keep the femurs moist. A portable digital
torque meter (BS30, Ningbo Yinuo Scientific
Equipment, Ltd., China) was applied to test the re-
verse torque at each implant. Samples were placed on
a desk. The tie-in of the sensor was placed into the
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implants. A torque was slowly applied vertical to the
implant long axis. The peak torque was recorded as
the value at which the implant loosened, which indi-
cated the bonding strength between the implant and
the bone tissue.

2.6 Specimen preparation and histomorphometric
evaluation

Tibia samples were chosen for histomor-
phometric evaluation. The samples were fixed in 4%
neutral-buffered formaldehyde, dehydrated using
alcohols, and embedded in methyl methacrylate for
undecalcified sectioning. The central part of each
implant was used to prepare an undecalcified cut and
ground section using a macro cutting and grinding
system (Exakt 310 CP series; Exakt Apparatebau,

Norderstedt, Germany). The final thickness was 30 pm.

Stevenel’s blue and van Gieson’s picro fuchsin were
used for staining. Light microscopy (BX51, Olympus,
Japan) and a PC-based image analysis system
(Image-Pro Plus, Media Cybernetics, Silver Springs,
MD, USA) were applied to perform histomor-
phometric analysis. There were two parameters: the
bone to implant contact (BIC) in the threads and the
bone area inside the same threads. The BIC was
measured as the percentage of the length of bone in
direct contact with the implant surface. The bone area
was measured as the bone area in the threads as a
percentage of the total area of the implant threads.

2.7 Statistical analysis

The RTQ values and histomorphometric data
were statistically analyzed using IBM SPSS statistics
19.0 (SPSS, USA). The Mann-Whitney U test was
applied to compare the parameters. A P value <0.05
was considered significant. For comparison of more
than two unrelated variables, a Kruskal-Wallis test
was used to test differences. If appropriate, a Bon-
ferroni correction was used for multiple testing.

3 Results
3.1 Surface analysis

Multilevel porous structures were seen in sand-
blasted and etched implant surfaces (Fig. 1). Rod-like
HA crystals appeared on both types of implant sur-
faces (Fig. 2). The direction of crystal growth was

perpendicular to the implant surfaces. The general
morphology of the HA coating was influenced by the
addition of Zn. Compared to cross sections of HA
crystals, the hexagons of Zn-HA crystals were ir-
regular or even absent. HA coatings seemed to be
bigger than Zn-HA coatings.

The XRD pattern of both coatings showed typ-
ical apatite peaks at 260 of 25.9° and 31°-33° (Fig. 3).
The peaks of the coatings match well with those of
standard HA patterns.

FTIR spectra showed that the chemical compo-
sition of both coatings was HA (Fig. 4). The stretch-
ing mode of the OH— group appears at 1651 and
3572 cm . The bands that correspond to the internal

modes of the PO group occur at v, (600 and

570 cm ') and v; (1085 and 1033 cm '). The OH—
stretching band of 3572 cm™' is considered as con-
firming the identification of HA structure.

3.2 Histological observation

After two weeks, there were no evident differ-
ences in histological behavior between the two groups.
New bone was formed on and along implant surfaces.
Within the circumference of marrow cavities of cor-
tical bone, there were osteoblast-like cells, suggesting
the beginning of new bone formation. There was new
bone tissue on implant surfaces in the marrow space.
Bone-implant contact was extensive along implant
surfaces. After four and eight weeks, bone tissue
appeared on both types of implant surfaces. Marrow
cavities were sparse in new bone, indicating the
maturation of the new bone. However, there was more
bone tissue inside the threads of Zn-HA-coated im-
plants than in those of HA-coated implants (Fig. 5).

Fig. 1 FSEM micrograph of porous implant surface
after sandblasting and etching
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Fig. 3 XRD patterns of HA and Zn-HA coatings
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Fig. 5 Histological sections of HA and Zn-HA coatings after two, four, and eight weeks
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3.3 Histometric analysis

The percentage bone area within all threads is
shown in Fig. 6. At two weeks, there were no
significant differences between the two groups
(P=0.347). However, there were differences at four

and eight weeks (P=0.028 and P=0.028, respectively).

No significant differences appeared in bone area
within all threads among the three time points for both
groups (P=0.181 for the HA-coated group, and
P=0.249 for the Zn-HA-coated group).
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Fig. 6 Percentage bone area within all threads of HA-
coated and Zn-HA-coated implants for each time point

The percentage BIC for each time point is shown
in Fig. 7. The Zn-HA-coated group had significantly
higher BIC at four weeks (P=0.028). No differences
were found between the two groups at two and eight
weeks (P=0.251 and P=0.754, respectively). Among
the three time points, no differences were found
within the Zn-HA-coated group (P=0.472), but sig-
nificant differences were found within the HA-coated
group (P=0.034). In the HA-coated group, there were
clear differences between the observations at two and
eight weeks (P=0.011) and between the obsevations
at four and eight weeks (P=0.005), but no differences
were found between the observations at two and four
weeks (P=1.000).

3.4 RTQ tests

Details of the RTQ values of both implants
(n=48) are given in Fig. 8. There were no differences
between the two groups at two weeks (P=0.266). The
Zn-HA-coated implants showed significantly greater
RTQ values than the HA-coated implants after four
and eight weeks (P=0.031 and P=0.021, respectively).
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Fig. 7 Percentage BIC of HA-coated and Zn-HA-coated
implants for each time point
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Fig. 8 Detailed RTQ values of HA-coated and Zn-HA-
coated implants for each time point

Significant differences appeared in bone area
within all threads among the three time points for both
groups (P=0.023 for the HA-coated group, and
P=0.002 for the Zn-HA-coated group). For the
HA-coated group, there were clear differences be-
tween the observations at two and four weeks
(P=0.037), but no differences were found between the
observations at two and eight weeks (P=0.069) or
between the observations at four and eight weeks
(P=1.000). For the Zn-HA-coated group, there were
clear differences between the observations at two and
four weeks (P=0.009) and between the observations
at two and eight weeks (P=0.004). No differences
were found between the observations at four and eight
weeks (P=1.000).

4 Discussion
In this study, an electrochemical procedure was

applied to deposit a thin Zn-HA coating onto porous
surfaces. The results indicated that this coating
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improved BIC, the formation of new bone tissue, and
the bonding strength of the implant with bone tissue
after four and eight weeks.

The results are similar to those of previous pa-
pers. Alvarez et al. (2010) demonstrated that implants
treated with a solution containing [Zn(OH)4]*~ com-
plex showed increased bone fixation compared with
control groups. A Zn-containing o-tricalcium phos-
phate (aZnTCP) was shown to promote new bone
formation (Li et al., 2009). Fluoridated hydroxyapa-
tite (FHA) coatings with incorporated Zn ions im-
prove cell viability and new bone formation (Miao et
al., 2011). However, although Zn-Ca phosphate
coatings have a positive effect on bone formation, a
study by Kawamura et al. (2003) showed that they
may increase bone resorption at later stages. This may
have been caused by the high Zn concentration in the
coating and the implant method used in that study.

Although the bone metabolism mechanisms of
Zn remain to be fully elucidated, Zn ions play a major
role in increased implant osseointegration. Zn has a
positive effect on the preservation of bone mass by
improving osteoblast function and inhibiting osteo-
clastic function. Collagen I, osteocalcin (OC), ALP,
and bone sialoprotein (BSP) expressions are im-
proved by Zn. Zn may play a major role in osteoblast
mineralization through intra- and extra-cellular Zn
movements involving Zn storage proteins and trans-
porters (Nagata and Lonnerdal, 2011). As for os-
teoblasts, Zn reduces interleukin-6 (IL-6), a potent
bone resorptive agent which increases osteoclast
formation and stimulates osteoclast activity to resorb
bone at the bone implant interface (Hatakeyama ef al.,
2002). These may be the main reason for the high BIC,
increased bone area, and improved bone bonding
strength observed following Zn-HA coating. Future
investigations will aim to determine the precise
mechanisms of Zn metabolism in bone.

Dissolution of HA also played a role in the im-
proved implant osseointegration as shown by the Zn-
HA coating. HA dissolution could release Zn ions, Ca,
and phosphorus from the coating, thereby increasing
the concentration of these ions around implant sur-
faces. These ions all improve osteoblast function and
new bone formation. Moreover, it is important in the
bone bonding of crystalline HA to transit from crys-
talline to amorphous HA. This occurs by a dissolution-
precipitation process: (1) transformation of crystalline

HA into amorphous HA; (2) over-saturation forma-
tion of Ca and phosphorus; and (3) precipitation of the
nanocrystallites from the oversaturated solution in the
presence of collagen fibres (Meirelles et al., 2008). In
the Zn-HA coating, a portion of Ca®" is replaced by
Zn*", which results in improved dissolution of the
Zn-HA coating. Therefore, the high dissolution of the
Zn-HA coating facilitates ingrowth of bone into the
implant surfaces.

There were no clear differences between implant
types in bone area, BIC, or RTQ values at the obser-
vation of two weeks. Surface morphology and
chemical structures play a role in implant osseointe-
gration (Davies, 1998; 2000; Schenk and Buser,
1998). The two implant surfaces had a similar ability
to improve the formation of new bone in the early
stages of implantation. After eight weeks of implan-
tation, no differences were found in BIC between the
two implants. But the Zn-HA coating clearly im-
proved bone area within the threads of the implant.
Therefore, significant differences were found in RTQ
values between the two implants.

An electrochemical technique was applied to
deposit the Zn-HA coating on the implant surfaces.
This technique did not destroy the porous surface of
the implant during the preparation of the HA coating.
The porous morphology of the implant surface was
still clear because the coating was very thin. More-
over, the rod-like HA was similar to HA in bone tis-
sue, making it well-suited for bone integration with
implant surfaces. Therefore, this Zn-HA coating ap-
pears to be favorable for clinical development, al-
though the preparation parameters need further study.

5 Conclusions

The present study has shown that an electro-
chemically deposited Zn-HA coating has potential
benefits for improving bone integration with implant
surfaces.
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Abstract: To propose a method of establishing the reference mandibular plane (MP), which could be reestab-

lished according to the coordinates of the reference points, and then facilitate the assessment of anterior alveolar

morphology using cone beam computed tomography (CBCT), sixty patients with bimaxillary protrusion were

randomly selected and CBCT scans were taken. The CBCT scans were transferred to Materialism’s interactive

medical image control system 10.01 (MIMICS 10.01), and three dimensional models of the entire jaws were

constructed. Reference points determining the reference MP were positioned in the coronal, axial, sagittal

windows, and the points were exactly located by recording their coordinates in the interfaces of software. The

reference MP provided high intra-observer reliability (Pearson’s 7 0.992 to 0.999), and inter-observer reliability
(intra-class correlation coefficients (ICCs) 0.996 to 0.999).




