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Abstract

The objective was to investigate and compare the osseointegrative responses of sandblasted/acid-etched (SLA) and calcium
phosphate (CaP) implants in vivo. The CaP implant was prepared by control group of SLA surface modification and anchoring
with sintering ceramic of tetracalcium phosphate (TTCP) to form a mechanical interlocking film. Customized screw Ti implants
(size @ 2.0 mm % 6 mm length) were utilized to histologically examine the bone-to-implant contact (BIC) after implantation. The
implant stability quotient scales in the postoperative implants within femurs were recorded. Subsequently, the postoperative
implants were scanned using microcomputed tomography (micro-CT), and the topography was examined microscopically to
analyze the BIC conditions. The SLA and CaP implant groups showed increased bone mineral density (g/cm®) and BIC (%).
Compared with the SLA implant, the CaP implant with TTCP improved the early osteointegration of the BIC at 1-month post-
operation and demonstrated quantitative effects on the BIC at 1-month post-operation. SLA and CaP implants all showed good
osseointegration through micro-CT analysis (1-6 months). The current findings suggest the CaP anchoring Ti surface demon-
strated improvement in early stages of osseointegration and thus shows the potential clinical benefits of TTCP anchoring on Ti
surfaces in bone-level solutions.
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Introduction [1]. Well-designed implants are utilized not only to modify
the geometry of implants but also to change the chemical
properties of their surfaces. Different surface characteristics,

such as surface chemical compositions, morphologies,

In the past decade, surface innovation in osseointegrated im-
plants focused on topographic and physiochemical changes
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topography, roughness, and wettability, play important roles
during the early healing of the bone that is integrated to the
implant after operation [2—7].

Numerous surface modifications, such as grit blasting, acid
etching [8, 9], Ti or Ti/calcium phosphates (CaPs) combined
spraying techniques, and CaP coating by plasma, laser, or
anodization, have been applied to fabricate different Ti im-
plant surfaces [10]. Most of these surfaces are commercially
available and exhibit proven clinical efficacy (>95% over
5 years) [3]. Osteoconductive CaP coatings promote bone
healing and apposition, which lead to the rapid biological
fixation of implants. Calcium ion doping is generally com-
bined with high-energy plasma, laser deposition, or electrical
oxidation (e.g., applying micro-arc oxidation methods on the
topography of dental implants) [11].

CaPs are important compounds in many fields, such as in
geology, chemistry, biology, and medicine, and play an impor-
tant role in the design and development of medical devices.
The recognition of tetracalcium phosphate (TTCP) is the hard-
ness and durability when compared to the other CaPs. The
structural formula of TTCP is Cay(PO,4),0. Thus, TTCP leads
to the most basic CaPs and exhibits a high atomic Ca/P ratio of
2.0, making TTCP the most calcium-abundant phosphate
when TTCP is dissolved in an aqueous solution. Besides,
the biodegradability decreases following the sequence:
TTCP < hydroxyapatite (HA) < 3-TCP (tricalcium phos-
phate) < «-TCP) due to the phases possess the same tendency
of solubility. Our previous in vitro study results suggest that
sandblasting and acid etching (SLA) followed by physically
anchoring TTCPs on implant surfaces can accelerate progen-
itor bone cell mineralization [12]. The designed Ti implants
were prepared for rabbit femur portions using our innovative
TTCP grit anchoring technique in vivo in this study.
Measurement of the implant stability quotient (ISQ) through
resonance frequency analysis (RFA), microcomputed tomog-
raphy (micro-CT) scanner analysis, and histological and
histomorphometric analyses were performed.

Materials and methods
Preparation of Ti implants

Sixteen commercially pure, grade IV, cylindrical Ti (ASTM
67) implants treated with SLA and CaP anchorage with 74%
anchoring rate were prepared. For integration tests, the not
regular mini-implants of the commercial Ti were machined
and initially cut at 2 mm (outer diameter) x 6 mm (length)
by a computer numerical control (CNC) machine (Fig. 1). The
samples then underwent SLA [12]. The polished surfaces of
the implants were first sandblasted with alumina (Al,O3) par-
ticles 150-250 pum in size by utilizing an air compressor. The
samples were then acid etched to fabricate surfaces for the
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SLA group. The etching solution contained HC1 (37%),
H,SO4 (96%), and H,O at a volume ratio of 1:1:1. All spec-
imens were washed, dried, and further sandblasted with TTCP
(CaP group). The CaP specimens were sandblasted with
TTCP particles (10.1 0.7 um) by utilizing an air compressor
with 4-6 kg/m? powder that was blasted over a 3-cm distance
for 10 s [12].

Surface characterization

The CaP implant was embedded in the epoxy resin and then
sectioned into two parts for grinding and polishing to analyze
the physically anchored thickness of TTCP. The anchored
profile of the CaP group was studied through its cross-
sectional images obtained via scanning electron microscopy
(SEM, Hitachi S-3000N, Japan) coupled with energy-
dispersive spectroscopy (Horiba EX220, Japan).

In vivo testing

The animal testing procedures employed in this study were
approved by the Institutional Animal Care and Use
Committee of Kaohsiung Medical University. National
Institutes of Health (NIH) guidelines for the care and use of
laboratory animals (NIH Publication #85-23 Rev. 1985) were
observed. A total of 16 rabbits were randomly divided into
four groups with implantation periods of 1, 2, 3, and 6 months.
The SLA and CaP groups were implanted in the right and left
femurs, respectively. The rabbits were terminated 1, 2, 3, and
6 months after surgery, and the femur portions were immedi-
ately excised. The femurs were scanned at 35-mm intervals at
89 kV and 100 mA by micro-CT scanner analysis
(SkyScan1076; SkyScan, Kontich, Belgium). The trabecular
bone structure parameters that were measured for the specific
regions of femurs in vivo are listed in supplementary
(Table S1). ISQ (Osstell, Gothenburg, Sweden) was also
accessed using RFA before tissue fixation (n=3). The re-
trieved implants with bone tissues were fixed with formalin
for non-decalcified plastic embedding. The sectioned implants
with bones were thinned out to a final thickness of 1 mm to
observe the bone contact interface condition of the implants
through SEM. The sectioned slices were further thinned out to
a final thickness of 100 wm, polished, and glued to slides with
Permount (Fisher Scientific, Fair Lawn, NJ). These sections
were stained with hematoxylin-eosin. The slides were histo-
logically examined under an optical microscope, and a digital
image analysis software was used to calculate the bone-to-
implant contact (BIC) ratio for histomorphometrical measure-
ments. Two slides from the mid-portion of each implant were
used for histologic and histomorphometric evaluation. The
evaluation was performed single blinded. Two independent
persons performed the histomorphometrical analyses to en-
sure that no significant differences occurred between the
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Fig. 1 Customized implant
design. Lateral view of the
designed implant (6 mm length,
2 mm diameter). CaP anchorage
depth distribution was assessed Top
by elemental scanning lines of Ca
(red line) and P (blue line) on the
constructed geometry on the Ti
implant surfaces

Middle

botton

investigators and the mean values of quantitative measure-
ment performed (n =4).

Results
Surface characteristics

All implants exhibited the same dimensional shapes and were
subjected to the same submerged procedures, although the
surface modifications of SLA and CaP were different (Fig.
1). The depth of the capping particles on the implant was
carefully controlled to ensure that the surface being treated
utilized the same anchored power and energy. However, var-
iations in the TTCP capping rate still existed (Fig. 1). The
largest anchored thickness at the middle of the implant geom-
etry was estimated to be 3 um, and the top and bottom sides of
the implant were grossly estimated to be <3 pm.

In vivo results of X-ray, 3D micro-CT, implant stability,
elemental mapping, and histological analysis

All implants that were inserted in the rabbit femurs were in-
cluded, and these conditions indicated that no implant failed
during the measurements. The two groups of implants were
maintained at stable ISQ values in vivo throughout the
3 months post-operation (Fig. 2). Moreover, the initial stabil-
ity of both groups gradually increased and reached the plateau
at 2 months post-operation due to the difference observed was
not statically significant between the groups in ISQ values of
SLA and CaP at third month of post-implantation, indicating
that low mechanical stability was still being enforced by the
bone remodeling process (osseointegration).
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X-ray and 3D micro-CT results indicated that the interfaces
of the implants and surrounding tissues showed no cracks and
evident voids (Fig. 3).

The 3D micro-CT databases were analyzed and compared
with the known density of bone tissues. Except for the 1 month
of post-operation, the BMD indexes of the modified CaP im-
plant were all slightly higher than those of the SLA implant at
6 months (Fig. 4) but analysis showed no significance be-
tween means (p > 0.05).

The micro-CT images showed that the SLA and CaP im-
plants differed in osseointegration at 2 and 6 months post-
operation. SEM and line-scanned elemental mapping also
confirmed that the bone junction interfaces with implants were
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Fig. 2 Implant stability quotient values of an SLA and modified CaP
implant at 1, 2, and 3 months post-operation (n = 3)
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CaP

X-ray image

CT image
X-ray image

Fig.3 X-ray images and the four rotating images of high-power 3D micro-CT view. Left: Ti group through SLA surface modification. Right: CaP group

of the SLA surface with TTCP further anchored

in close contact with the implant surfaces but still exhibited
clear boundaries even at 2 months post-operation (Fig. 5).
However, the implant surroundings at 6 months post-
operation were fully dense and bound to the bone without
any gaps, particularly in the CaP group. This result is consis-
tent with the elemental line-scanning results on the bone and
implant interfaces (Fig. 5).

The light image examinations at 6 months are shown in
Figs. 6 and 7a. Comparative histological images for each sur-
face were used to analyze the bones along the line passing
through the coronal part to the implant apex [2, 9]. The

1 -

WSLA
mCaP

0.8

0.6
0.4
0.2
0 - 1 . l
1 2 3 6

implantation time (month)

Bone Mineral Density (g/cm3)

Fig. 4 Quantitate analysis of bone mineral density from the micro-CT
database (n =4, p>0.05) (detailed data of bone-specific surface (BS/
BV), bone surface density (BS/TV), and bone volume versus total
volume (BV/TV) are provided in the supplementary material)
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lamellar bone content increased from 2 to 6 months of
osseointegration. The observed results of BIC percentage in-
creased with time at 2 months post-operation and the differ-
ence within the CaP and SLA groups was statistically signif-
icant (p < 0.05) (Fig. 7b). The phenomenon of BIC percentage
gradually increased with time; however, a slight decreased
was observed after 6 months of post-implantation. The differ-
ence between time groups at third and sixth months of post-
implantation in BIC percentage was not statistically signifi-
cant (p > 0.05).

Discussion

The TTCP-anchored thicknesses were estimated to range from
12.6 to 18.3 um, which is consistent with our previous study
on TTCP anchorage through a standardized flat plate [12].
However, from the implant surface observations in this study
(Fig. 1), the customized mini-implant showed variations in the
TTCP-anchored thickness due to the effects of screw thread
geometry, face angle, thread pitch, thread depth, and thickness
or helix angle. Due to the differences in spray distance caused
by the shape effect of the mini-implant in this study, the results
of the actual implant test conditions are also different from
those of the standard flat test specimens. Implant stability
was measured after the femur was removed, and the ISQ dif-
ferences between the two groups were measured. Three main
factors affected the ISQ values: (1) the strength and stiffness
of implants, such as geometric design (e.g., the surface
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Fig.5 Results of the line-scanned
elemental mapping of the SLA

regardless of implant time courses

2M
and CaP group interfaces at 2 and
6 months post-operation. The
line-scanned results show that
these groups are always in close
contact with the implant surface SLA
and with no gaps at the interfaces

-
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components after special treatment or electronic doping); (2)
the implant sites of the bone tissue, cortical bone, and cancel-
lous bone that comprised the bone density ratio; and (3) the
bonding strength between the bone and implant interfaces
[13-16]. The implant that we used was customized with the

Fig. 6 Optical scope micrographs SLA
of the non-decalcified tissue slice 2 month
that show the interfaces between e
the implants and bone tissues
through the surface modification
of the SLA and CaP condition
refraction at 2 and 6 months post-
operation. The red arrows show
that the morphological integration
is strong for bones

10pum 10pum
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smallest geometric size (size @ 2.0 mm x 6 mm length) rela-
tive to other mini-implants [13]. The normal implant stability
quotient (ISQ) scales of implants used for clinical application
are > 60 to exhibit initial stability. However, the measured ISQ
values were < 60, specifically 53.3 (IQR 8.3) and 60.5 (IQR

CaP SLA CaP
2 month 6 month 6 month
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Fig. 7 Histological light

CaP

micrographs of the non-calcified
tissue by 6 months post-
operation. a Histological
observation and
histomorphometry regenerated
bone minerals are indicated in
yellow lines. Voids are indicated
in red lines. b Respective BIC (%)
measured (*p <0.05)
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5.5) for the SM™ESPE™MDIs (@ 1.8 mm x 10 mm) and
58.5 (IQR 4.75) and 65.5 (IQR 9.3) for the Ankylos® (0
3.5 mm x § mm) implants at 6 weeks post-operation.
Geometrical mini-implants with ISQ results that were compa-
rable to those demonstrated in this study were difficult to find
in literature. The favorable short-term results for our custom-
ized mini-implants with SLA and a modified CaP surface after
4 weeks of healing exhibited > 30 ISQ in general. The ISQ
values still increased until a plateau was reached at > 50 after
8 weeks (Fig. 2). This finding reflects good and continuous
bone integration without decay.

The 3D micro-CT analysis presented in Fig. 3 shows the
osteointegration occurring in the surroundings between the
interfaces of the bone tissue and implant images, and each
osseointegration side can be reached by installing implants
after the SLA and CaP surface treatments. The complete CT
scan data are presented in the uploaded Supplementary mate-
rial. The differences in the osseointegration qualities from the
3D micro-CT view of the light gray images can be directly
observed at 1, 2, and 3 months post-operation (Figs. 2 and 3
and in the Supplementary material). The entire implant surface
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implantation time (month)

b

was completely generated and surrounded the bone tissues of
the CaP group, whereas the SLA group did not exhibit similar
conditions. No statistically significant difference in micro-CT
quantized measurements was found between the SLA and
CaP groups (Fig. 4). At 6 months after implantation, the two
groups exhibited regenerated bone tissues on the Ti implant
surface because the bone tissues almost covered the entire
implant, and the light gray surface of the original implants
cannot be directly observed. Raw observations of the SLA
and CaP groups through the images and elemental mapping
further confirmed that these implant cases generated a suitable
level of osseointegration after 6 months of implantation (Fig.
5). Large portions of the bone tissue were also generated and
maintained the bone level in the CaP group, especially at
2 months post-operation (Figs. 2 and 5). Notably, newly
formed bones extended from the cortical zone to the apex zone
of the implant (Fig. 6).

The implant success rate was largely related to the early
implant integration [9, 16—19], and the BIC of the CaP implant
was higher than that of the SLA implant at 1 month post-
operation. The BIC slightly decreased at 6 months post-
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operation (Fig. 7b). Bone mineral analyses, such as ISQ and
BMD (Figs. 2 and 4 and in the Supplementary material), ex-
hibited the same trend despite the slight variation. The detailed
histological results also showed that both groups of modified
surfaces on Ti failed to detect any fibrous tissue that surrounds
the implant area at the same implantation time (Fig. 7a).

The combination of organic and inorganic constituents is a
major mechanism for consequent functionality and biological
efficacy, which allows bone regeneration [20-22]. The present
study introduced an implant surface treatment method with
integrated tissues, where Ca”* ions are provided to advance
the growth of bone cells. The solubility phase diagram shows
that the TTCP with a Ca-to-P ratio of 2.0 easily dissolves in
acidic environments because the pH of the implantation site is
acidic in the acute inflammation stage [23], releasing a large
quantity of Ca®* ions and phosphate (PO,>") ion. Ca®* ions
demonstrate a high affinity for TiO, and are absorbed on the
oxide layer of implant surfaces. Researchers suggest that pro-
teins are primarily absorbed on an implant surface through
Ca®* ions [1]. The Ca®* can be bound to many polyanions
of proteoglycans, which play a key role in binding bone cells,
and glycosaminoglycan binds covalently to the protein ore of
proteoglycans [24]. Osteoblasts are responsible for the miner-
alization of the osteoid matrix, promote pH higher than 8.5 by
excretion of ammonia [25]. That leads the ion exchanges and
interactions of Ca** and PO,>~ with biological environment
will facilitate the osseointegration. The current study demon-
strated that a clear relation exists between the surface modifi-
cations in SLA. On the basis of the measurements in this
study, further anchorage with CaP increases the bone mineral
rate with the maturation of bone tissue during healing.

Conclusion

Both implants reached the healing and bone formation rates at
osteoregeneration periods of 1, 2, 3, and 6 months. No gaps
within their respective interfaces were grossly observed.
However, comprehensive in vivo evaluation revealed that
the osseointegration performance of the SLA with anchored
CaP on the implant surface was better than that of the SLA-
only group in contact with the implant percentage at 1-month
post-operation. The results of micro-CT measurements and
histological analysis revealed improved healing trends and
better bone-maintained level in the CaP implant group than
in the SLA implant group at an earlier stage. New bone around
the CaP implants can be regenerated and shorten the time
required for osseointegration.
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