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ABSTRACT: Microarc oxidation (MAO) coating containing
Ca, P, Si, and Na elements on a titanium (Ti) implant has
been steam-hydrothermally treated and further mediated by
post-heat treatment to overcome the compromised bone-
implant integration. The bone regeneration, bone-implant
contact, and biomechanical push-out force of the modified Ti
implants are discussed thoroughly in this work. The best in
vivo performances for the steam-hydrothermally treated one is
attributed to the synergistic effects of surface chemistry and
topologic structure. Through post-heat treatment, we can
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decouple the effects of surface chemistry and the nanoscale topologic structure easily. Attributed to the excellent in vivo
performance of the surface-modified Ti implant, the steam-hydrothermal treatment could be a promising strategy to improve the

osseointegration of the MAO coating covered Ti implant.
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1. INTRODUCTION

The enhanced requirements for metallic implants in dental and
orthopedic applications caused by disease or age drive
numerous research and development efforts." Titanium (Ti)
has been widely accepted as a promising material for metallic
implants because of its nontoxicity, high corrosion resistance,
and excellent mechanical properties, which satisfactorily meet
most of the essential considerations in the design of metallic
biomaterials.” However, the poor osseointegration of the Ti
implant with the surrounding bone tissue limits its application
as a load-bearing implant.>* During bone remodeling,
previously formed bone is resorbed by osteoclasts to remove
microcracks caused by the frequent stress between the Ti
implant and bone tissue under load-bearing conditions.’~” This
directly leads to the osteoporosis of the cortical bone around
the Ti implant, which will further result in the failure of the
surgery.

On the basis of the mechanism of osseointegration between
the implant and surrounding bone tissue (the formation of
apatite and growth of collagen fibers),® there are two surface-
modifying strategies to address the weak osseointegration of the
Ti implant: the surface chemistry design and topologic
structure design. In the case of surface chemistry design, its
effect on the apatite- 1nduc1ng ability has widely drawn the
attention of the researchers.” ' The literature on this topic is
dominated by studies on the incorporation of active elements
and functional groups.'” ' Such work has indicated that the
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incorporated elements (Ca, Si, and Na) can affect the apatite
nucleation via ion exchange with the simulated body fluid
(SBE).'5%2 Similarly, the —OH functional groups (Ti—OH and
Si—OH) can effectively improve the apatite-inducing ability of
the surface through attracting Ca** ions for deposition.'”*" In
terms of surface topologic structure design, more and more
recent studies have focused on the hierarchical combination of
both micro- and nanoscale topologic structure to promote
osseointegration on clinically relevant surfaces.”® The benefits
of nanoscale topologic structure are that it plays an important
role in osteoblast differentiation and tissue regeneration,
attributing to the direct response to the proteins and cell
membrane receptors.”* However, studies have also reported
that the effect of nanoscale topologic structure on osteoblast
cell proliferation is not stable in the absence of microscale
surface structure.”>~>’

Therefore, the surface modification technologies, including
microarc oxidation (MAO),*®* plasma spraying,”'® sol—gel
treatment,''* etc. have been used to improve the osseointe-
gration of Ti implants by endowing the implant surface with
appropriate surface chemistry and topologic structure. Among
the above-mentioned technologies, MAO has attracted great
attention because both the microscale porous surface structure
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and the chemistry of the as-formed MAO coating can be well
adjusted by changing electrolyte composition and electrical
parameters.”>**** Though the original formed MAO coating
shows poor bioactivity,>' > post treatments (in detail,
hydrothermal treatment,'’ "> alkali treatment,>® and chemical
treatment’’) can significantly improve the apatite-inducing
ability by introducing the —OH functional groups into the
coating. Unfortunately, both the concentration of incorporated
elements and mechanical properties of the MAO coating could
be dramatically cut by such post treatments.'*** Moreover, the
surface topologic structure would also be easily changed due to
the attacks of corrosive groups.lg’20 As a result, it would further
lead to the failure of the surgery owing to the poor interface
bonding strength, although the implant surface shows enhanced
osseointegration at the early server term.

Our previous work has proved that a relatively new
technology, steam-hydrothermal treatment, can improve the
apatite-inducing ability of the MAO coating without cutting the
incorporated elemental concentration and mechanical proper-
ties.>® Therefore, the original MAO coating covered Ti implant
has been steam-hydrothermally treated in this work, which
exhibits a distinct hierarchical structural complexity with
microscale pores (2—5 ym in diameter) and nanoscale anatase
dots and hydroxyapatite (HA) wires. Fortunately, some studies
have reported the promising results of increased osseointegra-
tion on the hierarchical structural surface,®* but it is still
challenging to create a tailored hierarchical surface without
changing the substrate characteristics (particularly the micro-
scale pores and functional group in this work). Interestingly,
the post-heat treatment for the hydrothermal-treated sam-
ple®™* reveals that the as-formed —OH functional group can
be easily removed by the heat treatment. Therefore, the
previously formed HA nanowires transform to nanopowders
after post-heat treatment, which can be easily cleaned by the
washing process. Thus, the surface chemistry (as-formed HA)
of the steam-hydrothermally treated MAO coating can be
further mediated by the post-heat treatment. As a result, we can
decouple the effects of surface chemistry and the nanoscale
topologic structure easily.

Because there is no report about the synergistic effects of the
surface chemistry and topologic structure from steam-hydro-
thermally treated MAO coating on osseointegration, their
influences on the bone regeneration, bone-implant contact, and
biomechanical push-out force for the modified Ti implants are
discussed thoroughly in this work.

2. MATERIALS AND METHODS

2.1. Fabrication of Ti Implants. The pure Ti wires (Grade I,
Baoji Haibao special metal materials Co., China) with diameter of 2
mm were cut into Ti rods (®2 X L6 mm?®) by a lining-cutting
machine. The surfaces were ground with 600# and 1000# abrasive
papers to wipe off the oxidized layer. The ground Ti rods were
ultrasonically washed with acetone and distilled water and dried at 40
°C. After that, the prepared Ti rods were used as the Ti implants for
the surface modification and animal surgery.

2.2. Surface Modification. In the MAO process, Ti implants (D2
x L6 mm?) were used as anodes, and stainless steel plates were used as
cathodes in an electrolytic bath. The electrolyte was prepared by
dissolving Ca(CH;CO0),-H,0 (8.8 gL™), Na,SiO; (7.1 gL™),
Ca(H,P0,),-H,0 (6.3 g-L’l), EDTA-2Na (15 g-L’l), and NaOH (5
g-L™") into deionized water. The applied voltage, pulse frequency, duty
cycle, and oxidizing time were set at 350 V, 600 Hz, 8.0%, and S min,
respectively. In this way, the MAO coating containing Ca, P, Si, and
Na was prepared on a Ti implant surface. The normal MAO coating
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that covered the Ti implant was labeled as the N-MAO in the
following.

For steam-hydrothermal treatment, the N-MAOs were hung up in
the Teflon-lined autoclaves with Teflon-lined fixture, as we proposed
in our previous work.*® Only 10 mL of NaOH solution (0.1 mol-L™")
was added into the autoclaves with the volume of 50 mL. Then, the
autoclaves were kept at 200 °C for 24 h. After the steam-hydrothermal
treatment, the prepared implants were collected and directly dried at
40 °C. In the following, the ST-MAO was used to label the MAO
coating covered Ti implant after the steam-hydrothermal treatment.

For the post-heat treatment, the ST-MAOs were heated at 600 °C
in air atmosphere condition for 1 h with the heating rate of 5 °C-
min~!, and the SHT-MAO was used to label the post-heated ST-MAO
in this work.

2.3. Structure Characterization. 2.3.1. X-ray Diffraction (XRD).
The phase composition of the implants was analyzed by X-ray
diffraction (D/max-yB, Rigaku Corporation, Japan) using Cu Ka
radiation with a continuous scanning mode at a rate of 4° min~'. The
accelerating voltage and current were set at 40 kV and 50 mA.

2.3.2. X-ray Photoelectron Spectroscopy (XPS). X-ray photo-
electron spectroscopy (K-Alpha, Thermofisher Scientific Co., USA)
was used to detect the chemical compositions of the implant surfaces.
In the XPS experiment, an Al Ka (1486.6 €V) X-ray source was used
for the XPS work under a vacuum of 1.0 X 107% mbar. The current of
X-ray beam was 6 mA, and the resolution for energy was 0.5 eV with a
scanning step of 0.1 eV. The regions of 400 ym? on the sample
surfaces were analyzed. The measured binding energies were calibrated
by the C 1s (hydrocarbon C—C, C—H) of 284.6 eV, and the chemical
states of O were analyzed.

2.3.3. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectrometer (EDS). Scanning electron microscopy
(Helios Nanolab 600i, FEI Co., USA) was used to observe the surface
morphology. In addition, the elemental concentrations of the implants
were detected by an energy-dispersive X-ray spectrometer (EDAX, FEI
Co., USA) equipped on the SEM system.

2.4. In Vivo Experiments. 2.4.1. Surgical Procedures. All the
animal experiments were approved by the animal care and experiment
committee of the hospital affiliated with the Harbin Medical
University. A total of 20 New Zealand rabbits with weight of 2.5—3
kg were used in the work. The rabbits were anaesthetized with 40 mg-
kg ™! pentobarbital sodium via injecting into the ear vein. The legs were
shaved, depilated, and disinfected with iodine. The rabbit was placed
on a sterile drape to provide sterile conditions during surgery. After the
tibia was exposed by skin incision, two holes (@2 X L6 mm®) were
drilled through the cortical bone in each tibia with tooth plant
equipment under a cooling condition by saline water. After removing
the bone chippings, four implants with different surface properties
were placed in each rabbit (two implants per tibia), in order to reduce
the influence of individual differences among rabbits (see in Figure S1
and S2 in the Supporting Information (SI)). Then the muscular fascia,
subcutaneous tissue, and skin were sutured in sequence. After surgery,
each rabbit was injected with an antibiotic of gentamicin by a dose of 1
mL per day for 3 days. The normal dietary intake by rabbit was
performed, and a sutured line was removed after implantation for 10
days.

2.4.2. Sample Preparation. The rabbits were chosen randomly to
be observed at two periods of 6 and 12 weeks after surgery. The
chosen rabbits were sacrificed by the injection of air into the ear vein.
Immediately, the tibia was detached from the rabbits for further
treatment. Meanwhile, the remained organs were treated safely by the
staff of the animal experiment center affiliated with the Harbin Medical
University.

2.4.3. Radiographic Evaluation. The X-ray images of implants
were taken by an X-ray digital photographic technique (Ultra-
Focus100, Faxitron X-ray, USA) with power at 26 kV to examine
the implantation status.

2.4.4. Micro-CT Test. The tibia implant specimens, fixed in 10%
paraformaldehyde, were scanned using a micron X-ray 3D imaging
system (Y. Cheetah, YXLON International GmbH, Germany) having
an isotropic resolution of 7 ym. The growth of the biological tissue
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and its interface structure around the implants were directly observed
by three view profiles.

About micro-CT assessment of the biological tissue around
implants, the data were analyzed by VG Studio 2.1V to rebuild the
biological tissue around the implants in the region of interest (ROI)
(@3 X L6 — @2 X L6 mm?*) as shown in Figure S3 in the SL In each
RO]J, the following landmarks were used for morphometric measure-
ment: (BTV) the biological tissue volume; (TV) the total volume;
(BTSA) the biological tissue surface area.

2.4.5. Histological Evaluation. After fixation in 10% paraformalde-
hyde, the tibias containing the implants were dehydrated in a graded
series of ethanol concentrations and subsequently embedded in methyl
methacrylate resin (Technovit 7200 VLC, Exakt, Germany). Using a
cutting-grinding unit (Apparatebau, Exakt, Germany) and starting
from the major axis, blocks were cut and ground to a final thickness of
approximately S0 pm.

For the double fluorescence labeling stain, the tetracycline
hydrochloride (10 mg-mL™", 30 mg-kg™") and calcein (10 mg'mL™",
5 mg'kg™") were subcutaneously injected into the rabbits at different
time of 40, 81 and 41, 82 days after surgery, respectively. The double
fluorescence labeling stained sections were directly conducted on an
OLYMPUS microscope (CXX41, OLYMPUS, Japan) with fluores-
cence light source, which were analyzed for evidence of bone
regeneration.

Besides, the transverse histological sections were subjected to Van
Gieson (VG) staining for bone histology analysis. The histological
examination was performed under the OLYMPUS microscope
(CXX41, OLYMPUS, Japan) with a normal light source. During
bone remodeling, the micromotion of the placed implant caused by
the frequent stress can stimulate the osteoclasts to resorb previously
formed bone.>”” Therefore, the following landmarks were used for
histomorphometric measurement of the bone tissue around the
implant in the interested zone (IZ) (see Figure S4 in the SI): the
percentages of bone tissue, soft tissue, and gap in the area of the VG
stained region with a distance of 500 ym to the cylindrical surface of
implants. Image] 1.48 software was used for image analyses.

2.4.6. Measurement of Push-Out Force for the Implants. The
push-out test was carried out using a universal testing machine
(Instron-1186, Instron Co., USA) with a penetrator in diameter of 1.8
mm. After the push-out test, the disrupted implants were immersed
into 2.5% glutaraldehyde overnight. Then, the samples were washed by
the phosphate-buffered saline (PBS) 3 times for 15 min and fixed by
tannin for 1 h. The fixed samples were then washed by the PBS and
dehydrated in graded ethanol solutions with the different concen-
trations of 50%, 70%, 90%, and 100% in sequence. The fracture
surfaces of implants were examined by SEM for the failure mode
analyses.

2.4.7. Statistical Analysis. Three rabbits were used for each of the
in vivo micro-CT and histogolocal analyses (n = 3), while six rabbits
were used for the biomechanical push-out test at different time of 6
and 12 weeks after surgery. All of the data were expressed as means +
standard deviations. The statistical analysis was done by using the IBM
SPSS statistical software package. The statistical significance of the
difference was measured using a student analysis of variance. The P
values <0.05 were considered a statistically significant difference.

3. RESULTS

Figure 1 shows the surface characteristics of the Ti implant, the
MAO coating covered ones before and after steam-hydro-
thermal treatment, as well as the post-heat treatment one. The
gross views showed that the smooth implants were completely
covered by the coatings after different surface treatment
routings (Figure 1(a)). As shown in Figure 1(b), mechanical
grinding traces were observed from the SEM morphology of
the Ti implant. Meanwhile, it was identified that the rough and
porous surface morphology remained on the coatings, though
different post processes were conducted on the MAO coating
covered Ti implants (Figure 1(c), (d), and (e)). Interestingly,
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Figure 1. Surface characterization of the implants with gross views and
SEM images: (a) gross views of the implants, (b) SEM image of the Ti
implant, (c) SEM image of the N-MAO, (d) SEM image of the ST-
MAO, and (e) SEM image of the SHT-MAO.

the surface of the ST-MAO was deposited with nanowires, also
covered with nanoscale dots (Figure 1(d)). After the post-heat
treatment, the surface of the SHT-MAQO showed less in number
but bigger in size nanodots with the absence of the nanowires
(Figure 1(e)). This phenomenon indicates that post-heat
treatment on the ST-MAO can promote the growth of the dot-
like crystals on the coating surface but plays a damaging role in
the nanowires.

Figure 2(a) shows the XRD patterns of the implants. The
results revealed that the MAO coating mainly consisted of an
amorphous phase with a small amount of anatase. After the
steam-hydrothermal treatment, the characteristic peaks of HA
at 31.8, 32.9, and 34.9° appeared on the XRD pattern of the
ST-MAO. Meanwhile, the diffraction peak intensities of anatase
at 25.7, 38.2, 53.9, and 55.0° were strongly enhanced as
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Figure 2. (a) XRD patterns of the implants: (i) Ti implant, (ii) N-
MAO, (iii) ST-MAO, and (iv) SHT-MAO and (b) XPS spectra of the
different coatings on Ti implants treated with different routings.
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Figure 3. Micro-CT images and morphometric analyses of the implants after 12 weeks of healing: micro-CT images in three profiles for viewing of
(a) the Ti implant, (b) N-MAO, (c) ST-MAO, (d) SHT-MAO, and (e) the statistical analysis of biological tissue in the ROI via micro-CT
morphometry. *p < 0.0S compared to the Ti implant, #p < 0.05 compared to the N-MAO, p < 0.05 compared to the ST-MAO.

expected. In the case of the SHT-MAO, the characteristic peaks
of anatase exhibited the strongest intensity among the XRD
patterns, but the peaks of HA almost disappeared. Associated
with the SEM results, we can confirm that the nanodot is
anatase, and the nanowires can be identified as HA, which is
consistent with TEM and FT-IR results of the as-prepared Ti
plate reported in our previous work.>®

Figure 2(b) shows the XPS spectra detected from the
surfaces of the different coatings covered Ti implants.
According to the literature,*”*'~*¢ the original O 1s spectrum
of the N-MAO could be divided into two Gaussian peaks,
which were assigned to TiO, (anatase) at 530.1 eV and
oxide with lower oxidation state (like TiO) at 531.8 eV,*
respectively (Figure 2(b)). After the steam hydrothermal
treatment, a third peak of O 1s at 532.8 eV was also detected
from the surface of the ST-MAO, indicating the incorporation
of basic hydroxyl and physical bound water.**® Associated
with our previous work,>® the incorporated basic hydroxyl
should be attributed to the formation of HA and Ti—OH on
the surface of ST-MAO. However, only the peak at 530.1 eV
remained in the spectrum of the SHT-MAO. This is consistent
with the XRD and SEM results, indicating further oxidation of
the ST-MAO surface.

The micro-CT-based biologically morphologic and morpho-
metric analyses preformed at week 12 of healing in the rabbit
tibia model revealed a sharp contrast in osteogenic behavior
around implants with different surface chemistry and topologic
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structure. Representative cross-sectional micro-CT images
obtained from the three profiles are shown in Figure 3. In
general (in the side view), the cortical bones in the side without
implants still remained a dense structure. However, cortical
bones near the implanted Ti implant and N-MAO showed
loose structure, while those near the ST-MAQO and SHT-MAO
exhibited relatively dense structure. Similar results have been
observed from the transitional zone between the cortical bone
and bone marrow (top view). The induced biological tissue
showed point-like contact around the Ti implant surface. In the
case of the N-MAO, more biological tissue was formed around
the transitional zone, which partly continuously contacted with
the N-MAO surface. As for the ST-MAO and SHT-MAO, the
implant surface in the transitional zone was completely covered
by the biological tissue, which exhibited ring-like contact.
Separately statistical analyses for the ROI (Figure 3(e))
demonstrated that the biological tissue volume was significantly
greater around the Ti implant and N-MAO than around the
ST-MAO and SHT-MAO (p < 0.05), while the biological
tissues around the Ti implant and N-MAO show a high value in
BTSA/BTV indicating the loose structure (p < 0.05). In terms
of ST-MAO and SHT-MAO, a smaller amount of biological
tissue but with dense structure was formed around the implants
(p < 0.05).

After identifying that there was more biological tissue formed
on the regions of interest around the Ti implant and the N-
MAO, we performed histological morphometry to determine
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Figure 4. Bone histology and histomorphometry around the implants after 12 weeks of healing: (a) gross histological views of the implants in the
region of cortical bone, the representative histological morphology of (b) the Ti implant, (c) N-MAO, (d) ST-MAO and (e) SHT-MAO, and (f) the
histomorphometry analysis of mineralized bone, soft tissue and gap in the interested zoon. (MB) mineralized bone; (black arrow) osteoblasts; (white
arrow) osteocytes; (Coll) collagen birefringence; (yellow ring) osteon. *p < 0.05 compared to the Ti implant, #p < 0.05 compared to the N-MAO, p

< 0.05 compared to the ST-MAO.

whether this increase was caused by the increased osteogenesis
(Figure 4).

After implantation for 12 weeks, new bone formation was
found to have occurred concentrically around all implant
surfaces (Figure 4(a)). The amount of newly formed bone
appeared to be greater around both the ST-MAO and SHT-
MAO than that of the Ti implant and N-MAO. Magnified
images around the Ti implant surface revealed that most of the
peri-implant bone was separated from the implant surface by
soft tissues, preventing a direct bone—implant contact (Figure
4(b)). In contrast, the N-MAO surfaces, part of the peri-
implant bone, were in direct contact with the implant surface,
while the other part was invaded by soft tissue at the implant
interface (Figure 4(c)). Fortunately, the surface of the ST-
MAO exhibited excellent direct bone—implant contact in the
cortical region (Figure 4(d)). Although direct bone—implant
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contact was found around both the ST-MAO and SHT-MAO
surfaces (Figure 4(e)), some bone tissue on the SHT-MAO
surface remained infiltrated with soft tissue. It was noticed that
the infiltrated soft tissue appeared to be thinner around the
SHT-MAO than around the N-MAO surfaces.

The histomorphometric results are shown in Figure 4(f).
The area ratio of bone in the VG stained regions was
consistently higher for coating-covered implant surfaces than
for the Ti implant surface (p < 0.05). In contrast, area ratios of
soft tissue and gap were substantially lower for coating-covered
implant surfaces than for the Ti implant surface (p < 0.0S).
Among the different coating covered implants, the N-MAO
showed the lowest area ratio of bone, while the ST-MAO
exhibited the highest bone area ratio of 92.1% (p < 0.05).
Additionally, there was no significant difference in gap ratio
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between ST-MAO and SHT-MAO (p = 0.07). This result is
consistent with the histological morphology.

Since we did not find any decisive differences between ST-
MAO and SHT-MAO in histological and histomorphometric
analyses, possible differences might exist in the interfacial tissue
at different healing time. Thus, the histological images around
the ST-MAO and SHT-MAO with double fluorescence labeling
at different healing time of 6 and 12 weeks were examined

(Figure S).

200 pm

200 pm

SHT-MAO

Figure S. Histological images around the implants with double
fluorescence labeling at different healing time of 6 and 12 weeks: (a)
the ST-MAO and (b) SHT-MAO. (Red arrow) 6 weeks fluorescence
labeled line; (yellow arrow) 12 weeks fluorescence labeled line; (white
line) the ideal interface between implant and bone tissue.

As observed from Figure 5, the green fluorescence lines
labeled by red arrows point to the osteoblast formed at 41 days
(6 weeks), while the yellow ones correspond to the osteoblast
formed at 82 days (12 weeks). It was clear that the bone tissue
did not contact well with the surface of both the ST-MAO and
SHT-MAO after healing of 6 weeks. Though the direct bone—
implant contact was observed at the ST-MAO surface, near half
of the interface in the cortical region was still separated by soft
tissue or gaps. Unfortunately, direct bone—implant contact on
the surface of the SHT-MAO was also rarely seen, which
showed a wave-like fluorescence line at the interface separated
by a soft tissue or gaps. At 12 weeks after the surgery, both the
ST-MAO and the SHT-MAO were well covered by bone tissue
(synostosis). This is consistent with the VG stained histological
images. Meanwhile, it is noticed that the amount of the as-
formed bone around the ST-MAO in the transitional region is
more than that around the SHT-MAO, indicating the excellent
bone regeneration capability for the ST-MAO.

Figure 6 shows the push-out forces for the Ti implant, N-
MAOQO, ST-MAO, and SHT-MAO after different healing time of
6 and 12 weeks. The push-out force was different between the
four implant groups due to the differences in surface chemistry
and topologic structure. After surgery for 6 weeks (Figure
6(a)), the push-out force for the Ti implant was about 2.3 N,
while that for the N-MAO was enhanced to about 74.3 N (p <
0.05). Interestingly, the ST-MAO displayed greater improve-
ment in the push-out force compared to the N-MAO, which
was over 2 times that of the N-MAO (157.0 N) (p < 0.05). At
the same time, it was noticed that the push-out force for the
SHT-MAO was about 80% that of the ST-MAO (124.6 N) (p
< 0.05). Although the difference between the four implant
groups remained significant at week 12 (p < 0.05), a different
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Figure 6. Representative displacement curves and push-out force of
the implants at different healing time of 6 and 12 weeks: (a) the
representative displacement curves of the implants after 6 weeks of
healing, (b) the representative displacement curves of the implants
after 12 weeks of healing, (c) the push-out force of the implants. *p <
0.05 compared to the Ti implant, #p < 0.05 compared to the N-MAO,
p < 0.05 compared to the ST-MAO.

pattern of change was observed from week 6 to 12 (Figure
6(c)). The push-out force of the Ti implant remained
unchanged from week 6 to 12, while the push-out force of
the different coatings-covered ones significantly increased
during this time period (p < 0.0S). These results indicate
that the functional group and nanotopologic structure on the
modified MAO coating surface could improve the push-out
force and benefit osseointegration of the implants.

Typical SEM images of the ST-MAO and SHT-MAO
retrieved at week 12 are presented in Figure 7, from which
remnants of biological structures are seen on both the ST-MAO
and SHT-MAO surface. Representative SEM images of the
cortical and transitional regions are investigated together with
the EDS spot scans. In the cortical region, remnants of mineral
bone (Ca 9.2 at. % and P 5.5 at. %) were observed from the
magnified SEM images (Figure 7(e) and (f)). Meanwhile, it
was clear that some part of the coating on the ST-MAO has
been pulled off with the bone tissue (Ti 88.2 at. % and C 11.8
at. %) (Figure 7(g)). This phenomenon indicates the synostosis
in the cortical region. In contrast, the local area without tissue
connecting was observed from the surface of SHT-MAO,
though the majority of the cortical region on the implant
surface showed pulled-off coating and remnants of mineral
bone (Figure 7(d)). This indicated that the implant in this local
area had slid and detached from the tissue during the push-out
test attributed to the soft tissue connection. Thus, the push-out
force of the SHT-MAO between the implant surface and
biological tissue was lower than that of ST-MAO. The excellent
biomechanical property of ST-MAO would be attributed to the
intimate bonding with mineral bone. Besides, the facture in the
transitional regions of both the ST-MAO and the SHT-MAO
occurred at the bone tissue side, leaving the biological tissue on
the implant surfaces (Figure 7(i) and (j)). This phenomenon
should be attributed to the structure of newly formed bone
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Figure 7. Surface characterization of the pushed-out ST-MAO and
SHT-MAO at 12 weeks of healing with gross views and SEM images:
(a)b) gross views of the pushed-out implants, (c,d) representative SEM
images of entice implant surfaces with biological bonding structures at
the cortical bone region, (e,f) magnified morphology of the formed
mineral bone, (gh) magnified morphology of the coating pulled off
area, and (ij) representative SEM images of entice implant surfaces at
the transitional region for the ST-MAO and SHT-MAO, respectively.

(partly mineralized collagen fiber (Ca 3.2 at. % and P 1.8 at. %),
which cannot bear the load.

4. DISCUSSION

Both the surface chemistry and topologic structure of the MAO
coating on implants have been modified by the post treatments
in this work. Results show that obvious differences in
osseointegration (biological tissue volume in the region of
interest calculated by micro-CT and bone—implant contact at
the interface analyzed by histological images) are obtained
among the implants with various surface functional structures,
which are fabricated through different routings. As for the
histological image analysis (Figure 4), the ST-MAO shows a
significantly higher rate of bone formation as compared to the
Ti implant and the N-MAO; thus, it exhibits high levels of
osseointegration as exemplified by a direct bone—implant
contact observed in the histological sections. In contrast, the N-
MAO shows significantly lower volume of regenerated bone
and little direct bone—implant contacted interface due to soft
tissue formation (Figure 4). Unfortunately, the Ti implant
shows poor bone—implant contact at the interface, which is
separated by soft tissues and gaps (Figure 4). The SHT-MAO
surface shows some direct bone—implant contact but also some
formation of soft tissue, which is situated in between the N-
MAO and ST-MAO (Figure 4). Meanwhile, the push-out force
for the implants is in line with the bone—implant contact of the
surface (Figure 6).

One unexpected observation is that the implants integrated
with loose cortical bone show large volume of biological tissue
in the region of interest calculated by micro-CT (Figure 3), i.e.,
Ti implant and the N-MAO. This would be attributed to the
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soft tissue which cannot be distinguished from the bone tissue
(biological tissue) owing to the artifact caused by the edge of
the implant. Namely, the biological tissue around the Ti
implant at the transitional and bone marrow level is soft tissue.
It is generally assumed that a large volume of biological tissue
around the N-MAO is also due to the formation of soft tissue.

Herein, osseointegration directly dominates the push-out
force of the implants, while it can be affected by many
factors.*’~>* Normally, osseointegration between the implant
and bone tissue involves two major steps: the formation of a
carbonated hydroxyapatite on the surface via ion exchange, and
then the collagen fibers of the host bone insert into the
carbonated apatite layer.® Corresponding to multiple compar-
isons of the differences between the four group implants
fabricated by different routings, the differences in osseointegra-
tion can be explained in terms of the distinct differences of the
topographical and chemical properties.

Previous investigations reveal that the Ti implant is not
rejected by the body, which demonstrates intimate integration
with the host bone tissue.* This is attributed to the formed
titanate (e.g., Na,TiO;) on the surface via ion exchange during
the long-term implantation (12 months), which can trigger
carbonated apatite nucleation. Herein, like most of the bioinert
device, a capsule is formed around the Ti implant’s foreign
body after surgery for 12 weeks (short-term implantation)
(Figure SS in the SI), owing to the perfectly natural defense
mechanism.>

On the basis of the quantitative and qualitative comparisons
of the surface characteristics between the Ti implant and the N-
MAO, the improved osseointegration of the MAO coating
covered implant is most likely due to the topographical
properties (increased surface roughness and/or porous
structure) but not the incorporated Ca and P elements owing
to the poor apatite-inducing ability based on our previous
work,*? and the porous surface structure can contribute to
higher bone inducing protein adsorption,24 which supports our
point here.

Furthermore, Gittens et al. suggest that surface nanoscale
roughness, which directly corresponds to the sizes of proteins
and cell membrane receptors, could play an important role in
osteoblast differentiation and tissue regeneration.’**® Con-
sistent with their point, the SHT-MAO shows the better
osseointegration than that of the N-MAO, due to the formation
of nanodots on the porous coating surfaces.

Moreover, the chemistry of coating is another key factor for
the enhanced osseointegration. It is clear that the HA and Ti—
OH group are formed on the surface of the ST-MAO, which
can trigger the formation of a carbonated hydroxyapatite.'”*!
Meanwhile, the nanowires and nanodots can stimulate the
receptor on the cell surface of osteoblast to promote
proliferation and differentiation.”* Thus, the ST-MAO shows
excellent osseointegration at the bone—implant interface since
it combines the interests of both the topographical and
chemical properties to satisfactorily meet the two major steps
for the bone bonding mechanism. The substantially enhanced
bone generation around the ST-MAO and the results of the
push-out test confirm these predictions.

Taking the results together, the ST-MAO associated with the
benefits of both nanotopologic structure and functional group
has been demonstrated to be a potentially effective way to
improve the degree and rate of bone—implant integration.
Thus, the steam-hydrothermal treatment on the MAO coating
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covered Ti implant would be a promising strategy to fabricate
the next generation of advanced Ti-based implants.

5. CONCLUSION

The surface properties of the MAO coating covered Ti implant
have been mediated by post surface treatments, particularly, the
steam-hydrothermal treatment and heat treatment. The
significantly improved osseointegration as evaluated by
biomechanical and histomorphometrical techniques after im-
plant insertion can be explained by the differences in surface
chemistry and topologic structure. Thanks to the microscale
porous surface structure, the biocompatibility and biomechan-
ical property of the MAO coating covered Ti implant have been
obviously improved when compared with that of the Ti
implant. In contrast, the hierarchical surface structure (nano-
scale dots on microscale porous surface) obtained by post
treatments directly enhances the bone regeneration around
implant surfaces, resulting in excellent push-out force. The
differences in surface chemistry point out that the as-generated
Ti—OH and HA based on the MAO coating containing Ca, P,
Si and Na can effectively benefit from the bonding between
bone and implant when compared with that of the one simply
covered with hierarchically topologic coating. Therefore, the
steam-hydrothermal treatment for the MAO coating covered Ti
implant should be an effective approach for improving the
performance of endosseous implants since it combines the
benefits of both hierarchical structure and functional group of
the implant surface.
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