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Purpose: The aim of research is to fabricate nanostructured hydroxyapatite (HA) coatings
on the titanium via electrochemical deposition (ED). Additionally, the biological properties
of the ED-produced HA (EDHA) coatings with a plate-like nanostructure were evaluated
in vitro and in vivo by undertaking comparisons with those prepared by acid/alkali (AA)
treatment and by plasma spray-produced HA (PSHA) nanotopography-free coatings.
Materials and Methods: Nanoplate-like HA coatings were prepared through ED, and
nanotopography-free PSHA coatings were fabricated. The surface morphology, phase com-
position, roughness, and wettability of these samples were investigated. Furthermore, the
growth, proliferation, and osteogenic differentiation of MC3T3-E1 cells cultured on each
sample were evaluated via in vitro experiments. Histological assessment and push-out tests
for the bone—implant interface were performed to explore the effect of the EDHA coatings on
the interfacial osseointegration in vivo.

Results: XRD analysis showed that the strongest intensity for the EDHA coatings was at the
(002) plane rather than at the regular (211) plane. Relatively higher surface roughness and
greater wettability were observed for the EDHA coatings. Cellular experiments revealed that
the plate-like nanostructured EDHA coatings not only possessed an ability, similar to that of
PSHA coatings, to promote the adhesion and proliferation of MC3T3-El cells but also
demonstrated significantly enhanced early or intermediate markers of osteogenic differentia-
tion. Significant osseointegration enhancement in the early stage of implantation period and
great bonding strength were observed at the interface of bone and EDHA samples. In
comparison, relatively weak osseointegration and bonding strength of the bone—implant
interface were observed for the AA treatment.

Conclusion: The biological performance of the plate-like nanostructured EDHA coating,
which was comparable with that of the PSHA, improves early-stage osteogenic differentia-
tion and osseointegration abilities and has great potential for enhancing the initial stability
and long-term survival of uncemented or 3D porous titanium implants.

Keywords: clectrochemical deposition, hydroxyapatite coatings, nanoscale, osteogenic
activity, osseointegration

Introduction

Titanium (Ti) and its alloys are considered to be an ideal metallic biomaterials and
are widely used for bone repair because of their excellent fatigue and corrosion
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resistance along with high strength-to-weight ratio.'”
Despite the impressive developments that have been
achieved in the field of metallic biomaterials for orthope-
dic use, the inherent bio-inert nature of Ti is still a problem
with regard to the promotion of bone healing and integra-
tion between the host bone and the implant. Delayed bone
healing and weak osseointegration at the bone—implant
interface affect both the primary and secondary stability
of implants, and also increase the risk of aseptic loosening.
Besides the poor bioactivity of Ti, a mismatch of Young’s
modulus, also known as stress shielding, between the
dense Ti and bone has been recognized as another critical
reason for implant loosening. However, the use of porous
Ti may provide an alternative solution for stress shielding
because the porous structure can effectively decrease the
stiffness discrepancy.® Furthermore, several studies have
demonstrated enhanced osteogenic activity in using porous
Ti.* Despite the use of porous Ti, interfacial osseointegra-
tion is still hard to maximize due to the bio-inertness of Ti.
Various approaches have been studied to modify the bio-
logical inertness of the Ti surface, and to augment further
osteogenesis and bone ingrowth. Currently, three major
types of surface modification have been examined, includ-
ing chemical or electrochemical treatment, biomimetic
mineralization, and fabrication of bioactive coatings.”®
The application of chemical treatment permits the conver-
sion of dense or porous Ti into a bioactive material in
a relatively simple and cost-effective way. In an early study,
alkali-heat treatment was used to form a bioactive layer of
sodium titanate on the Ti surface.” Even though the bioactivity
of alkali- and heat-treated Ti could be further enhanced by the
removal of sodium,'® subsequent heat treatment still had
a negative effect on the bioactivity of the substrate materials.
Initiation of apatite nucleation would be significantly affected
by the loss of Ti-OH groups under high temperatures.''
Numerous studies have focused on the development of acid-
alkali (AA) treatments where thermal effects are absent. Zhao
et al confirmed a faster osteoinduction in the AA treatment
compared to chemical-thermal treatment.'*> Compared to
NaOH-treated samples, the NaOH, HCI, and water-treated
samples exhibited better bioactivity.'” Moreover, subsequent
studies suggested that the anatase and titanate hydrogen layers
without Na were also formed on a sodium-free surface of Ti by
the AA treatment, and could facilitate the enhancement of
bioactivity.'*'* Although the AA treatment might be consid-
ered to be an acceptable method for fabricating bioactive Ti

implants, a bio-ceramic coating that can release calcium and

phosphorus ions to activate bone regeneration would seem to
be a better choice to further enhance the bioactivity of Ti.

For ceramic coatings, hydroxyapatite (HA) has been
demonstrated to be a reliable and an effective material because
of its similarity with the mineral phase of natural bone tissue.'”
Numerous methods are available for preparation of HA coat-
ings, such as plasma spraying (PS), biomimetic deposition,
sol-gel deposition, and electrochemical deposition (ED).%'¢
' Although PS is the preferred method in most cases due to its
convenience, high repeatability, and efficiency, its excessively
high temperatures (>15,000°C) and the subsequent rapid cool-
ing procedure generate a large amount of amorphous HA,*
and consequently there are variations in the structure of
HA.?'#? In addition, the interior coating of the 3D porous
structure is not accessible due to the line-of-sight nature of
the spraying process. Given the increasing clinical demand for
porous implants, there is much interest in developing non-line-
of-sight deposition processes. Biomimetic deposition allows
for the production of homogeneous HA coatings on complex
porous scaffolds, and functional and biological agents, such as
growth factors, could be incorporated in HA coatings because
of the near physiological conditions employed in biomimetic
deposition. However, the thickness, the formation rate, and the
quality of the coating are difficult to control using biomimetic
method, and the bonding strength of the coating is also
unacceptable.'”** Low temperature (T < 100°C) ED is
a versatile technique capable of delivering an HA coating on
porous Ti with satisfactory homogeneity, thickness, and bond-
ing strength. Furthermore, this technique can not only over-
come the phase transition problems of PS-fabricated HA
coatings but also the morphology of the HA coating can be
modified by adjustment of the ED parameters.

Topographic modification is another important approach
for improving the biological response and osseointegration
ability of HA coatings. According to recent research, it is
accepted that nanostructured surfaces accelerate and augment
and cell

adhesion,  cell

24-26

osteoblast proliferation,

differentiation, as well as stimulate angiogenic factor
secretion.””*® Recently, specific modified-surface nanostruc-
tures, such as nanotubes, nanorods, nanowires, and nanofibers,
have been reported.”’ But, most of these structures are the
results of Ti surface modification rather than a morphology
change of the HA coating and are mainly aimed at addressing
the relatively low adhesive strength of the coating on the
substrates and delaminates of ceramic coatings. However,
AA pre-treatment also could be an option for solving the
problems of weak adhesion and delamination of HA coatings.
Such AA-treated surfaces have been characterized as
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a bioactive TiO, layer with the mixture of a micro/nanoscale
network-like topography, which provides the ideal fundamen-
tal substrate for HA deposition. Based on these structures,
nanoplate-like and nanorod-like HA coatings were success-
fully prepared via the ED method combined with AA pre-
treatment, and their positive effects on biocompatibility were
initially confirmed in our previous study.>® To date, no study
has systemically examined the superior biological properties of
nanoplate-like HA coatings on an AA-treated substrate, espe-
cially in terms of the osteogenic activity and osseointegration,
which are critical factors affecting the lifespan of implants.
The aim of this study is to understand the effects of
nanostructured EDHA coatings on AA-treated Ti implants
towards the early stage osteogenic activity and osseointegra-
tion in vitro and in vivo by undertaking comparisons with
nanotopography-free PS-produced HA coatings and ceramic
coating-free AA treatments. The growth, proliferative rate,
and osteo-specific gene expression of MC3T3-E1 cells cul-
tured on each sample category have been investigated. Adult
beagles were implanted with each sample category for 6 and
12 weeks. The implant bone specimens were characterized by
histological imaging, histomorphometric analysis, and by
mechanical push-out tests to measure the influence of the
nanoplate-like HA coating on early-stage osseointegration.

Materials and Methods
Preparation of Various Surface-Modified

Ti Samples
Dense Ti disks (14 mm diameter X 1 mm height, Figure 1A)
were used in this study. In brief, the surfaces of the Ti disks

were polished with SiC paper, and then rinsed sequentially
with ethanol, acetone, and deionized water. Next, the discs
were etched with 4 M HNO; at 40°C for 1 h. The etched
samples were then washed with deionized water until
a neutral pH was attained, and subsequently, immersed in
a 5 M NaOH solution at 60°C for 10 h. After washing gently
in deionized water, the samples were dried at 40°C for 24
h. The AA-treated Ti samples were named as AA-Ti.

To obtain the nanostructured HA coating, ED was
performed on the AA pre-treated Ti samples using an
electrochemical workstation (PARSTAT 2273, Princeton
Applied Research, USA), wherein a metallic substrate
was used as the cathode, a graphite rod served as the
anode, and a saturated calomel electrode (SCE) was
employed as the reference electrode. The anode and cath-
ode were connected to a DC power source. A 5 cm long
compartment between the electrolyte inlet/outlet and the
anode/cathode was made to ensure laminar electrolyte
flow in the ED system. The electrolyte consisted of
Ca(NOs3), and (NH4)H,PO,4, with concentrations of cal-
cium and phosphorus of 2.5 mM and 1.5 mM, respec-
tively. The pulse current density was 5 mA/cm® In
accordance with the previous study,® 90 cycles of deposi-
tion (tg = 1 s) were applied followed by a 10 s break. The
deposition conditions were as follows: pH = 6.5, T = 70°C,
stirring speed = 200 rpm, and deposition time = 2 h. The
ED products were named EDHA-Ti.

For the preparation of the PS-produced HA coating,
spherical HA powders with average particle size below 70
pm and calcined at 1250°C for 2 h were spray-coated on
a sandblasted Ti substrate in an atmospheric PS system

Figure | Digital photographs of surface-modified titanium disks (A) and implants (B) used in vitro and vivo experiments, respectively; (C) SEM images of the titanium

samples with different surface modifications.
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(Shanghai Dahao Corporation, China). The resulting HA
coatings were then subjected to hydrothermal treatment in
a pulse vacuum sterilizer (SHINVA, China), and the final
samples were termed PSHA-Ti.

Surface Characterization

The morphologies of the surface coatings of the samples
were investigated by field emission scanning electron
(FE-SEM,  S4800, Hitachi,
Furthermore, the phase compositions of the coatings
were determined by thin-film X-ray diffraction (TF-XRD,
X’pert pro-MPD, PANalytical, Netherlands). The surface
topography and wettability of the coatings were evaluated

microscopy Japan).

using an atomic force microscope (AFM, MFP-3D,
Asylum Research, USA) and a contact angle meter
(DSA-100, Kruss, Germany), respectively.

In vitro Study

Cell Culture

Mouse pre-osteoblast cell lines (MC3T3-E1) were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China), and selected to explore the osteogenic
activity of EDHA-Ti, PSHA-Ti, and AA-Ti. The cells were
cultured in an o-minimum essential medium (a-MEM,
Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Sigma, USA) in an incubator at 37°C with 5% CO,.
The culture medium was renewed every two days. After
sample sterilization with 75% ethanol for 1.5 h, a total of
2.0 x 10* cells were seeded onto each sample in a 24-well
plate for each test. For each experiment, at least three repli-
cate samples were used.

Cell Growth

The growth of MC3T3-El cells on each sample was
observed by an inverted confocal laser scanning micro-
scope (CLSM, TCS SP 5, Leica Microsystems, Germany).
After 1, 3, and 5 days of culture, the samples were washed
with phosphate-buffered saline (PBS) and stained with

0.1% fluorescein diacetate (FDA, Topbio Science, China)
and propidium iodide (PI, Sigma, USA) for 2 min. Living
cells were visualized as fluorescent green spots, whereas
apoptotic cells were observed as fluorescent red spots in
the CLSM images.

Cell Proliferation

Cell proliferation was investigated by using the cell count-
ing kit-8 assay (CCK-8, DOJINDO, Japan). After 1, 3, and
5 days of cell culture, the samples were collected, and
gently washed to remove the apoptotic cells attached on
the sample surfaces. Then, the samples were placed into
a new 24-well plate filled with 500uL a-MEM medium
containing 10% CCK-8 factor per well, and cell culture
was continued for 2 h at 37°C in the dark. The super-
natants were then collected and transferred to a 96-well
plate to measure the absorbance of each pore at
a wavelength of 450 nm in a microplate reader
(VarioskanFlash, ThermoScientific, USA).

Osteogenic Gene Expression

The effects of AA-Ti, EDHA-Ti, and PSHA-Ti on the
osteogenic gene expression of alkaline phosphatase
(ALP), bone sialoprotein (BSP), collagen I (Col-I), osteo-
calcin (OCN), and osteopontin (OPN) were investigated
using real-time quantitative polymerase chain reaction
(RT-gPCR). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a reference marker. Table 1 lists
the primers for the osteogenic markers. After 7 and 14
days of culture, the ribonucleic acid (RNA) of the attached
cells was extracted from the cells using the TRIzol reagent
USA),
Subsequently, the RNA was reversely transcribed into
cDNA using the iScript cDNA synthesis kit (Bio-Rad,
USA). The equivalent cDNA was collected and transcribed
into mRNA in PCR tube strips using a CFX96 real-time
thermocycler (Bio-Rad, USA). The mRNA expression
level of osteoblast-associated protein was analyzed using
the AACt method.

(Invitrogen, according to the specifications.

Table 1 The Primer Sequences for the Osteogenic Genes

Gene Forward Primer Sequence Reverse Primer Sequence
GAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
ALP CCAGCAGGTTTCTCTCTTGG GGGATGGAGGAGAGAAGGTC
BspP CAGGGAGGCAGTGACTCTTC AGTGTGGAAAGTGTGGCGTT
Col-l GAGCGGAGAGTACTGGATCG GTTCGGGCTGATGTACCAGT
OCN GGACCATCTTTCTGCTCACTCTG TTCACTACCTTATTGCCCTCCTG
OPN TCTGATGAGACCGTCACTGC AGGTCCTCATCTGTGGCATC
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In vivo Study

Material Preparation

Cylindrical EDHA-Ti, PSHA-Ti, and AA-Ti implants
(3 mm diameter X 10 mm height, Figure 1B) were used
for the in vivo study. For each category of implants, there
were at least 16 implants.

Surgery and Implantation Procedure

The animal study was approved by the Institutional Animal
Care and Use Committee (West China Hospital, Sichuan
University, Chengdu, China) and all procedures of this study
were performed according to the Guide for the Care and Use of
Laboratory Animals of Sichuan University. A total of 12 adult
beagle dogs (6 females and 6 males, weight 11-13 kg) were
obtained from the Laboratory Animal Center of Sichuan
University (Chengdu, China). The animals were anaesthetized
by intramuscular injection of propofol (4 mg/kg). Under sterile
conditions, the distal femur was well exposed using a lateral
approach. Using a dental drill, a hole (3 mm diameter, 10 mm
depth) was prepared transversely at the femoral shaft and the
condylar, respectively. To prevent thermal necrosis of bone,
low-speed drilling and continuous saline irrigation were per-
formed. Finally, the samples were gently implanted into the
drilled holes. The 12 beagles as-operated on were randomly
divided into three groups to receive the AA-Ti, the EDHA-TI,
and the PSHA-Ti implants, respectively. After 6 weeks of
implantation, two beagles in each group were euthanized by
using an over-dosage of sodium pentobarbital and saturated
potassium chloride solution. The remaining beagles were
euthanized in the same way at 12 weeks after surgery. In
total, 24 rear femurs were retrieved. The femoral condylar-
implant specimens were used for histological analysis and
scanning electron microscopy (SEM) analysis, while the
mechanical push-out tests were conducted using the femoral
shaft-implant specimens.

Histological Assessment

The femoral condylar-implant specimens were immediately
fixed in 10% formaldehyde for 7 days. After a consecutive
series of ethanol dehydration, the specimens were embedded in
polymethylacrylate, and then cut into ~100 um thick sections
by using a microtome with a diamond blade (Leica
Biosystems, Wetzlar, Germany). Finally, these sections were
ground and polished to the ~20 pum thickness for methylene
blue and basic fuchsin staining. The formation of new bone at
the interface was observed by a light microscope (Olympus
BH-2, Olympus America Inc., USA). To quantify the bone
formation at the bone—implant interface, the bone—implant

contact ratio (BICR) was calculated as the proportion of the
bone contact length to the total perimeter of the specimen using
an analytical method similar to that described in previous

studies.*!*?

Push-Out Test

To evaluate the strength of interfacial osseointegration, the
mechanical push-out test was carried out. The retrieved
bone specimens containing the implants were cut into
semi-circular bone—implant blocks, and then placed in

testing machine (AGS-X, Shimadzu,
Japan). Subsequently, 1 KN of axial compressive load

a mechanical

was applied to push the implants through the bone at
a rate of 1.0 mm/min (cross-head speed) until the bone—
implant interface was destroyed. During the period of
application of the axial compressive load, the bone—
implant interfacial strength was the only force acting
against the implant movement. The stress—strain curves
were recorded, and the shear modulus of the bone—implant
interface was subsequently calculated from the slope of the
shear stress versus shear strain plot.

Statistical Analysis

All the above-mentioned experiments were performed
strictly in accordance with the relevant protocols and spe-
cifications. All data were analyzed statistically using
ANOVA and expressed as the average + standard devia-
tion with a level of significance of p < 0.05.

Results

Surface Characteristics

The typical surface morphologies for each sample category are
shown in Figure 1C. The EDHA-Ti surface was completely
covered with nanoplate-like sediments. However, well-
flattened particles along with some spherical particles were
deposited on the PSHA-Ti surface. The surface of AA-Ti was
characterized by an irregular appearance of a large number of
microporous networks. The XRD pattern for each sample
category is presented in Figure 2. For the EDHA-Ti samples,
the characteristic XRD peaks were relatively similar, the stan-
dard pattern for the HA phase (JCPDS No. 09-0432) being
exhibited. However, the strongest intensity was located at the
(002) surface in the EDHA group. Meanwhile, peaks corre-
sponding to the (002), (210), (211), and (222) planes of HA
(JCPDS No. 09-0432) were observed for the PSHA-Ti sam-
ples with the (002)/(211) ratio being 0.516. In addition, the
XRD pattern for AA-Ti was not in accordance with the
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standard pattern for pure Ti (JCPDS No. 44-1294), but had
some similarity with the characteristic intensities for anatase
(JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276),
indicating the phase composition of the AA-treated Ti surface
was a mixture of Ti, anatase, and rutile. Relatively higher
crystallinity of HA was obtained in the PS-produced coating
relative to the ED coating (80.2% vs 48.5%, respectively).
Compared to PSHA-Ti, EDHA-Ti had a lower Ca/P ratio. As
illustrated in Figure 3A, the surface roughness (Rq) values for
EDHA-Ti, PSHA-Ti, and AA-Ti were 798.07 + 112.52 nm,
10448 + 30.20 nm, and 96.62 + 15.61 nm, respectively
(Figure 3). Additionally, the wettability characterization

LM
> | EDHA
F=
= _—
e
2
= AA A
\-\—__
JCPDS, 44-1294 Ti 1 1
JCPDS, 21-1272 Anatase | Ly | L1
JCPDS, 21-1276 Rutile | | N | . | L
i'CPDS‘?g'mssz.. || .|TI||Ir 1 [ T -
10 20 30 40 50 60
26/degree

Figure 2 XRD patterns of titanium samples with different surface modifications.

Rg=798.07+112.52 nm

Rg=104.48 +30.20 nm

results revealed that the contact angle of EDHA-Ti was
approximately 8.5° + 2.1°, whereas a relatively large contact
angle was observed for AA-Ti (21.1° £ 1.1°). However, a near
0° contact angle was observed for PSHA-T.

Cell Growth and Proliferation of

MC3T3-El

The cell growth curves for MC3T3-E1 cultured in EDHA-
Ti, PSHA-Ti, and AA-Ti are presented in Figure 4A.
Typical spindle-shaped osteoblasts were visualized for all
sample images. On day 3, significantly large number of
cells were found for all the sample categories, but it
seemed that slightly more cells resided on the PSHA-Ti
compared to EDHA-Ti and AA-Ti. After 5 days of con-
secutive cell culture, all of the samples were almost cov-
ered by MC3T3-El cells, whereas very few dead cells
were observed on these substrates.

of the CCK-8 assay
(Figure 4B), continuous proliferation of MC3T3-E1 osteo-

According to the results

blastic cells was observed on the modified surfaces
throughout the entire culture period. On the first day, the
cells cultured on PSHA-Ti showed the highest rate of cell
proliferation. Meanwhile, the proliferative rate of cells
cultured with EDHA-Ti was slightly lower compared to
AA-Ti. After 3 days of culture, the proliferation of
MC3T3-E1 was significantly promoted in each of the
sample categories, and proliferation was still slightly
greater in PSHA-Ti than in the others. Similar trends in
cell proliferation continued to day 5.

Rg=96.62+15.61 nm

CA=8.5+2.1° l

CA=21.1+1.1° I

Figure 3 (A) AFM analysis (surface roughness, Rq) and (B) contact angle (CA) tests of titanium samples with different surface modifications.
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Figure 4 CLSM images (A) and CCK8 analysis for the proliferation (B) of MC3T3-El cells cultured on titanium samples with different surface modifications (*p < 0.05).

Osteogenic Differentiation of MC3T3-E|
Cells

The differences in the osteogenic gene expression of
MC3T3-El cells co-cultured with surface-modified sub-
strates are revealed in Figure 5. Compared to PSHA-TI,
EDHA-Ti with a nanostructured coating significantly
enhanced the expression of all osteogenic markers to vary-
ing degrees throughout the entire culture period, except for
the initial period for OCN expression. EDHA-Ti and AA-Ti
had a similar ability to upregulate BSP, Col-I, and OPN
expression, whereas the highest expression for ALP and
OCN was observed for MC3T3-El cells cultured on AA-
Ti. Specifically, on day 7, the expression of BSP was higher
for MC3T3-El cells cultured on EDHA-Ti than on AA-Ti.
With extended culture, a higher expression of Col-I was
observed for MC3T3-E1 cells cultured on EDHA-Ti com-
pared with that observed for the cells cultured on AA-Ti.
Meanwhile, EDHA-Ti showed a lower expression of ALP,
BSP, OCN, and OPN compared to AA-Ti. During the whole
culture period, PSHA-Ti showed modest effects on the
osteogenic differentiation of MC3T3-E1 cells.

Histology Analysis

Typical light microscopy images of the stained histology
sections at 6 and 12 weeks after implantation are presented
in Figure 6A. No inflammatory reactions were observed in
any of the samples. At 6 weeks after implantation, the amount
of new bone formed around the EDHA-Ti implants seemed to

be larger than that formed around the PSHA-Ti and the AA-
Ti implants. Correspondingly, similar trends were observed in
the comparisons for the bone—implant contact ratio (BICR).
Specifically, the BICR of EDHA-Ti was slightly higher than
the others, and the lowest BICR was observed in the AA-Ti
group (Figure 6B). In the case of the extended implantation
time, the increase in new bone formation around the samples
was observed in all categories, except for the AA-Ti group.
Compared with week 6, the greatest increments in the BICR
were observed in the implantation of the PSHA-Ti samples,
and the final BICR of PSHA-Ti was significantly higher than
those of EDHA-Ti and AA-Ti. For EDHA-Ti, there was
a small increase in the BICR, but the total BICR was still
higher relative that for AA-Ti.

Mechanical Testing

The push-out tests were performed to investigate the bonding
strength of the bone-implant interface, and to calculate the inter-
facial shear modulus. The results are presented in Figure 7. At
week 6, the shear modulus for the PSHA-Ti (21.99 + 1.77 MPa)
was almost 10 times that for the AA-Ti implant (2.22 + 1.26 MPa).
Moreover, a relatively high bonding strength (18.02 + 4.62 MPa)
was observed at same period in the case of the EDHA-Ti implant.
However, there was no statistical difference in interfacial shear
modulus between the PSHA-T1 and the EDHA-Ti groups. With
increase in the implantation period, a further increase in bonding
strength was observed in all groups. After 12 weeks of implanta-
tion, the highest interfacial shear modulus was still obtained for the
PSHA-Ti implantation, which had increased by more than 60%
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Figure 5 PCR analysis for the osteogenic gene expressions of MC3T3-E| cells cultured on titanium samples with different surface modifications (*p < 0.05).

(34.20 £ 2.18 MPa) compared with week 6. In addition, the
bonding strength for the EDHA-Ti implant was 24.60 £+ 5.30
MPa, an improvement of 33%. Meanwhile, an increase in the
bonding strength was observed for the AA-Ti implant at week 12,
but the interfacial stability generated by AA-Ti was still the lowest
(8.50 £ 2.71 MPa).

Discussion

Since the reporting of the enhanced osseointegration prop-
erties of porous materials in 1972,% substantial research
has been undertaken on the development of porous Ti for

00 Bone-Implant Contact Ratio (%)

bone repair and regeneration.”'%'?2*37 Even though por-
ous Ti minimizes stress shielding and promotes bone
ingrowth,' the bio-inert nature of Ti and the inferior
osseointegration capability still increase the risk of implant
failure and affect the lifespan of implants in clinical

applications.®®

The appropriate surface modifications
need to provide an effective and satisfactory outcome
regarding the preparation of bioactive Ti with enhanced
osteogenesis and osseointegration capabilities.>*>° Both
acidic and/or alkaline treatments and bioactive HA coat-

ings have been recognized as commendable approaches
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Figure 6 (A) Light microscope images of methylene blue and basic fuchsin stained histological sections of various titanium samples at 6 and 12 weeks postoperatively. (B)
Quantitative analysis for new bone at the interface area of various titanium samples after in vivo implantation for 6 and 12 weeks (*p < 0.05).
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Figure 7 (A) Schematic diagram of push-out tests for the retrieved specimens. (B) Bone-implant bonding forces of various titanium samples after in vivo implantation for 6

and 12 weeks (*p < 0.05).

for improving the bioactivity of Ti implants.'*>74%4! In

spite of the risk of delamination, HA coatings are superior
to chemical treatments in terms of augmenting osteogenic
activity because of the direct release of calcium and phos-
phate ions. Although various methods have been reported
for preparation of HA coatings, the non-line-of-sight coat-
ing processes, such as ED, biomimetic, and sol-gel deposi-
tion, probably represent the preferred route for current and
future clinical use due to the highly increased demand for
porous Ti implants. In addition, nanoscale surface modifi-
cations have been demonstrated to enhance cell adhesion
and tissue ingrowth.”* > However, the influence of HA
coatings with or without a unified nanotopography on
osteogenesis and osseointegration at the bone—implant
interface is not clear yet. In this study, nanoplate-like HA
coatings were prepared on Ti with a TiO, layer by
a combination of an ED method and an AA pre-
treatment. Thereafter, the osteogenic activity and the inter-
facial osteointegration properties of the nanoplate-like
EDHA coatings were systematically investigated by
undertaking comparison studies with nanotopography-
free PSHA coatings and AA treatments through in vitro
and vivo experiments.

The surface topography and chemical composition of
the surface-modified structures are crucial to achieving
bioactivity of the implants.**** The surface of PSHA-Ti
exhibited a lamellar structure with irregularly distributed
spherical particles (Figure 1C), which became well-
flattened due to their high-speed on striking the substrate
after undergoing melting in the plasma jet. No nanotopo-
graphical features were observed in the products of the PS

method. Conversely, uniform nanoplate-like HA sediments
were successfully prepared by the ED method with a pulse
current density of 5 mA/cm” (Figure 1C). Although the
critical roles of a low current density in fabricating a HA
coating with a plate-like structure have been revealed,***
most of the plate-like HA production was at the microscale
rather than at the nanoscale level. Recently, the fabrication
techniques and preliminary biological evaluation of nanos-
tructured HA coatings have been discussed. Wang and
Eliaz successfully modified a Ti surface with
a nanostructured HA coating using a standard three-
electrode cell containing 0.61 mM Ca(NOj3), and 0.36 mM
NH,H,PO, at 85°C.* Although a direct comparison
between the plate-like nanostructured HA coating prepared
in the study of Wang and Eliaz and that of the present
study was not possible due to the lack of details concern-
ing the deposition conditions of the former, the relatively
high similarities of the respective nanostructures as evi-
denced by the respective SEM images (Figure 1C), give
preliminarily confirmation of the suitability of the present
approach. Furthermore, the amount of sediment per unit
area in this study may be larger than that of Wang and
Eliaz, and this may be more beneficial in terms of increas-
ing the surface roughness and consequently promoting cell
adhesion.

The results for XRD analysis (Figure 2) confirmed that
the phase composition of the sediments on EDHA-Ti and
PSHA-Ti was HA. However, the growth direction of the
HA crystals was apparently different between these two
types of HA coatings. EDHA-Ti had the highest intensity
at the (002) surface, indicating that the HA crystal was
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grown with (002) being the preferred orientation, and thus
was perpendicular to the surface. In contrast, for PSHA-Ti,
the strongest intensity was located at the (211) plane, and
the (002)/(211) ratio was less than 0.52 in the XRD pat-
tern. Thus, the orientation of the HA crystal growth was
nearly horizontal to the surface, which corresponds to the
lamellar morphology of the standard PS-produced HA
coatings. However, previous studies revealed that HA
crystals with a (002) preferred orientation showed superior
mechanical properties, including a higher hardness,
a higher elastic modulus, and a higher fracture toughness,
compared with normal HA coatings.***® Besides the
mechanical advantages, the enhancement of cell adhesion
and attachment could be further strengthened by the (002)-
orientated HA coatings.*’

Generally, surface wettability has been correlated with
the adhesion and proliferation of osteoblasts, and cells
exhibit a strong preference for hydrophilic surfaces.’
PSHA-Ti
(Figure 3). Moreover, a reduction of the water-contact

displayed  super-hydrophilicity — properties
angle in the nanostructured EDHA coating compared to
AA-Ti (Figure 3) was confirmed. Besides, given the con-

ferred benefits of the
51,52

nanoscale surface on

hydrophilicity, the plate-like nanostructures vertical
to the substrate may play a critical role in further improv-
ing the hydrophilicity of the samples in this study. Thus,
both EDHA and PSHA coatings had a high potential to
facilitate cell adhesion and proliferation.

The CLSM observation and CCK-8 experiments con-
firmed that the growth and proliferation of MC3T3-El
osteoblastic cells cultured on EDHA-Ti became as satis-
factory as that for cells on PSHA-Ti with an increase in the
culture period (Figure 4). Although the proliferative rate
for cells on EDHA-Ti was lower than that of PSHA-Ti
on day 1, a similar proliferation level was observed in
EDHA-Ti and PSHA-Ti for an extended culture period.
During the entire culture period, a comparable prolifera-
tion capability was observed between AA-Ti and EDHA-
Ti. The positive effect of a nanostructured surface on cell
adhesion is well known. Compared to a flat surface of Ti,
a nanotube-like surface promoted more cell adhesion. This
increase in cell adhesion might be related to the increased
surface-to-volume ratio and the wettability caused by the
tube-like topography.>*>* Moreover, nanophase biomater-
ials with diameters less than 100 nm were reported to
enhance cell adhesion by increasing the surface energy.””

The proliferative response could be affected by some
such as dimensions,

morphological characteristics,

spacings between the adjacent nanostructures, and surface
roughness.™® Among these factors, surface roughness
was a major factor in affecting the cell proliferation activ-
ity. However, the effect of surface roughness at the nanos-
cale on the cell proliferative rate is still controversial.
A negative effect of nanoscale roughness on the cell pro-
liferative rate was reported by Washburn.’® Moreover, Rq
values of 0.5-13 nm dramatically reduced osteoblast cell
proliferation. These findings were consistent with our
results. Although EDHA-Ti presented the roughest surface
(Rq, 798.07 = 112.52 nm), the proliferative response of
EDHA-Ti was weaker than that of PSHA-Ti (Rq, 104.48 +
30.20 nm). Whist, some studies reported no correlation of
cell proliferation rate with nanoscale roughness, and
a surface with a mixture of micro/nanoscale surface rough-
ness might promote proliferation.**>’®  Therefore,
EDHA-Ti with a basic AA-treated surface, which was
characterized as having a mixture of micro/nanoscale
roughness, will continue to promote cell adhesion and
proliferation even if delamination of the coating occurs.
Compared to a previous report on a TiO, surface with
nanotube-like or hemispherical nanostructures,”® ®* it is
believed that EDHA-Ti with plate-like nanostructures
exhibits a relatively greater propensity to promote cell
adhesion and proliferation due to the following reasons:
(1) The contact angle for EDHA-Ti observed in our study
is apparently smaller than that for Ti nanotubes observed
in previous studies (8.5° versus 10.76-24.62°),°" and cells
show a strong preference for attachment and proliferation
on a relatively higher hydrophilic surface. (2) The surface-
to-volume ratio is significantly higher for a plate shape
than for a tube shape, and a higher surface-to-volume ratio
is beneficial for providing a relatively more effective sur-
face area for cell attachment and proliferation. (3) The
interspacing distances which allow cell proliferation may
be larger for plate-like morphology than those for tube-
like, rod-like,
A further reason is that the bioactive material (HA) depos-
ited on the EDHA-Ti surface could more directly and
effectively

and hemispherical morphologies. (4)

increase the adhesion and proliferative
response of osteoblast cells because of the release of
calcium and phosphate ions.

Enhanced osteogenic differentiation on EDHA-Ti and
AA-Ti was observed in this study. Osteogenic activity for
both EDHA-Ti and AA-Ti was significantly higher than
that for PSHA-Ti. Furthermore, strong positive effects
were observed for the nanoplate-like surface on the early

or intermediate period of osteogenic differentiation via the
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RT-PCR analysis of ALP, BSP, and Col-I (Figure 5).
Although these markers play slightly different roles in

bone mineralization or formation,®*%>

the early or inter-
mediate stage is the common acting time-point. Thus,
enhanced early-stage osteogenic activity of EDHA-Ti
was confirmed. However, a similar up-regulation of osteo-
blast-specific gene expression caused by nanoscale topo-
graphy was reported previously. The hemispherical
nanostructures of TiO, enhanced the RUNX2, Osterix,
OPN, and BSP expression.®>®” Besides, the ALP expres-
sion and production were significantly increased by the
nanotube-like morphology of Ti.” Although the consistent
trends of osteoblast-specific gene expression up-regulated
by the nanostructured surface were confirmed in the pre-
sent study and previous study, it is believed that the
nanostructured HA coating prepared in this work should
present better performance on induction of osteogenesis
compared to TiO, with nanotopography and an HA coat-
ing without nanotopography.

The strong promotion of early bone formation and also
good osseointegration in the EDHA-Ti samples was vali-
dated by the histology. According to the histological ana-
lysis (Figure 6B), the new bone was formed greatly in the
first six weeks for all groups. At this time, the BICR for
EDHA-Ti was even higher than that for PSHA-Ti, which
may be related to the early promotion of osteogenic
expression and differentiation induced by the nanoplate-
like surface of EDHA-Ti. However, the amount of new
bone formation around PSHA-Ti was slightly more than
that around EDHA-Ti after 12 weeks of implantation. No
obvious increase in bone growth was observed for the AA-
Ti samples even for the increased implantation time of 12
weeks. It was clearly verified that the HA coating could
greatly promote new bone formation. Enhanced early-
stage osseointegration in the EDHA-Ti was also observed.
However, the correlation between the topographical prop-
erties of the Ti nanostructures and the promotion of bone
contact has been investigated in previous studies. Lin et al
compared the interfacial bone contact between nanotubu-
lar, nanosponge-like, nanonest-like, and normal Ti, and
better osseointegration ability was observed for the nanon-
est-like and nanotube structured surfaces.®® Similar results
were also reported by other researchers.®”’® Recently,
Bose et al suggested that osseointegration could be further
enhanced by introducing a calcium phosphate coating on
the TiO, nanotubes.”’ Thus, it is believed that the nanos-
tructured HA coating on TiO, prepared in this study may
be relatively more effective for inducing bone integration

compared with a normal HA coating and a TiO, surface
with nanotopography.

Based on the BICR analysis, higher interfacial strength
was observed for the PSHA-Ti samples compared to the
EDHA-Ti samples (Figure 7B). However, the bonding
strengths (18.02 + 4.62 MPa at week 6, 24.60 + 5.30
MPa at week 12) calculated for the EDHA-Ti group
were nearly nine- to ten-fold higher compared to those
calculated for AA-Ti. Similarly, the push-out test per-
formed in the study of Bjursten et al, indicating that the
bonding strength of the TiO, nanotubes was nine times
more than that of a grit-blasted surface.”’ Furthermore,
Parcharoen et al successfully fabricated nanoplate-like
HA coatings based on nanotube-like TiO, by ED, and
the highest bonding strength recorded was under 20
MPa.”?> Compared to the study conducted by Parcharoen,
EDHA-Ti prepared in the present study had a relatively
higher interfacial stability after 12 weeks of implantation.
However, the present study revealed a mismatch between
the results of osteogenic differentiation, BICR, and bond-
ing strength for AA-Ti. The in vitro cellular experiments
demonstrated the excellent osteogenic promotion ability of
AA-Ti, but the osseointegration after the in vivo implanta-
tion of AA-Ti was not acceptable. The interfacial strength
observed for the AA-Ti group was significantly lower than
the interfacial strengths observed for the other two groups.
This indicated the important role of the HA coating in
enhancing the osseointegration of the Ti implants. On the
one hand, compared with the AA treatment, both the other
HA coatings caused an increase in the surface roughness
of the substrate and thus promoted the mechanical inter-
lock between the bone and the implant. On the other hand,
compared with the AA-Ti, both the EDHA-Ti and the
PSHA-Ti caused an increase in new bone growth around
the implant and thus promoted biological fixation.
Therefore, the HA coating exhibited better osseointegra-
tion than the AA treatment. However, because the AA
treatment up-regulated the osteogenic activity of MC3T3-
El cells, the osseointegration ability of AA-Ti might be
improved with an increase in the implantation period.
Previously, Zhao et al reported that porous Ti with AA
treatment exhibited good osteoinduction after implantation
into the dorsal muscles of adult dogs for three months.'?

The degradation rate of the nanostructured HA coating
on porous or dense Ti substrates should be further inves-
tigated, given that this might provide an explanation for
the undesirable change in the BICR after six weeks of
implantation in the case of the EDHA-Ti samples.
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Clearly, the line-of-sight PS process did not access the
interior coating of the porous structure. Therefore,
a dense Ti-substrate was used as a basic and common
material for preparing the HA coating to directly compare
the biological response of EDHA-Ti with those of PSHA-
Ti and AA-Ti. However, the procedures and production
quality of the EDHA coatings on the porous Ti-samples
were relatively similar to those of the ED-fabricated HA
coatings on the dense Ti-substrate. Thus, the ED used in
this study was also available for the HA coating of porous

implants.

Conclusions

The plate-like nanostructures of the HA coating could
significantly enhance the early stage osteogenic differen-
tiation of MC3T3-E1 cells and the osseointegration prop-
erties of the bone—implant interface, both of which were
demonstrated to be greatly beneficial to improving the
stability of the
Considering the superior osteogenic performance and

initial  biomechanical implants.
advantageous of a non-line-of-sight process, the nanos-
tructured HA coatings produced by ED could be an alter-
native choice of surface modification for the clinical use of
porous metallic implants, which would probably result in

a prolonging of the life-span of these implants.
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