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: Ti-24Nb-47Zr-8Sn (Ti2448) is a new S-type Ti alloy which

consists of nontoxic elements and exhibits exceptional low
elastic modulus around 45 GPa for biomedical implant
applications. Nevertheless, the corrosion resistance and
biocompatibility of Ti2448 alloys need to be improved for
long-term clinical use. In this study, a simple and fast
electrochemical anodization treatment in Ca/P-containing
solution was used on Ti2448 alloys to enhance bio-corrosion
resistance and biological responses of Ti2448 alloys via
altering the surface characteristics of it. The anodization
process produced a thicker oxide layer (50-120 nm)
composing of two different sections, one was outer section
with Ca/P-containing nanoporous topography (Ca/P ratio
1.5) and the other was inner dense section near the
substrate. The results showed that the inner dense section
of oxide layer obviously enhanced the bio-corrosion
resistance of Ti12448 alloys. Moreover, the Ca/P-containing
nanoporous topography showing the similar scale of various
biological species significantly improved the wettability
and protein adsorption. In terms of above results, the
anodized Ti12448 alloys with low elastic modulus have a
potential for orthopedic applications.

: Ti-Nb-Zr-Sn alloy, low elastic modulus, electrochemical

treatment, Ca/P, corrosion, bone cell response.
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Abstract

Ti-24Nb-4Zr-8Sn (Ti2448) is a new B-type Ti alloy which consists of nontoxic
elements and exhibits exceptional low elastic modulus around 45 GPa for biomedical
implant applications. Nevertheless, the corrosion resistance and biocompatibility of
Ti2448 alloys need to be improved for long-term clinical use. In this study, a simple
and fast electrochemical anodization treatment in Ca/P-containing solution was used on
Ti2448 alloys to enhance bio-corrosion resistance and biological responses of Ti2448
alloys via altering the surface characteristics of it. The anodization process produced a
thicker oxide layer (50-120 nm) composing of two different sections, one was outer
section with Ca/P-containing nanoporous topography (Ca/P ratio ~ 1.5) and the other
was inner dense section near the substrate. The results showed that the inner dense
section of oxide layer obviously enhanced the bio-corrosion resistance of Ti2448 alloys.
Moreover, the Ca/P-containing nanoporous topography showing the similar scale of
various biological species significantly improved the wettability and protein adsorption.
In terms of above results, the anodized Ti2448 alloys with low elastic modulus have a
potential for orthopedic applications.

Key words : Ti-Nb-Zr-Sn alloy, low elastic modulus, electrochemical treatment, Ca/P,
corrosion, bone cell response.



1. Introduction (including literature survey and study purpose)

More than millions of bone graft procedures are expected to be performed yearly
to fill bone defects or improve fracture healing and repair. This number is expected to
continue to increase with the rapid growth of the elderly population. Therefore,
developing a suitable material for repairing and regenerating bones that have been
fractured due to disease, trauma and aging is a significant clinical challenge'. Titanium
(Ti) and Ti-based alloys are widely used as biomaterials for orthopedic and dental
implant applications due to their suitable mechanical properties, exceptional corrosion
resistance and the highest biocompatibility with bone among all metallic biomaterials®>.
Although Ti and Ti-based alloys have specific and excellent properties for biomedical
applications, some problems must be addressed for the long-term implantation of these
materials. One of the most important issues is biomechanical incompatibility, especially
in the elastic modulus of the commercially used Ti and Ti-based alloys, with human
bone because both bone overload and excessive stress protection can result in bone
resorption®.

Compared with conventional metallic materials, such as stainless steel and Co-Cr-
Mo alloys, Ti and Ti-based alloys show a relatively lower elastic modulus than those of
stainless steel (200 GPa) and Co-Cr-Mo alloys (200-230 GPa). However, the elastic
modulus of most of the commonly used commercial Ti and Ti-based alloys, including
commercially pure Ti (CP-Ti), Ti-6Al-4V and Ti-6Al-7Nb (100-110 GPa)®, is still an
order of magnitude higher than that of human cortical bone (10-30 GPa)’®. This
mismatch between the elastic modulus of bone and that of implants will cause an
insufficient load transfer from the implant to the adjacent bone and thus induce a stress-
shielding effect during long-term implantation at the sites of load-bearing bones. This
type of stress-shielding effect will lead to bone resorption at the bone-implant interface
and eventually result in implant failure®'°.

B-type Ti alloys have been the most attractive materials, for overcoming the
incompatibility between the elastic modulus of Ti-based implants and that of bone, for
orthopedic applications due to their non-toxic components, high mechanical strength
and low elastic modulus®!'!!2, Of all B-type Ti alloys, Ti-24Nb-4Zr-8Sn (wt%, hereafter
designated Ti2448) is a recently developed B-type Ti alloy for biomedical applications.
This novel alloy consists of non-toxic and non-allergic elements and possesses a low

13,14 " close to that of human cortical bone.

elastic modulus of approximately 45 GPa
Such a low elastic modulus may prevent the stress-shielding effect caused by the
inhomogeneous stress transfer between metal implants and the adjacent bone.
Furthermore, this alloy not only has a low elastic modulus that is close to that of human
bone, but it also has high mechanical strength - an ideal combination/balance of

properties that is not available in the other B-type Ti alloys that have been developed so



far.

For long-term clinical use, the corrosion resistance of metallic materials is a great
concern, especially when a metallic substitute is implanted in the virulent electrolytic
environment of the human body, because corrosion is a gradually degradation of
materials by electrochemical attack. Therefore, the corrosion performance of Ti2448 is
extremely important for orthopedic and dental implant applications. Cheng et al.
reported that for dental implant applications, the Ti2448 alloy showed a corrosion
resistance similar to that of CP-Ti and the Ti6Al4V alloy in simulated oral environments,
such as modified Fusayama artificial saliva and a lactic acid solution'®>. Moreover, Bai
et al. showed that the corrosion resistance of the Ti2448 alloy was better than that of
Ti6Al4V but comparable to that of CP-Ti in different simulated physiological
solutions!®!”. It has been commonly accepted that Ti and Ti-based alloys show
exceptional corrosion resistance due to the natural formation of a passive oxide film.
However, this protective passive film, which inhibits the release of metal ions, may
become unstable in the human body due to deterioration during long-term implantation.
Once the passive surface film is disrupted, corrosion proceeds, and metal ions are
released continuously, which leads to ion accumulation and thus results in biological
side effects and eventually implant failure'®!°. Although the corrosion behavior of the
Ti2448 alloy is similar to that of Ti, there is still a potential risk of metal ion release
from the Ti2448 alloy due to the corrosion process. Therefore, determining how to
further improve the bio-corrosion resistance of the Ti2448 alloy for future long-term
implantation is one of the important purposes of this study.

Moreover, the passive oxide film on metallic materials plays an influential role not only
in corrosion resistance but also in the biocompatibility of materials. It is well known
that surface properties, including surface topography, roughness, chemical composition
and wettability, are important factors in biocompatibility because they affect the
biological responses at the bone-implant interface’®??. Surface topography is a key
surface property because it is able to regulate the responses of cells that are located on
material surfaces. Some studies have reported the design and creation of surface
geometries with a suitable nanoscale topography that were able to improve cell

> and differentiation?®.

responses, such as cell adhesion®®, migration®*, proliferation
There are various surface modification treatments that can create a nanoscale
topography on a metallic material surface to provide the desired biological responses.
In our previous studies, a fast and simple electrochemical anodization treatment was
used to produce a nano-networked oxide layer on the surfaces of CP-Ti and Ti-based
alloys to improve the hemocompatibility and cell responses. Moreover, the layer was

also able to enhance the corrosion resistance of biomedical Ti alloys?’->’.



Our hypothesis is that a Ca/P-containing oxide layer with a nanoscale porous
topography could be produced and thickened on the surface of the Ti2448 alloy using
a simple and fast electrochemical anodization treatment in Ca/P-containing solution to
improve the bio-corrosion resistance and biocompatibility of this new B-type Ti alloy
with low elastic modulus. To analyze this hypothesis, the polished Ti2448 specimens
were created, as well as polished Ti control specimens, and Ti2448 specimens treated
with electrochemical anodization treatment in Ca/P-containing solution to produce a
nanoscale porous topography containing Ca/P composition. Within this research, the
surface characteristics, including the surface morphology, oxide layer thickness, crystal
structure and surface wettability, were investigated after the anodization treatment.
Furthermore, the corrosion behaviors of the anodized Ti2448 alloys in simulated body
environments were evaluated. To provide helpful indicators for further in vivo studies
and clinical applications, the protein adsorption of the anodized Ti2448 alloy was

studied as well.

2. Materials and Methods
2.1 Specimen preparation

Discs (diameter of 15 mm; thickness of 1 mm) of Ti2448, the new B-type of Ti
alloys, which were polished with SiC papers from #120 up to #1200 and then cleaned
in ethyl alcohol were used as substrates. Pure commercial Ti disks (diameter of 15 mm;
thickness of 1 mm) that were polished and cleaned according to the above-mentioned
procedure were used as a reference control.

A potentiostat was used for the electrochemical anodization treatment to apply two
different anodic currents, A1 and A2 (A1< A2 < 0.5 ampere), to the polished Ti2448
substrate for a few tens of min in Ca/P-containing alkaline solution (Ca™ < 0.5M; PO4
3 < 0.5M). The polished Ti and Ti2448 specimens that were not subjected to the
electrochemical anodization treatment were termed Ti-M and Ti2448-M, respectively.
The polished Ti2448 specimen treated by electrochemical anodization with the applied
currents Al and A2 were termed Ti2448-A1 and Ti2448-A2, respectively.

2.2 Surface characteristics analysis

The surface morphology and average roughness of the test specimens were
evaluated using field emission scanning electron microscopy (FE-SEM) and atomic
force microscopy (AFM), respectively. The crystallographic structure and thickness of
the outermost surface layer of the anodized Ti2448 specimens were evaluated using
transmission electron microscopy (TEM). Prior to the TEM evaluation, the cross-

sectional test specimens were prepared using a focused ion beam milling process. The



chemical composition of the outer surface layer of the specimens was analyzed by X-
ray photoelectron spectroscopy (XPS). The surface wettability of the test specimens
was analyzed using a contact angle goniometer, and the surface free energy of the
specimens was calculated with two different solutions: polar double-distilled H>O and

non-polar diiodomethane.

2.3 Bio-corrosion resistance analysis

The surface corrosion resistance of the polished Ti-M and Ti2448-M and the
electrochemical anodization-treated Ti2448-Al and Ti2448-A2 was evaluated using a
potentiostat. A saturated calomel electrode (SCE) and a platinum sheet were used as the
reference and counter electrode, respectively. The test specimens with and without the
electrochemical anodization treatment were used as the working electrodes. Neutral
simulated blood plasma (SBP; pH 7.4)** and modified Fusayama artificial saliva (AS;
pH 5.2)*! were used as the corrosion test electrolyte and were maintained at 37°C during
the experiment. The SBP was used to simulate the environment inside human body, and
the AS was used to simulate that of the human mouth. All test specimens were placed
into two different electrolytes, and the polarization curves of all specimens were
measured from -1 V to + 1.5 V (with respect to the SCE).

2.4 Protein adsorption analysis

Two different types of protein were used as model proteins to evaluate the
difference in protein adsorption on the test specimens. One was bovine serum albumin
(BSA, Sigma), the most abundant protein in human body plasma’?; the other was
fibronectin (Sigma), an important protein involved in cell adhesion, migration,
proliferation and differentiation®>. The test specimens were immersed in two different
phosphate buffered saline (PBS) solutions, one containing 5 mg/ml BSA and the other
containing 50 pg/ml fibronectin. After 5 min of incubation at 37°C, the test specimens
were washed with double-distilled H>O and then dried at room temperature. XPS was
used to analyze the nitrogen spectra (in terms of N1s) of the test specimens to estimate

the ability for proteins to adsorb on the various treated test specimens.

2.5 Statistical analysis

The number of samples was 3 for all measurements, and the results were expressed
as the means *+ standard deviation (SD). Student’s two-tailed t-test was used to
determine the level of the significance, and p<0.05 was considered statistically

significant.

3. Results



3.1 Surface characteristics

The surface morphologies of Ti2448 before and after the electrochemical
anodization treatment are shown in Fig. 1. The FE-SEM images of the polished Ti (Ti-
M) and Ti2448 (Ti2448-M) only showed oriented polished grooves (Fig. 1a and 1b).
After the electrochemical anodization treatment, a nanoscale porous oxide layer was
formed on the anodized Ti2448 (Ti2448-Al and Ti2448-A2) surface (Fig. 1c and 1d).
The pore size of the porous oxide layer on the Ti2448-A1 and Ti2448-A2 ranged from
a few nm to 50 nm; however, Ti2448-A2, which was treated with a larger anodic current
for a longer time, showed a bigger pore size than that of Ti2448-Al. XPS analysis
results showed that the chemical compositions of Ti-M, Ti2448-Al, and Ti2448-A2
were the same, and mainly contained TiO, and Nb2Os with small amounts of ZrO> and
SnO2. Moreover, the XPS depth profiles, in terms of the atomic concentrations of O,
Ti, Nb, Zr, Sn in the surface of the test specimens indicated that the electrochemical
anodization treatment significantly increased the thickness of the surface oxide layer.
The ratio of Ca/P on the electrochemically treated Ti 2448-A1 and Ti2448-A2 surfaces
was close to 1.5.

Furthermore, the thickness and crystal structure of the nanoporous oxide layer on
Ti2448-A1 and Ti2448-A2 were analyzed by TEM and are shown in Fig. 2. The TEM
images indicate that the cross-sectional thickness of the nanoscale porous oxide layer
on Ti2448-Al and Ti2448-A2 was approximately 50 to 80 nm and 80 to 120 nm,
respectively (Fig. 2a and 2b). Compared with the untreated Ti-M and Ti2448-M, the
treated Ti2448-Al and Ti2448-A2 exhibited significant thickening of the surface oxide
layer. The crystal structure of the oxide layer was amorphous. The oxide layer could be
separated into two different sections: the outer porous section close to the surface and
the inner nonporous section between the substrate and the outer porous section.
Compared with the outer section, the inner section had a structure that was tighter with
higher density (Fig. 2c).

AFM was used to evaluate the effect of the anodization treatment on the surface
roughness of Ti2448-Al and Ti2448-A2. The evaluation showed that there were no
significant differences in surface roughness between the treated and untreated test
samples (Fig. 3). For all test samples, the average surface roughness (Ra) was
approximately 0.1 pm.

Finally, a contact angle goniometer was used to image and calculate the contact
angle and surface free energy to evaluate the wettability of the test samples. The result
shown in Fig. 4 indicates that the polar double-distilled H20 on the anodized Ti2448-
Al and Ti2448-A2 showed a smaller contact angle (11-16°) than that on the untreated
Ti-M and Ti2448-M (>56°). In contrast, the surface free energies of Ti2448-Al and
Ti2448-A2 were much higher than those of the untreated groups, suggesting that



Ti2448-Al and Ti2448-A2 exhibited better surface wettability than that of Ti-M and
Ti2448-M.

The above-mentioned results indicate that the electrochemical anodization
treatment did not change the surface roughness on the um scale, but it successfully
created a hydrophilic double oxide layer which consists of outer nanoporous section
and inner dense section.

3.2 Bio-corrosion resistance

The polarization curves for Ti-M, Ti2448-M, Ti2448-Al and Ti2448-A2 are
shown in Fig. 5. Compared to the corrosion potential (Ecorr) Of the untreated Ti-M and
Ti2448-M, the Ecorr Of Ti2448-A1 and Ti2448-A2 was shifted to much nobler values.
In addition, in the passive region, when the same anodic voltage was applied to the
specimens, the anodic current (lpass) Of Ti2448-Al and Ti2448-A2 was approximately
ten times smaller than that of Ti-M and Ti 2448-M. In the SBP solution, the values of
the corrosion rate (lcorr) for Ti-M, Ti2448-M, Ti2448-Al and Ti2448-A2 were 0.041,
0.102, 0.019 and 0.023 pA/cm?, respectively. In the AS solution, the lcor values of Ti-
M, Ti2448-M, Ti2448-A1l and Ti2448-A2 were 0.028, 0.093, 0.040 and 0.066 nA/cm?,
respectively. In both the SBP and AS solutions, the lcorr Of the anodized Ti2448 group
was smaller than that of the untreated Ti2448. The above-mentioned results suggest
that the amount of total ions released by Ti2448-A1 and Ti2448-A2 was lower than that
from either Ti-M or Ti2448-M, indicating that the thickened oxide layer produced by
the electrochemical anodization treatment provided better protection than that of the
untreated group.

3.3 Protein adsorption ability

Protein adsorbed on the surface of material is the very beginning step before cells
attachment. Moreover, it might affect the following cell responses especially cell
adhesion. Therefore, the protein adsorption, in terms of nitrogen (N1s) on all test
specimens was measured using XPS and was shown in Fig. 6. The result indicated that
the treated Ti2448-Al and Ti2448-A2 showed higher N1s intensities than the untreated
Ti-M and Ti2448-M in both the albumin (Fig. 6(a)) and fibronectin (Fig. 6(b)) solutions.
The amount of albumin and fibronectin adsorbed on the Ti2448-A1 and Ti2448-A2 was
more than 1-3 times then that on the untreated Ti-M and Ti2448-M, indicating that the
electrochemical anodized treatment could improve the protein adsorption ability of
Ti2448 alloy.

4. Discussion



For long-term clinical use, the corrosion resistance of the Ti2448 alloy is a great
concern, especially when the Ti2448 alloy is implanted in the virulent electrolytic
environment of the human body. The results of this study showed that the corrosion
resistance of the Ti2448 alloy could be significantly enhanced through an
electrochemical anodization treatment due to the formation of dense inner oxide layer
on the substrate (Fig. 5).

It has been commonly accepted that the passive oxide film formed on the surface
of metallic materials plays an important role in corrosion resistance. In previous studies,
Cheng et al. reported that the Ti2448 alloy showed the lower total metal ions release
than that of CP-Ti and Ti6Al4V alloy in static immersion test in AS, lactic acid solution,
fluoridated saliva and fluoridated acidified saliva. This indicated that Ti2448 alloy had
better performance of corrosion resistance than that of CP-Ti and Ti6Al4V alloy for
dental implant applications'”. In contrast, Bai et al. indicated that the Ti2448 alloy
exhibited a wider passive region than that of CP-Ti and Ti6Al4V alloy and its corrosion
current density was comparable to that of CP-Ti in PBS, Hank’s solution and AS
solution!®!7.

As shown in Fig. 5, Ti2448-M showed a corrosion resistance comparable to that
of Ti-M in both SBP and AS solutions. Furthermore, the anodized Ti2448 alloys showed
much better corrosion resistance than that of Ti-M and Ti2448-M (Fig. 5). This
exceptional bio-corrosion resistance of the anodized Ti2448 alloys may be due to the
protective oxide film formed on the surface of it. The passivity and corrosion resistance
of many pure metals used for biomedical applications have been studied. The results
showed that Ti, Nb, Zr and Sn metals exhibited great corrosion resistance and in the
following order: Nb>Ti>Zr>Sn***". Moreover, several studies also concluded that the
addition of Nb and Zr improves the corrosion resistance of Ti alloys because of the
formation of Nb,Os and ZrO,, which can strengthen the TiO: oxide film on Ti alloys*®-
40 Based on the above-mentioned studies, the surface oxide film of Ti2448-M, Ti2448-
A1 and Ti2448-A2, which contains corrosion-resistant components (e.g., mainly TiO»
and Nb2Os with small amounts of ZrO; and SnO), can provide Ti2448 alloy with good
corrosion resistance.

The corrosion resistance of Ti and Ti alloys depends not only on the composition
of the surface oxide film but also on their thickness and crystal structure. It is well
known that the surface oxide film which spontaneously forms on Ti and Ti alloys is thin
(<10 nm), uniform and dense*!. Therefore, any surface treatments that can thicken this
protective oxide film were expected to improve the corrosion resistance of Ti and Ti
alloys. Cigada et al. used anodic oxidation to improve the corrosion resistance of
Ti6Al4V alloy in buffered physiological solution by thickening the oxide film on the
Ti6Al4V alloys*. Other research from Birch et al. and Velten et al. also showed that



oxide films thickened by thermal oxidation, anodic oxidation or sol-gel coating exhibits
better corrosion resistance than that of polished Ti and Ti alloys*"> %

As shown in Fig. 2, the surface oxide film on Ti2448-A1 and Ti2448-A2 was
approximately 50-80 nm and 80-120 nm thick, respectively. The anodization treatment
significantly thickened the passive oxide film on Ti2448-A1 and Ti2448-A2 compared
with that spontaneously formed on Ti-M and Ti2448-M. In contrast with the naturally
forming dense oxide film on Ti and Ti alloys surface, the protective oxide film formed
on the anodized Ti2448 alloys exhibited a nanoscale porous surface topography with a
pore size that ranged from a few to 50 nm (Fig. 1c and 1d). Although the oxide layer
on the anodized Ti2448 alloys showed a porous surface topography, the TEM analysis
demonstrated that this oxide film could be separated into two sections. One was the
outer porous section close to the outer most surface, and the other was the inner
nonporous dense section between the substrate and the outer porous section. Compared
with the outer section, the inner section of the anodized Ti2448 alloys had denser and
tighter structure which contributed to the improvement of the corrosion resistance of
Ti2448 alloy. Therefore, the existence of this thicker, dense, inner section of oxide film
improves the corrosion resistance of Ti2448 alloys in both SBP and AS solutions.

Furthermore, the crystal structure of this inner section was amorphous. Amorphous
oxide structures lack grain boundaries make it difficult for electrochemical corrosion**.
Therefore, many studies have demonstrated that an amorphous oxide film could
improve the corrosion resistance of metal materials***¢. The above-mentioned results
are consistent with the results of this study: the potential dynamic polarization curves
of the anodized Ti2448 alloys with the thicker and inner dense amorphous oxide layer
displayed higher Ecorr, lower values of anodic current density and lower ILcorr than those
of the untreated Ti2448-M (Fig. 5).

According to previous study, the Ti2448 alloy, which consists of non-toxic, non-
allergic elements and possesses a low elastic modulus of approximately 45 GPa'?, has
properties that are beneficial for biomedical applications. The low elastic modulus of
the Ti2448 alloy may balance the inhomogeneous transfer of stress between the metal
implant and the adjacent bone, thus further preventing the stress-shielding effect. For
future clinical application, bio-corrosion resistance of the Ti2448 alloy and good bio-
interaction between tissue and the Ti2448 alloy will both be a great concern. In the
previous studies, many surface modified treatments have been used to enhance the
biocompatibility of biomaterials. In studies of Ti2448 alloy, many previous researches
used micro-arc oxidation (MAQO) treatment to modify the surface topography and
chemical composition of the Ti2448 alloy to improve its biological responses*’ .
However, the MAO treatment combines electrochemical oxidation with a high-voltage

spark treatment in an electrolyte solution. The high voltages used in the above-
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mentioned studies all exceeded 200 V, and the high energy made the process relatively
dangerous and expensive. In contrast with the MAO treatment, the electrochemical
anodization treatment used in this study is safer and cheaper. Moreover, the bio-
corrosion resistance and biocompatibility of the Ti2448 alloy was significantly
improved through the simple and fast electrochemical anodization treatment in this
study.

It is commonly accepted that surface properties, such as topography, roughness,
chemical composition and wettability, affect the biological responses at the bone-
implant interface. Surface topography is a key property because it is able to regulate
the responses of cells on the materials surface. In previous studies, nanoscale
topographies, such as nanotubes, nanopits and nanonetworks, have influenced cell
adhesion, spreading, migration, proliferation and differentiation in vitro, as well as
bonding strength and bone formation in vivo®*>*. In the present study, a disordered but
homogeneous nanoscale porous oxide layer could be created on the surface of Ti2448
alloys through the electrochemical anodization treatment and the chemistry of the oxide
layer was similar to that of previously used materials. The pore size of the porous oxide
layer on the anodized Ti2448 alloys ranged from a few nm to 50 nm (Fig. 1c and 1d).
Ti2448-A2 showed a bigger pore size than that of Ti2448-A1 due to the difference in
the applied anodic current. Moreover, Ti2448-A1 and Ti2448-A2 showed little
difference in their nanofeatures. According to the previous report by Rani et al., the
nanofeature of Ti2448-A1 was more similar to a nanoleaf, and that of Ti2448-A2 was
more similar to a nanoscaffold®*. The surface free energy of the anodized Ti2448 alloys
was enhanced, regardless of the difference in their nanofeatures. The results of contact
angle and surface free energy analysis suggested that Ti2448-A1 and Ti2448-A2
showed better surface wettability than Ti-M and Ti2448-M. Bico et al. concluded that
surface wettability could be affected by the surface chemistry and topography®>. In our
research, the Ti2448-M, Ti2448-A1 and Ti2448-A2 alloys exhibited similar surface
chemistries but different surface topographies. Therefore, we suggest that the improved
surface wettability caused by the electrochemical anodization treatment was mainly due
to formation of the nanoscale porous topography surface oxide layer. In contrast, it has
been reported that the cell attachment and spreading were significantly greater on
hydrophilic surfaces than on hydrophobic surfaces>®. Therefore, we expected that this
hydrophilic surface of Ti2448-A1 and Ti2448-A2 could result in easy penetration by
body fluids, thereby enhancing the protein adsorption to trigger the subsequent cell
responses.

Protein adsorption is the first step that occurs when a biomaterial is implanted into
a biological environment, and it is a key determinant of the responses of cells to the

material surface. As shown in Fig. 6, the amount of albumin and fibronectin adsorbed
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on Ti2448-A1 and Ti2448-A2 was more than 1- to 3 fold higher than the amount
adsorbed on the untreated Ti-M and Ti2448-M. In previous studies, one mechanism of
protein adsorption was the electrostatic interaction between proteins and the material
surface®’. The isoelectric point of TiO, and Nb>Os, the two main component of the
surface oxide layer of the anodized Ti2448 alloys, is approximately 4.1 to 4.5, which is
less than the pH of the physiological environment (~pH 7.0) and makes the oxide
surface negatively charged®®>. Therefore, the negatively charged surface could attract
positively charged ions, such as Ca?>". When Ca?" ions bind to the material surface, they
could act as a bridge between the negatively charged metal oxide surface and proteins
to induce protein adsorption onto the material surface.

In addition, surface topographical characteristics are also important factors and
influence the protein adsorption. Sela et al. reported that the preferential adsorption of
plasma protein may be explained by the increase in the 3D surface area of the modified
Ti surface®. Richert ef al. also reported that the greater surface area resulting from the
creation of the nanoporous structure provides more binding sites for protein
adsorption®’. In this study, the nanoscale porous oxide layer produced by the
electrochemical anodization treatment was negatively charged and hydrophilic, and its
surface area was expected to be much larger than that of untreated groups. These
changes significantly enhanced the protein adsorption ability of Ti2448 alloys. This
finding 1s consistent with the above-mentioned researches. This behavior may trigger

the subsequent cell adhesion, proliferation, migration and differentiation®?¢4,

5. Conclusions and Suggestions

In the one-year project, using a simple and fast electrochemical anodization
treatment, a nanoporous oxide multilayer could be successfully produced and thickened
on the surface of the newly developed B-type Ti-24Nb-4Zr-8Sn (Ti2448) alloy with a
low elastic modulus of 45 GPa. The dense inner section of the nanoporous oxide
multilay er resulted in enhanced resistance to bio-corrosion. This resistance was
demonstrated by an increase in the corrosion potential and a decrease in the anodic
current in both the SBP and AS conditions. We suggest that the presence of the
nanoporous oxide multilayer provides excellent protection for the substrate. This layer
prevents ion release from the substrate and decreases the risk of cytotoxicity caused by
metal ions accumulation during clinical implantations.

Moreover, the Ca/P-containing (ratio of Ca/P: 1.5) nanoporous outer section of the
oxide multilayer also improved the surface wettability of the Ti2448 alloy. In addition
to the improved hydrophilicity, this unique nanoporous topography has a range of pore

sizes from a few nm up to approximately 50 nm; this range covers the scale of various

12



types of proteins in the human body. From the results of this study, it is thus reasonable
to conclude that the above-mentioned characteristics may enhance the protein
adsorption ability of the Ti2448 alloy. Because of the improved bio-corrosion resistance
and biological responses of the anodized Ti2448 alloys, we suggest that the surface-
modified Ti2448 alloys with low elastic modulus have a great potential for biomedical
implant applications. Further in vivo study on the osseointegration of the developed
materials is suggested
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7. Figures
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Fig. 1. Surface FE-SEM morphologies of test Ti and Ti2448 specimens: (a) Ti-M: Ti
specimen polished with SiC paper upto #1200; (b) Ti2448-M: Ti2448 specimen
polished with SiC paper upto #1200; (c) Ti2448-A1: Ti2448-M treated through
electrochemical anodization with current A1; (d) Ti2448-A2: Ti2448-M treated

with current A2.
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Fig. 2. Cross-sectional TEM images of anodized Ti2448 specimens: (a) Ti2448-A1; (b)
Ti2448-A2; (c) Higher magnification of (a) with selected area diffraction

patterns.
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Fig. 3. Surface AFM topography and roughness of test Ti and Ti2448 specimens: (a)
Ti-M; (b) Ti2448-M; (c) Ti2448-A1; (d) Ti2448-A2.
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Fig. 4. Contact angle and surface free energy of test Ti and Ti2448 specimens.
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Fig. 5. Polarization curves of test Ti and Ti2448 specimens in different electrolytes: (a)
SBP; (b) AS.
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Fig. 6. Protein adsorption analysis, in terms of N1s spectra, obtained using XPS of test
Ti and Ti2448 specimens: (a) Albumin; (b) Fibronectin.
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Using Natural Cross-linker Genipin
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INTRODUCTION

Various surface treatments have been focused on
coating bioinert metallic implants with biomolecular in
order to regulate the functions of cells on implant
surfaces'. Type I collagen, the most abundant protein in
the bone matrix, has been used to improve the
biological activity on implant surfaces®. This study
sought to immobilize the type I collagen to biologically
inert titanium surface through the use of the nontoxic,
natural cross-linker genipin. Surface characterizations
and cell responses of the treated titanium surfaces for
dental implant application were investigated.

EXPERIMENTAL METHODS

We selected type I collagen for the biomolecular
coating. For the sake of simplicity and low cost, we
used the nontoxic natural cross-linker genipin as the
medium with which to immobilize tvpe I collagen to the
machined titanium surface designated TiGC. The
untreated machined titanium surface was used as
control designated Ti. Surface characterizations,
including the morphology, chemistry, hydrophilicity,
and roughness, of the test materials were analvzed.
Human bone marrow mesenchymal stem cells
(hBMSCs) responses, including the adhesion, migration,
proliferation, mineralization, and differentiation, to the
test materials were performed. At least five samples
were used for cach test group. Statistical analysis was
performed using Student’s t-test with alpha of 0.05.

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy analysis results
demonstrated that the genipin could successfully
immobilize the type I collagen to titanium surface.
Scanning clectron spectroscopy (SEM) analysis results
showed that the thickness of the type I collagen coated
on titanium surface could be controlled at a nanoscale.
The resulting surface of TiGC included a mixture of
reticular submicro- and nanostructures (Figure 1(b)) and
displayed high hydrophilicity (water contact angle <
22°). Following few months of storage at 4°C, the type I
collagen on titanium surface still presented good
bonding and functionality, which promoted the
mineralization of hBMSCs. Cell responses analysis
revealed that the tvpe I collagen coating promoted the
adhesion (Figure 2(b)), migration, and osteogenesis of
hBMSCs as well as the mineralization of the
extracellular matrix (ECM). Compared to the untreated
Ti, the type I collagen-coated TiGC had higher
expression levels of osteogenic markers, in terms of
osteopontin (Figure 3(a)), bone sialoprotein, and
osteocalcin (Figure 3(b)).

CONCLUSION

The use of the natural cross-linker genipin as the
medium to immobilize type 1 collagen to titanium
surface promoted the adhesion, migration, and
osteogenesis of hBMSCs as well as the mineralization
of the ECM. The proposed surface treatment technique
is a simple low-cost process that can be potentially
employed for titanium dental implant.
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Figure 2 SEM and immunofluorescent tinmg
micrographs of test materials: (a) Ti; (b) TiGC.
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Figure 3 Expression levels of osteogenic markers, in
terms of osteopontin (a), bone sialoprotein, and
osteocalcin (b), of test materials Ti and TiGC.
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Human Bone Marrow Mesenchymal Stem Cells Responses to Titanium Surface Coated with Type I Collagen
Using Natural Cross-linker Genipin

Ying-Sui Sun', Her-Hsiung Huang', Kai-Chun Chang?

! Department of Dentistry, National Yang-Ming University, Taipei, Taiwan (email: hhhuang@ym.edu.tw)
2 Institute of Oral Biology, National Yang-Ming University, Taipei, Taiwan

INTRODUCTION

Various surface treatments have been focused on
coating bioinert metallic implants with biomolecular in
order to regulate the functions of cells on implant
surfaces'. Type I collagen, the most abundant protein in
the bone matrix, has been used to improve the
biological activity on implant surfaces®. This study
sought to immobilize the type I collagen to biologically
inert titanium surface through the use of the nontoxic,
natural cross-linker genipin. Surface characterizations
and cell responses of the treated titanium surfaces for
dental implant application were investigated.

EXPERIMENTAL METHODS

We selected type I collagen for the biomolecular
coating. For the sake of simplicity and low cost, we
used the nontoxic natural cross-linker genipin as the
medium with which to immobilize tvpe I collagen to the
machined titanium surface designated TiGC. The
untreated machined titanium surface was used as
control designated Ti. Surface characterizations,
including the morphology, chemistry, hydrophilicity,
and roughness, of the test materials were analvzed.
Human bone marrow mesenchymal stem cells
(hBMSCs) responses, including the adhesion, migration,
proliferation, mineralization, and differentiation, to the
test materials were performed. At least five samples
were used for cach test group. Statistical analysis was
performed using Student’s t-test with alpha of 0.05.

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy analysis results
demonstrated that the genipin could successfully
immobilize the type I collagen to titanium surface.
Scanning clectron spectroscopy (SEM) analysis results
showed that the thickness of the type I collagen coated
on titanium surface could be controlled at a nanoscale.
The resulting surface of TiGC included a mixture of
reticular submicro- and nanostructures (Figure 1(b)) and
displayed high hydrophilicity (water contact angle <
22°). Following few months of storage at 4°C, the type I
collagen on titanium surface still presented good
bonding and functionality, which promoted the
mineralization of hBMSCs. Cell responses analysis
revealed that the tvpe I collagen coating promoted the
adhesion (Figure 2(b)), migration, and osteogenesis of
hBMSCs as well as the mineralization of the
extracellular matrix (ECM). Compared to the untreated
Ti, the type I collagen-coated TiGC had higher
expression levels of osteogenic markers, in terms of
osteopontin (Figure 3(a)), bone sialoprotein, and
osteocalcin (Figure 3(b)).

CONCLUSION

The use of the natural cross-linker genipin as the
medium to immobilize type 1 collagen to titanium
surface promoted the adhesion, migration, and
osteogenesis of hBMSCs as well as the mineralization
of the ECM. The proposed surface treatment technique
is a simple low-cost process that can be potentially
employed for titanium dental implant.
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Figure 2 SEM and immunofluorescent tinmg
micrographs of test materials: (a) Ti; (b) TiGC.
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Figure 3 Expression levels of osteogenic markers, in
terms of osteopontin (a), bone sialoprotein, and
osteocalcin (b), of test materials Ti and TiGC.
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A simple and fast electrochemical anodization treatment, a
nanoporous oxide multilayer could be successfully produced and
thickened on the surface of the Ti-24Nb-4Zr-8Sn alloy with a low
elastic modulus of 45 GPa.

We suggest that the surface-modified Ti12448 alloys with low elastic
modulus have a great potential for biomedical implant applications.
Further in vivo study on the osseointegration of the developed
materials 1s suggested.
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