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ABSTRACT

The behaviour of biomaterial is widely related to its surface characteristics. Studies indicated that rough surfaces enjoy more clinical
success and display more bioactivity than their polished counterparts. In line with this and the commanding effect the anodization
parameters have on the overall surface roughness, the effects of the anodization parameter on bioactivity of low modulus Ti-13Mo-2Fe
were investigated. Two electrodes in fluoride based organic electrolyte anodization process was used at varying anodization potential
and time. At lower potential, no current flow and/or nanopores were seen even after 24hr of anodization time. However, by increasing
the potential to 60V at a sweep rate of 50mV/s, the field generated was sufficient to form nanotubes (64.11 * 2.7 nm) with enormous
improvement in average surface roughness. The surface was hydrophilic to cell material and promising bioactivity as attested by good
bone-forming ability after 28 days of immersion in simulated body fluid (SBF). It can be concluded that, desired surface aimed at

enhancing the bioactivity of low modulus Ti alloy can be achieved under suitable anodization conditions.
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1. INTRODUCTION

Bioactivity defines the degree to which a biomaterial affects,
interacts with, or triggers response from living tissue.
Higher bioactivity indicates more biochemical pathways for
enhanced tissue/implant communication. This favours
effective implant-host union via bone ingrowth into the
implant (osseointegration) or around the bone (peri-
implant trabecula bone), the two structural components of
implant-host assembly [1-4]. As a gateway for implant-host
communication, the material’s surface needs to be reactive.
In other words, the material must allow some bio-chemical
activities for firm attachment at least on the surface.
However, Ti-alloys are known for high corrosion resistance;
in fact, this has been one of their comparative advantages as
materials of choice in the field of biomaterials. This comes
with poor bonding ability (somehow bioinert to the
neighbouring tissues) and bone material cannot infiltrate to
stimulate the initialization of bone apposition after
implantation [5-6].

Osseointegration (bone ingrowth in an implant) is catalyzed
by the degree of surface roughness, hence moderately rough
surface is advantageous for effective implant-cell union. In
fact, the rougher the surface, the more biological responses
it triggers [7]. By way of roughening the surface, Ti-alloys
are made so bioactive that they mimic the natural bone at
least at the implant-host interfaces [2,8].

Bioactive coatings like hydroxyapatite (HAp) are widely
used to achieve suitable roughness for implant-joint union.
drawbacks like delamination and distortions usually occurs
as coatings differ with both the implant and the adjoining
host. This results in premature failure and in some case with
adverse cytotoxic reactions [2].

Consequently, developing nanostructured oxide films on
titanium alloy surfaces (nanopores) is considered as an
effective way of achieving sound interaction with
neighbouring tissues. This is due to their biocompatibility
as they display superior wettability, sufficient corrosion
resistance, and enhanced catalytic and biological properties
and they are part of the parent implant (i.e. no junction) [3,
9-12]. It also operate as a transition region which bridges
modulus mismatch at both ends (substrate and tissue), thus
Titanium Nanotubes (TNTs) can also be employed to lower
elastic modulus to as close as that of bone for effective load
transfer [13].

Nanopores can be created by hydrothermal methods,
plasma electrolytic oxidation, or electrochemical oxidation
(anodization). Among these techniques, anodization gains
universal acceptance as it is simple, flexible, time and cost-
effective [3], environmentally friendly [14], and produces
uniform and reproducible nanostructured oxide films
(TiO2) on titanium alloys [15]. In line with this, anodization
is considered suitable for the development of nanotubes to
allow for enhanced osseointegration.
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1.1. Anodization

Anodization is regarded as growth of a controlled oxide film
on a metallic component which form anode in an
electrochemical cell. Anodization follows the fundamentals
of electrolysis. This is to say, pores can be fine-tuned in the
light of thickness, size, topography, and chemistry by
controlling anodization potential, time, electrolyte, and
alloying elements. Anodization promotes the creation of
tubular nanostructure on the surface of Ti and its alloys
(Figure 1); and this presents higher oxidation degree,
surface energy, as well as considerable improvement in
biocompatibility [16]. It also improves vital characteristics
(like wear resistance) which are key to dental and
orthopaedic applications. More so, TiO2 nanotubes provide
room for an increased channelling and fluid exchange
within and across the implant leading to better and speedy
healing [5].

Fluoride and phosphate ions-based electrolytes are
commonly used for Ti-alloys anodization. However, the
former (F~ based) are preferred as they are much more
smaller and have higher diffusion coefficient; hence the ions
diffuse through the metal oxide and effectively grow the
needed pores [17, 18]. Such growth in F~ based electrolyte
involves three basic stages: Oxide formation, oxide
dissolution and growth of nanotube development.

Stage I: Field assisted oxidation: here a dense oxide is
formed (Fig.1a), an electric field generated upon application
of voltage ionizes H20 and TiOz2 is produced through the
interaction of 0% and Ti. This progresses swiftly as the
anion diffuses across the metal oxide to reach the

TiO,

-

pores  voids

pits

metal/oxide [M-0] interface and reacts with metal ions (Ti**
cation) beneath the surface and form a dense oxide layer of
TiO2.

Ti + 2H,0 - Ti0, + 4H + 4e~ 1)

Step II: Field assisted dissolution under the influence of an
electric field, the Ti%* cations formed migrate to
oxide/electrolyte [O-E] interface via M-O interface and
expelled into the electrolyte. This creates some pits (Fig. 1b)
which grow to form porous oxide. On the other hand, TiO>
oxides layer are continuously formed due to the migration
of 02~ to M-O interface.

Ti** + 202~ - TiO, (2)

Step III: Tube development: F~gradually etch the barrier
into small pores (Fig. 1c). This chemical dissolution of TiO2
progresses inward (Fig. 1d) until an equilibrium between
dissolution rate of TiO2 nanotubes on the top equals the
growth rate of the nanotubes at M-0O interface (Fig.1e) and
the overall titanium nanotubes TNTs (Fig.1f) are formed in
accordance with equation 3 [19-20].

TiO, + 6NH,F — TiFZ~ + 6NH; + 2H,20 + 2H* 3)

The nature (height, shape, and diameter) of pores produced
are controlled by anodization potential [21], type and pH of
the electrolyte [11][12], alloying elements [3] and
anodization time [19].

Figure 1. Schematic diagram of TNTs formation via anodization. Reproduced with permission [20].

The higher the voltage, the more spherical the pores
become. However, the diameter of the pore increases with
increasing potential [3]. Oxide films grow at 4 nm/V [10]
and thicken at 2 - 3 nm/V [22]. Chen et al. [21] reported an
increase in both pore length (458 nm, 546 nm, and 1 um)
and diameter (104 nm, 127 nm, and 191 nm) at respectively
50V, 70V, and 100 V potential. On the other hand, the use
of considerably low potential (5 or 10 V) produces

nanopores within the range of 30 - 40nm [16] and
depending on alloying elements, B-phase (enriched with
beta stabilizers) showed a smaller pore diameter (15 nm)
as against a with 25 nm after anodization at 5 V. Similar
phase-diameter relationship was reported by Buckner et al.,
[10]. On the other hand, anodization time dictates the
overall volume of the nanotubes. Its effect is more
pronounced on the tube length rather than the diameter.
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Lee etal,, [23] observed variation in both pore diameter and
length (10 nm and 100 nm); (15 nm and 200 nm); (20 nm
and 250 nm) and (35 nm and 300 nm) at 10V for
respectively 2, 5, 10 and 20 minutes.

Bioactivity is a function of pores diameter, for instance,
micropores of 50-150 um diameter allow vascularization
and migration of stem cells as well as osteo-inductive cues.
However, pores of smaller diameters offer higher adhesion
of osteoblasts and thus are preferred for enhanced
bioactivity [5, 24]. It is against this background that the
present study seeks to vary anodization parameter(s) and
produce suitable TNTs for enhanced alloy’s bioactivity.

International Journal of Nanoelectronics and Materials (IJNeaM)
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2. MATERIALS AND METHODS

2.1. Sample Preparation

The beta type Ti-13Mo-2Fe alloy developed in our previous
study [25] was sectioned and mounted in an epoxy resin
while attaching a copper wire to the sample for an electrical
connection. This ensured that only the intended surface is
anodized.

Tisheet
(anode)

TiO,
Film

Pt foil
(cathode)

Figure 2. Setup for two electrodes anodization process [19].

As shown in Figure 2, the anodization process employed the
use of two-electrodes (anode and cathode) connected to a
potentiostat (PARSTAT 4000) operated with Versa Studio
software. The anode (substrate) and the cathode (platinum
rod) were placed ~3 cm away from each other in a fluoride-
based electrolyte.

The choice of fluoride-containing organic electrolytes is
based on its suitability to forming porous anodic films on
titanium and its alloy. As against non-fluorine-based
electrolytes (like NaClO4 + NaCl + H20 + C2HsOH; NaCl + H20
+ glycerol; KBr + H20 + glycerol; HCIO4+ + NaClOs etc),
fluorine-based electrolyte owns a reputation of forming
nanotubes of uniform size and thickness [12]. More so,
fluoride ions have significantly high diffusion coefficients
and smaller Van der Waals radius among number of
electrolytes [17] and is widely associated with the
formation of self-assembled nanotubes [19, 26]. In fact, it is
very effective when anodizing Fe containing Ti-alloys [18].
Consequently, 0.5g NH4F (Sigma-Aldrich reagent grades) +
5ml of deionized (DI) H20 in 95 ml ethylene glycol (C2Hs02)
was prepared. The electrolyte was mixed for 10 minutes
with a magnetic stirrer at 300 rpm.

2.1. Anodization Process

The anodization progresses at varying potential (10, 20, 30,
40, 50 and 60 V) for varying time; however, only 60 V
recorded a flow of current in the range of 0.001 A.
Consequently, 60V swept at 50 mV/s was used as
anodization potential. Meanwhile, anodization time was
varied until a clear nanotube were achieved. The choice of
low sweep voltage was to ensure uniformity in the tube
thickness being grown. At the end of anodization, the
samples were carefully cleaned off debris while reducing
the content of fluoride ions (F~) using ethanol. The
remaining fluoride ions (F~) are eliminated by annealing as
they cause instability and ions migration at both
film/electrolyte and metal/film interfaces. This continued
electrochemical process represents material degradation
by way of pitting corrosion. More so, fluoride ions increases
the risk of peeling and cracking of the TNTs [19], and
discourages cellular activities [27-28] thus, must be
eliminated for biocompatibility. Consequently, the samples
were annealed at 400 °C 2° min-1, for 3 hr in line with other
studies success. This is to ensure not only fluoride ions
removal but avoidance collapse or deterioration of
nanotubes by way of converting the as-anodized
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(amorphous) into more bioactive, biocompatible and high-
strength crystalline TNTs [14, 16, 29, 30].

3. CHARACTERIZATION

Field Emission Scanning Electron Microscope (FESEM-
Supra 35VP, Zeiss - Germany) was used to inspect the
formation of pores as function of V and time. Atomic Force
Microscope (AFM-SPA400) was used to study the degree of
roughness while alloy’s wettability was assessed by
measuring the water contact angle using (Ossia
goniometer). More so, apatite formation after 28 days of
immersion in simulated body fluid (SBF) was used to assess
the sample’s bioactivity.

3.1. Determination of Surface Roughness

Surface topography play a vital role in the behaviour of
biomaterials as well as implant-host interaction.
Consequently, an Atomic Force Microscope (AFM) was used
to assess the surface characteristics of the alloy. Surfaces of
polished, anodized, and annealed samples were examined
with AFM (SPA400) equipped with 20 um scanner and
operated via NanoNavi software. True 3-D surface profile,
surface roughness and the thickness of the tubes were
visualized. To have a good representation of surface
topography, a projected area of 25 um? at five different
places were scanned from which an average roughness (Ra)
was calculated using Gwyddion software.

Figure 3. Image of Atomic Force Microscope AFM-SPA400.

3.2. Contact Angle Measurement

A contact-angle goniometer (Ossia) was used to measure
the contact angle using a controlled drop of de-ionized (DI)

3.3. Evaluation for Hydroxyapatite Growth

Being a function of biological response of a material, the
formation of apatite is widely used to predict a material’s
biological activity [31-33]. In vivo bone bioactivity and/or
mineralization abilities was assessed by immersing a
biomaterial in a simulated body fluid (SBF). SBF provide an
approximate replica of the blood tissue environment in
laboratory conditions, such that the ions (Ca and P)
constituting SBF adsorb and permeate into porous TiO2
form apatite [14, 34]. The SBF was prepared in line with
Kokubo standard procedure while the minimum volume of
SBF required in relation to sample size was determined
usign equation (4). A pH meter (Eutech Instruments pH
510) was used to monitor the pH while adding tris (tris
(hydroxymethyl)aminomethane) and any rise above 7.45
was countered by adding hydrochloric acid (HCI) [35]. To
maintain ion concentration, the solution was refreshed
every two days while samples were removed from the BSF
and assessed after 28 days of immersion. The bioactivity

water through a micro pipette. The spread was recorded
within 2 s of dropping the DI water. For consistency, three
drops on different areas of each sample were considered.

was evaluated by examining hydroxyapatite formation on
the nanotube layers after soaking in SBF at 36.57 + 1.5 1 °C
for 28 days.

—3a
v, =32 @)
Where Sais the total surface area (ie sum of curved surface
area and circular bases), r = radius of the sample, t =
thickness of the sample:

S, = 2mr? + 2mrt (5)

4. RESULTS AND DISCUSSION

The FESEM images of sample anodized under various
conditions showed no defined nanotubes (Figure 4) at a
potential of 10 V, 20 Vand 30 V. More so, there were no flow
of current (in the range of 0.001 A) even after 24 hr of
anodization time and the use of HF-H2S04 based electrolyte.
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Figure 4. Anodized Ti-13Mo-2Fe in NH4F and HF-H.SO4based electrolytes at varying potentials.

Increasing the potential to = 60 V, the nanotubes can be
seen; however, at 15 minutes of anodization time, the pores
are only partially revealed (Figure 5 A and B). By increasing
the anodization time to 30 minutes, the tubes became well-
defined (Figure 5 C and D). With the help of Image ]
software, the diameter of the pores was estimated from an
average of 30 tubes. Consequently, the diameter of the tube
was found to be 64.11 + 2.7 nm. Souza et al., [15] postulate
that a pore diameter below 120 nm enhances bioactivity.
Nonetheless, relatively smaller diameter (around 50 nm)
are required to induce cell activity, cell growth and

J e
s

NSRS

differentiation [34, 35]. Other studies saw no variation in
cell adhesion at between 30 to 70 nm pore diameter [36]
and 30 to 87 nm [37]. However, cell attachment declined
when the pore diameter exceed 87 nm. Mu et al, [37]
inferred that nanotubes of about 70 nm diameter are most
suitable for osteoconductivity, cell proliferation and
differentiation while Li et al., [38] suggested a slightly above
70 nm to avoid excessive overcrowding.

Figure 5. FESEM images showing surface morphology of samples anodized at 60V at 50mV /s at varying anodizing time: A) & B) 15
minutes. C) and D) 30 minutes.

In line with the aforementioned pore diameter-bioactivity
relationship, the pore diameter of the TNTs (64.11 + 2.7 nm)
may be adequate for effective mineralization, -cell
attachment, proliferation, and growth. Consequently the Ti-
13Mo-2Fe anodized at a sweep potential of 50mV/s to 60V
for 30 minute is deemed promising in the light of bioactivity.

4.1. Surface Characterization

The parameters tested are average surface roughness (Ra),
surface topography and contact angle (C.A). Figure 6
showed Ra and C.A while surface topography is shown in
Figure 7. The average surface roughness (Ra) increases
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from 18.74 * 1.29 nm to 92.13 * 4.43 nm (anodized) and
slightly reduces to 71.06 + 6.98 nm upon annealing.
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Figure 6. Surface properties under varying condition and treatment.

Such diminishing roughness due to annealing was reported
with no significant variation due to calcination
temperatures by Yu et al,, [39]. The overall roughness can
be considered adequate as oxides of moderate roughness
(~68 nm) were reported to promote apatite formation in Ti-
alloy [12].

As for the contact angle, it is worth knowing that a C.A below
90° implies hydrophilicity while above 90° implies
hydrophobicity. In other words, lower C.A implies increased
wettability and hence better attachment [36,40].
Additionally, studies have it that lower C.As (< 62°)
provides the needed hydrophilicity for sound cellular
response [7]. The respective values of CA are 77.92 + 2.7°,
33.81 + 2.2° and 30.17 * 4.2° for polished, anodized, and
annealed samples. In other words, the annealed samples

showed the highest wettability followed by anodized while
polished has the least wettability. The result agrees with the
findings of A et al,, [14] where C.A reduced from 67° (for
substrate) to 23° and 36° (for anodized samples); Khaw et
al,, [34] reported a significant reduction in C.A as a function
of anodization. More so, the result surpasses the needed C.A
for hydrophilicity which lead to an effective and favourable
cellular response [7].

The 3-D surface topography attested the relatively highest
Ra of anodized specimen (Figure 7b) while polished (Figure
7a) has the lowest roughness and intermediate roughness
for the anodized and annealed sample. This signifies that
anodization increases roughness of specimen and this
reinforced the outcomes of contact angle as well as average
surface roughness.

0.50 pm

0.00 pm

Figure 7. 3D surface view under different conditions and treatment: a) as polished b) anodized c) anodized and annealed.
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4.2 Hydroxyapatite Growth

The micrograph (Figure 8) after 28 days of immersion in
SBF revealed a well-grown appetite on the surface. This can
be attributed to the surface topography which plays a vital
role in the behaviour of biomaterials as well as implant-host
interaction. Thus, the increased roughness which brought
higher wettability is believed to have triggered the
biological response. Generally speaking, rough surface
encourage apatite grows by increasing surface adhesion

Date :17 Mar 2023
Time :10:21:16

Signal A= SE2

Mag = 50.00K X
WD 5.0 mm

38.76
P 20.51
Ca 40.73
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thereby retaining and channeling the apatite formers [35].
This is believed to bring some stability around the SBF
interface. Such stabilities are fundamental to apatite
nucleation as various ions interact (micro- and nano-scale
to) to form a nucleation site and bond produce the surfaces
[37]. More so, apatite nucleation and growth is catalyzed
when a biomaterial is “waterlogged” [38]. Additionally, the
result of energy dispersive X-ray spectroscopy (EDS)
showed the presence of P, O and Ca which are the basic
elements in bone like apatite.

mwldwxﬂﬁuﬂ et o 4ol
087 201

33 an 48 536 603

50.08 14.41
16.14 8.06
24.78 919

Figure 8. Appetite formation on anodized Ti-13Mo-2Fe after 28 days of immersion is SBF.

5. CONCLUSION

By way of developing nanotubes, anodization has been
demonstrated as an effective way of increasing surface
roughness. The pore characteristics are fine-tuned by
adjusting anodization potential and/or time. Increasing the
potential to = 60 V resulted in tube formation. However,
clear TNTs were only seen after 30 minutes of anodization.
This confers a promising bioactivity to the alloy as
improved wettability and appetite forming ability was
demonstrated. Consequently, anodization at sweep
potential of 50 mV/s to 60 V for 30 minutes is considered
adequate for mineralization and bioactivity.
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