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Abstract

Combining the micro-roughness of current titanium implants, which promotes accelerated
bone integration, with nano-topography for enhanced bioactivity/drug-release may be an
ideal solution to address therapeutic challenges inside the bone micro-environment. We
hereby present a single-step electrochemical anodization using conditioned electrolyte to
enable fabrication of aligned titania nanopores with preserved micro-scale features of the
underlying titanium implant. Applicability towards the fabrication of mechanically robust and
clinically translatable next-generation of orthopaedic/dental implants with dual-topography

including ‘gold-standard’ micro-roughness and superimposed ‘bioactive’ nanotopography.
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Electrochemical anodization (EA) of titanium resulting in self-ordering of titania
nanostructures (TNSs), such as nanotubes and nanopores, has gained considerable interest
with applications including bioactive and drug-eluting implants.'” It is accepted that
electrolyte preparation via repeated anodization (or ageing) results in improved ordering and
adherence of TNSs, especially in the case of organic electrolytes such as ethylene glycol.> It
is worth noting that ageing optimizes the fluoride and water composition (especially in a
sealed electrochemical cell) of the electrolyte, which are crucial parameters for the formation
of TNSs.” These parameters determine oxide growth/dissolution rates, O, evolution, barrier
layer thickness and the compressive stress at the titanium-oxide interface, which are inter-

dependent with each other and greatly influence the yield of the pores/tubes.’

Thus far, very few studies have focussed on understanding the influence of ageing on EA
of Ti, and hence there is a significant research gap and limited understanding of EA in this
domain. Most studies utilize an EA setup whereby the moisture uptake by the hygroscopic
electrolyte is a major consideration, as it is constantly increasing water content and hence
conductivity.” Alternatively, more recently we have presented an extensive investigation
detailing the fabrication of TNS via electrolyte ageing in a sealed electrochemical setup.’
With this approach, water content continuously reduces and so does the conductivity.” It was
established that ageing the electrolyte enables improved ordering and the formation of stable
nanostructures on the complex geometry of curved surfaces, representing a wider implant
market and hence easy translation. However, to advance our knowledge with respect to
electrolyte ageing and allow successful implant nano-engineering, it is crucial to understand
what happens at the metal-oxide interface, how the substrate topography influences the EA
and how the mechanical properties differ for TNS from fresh- and aged-electrolyte

anodizations.

In the case of biomedical applications of nano-engineered Ti, such as bone/dental
implants, the preservation of the underlying Ti implant features/roughness may be
particularly important for enabling initial interlocking/stability from the micro-features, and
then superimposing nanotubes/pores which may enable enhanced bioactivity or facilitate drug
release.® These hybrid micro-nano topographies have been prepared in the past using more
complex lithography, laser-patterning or 3D printing, which have been combined with EA to

9-11
create nanotubes/pores.

Bypassing the conventional surface smoothening steps and
complex micro-patterning strategies, we hereby showcase a single-step EA on micro-

machined Ti implants which yields optimized micro-nano topographies. Titania nanopores
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are fabricated instead of conventional nanotubes to augment the stability of the anodic film,
crucial for implant applications. The optimizations are performed using two electrolyte
systems: pre-utilized (aged) and un-used (fresh), while other parameters were controlled, to
also enable better understanding of the role of electrolyte conditioning in preserving the
underlying implant micro-scale features. Additionally, the mechanical testing of these
nanostructures obtained from varied electrolyte anodizations was also compared. The
fabrication of stable nanotopography with preserved micro-scale features of commercial
orthopaedic/dental implants could allow for multiple bioactive and therapeutic functionalities,

while enabling easy translation into current implant market.

Micro-machined Ti (‘Micro-Ti’) discs (6.24mm diameter, 2mm height, commercially
pure grade 4 Titanium) were supplied by AstraTech Dental (Sweden). Flat titanium foil
(99.5% purity, 0.2mm thick, 1 cm?) was purchased from Nilaco (Japan). Ethylene glycol and
ammonium fluoride (NH4F) were purchased from Sigma—Aldrich (Sydney, Australia).
Surface topography of Ti implant substrates and the fabricated TNSs were investigated using
a scanning electron microscope (SEM, Zeiss Sigma FESEM). Titania nanopores (TNPs) were
fabricated via a single-step EA in a two-electrode electrochemical cell at 60-100V for various
times at room temperature using a DC power source (Keithley 2460) with the current
precisely monitored. The Micro-Ti discs with micro-groove features were used as an anode
and flat Ti foil served as the counter electrode. In this study, we performed anodizations in a
moisture-controlled system with an ethylene glycol electrolyte (with 0.3 wt% NH4F and 1
vol% deionized water). Two different electrolytes were used for this study: fresh and aged.
“Fresh electrolyte” represents the newly prepared electrolyte without any previous use,
whereas “aged electrolyte” represents a previously used electrolyte, which was repetitively
anodized for 10h using dummy Ti, as previously described.” To quantify the mechanical
properties of the fabricated nanoporous structures, elastic modulus and hardness
measurements were performed by nanoindentation testing, using a Berkovich 3-sided

pyramidal tip with a maximum force of 10,000 uN.

Figure 1 shows top-view SEM images of bare Micro-Ti, as well as anodized Micro-
Ti with either fresh or aged electrolyte. As received Micro-Ti (Figure la,b) shows
machined micro-scale lines and features, characteristic of the micro-roughness of
commercial implants. The average width of the °‘sinusoidal’ micro-features as
determined from SEM images is approximately 36 um. Upon anodization, the micro-

features of the implant are better preserved with aged EA, with the ‘crest-and-trough’
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like features of Micro-Ti being markedly diminished with the fresh EA. Both systems
resulted in the formation of nanopores along the machined lines of the Micro-Ti. The
average diameter of nanopores on titanium for fresh and aged EA is 28 nm and 30 nm,
respectively. The formation of pores instead of tubes can be attributed to: reduced
water content, less voltage/time, lack of surface smoothening and the EA performed in
a controlled environment.'? Interestingly for aged EA, the nanopores were
superimposed on the underlying micro-groove like architecture, thereby resulting in a
dual micro- and nano-scale surface (Figure 1g-i). The micro-scale groves of the ‘as-
received’ machined Ti (Figure la,b) served as the template, allowing self-ordering of
the nanopores along these lines. Clearly, for the aged system the nanopores can be
seen aligned (Figure 1i) in the direction of the machining imprints (micro-scale lines,
as seen in Figure 1b). On the contrary, for the fresh EA system, both of these features
were diminished, with reduced alignment of the nanopores (Figure 1f) along the

micro-machining lines of the Micro-Ti.

Interestingly, 1° anodized nanoporous structures have been reported previously,
however have not been applied towards specific applications (especially
orthopaedic/dental implants).13 Conventionally, these 1% anodized anodic films are
removed to perform a 2" EA on a template surface. A few studies have aimed at
utilizing the dual micro-nano architecture to display augmented cellular functions, but
only using multiple technologies combined with EA.*'" The ability to achieve such
features via a single-step EA can enable easy and cost-effective clinical translation.
Furthermore, more recently we have demonstrated that aligned nanopores can enable
selective bioactivity, whereby proliferation and adhesion of osteoblasts and fibroblasts
is enhanced, and macrophage functionality is reduced.' Additionally, osteoblasts and
fibroblasts aligned in the direction of the nanopore arrangement, clearly suggesting
strong mechanical stimulation from these nanostructures.'* It is also noteworthy that a
variety of cells are able to respond to mechanical and topographical cues, and hence
changing the micro- and nano-dimensions (simply by varying anodization conditions)

can further aid in achieving tailored cellular and therapeutic responses.”'”
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31 Figure 1. Electrochemical anodization (EA) of micro-machined Ti implants (Micro-
33 Ti). Top-view SEM images: (a-b) bare Micro-Ti, (d-f) Micro-Ti anodized with fresh
electrolyte, and (g-i) anodized in aged electrolyte. (¢) Current density vs time plots

36 comparing EA using fresh and aged electrolytes. EA performed at 60V 10m.

40 It is well known that nanotubes/pores grow perpendicular to the surface of the
42 substrate, in the direction of the electric field. If the surface contains inconsistencies in
the form of artefacts or impurities, the high concentration electric field at these points
45 may result in very high local current densities, yielding defects in the anodic film.”'°
47 Besides, the electric field intensity is expected to be higher at the topographical
48 minima of the substrate, i.e. minima of the ‘crest and trough’-like architecture. The
50 implant substrate used in this study not only has micro-scale features (crests and
troughs), but also has a surface which is entirely decorated with a unidirectional
53 machined lining (Figure la-b). The high intensity of the electric field at these points

55 (‘weak spots’) further enhances the oxidation-dissolution rates, which is more

prominent for the fresh EA system (‘consumption’).'” The growth phase is also

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Biomaterials Science & Engineering

characterized by the continuous dissolution and rebuilding of the compact barrier layer
(BL) at the pore bottom-electrolyte interface; and for a high electric field
concentration (fresh electrolyte); high growth rates can effectively lead to
consumption of substrate micro-features.'®* " This can explain the ‘blunting’ of the
micro-features of the machined titanium substrate, yielding an almost flat surface, for

the fresh EA system (Figure 1d-f).

In contrast to other electrolyte ageing approaches where the conductivity increases
(due to higher TiF¢> and water content in the electrolyte); in a moisture-controlled
system the conductivity continuously reduces with each EA, which is mainly
attributed to the consumption of water.” We have also observed an increase in 0O,
bubbles at the oxide-electrolyte interface for fresh EA, as compared to a sparse bubble
production for the aged EA. We have also shown previously that the increased time
required to reach an EA equilibrium stage, as well as the reduced rates of formation
and dissolution of the oxide, contribute towards the generation of mechanically stable

nanostructures, especially on a complex substrate with many ‘weak spots”.’

As presented in Figure 1g-i, the aged EA enables generation of a hybrid micro-nano
architecture whereby an anodic film with nanopores is superimposed on the micro-
patterned Ti implant. Furthermore, as observed in the SEM images (Figure 1f,i), it is
clear that the underlying micro-machining enables pore alignment, whereby the
pores/tubes aligned in the direction of the grooves on the mechanically polished Ti.
However, it is interesting to note that the alignment of pores along the underlining
machined surface is better for aged-EA, as compared to fresh-EA. This again can be
attributed to increased preservation of these micro-machining lines (serving like a
template) in the aged EA (water and fluoride constraints impeding both oxidation and
dissolution reaction rates). It is noteworthy that the dimples/template features of the Ti
substrate acts as initiation sites for tube/pore growth, and hence can result in specific

arrangements.

Presence of active fluoride ions in the electrolyte can significantly influence the EA
process.”” Fluoride accumulation at the nanotube/nanopore bottoms in the form of
soluble species (Ti-O-F, Ti-F complexes) also forms an additional F-rich layer
between the BL and the substrate.?® In addition, for a fluoride-rich fresh electrolyte,
the fluoride attack can be more prominent at the defect sites (in our study: presence of

micro-machining lines, and micro-architecture: crest and troughs). In fact, it has been
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reported that water content in fluoride-containing electrolytes can caused increased
expansion [Pilling-Bedworth ratio (PBR)] that can lead to stress and volume
difference between anodic layer and substrate.’’ For an aged system, with reduced
water (and fluoride content) reduced expansion rates can be assumed, which in our
investigation led to improved preservation of both the micro-machining lines (better
nanopore alignment on the micro-templated Ti) and the ‘crest and trough’ like micro-

architecture (dual micro-nanoporous).

To further investigate why the micro-features were poorly or well preserved in
specific electrolyte systems, we observed the early time points in the EA, using 60V
and 100V for 60sec. The top view SEM images and corresponding current density-
time plots are presented in Figure 2. For both 60 and 100V, in the first 15 sec, there is
no significant difference between the current density values for fresh and aged
systems, however after 15 sec, clearly J-aged > J-fresh (Figure 2e-h). This co-relates to
the delayed time to reach equilibrium (established through the barrier oxide layer at
the nanopore bases) and thicker barrier layers (for aged EA).” It has also been
recognized that the fluoride-rich layer at the metal-oxide interface is attributed to
faster inward fluoride ion migration under high electric fields.”>** Clearly for a fresh
system with an abundance of fluoride ions, rapid fluoride migration to the metal-oxide
interface occurs, which is followed by chemical dissolution of these fluoride-rich
layers in water, resulting in a tubular morphology (consumption of surface micro-
features over time).”* On the contrary, in a fluoride and water deficient aged system,
the formation/solubility of this layer is impeded, thereby preserving the underlying
substrate features and continuing with the EA-assisted growth of nanotubes/pores. The
perpendicular growth of tubes/pores thereby results in surface defects (due to field
concentration effects), as shown in Figure 2j,1, for the aged-EA. This finding is similar
to the observed cracks/voids on the anodic film on curved surfaces of Ti wire, as
reported previously.” However, it is worth noting that over time, these surface
imperfections are reduced with continued EA, as shown for 60V-10m EA in the aged-

system (Figure 1h-i).
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Figure 2. Comparison of electrochemical anodization (EA) of micro-machined Ti in

fresh and aged electrolyte systems at 60/100V for 60 sec. Top-view SEM images: (a-
b) Fresh EA 60V, (c-d) Fresh EA 100V, (i-j)) Aged EA 60V, and (k-1) Aged EA 100V.
Current density vs time plots: (e-f) 60V 60sec, and (g-h) 100V 60sec.

To simplify, we have schematically represented the EA procedure (Figure 3) for
fresh and aged electrolyte systems to correlate with the SEM images shown in Figure
1-2. It is well established that the electrochemical equilibrium established as per the
following chemical reactions tunes the balance between TiO, formation and its

dissolution, leading to the self-ordering of nanotubes/pores.l’10

Oxide Formation:  Ti + 2H,0 = TiO, + 4H" +4¢” (1)
Oxide Dissolution:  TiO, +4H + 6F > TiF62' + 2H,0 2)

Following the Le Chatelier’s equilibrium principle, for an aged system, clearly the
scarcity of water in the electrolyte reduces the oxide formation rate (1), while the presence of
TiF¢~ reduces the oxide dissolution rate (2), both leading to a reduced rate of
nanotube/nanopore growth. For fresh EA, representing a rapid formation and dissolution
system, an increased build-up of compressive stress at the early EA phase occurs when metal
converts to oxide (volume expansion: Pilling-Bedworth ratio or PBR).*** Over time, this

results in the consumption of the micro-features of the Ti, as shown in Figure 3a. On the

ACS Paragon Plus Environment

Page 8 of 17



Page 9 of 17

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

contrary, in an aged system, whereby the dissolution is severely impeded, the compressive
stress may be ‘frozen’ in the compact oxide layer, as reported elsewhere.**> Although with
numerous parameters influencing the metal-oxide interface, it is difficult to elucidate the
exact mechanism behind the varied EA behavior observed for fresh and aged systems, clearly
reduced water and fluoride content for aged-EA induces surface defects, increased time to
reach equilibrium current value, and reduced etching of grain boundaries, all leading to well
preserved underlying substrate features with superimposed anodic nanopore film.?**’
Furthermore, it is established that EA on a nano-templated substrate (obtained after removal
of the anodic film) results in improved ordering, however this approach may completely
remove the underlying implant features. Our strategy (single step EA with conditioned
electrolyte) may be beneficial for applications such as the ability to preserve the ‘gold

standard’ micro-features of dental implant surfaces, which have been shown to improve early

bone formation and osseointegration.®

In the current study, for EA in a shielded electrochemical setup (avoiding moisture
uptake by the hygroscopic electrolyte: throughout ageing using dummy titanium and
anodization of target substrate), the pH of the electrolyte increased from 6.65 for fresh
electrolyte to almost 7.90 (averaged values) for a 10 hr aged electrolyte. It is interesting that
other electrolyte ageing studies report a reduced pH, however, that may be attributed to a
continued water absorption over time (which also leads to an increased conductivity).®” For
our study, this effect can easily be explained by continued consumption of water which leads
to reduced titanium hydrolysis (equation 1), lesser H production and hence a relatively
higher pH value.”® Various investigations have also stressed the importance of pH on
anodization yield, however, pH at the nanotube/pore tips and the bottoms is controlled by the
bulk electrolyte and self-acidification process, respectively.29 Here, the self-acidification at
the tube-bottoms is in turn effected by the chemistry of the electrolyte; notably in aged
electrolyte this is related to the water and fluoride constraints.*® Briefly, it is established that
for a basic electrolyte pH, both the oxide formation (equation 1) and the chemical dissolution
(equation 2) rates are reduced.” Therefore, a decreased rate of electrochemical etching at the
tube bottom for aged electrolyte (pH 7.9) as compared to fresh electrolyte (pH 6.65) may also

explain the ‘conserving’ of the substrate micro-features.
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Figure 3. Schematic illustration of the varied electrochemical anodization (EA) reactions
based on electrolyte age (fresh/unused and aged) on (a) ‘consuming’ [higher fluoride and
water attack] and (b) ‘conserving’ [reduced fluoride and water attack] the underlying micro-
roughness of a titanium substrate, towards generation of nanoporous and dual micro-
nanoporous topographies, respectively. Table summarizes the difference in water/fluoride

content between the fresh and aged electrolytes, as well as the corresponding EA properties.

It is worth noting that for conventional nanotubes, the gap between the individual tubes
can make them prone to fracture and hence can be less mechanically robust.””' On the

contrary, nanopores are compactly interconnected with the surrounding pores enabling
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sharing/distribution of external compression forces.”’”? To evaluate the mechanical stability
of the as-fabricated dual micro-nano Ti implants, we investigated and compared the elastic
modulus and hardness of the nanopores anodized with fresh and aged systems (Table 1).
Nanoindentation testing revealed a dependence of the modulus on the displacement depth of
the indenter, and clearly for both systems, the modulus increased with depth, which can be
attributed to the presence of underlying substrate and densification.””** However, aged EA
yielded nanopores with increased modulus and hardness values as compared to the
corresponding depth for fresh EA. These observations are also in agreement with our
previous study, whereby we obtained improved stability of anodic films when more time was
taken for the current to reach a steady-state value (equilibrium).7 Interestingly, the dual
micro-rough and nanoporous structures fabricated using aged EA demonstrated increased
modulus and hardness values. This is also in accordance with a study by Wang et al., which
showed that a laser pre-treated micro-rough surface significantly enhanced the adhesive
strength between nanostructure layers and the underlying substrate, mainly due to the

expanded interfacial area.

Displacement Elastic Modulus (GPa) Hardness (GPa)
(nm) Aged Fresh Aged Fresh
50 44.34+15.1 44.90+9.5 2.32+1.5 1.73£0.5
100 55.45+10.3 46.09+2.4 2.18+0.4 1.36+0.1
150 59.84+11.1 50.33+3.3 2.45+0.5 1.3340.1
200 69.21+16.7* | 57.38+3.8*" 2.63+0.7 1.36+0.1
250 73.05+12.1% | 58.85+7.1%" 2.83+0.6 1.43£0.2
300 73.91£10.6% | 61.32£7.4% |  2.93+0.5 1.48+0.3

Table 1 Comparing the mechanical properties of the nanoporous surface on the micro-
machined titanium implants, anodized (60V 10m) using aged and fresh electrolytes, using
Nanoindentation testing. Measurements represent a mean value of atleast 3 indentation
measurements performed on each sample (total 3 samples) [*: p<0.05 compared with values
from 50 nm within the same group, *: p<0.05 compared with values from 100 nm within the

same group].
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While the results of this study demonstrated the ability to decide between ‘consumption
or conservation’ of substrate micro-features, towards fabrication of dual micro-and
nanoporous titanium for implantable applications, there are a few challenges with respect to
determining the precise mechanism involved (with respect to role of electrolyte ageing, based
on current established models).**** These briefly include: (a) surface micro-features (crest
and trough) and micro-machining lines cause extreme irregularity with respect to the electric
field distribution; (b) the monotonic current density decrease with time causes issues with
estimating Jnax or Jmin (and corresponding BL), especially for a short duration (and less
voltage) of anodization; and (c) the complex chemical balance of fluoride and water
constraints with excess Ti ions (aged electrolyte). Apolinario et al. have described these
factors in detail for a more conventional Ti EA with fresh electrolytes, and longer EA times
(with higher voltages).***> We believe the abovementioned challenges must be met to
correctly estimate and match the established EA models used to describe the growth kinetics
dependent on various EA parameters (more importantly on Ti substrate roughness and

conditioned electrolyte: both of which were at play in this study).

The results of this study provide evidence that for electrochemical anodization of micro-
rough titanium implant, electrolyte ageing can enable preservation of the underlying implant
micro-features (especially relevant to ensure initial implant interlocking/stability), thereby
yielding a dual micro-nano surface. The findings compared the short-time anodization
between fresh (unused) and aged electrolytes, to elucidate how electrolyte conditioning
contributes towards the ‘consumption or conservation’ of the underlying micro-roughness.
Bypassing the complicated multi-step procedures, this cost-effective single-step anodization
technique with aged electrolyte yielded mechanically-stable aligned nanopores superimposed
on the micro-scale features of the implant, enabling multi-functionality (micro: initial
stability, and nano: bioactivity and drug release) and thereby ensuring easy translation into

current implant market.
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