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Titanium-based biomaterials with a self-organized titanium oxide (TiO3) surface have received considerable
attention in recent years owing to enhanced cellular response and bactericidal behavior promoted by the
nanostructured surface. The aim of this study was to investigate the effect of Fe addition on the formation and
crystallization of TiOy nanotubes on Ti-30Nb-xFe substrates and the effect of TiO; crystallinity on biological
behavior. Self-ordered TiO, nanotubes were prepared by anodization of Ti-30Nb-xFe (x = 0, 3, and 5 wt%) alloys

using an aqueous 0.3% HF (vol.%) electrolyte. The nanotube morphology, structure, and composition as a
function of the annealing temperature were characterized using FE-SEM, XRD and XPS. The crystallization of
nanotubes to the rutile phase occurred at similar temperatures for samples with or without Fe addition, and a
mixture of anatase and rutile was observed at 675 °C. The cell viability profile on different surfaces was
investigated by MTT and adhesion assays, which revealed improved in vitro response to the crystalline nanotubes.

1. Introduction

Titanium and its alloys are commonly used as implant materials
owing to their excellent properties, such as a high strength-to-weight
ratio, low elastic modulus, and superior corrosion resistance to physio-
logical fluids [1]. Some p-Ti-type alloys have exhibited promise as bio-
materials for load-bearing implants, among which, Ti-Nb alloys have
attracted considerable attention in recent years. Nb is a highly
biocompatible, p-stabilizing element, and its addition to Ti allows the
retention of the p phase at room temperature, producing a material with
a very low elastic modulus, which minimizes stress shielding and bone
reabsorption [2-4]. The results of a recent study on Fe-added Ti-Nb al-
loys indicated that they are promising candidates for biomedical ap-
plications. Literature suggests that Ti-Nb-Fe alloys impart mechanical
strength combined with a low elastic modulus.

Chaves et al. (2015) explored Ti-xNb-3Fe (x = 10, 15, 20, and 25 wt
%) alloys that were melted and then rapidly solidified; among these, the
Ti-25Nb-3Fe alloy exhibited the lowest elastic modulus of approxi-
mately 65 GPa [5]. Entemam-Haghighi et al. (2016) reported the results
for Ti-11Nb-xFe (x = 0.5, 3.5, 6, and 9 wt%) alloys that were melted via
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cold crucible levitation melting (CCLM). They found that the compres-
sive yield strength and Vickers hardness ranged from 796 to 1137 MPa
and 278 to 357 HV, respectively. The full p-Ti-11Nb-9Fe alloy exhibited
the lowest elastic modulus (82 GPa) and highest elongation at fracture
(38%). The results indicated that the elastic modulus of the alloys
decreased with the addition of Fe, which is a powerful p-stabilizing
element. Meanwhile, the plastic strain and elastic energy were enhanced
owing to the retained  phase [6]. Lopes et al. (2016) investigated Ti-
30Nb-xFe (x = 0, 1, 3, 5 wt%) alloys, which have a higher Nb content,
and obtained an elastic modulus as low as 80 GPa. The addition of 5 wt%
Fe improves the ultimate final tensile strength from 601 to 689 MPa but
reduces the elongation at fracture from 28% to 16%. They also found
that Fe additions above 3% increased corrosion resistance [7]. Biesie-
kierski et al. (2016) melted a Ti-12Nb-5Fe alloy via CCLM and reported
an elastic modulus, compressive strength, and elongation at fracture of
90 GPa, >1000 MPa, and >40%, respectively, which agree well with
those of commercial implantable metals [9]. In addition, the electro-
chemical and cell proliferation behaviors were satisfactory for biomed-
ical applications [8]. Li et al. (2019) investigated Ti-(14, 16, 18, 20, 22,
and 24)Nb-2Fe (at.%) alloys and revealed the coexistence of the w and o”

1388-2481/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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phases in the p-quenched Ti-14Nb-2Fe alloy, while other compositions
only presented a single p phase. The results indicated a considerable
solid-solution strengthening effect in the studied alloys [10].

However, despite their interesting mechanical properties, these
materials exhibit poor interactions with the surrounding tissues, which
may eventually result in implant failure [11,12]. The surface charac-
teristics of metallic implants strongly influence the tissue-implant bio-
logical interactions [13]. The formation of a porous nanostructured
oxide layer on Ti-based implants is an effective surface modification
strategy to improve their biofunctional properties. The growth of the
bone tissue surrounding the implant depends on the interfacial
morphology and micro- and nanoscale chemical aspects [12,14],
including other surface features, such as hydrophilicity, which plays an
important role in bone response [15]. In addition, the crystalline fea-
tures of the oxide layer on Ti-based implants affect the rates of prolif-
eration and differentiation of cells [14]. Studies have shown that a
mixture of anatase and rutile phases exhibits better biocompatibility
than that exhibited by amorphous NTs [16,17]; furthermore, they have
indicated the superior behavior of a fully anatase structure [18-20].
Therefore, there is no consensus on how crystalline structures affect cell
activity and which phase or phase combination is most effective (anatase
or a mixture of anatase/rutile) for improving cell activity. It is worth
noting that most studies in the literature have been conducted with NTs
grown on pure Ti, which present different surface chemistry, topog-
raphy, and wettability.

Anodization is one of the most viable and environmentally friendly
methods for producing oxide NT arrays with tunable dimensions and
morphologies [21]. Several theories, such as field-assisted dissolution
(FAD) theory and its variations [22,23], have been proposed to explain
the formation and growth of NTs. The FAD model is based on competing
oxidation and dissolution processes [24]. Recently, the oxygen bubble
model has been revisited and applied to better explain NT formation in
three stages: (i) barrier oxide layer formation, (ii) pore initiation, and
(iii) self-organized NT growth. Although the FAD model indicates that
these three stages are influenced by the anodizing conditions, such as the
applied voltage, electrolyte type, temperature, and anodization time
[21,25-27] it does not properly explain the morphology and current
evolution of the steady state associated with the dissolution reaction,
resulting in only a qualitative elucidation. According to the oxygen
bubble model, the ionic current promotes oxide growth, while the
electronic current produced by oxygen evolution maintains the NT
growth. The expansion of oxygen bubbles entrapped between the oxide
compact layer and electrolyte-oxide interface as well as the volume
expansion of stress oxide lead to a deformation of the compact oxide
layer, forming a hemispherical bottom that acts as a mold for the NTs.
When the oxygen release and oxide growth rates reach equilibrium,
stage III occurs [22,23].

Additional factors that control the growth of the nanostructured
oxide layer are the chemical composition and microstructure of the
substrate [28,29]. Inhomogeneous dissolution caused by a highly acidic
electrolyte is typically observed in a dual-phase microstructure because
of the heterogeneous alloying element distribution [30]. In Ti alloys
with an o + p or o’+p microstructure, a nanoporous oxide is often
formed in the Ti-poor f phase region, while a nanotubular morphology is
observed in the Ti-rich a or «” phase region [28,29]. The grain size and
texture of the substrate can also affect the TiO, NT morphology. Hu et al.
(2016) evaluated TiO2 NTs formed on pure Ti processed by high-
pressure torsion and observed that a decrease in grain size resulted in
an increase in NT layer thickness and a more homogeneous NT size
distribution [31]. An increase in the number of crystalline defects, such
as vacancies and dislocations, causes a change in the free energy, which
favors nucleation and oxide layer growth.

Some physical properties, such as the free surface of nanostructured
oxides, are known to depend on defects, such as grain boundaries and
doping atoms in the oxide layer. Several studies related to TiOy NT
formation and its properties have been conducted using pure Ti,
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Table 1
Chemical composition measure by XRF (wt.%).

Nominal composition Measured composition

Ti Nb Fe
Ti-30Nb Bal. 29.5+ 0.2 0.06 + 0.01
Ti-30Nb-3Fe Bal. 29.1 £ 0.6 2.8 +0.6
Ti-30Nb-5Fe Bal. 29.1+£0.2 5.5+0.3

commercial alloys, such as Ti-6A1-4V [32] and Ti-6Al-7Nb [28,33,34],
as well as other experimental alloys based on Ti-Nb [35] and Ti-Zr
systems [36]. However, studies regarding TiO; NT formation on Ti-
Nb-Fe alloys are lacking, and the addition of Fe to Ti-Nb alloys may
change the electrochemical properties, including the anodization
process.

Therefore, in this study, the effects of Fe addition on the formation
and crystallization of TiO NTs on Ti-30Nb-xFe substrates were inves-
tigated. In addition, the influence of TiOy crystallinity on the cell
viability profile was discussed based on MTT and cellular adhesion
assays.

2. Material and methods

Ti-30Nb-xFe (x = 0, 3, 5 wt%) ingots were prepared by arc melting
from of high-purity (99.99%) Ti, Nb, and Fe, using non-consumable
tungsten electrode under argon atmosphere, homogenized at 1000 °C
for 12 h, followed by furnace cooling. These ingots were subjected to
plastic deformation by hot rolling and sectioned using a precision ma-
chine (Accutom-10, Struers, Dennmark) to obtain samples with di-
mensions of 10 mm x 10 mm x 2.5 mm. The samples were sealed in a
quartz tube under high-purity argon atmosphere and subjected to so-
lution heat treatment at 1000 °C for 1 h and water-quenched (ST/WQ).

The chemical composition of the alloys, measured using energy
dispersive X-ray fluorescence spectroscopy (XRF) (EDX-7000, Shi-
madzu, Japan), is shown in Table 1. The interstitial elements O and N are
within Ti Grade 2 limits (O < 0.25, N < 0.03), and these results,
including substrate microstructure characterization, have been reported
in a previous work [7].

Self-organized TiO, was produced by anodization using a potentio-
stat (Autolab PGSTAT302N, Metrohm, Netherlands), and a two-
electrode cell with a Pt sheet and Ti-Nb-Fe-based samples as the cath-
ode and anode, respectively. The experiments were conducted using a
0.3% HF (vol.%) electrolyte solution under stirring at room temperature
by applying a voltage of 20 V for 60 min. Prior to anodization, the
samples were polished using SiC grit paper (#400 and #1200),
degreased by sonication in isopropyl alcohol and deionized water for 10
min, and dried in a nitrogen flux. The morphology and dimensions of
NTs were analyzed using field emission scanning electron microscopy
(FE-SEM) (Magellan 400 L, FEI, USA) and ImageJ® software,
respectively.

For TiOy NT phase transformations, the samples were subjected to
isothermal annealing (500-675 °C, 10 °C/min, air atmosphere) for 1 hin
a homemade resistive furnace. The TiO, polymorphism was analyzed
using the grazing-incidence X-ray diffraction (XRD) technique (X’Pert
PRO, PANalytical, Netherlands) with Cu-Ka radiation (30 kV, 40 mA, A
= 0.15418 nm, grazing angle = 2°, 20° < 26 < 60°).

Anodized and heat-treated Ti-30Nb-3Fe substrates were selected to
investigate their morphology, chemical composition, wettability, and
biological behavior for application as biomaterials. Therefore, the
samples were heated at temperatures in which the TiOy polymorphic
arrangement was composed of 100% anatase or a mixture of nearly 50%
anatase and 50% rutile. Characterization of the TiO5 NT surface after
crystallization annealing was performed using FE-SEM. The chemical
composition and relative fraction of oxides were determined using X-ray
photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific
Inc., USA). The sample surface was sputtered with an Ar" ion beam for
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Fig. 1. FE-SEM micrography of TiO, nanotubes formed by electrochemical anodization on (a-b) Ti-30Nb (c-d) Ti-30Nb-3Fe (e-f) Ti-30Nb-5Fe ST/WQ samples.

60 s to remove any surface contamination prior to XPS analysis.

The water contact angle (WCA) was investigated to evaluate the
wetting properties of the samples. Measurements were performed at
room temperature in static mode using a sessile drop method in an op-
tical tensiometer (OCA, DataPhysics Instruments, Germany) using
distilled water as the fluid. The average value was calculated from at
least three measurements for each sample.

The myoblast cell line C2C12, a pre-osteoblastic cell line that can be
differentiated by bone morphogenic protein 2 (BMP-2), was cultured in
DMEM medium containing 10% fetal bovine serum (FBS), supplemented
with 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin (Life Technologies, Inc., Carlsbad, CA, USA) in a humidified
incubator at 37 °C with 5% CO». Cell subcultures were performed every

two days until the beginning of the experiment. C2C12 cells with 80%
confluency were trypsinized and then inactivated with DMEM contain-
ing FBS. Discs containing nanomaterials previously autoclaved at 121 °C
for 15 min were placed in 24 well plates (1 disc per well). Next, 60 pL of
cellular suspension (1 x 10° cells) were dripped on each disc, with a
sufficient volume to cover the discs. The plates were incubated in a
humidified incubator at 37 °C with 5% CO, for 2 h to enable cell
adhesion to discs. Then, 1 ml of DMEM containing FBS was added to
each well and the plates were returned to incubator.

The cell viability profile was assessed by 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide (MTT) assay. After 48 h of plating,
the discs were transferred to fresh 24 well plates, and then 200 pL of
MTT solution (0.5 mg/mL) diluted with 1X phosphate-buffered saline
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Table 2

General dimensions of TiO, nanotubes fabricated through electrochemical
anodization on Ti-30Nb, Ti-30Nb-3Fe andTi-30Nb-5Fe ST/WQ substrates.

Electrochemistry Communications 138 (2022) 107280

(PBS) was added to the wells, followed by incubation at 37 °C for 2 h.
The MTT solution was removed and 400 pL of dimethyl sulfoxide
(DMSO) was added to each well of the treated cells to dissolve the for-

Substrates Conditions of Tube dimensions (nm) mazan crystals. The absorbance at 570 nm was measured using a spec-
NTs Inner diameter  Outer diameter  Tube trophotometer  (Epoch M1cr(.)plate Spectrophotometer, . BioTek
length Instruments, USA). All the chemical reagents used were acquired from
- Life Technologies, USA.
Ti-30Nb as-prepared 89+9 133+7 735+ 39
Ti-30Nb- as-prepared 87+ 10/39 1314+13/79 576 + 47 The cellular morphology was analyzed after 24 h of culture. The cells
3Fe +6 +9 on the substrate were washed with PBS and fixed in a 2.5% glutaral-
Ti-30Nb- as-prepared 76 +9/44+ 120+10/71 490 + 50 dehyde solution for 2 h. Afterward, the cells were washed with PBS
SFe 5 +6 solution for 15 min, three times each. Then, the cells were dehydrated in
(a) (b) (c)
TiO, as-prepared 500 °C/1h 550 °C/1h
A
Ti-B Ti-p
Ti-30Nb-5Fe Ti-30Nb-5Fe
Ti-30Nb-5Fe R
Ti-B A [A Ti-p
W T A A
Ti- Tip
P Ti-p
Ti-30Nb-3Fe
Ti-30Nb-3Fe Ti-p . Ti-30Nb-3Fe
| )
A AN e Ny A A/R Tl_B

B

Ti-p

Ti-30Nb

(d)

LA L L R B B B B B
20 25 30 35 40 45 50 55 60
20 (Degrees)

) Ti-30Nb
Ti-30Nb

R T
A AT A |ATHB

L
20 25 30 35 40

20 (Degrees)

(e)

—1 1 1 1 1 T 17
20 25 30 35 40 45 50 55 60
20 (Degrees)

T T T T T T
45 50 55 60

(f)

Ti-p Ti-o

600 °C/1h

Ti-30Nb-5Fe
ARTI-B

Ti-30Nb-3Fe

Ti-

Ti-30Nb

AR
N

Ti-p

AR

R Ti-B

650 °C/1h 675 °C/1h
A Ti-p Ti-30Nb-5Fe
=00
Ti-30Nb-5Fe
Ti-p
AR

A R

Ti-30Nb-3Fe

Ti-30Nb-3Fe
AR
| Tig

Ti-30Nb
Tig
ARIR

Ti-30Nb R

A AR

L I FL N I R I B R
20 25 30 35 40 45 50 55 60
20 (Degrees)

T T T T
20 25 30 35 40

20 (Degrees)

T T T T T T T
20 25 30 35 40 45 50 55 60
20 (Degrees)

T T T
45 50 55 60

Fig. 2. Glazing-angle XRD patterns of TiO, nanotube layers formed on Ti-30Nb-xFe substrates as-fabricated and after heat treatments in temperatures between

500 °C and 675 °C for 1 h.
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Fig. 3. FE-SEM micrographs of TiO5 nanotubes formed by electrochemical anodization in 0.3%HF electrolyte on Ti-30Nb-3Fe substrates and then, heat treated at

500 °C (a-b) and 675 °C (c-d) for 1 h.

a sequence of aqueous ethanol solutions (50, 70, 95, and 100% v/v) for
15 min each and dried at the critical point. The dried cells were sub-
jected to sputter-coated with gold for the FE-SEM analysis.

3. Results and discussion

The SEM and XRD analyses of the Ti-30Nb-xFe samples revealed an
o martensite phase mixed with p phase matrix in Ti-30Nb alloy and a
fully p phase in alloys containing 3 and 5 wt% Fe. However, in a previous
study, a detailed analysis by TEM indicated the wy phase in all the
studied alloys [7].

The morphology of self-organized TiO; layers, produced by anod-
ization, are shown on their surface and cross-sectional FE-SEM images
(Fig. 1). A nanotubular structure was formed on all substrates. The NTs
obtained on the Ti-30Nb substrate had an inner and outer diameter of 90
and 130 nm, respectively, and a length of approximately 700 nm. A
bimodal NT size distribution was observed on substrates containing Fe,
where the larger NTs were surrounded by smaller ones. However, a
decrease in the NT length (to approximately 500 nm) and a slight
decrease in diameter were observed in the samples with Fe content. The
bimodal feature is related to (i) iron oxide combined with other oxides
(TiO4 and Nb,Os) of different dissolution rate and (ii.) Nb and Fe doping
of TiO2 nanotubes. Table 2 summarizes the quantitative measurements
of the NT dimensions. The bimodal feature was also observed in Ti-
(50-80)Zr [37] and Ti-(20-40)Nb [35] alloys and was more pronounced
in samples with higher amounts of alloying elements.

Alternatively, an uneven field distribution model proposed by Ozkan
et al. could also explain the arrangement in a two-size scale, as observed
in this work [38,39]. Other possible reasons are the mold effect of

oxygen bubbles and the plastic flow of oxide doped with Nb/Fe, which
directly affect the formation of NT embryos [22,23]. However, the exact
mechanism underlying this phenomenon requires further clarification.

The TiOz NT layer showed an amorphous structure, as revealed by
the corresponding XRD patterns (Fig. 2(a)). To mitigate the low me-
chanical stability caused by the weak adhesion of the nanostructured
layer to the substrate surface, further heat treatments are required [40].
Usually, samples are heated to a temperature above 400 °C to induce
structural transition from the amorphous to crystalline phase without
modifying the NT diameter [14], although some change in wall thick-
ness is observed [13]. Additionally, this procedure could also increase
the wettability and, hence, improve the biological surface properties of
the substrate [13,14].

To promote TiO3 NT layer crystallization, isothermal annealing was
performed as described earlier. The annealing at 500 °C resulted in a
fully anatase phase on all the surfaces investigated. At 550 °C, a small
amount of rutile mixed with the predominant anatase phase was
observed on all the samples, and its fraction increased as the tempera-
ture rose to 675 °C. At the highest temperature (675 °C), the samples
containing Fe exhibited TiOy NTs with comparable anatase and rutile
fractions, while the Ti-30Nb sample presented an almost fully rutile
structure.

The effect of annealing on the TiO; NT morphology was also
analyzed using FE-SEM (Fig. 3). The morphologies correspond to the
NTs obtained on Ti-30Nb-3Fe substrates that were heated at 500 °C
forming anatase (Fig. 3 (a-b)), and at 675 °C forming an anatase/rutile
mixture (Fig. 3 (c-d)).

As observed, a uniform and crack-free layer of anatase with a
bimodal distribution of NTs was maintained even after annealing. By
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Table 3
Typical TiO, nanotube dimensions obtained by electrochemical anodization and
heat treated at 500 and 675 °C for 1 h on Ti-30Nb-3Fe substrates.

Substrates Conditions Tube dimensions (nm)
Inner diameter Outer diameter Length
Ti-30Nb- as- 87+10/39+6 131+13/79+9 576 +47
3Fe prepared
500 °C/1h 85+10/52+9 120 +10/79+9 584 + 57
675 °C/1h 84+11/40+5 136 +14/81+9 950 + 92

contrast, the layer formed by the anatase/rutile mixture showed several
cracks, which could be attributed to the volumetric difference between
the two phases [41]. Another possible origin of cracks is related to an
increase in the internal stress induced by the structural transformation

(a)

Electrochemistry Communications 138 (2022) 107280

[42]. It was also found that a higher annealing temperature resulted in
an increase in the interfacial region between the TiOy NTs and the
substrate. According to Roguska et al. (2016), this probably occurs due
to further substrate oxidation coupled with sintering between the NT
layers and the substrate during the high-temperature treatment [14]. In
addition to the phase transition, annealing also modifies the porosity,
which changes the surface characteristics of the nanostructured layer
[43].

When comparing dimensional parameters such as inner and outer NT
diameters before and after annealing, no significant differences were
observed (Table 3). However, NTs composed of anatase/rutile mixture,
which were heated at 675 °C, exhibited a significant increase in length,
probably due to additional oxidation during the high-temperature
exposure. As the annealing temperature increased, another TiO; layer
formed between the nanostructured layer and the substrate. This

(b)
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Fig. 4. XPS spectra obtained on anodized Ti-30Nb-3Fe samples coated with TiO5 NTs: (a) Ti 2p, (b) O 1 s, (c) Nb 3d, (d) Fe 2p and (e) F 1 s. Black line: as-fabricated;
red line: annealed at 500 °C; blue line: annealed at 675 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 4
Relative elemental composition of the nanotube oxide layer determined by XPS.

Conditions Element (at. %)

Ti (6] Ti/O Nb Fe F
as-prepared Amorphous 19.6 63.8 0.307 9.9 0.5 6.2
500 °C/1h Anatase 19.6 68.0 0.288 11.3 1.1 -
675 °C/1h Anatase/rutile 15.8 70.9 0.223 12.8 0.5 -

additional layer is mainly composed of the rutile phase, and its thickness
increases with the temperature [44]. The nanotubular structure was still
observed after this additional oxidation, evidently with no collapse or
coalescence, although a few cracks were observed, as previously
mentioned.

XPS measurements were carried out on Ti-30Nb-3Fe samples coated
with TiO NTs under three different surface conditions, i.e., amorphous
(as-prepared), fully anatase (500 °C), and anatase/rutile mixture
(675 °C). The XPS spectra (Fig. 4) indicate the binding energies of O 1s,
Ti 2p, Nb 3d, and Fe 3d, corresponding to TiO2, Nb2Os, and FeO oxides,
respectively. The peak corresponding to F 1s (Fig. 4(e)) in the amor-
phous samples originates from the electrolyte incorporated into the NTs
during anodization. After annealing at both temperatures (500 °C and
675 °Q), it was completely eliminated as a volatile component [45], and
therefore, the peak also disappeared. The results of XPS measurements
conducted by Xu et al. (2012) on TiO, NTs formed on CP-Ti and Ti-20Nb
(at.%) samples revealed a substitutional doping of high-valence transi-
tion-metal ions (Nb° 1) into TiO4, which causes a positive shift of Ti 2p
and O 1s peaks, as observed in this work [30].

The annealing process affected the fraction of oxides on the substrate
surface, as a decrease in the TiO, fraction and an increase in Nb oxides
was observed after annealing at 675 °C. A higher amount of FeO was
observed in the samples annealed at 500 °C. This caused a slight shift
toward lower binding energy due to Nb and Fe oxides, which indicates
that Fe" is incorporated into the TiO3 lattice, replacing Ti*" ions and
forming Fe-O-Ti bonds [46]. The relative amounts of oxides (Table 4)
indicate that the cationic level in oxide films is lower than that in bulk
samples. In addition, post annealing, the O 1s peak increased, while that

(a)

71.4°+2.1°

Electrochemistry Communications 138 (2022) 107280

corresponding to Ti 2p decreased. The annealing caused an increase in
the oxygen content due to decrease in oxygen vacancies and oxidation of
Ti*" to Ti*t [43].

The nanostructured surfaces on Ti-30Nb-3Fe substrates with
different characteristics were investigated for use as biomaterials whose
wettability is directly related to cell adhesion and protein adsorption
[43]. The contact angle measurements (Fig. 5) indicated that polished
non-anodized (WCA = 71°) are less hydrophilic than TiO NTs samples.
This phenomenon is expected due to an increase in surface area after
anodization that promotes higher hydrophilicity [14,43], although an
earlier study [47] on anodized Ti-6Al-4 V using organic-electrolyte
resulted in hydrophobic surfaces.

It is known that in anodization using an ethylene glycol-based elec-
trolyte, the formation of Ti(OH)4 instead of TiO5 can increase the hy-
drophobicity. In this case, natural aging can induce Ti(OH)4 oxidation,
producing TiO, according to the reaction:

Ti(OH),—TiO, + H,0

Also, Shin et al. (2011) observed that TiO5 nanotubes became more
hydrophobic after a natural aging for three months. They found that the
contact angle changes from 24 to 42 ° [48].

Annealing at a lower temperature (500 °C) significantly decreased
the contact angle (WCA = 5°), suggesting superhydrophilicity due to
anatase formation [37]. However, a higher annealing temperature
(675 °C) led to the coexistence of anatase and rutile phases, inducing a
negligible increase in contact angle (WCA = 10°). This slight change
could be attributed to the rutile precipitation and crack formation in the
nanostructured layer. The gradual loss of hydrophilicity when anatase/
rutile phases coexist were observed by Chaves et al. (2016) which
attributed to growth of rutile phase, that partially break the nano-
structure [49]. These defects can take off locally the films from substrate
and retain air at interface, it prevents that liquid permeates the surface.
The residual fluoride present in the electrolyte also affects hydrophi-
licity [14,43,50].

The biocompatibility capacity was performed by combining the
assessment of MTT assay, cellular adhesion, and morphology. The cell
viability profile of samples covered with TiO2 NTs (annealed at 500 °C

(b)

12.2°+1.9°

(c)

5.2°+0.4°

(d)

9.9°+1.9°

Fig. 5. Water contact angles for Ti-30Nb-3Fe substrate surface: (a) polished non-anodized; (b) amorphous TiO, NTs; (c) TiO, NTs annealed at 500 °C and (d) TiO»

NTs annealed at 675 °C.
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Fig. 6. Cell viability profile was performed using the 3-(4, 5-dimethylthiazol-2-
yD-2, 5-diphenyltetrazolium bromide (MTT) assay. The data shown are repre-
sentative of four independent experiments. Statistically significant differences
of the TiO, NTs annealed at 500 °C and TiO, NTs annealed at 675 °C compared
with polished non-anodized are indicated by * (p < 0.05).

and 675 °C, showing TiO, crystalline forms) was approximately 1.5
times higher (p < 0.05) than that of polished non-anodized or amor-
phous NT surfaces (Fig. 6), as indirect measurement based on metabolic
activity characterized by MTT assay. However, no difference in cell
viability was observed between the TiO3 NTs with anatase and anatase/
rutile mixture.

Biological studies carried out with substrates showing TiOp NTs with
different diameters (30-100 nm) revealed that a smaller diameter pro-
motes the highest degree of cellular adhesion. A higher NT diameter
increased the up-regulation of alkaline phosphatase activity, which is
related to bone-forming ability [51].

The FE-SEM images of the C2C12 cells cultured on the surfaces of Ti-
30Nb-3Fe substrates (Fig. 7) suggested a flat spread of cells. Cell profile

Electrochemistry Communications 138 (2022) 107280

on samples with polished non-anodized surfaces or covered with TiOy
NTs under amorphous or crystalline conditions were very similar. The
cells exhibited a rough dorsal surface, hard filopodia extension at the
leading edge, and overlapping of adjacent cells, which indicates a
healthy growth. The higher-magnification FE-SEM images revealed
cellular extensions of numerous cells interacting with the NTs.

The increase in surface area of the Ti-Nb-Fe substrates with crystal-
line nanofeatures produced by anodization and annealing was found to
be beneficial for cellular proliferation and adhesion. The reduced cell
viability in amorphous TiO NTs compared to crystalline ones is prob-
ably due to residual fluorine within the pores, introduced during the
anodization process, it decomposes during the annealing process (Fig. 4
(e)) as also related to aspects topography and physical-chemical of the
surface.

4. Conclusions

In summary, TiO NTs were synthesized via anodization of Ti-30Nb
samples containing Fe up to 5 wt% and using 0.3% HF electrolyte. The
addition of Fe resulted in a nanostructured layer with a bimodal size
distribution, which could be attributed to different oxide dissolution
rates combined with uneven field distribution. Various oxide composi-
tions were confirmed by XPS measurements, indicating NT doping with
Nb,Os and FeO. It was found that Fe addition stabilizes the anatase form
after annealing at higher temperatures, maintaining nanotubular
morphology up to 500 °C with superior hydrophilicity. The MTT assay
and adhesion tests revealed that the TiO, NT layer formed by anatase or
anatase/rutile mixture was more beneficial for cell viability, based on
metabolic activity, and attachment when compared to Ti-30Nb-3Fe

Fig. 7. FE-SEM image showing cell cultured on Ti-30Nb-3Fe substrate: (a) polished non-anodized; (b) TiO» NTs amorphous; (c) TiO, NTs annealed at 500 °C and (d)

TiO, NTs annealed at 675 °C.
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samples with polished non-anodized surfaces or coated with amorphous
TiO2 NTs.
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