International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Characterization of Optimized TiO, Nanotubes
Morphology for Medical Implants: Biological
Activity and Corrosion Resistance

Ricardo Pereira Nogueira'?
Jose Deuzimar Uchoa®*
Fanny Hilario®

Gabriela de Fatima Santana-
Melo °

Luana Marotta Reis de
Vasconcellos ()°

Fernanda Roberta Marciano
Virginie Roche®

Alberto Moreira Jorge
Junior®*’

Anderson Oliveira Lobo(*

'Chemical Engineering Department,
Khalifa University of Science and
Technology, Abu Dhabi 127788, United
Arab Emirates; 2Université Grenoble
Alpes, Université Savoie Mont Blanc,
CNRS, GrenobleINP*LEPMI, Grenoble
38000, France; 3Federal Institute of
Education, Science and Technology of Piaui,
Teresina 64053-390, Brazil; *Interdisciplinary
Laboratory for Advanced Materials, BioMatLab
Group, Materials Science and Engineering
Graduate Program, UFPI — Federal University
of Piaui, Teresina 64049-550 Brazil;
>Department of Bioscience and Oral
Diagnosis, Institute of Science and
Technology, Sao Paulo State University, Sao
José dos Campos 12245-000, Brazil;
®Department of Physics, Federal University
of Piaui, Teresina Pl 64049-550 Brazil;
"Department of Materials Engineering,
Federal University of Sio Carlos, Sdo Carlos
13565-905, Brazil

Correspondence: Anderson Oliveira Lobo
Campus Universitario Ministro Petronio
Portella, Av. Universitaria, s/n, Centro de
Tecnologia, Laboratério Interdisciplinar de
Materiais Avangados, Ininga, Teresina, Pl
64049-550, Brazil

Tel +55 86 32371057

Email lobo@ufpi.edu.br

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Nanostructured surface modifications of Ti-based biomaterials are moving up
from a highly-promising to a successfully-implemented approach to developing safe and
reliable implants.

Methods: The study’s main objective is to help consolidate the knowledge and identify the
more suitable experimental strategies related to TiO, nanotubes-modified surfaces. In this
sense, it proposes the thorough investigation of two optimized nanotubes morphologies in
terms of their biological activity (cell cytotoxicity, alkaline phosphatase activity, alizarin red
mineralization test, and cellular adhesion) and their electrochemical behavior in simulated
body fluid (SBF) electrolyte. Layers of small-short and large-long nanotubes were prepared
and investigated in their amorphous and crystallized states and compared to non-anodized
samples.

Results: Results show that much more than the surface area development associated with
the nanotubes’ growth; it is the heat treatment-induced change from amorphous to crystalline
anatase-rutile structures that ensure enhanced biological activity coupled to high corrosion
resistance.

Conclusion: Compared to both non-anodized and amorphous nanotubes layers, the crystal-
lized nano-structures’ outstanding bioactivity was related to the remarkable increase in their
hydrophilic behavior, while the enhanced electrochemical stability was ascribed to the
thickening of the dense rutile barrier layer at the Ti surface beneath the nanotubes.
Keywords: surface modification, TiO, nanotubes, commercially pure titanium, bioactivity

Introduction

Thanks to a remarkable combination of mechanical and physicochemical proper-
ties, Titanium (Ti) is broadly used in a large panel of biomedical implants, from
dental screws through femoral components to total hip replacement.’ Admittedly,
Ti combines low density (~4.5 g/cm®) and high tensile strength (275-412 MPa)
with, which is of uttermost importance, a lower elastic modulus (~100 GPa)
compared to other metallic implant materials like 316L stainless steel (~200
GPa) and CoCrMo alloys (~240 GPa). Therefore, the Ti elastic modulus is
much closer to the bones’ one (ca 10-30 GPa),'* thus considerably limiting
stress shielding effects—the transfer of the physiological loading from the bone
to the stiffer implant with the consequent risk of osteopenia (reduction in bone
density). Beyond these mechanical aspects, Ti is notably biocompatible,’ promot-
ing cell growth and differentiation.*®
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Metallic biomedical implants must also have outstand-
ing corrosion resistance to the different aggressive body
fluids to ensure the long-term necessary mechanical per-
formance and avoid undesired or toxic ions release. Ti
undeniably meets those requirements due to its highly
passivating behavior, i.e., its ability to develop—almost
instantaneously—a continuous, uniform, and high-protec-
tive TiO, nanometric-thick film upon the surface.'’
Nevertheless, this high protectiveness also means high
physicochemical stability that hampers interfacial interac-
tions so that, in its native form, the passive film tends to be
bioinert.® A highly promising approach to overcome this
potential drawback is to modify the implants’ surface to
increase bioactivity (bone-bonding ability).

One way to improve bone-bonding ability is to grow
self-assembled TiO, nanotubes (NTs) upon the Ti surface
through anodization,” followed by different heat treat-
ments. The typical anodization protocol for the develop-
ment of TiO, nanotubes consists of applying a well-
controlled potential difference (a few tens of volts) across
the metal | electrolyte interface between the metallic Ti
and a fluoride-rich electrolyte. This potential difference
acts as the driving force for the further oxidation of the
previously passivated Ti surface. The growth of the highly
organized self-assembled nanotube layer is the result of
the complex interplay between the overall oxide layer
thickening and the counteracting effects of local dissolu-
tion triggered by the fluoride anions as well as internal
mechanical stresses inside the oxide layer. The tubes’
morphology (length, diameter, spacing, wall thickness)
can be tuned by adjusting the applied potential, anodiza-
tion time, electrolyte nature (aqueous or organic), tempera-
ture, fluoride ions concentration, and pH.lO*13 In most
experimental conditions, TiO, nanotubes grow amorphous
but can be crystallized afterward by heat treatment either
into anatase or, at higher temperatures, a mix of anatase
and rutile phases.'®'*'®

Those different tunable features of the nanotube layer
—morphology, topography, crystalline structure—open up
the way to a large panel of surface properties leading, for
instance, to controlled surface contact angles and wettabil-
ity. These different properties strongly affect bioactive and
biological responses, so that knowing how they depend on
the nanotubes’ characteristics is crucial for the enhance-
ment of implant material surfaces. Indeed, compared to the
smooth titanium surface, nanotube-modified surfaces are
much more bioactive, accelerating the rate of apatite for-
and cell adhesion and

mation improving bone

proliferation.'*'? Additionally, the nanotubular structure’s
high specific surface area improves tissues’ contact, favor-
ing bone tissues’ growth and enhancing the bonding
strength between the implant material and human bones.*’

The literature about TiO, nanotubes is vast and broad,
involving several aspects of their structure, morphology,
and properties. However, its exhaustive survey is far
beyond the objective of the present paper, in which we
propose a set of references that are deemed to ensure the
self-readability of the manuscript and the necessary com-
plementary information. One of the approaches that
deserve to be investigated more systematically concerns
the biological—corrosion responses, in which experimen-
tal results are discussed as a function of the morphology of
the nanotubes and their structure, amorphous or
crystalline.

In this sense, in a recent work, Hilario et al*' have
studied the influence of morphology and crystalline struc-
ture of TiO, nanotubes on electrochemical properties and
bioactivity. Results showed that anodized titanium has
considerably better corrosion resistance and bioactivity
than smooth Ti substrates. The as-anodized amorphous
nanotubes were annealed and modified into different crys-
talline structures more suitable for biomedical applica-
tions. Specifically, the study highlighted that a combined
anatase-rutile structure was preferable because of the
synergy brought by better chemical stability and mechan-
ical properties than a simple anatase structure, despite the
latter’s better bioactivity.

The nanotube-modified topography, surface energy,
and chemistry are other essential features as they can
significantly change the biological activity of cells culti-
vated in vitro on titanium as well as the in vivo bone-
implant bonding properties.”* >* Other studies pointed out
the beneficial effects of the nanotube layer on in vitro
osteogenesis and in vivo osteointegration® 2’ due to both
modified

topography.”® Also interesting, specific topographies

surface  chemistry and nanostructured
coupled to specific proteins may impact growth factors
and enhance cell adhesion, viability, and differentiation
at the early stages of bone regeneration.”® Indeed, Jie
et al* have reported that the nanoscale topography of
anatase phase titania film affects surface contact angles
and wettability, leading osteoblasts to spread and grow
swiftly with enhanced adhesion, proliferation, and
differentiation.

As mentioned before, to the best of our knowledge,

little attention has been devoted to the straightforward
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correlation between the physicochemical and topological
characteristics of the nanotube layers and the coupled
corrosion-bioactivity behavior. This study thus aimed to
assess the pertinence of TiO, nanotubes as a surface mod-
ification technique for implant devices by taking into
account both the biological and corrosion-resistance
aspects. Based on a previous study,”' two optimized nano-
tubes morphologies were held to be investigated. While in
that previous paper, the biological approach was only
introductory and restricted to the apatite formation ability
of the different conditions. This study proposes a through-
out evaluation of the biological activity (cell cytotoxicity,
alkaline phosphatase activity, alizarin red mineralization
test, and cellular adhesion). This broader approach was
extended to different structures of the two morphologies
(amorphous and crystalline, which were compared to as-
received Ti samples) and an overall evaluation of their
corrosion resistance behavior. Such a simultaneous study
focusing on the different morphologies and structures is an
effort to draw a new understanding of the best conditions
for nanotubes to be used to design and implement high-
performance, reliable medical implants. The two investi-
gated morphologies have been chosen among several dif-
ferent attempts as they showed the highest potential during
preliminary experiments. Thus, they were considered opti-
mized layers in both electrochemical and in vitro biologi-
cal responses, which we further evaluated in the present

paper.

Materials and Methods

Sample Preparation

All specimens have been prepared from 2 mm thick,
14.3 mm diameter commercially pure Ti disks. Samples
were ground with different grits of silicon carbide papers
from P320 to 2400 before being polished with a 0.03 mm
colloidal silica suspension. After polishing, the samples
were cleaned in an ultrasonic bath for 10 min with deio-
nized water, ethanol, and acetone. Lastly, they were rinsed
again with deionized water and acetone and dried using
compressed air.

The anodization was performed using a TCR-
Electronic Measurements Inc. power supply that applied
and controlled the desired potential between a large sur-
face platinum gauze counter electrode and polished Ti
disks as working electrodes, WE, with an exposed surface
of 0.785 cm?. For the sake of reproducibility, four samples
were anodized simultaneously. They were assembled in

sample holders placed at the 3, 6, 9, and 12 o’clock
positions regarding the circular cross-section of a cylind-
rical double-wall temperature-controlled cell. Only one
side of each of the four WE were exposed to the anodizing
solution. Sealing between solution and electrical connec-
tion is performed by a PTFE gasket. The counter-electrode
was placed at the center of the cell in a position equidistant
from the four WE to ensure a uniform and symmetrical
current-lines distribution relative to each anodizing sur-
face. As mentioned in the previous section, two optimized
TiO, nanotubes morphologies were held according to their
dimensions [13]: a small-diameter, ¢ short-length, /, layer
(target values ¢ ~ 90nm, / =~ 700nm), and a large-dia-
meter, long-length one (target values
¢ ~ 130nm, / ~ 5000nm). They are hereafter referred to
as SS and LL, respectively, and were obtained from two

distinct anodization protocols:

e SS: A constant voltage of 20 V for 1 h in glycerol,
with 25 vol% of water and 0.25 M NH,4F electrolyte
at 25° C.

e LL: A constant voltage of 60 V for 45 min in ethy-
lene glycol, 7.5 vol% of water, and 0.25 M NH4F
electrolyte at 25° C.

The as-anodized samples presented an amorphous
nanotube structure. Some samples were then submitted to
two-hour annealing in air at 550 °C to induce the TiO,
crystallization into a mix of anatase and rutile that has
been shown to be promising for biomedical applica-
tions [13].

Different samples were thus investigated throughout
the present study. They are identified as SS; and LL,
regarding their smaller or larger dimensions, with the sub-
script x standing for the structural identifier, amorphous
(am), or crystalline (cr). For the sake of baseline compar-
ison, the anodized samples’ behaviors have been compared
to polished, non-anodized, referred to as N-A, Ti disks.

Morphological, Structural, and Wettability Analyses
of TiO, Nanotubes

The nanotubes morphology was characterized by scanning
electron microscopy (SEM) using a Field Emission Gun
(FEG-SEM, ZEISS
ULTRA 55), with an in-column secondary electron detec-

Scanning FElectron Microscope

tor. An applied voltage of 3 kV was used to get higher

spatial resolution.
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The nanotubes structure was analyzed by X-Ray
Diffraction (XRD) using the PANalytical X’PERT PRO
MPD diffractometer, where a CuKa radiation (1 = 1.5418
A) was used. XRD scans were performed in the incident
angle range 10° < 20< 80° with a step of 0.067° for
amorphous samples and 0.033° for crystallized ones.

The wettability of the different layers was analyzed
using a goniometer (Kriiss, Model DSA 100). A 2uL
deionized water drop was placed upon the samples’ sur-
face—fixed on a PTFE base—and the contact angle, ©,
measured after 5 seconds using a dynamic mode. Three
samples were used for each morphology-structure type.
The results were expressed as © =+ op, i.e., the average
contact angles modulated by their respective standard
deviations. GraphPad Prism program (version 5.01) (San
Diego, CA, USA) was used to analyze the statistical dif-
ferences with p<0.05 being considered statistically
significant.

Corrosion and Electrochemical Behavior
in SBF

In order to have a more reliable evaluation of the different
morphologies’ suitability to be used as biomaterials, their
electrochemical characterization was performed through
polarization curves and electrochemical impedance spec-
troscopy, EIS, in Simulated Body Fluid (SBF),** pH 7.4, at
36.5 °C in the dark. A Gamry Reference 600 potentiostat
was used to control a conventional three-electrode cell
with the different Ti surfaces (exposed area 0.5 cm?) as
the working electrodes, a platinum grid as the counter
electrode, and a Saturated Calomel Electrode (SCE) as
the reference one. The different samples’ overall corrosion
behavior was evaluated through anodic potentiodynamic
polarization curves measured at a scan rate of 0.5 mV s-1
from —0.03 to 1.5 V versus the open-circuit potential OCP.
Steady conditions were ensured by a rest period of the
samples immersed in the SBF electrolyte for one hour
before the polarization curves were launched. The fre-
quency-dependent electrochemical behavior was evaluated
through potentiostatic EIS with a sinusoidal perturbation
amplitude of 10 mV,,,; from 20 kHz to 20 mHz.

Cell Culture and Incubation During the
Biological Analyses

The cell line was purchased commercially. For the in vitro
tests, MG63 osteoblast-like cell lines (Rio de Janeiro Cell
Bank, APABCAM, Rio de Janeiro, RJ, Brazil) were

cultured in a-Modified Eagle’s Medium (DMEM; Gibco-
Life Technologies, NY, USA) supplemented with 10%
fetal bovine serum (Gibco-Life Technologies, NY, USA),
100 U/mL penicillin (Gibco-Life Technologies, NY, USA)
and 100 pg/mL streptomycin (Gibco-Life Technologies,
NY, USA) in 75 cm?® flasks (TPP, Biosystems, Curitiba,
Brasil) and maintained in a humidified atmosphere with
5% CO, and 95% air at 37°C. The medium was changed
every two days. Cultures were monitored daily using an
inverted optical microscope (Carl Zeiss Microlimaging
GmbH — Axiovert 40C, Germany). When confluent, cells
were enzymatically removed and plated on the sterile
samples in 24-well polystyrene plates (TTP, Biosystems,
Curitiba, Brasil), at a density of 2x10* cells/well for a
period of up to 14 days. Previously, the samples were
sterilized in absolute ethanol and under an ultraviolet
lamp for 3 hours. All tests were developed following the
ISO-10,993-5 standard, as described in.*' For all in vitro
experiments, three independent experiments were rea-
lized (n=5).

Cell Cytotoxicity (MTT)
The
Mossmann,’? using a colorimetric tetrazolium salt solution
(MTT) assay (3-[4-dimethylthiazol-2-yl]-2, 5-diphenylte-
trazolium bromide; thiazolyl blue) (Sigma Aldrich, St

cell cytotoxicity was evaluated following

Louis, USA). Cells were cultured on the different titanium
specimens for 1, 3, and 7 days and were distributed in 96-
well microplates for viability experiments. After each
time, the MTT solutions were added into each well (con-
centration of 0.5 mg/mL) at 37°C and kept for 4 hours to
form purple formazan crystals. Next, the supernatant was
removed, followed by the addition of 1 mL dimethyl
sulfoxide (DMSO -1 Sigma Aldrich, St Louis, USA) to
each well. The plates were then stirred on a plate shaker
for 20 min to dissolve the formazan crystals. 200 puL of
this solution was transferred to a well plate for colori-
metric analysis.

The resulting optical density (OD) reading was mea-
sured in a spectrophotometer (Biotek-EL808IU, BioTek
Instruments, Winooski, VT, USA) at 570 nm, and the
data normalized by the control group (N-A samples).
This assay is versatile and quantitative, being a powerful
technique for cytotoxicity assays. The amount of formazan
produced in the MTT reaction is vital in evaluating meta-
bolically active cell group proliferation and survival.
Activated cells produce more formazan, which allows
measurement of activation even in the absence of

submit your manuscript

670

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Nogueira et al

proliferation. These properties are related to active
mitochondria.

Alkaline Phosphatase Activity (ALP)

Functional mineralization of alkaline phosphatase was
evaluated after cell incubation for five days on the differ-
ent samples. This activity was assessed using the hydro-
lysis of thymolphthalein monophosphate substrate
following the manufacturer’s recommendations (Alkaline
Belo
Horizonte, BR). The absorbance was measured by spectro-
photometer (Shimadzu Europa GmbH UV 1203) with

substrate added to each well, and the standards were pre-

phosphatase activity 40, Labtest Diagnostica,

pared to be read on a microplate reader at 590 nm. The
ALP activity was standardized using total protein level,
and the data were presented as umol of activity per well
according to the values obtained from a standard curve.
Values were presented in pmol of thymolphthalein/h/mg of
protein.

Alizarin Red Staining (ARS)

For the alizarin red mineralization test quantitative analy-
sis of mineralized matrix nodules, the cells were cultured
for 14 days on samples, washed with Hank’s solution
(Sigma Aldrich, St Louis, USA) at 37 °C, and fixed with
70% ethanol for 1 h at 4 °C. Following fixation, the cells
were stained with 2% Alizarin red S (Sigma Aldrich, St
Louis MO, USA) for 15 min at 37 °C. The dye was then
extracted according to the colorimetric method previously
described in,®' and the absorbance was measured by spec-
trophotometer (EL808IU Biotek Instruments, Winooski,
USA) a wavelength of 405 nm. The values were expressed
as OD.

Data were submitted to one-way analysis of variance
(ANOVA) followed by a Tukey’s test, which was used for
multiple comparisons. GraphPad Prism program (version
5.01) (San Diego, CA, USA) was used, and a value of
p<0.05 was considered statistically significant.

Cellular Adhesion

MG63 cells lines (Rio de Janeiro Cell Bank,
APABCAM, Rio de Janeiro, RJ, Brazil) were seeded
on the scaffolds at a density of 5000 cells/cm® and
cultivated for one and three days. After each time, the
samples were washed in PBS (three times) to remove
non-adherent cells. Then, samples were chemically fixed
(4%) at
(20 min). Afterward, an ascending series of ethanol

in paraformaldehyde room temperature

was used to dehydrate the samples (10, 30, 50, 70, 90,
and 100%). Before characterization, a thin gold layer
was sputtered onto the scaffolds. Then, cells were
stained using trypan blue (Sigma-Aldric) and counted
using a Cell Counter (Countess”™, Invitrogen). All results
were expressed as mean using the total cells for each
group. Cellular adhesion and proliferation were further
evaluated by FE-SEM (Zeiss - EVO MA10).

Results

Structural Analysis of TiO, Nanotubes
Figure 1 presents XRD patterns of morphologies SS and
LL in both conditions, as-anodized and after heat treat-
ment in air at 550 ° C for 2 h. The XRD pattern of the non-
anodized Ti substrate (N-A) is also depicted for compar-
ison and indicates a pure hexagonal o-Ti structure
(Figure 1A). The XRD spectra of the nanotubes of both
morphologies before heat-treatment, SS,,, and LL,, in
Figure 1A, present only diffraction peaks associated with
the o-Ti substrate confirming that both as-anodized oxide
layers are amorphous.

As expected, the heat treatment induced the crystal-
lization of the amorphous layers into a mix of anatase and
rutile as indicated by the presence of their respective
peaks, Figure 1B. The higher intensity of the peaks
reflected from sample LL, is related to the larger volume
and mass of crystalline phases in the longer and larger
nanotubes morphology.

Results in Figure 1 are consistent with the well-
known route for TiO, crystallization proposed in the
literature. At annealing temperatures around 280°C—
300°C, crystallization towards the anatase structure'?>?
is initiated at the nanotubes’ base, via interfacial
nucleation, due to the available larger space for crystal
growth than in the tubes’ walls.'> The nanotubes are
then crystallized into anatase. Above 430°C-550°C, the
anodized layer adopts a hybrid structure where the
nanotubes retain the anatase structure while the barrier
layer at the metal|NTs interface is transformed into
rutile.>>** Such an observation was confirmed by elec-
tron energy loss spectroscopy (EELS) in.?® The rutile
phase’s appearance is mainly due to the thermal oxida-
tion of the Ti substrate, which leads, within this tem-
perature range, to the formation of TiO, in rutile

form."

As the annealing temperature increases, the
rutile barrier layer thickens, fed by the nanotubes’

bottom.>*
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Figure | XRD patterns of different samples: (A) not-anodized, N-A, and as-anodized SS,,, and LL,,, and (B) annealed in air at 550 ° C for 2 h (SS., and LL.,). In the inset:
zoom at 24° < 20 < 42° indicating the crystallization of both morphologies into a mix of anatase (A) and rutile (R).

Morphological Characterization of TiO,
Nanotubes

Figure 2 gives an overall view of the different nanotubes’
morphologies. Regarding the as-anodized samples, SS,,,
layers (Figure 2A and B) were composed of short ripple-
walled (usually referred to as bamboo-like) slightly

the other hand, LL,,
(Figure 2D and E) grew in a close-packed frame of long
flat-walled tubes. The heat-treated SS.;
(Figure 2C) and LL,, (Figure 2F) did not show any sig-

interspaced nanotubes. On
samples

nificant morphological changes. This is in line with some

previous findings in the literature,>® which reported that,

Figure 2 SEM images of the different TiO, nanotubes morphologies according to anodizing protocols SS (A—C) and LL (D-F). As-anodized samples: SS,, top (A) and
cross-section (B) views and LL,,, top (D) and cross-section (E) views. Annealed in the air at 550 °C for 2 h: SS., (C); LL., (F). Dimensions in nm expressed as X =+ oy.
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when annealed in air, nanotubes morphologies are stable
up to 580 °C.

From the perspective of the wide use of this kind of
surface modification in biomedical materials, an important
remark concerns the high reproducibility of the anodizing
protocols SS and LL described in Sample Preparation.
Indeed, as indicated in Figure 2, the dimensions of both
morphologies perfectly matched the target values asso-
ciated with the anodizing protocols.

In which concerns the heat treatment-induced crystal-

25,37,38 showed

lization of the anodized layers, the literature
that the nanotubes tend to preponderantly crystallize into
anatase phase, while the dense barrier layer at the nano-
tubes/substrate interface crystallizes into rutile. This crys-
tallization profile seems to be confirmed by the XRD
pattern in Figure 1, as the relative intensities of the large
surface anatase-nanotube peaks are much more pro-
nounced than those of the underneath thinner dense rutile
layer for both SS and LL morphologies.

It is also worth noticing that the heat treatment can
modify the interface between the substrate and the nano-
tubes. Figure 3 depicts the cross-section of different nano-
tubes layers before and after annealing. They clearly show
a dense oxide layer of about 100 nm developed during the
annealing at the nanotubes layer’s bottom. Indeed, under
the effect of temperature, the thin dense barrier layer

formed during the anodization (Figure 3A) tends to grow
thicker (Figure 3B and C). This tendency increases with
temperature, leading to an overgrowth of the dense layer
and eventually impairing the nanotube layer structure,
potentially impacting its bioactivity. However, as shown
in Figure 3, the heat treatment conditions applied in the
present study did not promote the growth of the interfacial
oxide into too thick barrier layers. Indeed, although thicker
than the amorphous layer before annealing (ca 10 nm,
Figure 3A), the annealed dense layers remained consider-
ably thin (90-110 nm thick, Figure 3B and C) compared to
nanotubes’ length in both SS., and LL.. samples. These
results indicate that the morphological integrity of the
nanotubes was preserved after heat treatment since it did
not entail any significant change of the nanotubes dimen-
sions (diameter, length, wall thickness, ...), nor any
defects in the layer structure as fractures, delamination,
or voids at the metal-nanotube layer interface. This is an
important point as degradation and morphology changes
have been reported for higher temperature annealing (>
600 °C).*

Corrosion and Electrochemical Behavior
Figure 4 presents the typical potentiodynamic polarization
behavior in SBF for all the different morphologies, thus
allowing the straightforward comparison between non-

Figure 3 SEM images of the dense interfacial layer (A) before annealing, a thin dense layer formed during anodization beneath the nanotubes, SS,., layer; and in samples
annealed in air at 550 °C for 2 hours: (B) SS.; (C) LL.. In the inset: Black and white arrows showing the thickness.
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Figure 4 Potentiodynamic polarization curves in SBF electrolyte at 36.5 °C at a
scan rate of 0.5 mV's™'. Cell kept in the dark: (0) N-A; (®) SSum; (A) LLym; (©) SSers
(m) LL.. In the inset: Passivation current densities, Jpqss, Normalized against the non-
anodized sample, JyassN-A.

anodized, SS, and LL samples in both as-anodized and
heat-treated conditions.

Although not conveying intrinsic kinetic information as
does the corrosion current density, the corrosion potential,
E_,.., allows a first meaningful screening of the different
behaviors. Indeed, E.,,, gives a good indication of the
various systems’ nobility and stability in the investigated
medium. In this sense, it is worth noticing that the anodi-
zation process itself had almost no effect on the metal |
electrolyte redox behavior since the E,,,,. of all the amor-
phous samples, as-anodized, SS,n,, and LL,,, were nearly
the same as the one of the non-anodized sample, N-A. In a
preliminary approach, these invariable values might be
related to the fact that these different interfaces’ chemical
nature did not change with anodization. Indeed, the non-
anodized sample is already recovered by a thin amorphous
layer of TiO,. Even though the anodized samples have
highly developed surfaces, they are formed by roughly
the same chemical-—and still amorphous as shown by the
XRD in Figure 1—compound. This chemical uniformity is
likely to pin the respective E,,,, values, even more since
the electrochemical potential is an intensive quantity not
straightforwardly dependent on the developed surface.

However, unlike the anodization, the heat treatment
and the consequent nanotube layers crystallization entailed
a significant modification of the surface, which reflected in
a remarkable increase of E,,,,- (> 0.4V). Once again, how-
ever, no significant difference was observed between the
SS and LL morphologies, which reinforces the idea that
much more than the developed surface, the layer’s nature/

structure controls the metal | electrolyte interface.
Therefore, as far as E,,,, can indicate, the crystallized
structures constitute nobler and more stable interfaces
when immerged in the SBF electrolyte. The main physical
reason behind this steep increase in E,,,,. is likely related
to the heat treatment-induced thickening of the dense layer
underneath the nanotubes (cf Figure 3).

Regarding the evolution of the corrosion current den-
sity, J.o» Which is straightforwardly related to the corro-
sion rate, it must be stressed that the unambiguous and
precise determination of J,,,. values is a difficult task very
often overlooked. Indeed, from a strict point of view, the
Tafel extrapolation—one of the most widely used techni-
que to estimate J.,,,—is only pertinent if the kinetic beha-
vior described by the current evolution around E.,,,. is
linear through at least one decade in the logarithm space.
In many—if not most—experimental corrosion studies,
however, the linear evolution of the current is limited to
a narrow segment, thus precluding the precise estimation
of J., This truncated linear behavior was also the case
for almost all the curves in Figure 4. Therefore, for the
sake of rigor, the corrosion current density is analyzed in a
semi-quantitative approach only, which largely suffices in
the framework of the present study. Indeed, all the curves
show low or very low current values that did not indicate
any significant dissolution in any morphologies or experi-
mental conditions. At the same time, the curves are differ-
ent enough for a neat hierarchy to be established between
the different samples in terms of their electrochemical
stability in the SBF electrolyte.

The overall analysis of the polarization curves in

Figure 4 reveals that, as observed before,**!

the samples’
behavior is characteristic of a passive state in SBF. In fact,
for all samples, a current plateau is established over a wide
range of potentials, corresponding to a current limitation
due to mass and charge transport through the dense barrier
oxide layer.*” This scenario is consistent with the only
moderately aggressive electrolyte. Thus, whether or not
covered by nanotubes, the specimens are already passive
yet at the corrosion potential, allowing Jcorr to be assimi-
lated to the current density of the passivation plateau,
Jpass in.*** To better illustrate the impact of both the
anodization process and the heat treatment-induced crys-
tallization of the nanotubes layers on the different speci-
mens’ kinetic behavior, the passivation current densities
are given in the inset of Figure 4, normalized against the
non-anodized behavior. The values clearly indicate that,
while the anodization alone did not entail a significant
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change in samples’ behavior than the non-anodized condi-
tion, the heat treatment, and the induced crystallization did
have a highly positive effect on the electrochemical beha-
vior of both SS.,. and LL., morphologies. Besides a much
higher E.,, as discussed before, Figure 4 also shows that,
regardless of the overpotential, the current densities mea-
sured with the heat-treated samples were almost one hun-
dred times lower than those measured with non-annealed
samples. This remarkable effect of the heat treatment on
the electrochemical response of SS., and LL., samples is
likely to be due to the thickening of the dense rutile layer,
as seen in Figure 3. Located at the substrate/nanotubes
interface, this dense layer modulates the interactions
between the metallic substrate and the electrolyte at the
nanotubes’ bottom. For amorphous nanotubes, as seen in
Figure 3A and also reported in the literature,”>** this
interfacial layer is relatively thin and can even detach
from the bottom of the nanotubes.** In this situation, the
nanotubes could even facilitate the electrolyte’s access to
the metal/oxide interface, allowing localized corrosion to
take place, as pitting. Conversely, the heat treatment favors
the thickening and the intimate merger of the barrier layer
with the bottom of the nanotubes to form a compact and
thick layer, Figure 3B and C, thus further protecting the
metal from corrosion.

This layered-complex structure was also evaluated
through EIS, and the results are present in Figure 5. The
typical Nyquist plots after anodization and annealing
depict a truncated high-frequency capacitive behavior
that evolves to a straight line at middle-low-frequencies.
This behavior is the overall outcome of a highly distrib-
uted frequency response which cannot be modeled by a
conventional R-L-C electrical equivalent circuit, EEC, and
which was associated to the different contributions from
the overall interface structure: 1) external nanotube layer;
2) the bottom of the nanotubes combined with the dense
layer; 3) the modified electrolyte inside the pores; and 4)
the interface itself, where the charge transfer reactions take
place. This complex structure has been successfully mod-
eled with a modified transmission line model with anom-
(for
represented by the EEC, also displayed in Figure 5. The

alous frequency-dependent) transport behavior
first advantage of this model is that it makes explicit the
role of the dense layer at the bottom of the structure, with
a constant-phase element (a non-ideal capacitance), Oy,
from which the thickness of the dense layers was esti-

mated and shown to be in good agreement with the

-Im(Z) / kQ cm?

PRI ST R SRR T S T T ST NN N R Y S

0 10 20 30
Re(Z) / kQ cm?

40

Figure 5 Nyquist plot of experimental (symbols) and fitted (solid lines) impedance
spectroscopy of annealed layers LL.. (main plot) and SS,, (upper inset) measured in
SBF electrolyte at open circuit conditions, 36.5 °C, in the dark. Frequencies in Hz.
Bottom inset: Electrical equivalent circuit based used for fitting the experimental
diagrams. q, and r, represent the nanotube solid channel’s internal distributed
resistance and non-ideal capacitance, g3 the nanotube’s wall interfacial capacitance,
and Q, the non-ideal dense layer capacitance.

measurements obtained from microscopy imaging as in
Figure 3.

Another interesting point raised by the EIS modeling is
that the distributed internal resistances inside the nanotube
channel, r,, are different depending on the size of the
nanotubes, indicating that the longer LL, layer is more
defective than the smaller SS., one, which can eventually
impact the nanotube layer wettability as discussed in the
next section. The full EIS investigation of the different
nanotubes layers, as well as the development of the mod-
ified transmission-line model, can be found in Ref.?!

Wettability Analyzes

Surface wettability is a crucial parameter to improve bio-
logical responses such as protein adsorption and blood
coagulation, as well as osteogenic properties (bone remo-
deling). Some authors also related surface hydrophilicity
to the rate of cell spreading, osteoblast differentiation, and
improvement of metabolic activity.*>*’ Figure 6 sum-
marizes the wettability properties of each condition com-
pared to the non-anodized one. All samples presented
contact angles far below 90° (20° <®< 65°), thus indicat-
ing a hydrophilic behavior*® regardless of the morphology
and treatment applied. The nanotubes morphology (SS or
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Figure 6 Wettability analysis of the different samples using contact angle analysis.
Results were expressed as © + og. Statistical differences were analyzed using
GraphPad Prism with p<0.05 considered statistically significant.

LL) had no impact on the wettability since, for the same
crystallographic structure, amorphous or crystalline, the
angle values were identical or very similar with no sig-
nificant scattering. As it was already the case for the
electrochemical responses, the main change in the wett-
ability was again related to the heat treatment that induced
a substantial decrease in the contact angle of the crystal-
lized structures (ca 20°) compared to both N-A (ca 65°)
and amorphous samples (ca 58°). This decrease in the
contact angle can be ascribed to a higher content of the
anatase phase in the nanotube layer after heat treatment
(see Morphological Characterization of TiO2 Nanotubes),
as reported in the literature.*>**>% Other possible explana-
tions are related to the annealing inducing a higher defec-
tive structure as raised by the EIS measurements, mainly
the presence of oxygen vacancies that can trap water
molecules creating a high surface density of hydroxyl
groups”' and also to the removal of organic contaminants
induced by the annealing.>

Biological Assays

Hydrophilic materials with high corrosion resistance are
expected to be fit for bone tissue engineering applications.
As seen in the previous section (cf. Figures 4-6), the
different surfaces seemed to satisfy these criteria.
Particularly, the heat treatment-induced crystallization
allowed the formation of nanotube layers with very low
corrosion current densities as well as low contact angles in
the wettability test. A major question remained, however,

related to their ability to favor protein adsorption

promoting viable nucleation of osteoblasts. Therefore,
one of the present study’s main objectives was to verify
whether the development of those nanotubes-layered sur-
faces of different topographies and crystalline structures
would also be compatible with osteoblast’s viability,
growth, and proliferation.

In this sense, the comparative evaluation of the cell
viability on non-anodized and anodized samples was car-
ried out through a MTT colorimetric assay according to
OD values at 570 nm.”® The MTT can assess the cell
metabolic activity of the NAD(P)H dependent cellular
oxidoreductase enzymes related to active mitochondria so
that the reaction reflects the number of viable cells present
on the surface.

The MTT cell viability test results with tetrazolium
salts performed from cell incubation and after 1, 3, and 7
days of cell culture are shown in Figure 7. A first remark is
that the amount of formazan produced in the MTT reaction
is essential in evaluating metabolically active cell group
proliferation and survival. The cytotoxicity test result indi-
cates that all groups, including the non-anodized samples
N-A,
Nevertheless, no matter how long the cell culture was,

showed increased cell viability with time.
the number of viable cells was more extensive in nanotube
layers than N-A surfaces. In which concerns cell prolifera-
tion, in all evaluated periods, samples SS and LL, regard-
less of their structure, amorphous or crystalline, showed
statistically significant (p <0.0001) increased cell viability,

and a proliferation increase rate between 1 and 7 days

25
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5 [ ]SS, (162%)
T 15 Llam (152%)
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Figure 7 Cell cytotoxicity (MTT assay) at |, 3, and 7 days of cellular culture. Values
reported as OD + 6op (n=5). Letters indicate significant differences for p<0.05.
Values (%) in the legend correspond to the cell proliferation increase rate between
| and 7 days for the different samples.
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much higher—between ca 150% and 250% as depicted in
Figure 7—than the one for N-A substrates (83%).

The comparison between the nanotubes-layered groups
brings the same qualitative trend already identified in the
electrochemical responses and wettability tests, i.e., better
performance of the heat-treated crystallized groups. The
anatase-rutile crystalline structure seems to improve cell
viability, illustrated by the higher OD values for samples
SSc: (201.33% of counts increase in seven days) and LL,;
(251.98%) than for SS,;, (158.33%) and LL,,, (148.67%).

Finally, a clear differentiation between the two crystal-
lized conditions SS. (201.33%) and LL. (251.98%)
appear at the last stages of the test, by one week of cell
culture. This significant difference in the final OD values
points to a synergistic effect between the mixed anatase-
rutile structure and the high specific surface allowed by the
larger nanotubes morphology that, combined, seems to
have allowed an enhanced cell activity. These results
show the possibility of tuning the properties of TiO, nano-
tubes layers, thus further generating materials with
enhanced anodized morphology.

The ALP activity of MG63 osteoblast-like cell lines on
the different samples was measured based on their total
protein content (Figure 8). ALP activity increased gradu-
ally with the incubation time, thus indicating the matura-
tion of MG63 cells through this period.>' As clearly seen
in the figure, after five days of cell culture, all nanotubes-
layered surfaces showed an increase in ALP activity com-
pared to the non-anodized ones. Once again, the results
indicate a positive effect of the heat-treatment as the
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Figure 8 Alkaline phosphatase activity after five days of MG63 cellular culture.
Values were reported as OD + o (n=5). Letters indicate significant differences for
p<0.05.

MG63 cells presented a statistically significant increase
(p <0.0001) of their alkaline phosphatase activity when
cultivated on SS.. and LL.. samples compared to both
non-anodized and non-heat-treated groups. This better per-
formance of the heat-treated samples is likely related to
the preferential presence of anatase in nanotubes’ struc-
ture, as discussed before. Concerning the nanotubes
dimensions, the larger layers, LL,, seemed to favor higher
cellular viability that can facilitate the osteogenic process.

Functional mineralization was observed as a marker of
osteogenic differentiation from the production of osteo-
blasts in contact with the different samples, as illustrated
in Figure 9. After the ARS extraction, however, the ano-
dized samples presented much higher concentrations—
OD, 0.69, and 0.78, for SS.. and LL,, respectively, as
seen in Figure 10 than the N-A group OD 0.28. Even
though there was no statistically significant difference
(p>0.05) between the heat-treated SS., and LL.. them-
selves, they presented significantly higher values of ARS
(p<0.0001) than SS,,, and LL,,,, exhibiting higher miner-
alized matrix formation.

MG63 cells adhesion on the different surfaces was also
evaluated after 1 and 3 days (Figure 11). Only healthy
cellular behaviors were observed without characteristic
footprints of cytotoxic cellular changes, such as pyknotic
nuclei, fragmented cytoplasm, or with granulation. Well,
adhered and dispersed MG63 cells were observed after one
day for all groups. After three days, however, samples SS,
and LL.. presented a higher density of cells that freely
spread, developing extensive filopodia and lamellipodia.
This faster growth profile is consistent with the higher
proliferation rate observed in the different assays for
cells cultivated on annealed structures, as seen in Figures
7-10. These results are likely to be related to the enhanced
hydrophilic behavior of crystalline layers, as indicated by
the lower wettability angles depicted in Figure 6, which, in
turn, may have improved the cell adhesion properties.

Discussion
In which concerns the biological assays, the first critical
comment is that none of the tested samples induced cyto-
toxic effects in MG63 cells during the incubation period.
Conversely, the experimental results showed that opti-
mized nanotubes with appropriate morphology and struc-
ture could be considered a highly suitable surface
modification treatment to be used in biomaterials.
Starting with the MTT test, considered as an indicator
of the cell growth on biomaterials,*” results showed that
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Figure 9 Alizarin red staining of mineralized nodule formation in vitro after 14 days. (A) N-A; (B) SS,m; (C) SSam; (D) SScr; (E) LL..
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Figure 10 Alizarin red staining after 14 days of cellular culture. Values reported as
OD =+ 6¢p (n=5). Letters indicate significant differences for p<0.05.

the increase in cell viability was proportional to the period
of culture and that the groups with nanotubular TiO, layer
yielded better than
(Figure 7). The biological response was thus dependent

results the non-anodized one

on the biomaterial’s surface characteristics, as reported by

1,>* who observed a proportional relationship

Kim et a
between surface roughness and cell viability.

The ALP test is an indicator of osteoblast differentia-
tion and maturation.’’>> The nanoscale surface topogra-

phy positively influenced the osteoblastic maturation since

the nanotubes-layered groups showed ALP values at least
twice the one from the non-anodized surfaces. Indeed, it
appeared that the only presence of the nano-structures,
regardless of their microstructure, resulted in higher cel-
lular bioactivity.56 Nevertheless, as seen in Figure 8, the
crystallization induced by the heat treatment with the con-
sequent increase of anatase proportion in the nanotube
structure (cf Figure 1B) yielded a boosted cellular activity.
These results are in line with previous results from Chen

et al,28

indicating that the anatase phase of titanium with
nanoscale topography yields the best biological effects for
cell adhesion, spreading, proliferation, and differentiation.
There are, therefore, strong therapeutic prospects for this
biomaterial film for osteoblast proliferation, with possible
applications for orthopedic and dental implants.

Alizarin red staining is an indicator of calcium produc-
tion by mature osteoblastic cells with consequent miner-
alization of the extracellular matrix.?® Higher calcium
concentrations with the formation of mineralized nodules
were found in the groups with a nanotubular surface in
relation to the non-anodized group. In all the tests, it was
possible to observe the positive influence of the samples’
surface topography with nanostructured oxide layers and,
as before, an enhanced response from crystalline layers
(Figures 9 and 10).

The ensemble results presented here clearly indicate
that the anodization protocol applied brought unequivocal
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Figure 11 FE-SEM micrographs of MG63 cells cultivated on samples after | and 3 days of incubation. (A, A’) N-A; (B, B’) SS,; (C, C’) LL,y,; (D, D’) SS. and (E, E’) LL,,.

benefits to the biomaterial | biological-media interface, be
it from physicochemical or biological points of view. It is
worth stressing that these positive effects are unambigu-
ously built-up in two steps, or, in other words, two com-
plementary levels. In the first, the nanotubes’ growth
induces the development of a huge specific surface arca
between the biomaterial and the cells. A geometrical
model allowed the estimation of the nanotubes layers’
developed surface area as 30 cm” and 140 cm? per pro-
jected square centimeter for samples SS and LL, respec-
tively. Details on the estimation procedure can be found in
Hilario et al*' and references therein. This highly devel-
oped surface intrinsically stimulates interactions between
the nanotubes surface and the culture media, thus favoring
cell adhesion and proliferation.”” Our results fully corro-
borate this trend in good agreement with previous studies
where the authors reported more significant cell prolifera-
tion on micro and nanostructured surfaces than on smooth
surfaces.”*>

Nevertheless, the benefits brought by the surface devel-
opment alone had limited reach. Indeed, the second step in
the build-up of an optimized nanostructured layer con-
sisted of a heat treatment that, while keeping the nanolayer
unmodified from a topographical point of view, clearly
enhanced all the investigated properties. From the electro-
chemical responses (Figures 4 and 5), through the wett-
ability behavior (Figure 6) till the different biological tests
(Figures 7—11), the crystallization of the nanotube layer in
a preponderant anatase phase structure triggered an overall
improvement of the surface properties that ultimately

reflected in their biological interactions. More specifically,
the crystallized groups SS,; and LL, have systematically
shown better responses in cell viability and proliferation
(Figure 7), differentiation (Figure 8), mineralization
(Figures 9 and 10), and cellular adhesion (Figure 11).

Considering that the heat treatment did not impact the
nanotubes’ integrity either their morphology, this vast and
significant improvement of the different surfaces’ proper-
ties must be ascribed to the phase transformation from
amorphous to anatase-based nanotubes. This conclusion
is supported and confirms previous studies in the same
line. Recently, Khrunyk et al showed that the crystalline
TiO, nanotubes increased the adhesion, growth, and osteo-
genic differentiation of osteoblasts cells.®® Chen et al*®
biologically evaluated the three phases of TiO, (rutile,
anatase, and amorphous titania) and reported that the ana-
tase phase showed better bioactivity in cell adhesion, pro-
liferation, and differentiation. In a similar study, An et al®!
individually evaluated the rutile, anatase, and amorphous
titania phases and a mix of the rutile and anatase phases.
They found higher levels of cellular bioactivity in the
anatase and rutile mix than in the individual phases.

The different experiments indicate that the heat-treated,
larger dimensions nanotubes layer appear as a potential
surface modification treatment for dental and orthopedic
implants after being validated by in vivo tests. Indeed, the
better results generally presented by LL,, in comparison to
SS.;, are much certainly an effect of the synergistic inter-
play between the anatase-rich crystalline phase and the
higher specific surface area developed by larger nanotubes.
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In a more objective insight into this improved behavior,
these results can be ascribed, from a qualitative point of
view to a better wettability (cf Figure 6) induced by an
anatase-rich crystalline structure of the layer supposed to
be richer in defects as oxygen vacancies that can enhance
the hydrophilic surface character, which is consistent with
the results from the EIS modeling (cf Figure 5). This
change in the interface’s nature/structure may be quantita-
tively boosted thanks to increased interactions between
cells and the developed surface (cf Figures 7, 8 and 10).
A final critical remark concerns the substantial
enhancement of the corrosion resistance and the overall
passivation behavior of the crystalline samples SS.. and
LL,, thanks to the heat treatment of the pre-anodized
samples (Figure 4). This is another significant improve-
ment since a highly reactive surface from an electroche-
mical point of view might induce continuous surface
modification, layer delamination, and, worst, the potential
release of toxic elements, thus seriously jeopardizing the
benefits achieved from a biological point of view.

Conclusion

In this study, we analyzed the corrosion behavior and
biological activity of two different anodized nanotubes’
Shorter and
Smaller [SS] having two different structures (amorphous

morphologies (Long and Larger [LL],

[am] and crystalline [cr]). Comparison of bioactivity was
made regarding Ti substrates. After analyzing and discuss-
ing the results, the following conclusions can be drawn:

e The thickening of a dense rutile layer underneath
nanotubes induced by crystallization heat-treatment
substantially enhanced the corrosion resistance and
the crystalline samples’ overall passivation behavior.

e As observed in corrosion analysis, surface properties
were improved by the crystalline state of anodized
samples, thus also influencing biological activity.
Such an influence was observed in the contact angle
of wettability tests, which were remarkably lower in
crystalline samples than in other conditions.

e Contact angles decreased in the sequence of
Substrate, SS,.,, LL.m, SS., and LL.. The better
wettability appeared to have a synergistic effect
with the highly developed surface of the crystallized
LL., samples that favored cell proliferation and adhe-
sion. The annealing procedure is likely to have
induced a more defective structure with a higher
density of oxygen vacancies that would enhance the

LL,, surface’s wettability. Therefore, all biological
responses were improved in the same sense, i.c.,
mineralization and induced cellular activity, MG63
cells alkaline phosphatase activity, and mineralized
matrix formation enhanced from the Substrate, SS,,,
LL.m, SS., to LL,,.
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