Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Transparent TiO, nanotubes on zirconia for

i '.) Check for updates ‘
biomedical applications

Cite this: RSC Adv., 2017, 7, 30397

Sweetu B. Patel, 1229 Natalie Baker,” Isabella Marques,® Azhang Hamlekhan,?
Mathew T. Mathew,© Christos Takoudis,®® Craig Friedrich,? Cortino Sukotjo*®
and Tolou Shokuhfar*®

Tissue discoloration in dental implant patients with thin gingival tissue is one of the many causes of dental
implants’ revision surgery. Therefore, the purpose of this study is to address this issue by developing
a surface that has a "tooth like bright colored” appearance while at the same time enhancing the bone
implant integration. A biomimetic surface is fabricated by forming transparent TiO, nanotubes on
zirconia (TTNZ) that can enhance the proliferation and attachment of human mesenchymal stem cells
(hMSCs) as compared to roughened ZrO,. This surface treatment was aimed to resolve tissue
discoloration and aesthetic appearance problems for dental implant patients, while also enhancing
biocompatibility. TiO, nanotubes (TNTs) were formed using an electrochemical anodization technique in
an electrolyte comprised of NH4F, ethylene glycol and water. The presence of TNTs on the ZrO,
substrate was detected by field emission scanning electron microscopy (FESEM). Optical images of
longer anodized (20 and 30 min) samples show the white colored appearance characteristic of ZrO, and
FESEM confirmed the presence of TNTs on anodized samples. Surface characteristics of all samples were
analyzed using water contact angle analysis, Fourier-transform infrared spectroscopy, white light
interferometry and FESEM. Quantitative and qualitative biocompatibility analysis of treated and non-
treated ZrO, surfaces were obtained by performing FESEM, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay and fluorescence microscopy. FESEM revealed well-elongated and
well-spread cell morphology on the nanotubular surface as compared to roughened ZrO,. Additionally,
MTT assay showed a significantly high cell proliferation for anodized Ti-ZrO, surface as compared to
roughened ZrO, after 7 days of incubation.
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Introduction

Titanium (Ti) metal has been widely utilized for biomedical
applications for decades due to its beneficial surface properties
that allow such foreign implants to survive within the complex
biological environment.' Additionally, according to American
Academy of Implant Dentistry, 3 million population have dental
implants with numbers increasing every year.> However, tissue
discoloration around dental implant sites in patients with thin
gingival tissue is of great concern, since it results in dental
implant revision surgeries.>* Therefore, much attention has
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been paid to resolve this shortcoming of titanium dental
implants. ZrO, is a potential alternative for titanium due to its
high flexural strength, fracture resilience, and similar chemical
properties to that of titanium;**® additionally, it is a ceramic of
white colored appearance, which makes it a suitable material
for patients with thin gingiva and metal ion sensitivity.
Various in vivo studies have been performed on under-
standing the tissue response surrounding ZrO, implants as
compared to standard titanium implants. Depprich et al
investigated the effect of roughened ZrO, and Ti implants
inside the tibia of minipigs in terms of their osseointegration
property.”> The histology and histomorphometric analysis
concludes that there is no significant difference in cellular
response between ZrO, or titanium implants."> Moreover,
Gahlert et al. investigated the effect of roughened ZrO, vs.
titanium implants inside the adult pigs by detecting peri-
implant bone density and bone-implant contact ratio around
the respective materials."”® This study also supported Depprich
et al.’s data on the similar bone-implant interaction of ZrO, in
comparison with Ti implants.'* On the other hand, Gahlert et al.
investigated biomechanical fixation of implants constructed
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from machined ZrO,, roughened ZrO, and roughened Ti after 4,
8 and 12 weeks through torque removal testing.** Significantly
high removal torque values were obtained for roughened Ti
implants followed by roughened ZrO, and machined ZrO,.**
This indicates that the biomechanical fixation of ZrO, implants
is weak when compared to Ti. This suggests that further surface
modification investigation is required for ZrO, based implants
to improve their biomechanical fixation, bone density and
bone-implant contact ratio. Even though the benefits of ZrO,
are known, its ability to osseointegrate or create strong bone-
implant contact remains somewhat uncertain; therefore,
further study to enhance the success rate of ZrO, implants
appear to be necessary.'*'*

Previously, studies have also been performed to enhance the
properties of ZrO, through surface modification including
sandblasting, acid etching, anodization, and polymeric coating
(i.e. poly(lactic acid) and poly(3/4-caprolactone)) etc."*** In the
study performed by Maeda et al. osteoblast activity was moni-
tored on poly(lactic acid) coating and imogolite (aluminum
silicate nanotubes) treated poly(lactic acid) coating. From the
results, it was observed that the polymer treated with aluminum
silicate nanotubes enhances the MC3T3-E1 adhesion on the
surface. The reason for the increase in cellular bioactivity is
reported as due to rougher surface texture that is obtained after
treating with imogolite."> However, aluminum silicate poses the
health risk of fibrosis if it detaches from the substrate, thereby
interfering with bone-implant interaction, as reported by
Elmore AR et al.*® Additionally, Frandsen et al. investigated the
effect of osteoblasts on TiO, nanotube coated ZrO, vs. bare
ZrO,. They also observed improved cell behavior on TiO,
nanotube coated ZrO, compared to bare ZrO,." The main
difference between their study and the present study is that (1)
they used a sputtering technique to deposit titanium, whereas
in our study an e-beam evaporation technique is used to deposit
Ti, (2) they anodized Ti at 20 V for 15 min, which produces
porous structure at low voltage, whereas in the present study,
the Ti is anodized at 60 V for various times, producing tubular
morphology as shown in FESEM images, (3) after anodization,
in ref. 17, nanotubes were annealed to form anatase, whereas,
no annealing was performed in our study and (4) in our study,
white colored appearance of ZrO, substrate is observed in the
presence of TiO, nanotubes on the surface.

It is well established that TiO, nanotubes (TNTs) enhance
the implant’s surface properties by providing nanoscale
roughness for increased cellular adhesion thereby improving
osseointegration compared to acid etched or sandblasted
surfaces.'®*' TNTs also improve the physiochemical character-
istics of surfaces as shown through their ability to maintain
surface wettability for a period of at least one month compared
to smooth or rough Ti surfaces.?>** Hydrophilic surfaces attract
more fibronectin (FN) and vitronectin (VN) protein from the
body fluids, which are essential sites for cellular attachment
and proliferation.*"**?¢ Additionally, TNTs have the capability to
store drugs of interest such as BMP2, TGF-beta etc. for patients
suffering from osteoporotic bone and being treated with growth
factors to stimulate bone-ingrowth onto the implants.””*® These
nanotubes may also act as a drug reservoir for anti-infection or
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anti-inflammatory drugs whose controlled and systematic
release to the implant site may prevent complications due to
post-surgery biological reactions.**** To-date, these aforemen-
tioned benefits of TNTs have been introduced on CP-Ti or Ti-
alloy surfaces. In this study, a hybrid surface is prepared with
transparent TNTs on ZrO, substrates that possess white colored
appearance, alleviate the possibility of metal ion allergic reac-
tions, and provide benefits of nanotubular features.

The objectives of this study were to (1) fabricate surfaces with
transparent titania nanotubes on zirconia substrates (TTNZ), (2)
characterize their physiochemical and chemical surface char-
acteristics with water contact angle analysis, Fourier transform
infrared spectroscopy, white light interferometry, field emission
scanning electron microscopy (FESEM) and optical appearance,
and (3) investigate the biocompatibility of each surface using
MTT assay, fluorescence microscopy and FESEM.

Methods and materials
Sample preparation

ZrO, discs of 15 mm diameter and 1 mm thickness were
employed for the experiments. All discs were roughened by
sandblasting with 50 um Al,O; particles (Trinity Tool Company,
Fraser MI, USA) at 517 kPa for 10 s. Following this sandblasting
procedure, all discs were cleaned by sequential sonication in
ethanol and de-ionized (DI) water for 15 min. Cleaned ZrO,
discs were then coated with a 500 nm thick titanium film using
e-beam evaporation employed at Nanotechnology Core Facility
(NCF) at University of Illinois at Chicago (UIC). Ti deposited
ZrO, samples are designated as Ti-ZrO,. The base pressure of
reactor was maintained at 5 x 10~ Torr with a rotating sample
holder to obtain even film growth. Titanium evaporation
current was maintained at 47 mA and the voltage was 10 V. The
growth rate of titanium on ZrO, was measured to be ~1 A s~ ™.
Ti-ZrO, samples were then anodized using an electrochemical
anodization technique, where Ti-ZrO, was the working elec-
trode (WE) and graphite was the counter electrode (CE). Elec-
trodes were connected to the voltage source (Keithley 2400
SourceMeter, Cleveland, OH, USA), which supplied a constant
voltage of 60 V for 10, 20 and 30 min. The anodization elec-
trolyte was comprised of 2 vol% H,O and 0.25 wt% NH,F
(Sigma-Aldrich, St. Louis, MO, USA) in ethylene glycol (Fisher
Scientific, Pittsburgh, PA, USA) and it was continuously stirred
with a magnetic stirrer to maintain a homogeneous environ-
ment throughout anodization. A total of four groups were
investigated in this study: roughened ZrO,, 10TNZ (10 min
anodized sample with TiO, nanotube coated ZrO,), 20TTNZ
(20 min anodized samples with transparent TiO, nanotubes
coated zirconia), and 30TTNZ (30 min anodized samples with
transparent TiO, nanotubes coated zirconia).

Surface characterizations

Field emission scanning electron microscopy (FESEM, JSM-
6320F, JEOL, Musashino 3-chome Akishima Tokyo, Japan) was
used to analyze the external surface morphology of roughened
ZrO,, 10TNZ, 20TTNZ and 30TTNZ samples. The sample of
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interest was mounted on an aluminum stub with the help of
double sided conductive carbon tape for imaging. FESEM
images were obtained with acceleration voltages of 3.8 kv, and
specimens were observed with magnifications of 10 000x and
50 000x. White light interferometry (WLI, NewView 6300, Zygo
Corporation, Middlefield, Connecticut, USA) in Tribology Lab at
Rush University Medical Center was used to measure surface
roughness of ZrO,, and anodized Ti-ZrO, samples. Trans-
parency of the anodized samples were observed by holding the
samples against white light where the top surface of the
samples faced the light and the optical image was captured
from the back side, as shown in graphical abstract. This allows
the light to pass through if the sample is transparent and no
light passes through if the sample is non-transparent. Diffuse
reflectance Fourier-transform infrared spectrometry (FTIR,
Nicolet, Madison, WI, USA) was used to probe the surface
composition of ZrO, and anodized Ti-ZrO, samples. ZrO, was
used as a background for ZrO, sample scans; moreover, non-
anodized Ti-ZrO, was used as a background for anodized Ti-
ZrO, sample scans. Before running the FTIRS experiment, each
sample was kept inside the FTIRS chamber for 1 h in order to
stabilize the internal conditions and optimize the signal to
noise ratio. FTIRS spectra were obtained with 2 cm ™" resolution
and 512 scans over the wavenumber range of 400-4000 cm ™.
Qualitative analysis by de-convoluting FTIR spectra was per-
formed using spectral peak-fitting software with a linear back-
ground and Gaussian-Lorentian peak shape function.

Surface wettability

Water contact angle (WCA) measurements were obtained using
a sessile drop method with the help of Goniometer (Rame’-Hart
NRL, Succasunna, NJ, USA) to determine the surface hydro-
philicity. During WCA measurements, 5 pL of DI-water was
placed on the respective surfaces followed by image capturing.
The WCA on each surface was analyzed using Image-J Analysis
software. The wettability of all samples was monitored after 0, 1,
2, 3 and 6 days and thereafter every 7 days for a period of 1
month. Before measuring WCA on day 0, all the samples were
first cleaned with methanol for 10 min followed by a DI water
wash for 10 min. For the rest of the measurements over a period
of one month, each sample was merely cleaned by blow-drying
with N, gas (Grade 4.8, 99.998%, NIZ300 Progressive Industries
Inc., Sylacauga, Al, USA) before performing WCA. After WCA
measurements, samples were stored in a plastic Petri dish until
the next measurement.

In vitro cell viability tests

Human Mesenchymal Stem Cells (hMSCs) (derived from adult
bone marrow, provided by Tulane University) were used for cell
viability tests on each surface. Prior to culturing cells on
different substrates, hMSCs were made ~80-90% confluent in
a cell culture media composed of Dulbecco’s modified Eagle
medium (DMEM; Hyclone, GE Healthcare Life Sciences, PA,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco by
Life Technologies, NY, USA) and 1% penicillin and strepto-
mycin (Gibco by Life Technologies, NY, USA). The incubator
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environment was kept at 37 °C and 5% CO,. After cells reached
80-90% confluence, they were trypsinized (Hyclone, GE
Healthcare Life Sciences, PA, USA) to detach them, and then
centrifuged at 1200 rpm for 5 min. The supernatant fluid was
discarded and cells were washed twice with phosphate buffer
saline (PBS, Gibco by Life Technologies, NY, USA). Then the
cells were re-suspended in culture media to obtain healthy cells
for culturing. All samples were first sterilized in 70% ethanol.
After sterilizing the samples, 2 x 10* cells were cultured on each
substrate. The samples seeded with cells were incubated at
37 °C and 5% CO, environment.

MTT assay. Cell viability was detected by measuring the
absorbance using the MTT assay after 1 and 6 days of incuba-
tion in 37 °C and 5% CO,. First, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT, Sigma Aldrich, St.
Louis, MO, USA) was diluted in PBS with a concentration of
0.5 mg of MTT 1~ of solution. After preparing the MTT solution,
culture media and MTT solution were mixed in 1 : 1 v/v ratio.
First, the cells were washed with PBS twice. Then 500 ul of
mixed MTT and culture media solution was added to the cells
on the discs. The cells were again incubated for 4 h. Then 500 pul
of dimethyl sulfoxide (DMSO, Fisher Scientific, Pittsburgh, PA,
USA) was added to each well. Then again the cells were incu-
bated for 24 h. The absorbance signal was measured using
a fluorescence reader (SpectraMax Plus, Molecular Devices,
Sunnyvale, CA, USA) with 570 nm and 600 nm wavelengths.

Fluorescence microscopy. Cell spreading morphology was
observed after 3 and 24 h of seeding. Prior to fluorescence
microscopy, cells were fixed with 3.7% formaldehyde in PBS for
15 min at room temperature. Cells were stained using ActinRed
555 Readyprobe (Molecular Probes by Life Technologies, Grand
Island, NY, USA) for 30 min, NucBlue (Molecular Probes by Life
Technologies, Grand Island, NY, USA) for 20 min, and 0.1%
Triton X-100 for 15 min to probe the nucleus and actin fila-
ments of the cells.

FESEM. Cell morphology was observed after 6 days. Prior to
FESEM, cells were fixed with 3.7% formaldehyde (Fisher
Scientific, Pittsburgh, PA, USA) in PBS for 15 min at room
temperature. The cells were then rinsed with PBS for 15 min
four times. Then the cells were dehydrated in increasing
concentration of ethanol at 25, 50, 75, 90 and 100% for 10 min
once except for 100% ethanol dehydration, which was per-
formed twice. Prior to FESEM imaging, samples fixed with cells
were sputter coated with ~5-7 nm Au/Pd coating. FESEM
images were obtained with acceleration voltages of 10 kv, and
specimen with 2000 magnifications.

Statistical analysis

SPSS software (SPSS v. 20.0, SPSS Inc., Chicago, IL, USA) was
used to perform statistical analysis. One-way ANOVA was used
to determine the statistical difference in surface roughness and
wettability before and after anodization, and the dimensions of
the nanotubes upon different anodization times. Tukey Honest
Significant Difference (HSD) post hoc analysis was used for
pairwise comparison within and between each group. For all the
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analysis, p-values <0.05 were considered as statistically
significant.

Results and discussion
Current-time behavior

Formation of TiO, nanotubes on Ti through electrochemical
anodization process is divided into three stages: (i) field assisted
oxidation, where Ti oxidizes to TiO,, (ii) field assisted dissolu-
tion, where nucleation of pore formation is initiated and (iii)
equilibrium between field assisted oxidation and dissolution,
where formation and dissolution of TiO, takes place at
a constant rate.**>> Fig. 1 shows the current-time transient
curve of Ti-ZrO, samples during anodization for the first
10 min. Such a graph allows extrapolating the information
related to the chemical reaction on the surface that leads to the
formation of well-aligned nanotubular structures.

The current-time curve of Ti-ZrO, shows three stages. In
stage 1, a drastic drop in the current is observed. This signifi-
cant current drop is due to the formation of a barrier TiO, layer
on the Ti surface when 60 V is applied. Initially, mass evolution
of H, gas is observed near the cathode (graphite) due to the high
electron conductivity.** This H, gas evolution arises from the
dissociation of H,O from electrolyte that releases H' ions along
with OH™ and O® ions. H" ions combine to form H, at the
cathode, whereas, negatively charged ions (i.e. OH  and 0*")
migrate towards the anode (Ti-ZrO,) and diffuse to the Ti/TiO,
interface, where they react with Ti** ions and form TiO, and/or
Ti(OH),.>"**** Consequently, the oxidation process of stage I is
dominated on the surface initially. In stage II, the current
profile is observed to steadily decrease indicating lessening of

60 1
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30 1
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20 A Dissolution
Oxidation+—>Dissolution
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-50 50 150 250 350 450 550 650
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Fig. 1 Current—time transient analysis of Ti—-ZrO, sample in an elec-
trolyte composed of ammonium fluoride, ethylene glycol, and water at
60 V. This figure shows the current profile during the anodization
process. In region |, a drastic drop in current is observed, which is due
to the oxidation of Ti. In region Il, the current stabilizes, which is due to
the dissolution of TiO, and limitation in O~ diffusion through the
barrier layer. In region lll, the rate of ionic exchange decreases even
further, which is due to the equilibrium between oxidation and
dissolution and having ZrO, ceramic as the substrate, which further
prevents ionic exchange.
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oxidation, with stabilizing of the current likely due to limitation
in electron conductivity;**** simultaneously, this stabilization
may also be resulted from the nucleation of pore formation on
the surface, which explains the initiation of ionic conductivity
on the surface (TiO,/electrolyte interface).** The generation of
pores increases the surface area of Ti-ZrO, that facilitates the
diffusion of ionic species (i.e. 0>, OH, Ti**, or F~) into/from
the anode in comparatively large amounts, thereby decreasing
the resistance of the film.*"** During stage II, F~ ions from
ammonium fluoride, react with TiO, and Ti(OH), to form
TiFs>~, which is soluble in electrolyte, thereby forming pores
and well organized nanotubes.**** Finally, in stage III, a further
decrease and stabilization of the current is observed. During
this phase, the rate of TiO, formation at the Ti/TiO, interface
and the rate of TiO, dissolution at the TNTs pore bottom is in
equilibrium. Because there is limited amount of Ti (500 nm-
thick) on the ZrO, substrate, once the titanium layer has fully
oxidized, the dissolution reaction would be the leading reac-
tion. In addition, although dissolution is the leading reaction,
current will not increase because the underlying substrate of
titanium is ZrO, ceramic that resists ionic and electronic
conduction. Due to these reasons, transparent nanotubes are
obtained at longer anodization duration (20 and 30 min) as
shown in Fig. 2.

Field emission scanning electron microscopy (FESEM)

Fig. 2 shows the FESEM images of ZrO, and anodized Ti-ZrO,
samples. Fig. 2a shows the surface morphology of untreated
ZrO, sample. It is observed that the surface possesses irregular
roughness, which is from the sandblasting procedure. The
upper inset on Fig. 2a shows the optical visualization of ZrO,
samples, which displays a bright “tooth-color” appearance.
Fig. 2b shows the surface of e-beam evaporation deposited
titanium on ZrO, substrates (Ti-ZrO,) post 10 min of electro-
chemical treatment. The surface topography of 10 min anodized
Ti-ZrO, samples (10TNZ) shows that nanotubes with 26.8 +
4.5 nm diameter are observed evenly throughout the surface
with length 0.63 + 0.03 um (as shown in upper left inset,
Fig. 2b). The optical image of 10 min anodized samples display
similar gray colored appearance similar to non-anodized Ti
region. This gray colored appearance of 10TNZ samples likely
arises from a non-anodized titanium layer between the top TNT
layer and bottom ZrO, substrate. When anodization duration is
10 min, only some titanium might have been anodized to form
TiO, nanotubes (TNTs) leaving a layer of non-anodized Ti,
thereby providing a surface with three layers (TNT layer, non-
anodized Ti, and ZrO, substrate), imparting an unfavorable
gray colored appearance of Ti. This indicates that at low anod-
ization duration (10 min), non-transparent nanotubes are ob-
tained (schematic representation in graphical abstract).
Similarly, Fig. 2c and d show the surface topography and
cross section of 20 (20TTNZ) and 30 (30TTNZ) min anodized Ti-
ZrO, samples, respectively. Compared to 10TNZ samples, the
density of the pores on 20TTNZ and 30TTNZ samples has
decreased. This is due to the widening of the pore diameter
from 26.8 &+ 4.5 nm (10TNZ) to 35.3 £+ 6.9 nm (20TTNZ) and 36.3

This journal is © The Royal Society of Chemistry 2017
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Fig.2 FESEM images for (a) ZrO,, (b) 10 min anodized Ti—ZrO,, (c) 20 minute anodized Ti-ZrO,, and (d) 30 min anodized Ti—-ZrO,. Right upper
insets show the optical appearance of each sample before and after electrochemical treatment and the cross section shown left displays the
length of TiO, nanotubes. Anodization was performed in 2 vol% H,O, 0.25 wt% NH4F and EG.

=+ 8 nm (30TTNZ). According to Tukey HSD post hoc analysis, an
increase in diameter between 10 and 20 or 30 min anodized
surface is significant as concluded by p < 0.05. Additionally,
a significant increase in length was observed for 20TTNZ (1.3 +
0.06 pm) and 30TTNZ (1.2 £ 0.08 pum) (Tukey HSD post hoc
analysis with p < 0.05), as compared to 10TNZ samples (0.63 +
0.03 pm), which is shown in Fig. 2c¢ and d. This increase in
length of TNTs, when anodization duration increases to 20 and
30 min, is due to the presence of non-anodized Ti layer after
10 min anodization, which can further oxidize and dissolve to
form nanotubes. When the anodization duration is increased to
20 and 30 min, longer nanotubes are obtained of the order of 1
pm. On the other hand, no significant difference was observed
in TNTs length when anodization duration was increased from
20 to 30 min (Tukey HSD post hoc analysis p > 0.05). This
stabilization in the growth of nanotubes length after 20 min is
likely due to the complete anodization of 500 nm deposited Ti
within 20 min, which leaves no Ti for further oxidation and
dissolution process on extension to 30 min.

Additionally, the length of the nanotubes is observed to be
higher (~1.3 pm for 20 and 30 min anodization) than the
thickness of deposited titanium (500 nm-thick). There are two
factors affecting the expansion of the film: (1) Pilling-Bedworth
ratio and (2) flow model mechanism of the nanotubes forma-
tion. The Pilling-Bedworth ratio (PBR) is the metal expansion
factor when it is converted into an oxide.*® This means that

This journal is © The Royal Society of Chemistry 2017

when titanium is exposed to the oxygen source, titanium splits
into Ti** and 4e ™ ions, which then react with O*~ to form TiO,.**
As the oxide thickness increases, the Ti** ions diffuse towards
the surface and 0>~ diffuse towards the metal/oxide interface.
This oxidation process introduces a volume expansion to the
metal.***® Such volume ratio of oxide to metal is the PBR
factor.***® The PBR of amorphous TiO, has been reported to be
2.43, which is the ratio of amorphous TiO, to Ti metal.>* Addi-
tionally, according to the flow mechanism of nanotubes
formation, when the voltage is applied to the titanium, the
strong electric field across the oxide layer induces stress in the
barrier layer due to volume expansion caused by ion movements
within the oxide layer. Such volume expansion and ionic
transport exerts compressive stress along the tubular oxide
interface due to the high electric field zone in the nanotubes,
thereby facilitating the plastic flow/movement of barrier oxide
towards the walls of the nanotubes.****%”

Optical images of 20TTNZ (Fig. 2c) and 30TTNZ (Fig. 2d)
samples show that a transparent nanotubular layer is obtained
when anodization is performed for 20 and 30 min. The anod-
ized region of 20TTNZ and 30TTNZ show similar optical
appearance to that of ZrO, samples, unlike 10TNZ samples.
This suggests that when Ti-ZrO, samples were anodized for
longer duration (20 and 30 min), all deposited Ti might have
anodized completely, thereby providing the surface with two
layers (transparent TiO, nanotubes layer and ZrO, layer)

RSC Adv., 2017, 7, 30397-30410 | 30401
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Table 1 Quantitative comparison of average surface roughness and
root mean square of the samples with different treatments; a: p < 0.05
compared to b and c; b: p < 0.05 compared to ¢

Average roughness Root mean square

Surface topography (Ry)/nm (rms)/pm

710, 0.71 + 0.13% 0.91 + 0.16%
10 min anod. Ti-ZrO, 0.84 + 0.04° 1.04 £ 0.05°
20 min anod. Ti-ZrO, 1.26 + 0.04¢ 1.46 4+ 0.09¢
30 min anod. Ti-ZrO, 1.18 + 0.04° 1.42 + 0.06°

imparting a bright colored appearance characteristic of ZrO,.
Such transparent appearance of substrate when complete
anodization occurs was also observed in previous studies,
however, their substrate was ITO instead of ZrO,.***° TNT
decorated implants have shown many potential benefits for
implants; however, over time, the quality of patients’ life is
affected due to the tissue discoloration in patients with thin
gingival tissues and metal allergic reactions. In this study, from
FESEM and optical imaging, it is observed that decorating ZrO,
substrates (light colored ceramic) with TNTs provides a novel
bio-implant surface that provides all the benefits of TNTs. It is
light in color compared to titanium implants, and it can prevent
tissue discoloration in patients with thin gingival tissue and
reduces allergic reaction to metals. In order to obtain high
resolution cross-section of the nanotubes, further studies are
required using a focused ion beam to obtain high-resolution
TEM images of nanotubes on the Ti-ZrO, samples.

Fourier transform infrared spectroscopy

FTIRS data of the ZrO, sample is shown in Fig. 3. In the spec-
trum, the absorption peaks are observed for gas phase CO, at
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2200-2400 and 667 cm ™! and H,O in the ranges of 3600-3800
and 1400-1900 cm ™, which are from the residual air of FTIR
purging chamber. Additionally, absorption peaks featured at
the lower wavenumber of 560 and 450 cm ™" are due to Zr-O and
Zr-0,-Zr vibrational stretch, respectively.*"** Fig. 3b shows the
de-convoluted spectrum of the intense peak observed in the
region 755-915 cm ™ '. This region is the superposition of
various absorption bands including Zr-O at 793 and 815 cm ™'
and C-O at 854 cm ', respectively.**** Absorption peaks for
C-0 is likely from carbon dioxide adsorbed on to ZrO,.*® Fig. 4
shows the FTIRS spectrum of anodized Ti-ZrO, samples. An
absorption peak around 535 cm™ ' is observed, which is the
apparent feature of a Ti-O bond stretch.** Additionally,
superposition of multiple peaks in the region 600-2300 cm™ " is
also observed, which is de-convoluted in Fig. 4b. Previously, it
has been concluded that anodizing titanium in ammonium
fluoride and ethylene glycol electrolyte forms nanotubes with
surface composition of TiO, and Ti(OH),.'**' Therefore, the
features in the region 600-2300 cm ™" for the anodized sample
are likely arising due to the presence of Ti-O at 980 and 770
cm ™! from surface vibrations, Ti-O-Ti stretch at 820 cm ™', and
Ti-OH at 1210 cm™ '.*%%-2 There is also likelihood for the
presence of anatase TiO, at 870 cm ™', which has been observed
previously under similar anodization parameters and condi-
tions at 60 V.'?% Some features of NH," at 1464 cm ™, and Ti-
N at 1075 cm ™" are also observed, which are from remnants of
electrolyte.'>*>*

It is likely that the de-convolution may include some devia-
tion in the peak positions from literature values of the absorp-
tion bands due to (i) uncertainties from the sloped baseline due
to irregular surface roughness, and (ii) absorption shift for
a particular bond stretch due to the effect of other chemicals/
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Fig.5 Surface wettability of ZrO,, 10TNZ, 20TTNZ and 30TTNZ samples over a period of one month. Wettability was measured every day for first
three days followed by once every week over a period of one month. (*) Indicates a statistical significance within groups with p < 0.05.
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molecular species present in the vicinity. Thus, study with
controlled parameters is required to optimize the de-
convolution of FTIRS data.

White light interferometry

White-light interferometry (WLI) was employed to probe the
changes in surface roughness after each surface treatment on
ZrO, substrate. The average surface roughness and root mean
square of the samples are shown in Table 1. A significant
increase in surface roughness is observed after anodization
compared to roughened ZrO, samples. This is due to the
increase in surface area owing to the formation of nanotubes on
the Ti-ZrO, substrate; additionally, a further increase in surface
roughness is observed after 20 and 30 min of anodization
compared to the samples anodized for 10 min (p < 0.05; Tukey
HSD post hoc analysis). This increase in surface roughness is
likely due to the increase in length and diameter of the nano-
tubes compared to 10TNZ samples. FESEM images of the
samples corroborate the surface roughness results, which
shows that TNTs length and diameter increases when anod-
ization duration increases. Finally, the surface roughness of 20
and 30 min anodized samples show no statistically significant
difference, which is corroborated by the FESEM results (shown
in Fig. 2c and d). This similar length nanotubes for 20 and

30404 | RSC Adv., 2017, 7, 30397-30410

30 min anodization is due to the limited availability of the
titanium layer on ZrO,. Due to this limited titanium thickness,
lengthening of the TNTs are hindered by the ZrO, substrates;
therefore, nanotubes length remains stable when anodization
duration was increased from 20 to 30 min. Upon further
increase in anodization duration to greater than 30 min, there is
a possibility of shortening of nanotubes, as the etching of
nanotubes walls will dominate over oxidation due to the
ceramic substrate. This behavior is not investigated in this
study.

Water contact angle

Water contact angle (WCA) of ZrO,, and 10, 20 and 30 min
anodized Ti-ZrO, samples were monitored over a period of one
month. Hydrophilic surfaces enhance osteoconduction, which
improves the bone formation at the interface.”® High surface
wettability is required for improved fibronectin and vitronectin
adsorption on the surface that makes focal complexes, which
allows cells to make strong actin mediated anchorage with the
implant, thereby improving bone-implant contact.****%”

Fig. 5 shows the WCA results of each surface over a period of
27 days. WCA of ZrO, samples on day 0 was hydrophobic
compared to all other surfaces with WCA of 35.1 + 5.6°, which
increases to 59.8 + 3.2° by day 27. Such WCA of ZrO, is

This journal is © The Royal Society of Chemistry 2017
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corroborated by Gonzalez-Martin et al.*® Their study focused on
investigating the surface free energy and wettability of zirconia
based ceramics, which shows that the WCA of 5% yttria stabi-
lized ZrO, is about 72°.°® Akio Noro et al. also reported an
increase in WCA of sandblasted ZrO, samples to ~80° after 21
days.* This increase in WCA over time when samples are stored
in air is due to carbon contamination from the environment, as
shown by the X-ray photoelectron spectroscopy data with
carbon content increasing from ~20% (day 0) to ~45% (day
21).* After anodizing Ti on ZrO,, the surface becomes super-

This journal is © The Royal Society of Chemistry 2017

hydrophilic with WCA of <5°, 10.8 + 1.8°, and 12.9 + 1.9° for
10TNZ, 20TTNZ, and 30TTNZ, respectively. For day 0, the
difference in surface wettability between 10TNZ and 20TTNZ or
30TTNZ samples is likely due to the difference in surface
roughness. There is a decrease in wettability for 10TNZ (14.4 +
2.4°) and 20TTNZ (20.6 £ 0.5°) samples by day 27 compared to
their day 0 wettability; moreover, a non-significant decrease was
observed for 30TTNZ samples with WCA of 16.1 + 1.4°. This
decrease in surface wettability for 10TNZ and 20TTNZ samples
may likely be due to the carbon contamination during the aging

RSC Adv., 2017, 7, 30397-30410 | 30405
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period. However, compared to ZrO,, anodized Ti-ZrO, samples
are able to maintain their surface wettability to less than or
about 20° over a period of 27 days. This anti-aging hydrophilic
property of anodized titanium surface has been corroborated by
our previous studies as well as in the literature.?”** The ability of
an anodized surface to maintain their surface wettability has
been extensively discussed previously by Shin et al?*' They
showed that when titanium is anodized in an electrolyte
composed of EG, NH,F and water, the composition of nanotube
walls is Ti(OH), and TiO, that has the ability to attract more
water molecules making the surface hydrophilic.*® The
composition of nanotubes wall of Ti(OH), and TiO, is also
corroborated by the FTIR results, which was provided in the
previous section.

The anti-aging property of TNTs is due to the surface
composition of the nanotube walls, which contains Ti(OH), that
has a higher affinity for water than for contaminants.” Addi-
tionally, higher surface roughness of anodized Ti-ZrO, along
with Ti(OH), content, further improves its wettability, which
can be explained by the Wenzel model. In the Wenzel model, if
the WCA is between 0 < ¢ < 90°, then the higher the surface
roughness, the higher the wettability.**

WCA of 10, 20 and 30 min anodized samples on day 0 shows
that, 10TNZ samples were more hydrophilic with WCA of <5°
compared to 20TTNZ and 30TTNZ with WCA of 10.8 + 1.8° and
12.9 + 1.9°, respectively. This difference in surface wettability
between 10TNZ and 20TTNZ or 30TTNZ samples is likely due to
the difference in surface roughness and presence of Ti(OH),.
WLI results show that the average surface roughness of 10TNZ
samples is significantly smaller (p < 0.05: Tukey post hoc anal-
ysis) compared to 20TTNZ and 30TTNZ samples. Therefore,
high initial WCA of 20 and 30 min anodized samples may be
due to the higher probability of air entrapment inside the
nanotubes in addition to lower Ti(OH), amount in TNTs walls
due to conversion of Ti(OH), to TiO, by condensation reaction
of the hydrated oxide layer as the anodization duration
increases.'*° Dahotre et al. explain this higher WCA behavior of
rougher samples using the Cassie and Baxter model.** In their
study, micro-textures of different roughness are created on Ti-
6Al-4V alloy using laser-based optical interference and direct
melting technique. They show that as the height of the grooves

30406 | RSC Adv., 2017, 7, 30397-30410
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increases from 68.08 &= 0.02 nm to 208.08 £ 0.08 nm their WCA
also increases from 70.7 + 0.3° to 78.55 £+ 0.45°. An increased
volume of trapped air explains such increase in WCA on grooves
with larger height compared to smaller height.*

Cell spreading, attachment and proliferation

Cell adhesion to the substrate is one of the determining factors
for satisfactory bone-implant integration and cellular differ-
entiation. After the initial cell attachment, they release extra-
cellular matrix components which are collagenous and non-
collagenous proteins. These proteins act as a scaffold for
mineralization (calcium phosphate deposition) and thereby
enhance bone formation and maturation.®*® Higher cell
spreading and attachment is essential for cell differentiation at
the bone-implant interface. Studies have shown that when cells
elongate, their cytoskeleton reorganizes and leads to changes in
the conformation of nucleus, which triggers the cell differenti-
ation process through DNA unfolding.®® Fig. 6 shows FESEM
images of the cell shape and attachment morphology on each
surface. Fig. 6a show the FESEM image of cells on roughened
ZrO, samples. Rounded cell morphology with many filopodia
anchoring the surface is observed along with cell-cell interac-
tion through filopodia. Similar cell bioactivity was observed on
Zr0O, in the study performed by Depprich et al.*> They investi-
gated the bone-to-implant contact after 1, 4, and 12 weeks of
ZrO, and titanium implants inside minipigs. Histological data
showed that the bone-to-implant contact after 1 week on tita-
nium was 47.3% = 9.1 and for zirconia was 35.3% =+ 10.8, which
was not statistically significantly different (similar behavior was
seen for weeks 4 and 12)."* Similarly, Pae et al. investigated the
human gingival fibroblast (HGF) attachment on Ti and ZrO,
substrates. In their study, the degree of cell proliferation was
measured after 24 and 48 h.* They too found a non-statistical
significant difference in HGF proliferation between Ti and
ZrO, samples.*”®

On the other hand, well-elongated and well spread cells with
filopodia and cell-cell interactions are observed on anodized
Ti-ZrO, samples compared to roughened ZrO, samples as
shown in Fig. 6b-d. Popat et al. observed similar behavior in
their investigation regarding cell bioactivity on a flat Ti surface
compared to an anodized Ti surface.”* A significant cell
spreading and attachment was observed on the anodized
surface compared to roughened ZrO,. This is due to the larger
surface area and nanoscale features of anodized samples
providing biomechanical cues to the cells, thereby allowing
strong adhesion compared to on the flat Ti.*® Moreover, such
nano-topographical features on the anodized surface causes
higher biological cell plasticity triggering stem cell differentia-
tion processes.®® Comparing the cell orientation and attach-
ment morphology between 10, 20 and 30 min anodized
samples, no significant difference is observed. This may likely
be due to the similar surface composition of anodized surface
with nanotube walls composed of TiO, and Ti(OH),. Addition-
ally, non-significant difference in cell attachment between the
nanotubes with 15-30 nm diameter is also seen by Park et al.”®
They reported that nanotubes with diameters of 15-30 nm show

This journal is © The Royal Society of Chemistry 2017
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higher amount of fibronectin and vitronectin adsorption on the
surface resulting in an integrin mediated cell binding.”

Fig. 7 shows the fluorescence imaging of the cells after 3 and
24 h of seeding on the samples. The cell cytoskeleton was pro-
bed by staining the actin filaments using ActinRed 555
Readyprobe and the nucleus was probed using NucBlue stain
that binds to the DNA of the cells. After 3 h of cell seeding, ZrO,
samples (Fig. 7a) show well-adhered cells though with rounded
morphology that is likely due to the cells anchoring on all
directions, which is also corroborated by the FESEM data
(Fig. 6). However, on 10, 20 and 30 min anodized Ti-ZrO,
samples (Fig. 7c, e and g), cells show elongated morphology
likely due to the hydrophilic nanotubular features of the
anodized surface. Huang et al. also observed superior cell
spreading on the anodized Ti-6Al-4V samples due to larger
filopodia extension.”™ They report that nanotubular features on
the anodized surface interact with nano-scale cell membrane
proteins (i.e., integrin) promoting integrin clustering on the cell
membrane, which allows cells to make focal adhesion with the
substrates.” Cellular elongation is necessary for cell differen-
tiation as mentioned above, through which the nucleus
confirmation changes, which then transduces signals inside the
nucleus to unfold the DNA and thereby triggers stem cell
differentiation.®® After 24 h of cell culturing, significant increase
in cell number as well as spreading is observed on all the
substrates as shown in Fig. 7b, d, f, and h. From fluorescence
microscopy, it is observed that the anodized surface allows cells
to spread and elongate at the early period (after 3 h) of incu-
bation, whereas roughened ZrO, samples show elongated cell
morphology only after 24 h of incubation. Such behavior of cells
with well spreading and attachment observed on anodized
surface may indicate its ability to provide bone-implant primary
stability within 3 h as compared to 24 h. Fig. 8 shows the
quantitative cell viability data of all the surfaces after 1 and 6
days of incubation. A significant (p < 0.05) increase in cells was
observed on anodized Ti-ZrO, samples compared to roughened
ZrO, after 6 days of incubation. No difference in cells was
observed between 10TNZ and 20TTNZ samples either after 1 or
6 days of incubation. Likewise, no difference in cells was
observed between 20TTNZ and 30TTNZ after 1 or 6 days of
incubation. An increase in cells were observed from 1 to 6 days
of incubation on all anodized Ti-ZrO, samples compared with
no difference on roughened ZrO, sample from day 1 to day 6,
which indicates that anodized Ti is biologically more active for
enhancing cell response compared to the ZrO, surface. In vivo
studies are required in future, where Ti-ZrO, samples with TiO,
nanotubes are implanted inside rat femur, to investigate the
rate of osseointegration.

Conclusion

ZrO, has been considered a potential alternative material for
dental implants due to its tooth colored appearance. However,
its bioactivity compared to titanium implants is still uncertain.
Therefore, in this study the bioactivity of ZrO, vs. different
topographies of titanium deposited ZrO, has been investigated.
It was concluded that depositing titanium on ZrO, substrate
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improves the bioactivity of the ZrO, substrate in terms of
enhanced cell viability, cell attachment and cell elongation.
However, due to the gray colored appearance of Ti, the white
colored appearance of ZrO, is compromised. Therefore, the
formation of titania nanotubes for 20 and 30 min in 2 vol%
H,0, 0.25 wt% NH,F in EG at 60 V on the ZrO, substrates was
conducted. The achieved surface (TTNZ) improves cellular
viability, cell adhesion, and cell elongation, and also maintains
the white colored appearance of the ZrO, substrate. Such
cellular behavior is known to occur due to the favorable surface
characteristics and roughness of TNT surfaces which is
composed of TiO, and Ti(OH), and is characterized by a signif-
icantly high surface area. The aforementioned factors not only
provide high surface area for cellular attachment but also
higher surface hydrophilicity can allow fibronectin and vitro-
nectin attachment with the nanotubular surface, which in turn
leads to integrin mediated elongated cell attachment. Addi-
tionally, it is important to note that significant improvement on
the cell spreading was observed on the anodized surface
without having to anneal the surface, which provides the added
benefit of avoiding the annealing step. Future direction of this
work will be to investigate the hMSCs differentiation on anod-
ized Ti-ZrO, substrates, to understand the mechanical stability
of titania nanotubes on the ZrO, substrate, and to perform the
in vivo investigation in order to study the osseointegration rate.
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