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Titanium and its alloys have been extensively used as implant materials due to their excellent mechanical prop-
erties, adequate corrosion resistance and good biocompatibility. In this study, an interconnected 3D TiO2 struc-
ture on Ti implants is fabricated via anodization method in a fluoride-containing electrolyte with water
content larger than 50%. The pore size ranges from 30 to 200 nm with the current density increased from 50 to
100 mA·cm2. Compared with other kinds of porous TiO2 layers, which were fabricated by the same method
with different electrolyte composition, the prepared 3D TiO2 structure shows the highest hardness and apparent
Young's modulus, which are over 4 times higher than that of the TiO2 nanotube arrays. Moreover, the 3D TiO2

possess the highest adhesion strength as the critical load for the delamination occurred is 0.7 N, while for the
nanotube-structured layer and the transition structure, the load are 0.2 and 0.4 N, respectively. Additionally,
the 3D TiO2 structure also shows better corrosion resistance than the others. Titanium with 3D oxide layer has
also shown good performance in osteogenic cells culturing, since in the cell viability assay, the cells adhered
on the 3D oxide layer spread extensively and showed a spindle shape while on the TiO2 nanotube arrays or tita-
niumwith transition structure the cellswere unfavorable to spread. Thiswork can provide guidelines for improv-
ing structural and environmental conditions responsible for modification of Ti surfaces for biomedical
applications.

© 2016 Published by Elsevier B.V.
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1. Introduction

Titanium (Ti) and its alloys, occupying 40% of today's biomedical im-
plant materials market, continue to gain increasing attention for ortho-
pedic applications due to their excellent mechanical properties,
adequate corrosion resistance and the ability tomaintain their functions
after being subjected to hostile environments. The initial interaction be-
tween a metal implant and a growing bone plays an important role in
fabricating prostheses for load-bearing applications [1,2]. Nevertheless,
a smooth and dense TiO2 passive film on Ti metalmay not impart bioac-
tivity and chemical bonding, but is susceptible to the formation of
fibrous tissues that can cause loosening of implant and induce inflam-
mation [3]. Thus, many efforts have been put forward to improve the
osseointegration of implants. Among these, implant coating with
various kinds of bioactive materials is a common method [4,5].
Hydroxyapatite (HA) coating by plasma-spray technique is one of the
most widely investigated methods used in clinical implants [6].
).
However, the difficulty of controlling the quality, composition, and crys-
tallinity of plasma-sprayed HA coating limits their applications [7].

Adhesion of cells, such as osteoblasts, is a crucial prerequisite to cell
functions, including synthesis of extracellular matrix proteins, forma-
tion of mineral deposits, and osseointegration on the substrate surface.
Since the TiO2-type nanostructures have been developed considerably,
it is desired that the cells could bond with the improved and integrated
structure. For example, a discrete and less continuous layer with inter-
lock configuration and high adhesion area could minimize interface
stress and delamination. Many surface treatment methods, such as the
sol-gel method [8], hydrothermal methods [9], alkali coupling with
heat treatment [10], physical vapor deposition (PVD) [11], and chemical
vapor deposition (CVD) [12] have been used tomodify the implant sur-
faces to promote adhesion and proliferation of cells where biomedical
implants are in direct contact with tissues. Among them, etching Ti
and Ti alloys surface in acidic or alkali solutions to obtain porous struc-
ture is a versatile method [13–15]. It has been reported that titanium
and its alloys subjected to NaOH and heat treatment could obtain the
apatite-forming capability and integrate with the living bone. The
apatite-forming capability of the metal is attributed to the formation
of sodium titanate on metal during the NaOH and heat treatment [13,
16,17]. On the other hand, it was found that sodium-free titania with
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specific structure of anatase and rutile possesses much higher apatite-
forming ability than sodium-containing titanate in vitro [18]. Another
more effective treatment has been reported as precalcification in boiling
saturated Ca(OH)2 solution, which is more cost-effective and safer than
in NaOH [19].

Electrochemical anodization, known as anodization or anodic oxida-
tion, is a well-established surface modification approach for metals to
produce protective layers [20]. During the last several decades this
method has been successfully applied for modifying orthopedic im-
plants and has achieved some new advances in fabrication of nanostruc-
tured surfaces [21–25]. There have been numerous studies of the TiO2

nanotubular arrays formation by anodization technique. A series of pa-
rameters, such as applied voltage [26,27], water content [28], electrolyte
pH [29], and the anodization time [23], have significant effects on the
topography of TiO2 nanotubular layers. It is well accepted that not
only the diameter of the tube can be accurately adjusted between 10
and 5000 nm [30], but also the nanotube layer can be easily coated on
complex surfaces, such as dental-implant screws and hip implants
owing to their self-organizing nature [31]. It was reported that the
Fig. 1. Surface morphology and cross-sectional view of Ti anodized at different current densitie
oxidation time is 0.5 h. The electrolyte consisted of NH4F, H2O and ethylene glycol; the mass r
TiO2 nanotubular arrays have many potential biomedical applications.
Examples include bond scale and supporting platform for bone and
stem cells, local delivery of antibiotics off-implant at the site of implan-
tation, and the control of hemorrhage by forming significantly stronger
clots with reduced clotting times [32–36]. Although there has been
much interest in fabricating nanotubes on the surface of titanium to en-
hance the bioactivity of implants, few reports have commented on the
interconnected three dimensional (3D) porous layers. In light of a
rapid ingrowth of biomedical implants in bone, one of the key features
of TiO2 interacting with body fluids is that it stimulates hydroxyapatite
growth. Moreover, a 3D structure is optimal for embedding precursors
for HAp formation, which additionally promotes HAp nucleation [22].
For the nanotube structure, biocompatibility of thematerialwith 3D po-
rous coating could be improved. Based on its connectivity, it is believed
that the three-dimensional structure would not only facilitate the circu-
lation of body fluids, but also benefit the excretion of metabolic waste.

In this study, interconnected 3D TiO2 structure on Ti implant via
anodization in a fluoride-containing electrolyte is reported. Factors
affecting the surface growth morphology are discussed along with the
s: (a) and (d) 50 mA·cm−2, (b) and (e) 80 mA·cm−2 and (c) and (f) 100 mA·cm−2; the
atios are 1:100:100.



461M. Jin et al. / Surface & Coatings Technology 304 (2016) 459–467
properties of different surface structures. In vitro behavior of osteoblast
cells cultured on different surface topography was studied, along with
the effect of such diverse nanostructures on osteoblast cell morphology
and cell proliferation.

2. Experiments

2.1. Specimen preparation

The sample material was Ti thin foil (99.99% pure,) with 1 × 1 cm2

size and 0.25 mm thickness. Prior to anodization, the samples were ul-
trasonically cleanedwith acetone, ethanol and deionized (DI) water, re-
spectively, and finally dried in air. Each foil was etched in a solution
containing HF/HNO3/H2O (volume ratio, 1:4:2) for 1 s. Anodization of
the metals was performed in a two-electrode configuration, where Ti
foil plates were used as the working electrode and a 1.5 × 1.5 cm2 plat-
inum foil was used as the counter electrode under constant current at
room temperature. A DC power supply (Maynuo M8813) was used as
the current source to drive the anodization. The electrochemical exper-
iments performed in the electrolyte consisted of NH4F andH2O, ethylene
glycol (themass ratios of 1:100:100, 1:40:160 and 1:20:180, respective-
ly). The specimens were anodized for 0.5 h, and then rinsed with DI
water and dried in a compressed air stream. Some of the specimens
Fig. 2. Surfacemorphology and cross-sectional view of Ti anodized at 50mA·cm−2, the oxidatio
consisted of NH4F, H2O and ethylene glycol; the mass ratios are 1:100:100.
were annealed at 450 °C for 1 h with a heating rate of 5 °C·min−1 to
convert the amorphous phase into the crystalline structure.

The mechanical properties of the coatings were probed by
microindentation (Nano Indenter II) under a small depth of 100 nm.
The resolution of the instrument is 75 nN, the maximum force is
700 mN and the displacement resolution of the indenter is 0.04 nm.
Each reported mechanical properties value had an average of at least
five measurements. Young's modulus and hardness (HV) were deter-
mined from the load-unload curves recorded during microindentation.
Adhesion properties of the oxide films were characterized using Bruker
CETR UMT-3 with its nanoindentation module at room temperature. A
Berkevich three-sided diamond indenter was employed for the
nanoscratch tests. The orientation of the Berkevich indenter tip was
aligned so that the scratching could be performed in a face forward di-
rection in order to delaminate the overcoats. A 6 mm scratching track
at a constant velocity of 1 μm·s−1 was applied to all test samples. The
indenter normal load was linearly ramped from the minimum to the
maximum loads during scratching. Meanwhile, lateral force (friction
force) during scratching was recorded by the system.

The SBF solutionwasprepared as reported byKokubo andTakadama
by dissolving reagent grade NaCl, 8.035 g, KCl, 0.225 g, NaHCO3, 0.355 g,
K2HPO4·3H2O, 0.231 g, MgCl2·6H2O, 0.311 g, CaCl2, 0.292 g, and
Na2SO4, 0.072 g in 1 L DI water [37]. The pH of the solutionwas adjusted
n durations are (a) and (d) 10min, (b) and (e) 20min, (c) and (f) 30min. The electrolyte
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to 7.4 at 37 °C by adding appropriate amounts of Tris and HCl. The setup
for corrosion behavior measurements consisted of a standard three-
electrode cell with a saturated calomel electrode (SCE) as a reference
electrode, another electrode prepared from platinum plate as a counter
electrode, and a computer controlled electrochemical workstation
(CHI660E, Shanghai Chen Hua Instrument Limited Company). Open cir-
cuit potential (OCP) was recorded for 1 h at 5 s intervals after specimen
immersion in SBF for 10 min. The potentiodynamic polarization behav-
ior of the specimens was recorded after immersion for 1 h in SBF. The
range of the scan was−1000 mV to +1500mV (vs. SCE) at a scanning
rate of 1 mV·s−1. The electrochemical impedance spectra (EIS) mea-
surements were performed starting from 105 to 10−2 Hz at
10 cycle·dec−1 with an AC amplitude of ±10 mV. All tests were
reproduced three times. The impedance data was analyzed with the
Zview 2.70 software package and fitted to the equivalent circuits.

2.2. MC3T3-E1 cell proliferation test

MC3T3-E1 mouse clonal osteogenic cells were maintained in alpha
minimumessentialmedium (α-MEM) supplementedwith L-glutamine,
10% fetal bovine serum (FBS; Intergen, Purchase, NY, USA), 1%
Fig. 3. Surface morphology and cross-sectional view of TiO2 films fabricated at various electrol
(c) and (f) 50%; the anodic current density fixed at 50 mA·cm−2.
penicillin/streptomycin (100 IU/mL; Sigma), and streptomycin
(100 mg·mL−1, Sigma). MC3T3-E1 osteoblastic cells (2 × 104

cells·well−1) were seeded onto experimental membranes in 24-well
plates, and incubated at 37 °C in a humidified atmosphere with 5% CO2.

After culturing for 1, 3, 5 and 7 days, the samples were washed by
the PBS 3 times. The washed samples were cultured in α-MEM and re-
ceived 1% penicillin/streptomycin and 10% FBS, 300 μL mediums and
30 μL CCK-8 solutions in a humidified incubator with 5% CO2 at 37 °C
for 3 h. Then, the 200 μL cultured solution was taken out to a 96-well
culture plate. A microplate reader for enzyme linked immunosorbent
assay (Bio-Rad, Hercules, CA, USA) was used to detect the OD value of
the absorbance by the 450 nmwavelength. The MC3T3-E1 cell prolifer-
ation ratio of ODa was calculated as:

ODa ¼ ODs−ODbð Þ= ODc−ODbð Þ � 100% ð1Þ

where ODs is originated from the culture plate containing mediums,
CCK-8 and samples; ODc is originated from the culture plate containing
mediums, CCK-8; andODb is originated fromblank controlswithout any
samples.
ytes, in which the H2O content of the electrolytes is (a) and (d) 10%, (b) and (e) 20% and
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2.3. Surface morphology and crystalline structure detection

The morphology of TiO2 morphological characterization as well as
that of the adhered cells was observed using a field emission scanning
electron microscope (SEM, ZEISS Auriga). For the cell observation,
after the selected incubation period, the samples were washed with
0.01 M phosphate buffer solution (PBS) and distilled water, respective-
ly, and fixedwith 2.5% glutaraldehyde in 0.01M PBS for 2 h. After fixing,
they were rinsed three times with 0.01 M PBS for 10 min. The samples
were then dehydrated in a graded series of alcohol (50%, 75%, 90% and
100%) for 10 min and subsequently dried by supercritical point CO2.
The dehydrated samples were sputter-coated with gold.

An X-ray diffractometer (STOFDARMSTADT, STOE/2, Cu Kα radia-
tion) was used to examine the crystalline structure of the samples.
The 2θ scanning rangewas 10–90° and the scanning ratewas 4°·min−1.

3. Results and discussion

The top and cross sectionmorphologies of the oxides on the Ti plates
anodized at 50 mA·cm−2, 80 mA·cm−2, 100 mA·cm−2 for 0.5 h are
shown in Fig. 1. After anodization, titanium showed a porous structure
withfine trabecular on its surface. This surface topologymay play an im-
portant role in improving the bone-bonding strength of this material.
The size and shape of the pores are mainly influenced by the input cur-
rent density. The morphology of the oxide shown in Fig. 1a indicates
that the pore sizes ranged from 30 to 90 nm when the current density
was increased to 50 mA·cm−2 [38]. It was reported by Yasuda et al.
[39] that the diameter of nanopore/nanotubular arrays correlates line-
arly with the growth factor of the transition metal oxide. The anodic
oxide growth begins from a local oxide breakdown site, essentially a
point source on the metal surface. From this point source the oxide
growth would take place immediately in all directions leading to a
hemispherical oxide structure with a certain radius R = fgrowthU (the
growth factor fgrowth being fgrowth= tfilm/ΔUwhere tfilm being the (com-
pact) oxide thickness that grows at a specific voltage in a valve metal).
Repeated breakdown at the bottom of the pores would then lead to an
oxide pore diameter proportional to the oxidation factor of the metal.
Based on this assumption, the maximum pore size would increase
from 90 nm to 200 nm upon increasing the output current density
from 50 mA·cm−2 to 100 mA·cm−2. The cross-sectional view was
taken from mechanically scratched samples, where some pieces flaked
off. It can be observed that the layer thickness ranges from 1 to 2 μm.
Fig. 4. XRD patterns of the titanium oxide anodized at 50 mA·cm−2, 80 mA·cm−2 before
and after annealing at 450 °C.
Additionally, not only the current density, but also the anodic dura-
tion and the chemical composition of the electrolyte affect the porous
structures. In the early growth stage, the growth of oxide is dominated
and thus the tube is controlled by the applied field. Typically, if anodiza-
tion is carried out for an extended time, tubular walls are thinned out,
perforated and the tubular tops become decorated with tube wall rem-
nants. The formation of the 3D porous structure can be deduced as
below. At the beginning of electrochemical oxidation, titanium surface
is entirely covered with a compact, uniform anodic oxide (Fig. 2a). The
distribution of the electric field in the oxide layer, however, is strongly
correlated with the surface morphological fluctuations (more pro-
nounced fluctuations lead to more local focused electrical field). As a
result, field-enhanced dissolution in the anodic oxide takes place and
the pores start to form (Fig. 2b). Successively, the pore growth process
reaches a steady-state and uniformly distributed pores are obtained
(Fig. 2c).

In later growth stages, the process was dominated by the diffusion
control [39]. Thus, the process of the growth is mainly affected by the
viscosity of the electrolyte. Highest efficiency and tube lengths (hun-
dreds of mm) can be obtained in organic viscous electrolytes, where
the highest degree of ordering can also be achieved. In the present
study, anodic oxidation was conducted on Ti foils and different
Fig. 5. Mechanical properties of TiO2 films with different structures: (a) hardness (HV),
and (b) apparent Young's modulus (Y).
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morphology fabricated in electrolytes containing different amounts of
water, as portrayed in Fig. 3. When the H2O content increases to 50%,
the surface morphology appears as a three dimensional structure (Ti-
3D, Fig 3c). When H2O content decreases to 10%, the surface morpholo-
gywas changed to nanotube arrays (Ti-NT, Fig 3a). Further experiments
showed that when the water content was 20%, the transition morphol-
ogy of the structure changed from 3D to nanotube arrays, defined as the
transition structure (Ti-TS, Fig 3b).

XRD patterns of the titanium oxide anodized at 50 mA·cm−2 and
80 mA·cm−2, before and after annealing at 450 °C are portrayed in
Fig. 4. Since the structure of the samples before annealing is amorphous,
only reflections from the titanium substrate can be observed. It is clear
that after annealing the oxide is converted to the crystalline anatase
phase, as shown by the squares.

Mechanical properties of TiO2 films were evaluated via
microindentation tests for obtaining information about the local hard-
ness (HV) and the apparent Young's modulus (Y). In this study, a
small depth of 100 nm was used for microindentation tests, which re-
sulted in indentation depths smaller than 10% of the corresponding
thickness of TiO2films, so that the influence of the substrate on themea-
surements of the mechanical properties of the film can be neglected
[40]. As shown in Fig. 5, the oxide layer with 3D porous structure pos-
sesses the highest hardness of 0.153GPa and apparent Young'smodulus
of 22.2 GPa. The corresponding values for the nanotube layer are only
0.032 GPa and 4.54 GPa, and the transition structure layer is stated in
Fig. 6. The scratch tests on the three kinds of titanium oxide layers, (a) Ti-3D; (b)
the middle. These results indicated that nanotubular arrays are softer
than the Ti-3D nanoporous structure.

Delamination of an overcoat on the substrate is signaled by a sudden
decrease in the applied load. The load at this position is called “the crit-
ical load”, which is used to evaluate the adhesion strength between the
coating and the substrate [41]. The scratch tests on the three kinds of ti-
tanium oxide layers were carried using the nanoindentor. The applied
force was increased at a constant rate from 0 to 6 N. The scratch profiles
are illustrated in Fig. 6. It can be seen that the critical load for the 3D
structure layer is the highest (about 0.7 N), while the nanotube-
structures layer possess the lowest value of 0.2 N. Thus, it can be con-
cluded that the 3D structure has the best adhesion properties among
these three samples, followed by the transition structure, and then the
nanotube structure.

Fig. 7a presents curves of the open circuit potential (OCP) with re-
spect to soaking time for Ti-NT, Ti-3D and Ti-TS samples. TheOCP curves
portrayed in Fig. 7a showed that all the potentials shifted positively,
which indicated that all the surfaces reached a relatively stable state
after the samples were immersed in SBF for 1 h. The OCP values after
1 h stabilization in SBF for three kinds of samples showed the following
sequence: Ti-TS (274 ± 23 mV) N Ti-3D (200 ± 6 mV) N Ti-NT (81 ±
30mV). TheOCP values for Ti-TS and Ti-3Dwere better than Ti-3D sam-
ples, implying better corrosion resistance properties. Fig. 7b depicts the
potentiodynamic curves for three different samples in SBF. Among
them, Ti-3D and Ti-TS has higher corrosion potential than Ti-NT. The
Ti-TS; (c) Ti-NT; Critical loads were labeled by the cycles and plotted in (d).



Fig. 7. (a) OCP versus immersion time; (b) potentiodynamic polarization curves; (c) Nyquist diagrams, (d) Bode diagrams of Ti-3D, Ti-TS and Ti-NT samples in SBF and (e) the equivalent
circuit to model the impedance spectra of the samples.
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corrosion potential of the three samples was in the order of Ti-3D≈ Ti-
TS N Ti-NT. Table 1 summarizes all the corrosion parameters obtained
from OCP and potentiodynamic tests for the three materials. The corro-
sion current density of the three samples was about the same. Fig. 7c
portrays the Nyquist plots of the three materials. Spectra show that Ti-
3Dhad the greatest impedance. One can see the corresponding frequen-
cy of the impedance spectra of the three samples. The impedance of Ti-
3D was higher than that of Ti-TS and Ti-NT, reflecting better corrosion
resistance, which is consistent with the potential tested by electro-
chemical measurements. Fig. 7d shows the Bode impedance spectra ob-
tained from the three materials. The order of impedance values is Ti-
3D N Ti-TS N Ti-NT. The impedance spectra were fitted using the
ZView 2.70 software to obtain the equivalent circuits. The spectra ob-
tained from the sampleswere interpreted using one time constant com-
posed with Rs (R1 and CPE), where Rs is the series resistance, R1 is the
sample resistance and CPE represents the constant phase element, as
shown in Fig. 7e. The electrochemical parameters obtained by fitting
Table 1
Electrochemical parameters obtained from OCP and potentiodynamic polarization test.

Material Eocp (mV) Ecorr (mV) Icorr (μA·cm−2)

Ti-3D 274 ± 23 −754 ± 16 27 ± 7
Ti-TS 200 ± 6 −761 ± 21 32 ± 5
Ti-NT 81 ± 30 −831 ± 9 48 ± 11
the circuits (error of less than 10%) are presented in Table 2. The values
of R1 indicate that the Ti-3D had a higher value than Ti-TS and Ti-NT. Re-
sults from the EIS spectra and fitting parameters from the equivalent
circuits are in agreement with the results obtained from potentiody-
namic tests.

Osteoblast cells play a critical role in the early stages of
osseointegration. Of the different cellular models, the osteogenic cell
line MC3T3-E1 is one of the most widely used. It has been shown that
this non-transformed cell line expresses high ALP activitywithmineral-
ization of the extracellular matrix in vitro [42,43]. This cell line is thus a
good candidate for studying the cell adhesion, proliferation and differ-
entiation of osteoblasts on titanium surfaces. Several in vitro studies
have primarily investigated the effects of surface roughness on the ad-
hesion, proliferation and differentiation of osteoblastic cells. In general,
cells cultured on rougher surfaces tended to exhibit attributes of more
differentiated osteoblasts than the cells cultured on smoother surfaces
for comparable periods of time, e.g. reduced cell numbers and generally
Table 2
Fitted electrochemical parameters determined from the Bode spectra based on the equiv-
alent circuits.

Material Rs (Ω) R1 (Ω) CPE T-1 CPE P-2

Ti-3D 19.84 ± 1.87 1.18 ± 0.29 × 105 1.35 ± 0.16 × 10−4 0.81 ± 0.09
Ti-TS 17.09 ± 3.09 5.78 ± 2.67 × 104 1.55 ± 0.34 × 10−4 0.76 ± 0.21
Ti-NT 19.76 ± 2.36 1.36 ± 0.35 × 104 2.22 ± 0.24 × 10−5 0.71 ± 0.14



Fig. 8. Typical SEM morphology of the MC3T3-E1 cells adhering to the surfaces of (a) Ti-3D; (b) Ti-TS; (c) Ti-NT; (d) proliferation of the MC3T3-E1 cells on the different TiO2 films.

466 M. Jin et al. / Surface & Coatings Technology 304 (2016) 459–467
increased alkaline phosphate-specific activity [44]. These in vitro results
were related to higher implant survival rates in clinical practice for
roughened implants, compared with machined surfaces [45]. In the
present study, titanium surfaces were prepared and analyzed using ad-
vanced techniques prior to investigating osteoblastic cell behavior. Cell
culture results obtained on a three dimension surface were compared
with results from the transition structure surface and the nanotube
surface. The cell viability assay indicated that all surfaces were
cytocompatible (Fig. 8d). This is in agreement with the numerous stud-
ies indicating that titanium is a biocompatible substrate for cell cultur-
ing [46]. After 7 days, the attached cells were observed by SEM, as
shown in Fig. 8a–c. The cells adhere tightly to the substrates with
dense filopodias. Fig. 8a reveals that the cells on Ti-3D spread extensive-
ly and have a spindle shape, as Ti-3D is the best sample for cells adhe-
sion, whereas Ti-TS and Ti-NT are more unfavorable to the spreading
of cells for the adherent cells.

4. Conclusions

In this study, an interconnected 3D TiO2 structure along with nano-
tube array and transition structure on Ti implant were constructed via
anodization in a fluoride-containing electrolyte. The size and shape of
the pores are mainly influenced by the input current density, the time
used and the water content of the electrolyte. The mechanical proper-
ties revealed that the 3D structure oxide layer possesses the highest
hardness, apparent Young's modulus and adhesion strength, while the
nanotube array shows the lowest value. The electrochemical test indi-
cated that 3D structure oxide layers have better corrosion resistance
properties compared with nanotubular layers. Based on the special
structure, titanium with 3D oxide layer has shown good performance
in the osteogenic cell culturing.
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