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A B S T R A C T

The research of TiO2 nanotubes (TNTs) in the field of biomedicine has been increasingly active. However, given
the diversity of the nanoscale dimension and controversial reports, our understanding of the structure-property
relationships of TNTs is not yet complete. In this paper, gradient TNTs with a wide diameter range of 20–350 nm
were achieved by bipolar electrochemistry and utilized for a thorough high-throughput study of the effect of
nanotube dimension and crystalline phase on protein adsorption and cell behaviors. Results indicated that
protein adsorption escalated with nanotube dimension whereas cell proliferation and differentiation are pre-
ferred on small diameter (< 70 nm) nanotubes. Large diameter anatase nanotubes had higher adsorption of
serum proteins than as-prepared ones. But only as-prepared small diameter nanotubes presented slightly higher
cell proliferation than corresponding annealed nanotubes whereas there was no discernible difference between
as-prepared and annealed nanotubes on cell differentiation for the entire gradient. Those findings replenish
previous research about how cell responses to TNTs with a wide diameter range and provide scientific guidance
for the optimal design of biomedical materials.

1. Introduction

Titanium-based biomedical materials have been widely used for
load-bearing applications because of their terrific biocompatibility,
corrosion resistance, and mechanical properties [1,2]. However, failure
in clinical applications is often inevitable because the implant surface
with inadequate bioactivity is prone to form fibrous tissue in the body,
resulting in its insufficient bone-bonding ability. Hence, it is imperative
to improve the bioactivity of titanium-based materials [3–5].

Over the past decade, self-aligned TiO2 nanotubes (TNTs) grown on
titanium have been extensively developed in environmental protection,
photocatalysis [6–8], sensors [9,10], dye-sensitized solar cells [11,12],
and biomedical applications [13–15] owing to their superior high-
specific surface area, specific ion intercalation properties, photo-
catalysis property, and cost-effective synthesis. In particular, the terrific
biocompatibility, corrosion resistance and size controllable properties
of TNTs make them promising for biomedical applications, such as

orthopedic/dental implants [16,17], blood contact materials [18], anti-
microbial application [19,20], and drug delivery [21,22].

It is well known that biomaterials surface properties (such as
chemistry, morphology, roughness, wettability) play an essential role in
the association between implants and biomaterials. It is found that both
morphology diversity and crystalline phases could affect cell responses
to TNTs [13,23,24]. However, there is no consistency in the literature.
Some research groups demonstrated that TNTs with the smallest na-
notube diameter promoted the highest cell proliferation and/or differ-
entiation [25–28] whereas some groups proved controversial results, or
even opposite [29–31]. Some studies indicated that annealed nanotubes
could facilitate cell proliferation [32,33] whereas some studies found
different results [34,35]. Moreover, the nanotube diameter could range
from a few nm to hundreds of nm, which not only provides infinite
possibilities but also poses great challenges. Most researches randomly
chose a few dimensions (mostly within 120 nm) for a study that it re-
mains obscure how cells respond to large nanotubes. But it is impossible
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to thoroughly investigate cell responses to all dimensions using a con-
ventional method.

Since the protein micropattern was realized by MacAlear and
Wehrung in 1978 [36], micropatterning techniques manifest extra-
ordinary advantages in high-throughput screening of biomaterials sur-
face properties [37,38]. Several attempts have been made to fabricate
micropatterned nanotubes to solve the above problems. Andreas
achieved micropatterned TiO2 nanotube arrays (with a diameter of
15 nm and 100 nm) and directly compared stem cell behavior on dif-
ferent diameter nanotubes [39]. Yifan fabricated and utilized TiO2

nanotube arrays with four coexisting diameters (60, 150, 250, and
350 nm) to investigate cell behaviors [40]. We previously constructed
gradient TNTs (diameter range 30–100 nm) and demonstrated that cell
proliferation and differentiation diminished with the nanotube dimen-
sion [28]. However, it remains obscure if this rule is applicable to a
wider range of nanotubes.

In this study, we applied bipolar electrochemistry to fabricate gra-
dient TiO2 nanotube arrays (GTNTs) with a wider diameter range (from

20 to 350 nm). GTNTs were further annealed to obtain crystalline
phases. Both as-prepared and annealed GTNTs were utilized for in-
vestigation of size and crystalline phase effects on protein adsorption
and cellular responses.

2. Materials and methods

2.1. Preparation of gradient TiO2 nanotube arrays

Titanium foils (0.1 mm think, 99.6% purity) of 38 × 10 mm were
first degreased by sonication in acetone, ethanol, and deionized water
for 20 min. Then foils were etched in a water solution consisting of 1%
HF and 10% HNO3 for 2 min, followed by water rinsing and air drying.
The electrolyte utilized for fast-growing large gradient TiO2 nanotube
arrays was composed of 0.75 wt% NH4F, 10 vol% H2O and 90 vol%
glycerol. Ti foil served as a working electrode and was tapped on the
bottom of a weighing dish. A pair of platinum plates served as feeder
electrodes fixing on a weighing dish at 1 mm from Ti foil. The reaction

Fig. 1. (a) FE-SEM views of the as-prepared and annealed gradient TiO2 nanotube arrays starting from the cathode edge to the anode edge. The outer diameter (b),
wall thickness (c), and nanotube length (d) of TiO2 nanotubes vary with the position of BPE. (e) The macroscopic optical image of as-prepared gradient TNTs.
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was conducted at 15 °C under a voltage of 180 V for 3 h, followed by
water washing and air drying. The annealed samples were achieved by
annealing the as-prepared samples at 450 °C for 2 h. Samples were ir-
radiated with ultraviolet light for sterilization. Samples were examined
thoroughly across the entire gradient for all following experiments. But
only seven positions (including the flat area) on the sample were se-
lected for representation, i.e., starting from the smallest nanotube,
images were taken every 5 mm till the largest nanotubes (Fig. 1e).

2.2. Characterization

The surface morphology of the gradient samples was inspected by
scanning electron microscopy (FE-SEM, Oxford Zeiss Sigma). Some
scratches (Fig. S1a, indicated by the red arrow) were created by a
tweezer on the surface and used as marks to locate the TNTs under FE-
SEM. The crystalline phases at different positions of samples were
qualitatively analyzed by X-ray diffractometer (XRD, Bruker-axs) and
Confocal Raman spectrometer (WITec alpha 300RA). Different posi-
tions of the gradient TNTs were aligned with the X-ray beam or Raman
laser to investigate crystalline phase changes across the gradients.

2.3. Protein labeling and adsorption

Protein adsorption was investigated by detecting the fluorescence
intensity of adsorbed protein labeled with fluorescein isothiocyanate
(FITC, Sigma). Bovine serum albumin (BSA, Sigma) and fetal bovine
serum (FBS, Gibco) were diluted in phosphate-buffered saline (PBS) to
5 mg/ml and 10 vol%, respectively. FITC was diluted in DMSO to 5 mg/
ml and mixed with protein solution at the ratio of 1:100. Then sodium
carbonate was added to the concentration of 500 mM and stirred for 2 h
in the dark before dialyzing at 4 °C for 3 days to remove excess unbound
FITC. Labeled proteins were stored in a refrigerator at 4 °C and used
within two weeks. The labeled protein solution was cultured on the
sample surface for 30 min in a 37 °C incubator. Then samples were
washed with deionized water and air-dried before imaging. Fluorescent
images were photographed by a fluorescence microscope (TCS SP8,
Leica, Germany) and analyzed by Image J.

Scheme 1. Illustration of bipolar electrochemistry.

Fig. 2. The XRD patterns (a, b) and Raman spectra (c, d) of the TNTs from different positions of the as-prepared (a, c) and annealed G-TNTs (b, d). Seven spectra in
each figure correspond to seven positions on the gradient TNTs as shown in Fig. 1e. “A” presents anatase, “B” presents brookite and “R” presents rutile. The inset
image is an enlargement of the Raman spectra of the annealed 20-nm nanotube and flat TiO2 surfaces.
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2.4. Cell culture

Rat mesenchymal stem cells (rMSCs) were collected from the femur
and tibia of Sprague-Dawley rats (100 g) and expanded in tissue culture
polystyrene flasks (TCPS, Thermo scientific) at 37 °C under 5% CO2

atmosphere. Cell culture media composed of 10% fetal bovine serum
(FBS, Gibco) and 1% antibiotics penicillin-streptomycin (HyClone) in
alpha-modified minimum essential medium (α-MEM, HyClone). Cells
were subcultured at the confluence of 80% and only the first five
generations were used for all subsequent cell experiments.

2.5. Cell proliferation

Cell proliferation was evaluated by Calcein-AM (Sigma) staining.
Cells were seeded on the gradient samples with a density of
1.0 × 104 cells/cm2 for 1 day and 3 days. At analysis time, Calcein-AM
was cultured with cells for 10 min before fluorescence observation
under a fluorescence microscope (TCS SP8, Leica, Germany). Different
positions of the gradient TNTs were aligned to the middle of the light
source for a thorough examination.

2.6. Cell differentiation

For cell differentiation, the culture medium was replaced after 24 h
by induction medium which consisted of high glucose DMEM, 10% FBS,
50 μM ascorbic acid-2-phosphate (Sigma), 100 nM dexamethasone
(Sigma), and 10 mM β-glycerophosphate (Sigma).

The early status of cell differentiation was evaluated by alkaline
phosphatase kit (Sigma). After 4- and 7-days incubation, samples were
washed twice by PBS and fixed by fixative solution (mixing citrate
working solution with acetone in a volume ratio of 2:3) for 1 min. Then
the mixture of diazonium salt solution (fast blue RR salt) and Naphthol
AS-MX phosphate alkaline solution was added to immerse samples at
room temperature for 30 min. Subsequently, samples were washed by
deionized water before immersing in Mayer's Hematoxylin solution for
10 min, followed by a microscope examination (DM4/6B, Leica).

2.7. Immunofluorescence staining

Cell adhesion was evaluated by immunofluorescence staining of F-
actins, vinculins, and nuclei. After cells were cultured for 24 h, gradient

samples were rinsed gently by PBS to remove the excess medium.
Samples were soaked in 4% paraformaldehyde for 15 min to maintain
cell morphology and 0.1% Triton X-100 for 10 min to raise cell mem-
brane permeability to antibodies. Then samples were immersed with
5% BSA for 2 h to avoid nonspecific adsorption. After washing with
PBS, samples were incubated with monoclonal anti-vinculin antibody
obtained from mouse (1:100, Sigma) at 4 °C for 12 h and anti-mouse
IgG-FITC antibody isolated from rabbit (1:100, Sigma) under dark
conditions at room temperature for 4 h. Subsequently, 50 μg/ml phal-
loidin-tetramethyl rhodamine B isothiocyanate (Sigma) was cultured
with samples for 30 min at room temperature for actin visualization,
followed by nucleus staining with 2 μg/ml 4′,6-diamidino- 2-pheny-
lindole (DAPI, Sigma-Aldrich) for 8 min. After thoroughly rinsed by DI
water, samples were examined under confocal microscopy (TCS SP8,
Leica, Germany).

2.8. Statistical analysis

Each experiment was performed with at least triplicate. Data were
illustrated as mean ± SD and analyzed by One-way analysis of var-
iance (ANOVA) with Turkey post hoc analysis.

3. Results and discussion

3.1. Brief introduction of bipolar electrochemistry

The mechanism of bipolar electrochemistry has been detailed de-
scribed in the literature [41]. As shown in Scheme 1, two platinum foils
are used as feeder electrodes and titanium foil lies in the electrolyte
acting as bipolar electrodes (BPE). When powered on, polarization
potential appears along the BPE that both reduction and oxidation re-
actions happen on BPE. Normal anodization takes place at the anodic
pole of BPE that TiO2 nanotubes (TNTs) form. With the decrease of
polarization potential, the dimension of TNTs decreases that gradient
TNTs (GTNTs) come into shape. Several experimental factors could
affect nanotube dimension, including electrolyte type/concentration,
applied potential, anodization time, BPE size et al. Different type of
electrolyte has been demonstrated to control the shape, dimension of
TNTs in single electrochemistry anodization [42]. By scrutinizing lit-
erature, we utilize NH4F/H2O/Glycerol as the electrolyte and adjust
different parameters to obtain GTNTs with a wide diameter range.

Fig. 3. Fluorescence intensity of adsorbed BSA (a) and serum (b) proteins on different nanotubes of G-TNTs. *p < 0.05 and **p < 0.01 indicate annealed TNTs
compared with as-prepared TNTs.
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3.2. Characterization of gradient TiO2 nanotubes

The oxide gradient TNTs covered about 70% of titanium foil
(Fig. 1e). As the overpotential on the surface of the bipolar electrode
was highest at the anodic edge and decreased towards the middle,
nanotubes were distributed on the anodic area and the tube diameter
declined through the foil. Fig. 1a shows highly ordered SEM micro-
graphs of the as-prepared and annealed gradient TiO2 nanotube arrays.
The outer diameter of gradient nanotubes ranged from ~20 nm to
~350 nm (Fig. 1b), the wall thickness ranged from ~5 nm to ~35 nm
(Fig. 1c), and the nanotube length ranged from ~0.2 μm to ~2.8 μm
(Fig. 1d and Fig. S2). Adjacent to the smallest nanotubes, the surface
was relatively flat. But as it has gone through anodization under low
potential, a thin layer of TiO2 could be expected and it was utilized as a
control for the following experiments. Nanotubular structures were
retained after high-temperature annealing. Nanotube wall thickness

rises slightly without significant difference (Fig. 1c).
X-ray diffraction is a standard technique for structural analysis.

Herein, we utilized XRD to thoroughly characterize the crystallize
phases of the TNTs by aligning different positions of the gradient with
the X-ray beam. However, as all TNTs with different dimensions were
integrated within one gradient sample, one has to bear in mind that the
focal spot size of the X-ray spectrometer is about 5 mm× 12 mm in this
study and the results could only reflect the change across the sample,
not the results for the specific positions. The XRD patterns in Fig. 2a
shows that, for the as-prepared gradient TNTs, there were no significant
phase components such as brookite, anatase, or rutile. The peak located
at 2θ value of 25.3° in Fig. 2b could be indexed to the (101) reflection of
the anatase phase (JCPDS No. 21–1272). Only anatase phase was de-
tected on the annealed gradient TNTs and the intensity was relatively
low on the small nanotube region and vanished on the flat TiO2 area.

Different from XRD, the spot size of the Raman laser beam can be as

Fig. 4. Fluorescent images of rMSCs cultured on G-TNTs for 1 day (a) and 3 days (b). Cell number (c) and area (d) analyzed by ImageJ. *p < 0.05 and **p < 0.01
indicate annealed TNTs compared with as-prepared TNTs. #p < 0.05 and ##p < 0.01 compared with day 1.

Y. Li, et al. Bioactive Materials 5 (2020) 1062–1070

1066



small as ~500 nm that it could detect weak signals. Thus, Raman
spectroscopy was also employed to assess the crystalline information.
Different positions on the sample were examined by aligning different
locations to the middle of the Raman active region. The Raman spectra
in Fig. 2c and d shows four wide vibration bands at the range of
100–900 cm−1. There was no distinct vibration peak for most areas of
the as-prepared gradient nanotubes (Fig. 2c). Most annealed gradient
TNTs presented characteristic Raman bands near 143 cm−1 (Eg),
197 cm−1 (Eg), 395 cm−1 (B1g), 517 cm−1 (A1g), and 640 cm−1 (Eg)
[43] which is congruous with XRD observations. An enlargement of the
Raman spectra of the flat TiO2 and smallest nanotube areas (Fig. 2d,
enlarged image) shows weak Raman bands located at 447 cm−1 (Eg),
and 612 cm−1 (A1g), which could be assigned to rutile phase [43].
Interestingly, however, the as-prepared TNTs with the largest diameter
(~350 nm) displayed a strong peak at 150 cm−1 and three wide peaks
at about 404, 502, and 623 cm−1 (Fig. 2c). These Raman modes seem
similar to those of anatase nanotube, however, the main vibration Eg
peak shifted toward 150 cm−1 and the B1g peak shifted toward
404 cm−1. Those two peaks indicate the presence of the brookite phase
[44]. However, the brookite phase usually has many Raman bands [45]
and the other two peak positions are not a good match. Given those
nanotubes were as-prepared without further annealing and three peaks
were relatively wide, we can reasonably speculate that the crystals are
not pure. The appearance of crystalline phases in the as-prepared
samples may be related to the high energy and driving force generated
by high voltage, causing a certain rearrangement of Ti and O atoms
[46,47].

The discrepancy between Raman and XRD data could be ascribed to
the difference between those two techniques, with XRD usually requires
a certain sample size and good crystals. As mentioned above, the focal
spot size of the X-ray spectrometer is about 5 mm × 12 mm that the
anatase peak emerged in the XRD spectra of the smallest nanotube area
might come from the nearby nanotubes. And as the TiO2 film in the
region of the flat TiO2 and smallest nanotubes is thin (−200 nm) and

the amount is relatively small, it is difficult for X-ray spectrometer to
detect the rutile phase. In contrast, the spot size of the Raman laser
beam used in this study was about 500–600 nm that it could detect
weak signals. Similarly, Raman spectroscopy detected a small amount
of impure brookite phase on the as-prepared TNTs whereas there was
no detectable XRD peak.

Surface wettability of the as-prepared and annealed gradient TNTs
was investigated by the water contact angle (Fig. S3). There was no
distinct difference between annealed and as-prepared samples. The flat
area had a water contact angle of about 65°, suggesting the flat TiO2

surface is hydrophilic. All the nanotubes exhibited excellent wettability
with water contact angles below 10°, and there was no significant dif-
ference among TNTs with different diameters.

3.3. Protein adsorption

As one of the first occurrences at the course of cell-material inter-
action, protein adsorption can affect cell behaviors and osteogenesis.
Herein, the adsorptive ability of proteins on different sized TiO2 na-
notubes was qualitatively analyzed by the fluorescence of adsorbed
proteins. As shown in Fig. 3a, for both as-prepared and annealed gra-
dient TNTs, BSA protein adsorption was lowest on the flat TiO2 surface
and increased constantly with the enlargement of nanotube diameter. It
can be ascribed to the increased nanotube length of larger nanotube
which amplifies the exposed surface area. But there was no noteworthy
fluorescence difference of labeled BSA between the as-prepared and
annealed TNTs with the same dimension. A similar adsorption pattern
was observed for serum proteins except relative higher adsorption
could be found on large diameter regions on annealed GTNTs (Fig. 3b).
This could be owing to the synergistic effects of surface properties and
competitive protein adsorption in serum [35]. Different properties had
different effects on protein adsorption that combined effects of varied
properties could be found on protein adsorption, including crystalline
phase, surface chemistry, and wettability. Moreover, serum proteins

Fig. 5. Optical images of alkaline phosphatase production on gradient TiO2 nanotubes after cell culture for 4 days (a) and 7 days (b).
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consist of thousands of proteins varied in size, charge, concentration.
The variety in serum proteins and competitive adsorption also adds to
the synergistic effects of crystalized TNTs on serum protein adsorption.

3.4. Cell proliferation

To assess cell proliferation on gradient TiO2 nanotube arrays, cells
were stained with calcein-AM after cultured for 1 day and 3 days. As
depicted in Fig. 4a, on the as-prepared GTNTs, more cells attached to
the flat TiO2 and small nanotube regions with apparent lamellipodium

on day one. The number of adherent cells gradually declined with the
increment of nanotube diameter. Besides, cells shrank from a well-
spread shape to fewer extensions/filopodia or even round shape. Cells
response to annealed GTNTs was similar except cell spread better on the
annealed nanotubes with diameters larger than 70 nm (Fig. 4a and d,
day 1, compare as-prepared sample to annealed sample).

After three days of proliferation, cell behaviors on as-prepared and
annealed samples were similar. Cell density on the flat TiO2 and small
nanotube regions (< 70 nm) increased notably (Fig. 4b and c). But cell
size diminished prominently (Fig. 4d) owing to the overcrowding. Cell

Fig. 6. Fluorescence images of rMSCs stained with nuclei, vinculins, and F-actins after one-day culture: (a) as-prepared and (b) annealed GTNTs.
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numbers only increased slightly on nanotubes with a diameter range of
70–120 nm without significant change in cell size, even though it was
sufficiently spacious to hold more cells. Cells were mostly spherical
with no conspicuous cell growth for nanotubes with a diameter larger
than 180 nm. This validates our previous research that small-sized
nanotubes are more conducive to cell proliferation [28].

3.5. Cell differentiation

Alkaline phosphatase (ALP) is an early marker of osteogenesis that
the early differentiation level of rMSCs could be detected by the pro-
duction of ALP. Fig. 5 showed a similar trend of ALP expression on both
as-prepared and annealed GTNTs. After 4 days of osteogenic induction,
the expression of ALP was highest on flat TiO2 and smallest TNTs re-
gions. But the activity of ALP decreased with the increase of nanotube
size. Compared to non-annealed samples, a slight increase of ALP ex-
pression could be observed in the diameter region of 120–245 nm on
annealed GTNTs. On day 7, a remarkable increase in ALP product was
found on TNTs with diameters smaller than 180 nm for both as-pre-
pared and annealed GTNTs. ALP aggregation emerged on the nanotubes
with a diameter smaller than 120 nm, indicating their high activity for
osteogenic differentiation.

The nucleus is the control center of the cell, storing genetic mate-
rials and manipulating metabolic activities. Vinculin connects integrin
and cytoskeleton actin, and plays an extremely important role in mi-
crofilament-mediated cell movement, controlling cell adhesion,
spreading, movement, proliferation, and signal transmission. The cy-
toskeleton, mainly composed of skeletal proteins and actin, is a fila-
mentous network structure. Besides, to support cell shape, resist de-
formation, and provide signaling pathways, the cytoskeleton also
participates in cell migration and differentiation [48,49]. To further
understand cell behavior, cell nucleus, vinculin, and F-actin were
stained after one-day culture on gradients. As shown in Fig. 6a, com-
pared the as-prepared TNTs to the annealed TNTs with the same di-
mension, cell behaviors were similar and there was no significant dif-
ference in vinculin distribution or actin cytoskeleton. It explains why
the effects of crystalline phases on cell behaviors are not significant
through the entire gradient, consistent with our previous study [35]. A
reasonable explanation is that the synergistic effects of different surface
properties and competitive protein adsorption diminish the difference
between as-prepared TNTs and annealed TNTs.

On the flat TiO2 and small diameter nanotubes, the nucleus was
plump with natural shape. The actin cytoskeleton was highly organized
and densely distributed. Labeled green vinculin was well distributed in
cells and aggregated at the periphery of lamellipodia and filopodium.
The size of the aggregated vinculin is about 3 μm. As the diameter of the
tube increases, cell spreading was reduced that the size of the nucleus
diminished, together with blurred actin cytoskeleton and vanished

vinculin clusters.
As one of the membrane-cytoskeletal proteins in focal adhesion,

vinculin aggregations indicate the formation of focal adhesion.
Apparently, small size nanotubes can provide more anchor sites at the
top of nanotubes for protein adsorption which facilitate the following
process of extracellular matrix formation, integrin binding, vinculin/
talin/paxillin interconnecting and focal adhesion assembly (Fig. 7). On
the other hand, large-size-nanotubes have abundant surface area and
can adsorb more proteins (Fig. 3) because the tubes are longer. How-
ever, the wide-open tubes disconnect ECM and further prejudice the
formation of focal adhesion. As focal adhesion is crucial to cell at-
tachment, spreading, proliferation and differentiation, small diameter
nanotubes have superiority for cell adhesion and growth.

4. Conclusions

In summary, we utilized bipolar electrochemistry to achieve GTNTs
with a wide diameter range of 20–350 nm. GTNTs were further applied
to investigate the size and crystalline phase effects of TNTs on protein
adsorption and cellular behaviors. Results show that larger diameter
TiO2 nanotubes exhibit a higher capacity for protein adsorption, while
small diameter nanotubes are more conducive to cell adhesion, pro-
liferation, and differentiation. Annealed large diameter nanotubes
(diameter > 180 nm) adsorb more serum proteins than as-prepared
ones whereas no prominent difference in BSA adsorption. Cell pro-
liferation was higher on the as-prepared flat TiO2 and 20 nm diameter
regions than annealed ones whereas no observable difference on other
nanotubes. Cell differentiation varied with nanotube dimension
whereas no discernible ALP activity between as-prepared and annealed
TNTs with the same dimension. This study extends our previous re-
search about protein adsorption and cell behaviors on GTNTs, enhan-
cing our understanding of nanotube dimension and annealing effect on
protein adsorption and cell behaviors at a larger extend.
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