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From the Contents

Nanotopographical features can be beneficial in augmenting cell functions
and increasing osteogenic potential. However, the relationships between
surface topographies and biological responses are difficult to establish

due to the difficulty in controlling the surface topographical features at

a low-nanometre scale. Herein, we report the fabrication of well-defined
controllable titanium dioxide (TiO,) nanotube arrays with a wide range of

pore sizes, 30175 nm in diameter, and use of the electrochemical anodization
method to assess the effect of surface nanotopographies on cell morphology
and adhesion. The results show that TiO, nanotube arrays with pore

sizes of 30 and 80 nm allowed for cell spreading of bone marrow-derived
mesenchymal stem cells with increased cell area coverage. Additionally, cell
adhesion was significantly enhanced by controlled nanotopographies of TiO,
nanotube arrays with 80 nm pore size. Our results demonstrate that surface
modification at the nano-scale level with size tunability under controlled
chemical/ physical properties and culture conditions can greatly impact cell
responses. These findings point to a new direction of material design for
bone-tissue engineering in orthopaedic applications.
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%zz;z(/:;éhmlbox.sc.edu_ Joint arthroplasties and prosthetic implants have

increased over the last few decades, likely due to
the rising number of elderly people, obesity, and
bone diseases.!* Metals and metal alloys, including
titanium, are widely used for bone replacement
due to their biocompatibility, corrosion
resistance, mechanical properties, and durability.*
However, the use of metallic implants in a living
body can cause some serious adverse effects, such
as hypersensitivity, toxicity due to corrosion, and
biofilm formation.> ¢ Implant corrosion leads to
the release of allergenic, cytotoxic, or carcinogenic
species within the body causing adverse health
outcomes.” Microbial biofilm formation on
implant infection,
inflammation, and eventual implant failure.®'
Metallic implants with smooth surfaces tend to
have low success rates after surgical procedures
due to fibrosis and inflammatory responses
that can cause osteolysis."" It has been shown
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that surface modification of metallic implants
at micro-/nano-scale levels, such as increasing
the surface microroughness and introducing
surface nanotopography, can lessen fibrosis,
promote osseointegration of metallic implants,
and enhance osteogenesis of osteoblasts.!"?
Therefore, the development of scaffolds through
engineering at micro-/nano-scale levels in order
to promote osteogenesis and the integration
of implanted materials has been the subject of
intense research.

In our early works, virus nanoparticles''

and other nanoparticles' %
as surface coatings to create well-controlled
surface nanotopographies. We found that regular
topographical features at the nanometre scale
promoted osteogenesis of bone marrow-derived
mesenchymal stem cells (BMSCs) by upregulating
the local secretion of bone morphogenetic
protein-2. However, it is extremely difficult

were employed
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to tune the feature size using virus-based coating materials.
In comparison, titanium dioxide (TiOZ) nanotube arrays
(TNAs) offer an ideal alternative as a material scaffold with
controllable pore size, structural uniformity, and highly-
ordered nanofeatures. TNAs can be easily synthesized through
electrochemical anodization, a popular fabrication approach
due to their simplicity and low cost.*’ In addition, there are
many reports in the literature that TNAs can impact adhesion,
migration, proliferation, and differentiation of bone cells.?*
We believe that cell fates, including cell differentiation, can
be dictated by altering cell shapes and the cytoskeleton using
underlying topography. The controllable nanotopography
of TNAs under controlled culture conditions will allow us to
systematically understand the effects on cellular responses, and
eventually learn how to dictate cell fates using nanotopography,
as well as help to further understand cell-material interactions
modulated by surface topographical cues.

Focal adhesions and the cytoskeleton are linked to
nanotopography-related —signal-transduction events.”® It
is also believed that surface nanotopography influences
either  biochemical (indirect) or physical (direct)
mechanotransduction, and consequently has effects on cell
morphology, adhesion, proliferation, and differentiation.”*%
Direct mechanotransduction utilizes conformational changes
in the cytoskeleton to alter the shape of the nucleus and
subsequently influence chromosomal arrangement and gene
expression; while the indirect route utilizes biochemical
messaging (i.e. G-proteins, kinases, ion channels) to convey

information to the nucleus through signalling cascades.?

The specific alignment and dimensions of the nanoarchitecture
on TiO, that promote cellular responses remain elusive due to
discrepancies between previous reports on cell responses to
different pore sizes of TNA.? Park et al.*® *® reported that
cell adhesion, spreading, and proliferation of rat mesenchymal
stem cells were the greatest on smaller diameter (15 nm)
TNAs and decreased significantly with increasing pore size.
Apoptosis also increased when the pore size of TNA was
increased to 100 nm.*” * Similarly, according to a study by
Yu et al.*» MC3T3-E1 mouse preosteoblasts exhibited greater
adhesion and differentiation on 20 to 70 nm TNAs compared
to 100 to 120 nm TNAs. In contrast, Oh et al.?® demonstrated
that human mesenchymal stem cells were more elongated
and increased osteogenesis on larger diameter (70-100 nm)
nanotubes compared to cells on 30 nm nanotubes. In addition,
Zhang et al.*® showed that primary osteoblasts adhered to 170
nm TNAs much faster and expressed higher levels of alkaline
phosphatase activity compared to cells on smaller diameter
(50 nm) TNAs. These contradictory results may arise from
differences in cell culture conditions, cell types, and other
surface properties generated during anodization, such as crystal
structure, fluoride content (osteogenic element), as well as the
amounts of residue on the nanotube surfaces.”> Consequently,
we aimed to establish more controllable TNAs to provide
different diameter sizes but the same surface chemistries, and
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to see whether and how these domains of nanometre-size
variations affect cell behaviours.

Methods

Formation of TiO, nanotube arrays for in vitro study
Commercially pure titanium sheets, 99.6% (Grade 2), 0.10 mm
(Solution Materials, LLC, Santa Clara, CA, USA) were cut
into disks with a diameter of 21 mm in order to fit into 12-
well culture plates. The titanium (Ti) disks were cleaned by
sonication with acetone followed by ethanol and water for 5
minutes each before anodization. Then, a Ti disk was immersed
in the diethylene glycol (DEG)-based electrolyte containing 0.5
wt% ammonium fluoride (NH 4F) and 20% water and anodized
at different applied voltages, 10, 20, 30, or 35 V to create
TNAs with diameters of 30, 80, 120, 175 nm, respectively.
After 3 hours, the anodized TNAs were sonicated in ethanol
for 1 minute, immersed in deionized water, and dried under
nitrogen gas. Cleaned Ti disks were used as a control group.

To evaluate the effect of differences in water content in the
electrolyte on tube geometry and to determine the optimal
water content for use in the electrolyte, the volume of water
was varied, using contents of 1%, 5%, 10% and 20% in DEG-
based electrolyte. The concentration of NHF at 0.5 wt%,
voltage at 10 V, and anodizing time at 3 hours were controlled.

To evaluate the effect of anodization times on nanotube
development, various anodizing times were used at 0, 5, 10,
15, 20, and 30 minutes. The concentration of NH,F at 0.5 wt%,
water content at 20% (v/v) in DEG-based electrolyte, and
voltage at 20 V were controlled.

Characterization of anodized TiO, nanotube arrays

The structure of the anodized TNAs was characterized using
a field emission scanning electron microscope (Zeiss Ultraplus
Thermal FESEM, Carl Zeiss Microscopy GmbH, Jena,
Germany). Images were captured using an in-lens detector at
5kV. The chemical composition of the surfaces of the samples
was analysed by energy-dispersive spectroscopy with scanning
electron microscopy (SEM). Surface roughness was measured
by atomic force microscopy (Nanoscope MultiMode & Explore
SPM; Veeco, Santa Barbara, CA, USA) conducted in ambient
air under tapping mode at a scan rate of 1 Hz and scan size of
10 pm x 10 pum. The larger the value, the rougher the surface.”’
To determine the surface wettability, the contact angle was
calculated using the sessile drop method with a video-based
contact angle system (VCA Optima, Billerica, MA, USA) at
25°C. Contact angle measurements were performed using
ultrapure water as a wetting agent.

Preparation of TiO, nanotube array multi-well plates
for in vitro study

After anodization for 3 hours, the synthesized TNAs were
sterilized by immersion in 100% ethanol for 30 minutes then
evaporated to dryness in a laminar flow hood. The sterile
TNAs were then placed directly into wells of 12-well plates.
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Cell culture

NIH3T3 fibroblasts, and BHK-21, baby hamster kidney cells,
were propagated in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
foetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch,
GA, USA), 2 mM L-glutamine, 1 mM sodium pyruvate, and
100 U/mL penicillin-streptomycin (HyClone, Logan, UT,
USA) followed the literature report.®

BMSCs were propagated in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 100 U/mL penicillin, 1000 U/mL
streptomycin, and 0.25 pg/mL amphotericin B (MP
Biomedicals, Irvine, CA, USA).

Cell cultures of NIH3T3, BHK-21, and BMSCs were incubated
at 37°C in a CO, incubator with 5% COZ/ 95% air. The medium
was replaced every 3 days and the cells were trypsinized using

0.25% trypsin-ethylenediaminetetraacetic acid (Corning,
Corning, NY, USA).

In vitro bone marrow-derived mesenchymal stem cell
morphology study

TNA multi-well plates were prepared under sterile conditions.
BMSCs at passage 7 were harvested from the tissue culture
plate after reaching 80% confluence. According to the previous
studies,””  BMSCs retain differentiation potentials up to
passage 10. The cells were then mixed with prewarmed serum-
free medium and seeded at a density of 1 x 10° cells/mL into
each well, 1 mL/well, and incubated at 37°C in a CO, incubator
with 5% CO,/95% air. After 24 hours, the samples were
washed with 1x phosphate-buffered saline (PBS; Corning)
and fixed with 4% paraformaldehyde (Alfa Aesar, Tewksbury,
MA, USA), pH 7.4, at 25°C, for 15 minutes. After fixation, the
samples were washed several times with PBS and sequentially
dehydrated in a graded series of ethanol (10%, 20%, 30%, 50%,
75%, and 100%) for 15 minutes each, and sputter-coated with
a thin layer of gold (Au). SEM analyses were performed to
evaluate the morphology of BMSCs grown on the surface of
control Ti or different TNAs.

Confocal fluorescence microscopy

NIH3T3 cells were cultured in the prepared TNA multi-
well plate at a density of 2 x 10° cells per well in serum-free
medium or 10% serum-containing medium. After 24 hours of
incubation at 37°C in a CO, incubator, the cells were stained
with 5 pM Calcein AM (BioLegend, San Diego, CA, USA)
for 30 min, washed several times with PBS and fixed with 4%
paraformaldehyde, pH 7.4, for 15 min. The cells were further
incubated with Rhodamine Phalloidin (0.1 uM; Cytoskeleton
Inc., Denver, CO, USA) for 30 minutes for actin staining and
Hoechst 33342 (1 pg/mL; Thermo Scientific, Waltham, MA,
USA) for 5 minutes for nuclear staining. The cells were washed
repetitively with PBS after each staining. The cell morphology
was visualized under a fluorescence microscope (Olympus
IX81, Tokyo, Japan) in disk scanning unit confocal mode.

Centrifugation assay

NIH3T3 and BHK-21 cells were harvested from tissue culture
dishes after reaching 80% confluence. The cells were pre-
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labelled with Calcein AM (5 pM, 30 minutes) and then seeded
at a density of 1.5 x 10° cells/mL into the prepared TNA multi-
well plate in serum-free medium. After appropriate incubation
time, TNAs and Ti disks were removed from the plate and
attached to a new 12-well plate using two-sided tape. The wells
then were filled to the top with serum-free medium and sealed
with microplate film (Bio-Rad, Hercules, CA, USA). The plate
was inverted and spun in a swinging rotor (5S2096; Beckman
Coulter Life Sciences, Indianapolis, IN, USA) at 25 x g for 5
minutes at 25°C. The old solution was carefully removed,
and fresh medium was added. Afterwards, fluorescent images
were taken, and Image] 1.53c software (National Institutes of
Health, Bethesda, MD, USA) was then used to analyse the cell
adhesion numbers.*!

Image and statistical analyses

The cell adhesion numbers of NIH3T3 and BHK-21 cells,
and cell areas of BMSCs were calculated from fluorescent
images and SEM images, respectively, using Bone] available in
Image]/Fiji.*? All cell images were converted using the same
grayscale range with the purpose that all images could be
compared to one another during data analysis. The percentage
area coverage of BMSCs is derived from the total area of cells
per total field of view area. The data are expressed as mean +
standard deviation (SD). The differences between groups were
analysed by one-way analysis of variance followed by Tukey’s
multiple comparisons test and Student’s #-test, using GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA, www.
graphpad.com). P values less than 0.05 were considered
statistically significant.

Results and Discussion

Synthesis and characterization of TiO, nanotube arrays
To synthesize TNAs using electrochemical anodization, the Ti
was placed as the anode and platinum (Pt) as the cathode in
an electric circuit where a voltage was applied under magnetic
stirring. The distance between the anode and the cathode
was controlled at 1.5 cm. The experimental setup is shown in
Figure 1A. The mechanism of nanotube formation is complex
and occurs under interdependent conditions.?* In simple terms,
it is governed by the competition between an electrochemical
etching process and a chemical dissolution process on Ti.***
Briefly, three chemical reactions occur simultaneously to create
nanotube-like structures during the anodization process. The
reactions are represented as follows:*

Water decomposition: 2H O — O, + 4e” + 4H* (1)
Metal oxidation: Ti + O, - TiO, (2)
Oxide dissolution: TiO, + 6F~ + 4H* — TiF > + 2H,0 (3)

The first step is field-assisted oxidation of Ti (compact oxide
formation): water decomposes near the electrode and produces
O%* and H* ions. Then, the O* ions migrate to oxidize Ti.
Secondly, field-assisted dissolution of TiO, (the initial porous
structure formation) occurs: owing to the electric field, the
Ti—O bond is weakened resulting in dissolution of the oxides.
The final step is chemical dissolution of titanium oxides (self-
organized nanotube growth): Ti** cations combine with F-
anions in the electrolyte to form a soluble hexafluorotitanium
complex, resulting in fractures on the metal surface? 2% 4 46
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(Figure 1B). Due to the localized dissolution of the oxide,
nanopits are formed on the TiO, sheet. The nanopits then
convert into larger pores at higher density. Finally, the
nanopores spread uniformly over the surface and become
nanotubes due to the inward movement of the oxide layer at
the pore bottom.*

In this study, we used DEG organic electrolyte containing
NH,F to prepare TNAs based on previous reports.” ** The
water content in the electrolyte plays a significant role in tube
geometry.” It has been reported to increase the tube diameter
and also has an impact on tube length and growth rate.”>' To
determine the optimal water content for use in the electrolyte,
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the volume of water was varied, using contents of 1%, 5%,
10% and 20% in DEG-based electrolyte while controlling the
concentration of NH F at 0.5 wt%. The result, presented in
Figure 2, shows that after 3 hours of anodization at 10 V, none
of an initial barrier TiO, layer was observed in the samples
with higher percentages of water (10 and 20 wt%). For samples
with lower percentages of water (1 and 5 wt%), the initial
oxide layer remained after 3 hours of anodization. Increasing
the water content from 1% to 20% led to a significant increase
in electrolyte aggressiveness, which markedly reduced the time
required to dissolve the native oxide at the TiO, surface. Based
on this result, 20% water content was selected for DEG-based
electrolytes in our in vitro study.

—F-, 0%, OH-

0 TiF,-

TiO, nanotubes Pt

F- containing electrolyte

Water decomposition: 2H,0 — O, + 4e” + 4H* 1)
Ti+ 0O, — TiO, 2)
TiO, + 6F + 4H* — TiF > + 2H,0 (3)

Metal oxidation:
Oxide dissolution:

Figure 1. The synthesis of TNA by electrochemical anodization. (A) The experimental setup for the anodization of Ti.
Ti was used as the anode and Pt was used as the cathode. The distance between Ti and Pt was controlled at 1.5 cm. (B)
Schematic illustration showing the reactions occurring during anodization of the Ti sheet. Three chemical reactions
(water decomposition, metal oxidation, and oxide dissolution) occur simultaneously to create nanotube-like structures
during the anodization process. Figure 1B has been redrawn based on an original figure by Regonini et al.* Pt: platinum;
Ti: titanium; TiO,: titanium dioxide; TNA: TiO, nanotube array.

Figure 2. The effect of differences in water content in the electrolyte on tube geometry. Scanning electron microscopy
images of anodized TiO, nanotubes prepared by anodizing Ti at 10 V for 3 hours in DEG electrolytes containing 0.5
wt% NH,F with different concentrations of 1%, 5%, 10% and 20% (v/v) H,0. Increasing the water content from 1% to
20% markedly reduced the time required to dissolve the native oxide during TNA formation. The insets show enlarged
images of the anodized substrate prepared with different water contents in the electrolyte. All images and insets share
the same scale bars at 200 nm and 50 nm, respectively. DEG: diethylene glycol; NH F: ammonium fluoride; Ti: titanium;
TiO,: titanium dioxide; TNA: TiO, nanotube array.

To observe the anodization time required for formation of the
nanotube structures of TNAs, SEM images were taken of a series
of samples fabricated using DEG-based electrolyte containing
0.5 wt% NH_F and 20% water with an applied voltage of 20 V
for various anodizing times. The nanotube morphology was
created during the first 30 minutes of anodizing time. During
the initial stage, the oxide film clearly dissolved and created
continuous nanopits at 5 minutes. A nanoporous layer was
generated over the surface at 10-20 minutes. With further
anodization, tube-like structures were developed within 30
minutes of anodizing time (Figure 3). However, after 1-2
hours of anodization, some parts of the tube-like structures
were shielded by a lot of residues. We found that 3 hours of

anodizing time was suitable to remove most of the debris
and obtain high uniformity of the nanotubes. This result also
confirms that the nanotube-like structures were developed
from the pits and porous structures created during removal
of the surface oxide layer. The SEM image of original Ti
(anodizing time at O minutes) was unclear due to the difficulty
in adjusting the focus of camara on flat surface.

We further explored the potential range for generating a
series of TNAs with controllable diameters. It has been shown
by a number of reports that the diameter of nanotubes varied
mostly with the applied voltage.””3* %> SEM images (Figure
4A, and B) show tube morphologies and tube lengths when

www.biomat-trans.com



Cellular responses to TiO, nanotube arrays

s

Biomaterials Translational

Figure 3. The effect of anodization times on nanotube development and structure. Scanning electron microscopy images
show the evolution of nanotube formation during different anodizing times at 20 V for 5, 10, 15, 20, or 30 minutes in
DEG-based electrolyte containing 0.5 wt% NH_F and 20% (v/v) H,O. Nanopits were created at 5 minutes, nanoporous
layer was generated over the surface at 10-20 minutes, and nanotubes were developed at 30 minutes of anodizing times.
The insets show enlarged images of the anodized substrate at different anodizing times. All images and insets share the
same scale bars at 400 nm and 100 nm, respectively. DEG: diethylene glycol; NH F: ammonium fluoride.

applied voltages varied from 10 V to 35 V, anodized for 3
hours in DEG-based electrolyte containing 0.5 wt% NH F and
20% (v/v) water. No barrier TiO, residues remained on the
anodized TNAs, and the tubular structures were smooth and
consistent in every repeat. Nevertheless, as shown in Table 1,
the higher the applied voltage, the wider the range of diameters
with higher variation, which may be caused by the formation of
a discontinuous nanotubular layer at high voltages, and more
evident spacing between tubes.” The average diameters of
TNAs at 10, 20, 30 and 35 V anodization, were 30, 80, 120 and
175 nm, respectively. Similarly, the average lengths of TNAs

were 0.6, 1, 1.7, and 2.3 um, respectively (shown in Table
1) although it was previously shown that nanotube length
had no significant impact on cell function.** In other words,
raising the applied voltage increased both nanotube diameter
and length. However, when applying a high potential at 50 V
for 3 hours, a sponge-like structure was observed (data not
shown), similar to previous reports.’"** The prepared TNA
substrates in this study were designated according to their
average diameter as TNA30, TNA80, TNA120, and TNA175,
synthesized with applied voltages at 10, 20, 30, and 35 V,
respectively.

Table 1. The chemical components, diameters and lengths of the anodised TNAs using 0.5% NH F with 20% (v/v) H,0 in

DEG-based electrolyte under different voltages

Ti TNA30 (10 V) TNAS0 (20 V) TNAI120(30V)  TNAI175(35 V)
Element (weight%)
0 - 2375 23.09 2248 22.74
F - 6.57 6.47 6.28 6.31
Ti 100 69.68 70.44 71.24 70.96
Diameter (nm) - 31.1£5.0 78.3+16.8 120.9427.5 174.2431.4
Length (um) - 0.6£0.1 1.0£0.1 1.740.1 2.320.4

Note: The values represent the weight% of each element, and the mean + SD of the diameter and length (n = 3). DEG: diethylene glycol;
F: fluorine; NH F:ammonium fluoride; O: oxygen; Ti; titanium; TNA: titanium dioxide nanotube array.

Surface wettability is well known as a key factor, which governs
cellular responses. The lower the contact angle, the more
hydrophilic the surface. A surface is characterized as hydrophilic
when the water contact angle is < 90°, and hydrophobic when
the contact angle is > 90°.**” Figure 4C shows the data obtained
from contact angle measurements. The generated TNAs were
more hydrophilic than Ti. Specifically, the surface of Ti metal
alone exhibited a contact angle of 60°, while TNA30, TNASO,
TNA120, and TNA175 had contact angles of 17°, 16°,9°, and 7°,
respectively. It was previously shown that the hydrophilicity
of the samples increased following anodization voltage due to
higher surface areas generated by increases in the diameter,
spacing, and length of the nanotubes, as well as the thicker
oxide suface.®®

Biomater Transl. 2022, 3(3), 221-233

Energy dispersive spectroscopy revealed the chemical
components of TNAs prepared under the selected preparation
conditions using DEG-based electrolyte. As shown in Table
1, the mass fraction of titanium was approximately 70%, while
oxygen made up approximately 30% of every sample. The
mass fraction of fluoride was also observed in all samples at
similar amounts, approximately 6%, which is commonly found
due to the electrochemical anodization reaction. Control of
the chemical composition, especially the fluoride content,
on the TNA surfaces is important for in vitro cell study
due to its impact on cell behaviours. Specifically, fluoride
ions are known to promote osteogenic differentiation and
biomineralization.’®*” % The results confirm that the chemical
compositions of anodized TNA were controlled.
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Figure 4. Characterization of sample nanostructure and surface wetting. (A, B) Top-view (A) and side-view (B) scanning
electron microscopy images of TNAs prepared by anodizing Ti in DEG-based electrolyte containing 0.5 wt% NH,F and
20% (v/v) H,0 at 10, 20, 30, and 35 V for 3 hours. The tube diameter and length were increased respectively by raising
the applied voltage of anodization. Scale bars: 200 nm in A and 2 pm in B. (C) Surface wettability of TNAs at different
diameters of pore size (30, 80, 120, and 175 nm). Data are expressed as mean + SD (n = 6). DEG: diethylene glycol; NH F:
ammonium fluoride; Ti; titanium; TNA: titanium dioxide nanotube array.

It has been reported that cell behaviours including cell adhesion,
migration, proliferation, and differentiation are correlated to
surface roughness.®” ¢ To investigate the surface roughness,
atomic force microscopy was performed in this study. The
root mean square roughness of TNA30, TNA80, TNA120, and

TNA30

TNA8O

TNA175, was approximately 94, 92, 92, and 97 nm, respectively,
with no statistically significant difference (Figure 5). The root
mean square roughness of Ti starting material was approximately
5nm (data not shown). This implies that the influence of surface
roughness of TNAs on cell behaviours was controlled.

TNA120 TNA175

Roughness TNA30 TNA8O TNA120 TNA175
RMS (nm) 93.7 £19.1 918 +£19.4 924 +£26.3 97.0+22
RA (nm) 727 £141 68.1 £22.2 714 £20.9 766 £1.9

Figure 5. Summary of the surface roughness of TNAs with different diameters (30, 80, 120, 175 nm). The roughness
was characterized by atomic force microscopy. The data are expressed as mean + SD (n = 4). No significant change was
observed in any comparisons based on one-way analysis of variance followed by Tukey’s multiple comparisons test. Ra:
mean roughness; RMS: root mean square roughness; TNA: titanium dioxide nanotube array.

Cell studies on two-dimensional cell cultured-TiO,
nanotube array plates

Morphology of bone marrow-derived mesenchymal stem cells
cultured on TiO, nanotube arrays

To investigate cell morphology in response to four different
diameters of TNA substrates or Ti as a control, BMSCs were
seeded onto the substrates and incubated for 24 hours in serum-
free medium. We found that BMSCs cultured on TNA30
and TNAS8O exhibited good spreading all over the surface,
with a more flattened morphology compared to those on the
other TNAs or Ti. Additionally, lamellipodia and filopodia
were more clearly observed on the cells cultured on TNASO
compared with those on other substrates. Meanwhile, the
cells cultured on TNA120 and TNA175 lost their planar shape
and adopted a rounded shape with poor spreading, while few
protrusions were observed, especially on TNA175, as shown
in Figure 6A. The data in Figure 6B reveals that cells cultured
on TNAS80 showed the highest area coverage at 27%, which
was significantly higher than those on TNA120 or TNA175
with area coverage at 18% and 16%, respectively. Additionally,
the area coverage of the cells cultured on TNA30 (25%) was
significantly higher than that on TNA175. In summary,
BMSCs cultured on TNA30 or TNA8O showed an increase

in cell spreading and increased percentage cell area coverage
compared to the other substrates tested.

Morphology of NIH3T3 cells cultured on TiO, nanotube arrays

The morphology of NIH3T3 cells cultured on TNA substrates
was visualised using confocal fluorescence microscopy. FBS is
a growth supplement used in cell culture medium. It provides
vitamins and essential compounds including binding and
attachment factors required for cell attachment, growth, and
proliferation.®* * However, seasonal and geographical batch-
to-batch variations and undefined compositions of FBS have
been shown to affect cell morphology, proliferation, and
differentiation in in vitro studies.®> ® ¢ Serum components
have not been standardized due to the complexity of their
composition.” In this study, we observed the cell morphology
of NIH3T3 cells cultured on TNA substrates with and without
the addition of FBS. The confocal laser scanning microscopy
result shown in Figure 7 demonstrates that the morphology of
NIH3T3 cells cultured in serum-containing medium showed
good spreading of the polygonal stellate cells with elongated
protrusions and more actin filaments linking to adjacent cells.
On the other hand, the cells cultured in serum-free medium
showed poor spreading and displayed spindle-shaped or

www.biomat-trans.com



Biomaterials Translational

B 50 *

$al

Cellular responses to TiO, nanotube arrays

% Area coverage
of BMSC

CIIRCN

«,\‘\AP‘ 3N A0 P‘ﬂs

PN

Figure 6. Morphology of BMSCs cultured on Ti or TNA substrates in two-dimensional cell culture without foetal
bovine serum. TNA30 and TNA80O enhanced cell spreading and percentage cell area coverage of BMSCs. (A) SEM
images show the morphology of BMSCs cultured on Ti or TNA substrates prepared by anodizing Ti in a DEG-based
electrolyte at 10, 20, 30, or 35 V for 3 hours. The cells cultured on TNA30 and TNASO exhibited good spreading all over
the surface, while cells on TNA120 and TNA175 adopted a rounded shape with poor spreading. All scale bars share a
length of 100 pm. (B) Percentage area coverage of BMSCs on Ti or TNA substrates, calculated from SEM images using
Image]. Data are expressed as mean + SD (n = 3). *P < 0.05 (Student’s t-test or one-way analysis of variance followed by
Tukey’s multiple comparisons test). BMSC: bone marrow-derived mesenchymal stem cell; DEG: diethylene glycol; SEM:
scanning electron microscopy; Ti; titanium; TNA: titanium dioxide nanotube array.
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Figure 7. Morphology of NIH3T3 cells cultured on Ti or TNA substrates in two-dimensional cell culture with and
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10% serum-containing medium (B). The morphology of NIH3T3 cells cultured in serum-containing medium showed
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spherical morphology with fewer cells and reduced actin
filaments. However, there was no obvious difference in cell
morphology among the control Ti and TNA samples either
in serum-containing or serum-free medium when visualised
under the microscope. In order to profile non-apparent
morphological differences in the cells on each of the substrates,
machine learning-based data processing could be used in future
analysis of cell images.

Centrifugation assay to assess the cell adhesion of

NIH3T3 and BHK-21 cells on TiO, nanotube arrays

Cell adhesion is essential for the early osseointegration
of bone cells into implanted biomaterials because it is
involved in stimulating intracellular signalling networks
that regulate cellular behaviours and functions.® ¢ Cell-
substrate interactions are an important consideration in
biomaterial development, and the most straightforward way
to evaluate them is a centrifugation assay.®®’® As mentioned
in previous sections regarding the impacts of surface
wettability and roughness of the substrates on cell behaviours,
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nanotopographic features of the substrates also play an
important role in cell adhesion. To determine the adhesive
properties of NIH3T3 and BHK-21 cells cultured on Ti and
TNA substrates, the centrifugation cell adhesion assay was
performed. These two cell lines were selected in the assay
followed the previous study.*® The rationale is that NIH3T3
cells secrete extracellular matrix (ECM), which provides
structural support for cell adhesion and migration. BHK-21
cells, unlike NIH3T3, produce much lower levels of ECM
proteins.®® 7! This allows us to observe cell attachment on
substrates with and without the influence of ECM proteins
secreted by cells. In addition, BMSCs were not chosen to
perform in this assay because of their uncertainty in molecular
and cellular changes occurred during aging of stem cells.”*”* In
other words, different passaging number of BMSCs alters cell
characteristics due to their ability to undergo differentiation
and may affect cell adhesion results in the centrifugation assay.
Furthermore, to prevent serum proteins from adsorbing onto
the substrate surface and promoting cell attachment, serum-
free medium was used in this study.
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The fluorescent images of NIH3T3 cells (Figure 8A), and
BHK-21 cells (Figure 8B), cultured on TNAs, Ti, and tissue
culture plate (polystyrene) were taken before and after
spinning down in the centrifugation assay. As shown by
the centrifugation assay results (Figure 8C), a significantly
higher percentage of the NIH3T3 cells remained on the
TNASO, at 66%, compared with TNA120 (44%) and TNA175
(31%) after the cells were incubated with the substrate for 1
hour. At later time-points (2 and 8 hours), the percentage of
the NIH3T3 cells remaining on all TNA substrates however
showed no significant difference. Additionally, BHK-21 cells
cultured on TNAs showed similar trends in the numbers
of remaining cells. The percentage of remaining BHK-21
cells on TNAS8O (51%) was significantly higher than those
on TNA120 (28%) or TNA175 (28%) after incubation for
2 hours, as shown in Figure 8D. However, no significant
difference was observed between the different TNA
substrates when incubated with BHK-21 cells for 1 or 8 hours.
At 8 hours of incubation time, the cell attachment of both cell
lines decreased because the deprivation of serum from the
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medium can reduce cell survival and increase apoptosis.” In
summary, TNA80O promoted cell-substrate interaction and
showed enhancement of cell adhesion in the early stage of
cell attachment when compared with other TNAs or Ti in
the centrifugation cell adhesion assay. One possible reason
could be that the pore size of 80 nm might have an impact on
integrin assembly and focal adhesion sites which could lead to
tighter attachment compared with other pore sizes. Normally,
integrin-mediated adhesions involve the binding of integrin
with its ligands in ECM and the linkage to actin cytoskeleton
through anchor proteins, including talin, a-actinin, and
filamin, and linker proteins such as talin and vinculin.”® 7’
The clustering of the integrins and the formation of focal
adhesions are then occurred and further activate intracellular
signalling pathways and thereby regulate cellular responses.”
The principal process of integrin assembly and focal adhesion
formation should be similar among the different cell types.
TNAs with a wide range of pore sizes were designed to mimic
the native ECM nanostructures. Therefore, this adhesion
result may contribute to other cell types.
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Figure 8. Assessment of the adhesion of NIH3T3 and BHK-21 cells by centrifugation assay. TNA80 promoted enhanced
cell adhesion in the early stage of cell attachment. (A, B) Fluorescent images show NIH3T3 cells (A) and BHK-21 cells
(B) attached on Ti, TNAs, and tissue culture plate (polystyrene) and incubated in serum-free medium for 1 and 2 hours,
respectively, before and after spinning. After post spin, NIH3T3 and BHK-21 cells cultured on TNA80 detached from
the substrate fewer than those on TNA120 and TNA175 after 1 and 2 hours of incubation time, respectively. The cells
were stained with Calcein AM. The scale bar indicates a length of 100 um. (C, D) The percentage of remaining NIH3T3
cells (C) and BHK-21 cells (D) after centrifugation following different incubation times. Data are expressed as mean +
SD (n = 3). *P < 0.05 (Student’s t-test and one-way analysis of variance followed by Tukey’s multiple comparisons test).
ns: not significant; Ti; titanium; TNA: titanium dioxide nanotube array.

Conclusions and Perspectives

The success of implants greatly depends on the initial
interactions between bone tissue and the implant which
can be modulated by surface topography of the scaffolding

materials.”” The surface topography and nanoarchitecture
strongly influence cellular behaviours, and cells recognize
variability in topographic and environmental cues.'" 78!
However, so far, the details of the underlying mechanisms
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by which nanotopographical cues regulate cellular responses
remain unclear. In various studies, scaffolds with different
surface topographies and properties have been developed to
mimic the natural ECM environment for bone tissue.'® 8% In
our previous reports, we employed plant viruses as building
blocks to create nanotopographical features to study osteogenic
differentiation of BMSCs. We found that coating substrates
with turnip yellow mosaic virus, a spherical plant virus, and
tobacco mosaic virus as the prototypical nanorods promoted
early mineralization, up-regulation of osteospecific genes,
and osteogenic differentiation of BMSCs to osteoblasts when
compared with a flat surface.'*'* Furthermore, substrates coated
with tobacco mosaic virus chemically modified with phosphate
moieties further enhanced the expression of osteospecific
genes compared with unmodified tobacco mosaic virus-coated
substrates or flat Ti.'* This suggested that the cells can sense
nanotopography and surface chemistry of an underlying
substrate resulting in a difference in gene expression profiles
and cell behaviours.

In the orthopaedic field, more than 95% of orthopaedic implants
are metallic implants because of the favourable properties
of durability and fracture toughness of metals.* Titanium is
one of the most important materials used for implantation in
orthopaedic surgery because of its high strength, rigidity, great
corrosion resistance, biocompatibility, similar mechanical
properties to bone, and paramagnetic properties meaning that
it is weakly magnetized by magnetic resonance imaging.®®
However, implant failure commonly occurs due to the lack
of osseointegration with the smooth surface of titanium
leading to increased costs and complications for patients.'! !¢
Aseptic loosening of implants is a major cause of failure
which contributes to 60-70% of cases for revision surgery.*
In order to improve osseointegration, extensive efforts
have largely focused on increasing the surface roughness
of materials and introducing surface nanotopography.
Although the mechanisms driving cellular responses guided
by topographical cues are not fully known, one possible
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explanation is that integrins transduce extracellular forces
altered by topography into biochemical signals through focal
adhesions.?" % Topography alters cellular responses by utilizing
conformational changes in the cell cytoskeleton and effectively
enhances ECM synthesis by adherent cells.?*

The nanoscale modification of a material surface to mimic
the cellular environment, the ECM, could favour rapid
bone accrual and effect cell interactions.®® A great variety of
techniques have been used to generate nanoscale topographic
features and surface roughness on Ti implant surfaces as
shown in Table 2.%°' One of the evolutional techniques of
surface morphological control is the formation of TNAs by
electrochemical anodization which is considered to be a more
controlled, simple, and low-cost process compared to other
treatments.”” The materials that can be used with this method
are titanium, aluminium, zirconium, magnesium, niobium,
tantalum, tungsten, and metal alloys.”** In order to produce
highly ordered nanotube arrays, electrochemical anodization
and lithography method can be used. The disadvantage
of anodization method is that all parameters using in the
synthetic process such as voltages, water content, electrolyte,
etc., affect tube geometry and must be optimized in order
to get the wanted nanometre-size of the pore. To compare
with lithography method, it may introduce embedded ionic
impurities during the anodization process and may have
defects.” ¥ However, the main disadvantages of lithography
are the high cost of manufacturing and the limited working
area.” The ability to control the properties of TNAs, especially
pore diameter, by controlling the synthetic conditions of
anodization allowed for the optimization of the Ti surface.”®*
TNAs exhibit isotropic topography arranged in an organized
manner with structural uniformity in all directions.®"* The
controllable nanotopography of TNAs with highly ordered
and controllable pore sizes is one of the key features that
allow us to better understand cellular changes in response to
surface topographical cues and the ways in which cells perceive
variations of surface topography at the nanometre-size range.

Table 2. Various techniques used to generate nanotopographical features and surface roughness on implant materials

Physical techniques Chemical techniques

Coating techniques

Others

Grit blasting Anodization

Nanoparticle compaction  Acid treatment
Alkali treatment
Hydrogen peroxide treatment

Chemical vapor deposition

Sol-Gel coating

Self-assembly of monolayers

Lithography

Ultraviolet photofunctionalization

Discrete crystalline deposition
Plasma spray

Ion implantation

Sputtering

Pulsed laser deposition

Electron beam evaporation

The development of nanotopographical features on substrates
can lead to improved cell-substrate interactions and provide
for the creation of improved implant surfaces.'® Although the
impacts of pore size of nanotube-modified substrates on cell
behaviours have been extensively studied, as reported in the
literatures,? 3035 190,101 the effect of specific diameters of TNAs
on promotion of cellular responses remains inconclusive.
This study provides the first comprehensive assessment of
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cell adhesion on well-defined and controllable TNAs with a
wide range of pore sizes. A study of the cell morphology of
BMSCs indicates that TNAs with smaller pore sizes, TNA30
and TNASO, provided better cell spreading and significantly
greater cell area coverage compared to other TNAs with larger
pore sizes. We also found that the addition of FBS to cell culture
medium has an impact on cell morphology and spreading
in NIH3T3 cells. To eliminate possible factors affecting cell
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