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Abstract: Vertically aligned yet laterally spaced nanoscale
TiO, nanotubes have been grown on Ti by anodization, and
the growth of MC3T3-E1 osteoblast cells on such nanotubes
has been investigated. The adhesion/propagation of the
osteoblast is substantially improved by the topography of
the TiO, nanotubes with the filopodia of growing cells ac-
tually going into the nanotube pores, producing an inter-

locked cell structure. The presence of the nanotube structure
induced a significant acceleration in the growth rate of os-
teoblast cells by as much as ~300-400%. © 2006 Wiley
Periodicals, Inc. J Biomed Mater Res 78A: 97-103, 2006
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INTRODUCTION

Titanium (Ti) and its alloys have been widely used as
implantation materials that can provide direct physi-
cal bonding with adjacent bone surface without form-
ing a fibrous tissue interface layer (osseo-integrate) in
orthopedic and dental surgery.'™ The initial interac-
tion between a metal implant and a growing bone
plays an important role in fabricating prostheses for
load-bearing applications.*> While pure Ti metal lacks
desirable bioactive (bone-growth) properties, a thin
TiO, passivation layer forms on Ti surface to impart
bioactivity and chemical bonding to bone.® Such a
layer, however, is composed of smooth and dense
TiO, and is susceptible to the formation of fibrous
tissue that prohibits osteoblastic cells from firmly at-
taching onto the surface, and can cause the loosening
of implant and inflammation.”

Coating of bioactive materials such as hydroxyapa-
tite and calcium phosphate on Ti surface is a com-
monly used technique to make the Ti surface more
bioactive.> > The fatal drawback of these currently
available coating techniques is that such a flat and
continuous coatings tend to fail by fracture or delami-
nation at the interface between the implant and the
bone.'* It would thus be desirable if the interface is
bonded with an improved and integrated structure,
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for example, with a interlocked configuration with a
much increased adhesion area, and as a discrete, less
continuous layer to minimize interface stress and del-
amination. In this article, we report on design of such
an improved and nanoscale interface structure on Ti
implant metal surface, and that such a structure also
induces a significant acceleration of cell growth.
Recently, Webster et al. reported that the bioactivity
and osteoblast (bone-forming cell) adhesion on
nanograined sintered ceramics of alumina or titania
improved by as much as 20-30% as compared with
large-grain size ceramics.'>'® Adhesion of cells such as
osteoblast is a crucial prerequisite to subsequent cell
functions such as synthesis of extracellular matrix pro-
teins, formation of mineral deposits, and osseo-inte-
gration on the substrate surface. TiO,-type nanostruc-
tures have received considerable attention in recent
years, as they exhibit strong photocatalytic properties,
which can be useful for environmental purifications
and solar cell type applications. Nanotube-shaped
TiO, has also been fabricated by various techniques
such as sol-gel synthesis, electrochemical deposition,
and anodization.'” ™ In our recent research,?® we
demonstrated that chemically treated TiO, nanotubes
induced a formation of nanosized sodium titanate and
hydroxyapatite with a significantly (by seven-fold)
accelerated kinetics. The purpose of this work is to
study in vitro behavior of osteoblast cells cultured on
vertically aligned TiO, nanotubes and investigate the
effect of such nanostructure on osteoblast cell mor-
phology and kinetics of cell proliferation. Such an
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accelerated cell growth is beneficial for faster cure of
dental and orthopaedic patients, as well as for a vari-
ety of biomedical diagnostic and therapeutic applica-
tions.

MATERIALS AND METHODS

Materials

A layer of vertically aligned TiO, nanotubes on Ti metal
surface was fabricated by anodization technique.” For cell
adhesion studies, MC3T3-E1 mouse osteoblast cells (CRL-
2593, sub-clone 4, ATCC, Rockville, MD) were used.

TiO, nanotubes fabrication

A Ti sheet (0.25 mm thick, 99.5%, Alfa-Aesar, Ward Hill,
MA) was chemically cleaned for 5 min in 5.5 M of HNO;
with a few drops of hydrofluoric acid (HF; ACS grade,
Fisher Scientific, Pittsburg, PA), rinsed in distilled water,
and dried at 60°C. TiO, nanotubes were prepared by anod-
ization in a 0.5% HF solution at 20 V for 30 min at room
temperature. A platinum electrode (thickness, 0.1 mm; pu-
rity, 99.99%; Alfa Aesar, Ward Hill, MA) was used as the
cathode. To crystallize the as-deposited amorphous-struc-
tured TiO, nanotubes, the specimens were heat-treated at
500°C for 2 h. All the experimental specimens (0.5 X 0.5 cm?)
used for cell adhesion assays were sterilized by autoclaving.
A pure Ti sheet was polished by SiC emery paper (No. 600
grit size) for use as a control group sample.

Osteoblast cell culture

Each 1 mL of cells was mixed with 10 mL of alpha-
minimum essential medium («-MEM) in the presence of
10% fetal bovine serum (FBS) and 1% penicillin-streptomy-
cin (PS). The cell suspension was plated in a cell culture dish
and incubated under 37°C, 5% CO, environment. When the
concentration of the MC3T3-E1 osteoblastic cells reached
~3 X 10° cells/mL, they were seeded onto the experimental
substrate of interest (TiO, or Ti), which were then placed on
a 12-well polystyrene plate, and stored in a CO, incubator
for 2, 12, 24, or 48 h to observe cell morphology and count
viable attached cells as a function of incubation time. The
concentration of the cells seeded onto the specimen substrate
was ~1.0 X 10° cells/well.

Cell observation and cell viability assay by
electron microscope

After the selected incubation period, the samples were
washed with 0.1M phosphate buffer solution (PBS) and dis-
tilled water, respectively, and fixed with 2.5% glutaralde-
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hyde in 0.1M PBS for 1 h. After fixing, they were rinsed three
times with 0.1M 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 CO,. The dehydrated samples were sputter-coated
with gold for SEM examination. The morphology of TiO,
nanotubes as well as that of the adhered cells were observed
using SEM (Quanta 600, FEI), FE-SEM (Phillips XL-30, FEI),
and TEM (JEOL 200CX operated at 200 KV). In the quanti-
tative assay, the adhered cells on sample surface were
counted from back-scattered SEM images. For each type of
samples, two substrates of each experimental condition and
five locations from each substrate surface were used and
photographed to obtain the data.

Trypan blue exclusion assay”’

To count the number of viable cells, the trypan blue ex-
clusion assay was carried out. After specific incubation pe-
riods, the adhered cells on the substrates were detached
from the samples by trypsin-EDTA solution (Invitrogen,
Carlsbad, CA). The solution including the detached cells
was centrifuged at 1000 rpm for 10 min and removed by
suction. The detached cells on each sample were stained
with trypan blue dye agent (Invitrogen) at room tempera-
ture for 5 min. The stained cells were transferred in hema-
tocytometer and counted by using optical microscope (Leica
DM IRB, McBain Instruments, Chatsworth, CA). The viable
cell density was calculated from the total counted number of
viable cells divided by sample area.

MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide) assay**

To estimate the density of viable cells, MTT assay was
employed. After the selected incubation periods, the sam-
ples were washed by PBS and transferred to a new 12-well
polystyrene culture plate. MTT dye agent (1 mL; Sigma, St.
Louis, MO) was added to each well. After 3 h of incubation
in 5% CO, incubator, 1 mL of isopropanol was added to each
well and the polystyrene plate was shaken for 30 min. After
waiting for 30 min, the absorbance of each solution was
measured at the wavelength of 570 nm with the subtraction
of the 650 nm background by spectrophotometer (Biomate™
3, Thermo Electron, Madison, WI).

Alkaline phosphatase activity test*>**

To measure the proliferation of cells cultured on the sub-
strate, alkaline phosphatase (ALP) activity test was carried
out. After the selected incubation periods, the samples were
washed by PBS and transferred to a new 12-well polystyrene
culture plate. Triton X-100 (500 pL of 0.1%; Sigma) was
added to each well to study lysis of the cells. After incubat-
ing in 5% CO, incubator for 2 h, the solutions were trans-
ferred (2 mL) to a micro centrifuge tube and frozen at —80°C



OSTEOBLAST CELL GROWTH ON ALIGNED TIO, NANOTUBES 99

Figure 1. Structure of the vertically aligned TiO, nanotubes on Ti: (a) SEM micrograph, (b) TEM micrograph, and (c)

cross-sectional TEM.

for 2 h. After 3 times freezing-thawing cycles to homogenize
the solutions, aliquots of the solutions were used for mea-
suring protein content (Bradford protein assay kit, Bio-Rad
Laboratories, Hercules, CA) and 350 pL of the solutions
were used for ALP activity test. ALP substrate solution (350
pwL; ELPN-500, Bio-Assay Systems, Hayward, CA) was
added to each solution and the solutions were mixed at
room temperature for 30 min. After 30 min, 350 pL of 1M
NaOH was added to stop the reaction. The absorbance of
each solution was measured at the wavelength of 405 nm by
spectrophotometer.

RESULTS AND DISCUSSION

Morphology of TiO, nanotubes

Shown in Figure 1 are the microstructures of TiO,
nanotubes prepared in the form of tightly adhered
layer on Ti surface by anodization. The bond strength
on Ti appears to be high, as it was very difficult to
break off the TiO, nanotube layer by scratching or
bending of the Ti underlayer, and a tensile loading of
~1700 psi (11.7 MPa) applied to the sample using
epoxy bonded weight failed to break the TiO,-Ti in-
terface. Figure 1(a) is an SEM micrograph depicting
the vertically aligned nature of the nanotubes on Ti
metal substrate. The typical dimension of the hollow
TiO, nanotubes is on the average ~100 nm outer
diameter and ~70 nm inner diameter with ~15 nm in
wall thickness, and ~250 nm in height, as is evident in
the SEM micrograph of Figure 1(a), the TEM micro-
graphs of Figure 1(b) (longitudinal view), and Figure
1(c) (cross-sectional view). While there are some vari-
ations of the nanotube diameter from location to loca-
tion with the outer diameter ranging from ~70 to
~120 nm, the long-range overall distribution of nano-
tubes is more or less uniform. To transform the amor-
phous structure in the as-anodized nanotubes into a
crystalline phase, a heat treatment process was em-
ployed. The heat-treated TiO, nanotube material
(500°C/2 h in air) formed on Ti surface was found to

have anatase crystalline phase by glancing angle x-ray
diffractometer analysis in agreement with previous
research.” The anatase phase is known to be much
more beneficial for bone growth than other phases
such as the rutile phase of TiO, presumably because of
the better lattice match with hydroxyapatite.®

Morphology of adherent osteoblast

Figure 2 shows comparative SEM micrographs of
MC3T3-E1 cells cultured on (a) pure Ti and (b) TiO,
nanotubes after 2 h of incubation. The osteoblast cells
cultured on Ti surface still remained in their original
round shape, where as the cells cultured on TiO,
nanotubes attached on the surface and started to
spread by filopodia [arrows in Fig. 2(b)]. It is well
known that pure Ti forms a few nanometer thick,
native TiO, passivation layer (responsible for good
corrosion resistance of Ti),”” which eventually causes
the adhesion of osteoblastic cells, albeit at a much
slower speed than the nanotube surface investigated
in this work. It took ~12 h for a noticeable adhesion

Figure 2. SEM micrographs of MC3T3-E1 osteoblast cells
on (a) pure Ti and (b) TiO, nanotubes after 2 h of incubation.
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Figure 3. SEM micrographs showing osteoblast filopodia
growth on (a) Ti surface (after 12 h) and (b) TiO, nanotube
surface (after 2 h).

and propagation of the osteoblast cells to take place on
Ti, as shown in Figure 3(a), as compared to less than a
few hours for the nanotube surface. The growths of
cells and propagation of filopodia are compared for
the Ti sample [Fig. 3(a)] versus the TiO, nanotubes
[Fig. 3(b)] after 12 and 2 h of incubation, respectively.
It should be noted, however, that Figures 2 and 3
represent the spreading of filopodia from a single cell,
not the division and proliferation of the number of
cells that becomes more obvious after about one day of
culture. This aspect of cell number proliferation is
discussed later.

As discussed earlier, micrometer-sized bioactive
materials (such as a hydroxyapatite layer coated on Ti
surface) tend to exhibit interfacial failures. The
nanoscaled bioactive materials such as the nanostruc-
tured hydroxyapatite®® or the aligned TiO, nanostruc-
tures incorporated in this investigation form strongly
bonded and stable nanoporous layer, which can re-
duce interfacial fracture. Natural bone is also com-
posed of nanophase hydroxyapatite (~100 nm size
regime) in the collagen matrix.”® It is well known that
fibroblast cells are more likely to attach on smooth
surface layer in contrast to the osteoblastic cells, which
can attach well on rough surface.” Once an opportu-
nity and time is given for the fibrous tissues to form at
the boundary interface between the implant and the
growing bone, these tissues keep osteoblast from ad-
hering onto the surface of Ti implant, causing the
undesirable loosening of the Ti implant. A rapid and
strong adhesion of osteoblast on implant surface is
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therefore an essential factor for successful bone
growth. A nanostructured material, such as the natu-
ral bone, has a larger surface area and more frequent
topographical changes than microscaled coating layer,
and hence the chance of the fibroblast cells interfering
with the bone growth at the interface is much reduced.

It is noteworthy that the TiO, nanotube structure of
Figure 1 is not continuous, but is discrete [see Fig. 1(c)]
with a gap between adjacent nanotubes of ~15 nm.
Such a sub-division of a layer structure is important
for minimizing the interfacial stresses between two
dissimilar materials joined together, for example, of-
ten caused by growth-related stresses during deposi-
tion of the coating layer, by different crystal structure
and lattice parameter, and by substantially different
coefficient of thermal expansion of the substrate ma-
terial and the growing layer material. It is experimen-
tally confirmed, albeit qualitatively, that the vertically
aligned TiO, nanotubes are strongly adherent to the Ti
metal base, as it was very difficult to remove the
nanotubes from the Ti surface by attempting to scrape
off or by bending of the Ti substrate.

In addition to the advantages in mechanical prop-
erties, the gaps present between adjacent TiO, nano-
tubes may also be useful as a pathway for continuous
supply of the body fluid with ions, nutrients, proteins,
hormones, etc. This is likely to contribute positively to
the health of the growing cells. In the absence of such
pathways, the proliferating cells will eventually com-
pletely cover the bioactive implant material surface,
and the bottom surface of the growing osteoblast cells
would then have very limited access to body fluid.

Presented in Figure 4(a,b) are SEM micrographs
showing the growth and adhesion of the osteoblast
cells (after 2 h) on vertically nanoporous TiO, nano-
tubes. The micrographs seems to indicate that the
filopodia of propagating osteoblast cells actually go
into the vertical nanopores of the TiO, nanotubes. The
observed rapid adherence and spread of osteoblastic
cells cultured on TiO, nanotubes could be caused by
three reasons. First, vertically aligned TiO, nanotubes
exhibit enormously larger surface areas than the flat Ti
surface. Second, the pronounced vertical topology
contributes to the interlocked cell configuration.
Third, it is speculated that the pathway in-between
TiO, nanotube arrays can allow the passage of body
fluid and act as the supply/storage route of nutrient,
which is an essential biological element for cell
growth.

Osteoblast adhesion and proliferation

Figure 5 represents the comparative back-scattered
SEM micrographs of the cells cultured on (a) pure Tij,
(b) amorphous TiO, nanotubes, and (c) anatase TiO,
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Figure 4. a: Micrograph showing the growth and adhesion
of the osteoblast cells (after 2 h) on vertically nanoporous
TiO, nanotubes. b: Higher magnification SEM. The circle
indicates the TiO, nanotube and the arrows show the cell
growth into nanotube pores.

nanotubes after 48 h of incubation. It is evident that
the MC3T3-E1 cells adhesion and growth is signifi-
cantly accelerated on TiO, nanotubes. The plot of the
number of adhered cells as a function of culture pe-

Figure 5. Comparative back-scattered SEM images of
growing osteoblast cells on the surface of (a) Ti, (b) amor-
phous TiO, nanotubes, and (c) anatase TiO, nanotubes (after
48 h incubation).
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Figure 6. Number of adhered cells as a function of incuba-
tion period on the surface of Ti, amorphous TiO, nanotubes,
and heat-treated (anatase) TiO, nanotubes. The error bars in
the figure represent the standard deviation for six samples for
each data. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

riod (Fig. 6) clearly confirms this trend, with the speed
of cell adhesion and growth on anatase TiO, nano-
tubes being significantly higher after 48 h culture, by
as much as ~300-400% as compared to the Ti surface.
It is noted that at the early stage, e.g., after 2-12 h
incubation, there was no difference in the data among
the three surfaces investigated, as it is observed that a
noticeable osteoblast cell proliferation has not oc-
curred within ~12 h. However, the number of at-
tached cells on the TiO, nanotubes markedly increases
as the culture time is extended to 24 and 48 h. It is not
clear why the amorphous TiO, nanotubes provide
slightly reduced cell proliferation rate than the anatase
TiO,. Residual fluorine within the pores of unan-
nealed amorphous nanotubes (introduced during the
HF anodization process) might be a factor; however,
further studies are required to clearly understand the
cause for the observed difference in the cell behavior.

The trend shown in the SEM analysis data of Figure
6 is the same as shown in trypan blue exclusion assay
(see Fig. 7), MTT assay (see Fig. 8), and ALP activity
test (see Fig. 9). The cell count by SEM analysis and
that by the trypan blue exclusion assay agrees reason-
ably well. The accelerated cell growth behavior ob-
tained with TiO, substrate and measured by SEM and
trypan blue exclusion assay is also reflected in the
MTT assay and ALP activity test.

The accelerated growth of osteoblast cells observed
here on vertically aligned nanotube surface may be
useful for other applications, as it could be a useful
route for accelerating cell proliferation of various
other types of cells. For example, rare cells such as
stem cells or disease cells of limited quantity may be
cultured at a higher speed for therapeutic or diagnos-
tic applications. Additional research in this respect is

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 7. Trypan blue exclusion assay showing the density
of adhered osteoblast cells cultured on polished Ti, amor-
phous TiO, nanotubes, and heat-treated (anatase) TiO,
nanotubes after 2, 12, 24, and 48 h of incubation periods. The
error bars in the figure represent the standard deviation for
four samples for each data. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

being carried out, and the results will be reported in
future publications.

CONCLUSION

In summary, the growth of MC3T3-E1 osteoblast
cells on vertically aligned and laterally spaced tita-
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Figure 8. MTT assay data showing the optical density (OD)
of reaction product of the MTT working solution with os-
teoblast cells cultured using polished Ti, amorphous TiO,
nanotubes, and heat-treated (anatase) TiO, nanotubes after
2,12, 24, and 48 h of incubation. The error bars in the figure
represent the standard deviation for four samples for each
data. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Figure 9. ALP activity of MC3T3-E1 osteoblast cells cul-
tured on polished Ti, amorphous TiO, nanotubes, and heat-
treated (anatase) TiO, nanotubes after 12, 24, and 48 h of
incubation. The error bars in the figure represent the stan-
dard deviation for four samples for each data. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

nium oxide nanotubes on Ti surface has been investi-
gated. It is demonstrated that the adhesion/propaga-
tion of the osteoblast cells is significantly improved by
the topography of the nanotubes with the filopodia of
the growing cells actually going into the nanotube
pores, producing a interlocked cell structure. The
number of the adhered cells on the TiO, nanotubes
increases significantly by ~300-400% as compared to
the cells adhering to the Ti metal surface, which is
most likely caused by the pronounced topological fea-
ture, significantly increased surface area, and possibly
the pathways for fluid present between the nanotubes.
Such an array of vertical TiO, nanotubes well adher-
ent on Ti implant surface can be useful as an excellent
bioactive surface layer for orthopaedic and dental ap-
plications as the cell adhesion and bone growth on
implant surface can be significantly accelerated. The
aligned nanotube configuration may be a useful route
for accelerating cell proliferation for various other
types of cells.

The authors thank J. Blackwell at UC San Diego for help-
ful discussions and assistance in experiments.
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