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ABSTRACT

By decomposing a molecular precursor we fab-
ricated a novel surface based on an aluminium/
aluminiumoxide composite incorporating nano-
topography gradient to address high-throughput
and fast analysis method for studying stem cell
differentiation by nanostructures. Depending on
the topography of the nanostructures, mesen-
chymal stem cells exhibit a diverse proliferation
and differentiation behavior.

Keywords: Gradient; Nanowires; Stem Cell;
Topography

1. INTRODUCTION

Visual cell-substratum interaction is governed by to-
pography in addition to surface chemistry. Especially
nanotopography of the surface plays a critical role in
accelerating the cell proliferation and enhancing tissue
interaction with a reduced immune response [1,2]. Nano-
scaled topography may also influence cell morphology,
alignment, migration, and proliferation [3]. The proven
impact of nanotopography on both basic cell function
and gene expression indicates that it might be possible to
direct the cell differentiation by the nanostructured sur-
face features, too [4].

Stem cells have the ability to differentiate into various
lineages. Controlled stem cell differentiation will have
enormous potential for basic research and clinical ther-
apy [5]. Nanotopography is a useful tool for guiding dif-
ferentiation, as the physical surface patterns are more
durable and stable than those obtained by chemical sur-
face modification. In addition, surface patterns can be
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prepared in different size and shapes as a customized
approach to control the differentiation. Several recent
studies have investigated the influence of nanotopogra-
phy on mesenchymal stem cell (MSCs) proliferation and
differentiation into specific cell lineages [6,7]. Jin et al.
showed the differentiation of human mesenchymal stem
cells (hMSC) into osteoblasts by altering the dimensions
of nano-tubular shaped titanium oxide surface structures
[8]. Since no osteogenic inducing media was used in this
study, it is obvious that there is a direct effect of the
geometric features on the differentiation. Similarly, we
have shown that runt-related transcription factor 2
(Runx2), bone sialoprotein (BSP), osteopontin (OPN)
and alkaline phosphatase ALP are up-regulated on 1D
Al,O5 nanostructures and these show the sole effect of
the nanotopography on the differentiation [9]. On the
other hand, there is a clear need for a more systematic
study to understand the effect of the nanotopography on
the stem cell proliferation and differentiation. One
should think about preparing different surface structures
by altering the geometry/shape, distribution density/in-
terspacing and scale/size systematically. Time consum-
ing processing and analysis of several substrates with
different surface topographies are the main limitations in
studying topography induced differentiation.
Incorporating topographic gradients on a substrate can
serve as a high-throughput and fast analysis approach for
studying the effect of surface topography on the stem cell
differentiation rather than fabrication and analysis of
multiple substrates. Actually, inducing physical, chemi-
cal, and biological signal gradients into engineered bio-
materials is also one of the current approaches to creating
a microenvironment which mimics the in vivo cellular
and tissue complexity [10]. Kunzler et al. showed that
nanotopography of particle gradients has a significant
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influence on cell proliferation and morphology [11]. Pre-
viously, we have shown that osteogenesis of rMSCs is
enhanced on porous silicon gradient (pore size) com-
pared with flat Si substrates [12]. Although the porosity
is counted as a topographic feature, this work cannot be
counted as direct nanotopography (shape or morphology)
driven differentiation.

Here, we present a novel surface incorporating nano-
topography gradient to address high-throughput and fast
analysis method for studying stem cell differentiation by
nanostructures.

2. EXPERIMENTAL
2.1. Gradient Surface Fabrication

The nanostructures were fabricated by Chemical Va-
or Deposition (CVD) of the molecular precursor
HzAl(OtBu)J [14]. The decomposition of this single

source precurso% is known to lead to different structures,
depending on the decomposition temperature. While
nanoparticles form at 400°C, nanowires are observed at a
deposition temperature of 500°C to 600°C. These
nanoparticles as well as the nanowires are composed of
an aluminum core and a uniform aluminum oxide shell
(completely wrapping-up this core). This temperature
driven morphology control is used as the basis for the
preparation of gradient topography. A customized low
pressure cold-wall CVD apparatus, as already described
elsewhere [13] was used. Basically, the substrate holder
was heated up to 600°C by a high-frequency induction
system operating at 400 - 450 kHz. The deposition lasted
4 minutes under the steady stream of the precursor at a
pressure of 9 x 107 mbar. The glass substrate was placed
on a specially designed graphite holder. The holder kept
the glass substrate 18° inclined to the flow axis and only
one extremity of glass was kept in direct contact with the
graphite holder. The rest of the glass substrate was sub-
jected to precursor flow as free-standing in the chamber.
In this way, a temperature gradient was achieved which
was monitored by a high-resolution thermal camera (im-
ages are not given here). While the bottom-end (which
was in direct contact with the graphite holder) reached
almost 600°C, this temperature drops to 400°C at the
free-standing edge of the glass substrate.

2.2. Scanning Electron Microscopy (SEM)

SEM images were taken with high-resolution SEM at
an acceleration voltage of 20 kV and a working distance
of 9.8 mm. Samples were coated with a thin layer of Au
prior to analysis to prevent surface charging.

2.3. Cell Isolation and Culture

The mesenchymal stem cells were harvested from the
bone marrow of 100 g Wistar rats (from Animal Care
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Unit, Flinders University of South Australia). Animals
were sacrificed by the guidelines approved by the Ani-
mal Welfare Committee to expose femur and tibia bones.
Bone marrow was collected by flushing bones with Dul-
becco’s modified eagle medium (DMEM-low glucose)
(Sigma) supplemented with 10% fetal bovine serum
(FBS), 0.1 mmol non-essential amino acids and 100
U-mL™" penicillin (Sigma). The cells were then treated
with RBC lysis buffer (0.15 mol ammonium chloride, 10
mmol potassium bicarbonate, 0.1 mmol EDTA) for five
minutes to remove red blood cells. After washing the
cells with medium, cells were re-suspended in complete
DMEM then incubated at 37°C and 5% CO,. The me-
dium was replaced every two days until the confluence.
Only third passage cells were seeded on prepared surfaces.

Prior to incubation of cells, prepared surfaces were
washed with 70% ethanol and sterile Dulbecco’s PBS,
then the slides were sterilized with Antibiotic-Antimy-
cotic 2x (GIBCO) for 4 h. Each gradient surface and a
glass slide as a control were placed in 12-well plate
(Nunc) and were seeded with cells at the density of
10,000 cells:cm 2. The cells were incubated four hours at
37°C and 5% CO,, and then unattached cells were re-
moved. Consequently, the cells were incubated in fresh
DMEM, including 10% FBS at 37°C and 5% CO, for
three or four days before adding the differentiated me-
dium. Meanwhile, the captured cells were counted after 4
h incubation time and 48 h culturing following the stain-
ing with fluorescent dyes. Cell viability was also as-
sessed with 15 ug'-mL™" fluorescein diacetate (FDA) and
10 umol propodium iodide (PI) (GIBCO) after seven
days culturing on the gradient surface.

2.4. Staining and Fluorescence Imaging

The immobilized cells on the surface were labeled
with fluorescent dyes then evaluated with a Nikon Ecli-
pse E600 microscope. Tubulin and F-actin in MSC were
labeled by phalloidin-tetramethylrhodamine B isothio-
cyanate (Sigma) (excitation and emission: 540 - 573 nm)
and nuclei with Hoechst (Sigma) (excitation and emis-
sion: 346 - 460 nm). Briefly, cells were washed with
PBS, fixed with 4% paraformaldehyde (Sigma) and per-
meabilized with 0.25% Triton X-100 (Sigma), then stained
with 2 ug'-mL™" Hoechst (Invitrogen) for 15 minutes at
room temperature and 100 pmol Phalloidin for 30 minutes.

2.5. Osteogenic Differentiation Analysis/
Examination of Mineralization on
Microarrays

The samples were analyzed for the rate of differentia-
tion to osteogenic lineage at the late stage of differentia-
tion by calcein blue staining. Calcein blue powder
(Sigma) was dissolved in 100 mmol KOH at the concen-
tration of 30 mmol-L™" then filtrated. Calcein blue solu-
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tion was added into the medium at final concentration of
30 pmol-L™" for overnight. Calcein blue emissions a blue
color under fluorescent microscope using a DAPI filter
(excitation and emission: 370 - 435 nm). To accelerate
differentiation, pre-warmed DMEM including 25 mmol
10% FBS, 10 - 7 mol Dexamethasone, 10 mmol Beta-
Glycerol-Phosphate and 50 pg/mL™" Ascorbic Acid Bi-
Phosphate was added on top of every slide. The medium
was replaced with fresh medium every three days. The
cells were cultured over 21 days.

3. RESULTS AND DISCUSSIONS

The obtained surface provides a gradient in morphol-
ogy varying from zero-dimensional (0D) to one-dimen-
sional (1D) nanostructures. Scanning electron micros-
copy (SEM) images taken at different positions along the
gradient are shown in Figure 1.

The highest aspect ratio nanostructures are seen at
“position a” on the gradient axis (the region which was
exposed to higher deposition temperature). The aspect
ratio decreases continuously following the gradient axis
towards the less heated end (Figure 1(c)-(h)). At the end
of the gradient which was not in direct contact with the
substrate holder, only spherical 0D nanostructures are
present (Figure 1(h)). Previously we have shown that all
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Figure 1. SEM images of different positions on to-
pography gradient (the scale bar corresponds to 400
nm). The different regions on the gradient are indi-
cated in the sketch given at the right side of the figure.
Gradients were produced by exposing the substrate to
a temperature gradient within a cold-wall CVD reac-
tor. While the regions (a)-(c) were in contact with the
graphite holder, the regions (d)-(h) were freely
standing in the chamber.
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these 0D and 1D nanostructures exhibit the identical
surface chemistry. These nanostructures are composed of
Al core and Al,O; shell as a result of a disproportiona-
tion reaction which we presented previously [14]. We
have carried out our several studies on the formation of
these nanostructures by altering the deposition tempera-
tures. While nanoparticles form at lower temperatures
around 400°C - 450°C, nanowires form at higher tem-
peratures (600°C - 650°C). In addition, we have shown
that at high deposition temperatures, keeping the deposi-
tion time longer leads to more tangled and high-aspect
ratio 1D nanostructures. Previously, we have shown that
these structures exhibit identical surface chemistry [15,
16]. The outer surface of all these structures is made of
Al,O3 which has been used as bioceramic in various im-
plant applications [13,15].

Our gradient surface acts as an ideal substrate for
screening the effect of the surface topography and mor-
phology on the cellular response. In this current work,
using MSCs isolated from bone marrow Wistar rats, we
observed the morphological changes induced by the sur-
face topography at time points of 4 h and 48 h. While
analyzing the cellular response to the surface, the sub-
strate was divided into three main regions as follows: 1D
nanostructures, transition nanostructures (between 1D
and 0D) and 0D nanostructures. The highest cell density
was observed on 0D nanostructures (in regions (f)-(h) on
the gradient axis shown in Figure 1). Moving to the 1D
nanostructures regions ((a)-(c) in Figure 1), there is a
clear reduction in the cell density. Over the transition
regions ((d)-(e) in Figure 1), the lowest cell density was
observed. In addition to the changes in the cell adhesion
density, there are clear differences in phenotypes. In 0D
nanostructures region, the cells exhibit a highly ex-
panded morphology with well-organized actin filaments
and several branched-filopodia (as seen in Figure 2) in
comparison to those examined on other regions and on
the control substrate. The majority of rtMSCs on 1D
nanostructures region exhibit very distinct focal adhesion
sites. Generally, such sharp focal adhesion sites are indi-
cation of a strong cell adhesion. On the other hand, the
cytoplasm of cells on this region seems to be not as ex-
panded as it was observed on 0D nanostructures region
and even some cells exhibit narrow cytoplasm stretched
around the nucleus. On the transitional region (composed
of 0D to 1D nanostructures), we observed a drastic de-
crease in the cell density. In addition, we observed a to-
tally different cell phenotype on the transitional region.
There is a clear reduction in focal adhesion sites and the
majority of cells have rim-shaped non-uniform cyto-
plasm morphologies.

After 48 hours culturing period, on 0D nanostructures
region we observed that rMSCs spread over larger areas
and the proliferation increased. While the transformation
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Figure 2. Fluorescence images of cell morphology at different positions of the topography gradient.
rMSCs are cultured for 4 h (top images) and 48 h (bottom images). The scale bar is 100 um (Nucleus:
Blue (Hoechst 33342), Cytoplasm: Red (Phalloidin)). (a)-(e) glass control, (b)-(f) 0D nanoparticles re-
gion, (c)-(g) transition nanostructures region, and (d)-(h) 1D nanostructures region.

into a more expanded morphology indicates a good cell
adhesion, the increased proliferation implies healthy cell
growth. Spread cell morphology and distinct actin fila-
ments are supporting cues of a strong cell adhesion. On
the other hand, longer culturing period did not lead to an
increased cell density and proliferation on 1D nanos-
tructures and transitional region. On 1D nanostructures
region, cells exhibit elongated and spindle-shaped cyto-
plasms (Figure 2) indicating a huge alteration in pheno-
type.

Our quantitative analysis of the cell density shows that
even after 4 h culturing period, cells seem well to prolif-
erate on 0D nanostructures region. At a time point of 48
h, one can see a clear difference in the cell densities.
While the density of cells on 0D nanostructures is around
189.8% =+ 3.7%, this value drops down to 54.3% =+ 0.6%
in case of transitional nanostructures (see Figure 3). Al-
though the cell density of 1D nanostructures is much
lower than that of 0D nanostructures, these surfaces en-
hance the cell adhesion and proliferation with respect to
the glass substrate (control). This is a clear indication of
cytocompatibility of our surfaces.

These quantitative results show clearly that while
rMSCs proliferate well on 0D nanostructures region,
somehow the surface topography of 1D nanostructures
and transitional regions hinder the growth and prolifera-
tion of cells (Figure 3). Meanwhile, the presence of 1D
nanostructures increased the proliferation rate in com-
parison to glass substrate (control) and transitional region
of the prepared substrate. One of the most striking fea-
tures of rMSCs analyzed on 1D nanostructures region
was that cells prefer to stay beside each other.

Our previous experiences indicate that such changes in
the cell morphology can be connected to the differentia-
tion. On the other hand, differentiation needs a more de-
tailed analysis (at the molecular level) of different
growth factors and genetic expressions. Recently, we
have observed differences in the up regulation of BSP
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and OPN on 1D nanostructured surfaces [9].

In this current work, we assessed osteogenic differen-
tiation of rMSC on our topography gradient surface. We
used calcein blue, which binds to the calcium ion, and
considered the resulting fluorescence under ultraviolet
light. Overnight incubation of cells stained with 30 umol
of calcein blue resulted in sufficient fluorescence of
bone-like nodules on the surface (Figure 4). The results
showed that there is a significant difference between the
0D nanostructures region and the rest of the surface in
terms of the number and size of mineralized nodules
(Figure 4(b)). Only a few mineralized nodules were ob-
served on the glass on day 21 (Figure 4(a)) and these
nodules were extremely small to be detected by fluores-
cence microscopy. In comparison, we observed larger
mineralized nodules on the transitional region (Figure
4(c)). The number of mineralized nodules and the total
area of these nodules obviously increased on the 1D
nanostructures region and this might be hint of the dif-
ferentiation into osteoblast (Figure 4(d)). Among other
regions, we observed the largest-bone like nodules on 0D
nanostructures. At first sight, the clear differences in
calcein blue level on different (Figure 4(e)) surfaces can
be a clear indication of the surface enhanced osteogene-
sis.

4. CONCLUSION

We showed that the topography gradient by introducing
nanostructures (0D to 1D) is an effective tool to screen
the adhesion and proliferation of mesenchymal stem cells.
Our single source precursor concept leads to a synthesis
of nanostructures with different topographies but identical
surface chemistry. This forms the basis for studying the
sole effect of the topography on the cellular behavior. The
effect of the topography gradient on the up-regulation of
growth factors and genes will be studied in detail in the
future.
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Figure 3. Cell density on different topography (glass con-
trol, 0D, transitional and 1D nanostructures regions) at
time points of 4 h and 48 h.
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Figure 4. Fluorescence images of differentiated MSCs
stained with calcein blue on (a) glass control, (b) 0D nano-
particles region, (c) transitional region, (d) 1D nanostructures
regions. (¢) Comparison of calcium phosphate deposition on
different regions.
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