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Screening Mesenchymal Stem Cell Attachment and
Differentiation on Porous Silicon Gradients

Peng-Yuan Wang, Lauren R. Clements, Helmut Thissen, Andrew Jane, Wei-Bor Tsai,*

and Nicolas H. Voelcker*

The profound effects that nanoscale surface topography exerts on cell
behavior are highly relevant to the development of advanced biomaterials and
to advances in tissue engineering and regenerative medicine. Here, an asym-
metric anodization procedure is used to produce n-type porous silicon (pSi)
gradients with pore sizes ranging from tens to hundreds of nanometers in
diameter and changes in the ridge nanoroughness from a few to tens nanom-
eters. Rat mesenchymal stem cells (rMSCs) adhere poorly at the regions with
small pore size but high ridge roughness. Cell adhesion is increased gradually
towards the large pore size but low ridge roughness end of the pSi gradients.

migration, proliferation and differentia-
tion can be effectively regulated by various
topographic features such as porest* and
grooves>® with dimensions ranging from
the nano- to the microscale.l” Because cel-
lular responses to these surface topogra-
phies are feature size-dependent, surface
topographies with various feature sizes
have been fabricated separately. How-
ever, analysis and screening of discrete,
individual samples is a tantalizing task
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Surface topography influences cell differentiation, but not cell proliferation.
Osteogenesis of rMSCs is enhanced by porous topography with a ridge
roughness lower than 10 nm, while adipogenesis of rMSCs is enhanced on
the entire pSi gradient compared with flat Si substrates. The results demon-
strate that the gradient format allows in-depth screening of surface param-
eters that are important for the control of mammalian cell behavior, thereby
advancing the development of new and improved biomaterials for ortho-

paedic and tissue engineering applications.

1. Introduction

The ability to direct cell behavior by means of biomaterial sur-
face topography is of critical importance for biomedical and
tissue engineering applications.!!' Substrate topography has
been shown to be an effective cue for the regulation of cellular
responses, including stem cell responses.??l Cell attachment,
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due to the large combinatorial space to
be analyzed. Therefore, a surface topog-
raphy gradient-based approach is desir
able since it enables the screening of
cellular responses in high throughput,
significantly reducing the time required
for sample preparation and analysis and
allowing the fine-tuning of surface charac-
teristics in a single experiment.

Porous silicon (pSi) is fabricated by
electrochemical anodic etching of sil-
icon wafers in electrolytes containing
hydrofluoric acid (HF).®! Cellular responses to and the biocom-
patibility of this nanostructured material have been investi-
gated in vitro and in vivo.B'! The porosity, pore size and pore
structure of pSi can be tuned by varying the etching condi-
tions to generate surfaces with high surface area (>600 m? g™)
and pore size ranging from a few nanometers to several
micrometers.'?l Furthermore, the surface chemistry of pSi can
be controlled by oxidation and silanization!™! or, alternatively,
by reactions involving the hydride-terminated freshly etched
surface, the most popular of those being hydrosilylation.['*1°]
Recently, the fabrication of pSi displaying a pore size gradient
has been demonstrated on a p-type silicon wafer.'*-'8l By con-
trolling several parameters such as current density, HF-to-
surfactant ratio and the doping/resistivity of wafers, the pore
size distribution of pSi can be easily controlled along a silicon
surface.l'”! Using these pSi gradients, the adhesion of human
neuroblastoma cells was found to be highly sensitive to pore
size, resulting in cells adhering well on the gradient end dis-
playing large pores (1-3 pm), forming long and thick neurite
processes, but adhering poorly on the middle of the gradient
(100-300 nm pores). A gradual recovery of the typical neu-
roblastoma cell morphology occurred for neuroblastoma cells
growing on mesoporous (<50 nm pores) pSi. This study high-
lighted the potential of investigating cellular responses using a
pore size gradient format.
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Despite the potential advantages of pSi gradients as a
screening tool for studying cell-surface interactions, studies
using this format are still rare. This is due to the instability of
the pSi layer under cell culture conditions.*2% Whilst smooth
crystalline silicon degrades extremely slowly,! pSi degrades in
an aqueous environment into silicic acid.*?) Moreover, although
various surface chemistries have been applied to increase the
stability of pSi,['*2% the issue of pore degradation and col-
lapse during prolonged cell culture has not been resolved.?”!
This instability of the pSi layer prevents it from applications
requiring long-term cell culture such as stem cell differen-
tiation that usually requires several weeks of culture.l'*2% For
example, in order to explore the fate of mesenchymal stem
cells (MSCs), an important cell source for regenerative medi-
cine due to its differentiation potential into several cell lineages
such as bone, cartilage and muscle,?¥l by presenting a gradient
of surface topography would require more stable pSi gradient
substrates.[]

The purpose of the present study was to develop stable pSi
gradients for long-term culture and to investigate the depend-
ence of the differentiation of MSCs on surface porous topog-
raphy. We found that n-type pSi gradients after surface oxida-
tion and subsequent amino-silanization were sufficiently stable
to investigate the differentiation of MSCs into bone- or fat-like
cells over a period of four weeks.

2. Results and Discussion

2.1. Fabrication and Pore Size Distribution of n-pSi Gradients

The setup of the porous silicon (pSi) gradient fabrication
was the same as described in a previous study,!'”! positioning
the electrode vertically to the silicon surface at one end of a
custom-built PTFE etching cell (Supporting Information,
Figure s1). However, pore size gradients could not be fab-
ricated along the surface by applying a low etching current
density (40-60 mA cm™2) for a period of time (50 s) (Sup-
porting Information, Figure s2). For highly doped n-type
silicon wafers, illumination is not required to porosify the
material.l?®! We used a current density of 300 mA cm™ for
1.7 s to create a pore size gradient on n-type Si. Observed
using atomic force microscopy (AFM), a topography gradient
was generated along the surface of n-type Si from 0 mm to
12 mm (Supporting Information, Figure s3). Under these
conditions pores were small underneath the electrode
(0 mm), and the pore sizes were gradually increased away
from the electrode. The porous layer was extremely shallow
due to the short etching period. To fabricate a thicker pSi layer,
another etching was applied subsequently with a current den-
sity of 45 mA cm™2 for 50 s, resulting in a successive two-step
etching procedure for n-type pSi (n-pSi) gradient fabrication.
High voltage during the first etching resulted in electropol-
ishing and the corresponding silver color at the location of
the electrode (Figure 1). As observed from AFM and scanning
electron microscopy (SEM), this two-step etching procedure
generated a thicker porous layer of pSi and a pore size gra-
dient along the surface from 0 mm to 12 mm of the gradients
(Figure 2). Moreover, the small pores were found underneath
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Figure 1. Photograph of asymmetrically anodised porous silicon surface
etched on n-type silicon. The arrow shows the direction of the electrical
field. The area below the electrode was electropolished and appeared
silver (left-hand side of sample). Different colors (right-hand side of
sample) along the gradient are due to reflective interference effects.

the large pores at the 12 mm of the gradients (Figure 2A,c).
This finding suggests that two layers were formed during the
two-step etchings. Although this two-step etching procedure
generated two layers, the boundary between the two layers
was difficult to distinguish as the first layer was very thin due
to the very short etching period and the second layer might
not affect cell behavior directly. The above result confirmed
our hypothesis that a thicker n-pSi gradient can be fabricated
based on a two-step etching procedure.

On the n-pSi gradients, a combination of large pores and
small pores appeared on the surface (Figure 2 and Figure 3).
The small pores (~30 nm diameter) appeared over the entire
length of the gradient (0-12 mm), whilst the large pores
appeared from approximately 6 mm of the gradients (~140 nm
diameter), increasing in frequency and sizes to the 12 mm of
the gradients (~310 nm diameter) (Figure 3A). At the location
underneath the electrode (0 mm), the average pore diameter
was 29 £ 12 nm. Both the large pores appearing and their fre-
quency increasing contributed to an increase in average pore
size from the 6 mm to the 12 mm of the gradient. At the distal
end of the gradient (12 mm), the number ratio and area ratio
of large pores was ~70% and ~93%, respectively (Figure 3B and
3C), resulting in an average pore size of 226 + 37 nm. Inter-
estingly, the pore size distribution of the n-pSi gradient was
followed an opposite trend to the distribution observed for
p-type pSi gradients, where the largest pores were observed at
the location underneath the electrode (0 mm).'*!”] The differ-
ence between n-type and p-type pSi gradient is due to the dif-
ferent etching procedure. When using a two-step etching pro-
cedure on p-type Si, an increase in the average pore size from
the location underneath the electrode (0 mm) to the distal end
of the gradient (12 mm) was also observed (Supporting Infor-
mation, Figure 4). The porous layer of the n-pSi gradient was
about 800 nm in thickness at the position 0 mm, and about
1.2 um in thickness for the remainder of the gradient (from
4 mm to 12 mm of the gradient) (Figure 3D). Electropolishing
at the position of the electrode resulted in a reduced porous
layer thickness.
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Figure 2. A) Scanning electron microscopy (SEM) images of n-type pSi gradients showing a—c) top view and d—f) cross-section view. Arrows in image
(b) indicate the appearance of large pores. Scale bar = 200 nm. B) Atomic force microscopy (AFM) images of n-type pSi gradients a—c) 45° view and
d—f) top view. Three positions representing the location underneath the electrode (0 mm), the middle of the gradient (6 mm), and the distal end of

the gradient (12 mm) are shown from left to right, respectively.

2.3. Solid Surface Fraction and Ridge Roughness of n-pSi
Gradients

Ridge roughness and solid surface fraction (solid area/total
surface area) along the n-pSi gradients were analyzed by AFM
and SEM, respectively. The solid surface fraction of the n-pSi
gradient showed a slight decrease of about 20% from the 0
mm (56 £ 8%) to the 12 mm position of the gradients (37 +
8%, Figure 4A). The ridge roughness of the n-pSi gradient was
also found to decrease from the 0 mm (Ra = 22.29 £ 1.21 nm)
to the 12 mm position of the gradients (Ra = 3.15 £ 0.02 nm,
Figure 4B). In comparison, the surface roughness of flat Si was
Ra =0.49 £ 0.01 nm. From the microscopy images and analysis,
the topography of n-pSi gradient at the location underneath the
electrode (0 mm) was gradually changed along the direction of
electrical field and was far different from the topography at the
distal end of gradient (12 mm).
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2.4. Surface Stabilization and Hydrophilicity

To stabilize the porous layer and increase cell affinity, the n-pSi
gradients were treated by thermal oxidation followed by ozone
oxidation to introduce silanol groups, and finally by coating
with 3-aminopropyltriethoxysilane (APTES). The oxidation
process increases the stability and biocompatibility of pSil'3!
and amino-functionalization further enhances MSC adhe-
sion.l?’] Infrared spectroscopy showed that amino groups were
introduced on the n-type Si surface, indicating that the APTES
conjugation was successful (Supporting Information, Figure
s5). Water contact angle (WCA) measurements showed that
the n-pSi gradients were superhydrophobic before modifica-
tion (WCA ~ 150°) (Table 1). Here, the WCA along the entire
n-pSi gradient was approximately 150°. After the sequence of
surface modifications carried out in this study, the wettability
of n-pSi was increased significantly. The WCA measured along

Adv. Funct. Mater. 2012, 22, 3414-3423
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Figure 3. A) Average pore diameter, B) number ratio of pore, C) area ratio of pore size, and D) porous layer thickness of n-type pSi gradients. Number
of analyzed pores > 200. Error bar = standard deviation. Error bars are not seen at some data points due to a low error.

the entire n-pSi gradient was approximately 12°, while the WCA
measured on the flat Si was approximately 73°.

The above results indicate that both the surface topography
and chemistry modulate the surface wettability (porous vs. flat
or before vs. after surface modification). Wenzel and Cassie
modelsi?$2 explain that low surface energy with high sur-
face roughness results in a high value of WCA (often referred
to as the Lotus Effect). However, if the surface has a high
surface energy, surface roughness facilitates the decrease of
WCA. On fresh pSi, the surface energy is low. Porous struc-
ture enhances the hydrophobicity of the surface. After surface
modifications (APTES-coated pSi), surface energy of the n-pSi
gradients is increased. The large surface area of pSi facilitates
the wetting, resulting in a dramatically decrease in WCA. The
similar phenomena has been found for submicron grooved
topographies.[3¥

2.5. rMSCs Attachment on n-pSi Gradients

Rat mesenchymal stem cells (rMSCs) were cultured for 24 h
on the n-pSi gradients to determine the effect of the topog-
raphy on cell attachment and morphology. Judging from the
fluorescence microscopy and SEM images, cell attachment on
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the n-pSi gradient, with respect to the number and spreading
of adhered cells, and the formation of actin filaments, was poor
at the location 0 mm of the gradients, with cells showing round
morphology (Figure 5a,g). Cells attached well and fully spread
out at 12 mm of the gradients and on flat Si (Figure 5f]). Cell
density was the lowest at 0 mm (0.35 £ 0.05 x 10* cell cm™2),
gradually increased to 6 mm (0.60 + 0.04 x 10* cell cm™2), and
reached a peak value at 12 mm of the gradients (1.28 £ 0.02 X
10* cell cm™2) (Figure 5a—e and 5g-k). Cell density was 1.66
0.08 x 10* cell cm™ on the flat Si.

A previous study has suggested that pore size of pSi gra-
dient affected human neuroblastoma cell adhesion,!!”! Likewise,
surface roughness of titanium has been shown to modulate
human osteoblastic cell adhesion.?!! Among the surface prop-
erties along the n-pSi gradients, we propose that focal adhesion
formation is the key factor to direct rMSC adhesion on the sur-
face. Both pore size and surface roughness determines the focal
adhesion formation.?” When the pore size and surface rough-
ness increase, cell-substrate contact would decrease. Therefore,
cell adhesion would have a reverse trend regarding the pore size
and roughness distributions. On the n-type pSi gradient, the
average pore size was similar from 0 mm to 5 mm (~30 nm)
and increased from 6 mm (138 £ 26 nm) to 12 mm (226 £
37 nm) of the gradient. Cell adhesion is not satisfied the above
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Figure 4. A) Solid surface fraction and B) ridge roughness of n-type pSi
gradients. Solid surface fraction = solid area/total area in the image (n =
6). Ridge roughness = roughness of a selected area of AFM images on
the ridge (n = 6). Error bar = standard deviation. Error bars are not seen
at some data points due to a low error.

hypothesis that cell density should decrease from 0 mm to
12 mm of the gradient. On the contrary, cell density increased
gradually from 0 mm to 12 mm of the gradient, while the
ridge roughness decreased gradually from 0 mm (Ra = 22.29
1.21 nm) to 12 mm (Ra = 3.15 £ 0.02 nm) of the gradient, sug-

Table 1. Water contact angle (WCA) of n-type pSi gradients. WCA at five
different positions along the surface from the electrode site to the distal
end of the gradient as well as at flat Si were analyzed before (fresh) and
after surface modifications (amino-silanization).

Position from Pt electrode Fresh pSi Modified pSi
0mm 145.0+7.5 126+2.2
3mm 154.1+2.7 10.5+2.7
6 mm 152.7+2.4 129+33
9 mm 152.7+£0.9 12.0+3.1
12 mm 147.9+5.0 11.2+55
Flat 46.6 £ 6,55 73.1 £ 6.3k

#kik p < 0.001 compared with the porous area (n = 6).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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gesting that the ridge roughness dominated the rMSC adhesion
on the n-type pSi gradients. One previous study reported that
MC3T3-E1 osteoblastic cells adhered poorly on a surface topog-
raphy with high surface roughness that the structure is similar
to the presenting location 0 mm,**l suggesting that high rough-
ness appears to inhibit rMSCs adhesion at the location under-
neath the electrode, resulting in a cell density gradient and
ridge roughness gradient with an inverse correlation along the
n-pSi surface.

2.6. rMSCs Proliferation on n-pSi Gradients

At the location 0 mm of the n-pSi gradient, the area with the
lowest cell affinity, the cell density increased from 0.65 £ 0.19 X
10* cells cm™ at day 1 to 1.66 + 0.28 x 10* cell cm™ at day 6, but
did not reach confluence (Figure 6A). As those rtMSCs attached
to this region of the gradient initially displayed a round mor-
phology, they tended to form cell clusters after a 6 day culture
period (Figure 6B,a and e). These observations suggest that the
surface topography at 0 mm is unfavorable to rMSCs adhesion
and spreading, and that cell-cell contacts are preferred over cell-
surface interactions. On the other hand, cell density gradually
increased from 0 mm to 12 mm of the gradient, and it increased
from 1.36 + 0.54 x 10* cells cm™ at day 1 to 2.95 £ 0.49 x
10* cells cm™ at day 6 with confluence at location 12 mm, and
significant higher than that at the location 0 mm (p < 0.001).
In this region (location 12 mm), rMSCs formed stable contacts
with the surface and exhibited spread morphology. Both cell
density and morphology at 12 mm of the gradient were compa-
rable with that on the flat Si, where the density increased from
2.06 + 0.30 X 10* cells cm™ at day 1 to 3.35 + 0.98 x 10* cells
cm~2 at day 6.

Cell proliferation is a subsequent event after cell adhesion
and an important event preceding cell differentiation.** It is
known that cell proliferation can be modulated by cell-surface
interactions and local cell density.?>! Surface topography at the 0
mm of the gradient suppressed cell adhesion and spreading, but
did not retard the proliferation of rMSCs. It is possible that low
local cell density allows cells to proliferate. Cells tend to aggre-
gate to each other, stabilize themselves on the surface via cell-
cell contacts,*® and, subsequently, proliferate through cell-cell
contacts.?’ On the other hand, cell morphology was gradually
spread out toward the end of the gradient and fully spread out
with a high cell density at 12 mm of the gradient as well as on
the flat Si, revealing more favourable surface properties in these
regions. Although the proliferation rate at each position along
the gradient was similar (~2.1-2.5 fold), the morphology and
density was different from the 0 mm to 12 mm of the gradient.
In other words, after 6 day culture, there was still a cell mor-
phology and density gradient observed along the n-pSi gradient.

2.7. Osteogenesis and Adipogenesis of rMSCs on n-pSi Gradients

After 3-week osteogenic induction, tMSCs gradually became
bone-like cells and formed bone nodule-like colonies
(Figure 7). Calcium deposits were stained with Calcein Blue
(CB), indicating the extent of the mineralization in osteogenic

Adv. Funct. Mater. 2012, 22, 3414-3423
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Figure 5. a—f) Cytoskeleton staining and g-I) SEM images of rat mesenchymal stem cells (rMSCs) on n-type pSi gradients after 24 h culture. The
merged images of nuclei and F-actin staining and SEM images were displayed from 0 mm (location underneath the electrode) to 12 mm of the gradi-
ents. FLAT = flat Si. The arrow underneath the figure shows the direction of the electrical field. Scale bar = 50 um in fluorescent images. Cell density of
rMSCs on n-type pSi gradients was quantified at each position after 24 h culture. Value = mean * standard deviation (n = 3). The number of counted
nuclei was 278-365. # and * represent p < 0.01 and p < 0.001, respectively, compared with the previous position from the electrode.
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Figure 6. A) Cell proliferation from day 1 to day 6 and B) cell morphology on n-type pSi gradients after 6 days of culture. The number of counted nuclei
was 105-556. #, #x, and *#* represent p < 0.05, p < 0.01 and p < 0.001, respectively (n = 5). Error bar = standard deviation. The merged images of
nucleus and F-actin staining and SEM images are displayed from 0 mm (location underneath the electrode) to 12 mm of the gradients. FLAT = flat Si.
The arrow underneath the figure shows the direction of the electrical field. Scale bar = 100 um in fluorescent images and 200 um in SEM images.
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Figure 7. Osteogenesis of rMSCs on the n-type pSi gradients after 3 week induction with a—l) representing merged images of nuclei (PICO Green)
and F-actin (TRITC-Phalloidin) staining and m-r) calcium (Calcein Blue) stained images. Images are displayed from 0 mm (location underneath the
electrode) to 12 mm of the gradients. FLAT = flat Si. The arrow underneath the figure shows the direction of the electrical field. The percentage of CB-
stained colony area is displayed in the images m-r. Scale bar = 400 um for a—f) 40x images and 200 um for g-r) 100x images.

rMSCs (Figure 7g-l). A cell density gradient was observed
after osteogenic induction. No obvious CB-positive colonies
were found at 0 mm of the gradient after 3 week osteogenesis
(Figure 7g,m). However, colonies were found from the 6 mm
to the 12 mm of the gradient, as well as at the flat Si, with a
gradual increase in frequency and colony size along this direc-
tion (Figure 7h—i). The CB-positive cell was normalized to the
total cell along the entire gradient to evaluate the osteogenesis
of rMSCs. The results show that the fraction of CB-stained cells
increased gradually from 14.4 + 5.2% at 0 mm to 66.4 = 10.1%
at 12 mm of the gradient (Figure 7m—q), while the fraction of
CB-stained cells was 29.1 + 8.4% on the flat Si (Figure 7r). In
addition, the fraction of CB-stained cells at the 6 mm of the gra-
dient (34.3 £ 9.9%) was comparable with that on the flat Si.
Although previous studies have demonstrated that the sur-
face nanotopography affected lineage commitment of osteo-
genic expression,”%8 few have systematically investigated the
influence of porous topography on the osteogenesis of MSCs
on a single substrate. Herein, we screened the topography
effect on rMSCs using a single n-pSi gradient substrate and

40 X

200 X

200 X

0mm 3 mm

demonstrated that the osteogenesis of rMSCs was enhanced
by porous topography. Admittedly, cell density or cell-cell inter-
action could modulate the osteogenesis of MSCs.*! The non-
contact signaling via secreted chemicals (endocrine, autocrine,
paracrine etc.)l*%l that may stimulate osteogenesis also have to
be considered. High local cell density might increase the avail-
ability of these secreted biochemicals to the neighbouring cells
and result in higher differentiation potential.*!! However, the
observed similarity in cell density and morphology for the loca-
tion 12 mm of the gradient and for flat Si means that osteogen-
esis of rMSCs can be compared regarding the effect of surface
topography. Osteogenesis of rMSCs at the region of 6-12 mm,
where the ridge roughness was lower than 10 nm with sub-
micron pores of 20-300 nm, was significantly higher than that
at the flat Si. Therefore, we conclude that the optimal porous
topography modulates rMSCs attachment, and subsequently
enhanced the osteogenesis of rMSCs.

After 6 day culture, rMSCs were adipogenic induced and the
effect of porous topography on the adipogenesis of rMSCs was
screened up to 2 weeks on the n-pSi gradients (Figure 8). Over

12 mm

Figure 8. Adipogenesis of rMSCs on the n-type pSi gradients after 2 week induction with a—l) representing merged images of nuclei (PICO Green)
and F-actin (TRITC-Phalloidin) staining and m—r) lipid droplet (Nile Red) stained images. Images are displayed from 0 mm (location underneath the
electrode) to 12 mm of the gradients. FLAT = flat Si. The arrow underneath the figure shows the direction of the electrical field. The percentage of lipid-
laden cell is displayed in the images m-r. Scale bar = 400 um for a—f) 40x images and 100 um for g-r) 200x images.
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this time, rMSCs became adipocyte-like cells with elongated cell
protrusions and secreted lipid droplets stained by Nile Red (NR)
were observed around the cells along the entire gradient (Figure
8g-1). A cell density gradient was observed after adipogenic
induction. The percentage of lipid droplet-laden cells was quan-
tified along the gradient to evaluate the adipogenesis of rMSCs.
The percentage of lipid droplet-laden cells showed no significant
difference along the n-pSi gradient from 0 mm (30.9 £ 5.6%)
to 12 mm of gradient (39.4 * 8.6%), but was slightly lower on
the flat Si (20.1 £ 6.1%). This result indicates that porous topog-
raphy also enhanced adipogenesis of rMSCs and that adipogen-
esis was independent on cell density and surface topography.
Although the role of textured surfaces has been studied
widely in the context of osteogenesis of MSCs, few studies have
focused on the effect of porous topography on adipogenesis of
MSCs. One previous study on the adipogenesis of preadipocyte
has demonstrated that polyethylene terephthalate (PET) with
nanotextured roughness (Ra = 19.0 £ 2.4 nm) enhanced mouse
3T3-L1 preadipocyte differentiation into lipid-laden fat cells after
a 1 week induction period.*?l In addition, another study showed
that the adipogenic differentiation of MSCs had no direct rela-
tionship to the cell density.*}] The present study using a single
n-pSi gradient substrate further demonstrated that adipogen-
esis of rMSCs was enhanced on porous topography across a
wide range of submicron pores and surface roughness values.

3. Conclusions

In the present study, the attachment and differentiations of
rMSCs on an n-pSi topography gradient substrate that was
stable in cell culture for four weeks were evaluated. Cell attach-
ment was interrelated with the n-pSi topography gradient,
especially the ridge roughness, which generated a cell density
gradient and ridge roughness gradient with an inverse correla-
tion along the surface. Osteogenesis of rMSCs was found to be
enhanced by a porous topography with a ridge roughness lower
than 10 nm and abundant submicron pores compared with
those higher roughness area as well as flat Si, while adipogen-
esis of rMSCs was generally enhanced by the porous topography
regardless of the feature size. To the best of our knowledge, this
is the first report of fabricating n-type pSi gradients for long-
term in vitro cell culture studies. This study provides a novel
high-throughput format for long-term screening and studying
of topography effects on mammalian cell behavior. The results
presented in this study are expected to facilitate the develop-
ment of advanced biomaterials for orthopaedic, tissue engi-
neering and stem cell biology applications.

4. Experimental Section

Materials: Phosphorous-doped n-type silicon wafers with <100>
orientation and a resistivity of 0.008-0.02 Qcm were purchased from
Siltronix, France. NCW-1001 surfactant (polyoxyalkylene alkyl ether 30%
(w/w) aqueous solution) was purchased from Wako Pure Chemical
Industries, Japan. Absolute ethanol and 49% aqueous hydrofluoric
acid (HF) solution was purchased from Merck, Australia. Dulbecco’s
Modified Eagle’s Medium low-glucose (DMEM-LG), MEM non-essential
amino acid, and Nile Red were purchased from Invitrogen (Carlsbad,
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USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis,
USA) unless specified otherwise.

The culture medium consisted of 90% (v/v) DMEM-LG containing
2 mM L-glutamine, 100 U mL™" penicillin (Invitrogen), 100 g mL™
streptomycin (Invitrogen), 0.25 g mL™' amphotericin (Invitrogen),
0.1 mM MEM non-essential amino acids, and 10% fetal bovine serum
(JRH, Australia) with pH 7.4. Phosphate buffered saline (PBS) consisted
of NaCl (137 mM), KCl (2.7 mM), Na,HPO, (10 mM), and KH,PO,
(1.8 mM) with pH 7.4.

Porous Silicon Gradient Fabrication: Porous silicon (pSi) gradients
were prepared from highly phosphorus-doped n-type silicon wafers
based on the setup previously described by Khung et al.'”} The n-type
silicon was etched in a 25:200:1 (v/v/v) solution of 49% aqueous
HF:H,O:surfactant by placing a Pt electrode perpendicular to the silicon
surface at one end of the 12 mm-diameter circular chamber made
from PTFE (Figure TA). A two-step etching procedure of 300 mA cm™2
for 1.7 s and then subsequently 45 mA cm= for 50 s was used. The
distance between Pt electrode and wafer surface was 1.5 cm. After
etching, the samples were rinsed with ethanol, methanol, acetone and
dichloromethane and dried under a stream of N,. The freshly etched pSi
surfaces were thermally oxidized in a tube furnace at 400 °C for 30 min
and then at 800 °C for 60 min. Once cooled, the samples were further
oxidized with an ozone stream of 100 L h™' for 10 min to generate
surface hydroxyl groups. Subsequently the samples were coated with
100 mM aminopropyltriethoxy silane (APTES) in dry toluene for 5 min,
rinsed with copious amounts of toluene and dried under a stream of N,.

Characterization of pSi Gradients: Surface pore size and hydrophilicity
along the pSi gradients from the region directly under the Pt electrode
(0 mm) to the region furthest from the electrode (12 mm) were examined
using scanning electron microscopy (SEM, FEI Helios nanolab, USA),
atomic force microscopy (AFM, Nanoscope IV Multimode, Veeco,
Santa Barbara, USA) and water contact angle (WCA) measurements,
respectively. For SEM experiments, samples were sputter-coated with an
approximately 5 nm thick layer of platinum to reduce charging effects
and enhance the resolution. The pore diameter and thickness of the
porous layer on pSi gradients were determined from the top view and
cross section of the porous layer, respectively, using Image] software
(NIH Image, Bethesda, USA). The solid surface fraction along the pSi
gradients was determined using solid area divide to total surface area
from the SEM images. AFM experiments were carried out in tapping
mode with a scan rate of 0.5 Hz and a scan area of 5 x 5 um?. Ridge
roughness was determined using a selected area on AFM images of
50 nm x 50 nm on the ridge. Surface wettability along the pSi gradients
was determined using sessile drop WCA measurements. Deposited
water droplets had a volume of 1 UL and were deposited at five positions
along the gradient with an interval of 3 mm. Images of the deposited
droplets were captured by a camera and the contact angle on both sides
of the water droplets were determined using Image| software (n = 6).

Rat Mesenchymal Stem Cell Culture: Female Wistar rats (~100 g
per animal, Animal Care Unit, Flinders University) were sacrificed by
anaesthesia under the guidelines approved by the Flinders University
Animal Care and Utilization Committee as described in a previous study/4l.
Briefly, bone marrow cells were collected from the femurs and tibias by
flushing the bone with culture medium. Cells were filtered through a
100 um nylon mesh and subjected to a red blood cell lysis solution (0.15 M
ammonium chloride, 10 mM potassium bicarbonate, 0.1 mM EDTA) for
5 min. After centrifugation, cells were resuspended in culture medium.
After 24 h incubation at 37 °C and 5% CO,, non-adherent cells were
discarded and the adherent cells were grown to 90% confluence in fresh
culture medium. The medium was replaced every 3 days until the cells
reached confluence. Rat mesenchymal stem cells (rMSCs) were detached
by trypsinization and collected by centrifugation at 100 x g for 10 min as
passage 1 cells. For this study, passage 2 cells were used exclusively.

rMSCs Attachment and Proliferation on pSi Gradients: Prior to seeding
cells, pSi gradients were sterilized using 70% ethanol for 10 min, rinsed
with copious amounts of sterile PBS and transferred into a 6-well plate
(Iwaki, Japan). For cell attachment tests, a cell density of 20,000 cells
cm~2 was seeded on the n-pSi gradients for 24 h. In long-term studies, a
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cell density of 40,000 cells cm= was seeded. Cells were cultured for 6 d to
examine cell proliferation. After either 24 h or 6 d in culture, cells were fixed
using 4% paraformaldehyde and nuclei were stained with DAPI (500 nM).
The number of nuclei across the gradients from 0 mm to 12 mm of the
gradients was counted both for the 24 h and the 6 d samples (n = 3).

For morphology observation, cells were fixed with 4% paraformaldehyde
for 30 min. The samples were cut in half symmetrically along the length
of the gradient. One half was then incubated with 500 nM Phalloidin-
TRITC (for F-actin staining) and 100 nM DAPI (for nuclei staining)
overnight. The cytoskeleton of cells on the gradients was imaged using
a fluorescence microscope (Nikon Eclipse 50i) and processed using
NIS-Elements BR 3.0x software. The other half of the sample was then
dehydrated in graded ethanol of 50, 70, 80, 90, 95%, and then twice in
absolute ethanol. After drying in the lamina flow hood, the samples were
sputtered with platinum and imaged using SEM (FEI Helios Nanolab).

Differentiation of rMSCs on n-pSi Gradients: After 6 d in culture,
the culture medium was replaced by either osteogenic or adipogenic
medium to induce rMSCs differentiation. Osteogenesis of rMSCs was
examined for a further 3 weeks culture in osteogenic medium (culture
medium supplements dexamethasone (30 nM), [B-glycerophosphate
(10 mM), and ascorbic acid (50 uM)). After the 3 week incubation
period, calcium deposition within bone nodules-like colonies was
detected by Calcein Blue (CB) staining. Samples were stained using a
CB solution (30 uM) overnight in the dark. A CB stock solution (3 mM)
was prepared in 25 mM KOH. The solution was then diluted 100-fold in
culture medium to prepare the working solution. After staining, samples
were rinsed with PBS, followed by fixation with 4% paraformaldehyde
for 20 min. The percentage of CB-positive colony area was defined by
the area of CB-positive colony area divided by the total colony area in
each image. The colony area and CB-positive colony area were calculated
automatically using Image] software.

Adipogenesis of rMSCs was examined for a further 2 weeks culture
in adipogenic medium (culture medium supplements dexamethasone
(100 nM), indomethacin (6 uM), insulin (5 ug mL™), and 3-isobutyl-
1-methylxanthine (0.5 mM)). After incubation for 2 weeks, intracellular
lipid droplets were stained by Nile Red (NR). Samples were rinsed with
PBS, followed by fixation with 4% paraformaldehyde for 20 min, and
then stained by NR (10 g mL™" in methanol) overnight in the dark. The
percentage of NR-positive cells was defined by the number of cells with
lipid droplet divided by the total number of cells in each image.

Samples were also stained with 500 nM Phalloidin-TRITC and
100 nM DAPI overnight. Fluorescence microscopy images across the
gradients were captured by an upright microscope (Nikon Eclipse 50i)
and processed using NIS-Elements BR 3.0x software.

Statistical Analysis: Statistical analysis was performed using GraphPad
Instat 3.0 software (GraphPad Software, USA). The statistical analysis
between each group was determined using One Way ANOVA and
Student-Newman-Keuls multiple comparison tests. p < 0.05 was
considered statistically significant.
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Supporting Information is available from the Wiley Online Library or
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