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Cellular organization, migration and proliferation in three-dimensions play a critical role in numerous
physiological and pathological processes. Nano- and micro-fabrication approaches have demonstrated
that nano- and micro-scale topographies of the cellular microenvironment directly impact organization,
migration and proliferation. In this study, we investigated these dynamics of two cell types (NIH3T3
fibroblast and MDCK epithelial cells) in response to microscale grooves whose dimensions exceed typical

{\(;eywz)trds: " cell sizes. Our results demonstrate that fibroblasts display a clear preference for proliferating along
C;ﬁ?ﬂg;‘g{:p Y groove ridges whereas epithelial cells preferentially proliferate in the grooves. Importantly, these cell-
Spatial separation type dependent behaviours were also maintained when in co-culture. We show that it is possible to
Co-culture spatially separate a mixed suspension of two cell types by allowing them to migrate and proliferate on a

substrate with engineered microtopographies. This ability may have important implications for inves-
tigating the mechanisms that facilitate cellular topographic sensing. Moreover, our results may provide

insights towards the controlled development of complex three-dimensional multi-cellular constructs.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The physical properties of the cellular microenvironment play a
crucial role in governing numerous critical physiological and path-
ological pathways [1-5]. In vivo, cells are exposed to and reside in an
intricate mesh of proteins known as the extracellular matrix (ECM)
[6]. It is well known that complex physical and biochemical in-
teractions between cells and their ECM regulate differentiation,
proliferation and migration [1-5]. Moreover, the physical properties
of the ECM, such as matrix topography and mechanical properties,
also play a major role in modulating cell biology [7—14]. In the lab-
oratory, cells are traditionally cultured on flat two-dimensional sur-
faces. In comparison to the in vivo matrix microenvironment, these
surfaces often lack the complex nano- and micro-scale topographies
found in vivo. Indeed, engineered substrates with tunable nano- and
micro-scale topographies are now becoming extensively employed
in many studies [7—28]. Substrate topography can be modulated in
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numerous ways, including altering surface roughness through
chemical or plasma treatments to creating long-range ordered fea-
tures with micro- and nano-scale fabrication approaches [28].
Cellular responses to nanoscale topographies have been exten-
sively studied and may have the potential in aiding elucidation of
complex control mechanisms involved in many biological pathways
[18]. Fabricated nanoscale grooves, holes and pillars arranged in
ordered patterns or in spatial gradients have all been employed to
study cellular responses to topography [7,8,13]. Importantly, as
these structures are far smaller than typical cell size, an individual
cell will be exposed to many features at any given time. It has been
observed that cells display an exquisite sensitivity to nanoscale
changes in aspect ratio, density and spacing of these features, often
in a cell-type dependent manner [7—14]. For example, nanoscale
grooves will affect the alignment and migration dynamics of many
cell types (such as fibroblasts, neurons and smooth muscle cells)
[7,8,13]. This is a process known as contact guidance [29] and has
been observed in response to both micro- and nano-scale topo-
graphic features. In vivo, migration is extremely important in many
physiological and pathological processes (such as cancer metas-
tasis, wound healing and embryogenesis) and is highly sensitive to
the nanotopography of the ECM [7,8,13]. In addition to cell
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morphology and migrations, nanoscale grooves also modulate sub-
cellular organization of the cytoarchitecture as well as numerous
signalling pathways [19,22,27]. In several cases, cell proliferation
has also been observed to display a sensitivity to substrate topog-
raphy in many cell types [15,30—32]. Finally, during very complex
processes, such as stem cell differentiation, it is becoming clear that
stem cell fate is influenced by the integration of a multitude of
nanotopographical, physical and biochemical cues [4,15,17,22,23].

In contrast to previous work investigating the role of topo-
graphical cues smaller than the typical length scale of a cell, a large
number of studies have employed substrates with microscale to-
pographies [11,13,16,20,24—26,28]. In many studies, surfaces con-
taining grooves whose geometries (depth, width and ridge width)
can vary in a range of less than 10 um to greater than 100 pm have
been employed to demonstrate effects on cell alignment, migration
and organization. Importantly, as the groove sizes become larger
than a typical cell, this allows for the appearance of several phe-
nomena. Cells not only align with the direction of the grooves, but
have also display bridging behaviour. Bridging behaviour occurs
when fibroblast preferentially migrate and proliferate along groove
ridges to form bridges from one ridge to another or between the
bottom of the groove and the top of a ridge [20,24]. Moreover,
bridging also occurs when cells form a connection between the
bottom of the groove and the top of a ridge [24]. This type of
behaviour is very much dependent on the geometric properties of
the grooves and in the case of fibroblasts, at least three distinct
geometric regimes of behaviour have been characterized [24].

Here, we microfabricated a series of 50 pm deep grooves with
increasing widths (25, 50, 100 and 500 pm) and 100 pm wide
ridges. In contrast to previous studies, we compared the influence
of these substrates on two distinct cell types (NIH3T3 fibroblast and
MDCK epithelial cells). NIH3T3 cells are highly motile and lack the
strong cell—cell coupling and tight junctions found in MDCK cells.
Therefore, we hypothesized that the two cell types may display
distinct responses to substrate topography. Cells were cultured on
the grooved substrates and were examined after 4, 24, 48 and 72 h
of culture. At each time point we quantified the three-dimensional
cellular alignment and organization for each cell type on each
substrate. Finally, as multiple cell types are found in close contact
in vivo, we also grew co-cultures of cells on the substrates. This
approach allowed us to examine the influence of contact guidance
in a mixture of fibroblast and epithelial cells.

2. Materials and methods
2.1. Substrate fabrication

Master substrates were created with standard soft photolithography techniques
on silicon wafers (Universitywafers.com, USA). The wafers were cleaned with a
Piranha wet etch solution (3:1 sulphuric acid:hydrogen peroxide), followed by im-
mersion in de-ionized water and subsequent dehydration by baking at 200 °C for
30 min. SU-8 2015 photoresist (Microchem, USA) was then spin coated to a uniform
film thickness of 50 pm. A master mould was created by transferring photomask
patterns to the photoresist according to the photoresist manufacturer’s protocol. The
photomask consisted of separate 2.25 cm? square regions each containing 1.5 cm long
black lines, spaced every 100 pm. The widths of the lines varied in each region and
were either 25, 50 or 100 pm. Polydimethylsiloxane (PDMS) substrates with defined
topographies were created by pouring a 1:10 solution of curing agent:elastomer
(Sylgard 184, Ellsworth Adhesives) over the photoresist master. The PDMS was
allowed to crosslink in a convection oven at 80 °C for 3 h. A schematic of the substrate
fabrication process is shown in Fig. 1. To functionalize the PDMS substrates, they were
air plasma treated at 30 W for 30 s to generate hydroxyl groups. The substrates were
then immediately coated with 5 pg/cm? rat-tail collagen I (Gibco), incubated at room
temperature for 1 h and then rinsed in PBS. Scanning electron microscopy (SEM) of
gold-coated PDMS substrates were acquired with a JEOL JSM-7500F FESEM.

2.2. Cell culture

NIH3T3 mouse fibroblast cells and Madin Darby Canine Kidney (MDCK)
epithelial cells were cultured in high glucose DMEM containing 10% Fetal Bovine

groove

Fig. 1. Microfabrication of microscale grooves in PDMS. (A) After spin coating a 50 um
thick SU8 photoresist onto a silicon wafer, UV light is shone through a mask to
crosslink exposed areas. (B) After developing the wafer, un-crosslinked SU8 is removed
leaving behind rectangular features. (C) PDMS is poured over the features and cured.
(D) The PDMS is then peeled from the substrate and the substrate microtopography is
then functionalized with collagen. (E) A top-down SEM image of the PDMS substrate
reveals the structure of a typical microtopography with 100 um grooves and ridges. (F)
For the purposes of this study we defined cells as in a ‘groove’ (red region) or on a
‘ridge (blue region), as shown in the schematic. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Serum (FBS) and 1% penicillin/streptomycin antibiotics (all from Hyclone). The cells
were cultured at 37 °C and 5% CO; in 100 mm dishes. For experiments, function-
alized PDMS substrates were placed into 35 mm diameter dishes and the cells were
seeded at a density of 20,000 cells/cm?. Cells were grown for either 4, 24, 48 or 72 h
before inspection. For co-culture experiments, an equal number of NIH3T3 and
MDCK cells were thoroughly mixed and then seeded and imaged in the same
manner as mono-culture experiments.

2.3. Immunofluorescence staining, live cell staining and microscopy

Cells cultured on PDMS substrates were fixed with 3.5% paraformaldehyde and
permeabilized with Triton X-100 at 37 °C. Cells were stained for actin using phal-
loidin conjugated to Alexa Fluor 546 (Invitrogen) and DNA was stained using DAPI
(Invitrogen). A full protocol has been published previously [33]. Samples were then
mounted using Vectashield (Vector Labs) and a #1 coverslip placed on top of the
PDMS substrate. The sample was inverted and then imaged with confocal micro-
scopy. In co-culture NIH3T3 cells were pre-loaded with the live cell dye CellTracker
Green CMFDA (Invitrogen) following manufacturer protocols and cultured with
MDCK cells for 4 or 48 h. After the allotted time in culture, all cells were loaded with
live cell nuclear stain, Hoechst 33342 (Invitrogen). In some cases co-cultures were
imaged live with a Nikon Ti-E inverted phase contrast and fluorescence microscope
with a long working distance 40x objective or they were fixed (but not
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permeabilized) and mounted in Vectashield. Fixed samples were imaged on a Nikon
Ti-E A1-R high-speed resonant laser scanning confocal microscope (LSCM) with a
phase contrast 10x NAOQ.3 objective or a DIC 60x NA1.2 water immersion objective.
Bare PDMS substrates were also imaged with Scanning Electron Microscopy (SEM).

24. Image and statistical analysis

All images were analysed with Image]. Cell nuclei were manually counted in
order to quantify the numbers of cells proliferating in the grooves or on the ridges.
The degree of cell alignment with respect to the groove direction was quantified by
first thresholding confocal images of cell nuclei. An ellipse was fit to each identified
nucleus and the angle between the major axis of the ellipse and the groove direction
was determined with the Image] Analyze Particles plugin. The second order Leg-
endre polynomial was employed to quantify the average degree of alignment with
the groove direction within the cell population. All values in the text are presented
as the average + s.e.m. A one-way ANOVA followed by a Tukey test for means
comparison or two-sample t-tests were performed to assess significance (p < 0.05).

3. Results

3.1. Microfabricated substrates with microscale topography for
cellular confinement

In this study, the effects of micron scale surface topography and
confinement on cell localization were investigated with PDMS
substrates. Substrates were fabricated using standard soft lithog-
raphy procedures (Fig. 1A—E). In all cases cells were seeded onto
substrates that possessed a surface topography with 50 um deep
grooves and 100 pm wide ridges (Fig. 1F). The ridges were spaced at
defined pitch to create 25, 50 or 100 pm grooves. In this context,
cells are exposed to confinement geometries that are ~2—10 times
larger than the typical length scale of an individual cell. Cells were
then imaged 4, 24, 48 and 72 h after seeding to investigate how
microscale confinement affects cellular localization. In contrast to
previous studies, here we investigated the response of two cell
types (NIH3T3 fibroblast and MDCK epithelial cells) alone or in co-
culture. These cell types were specifically chosen, as NIH3T3 fi-
broblasts are highly motile [34,35], whereas MDCK epithelial cells
are strongly interacting, forming strong cell—cell contacts and
stable monolayers [36,37]. For the purposes of this study, we
defined localization in the grooves if cells were found on the bot-
tom or sidewall surfaces occurring between the ridges (Fig. 1E).
Conversely, localization on ridges was defined as cells being found
on the top 100 pm ridge surface (Fig. 1E). In both cases, minutes
after seeding, cells were always found to sink to the bottom of the
grooves, simply due to their higher density than the surrounding
medium. In this initial state, cells were easily confined to the
grooves by the 50 um ridge height. Cells were then placed in a
culture incubator and examined at the time points described above.
The 4-h time point was found to be the earliest time at which cell—
surface interactions were strong enough to allow for reproducible
staining and imaging.

3.2. Cell type dependent responses to microscale confinement

At each time point, cellular actin and nuclei were fluorescently
labelled and imaged with laser scanning confocal microscopy
(LSCM). LSCM images provide information on the three-
dimensional location of individual cells in the microscale features.
In this study, we quantified the number of cells found on the ridges
or within the grooves. A total of n = 3 independent substrates were
prepared for each groove width and 3 randomly chosen regions
were imaged on each sample with LSCM. Therefore, we counted
cell locations in a total of 9 images for each groove width and each
cell type. NIH3T3 cells display a clear response to surface topog-
raphy for all groove widths (Fig. 2A—C). In all cases, we have false-
coloured the actin of cells found within the grooves (red) and on
the ridges (green) in order to provide a visual reference. NIH3T3

48 hours

4 hours

Cc

A = groove location
red = cells in groove
green = cells on ridge

Fig. 2. NIH3T3 cells were cultured on the (A) 25 um, (B) 50 um and (C) 100 pm wide
grooves for 4, 24, 48 and 72 h, subsequently stained for actin and cell nuclei and
imaged the LSCM. Nuclei are shown in blue and actin is coloured red for cells growing
within the grooves and coloured green for cells growing on the ridges (triangles
indicate the grooves). Images are shown for cells cultured for 4 and 48 h. Triangles
indicate the bottom surface of the grooves. Scale bar in (A) = 100 um and applies to all.
NIH3T3 cells display a clear preference for migrating and proliferating on the ridges.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

cells are found to be highly localized within the grooves after 4 h of
culture time, however, by 48 h, cells have migrated specifically to
the ridges and become highly confluent. It is clear that after 48 h of
culture, NIH3T3 cells display a clear preference to the ridge sur-
faces. Very few cells are found within the grooves even though the
ridges are highly crowded. In some cases cells were observed to
form ridge-to-ridge ridges over grooves, consistent with previous
studies [20,24]. On the other hand, a vastly different response is
observed in MDCK cells (Fig. 3A—C). Consistent with the NIH3T3
cells, MDCK cells are found in large numbers in the grooves after
only 4 h of culture. However, after 48 h of culture, MDCK cells
continue to be found in the grooves in high proportions and at high
density, whereas only a small fraction of cells are found on the
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48 hours

4 hours

A = groove location

red = cells in groove
green = cells on ridge

Fig. 3. MDCK cells were cultured on the (A) 25 um, (B) 50 pm and (C) 100 um wide
grooves for 4, 24, 48 and 72 h, subsequently stained for actin and cell nuclei and
imaged the LSCM. Nuclei are shown in blue and actin is coloured red for cells growing
within the grooves and coloured green for cells growing on the ridges (triangles
indicate the grooves). Images are shown for cells cultured for 4 and 48 h. Triangles
indicate the bottom surface of the grooves. Scale bar in (A) = 100 pm and applies to all.
MDCK cells display a clear preference for migrating and proliferating within the
grooves. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

ridges by 48 h. Clearly, these two cell types display distinct re-
sponses to confinement in microscale geometries.

Using the nuclei to count cells, we calculated the ratio of the
number of cells growing on the ridges to the number of cells
growing in the grooves, as a function of time, for all substrate ge-
ometries. The Ridge/Groove ratio reveals that after ~24 h of cul-
ture, the majority of NIH3T3 cells are found preferentially on the
ridges (Ridge/Groove ratio > 1) on substrates with 25 um and
50 um wide grooves in comparison to the 100 pm grooves (Fig. 4A).
After 48 h of culture a statistically significant difference appears
when comparing the Ridge/Groove ratio between the 100 pm and
the 25 um grooves (p < 0.01) but not the 50 pm grooves (p > 0.9).
However, by the 72 h time point, the Ridge/Groove ratio approaches

~2 in all cases with no significant dependence on groove width
(p > 0.2 in all cases). In contrast, MDCK cells display a different
response to microscale topography when compared to NIH3T3
cells. In all cases, the Ridge/Groove ratio slowly approaches 1 over
the 72 h time course (Fig. 4B). However, cells cultured on the 25 pm
grooves approach 1 more rapidly and become significantly different
from the 50 pm and 100 pm grooves by 48 h of growth (p < 0.05 in
both cases). Similar to the NIH3T3 cells, there is no statistically
significant dependence of the Ridge/Groove ratio on groove width
(p > 0.2 in all cases). Importantly, when NIH3T3 cells are cultured
on substrates where the groove width is increased to 500 um, cells
no longer display any preference for migrating and proliferating on
the ridges (Fig. 4C). Unsurprisingly, MDCK cells are still found
within the 500 pm grooves (Fig. 4D).

Finally, when cells were allowed to propagate until covering the
entire surface (~120 h of growth), two distinct morphologies were
observed. NIH3T3 (Fig. 5A, B) and MDCK (Fig. 5C, D) cells growing to
confluence on the 50 um grooves and are representative of the
morphologies observed on the 25 and 100 pm grooves. In the case
of MDCK cells, a complete cell monolayer formed after 120 h and
covered the entire grooved substrate. The monolayer was observed
to match the surface topography with cells observed along all
surfaces of the grooves and ridges. Conversely, NIH3T3 cells were
first observed to grow to confluence along the ridges, eventually
forming bridges. After 120 h of culture cells were observed to
completely fill the grooves.

3.3. Cellular alignment in microscale grooves

In order to quantify cellular alignment we characterized the
orientation of cell nuclei computationally by first calculating the
angle (6) formed between the long axis of each elliptical nucleus
and the groove direction. We then calculated the degree of align-
ment by using an approach commonly employed when character-
izing the preferred directionality in liquid crystals. The average
value of the second order Legendre polynomial was calculated
using the orientation of each nucleus in a field of view [38]:

s 3c0s2 6 — 1
- 2

In a given population of cells, S will approach 0 if they are
randomly oriented with respect to the groove direction. Conversely,
S will approach 1 if there is a strong degree of alignment between
the groove direction and the cells. Finally, if the cells are aligned
perpendicular to the groove direction, S will approach -0.5.
Therefore, S provides a quantitative measure of the degree of
alignment parallel or perpendicular to the groove direction or if the
cell population lacks significant alignment. NIH3T3 or MDCK cells
were allowed to proliferate on 25, 50, 100 and 500 um wide grooves
for 48 h at which point the cells were fixed and stained. A total of
n = 3 independent substrates were prepared for each groove width
and 3 randomly chosen regions were imaged on each sample with
LSCM. Therefore, an average order parameter was calculated from
cells in a total of 9 images for each groove width and each cell type
(Fig. 6). NIH3T3 cells displayed a strong degree of alignment
(§=0.80 £ 0.04), with no significant dependence on the 25, 50 and
100 pm grooves (p > 0.6 in all cases). On the other hand, MDCK cells
displayed a smaller degree of alignment (S = 0.58 4+ 0.04) compared
to NIH3T3 cells (p < 0.01 in all cases), with no significant depen-
dence on groove widths (p > 0.3 in all cases). Finally, NIH3T3 and
MDCK cells cultured on grooves of 500 pm displayed a statistically
significant decrease in alignment compared to the 25, 50 and
100 pm grooves (S = 0.30 + 0.03 and 0.36 + 0.03, respectively,
p < 0.01 in all cases) with no cell-type dependence (p > 0.7).
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Fig. 4. The number of cell growing within the grooves or on the ridges was determined and a Ridge/Groove ratio was calculated for the 25 pm (black), 50 pm (red) and 100 um
(blue) wide grooves. (A) The Ridge/Groove ratio for NIH3T3 cells demonstrates that the cells rapidly move to the ridges. By 48 h the Ridge/Groove ratio is significantly (*) higher for
the 25 and 50 um grooves compared to the 100 pm grooves. (B) The Ridge/Groove ratio for MDCK cells demonstrates that the cells preferentially localize within the grooves. By 48 h,
the Ridge/Groove ratio is significantly (*) higher for the 25 pm grooves compared to the 50 and 100 pm grooves. (C) NIH3T3 and (D) MDCK cells cultured on 500 pm wide grooves for
48 h (scale bar = 250 um and applies to both images). Nuclei are shown in blue and actin is coloured red for cells within the grooves and green for cells are on the ridges. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Images of actin (green) and nuclei (blue) for (A, B) MDCK and (C, D) NIH3T3 cells after growing for 120 h on 50 um wide grooves (scale bars = 25 pm and apply to all, results
are representative of all groove sizes). MDCK cells for a continuous two-dimensional sheet, closely matching substrate topography whereas NIH3T3 cells fill the grooves and
completely cover the substrate. This behaviour is clearly observed in the three-dimensional rendering of the LSCM data in (B) and (D). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. An order parameter (S) was calculated for NIH3T3 (white bars) and MDCK (grey
bars) using cell nuclei as indicators of orientation with respect to the groove direction.
An order parameter approaching 1 indicates a high degree of parallel alignment be-
tween cells and the groove direction. Conversely, an order parameter approaching
0 indicates a high degree of perpendicular alignment between cells and the groove
direction. On the 25, 50 and 100 pm grooves, both cell types display a strong degree of
alignment with the groove direction. Conversely, alignment was significantly dimin-
ished on the 500 um grooves.

3.4. Confinement guidance in co-cultures

To further investigate the cellular response to confinement, we
co-cultured NIH3T3 and MDCK cells and exposed them to sub-
strates with defined microscale topography. In all cases, NIH3T3
cells were pre-loaded with a green fluorescent cell tracker dye prior
to co-culture and prior to imaging, all cell nuclei were labelled with
the DNA specific Hoechst 33342. This approach allowed us to
positively identify individual cells as either NIH3T3 or MDCK. Im-
aging reveals that even in the presence of a co-culture, the majority
of cells continued to display a clear preference for growing on the
ridges or in the grooves. Phase contrast and fluorescence imaging
reveals that after 48 h of co-culture on 100 pm wide grooves,
NIH3T3 cells display a clear preference to migrate and grow on the
ridge surfaces (Fig. 7A). At the same time, MDCK cells are clearly
observed in the grooves (Fig. 7B). This is in contrast to co-cultured
cells grown on flat PDMS surfaces. In this case NIH3T3 and MDCK
cells are observed to distribute heterogeneously (Fig. 7C).

4. Discussion

Physical cues in the cellular microenvironment such as substrate
topography and mechanical properties have a significant role in
regulating physiological and pathological processes [1-5]. In
addition, it has also been shown that flat substrates patterned with
ECM proteins can be used to control cell shape, alignment, prolif-
eration and differentiation [14,25,30,39]. Recently, cells exposed to
either microscale grooves or microscale lines of fibronectin were
observed to align along the presented patterns [25]. However,
when a substrate of grooves fabricated in one direction was over-
laid with lines of fibronectin in the orthogonal direction, cells were
observed to preferentially align with the grooves. Therefore, surface
topography is an extremely strong cue in regulating living cells,
even overcoming the influence of surface patterns of ECM proteins
[25] and might even be used as a means of characterizing cellular
signalling pathways [18]. Indeed, it has been demonstrated that
libraries of substrate topographies can be employed to reveal pre-
viously unknown cellular responses to substrate topography [33].

abpIy uo pasnoo

wojj0g 9A0049) U0 pPasndo

A = groove location
green + blue = NIH3T3 cells
blue only = MDCK cells

Fig. 7. NIH3T3 cells (green with blue nuclei) and MDCK cells (blue nuclei only) were
placed in co-culture and imaged after 48 h (triangles indicate the grooves). Data shown
were recorded on 100 pm grooves but is representative for all groove widths. Phase
contrast images were recorded when the microscope was focussed on the (A) ridges
and (B) bottom surfaces of the grooves and reveals a spatial separation of both cell
types (scale bar = 100 um and applies to all). When co-cultured cells are grown on a
flat PDMS surface cells are heterogeneously distributed and no alignment or separation
is visible. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

In this study, we examined the influence of microscale topog-
raphy on the three-dimensional spatial organization and alignment
of NIH3T3 fibroblasts and MDCK epithelial cells. PDMS substrates
were fabricated with grooves of varying widths (25, 50 and 100 pm)
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and constant depth (50 pm) and ridge width (100 pm). NIH3T3 fi-
broblasts displayed a clear preference for proliferating on the
ridges, consistent with previous studies [20,24]. On the other hand,
MDCK epithelial cells preferentially proliferated inside the grooves,
a result that has not been observed previously to our knowledge.
However, nanoscale grooves are well known to exhibit contact
guidance on cultured epithelial cells [7,8,13]. In all cases, our sub-
strates were functionalized with collagen and it is well known that
aligned collagen fibres, both in vivo and in vitro, can lead to pref-
erential cellular alignment, migration and contact guidance [7,8,13].
Here, we can rule out collagen-induced contact guidance, as the
collagen is likely randomly bound to our substrates after using
standard functionalization protocols. In addition, in both cases
cellular alignment was lost on the substrates with 500 um grooves.
Alignment was quantified by calculating an order parameter which
was shown to vary from ~0.8 to ~0.6 (fibroblasts and epithelial
cells respectively) on the 25, 50 and 100 pm grooves to ~0.3 on the
500 pm grooves. Co-cultured cells on flat collagen-functionalized
PDMS substrates did not display any preferential alignment.
Therefore, it can be reasonably assumed that microtopography,
rather than collagen functionalization, produces the observed
contact guidance in our study.

We also quantified the preferential three-dimensional spatial
localization of cells by simply counting how many were found on
the ridge or anywhere within the groove, at each time point, on all
substrates. The surface area available to the cells is significantly
different on the ridges versus in the grooves. The ridges have a
surface area of 1.5 cm x 100 pm = 0.015 cm? whereas each groove
in this study has a surface area of ~0.019, ~0.023 and 0.030 cm?. If
the higher available surface area in the grooves played a major role
in cell organization, the observed Ridge/Groove ratio would
consistently be less than 1 in all cases. This was clearly not the case
when examining NIH3T3 cells. However, this was the case in MDCK
cells at all time points and for all groove widths. The Ridge/Groove
ratio is initially ~0.2 in the first 24 h before rapidly approaching 1
whereas the Ridge/Groove surface area ratio varies from 0.5 to 0.8.
Therefore, within the first 24 h of culture, MDCK cells display
preferential proliferation within the grooves that cannot be simply
explained by an increase in surface area. However, once MDCK cells
have proliferated to the point where they can no longer remain
confined in the groove, they migrate out and begin proliferating on
the ridge surface. At this point the Ridge/Groove ratio approaches 1
and this may simply be a result of the surface area occupied by the
cells on each surface. Indeed, MDCK cells were observed to form
complete two-dimensional sheets of cells that closely followed
substrate topography with no tendency to form multicellular ag-
gregates within the grooves during the timescale of our experi-
ment. In contrast, when allowed to proliferate to confluence over 5
days, NIH3T3 cells were first observed to preferentially grow on the
ridges and at later times (>3 days) would form large aggregates
within the grooves.

In order to examine the influence of topography on the spatial
localization of the cells, we co-cultured both cell types on the
grooved substrates. In this case, fibroblasts were pre-loaded with a
live cell cytoplasmic green fluorescent dye prior to co-culture. Prior
to imaging, all cells were loaded with a blue fluorescent live cell dye
specific to DNA. Therefore, during imaging, fluorescent green cells
with blue fluorescent nuclei could be positively identified as fi-
broblasts. On the other hand, cells with blue-fluorescent nuclei
alone could be positively identified as epithelial cells. In this case, it
was clear after 48 h of proliferation, that cells still displayed a
preferential localization on the ridges or in the grooves. However,
we note that the separation is not 100% complete. However, despite
numerous cell—cell interactions and possible effects associated
with the release of cellular factors and signalling molecules,

substrate topography still had a major influence on migration and
organization. NIH3T3 cells maintained a preferential alignment and
organization on the ridges while MDCK cells were still preferen-
tially found in the grooves. Importantly, when cells were co-
cultured on a flat PDMS surface they were organized in a hetero-
geneous manner after 48 h of proliferation.

There is currently significant interest in using the characteristic
of nano- and micro-textured surfaces to control, direct and
modulate cell behaviours. Although many studies have revealed
that cells are clearly sensitive to substrate topography, the exact
underlying molecular mechanism responsible for their ability to
sense and respond to topographic cues is still not well understood.
It is now clear the regulation of acto-myosin contractility, and
perhaps cellular traction forces, form part of the sensing mecha-
nism [22,26,27]. In addition, topography also has a significant
impact on the organization, dynamics and regulation of structures
involved in coupling the cell to its microenvironment, such as
integrins, focal adhesions and the cytoskeleton [22,26,27]. It was
recently postulated that one of the forces driving fibroblasts to
localize on the ridge of microgrooves is the local oxygen gradient
[20]. However, the results on epithelial cells appear to contradict
this possibility, assuming their oxygen requirements are similar to
fibroblasts. Moreover, in our experiments, several millimetres of
liquid exist above the substrate surface and it is unlikely that any
change in oxygen concentration in the 50 pm distance between the
bottom of the grooves and the ridge will be significant enough to
drive the migration of the cells.

We hypothesize that one of the main driving forces that results
in the differential response of fibroblasts and epithelial cells is
likely cell function. Fibroblasts are highly motile cells and in com-
parison to epithelial cells, tend to lack the same degree of strong
cell—cell coupling and the presence of tight junctions [37,40].
Therefore, we postulate that there would be less physical confine-
ment on the ridges and therefore promote migration. Conversely, in
a more physically confined environment, cell—cell contacts are
more likely to form thereby inhibiting migration away from the
growing cell sheet and promoting proliferation within the groove.
Although this explanation does not provide any mechanistic
insight, it is supported by the Ridge/Groove ratio data. In the case of
fibroblasts, the Ridge/Groove ratio on 100 um wide grooves does
not increase as rapidly as the 25 and 50 pm grooves. In this case, the
100 um grooves are just as wide as the ridges, however the degree
of confinement within the 50 um deep well appears to drive
migration out of the groove and onto the ridge. Conversely,
epithelial cells are forced onto the ridge as they quickly fill the
25 um grooves in comparison to the 50 and 100 pm grooves. The
wider 50 and 100 pm grooves allow for prolonged cell proliferation
within the grooves before being forced out onto the ridges.
Therefore, although substrate topography can act as a stronger
environmental cue than substrate biochemistry [25], clearly cell
function and physiology play an equally important role in dictating
the response to topographic information in the microenvironment.

5. Conclusion

This study has revealed that topographic cues can lead to the
three dimensional spatial separation of two cell types. Fibroblasts
displayed a clear preference for migrating and proliferating on the
ridges of microscale grooves whereas epithelial cells preferentially
migrated and proliferated in the microscale grooves. Importantly,
the cell-type dependent behaviour observed here is also main-
tained when fibroblasts and epithelial cells were co-cultured.
Physical confinement also appears to be playing an important
role in driving cell-type dependent responses to micro-
topographies. This is consistent with previous work demonstrating
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that confinement and encapsulation of cells in engineered three-
dimensional hydrogels can drive their organization and fate. The
ability to pattern and organize at least two distinct cell types in
three-dimensions may have important implications for investi-
gating the mechanisms of cellular organization and proliferation.
Moreover, the phenomena described here may find utility in the
development of biomaterials that can direct the complex three-
dimensional growth and behaviour of cells in complex artificial
tissue constructs.
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