Effects of micropost spacing and stiffness on cell motility
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Microfabrication processes enable the biophysical control of cellular environments at the micro- and nanoscale. The mechanical properties of
arrayed microposts have been demonstrated to inﬂuence diverse cellular functions including cell motility, yet the cellular response to changes
in micropost spacing remains unclear. In this work, a microfabricated post array with variable spacing and stiffness was constructed to investigate the effects of these biophysical factors on cell motility. Over a length of 675 mm, the spacing between arrayed microposts decreased from
6 to 2 mm in a single direction, corresponding to an average spacing decrease of 40 nm from post-to-post. Simultaneously, the radii of 7 mmhigh microposts were decreased from 2 to 1 mm, resulting in a decrease in micropost stiffness from 50 to 5 nN/mm, respectively. Over the
course of 18 h studies, bovine aortic endothelial cells (BAECs) seeded on the microfabricated post array migrated for an average of
9.6 + 7.3 mm in the direction of decreasing interpost spacing, opposite the direction of durotaxis. By the end of the studies, 61% of
seeded BAECs exhibited displacement in the direction of decreasing interpost spacing. The experimental results suggest that the spacing
between microposts can be a determinant factor of cell migration direction in the design of micro- and nanotopographic cellular platforms.

1. Introduction: The capability of controlling the cellular microenvironment is critical for biological applications such as biomaterials, tissue engineering and regenerative medicine [1– 3].
Previously, researchers have shown that mechanical cues affect a
wide range of cellular processes, including cytoskeletal reorganisation [4, 5], focal adhesion development [6– 8] and directional
migration (e.g. via durotaxis) [9]. For engineering micro- and
nanoscale biophysical systems, micromachining methods offer a
variety of beneﬁts, including precise feature deﬁnition, simple fabrication and high repeatability [10 –13]. For example, microfabricated post arrays have been demonstrated as an effective
topographic technology for controlling the stiffness of the substrate
because the mechanical properties of microposts are governed by
geometric characteristics (i.e. micropost height and radius) [12,
13]. Owing to this property, prior works have employed micropost
arrays to quantify cellular traction forces on the substrate [13, 14].
Recently, researchers have geometrically tuned micropost stiffness
to inﬂuence diverse cellular processes, such as directional migration
[15, 16] and stem cell lineage speciﬁcation [17]. Despite the signiﬁcant development of micro- and nanotopographic substrates for
mechanobiological applications, little is known regarding the
impact of micropost spacing on the mechanical response of living
cells. In this work, both the spacing between microposts and the
radii of microposts are varied over the length of a microfabricated
post array to elucidate the effects of simultaneous changes in
micropost spacing and stiffness on cell motility.
2. Experimental
2.1. Design: Fig. 1 illustrates the design of the microfabricated postarray. Over the course of the substrate, both the interpost spacing
(Fig. 1 – ‘I ’) and the radii of arrayed microposts (Fig. 1 – ‘r’)
were decreased from post-to-post in a single direction. All the
microposts were maintained at a uniform structural height of
7 mm. As shown in Fig. 2a, the interpost spacing was decreased
from 6 to 2 mm over the length of the array, which corresponds
to an average spacing decrease of 40 nm from post-to-post.
Simultaneously, micropost radii were decreased from 2 to 1 mm.
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Figure 1 Microfabricated post array with decreasing interpost spacing (I)
and decreasing radii (r) from post-to-post

Previously, microposts have been modelled as circular cantilevers
[13, 14]. Under this assumption, the linear stiffness at the top of
the micropost can be approximated as
kmicropost =

3pkEGr4
4kGH 4 + 3EHr2

(1)

where E is the Young’s modulus, G is the shear modulus, k is the
shear coefﬁcient, H is the micropost height and r is the micropost
radius. As because adjusting the radius of a micropost alters its stiffness, the change in micropost radii over the length of the substrate corresponds to a decrease in micropost stiffness from 50 to 5 nN/mm,
or 0.5 nN/mm from post-to-post (Fig. 2a). Thus, the microfabricated
post array included mechanical migratory stimuli in the direction of
increasing micropost stiffness [15, 16], opposite the direction of
decreasing interpost spacing.
Prior works have demonstrated that cell motility can be
inﬂuenced by substrate-immobilised chemical gradients [18] and
variable surface densities of topography [10, 11]. To preclude
these effects, the area surrounding individual microposts was modulated to maintain a consistent percentage of extracellular matrix
protein coverage (%ECM) and topographic surface density
(Fig. 2b). Over the course of the array, the %ECM and topographic
surface density were held constant at 20%.
2.2. Fabrication: The micropost array was fabricated via standard
soft lithography processes as described previously [16]. Brieﬂy,
a chrome photomask (Fineline Imaging) was designed with
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2.3. Cell motility studies: Bovine aortic endothelial cells (BAECs)
were used to study the effects of the microfabricated post array on
cell motility. BAEC suspensions were prepared using standard
tissue culture techniques, with dilutions in Dulbecco’s Modiﬁed
Eagle Medium (DMEM) media, supplemented with 10% foetal
bovine serum (FBS) and 1% penicillin-streptomycin (all obtained
from Gibco, Invitrogen) targeting 180 cells/ml. BAECs were manually seeded with 1 ml of suspension per micropost array and incubated for 1 h prior to recording migration to promote cell attachment
onto the microposts. Scanning electron microscopy (SEM) and ﬂuorescence micrographs of BAECs on the microfabricated post array are
shown in Figs. 3a and b, respectively. Substrates with seeded cells
were then submerged in CO2 independent media (Invitrogen) supplemented with 10% FBS to displace the DMEM media, and placed
on custom ﬁxtures for enhanced viewing in a temperature- and humidity-controlled chamber that was maintained at 378C around the stage
of the microscope. The recorded cells were not seeded at any particular
region of the substrate. Time-lapse videos of cell movement on microfabricated post arrays were generated from phase contrast microscopic
images taken over the course of 18 h studies using an Eclipse TE300
inverted microscope (Nikon) with Simple PCI software (Compix,
Inc.). The time-lapse videos were analysed using an independently
designed cell-tracking programme in conjunction with the software,
ImageJ (NIH), to track cell area centroids with time to determine
cell displacements and speeds. As cell–cell interactions can affect
directional migration [19], data were collected from single cells with
only substrate contact. Data were collected for a total of 38 cells
from eight distinct experiments. The experimental results are presented as mean + standard error of the mean (s.e.m.).

Figure 2 Microfabricated post array design
a Interpost spacing and micropost stiffness over the length of the array
b Spacing scheme used to maintain a consistent percentage of extracellular
matrix protein coverage (%ECM) and topographic surface density over the
course of the array. Scale bar ¼ 10 mm

micropost radii and placement customised as described in Section
2.1. The positive photoresist, SPR-220 (Rohm and Haas
Electronic Materials), was spin-coated onto clean Silicon wafers.
Microfeatures were photolithographically deﬁned using projection
photolithography (GCA-6200 Wafer Stepper, General Signal
Corporation). Using the developed photoresist as a negative
master, the silicone elastomer, poly(dimethylsiloxane) (PDMS)
(Sylgard 184, Dow Corning), was poured onto the wafer at a 10:1
ratio and allowed to cure at room temperature for 2 days. The fabricated micropost array was removed from the negative master.
Solvents were not used during the removal process. To remove
residual photoresist, the substrate was submerged in 100% ethanol
and sonicated for 10 min.
To improve cellular attachment to the top surfaces of the
microposts, the substrate was selectively microcontact-printed
with the ECM protein, ﬁbronectin (Sigma-Aldrich), via previously
described processes [12]. Brieﬂy, the micropost array was treated
with O2 plasma (RTE73 AMNS-500-E, Plasma Therm) for ﬁve
minutes to render the surface hydrophilic. The surface of a PDMS
stamp was incubated with ﬁbronectin (50 mg/ml) for 1 h to allow
for protein adsorption. The ﬁbronectin-coated stamp was brought
into contact with the micropost array for 15 min to facilitate the
adsorption of ﬁbronectin at the tops of the microposts. After the
stamp was removed, the microfabricated post array was sterilised
and submerged in 0.2% Pluronics F127 (Sigma-Aldrich) for
30 min to limit cell attachment and protein adsorption at locations
other than the top surfaces of the microposts. The substrate was
stored in sterile phosphate-buffered saline (Sigma-Aldrich) at 378C.
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3. Results and discussion: Experimental observations revealed that
changes in micropost spacing signiﬁcantly affected the migratory
response of seeded BAECs. In prior reports, we observed that on
micropost arrays with only mechanical cues (i.e. micropost stiffness
increased from 5 to 50 nN/mm with post-to-post stiffness increments
of 0.5 nN/mm), BAECs displaced an average of 26.5 + 8.7 mm in

Figure 3 BAECs on the microfabricated post array
a SEM micrograph with an enlarged proﬁle view of the microposts (inset).
Scale bars ¼ 10 mm
b Fluorescence micrograph. Fibronectin, actin, and cell nucleus are labelled
red (rhodamine), green (FITC) and blue (DAPI), respectively. Scale
bar ¼ 50 mm
White arrows denote the direction of decreasing interpost spacing and
micropost radii
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the direction of increasing stiffness [16]. Here, the addition of variable interpost spacing was found to offset this behaviour. For
example, Fig. 4 shows sequential time-lapse images of a BAEC
(white arrows) migrating in the direction of decreasing interpost
spacing (black arrow), opposite the direction of increasing micropost
stiffness. The 2D 18 h cell paths for 38 BAECs seeded on the microfabricated post array are shown in Fig. 5a. Although cells were
observed to migrate throughout the course of the experiments
(Fig. 5b), directional biases were not observed initially (Fig. 5c).
However, by the end of the studies, seeded BAECs were found to
displace an average of 9.6 + 7.3 mm in the direction of decreasing
interpost spacing (Fig. 5c). The maximum observed displacements
during the studies were 149 mm for cell movement in the direction
of decreasing interpost spacing and 115 mm for displacement opposite that direction. In contrast, lateral migration did not appear to be
biased, as BAECs exhibited a ﬁnal average displacement of

Figure 4 BAEC migration on the microfabricated post array
Sequential time-lapse images of a BAEC (white arrows) migrating in the
direction of decreasing interpost spacing (black arrow). Units ¼ hours;
scale bar ¼ 50 mm
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4.2 + 11.5 mm perpendicular to the axis of decreasing interpost
spacing (Fig. 5d). At the end of the studies, 61% (23 from a total
of 38) of BAECs exhibited displacement in the direction of decreasing interpost spacing relative to their initial positions at the start of
the study.

Figure 5 Experimental results of BAEC migration on the microfabricated
post array for 18 h studies
a 2D cell paths for 38 BAECs. Axis units ¼ mm; black arrow denotes the
direction of decreasing interpost spacing
b Average net displacements
c Average displacement in the direction of decreasing interpost spacing
d Average displacement perpendicular to the axis of decreasing interpost
spacing
Error bars denote s.e.m.
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The speed of cell movement was also found to be inﬂuenced by
variable micropost spacing. Previously, cells seeded on micropost
arrays with only mechanical cues exhibited average speeds of
7.5 + 0.5 mm/h for movement in the direction of increasing stiffness, and 6.6 + 0.5 mm/h during migration opposite that direction
[16]. The addition of variable interpost spacing appeared to
reverse this trend. During the 18 h cell studies, the average speed
of BAEC migration was 5.42 + 0.36 mm/h for movement in the
direction of decreasing interpost spacing. In contrast, for migration
opposite that direction, BAECs exhibited an average speed of
4.67 + 0.31 mm/h; however, this difference was not statistically
signiﬁcant ( p ¼ 0.12).
The experimental results suggest that changes in micropost
spacing can limit and even counteract the effects of microtopographic mechanical stimuli. Although the spatial stimuli appeared
to be the dominant migratory cue overall, there remained periods
where migration was observed opposite the direction of decreasing
spacing (Fig. 5c). It is possible that this behaviour was caused by
the opposing mechanical stimuli. Increasingly the post-to-post
spacing increment could further enhance the effects of the spatial
cues; however, further study is needed to elucidate the effects of
spacing gradient strength on cell motility.
In this work, BAECs were observed to migrate in the direction of
decreasing interpost spacing, rather than in the direction of the
mechanical cues (i.e. in the direction of increasing micropost stiffness). At present, the speciﬁc mechanisms underlying this
migratory response remain unclear. One potential basis for this behaviour is that variable interpost spacing may impact the location
where the leading cellular protrusion stabilises. During cell movement, the migration direction is dictated by the establishment of a
single, dominant protrusion anchored to the substratum; however,
protrusive activity is a stochastic and dynamic process [20]. Thus,
differences in interpost spacing could result in a higher probability
of motile cells ﬁrst contacting and forming adhesions onto comparatively closer microposts. As a result, cellular protrusions could more
readily stabilise in the direction of decreasing interpost spacing,
thereby inﬂuencing the direction of migration.
4. Conclusions: Micromachining methods are ideally suited for the
customisation of cellular environments at the micro- and nanoscale.
Microtopographic techniques have previously been utilised to tune
the mechanical properties of discrete substrate features to study and
regulate cellular functions; however, little is known regarding the
role of micropost spacing in these systems. In this work, a microfabricated post array with variable interpost spacing and micropost stiffness
was employed to investigate the effects of micropost spacing on the
mechanical response of living cells. The motility of BAECs seeded
on the microfabricated post array was examined over the course of
18 h time-lapse studies. The experimental results revealed that
changes in micropost spacing can signiﬁcantly limit the effects of
mechanical substrate cues on cell motility. In response to post-to-post
differences in interpost spacing of 40 nm on average, seeded cells
exhibited preferential migration opposite the direction of the mechanical stimuli. By the end of the studies, 61% of seeded BAECs had
migrated in the direction of decreasing interpost spacing, with an
average displacement of 9.6 + 7.3 mm in that same direction. As the
use of micro- and nanotopographic methods for investigating and controlling diverse cellular processes is expanding, these results suggest
that the design of micropost spacing can be critical to the efﬁcacy of
cellular platforms for mechanobiological applications.
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