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Abstract

Stiffness and anisotropy of culture substrates are important factors influencing the cell
behavior and their responses to external stimuli. Herein, we report a fabrication method of
oblique polymer pillars which allow modulating both stiffness and anisotropy of the substrate
for spreading and elongation studies of Rat Mesenchymal Stem Cells (RMSCs). Poly
(Lactic-co-Glycolic Acid) (PLGA) has been chosen to produce micro-pillars of different
heights and different pitches using a combined method of soft-lithography and hot embossing.
The stiffness of such pillar substrates varies over a large range so that RMSCs show
effectively different spreading behaviors which are also sensitive to the inclining angle of the
pillars. Our results showed that with the increase of the pillar height the area of cell spreading
decreases but the cell elongation aspect ratio increases. Moreover, cells preferentially
elongate along the direction perpendicular to that of the pillars’ inclining, which is in

agreement with the calculated anisotropy of the pillar substrate stiffness.
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1. Introduction

Many in-vitro assays rely on cell culture, which is sensitive to both morphology and
stiffness of the substrate, in addition to other micro-environmental factors such as surface
biochemistry, shear force, etc. [1-3]. Typically, cells interact with the substrate by remolding
the cytoskeletal and the intracellular signaling pathways, resulting in different behaviors,
including cell adhesion [4-7], proliferation [8-10], migration [11-17], differentiation [18-20],
apoptosis [21,22], aggregation [23] and tissue formation [24]. Consequently, it is important
to be able to modulate the substrate morphology and stiffness for in-vitro assays as well as
regenerative medicine [25-27].

In general, the interplay of cell-material systems is more efficient when the Young's
modulus of the substrate is comparable to that of the cells. Due to the large variety of the
cells or tissues, different types of substrates have to be considered. For example, gel layers
are generally used to create low stiffness substrates [28]. By changing the polymer of ion
concentration of the initial solution, the thickness of the gel layer and/or the processing
parameters, the stiffness of the gel-layer coated substrate can be modulated. Alternatively,
elastomer micropillars are used for more quantitative studies of cell-material interaction
mechanisms [29]. Indeed, micropillars of different size, different height and different pitch
size have been produced in polydimethylsiloxane (PDMS) by soft-lithography, and used for
systematic investigations of cell mechanics [30]. On such substrates, high aspect ratio PDMS
pillars can be deflected due to cellular forces [31-38]. However, it is not easy to produce high
density PDMS pillars with both small size and high aspect ratio due to processing difficulties
and pillars’ collapse. To overcome this problem and to demonstrate the effect of directed
migration, obliqgue PDMS pillars were used on the top of the cell layer cultured on a rigid
substrate [11]. Finally, three-dimensional lattice-type PDMS structures were fabricated to
demonstrate the substrate dependencies of pluripotent stem cell culture and neuronal growth
[39].

In this work, we developed a fabrication method to produce high aspect ratio polymer
pillars of smaller feature sizes with comparable stiffness of PDMS pillar and to demonstrate

anisotropic elongation of cells on oblique pillar arrays. Hot embossing has been chosen to
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produce pillars in Poly-lactic-co-glycolic acid (PLGA) for culture of Rat Mesenchymal Stem
Cells (RMSCs). Hot embossing is a popular technique to manufacture surface structure of
thermoplastic polymers polystyrene (PS), polymethylmethacrylate (PMMA), polycarbonate
(PC), etc. Among them, PLGA has a relative low glass transition temperature so that it can
be easily embossed. In addition, PLGA is biodegradable and widely used in biology and
biomedical studies. The Young’s modulus of PLGA is sufficient large to prohibit the pillars
collapse. The stiffness of pillar substrate is a function of both material Young’s modulus and
pillars ratio. Despite its relative large Young’s modulus, PLGA pillar substrates with small
feature sizes but high aspect ratios should have compatible effective stiffness of PDMS
pillars of relative large feature sizes. The fabrication method we developed is based on a
bench process involving photolithography, soft-lithography and hot embossing. Our results
showed that RMSCs could efficiently deflect the PLGA pillars so that their culture behaviors
were clearly affected (Fig.1). In agreement with theoretical modeling, we observed that with
the increase of the pillar height the cell spreading is less important but the spreading

anisotropy is more pronounced.

2. Materials and methods

2.1 Chemicals and materials

The PLGA (poly(dl-lactide-co-glycolide) 85:15, Mw=50,000-75,000) was purchased
from Sigma-Aldrich (France). The SU-8 photoresist and developer were obtained from
MicroChem Corp (Newton, MA, USA). PDMS (Poly(dimethylsiloxane)) RTV 615 was
purchased from GE Silicones (Waterford, NY, USA). The commercial blank plates coated
with 1000 A thick chrome and 1pm thick AZ 1518 positive photoresist were obtained from
CIPEC Company (Nanofilm, France). RMSCs were supplied by Etablissement Francais du
Sang Centre-Atlantique (France). DMEM (Dulbecco’s minimum essential medium), PBS
tablets, Fetal bovine serum (FBS), Glutamine, Glutamine, Penicillin/Streptomycin (P/S),
antibiotics (penicillin and streptomycin mix), Fungizone, bovine serum albumin (BSA), 0.05%
Trypsin—EDTA solution, Triton-X-100 (TX), 4,6-diamidino-2-phenylindole (DAPI), Alexa
Fluor TM 488 Phalloidin were obtained from Life Technologies. Trichloromethylsilane

(TMCS), fibronectin (FN) and others chemicals of analytical grade were purchased from
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Sigma-Aldrich (France).

2.2 Preparation of oblique micropillars

PLGA oblique micropillars were designed according to the theoretical estimation
described as in discussion and produced by a combined method of conventional
photolithography, soft lithography and hot embossing. The optical mask was first prepared
using a micro pattern generator (WPG101, Heidelberg, Germany) and a blank Cr plate coated
with 1pm thick of photoresist (Microchem). The master mold was obtained by backside
exposure of a SU-8 photoresist layer spin-coated on the optical mask with a UV light at a
given incident angle (Fig. 2a and b). After spin-coating and soft baking on hot plate at 65<C
for 1 min and 95<C for 2 min, the exposure of the SU8 photoresist layer was performed with
a UV light of 365 nm wavelength and power density of 160 mJ/cm? for 8 s. Then, the
photoresist layer was post-baked at 65 <C for 1 min and 95 <T for 2 min on hot plate. After
development and rinsing with isopropyl alcohol, the oblique micropillar arrays of SU8 were
obtained as the master mold pattern. The master mold was then treated using TMCS vapor
and then casted with mixture of PDMS pre-polymer (RTV 615) at a 1:5 ratio. After curing in
an oven at 80 T for 4 hours, the PDMS casting layer was gently released from the master
and treated by TMCS evaporation. Finally, the obtained PDMS layer was used as hot
embossing mold to replicate the micro pillar patterns into a PLGA layer (a, c).

Fig. 2b shows the homemade tilting stage under vertical UV light with an inclination
angle. In order to obtain the PLGA oblique micropillar pattern, hot embossing was performed
on PDMS mold and PLGA substrate, as shown in Fig. 2c. Firstly, the PLGA film (3 mm in
thickness) was prepared by compression molding. Secondly, the PLGA film was placed on
glass slide and covered with the PDMS mold. Subsequently, this assembly was placed
between two hot plates of a hydraulic press (Specac, UK). Then, the temperature of the hot
plates was raised to 90<C, which is well above the glass transition temperature (Tg4) of PLGA
(45-50<C). Allowing about 2 min for the PLGA film to melt, the PDMS mold was embossed
into the PLGA film by applying a constant pressure120 kPa for 5 min. After cooling down to
room temperature, the pressure was released and PDMS mold was removed, the desired

PLGA oblique micropillars pattern (size: 1cm>lcm) can be obtained on the surface of glass



slide, as shown in Fig. 2d. Meanwhile, the vertical micropillar arrays were also fabricated
combing photolithography with hot embossing method for cell culture in control experiment,

as shown in Fig. 2e.

2.3 RMSC:s cell culture

RMSCs were cultured in DMEM medium supplemented with 20% fetal bovine serum
(FBS), 1% Glutamine, 1% antibiotics and 0.01% Fungizone at 37<C in a humidified
atmosphere containing 5% CO,. Before seeding, the as-prepared oblique micropillar arrays
was exposed to ultraviolet light for 30 min and placed in 60-mm petri dish for cell culture.
Then, cells were dissociated with 0.05% Trypsin-EDTA solution at 37<C for 3 min and
resuspended in the medium after centrifugation. The PLGA oblique micropillar arrays were
washed by immersing in 98% ethanol for 30 min and sterilized using mild cell-culture grade
UV light for 30 min, and then incubated in 50 pg/ml fibronectin in DPBS at room
temperature for 30 min. After rinsing three times with sterilized 1x PBS, cells were seeded on
the oblique micropillar pattern surface at a density of 1x10* cells/cm? and cultured for 48 h

for cell adhesion and spreading.

2.4 Immunofluorescent imaging

Before observation, RMSCs were first fixed in 1x PBS containing 4% formaldehyde for
30 min. Then, the sample was washed with PBS three times and cells were permeabilized
with PBS containing 0.5% Triton- X-100 (TX) for 10 min and washed again with PBS three
times. Afterward, cells were blocked in antibody diluting solution (AbDil, PBS containing
0.1% TX, 3% BSA, 0.1% Azide (V:V)) at room temperature for 30 min and washed with
PBS for three times. Cytoskeleton and nucleus of the cells were stained by Phalloidin-FITC
and DAPI at the same time for 20 min and washed again with PBS for three times before
imaging. Optical images were recorded using a fluorescence microscope (Zeiss, Axiovert 200,

Germany) equipped with a B&W CCD camera (Evolution QEi, Canada).

2.5 Scanning electronic microscopy (SEM)
High-resolution images of the sample were obtained with a scanning electron microscope
(SEM, Hitachi S-800) operated at 10 kV. Cells were fixed in PBS containing 4%

formaldehyde for 30 min, and then rinsed twice with PBS and stabilized by immersion in 30%
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ethanol (in DI) for 30 min. Afterward, cells were dehydrated in a graded series of ethanol:
50%, 70%, 80%, 90% and 100% every 10 min for two times, followed by nitrogen gas
drying. Finally, the samples were deposited a thin film of gold of 10 nm thickness by a

sputter (Auto500, UK) for SEM observation.

2.6 Image analysis

The Image J software (open source image analysis software) was introduced to analyze
the fluorescence images of cells. Cell cytoskeleton was highlighted by adjusting threshold of
the brightness, outlined, and best-fitted with ellipses. From the ellipses, the cell cytoskeleton
area, major and minor axes, and angle between the major axis and the reference direction
were then computed. The alignment angles and elongation aspect ratio were calculated

accordingly.

2.7 Statistical analysis

All errors indicated in the text are s.e.m. Non parametric, two tailed, Mann-Whitney t
test was performed to determine whether the difference between two groups was significantly
different in their mean value (using GraphPad Prism 5). **p < 0.01 and ***p < 0.001

according to t test.

3. Results and discussion

3.1 Fabrication performance of PLGA oblique micropillars

PLGA is a biocompatible and biodegradable copolymer widely used for biomedical
applications. It has also been approved for clinical use in humans by the U.S. Food and Drug
Administration (FDA). The reason of using a PDMS mold to replicate oblique PLGA
micropillars is that it is relatively easy due to the low Young’s modulus of PDMS. To
decrease the risk of the PDMS deformation, a hard PDMS at ratio 5:1 was chosen. Our
embossing results showed that high density and high aspect ratio PLGA pillars could
effectively replicated by hot-embossing despite the low Young’s modulus of PDMS. The
reason of using a two-step casting process is that it is relatively easy to fabricate high
resolution and high aspect ratio of SU8 pillars and replicate them by PDMS casting. Finally,
the backside exposure of the SU-8 resist was used to minimize the diffraction effect due to

intimate contact between the resist and the master pattern. As a result, we produced
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micropillar arrays with the same diameter of 1.5 um but different height (H) ranging from 2
to 10 um and different pitches (S) ranging from 4 to 10 um. For clarity, the samples were
labeled as H,Syn, where m, n respectively represents the height and the pitch of the pillars. Fig.
3 shows SEM micrographs of the PLGA oblique micropillars. Comparing to PDMS, PLGA
has a much larger Young’s modulus but pillars of smaller diameters and/or larger height can

still be used for cell force measurements.

3.2 Effect of cell elongation

When RMSCs were placed on the PLGA pillar substrate, they adhered after 48 h and
then spread accordingly. As illustrated by the single cell SEM images of Fig. 1d and f, the
cell on a vertical pillar array showed no preferential orientation but that on an oblique pillar
array was elongated along the direction perpendicular to the pillars inclining. The higher
magnitude SEM images showed the different pillar deflection on the left (Fig. 1e) and the
right (Fig. 1g) edge of the cell spreading area. Moreover, the effective stiffness of the oblique
pillar substrate is anisotropic and the cell spread more easily in the direction perpendicular to
the pillars inclining. This can be explained based on a simple stiffness model.

According to the Euler-Bernoulli beam theory, the spring constant of an elastic pillar can
be calculated by K = 3mED*/64H3, which defines the ratio of applied force (F) and the
distance of deflection on the top of the pillar (6), i.e. K = F/§, where D is the diameter of
pillar, H is the height, E is the Young’s modulus of PLGA (~1GPa) [40]. The equivalent
Young’s modulus (E;) of a dense pillar array can be calculated by Ep = 9K/2nD [31]. In
our case, the diameter of the PLGA pillars is 1.5 um and the height varies in the range
between 2 and 10 um, corresponding to an equivalent Young’s modulus varying from 88.98
MPa (H = 2 um) to 0.712 MPa (H = 10 um). For oblique pillars with small inclining angles,
we define a factor € to take into account the stiffness anisotropy of the substrate such
that § = eF /K, where € = sin@ + cos?@ sin?3, with 9 and ¢ respectively the angle
between the pillar and the substrate and the angle between the direction of traction force and
the projected orientation of the pillar in the plane. As a result, numeric calculation showed an
increased angle dependence of ¢ or the anisotropy of the effective stiffness of the substrate

with decrease of ¢ (Fig. 1c), which explains the elongation of the cells along the direction



perpendicular to the oblique pillar’s orientation.

3.3 Morphological analyses of cell on oblique micropillars

The elongation of RMSCs on oblique PLGA pillars could be systematically observed.
For comparison, Fig. 1h and i display the immunofluorescence images of RMSCs on the
border areas of vertical micropillars (HsSs) and oblique pillar arrays (HsSs) after 48 h
incubation. On the left and right areas of the two images separated by the dashed lines are
cells on flat and pillar areas, respectively. The inclining direction of the pillars is indicated by
a white arrow. Clearly, RMSCs on flat PLGA areas as well as on vertical pillars showed no
preferential orientation, except those on the border. While, when cell were cultured on flat
PLGA surface and PLGA oblique micropillars, RMSCs on oblique pillars were strongly
elongated in the direction perpendicular to the inclining.

To further investigate the influence of cell behaviors on oblique micropillars pattern,
RMSC have been cultured on PLGA oblique micropillar arrays with different heights (2, 5
and 10 pm) and different pitches (4, 6, 8 and 10 pm). After 48h culture, cell nuclei were
stained by DAPI (blue) and F-actin by Alexa Fluor TM 488 phalloidin (green). Fig. 4 a-d
shows immunofluorescent images of RMSC cells on PLGA oblique micropillars with 2 m
height and pitches 4, 6, 8 and 10 pm. The obtained results exhibit that cells are more spread
on 2 pm height pillars, showing ruffled lamellipodia and almost the same spreading area as
on a flat surface. These data suggest that the small height pillars of PLGA have no strong
effect on cell spreading. Indeed, these short pillars are too small to be deflected by contractile
forces of the cells and thus cells experience no difference between such pillars arrays and a
flat surface. Additionally, cells on such short micropillars may also attach as adhere to the flat
surface at the bottom of the pillars, exploring the full space for spreading.

For oblique micropillars with height of 5 pm, it seems that cell spreading is rapidly
decrease, which is likely due to the decrease of the effective stiffness of the substrate. On
HsS, pillars (Fig. 4e), a high degree of cell spreading anisotropy was observed, with cells
elongating in the direction perpendicular to the pillar inclining. Indeed, cells spread on such a
dense pillar array without touching the floor and their spreading behavior was solely

determined by the pillars. Conversely, on HsSg; HsSg and HsSig pillar arrays (Fig. 4f-h), the



pitch and the spacing of the pillars are larger than or comparable to the height. As a
consequence, cells were able to adhere to the flat floor between the pillars and did not display
any clear elongation anisotropy.

On 10 um height oblique micropillars, the height is larger than or comparable to the
pitch. As a consequence, cell spreading could also be guided by single lines of micropillars,
depending on the distance between micropillars. On Hy0S4 micropillars (Fig. 4i), cells had a
biased elongation along the direction perpendicular to the pillar inclining, while on HypSs
pillars (Fig. 4j), the distance between the pillars might dominate, as cells were found to be
elongated along single lines of micropillars either parallel or perpendicular to the pillar
inclining direction. On HyoSg and HyS1o micropillars (Fig. 4k and 1), this effect was lost

likely because cells could reach the flat floor between the pillars.

3.4 Statistical data

The extent of the bias in cell spreading on different substrates can be statistically
analyzed by measuring the surface area and the orientation of stained actin fibers for each
cell. The actin cytoskeleton was highlighted by adjusting threshold of the brightness, and
best-fitted with ellipses. From the ellipses, the actin cytoskeleton surface area, major and
minor axes, and angle between the major axis and the reference direction were then
computed. All cells in contact with other cells or at the edge of the image were manually
removed from the data sets. Elongation is characterized by the ratio between the length of the
major axis (I) and that of the minor axis (w) of the ellipse, while alignment is defined by the
angle between the major axis of the ellipse and the direction perpendicular to that of pillars
inclining. In polar plots of Fig. 5, the alignment angle and the elongation aspect ratio of
RMSCs on different pillar arrays are displayed. The actin fibers of the cells on H, pillars
extended in all directions with an elongation aspect ratio in the range of 1.5~3.5, which is
slightly larger than that on flat PLGA surfaces. On Hs and Hj, pillars, an oriented elongation
effect was remarkably presented but the effect decreases with the increase of the pillar pitch.
The actin cytoskeleton and nuclei areas of individual RMSCs on different pillar arrays are
compared in Fig. 6. On H, pillars, the average cell area was about 17160120 pm?, which

was significantly larger than that on Hs (9809114 pm?) and Hyo (3503+56 pum?) pillars.
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Without changing the pillar pitch, the average cell area decreases remarkably with the
increase of the pillar height, indicating that the average cell area was mostly determined by
the height of pillar. Without changing the pillar height, the average cell area on H; pillars is
significantly larger than that of Hs and Hso, suggesting that cells may follow on the floor of
PLGA structures. Interestingly, the nuclear area of the cell on pillars was correlated to the
cell spreading area, likely due to the internal constrains exerted on the nucleus by the

cytoskeleton.

4. Conclusions

We fabricated PLGA oblique micropillars with different heights and different pitches by
a combined use of inclined UV lithography, soft lithography and hot embossing techniques.
The effective stiffness of the designed pillar arrays was calculated, showing strong anisotropy
in the range of 88.98 MPa (H =2 um) and 0.712 MPa (H = 10 pm) for PLGA micropillars. In
agreement with the theoretic calculation, our experimental data have shown strong effects of
the oblique micropillars on cell spreading and elongation. To some extent, cells have been
shown to exhibit contact guidance when cultured on anisotropic substrate. We found that in
the case of RMSCs the average spread area of the cells decreased but their elongation aspect
ratio increased with the increase of the pillar height. Surprisingly, the cells elongated along
the axis perpendicular to that of pillars’ inclining due to the regulation of the intracellular
forces. Finally, the current method should be able to pattern other bio-compatible polymers

or nanoscale features as previously reported [41].
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Figure captions:

Figure 1 Cells on vertical and oblique micropillar arrays: (a, b) Schematic of vertical (a) and oblique (b)
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pillar arrays; (c) Polar plots of calculated anisotropy factor ¢ for different degree of pillar inclining; (d-g)
SEM images of RMSC on vertical (d) and oblique (e-g) pillars, showing different behaviors of cell caused
pillar defection. (h, i) Immunofluorescent images of RMSCs on the edge area of a vertical (h:HsS,) and
oblique (i:HsS,4) pillar arrays. The patterned and non-patterned area are separated by dashed line; F-actin
was stained by Alexa Fluor 488 phalloidin (green); The white arrows indicate the the pillar inclining

direction.

Figure 2 Fabrication of the PLGA oblique micropillars. (a) Process steps of the fabrication. (b) Backside
exposure of the SU8 resist layer with a UV light at oblique incidence. (c) Schematic of hot embossing. (d)

SEM images of the oblique (d) and vertical () PLGA micropillars.

Figure 3 SEM photographs of PLGA oblique micropillars with different heights (H) and different pitches
(S) obtained by hot embossing using PDMS mold, where the subscript of H and S denotes the height and

pitch in m, respectively.

Figure 4 Immunofluorescent images of RMSCs on oblique PLGA micropillars, where the subscript of H
and S denotes the height and pitch in pm, respectively. Cell nuclei were stained by DAPI (blue) and
F-actin by Alexa Fluor 488 phalloidin (green). White arrows indicate the axis perpendicular to the pillar

inclining direction.

Figure 5 Polar plots of cytoskeleton alignment (angular coordinate) and elongation (radial coordinate) of
RMSCs grown on oblique pillars, where the subscript of H and S denotes the height and pitch in pm,

respectively (Each data point represents a cytoskeleton of cell).

Figure 6 Distribution of cell skeleton (a) and nuclei area (b) spreading on oblique pillars of different

heights and pitches (n=250 for each pillar surface). ** p < 0.01, *** p < 0.001 according to t test.
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