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Abstract

The mechanical properties of a cell's environment can alter behavior such as migration and spreading,
and control the differentiation path of stem cells. Here we describe a technique for fabricating
substrates whose rigidity can be controlled locally without altering the contact area for cell spreading.
The substrates consist of elastomeric pillar arrays in which the top surface is uniform but the pillar
height is changed across a sharp step. Preliminary results demonstrate the effects on cell migration
and morphology at the step boundary.

Introduction

Cells generate traction forces in the nanonewton range during adhesion and migration.1= They
respond to many environmental cues including substrate physical attributes such as geometry,
density and stiffness.® In order to quantify the mechanical interaction of cells with their
environment, it is important to control the mechanical properties of the cell’s environment, and
measure the forces exerted by the cell.

Previous work has demonstrated the importance of the rigidity of the cell environment in
numerous cellular processes, ranging from migration to adhesion and cell differentiation.6™8
It has already been demonstrated that cellular response to rigidity is characteristic of the
difference between normal and transformed (cancerous) cells. In addition, Engler et al.” have
shown that the rigidity of the extracellular matrix plays a role in stem cell differentiation, by
examining differentiation on substrates whose stiffnesses range from that of brain tissue to that
of bone. The complex interplay between the rigidity of the substrate and the cells’ force
response is still poorly understood. In order to explore how cells can detect their environments
and study the effect of rigidity, a system is needed that can mimic biological stiffness.

To this end, high-density microfabricated arrays of vertical elastomeric posts have been used
to both control the rigidity of the substrate and to measure cellular forces. In the linear bending
regime, the force exerted by the cell on a single post can be determined by measuring the lateral
deflection of the post in an optical microscope. Linear elastic theory of a bending beam gives
the force-displacement relationship as:

Fe 3nEr* .

413 (1)
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where E, r, L, Ax are the Young’s modulus, radius, length and the deflection of the post,

respectively.® From Eq. 1 it can readily be seen that the post stiffness is strongly dependent on
geometry, and can be modified either by changing the diameter or the height. (Note that Eq. 1
applies to cylindrical beams. Deviations from a perfect cylinder will slightly modify the result.)

A question of primary importance is the behavior of cells at the boundary between regions of
substrate with different rigidities. Measurements of cells behavior and force generation in this
peculiar state will shed new light on the mechanisms at play in cellular rigidity response. In
order to isolate the effect of rigidity, the top surface of the substrate should be uniform (both
geometrically and chemically) across the boundary, while the underlying stiffness changes. To
accomplish such a goal, we use arrays of posts with the same diameter and spacing, but different
heights.

In this work, we describe fabrication and initial testing of structures that provide multiple
stiffness surfaces in a single substrate. The structures are hexagonal arrays of posts in which
the post diameter is kept constant and the top surface of the posts lies in one plane but the height
of the posts in selected areas is varied, resulting in a change in stiffness. These arrays are
designed to probe the effect of a sharp rigidity change on the mechanical interaction of cells
with their underlying substrate.

Fabrication Process

A. Fabrication of Arrays of Deep Holes

The central part of the work described below involves fabrication of a Si structure, which is
then used as a mold for fabrication of the elastomer posts. The mold is made by first etching
a uniform array of holes into a wafer, then performing a second etch that reduces the height of
the Si substrate over half of the array while leaving the hole bottoms at the same level. Molding
silicone elastomer into the structure yields the reverse structure, namely an array of posts with
a uniform top surface but with a step in the underlying substrate (Fig. 1j).

The fabrication process is illustrated in Fig.1. RCA-cleaned Si wafers were oxidized at 1100
°C for 2 h. to form a 950 nm-thick SiO, film. The wafers were coated with 1.2 um-thick
photoresist (Shipley SPR 7000) using HMDS as an adhesion promoter. The resist was then
soft-baked on a hot plate at 90 °C for 60 s, followed by another bake at 115 °C for 60 s to
remove residual solvent and mechanical stress in the film.

The wafers were patterned by conventional UV photolithography (Fig. 1b). A photomask, with
hexagonal arrays of holes, was fabricated using a Heidelberg DWL 66 laser pattern generator.
After exposing the photoresist in a GCA Autostep 200 system, the wafer was post exposure
baked at 90 °C for 60 s on the hotplate and developed with AZ 300 MIF developer. The
patterned resist was then treated with a long post-development bake at 90 °C for one hour in
order to smooth the sidewalls, followed by O, plasma descum for one minute.

Using the patterned resist as a mask, the SiO, was etched by RIE (Oxford PlasmalLab 80+)
(Fig. 1c). Using gas flow rates of 2 sccm O,, 50 sccm CHF3, 40 mTorr pressure and 200 W
RF power, the etch rate of the silicon dioxide was measured to be about 29 nm/min. A 20%
overetch was applied in order to ensure a clean sidewall. The oxide etch has an important impact
on the final result since the etch profile of the underlying Si depends critically upon the profile
of the oxide hard mask. A non-vertical or rough masking will result in non-vertical wells.
Another important factor is the thickness of the oxide mask. If the oxide mask is not thick
enough, the final etch profile of the etched Si will be tapered.
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The next fabrication step involved etching Si using the SiO, as a hard mask (Fig. 1d—e). First,
the resist was removed in a PlasmaTherm 770 ICP-RIE system. The Si holes were then etched
to the desired depth in a Chlorine based ICP-RIE system under the following condition: 70
sccm Cly, 2 scem BClg, 2 scem Hy; 20 mTorr pressure; 85 W RF power and 800 W ICP power.
The etch rate of the silicon was about 300 nm/min. The resulting wafer was then immersed in
BOE to remove the oxide mask.

B. Fabrication of the Multi-Height Step

The next step involved the step fabrication, which consists of etching the Si in selected areas.
In order to protect areas that were not to be etched, SiO, with a thickness of 2 um was deposited
conformally over the entire wafer by plasma enhanced chemical vapor deposition (PECVD)
(Fig. 1f). The deposition thickness was chosen so that the resulting film would protect the holes
from subsequent etching. The surface of the wafer was then planarized using a chemical-
mechanical polishing (CMP) process.

After planarization, the wafer was coated with photoresist (Shipley 1813) and soft-baked on a
hot plate at 110 °C for 60 s. The photoresist was then exposed ina HTG System I11-HR Contact
Aligner for 85 s using a mask that defined large areas in which the Si would undergo further
etching (Fig. 1g). The photoresist was developed with AZ 300 MIF developer. The exposed
Si was then etched in a fluorine based Bosch process to the desired height step (Fig. 1h).

Figure 2 shows a sample that underwent all the processing steps described above. The
fabricated step height and subsequent change in depth of the holes can be observed. The holes
are still filled with the oxide, which protects them from the second Si etch. This oxide is
subsequently removed in BOE. Figure 3 shows the final Si mold. The etch process results in
a smooth and vertical sidewall profile which is critical for the release of PDMS, Poly
(dimethylsiloxane), from the mold as well as determining the profile of PDMS posts.

Using the process described above, samples were fabricated with a range of hole diameters as
well as different heights. The diameter of the holes varied from 0.7 to 3 um, although the
diameter was kept constant for each substrate. The pillar height was varied from 2 — 8 pm.
Since the stiffness varies inversely with the cube of the height (Eq. 1), this height range results
in a modulation of the pillar stiffness by a factor of 64, thereby covering a wide range of
rigidities on a single substrate.

C. Elastomer Pillars, Surface Chemistry, and Cell Culture

The Si structures were used as molds for fabrication of post arrays using a liquid silicone
prepolymer, Poly(dimethylsiloxane) (Dow Corning Sylgard). Prior to PDMS molding, the
patterned wafers were piranha cleaned for 6 h at room temperature, followed by a one minute
O, plasma clean and overnight silanization in vapor phase tridecafluoro-trichlorosilane in
vacuum (100 pL in a glass vial inside the vacuum jar). This facilitates the subsequent release
of elastomer from the wafer after curing. The PDMS was mixed with its curing agent, was then
poured over the silicon mold and cured at 70 °C for 12 h, in order to achieve a Young’s modulus
of 2 £ 0.1 MPa. The PDMS was then peeled off of the mold while immersed in ethanol. Use
of ethanol is critical to this step considering the high aspect ratio of the posts (diameter smaller
than 6 times the height). If the pillars are allowed to dry, they tend to irreversibly adhere to one
another. Figure 4 shows a scanning electron micrograph of a uniform array of PDMS posts
with two different heights (3 pm and 7 um). Using Eq. 1, we estimate the stiffness of the short
poststo be ~10.7 nN/ pum, as compared to ~ 0.9 nN / um for the tall posts respectively, assuming
a perfectly cylindrical geometry. Since our posts are slightly tapered, the actual stiffness is
numerically calculated to be approximately 8.2 nN / pum and 0.6 nN / um, respectively. For
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applications requiring more precise determination of the pillar stiffness, independent
calibration using microplates is possibleZ.

To promote cellular adhesion, the substrates were immersed in 50 pg/ml fibronectin in PBS
(Phosphate Buffered Saline) for one hour prior to plating. NIH 3T3 mouse fibroblast cells were
cultured in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% FBS (Fetal
Bovine Serum). Immortalized mesenchymal stem cells!? were cultured in DMEM
supplemented with 5% FBS. The substrates were washed three times with PBS and the cells
were plated on the substrate overnight. Images of 3T3 cells were collected using an inverted
microscope with a 20x objective with a rate of one image every 10 seconds. The immortalized
mesenchymal stem cells were fixed in paraformaldehyde, dried using a critical point dryer,
and then observed by scanning electron microscopy.

Preliminary Biological Results

In order to investigate the effect of rigidity on the migration of cells, 3T3 cells were plated on
elastomer pillars with diameters of 1 and 2 um and two different heights of 6.6 and 3.9 um,
and therefore a range of stiffnesses from 0.85 to 170 nN / um. In order to avoid the effect of
cell-to-cell interaction, cells were plated at sub-confluent density. The cells were left to spread
overnight and then were imaged for about two hours. Bright field microscopy was used to
follow the cell movement on the substrate. Ten different cells were observed to spread across
the boundary between areas of different rigidity. In nine of these cases, the cells migrated
towards the stiffer area and never returned to the soft part. Figure 5 shows a time series of
images of one 3T3 cell plated on the boundary between posts of heights 3.9 and 6.6 um. The
cell initially spread across the boundary and then migrated toward the stiffer area. This behavior
is typical for 3T3 cells responding to different rigidity of the substrate.6 These preliminary
results demonstrate that these substrates can be used to probe the rigidity sensing response of
individual cells.

Another observation was made with mesenchymal stem cells plated on elastomer pillars with
different heights and therefore different rigidity A marked difference in phenotype can be
observed on either side: they look more round on the soft part and more spread out on the stiff
part (Fig. 6). This behavior could lead to different differentiation paths in the two areas, as
indicated by the work of Engler et al.”

Conclusion

We demonstrate the fabrication process of a flexible substrate with a uniform top surface but
with a modulated stiffness to study the effect of rigidity on the cellular behavior. The PDMS
substrates used have the advantage that their stiffness can be easily modified by changing their
geometry and can precisely detect the cellular activities. Surface rigidity modifies cell
migration and adhesion, and is also likely to modify the force exerted by cells on the substrate.
11 Our future goal is to quantify these forces and study the relationship between the change in
the motility behavior and the forces applied by the cells. In the longer term, it will be
straightforward to modify the fabrication procedure to yield multiple pillar heights on a single
array, and to modulate the pillar heights locally. More complex patterns of pillar rigidity will
help us to study the physical and topographical effect of the substrate on cellular behavior in
a more versatile manner.
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(f) Oxide Deposition and
Surface Planarization

(g) Resist Exposure

(h) Step Fabrication

(i) Oxide Strip, Final Mold

(j) PDMS Replica

Schematic process flow for drawing fabrication of arrays of PDMS posts with variable height

and constant top surface topology.
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Figure 2.

SEM image of double height holes in silicon substrate after fabrication of the step height and
before removing of the oxide. The thickness of the deposited oxide is 2 um. The deposition
thickness is chosen such that the resulting film protects the holes from further fabrication
process.

J Vac Sci Technol B Microelectron Nanometer Struct Process Meas Phenom. Author manuscript; available in PMC 2010 June 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ghassemi et al. Page 8

Figure 3.

SEM image of double height holes in silicon substrate. The diameter of the holes is 1 um and
the pitch size is 2 um. The height of the deeper hole is 6.6 um and the height of the shallower
hole is 3.9 um.

J Vac Sci Technol B Microelectron Nanometer Struct Process Meas Phenom. Author manuscript; available in PMC 2010 June 3.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Ghassemi et al. Page 9

Figure 4.

Scanning electron micrograph of double height PDMS posts. The diameter of posts is constant
but the height is different such that the top contact area of the posts lies in one plane. This will
generate controlled step increase in substrate stiffness. The diameter of the posts is 1 um and
the pitch is 2 um. The shorter posts are about 13 times stiffer than the taller posts.
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Time-lapse optical micrograph of migration of 3T3 cells on a double rigidity substrate. The
stiff part (left side) is about 5 times stiffer than the soft part. The cell on the boundary is

migrating towards the rigid part (time interval 10 s between frames).

Figure 5.
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Figure 6.
SEM image of an immortalized mesenchymal stem cell attached to a hexagonal array of posts

with a constant diameter of 1 mm, pitch of 2 mm and two different heights of 6.6 and 3.9 mm,
which causes a change in rigidity of the substrate. The cell is more spread on the rigid part
(right part) than the softer part (left part). Also, on the softer area the posts are bent to a greater
extent compared to the rigid posts. The arrows indicate the direction of pillar deflection.
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