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Variable rigidity surfaces for mechanobiology
INTRODUCTION
The mechanical properties of a cell’s physical environment are strongly involved in different
behaviors, such as migration, spreading and differentiation pathway. It has been already proven
and there is substantial evidence that substrate rigidity is a key element to determine cell
response [1]. It is also known that an atypical response to substrate rigidity is characteristic of
cancerous cells ([2], [3]). In [4] it is shown that the rigidity of the extracellular matrix plays an
important role in stem cell differentiation.

It is of great importance to reach accurate understanding of the role of force and rigidity in
defining cell phenotype and to quantify the mechanical interaction of cells with their
environment, but the complex interaction between substrate rigidity and cells’ response is still
not totally understood.

In order to perform an accurate characterization of the response of cells to substrate rigidity,
various systems that mimic biological stiffness are fabricated. By means of Polydimethylsiloxane
(PDMS), various planar and pillar substrates are made in order to study the cell’s reaction to
surface rigidity, ranging from kPa to MPa, in order to range the stiffness of multiple tissues.
PDMS is a widely utilized and cheap elastomeric material that offers a great versatility for this
kind of study.
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A technique to manipulate the crosslinking level of the PDMS is developed to be able to
generate variable rigidity surfaces for mechanobiology measurements. PDMS can be
photocrosslinked by means of DUV but, in this specific case, it is proven that the degree of
crosslinking can be increased by means of electron beam bombardment.

The flexibility of electron beam patterning enables the modulation of PDMS rigidity over a wide
range of dimension. Thus, for example, we can explore cellular response to a well-defined
boundary between regions of different rigidity. Continuously variable rigidity gradients can be
used to determine if there is a preferred rigidity or range of rigidities for a given cell type, and
how cells respond when different parts of the cell sense different rigidities. Force transductions
measurements can be made as cells traverse areas of different rigidity, thus providing a key tool
for exploring these critical factors in cell behavior. In addition, by creating patterns of different
geometries and dimensions, we can determine the spatial resolution of cellular rigidity sensing.

Variable rigidity surfaces can play an important role in finding answers to basic biological
questions regarding cellular response to external physical factors.

FABRICATION AND PATTERNING OF PDMS PLANAR SUBSTRATES
This section describes in detail the fabrication process of planar PDMS substrates for
mechanobiological experiments to study the cell’s reaction to variable rigidities.
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The substrates are always fabricated on a sample, being silicon and glass the most common
ones. Glass substrates are required for samples intended to be use in cell experiments, due to
their transparency. Easiness to handle and use are the main reasons to fabricate samples on
silicon for surface characterization experiments.

Sample cleaning
The initial process in every fabrication process is to clean the sample. Both glass and silicon are
covered by impurities that will not allow any resist (PDMS in this case) to be spinned and
attached to the surface. Hence, a cleaning process is required.

Silicon and glass samples are submerged in Nanostrip acid solution for an interval of 30 minutes
to overnight, after which they are thoroughly rinsed with water. This ensures that the
substrates are perfectly clean and ready to support a uniform layer of PDMS with good
adhesion.

PDMS preparation and spinning
A liquid silicone prepolymer, PDMS (Dow Corning Sylgard), is used to fabricate all the samples.
This PDMS is initially mixed with its curing agent at a ratio that determines the initial rigidity of
the PDMS planar substrate (Table 1).

PDMS to curing agent ratio
10:1
25:1
50:1

Initial rigidity
2 MPa
36 kPa

Table 1: Initial rigidity of PDMS planar substrates as a function of the PDMS to curing agent mixing ratio
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The PDMS and curing agent mix is prepared and then spinned on the sample at 4000
revolutions per minute during 2 minutes. This creates a PDMS layer of several tenths of micron.
After spinning, the PDMS sample is baked in a 70˚C oven for 3 hours in order to achieve a
Young’s modulus of 2MPa (in the case of 10:1 ratio).

Modulation of the rigidity with electron-beam lithography
The authors of [5] show how PDMS can be photocrosslinked in the DUV. It has been also found
out that the crosslinking degree of PDMS can be modulated by means of electron beam
bombardment. Electrons scatter deep into the PDMS layer creating further bonds that increase
the degree of crosslinking. Figure 1 shows two different simulations with CASINO software
where the scattering of electrons into the PDMS is depicted. It can be seen that electrons
scatter a up to 10 microns into the PDMS, creating new bonds in the chemical structure thus
increasing the Young’s modulus of the substrate.

Figure 1: 30kV electron beam scattering on PDMS planar substrates on silicon wafer (left) and on silicon wafer with conducting
polymer layer (right)

These cured PDMS films are exposed to a 30 keV electron beam with exposure doses in the
range ~ 10 – 200µC/cm2. This modifies the stiffness of the substrate. It has also been observed
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that plain PDMS (base solution with no curing agent) can be directly crosslinked by means of
ebeam patterning. An SEM-based
based Nabiti ebeam patterning tool is used.

Figure 2 shows an example of PDMS 10:1 patterned by means of the above mentioned tool. A
set of doses ranging from 30 to 180 µC/cm2 are used in order to create a gradient of rigidity.
The main goal of this kind of samples exemplified in the figure is to physically characterize the
substrate and correlate ebeam dose with rigidity change.

Figure 2: Flat 10:1 PDMS layer patterned with different ebeam doses

As it can be seen, the flexibility of electron beam patterning enables the modulation of PDMS
rigidity over a wide range of dimension and areas. The p
patterning
atterning process can be done in a
short time by increasing the current and spot size; hence the throughput of sample fabrication
is high.
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Note that a conducting polymer layer (i.e. Aquasave) can be added to avoid excessive charging
effects due to the electron beam. Especially with samples on an insulating substrate, such as
glass, large amounts of charge accumulate on the substrate unless a conducting layer is added
such that the excessive charge is evacuated through the metal clamps that hold the sample in
the lithographic tool. It is important to avoid excessive charging effects because accumulated
charge on the substrate can deflect the beam and create strong distortion in the pattern. This
would be especially problematic in the bordering areas of the pattern or when ebeaming
complicated patterns that require high resolution. This is the case of sub-cellular scale patterns
utilized for the mechanobiology experiments with cells.

FABRICATION OF PDMS PILLAR SUBSTRATES
The authors in [6] accurately describe the fabrication process of PDMS pillar substrates. These
kinds of substrates are used to achieve a lower relative rigidity sensed by the cells. In body
tissues, Young’s modulus range from hundreds of Pa to a few hundreds of kPa. Given that with
a 10:1 PDS to curing agent ratio the initial set up for the rigidity is 2MPa, elastomeric pillars
made with PDMS can generate an apparent rigidity sensed by the cell much lower than the
range of MPa, hence allowing to obtain results related to actual tissue stiffness.

The PDMS pillars are fabricated by imprinting a mold with deep holes onto a layer of PDMS.
Figure 3 [6] depicts the step by step fabrication process of such a molt in the case of two
different pillar height to create a boundary in the rigidity.
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Figure 3: Fabrication process of the mold for the PDMS pillar samples

Silicon wafers are first oxidized at 1100˚C for 2 hours to form a 950 nm-thick SiO2 film. The
wafers are coated with 1.2µm-thick photoresist (Shipley SPR 7000) using HMDS as an adhesion
promoter and then baked. The wafers are patterned by UV photolithography with hexagonal
arrays of holes. After exposing, the wafer is baked at 90˚C for 60 seconds and developed. Using
the patterned resist as a mask, the SiO2 is etched and slightly overetched in order to ensure a
clean sidewall. Following that, Si is etched using the SiO2 as a hard mask after the resist is
removed. The Si holes are then etched to the desired depth. Finally, the resulting wafer is then
immersed in BOE to remove the oxide mask.
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The generated structure is used as mold (Figure 4) for fabrication of post arrays using PDMS. It
is poured on the molds and left cure overnight. Finally, the PDMS is peeled off of the mold
while immersed in ethanol to avoid that they irreversibly adhere to each other.

Figure 4: SEM image of a mold to fabricate PDMS pillars of two different heights

PATTERNING OF PDMS PILLAR SUBSTRATES
The initial strategy to create variable rigidity PDMS pillar substrates was to fabricate pillars of
different heights. In linear bending regime, the force applied on a single PDMS post can be
defined as

=ܨ

3ߨ ݎܧସ
∆ݔ
4ܮଷ
(1)

where E, r, L, ∆x are the Young’s modulus, radius, length and the deflection of the post,
respectively. It can be seen that the rigidity is strongly related to the physical dimensions of the
pillars (see Table 2).
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Table 2: Equivalent rigidity of a PDMS pillar substrate as a function of the physical dimensions

However, this strategy involves a very complex fabrication process of the multi-step molds to
generate the multiple height pillars. A strategy based on ebeam patterning is presented to be
much more efficient and simple while achieving the same results.

The pillar substrates are patterned by means of the same SEM-based Nabiti ebeam tool
mentioned in the previous section. It is important to note the high aspect ratio of the PDMS
pillars (height >> width). This makes them very sensitive to surface tension forces or any other
kind of force that might bend them and put in contact with each other, which would irreversibly
adhere them to each other. A polymer insulating layer is in this case indispensable; otherwise
the electron beam destroys the pillar substrate.
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Figure 5: Undesired effects due to excessive charge on PDMS pillar substrates

Figure 5 shows an example of undesired effects due to undesired excess of charge on the
surface during the patterning process. Electrons accumulate on the surface in such a way that
they deviate the beam and this causes random destruction of the pillars that, despite being
more rigid, they are not usable anymore for cell experiments.

SURFACE RIGIDITY CHARACTERIZATION
ACTERIZATION
The mechanical properties of the films are characterized using a Nanoindenter tool. This is an
advanced scanning probe-based
based tool for characterization of elastomeric pillar substrates which
yields direct information regarding their mechanical properties in three dimensions.

PDMS is a viscoelastic solid that requires dynamic indentation experiments. The Nanoindenter
oscillates a 20µm cylindrical tip into the substrate at varying frequencies in order to measure
the stored energy (elastic portion) and energy lost as heat (viscous portion). In the case
cas of
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cured PDMS, this elastic portion is much larger than the viscous portion, so the "storage
modulus” is equivalent to the elastic modulus or rigidity of the substrate. This tool, however, is
designed to make measurements in the range of GPa, therefore being the measurements in the
MPa range very complicated but still perfectly doable.
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Figure 6: Rigidity vs ebeam dose on planar PDMS substrate (10:1)

After several indentation experiments to correlate ebeam dose with substrate rigidity, it has
been proven that the stiffness of the substrate increases linearly with the amount of ebeam
dose. Figure 6 shows a plot of multiple indentation experiments on a variable rigidity planar
PDMS (10:1) substrate.

CELL EXPERIMENTS
In order to investigate the effects of rigidity in the behavior of cells, focusing in migration in the
following example, 3T3 cells are plated on the PDMS pillar substrate and left to spread
overnight while being imaged. This kind of experiment (Figure 7) allows measuring the degree
of force applied by cells on pillars by determining the bending of the pillars. By means of

Roger Piqueras Jover
RP2421

equation (1), one can accurately determine the amount of force a cell is applying on a pillar to
bend it.

Figure 7: Cell spreading on a PDMS pillar substrate (Image Courtesy of Peng Shi, Kam Group)

Cells can also be placed on planar substrates that have been previously patterned by means of
ebeam lithography. The flexibility of electron beam patterning enables the modulation of PDMS
rigidity over a wide range of dimension. This way, one can explore cellular response to a welldefined boundary between regions of different rigidity. Also, continuously variable rigidity
gradients can be used to determine if there is a preferred rigidity or range of rigidities for a
given cell type, and how cells respond when different parts of the cell sense different rigidities.
For this, multiple sub-cellular patterns can be generated with a much higher rigidity than the
susbtrate.
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