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The biophysical machinery that permits a cell to sense substrate rigidity is poorly understood. Rigidity
sensing of adherent cells likely involves traction forces applied through focal adhesions and
measurement of resulting deformation. However, it is unclear if this measurement takes place
underneath single focal adhesions, over local clusters of focal adhesions, or across the length of the
entire cell. To address this question, we developed a composite, chip-based material containing many
arrays of 6.5 pm x 6.5 um rigid adhesive islands, with an edge—edge distance of 8 um, grafted onto the
surface of a non-adhesive polyacrylamide hydrogel. This material is thus rigid within single islands
while long-range rigidity is determined by the hydrogel. On soft gels, most NIH 3T3 cells spread only
across two islands in a given dimension forming small stress fibers and focal adhesions. On stiff gels, cell
spreading, stress fibers, and focal adhesions were indistinguishable from those on regular culture
surfaces. We conclude that rigidity sensing is dictated by material compliance across the cell length and
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that responses to rigidity may be inhibited at any point when large substrate strain is encountered

during spreading. Our finding may serve as a guideline for the design of biomaterials for tissue

engineering.

Introduction

The rigidity of cell substrates dictates the deformation in
response to traction forces applied by adhered cells and has
a profound impact on cellular processes like migration,
spreading, structural organization, growth, and differentiation.’
Such influence has become an important consideration in both
understanding pathological conditions particularly cancer
metastasis,>® and in the design of scaffold materials for sup-
porting regenerative therapies such as wound healing and tissue
engineering.*

Rigidity is measured by detecting material strain in response to
applied mechanical forces.> For adherent cells like fibroblasts,
the sensing involves focal adhesions, which transmit cytoskeletal
contractile forces to the substrates and likely detect the strain
through associated signal transduction enzymes and mechano-
sensitive components.® However, an important question is
whether rigidity detection is confined locally to areas near indi-
vidual focal adhesions, or is dependent on the strain across the
length of the cell as implicated by wrinkling films.”

Previous observations may be interpreted as supporting either
a short- or long-range mechanism of rigidity sensing. The protein
composition of focal adhesions, including components for both
force transmission and sensing, appears self-sufficient for
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localized rigidity sensing as is supported by studies employing
sub-micron beads. The effective rigidity of microscopic adherent
beads, controlled by applying mechanical forces using either
optical traps or magnets to counter traction forces exerted on the
beads, was sufficient to affect local assembly of focal adhesions
and actin filament bundles.®® In addition, the turnover and
density of integrins inside single focal adhesions appeared suffi-
cient for sensing the spacing of adhesive ligands and substrate
rigidity.*°

Other studies have suggested the existence of contraction
dipoles or lateral forces around single focal adhesions, which
may be used for sensing rigidity in a local region of several focal
adhesions.'*!2 However, the opposite conclusion may be reached
from experiments with adherent cells placed on flexible pillars
composed of relatively rigid polydimethylsiloxane (PDMS'*!4),
where cells responded not to the inherent rigidity of the materials
but to the bending flexibility of the pillars, analogous to
responses to homogeneous soft materials.’ This suggests that the
domain for rigidity sensing must be larger than the area of the
pillars (1-2 pm in diameter).

Herein, we report a novel technique for micropatterning
substrate rigidity, with the goal of distinguishing cellular sensi-
tivity to micro-scale rigidity from cell-scale rigidity. This method
was used to generate an elastic hydrogel base with arrays of stiff
islands grafted onto the surface. While a previous study has
micropatterned islands of the photoresist on elastic materials for
the purpose of measuring traction forces,' the elastic material
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used (polydimethylsilane) was too stiff for the present purpose.
Using our method, the islands may move either easily (with
a G’ <500 Pa) or hardly (with a G’ > 10 000 Pa) relative to each
other upon the application of shear forces, while the islands
themselves remain intrinsically rigid. This material allowed us to
determine whether adhesive fibroblasts reacted to the intrinsic
rigidity of the islands or to the bulk rigidity of the base hydrogel
with cellular focal adhesions restricted to the rigid islands only.

Results and discussion

Reversible dehydration and rehydration of polyacrylamide
hydrogels were exploited to allow for islands of the SU-8
photoresist to be cast over the surface in its dehydrated state.
Patterns can be produced by tailoring the photomask used in
selective exposure of the SU-8 photoresist (Scheme 1). The
resolution allowed the generation of 4 x 4 arrays of 6.5 um X
6.5 um square islands separated by an edge-to-edge distance of
8 um to cover an area of 50 um x 50 um, which is close to the
average spread area of NIH 3T3 cells on unpatterned surfaces of
the SU-8 photoresist.!” This design was chosen in order to allow
spreading fibroblasts to reach out and straddle multiple islands'®
while individually large enough to permit formation of multiple
focal adhesions per island. By varying the concentration of
acrylamide and bis-acrylamide, the rigidity of the base layer
hydrogel may be controlled over a wide range. Control substrates
of solid 50 pm x 50 um SU-8 islands were also fabricated
according to the same procedure.

This composite material was designed to possess two size
scales of rigidity. The rigidity of SU-8 itself is high with a shear
modulus of approximately 1-2 GPa." In contrast, the hydrogels
underlying these rigid islands may be as soft as several hundred
Pa, which allowed the islands to move easily upon the exertion of
traction forces. The results obtained with a soft hydrogel
(G = 290 + 14 Pa; triplicate samples, 4 measurements per
sample) were then compared with those with a stiff hydrogel

(G'= 10.4 + 1.8 kPa; triplicate samples, 4 measurements per
sample). Similar shear moduli were obtained before and after
exposing the gels to the micropatterning procedure, indicating
that the grafting of the photoresist and the associated dehydra-
tion—rehydration did not significantly change the mechanical
properties of the hydrogel (see the Experimental section).

To test whether adherent cells respond either to the short-
range rigidity within the stiff islands or to the long-range rigidity
of the underlying hydrogel, NIH 3T3 cells were cultured over-
night on the patterned substrates with either soft (~290 Pa) or
rigid (~10.4 kPa) hydrogel bases with identically patterned
arrays of SU-8 islands. Clear differences in spreading behavior
were observed between the two conditions (Fig. 1A and B). Cells
on substrates with soft bases typically spanned no more than
a 2 x 2 portion of the available islands (average total number of
islands occupied = 3.8 + 0.2, n = 50; Fig. 1E and G), whereas
substrates made from stiff hydrogel bases allowed many cells to
spread over the entire 4 x 4 array (average total number of
islands occupied = 10.6 4 0.6, n = 50; P < 10~'"; Fig. 1E and G).
Measurements of spreading area indicated an average of 417 +
23 um? (n = 50) on soft hydrogel bases (Fig. 1D and F), but
1680 + 100 pm? (n = 50) on stiff bases (Fig. ID and F; P < 10'?).
Control patterns of 50 um x 50 um solid SU-8 squares were
covered entirely by cells (Fig. 1C). These responses were similar
to those seen on uniformly soft or stiff materials.?*?!

In addition to the spreading area, both focal adhesions and
stress fibers are known to increase in size with increasing
substrate rigidity.! As expected, focal adhesions were restricted
to the adhesive islands (Fig. 2). Composite substrates with rigid
hydrogel bases induced the formation of large focal adhesions
(Fig. 2A and the inset), which showed the typical elongated
morphology aligned with adjoining stress fibers. Focal adhesions
were typically located along outer edges and particularly at the
four corners of each array (Fig. 2A and the inset), but were
generally absent on islands in the interior of the arrays. The
distribution is consistent with that observed and reported on

=—> Coverglass

§&— Hydrated Polyacrylamide Gel
<> Dehydrated Polyacrylamide Gel
SU-8 Photoresist

Scheme 1 Schematic representation of the island patterning procedure. A sheet of polyacrylamide hydrogels is first polymerized on top of a bind-silane
activated coverglass (A). The hydrogel is air dried causing the hydrogel to collapse down against the coverglass (B). A thin layer of the SU-8 photoresist
is then applied to the dried hydrogel via spin coating (C), followed by UV exposure through a photomask containing the pattern and development in the
SU-8 developer to dissolve away unexposed regions of SU-8, leaving behind arrays of SU-8 islands (D). Immersion in PBS then allows the collapsed
hydrogel to re-swell while maintaining the grafted SU-8 islands on the surface (E).
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Fig. 1 Cell spreading on composite substrates. NIH 3T3 cells on composite substrates with a soft base and rigid islands assume a minimally spread
morphology consistent with those on uniformly soft substrates (A). Cells on composite substrates with a rigid base and rigid islands show a highly spread
morphology consistent with those on uniformly stiff substrates (B), as do cells on control substrates made from soft hydrogels patterned with 50 x 50 pm
solid squares (C). Scale bars, 10 pm. Measurements of mean spread area (D), and mean number of islands covered (E) 18 hours after seeding show
striking differences (p < 10" and < 10" respectively) between cells on islands with soft (3% acrylamide, 0.08% bisacrylamide: white bars) and stiff (12%
acrylamide, 0.2% bisacrylamide: gray bars) hydrogel bases. Bars represent standard error of the mean. Histogram of the spreading area (F), and number
of islands covered (G) 18 hours after seeding show that the great majority cells on islands with a soft base are able to cover only four islands, while those
on islands with a stiff base are more variable in spreading area with a peak covering all the islands in the 2D array.

solid square islands (Fig. 2D).** The average area of focal
adhesions on these substrates was 1.7 + 0.1 um? (Fig. 2E). Stress
fibers in these cells were similarly well formed as a network
throughout the cell.

In contrast, cells plated on composite substrates with soft
hydrogel bases displayed only small focal contacts with no visible
elongation, organization, or alignment (Fig. 2B). These focal
contacts appeared randomly distributed as in cells during early
stages of spreading. The average area occupied by each focal
adhesion was much smaller than that on substrates with a stiff
base (0.27 £ 0.01 um% P < 10-%; Fig. 2E), and each island
contained multiple focal contacts (insets of Fig. 2A and B).
Similarly, only a few small, poorly organized stress fibers were
found in these cells (Fig. 2E), analogous to those seen on
homogeneous soft hydrogels.! Control cells on 50 um x 50 um
solid squares or broad areas of SU-8 on soft hydrogels showed
prominent focal adhesions and well-defined stress fibers (Fig. 2C
and D). The contrasting results on stiff and soft hydrogel bases
indicate that NIH 3T3 cells responded to the long-range rigidity
even though the short-range rigidity was maintained at
a constant high level.

Equally important is that the stiff islands were large enough to
support the formation of multiple focal adhesions, indicating
that short range rigidity between neighboring focal adhesions is
insufficient to stimulate the formation of large focal adhesions as
seen on uniformly stiff substrates. Alternatively, a large amount
of slack anywhere along an axis of the cell may be sufficient to
trigger dominant negative responses to prevent the formation of
large stress fibers, focal adhesions, and spreading area, as sug-
gested by the inability of cells to span more than two islands on
soft bases.

The present results may be explained by a positive feedback
mechanism that drives cell spreading and cytoskeletal organiza-
tion. Newly plated cells show a limited spreading area, small
scattered focal contacts, and fine, poorly organized actin filament
bundles. The resistance of substrates to probing traction forces
across the cell length was determined during spreading, such that
strong resistance triggers strong positive feedback responses
including the formation of progressively larger stress fibers,
activation of actin flux at focal adhesions, and growth of focal
adhesions that drive the increase in traction forces and spreading
area.?*?® This process continues until the cell reaches the limit of
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Fig. 2 Organization of F-actin (green) and paxillin (red) in cells on composite substrates. Cells on islands with a stiff hydrogel base exhibit clearly
defined stress fibers and multiple, well elongated focal adhesions at the corners and aligned towards the cell center (A). The inset shows an enlarged view
of focal adhesions. In contrast, cells on islands with a soft hydrogel base exhibit poorly defined stress fibers with multiple small, poorly organized focal
contacts on each covered island (B). The inset shows an enlarged view of these small focal contacts. Control cells seeded on large strips of SU-8 spread
freely over the surface and form well defined stress fibers and focal adhesions (C), as do cells seeded over 50 um x 50 um solid squares on soft gels (D).
Bars, 10 pum. Measurements of average focal adhesion areas show a large, significant (p < 1072%) difference between cells on substrates with a soft base
(0.28 + 0.01 pm?) and those on a stiff base (1.7 + 0.1 um?; E). Error bars represent standard error of the mean, from 165 focal adhesions in five cells for

each condition.

spreading. In contrast, the lack of such feedback on soft
substrates would keep cells in a poorly organized and poorly
spread state. The results with stiff islands on the soft base further
suggest that large amounts of slack during the course of
spreading is sufficient to inhibit the positive feedback and the
progress of spreading reactions.

It is important to note that the present study probes the scale
of rigidity sensing without addressing the minimal adhesion area
required to trigger the responses to stiff substrates. As long as
adhesion sites are well-anchored to resist traction forces and
tension is maintained between the two ends of a spreading cell,
the area of adhesion may be as small as what is required to
support the formation of a focal adhesion. This is consistent with
previous findings that cells are able to spread over a matrix of
small islands.*® In addition, it explains why localized forces
applied through sub-micron sized beads were able to elicit
responses similar to those caused by long-range rigidity. As long
as the cell is strongly adhered to the substrate, external forces
exerted through micron-sized adhesive beads would generate
sufficient tension to stimulate local responses.

The present finding is significant both for understanding
cellular behavior under physiological conditions and for
designing materials for clinical treatments. For example, physi-
ological environments are rarely chemically nor mechanically
homogeneous. The present study suggests that the mechanical

environment of a long-range soft scaffold may be maintained
even if it is dotted with subcellular domains of rigid materials.
Conversely, it implies that the mechanical stimulus of a long
range rigid scaffold may be maintained despite the presence of
subcellular domains of soft materials. In addition, the guidance
of cell migration by substrate rigidity, known as durotaxis,* may
be determined by gradients over the cellular scale and unaffected
by subcellular-scale variability in rigidity.

Experimental
Hydrogel preparation

The general procedure for patterning hydrogels with arrays of
photoresist islands is outlined schematically in Scheme 1. This
procedure allows for patterning of 1-2 um features on either soft
or stiff hydrogels. First, a coverglass was activated with 3 uL
mL~! bind-silane (GE Healthcare, Waukesha, WT) in a solution
of 95% ethanol and 5% glacial acetic acid to allow the grafting of
polyacrylamide hydrogels during polymerization. Poly-
acrylamide hydrogels were then prepared as previously
described.?” Precursor solutions were made by mixing stock
solutions of N,N’-methylenebisacrylamide (bisacrylamide) (2%
bisacrylamide; Bio-Rad, Hercules, CA) and acrylamide mono-
mers (40% acrylamide; Bio-Rad, Hercules, CA). The amount of
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Fig.3 Characterization of substrate elasticity. Mechanical properties of the polyacrylamide base layer are measured before and after over-layering with
SU-8 using parallel plate rheometry (A). Graph shows representative measurements of the elastic shear modulus G’ [Pa] at a constant strain of 0.01 as
a function of shear frequency taken before and after hydrogel modification, for both soft (3% acrylamide, 0.08% bisacrylamide) and stiff (12%
acrylamide, 0.2% bisacrylamide) hydrogels. Note the horizontal trends of G’ as a function of frequency, which indicate the elastic quality of the samples.
The average values of G’ from multiple measurements of triplicate samples before and after the modification for micropatterning show no change in
elasticity after drying and reswelling in the procedure for SU-8 overlay (B). Error bars represent the standard error of the mean. To verify the elastic
recovery of hydrogels with SU-8 islands on the surface, cells are allowed to adhere to the islands and exert traction forces overnight (C). Strain of the
hydrogel is evident (C, lines and arrows). Upon removal of the cells with trypsin, the displaced islands return to their initial positions to restore the
regularity of the pattern, illustrating elastic properties of the gel and no slippage between island and hydrogel (D, lines and arrows). Scale bars, 10 um.

acrylamide and the ratio of bisacrylamide to acrylamide control
the rigidity of the hydrogel—a mixture of 3% acrylamide and
0.08% bisacrylamide was used for soft gels and a mixture of 12%
acrylamide and 0.2% bisacrylamide was used for stiff gels. These
solutions were degassed for 30 minutes before the initiation of
polymerization with ammonium sulfate and N,N,N',N'-tetra-
methylenediamine (TEMED) at concentrations of 0.06% (w/v)
and 0.04% (v/v), respectively. A 20 uL drop was pipetted onto the
activated coverglass and then covered with a 25 x 25 mm square
coverglass (No. 1, 25 mm x 25 mm; Corning Life Sciences)
pretreated with hydrophobic RAIN-X (SOPUS Products,
Houston, TX) to facilitate subsequent removal. The reaction was
allowed to proceed for 1 hour at 25 °C, and the resulting
hydrogels were air dried vertically for 1 hour after removing the
top coverslip (Scheme 1A and B).

Micropatterning

Arrays of rigid islands were created on dried hydrogels using the
epoxy-based negative photoresist SU-8 2000 (Microchem,
Newton, MA). Micropatterning was conducted according to the
protocol of the manufacturer to produce features <3 pm in
height. Coverslips with dried hydrogel were baked at 95 °C for

1 min before and after coating with 300 pL of SU-8 with a spin
coater at 5000 rpm for 20 seconds (WS-6505-6NPP-LITE, Lau-
rell Technologies, North Wales, PA; Scheme 1C). The coverslips
were then exposed to ultraviolet light (360 nm, 100 mJ cm~?)
underneath a photomask with designed patterns (HTA Photo-
mask, San Jose, CA), then baked for another 1 minute at 95 °C
before immersion in the SU-8 developer (Microchem, Newton,
MA, USA) for 90 seconds to yield the pattern (Scheme 1D).
Developed coverslips were rinsed twice with 95% ethanol
(Pharmaco-AAPER, Sherlbyville, KY, USA), and baked at
95 °C for 4 hours to ensure removal of any residual developer
and mitigation of potential risk of cytotoxicity. Finally, the
hydrogel was allowed to rehydrate in phosphate buffered saline
(PBS; Scheme 1E) for 1 hour. Binding between the hydrogel and
islands was stable enough such that the composite substrates
lasted for at least three weeks upon storage.

Cell culture

NIH 3T3 mouse fibroblasts (ATCC, Rockville, MA, USA) were
incubated at 37 °C in Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen) containing 10% donor adult bovine serum
(Thermo-scientific), 2 mM L-glutamine, 50 pg mL™'
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streptomycin, and 50 pg mL~' penicillin (Gibco BRL, Gai-
thersburg, MA, USA), under humidified atmosphere composed
of 95% air and 5% carbon dioxide. Prior to plating cells,
substrates were sterilized for 20 minutes under the germicidal
lamp of a tissue culture cabinet. PBS was removed and replaced
with cell culture media and allowed to equilibrate with the
hydrogel. These media were then replaced with fresh media and
incubated for 1 hour prior to cell plating, in order to allow
passive adsorption of serum proteins to the SU-8 islands.?®
Plated cells were allowed to spread for 18 hours before obser-
vation or fixation. While the SU-8 photoresist most likely
allowed cell adhesion by adsorbing extracellular matrix proteins,
improved control of cell adhesion may be achieved in future
studies through surface activation with agents such as sulfo-
SANPAH and conjugation with a defined matrix protein.?® This
would also allow adhesion to take place over the entire surface
rather than confined to stiff islands.

Fixation and fluorescent labeling

Cells were rinsed with 37 °C PBS then fixed for 10 minutes.
Fixation solution consisted of 4% formaldehyde (from 16% stock
solution, Thermo-Scientific, Rockford, IL) in PBS with 0.1%
Triton X-100 (Sigma-Aldrich). Immunofluorescence staining for
paxillin was performed using 1: 200 dilution of anti-paxillin
polyclonal rabbit antibody (SC-5574, 1gG, Santa Cruz Biotech-
nology, CA), and 1 : 200 fluorescent anti-rabbit antibody (Alexa
Fluor 546, goat anti-rabbit, IgG (H + L) 2 mg mL ', Invitrogen)
following the standard procedure. Actin stress fibers were
counter-stained with fluorescein phalloidin (F-432, Molecular
Probes, Eugene, OR).

Microscopy and image analysis

Images were taken using a Nikon Eclipse Ti inverted microscope
(Nikon Instruments Inc., Melville, NY) with an Andor iXON
EM charged coupled device camera (Andor Technologies, Bel-
fast, North Ireland). Bright field images and fluorescence images
were acquired using a Nikon 100x, 1.49 NA oil immersion
objective lens. ImageJ software was used to measure the cell
spreading area and focal adhesion area after manually tracing
the areas of interest.

Rheological characterization

Rheological studies of the hydrogel were conducted using
a Bohlin Gemini Advanced Rheometer (Malvern Instruments
Inc., NJ). The gel was prepared on small circular coverslips
following the same procedure as for cell culture, except that the
gel was at a thickness of 500 um. After zeroing the rheometer
with a dummy coverslip, the hydrogel sample on a coverslip was
loaded onto the rheometer and frequency sweeps at 25 °C were
conducted in the hydrogel’s elastic regime from 10 Hz to 0.1 Hz
at a constant strain of 0.01 using parallel plate geometry. For
each sample, 4 frequency sweeps were conducted to obtain an
average shear modulus (Fig. 3A and B). To test the rheological
properties of the hydrogel after micropatterning, the patterning
procedure was applied to circular 500 um thick gels but without
UV exposure, which caused the entire layer of the SU-8 photo-
resist to be removed during development. The processed

hydrogels were then allowed to swell before testing under the
same conditions as for control samples.

To assess elastic recovery of the hydrogel upon prolonged
exertion of traction forces, cells were cultured overnight on
a composite substrate with a soft base (Fig. 3C). Island
displacement was visible compared to arrays without cells. Upon
removal of the cells with trypsin, all the islands returned to their
original positions as indicated by the restoration of the distance
between islands to that of arrays without cells, suggesting that
the hydrogels maintained their elasticity and that there was no
slippage of the islands on the hydrogel surface (Fig. 3D).

Conclusions

In summary, we developed a new photoresist-hydrogel composite
material with micropatterned rigidity dependent on the location
and size scale of measurements. NIH 3T3 cells seeded on this
material with a soft base were able to span only a limited distance
and number of islands despite the adhesive contact with intrinsi-
cally rigid photoresist islands. Likewise, focal adhesions and stress
fibers were small and unorganized as opposed to those on stiff
bases, or in cells on uniformly stiff substrates. Our observations
suggest that cells sense rigidity across the entire length of the cell
body rather than in small domains within or between single focal
adhesions. This principle may allow composite materials with
distinct domains of chemical and physical properties to be
designed for optimal clinical treatments. Future studies using this
material with different cell types such as epithelial and endothelial
cells, myocytes, chondrocytes, or stem cells may reveal whether
the present results represent a universal principle of mechano-
sensing for adhesive cells.
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