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ABSTRACT Actomyosin contractility is an essential element of many aspects of cellular biology and manifests as traction
forces that cells exert on their surroundings. The central role of these forces makes them a novel principal therapeutic target
in diverse diseases. This requires accurate and higher-capacity measurements of traction forces; however, existing methods
are largely low throughput, limiting their utility in broader applications. To address this need, we employ Fourier-transform
traction force microscopy in a parallelized 96-well format, which we refer to as contractile force screening. Critically, rather
than the frequently employed hydrogel polyacrylamide, we fabricate these plates using polydimethylsiloxane rubber. Key to
this approach is that the polydimethylsiloxane used is very compliant, with a lower-bound Young’s modulus of �0.4 kPa. We
subdivide these monolithic substrates spatially into biochemically independent wells, creating a uniform multiwell platform for
traction force screening. We demonstrate the utility and versatility of this platform by quantifying the compound and dose-depen-
dent contractility responses of human airway smooth muscle cells and retinal pigment epithelial cells. By directly quantifying the
endpoint of therapeutic intent, airway-smooth-muscle contractile force, this approach fills an important methodological void in
current screening approaches for bronchodilator drug discovery, and, more generally, in measuring contractile response for
a broad range of cell types and pathologies.
INTRODUCTION
Many adherent cells employ actomyosin contractility to
exert traction forces on their surroundings. These forces
are an essential part of cellular deformation (1–3), adhesion
(4–6), spreading (7), and migration (8–10), as well as
growth (11), homeostasis (12,13), gene expression (14),
and apoptosis (15). The significant role of traction force
makes it a novel principal therapeutic target in diverse
diseases; however, accurate measurements of traction forces
are essential for this approach.

To quantify cell traction forces, researchers have em-
ployed a variety of techniques and tools. From the first wrin-
kling thin silicone sheets (16) to complex three-dimensional
multicellular contractility (17), a multitude of biomechan-
ical methods have been developed, collectively referred to
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as traction force microscopy (TFM), as reviewed here
(18). Although these approaches have enabled the discovery
of valuable mechanobiological connections, these methods
are generally inherently slow and restricted to low-
throughput implementation, limiting their utility as tools
in broader pharmacological applications.

To address this need, we employ Fourier-transform TFM
in a parallelized 96-well format, an approach we refer to
as contractile force screening (CFS). Critically, rather than
using the frequently employed hydrogel polyacrylamide
(PAA), we fabricate these plates using polydimethylsilox-
ane (PDMS) rubber. Key to this approach is that the
PDMS used is very compliant, with a lower-bound Young’s
modulus of �0.4 kPa, unlike commonly used Sylgard 184
formulations (additional detailed mechanical characteriza-
tion is presented in the Supporting Materials and Methods).
Like PAA, soft PDMS elastomers possess several material-
favorable properties: their stiffness is tunable over a
large physiological range (Fig. 1), and they are nontoxic,
nondegrading, and biologically inert. In addition to these as-
pects, this compliant PDMS has numerous advantages over
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FIGURE 1 Fabrication of multiwell substrates and mechanical character-

ization of tunable PDMS elastomer. Multiwell PDMS devices for TFM are

fabricated by (A) optionally coating a layer of fluorescent microspheres (for

de-drifting images) on the custom glass slide, (B) spin-coating a �100-mm-

thick layer of compliant PDMS, (C) spin-coating a �1-mm-thick layer of

compliant PDMS mixed with custom-synthesized beads with different fluo-

rescence emission for measuring cell-induced deformation of the PDMS,

(D) bonding a multiwell partitioning strip to the top, and (E) ligating and

culturing cells. (F) A graph of PDMS moduli as determined by shear

rheology (n ¼ 4 independent preparations per data point) is shown.

(G) A table of same-mean PDMS moduli5 SD is shown. To see this figure

in color, go online.

Traction Screening with Soft PDMS
PAA: 1) it is optically transparent, with a refractive index of
�1.4, which is comparable to glass; 2) it is indefinitely sta-
ble after production without special storage considerations;
3) it is amenable to spin coating, providing a simple means
of creating a uniform and flat surface; and 4) it is a uni-
formly nonporous surface, unlike PAA, whose porosity
can vary strongly with cross-linking concentration (19).
Critically, the monolithic, impermeable nature of these
silicone substrates makes them easy and ideal to subdivide
spatially into biochemically independent wells, creating
a uniform multiwell platform for TFM. Taken together,
our compliant PDMS presents numerous advantages in
becoming a new standard in soft substrates for TFM; these
advantages are particularly important for a standardized
higher-throughput technology and will enable wide-
spread adoption of CFS from our previous approach using
PAA (20).
METHODS

Cell culture

Primary human airway smooth muscle (ASM) cells were obtained from the

Gift of Hope Organ and Tissue Donor Network (Itasca, IL). These cells

have been well-characterized previously, e.g., (21). All measurements

were performed using cells at passage 5–8 from two nonasthmatic donors.

ARPE-19 (retinal pigment epithelium) cells were obtained from American

Type Culture Collection (Manassas, VA). All culture media formulations

are provided in the Supporting Materials and Methods.
Preparation of silicone substrates in custom
96-well plates

We fabricate our multiwell TFM dishes by applying very compliant and

tunable modulus PDMS onto custom-cut glass slides and then partitioning

the wells with a plastic subdivider (Fig. 1 A–E). In brief, very compliant

commercial PDMS (NuSil 8100; NuSil Silicone Technologies, Carpinteria,

CA) is mixed with a small percentage by weight of Sylgard 184

cross-linking agent to make a tunable (E ¼ 0.4–73 kPa) substrate, which

is impregnated with an �1-mm-thick layer of fiduciary particles to reveal

cell-induced deformations. This approach differs from existing PDMS

TFM strategies, as this substrate is comparably compliant to PAA and

linearly elastic, yet not a hydrogel. Full details of plate preparation,

including detailed substrate functionalization and mechanical characteriza-

tion, are provided in the Supporting Materials and Methods.
Mechanical characterization of PDMS substrates

We measured the frequency-dependent storage and loss-shear moduli for

PDMS with different additional cross-linker formulations using shear

rheology (MCR 302, 25-mm parallel plate tool; Anton Paar, Graz, Austria).

Samples of �0.6 mL were loaded and cured at 100 C for 2–3 h, the normal

force was reset, and the shear modulus was measured at 1 Hz and 0.5%

strain. Young’s moduli, E, were calculated from shear moduli, G, as

E ¼ 2 � G(1 þ v) by assuming the PDMS is incompressible with a Poisson

ratio, v, of 0.5 (Fig. 1 F and G). Further mechanical characterization is

described in the Supporting Materials and Methods.
Measurements of cell traction forces

The 96-well plate was mounted within a heated chamber (37�C) upon an

automated computer-controlled motorized stage and imaged at 10�magni-

fication using a monochrome camera (DFC365 FX; Leica, Wetzlar,

Germany) affixed to an inverted microscope (DMI 6000B; Leica). We ac-

quired fluorescent images of microspheres embedded in the elastic substrate

immediately underneath the cells at 1) baseline with no treatment, 2) after

treatment, and 3) after cell detachment with trypsin (reference null-force

image). By comparing the fluorescent images at reference with the

corresponding images at baseline and after treatment, we obtain a time

series of bead displacement and hence substrate deformation fields

(resolution¼�15 mm). Using the measured substrate deformation, the pre-

defined substrate modulus, and thickness, traction force maps and the root

mean-squared value were calculated over a 732 mm � 732 mm area on a
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well-by-well basis, using the approach of Fourier-transform traction cytom-

etry (22) modified to the case of cell monolayers (23).
Drugs

Histamine, isoproterenol, salbutamol, salmeterol, formoterol, thrombin,

and H202 were purchased from Sigma-Aldrich (St. Louis, MO). Y27632

was purchased from EMDMillipore (Burlington, MA). Human VEGF-A165

and bevacizumab were purchased from R&D systems (Minneapolis, MN)

and Genentech (South San Francisco, CA), respectively.
Statistics

Statistical comparisons for traction differences were performed using

the nonparametric Wilcoxon matched-pairs signed rank test. Differences

were considered significant when p < 0.05.
RESULTS AND DISCUSSION

CFS entails quantifying the cell-generated forces by
measuring fluorescent bead positions in each well of the
96-well plate: 1) without cells, 2) with cells adhered at base-
line contractility, and 3) after treatment with the com-
pound(s) of interest. For example, for a representative well
of a 96-well plate (Fig. 2 A), shown are ASM traction force
maps and the root mean-squared value (inset) at baseline
(Fig. 2 D, 93 Pa), after treatment with the contractant, the
H1 agonist histamine (Fig. 2 E, 112 Pa), and after additional
treatment with the relaxant, the b2 adrenergic receptor
agonist isoproterenol (Fig. 2 F, 52 Pa).

First, we tested the suitability of our approach for higher-
capacity measurements. We evaluated common factors
associated with ASM contraction, including constituents
of the culture medium and properties of the cellular sub-
strate. Although serum deprivation only marginally affected
the scope of ASM relaxation (contraction with 10 mM
histamine–relaxation with additional 1 mM isoproterenol),
substrate stiffness had a profound impact, with an optimal
response on 12-kPa stiff substrates. Given these findings,
we focused subsequent studies on 12-kPa stiff substrates
prepared in 96-well plates. Individual wells of a representa-
tive plate were either assigned to a positive or negative
control group. In the positive control group, cells were pres-
timulated with 10 mM histamine to induce maximal contrac-
tility, followed by poststimulation with the relaxant, 10 mM
Y27632, for 30 min. In the negative control group, cells
were prestimulated with vehicle (phosphate-buffered
saline), followed by poststimulation with vehicle (phos-
phate-buffered saline) for 30 min. In both groups, traction-
force-measured poststimulation was normalized to the
corresponding prestimulation value on a well-by-well basis.
From these measurements of normalized changes, we deter-
mined that the groups were statistically different (p < 0.05),
as ascertained by an unpaired Student’s t-test.

Next, we verified the utility of our approach in pharma-
cology by examining traction force changes induced by a
2196 Biophysical Journal 114, 2194–2199, May 8, 2018
diverse set of well-known and clinically relevant ASM
relaxation compounds (24). Each compound was evaluated
in a 10-point dose-response manner across adjacent rows
of the 96-well plate. Data were pooled from multiple plates
and reported as a percentage of histamine response. The
extent of ASM relaxation confirmed the known differences
in potency of the b2 adrenergic receptor agonists (salme-
terol > formoterol > salbutamol > isoproterenol) (24),
and the full agonist, formoterol, provided a greater scope
of relaxation than the partial agonist, salmeterol, as ex-
pected (25) (Fig. 2 H; Table S1). Notably, as supported by
negligible standard errors and the small coefficients of vari-
ation, the data were highly reproducible.

Here we have focused on ASM response; yet this
approach is applicable in pharmacology to any adherent
contractile cell type and is therefore expected to be of broad
utility. In ASM, this need is particularly exigent, as current
efforts to screen new ASM relaxation drugs employ indirect
assay methods that are poorly predictive of functional
response. Commonplace examples include the dissociation
of intracellular calcium regulation from the effects of brady-
kinin, bitter tastants (26), and proton-sensing receptor li-
gands (27) on ASM contraction, a similar dissociation of
cAMP regulation from bronchorelaxant effect (procontrac-
tile receptor antagonists and again bitter tastants), and the
limited predictive utility of membrane potential for almost
all drugs whether they target receptors or other contractile
effectors or signaling elements. A more relevant screen
that directly quantifies the target output of ASM relaxation,
as does CFS, is required to efficiently test the pending
generations of ASM relaxation drugs. To this end, CFS fills
an important methodological void in ASM biology, and,
more generally, in measuring contractile response for a
broad range of cell types and pathologies.

To demonstrate the versatility of CFS, we examined
a key pathogenic mechanism common to many ocular
pathologies—dysfunction of the retinal pigmented epithe-
lium (RPE) (28). We discovered that the RPE barrier-
disruptive agent thrombin (29), the proangiogenic cytokine
VEGF-A (30), and the oxidative stressor H2O2 (31)
each caused an increase in RPE traction forces (Fig. 3).
Conversely, the rho kinase inhibitor Y27632 or the VEGF-A
inhibitor bevacizumab ablated these forces. Taken together,
these data reveal a novel role for traction force increase
in RPE dysfunction and advocate for new discovery efforts
targeted at reducing these forces. This might be especially
pertinent to offset RPE dysfunction in the commonly
occurring dry form of macular degeneration (32), wherein
no therapeutic intervention currently exists.
CONCLUSIONS

We have demonstrated utility for a 96-well silicone-based
substrate for CFS. This approach is advantageous over
CFS using PAA (20), as the material itself is more robust



FIGURE 2 CFS using soft elastomeric substrates recapitulates known ASM pharmacological responses. Human ASM cells were cultured to confluence

upon Young’s modulus¼ 12 kPa (0.36% cross-linker) collagen-coated 96-well silicone substrates. (A–D) For a representative well of a 96-well plate, images

of cells, fluorescent beads, traction force maps, and average magnitude (inset) at baseline are shown. (E and F) For the same well, shown are traction force

maps and the average magnitude (inset) with the contractant compound histamine (10 mM, 30 min), and after additional treatment with the relaxant com-

pound isoproterenol (0.5 mM, 30 min). (G) Over the 96-well plate, the force measurements are statistically different (p< 0.05) between positive and negative

controls, as ascertained by an unpaired t-test. (H) Force measurements confirmed known differences in potency among a panel of functionally diverse ASM

relaxation compounds (formoterol > salmeterol > salbutamol > isoproterenol). Plotted are the mean 5 standard error calculated from three to eight

wells per dose per ASM relaxation compound. Data were pooled from two to four 96-well plates tested on different days but under identical experimental

conditions. To see this figure in color, go online.
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FIGURE 3 Mediators of retinal epithelial dysfunction increase cell trac-

tion forces. Human ARPE-19 cells were cultured to confluence upon

Young’s modulus ¼ 12 kPa (0.36% cross-linker) collagen-coated 96-well

silicone substrates, and cell-contractile forces were measured at baseline

(0 min) and after treatment (15, 30/60min). Although thrombin (1 unit/mL),

VEGF (100 ng/mL), and H202 (100 nM) increased baseline forces in a

time-dependent manner, the rho kinase inhibitor Y27632 (10 mM) ablated

them. Bevacizumab (0.05 mg/mL) prevented the VEGF-induced force

increase. Plotted is the mean 5 standard error pooled from 8–24 wells

per time point per treatment. * indicates significant difference compared

to baseline.
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and uniform, and the fabrication of multiwell silicone sub-
strates eliminates time-consuming production steps, utilizes
standard microfabrication procedures, and obviates the need
for surface-bound fluorescent beads by embedding them as a
monolayer by spin coating. Moreover, silicone elastomers
possess many material-favorable properties over PAA. Spe-
cifically, they are predominantly elastic in the stiffness range
that encompasses most physiological microenvironments,
are nonporous and impermeable—thus obviating common
concerns associated with PAA (19)—and possess superior
optical properties.

Mechanical malfunction appears be an integral compo-
nent of many diverse diseases, including asthma, ocular pa-
thologies, acute lung injury, bladder dysfunction, vascular
diseases, fibrosis, and cancer, wherein cell contractile forces
play a pivotal role. CFS using elastic silicone substrates is
expected to enable mechanistic studies for both quantita-
tively describing the aberrant contractile forces as well as
mechanically rectifying the responses by directly evaluating
potential therapeutic compounds.
SUPPORTING MATERIAL

Supporting Materials and Methods, nine figures, and one table are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)

30439-9.
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Supplementary Table1:  

 
Potency of a panel of beta-agonist compounds measured by Traction Force Screening. The potency 
value is the concentration of the drug where the force response is reduced by half. This is also called 
the relative IC50 value. It was calculated from a least squares curve fit of a log(inhibitor) versus 
response using variable slope (four parameters). The calculation of potency was performed using 
Prism 6.03 software.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Condition Potency(M), 
15min

Potency(M), 
30min

Formoterol 4.8*10-10 3*10-10

Salmeterol 4.3*10-10 1.6*10-10

Isoproterenol 4.8*10-8 3.9*10-8

Salbutamol 2.6*10-8 2.5*10-8

Suppl. table 1 



 
 
 
 

 

 
Supplementary Fig 1 – Bead synthesis & characterization.  
a) The fluorescent image confirms that the particles were fluorescent and well dispersed in PDMS 
media (scale bar 10 µm). b) Additionally, particles were sputter-coated with gold and imaged with 
SEM (Hitachi Scanning Electron Microscope SU3500). The SEM image demonstrates the particle 
size and shape consistency (scale bar 1 µm). 
  



 
Supplementary Fig 2. PDMS samples exhibit linear elasticity. 
Different formulations of PDMS were tested for nonlinear behavior such as strain-stiffening.  Only at 
deformations approaching 100% strain did samples exhibit any change in the measured storage 
moduli. 
 
 

 
 
Supplementary Fig 3. Frequency dependent response of PDMS samples. 
Frequency sweep of PDMS formulations at 0.5% strain shows a relatively flat response in the storage 
modulus of all samples, with 0% crosslinker increasing above 2Hz, and other formulations remaining 
flat even at higher frequencies. 
 
 
 



 
 
Supplementary Fig 4. Inverse Loss Tangent (ILT) of PDMS samples. 
The ILT quantifies G’/G”, and is a measure of the relative solid-like to fluid-like response of the 
material, and a material with an ILT of 1 would be highly viscoelastic.  All formulations of PDMS are 
predominantly elastic, with the lowest being approximately 9 for 0% additional crosslinker, and 
approximately 1000 for 1% additional crosslinker.  These data suggest that the PDMS formulations 
may be treated as elastic solids for the purposes of TFM calculations. 
 

 
 
Supplementary Fig 5. Gelation curves for curing PDMS samples. 
Uncured PDMS samples were mixed and loaded onto the rheometer, and shear rheology was 
performed during the curing process at 100C.  These data reveal that the samples have largely cured 
after 25 minutes, and are completely cured within three hours. 
 
 



 
additional	
crosslinker	

%	

Average	
Young's	

Modulus	(kPa)	
Standard	

Deviation	(kPa)	
n	(number	
of	points)		

0%	 0.9894	 0.0797	 10	
0.15%	 2.106	 0.4768	 10	
0.36%	 4.934	 0.1133	 10	
0.72%	 19.22	 0.6206	 10	

 
Supplementary Fig 6. Spatial heterogeneity of modulus as measured with AFM. 
To examine the uniformity of modulus on PDMS substrates, we created TFM substrates with several 
different formulations, and then used an AFM (JPK Nanowizard 3, JPK Berlin Germany) to measure 
10 independent positions, spaced at least 100 µm from each other. These data demonstrate that the 
substrates display little variability and are uniform. Deviation in absolute moduli values reported here 
from those measured in shear rheology are attributed to challenges in contact mechanics modeling 
(Notbohm et al 2011, Pham et al 2017) 
 
 

 
Supplementary Fig 7. Long-term elastic measurements of PDMS substrates. 
To assess any long-term changes in the elastic modulus of prepared PDMS samples, we used a 
custom-built microindenter as described previously (Zhang 2015). In brief, the instrument uses a load 
cell (S256, Strain Measurement Devices, CT USA) which is moved by a 3-axis micromanipulator 
(Sutter MP285, Olympus ON Canada). The movement of the micromanipulator and the load-cell data 
collection are run by custom Matlab software, and the load/strain curve is calibrated using an 
analytical balance.  
 
 



 
Supplementary Fig 8. Single cell TFM PDMS substrates. 
To provide an example for comparison with other single-cell traction force studies, we examined 
HEK293 cells on a 3.6 kPa PDMS substrate.  The left panel depicts a HEK293 cell transfected with 
EGFP-LifeAct (Michael Davidson, Addgene plasmid #54610) on a PDMS substrate with red fiduciary 
beads. The right panel shows the calculated unconstrained traction stresses generated by the cell. 
This reveals that single cells display traction stress profiles similar to those previously shown in PAA 
studies, and the maximum traction stress is observed to be approximately 200 Pa. Scale bar in left 
panel is 50 µm.  
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Supplementary Fig 9. The scope of ASM relaxation. Bar graphs reflect the difference in 
contractility, as reported by RMS traction in Pa (top) and % of untreated (bottom) in untreated, with 
histamine, or with isoproterenol, with the left panel depicting changes on two different substrate 
moduli, and the right panel quantifying changes with two different serum deprivation times. In the 
bottom panels, also shown is the difference between contraction with 10μM histamine (gray bar) and 
relaxation with additional 1μM isoproterenol (white bar). This difference is greater on 12 kPa than 
0.4kPa stiff substrate (n=22-24 separate wells per stiffness group), and, only marginally affected by 
serum deprivation (n=8 and 24 wells for 4 hr and 24 hr deprivation, respectively).  Plotted data are 
mean±std.error. Data sets were compared using the Wilcoxon matched-pairs signed rank test and 
differences are reported as * for p<0.05. 
 
 
Detailed methods: 
 
Mechanical testing of PDMS mixtures: 
 
Shear Rheology: Measurements of PDMS moduli as functions of formulation, curing time, frequency, 
and strain were performed with a stress-controlled shear rheometer using a 25mm parallel plate 
geometry (Anton Paar, MCR 302, Montreal Canada). 
 
Microindentation measurements: To assess any long-term changes in the elastic modulus of 
prepared PDMS samples, we used a custom-built microindenter as described previously (Zhang 
2015). In brief, the instrument uses a load cell (S256, Strain Measurement Devices, CT USA) which is 
moved by a 3-axis micromanipulator (Sutter MP285, Olympus ON Canada). The movement of the 
micromanipulator and the load-cell data collection are run by custom Matlab software, and the 
load/strain curve is calibrated using an analytical balance.  
 
 
Cell culture media: 
Primary human airway smooth muscle cell culture and measurements were performed either in 
serum containing medium comprising DMEM/F12 supplemented with 10% FBS (35-010-CV, Corning 
Life Sciences, Tewksbury, MA) and 1% penicillin-streptomycin (P0781; Sigma-Aldrich, St. Louis, 
MO), 1% L-glutamine (25030149; Thermo-Fisher Scientific, Waltham, MA), 1% amphotericin B 
(15290018; Thermo-Fisher Scientific, Waltham, MA), 0.17% 1M CaCl2*2H20, and 1.2% 1M NaOH or 
in serum deprived medium comprising F12 with the above supplements except for replacement of 
FBS with 1% insulin-transferrin-selenium supplement (25-800-CR; Corning Life Sciences, Tewksbury, 
MA). 
 
ARPE-19 (retinal pigment epithelium) cells were obtained from American Type Culture Collection and 
cultured in DMEM/F12 medium supplemented with 1% penicillin-streptomycin, 1% L-glutamine and 
10% FBS.  For monolayer preparation, ARPE-19 (1.7 x 105 cells/cm2) were seeded on collagen-
coated soft PDMS substrates in low serum media for 2-12 hours before the experiment.  
 
 
Preparation of NuSil substrates in custom 96-well plates.  
As a material for our substrates, we used a very compliant commercial PDMS (NuSil® 8100, NuSil 
Silicone Technologies, Carpinteria, CA).  When prepared as per manufacturer instructions, i.e. 1:1 
component mixing, we measured these silicone substrates to have Young’s moduli of approximately 
of 0.36 +/- 0.043 kPa, as determined with shear rheology (Anton Paar MCR302, Montreal Canada). 
From this baseline, we increased the modulus of the PDMS by including a small amount of additional 
crosslinker (Sylgard 184 curing agent, Dow Corning, Midland, MI), allowing us to create substrates 
with higher Young’s moduli as desired, and we tested up to 73.32+/-2.96 kPa with 1% additional 
crosslinker (Fig. 1F&G), spanning two orders of magnitude in compliance.  



 
To prepare the multiwell plates, we selected custom cut glass slides (109.6 mm x 78mm x 1mm, 
Hausser Scientific, Horsham PA) so that our plates are compatible with existing multiwell tools (Fig. 
1A-E).  Optionally, the glass surface can be coated with fluorescent bead markers for de-drifting 
images during an experiment (Fig 1A).  To create the deformable layer with a particular modulus, 
PDMS was mixed to the by combining mixing NuSil 8100 or as per manufacturer instructions, and 
then adding additional Sylgard 184 crosslinking agent and slowly mixing on a rotator for 
approximately 30 minutes to achieve the desired elastic modulus (Fig 1F&G).   
 
Next, we spin coat the uncured PDMS mixture, prepared as described above, on the glass slide (Fig 
1B).  To ease loading and centering the glass slides onto the spin coater, we mark the XY center of 
the glass slide with a solvent resistant marker, and align that mark with the vacuum chuck on the spin 
coater (Laurell WS-650Mz-23, Laurell Technologies, USA).  We then add 3-4 ml of uncured PDMS to 
cover the substrate, and use a pipette tip to coarsely spread it from the center to the edges.  The slide 
is then spun with the following protocol: 1) 200 rpm 1min, acceleration 50rpm/s; 2) 300 rpm for 1 min, 
acceleration 200 rpm/s; 3) deceleration to stop 50 rpm/s.  This protocol produces a layer 
approximately 100 microns thick.  The slide with uncured PDMS is then removed from the chuck and 
placed on a solid surface (i.e. not a wire rack) in a preheated 1000C oven for 90 minutes.  While it 
may be cured longer, it should not be done hotter than 1000C as this may cause a degradation and 
reduction in stiffness.  Care should be taken that the oven surface is precisely level to ensure that the 
PDMS layer has a uniform thickness. 
 
To form the fiduciary bead layer, ~2ml of uncured PDMS mixture from the previous step is mixed with 
a stock bead solution.  Our fluorescent beads are synthesized with a PMMA core and a PDMS shell 
based on work published previously [14] (Suppl. Fig. 1) and had a final diameter of ~300nm. Their 
complete synthesis is described in detail below. Beads are stored in hexane, and prior to addition to 
the uncured PDMS, they are mixed for 30 minutes at approximately 20% volume fraction to the 
uncured PDMS. The actual bead concentration depends on the desired final bead density, which for 
our experiments is ~0.05- 0.2 beads 1 µm2, and the stock bead concentrations, which is 
approximately 9.2x1011 beads per ml. To produce a thin layer of bead-embedded PDMS, the uncured 
mixture is spun on the slide with the following protocol: 1) 500 rpm for 1 minute, acceleration 100 
rpm/s; 2) 5000 rpm for 20 sec, acceleration 200 rpm/s; 3) Deceleration to stop at 100 rpm/s.  The 
slide is then placed back in the 1000C oven for 1 hour to cure the top bead layer.  This protocol 
produces a bead layer approximately 1 micron thick, with an approximate density of 0.05-0.2 beads 
per 1 µm2.  The elastic substrate and bead layers are now complete (Fig 1C). 
  
To create a multiwell dish from the single piece of PDMS-coated glass, we then bonded a 96-well 
insert (2572; Corning, Tewksbury, MA) on top of the bead layer, allowing each compartment from the 
insert to function as an individual well on the compliant PDMS substrate, forming the complete 
multiwell dish (Fig 1D).   
To facilitate attachment, we apply a thin coat of uncured PDMS (Sylgard 184, Dow Corning, USA) 
mixed per manufacturer instructions of 10:1 polymer base to crosslinking agent to the insert bottom, 
invert, lay the slide and deformable PDMS substrate upside-down onto the insert, and incubate the 
insert together with the substrate at 65°C for one hour.  Inversion is important as it prevents uncured 
PDMS from flowing down and covering the substrate surface. 
 
 
Substrate functionalization and ligand binding 
The wells are washed and surface-activated using the cross-linker, Sulfo-SANPAH (Proteochem, 
Hurricane, UT).  Briefly, Sulfo-SANPAH is dissolved in 0.1M HEPES buffer at a final concentration of 
0.4mM and exposed to UV (Wavelength=254nm, Power=40W, Philips, USA) for 6 minutes. Upon 
activation, the SANPAH will visibly darken.  The SANPAH is then removed from the wells by washing 
twice with phosphate-buffered saline (PBS).  Finally, the wells are ligated with 0.05 mg/ml of collagen 



type 1 solution in PBS (5005; Advanced Biomatrix, Carlsbad, CA) overnight at 4°C in preparation for 
measurements, and sterilized by UV exposure in a Biosafety cabinet in preparation for 
measurements. While our experiments have used collagen, this process should also be successful 
with other ligands such as fibronectin. 
 
 
Fluorescent Bead Synthesis 
Commonly available fluorescent polystyrene spheres do not readily disperse in non-polar fluids such 
as uncured PDMS, requiring in house synthesis of compatible spheres.  
 
The following procedure for fluorescent particle synthesis is based on the method described by Klein 
et. al.  

Materials used for PDMS-coated fluorescent bead synthesis 
1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine 
Perchlorate (DiI) 

1-5 mg Sigma-Aldrich 468495-100MG 

Methyl methacrylate, 99%, 
contains ≤30 ppm MEHQ as 

inhibitor 
15 mL Sigma-Aldrich M55909-500ML 

Inhibitor Remover  Sigma-Aldrich 306312-1EA 
Polydimethylsiloxane stabilizer 

(25,000g/mol) 
*Methacryloxypropyl-terminated 

0.5 g Gelest DMS-R31 (25,000g/mol) 

2,2’-azobisisobutyronitrile (AIBN 
98%) 

(=2,2’-Azobis(2-methylpropionitrile) 
0.15g Sigma-Aldrich 441090-25G 

Hexane Anhydrous (for reaction) 100 mL Sigma-Aldrich 296989-1L 
Hexane, mixture of isomers ~ 200 mL Sigma-Aldrich 227064-1L 

 
 
0.5 g of PDMS stabilizer and 5 mg of fluorophore were dissolved in 100 mL of anhydrous hexane in 
250 mL two-neck flask. The necks were prepared with a water cooled reflux condenser, a rubber 
septum with a nitrogen inlet needle and an outlet needle, and a rubber septum for adding monomer 
solution via a syringe, respectively. The flask was placed in the mineral oil bath at 75 °C and purged 
with nitrogen gas for 1 hour. To ensure uniform heating, a small magnetic stir bar was placed in the 
reaction flask. 0.100g of AIBN was dissolved in 6 g of methyl methacrylate and purged with nitrogen 
for 1 hour. *Methyl methacrylate was flushed through prepacked column to remove inhibitors before 
use. After purging both hexanes and the initiator with monomers, the reaction was initiated by adding 
a monomer and initiator mix solution to the three-neck flask. The initially transparent solution became 
cloudy as nuclei for the particle growth were formed and tuned milky as they continue to grow. After 3 
hours, the reaction flask was placed in an ice water bath after 3 hours to terminate the reaction. The 
solution was vacuum-filtered through a coarse filter paper. The filtrate was then centrifuged to remove 
unreacted stabilizer, and re-suspended in fresh hexane. To facilitate the redispersion, the particles in 
hexane were placed in an ultrasonic bath - the final hexane volume to be added depends on the 
product yield and desired bead concentration.  
 
Synthesized beads were found to be 300-400 nm in diameter as measured by SEM (Supplemental 
Figure 1b). 
 
Bead Addition to Uncured PDMS  
Prior to mixing, the bead solution was sonicated for 15-30 minutes and vortexed for ~60 seconds to 
prevent beads from aggregating. Each corresponding PDMS mixtures left from the previous step 
(NuSil GEL-8100 mixtures) was mixed with fluorescent beads (suspended in hexane) in 10:1 (equal 



PDMS mix : bead solution) ratio (the amount of bead solution to be added depends on the 
concentration of the bead solution) by weight, and the whole mixture was vortexed for 1-2 minutes - 
*Beads can be filtered through 5 μm pores using syringe filters right before adding to PDMS mixture 
to further avoid bead clumping – this is especially important when using beads in high density.  
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