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ABSTRACT

In this paper we describe a technique to make a confined environment of variable stiffness that is suitable for high-resolution

live-cell imaging. This versatile and adaptable technique enables cell confinement between soft elastic surfaces made from poly-

acrylamide gels. The two surfaces retain all their compatibility with multiple approaches to chemically couple adhesion proteins,
and additional techniques like micropatterning and traction force microscopy. This method is thus well suited for measuring
force production and migration of weakly adherent cells that struggle to migrate in traditional planar environments.

1 | Introduction

Cellular behavior is regulated by signaling which can arise from
multiple sources, including molecules in solution, interactions
with other cells, or changes in the physical environment (Janmey
and Miller 2011; Sala et al. 2024). These signaling cascades are
not independent and often overlap (Miller and Davidson 2013; De
Belly et al. 2022). While glass and plastic dishes are easy to use
and readily available, physiological environments rarely, if ever,
resemble these rigid, planar substrates (Yang et al. 2017). In vivo,
cells experience complex environments that vary both biochemi-
callyand physically (Gaylo et al. 2016; Ventura and Sedzinski 2022;
Oudin and Weaver 2016; Devreotes and Horwitz 2015). From
combinations of ligands to three-dimensional architectures,
these combined environmental factors can strongly influence
cellular behavior. There has thus been a concerted effort to de-
velop methods that more strongly resemble physiological envi-
ronments, while retaining the control of and specificity of in vitro
environments (Kim and Hayward 2012; Liu et al. 2025).

When Albert Harris first put cells on an elastic substrate, he
noticed that cells would cause the sheet to wrinkle (Harris
et al. 1980). This clearly demonstrated that cells were contractile

and pulling on the substrate under them. This approach was
later refined to enable calculations of forces applied by the cells
by embedding fiducial markers in the substrate for the purpose
of measuring its deformation (Butler et al. 2002; Dembo and
Wang 1999), a technique known as traction force microscopy
(TFM) (Munevar et al. 2001). In addition to being able to mea-
sure cellular forces, use of elastic substrates has revealed a host
of cellular behaviors that are sensitive to the mechanical prop-
erties of the environment (Janmey et al. 2020), including cell
spreading (Yeung et al. 2005; Oakes 2018), migration (Bangasser
et al. 2017; Isomursu et al. 2022; Pelham and Wang 1997),
gene expression and differentiation (Saha et al. 2008; Engler
et al. 2006; Wolfram et al. 2024; Feng and Nakamura 2025).

Similarly, changes in environmental architecture can strongly
impact cell behavior (Muncie and Weaver 2018; Yamada and
Sixt 2019). For example, when subjected to a high level of con-
finement (<3um), many cells undergo a transformation from
a mesenchymal state to a shapeshifting, contractile, and low-
adhesive amoeboid migration mode (Liu et al. 2015). Indeed,
cell morphology is strongly dependent on the local environment,
with cells displaying multiple migration phenotypes in response
to the density, organization, and stiffness of extracellular matrix
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(ECM) proteins (Charras and Sahai 2014). Simpler approaches
confining cells between two parallel surfaces (Liu et al. 2015)
or under agar pads (Logue et al. 2015) elicit similar changes in
morphology. While many of these studies have been done in
strongly adherent cells, confinement also makes it possible to
investigate migration of weakly adherent cells. For instance, we
recently showed that T cells failed to migrate on 2D fibronectin-
coated coverslips but could migrate rapidly and efficiently on the
same substrate when confined (Caillier et al. 2024).

Here we describe an approach that combines a previously estab-
lished method for confining cells (Liu et al. 2015) with tunable
elastic substrates. This enables us to modulate both the stiffness
of the substrate and the magnitude of confinement to more ac-
curately match what cells might see in vivo, while retaining the
experimental control we have in vitro and the ability to combine
it with traditional TFM approaches. This approach we hope will
be of use for researchers interested in measuring traction forces
generated by cells in confinement and for investigating migra-
tion behaviors of weakly adherent cells.

2 | Protocol

2.1 | Material Preparation

. Use a glass pipet to add 3-aminopropyltrimethoxysilane to

the isopropanol to a final concentration of 2%.

. Add a stir bar at the bottom of your dish and place on a stir

plate at room temperature for 10 min.

NOTE: When starting the stir plate, pay attention that the
stir bar doesn't touch your rack and increase the speed
slowly.

. After 10 min, remove the racks from the dish and dispose

of the isopropanol/3-aminopropyltrimethyoxysilane solu-
tion in hazardous waste according to your institutional
policies.

. Dip the racks with coverslips slowly six times in deionized

water. Replace the solution with fresh deionized water and
repeat four times.

NOTE: When immersing the small round coverslips, it is
best to move slowly to prevent the coverslips from floating.
Instead of removing the rack entirely from the water, the
rack can be oscillated while fully submerged to keep air
bubbles from forming.

NOTE: If you wish to stop at this step, you can let the cov-
erslips dry in a low temperature incubator.

Reagents and material needed Brand Catalog number
22X 30mm #1.5 coverslips Corning 2,980,223
12mm round #1.5 coverslips Chemglass Life Sciences CLS1763012
2-Propanol Sigma-Aldrich 190,764-4L
3-aminopropyltrimethoxysilane Acros Organics 313,255,000
Glutaraldehyde Aqueous 70% Electron Microscopy Sciences 16,360

Coverslips racks

Small Coverslips racks (better for 12 mm coverslips)
Sulfo-SANPAH

Dimethyl Sulfoxide (DMSO)

PDMS (Sylgard 184 Silicone Elastometer)

Milipore Sigma
Milipore Sigma
Covachem
Fisher Scientific

Krayden Dow Corning

Z743685-1EA
7688568-1EA
NC2028693
BP231
DC4019862

2.1.1 | Coverslip Activation

7. Place the racks in the dish and fill with deionized water,

NOTE: This step ensures a covalent bond between the polyacryl-
amide (PAAm) hydrogels and glass coverslips.

1. Place 22x30mm #1.5 coverslips and 12mm round #1.5
coverslips in racks.

NOTE: For 12mm round or other small coverslips, holding
the coverslips in the rack with tweezers can aid in prevent-
ing them from floating.

2. Immerse the rack in a deep glass dish filled with iso-
propanol. The isopropanol should cover the covers-
lips completely. Keep track of the volume used for later
calculations.

10.

11.

making sure the coverslips are fully submerged. Add 1%
glutaraldehyde to the solution.

Stir on a stir plate at room temperature for 30 min.

After 30min, remove the racks from the dish and dispose
of the solution in hazardous waste.

Place the racks back in the dish and fill with deionized
water and wash on the stir plate for 10min. Replace the
water with fresh deionized water and repeat this wash step
two more times.

Remove racks from the dish and allow them to dry in a
clean environment overnight.

NOTE: Excess water can be removed using kimwipes to
wick away water from the racks.
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12. Cover in Aluminum Foil to keep away from dust. Store at
room temperature.

2.1.2 | Aliquot Sulfo-SANPAH

NOTE: While we describe here how to coat the gels using the
photoactivatable crosslinker Sulfo-SANPAH, there are multi-
ple other approaches to chemically modify the gels with other
proteins of interest (Lee et al. 2016; Vignaud et al. 2014; Wolfel
et al. 2022; Missirlis et al. 2022; Kumai et al. 2021).

NOTE: Proceed quickly since Sulfo-SANPAH degrades rap-
idly once it is exposed to moisture. Once frozen, use within
3-4months.

1. Resuspend the Sulfo-SANPAH in anhydrous DMSO to a
concentration of 50mg/mL. Make 40 uL aliquots in 1.5mL
Eppendorf tubes.

2. Flash freeze the aliquots by dipping them in liquid nitrogen.
3. Store at —80°C.

2.1.3 | Make PDMS Pillar (Refer to Figure 1)

NOTE: The stiffness of the pillar will need to be optimized based
on the cell chamber dimension and the dimension of the pillar
(Figure 6A-F). As depicted in Figure 6, the length and stiffness
of the pillar will affect the curvature of the bottom gel coverslips.
Having a curved bottom can still allow for precise measurements
and provide a range of different confinement levels, but it does cre-
ate a gradient of confinement, which can influence cell migration
directionality. However, if optimized properly, both gels will rest
flat on each other, keeping the confinement uniform (Figure 6E).

1. Mix PDMS (Sylgard 184 elastomer) base with the curing
agent at a ratio of 40/1 (for very soft pillars, Figure 6D,E) or
30/1 (for slightly stiffer pillars, Figure 6C).

2. Mix for 1 min.
3. Pour PDMSinto the mold with the desired pillar dimension.

NOTE: We use a custom mold created by drilling 12mm
holes (e.g., the size of the coverslip that is eventually at-
tached to the pillar) into a piece of Delrin and clamping it
between two pieces of plexiglass (Figure 1). This is not re-
quired though and pillars can easily be fabricated using a
25 mm plastic pipette that is cut to the desired height as a
mold. The pillar should be made to match the height of the
cell imaging chamber. In our chamber, the space between
the bottom coverslip and our lid is 6.6 mm. A 6.4 mm pillar
with a 40/1 ratio of PDMS resulted in both gels perfectly
resting on each other. A slightly larger or stiffer pillar re-
sulted in a curved bottom coverslip (Figure 6C,D). It is
thus critical to optimize this step for your experimental
setup to ensure the correct geometry is achieved.

4. Place the mold in a dish to contain any overflow of PDMS
before placing the dish in a degassing chamber. Degas for
at least 30min or until no air bubbles are visible.

[A.Assemble the base of the mold

Plastic mold

(Thickness equal to pillar
height, holes are 12mm in

diameter)
Threaded Rods
' 1
= Plexiglass lid
1
T = Wing nut
/’1 N
B. Pour PDMS

Weigh PDMS base and curing agent
to a 40:1 ratio. Mix well

_——
=
g

=

e e (VI
V/"Welghlngboat

PDMS

Degas for 30min

C. Close mold
\ A4 Wing nut
Ny |

|

Plexiglass lid

Place in oven at 70°C overnight. Let
cool at RT before unmolding

Y

FIGURE1 | PDMS pillar fabrication. (A-C) PDMS pillar mold set up
suggestion. The middle plate has a thickness equal to the desired pillar

height. Holes equal to the diameter of the upper coverslip (e.g., 12mm)
were drilled into the plate. We used outer plates made of plexiglass to
serve as lids and which are clamped on either side of the mold. Refer to
Section 2.1.3 from the text for more detail.

5. Close the mold and place in a 70°C oven overnight.

6. The next day, let cool at room temperature before
unmolding.

7. Open the mold using a razor blade and isopropanol to clean
up the excess PDMS.

8. Unmold the pillars, clean with isopropanol, and keep in a
clean Petri dish for future use.
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2.2 | Fabrication of PAAm Hydrogels

Reagents and material Catalog
needed Brand number
40% Acrylamide solution Bio-Rad #1610140
2% Bis solution Bio-Rad #1610142
FluoSpheresCarboxylate- ~ Thermofisher F8789
Modified Microspheres Scientific

TEMED FisherScientific BP150-20
Ammonium Persulfate FisherScientific BP179-25
Water repellent Rain-X 800,002,250 W
treatment

2.2.1 | Make a Stock Standard Solution (Figure 2A)

NOTE: The stiffness of the gel should be optimized for your cell
type. The gels should be soft enough to measure forces, but not
so soft that the cells embed in the gels. Cells embedded in the gel
will push the gel out of the plane of focus, complicating the anal-
ysis. See Table 1 for different stiffness recipes based on previous
reports (Yeung et al. 2005).

Example for an 8.6 kPa shear modulus gel:

1. Collect on ice: 40% acrylamide solution, 2% bis-acrylamide
solution and miliQ water.

2. In a 15mL conical mix together: 2.343mL of 40% acryla-
mide solution, 1.875mL of 2% bis-acrylamide solution and
0.781 mL water. Mix well with a pipette.

3. Cover the tube in foil and store at 4°C.

NOTE: Once made, the stock Standard Solution can be
stored at 4°C, protected from light for up to 3 months.

2.2.2 | Make Microscopic Slides Hydrophobic

1. Spray a hydrophobic coating (e.g., Rain-X (ITW Global
Brands)), on your microscope slide. Use a tissue to rub the
hydrophobic coating onto the microscope slide for 1 min.
Once dry, rinse with water and dry the remaining water
with Kimwipes.

NOTE: Multiple coverslips can fit on a single glass slide. For
instance, you can fit two 22X 30 mm and two 12mm round
coverslips on one standard 3” microscope slide. Therefore,
make as many microscope slides as you need according to
how many gels you expect to make.

2. To ensure the slide is hydrophobic, repeat step 1 a second
time.

NOTE: Making slides water repellent ensures that it is easy
to detach the gels from the slide later.

3. Make sure to remove any streaks or dust from the slides.

NOTE: 1t is recommended to make fresh hydrophobic mi-
croscope slides each time you make hydrogels, but they can
be stored in a sealed container if needed.

2.2.3 | Polymerize PAAm Hydrogels. (Refer to Figure 2)

1. Place the hydrophobic microscope slide in the bottom of a

10cm dish.

. In a 1.5mL Eppendorf tube mix the standard solution,

water, and bead components of the gel recipe (Table 1):
Using the 16 kPa example, use 300uL of the Standard
Solution, 191.75 uL of MiliQ water, 5L of 0.04 um fluores-
cent microbeads. Mix well with a pipette (Figure 2B).

NOTE: 1t is recommended to use different color beads for
the bottom and top gels, though not required. This will
help distinguish the interface between gels. The color com-
bination can be chosen to accommodate any fluorophores
or stains used in the experiment.

. Add 0.75uL TEMED and 2.5uL of 10% APS and mix the

solution quickly by pipetting up and down while on ice.

NOTE: The TEMED is a catalyst for this interaction while
APS initiates the polymerization reaction. By keeping the
solution cold on ice, it will limit premature polymeriza-
tion of the solution, but this step should still be performed
quickly. APS should be made fresh for best and most con-
sistent results.

. For bottom gels: Place a 7 1L drop per gel at the edge of your

microscope slide (Figure 2C).

. Place activated 22 X 30 mm coverslips on the drops, leaving

a small overhang to facilitate detachment after the gel has
polymerized (Figure 2D).

. For the top gels: Pipet two 1.98 uL drops in the middle of

the microscope slide. These will be the top gels. Make sure
to use the correct mixture if using two different color beads
(Figure 2C).

. Place activated round 12mm coverslips on the drops, leav-

ing a small overhang (Figure 2D).

NOTE: Keep the remaining PAAm mixture in the tube
and place on the bench next to your dish. This will serve
as a positive control that the polymerization has worked

properly.

. To prevent the gels from fully drying out during the po-

lymerization process, place a damp kimwipe in the lid of
your petri dish. Close the lid and let the gel polymerize for
40min.

NOTE: The damp kimwipe needs to be wet enough to keep
humidity throughout the polymerization, but not enough
for the water to drip from the lid. After ~40min, confirm
that the remaining solution in the tube has polymerized.

NOTE: Polymerization occurs rapidly once the PAAm
solution comes to temperature. While the gel may appear
fully polymerized, we allow the reaction to proceed for
40min to fully ensure that all the monomers have had the

40of 14
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(A

. )
Standard Solution:
40% Acrylamide

2% Bis-Acrylamide

Gel

recipe solution
7uLdrop  1.98uL drop

W. =
ater / —
Microscopy Slide
pretreated with water repellent
g J
 D. )
Add 22x30 and 12 mm coverslips.
Leave overhang
/ ‘/
22x30 mm 12mm Top view
Keep in the dark m
at 4°C _ ]
\_ Y, — .
4 ) a Keep in humidify chamber
B. Wait ~40 min

Standard Solutionx

Gel Recipe:
Water
0.04 um FluoSpheres

Temed
10% APS

. J

(E

Rehydrate in water for ~1 hr
Detach coverslips from slides

VAN

Flip

gels face up and store in PBS at 4°C

J

FIGURE 2 | Fabrication of PAAm hydrogels. (A) Make a stock standard solution of desired stiffness based on Table 1 recipes. The standard solu-
tion can be stored in the refrigerator for future use for about 3months. Refer to Section 2.2.1 from the text. (B) Pipette a small volume of Standard
solution (refer to Table 1 recipes), add APS, TEMED, fluorescent beads, and complete with water to 500 mL total. (B-E) Polymerize PAAm gels. Refer
to Section 2.2.3 from the text for more detail.

10.

opportunity to polymerize. Proceeding before the gel is
fully polymerized can affect the stiffness of your gel.

Once the gels are polymerized, add water to the dish until
the coverslips are fully immersed (Figure 2E).

NOTE: The gels can be stored at this step for later use by
wrapping the dish in parafilm and storing at 4°C. It is rec-
ommended to use the gels within the next 48 h.

Allow the polymerized gels to rehydrate in water for at
least an hour before use.

11.

NOTE: Softer gels are harder to detach cleanly from the
glass slide. A longer hydration makes them detach more
easily. For very soft gels (e.g., <400Pa), an overnight hy-
dration can make removing the gels easier.

To detach the gel, place one side of your tweezer tip
under the overhanging part of your coverslip. Rest the
tweezer on the side of the dish. In one motion, push on
the tweezer handle, which should act as a lever to lift
your coverslip with the covalently bonded gels from the
microscope slide.

Cytoskeleton, 2026
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TABLE1 | Polyacrylamide gels recipe.

Standard solution recipe

Standard solution stiffness (Pa) 10,014 460 336 253.48
40% acrylamide (mL) 3.125 1.25 1.25 1.25
2% bis-acrylamide (mL) 1.666666667 0.666666667 0.5833333 0.5
Water (mL) 0.208333333 3.083333333 3.16666667 3.25
Total volume 5 5 5 5
Gel recipe (uL)
Standard solution volume 150 150 150 150
Water 341.75 341.75 341.75 341.75
Beads 5 5 5 5
TEMED 0.75 0.75 0.75 0.75
10% APS 2.5 2.5 2.5 2.5
Total volume 500 500 500 500
Final acrylamide percentage 7.5 3 3 3
Final bis percentage 0.2 0.08 0.07 0.06

Note: Each color represents a different final percentage of acrylamide. Each stiffness has been confirmed by measuring the indentation of the gel with three-
dimensional confocal stacks based on a previously developed approach (Lee et al. 2015). Other stiffnesses can be achieved by changing the recipe based on previous

reports in the literature (Yeung et al. 2005).

NOTE: If the gel is detached too slowly, you may observe
deformations or patterns on your gel.

NOTE: If the gel has moved during the polymerization pro-
cess and there is no longer an overhanging edge, a razor
blade edge can be slid between the coverslip and the slide
to detach them.

12. Once the gels are detached, flip them face up and remove
the microscope slide from the dish. Care should be taken to
not damage the gel itself.

2.3 | Coat PAAm Hydrogels (Optional, Refer to
Figure 3)

NOTE: Individual projects will require different substrate coat-
ings. For a non-adhesive substrate, PAAm hydrogels are bio-
chemically inert and should prevent any nonspecific attachment
of proteins. This step is therefore optional. Multiple methods
have been developed to modify the surface of the gels with dif-
ferent proteins of interest (Lee et al. 2016; Vignaud et al. 2014;
Wolfel et al. 2022; Missirlis et al. 2022; Kumai et al. 2021). We
describe a common and easily accessible approach below using
Sulfo-SANPAH, a hetero-bifunctional crosslinker that releases
Sulfo-N-hydroxy-succinimide (Sulfo-NHS) upon UV-radiation.
NHS esters form a stable bond with primary amino groups

(—NH2), allowing strong bonds between the hydrogels and pro-
teins used for coating.

2.3.1 | Treat Your PAAm Hydrogels With
Sulfo-SANPAH

1. Prepare a sample holder by placing a piece of parafilm in-
side a petri dish or taping it to a piece of cardboard.

2. Place your coverslips with PAAm hydrogels face up on the
parafilm, removing any extra water by touching the corner
of the coverslip to a dry kimwipe.

NOTE: This step should be performed quickly, as once the
gels are removed from the water they can dry out.

3. Resuspend Sulfo-SANPAH by adding 560uL of miliQ
water to the 40 uL Sulfo-SANPAH aliquot (from Step 1.2).

NOTE: Keep the Sulfo-SANPAH aliquot on ice and pro-
ceed quickly, since it degrades rapidly once exposed to
moisture. One aliquot is good for two bottom gels on a
22X 30mm coverslip and two top gels on a 12mm round
coverslip.

4. Add 200uL of the suspension per bottom gel and 100 uL of
the suspension per top gel.

5. Place your gels face up with Sulfo-SANPAH in the UV
light source. Expose the gels to the UV light for 5min at

Reagents and Catalog maximum strength.
material needed Brand number NOTE: In the UV oven, place a tube rack or any type of box
Sulfo-SANPAH Covachem NC2028693 that will act as a pedestal for your samples to bring them
Fibronectin Millipore Sigma FCO10 at ~2-3” under the 1.1ght bulb. The Sulfo-SAI\.IP.AH §h0uld
change color from bright red to burgundy once it is activated.
6 of 14 Cytoskeleton, 2026



(A. ) fE. )
Keep sulfo-sanpah on ice Wick excess sulfo-sanpah on wipes
\2nd resuspend in water ) \_ andrinsein water until clear again ~ /
4 B X N A
ECM solution
A < —
—_ e
Gels face up on parafilm 40 uL drops 10 uL drops
\ add sulfo-sanpah PAN y
( Y4 N
CQ G.
Flip gels face down on ECM solution
P
e
a Keep in humidify chamber
L Wait ~30 min )
(_Put gels with sulfo-sanpah in UV oven ) - v ~\
r 1 °
D. - —
After UV exposure, ) ) o
| sulfo-sanpah should be burgundy ) \F|Ip gels face up and store in PBS at 4°C )

FIGURE 3 |

Coat PAAm hydrogels. (A) Take a Sulfo-SANPAH aliquot from the —80°C and keep on ice. Refer to Section 2.1.2 on how to make

Sulfo-SANPAH aliquots. Proceed quickly as Sulfo-SANPAH is sensitive to humidity. (A-E) Treat your PAAm hydrogels with Sulfo-SANPAH. Refer
to Section 2.3.1 for more detail. (F-H) Coat hydrogels with a substrate of choice. Refer to Section 2.3.2 for more detail.

2.3.2 | Coat Hydrogels With Substrate of Choice

1. Prepare a fresh piece of parafilm to hold the gels in a dish.

2. From your ECM solution, make two 40 uL drops (one for
each bottom gel on a 22X 30 mm coverslip) and two 10 uL
drops (one for each top gel on a 12 mm round coverslip) on

the parafilm.

NOTE: For fibronectin, we use a 1 mg/mL concentration.

Other ECM proteins may require different dilutions.

. When the UV treatment is done, lift the coverslips with
tweezers, remove the excess Sulfo-SANPAH by touching

the side of the coverslip to a kimwipe and wash the cov-
erslips by repeatedly dipping into a large beaker of fresh
milliQ water. The reddish stain from Sulfo-SANPAH
should be barely noticeable. Remove any excess water by
touching the side of the coverslip to a kimwipe.

Invert the coverslip and place the gel side down on the
ECM solutions. To prevent the gels from drying out, place
a damp kimwipe in the lid of your petri dish and close the
lid. Incubate for 30 min at room temperature.

NOTE: It may be necessary to optimize the incubation
time, temperature, and concentration for different ECM
proteins. For example, collagen will polymerize at room

Cytoskeleton, 2026
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temperature, and so a uniform coating is best achieved by NOTE: Plating time is experiment specific. Over time,
incubating for longer periods of time at 4°C. some cells will start to ingest fluorescent beads from the

5. Use tweezers to flip the gels face up and rinse multiple gel, making the TFM analysis challenging.

times with PBS. Coated gels can be stored in a PBS solution 4. Once the cells are sufficiently attached, place the gel face
for up to 48 h prior to use. up in a cell chamber and cover with cell media.

NOTE: To help lift the gels without disturbing the gels, you
can gently add 1 mL of PBS with a pipet on the side of the
coverslips. The PBS should lift the coverslips and make it
easier to grab with tweezers.

2.4.2 | For Non-Adherent Cells (Figure 4B)

1. Place the bottom gel face up in a cell chamber.

2. Add around 500,000 to 1 million cells in a minimum of

2.4 | Sample Preparation for Imaging (Refer to 300uL or a maximum of 2mL of media.

Figure 4) NOTE: At least 300uL is needed to prevent the gel from

drying. Make sure the microscope chamber is humidified

2.41 | For Adherent Cells (Figure 4A,B) when using this low of a volume.

1. Place the bottom gel face up in a petri dish and cover with 3. Allow cells to settle for 10-15min.
cell media.
2. Plate cells in the dish with the gels. 2.4.3 | Confine the Cells

NOTE: The number of cells to plate will change depend-
ing on the experiment. For example, with our fibroblast
cell culture line, plating 50,000 cells in a 6cm dish the day
before the experiment produces a coverslip with single iso-
lated cells that are easy to find but not overlapping.

NOTE: This approach can be easily adapted to a variety of imag-
ing chambers (see Figure 5 for examples) and is not dependent
on a specific chamber design. We describe below the approach
for the chambers we use, the details of which we are happy to
share upon request.
3. Let the cells attach anywhere from 30 min to overnight ac-

cording to your experimental needs. 1. Place the PDMS pillar on the metal lid (Figure 4C).

(A (B )

For adherent cells only: Assemble chamber with gel face up

X For adherent cells :x For non-adherent cﬁ:

Add media Add media + cells

Chamber body Chamber body

Place bottom gel face upina

PAAmM gel + cells PAAM qgel
petri dish and add cells. maeTreer’s 9
a Let cells at;c\ach for 30 min || Chamber bottom Chamber bottom
to overnight
J\ y,

' N\
C. Assemble confinement lid D.

PAAm gel face up () Align lid on
1 chamber

Soft PDMS pillar O
N

['E. Close the lid gently
*Do not move the lid once
closed to avoid cell
shearing*

Lid
\. J \

FIGURE 4 | Prepare samples for imaging. (A) Pre-seed adherent cells to give them time to attach. For non-adherent cells, proceed to assemble

J \ J

the chamber (B) and then add the cells. Refer to Sections 2.4.1 and 2.4.2 for more detail. (C-E) Assemble the confinement lid, making sure the gel is
facing outward (not toward the pillar), and confine the cells. Refer to Section 2.4.3 for more details. Proceed to Section 2.5 when the sample is ready.
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/ A. Imaging

\_

B. Commercial

Chamber
Metal Lid Lid + Tape or putty
@ 35mm dish lid +
Tape
PDMS pillar — 9 PDMS pillar — @
Top gel Top gel
PDMS pillar — -,
Top gel
Bottom gel— Bottom gel—
© Bottom gel
Imaging chamber Commercial cell Glass bottom

chamber

C.Petridish "\

35mm dish /

FIGURE 5 | Different possible experimental set-ups. (A) Set up used in this protocol. (B) An example of a commercial magnetic chamber, such as

the Chamlide series of chambers offered by Live Cell Instruments (e.g., Product name: CMB, 35mm Dish Type 1-Well Magnetic Chambers for Round

Coverslip; CMS for 18, 20, 22, or 24 coverslips). The included lid can be secured on the magnetic chamber using tape or mounting putty, or could
be combined with a small circular piece of magnetic metal which may reduce the chance of shearing the cells. (C) A glass bottom Petri dish is also
adaptable to this protocol. When polymerizing the gel, use a water-repellent round coverslip instead of a slide. When coating the gel, a small piece of
parafilm can be used to minimize the liquid required to coat the gel. When using tape or putty to secure the lid, be careful not to slide or rotate the

lid which can shear the cells.

NOTE: Make sure the pillar is dry and clean. When using
drug treatments, separate pillars should be kept for each
condition, as PDMS is porous and can absorb the drug.

2. Place the top gel, gel face up, on the PDMS pillar (Figure 4C).

3. Align the lid with the cell chamber (Figure 4D). Gently
close the lid on the cells (Figure 4E).

NOTE: Try to minimize lateral motion to prevent shear-
ing of the cells on the surface between the gels. Closing in
one smooth motion can help minimize shearing. For non-
adherent cells, most of the cells will get pushed out from
between the gels, but if a high number of cells are plated,
there should be enough left behind to image.

2.5 | Imaging Confined Cells

NOTE: Depending on the lid of the chamber and the microscope
set up, imaging with transmitted light can be challenging as the
light source can be obscured. This issue can be alleviated by
using a fluorescent probe to visualize the cell.

2.5.1 | Identify the Best Confinement Level

NOTE: Because the central PDMS pillar is pushing on the bot-
tom coverslip, it can cause the bottom coverslip to flex and cre-
ate uneven levels of confinement (see Figure 6C). This can be
adjusted by modifying the height and composition of the PDMS
pillar (Figure 6).

1. Find an area where your cells are confined with your de-
sired confinement level. Measure the spacing by focusing on
the top of your bottom gel, taking note of your Z location and
then focusing on the first plane you detect your top gel and
again taking note of your Z location. The difference between
both Z positions should be the distance between both gels.

NOTE: You want your cells to be confined enough that they
are touching both gels, but not too confined that the cell is
embedded in the gel. If this is the case, you will start to see the
shadow of your cell in the gels because the beads are pushed
out of the focal plane, which will affect the analysis afterward.

2. Save a plane at the bottom of your cell. This should be near
the top of your bottom gel.

NOTE: if they are not the same, it might mean the coating
on your gel is creating that spacing.

3. Save a plane at the top of your cell, which should be near
the first plane visible of your top gel.

NOTE: If you do not see the top gel when you are at the top
of the cell, it means your cell is not actually confined.

2.5.2 | Acquire Images to Make a Movie

1. The frequency and the length will vary depending on the
experiment. For example, when using highly migratory
cells like T cells, imaging will be faster than when using
slower cells like fibroblasts.
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FIGURE 6 | PDMS pillar optimization. (A) Detailed side view of the components of the confinement chamber before (A) and after (B) confine-
ment. (C-F) Importance of PDMS pillar height and stiffness on confinement level. (C) If the pillar is putting too much pressure on the bottom cov-

erslip, it will curve the bottom coverslip, creating a space in the middle and a tight confinement on the edge of the top coverslip. This type of set up
can be interesting if you want to have a gradient of confinement or to find the ideal level of confinement for a specific cell model. However, it can
impact the directionality of cell migration, as cells might want to migrate toward a less confined area. (D) The pillar is the same size as in (C) but
just changing the PDMS ratio from 30:1 to 40:1 made the pillar much softer and reduced the pressure applied to the bottom coverslip, reducing the
curvature of the bottom coverslip. (E) The perfect height and stiffness should result in no space between gels and uniform confinement throughout.
In this condition, however, the confinement is very sensitive to any faults in the gel (e.g., a fold, a tear, or an uneven gel) that would act as a spacer
preventing them from perfectly resting on each other. (F) If the pillar is too short, a space should be observed throughout, even on the edge of the top
coverslip. Refer to Sections 2.1.3 and 2.5.1.

NOTE: In ideal levels of confinement, the cells will still
generate traction forces that are largely parallel to the
surface of the gels that are compatible with traditional
TFM methods (Sabass et al. 2008). In cases where the
cells are generating significant out-of-plane displace-
ments, short z-stacks of the beads may be required to fully
capture the gel displacements. In this case the TFM anal-
ysis needs to be adjusted to account for the non-planar
deformations following previously described methods
(Plotnikov et al. 2014) or using alternative computational
approaches (Legant et al. 2009; Franck et al. 2011; Hur
et al. 2009; Bergert et al. 2016; del Alamo et al. 2013;
Apolinar-Ferndndez et al. 2024).

2.5.3 | Take a Reference Image

NOTE: We need to have a reference image of the gel without cells
on it to use as a reference for measuring the bead displacement.
In a classical TFM protocol we would simply detach the cells,
but this can be more challenging in confinement. The tight spac-
ing makes diffusion slow, and killing the cells can leave behind
cell debris that can still deform the gel. The best way to get a
reference image is simply to let the cell migrate out of the initial
position to get a view of the gel without the cell on it.

1. Wait for your cells to migrate out its initial position, then
acquire an image of the gel at both surfaces without your
cell present for reference.

2.6 | Analysis

NOTE: This protocol is primarily focused on constructing a
setup to measure traction forces in confinement. The analysis
of the measurements follows the classical TFM analysis meth-
ods that have been previously described (Denisin et al. 2024).
We note that multiple references (Huang et al. 2020; Bauer
et al. 2021; Schmitt et al. 2024; Han et al. 2015) include de-
tailed step-by-step instructions and software that are freely
available for the analysis. The specific code we use is described
in Schmitt et al. (2024) and can be downloaded from: https://
github.com/OakesLab/TFM. Installation instructions, exam-
ple data, and a detailed walkthrough are included in the re-
pository. Here we briefly explain the main steps and show a
representative result using t cells in Figure 7. Note that each
surface in the confined space is treated separately, and thus
the analysis needs to be run twice for a given experiment to
reveal forces that are on either the top or bottom surface. For
more specific technical details of the analysis, readers are
urged to look at the above references.

1. Imagesshould be preprocessed as necessary. Adjustments
may include cropping large fields of view and pho-
tobleaching or flat field correcting images. These steps
are not required but can improve signal to noise in the
final product.

2. Images of the beads in the gel should be aligned to the ref-
erence image. If additional channels are captured during
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FIGURE 7 | Image analysis. (A) An example image of a helper T cell (Thl) expressing a free GFP fluorophore migrating between two polyacryl-
amide gels (B). (C) Representation of cell traction localization on the bottom gel (left panel) and the top gel (right panel). (D) The magnitude of the
force (represented as Pa in the colorbar) and direction (white arrows) exerted by a Th1 t cell against the bottom gel (left panel) and top gel (right pan-
el). For more detail refer to Section 2.6 from the text.

imaging, they can be registered by applying the same shift
as the bead channel.

. Measure the displacements in the bead images.
Displacement calculations can be performed in multiple
ways. See ref (Denisin et al. 2024) for a discussion of the
different approaches.

. The calculation of the traction forces is most easily per-
formed in Fourier space (Butler et al. 2002). Here one
solves the inverse problem, essentially calculating the
forces that would be required to produce the measured
displacements.

NOTE: As an ill-posed problem, a regularization pa-
rameter must be chosen. Functionally, the regulari-
zation parameter smooths out the resultant traction
vectors and suppresses noise (Stricker et al. 2010). There
are multiple approaches to calculate this parameter

(Sabass et al. 2008; Han et al. 2015; Huang et al. 2019;
Apolinar-Fernandez et al. 2024; Kandasamy et al. 2025),
but none is definitively better than others. In our expe-
rience, the simplest way is to empirically test different
values paying particular attention to regions where there
are no cells, i.e., the background. These background val-
ues should be small compared to the relevant signal of
real tractions generated by the cell. Once a regularization
parameter is chosen, however, it is critical that the same
value is used for all experiments. If different values are
used, comparisons between data sets may no longer be
valid.

. The remaining analyses are highly specific to the experi-

mental questions asked. Relevant values may include the
strain energy (Oakes et al. 2014), contractile work per-
formed, or the average distribution of forces and their di-
rection (Caillier et al. 2024).
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3 | Discussion

The approach presented here allows for the confinement of
cells between two surfaces of physiological stiffness and can be
used to induce migration of weakly adherent cells and to mea-
sure traction forces in a confined system. While this technique
offers a new adaptation on other confinement methods (Liu
et al. 2015), there are caveats that should be considered with its
implementation. The system is not a true 3D environment as
cells cannot migrate vertically into the gel. It is more accurately
described as a 2.5D system, since it consists of two planar sur-
faces. For true 3D approaches to TFM or approaches that can
incorporate out of plane forces in similar 2.5D setups, we direct
the reader to other works (Legant et al. 2009; Franck et al. 2011;
Hur et al. 2009; Bergert et al. 2016; del Alamo et al. 2013; Song
et al. 2020; Mulligan et al. 2019; Toyjanova et al. 2014). The
advantage of the presented approach is that it confines cells
to a single plane, making it easier to track small and dynamic
features, and keeps weakly adherent cells in contact with the
substrate. Both features were highly advantageous in our recent
work studying T cell migration (Caillier et al. 2024). Using this
confinement, we were able to get T cells to migrate robustly on
fibronectin coated substrates and still detect adhesion molecules
that were not previously visible in 3D environments.

One key element of this approach is finding the right balance
between cell confinement levels and gel stiffness. If the cells
are not confined enough, they may not interact with the sur-
face long enough to generate adhesion. If they are too con-
fined, however, cells can be embedded in the gel, which can
restrict their movement and may cause DNA damage (Shah
et al. 2021). If the gels are too stiff, cells can become exces-
sively compressed, and they might not be strong enough to
deform the elastic substrate. On the other hand, if the gel is
too soft, the cells will embed themselves in the gel, causing de-
formation out of plane, which can complicate the force recon-
struction. The gels therefore need to be in that middle ground
where the cells can generate deformations that are linear and
planar. These considerations will lead to different needs for
each experiment, depending on the context of the experimen-
tal question and cell type.

The main benefit of this technique is moving closer to a phys-
iological environment, while retaining all the control of tradi-
tional 2D systems. These PAAm gels retain their compatibility
with high-resolution imaging, micropatterning, and other co-
valent modifications of the gel. While we have not explicitly
tried, one could also theoretically combine this approach with
gels that contain a stiffness gradient (Isomursu et al. 2022).
Additionally, the magnitude of confinement can be controlled
(see Figure 6), making it possible to image cells in a variety of
different positions and even watch as they transition between
levels of confinement.

Beyond being more akin to physiological environments, the abil-
ity to measure forces in confinement provides an additional ben-
efit, especially for weakly adherent cells. In part, this is because
it causes them to maintain more contact with the substrate.
Having adhesions on both surfaces can also alter the contrac-
tile machinery of the cytoskeleton of strongly adherent cells
and reveal insights into how cells adapt their traction stresses

in response to complex architectures. This is especially power-
ful as we consider how competing signals from both the vari-
ety of ECM molecules present and the changes in stiffness can
influence cell behavior. In particular, this method might prove
amenable to measuring non-specific friction forces that are pro-
posed to drive some types of confined migration (Liu et al. 2015;
Bergert et al. 2015; Ullo et al. 2024; Garcia-Arcos et al. 2024).

In conclusion, confinement between two flexible substrates can
be a powerful tool to study the behavior of cells in more physio-
logical environments that retain a high degree of customizabil-
ity and are amenable for high-resolution live-cell imaging.
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