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Measuring cellular traction forces using a microfabricated array of vertical cantilevers
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I. Introduction (NJS, WRL)
a. In a variety of situations in living organisms, cells interact with their environment by generating traction forces 

b. For example,

i. Muscle contractility: cardiac, skeletal and smooth

ii. ECs and permeability

iii. Stem cell differentiation correlates with contractility (maybe…Engler)

c. There are currently few methods by which one can measure the traction forces in a quantitative way, especially on the single-cell level

d. The most common method by which to study cells in vitro has been to use a polystyrene dish

e. However, the rigidity of the substrates makes it impossible to visualize cell traction forces

f. Thus, it has been difficult to quantitatively study the underlying mechanisms by which a cell generates traction forces, and how traction forces can be modulated to promote normal development or halt disease progression
g. Our lab has developed a technique to overcome these limitations
h. The method is based on a vertical array of flexible cantilevers, the stiffness and size scale of which are such that individual cells spread across many cantilevers and deflect them in the process

i. We can measure the deflections under a microscope and calculate the magnitude and direction of traction forces required to produce the observed deflections

j. We call these substrates microfabricated post-array-detectors, or mPADs

k. Here, we will show you how we fabricate and use the mPADs to asses modulations of cellular contractility [maybe outline sentence here]
l. I purposefully avoided mentioning fix and live assays in case one assay is edited out

II. Fabrication (NJS)

a. Intro

i. 2-layer lithography

ii. Final product: 3D structure made out of cross-linked photoresist that mimics the shape of the pillars on which we grow cells
iii. The pillars we use are 3um in diameter, and are configured in a rectilinear array with 9um center-to-center spacing

iv. Final posts are made out of silicone rubber, not photoresist

v. We’ll show you how to use this microfabricated structure as a template for silicone rubber later

vi. For now, microfab to generate ‘photoresist’ posts
b. Spin 1st SU8 layer

c. Soft bake (quick cool)

d. Flood expose

e. PEB (ramp cool)

f. Spin 2nd SU8 layer

g. Softbake (ramp cool)

h. Expose through photomask – ensure good contact

i. PEB (ramp cool)

j. Develop in PGMEA, IPA
k. Hardbake overnight

l. Dice the wafer

m. Mount the wafer on a glass slide using epoxy

n. Fluorosilanize wafer overnight

III. Replica molding (WRL)
a. Intro: Convert photoresist posts to silicone rubber mPADs via a process called replica molding

b. Generate a negative template of the posts by pouring PDMS on top of wafer we just fabricated
i. Mix 1:10 PDMS

ii. degas 1:10 PDMS

iii. Pour degassed PDMS on wafer (wafer is mounted on glass slide)
iv. Wait for bubbles to rise to top (~15 min)

v. 110C oven for 15 minutes

vi. Let cool

vii. Peel negative mold from wafer
viii. Cut negative mold into 4 pieces

ix. Repeat to make 12 pieces molds (3 wafers/3 large negative molds)
c. Fluorosilanize the PDMS (EXPLAIN WHY)
i. Plasma oxidize negative molds
ii. Place in dessicator with a drop of tridecafluoro…

iii. Wait overnight (at least 14h)
d. Make mPADs
i. Pour mPADs and cure

1. Begin with degassed 1:10 PDMS

2. Put 1:10 PDMS on negative mold

3. Place negative molds in Mike’s cross system [EXPLAIN WHY]
4. Let bubbles rise for ~30min

5. N2 blow 22x22 (no. 2) glass coverslips
6. Plasma oxidize coverslips for 1.5min

7. Gently lower coverslips on top of negative molds

8. Bake at 110C for 20h

ii. Peel mPADs
1. Remove from oven and let cool

2. Carefully peel coverslip away from negative mold as per Mike’s method
IV. Functionalize mPADs (RD)

a. Intro

i. Now that we have mPADs generated by microfabrication and subsequent replica-molding, we’re nearly ready to culture cells on the posts

ii. But first, we need to functionalize the posts to make them amenable to cell culture

iii. Our goal is three-fold:

1. Make the tips of the mPADs adhesive to cells

2. Make the mPADs visible by fluorescent light [EXPLAIN WHY]
3. Render the side walls and base of the mPADs non-adhesive to cells [EXPLAIN WHY]
iv. We’ll perform the steps in order via a microcontact printing strategy

b. Trim excess PDMS

c. Make and sterilize stamps
i. Pour 1:30 PDMS into petri dish
ii. Allow bubbles to rise to top

iii. Bake at 60C for >1h

iv. Remove dish and allow to cool

v. Cut stamps

1. Orientation: petri-dish side is business end/stamping side

2. Notch the opposite side to keep track of stamp orientation

vi. Immerse in 100% and sonicate for 5’

vii. Dip EtOH, dip H2O, dry with N2
d. Stamp

i. Load stamps with FN

1. outside-in method with FN

2. FN adsorbs as a monolayer to the hydrophobic stamp surface

ii. Rinse and dry with N2

1. rising-tide , dip DI, dry with a stream of N2

2. avoid disturbing the monolayer of FN on the surface by

a. not touching the stamp face (no gloves, no tweezers, no…)
b. use a gentle stream of N2

iii. UVO mPADs (7’) [EXPLAIN WHY]
iv. Print


1. Gently lower stamp onto mPADs – because stamp is sticky, may need to use two tweezers to get stamp off

2. Once stamp is resting on mPADs, tap it gently until you can see it making contact with the mPADs

e. Sterilize

i. Immerse in 100% EtOH
ii. Immerse in 70% EtOH [EXPLAIN WHY]
iii. Immerse in DI

iv. Immerse in DI

1. Important for all solution changes: keep meniscus of liquid on mPADs so that surface tension of a receding liquid level does not collapse the mPADs (this is the reason we do not aspirate)
f. DiI [EXPLAIN WHY]
i. Immerse in 5ug/ml DiI solution

ii. Cover in aluminum foil and incubate for 1h

iii. Rinse out DiI: DI, DI, DI

g. F127 [EXPLAIN WHY]
i. Immerse in 0.2% F127 for >1h

ii. Rinse out F127: DI, DI, PBS

h. Seed cells

i. Immerse in culture media

ii. Take a suspension of desired cells and add drop-wise to dish. Density depends on cell type. For example, we will be using two cells:
1. MSCs at 1500 cells/cm^2

2. BPAECs at 5000 cells/cm^2

iii. Rock dish in orthogonal directions to disperse cells

i. Rinse by transferring substrates to a new dish of media (no PBS rinse)
V. Assay 1: live serum-stimulation (MTY)
a. Intro

i. One assay we can perform with the mPADs is to quantitatively examine a living cell’s contractility response to soluble factors

ii. Such soluble factors can include biologic compounds or synthetic compounds that increase, diminish or have an unknown effect on contractility

iii. In any case, the mPADs will report the contractility changes that such a soluble factor induces

iv. Here, we will stimulate a living cell with serum to enhance traction forces and measure the enhancement in a quantitative way

b. Sample prep

i. Put sample face-down in glass-bottomed dish

ii. Attach with vacuum grease (is this step needed?)

iii. Mount on scope and find a good cell [FIND A GOOD CELL DURING FILMING OF FUNCTIONALZATION SECTION]
c. Microscopy

i. Focus with CCD

ii. Begin timelapse acquisition

d. Stimulation

i. Add serum

ii. Refocus with CCD

iii. Resume timelapse

e. Backup: load a dummy sample on the microscope stage and a previously acquired video on the computer. Go through motions of shining light, adding serum etc. but play the previously acquired video on the screen
VI. Assay 2: contractility inhibitors (RD)

a. Intro
i. To quantitatively test the effect of contractility inhibitors on cellular contractility, we will

1.  add two soluble contractility inhibitors to the cultures
2. fix the culture a short time later
3. immunostain
4. image, and finally
5. analyze traction forces in these fixed samples
b. Treat cells

i. Add DMSO/BB/cytoD to cultures
ii. Rock dishes to disperse soluble factors

c. Fix

i. Prepare 3.7% paraformaldehyde in Ca++-containing PBS

ii. Immerse mPADs in PFA for 20min, again careful not to de-wet mPADs
d. Put mPADs face-up on parafilm and rinse 3x with PBS
e. Invert mPADs on a drop of permeabilizing solution

f. Proceed with immunostaining (verbal only)

g. Mount

i. Show final substrate mounted on a standard glass slide

h. Image

i. We can image this slide on any standard inverted or upright confocal microscope

ii. Show images (jack-in) of top of posts (DiI), bottom of posts (DiI) and transmitted light (for cell outline) from KB’s Exp Cell Res experiment
VII. Analysis (MTY)

a. Intro
i. Now that we have collected both live and fixed images, our next task is to measure deflections to determine cellular contractility
ii. For this, we will use a custom-written computer algorithm to measure post post deflections and calculate the traction forces required to produce such deflections

b. Begin with a pre-rotated and pre-centroid-defined image

c. Measure deflections

d. Calculate traction forces

e. Show a quiver plot of contractility (jack-in)

i. Live, serum-stimulated video

ii. Fixed side-by-side samples: DMSO vs. BB vs. cytoD

f. By repeating this process for either a sequence of images, such as that acquired in a time-lapse movie, or for a group of cells, such as those acquired from the fixed experiment, we can generate either a temporal sequence or population measurement , respectively, of traction forces
VIII. Conclusion (MTY, RD)
a. We have covered a lot of material to detail how the mPADs are made, from microfabrication to cell culture and analysis of traction forces

b. To demonstrate the versatility of these substrates, we have performed assays to measure cellular contractility

c. In the analysis, we measured traction forces and generated quiver plots to summarize the measurements on a per-cell basis

d. With this data in hand, one can perform a variety of temporal and spatial analyses of traction forces, on a large population of cells

e. As you saw, this method is highly multidisciplinary, drawing on disciplines such as microfabrication, surface science, cell biology, image processing and others
f. Because the method is grounded in engineering disciplines, parameters such as post geometry, the kind of soluble factors used and the method used to detect deflections can be customized for unique applications within bioengineering
g. It is our hope that the visual information provided here will assist others in utilizing the mPADs to discover significant biologic principles underlying mechanical force regulation
