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Abstract
Tissue stiffness is an important determinant of cellular function, and changes in tissue stiffness are commonly associated with fibrosis, cancer and
cardiovascular disease1-11. Traditional cell biological approaches to studying cellular function involve culturing cells on a rigid substratum (plastic
dishes or glass coverslips) which cannot account for the effect of an elastic ECM or the variations in ECM stiffness between tissues. To model in
vivo tissue compliance conditions in vitro, we and others use ECM-coated hydrogels. In our laboratory, the hydrogels are based on
polyacrylamide which can mimic the range of tissue compliances seen biologically12. "Reactive" cover slips are generated by incubation with
NaOH followed by addition of 3-APTMS. Glutaraldehyde is used to cross-link the 3-APTMS and the polyacrylamide gel. A solution of acrylamide
(AC), bis-acrylamide (Bis-AC) and ammonium persulfate is used for the polymerization of the hydrogel. N-hydroxysuccinimide (NHS) is
incorporated into the AC solution to crosslink ECM protein to the hydrogel. Following polymerization of the hydrogel, the gel surface is coated with
an ECM protein of choice such as fibronectin, vitronectin, collagen, etc.

The stiffness of a hydrogel can be determined by rheology or atomic force microscopy (AFM) and adjusted by varying the percentage of AC
and/or bis-AC in the solution12. In this manner, substratum stiffness can be matched to the stiffness of biological tissues which can also be
quantified using rheology or AFM. Cells can then be seeded on these hydrogels and cultured based upon the experimental conditions required.
Imaging of the cells and their recovery for molecular analysis is straightforward. For this article, we define soft substrata as those having elastic
moduli (E) <3000 Pascal and stiff substrata/tissues as those with E >20,000 Pascal.

Protocol

Preparation

Procedure
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• Coverslips should be autoclaved.
• Sterile distilled or deionized water should be used to prepare solutions and for washing coverslips.
• AC (40% w/v) and bis-AC (1% w/v) solutions are sterilized by 0.2 μm filtration. Prepare 10% ammonium persulfate (APS; 100μg/ml water)

shortly before use and sterile filter. Replace the APS solution monthly.
• Chemical reagents such as 3-APTMS, chloroform, glutaradehyde, NHS, and SurfaSil that cannot be autoclaved are kept in an assigned bottle

used solely for the preparation of hydrogels.
• For best results, hydrogels should be utilized within a couple of days after the overnight incubation with the appropriate ECM protein.
• Prepare a 10% SurfaSil solution in chloroform (10 ml is usually enough for 20 top coverslips) in a 50 ml polypropylene Falcon tube prior to

pouring of hydrogel. (Our lab usually siliconizes the top coverslips during the 0.5% glutaraldehyde incubation step). Add the coverslips to the
Falcon tube and rock for at least 10 min. Decant the SurfaSil solution and air dry the coverslips on Kimwipes in the biological safety cabinet
where the hydrogels will be prepared.

• Prepare the heat-inactivated BSA solution as follows: a 20 mg/ml solution of fatty-acid free BSA in PBS is incubated in a 68°C water bath for
30 min. The solution is then sterile filtered and stored at 4°C.

1. Place a layer of Parafilm on the bottom half of a 150-mm Petri dish.
2. Place up to 9 25-mm coverslips on top of the Parafilm and cover them with 1 ml 0.1 M NaOH. Incubate for 3 min and then aspirate with a

vacuum line.
3. Working in a chemical hood, place 0.5 ml 3-APTMS on each coverslip. Incubate for 3 min and then aspirate the APTMS. If you wait too long,

a foam will form.
4. Rinse the coverslips once with 20 ml deionized water in the same dish. Remove the coverslips from the dish using curved forceps and

transfer them, with their treated-side facing up, to a new 150-mm dish. Wash the coverslips with deionized water three times, on the rocker,
for 10 min each wash. If you fail to remove all the APTMS, it will react with the glutaraldehyde in the next step and leave a white cloudy
precipitate (Figure 1).

5. Thaw the glutaraldehyde (~10 min before use).
6. Using curved forceps, transfer the coverslips to a clean dish layered with Parafilm and aspirate any remaining liquid. Use a vacuum line or

Kimwipe to blot the remaining water as needed.
7. Cover each coverslip completely with 0.5 ml of 0.5% glutaraldehyde in sterile deionized water and incubate for 30 min in a chemical hood.

Aspirate the glutaraldehyde. Rinse and wash the coverslips as in step 4. Dry the coverslips completely. [You can stop here and leave the
coverslips for several weeks in a dry area].

8. When you are ready to prepare the hydrogels, use curved forceps to transfer the coverslips, reactive side up, to a sheet of Parafilm that has
been taped onto the surface of the biological safety cabinet. Make sure that the coverslips are flat on the Parafilm surface.
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Additional information on procedures such as immunofluorescence, BrdU staining, transfection, etc. for cells seeded on hydrogels is described in
Klein et al. 200713.

Representative Results

Thorough washing of the coverslips following addition of APTMS is an important step in producing "reactive" coverslips. If one fails to remove the
APTMS completely, it will react with the glutaraldehyde in the following step and produce a white cloudy precipitate as seen in Figure 1A. Figure
1B shows a properly washed and dried coverslip. If the precipitate develops, the whole procedure must be restarted from the beginning as the
coverslip is no longer useable.

Following hydrogel formation and coating with ECM proteins overnight, cells can be seeded the following day. As Figure 2 shows, there is a
distinct difference between cell spreading on stiff versus soft hydrogels. As can be seen by phalloidin staining in mouse embryonic fibroblasts
(MEFs), cells spread to a greater extent on stiff as compared to soft hydrogels. Indeed, most cells attaching to a soft hydrogel will remain compact
and attach less efficiently.

Although only MEF morphology is shown in Figure 2, the difference in cell spreading is consistent across several other cell lines tested11-12,14.

Secrets to Success
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9. Prepare a saturated NHS solution in toluene. (Dissolve a small amount of NHS in enough toluene for the particular experiment. Keep adding
NHS bit by bit until the NHS no longer dissolves. The saturated solution is usually cloudy and pink.)

10. Next, prepare the acrylamide, bis-acrylamide, water and APS to reach the desired acrylamide percentage. Add the reagents in
microcentrifuge tubes as outlined below to a total volume of 0.8ml.

11. Then, one aliquot at a time, add the NHS and TEMED to the 0.8 ml AC solution, vortex briefly and IMMEDIATELY pour 3-5 gels using 140 μl
per coverslip in the biological safety hood. Whenever possible, all steps from this point should be performed in a biological safety cabinet.
[Note: different size coverslips can be utilized based upon need. If 18-mm coverslips are used, use ~33 μl AC solution per coverslip and an
18-mm top siliconized coverslip.]

  Bis-AC (%)

  0.3 (stiff) 0.15 0.06 0.03 (soft)

  μl μl μl μl

Water 402 522 594 618

AC 150 150 150 150

Bis-AC 240 120 48 24

APS 8 8 8 8

TEMED 1 1 1 1

NHS 228 228 228 228

12. Quickly place the siliconized 25-mm coverslip on top of each gel before it begins to polymerize. Addition of the top coverslip should allow the
AC to completely cover the bottom coverslip. Incubate this "sandwich" at room temperature until the AC polymerizes. (Check the residual AC
solution in the microcentrifuge tube to determine when polymerization has occurred. Usually a few minutes for stiff gels and a little longer for
soft ones will suffice.).

13. Carefully pick up the sandwich (sterile gloves on!) and slide off the top coverslip until it overhangs the polymerized gel. You can then pry it off
the gel. If you wait too long before removing the top coverslip, the gel will rip as the coverslip is removed.

14. Discard the top coverslip. Place the bottom gel-coverslips (hereafter called the hydrogel) into 6-well plates with 2 ml PBS/well. PBS can be
added before or after the gel-coverslip to each well. Wash the hydrogels with PBS three times, on a rocker, 5 min per wash.

15. Repeat steps 11-14 until the required number of hydrogels have been prepared.
16. Cover each hydrogel with 2 ml of a fibronectin solution (3 μg/ml in PBS) or other ECM protein (see Klein et al.13 for details.). The ECM protein

becomes covalently bound to the hydrogel during overnight incubation at 4°C.
17. Aspirate the ECM solution and block unreacted NHS with 1mg/ml heat-inactivated fatty-acid free BSA in serum-free media for at least 30 min

at 37°C in a cell culture incubator. Rinse the hydrogels once with sterile PBS or cell culture medium.
18. Plate cells in the appropriate culture medium containing FBS. The number of cells seeded on the hydrogel should be determined by the user

based upon the degree of cell spreading and confluency required for experimentation. Approximately 105 cells is usually sufficient for western
blotting and qPCR analysis.

19. Following the incubation period, cell protein or mRNA can be extracted. The coverslips are carefully removed from the wells using curved
forceps and placed (cell-side down) on top of 100 μl droplets of lysis buffer which have been spaced out (2-3cm) along a sheet of Parafilm on
the lab bench. (We use standard SDS sample buffer and TRIzol, respectively, to prepare samples for western blotting and to isolate RNA for
qPCR.) Incubate the cells with the lysis buffer for exactly one minute. Remove the coverslips and transfer the lysis buffer to a microcentrifuge
tube. Alternatively for RNA extraction only, the user can transfer each hydrogel to a new 6-well plate and add 1ml of TRIzol/well. Incubate for
3 minutes and remove TRIzol solution for storage in a microcentrifuge tube.

1. Once the procedure is started, it is very important to keep the coverslips with the "reactive" side up and keep in mind which side has been
coated.

2. Gloves should be worn at all time during the procedure to provide a working environment that is as sterile as possible.
3. Most of the initial steps are performed between a chemical fume hood and the lab bench. All steps subsequent to removing excess

glutaraldehyde from the coverslips should be executed under a biological safety cabinet.
4. Due to differences in cell spreading (Figure 2), we recommend seeding twice the number of cells on soft hydrogels as compared to stiff

hydrogels.
5. The AC polymerization process is extremely quick. For first time users, one can decrease the amount of APS or TEMED in the solution to

prolong the polymerization process. Do not try to prepare more than a few coverslips at one time.
6. In cell cycle studies where synchronization in G0 is required, we usually serum-starve cells in plastic culture dishes, trypsinize the cells and

reseed them on hydrogels of different compliances in the presence of mitogens (FBS and/or growth factors). This procedure ensures that the
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Figure 1A. Improperly washed coverslip. Following addition of APTMS, coverslip was washed for 1-2 minutes before addition of the
glutaraldehyde solution. A precipitate forms on the coverslip that has not been washed according to the steps outlined in Procedure.

Figure 1B. Properly washed coverslip. Following addition of APTMS, coverslip was washed for three times 10 minutes each before addition of
the glutaraldehyde solution. No precipitate forms on the coverslip.

Figure 2. Morphology of cells on hydrogels of varying stiffness. Established MEFs were seeded on fibronectin-coated hydrogels of high or
low stiffness for 9 hours. Following the incubation period, the cells were fixed, permeabilized and stained with FITC-phalloidin which binds to
f-actin. MEFs on high stiffness gels exhibit stress fibers and are well spread compared to those seeded on low stiffness hydrogels. Scale bar=
50μm.
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starting population of G0-synchronized cells is identical in all samples. However, for many signal transduction studies, the required mitogen
stimulation period may not be long enough to allow for attachment and spreading of cells. In this case, we serum-starve the cells on the
hydrogels and then directly stimulate them with mitogen.
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Figure 3. Representative quantitative PCR result of mouse cyclin D1 mRNA levels. Serum starved mouse embryonic fibroblasts were plated
onto high (3% acrylamide) or low (0.3% acrylamide) stiffness hydrogels and stimulated with 10% FBS for 9 hrs. Following RNA extraction,
real-time quantitative PCR analysis was performed for cyclin D1 mRNA levels (normalized to 18S RNA). G0 represents cyclin D1 mRNA from
quiescent cells. Cyclin D1 mRNA levels increase significantly on stiff hydrogels but not on soft hydrogels. Data are mean +/- SD of duplicate PCR
reactions.

Discussion
A crucial element of the hydrogel polymerization process is to avoid air bubble formation which will allow cells to bind to the glass coverslip rather
than the ECM-coated hydrogel itself. This can be prevented by carefully pipetting the polymerization solution after vortexing and visually making
sure that no air bubbles have become trapped in the gel. We always recommend preparing additional "reactive" coverslips and hydrogels to
ensure having enough for experimentation.

Particular attention should be paid whenever the gels are washed with PBS. The suction process must avoid close contact with the hydrogel itself
as it may get caught and torn. The safest way to aspirate liquid without perturbing hydrogels is to tip the plate while suctioning.

It is hard to obtain completely level hydrogels, and microscopic differences in hydrogel thickness can result in uneven surfaces that make it hard
to focus images throughout a field of view. One can focus on relatively small areas, and we find that this approach is sufficient for most phase
contrast and epifluorescence applications as shown in Fig. 2. The problem becomes more severe as the magnification increases, so
high-resolution analyses such as co-localization of proteins are best analyzed as optical slices from confocal microscopes. Confocal microscopy
is performed using standard procedures, but the hydrogel may need to be inverted onto a coverslip rather than a slide in order to accommodate
the working distance of objectives in an inverted confocal microscope.

This in vitro polyacrylamide gel system is capable of modeling different physiological ECM stiffness conditions. ECM compliance varies among
normal tissues, and changes in stiffness are also detected pathologically. As such, this hydrogel system can be a valuable in vitro assay for
investigating how changes in ECM stiffness affect progression of disease.
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