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Soft tissues in the human body typically have stiffness in the kilopascal (kPa) range. Accordingly, silicone and hydrogel flexible substrates have
been proven to be useful substrates for culturing cells in a physical microenvironment that partially mimics in vivo conditions. Here, we present a
simple protocol for characterizing the Young's moduli of isotropic linear elastic substrates typically used for mechanobiology studies. The protocol
consists of preparing a soft silicone substrate on a Petri dish or stiff silicone, coating the top surface of the silicone substrate with fluorescent
beads, using a millimeter-scale sphere to indent the top surface (by gravity), imaging the fluorescent beads on the indented silicone surface
using a fluorescence microscope, and analyzing the resultant images to calculate the Young's modulus of the silicone substrate. Coupling the
substrate's top surface with a moduli extracellular matrix protein (in addition to the fluorescent beads) allows the silicone substrate to be readily
used for cell plating and subsequent studies using traction force microscopy experiments. The use of stiff silicone, instead of a Petri dish, as

the base of the soft silicone, enables the use of mechanobiology studies involving external stretch. A specific advantage of this protocol is that

a widefield fluorescence microscope, which is commonly available in many labs, is the major equipment necessary for this procedure. We
demonstrate this protocol by measuring the Young's modulus of soft silicone substrates of different elastic moduli.

Video Link

The video component of this article can be found at https://www.jove.com/video/57797/

Introduction

Cells in soft tissues reside in a micro-environment whose stiffness is in the kilopascal range1 in contrast to tissue culture dishes whose

stiffness is several orders of magnitude higher. Early experiments with cells on extracellular matrix proteln coated soft substrates showed that
the substrate stiffness influences how cells move on as well as adhere to the extracellular matrix beneath??. In fact, the substrate stiffness
fundamentally influences the cell function® in a manner similar to pervasive biochemical signals. Polyacrylamide gels (coated with extracellular
matrix proteins) are (water-permeating) hydrogels that have been extensively used as cell culture substrates for mechanobiology studies®.
Polydimethylsiloxane (PDMS) the most common silicone (polysiloxane), has been widely used as a stiff silicone with megapascal-range stiffness
for micron-scale fabrication®. More recently, soft silicone substrates with stiffness in the more physiologically relevant kilopascal range have been
employed as cell culture substrates for mechanobiology studies” 78,

Several methods have been used to measure the stiffness of flexible substrates, including atomic force mlcroscopy, macroscopic deformation of
whole samples upon stretching, rheology, and indentation using spheres and spherically tipped microindentors®. While each technique has its
own advantages and disadvantages, indentation with a sphere is an especially simple yet fairly accurate method that only requires the access to
a widefield fluorescence microscope. Indentation with a metallic sphere has been used to measure the stiffness of hydrogels in prior work®® 1.
Early work that demonstrated the importance of substrate stiffness to cell movement utilized this method to determine hydrogel substrate
stiffness®. More recently, confocal microscopy has also been used for an elegant characterization

Here, we present a step-by-step protocol for preparing a soft silicone substrate, coupling fluorescent beads (and an extracellular matrix protein
such as collagen |) just to the top surface, imaging an indenting sphere and the top surface using phase and fluorescence imaging, respectively,
and finally analyzing the images to compute the Young's modulus of the silicone substrate. The soft silicone substrate prepared in this manner
can be readily used for traction force microscopy experiments. The use of stiff silicone (instead of a Petri dish) as the base for the soft silicone
also enables mechanobiology studies using an external stretch. Where warranted, practical considerations necessary for avoiding possible
complications are also indicated.
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1. Fabrication of Soft Silicone Substrate

Weigh out 1.75 g of the A component and 1.75 g of the B component (A:B = 1:1) from the soft silicone elastomer kit using (polystyrene)
weighing trays.

Add the A component to the B component in the weighing tray and mix them together for 5 min using an appropriate applicator stick.

Add the above mixture to a 35 mm Petri dish. Allow the mixture to spread evenly across the Petri dish for a couple of minutes.

Note: The choice of the Petri dish diameter and the amount of soft silicone will determine the soft silicone thickness. Here, the thickness will
be around 3.5 mm; more about choosing the elastomer thickness in the Discussion section.

Place the Petri dish with the silicone mixture, with the lid off, in a vacuum chamber for 15 min to remove any air bubbles. During this time,
pre-heat a hot plate to 70 °C.

Once the hot plate reaches 70 °C, place a glass slide on it and then place the Petri dish with the silicone mixture on the glass slide. Let the
silicone cure at 70 °C for 30 min. Do not place the polystyrene dish directly on the hot plate, as the Petri dish may melt.

2. Coupling of Fluorescent Microbeads to the Soft Silicone

1.

S0®

Place the cured soft silicone (in the uncovered Petri dish) in a deep UV chamber (an enclosure with a deep UV lamp of light wavelengths of
185 and 254 nm). Expose the soft silicone sample (~5 - 10 cm away from the UV lamp) to deep UV light for 5 min.
1. While the silicone is being exposed to deep UV light, proceed with steps 2.2 - 2.6 below. After the deep UV exposure, degas the deep
UV chamber for at least 5 min before retrieving the sample.

In the meantime, weigh out 19 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in a 1.5 mL microcentrifuge tube and add 500 uL
of deionized water (DI) water to it. Dissolve the EDC by gently shaking the tube.

In a separate 1.5 mL microcentrifuge tube, weigh out 11 mg of N-hydroxysulfosuccinimide (sulfo-NHS), add 500 pL of DI water to it, and
dissolve the sulfo-NHS by gently shaking the tube. Then, combine the EDC and sulfo-NHS solutions in a single microcentrifuge tube.

To this EDC/sulfo-NHS solution, add 30 uL of 0.44 um diameter red (or any other fluorescence color based on the filter cubes available in the
fluorescence microscope) carboxylate modified fluorescent microbeads (with a 1% w/v stock concentration).

To the EDC/sulfo-NHS/bead mixture, add 0.02 mg of collagen | (from a rat tail, stock concentration of 4 mg/mL in 0.02 M acetic acid) to obtain
a concentration of about 0.02 mg/mL.

Vortex the EDC/NHS/bead/collagen | mixture briefly to ensure that the beads are evenly dispersed throughout, before coupling.

Pipette 1 mL of the EDC/NHS/bead/collagen | mixture on a piece of parafilm placed on top of another shallow, flat lid (of smaller diameter).
Invert the Petri dish with soft silicone on this mixture so that the soft silicone surface contacts the mixture but does not directly touch the
surface of the smaller Petri dish lid below. To raise the inverted Petri dish, use one or two glass slides under either side of the inverted Petri
dish spacers.

Note: Please refer to Figure 1 to see how step 2.7 is performed.

Cover the sample with aluminum foil and incubate it at room temperature for 30 min.

Remove the Petri dish with soft silicone and set it upright (silicone-side up).

. Wash the soft silicone surface with phosphate-buffered saline (PBS) by adding 2 mL of PBS (pH 7.4) to the dish. Let it sit for a couple of

minutes. Aspirate off the PBS and wash the silicone again with 2 mL of PBS. Let the silicone cure further for about a day. For that reason,
place the soft silicone sample in PBS at 37 °C overnight.

3. Measurement of Silicone Stiffness with Sphere Indentation using a Widefield
Fluorescence Microscope

ok w

Retrieve the Petri dish with soft silicone and ensure that it contains at least 1 mL of PBS to have the silicone surface several mm below the
liquid surface.

Using pointed tweezers, drop five 1 mm zirconium sphere indentors on the soft silicone. Immerse the spheres into the liquid medium and drop
them, away from the edges of the silicone layer and at least 5 indentor diameters away from the location of the other indentors.

Note: When dropped above the liquid surface, the spheres may fail to enter the liquid medium (float) due to the liquid medium’s surface
tension.

Place the Petri dish with soft silicone on the microscope stage so that it is possible to image through the Petri dish base.

Using phase imaging with a 10X objective (such as a dry 10X objective of NA 0.30), locate and bring a sphere indentor into focus.

Take a phase image of a part or the whole of the indentor and save this image. Use a tile scan if available. If the indentor has any visible
defects, discard and replace it with another indentor.

Under live phase imaging, pan to the left of the indentor’s edge so that the left edge of the frame is at least a distance of ~1.5 R from the
indentor center. Ensure that the center of the indentor remains visible on the right side, close to the right edge of the image frame. Take a
phase image and save it.

Switch the microscope light source to the illumination for the red fluorescent channel. With the x- and y-coordinates unchanged (the x-y
position of the indentor center within but near the right edge of the frame), focus down (decrease Z) until the red fluorescent microbeads
under the sphere indentor’s center just go out of focus.

Take a z-stack with an image for every z-increment of 0.5 ym till the microbeads in the top layer of the silicone far from the indentor (near the
left edge of the imaging frame) go out of focus.

Repeat steps 3.4 - 3.8 with the other indentors on the sample.
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4. Calculating the Silicone’s Stiffness (Young’s Modulus)

1. Open the phase image of the indentor using ImageJ, click on the line tool, and measure the indentor’s diameter in pixels. Click and hold on a
point on the indentor edge, move the cursor to a diametrically opposite point on the edge and note the length in pixels displayed on the status
bar of the ImageJ main window before releasing the cursor.

1. Ensure that the unit of length is set to pixels by clicking Analyze | Set Scale and checking the Unit of length.
2. Convert the indentor’s radius in pixels to ym by taking into account the objective magnification and the CCD camera pixel size (R in pm
= R in pixels x the CCD camera pixel size in ym / the objective magnification).

2. Open the red channel z-stack of microbead images (if the microbeads are red fluorescent) in ImageJ by clicking on File | Import | Image
Sequence and select any image in the stack and click OK to open the stack.
Note: F1 is the frame number at which the microbeads under the indentor center are in the best possible focus and F2 is the frame number at
which the microbeads (at a region of ~1.5 R away from the bead center) near the left edge of the frame are in the best possible focus. The z-
difference between the two frames is the indentation depth &.
1. Using the line tool in Imaged, draw a line across a well-defined microbead in the image. Click on Analyze | Plot Profile and click on the
Live button to obtain the updated line scan intensity across the bead while selecting different frames. The frame that gives the highest
value of the maximum intensity can be chosen as the frame in focus.
2. Since the z-increment between the frames in the z-stack is 0.5 um, calculate the indentation depth in ym as & = (F2-F1) x 0.5.

3. Calculate the force exerted on the gel by the indentor due to its weight (minus the opposing buoyant force), that is, the indentation force
F, as the volume of the indentor x (the density of the indentor - the density of the liquid medium) x the acceleration due to gravity. Use the
equation F = (4/3) x 3.142 x (RS) X (Pindentor - Pmedium) X g Where R is the radius of the indentor, pingentor IS the density of the indentor, pmegium iS
the density of the liquid medium and g is the acceleration due to gravity (9.81 m/sz). Express all quantities on the right-hand side in S| units to
obtain F (in N).

4. Calculate the Young’s modulus (E) of the silicone using a modified"" Hertz model'? equation:

_ [3(a—v?)F]
fh =C 4R0'581'5
ere:

¢ = a correction factor that modifies the Hertz model expression that follows it;
v = Poisson'’s ratio of the silicone gel (taken as 0.5 as for incompressible materials7);
F = the indentation force;
R = the indentor radius; and
® = the indentation depth.
Express all quantities on the right-hand side in Sl units to obtain E in Pa.
1. Calculate the correction factor ¢ as follows®:
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It should be noted that this correction factor is specifically to be used only when the soft silicone adheres well to the Petri dish (or stiff
silicone) underneath it (which is the case here).

2. Calculate the height h of the soft silicone layer based on the amount of silicone added and the Petri dish diameter. Alternatively, obtain
h directly by determining the z-coordinate of the top and bottom surfaces of the silicone layer by phase imaging (minor impurities come
into focus at either surface). Note that for a large h (h2 > Rd), the correction factor c is close to 1.

5. Repeat steps 4.1 - 4.4 for each indentor. Average the Young’s modulus obtained from each indentor to obtain the mean Young’s modulus for
the silicone sample.

Representative Results

Using the protocol detailed above, we prepared soft silicone in a 35 mm Petri dish, cured it at 70 °C for 30 min and coupled fluorescent
microbeads (and collagen 1) to the top surface as schematically depicted in Figure 1. Deep UV has been used previously for the eventual protein
coupling to substrates 3. Note that (1) the curing conditions used here are specific to this soft silicone and (Il) the indentation measurement is
performed on the next day as the soft silicone is expected to cure a bit further over the course of a day.
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Various parameters that characterize the spherical indentation of the silicone surface are shown in Figure 2A. Phase imaging is used to capture
either (I) the entire image of the indentor as shown in Figure 2B (using image stitching, if necessary) or (Il) part of the image of the sphere. The
only parameter to be derived from the indentor's image is its diameter. For example, for the indentor we used with the 1:1 soft silicone in this
protocol, different individual indentors from the same lot had diameters that ranged from 950 pm to 1,200 pm with a mean value of 1,037 pm and
a standard deviation of 47 ym (8 indentors). Note that the diameter measured for a particular indentor (rather than the mean diameter for many
indentors) should be used for the stiffness calculation for the indentation-induced by that particular indentor.

Fluorescent images of the microbeads in the top surface of the silicone are taken at an x-y frame position so that the region under the indentor
is in the far-right part of the frame. The region in the far-left part of the frame is chosen to be the region away from the indentor as shown in
Figure 3. Z-stack images of the regions under the indentor and away from the indentor are shown in Figure 3as well. For the 1 mm diameter
zirconium indentor used with the 1:1 soft silicone, the z-values at which the 2 regions come into focus differed by about 20 pm (). This is much
smaller than the thickness of the soft silicone, which was around 3,500 um. Using the density (4.66 g/cms) of the zirconium indentor (which is
actually made of a mixture of zirconium dioxide and silicon dioxide) and the density of the liquid medium (for PBS: 1.01 g/cm3), the net force
exerted on the silicone can be computed. For the case under consideration, it was in the 20 - 25 pN range. The Young's modulus we computed
for the 1:1 soft silicone was 7.2 + 2.4 kPa (from 28 locations pooled from 6 independent samples). The representative results for other A:B
ratios for the same soft silicone (specified in the accompanying Table of Specific Reagents) are given in Table 1. Finally, to validate the sphere
indentation method that uses a widefield microscope as we described in this protocol, we also measured the Young's moduli of a polyacrylamide
gel we characterized with a rheometer to have a Young's modulus of 21 + 3 kPa. Using the sphere indentation method of this protocol using a
widefield microscope, polyacrylamide gel of the same composition was found to have a Young's modulus of 22.1 £ 4.2 kPa, indicating a good
agreementw. Caveats to pay attention to while carrying out these measurements are addressed in the Discussion section.

Deep UV
C. D.
eiteee | |
Soft silicone EDC/sulfo-NHS Incubation Soft silicone coated
in Petri dish +beads +col1 (30 min) with beads & col1

Figure 1: Schematic depiction of the procedure for coupling fluorescent microbeads to the top surface of soft silicone. (A) The soft
silicone that has been cured is exposed to deep UV light for 5 min. (B) A mixture of EDC, sulfo-NHS, beads, and collagen | in water is pipetted
down onto a piece of parafilm placed on top of a lid of smaller diameter. (C) The soft silicone sample is inverted on this mixture so that it is

in contact with the liquid but not with the top surface of the smaller lid underneath. Two glass slides on either side, under the Petri dish, act

as spacers. (D) After washing the sample with PBS, the soft silicone surface coated with fluorescent microbeads is ready for the stiffness
measurement. Please click here to view a larger version of this figure.

A. B.

Figure 2: Schematic illustration of sphere indentation of the soft silicone surface. (A) This schematic depiction shows a spherical indentor
on the surface of a soft silicone sample. Various parameters of interest are indicated. (B) This panel shows an image of a 1 mm indentor (on a
soft silicone sample) obtained via phase imaging. The scale bar indicates 250 um. Please click here to view a larger version of this figure.

Copyright © 2018 Journal of Visualized Experiments July 2018 | 137 | 57797 | Page 4 of 7


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/57797/57797fig1v2large.jpg
https://www.jove.com/files/ftp_upload/57797/57797fig2large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

A. Image of fluorescent micro-beads

™ <—location
of indentor

C. Region away from the indentor

D. Line scan across a bead (0.5 um z increments)
220

Intensity (A.U)

6 10 14 18 22
Pixel along line

Figure 3: Bead image acquisition and determination of the in-focus image. (A) This fluorescence image shows microbeads on the top
surface of the soft silicone sample and the desired x-y location of its frame relative to the indentor (dotted line). The scale bar indicates 150 um.
Panels B and C show z-stack fluorescence images of regions on the soft silicone surface (B) under the indentor and (C) away from the indentor
(boxed regions in the top image). The indicators z1 and z2 correspond to the z-values at which the region under the indentor and the region
away from the indentor are in focus, respectively. The scale bars indicate 20 ym. The monochrome images shown are those obtained in the red
channel since nominally pink microbeads were used whose excitation and emission profiles fit the red channel. (D) This panel shows an intensity
line scan across a micro-bead (shown in the inset image with a yellow line across it) as the focus is varied in z-increments of 0.5 um. The focus
(z-value) corresponding to the in-focus image can be objectively chosen based on the z-value corresponding to the line scan with the highest
maximum intensity. The scale bar in the inset indicates 20 um. Please click here to view a larger version of this figure.

Silicone elastomer* A:B Young's Modulus** (kPa)

1:1 72424

4.7 37.6+3.9

1:2 64.116.9

*specified in the accompanying Table of Specific Reagents/Equipment

** as measured with the sphere indentation method using a widefield microscope as detailed in this protocol

Table 1. Young's modulus of soft silicone (for the particular silicone specified in the Table of Specific Reagents/Equipment) for
different compositions as measured using the protocol detailed here. Values for the ratio of the two mixed components A:B (and the
corresponding number of measurements) are 1:1 (28), 4:7 (13), and 1:2 (8).

While the sphere indentation method is easy to implement, careful attention must be paid to the choice of indentor and the thickness of the

soft silicone sample. The equation used to calculate the Young's modulus is valid under a set of conditions'"'and these are typically satisfied
when the thickness of the silicone sample is > 10% of the indentor radius and < ~13x the indentor radius. We found that a silicone thickness

of 5 - 10x the indentor radius was a good choice, wherein the sample thickness is not too high (i.e., the objective working distance does not
become a limitation) and the calculated stiffness was also not too sensitive to the exact value of the silicone thickness. The choice of spherical
indentor should also be such that the indentation depth & is < 10% of the silicone thickness as well as < 10% of the indentor radius. With these
considerations in mind, indentors of both different material and diameter can be used to measure the stiffness of softer and stiffer silicones. The
determination of the indentation depth is the most critical step of this protocol. The method suggested in this protocol to identify in-focus images
should help determine the indentation depth reliably. It should also be noted that the stiffness calculation used for the sphere indentation method
uses Hertzian theory, which assumes frictionless contact. Here, this is a good assumption for indentors of low roughness.While we have used a
specific soft silicone elastomer (listed in the accompanying Table of Specific Reagents), other commercial silicone elastomer kits can be used.
Note that the stiff silicone widely used for microfabrication is not a good choice for making substrates with stiffness in the kPa range. However,
soft silicones (that have stiffness in the lower end of the kPa range) can be mixed with a small percentage of stiff silicone to make substrates with
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stiffness in the higher end of the kPa range. Depending on the elastomer, an indentor with a different size or density can be chosen, as long as
the conditions mentioned previously are satisfied.

A few key considerations for the coupling of fluorescent microbeads to the soft silicone's top surface are important. First of all, we chose 0.44
um carboxylate beads because their fluorophore content and hence brightness was greater than that of similar beads of smaller size. Smaller
bead sizes can be used if the beads contain brighter fluorophores, but we suggest that sub-micron carboxylate beads should be used so as not
to adversely affect the resolution of the method. The incubation of the silicone surface with the EDC/sulfo-NHS/bead/col1 mixture is carried out
with the silicone surface in an inverted configuration. The reason for this is that, when the mixture with the beads is placed on top of the silicone
surface, bead clumps settle onto the silicone surface, leading to a poor spatial resolution while the fluorescent microbeads are being imaged.
Even with this protocol, bead clumps were occasionally observed (bright regions in the top image in Figure 3). However, they are not extensive
enough to affect the method's resolution. It is also possible to use spacers under the edges of either of the Petri dishes in Figure 1C to allow the
silicone surface to contact the liquid but not the solid surface beneath it. The coupling of the microbeads to the top surface of the soft silicone can
be performed even without a deep UV light step if microbeads with a hydrophobic coating are chosen. The stiffness measurement is performed
on the final substrate (after the UV treatment, bead coupling, and ECM coupling) on which cells can be plated. It should be borne in mind that a
stiffness characterization should be performed after steps (such as the UV treatment) that can possibly alter the substrate stiffness so that the
measured stiffness is the one that the cells will be exposed to.

Instead of a Petri dish, a slab of stiff PDMS can be used as the base for the soft silicone™. Such a configuration can be used for applying an
external stretch to cells wherein the stiff silicone provides the frame that can be stretched, and the soft silicone provides a cell micro-environment
of stiffness that is more physiological. Traction force microscopy15’1ecan also be performed with cells plated on these soft silicone gels7’8, and
the presence of fluorescent microbeads in just the top layer enables a good resolution with just a widefield fluorescence microscope. Collagen

I in this protocol can be substituted with other extracellular matrix proteins. Compared to slightly more involved methods such as atomic force
microscopy, the sphere indentation method can be implemented more easily, in general. The deviation in the mean Young's moduli obtained
using the sphere indentation method compared to that determined using a rheometer is typically < 10%"°. Thus, the sphere indentation method
(using a widefield fluorescence microscope) provides an accessible method for the quantification of soft silicone (or hydrogel) stiffness for
applications in mechanobiology.
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