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Abstract

Stem cell-derived cardiomyocytes have the potential to be used to study heart disease and
maturation, screen drug treatments, and restore heart function. Here, we discuss the procedures
involved in using micropost arrays to measure the contractile forces generated by stem cell-
derived cardiomyocytes. Cardiomyocyte contractility is needed for the heart to pump blood, so
measuring the contractile forces of cardiomyocytes is a straightforward way to assess their
function. Microfabrication and soft lithography techniques are utilized to create identical arrays of
flexible, silicone microposts from a common master. Micropost arrays are functionalized with
extracellular matrix protein to allow cardiomyocytes to adhere to the tips of the microposts. Live
imaging is used to capture videos of the deflection of microposts caused by the contraction of the
cardiomyocytes. Image analysis code provides an accurate means to quantify these deflections.
The contractile forces produced by a beating cardiomyocyte are calculated by modeling the
microposts as cantilever beams. We have used this assay to assess techniques for improving the
maturation and contractile function of stem cell-derived cardiomyocytes.
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1 Introduction

One of the most important functions of cardiomyocytes in the heart is to forcibly contract in
order to pump blood through the body. Cardiomyocyte death and/or dysfunction are the
underlying causes of many cardiac diseases [1]. Since cardiac tissue has a low capacity to
regenerate or repair itself, cardiomyocytes derived from stem cells (SC-CMs) have the
promise to restore function to the damaged regions of cardiac tissue. In addition to being
used as a model to study heart maturation and disease [2—6], SC-CMs have also been used to
screen potential drug treatments [5—7] and more recently to restore heart function [2, 8-13].
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However, these studies have shown that the contractile output of SC-CMs is far lower than
their adult counterparts, which is due in part to their small, round morphology and
sarcomeric structure (Fig. 1A) [14]. Thus, it is important to characterize and study the
contractile dynamics of SC-CMs to achieve better treatments for heart disease.

Adult cardiomyocytes have a structure of actin and myosin filaments that is highly ordered
(Fig. 1B). The alignment of these contractile filaments allows cardiomyocytes to produce
strong forces by concentrating the generation of force along one direction. Many cellular
assays have been used to measure the contractility of single cardiomyocytes, including:
magnetic beads [15], atomic force microscopy (AFM) [16-19], traction force microscopy
(TFM) [20-22], optical edge detection [23, 24], flexible cantilevers [25-27], and strain
gauges [28]. These approaches have been used to study the biomechanics and
mechanobiology of adult and neonatal cardiomyocytes. To the best of our knowledge, out of
these techniques only AFM and TFM have been used successfully to measure forces from
single human SC-CMs [19, 21].

Microposts consist of arrays of vertical cantilever beams made from flexible silicone (Fig.
2). This technology has been widely used to measure contractile forces produced by cells
[29-32], including cardiomyocytes [33-39]. Cells adhere to the tips of the microposts and
are allowed to spread naturally across the tips of multiple microposts. When a cell contracts,
it generates forces which cause the microposts to deflect. Our group has successfully used
micropost arrays to assess the contractile maturation of SC-CMs [39-41].

Adult cardiomyocytes contract along a principle axis and for this reason, several methods
measure force in a single direction [16, 18, 28, 34, 37]. However, immature cardiomyocytes
like SC-CMs do not have uniaxial contractions [42]. Microposts are advantageous in this
regard, as they are capable of measuring cellular forces in two-dimensions and with
subcellular spatial resolution. For some methods, cardiomyocytes must be affixed to the
force transducer via clamping or gluing; this artificial adhesion may alter the behavior of
cells. Additionally, some of these other methods, such as those using large-scale force
sensing cantilevers and commercial force transducers, are unable to measure single-cell
forces and can only report a bulk tissue values. In contrast, microposts make it possible to
quantify the multi-directional forces of individual cardiomyocytes at each adhesion that
forms on the tips of the microposts. Here, we describe the processes involved in using this
assay, including microcontact printing, cell culturing, and the analysis steps to quantify the
contractile forces and myofibril structure of SC-CMs.

2 Experimental Methods

2.1 Micropost Fabrication

Soft lithography techniques are used to create polydimethylsiloxane (PDMS) micropost
arrays [29, 43]. First, a master structure must be fabricated from a photoresist via
photolithography (Fig. 2A). We choose to use SU-8 due to its ability to produce high-aspect-
ratio structures [44]. SU-8 is an epoxy-based negative photoresist that crosslinks when
exposed to UV light and heat, causing the highly viscous liquid to solidify. Prior to
fabrication of the SU-8 master, an opaque photomask is created with circular windows; the
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size and configuration of the windows defines the diameter and spacing of the microposts.
Next, a silicon wafer (Silicon Quest International, Santa Clara, CA) undergoes dehydration
at 200°C for 30 minutes on a hot plate. A 2 um thick layer of SU-8 2005 (MicroChem,
Newton, MA) is spin-coated onto the wafer to serve as a strong base for the microposts. The
wafer is soft-baked at 65 °C for one minute followed by 95 °C for two minutes. After
exposing the base layer of SU-8 to UV light (365 nm), the wafer undergoes a post-exposure
bake at 65 °C for 1 minute followed by 95 °C for 1 minute, and allowed to cool to room
temperature. The appropriate SU-8 manufacturer data sheet should be consulted for
operational parameters when spin-coating and exposing [45].

For the microposts, a film of SU-8 is spin-coated on top of the cross-linked SU-8 base layer.
We find that a film thickness of 10 um yields appropriately stiff and tall microposts. Shorter
microposts are generally stiffer, while taller posts may collapse during fabrication. A mask
aligner (AB-M, San Jose, CA) is used to bring the photomask into contact with the wafer. It
is important for there to be good contact between the mask and the wafer; any gap between
the mask and the SU-8 will cause the UV light to diffract, resulting in misshapen
microposts. We use an edge-bead removal step, where a cleanroom swab soaked with SU-8
developer is dragged along the edge of the wafer, and strong vacuum contact in the mask
aligner to ensure that there is not a gap between the mask and the wafer. Next, the wafer is
exposed to UV light and subsequently baked at 65 °C for 1 minute followed by 95 °C for 1
minute. To develop the pattern, the unexposed SU-8 is dissolved with SU-8 developer
followed by a rinse in isopropyl alcohol to remove the developer solution. The wafer is dried
with nitrogen gas before a hard-bake step at 150 °C for 5 minutes, which strengthens the
SU-8 microposts. To prevent PDMS from adhering strongly to the SU-8 master, the arrays
are plasma treated for 90 seconds (SPI Supplies, West Chester, PA) and silanized overnight
with (tridecafluoro-1,1,2,2-tetrahyrooctyl)- 1-trichlorosilane (UCT, Horsham, PA) inside a
desiccator.

With the SU-8 master fabricated, PDMS negative molds can be created (Fig. 2B). First, the
PDMS base and crosslinker (Sylgard 184, Dow Corning, Midland, MI) are mixed at a 10:1
ratio. The liquid mixture of PDMS is poured over the SU-8 master in an aluminum dish
before baking at 110 °C for 10 minutes to cure. The negative molds are plasma treated for
90 seconds to activate the surface, followed by silanization for 2 hours in a desiccator. This
silanization step will allow the negative mold to cleanly separate from the microposts in a
later step. Next, we recommend that the microposts be cast from the negative molds onto a
hard surface to facilitate substrate handling. We find that glass microscope coverslips work
well as a stiff, transparent substrate to cast on; specifically, we use No. 1 round glass
coverslips, which fit directly into Attofluor® viewing chambers (Life Technologies, Grand
Island, NYY) discussed at the end of section 2.3. To begin the positive casting, a new batch of
liquid PDMS is mixed. The glass coverslips are then plasma treated for 90 seconds to
promote adhesion with the liquid PDMS and help secure the microposts to the glass
coverslip. Next, a small droplet of the liquid PDMS is placed onto the coverslip, followed
quickly by placing the silanized negative mold on top. The negative mold is allowed to settle
on the liquid PDMS for 10 minutes to ensure that the micropost tips are not skewed, and all
lie in the same focal plane. The assembly is baked at 110 °C for around 20 hours to ensure
that the PDMS s fully cured. After curing, the negative mold is gently peeled from the
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PDMS on the glass coverslip, leaving behind PDMS microposts. Care should be taken
during the peeling process to avoid large deformations of the microposts, which will cause
the microposts to collapse, i.e. stick to each other or to the surface between the microposts.
By changing the design of the photomask and thickness of SU-8, we have found it possible
to fabricate micropost arrays without collapsed posts with heights between 6-10 pum,
diameters between 2-3 um, and center-to-center spacing between 6-9 pm. Different
combinations of these dimensions dictate the bending stiffness of the microposts. These
ranges of dimensions yield a substrate stiffness between 5-100 kPa, which is comparable to
the stiffness of cardiac tissue (20-30 kPa for healthy human cardiac tissue, 50-70 kPa for
infarcted tissue) [17]. The double-casting process with a negative mold and a common SU-8
master ensures that the dimensions of the microposts, and hence the stiffness of the
microposts, are consistent between experiments.

2.2 Micropost Stiffness Calibration

Cardiomyocyte forces are calculated based on the deflection of the microposts. To calculate
these forces, the spring constant of the microposts first needs to be determined, which is a
linear approximation for the relationship between the applied force and the deflection at the
tip of each micropost. Two methods may be used to determine the spring constant: slender-
beam theory and experimental calibration.

Using slender-beam theory, the spring constant is:
k=3rED"/64L* (1)

where E is the Young’s modulus of elasticity for PDMS, which is approximately 3.8 MPa
for a 10:1 mixture of PDMS and cross-linker baked at 100 °C for a sufficiently long time (at
least 20 hours) [46]. We note that this stiffness is highly dependent upon baking time,
baking temperature, and mixing ratio. The diameter D and length L of the PDMS microposts
are measured from side-view images obtained by scanning electron microscopy (Fig. 3). For
large deformations, slender-beam theory may not be appropriate and thus, empirical fitting
of experimental force data is preferred [43].

For experimental determination of the spring constant, AFM or a calibrated piezoresistive
cantilever may be used [36, 47]. For example, the tip of the piezoresistive cantilever is
brought into contact with a single micropost, and force is measured simultaneously with the
micropost tip deflection. Repeating this process for a number of different tip deflections
generates an empirical curve that calibrates force and micropost tip deflection. Alternatively,
micropost calibration can be achieved by deflecting the tip of a micropost with a glass
micropipette of known stiffness ky [48, 49]. The deflections of both the micropipette and
micropost are measured using a microscope. For a displacement of the micropipette X, the
tip of the micropost will deflect a distance x. With this information, the spring constant can
be calculated by modeling the interaction of these structures as two springs in series:

k=kp(zp—z)/z  (2)
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These calibration methods assume that the micropost is in pure bending. Since the base layer
to which the micropost is attached is also PDMS, elastic compliance of the base layer should
be considered in this calibration. Based on the aspect ratio of the micropost (length-to-
diameter) and the Poisson ratio for PDMS, a correction factor ranging between 0.5 and 0.9
accounting for the elastic base layer can be used in calculating the spring constant of a
micropost [36, 50].

2.3 Microcontact Printing

Microcontact printing is used to coat the tips of the microposts with extracellular matrix
(ECM) proteins (Fig. 2C). Microcontact printing utilizes the surface properties of PDMS to
transfer proteins onto the tips of the microposts [51]. Other methods of securing cells to the
force measurement device, such as gluing or clamping, may adversely interact with normal
cellular function. By allowing cells to naturally adhere to ECM proteins, the physiological
function of the cells is thought to be better preserved.

Microcontact printing may be used to confine the shape or spreading of cells [52]. Here, we
describe a protocol for microcontact printing using stamps with no topological features. The
stamps are created by pouring a 30:1 mixture of PDMS on a silanized flat silicon wafer and
curing at 110 °C for 20 minutes. The PDMS is peeled from the wafer and cut into blocks the
size of the micropost array to form the stamps. Under sterile conditions, a solution of ECM
protein is aliquoted on top of the flat surface of each PDMS stamp. To ensure adequate
coating of the ECM protein, it is helpful to begin by depositing small droplets near the edges
of the stamp, connecting these to form an outer frame, and then successively dragging the
droplets towards the middle of the stamp. This ECM protein is then allowed to adsorb onto
the surface of the stamp for 1 hour. The stamp is then rinsed in sterile DI water and dried
with nitrogen gas, leaving behind the deposited ECM proteins on the stamp surface.

Next, the micropost substrates are treated with UV/ozone (Jelight, Irvine, CA), causing the
PDMS surface of the micropost to become hydrophilic and thereby allowing the ECM
proteins to transfer from the stamp to the microposts [53]. The stamp is gently lowered
perpendicular to the microposts, eventually forming contact with the tips of microposts. To
ensure adequate transfer of the ECM protein, the stamp is left in this configuration for 30
seconds. The microposts then undergo a series of sterilizing and washing steps. First, the
micropost substrate is submerged in 100% ethanol to sterilize and fully wet the spaces
between the microposts. Next, the substrate is submerged in 70% ethanol. Finally, the
substrate is rinsed by successively submerging in dishes of sterile DI water. The 70%
ethanol washing step serves as a transition between 100% ethanol and sterile DI water,
preventing post collapse due to the high surface tension forces of water. Additionally, the
ethanol washes may also help raise any posts that collapsed during the stamping process.

After washing, the sides of the posts are fluorescently tagged, which enables the deflection
of the microposts to be captured with fluorescence microscopy. We find that bovine serum
albumin (BSA) conjugated with Alexa Fluor 594 (Life Technologies, Grand Island, NY)
provides the best fluorescence for our image analysis. We dilute the BSA in DI water to
5ug/ml and submerge the microposts in the BSA for 1 hour. Next, the substrates are briefly
submerged in DI water to rinse, followed by submerging in 0.2% Pluronic F-127 (BASF,
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Ludwigshafen, Germany) for 30 minutes. The hydrophobicity of PDMS allows Pluronic
F-127 to adsorb to its surface where its co-block polymer chains of polyethylene glycol
prevent the adsorption of additional proteins to the base or sidewalls of the microposts, thus
confining cell adhesion to only the tips of the microposts [54-56]. Finally, the substrates are
rinsed in phosphate buffered saline (PBS) before securing in an Attofluor® viewing
chamber (Life Technologies, Grand Island, NY).

We place substrates in the Attofluor® viewing chambers for two primary reasons: 1) the
chamber keeps the substrate securely in place, which is vital to the capture of video, and 2)
the chamber allows for imaging from above the cardiomyocytes, improving video and image
quality. The microposts may be cast onto other substrates and placed into a tissue culture
dish or even cast directly onto a tissue culture dish itself, as long as the substrate does not
move during video capturing.

2.4 Cell Culture and Preparation

The protocol that we employ for cell seeding, feeding, and maintenance has been previously
reported [39], but will be summarized here. Prior to substrate manufacturing, we obtain
differentiated human induced pluripotent SC-CMs. The SC-CMs are initially cultured on
Matrigel®-coated plates (Corning Life Sciences, Corning, NY) in RPMI medium containing
RPMI 1640 with L-glutamine (Life Technologies, Grand Island, NY), supplemented with
B-27® plus insulin (Life Technologies, Grand Island, NY) and 1% penicillin/streptomyosin
(Mediatech, Manassas, VA).

To seed the SC-CMs onto the microposts, they must first be dissociated from their initial
culture substrate. First, the SC-CMs are washed in PBS. Next, the PBS is aspirated and
Versene (Life Technologies, Grand Island, NY) is added to the culture dish. After
incubation at 37 °C for 3 minutes, the Versene is aspirated and replaced with a solution of
0.25% trypsin ethylenediaminetetra-acetic acid (Mediatech, Manassas, VA) in Versene.
After adding the trypsin-EDTA solution, the SC-CMs are placed in an incubator for
approximately 5 minutes, observing the dissociation every minute. Once fully dissociated,
the SC-CMs are pelleted and resuspended in RPMI medium supplemented with 10% fetal
bovine serum (Life Technologies, Grand Island, NY). The cell suspension is repeatedly
triturated by pipette to break up any large clumps and ensure the suspension contains
individual cells and not clusters of cells. The SC-CMs are then seeded onto the micropost
arrays at a density of approximately 500,000 cells per 500 mm? of substrate. Following 24
hours of culturing after seeding, the media is gently removed and quickly replaced with
serum-free RPMI medium (Life Technologies, Grand Island, NY). This serum-free media
prevents any unwanted cardiac fibroblasts from replicating, while SC-CMs are provided
nutrients by the B-27® supplement. A majority of SC-CMs are found beating within a few
days after initial seeding, and they are typically studied within 7 days after seeding. Prior to
video recording, the media is replaced with HEPES RPMI medium (Life Technologies,
Grand Island, NY).
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3 Imaging
3.1 Video Recording

High speed video microscopy is necessary to capture the muscle twitch dynamics of the SC-
CMs. We use a Hamamatsu ORCA-Flash 2.8 Scientific CMOS camera because of its ability
to capture images at up to 100 frames per second. The frame rate of the camera is inversely
correlated with the size of the region-of-interest (ROI), so we restrict the ROI to encompass
the cell of interest as closely as possible while maintaining complete view of the attached
microposts. A high frame rate is essential because the twitch frequency of SCCMs is
irregular and a waveform that describes the dynamics of the twitch force has not been
established. As such, we find that the higher frame rates ensure that our image analysis more
accurately identifies the characteristic features of twitch contraction.

The camera is paired with a Nikon Eclipse Ti upright microscope which records images of
individual SC-CMs through a 60x water immersion objective (NA 1.0). Before initializing a
recording, the objective is focused on the bottom of the microposts and a fluorescent image
is taken to determine the reference positions of each micropost (Fig. 4). Afterwards, the
focus is shifted to an image plane containing the tips of the microposts and a phase contrast
video is taken. As the SC-CMs beat, there are visible changes positions of the tips of the
microposts in the phase contrast video. The change in position of the tips of microposts
relative to their reference position in the fluorescent image is used to calculate the twitch
force, which is described in Section 4.1.

3.2 Immunofluorescence Staining

After live experiments are completed, the myofibril structures of the SC-CMs are
immunofluorescently stained. First, a Triton extraction procedure is used to permeabilize the
samples. The samples are submerged for 10 seconds in buffer solution of 10 mM PIPES
(Avantor, Center Valley, PA), 50 mM NaCl (EMD Chemicals, VWR Inc., Radnor, PA), 150
mM sucrose (Avantor, Center Valley, PA), 2 mM phenylmethylsulfonyl fluoride (Electron
Microscopy Sciences, Hatfield, PA), 3 mM MgCI (BDH), 20 ug/ml aprotinin (G-
Biosciences, St. Louis, MO), 1 pg/ml leupeptin (G-Biosciences, St. Louis, MO), and 1 pg/ml
pepstatin (G-Biosciences, St. Louis, MO) at pH 6.5. Samples are then moved to a new buffer
solution containing the same mixture listed before, but with the addition of 0.5% Triton
X-100 (Sigma Aldrich, St. Louis, MO) for 2 minutes.

Samples are fixed with 4% paraformaldehyde (EMD Chemicals) in PBS. Next, the proteins
of interest are stained; we find that staining cell nuclei and sarcomeric a-actinin are the most
typical for analyzing internal structure of cardiomyocytes. Cell nuclei are stained with
Hoechst 33342 (Life Technologies) and sarcomeric a-actinin is marked with monoclonal
mouse anti-a-actinin (Sigma Aldrich) and stained with goat anti-mouse AlexaFluor 488
(Life Technologies, Grand Island, NY). A Nikon Ti Eclipse inverted microscope with a 40x
oil immersion lens (NA 1.0) is used to image these stained substrates.
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4 Image and Data Analysis

4.1 Video Analysis

Since contractility is a major function of cardiomyocytes, contractile force during a twitch
contraction is an obvious choice as a marker of maturation. The contractile velocity is also
an important factor; immature SC-CMs have lower levels of Na* channel Na,1.5 and L-type
calcium channels than adult cardiomyocytes, resulting in a slower upstroke velocity [42].
Since both force and velocity are important, the contractile power, which is the product of
force and velocity, is arguably the most accurate and useful metric for assessing maturation.
At high temporal resolution, the change in deflection of the microposts can be used to
determine the twitch velocity. The twitch power is then calculated as a product of the force
and velocity traces for each micropost.

A custom MATLAB (Mathworks, Natick, MA) code is used to obtain the contractile
properties of individual cardiomyocytes from live images. The change in the position of
each micropost is tracked by a series of image analysis steps. First, a fluorescent reference
image and corresponding phase contrast video are selected (Fig. 4). The video is converted
into an image stack using the function “videoreader” and the user is prompted to rotate the
images such that the microposts appear as an array of rows and columns. At this step, a
pixel-to-micrometer conversion value is established based on the known spacing between
microposts. The user is then prompted to select a region of interest that encloses the cell: the
exclusion of posts exterior to the cell allows for faster data analysis. Based on the selected
region, the image is divided into a grid such that each box within the grid encloses an
individual micropost (Fig. 6A). Each box is converted to a binary image with the function
“im2bw” using a thresholding value that is unique to that micropost. Using a local threshold
in this manner compensates for uneven illumination in the image and ensures that each
micropost is binarized to a circular shape with similar diameters. Any noise in the binarized
image is removed using “bwmorph” with the “‘clean’ and ‘majority” options, and any holes
are filled in using “bwfill” with the ‘holes’ option. Then, the centroid of the binarized image
is calculated using “regionprops” and the pixel distance between its position in the phase
image relative to the reference image is calculated (Figs. 6B,C). This process is repeated for
each micropost and for each frame within the captured video.

With a data array containing the change in position of a micropost for each frame, the pixel
distance is then converted into a corresponding deflection based on the pixel-to-micrometer
conversion value. With the deflection & determined, the force F; acting on the it micropost
is calculated by Hooke’s law:

Fi=ké; (3)

where the stiffness, k, is calculated using slender-beam bending theory as seen in Eg. 1, in
which the micropost is assumed to have one fixed end and undergoes small deflections. The
total force generated by a cell is calculated by summation of the absolute magnitude of the
forces measured at each micropost underneath the cell. The total passive tension and total
active tension are on the order of 100 nN and 10 nN, respectively.
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Individual contractile events are identified by drawing a user-selected box, which defines the
baseline region before and after contraction. The peak force is determined by calculating the
maximum force during each contraction (Fig. 5). The passive tension is determined by
calculating the average resting force before and after a twitch. The twitch force is the
difference between the passive tension and peak force for each contraction. The twitch
frequency (in Hz) can be determined by calculating the inverse of the difference in time
between adjacent peak forces. We define the onset and end of each pulse (with a user-
defined threshold value) as the first and last times that the force is above 5% of the pulse
amplitude, respectively. If the data is excessively noisy or otherwise irregular, the pulse
onset and end points may be selected manually. The pulse onset and end times are then used
to calculate the pulse duration and time to peak. For a study, we calculate the averages of
each contractile property across multiple beats of a cell and for multiple cells within a
population.

With the same deflection data, the instantaneous velocity of a micropost can be determined
by the difference in its deflection before and after the time point of interest, expressed as a
central difference:

Vi=(8ix1—0i—1)/(tiy1—ti—1) (4)

The resulting velocity is on the order of 1 um/s. With the values for twitch force and twitch
velocity determined, the twitch power can be calculated as:

P=FV; (5

In similar fashion to force and velocity, the total power generated by the cell is calculated by
summing the power at each micropost at each instance of time, yielding a twitch power
produced by the cell on the order of 10 fW. Overall, the entire video analysis process takes
between 5 to 10 minutes per cell for someone experienced with the code. Most of this
analysis time is spent selecting and inputting settings, and only a short time (less than 2
minutes) is required to load the video and obtain the post displacements in MATLAB. A
custom GUI was developed to make the analysis easier and faster. The MATLAB code and
GUI are available on request by e-mailing the corresponding author.

4.2 Immunofluorescent Analysis

While contraction is a good means of assessing an SCCM’s functional maturation, its
structural maturation can be assessed by analyzing the organization and size of its
myofibrils. In particular, sarcomeres are known to be key in force generation and align along
the major axis of a matured cardiomyocyte [1]. Maturity causes an increase in the Z-band
distance between sarcomere units [42], indicating the formation of actin-myosin cross
bridges and better coupling between the sarcomeres. Therefore, sarcomere length and Z-
band width are good indicators of myofibril maturation.

For the immunofluorescently stained substrates, we conduct our image analysis with the
NIH ImageJ software. Sarcomere length is measured by selecting a region of parallel
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sarcomeres within the a-actinin image and drawing a line across the center of four or more
consecutive sarcomeres. The Plot Profile function reports the intensity profile along the ling,
which is used to determine the distance between the brightest points of each sarcomere (Fig.
6). We repeat this process for at least three different regions within each cell to account for
spatial variability, and average these values to characterize the sarcomere length, which is on
the order of 1 um. To measure the average Z-band width, a “Fast Filter” function is
implemented to obtain the outlines of the individual sarcomeres. The “Despeckle” and
“Remove Outlier” functions remove background noise before the image is converted to a
binary image. Once binarized, a region of interest enclosing at least four sarcomeres is
specified. Each sarcomere is then fitted to an ellipse using the “Analyze Particles” function,
and the major axis is measured for each ellipse to get the Z-band width. Similar to sarcomere
length measurements, this process is repeated at least three times in different sections of the
cell to obtain an average measurement.

5 Conclusions

Micropost arrays offer many advantages over other techniques for characterizing the
contractility of cardiomyocytes, including the ability to measure multi-directional forces,
twitch velocity, and twitch power. Additionally, the ordered arrays of microposts offer
simple calculation of force from deflection data using small deformation cantilever beam
theory. By changing the height, diameter, or spacing of the microposts, different substrate
stiffnesses can be achieved. Soft lithography can produce a high yield of identical arrays of
microposts from a common master, which reduces experiment to experiment heterogeneity.
The use of single-cell assays also allows for more direct assessment of cardiomyocyte forces
without the extracellular environment or multicellular interactions obscuring this
measurement.

Our lab has utilized micropost arrays to assess the effect of ECM protein coatings [39],
thyroid hormone (T3) treatment [40], and let-7 microRNA upregulation [41] on the
contractile maturation of human SC-CM. Our ECM study showed that laminin provided
increased cell spreading and attachment to the microposts when compared to fibronectin and
collagen 1V, but the generated force, velocity, and power were insignificant between the
three ECM proteins. In the thyroid hormone study, we found that human induced pluripotent
SC-CMs subjected to a treatment by thyroid hormone T3 showed significantly increased
contractile force (from 7.5 nN in control cells to 12.3 nN in T3 treated cells), significantly
decreased time to peak (from 0.25 s to 0.15 s) and time to 90% relaxation, and significantly
increased sarcomere length (from 1.67 pm to 1.73 um) all suggesting increased maturation.
Finally, the overexpression of let-7, a microRNA family that is highly upregulated during
cardiac maturation, showed increased contractile force generation from 7.77 nN to 11.32 and
9.28 nN when let-7i and let-7g, respectively, were overexpressed. Additionally,
overexpression of let-7i lowered the beat frequency from 1.57 Hz to 1.05 Hz, and
overexpression of let- 7g reduced it to 0.92 Hz. Increased force generation and decreased
beat frequency both suggest increased contractile maturation. The combination of these
techniques, as well as other mechanical or electrical stimuli, may lead to improved pro-
maturation culture conditions for SC-CMs, potentially leading to more effective therapies
for cardiac disease.
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Micropost arrays are limited to measuring forces in a two-dimensional environment, which
is an environment cells rarely experience in vivo, so some physiological context is lost.
Additionally, analysis of the microposts requires optical measurement, so the spatial and
temporal resolutions can be limited. However, comparisons can be between SC-CMs on
microposts and engineered constructs on larger-sized microposts to understand cardiac
contraction from the cellular scale to the tissue-level scale [57-60]. In the future, microposts
may be simultaneously combined with electrical stimulation and calcium sensing, providing
answers about electromechanical coupling during maturation in cardiomyocytes.
Additionally, the effect of mechanical stimulation on maturation and contractility may be
studied by stretching the micropost substrate (e.g. FlexCell®) while simultaneously
measuring force and velocity. Finally, magnetic wires or magnetic nanoparticles may be
mixed into the PDMS to potentially be used for mechanical stimulation by deflecting posts
via magnetic fields or as a non-optical measurement system.
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Highlights

We manufacture microposts to measure forces from stem cellderived
cardiomyocytes.

Soft lithography creates identical micropost arrays from a common master.
Microcontact printing functionalizes micropost tips with extracellular matrix.

Live imaging and image analysis quantify the deflections of micropost tips.

Contractile forces are calculated by modeling microposts as cantilever beams.
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Stem Cell-Derived _
(A) Cardiomyocyte (B) Adult Cardiomyocyte

Sarcomeric

Figure 1.
Structural and force differences in (A) immature SC-CMs and (B) adult cardiomyocytes. In

the top schematics, the cytoplasm is colored dark red, the sarcomeric Z-discs are white, and
the nucleus is gray. The arrows in the bottom schematics indicate the primary directions of
contractile forces. Stem cell-derived cardiomyocytes have a smaller, more round
morphology, with unaligned myofibrils, resulting in less force generation than their adult
counterparts.
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(A) SU-8 lithography is used to create an SU-8 master of the microposts. (B) Manufacturing

of the PDMS microposts uses a double-casting process with a PDMS negative mold. (C)

Microcontact printing is used to coat the tips of microposts with extracellular matrix (ECM)
proteins before seeding cells.

Methods. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Beussman et al.

Page 17

Figure 3.
SEM image of PDMS microposts used in estimating the spring constant. Length and

diameter are measured from the image, accounting for the rounded edges, and used in Eq. 1
to determine the stiffness of the microposts.
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Figure 4.
A phase contrast microscopy video is taken at an image plane that contains the tips of the

microposts. A reference image is taken at an image plane near the base of the microposts.
The video frames and reference image are analyzed with a series of image analysis steps
using custom GUI. Adapted from [39].
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Figure 5.

(A) Phase contrast image of a cardiomyocyte on microposts. The image is segmented into a
grid such that each grid-box contains a single micropost. Adapted from [39]. (B) The
centroid of the micropost is measured for each video frame (red @), and the distance from
the reference position (blue x) is used to measure its displacement. (C) For each micropost,
the deflection is calculated at each frame to produce a waveform. Posts near the edge of the
cell (blue) typically deform much more than posts near the middle (red). (D) The calculated
force waveform from a single contraction from the cardiomyocyte and the characteristic
times.

Methods. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Beussman et al.

Page 20

—~~

oY)

~
EN

55x10 ‘
: Sarcomere
Linescan il it
/ >
=
\ 245
g+
£
g 4
=
235
o]
<C

2 4 6
Distance Along Linescan [um]

Figure 6.
(A) Composite immunofluorescent image showing microposts (red), sarcomeres (green),

and nucleus (blue). Adapted from [40]. (B) A linescan (shown in yellow) is drawn across at
least four sarcomeres, and the distance between the peaks is averaged to determine
sarcomere length.
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