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DEVICE FOR CONTINUOUS MEASUREMENT OF CARDIAC ACTIVITY

FIELD

[0001] The present invention relates to a device for continuous measurement of cardiac
activity. More particularly, to a micro device platform for continuous measurement of contractility,

beating rate, and beating rhythm of hiPSC-cardiomyocytes.

BACKGROUND

[0002]

an electrical signal with regularity (proper heart rate and rhythm), and generating sufficient force

The heart completes a complex set of tasks, including the initiation or propagation of

of contraction (contractility). Probing mechanisms of heart diseases and quantifying drug
efficacies demand a platform that is capable of continuous operation inside a cell incubator for

long-term measurement of cardiomyocyte monolayers.

[0003] Several techniques have been developed for measuring the contractile stress/force of
cardiomyocytes. Table 1 summarizes existing techniques and their working principles. Since 1984,
electrical impedance measurement using microelectrode arrays has been used to monitor cell
behavior such as growth and spreading. [8] Recently, there have been attempts to utilize impedance
signal changes to indicate cardiomyocytes’ contractility. [9, 10] Although impedance measurement
has inherent capabilities for measuring the beating rate of cardiomyocytes, direct correlations

between impedance change and contractile stress generated by cardiomyocytes remain elusive.

[0004] Table 1: Summary of existing measurement of contractility of cardiomyocytes

Methods Cantilever Microposts Calcium imaging Impedance
(including AFM)

Measurement Cantilever with Using high speed fluorescent dyes to Impedance change

principle nanoscale tip probes | microscopy to quantify caused by the distance
over cellular record the Ca®" concentrations in | change between the
substrate to measure | deflection of the cytoplasm as an cells and
contractile forces. micropost indicator for microelectrode

contractility
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Suitable for No No Yes Yes
monolayer
Contractile 1-5kPa (neonatal 67 nN to few uN -- --
stress/force rat); 4.6-18 nN
range (hiPSC-CM); 5 uN
(SD rat)

Advantages 1) direct force 1)3D-contractile 1) Real high- 1) Real time and
displacement force available; throughput analyses  [long-time recording;
relationship; 2) 2)Other mechanical | with up to 1536 2) Drug screen.
Response time less | and physical samples at a time;
than 1 ms properties available; | 2) Drug screen.

AFM only:
1) Commercial
accuracy;
2) Other available
mechanical
properties
simultaneously
Disadvantages 1) Inability to 1) Affecting cells’ 1) Indirect 1) An indicator (cell
measure the force morphology and contractility index) to present the
along XY plane: cytoskeletal measurements; contractile force of
2)The accumulated . .
heat scalding cells: strus:ture, . 2) .Damagmg cellsas | CMs . .
3)Time consuming; 2) Time-consuming | residual beads. 2) Potential to induce
4) Hard to keep to optimal stiffness undesired side effects
cantilevers of micropost; by the alternating
consistent and 3) Inability to obtain current flow.
high-yi.el.d; real time contractile
.5) Inability tq force.
incorporated into a
high throughput
device; AFM only:
1) Invasive and
contact for cells.
Reference [22], [23]. [24] [11], [12], [16] [8]. [9]. 10] [51. [61. [7]
Methods Cell Drum Carbon Fiber Traction force
microscopy
Measurement Cardiomyocytes Carbon fibers Frame by frame
principle cultured on the thin | attached directly to | capture of fluorescent

silicon membrane to
measure cellular

Cell: 1) monitoring
the piezoelectric

beads used to estimate
forces

pressure. resistance;
2) recording the
deflection of carbon
fiber
Suitable for Yes No No
monolayer
Contractile 431475 kPa (| Lessthan5 pN 1.07-3.69 kPa
stress/force hiPSC-CMs) (neonatal rat); (neonatal rat);
range 20-100 nN (neonatal

rat);
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1.69-5.87 kPa(hiPSC-
CM);
Advantages 1) Long time and 1) Simultancous 1) Ability for
continuous recordings of analyzing force
recording; membrane potential | change during a
2) The culture and contractility; cycle of diastole and
environment as 2) Application for | systole;
comfortable as evaluating the role | 2) Force distribution
commercial culture | of a specific protein | of cell’s any part can
plates. in  the cardiac | be obtained at any
function, as CF | time;
widely used as a | 3) Comfortable
molecular probe. culture environment
for cell;

4) Noninvasive and in
situ measurement

Disadvantages 1) Imprecise 1) Invasive and 1) Inability to
pressure contact for cells. measure vertical
measurement, 2) Time point contractile force;

2) Disposable recordjng 2) Random
device, distribution of
3) Ultra-thin silicon fluorescent beads,
film, leading to failing to keep
high-cost consistent resolution
fabrication for the obtained
contractile forces;
3) Time point
recording
References [20], [21] [18]. [19] [10], [11]. [12]. [17]
[0005] For direct contractility measurement, microcantilevers were developed [11, 12] where

the deflection of the cantilever caused by cardiomyocyte contraction was measured by detecting
the reflection angle change of a laser beam shed onto the backside of the cantilever. Heat generated
by laser irradiation in micro-cantilever measurement can cause undesired changes in cell
metabolism. [13, 14] Existing laser-based cantilevers also require the devices with cells cultured
on them to be moved in and out of cell incubators for performing each measurement. This is
undesired since cardiomyocytes’ contractility, beating rate, and beating rhythm are highly sensitive
to environmental parameters such as temperature and concentration of COz. [15-17] Laser-based
cantilevers fully integrated with measurement components that can achieve long-term, continuous

monitoring of cardiomyocyte behaviors remain to be developed.

[0006] Piezoresistive cantilevers have recently been reported for measuring contractility of
cardiomyocytes by continuously monitoring electrical resistance change inside a controlled

incubator environment. [18, 19] The devices were constructed via 3D printing, which required the
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proper design of six functional inks. The devices were proven effective for continuous, long-term
measurement of cardiomyocytes’ contractility, however, they had a relatively low sensitivity.
Sensitivity of these piezoresistive cantilevers is defined by a ratio between the output (resistance
signal, AR/Ro) and the input (measured contractile stress). AR/Ro of these devices varied from

6.13x 10 to 3.00 x 107 for per unit stress. [18, 19, 65, 66]

[0007] Cell drum has also been reported for measuring the contractility of cardiomyocytes.
Cell drum is a flexible membrane device where a thin silicone membrane is sealed on the top of a
chamber. [20] Both laser sensor and pressure sensor are assembled inside the sealed chamber for
monitoring membrane deflection. A positive pressure is applied through the chamber to keep the
silicone membrane flat when cardiomyocytes are seeded on the membrane. The stress caused by
cardiomyocyte contraction induces a pressure change inside the chamber and membrane
deflection, which are respectively detected by the pressure sensor and the laser sensor. However,
the reported contractile stress of hiPSC-CMs measured by the cell drum technique is ten times
higher than the values measured with other techniques (43.1 = 7.5 kPa vs. 3.78 + 2.09 kPa, see
Table 1 and19, 21, 22). This may be attributed to the poor accuracy of the cell drum measurement
due to the very small pressure variations caused by cell contraction, leading to a low signal-to-

noise-ratio. [20, 23]

[0008] Micropost arrays [24, 25] and hydrogel thin films embedded with fluorescent beads
(TFFB) [26-28] have been used as substrates for culturing cardiomyocytes. Micropost or hydrogel
film deflections caused by cardiomyocyte contraction are monitored via microscopy imaging and
converted into forces via mechanics models. The micropost technique is able to measure
contractile force, contractile velocity, and contractile power. [24, 25] However, the topographical
patterns of microposts trigger changes in cardiomyocytes’ morphology and cytoskeletal structures,
cell aggregation, and differentiation. [29] TFFB uses hydrogels and embedded fluorescent beads
for measuring cell traction forces and has been employed to measure the contractile force of rat,
quail, and hESC-derived cardiomyocytes. [26, 27] Tracking the position changes of a high number
of fluorescent beads and analyzing the image data in order to convert the position changes into
pressure fields generated by cardiomyocytes are highly time-consuming. [30] Therefore, TFFB

technique reported in the literature for cardiomyocyte studies often focused on single-cell
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measurement. However, no heart cell is in isolation, and investigations on individual cells lose the
contributions of cell-to-cell communication, gap junctions, and coordinated cellular action, vital

components of heart contractile function.

[0009] What is needed is a device that can measure beating rate, rhythm and contractility of a
monolayer of hiPSC-CMs that has high sensitivity value, high signal-to-noise ratio, and that does
not trigger changes in the cardiomyocytes’ morphology, cytoskeletal structures, cell aggregation

and differentiation.

SUMMARY

[0010] Disclosed is a device for measuring properties of excitable cells, such as beating rate,
rhythm, and contractility of a monolayer of hiPSC-CMs. The device of the present invention
integrates a sensing element for measuring cardiac activity in cardiomyocytes, such as composites
of carbon nanotubes (CNT), and PDMS. Contraction of cardiomyocytes seeded on the device
causes changes in the structure of the sensing element network and further the electrical resistance.

The present invention provides a device for assessing excitable cells.

[0011] As such, in one embodiment, the present invention relates to a device for measuring at
least one cellular activity. The device, in one embodiment, includes: (a) a deformable polymeric
base membrane having a first side and a second side, the polymeric base including a well, the well
having an opening on the first side, a cavity extending from the opening and a floor formed by the
second side of the polymeric base membrane, (b) a deformable polymeric top membrane
overlapping the second side of the polymeric base membrane; and (c) a sensing element for
measuring the at least one cellular activity disposed between the polymeric base membrane and
the polymeric top membrane, the sensing element being disposed over the floor of the well, such
that a portion of the second side that forms the floor of the well, the sensing element and a portion

of the top membrane that overlaps the well form a suspended membrane.

[0012] In one embodiment, the device of the present invention further includes a substrate, and

wherein the first side of the polymeric base membrane is connected to the substrate.
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[0013] In another embodiment of the device of the present invention, the polymeric base
membrane further includes a hole configured to receive a tubing means, and microchannels

connecting the well with the hole.

[0014] In another embodiment of the device of the present invention, the device further
includes a polymeric ring coupled onto the portion of the top polymeric membrane that forms the

suspended membrane.

[0015] In another embodiment of the device of the present invention, the device further

includes means for measuring an electrical resistance of the sensing element.

[0016] In another embodiment of the device of the present invention, the top polymeric

membrane further includes embedded beads capable of producing an optical signal.

[0017] In another embodiment of the device of the present invention, the embedded beads are

fluorescent beads.

[0018] In another embodiment of the device of the present invention, the device includes more
than one well and more than one sensing elements, each sensing element being disposed over the
floor of one well, such that a portion of the second side that forms the floor of the well, the sensing
element and a portion of the top membrane that overlaps the well form a number of suspended

membranes equal to the number of wells in the device.

[0019] In another embodiment of the device of the present invention, the sensing element is
selected from a carbon nanotube (CNT), a gold-based, platinum-based, carbon ink, or graphene

sensing elements.

[0020] In another embodiment of the device of the present invention, the sensing element is a

CNT strip, wherein the CNT strip extends over the floor of the well.

[0021] In another embodiment, the present invention relates to a method for continuous

measuring at least one cellular activity. The method, in one embodiment, includes: (a) providing
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a device according to any one of the previous embodiments; (b) seeding cells onto the suspended
membrane of the device; and (¢) continuously measuring an electrical resistance of the sensing
element, thereby continuously measuring the cellular activity of the cells. In one aspect the cells

are cardiomyocytes.

[0022] In one embodiment of the method for continuous measuring at least one cellular

activity, the cellular activity is contractility, beating rate or beating rhythm.

[0023] In another embodiment, the present invention relates to a method for determining an
effect of at least one drug on cells on at least one cellular activity in cardiomyocytes. The method,
in one embodiment, includes: (a) providing a device according to any one of the previous
embodiments; (b) seeding cells onto the suspended membrane of the device, (c) exposing the cells
either before or after being seeded to the at least one drug, (d) continuously measuring an electrical
resistance of the sensing element, thereby determining the effect of the at least one drug on the

least one cellular activity of the cells. In one aspect the cells are cardiomyocytes.

[0024] In one embodiment of the method for determining an effect of at least one drug on cells

on at least one cardiac activity, the cellular activity is contractility, beating rate or beating rhythm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is an exploded view of the device according to one embodiment of the present

invention.

[0026] FIG. 2A is a schematic diagram illustrating membrane deflection induced by diastole
of monolayer human induced pluripotent cells stem cells-cardiomyocytes (hiPSC-CMs). Under

diastolic state, the contractile stress is 0, and, therefore, there is no membrane deflection.

[0027] FIG. 2B is a schematic diagram illustrating membrane deflection induced by systole of

monolayer human induced pluripotent cells stem cells-cardiomyocytes (hiPSC-CMs).
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[0028] FIG. 3 is a graph of a completed device according to one embodiment of the present
invention. Inset shows bright-field under 16.7 kPa.

[0029] FIG. 4 is a confocal microscopy image showing membrane budging under 16.7 kPa.

[0030] FIG. 5 is a graph illustrating simulation results of membrane maximal strain vs.
different membrane thicknesses under the bulging pressure of 3.43 kPa. For PDMS membrane of

200 um in thickness, strain is 0.14.

[0031] FIG. 6. Schematic showing strain sensor fabrication by screen printing thin strips of
CNT on PDMS, followed by encapsulation in PDMS (formation of a composite membrane with
total thickness = 200 um); spacers determine the membrane thickness and ensure accessibility of

embedded CNT strips for bonding of electrodes.

[0032] FIGs. 7A — 7C: Optical step profiler shows the total thickness of PDMS membrane is
200 pum and the thickness of CNT strip is 50 um (FIG. 7A. Finite element analysis was conducted
to simulate the strain change with the thickness increment of the device suspended membrane
(FIG. 7B). AFM was applied to determine the Young’s Modulus of PDMS membrane (467.5 +
10.3 kPa, n=6) (FIG. 7C).

[0033] FIG. 8A. Device pre-conditioning. FIG. 8A is a graph showing resistance signal over
time. Resistance signal (R) changed periodically, induced by cyclic air pressures. The mean

resistance value reduced to 75 kQ and reached equilibrium after 24 hours.

[0034] FIG. 8B After pre-conditioning, the devices underwent fatigue testing. Membrane
displacement Ah, membrane area, and AR/Ro before and after fatigue testing (under the actuation
pressure of 3.43 kPa at 1 Hz for 21 days) did not change significantly. Measurements were made

on 9 device elements/membranes.

[0035] FIG. 9A is a graph illustrating the calibrated relationship between resistance change
(AR/Ro) at different applied pressures.
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[0036] FIG. 9B are optical microscopy images of membrane deflections under different

actuation pressures.

[0037] FIG. 9C is a graph illustrating calibrated relationship between AR/Ro and maximal

vertical displacement (Ah) of the device membrane.

[0038] FIGs. 10A to 10D. Supplementary characterization of CNT-PDMS device. (A)
Experimentally calibrated relationship between membrane deflection and applied pressure. (B)
Frequency response of CNT-PDMS device: the frequency was scanned from 1 Hz to 1 kHz, the
red dash line was half-power point. (C) Calibrated relationship between resistance change (AR/Ro)
and applied pressure. The nine device elements shown in this figure overall have a sensitivity
(AR/Rg vs. pressure) of 0.01 kPa™! = 0.0003 kPa!. (D) Finite element simulation results show that
with 0.083 mW for a continuous 48 hours, the very central region of the membrane, where the
CNT stripe is located, has a temperature rise from 37°C to 37.45°C. It has been reported that
temperatures higher than 38°C can induce a noticeable fluctuation of cardiomyocytes’ beating rate

and causes dysrhythmia contractions. [25]

[0039] FIG. 11A is a confocal image of cells cultured on a Petri-dish. Scale bar: 20 um; scale
bar of inset: 7.5 um.

[0040] FIG. 11B is a confocal image of cells cultured on a device according to one embodiment

of the present invention. Scale bar: 20 um; scale bar of inset: 7.5 um.

[0041] FIG. 12 is a graph illustrating the average sarcomere length of hiPSC-CMs cultured on
a Petri dish (black bar; 2.25 £ 0.19 um, n=70) and on a device according to one embodiment of

the present invention (white bar; 2.16 + 0.13 pm, n=70), measured on day 10.

[0042] FIG. 13 is a graph illustrating calcium transient. Calcium transient was evaluated by
the fluorescence intensity of calcium indicator fluo-5 in calcium imaging. Spontaneous calcium
transients indicate that cells were electrically coupled on PDMS-CNT devices. The durations of
calcium release were 0.85 + 0.09s on PDM-CNT devices (black line) and 0.87 + 0.04 s on Petri-
dish (grey line).
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[0043] FIG. 14 is a graph illustrating recording of CNT resistance signals from day 1 to day 5

over a ten-day culturing of cardiomyocytes.

[0044] FIG. 15 are graphs illustrating measurement of cardiomyocytes over a ten-day culturing
process of AR/Ro (top left), beating rate (top right), contractile stress evolution (bottom left).
Poincaré plot showing beating rhythm on Day 1, Day 3, and Day 5 (bottom right).

[0045] FIG. 16 illustrates a-actinin and nuclei in fluorescence images showing the

development of sarcomeres at days (from top to bottom) 1, 3, 5 and 10. Scale bar: 10 um.

[0046] FIG. 17 Platform validation with five kinds of drugs (A-E). Each drug was tested in
four increasing concentrations on day ten. Data were measured prior to drug treatment acted as the
control group. Resistance wave and beating rhythm were plotted under maximal drug
concentration and were compared to pre-drug condition. Changes in AR/Ro, contractile stress,
beating rate and rhythm showed dose-dependent effects of five drugs on hiPSC-CM monolayers.
(*, P<0.05; **, P<0.005). (F) Poincar¢ plot for the beating rhythm analysis in the presence of five
different drugs. (G) Mechanism of “cardiomyocyte excitation-contraction coupling” process.
Drugs influenced cell beating behaviors by regulating particular receptors in this process. BAR, B-
adrenergic receptor, RyR2, ryanodine receptor 2; LTCC, L-type calcium channel, SERCA,

sarcoplasmic/endoplasmic reticulum Ca*'-ATPase.

[0047] FIG. 18A is a fluorescence image of a sample of hiPSC-CMs cultured on the CNT-

PDMS device according to one embodiment.

[0048] FIG. 18B is a representative line-scan profiles for the fluorescence images were shown
to demonstrate the variation of gray value for a-actinin marker along the myofibrils. The x- and y-

axes signify the length of the sarcomere and the gray value (arbitrary units), respectively.

[0049] FIG. 19 (A) CNT sensor signals in the first 32 hours of cell culturing. (B) Sarcomere
length development from Day 1 to Day 10.

10
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DETAILED DESCRIPTION

[0050] Detailed embodiments are disclosed herein; however, it is to be understood that the
disclosed embodiments are intended only as examples. Therefore, specific structural and
functional details disclosed herein are not to be interpreted as limiting, but merely as a basis for
the claims and as a representative basis for teaching one skilled in the art to variously employ the
aspects herein in virtually any appropriately detailed structure. Further, the terms and phrases used
herein are not intended to be limiting but rather to provide an understandable description of
possible implementations. Various embodiments are shown in FIGs. 1-19, but the embodiments

are not limited to the illustrated structure or application.

[0051] In addition, numerous specific details are set forth in order to provide a thorough
understanding of the embodiments described herein. However, it will be understood by those of
ordinary skill in the art that the embodiments described herein can be practiced without these

specific details.

[0052] DEFINITIONS

[0053] The following definitions, unless otherwise stated, apply to all aspects and
embodiments of the present application. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly understood by one of ordinary skill in the
art to which this invention belongs. Also, unless indicated otherwise, except within the claims, the
use of “or” includes “and” and vice versa. Non-limiting terms are not to be construed as limiting
unless expressly stated or the context clearly indicates otherwise (for example “including”,
“having” and “comprising” typically indicate “include without limitation”). Singular forms

[ (13
a

included in the claims such as an” and “the” include the plural reference unless expressly
stated otherwise. All relevant reference, including patents, patent applications, government
publications, government regulations, and academic literature are hereinafter detailed and

incorporated by reference in their entireties.

[0054] The term “plurality,” when used herein, is defined as two or more than two. The term

“another,” as used herein, is defined as at least a second or more. The phrase “at least one of ...

11
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and ....” as used herein refers to and encompasses any and all possible combinations of one or
more of the associated listed items. As an example, the phrase “at least one of A, B and C” includes
A only, B only, C only, or any combination thereof (e.g. AB, AC, BC or ABC). The term

“substantially” includes exactly the term it modifies and slight variations therefrom.

[0055] The term “about” modifying any amount refers to the variation in that amount
encountered in real world conditions of producing materials such as polymers or composite
materials, e.g., in the lab, pilot plant, or production facility. For example, an amount of an
ingredient employed in a mixture when modified by about includes the variation and degree of
care typically employed in measuring in a plant or lab and the variation inherent in the analytical
method. Whether or not modified by about, the amounts include equivalents to those amounts.
Any quantity stated herein and modified by “about” can also be employed in the present invention

as the amount not modified by about.

[0056] The term “CNT” means carbon nanotubes; “hiPSC-CMs” means human induced
pluripotent stem cells-cardiomyocytes; “PDMS” means polydimethylsiloxane, which belongs to a

group of polymeric organosilicon compounds that are commonly referred to as silicones.

[0057] The cells most suitable for the present invention are those cells which can be cultured
under constant and reproducible cell culture conditions, and which grow in culture as an attached
monolayer. The cells can be dividing, quiescent or senescent or at any point of viability, ranging

from inoculation through death.

[0058] The cell type being cultured may be selected for testing based upon whether a drug to
be tested is intended for human or veterinary uses, or other uses. The cells can be primary or
secondary cultures, differentiated or undifferentiated, transformed, transfected, engineered or

recombinant cells, or the like, as applicable to the substance being tested.

[0059] “Monolayer” refers to a layer of cells no more than a single cell in depth, preferably
attached to portion of the polymeric top membrane that forms the suspended membrane of the

device of the present invention.
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[0060] The preferred cells for use in the present invention are cardiomyocytes, including

hiPSC-cardiomyocytes or animal cardiomyocytes.

[0061] The Device

[0062] The present invention comprises a device and method for continuous measurement of
cellular activity. The device of the present invention can be used for determining the effect of a

drug on cells grown on the device.

[0063] In accordance with the present invention the device can be used to continuous monitor
or test the effect of a drug or other medicament on cardiomyocytes. Mammalian cells, especially
human cardiomyocytes, are the type which are most often used for drug testing, and so are the type
for which this invention is most applicable. However, the invention could also be extended to bird,
rodent, fish, amphibian, insect or any other cardiomyocytes that can be grown on the device as a

monolayer.

[0064] With reference to Figs. 1 and 2A, a device 10 of the present invention includes, in one
embodiment, a polymeric base membrane 14 having a first side 21 and a second side 22, the
polymeric base 14 including a well 23 having an opening 20 on the first side 21, a cavity 23 or
actuation cavity extending from the opening 20 and a floor 29 formed by the second side 22 of the
polymeric base membrane 14. Fig. 1 illustrates a base membrane having three wells, which
translates into three suspended membranes, however, one skilled in the art understands that the
device may include at least one well. As such the device 10 of the present invention may be
considered as an array of suspended membranes. A polymeric top membrane 17 overlaps the
second side 22 of the polymeric base membrane 14. Beads 19 that can produce an optical signal
may be embedded into the polymeric top membrane 17. A sensing element 11 is disposed between
the polymeric base membrane 14 and the polymeric top membrane 17. The sensing element 11,
in one embodiment, extends over the floor 29 of the well, such that a portion 15 of the second side
22 that forms the floor 29 of the well, the sensing element 11 and the top membrane 17 that overlaps
the well form a suspended membrane. The suspended membrane consists of the top layer 17 with
florescent beads 19, a sensing element 11 and the portion of the bottom layer 14 that overlaps the

well 23. The suspended membrane does not attach to the glass substrate 12. This base structure
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resembles a bridge. Only parts acting as the “bridge pier” are bonded to the glass substrate. The

suspended membrane is the “bridge deck”.

[0065] The base and the top polymeric membranes 14, 17 may be made of any suitable
deformable polymeric material, such as PDMS. Polymer materials with good elasticity,
biocompatibility, and transparency (e.g., thermoplastic polyurethane) may be used to make the

base and top polymeric membranes 14, 17.

[0066] The sensing element or strain sensor 11 may be made of any material capable of
measuring the cellular activities of the cardiac cells. Examples of materials that can be used in the
sensing element include carbon nanotube (CNT), gold (which can be precisely patterned using
conventional microfabrication means; [67]), platinum [68], carbon ink [18], graphene [69], and so

forth.

[0067] Means for measuring an electrical resistance 18 of the sensing element may be

connected to the sensing element(s) 11.

[0068] The device 10 may include a substrate 12, and the first side 21 of the polymeric base
membrane 14 may be connected or bonded to the substrate 12. The substrate may be made of
glass, however, other materials may also be used, preferably materials that are optically
transparent, such as polycarbonates, polystyrene, polyvinyl chloride, polylactide, and capable of

supporting the polymeric membranes without bending or substantially bending.

[0069] The polymeric base membrane 14 may include a hole 24 configured to receive a tubing
means 13, and microchannels 16 connecting the well’s cavity 23 with the hole 24. The
microchannels may also interconnect the wells within the same device. The tubing 13 may be
connected to a pumping means that can apply pneumatic pressure on the wells to bulge the

suspended membrane.

[0070] The device may further include a polymeric ring 25 that can be coupled onto the portion

of the top polymeric membrane 17 that forms the suspended membrane. The rings 25, which may
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also be made of PDMS, may be bonded onto the top surface 17 of the device array as culture

chambers. The cells to be studied may be grown inside the rings.

[0071] Advantages in structure: In reference [18], the reported piezoresistive sensors are
rectangular-shaped beams (cantilevers) for contractility measurement. The structure has edges that
are free of constraints, so has lower rotational stiffness than that with peripheral constraints.
Asymmetrical stimulation occurs due to cardiomyocyte contraction or medium perturbation,
which leads to warping, thus invaliding the model used in reference [18] because the model
assumes perfect pure bending. The device of the present invention is an axisymmetric structure,
which is peripherally constrained (more specifically, peripherally clamped or fixed). This structure
improves its resistance to asymmetrical stimulations. In addition, micro-channels are integrated
into the device of the present invention; pneumatic pressure can be applied through the micro-
channels to bulge the suspended membrane for mechanically stimulating cardiomyocytes (e.g., for

inducing the maturation of cardiomyocytes).

[0072] Continuous Measurements of Cells

[0073] The device of the present invention may be used in methods to continuously measure
cellular activities such as contractility, beating rate, beating rhythm as so forth. The device of the
present invention is capable of performing continuous, long-term (1, 2, 3,4, 5,6, 7, 8, 9, 10, 11,
12, 13, 14, 15 days or more than 15 days) measurements of cells seeded on the portion of the top
polymeric membrane that forms part of the suspended membrane. Contraction, beating rate,
beating rhythm of the seeded cells on the deformable polymeric membrane induces an electrical
resistance change of the strain sensor(s) of the device. As reported in the Examples below, the
continuous reading of the sensor signals may be used to study through a period of time to

determine, when cardiomyocytes start to beat, calculate averages contractile stress.

[0074] Among the reported piezoresistive cantilevers, 6.13x107 is considered to be the
threshold between low sensitivity and high sensitivity [18, 19, 65, 66]. As such, in this document,
“high sensitivity” means values higher than 6.13x10”, and “low sensitivity” means values lower
than 6.13x10>. The signal-to-noise ratio (S/N) of a device with this sensitivity (6.13x107) is ~3.

S/N > 3 is generally considered acceptable. The device of the present invention achieved
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sensitivity values larger than 6.13x107. In the device of the present invention, a value of 1.3 x 10"

2 has been achieved, which is the largest value (i.e., highest sensitivity) reported so far.

[0075] Electrical signals of the strain sensor are caused by the cyclic vertical deflections of the
suspended membrane, which is induced by the contraction of cardiomyocytes cultured on the top
surface of the suspended membrane. Accordingly, in one embodiment, the device of the present
invention can be used to measure the functional properties (contractility, beating rate and beating

rhythm) of animal cardiomyocytes including hiPSC.

[0076] The device of the present invention may also be used to study, test, or evaluate how
drugs effect the seeded cells. By “drug” is broadly meant any substance, compound or composition
of matter, without limitation, which is introduced into the cell culture medium to determine its
effect on the cells. “Drug” also include any substance, compound or composition of matter that

come into contact with a cell to determine its effect on the cell.

[0077] The present device makes it possible to perform comprehensive measurements of the
cells and quantify cell responses to different concentrations of agonists and antagonists. As a
result, measurements can be made in a matter of seconds or over a period of minutes, hours, or
even days, so long as the viable cells can be maintained under normal culture conditions. The time
course of the measurements can be readily adapted by the evaluator to provide the breadth of
information needed to determine the effect of the test drug on the cells, or to provide sufficient

data to permit comparisons of the effect of the drug on a variety of cell types.

[0078] The methods and apparatus of the present invention are also ideal for measuring the
effect of one or more drugs in combination with another drug, or of one or more drugs in
combination with one or more other substances, or of a drug administered with any other substance

(carriers, adjuvants, enhancers, or the like).

[0079] Since the device of the present invention can carry an array of suspended membranes,
one device may be used to study different cell types (for example, one cell type per suspended

membrane) under the same conditions, or the same cell type under different conditions (for
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example, different drugs per suspended membrane, or same drug at different concentrations per

suspended membrane).

[0080] To aid in the understanding and preparation of the within invention, the following

illustrative, non-limiting, examples are provided.

[0081] EXAMPLES

[0082] 1. Materials & Methods

[0083] 1.1 Fabrication of device arrays

[0084] The device’s 10 compositions are schematically shown in Fig. 1, consisting of a
substrate 12, which may be made of glass, a PDMS base structure 14 including a portion 15 of the
second side 22 that forms the floor 29 of the well 15 and micro-channel 16, a top PDMS layer 17
embedded with fluorescent beads 19, and CNT strips 11 sandwiched within the two PDMS layers.
The CNT strips 11 are disposed over the suspended membranes 15. The base structure 14 includes

a first side 21, which is the side facing the substrate 12, and a second side 22.

[0085] As shown in FIG. 2A-B, the base structure 14 includes a well or cavity 23. The floor
of the cavity is formed by the second side 22 of the base structure 14. The micro-channels 16

connect the cavities 23.

[0086] Steps in fabricating the CNT-PDMS device arrays are shown in Fig. 6. PDMS (1:20 as
the ratio of curing agent and PDMS polymer) was poured into a mold, baked at 80 °C for 4 hours
to form 16 device arrays with each array containing 3 suspended membranes (6.35 mm in diameter
and 100 pum in thickness). The baked PDMS was peeled off and cut into 16 strips, and the
membranes were connected by underlying micro-channels, forming the PDMS base structure. The
PDMS base structure was treated by plasma and bonded to the glass slide. A hole (diameter: 0.8
mm) was formed using a biopsy punch, and a plastic tubing was connected to the underlying

channels, thereby connecting the tube to the cavities.
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[0087] CNTs (diameter: 20-30 nm, length: 10-30 pum, Cheaptubes Inc. USA) and PDMS
(Sylgard 184, Dow Corning) were blended with a mixing weight ratio of 1:5. CNT stripes (50 um
in thickness, 300 um in width, and 1 cm in length) were formed on the surface of the suspended
membrane by screen printing. Electrical connectors were then bonded to the glass slide using
partially cured PDMS and connected to the strain sensors by using additional uncured CNT-PDMS
blends, which were baked for 4 hours. For verifying device membrane deflections caused by
cardiomyocytes’ contraction through fluorescence imaging, 1:20 PDMS mixed with fluorescent
beads (mean particle size: 0.5 pm; fluorescence: Aex ~575 nm, Aem ~610 nm; Sigma) was spin-
coated at a speed of 600 rpm to form a thin film on the CNT-PDMS layer. This layer was termed
fluorescent bead layer in Fig. 1A. The device was then oven baked at 80 °C for 4 hours. Custom-
made PDMS rings were finally bonded onto the top surface of the device array as culture chambers.
Fig. 3 shows a completed device array without the PDMS rings.

[0088] 1.2 Calibration of CN1-sensors

[0089] The contractile stress of the hiPSC-CMs was determined according to Stoney’s
equation [31] which requires the relationship between the relative resistance change (AR/Ro) and
vertical displacement (Ah) of the membrane to be established. For device calibration, a pneumatic
pressure was applied using a diaphragm pump (Schwarzer, model SP SOOEC) and a programmable
pressure regulator (Marsh Bellofram, model 3420). The pump delivered pressure (P) into the
device channels through a single inlet to bulge the suspended membrane. The height change at the
center of the membrane, Ah was measured using a zoom system (Navitar 126, Rochester, NY),
and P was controlled by a custom-made LabVIEW program. Meanwhile, a constant voltage of 2.5
V was applied to each CNT sensor, and the electrical resistance signals were collected at a sampling
rate of 10 Hz using an impedance spectroscope (HF2IS, Zurich Instrument). Prior to calibration,
the CNT sensors were pre-conditioned via pneumatic straining for 24 hours to ensure reproducible
resistance signals. During calibration, Ah and electrical resistance (R) were recorded under
different pressures.

[0090] 1.3 Finite element analysis

[0091] Finite element analysis (FEA) was conducted to characterize the vertical displacement
and strain profile in the device membrane, using COMSOL Multiphysics (Comsol Inc., Version
5.1). The membrane had an elastic modulus of 467.5 + 10.27 kPa (n=6), measured by AFM, and

was modeled as an isotropic elastic material with Poisson's ratios of 0.49. The elastic modulus of
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the membrane, experimentally measured dimensions of the device structures, and applied pressure
were used in FEA. In simulation, the applied stress was pressure was set to be 3.43 kPa, which
was converted from the contractile stress of 4.5 kPa generated by a monolayer of hiPSC-CMs as
reported in [18]. In order to quantify the vertical membrane displacement for different membrane
thicknesses (10 um to 1,000 um), the loop function in Comsol was employed. Strain distributions
in the membrane for each thickness were also obtained in simulation.

[0092] 1.4 hiPSC-CMs culturing and contractility measurement

[0093] Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were
obtained from Cellular Dynamics International. Prior to culturing, all CNT-PDMS devices were
UV sterilized. The sterilized CNT-PDMS device membranes were coated with matrix mixture
consisting of fibronectin, gelatin, and laminin and incubated at 37°C for at least 4 hours. Cells 26
were plated at a density of 1.56 x 10° cells/cm?in iCell Cardiomyocyte Plating Medium (Cellular
Dynamics International) and cultured at 37°C / 5% COz. Cells were thawed in hiPSC-CMs Plating
Medium (Cellular Dynamics International) and centrifuged for 5 mins at 180 g. After four hours
of post-plating, the plating medium was replaced with iCell Cardiomyocyte Maintenance medium,
and the maintenance medium was subsequently replaced every second day. The monolayer of cells
was cultured for a period of 10 days. Once after hiPSC-CMs were seeded, the device array 10 was
placed in a humidified 37 °C incubator with 5% COz, and the electrical signal of the CNT sensors
started to be recorded. A constant voltage of 2.5 V was applied to the CNT-PDMS sensors, and
sensor signals were recorded with a sampling frequency of 10 Hz. Simulation results (Fig. 10D)
show that the potential temperature rise caused by the power consumption of CNT sensors is
negligible.

[0094] 1.5 Immunofluorescence staining

[0095] The hiPSC-CMs (shown as 26 in Fig. 2) cultured on the device array were stained and
compared with the cells grown on the Petri-dish. The cells were fixed after culturing for one, three,
five, or ten days, washed twice with PBS, and fixed in 4% formaldehyde for 15 min at room
temperature. Subsequently, cells were washed three times with wash buffer (0.01% Triton X-100
in TBS), permeabilized with 0.1% Triton X-100 in TBS for 15 minutes, washed three times with
wash bufter, and incubated in fresh antibody diluent solution (5% goat serum in wash buffer) for
1 hour at room temperature. The cells were incubated with primary antibodies, mouse-raised anti-

a-actinin diluted at 1:500, and rabbit-raised anti-MYH?7 at 1:100 (both Sigma, St. Louis, USA) in
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antibody diluent, overnight at 4°C, then Alexa Fluor® 594-anti-rabbit and Alexa Fluor® 594-anti-
mouse secondary antibodies at 1:1000 in antibody diluent (Cell Signaling Technology, Danvers,
MA) with Hoecht 33342 solution (Thermo Scientific) diluted 1:50,000, at 1 hour at room
temperature, and stored in TBS prior images. Images were acquired on a spinning disk confocal
microscope (DMi8, Leica, German) equipped with EM-CCD camera (C9100-13, Hamamatsu,
Japan) and analyzed in ImageJ (1.8, National institutes of Health, USA).

[0096] 1.6 Calcium imaging

[0097] Cardiomyocytes’ beating behavior is closely related to the influx of Ca®". Calcium 5
indicator (FLIPR, Molecular Devices) was employed for binding Ca?" ions. Specifically, hiPSC-
CMs were firstly loaded with a fluo-5 Ca*" indicator in a medium of loading buffer (HEPES). The
cells were incubated in a humidified 37 °C incubator with 5% COaz. Then cells were re-washed
five times with the medium. Fluorescence was excited at 488 nm and recorded at 520 nm.
Fluorescence imaging was focused on the plane of cardiomyocyte beating. Fluorescence videos
(resolution: 512x 384 pixels) were captured by a CCD camera (Retiga Exi, Qimaging) under 20x
at 20 frames per second. Ca?" was expressed as the intensity of fluorescence signals.

[0098] 1.7 Drug test

[0099] Five drugs (Isoproterenol, Verapamil, Omecamtiv mecarbil, Ivabradine, and E-4031)
from Sigma-Aldrich were tested. Drug stocks were kept at 4 "C prior to use. Drug tests were
performed on hiPSC-CM monolayers during culture days between 10 and 14. Before testing each
drug, 100 uL serum-free media was added to each well of the device array, and the dose of the
drug was increased gradually by adding 1 puL. more drug of higher concentration each time. After
each drug addition, cells were incubated for 10 hours for each dose before CNT sensor signals
were recorded to reflect the drug effect. Since the effective concentrations of each drug are
different, varied concentrations were used for the five drugs.

[0100] 1.8 Statistical analysis

[0101] Each set of data was from 3 to 6 experiment repeats and presented as values of the
mean and the standard error of the mean. For differential analysis, all statistics of recorded data
was processed using Student's t-test with levels of 0.05, 0.1 when they were compared to the
control group. All data sets passed Shapiro-Wilk normality tests and equal variance tests. Fourier
analysis was processed by Matlab (MathWorks Inc, USA). Microcal Origin 8.5 software
(Microcal, Northampton, MA, USA) was used for statistical processing of data.
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[0102] 1.9 Cardiomyocyte contractile stress analysis
[0103] hiPSC cardiomyocytes were cultured on the PDMS membrane of the CNT-PDMS
devices and formed an isotropic monolayer with no preferential alignment. The contractile stress
generated by cardiomyocytes monolayer during synchronous systole was calculated from the
experimentally measured data (i.e., CNT sensor’s electrical resistance change). Stoney’s equation
[1] is commonly applied to calculate stress in a thin film coated on a substrate as a function of
curvature of the bilayer [2, 3]. In the present CNT-PDMS devices, the cardiomyocyte monolayer
is the thin film, and the suspended PDMS membrane acts as the substrate. Contractile stress in the
isotropic cardiomyocyte monolayer is regarded as uniform stress and is uniformly exerted on the
PDMS membrane. The contractile stress is

o - Et°
[0104] C6CA-v ), 1)
[0105] where “»and " are the elastic modulus and Poisson’s ratio of the PDMS membrane,

and (' is the radius of curvature. PDMS membranes were fabricated by mixing the base and curing
agents in the ratio of 20:1, resulting in an average £ value of 467 + 10.27kPa (n=6) as measured
by AFM. Since PDMS is considered incompressible [4],"” was set to be 0.5. The thickness of the
PDMS membrane ‘» was measured to be 200 + 11 um via optical surface profilometry. The
thickness of an hiPSC-cardiomyocyte monolayer » was measured to be 3 + 0.5 based on confocal

imaging, and the average value 3 pm was assigned to .
[0106] In order to quantify the radius of curvature, C in (1), the peak value of membrane
vertical deflection, # needs to be measured in experiments. The relationship between & and CNT

sensor’s resistance change was experimentally calibrated as

An = AR
[0107] R, @)
[0108] where k& was determined to be 322.58. According to Pythagoras's theorem, the radius

of curvature C is

C?=(C-Ah)? +?
[0109] (3)

[0110] where r is the radius of the suspended PDMS membrane (r=6.35 mm). Substituting (2)

and (3) into (1) gives the contractile stress generated by cardiomyocytes.
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[0112] 2. Results

[0113] The use of hiPSC-CMs as vehicles for disease testing and therapy discovery is currently
limited by the inability to properly measure the complex activities of the cardiac cells. We
developed a platform that is capable of comprehensively measuring the beating rate, rhythm, and
contractility in a monolayer of hiPSC-CMs. The CNT-PDMS device arrays are well suited for
long-term cell culturing and monitor gradual changes of hiPSC-CMs contractility during the
culturing process.

[0114] 2.1 CNT- PDMS device characterization

[0115] 2.1.1 Device characterization

[0116] The thickness of the suspended PDMS membrane was measured with an optical step
profiler to be 200 um (Fig. 7A). The suspended membrane has two layers of PDMS sandwiching
a stripe of CNT-PDMS. The thickness and width of the CNT-PDMS stripe were 50 pum and 150
um, respectively. During device design, FEA (Fig. 7B) showed that the vertical displacement of a
500 um thick PDMS membrane was 14.8 um caused by an applied stress of 4.5 kPa (contractile
stress caused by a monolayer of hiPSC-CMs reported in [18]). Under the same condition, the
vertical displacement of a 200 um thick PDMS membrane was 32.17 um. Therefore, we chose the
200 um thickness in the final device design to achieve a relatively large membrane displacement
and strain sensor’s signal change AR/Ro (i.e., improved sensitivity). AFM indentation (Fig. 7C)
was conducted and measured the elastic modulus of the suspended membrane to be 467.5 kPa.
[0117] 2.1.2 Device calibration

[0118] When hiPSC-CMs are cultured on the device membrane (Figs. 2A, 2B), the cells exert
compressive stress on the top surface of the PDMS membrane during synchronous contraction.
[32, 33] According to the thin film model [34] and consistent with previous observations of
epithelial cells’ contraction [35], compressive stress causes the membrane to concave upwards,
and the radius of curvature is determined by the magnitude of the stress exerted by hiPSC-CMs.
To mimic the process and establish a calibrated relationship between the membrane displacement

amplitude and CNT strain sensor’s electrical resistance change, a pneumatic pressure was applied
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to bulge the suspended membrane. Inset in Fig. 3 shows membrane bulging under the applied
pressure of 16.7 kPa. To accurately measure the membrane displacement amplitude, the
fluorescent beads embedded in the top PDMS layer were used for confocal microscopy imaging
to measure membrane displacements (Fig. 4).

[0119] To pre-condition the CNT strain sensors, a sinusoidal pneumatic pressure (4 kPa, 0.1
Hz) was applied, and the corresponding periodical change of strain sensor’s resistance (R) is shown
in Fig. 8A. The initial resistance value (R) ranged from 96.2 kQ to 311.7 kQ across devices. During
pre-conditioning, the resistance change of the strain sensors decreased over time until the 24th
hour.

[0120] When equilibrium was reached, the resistance values of the devices (Ro) varied from
68.3 kQ to 94.4 kQ (Table 2 lists R and Ro values of nine device elements before and after pre-
conditioning). In this work, the normalized quantity, AR/Ro was used and correlated with applied
pressure (see Fig. 9A and Fig. 10C) through device calibration. The sensitivity (AR/Ro vs. pressure)
of the nine device elements was experimentally determined to be 0.01 kPa'! + 0.0003 kPa'!. After
device pre-conditioning, fatigue test was performed to evaluate potential structural degradation of
the device membrane as well as CNT strain sensor’s signal stability. In the 21-day fatigue test, a
sinusoidal pressure (3.43 kPa [18], 1Hz) was applied to mimic the effect of cardiomyocyte beating
on the device membrane, resulting in membrane deflections for 1.81 x 106 cycles. As the gas
permeability of PDMS is approximately 1.0 x 10° Barrer [36, 37], for the applied pressure of 3.43
kPa, it would take 4.39 x107s to completely leak the compressed air through the PDMS membrane.
Thus, considering the time scale of the applied pressure (1Hz), air leakage was negligible. The
same pre-conditioning process and fatigue tests were conducted on three independent device arrays
(totally 9 device elements/membranes). Before and after the fatigue tests, we measured the vertical
displacement (Ah) at the center of the membrane, the area of membrane (S), and the relative
resistance change AR/Ro of the CNT sensor for each of the tested 9 device elements/membranes.
These three parameters’ respective values before and after fatigue testing are 13.58 £ 1.59 pum vs.
14.67 + 2.02 pm, 113.43 + 0.77 pm? vs. 116.08 + 0.38 um2, and (4.64 = 0.73) x102 vs. (4.22 +
0.98) x10% (Fig. 8B). The p values in all three cases were larger than 0.1. These results indicated
no significant membrane fatigue or CNT strain sensor signal degradation after 21 days of periodic

straining.
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[0121] We then calibrated the relationship the relative resistance change (AR/Ro) of the CNT
strain sensor and the vertical displacement (Ah) of the membrane. A pneumatic pressure ranging
from 0 kPa to 16.7 kPa was applied to bulge the suspended PDMS membrane. Ah was measured
by microscopy imaging (Fig. 9B), and the CNT resistance signal was simultaneously recorded by
impedance spectroscopy. Fig. 10 summarizes the calibrated membrane displacement under
different actuation pressures, resulting in Ah=3.37xP-1.71 (r* =0.998). The relationship between
AR/Ro, and P was also calibrated, resulting in AR/Ro = (0.010+ 0.0003)x P - 0.0035, (r*: 0.999,
n=9 device elements), as shown in Fig. 9A. From these calibration results, AR/Ro and Ah were
quantitatively related, AR / Ro = 0.0031x Ah - 0.0014 (r* = 0.993). When hiPSC-CMs were seeded
on the device membrane, the cell-generated contractile stress was determined with these calibrated

relationships.

[0122] 2.2 Measurement of hiPSC-CMs’ physiological structures

[0123] The CNT-PDMS devices were UV sterilized, and the sterilized CNT-PDMS device
membranes were coated with matrix mixture consisting of fibronectin, gelatin, and laminin. To
assess the structure of the force-generating unit (sarcomere) and physiological features of the
hiPSC-CMs grown on the CNT-PDMS device, a-actinin staining and calcium imaging were
conducted. The protein, a-actinin is necessary for the attachment of actin filaments to the Z-lines
in cardiomyocytes. Immunostaining images of hiPSC-CMs grown on the PDMS-CNT device and
in Petri-dish were compared. Figs. 11A and 11B show that a-actinin of the two groups both cross-
linked to actin filaments and both displayed evenly striated fibers. Sarcomere length is an indicator
of the degree of overlap between the thick and thin filaments within the actin-myosin contractile
apparatus of cardiomyocytes. A longer sarcomere length indicates that cardiomyocytes are capable
of forming a larger sliding distance between the actin and myosin filaments, resulting in a higher
degree of overlap and larger contractile force. The sarcomere length was determined by measuring
the difference of gray value in neighboring a-actinins, as shown in Figs. 18A and 18B. Fig. 12
shows that the measured sarcomere lengths in hiPSC-CMs cultured on the CNT-PDMS device and
in Petri-dish were 2.25 = 0.19 um (n=70 cells) vs. 2.16 £ 0.13 um (n=70 cells) (p>0.1). These
results indicate the hiPSC-CMs cultured on the device membranes (Young’s modulus: 467.5 +

10.27 kPa) and those cultured in Petri dishes likely generate comparable contractile forces.
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[0124] Another essential feature of cardiomyocyte physiology is the ability to rapidly increase
the cytosolic Ca*" concentration in response to spontaneous or stimulated membrane
depolarization. Experimental data (Fig. 13) shows that the integrated intensity of calcium released
from the contracting hiPSC-CMs cultured on CNT-PDMS device was 2.48 x 107 £6.27 x 10°, and
the value of the cells cultured on petri-dish was 2.51x 107 + 4.91 x 10°. In addition, the durations
of calcium release were also similar (0.85+0.09 s vs. 0.87 + 0.04 s, n=7 wells, P>0.1). The results
confirmed that hiPSC-CMs cultured on the CNT-PDMS devices well preserved cardiac

contractility.
[0125] 2.3 Monitoring spontaneous contractile behaviors of hiPSC-CMs

[0126] Once after cell seeding, the device array was placed into an incubator and was
connected to the impedance spectroscope, through a port on the back of the incubator, for recording
the sensor signals. Fig. 19A shows the dynamic sensor signal change within the first 32 hours. It
can be seen that the CNT sensor’s resistance increased from 74.78 kQ to 75.16 kQ after 16 hours
and then fluctuated around the baseline value of 75.16 kQ. The increase of the sensor signal in the
first 16 hours likely reflects the cell adhesion dynamics. Fig. 19 also clearly shows the chaos state
between 24 and 32 hours. It is known that cells need time (typically a few hours) to have their gap
junctions completely assembled [38] during the chaos state. Therefore, those cells that started to

beat cannot transfer signals to their neighboring cells.

[0127] Fig. 14 shows CNT sensor signals from Day 1 to Day 5 (the 12th hour on each day).
From day 2, regular beating of the monolayer of hiPSC-CMs began, and the beating rate and
contractile stress started to increase from Day 2. The sensor signal, AR/Ro (Fig. 15, top left)
induced by cell beating increased from 1.30 x 102 +3.50 x 10™* on Day 2 to 1.77 x 102 & 3.68 x
10* on Day 5 and remained largely unchanged by Day 10 (1.76 x 102 £ 3.52 x 10%).
Correspondingly, the beating rate (Fig. 15, top right) of the cells increased from 0.833 + 0.046 Hz
on Day 2 and plateaued at 1.17 £ 0.068 Hz on Day 5. The contractile stress (Fig. 15, bottom left)
increased from 1.73 + 0.047 kPa on Day 2 to 2.35 + 0.038 kPa on Day 5 and remained largely
unchanged afterwards (2.34 + 0.041 kPa on Day 10).
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[0128] The Poincaré plot (Fig. 15, bottom right), decomposed from the CNT sensor signals,
reveals the beating rhythm of the cells. The beating rhythm of cardiomyocytes describes the
variation of time interval between two adjacent beating periods, which can be quantitatively
expressed by scatter plots known as the Poincaré plot. [39] Fig. 15, bottom right, shows that the
distribution of scattered points on Day 1 was scattered and covering a large area, indicating that
cell beating was largely random. The covered area of the scattered plots decreased gradually, as
shown by the red (Day 3) and blue (Day 5) clouds in Fig. 15, bottom right, indicating that the cells’

beating rhythm became more regular.

[0129] In order to understand the contractile stress increase over the culturing period, hiPSC-
CMs were fixed at the end of Day 1, Day 3, Day 5, and Day 10 and measured by confocal imaging
where o-actinin was stained in green and nuclei were stained in blue. On Day 1,
immunocytochemical staining revealed that hiPSC-CMs had a small, rounded shape, there was no
clear striped pattern (a-actinin) and sarcomeres were sparse. On Day 3, cells became more
elongated and exhibited clear striped patterns with a sarcomere length of 1.52 £ 0.11 um. By Day
5, cells displayed an organized sarcomeric structure (length: 2.14 + 0.09 um). Compared to Day 5,
cells on Day 10 had a slight but insignificant increase in sarcomere length (2.14 +0.09 um vs. 2.16
+ 0.13 um, P> 0.1). Fig. 19B summarizes the sarcomere length development over the culturing

process.

[0130] 2.4 Drug evaluation

[0131] We then applied the CNT-PDMS devices to measuring the effect of cardiac drugs. At
the molecular level, cardiac contraction follows a mechanism known as excitation-contraction
coupling, which involves the formation of the action potential, calcium-induced calcium release,
and the formation of actin-myosin cross bridges. [40] In this work, five typical clinical drugs,
which are known to affect cardiomyocytes’ beating behaviors by regulating the excitation-
contraction coupling process, were tested to demonstrate the device’s effectiveness for quantitating
the drug effects (Fig. 17A-E). Isoproterenol, Verapamil, Omecamtiv mecarbil, Ivabradine, and E-
4031, respectively, act on the B-adrenergic receptor, L-type calcium channel, myosin filament,
funny channel, and hERG channel, and they affect cardiomyocytes’ functions by regulating

contractility, beating rate, and beating rhythm.
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[0132] Isoproterenol is a P-adrenergic receptor agonist. It can activate the P-adrenergic
pathway, stimulate L-type calcium channels and ryanodine receptors (RyR2) on sarcoplasmic
reticulum, and further cause significant increase of intracellular Ca** concentration [41]. Ca*"
binds to troponin, activates actin and myosin combination, and initiates sarcomere shortening (see
solid black line in Fig. 17G). As a result, Isoproterenol is known to be able to increase both
contractility and beating rate of cardiomyocytes in a dose-dependent manner. In our experiments,
four isoproterenol concentrations (0.25 uM, 0.50 uM, 1.00 uM, and 2.00 uM) were tested. Each
drug concentration was tested in three independent wells of hiPSC-CMs. As shown in Fig. 17A,
for the 2.00 uM isoproterenol group of hiPSC-CMs, compared to the control group, AR/Ro
increased from 1.76 x 1024 7.26 x 10 t0 2.98x102+ 3.97 x 103, Contractile stress increased by
69.4% (2.34 £ 0.093 kPa vs. 3.963 + 0.532 kPa), and the beating rate increased from 1.17 = 0.068
Hz to 1.33 + 0.081 Hz (n=3 and p< 0.05).

[0133] When cardiomyocytes are depolarized by an action potential, Ca** enters the cell
through L-type calcium channel and then triggers inner Ca?" release from sarcoplasmic reticulum
(SR), resulting in an increase of Ca** concentration in mycoplasma, a process known as “calcium-
induced calcium release” [40]. Verapamil is an L-type calcium channel (LTTC, see Fig. 17G)
blocker that can decrease force generation and beating rate by inhibiting Ca®" transit [42]. It has
been used in the treatment of cardiovascular diseases such as hypertension and cardiac arrhythmia.
Our CNT-PDMS devices quantitatively revealed the drug’s effect in altering the contractile stress
and beating rate of hiPSC-CM monolayers grown on the suspended membranes. The four
Verapamil concentrations tested in this work were 0.05 uM, 0.10 uM, 0.15 pM, and 0.20 pM, and
each drug concentration was tested in three independent wells of hiPSC-CMs. Fig. 17B shows that
the treatment of hiPSC-CMs with 0.20 uM Verapamil reduced the cells’ beating rate by 54.5%,
from 1.12 £ 0.047 Hz to 0.51 + 0.069 Hz. AR/Ro decreased from 1.76 x 102+ 7.27 x 10 to 8.72
x 107 £9.85 x 10", and the corresponding contractile stress decreased by 50.9% from 2.34 + 9 31
x 102 kPato 1.15 +1.31 x 10" kPa (n=3, p<0.05). In Fig. 17F, the enlargement of the cloud size
corresponding to Verapamil describes increased variability of beating rate, whereas the shift of the

cloud to the upper right corner of the plot indicates a decrease of beating rate.
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[0134] Omecamtiv mecarbil (OM) is a new drug that specifically targets cardiac myosin to
enhance effective actin myosin cross-bridge formation (see actin myosin cross-bridge in Fig. 17G).
It can activate myocardial ATPase and improve energy efficiency without affecting intracellular
calcium transient or level of cyclic adenosine monophosphate (cAMP). [43] Therefore, OM is able
to promote contractility without increasing oxygen consumption and cardiac beating. In our
experiments, four concentrations (5 nM, 10 nM, 15 nM, 20 nM) of OM were applied consecutively,
and each drug concentration was tested in three independent wells of hiPSC-CMs. Fig. 17C shows
that 20 nM of OM caused the amplitude of AR/Ro to increase from 1.69x102 £ 846 x 10 to
2.98%x102 £ 2.97x10(n=3, p<0.05), and caused contractile stress to increase by 76% from 2.25 =+
0.11 kPato 3.96 + 0.40 kPa (n=3, p<0.05). However, compared with the control group, 20 nM OM
only slightly increased beating rate from 1.11 + 0.25 Hzto 1.13 £ 0.31 Hz (n=3, p> 0.1).

[0135] Funny current (Ir) is an inward current that activates cardiomyocytes in the
hyperpolarized membrane potential phase. It plays a role in the pace-making generation and
involves the formation of the spontaneous beating of hiPS-CMs. [44] Ivabradine selectively binds
to the funny-channel (see Ir in Fig. 17G) and inhibits the pacemaker Ir current, reducing cardiac
pacemaker activity and slowing the cardiac beating without loss of contractility [44]. As shown in
Fig. 17D, Ivabradine (0.10 pM, 1.00 uM, 5.00 uM and 10.00 pM) in our experiments led to a
dose-dependent decrease of hiPSC-CMs’ beating rate from 1.16+0.32 Hz to 0.81 = 0.30 Hz (n=3,
p<0.05) for the concentration of 10.00 uM. Poincaré plot (Fig. 17F) shows that the Ivabradine
cloud is located further to the top right compared with the control group, also indicating a lower
beating rate. However, contractile stress only changed from 2.26 + 0.43 kPa to 2.00 + 0.68 kPa
(n=3, p>0.1) under 10.00 uM Ivabradine.

[0136] The hERG channel is a K channel that forms Ikr current to conduct K out of
cardiomyocyte membrane during the repolarizing phase of cardiac action potential. E-4031 is an
inhibitor of the hERG channel that affects action potential by Inhibiting Ix: (see K' channel in Fig.
17G) [45]. As shown in Fig. 17E, E-4031 insignificantly reduced hiPSC-CMs’ contractile stress
from 2.47 + 0.48 kPa (concentration: 0.10 uM) to 2.39 + 1.38 kPa (concentration: 0.60 pM) (n=3,
p>0.1). With the application of 0.10 pM and 0.20 uM of E-4031, hiPSC-CMs exhibited two spikes

of beating rates. The arrhythmic beating occurred because E-4031 induces early
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afterdepolarizations (EADs), a two-step relaxation pattern in action potential. [46] Furthermore,
in the presence of 0.60 pM E-4031, CNT resistance signals showed irregular pulsing patterns,
which was in accordance with the random beating rates in the Fourier analysis and the extremely

large cloud area of E-4031 in the Poincaré plot (Fig. 17F).

[0137] Discussion

[0138] Strain sensors based on CNT-PDMS have been reported. [47, 48] The device of the
present invention represents the first CNT-PDMS platform for sensing contractility generated by
cardiomyocytes. In the present device design, a number of considerations were accounted for. For
instance, a CNT stripe was sandwiched between two PDMS layers to avoid direct CNT-cell contact
and potential toxicity [49]. Furthermore, it is known that substrate stiffness can affect cellular
physiology [50, 51]. On substrates that have a stiffness lower than 400 kPa, sarcomere length and
its shortening velocity of cardiomyocytes have been shown to significantly decrease [S1, 52]. Since
too high a substrate stiffness leads to a poor device sensitivity for measuring cardiomyocytes’
contractility, in this work, we used a PDMS mixing ratio of 1:20 which resulted in a substrate
stiffness of 467.5 £ 10.27 kPa. With this substrate stiffness, cardiomyocytes nicely formed a
monolayer with spontaneous contractility, and their sarcomere length was comparable to the
cardiomyocytes grown on Petri dishes (2.25 + 0.19 um vs. 2.16 + 0.13 um). Meanwhile, the CNT-
PDMS devices were sufficiently sensitive to detect subtle contractility variations of

cardiomyocytes (e.g., caused by 5 nM Omecamtive mecarbil treatment).

[0139] The CNT-PDMS device arrays of the present invention were first preconditioned by
undergoing 24 hours of periodic straining, after which the strain sensor signals reached
equilibrium. Fatigue test was then performed to ensure reliable device performance throughout the
cell culturing period of 14 days. In fatigue testing, dynamic pressure was applied for 21 days (1.81
x 10% cycles) to mimic the effect of cardiomyocyte beating on the suspended membrane. The
results revealed that there was no significant difference in AR/Ro and the elastic behavior of the
membrane before and after fatigue testing. Based on the experimentally calibrated relationship
between AR/Ro and input pressure, the sensitivity of the device was determined to be 0.01 (kPa™!).
Based on the frequency response of the device, the bandwidth was determined to be 40 Hz (Fig.
10B), which is sufficient to fully capture the contractile behaviors of cardiomyocytes (1 Hz — 2Hz).
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[0140] AFM, TFFB, micro-cantilever, and cell drum are the current methods for measuring
contractile stress of cardiomyocytes. Among these methods, AFM and TFFB perform
measurements on single cardiomyocytes. However, no cell is in isolation, and investigations of a
single cardiomyocyte overlook the contributions of cell-to-cell communications. Cantilever and
cell drum are capable of measuring contractile stress of monolayer cardiomyocytes. The reported
value of contractile stress measured by cantilevers was 2-5 kPa (3.78 + 2.09 kPa) [53]. Since the
cantilever method typically requires laser for measuring cantilever deflections, laser-induced heat
could alter the contractile behavior of cardiomyocytes. The reported contractile stress value
measured by cell drum was 43.1 + 7.5 kPa [20, 23]. Compared to the contractile stress values
measured by cantilevers and cell drum, the results from our device showed that the beating of
hiPSC-CM monolayers started on day 2, plateaued on day 5, and generated an average contractile
stress of 2.34 + 0.041 kPa. This value of contractile stress is in agreement with that from cantilever
measurements, but is significantly lower than the value measured by cell drum. In cell drum, the
small pressure variations (<1 Pa) caused by the contraction of cardiomyocytes is challenging to be
detected by the integrated pressure sensor, leading to a low signal to noise ratio (S/N) of -9.54 dB
[23]. In comparison, the S/N of our device, which was experimentally determined to be 15.56 dB,
is significantly higher. Furthermore, we used FEA to confirm whether yield strain occurred on our
device. Yield strain determines the limits of sensing performance for CNT-PDMS device, since it
represents the upper limit of contractile stress that can be applied without permanent deformation
[54]. The yield strain for PDMS was varied from 0.35 to 0.55 [55]. For the present device, the
simulated strain was 0.14 when the device membrane was bulged by the contractile stress of the
cells generated on Day 10 (Fig. 5). It revealed that the device deformed elastically under the

contractile stress generated by a monolayer of hiPSC-CMs.

[0141] Recently, device arrays integrated with electrical strain sensors were reported [18]. The
strain sensors in the 3D-printed devices were formed by thermoplastic polyurethane mixed with
carbon black nanoparticles. These piezoresistive cantilevers were demonstrated to be capable of
measuring contractility of cardiomyocytes by continuously monitoring electrical resistance change
inside a controlled incubator environment. When a monolayer of hiPSC-CMs cultured on the

piezoresistive cantilevers [18] and on the CNT-PDMS devices of the present invention, the
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contraction of hiPSC-CMs produced an electrical resistance change (AR/Ro) of ~1.7x10* on the

piezoresistive cantilevers (see Fig. 3 in [18]) vs. ~1.8x102 on the devices of the present invention.

[0142] Drugs testing confirmed that our PDMS-CNT devices are capable to measuring drug
effects on cardiomyocytes. Five types of drugs were tested, each with four different concentrations.
Drug-induced changes in contractile stress, beating rate, and beating rhythm of hiPSC-CM
monolayers were measured. Isoproterenol and verapamil are two isotropic drugs. In previous
reports, isoproterenol was tested by cell drum [22], micropost [24], AFM [56], cantilever [11, 12],
and TFFB [57], and were used to conduct measurements on single cardiomyocyte. At the
concentration of 0.1 uM - 10 uM of these two drugs, the contractile stress of a single
cardiomyocyte increased by 6%-48.9% and the beating rate increased by 16.7%-20%. [24, 56, 58]
Response of monolayer cardiomyocytes to these two drugs was measured by the cantilever
method. Under the concentration of 102 uM — 1 uM, the increase of contractile stress was
measured to be 2%-77%, and the increased beating rates were by 15%- 20% [22, 59]. Different
from these studies that measured neonatal rat cardiomyocytes for drug testing, in our work, hiPSC-
CMs were treated with concentrations of 0.25 pM, 0.50 uM, 1.00 pM, and 2.00 pM of
isoproterenol. When the drug concentration reached 2.00 uM, the contractile stress and beating

rate increased by 69.4% and 13.6%, respectively.

[0143] For verapamil testing, cell drum, cantilever and TFFB were previously used. [22, 59,
60] At concentrations of 0.05 uM-1 puM, the beating rate decreased by 23%-80% and the
contractile stress decreased by 19%-61%. These measurements were made for a very short period
of time and failed to monitor dynamic drug effects. For instance, TFFB only recorded cell
behaviors for 15 seconds after the addition of verapamil [46]. In contrast, our device achieved
continuously measurement of drug effects by capturing multiple parameters (contractile stress,
beating rate, and beating rhythm). After 10 hours of recording under 0.20 uM of verapamil, our
device generated a Poincaré plot. Over the 10-hr period, the cloud size of the Poincaré plot became
larger (blue scatter in Fig. 17F), reflecting the side effect of verapamil (heart arrhythmia). This
effect cannot be reflected from other existing methods due to their inability to continuously

measure contractile behaviors of cardiomyocytes.
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[0144] Omecamtiv mecarbil (OM) and Ivabradine regulate either contractile stress or beating
rate of cardiomyocytes, but not both. OM is a new drug that is able to promote contractility without
increasing cardiac beating rate. Only TFFB has been used to measure the contractile response of a
single hiPSC-CM with 0.1 uM of OM [61]. Contractility generated by a single cardiomyocyte
increased by 16.7% [61]. In comparison, the contractile stress of hiPSC-CM monolayers measured
by our devices increased by 76% (2.25 £ 0.11 kPa vs. 3.96 + 0.40 kPa) at the drug concentration
of 0.02 uM. The difference can be due to the different physiological states of hiPSC-CMs. For
instance, the beating rate of hiPSC-CMs used in [61] was 0.64 Hz (vs. 1.17 Hz of hiPSC-CMs
used in our work), and the average length of sarcomere in [61] was 1.85 um (vs. 2.25 pm of hiPSC-
CMs used in our work). A monolayer of hiPSC-CMs contains less than 1% pacemaker-like
cardiomyocytes, which are responsible for synchronous beating of the entire monolayer [62].
Ivabradine inhibits funny current (Ir) of pacemaker-like cardiomyocytes and reduces the beating
rate of hiPSC-CM monolayers. The effect of Ivabradine has been tested by patch clamp and
microelectrode array [63]. Patch clamp and microelectrode array were used to analyze beating rate
through monitoring electrical impulses of cardiomyocytes under different concentrations of
ivabradine [63] but are unable to measure contractile stress. The present data shows that 10.00 uM
ivabradine significantly reduced the beating rate of hiPSC-CM monolayers from 1.16 + 0.32 Hz
to 0.81 + 0.30 Hz but did not significantly alter their contractile stress (2.26 + 0.43kPa vs. 2.00 +
0.68 kPa).

[0145] E-4031 is an antiarrhythmic agent. The effect of E-4031 on cardiomyocytes has been
measured by patch clamp [64], which revealed that the duration of field potential was prolonged
for the concentrations of 1-30 nM, and early after depolarization spikes appeared on field potential
curves and caused cardiac arrhythmia at higher concentrations. The effect of E-4031 on contractile
behaviors of cardiomyocytes was measured by TFFB [46] and cantilever [60]. Neonatal rat
cardiomyocytes were measured for drug concentrations of 5 nM to 50 nM, and the results showed
that the beating rate decreased by 30%-51%, and arrhythmic beating did not occur [60]. In
comparison, our CNT-PDMS devices were capable of revealing large variations of contractile
stress, random spikes of beating rate, and large cloud area in Poincaré plot under the treatment of

E-4031 (Fig. 17E and 17F). The present data showed a high concentration of E-4031 (>0.6 puM)
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caused arrhythmic beating of hiPS-CMs, indicating cardiotoxicity of E-4031 at high

concentrations.

[0146] Conclusion

[0147] The present invention discloses a platform that is capable of performing continuous,
long-term (14 days or even more) measurement of contractility, beating rate, and beating rhythm
in a monolayer of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs). A
person skilled in the art would understand that the device of the present invention may also be used
to study other cell types. The PDMS-CNT devices continuously measured the contractile stress,
beating rate, and beating rhythm of hiPSC-CMs over the entire culturing process, revealing the
dynamic evolution of hiPSC-CMs’ contractile behaviors. Experimental data showed that cell
beating started from day 2, and contractile stress plateaued by day 5. The average contractile stress
generated by a monolayer of hiPSC-CMs was determined to be 2.35 + 0.047 kPa with a beating
rate of 1.17 + 0.068. Five cardiac drugs were applied to hiPSC-CM monolayers, and the effect of

each drug at different concentrations was quantified by the device arrays.

[0148] Table 2. Resistance of nine device elements before and after pre-conditioning

device element nitial resistance, R (kQ) condi éziiizlj?o%f{tg)pm_
1 96.2 68.3
2 123.5 79.1
3 105.9 69.6
4 311.7 944
5 152.1 80.1
6 173.2 76.3
7 243.5 92.5
8 201.4 84.9
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CLAIMS

What is claimed is:

1. A device for measuring at least one cellular activity comprising: (a) a deformable polymeric
base membrane having a first side and a second side, the polymeric base including a well, the well
having an opening on the first side, a cavity extending from the opening and a floor formed by the
second side of the polymeric base membrane, (b) a deformable polymeric top membrane
overlapping the second side of the polymeric base membrane; and (c) a sensing element for
measuring the at least one cellular activity disposed between the polymeric base membrane and
the polymeric top membrane, the sensing element being disposed over the floor of the well, such
that a portion of the second side that forms the floor of the well, the sensing element and a portion

of the top membrane that overlaps the well form a suspended membrane.

2. The device of claim 1, wherein the device further includes a substrate, and wherein the first side

of the polymeric base membrane is connected to the substrate.

3. The device of claim 1 or claim 2, wherein the polymeric base membrane further includes a hole

configured to receive a tubing means, and microchannels connecting the well with the hole.

4. The device according to any one of claims 1 to 3, wherein the device further includes a polymeric

ring coupled onto the portion of the top polymeric membrane that forms the suspended membrane.

5. The device according to any one of claims 1 to 4, wherein the device further includes means for

measuring an electrical resistance of the sensing element.

6. The device according to any one of claims 1 to 5, wherein the top polymeric membrane further

includes embedded beads capable of producing an optical signal.

7. The device of claim 6, wherein the embedded beads are fluorescent beads.
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8. The device according to any one of claims 1 to 7, wherein the device includes more than one
well and more than one sensing element, each sensing element being disposed over the floor of
one well, such that a portion of the second side that forms the floor of the well, the sensing element
and a portion of the top membrane that overlaps the well form a number of suspended membranes

equal to the number of wells in the device.

9. The device according to any one of claims 1 to 8, wherein the sensing element is selected from
a carbon nanotube (CNT) sensing element, a gold-based sensing element, a platinum-based

sensing element, a carbon ink-based sensing element or a graphene-based sensing element.

10. The device according to any one of claims 1 to 8, wherein the sensing element is a carbon

nanotube (CNT) strip, wherein the CNT strip extends over the floor of the well.

11. A method for continuous measuring at least one cellular activity, comprising:

(a) providing a device according to any one of claims 1 to 10;

(b) seeding cells onto the suspended membrane of the device; and

(c) continuously measuring an electrical resistance of the sensing element, thereby continuously

measuring the cellular activity of the cells.

12. A method for determining an effect of at least one drug on at least one cellular activity
comprising:

(a) providing a device according to any one of claims 1 to 10;

(b) seeding cells onto the suspended membrane of the device,

(c) exposing the cells either before or after being seeded to the at least one drug,

(d) continuously measuring an electrical resistance of the sensing element, thereby determining

the effect of the at least one drug on the least one cellular activity of the cells.

13. The method of claim 11 or claim 12, wherein the cellular activity is contractility, beating rate

or beating rhythm.

14. The method according to any one of claims 11 to 13, wherein the seeded cells are

cardiomyocytes.
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