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maturation until the immature cardiomyocytes mature into functionally adult cardiomyocytes.
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METHODS AND SYSTEMS FOR FUNCTIONAL MATURATION OF iPSC AND
ESC DERIVED CARDIOMYOCYTES

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims benefit of priority to US provisional patent application no.

62/466,992, filed March 3, 2017 and US provisional patent application no. 62/490,505, filed

April 26, 2017; the entire of content of each is herein incorporated by reference in its entirety.

TECHNICAL FIELD

The invention is directed to methods for electrically inducing maturation of iPSC and

ESC-derived cardiomyocytes into cells having an adult-like phenotype and for electrically

monitoring the maturation process.

BACKGROUND OF THE INVENTION

Induced pluripotent stem cells (iPSC) are a type of pluripotent stem cell that can be

generated directly from adult cells. This technology was pioneered over a decade ago by the

introduction of four specific genes encoding transcription factors Oct3/4, Sox2, c-Myc and

Klf4 into mouse adult fibroblasts under embyronic stem (ES) cell culture conditions. Takahashi

et al. (2006). Takahashi et al. later demonstrated their factors also worked on humans.

Takahashi e a . (2007).

The use of iPSCs holds enormous promise for regenerative medicine applications as

well as drug discovery and development. In particular, iPSCs can be differentiated into many

different types of cells such as neurons, cardiomyocytes and hepatocytes for potential therapies.

These cells can also be used for understanding underlying disease mechanisms and screening

for therapeutics which may serve to alleviate disease conditions. One of the first cell types

derived from iPSC technology was cardiomyocytes. These iPSC-derived cardiomyocytes

appear to express the proper ion channel repertoire, as well as structural and other proteins

found in normal cardiomyocytes. However, it is challenging to fully differentiate iPSCs into

cardiomyocytes having an adult phenotype. Rather, development often stalls during the

immature phase, where, compared to the mature or adult phenotype, the immature

cardiomyocytes tend to have a rounded morphology, disorganized sarcomere, lack of T-tubule,



differ in gene expression profile, and differ in action potential profile. The potential for

immature cardiomyocytes as a therapeutic approach is limited. Yang et al. (2014).

A variety of different approaches have been employed to improve maturation status of

iPSC-derived cardiomyocytes, including long-term cardiomyocyte culture (Lundy et al, 2013),

cultivation of cells on a substrate which has stiffness close to that of native myocardium (Jacot

et al, 2008), seeding cells to a patterned substrate providing topographical cues (McDevitt et

al.,2002), applying mechanical loading to cells (Zimmermann et al, 2002), and directed

electrical stimulation (Sathaye et al, 2006). All these methods can result in cardiomyocytes

that structurally and functionally resemble an adult-like phenotype. However each system has

its weaknesses, such as difficulty to achieve high throughput screening, and the high level of

technical knowledge required.

Accordingly, there remains a need for improved systems and methods for further

maturation of cardiomyocyte precursor cells, including iPSC derived and embryonic stem cell

(ESC) derived cardiomyocytes into those having mature or an adult-like phenotype.

BRIEF SUMMARY OF THE INVENTION

The invention address the above deficiencies and provides related benefits. In

particular, the invention provides methods and systems that electrically induce further

maturation of iPSC or ESC-derived cardiomyocytes and electrically monitor their maturation

into a more adult-like phenotype. This is accomplished, at least in part, by expanding the

electrical pacing and monitoring features of the xCELLigence CardioECR system, developed

by ACEA Biosciences, Inc. (San Diego, CA) to systematically pace iPSCs and other immature

cardiomyocytes using pulse profiles specifically developed to induce maturation while also

monitoring the beating profile of cells in culture to monitor the maturation process.

More specifically, in one aspect of the invention a method of maturing functionally

immature cardiomyocytes is provided, the method including: providing a system configured to

culture, electrically pace, and monitor beating of beating cells; culturing immature

cardiomyocytes in the system; monitoring the immature cardiomyocytes to characterize

cardiomyocyte beating as synchronized or not synchronized; and if synchronized, electrically

pacing the immature cardiomyocytes according to a pulse profile until the immature

cardiomyocytes mature into functionally adult cardiomyocytes.

In some embodiments, the system includes an impedance monitoring electrode array

positioned on a substrate and operably connected to an impedance analyzer to monitor cell-



substrate impedance of a cell population cultured in the system. In other embodiments, the

system includes an extracellular recording electrode array operably connected to an

extracellular recording amplifier to conduct extracellular recording of a cell population cultured

in the system. In still other embodiments, system is configured to monitor cell-substrate

impedance and conduct extracellular recording of a cell population cultured in the system by

providing both, such as an impedance monitoring electrode array on a substrate, an

extracellular recording electrode array on the substrate, an impedance analyzer, and an

extracellular recording amplifier. In some embodiments an electrode is shared between the

cell-substrate impedance monitoring electrode array and the extracellular recording electrode

array but in other embodiments, each has its own distinct pair of electrodes.

Among the improvements provided, is the ability to differentiate cardiomyocytes

starting from different levels or degrees of immaturity without regard to beating rate in culture.

That is, the methods herein are useful for inducing maturation in any cardiomyocyte cell

population deemed immature, characterized by a negative force-frequency relationship. To

this end, cardiomyocytes characterized as immature, also referred to herein having an

embryonic phenotype, can be used as long as the cells undergo excitation contraction coupling.

As such, the immature cardiomyocytes can be derived from induced pluripotent stem cells

(iPSCs) or embryonic stem cells (ESCs).

Further, the immature cardiomyocytes can be electrically monitored to characterize

their stage as immature or adult, and to assess their suitability to undergo further differentiation.

Among the approaches useful in monitoring maturation of cardiomyocytes include monitoring

cell-substrate impedance of the cardiomyocytes. In other embodiments, immature

cardiomyocytes are electrically monitored by extracellular recording of the cardiomyocytes.

In a hybrid approach, immature cardiomyocytes are electrically monitored by cell-substrate

impedance monitoring of the cardiomyocytes and extracellular recording of the

cardiomyocytes. Electrical measurement of cardiomyocyte beating permits a force-frequency

relationship to be determined, where a positive force-frequency relationship is indicative of a

mature cardiomyocyte population and a negative force frequency relationship is indicative of

an immature cardiomyocyte population.

In addition, electric monitoring of the immature cardiomyocytes can be used to

determine whether cardiomyocyte beating is synchronized, such as by determining a beating

rate of the immature cardiomyocytes and comparing the beating rate over time. If

cardiomyocyte beating is not synchronized, the immature cardiomyocytes may require

additional culturing. Electric pacing of immature cardiomyocytes can also be used to induce



synchronized beating of immature cardiomyocytes. Inducing synchronized beating

electrically can be accomplished by applying electric pulses at a constant frequency. In

particular, the electric pulses are typically provided at the same rate or at about the same rate

as the beating rate of the immature cells. Generally, a pulsing frequency of about 0.5 Hz to 1

Hz can help synchronize beating.

Once beating is synchronized, the immature cardiomyocytes are electrically paced

according to a pulse profile to induce further maturation into a functionally mature or adult

phenotype. These pulse profiles were developed to induce maturation in iPSC derived, ESC

derived and functionally immature cardiomyocytes. An exemplary pulse profile has a

rectangular pulse shape. An exemplary pulse intensity of 0.7 V to 1 V, with intensities or

voltages up to multiple volts (e.g. 2 V or 3 V) are acceptable. The pulse intensity should be

sufficiently high to result in pacing of the immature cardiomyocytes (i.e. each applied pulse

could lead to a beating cycle of the cardiomyocytes in the device).

An exemplary pulse profile has a pulse duration or width from 0.1 milliseconds to 0.2

milliseconds with duration up to 10 milliseconds being acceptable. With appropriately applied

pulse intensity, pulse duration should be sufficiently long to result in pacing of the

cardiomyocytes (i.e. each applied pulse could lead to a beating cycle of the cardiomyocytes in

the device). Generally the pulse duration should be applied as short as possible, as long as it

leads to the effective pacing of the cardiomyocytes (i.e. each applied pulse could lead to a

beating cycle of the cardiomyocytes in the well).

Differentiating immature cardiomyocytes using the system is primarily accomplished

by way of applying a pulse profile with a varying pulse frequency to pace immature

cardiomyocytes over time. The skilled artisan will appreciate that the pulse profile can vary

depending on the beating rate of the immature cardiomyocytes and can also vary depending on

the method used to differentiate immature cardiomyocytes into mature cardiomyocytes. As an

example, a pulse profile will typically start at a frequency that matches or nearly matches the

beating rate of the immature cardiomyocytes, which can vary. Most often, the pulse profile

will start at a slower pulse frequency and increase in frequency over time. This initial lower

pulse frequency should be appropriate so that the cardiomyocyte can follow the pacing pulses

(i.e. each pacing pulse could result in one beating cycle of the cardiomyocytes in the device).

As an example, a pulse profile was developed to have a pulse frequency that varies between

0.5Hz and 2 Hz over time. As another example, the pulse profile includes a pulse frequency

that varies between 1 Hz and 2 Hz over time. As another example, the pulse profile includes a

pulse frequency that increases from 0.75 Hz to 2 Hz over time. As another example, the



cardiomyocytes of certain genotype or phenotype, such as a diseased genotype/phenotype, may

require an initial lower pulse frequency such as 0.5 Hz, or 0.3 Hz or even lower so that the

cardiomyocytes can be effectively paced. On the other hand, the pulse frequency can be

increased over time from an initial low pulse rate to a higher pulse frequency such as 3 Hz, or

even higher, depending on the requirement of the assays that would use such cardiomyocytes

that are being paced. The skilled artisan will appreciate that the time period between increasing

the pulse frequency can also vary but in some embodiments, the time period for increasing the

pulse frequency occurs over 2-6 days. In other embodiments, time period for increasing the

pulse frequency occurs over 1 to 5 weeks. As a nonlimiting example, further differentiation of

immature cardiomyocytes can occur when pulsing at 0.75 Hz for 1 week, 1.5 Hz for another

week, and 2 Hz for still another week. Preferably the increasing pulse frequency doubles in

frequency over time. Cardiomyocyte maturation can be followed by periodically testing the

force-frequency relationship of the beating culture to determine whether the force-frequency

relationship increases, which is indicative of maturity, or decreases, which is indicative of

immaturity. In particular, testing can include progressively increasing the pacing rate of the

cardiomyocytes and simultaneously recording the beating amplitude, which is a surrogate for

force. If there is a negative beating amplitude/electrical pacing rate relationship then the

cardiomyocyte is deemed immature; whereas if there is a positive amplitude/electrical pacing

rate relationship, the cardiomyocyte is deemed "mature".

Functionally mature or adult cardiomyocytes have a positive force-frequency

relationship; whereas immature cardiomyocytes have a negative force-frequency relationship.

Thus, by electrically monitoring a parameter that corresponds to beating force, such as a beating

amplitude measurement, the force-frequency relationship can be assessed to monitor the

maturation process. As such, the methods include electrically pacing immature cardiomyocytes

until the cardiomyocytes are characterized as having a positive force-frequency relationship,

which is indicative of an adult phenotype.

In a related aspect of the invention, a method of characterizing an effect of a compound

on cardiomyocyte beating is provided. The method includes providing a system configured to

culture, electrically pace, and monitor beating of contracting cells; culturing immature

cardiomyocytes in the system; electrically pacing the immature cardiomyocytes according to a

pulse profile until the cardiomyocytes are functionally mature; adding a compound suspected

of having an effect on cardiomyocyte beating force or cardiomyocyte beating rate to the

functionally mature cardiomyocytes; electrically monitoring the cultured cardiomyocytes

before and after compound addition; determining before and after compound addition, at least



one parameter that characterizes a beating amplitude or a beating rate; comparing the

determined at least one parameter before and after compound addition thereby identify a

difference in response to the compound addition; and characterizing the compound as: a

positive inotropic compound if the beating amplitude increases after compound addition or a

negative inotropic compound if the beating amplitude decrease after compound addition,

and/or a positive chronotropic compound if the beating rate increases after the compound

addition or a negative chronotropic compound if the beating rate decreases after the compound

addition.

In view of the technical improvements herein, the method may be used with immature

cardiomyocytes derived from induced pluripotent stem cells (iPSCs) or embryonic stem cells

(ESCs). The immature cardiomyocytes are preferably cultured until beating is synchronized.

Synchronized beating is preferably determined by way of electrical measurement but could be

determined optically. As non-limiting examples, the electrical measurement can be cell-

substrate impedance monitoring, extracellular recording, or both cell-substrate impedance

monitoring and extracellular recording. If the beating is not synchronized, the cardiomyocytes

can be electrically paced until cardiomyocyte beating is synchronized. Such electric pulses

may be at a constant frequency.

Pacing cardiomyocytes to achieve a more mature or adult phenotype for testing the

effect of one or more compounds includes applying a pulse profile able to induce further

maturation. Such a pulse profile can be characterized as having a rectangular pulse shape, an

intensity of about 0 .1 V to 0.2 V (up to 2 or 3 volts), and a pulse duration from 0 .1 milliseconds

to 0.2 milliseconds (up to 10 milliseconds).

Further differentiation of an immature cardiomyocyte population into one that can be

characterized as having an adult phenotype can accomplished by way of applying a pulse

profile with a varying pulse frequency. In particular, a pulse profile starting at a slower pulse

frequency and increasing in frequency over time. As a nonlimiting example, a pulse profile for

cardiomyocyte differentiation was developed to have a pulse frequency that varies between

0.3Hz and 3 Hz over time. More preferably, the pulse profile includes a pulse frequency that

varies between 0.5 Hz and 2 Hz over time. More preferably, the pulse profile includes a pulse

frequency that varies between 1 Hz and 2 Hz over time. In a particularly preferred approach,

the pulse profile includes a pulse frequency that increases from 0.75 Hz to 2 Hz over time. The

time period between increasing the pulse frequency can vary but in some embodiments, the

time period for increasing the pulse frequency occurs over 2-6 days. In other embodiments,

time period for increasing the pulse frequency occurs over 1 to 5 weeks. As further guidance,



immature cardiomyocytes may be pulsed at 0.75 Hz for 1 week, 1.5 Hz for another week, and

2 Hz for still another week to induce and maintain a mature phenotype. Preferably the

increasing pulse frequency doubles in frequency over time.

Combining a synchronized beating culture with high resolution electric monitoring of

the culture also permits identifying changes in beating amplitude and beating rate in response

to the administration of compounds. To this end, the method permits characterizing the effect

of potential drugs on cardiomyocytes and can therefore be used to develop new therapeutics or

new therapeutic uses of known compounds. As a nonlimiting example, the method can

electrically detect changes in the cardiomyocyte cell population in response to the

administration of a vasodilator. These changes can be assessed by electrically monitoring the

cultured cardiomyocytes before and after compound addition by way of monitoring cell-

substrate impedance of the cardiomyocytes, performing extracellular recording of the immature

cardiomyocytes, or both monitoring cell-substrate impedance of the cardiomyocytes and

performing extracellular recording of the immature cardiomyocytes.

In yet another related aspect, a method of characterizing an effect of a compound on

cardiomyocyte maturation is provided, the method including: providing a system configured

to culture, electrically pace, and monitor beating of contracting cells; culturing immature

cardiomyocytes in the system; electrically pacing the immature cardiomyocytes according to a

pulse profile that functionally matures the cardiomyocytes; adding a compound suspected of

having an effect on cardiomyocyte maturation; electrically monitoring the cultured

cardiomyocytes before and after compound addition; determining before and after the

compound addition, at least one parameter that characterizes beating force-frequency

relationship of the monitored cardiomyocytes; comparing the determined at least one parameter

before and after the compound addition thereby identify a difference in response to the

compound addition.

In still another related aspect, a method of characterizing an effect of a compound on

cardiomyocyte beating is provided, which includes: providing a system configured to culture,

electrically pace, and monitor beating of contracting cells; culturing two populations of

immature cardiomyocytes in the system; adding a compound suspected of having an effect on

cardiomyocyte maturation to one of the populations of immature cardiomyocytes; electrically

pacing the two populations of immature cardiomyocytes according to a pulse profile that

functionally matures immature cardiomyocytes until at least one of the two populations of

cardiomyocytes is functionally mature; and characterizing the compound as further driving



maturation if the population with compound addition functionally matures before the other

cardiomyocyte population.

In still another related aspect, a system for the functional maturation of immature

cardiomyocytes is provided. The system includes: an electronic pulse generator configured to

deliver electronic pulses according to a pulse profile that induces maturation of immature

cardiomyocytes; a device station configured to engage a cell culture device and deliver the

electronic pulses from the pulse generator to the engaged cell culture device; a cell culture

device having a substrate configured to culture cells, each substrate having an electrode array

addressable by the device station when engaged; and a module for electrically monitoring

cultured cells.

In view of methods for cardiomyocyte differentiation described herein, the pulse

generator can deliver electronic pulses with a pulse shape as a rectangular shape. In some

embodiments, the pulse generator delivers an intensity of 0 .1 V to 0.2 V to 2 volts. In other

embodiments the pulse generator delivers an intensity of up to 3 volts. In some embodiments

the pulse generator delivers a pulse duration from 0 .1 millisecond to 0.2 milliseconds to 10

milliseconds.

In some embodiments, the device station has an interface with a plurality of electrical

contacts and a switch capable of independently delivering the electronic pulses to each of the

electrical contacts. In some embodiments, device station is configured to accept a multi-well

plate, optionally a plurality of multi-well plates. In such embodiments, the electronic pulse

generator and the device station can be configured to deliver a pulse simultaneously to more

than one well of the multi-well plate. Further, the electronic pulse generator and the device

station can be configured to deliver a pulse simultaneously to all wells of the multi-well plate.

Still further, in some embodiments, the electronic pulse generator and the device station are

configured to deliver a pulse simultaneously to more than one multi-well plate. In some

embodiments, the electronic pulse generator and the device station are configured to deliver

different pulse profiles to different wells of the multi-well plate. In other embodiments, the

device station is configured to engage one or more cell culture flasks.

In some embodiments, the cell culture device is a flask. In other embodiments, the

culture device is a multi-well plate, optionally selected from the group consisting of a 6 well

plate, a 48 well plate, and a 96 well plate.

In some embodiments, the system includes immature cardiomyocytes in culture on the

substrate of the cell culture device. Exemplary cardiomyocytes include immature



cardiomyocytes derived from induced pluripotent stem cells (iPSCs) or embryonic stem cells

(ESCs).

The module for electrically monitoring cultured cells can include an impedance

analyzer operably connected for monitoring cell-substrate impedance of a cell population

cultured in the cell culture device. In other embodiments, the module for electrically

monitoring cultured cells includes an extracellular recording amplifier operably connected for

extracellular recording of a cell population cultured in the cell culture device. In still further

embodiments the module for electrically monitoring cultured cells includes an impedance

analyzer operably connected for monitoring cell-substrate impedance of a cell population

cultured in the cell culture device and an extracellular recording amplifier operably connected

for extracellular recording of a cell population cultured in the cell culture device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an exemplary system 100 for inducing and monitoring functional

maturation of iPSC and ESC derived cardiomyocytes and for screening inotropic and

chronotropic compounds and for compounds that affect maturation of immature

cardiomyocytes, which depicts a base unit 110 housing an electronic pulse generator module

110A, integrated impedance analyzer module HOB and extracellular recording amplifier

module HOC; a device station 120 embodied as an electronic multi-well plate station and cell

culture devices 130 embodied as electronic plates.

FIG. 2A depicts a schematic of an electrode configuration where the diameter of each

of the two the recording electrodes 12A is 100 µιτι; the distance between two recording

electrodes 12A is 2.98 mm; the diameter of circles in the circle-on-line electrode elements 19A

is 90 µ ι, the center-to-center distance between two adjacent circle-on-line electrode elements

19A is 110 µιτι; and the gap between two shared impedance/electro-stimulation electrodes 16A,

18A and covering the recording electrodes 12A is ~ 290 µιτι. Each of the electrodes 12A, 14A,

16A, 18A are connected to a connection pad 24A via an electrical trace 26A.

FIG. 2B depicts a schematic of an electrode configuration where each electrode array

10B includes two round-circular extracellular recording electrodes 12B and a single unitary

reference electrode 14B. Electrode structures 16B, 18B are used for both electro-pulsing and

cell impedance monitoring albeit at different time points by electronic switching. In this

exemplary embodiment, the diameter of each recording electrode 12B is 60 um; the distance

between two recording electrodes 12B is 2 mm; the diameter of circles in the circle-on-line



electrode elements 19B is 90 um, the center-to-center distance between two adjacent circle-on

line electrode elements 19B is HOum; the gap between two impedance-electrode-structures

16B, 18B and covering the recording electrodes 12B is ~ 290 um.

FIG. 2C depicts a schematic of an electrode configuration where each electrode array

IOC is configured on a non-conductive substrate associated with a single well. The electrode

array IOC includes a round-circular extracellular recording electrode 12C and a unitary one-

piece reference electrode 14C. Electrode structures 16C, 18C perform both impedance

measurement and electro-pulsing of cells at different time points by electronic switching. In

this example, a plurality of circle-on-circular-line electrode elements 19C form interdigitated

electrode structures 16C, 18C. In this exemplary embodiment, the diameter of the recording

electrodes 12C is 80 um; the distance between two recording electrodes 12C is 1.44 mm; the

diameter of circles in the circle-on-line electrode elements 19C is 90 um, the center-to-center

distance between two adjacent circle-on-line electrode elements 19C is HOum.

FIG. 2D depicts a schematic where an electrode array 10D includes two round-circular

extra-cellular recording electrodes 12D and a single unitary reference electrode 14D. Electrode

structures 16D, 18D are used for cell impedance monitoring. Electrode Structures 20D, 22D

are used for electro-pulsing and for cell impedance monitoring. In this exemplary embodiment,

the diameter of each recording electrode 12D is 60 um; the distance between two recording

electrodes 12D is 2 mm; the diameter of circles in the circle-on-line electrode elements 19D is

90 um, the center-to-center distance between two adjacent circle-on-line electrode elements

19D is Oum; the gap between two impedance-electrode-structures 16D, 22D and covering

the recording electrodes 12D is ~ 290 um.

FIG. 3 is a graph depicting the beating cycle of cardiomyocytes having a mature or

adult like phenotype.

FIG. 4 is a table showing pulse settings and corresponding screenshots of beating

activity recorded continuously for 6 seconds before pacing, after pacing at 1 Hz, after pacing

at 1.5 Hz and after pacing at 2 Hz.

FIG. 5 is a graph comparing beating amplitude vs beating frequency of electrically

paced cardiomyocytes compared to spontaneously beating cardiomyocytes showing increasing

beating amplitude (beating force) as electric pacing frequency is increased. Here the force-

frequency relationship increases in paced cells and decreases in spontaneously beating cells.

FIG. 6 is a series of graphs showing improved responsiveness of beating rate of iPSC

matured cardiomyocytes compared to spontaneously beating cardiomyocytes in response to

isoproterenol administration.



FIG. 7 is a series of graphs showing improved responsiveness of beating rate of iPSC

matured cardiomyocytes compared to spontaneously beating cardiomyocytes in response to

milrinone administration.

FIG. 8 is a table showing a summary of quantitative inotropic compound effects on

contractile activity of functional matured iCell cardiomyocytes after pacing at representative

concentrations. Data are presented as mean ± SD. (N=5).

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The invention is directed towards systems and methods that culture, electrically pace,

and monitor the maturation of immature cardiomyocytes into cells having an adult-like

phenotype. In particular, the systems and methods are able to induce and electrically monitor

functional maturation of iPSC derived cardiomyocytes and embryonic stem cell (ESC) derived

cardiomyocytes. Further, the systems and methods provide a new approach for testing

inotropic compounds, chronotropic compounds and testing compounds that affect the

cardiomyocyte maturation process.

A. Systems for Electrically Pacing and Electrical Measurement of Cells

A central advantage to systems described herein is that they can electrically induce

further maturation of embryonic stem cell derived cardiomyocytes and iPSC derived

cardiomyocytes. Preferred systems pair an electrode-based monitoring system together with

an electrostimulating system to provide immediate feedback as to the functional phenotype of

a maturing cell population in response to electrostimulation. In the preferred approaches the

system includes electrostimulation to induce differentiation while providing high resolution

parallel impedance-based monitoring and/or parallel extracellular recording based monitoring

of maturing cardiomyocytes, thereby filling a major technological gap in monitoring the

maturation of cardiomyocytes in vitro.

With reference to FIGS. 1-2D, the systems 100 for functionally maturing immature

cardiomyocytes include an electronic pulse generator 110A configured to deliver electronic

pulses according to a pulse profile that induces maturation of immature cardiomyocytes; a

device station 120 configured to engage a cell culture device 130 and deliver the electronic

pulses from the pulse generator 110A to the engaged cell culture device 130; and a cell culture



device 130 having a substrate configured to culture cells, each substrate having an electrode

array 10A-D addressable by the device station 120 when engaged; and a module HOB, HOC

for electrically monitoring cultured cells.

The pulse generator 110A generates and delivers electronic pulses to the device station

120, where they are routed to the cell population(s) culturing in the cell culture device 130 to

electrically pace the immature cardiomyocytes. The pulses themselves can be generated and

delivered having any desired wave form that induces maturation but in a preferred embodiment,

the pulse generator 110A generates and delivers a pulse in a rectangular wave form. The

pulse generator 110A is also capable of generating other wave forms, such as a sine wave form,

a triangle wave form and/or a sawtooth wave form. The pulse duration or pulse width can also

vary as needed, but is typically between about 0.1 millisecond to about 10 milliseconds, but is

more often 0.1 ms to 0.2 ms. Nonlimiting examples of voltages particularly useful in iPSC

maturation can be up to about 3 volts, 2 volts, but are more typically 0.7 V to 1 V.

The pulse generator 110A is programmable so that it can selectively deliver electro-

stimulating pulses to each electrode array 10A-D within each well independent of other

electrode arrays 10A-D in other wells and so it can deliver pulses to each electrode array 10A-

D simultaneously as needed. User programming can be performed by inserting raw pulse

parameters or by way of preprogrammed selectable options, where the user defines one or more

pulse profiles and assigns the one or more pulse profiles to one or more wells of the device

130. A "pulse profile" as used herein refers to current pulsed over a pulse duration (or width),

at a pulse intensity (or voltage) and at a pulse frequency. Pulse profiles may be programmed

by the user or may be preprogrammed. To this end, in some embodiments, a plurality of pulse

profiles or pulse subprofiles are programmed or preprogrammed for running in series, where

the series of pulse subprofiles maintain a same waveform and voltage but increase in pulse

frequency. As a nonlimiting example, a pulse profile can be series of a first pulse subprofile

of about 1 Hz, followed by a second pulse subprofile having frequency of about 1.5 Hz,

followed by a third pulse subprofile having a frequency of about 2 Hz. Furthermore, the series

may be programmed or preprogrammed to execute profiles over a predetermined time, such as,

but not limited to one week per pulse subprofile.

A user programmable feature is particularly useful because as demonstrated herein, a

typical experiment where iPSCs are paced to induce maturation into cardiomyocytes having a

more adult-like phenotype can take upwards of about three weeks, which limits access to the

device station. By providing a user programmable feature, a same electronic pulse generator

110A and device station 120 can be used to perform multiple experiments across multiple cell



culture devices 130 for multiple users. Alternatively, it may be desirable to vary pulse profiles

between wells of a same multi-well device 130 to study the effect of pulsing itself, such as to

further modulate maturation in the presence of a test compound, such as a compound believed

to drive maturation.

In a related embodiment, the pulse generator 110A is preprogrammed with instructions

to assess the maturation of immature cardiomyocytes or iPSCs into cardiomyocytes and

carryout pulse programming according to the assessment. That is, the system 100 can be

provided with a feedback loop where cardiomyocyte pacing is adjusted according to maturation

as measured electrically. In such embodiments, the pulse generator 110A is loaded with one

or more beating parameters indicative of maturation (e.g. a surrogate for force-frequency

relationship) for comparison to a parameter calculated from real time measurements taken

during the maturation process, and the pulse profile is adjusted accordingly. That is, by forming

a database of control beating parameters indicative of maturation and corresponding pulse

profiles for further maturation, the system 100 is able to automatically assess the stage of

maturation and adjust the cardiomyocyte pacing according to the database to further mature the

cell population or signal completion of the maturation process.

Monitoring the maturation of immature cardiomyocytes or iPSCs into mature

cardiomyoctyes is performed by monitoring excitation-contraction coupling of cells

undergoing further maturation. Excitation-contraction coupling (ECC) is a term used to

describe the physiological process of converting an electrical stimulus to a mechanical

response. The process is fundamental to muscle physiology, wherein the electrical stimulus

may be an action potential and the mechanical response is in the form of contraction.

Excitation-contraction coupling in cardiomyocytes is typically referred to as beating. That is,

cardiomyocyte beating itself corresponds to the excitation-contraction coupling of the cells.

The beating profile of a cardiomyocyte cell population (in particular its beating force-

frequency relationship) was found to be an accurate predictor of its phenotype in that young

immature cardiomyocytes and iPSCs tend to beat at an irregular frequency and as a

synchronized beating frequency is increased by electrical stimulation, the beating amplitude or

force tends to decrease. To this end, the pulse generator includes hardware and software or is

coupled to a unit having suitable hardware and software to assess the excitation-contraction

coupling or beating of the cell population in culture and can determine the force-frequency

relationship.

Monitoring excitation-contraction coupling of cells can be performed using cell-

substrate impedance, extracellular recording of cells, through a combination of cell-substrate



impedance and extracellular recording, or through optical systems, such as resonant waveguide

or a resonant waveguide grating sensor. Accordingly, a central base 110 housing the pulse

generator 110A may also include one or more of impedance analyzer functionality,

extracellular recording functionality or resonant waveguide functionality. Such functionalities

may be by way of integrating required hardware and software into the pulse generator or may

be by way of communicatively coupling the pulse generator 110A to a separate impedance

analyzer OB, extracellular recording amplifier HOC, optical or resonant waveguide system.

Most preferably, the pulse generator 110A is integrated into a single base unit 110 that also

includes at least an impedance analyzer HOB for analyzing cell-substrate impedance.

Cell substrate impedance monitoring is a noninvasive approach for monitoring living

cells. As a brief overview, microelectrodes 16A-D, 18A-D having appropriate geometries are

fabricated onto a substrate, such as the bottom surfaces of a multi-well plate or similar device

130, which exposes the microelectrodes 16A-D, 18A-D to inner wells of the plate/device 130.

Cells are introduced into the wells, make contact with, and attach to the electrode surfaces. The

presence, absence or change in attachment of cells affects the electronic and ionic passage on

the electrode sensor surfaces. When there are changes to the biological status of the cells, such

as morphological changes, analogue electronic readout signals are measured automatically in

real time, and are converted to digital signals for processing and for analysis. Further, cell-

substrate impedance monitoring at different frequencies reveals differences in cell behavior.

Broadly, fluctuations in cell-substrate impedance at lower frequencies tends to reflect changes

in spacing under or between cells, while fluctuations in cell-substrate impedance at higher

frequencies tend to reflect changes in overall cell coverage of the electrode.

In the xCELLigence RTCA system, impedance measurements are converted to a single

parameter, termed cell index. The cell index is automatically derived and provided based on

measured electrode impedance values. The cell index obtained for a given well reflects: 1)

how many cells are attached to the electrode surface in the well, and 2) how well cells are

attached to the electrode surface in the well. Thus, the more cells of a same type in similar

physiological condition attached the electrode surface, the larger the cell index. Similarly,

greater cell attachment to the electrode surface (e.g., by larger contact areas by cells spread-out

more to have larger contact areas, or the cells attaching tighter to electrode surfaces), the larger

the cell index.

Still further, it has been found that millisecond resolution of cardiomyocyte beating

converted to impedance-based parameters, such as cell index (CI) and/or cell change index

(CCI), permits high resolution of a force-frequency relationship that correlates closely to



maturity status of cardiomyocytes. Cell index (CI) and cell change index (CCI) have been

disused in detail in US 7,470,533, US 7,560,269, US 8,026,080, US 8,263,375, US 9,612,234,

and elsewhere. As such, in preferred embodiments, the pulse generator 110A is loaded with

software or communicatively attached to a computer configured to calculate cell index (CI) for

one or more time points for one or more wells of the multi-well device through suitable

programming. In some preferred embodiments, the software can also calculate cell change

index (CCI) from impedance measurements of one or more wells of the multi-well device. The

software can preferably generate plots of impedance-based parameters over time, such as but

not limited to impedance-based curves selected from impedance measurements, CI, or CCI that

map beating force and beating frequency. The software may perform other analysis as well,

such as calculate cell number from CI, generate dose-response curves based on impedance data,

calculate IC values based on impedance values, and calculate kinetic parameters of the

excitation cycle cell based on impedance-based parameters and impedance-based curves.

Nonlimiting examples of methods for calculating and comparing beating parameters can be

found in US 9,612,234 and Examples I and II.

Monitoring excitation-contraction coupling can also be measured, at least in part, using

extracellular recording of cells. In extracellular recording, an extracellular recording amplifier

HOC is communicatively coupled to an extracellular recording electrode pair 12A-D, 14A-D

on the substrate to permit amplifying and recording electrical voltage signals between

recording electrode 12A-D and reference electrode 14A-D . That is, extracellular voltage

signals are recorded as the difference in the electrical potentials between the recording

electrode 12A-D and reference electrode 14A-D . Such electrical voltages are induced on the

electrodes 12A-D, 14A-D as a result of ionic current or movement through cell culture media

or solution as a result of opening and/or closing of different ion channels across cell membranes

during the action potential duration. Extracellular recording of cardiomyocyte populations is

discussed in detail in US 9,612,234 and US 201 1/0039294.

The system 100 also includes a device station 120 configured to engage one or more

cell culture devices 130 so that electronic pulses can be delivered from the pulse generator

110A to the cell culture device 130 for pacing cardiomyocytes. The device station 120 is also

preferably configured for placement in an incubator or has temperature and/or humidity

controls to encourage cell growth and/or differentiation. In some embodiments, the device

station 120 is configured to engage a cell culture device 130 embodied as a flask. In preferred

embodiments the device station 120 includes one or more platforms or one or more slots for

positioning one or more multi-well devices 130. The one or more platforms or one or more



slots can include sockets, pins or other electrically conductive structures for electrically

connecting the device 130 to the device station 120 such as interaction through connection pads

24A. The system 100 can be configured sufficiently portable such that multi-well devices 130

can be positioned in a tissue culture incubator during electro-stimulation, extracellular

recording or impedance monitoring.

The device station 120 can also include electronic circuitry for connection to the

electronic pulse generator and can incorporate electronic switches that can switch on and off

connections to each electrode array 10A-D within the multi-well devices 130 used in the system

100. The switches of the device station 120 can be controlled by a software program within the

pulse generator 110A.

The cell culture device 130 is configured to culture cells as well as to deliver and receive

electrical signals. This is accomplished by providing a chamber-like housing with a suitable

electrode sensor 10A-D . The sensor 10A-D is configured to deliver electrical pulses to cultured

cells and to detect changes in beating frequency and amplitude though cell-substrate impedance

measurement and/or extracellular recording of cells. Examples of such configurations are

demonstrated in FIGS. 2A-D.

Preferably, the device 130 includes two or more wells; however, again the device 130

may have any number of wells as desired for the particular experiment. For instance, the device

may have 1 well, 2 wells, 3 wells, 6 wells, 8 wells, 12 wells, 24 wells, 36 wells, 96 wells, 384

wells, or others. Preferably, well diameters are from about 1millimeter to about 20 millimeters,

more preferably from about 2 millimeters to about 8 millimeters at the bottom of the well (the

end disposed on the substrate). The wells can have a uniform diameter or can taper toward the

bottom so that the diameter of the well at the end in contact with the base substrate is smaller

than the diameter of the opposing end.

The surface of the substrate is suitable for cell attachment and growth of cells.

Preferably, the nonconducting substrate is planar, and is flat or approximately flat. The

substrate may be constructed from a variety of nonconductive materials known in the present

art, including, but not limited to, silicon dioxide on silicon, silicon-on-insulator (SOI) wafer,

glass (e.g., quartz glass, lead glass or borosilicate glass), sapphire, ceramics, polymer, fiber

glass, plastics, e.g., polyimide (e.g. Kapton, polyimide film supplied by DuPont), polystyrene,

polycarbonate, polyvinyl chloride, polyester, polypropylene and urea resin. Preferably, the

substrate is biocompatible with excitable cells such as iPSCs and cardiomyocytes; however,

materials that are not biocompatible can be made biocompatible by applying a biocompatible

or biomolecular coating with a suitable material, such as a biocompatible polymer or others.



The substrate may be rigid but in other embodiments the substrate has an elastic

modulus from 1 kPa to 50 kPa, from 5 kPa to 15 kPa, from 8 kPa to 12 kPa, or 10 kPa, which

is near the stiffness of the native myocardium. Such substrates can be formed following the

teachings of Jacot et al (2008), such as by polymerizing a 3%-7% acrylamide solution over a

glass coverslip then coating the gel with 0.5 mg/mL collagen bound through heterobifunctional

crosslinker N-sulfosuccinimidyl-6-[4'-azido-2'-nitrophenylamino] hexanoate (sulfo-

SANPAH, Pierce Biotechnology, Rockville, IL). The tensile elastic modulus can be measured

by calculating the slope of the stress-strain curve found by hanging weights from a 15 mm thick

cylinder of gel. Jacot et al. (2008).

In some embodiments, the substrate includes at least one patterned island to improve

cardiomyocyte alignment. As anonlimiting example, the substrate can be patterned by adding

a polymer film (such as polyacrylamide doped with acryl-NHS) and stamping fibronectin to

the gel surface via poly(dimethylsiloxane)(PDMS) to form covalently bound fibronectin

islands of about 50 µιτι x 50 µιτι. In such embodiments, it may be preferred to isolate the

patterned islands with the cytophobic acrylamide. Further guidance for patterning islands can

be found in Werley et al (2017).

To improve efficiency of production, electrodes 12A-D, 14A-D, 16A-D, 18A-D, 20D,

22D of the invention may be applied to the substrate followed by joining the electrode 12A-D,

14A-D, 16A-D, 18A-D, 20D, 22D applied substrate to a plate of bottomless wells or may be

applied to a well already having the substrate as a bottom. Electrodes 12A-D, 14A-D, 16A-D,

18A-D, 20D, 22D may be formed from larger sheets of conductive metal, such as via laser

ablation of a metallic film and may be applied directly to the substrate. Alternatively,

electrodes 12A-D, 14A-D, 16A-D, 18A-D, 20D, 22D may be printed on the substrate using

printing techniques such as those similar to ink-jet printing where a conductive fluid having

ultraviolet (UV) curable monomers, polymers or compounds is printed on the substrate, then a

light source is applied to cure the applied conductive fluid to form electrodes. The skilled

artisan will appreciate that conductive material may be applied directly to a planar substrate or

may be inserted into grooves laser ablated or formed into the substrate surface. A glue, such

as a UV curable glue, can be applied between the substrate and electrode or above the electrode

for added security. Further, when applying conductive fluids, it may be preferred to apply a

mask prior to applying the fluid to further define the electrode area.

The electrode sensor 10A-D is an electrode array configured to deliver an electric pulse

to cells on the substrate and configured to monitor the beating of cells. Beating is monitored

using cell-substrate impedance monitoring and/or extracellular recording of cells. Examples



of suitable electrode 12A-D, 14A-D, 16A-D, 18A-D, 20D, 22D configurations are shown in

FIGS. 2A-2D

In some embodiments, the device includes separate electrodes for each function. For

example, in some embodiments the device includes electrodes for electrostimulating cells,

different electrodes for monitoring cell substrate impedance of cells attached to the substrate,

and still different electrodes for extracellular recording of cells. In other embodiments,

electrodes are shared between different functional pairs. As an example, one electrode within

a pair of electrostimulating electrodes is shared with another electrode to function as a cell-

substrate impedance monitoring electrode pair or with another electrode to function as an

extracellular recording electrode pair.

In still other embodiments, a same electrode pair performs two distinction functions.

As an example, a pair of cell-substrate impedance monitoring electrodes can be used for

electro-stimulation when not measuring impedance.

Preferably electrodes 12A-D, 14A-D, 16A-D, 18A-D, 20D, 22D within each well of

the device are individually addressed, meaning that electrical traces 26A and connection pads

24A of the arrays are configured such that each array can be independently connected to the

device station 120 and electronic pulse generator 110A so that each electrode pair can be

operated independently of other electrode pairs in other electrode wells. This permits each well

within the device 130 to be independently monitored and electrostimulated as needed.

Electrical traces 26A of conductive material used to connect each of the electrodes 12A-

D, 14A-D, 16A-D, 18A-D, 20D, 22D to a corresponding connection pad 24A can be fabricated

of any electrically conductive material. The traces 26A can be localized to the surface of the

substrate, and can be optionally covered with an insulating layer. Alternatively the traces can

be disposed in a second plane of the substrate.

Turning now to the pair of cell-substrate impedance monitoring electrodes 16A-D,

18A-D, each pair includes two or more electrode structures that are constructed to have

dimensions and spacing such that they can, when connected to an impedance analyzer, operate

as a unit to generate an electrical field in the region of spaces around the impedance electrode

structures. In preferred embodiments, the pair of impedance electrodes 16A-D, 18A-D

includes two impedance measurement electrode structures, each of which includes multiple

electrode elements 19A, or substructures, which branch from the electrode structure. In

preferred embodiments, the electrode structures within each pair have substantially the same

surface area.



Preferred arrangements for electrode elements 19A that form the pair of impedance

monitoring electrodes 16A -D , 18A -D and gaps between the electrodes 16A -D , 18A -D and

electrode buses in a given pair are used to allow all cells, no matter where they land and attach

to the pair of impedance measurement electrodes to contribute similarly to the total impedance

change measured for the pair. Thus, it is desirable to have similar electric field strengths at any

two locations within any given pair of impedance measurement electrodes 16A -D , 18A -D

when a measurement voltage is applied to the pair. At any given location of the pair, the field

strength is related to the potential difference between the nearest point on a first electrode

structure of the pair and the nearest point on a second electrode structure of the pair. It is

therefore desirable to have similar electric potential drops across the electrode elements 19A

and across the electrode buses of a given pair. Based on this requirement, it is preferred to

have an approximately uniform electrode resistance distribution across the whole pair where

the electrode resistance at a location of interest is equal to the sum of the electrode resistance

between the nearest point on a first electrode structure (that is the point on the first electrode

structure nearest the location of interest) and a first connection pad connected to the first

electrode structure and the electrode resistance between the nearest point on a second electrode

structure (that is the point on the first electrode structure nearest the location of interest) and a

second connection pad connected to the second electrode structure.

Achieving an approximately uniform distribution across the pair of impedance

measurement electrodes 16A -D , 18A -D can be achieved, for example, by having electrode

structures and electrode buses of particular spacing and dimensions (lengths, widths,

thicknesses and geometrical shapes) such that the resistance at any single location on the pair

is approximately equal to the resistance at any single other location on the pair. In most

embodiments, the electrode elements (or electrode structures) of a given pair will have even

spacing and be of similar thicknesses and widths, the electrode buses of a given pair will be of

similar thicknesses and widths, and the electrode traces 26A leading from a given pair to a

connection pad 24A will be of closely similar thicknesses and widths. Thus, in these preferred

embodiments, a pair of electrode structures is designed such that the lengths and geometrical

shapes of electrode elements or structures, the lengths and geometrical shapes of electrode

traces, and the lengths and geometrical shapes of buses allow for approximately uniform

electrode resistance distribution across the pair.

When incorporating configurations having two or more wells, impedance measurement

electrodes 16A -D , 18A -D between electrode arrays 10A -D of different wells can be entirely

independent of one another by connection to entirely separate connection pads 24A or can share



a common connection pad 24A. For example one of the impedance measurement electrode

structures of a first well can be connected to a connection pad 24A that also connects to an

impedance measurement electrode structure of another well.

Moving on to the extracellular recording electrodes 12A-D, 14A-D generally,

extracellular recording is conducted by amplifying and recording electrical voltage signals

between a recording electrode(s) 12A-D and reference electrode(s) 14A-D . In order to achieve

improved consistency and reproducibility of the recorded voltage signals, it is desirable to

minimize the contribution of any electrical signal from the reference electrode 14A-D to the

recorded voltage signals and to ensure that the majority, if not all, of the recording voltage

signals are derived from the recording electrode 12A-D . Thus, generally, it is desirable and it

is recognized for the reference electrodes 14A-D to have small electrode impedances. The

small electrode impedance is achieved by using reference electrodes 14A-D with large

effective surface areas by increasing the ratio of the surface area of the reference electrodes

14A-D to that of recording electrode 12A-D by a factor of a hundred, even thousands of times.

The reference electrode 14A-D generally, can be a unitary or unbranched electrode and

may be of a simple geometry such as a circle, a square or others. In other embodiments, the

reference electrode 14A-D has a branched configuration, which may result in a large surface

for the reference electrode. In some embodiments, the ratio of the surface area of the reference

electrode 14A-D to that of the recording electrode 12A-D is more than 2 . In other

embodiments, the ratio of the surface area of the reference electrode 14A-D to that of the

recording electrode 12A-D is 10 or more than 10 . In still other embodiments, the ratio of the

surface area of the reference electrode 14A-D to that of the recording electrode 12A-D is 100

or more than 100. In other embodiments the ratio of the surface area of the reference electrode

14A-D to that of the recording electrode 12A-D is 1000 or more than 1000. In other the ratio

of the surface area of the reference electrode 14A-D to that of the recording electrode 12A-D

is 10,000 or more than 10,000.

In some embodiments the device 130 simultaneously measures impedance and

performs extracellular recording. However, some devices 130 do not perform simultaneous

impedance monitoring and extracellular recording, but instead share one or both electrodes

between the pair of impedance measurement electrodes with the extracellular recording

electrode pair. When using impedance electrodes in the form of interdigated electrode

structures having a plurality of electrode elements, typically the shared electrode would be used

as a reference electrode in the extracellular recording electrode pair. This can be accomplished

when the surface area of the impedance monitoring electrode(s) is sufficiently larger than the



surface area of the recording electrode to act as a reference electrode. The skilled artisan will

appreciate that by electrically switching a pair of interdigitated impedance electrodes from

impedance monitoring to function as a single reference electrode, the surface area ratio of the

combined interdigitated electrodes to recording electrode would substantially increase and thus

may be preferable in some instances. Further, it is also possible, though not preferred to utilize

an impedance measurement electrode as a recording electrode when the reference electrode is

sufficiently larger than the impedance measurement electrode. While not preferred this

approach is more likely when using impedance measurement electrode configurations having

a small working electrode and large counter electrode as previously detailed in the art.

B. Functional maturation of immature cardiomyocytes derived from pluripotent

stem cells (iPSC) using electrostimulation

It has been shown that iPSC cardiomyocytes often display an immature or embryonic

phenotype as evidenced by gene expression analysis, structural studies and functional studies.

One of the hallmarks of the immature phenotype of iPSC cardiomyocytes is a negative force-

frequency relationship where increased beating rate does not increase amplitude or beating

force. Rather, as shown in FIG. 5, the amplitude or beating force tends to reduce or weaken.

To this end, the invention provides methods of monitoring this force-frequency relationship

and pairs it with methods developed to induce further maturation of iPSC derived

cardiomyocytes and ESC derived cardiomyocytes into cardiomyocytes having a more mature

or adult-like phenotype. In particular, the systems and methods herein not only induce

functional maturation of iPSC and ESC derived cardiomyocytes but also electrically monitor

maturation by measuring beating amplitude and calculating the force-frequency relationship.

The result is a population of functionally maturing cardiomyocytes that respond appropriately

in a positive force-frequency relationship, which can then be used for subsequent testing of

inotropic and chronotropic compounds or to study the maturation process.

In view of the above, a method of maturing functionally immature cardiomyocytes is

provided, the method including: providing a system, preferably having an electrode sensor

array, wherein the system is configured to culture, electrically pace, and monitor beating of

beating cells; culturing immature cardiomyocytes in the system; monitoring the immature

cardiomyocytes to characterize cardiomyocyte beating as synchronized or not synchronized;



and if synchronized, electrically pacing the immature cardiomyocytes according to a pulse

profile until the immature cardiomyocytes mature into functionally adult cardiomyocytes.

As with the systems 100 described above and briefly reference to FIGS. 1-2D, an

impedance monitoring electrode array 16A-D, 18A-D can be positioned on a substrate and can

be operably connected to an impedance analyzer HOB to monitor cell-substrate impedance of

a cell population cultured in the system 100. Alternatively, an extracellular recording electrode

array 12A-D, 14A-D can be operably connected to an extracellular recording amplifier HOC

to conduct extracellular recording of a cell population cultured in the system. Still further, the

system 100 can include an impedance monitoring electrode array 16A-D, 18A-D on a substrate,

an extracellular recording electrode array 12A-D, 14A-D on the substrate, an impedance

analyzer HOB, and an extracellular recording amplifier HOC, where the system 100 is

configured to monitor cell-substrate impedance and conduct extracellular recording of a cell

population cultured in the system 100.

As a nonlimiting example, the methods can be conducted using the xCELLigence

RTCA CardioECR system (ACEA Biosciences, Inc. San Diego, CA), which is depicted in

FIG. 1, by: seeding iPSC derived cardiomyocytes in wells of the CardioECR Plate (E-Plate

CardioECR 48) at an appropriate density; allowing the cells to attach, grow and achieve

spontaneous beating rhythm while continuously monitoring the spontaneous beating activity

using the CardioECR system; and performing directed electrical pacing of the iPSC derived

cardiomyocytes after spontaneous, synchronously beating is observed for the cardiomyocyte

monolayer, over the course of 4 weeks post-seeding while continually monitoring beating

activity.

The skilled artisan will appreciate that the methods can be used to differentiate various

cardiomyocyte precursor cells. In particular, the methods can be used to further differentiate

iPSCs or ESCs already partially differentiated into immature cardiomyocyte cells.

Conceptually, the differentiation of ESCs into terminally differentiated cardiomyocytes is no

different than that of iPSCs. The differentiation of both relies on modulating signaling

pathways that guide embryonic development in vivo (Activin/Nodal, TGF , GSK3, Wnt, BMP,

etc) and follow the same general procedures. Moran et al. (2010). Cardiomyocytes derived

from PSCs can begin contracting after seven days of differentiation. Moran et al. (2010).

However, as already eluded to, such PSCs have an immature phenotype. Immature

cardiomyocytes compared to mature cardiomyocytes tend to differ in gene expression profile,

and differ in action potential profile. Moran et al. (2010). Thus, determining whether

cardiomyocytes are immature can be by way of gene expression analysis, or more preferably



using the electric monitoring approach described herein. In particular, cell-substrate

impedance monitoring and/or extracellular recording can be used to assess the beating

frequency, contractility, beating amplitude, and action potential. Further, the force-frequency

relationship can then be evaluated by comparing the beating amplitude over an increasing

beating frequency (induced by pacing). An increasing beating amplitude that follows

increasing frequency is indicative of mature cardiomyocytes; whereas a decreasing beating

amplitude that follows increasing frequency is indicative of immature cardiomyocytes. As

such, cardiomyocytes can be electrically tested whether they have an adult phenotype or an

immature phenotype by assaying the beating amplitude over an increasing beating frequency.

This testing can be performed at different periods throughout the maturation process to assess

maturation or as feedback to adjust pulsing frequency.

For completeness, the method is not limited to any particular species, but the methods

will most often use a cell from a same species that is to ultimately be diagnosed or treated with

a therapeutic. To this end, when conducting assays that may lead to the treatment of a human,

such as for the treatment of a heart disorder, most often human iPSCs will be used. When

conducting studies for veterinary medicine, most often iPSCs or ESCs from a same species that

is to be diagnosed or treated will be used. Still further, when the object is to diagnose or treat

a human patient, most preferably the iPSCs will be from cells collected from the same patient

that is to be treated or diagnosed.

The methods of the invention are further desirable in that they do not require a special

cell culture media. Conventional cell culture media can be used. However, the system can

also be used with specialized media that may further facilitate maturation in addition to

electrical pacing.

While the methods provide for the further differentiation of immature cardiomyocytes,

the initial differentiation procedures can also be conducted on the cell cultured device and

electrically monitored. In addition, coatings used in the differentiation of iPSCs into mature

cardiomyocytes may also be applied to the cell culture device and corresponding procedures

performed.

Still further, in some embodiments, maturation of immature cardiomyocytes is

performed with the immature cardiomyocytes aligned on patterned substrates. As a

nonlimiting example, culturing cardiomyocytes on patterned islands of fibronectin separated

by bare polyacrylamide, which is cytophobic, was shown to improve spontaneous beating.

Werley et al. (2017). As such, the methods herein may include culturing immature

cardiomyocytes on patterned substrates, such as, but not limited to fibronectin patterns as



taught or suggested in Werley et al, with the addition of the electrodes for pulsing and

electrically monitoring cardiomyocytes. That is, the devices for iPSC maturation can be

patterned to further drive maturation.

In some embodiments, the immature cardiomyocytes are cultured on a substrate having

an elastic modulus from 1 kPato 50 kPa, 5 kPato 15 kPa, 8 kPato 12 kPa, or 10 kPa, which is

near the stiffness of the native myocardium. Such substrates can be formed following the

teachings of Jacot et al (2008) with the addition of electrodes for pulsing and electrically

monitoring cardiomyocytes. That is, the devices for iPSC maturation can have an elastic

modulus that mimics the myocardium.

In some embodiments, the immature cardiomyocytes are cultured in the presence of a

vascular-like network. As a nonlimiting example, the immature cardiomyocytes are seeded on

a vascular network of endothelial cells (ECs). Vascular ECs produce a variety of auto- and

paracrine agents including VEGF, angiopoietin and nitric oxide that influence cardiomyocyte

metabolism, growth, contractility, and rhythmicity of the heart. Brustaert (2003). In other

embodiments, the immature cardiomyocytes are seeded on a vascular network of fibroblasts.

In other embodiments, the immature cardiomyocytes are seeded on a vascular network of

human umbilical vein endothelial cells (HUVEC) and human adipose stromal cells (hASC).

Adipose stromal cells (hASCs) have been shown to produce significant amounts of angiogeneic

factors and cytokines including VEGF, hepatocyte growth factors and angiopoietin. In other

embodiments, the immature cardiomyocytes are seeded on a vascular network of HUVECs and

human foreskin fibroblasts. Each of the above have been shown to be beneficial for culturing

cardiomyocytes. Vourenpaa et al. Each can be used with the methods and systems herein.

Returning to the electric monitoring of immature cardiomyocytes to determine whether

or not beating is synchronized, it is preferred that the cells synchronize in beating prior to

executing a pulse profile that will further differentiate the immature cardiomyocytes into

mature cardiomyocytes. Electric monitoring can include monitoring cell-substrate impedance

of the immature cardiomyocytes, extracellular recording of the immature cardiomyocytes, or

both. More preferably, whether beating is synchronized is determined by cell-substrate

impedance monitoring to obtain a beating parameter, whether raw impedance value or cell

index, then compared over time. In particular determining whether beating is synchronized is

by way of determining a beating rate (also referred to as "beating frequency") and comparing

the beating rate over time. That is, a population that is not synchronized in beating will not

generate a continuous and reproducible impedance-based curve. Nor will the beating culture

produce a reproducible beating peak (FIG. 3 depicts a series of beating peaks). Rather the curve



will shift or lack refinement. Beating is monitored until synchronized, which is typically about

4 days to a few weeks.

It has been found that synchronized beating can be achieved faster by electrically pacing

the immature cardiomyocytes. That is, if the cardiomyocyte beating is not synchronized, the

method can also include electrically pacing the immature cardiomyocytes until cardiomyocyte

beating is synchronized. Compared to the pulse profiles used for differentiation, electrically

pacing the cardiomyocytes to synchronize beating typically maintains a slower pulse

frequency. That is, immature cardiomyocytes can be slowly but steadily paced until beating is

synchronized. Typically, the pacing is at a constant frequency. Most preferably, the pacing is

at the same pace as the beating rate of the immature cardiomyocytes in culture. This frequency

is typically about 0.5 Hz to about 1 Hz but can also be slower such as 0.5 Hz, 0 .1 Hz, 0.2 Hz,

0.3 Hz or 0.4 Hz. A diseased genotype/phenotype may have a slow beating rate (e.g. 0.5 Hz-

0.5 Hz).

Once beating is synchronized, the method includes electrically delivering a pulse

profile to the immature cardiomyocytes that induces further differentiation. That is, an

appropriately-chosen pulse intensity or amplitude is used to pace or stimulate the immature

cardiomyocytes at a pulse frequency to drive maturation. The pulse intensity should be

sufficiently high to result in pacing of the cardiomyocytes (i.e. each applied pulse could lead

to a beating cycle of the cardiomyocytes in the well). On the other hand, the pulse intensity or

amplitude shall be within a range since a very high field intensity may cause undesired effects

on the cardiomyocytes. For example, when the pulse intensity is too high, there could be water-

electrolysis occurring on the electrodes, leading the change in the local pH as well as 0 2 and/or

H2 bubbling in the cell culture media, and causing undesired physiological effects on

cardiomyocytes. The exact pulse intensity range that effectively paces cardiomyocytes in any

given experimental condition may also depend on the electrode geometry used in the wells of

the device. For example, electrode arrays with larger spacing between neighboring electrodes

would require larger pulse intensities than those with smaller spacing for achieving the same

pacing effects. For example, large pulse intensities up to a few volts (e.g. 3 V), or even higher,

may be needed for the electrode geometries having larger distances between neighboring

electrodes.

An exemplary pulse profile has a pulse duration or width from 0 .1 milliseconds to 0.2

milliseconds with duration up to 10 milliseconds being acceptable. An appropriately-chosen

pulse duration shall be used to pace or stimulate cardiomyocytes. With appropriately applied

pulse intensity, pulse duration should be sufficiently long to result in pacing of the



cardiomyocytes (i.e. each applied pulse could lead to a beating cycle of the cardiomyocytes in

the well). On the other hand, the pulse duration does not have to be too long, since a too long

pulse duration may cause undesired effects on the cardiomyocytes. For example, when the

pulse duration is too high, there could be a large averaged, effective, direct-current DC field

bias applied to the electrodes (e.g. pulse duration of 700 milliseconds for a 1 Hz, 1 V pulse

would mean a DC voltage of 0.7V (=1V * 700 millisecond * lHz) applied to the electrodes,

leading to among undesired effects, water-electrolysis occurring on the electrodes and causing

a change in the local pH as well as 0 2 and/or H2 bubbling in the cell culture media, and causing

undesired physiological effects on cardiomyocytes. Generally the pulse duration should be

applied as short as possible, as long as it leads to the effective pacing of the cardiomyocytes

(i.e. each applied pulse could lead to a beating cycle of the cardiomyocytes in the well).

Most preferably, the pulse profile has a rectangular pulse shape and an intensity or

voltage of about 0.7 V to 1 V but can also be up to about 2 volts. In other embodiments, the

voltage is up to 3 volts. In some instances intensity is increased when pacing frequency is

increased. The pulse duration or pulse width is generally about 0 .1 milliseconds to 0.2

milliseconds but can be up to 10 milliseconds and can also increase when pacing frequency is

increased.

While the pulse intensity and duration can be increased over time, accelerating the

differentiation of immature cardiomyocytes is believed to be primarily due to increasing the

beating rate of the cell culture, which is accomplished by increasing electric pacing.

Experimentally, it was found that increasing the beating rate of the immature cardiomyocyte

culture over time increases the rate of differentiation. To this end, what could take months to

a year or so to accomplish is demonstrated herein to take place within weeks. To this end,

differentiating immature cardiomyocytes is primarily accomplished by way of applying a pulse

profile with a varying pulse frequency to pace immature cardiomyocytes over time.

The skilled artisan will appreciate that the pulse profile can vary depending on the

beating rate of the immature cardiomyocytes and can also vary depending on the method used

to differentiate immature cardiomyocytes into mature cardiomyocytes. As an example, a pulse

profile will typically start at a frequency that matches or nearly matches the beating rate of the

immature cardiomyocytes, which can vary. Most often, the pulse profile will start at a slower

pulse frequency and increase in frequency over time. This initial lower pulse frequency should

be appropriate so that the cardiomyocyte can follow the pacing pulses (i.e. each pacing pulse

could result in one beating cycle of the cardiomyocytes in the well). Experimentally, an adult

like or mature phenotype was achieved more quickly when increasing the pacing stepwise at



about 0.5 Hz increments over time until reaching final pacing frequency of 2 Hz. Surprisingly

beneficial results were achieved when holding a pacing frequency at a same rate for 1 one

week, then increasing the pacing by about 0.5 Hz weekly until achieving a pacing frequency

of 2 Hz. However, it is expected that shorter periods, such as days, would be acceptable as

would longer durations, such as weeks.

As an example, a pulse profile was developed to have a pulse frequency that varies

between 0.5 Hz and 2 Hz over time. As another example, the pulse profile includes a pulse

frequency that varies between 1 Hz and 2 Hz over time. As another example, the pulse profile

includes a pulse frequency that increases from 0.75 Hz to 2 Hz over time. As another example,

the cardiomyocytes of certain genotype or phenotype, such as a diseased genotype/phenotype,

may require an initial lower pulse frequency such as 0.5 Hz, or 0.3 Hz or even lower so that

the cardiomyocytes can be effectively paced. On the other hand, the pulse frequency can be

increased over time from an initial low pulse rate to a higher pulse frequency such as 3 Hz, or

even higher, depending on the requirement of the assays that would use such cardiomyocytes

that are being paced. The skilled artisan will appreciate that the time period between increasing

the pulse frequency can also vary but in some embodiments, the time period for increasing the

pulse frequency occurs over 2-6 days. In other embodiments, time period for increasing the

pulse frequency occurs over 1 to 5 weeks. As a nonlimiting example, further differentiation of

immature cardiomyocytes can occur when pulsing at 0.75 Hz for 1 week, 1.5 Hz for another

week, and 2 Hz for still another week. Preferably the increasing pulse frequency doubles in

frequency over time. Cardiomyocyte maturation can be followed by periodically testing the

force-frequency relationship of the beating culture to determine whether the force-frequency

relationship increases, which is indicative of maturity, or decreases, which is indicative of

immaturity. In particular, testing can include progressively increasing the pacing rate of the

cardiomyocytes and simultaneously recording the beating amplitude, which is a surrogate for

force. If there is a negative beating amplitude/electrical pacing rate relationship then the

cardiomyocyte is deemed immature; whereas if there is a positive amplitude/electrical pacing

rate relationship, the cardiomyocyte is deemed "mature".

Accordingly, a pulse profile to induce differentiation of immature cardiomyocytes into

those with an adult phenotype can include electrically pacing cardiomyocytes by applying a

pulse profile having a pulse frequency between 1 Hz and 2 Hz. Most preferably the pulse

profile increases the pulse frequency over time. In embodiments, where the immature

cardiomyocytes are beating at a frequency of less than 1 Hz, the pulse frequency applied may

double in frequency over time. The immature cardiomyocytes are pulsed until obtaining a



positive force-frequency relationship. In particular, the functionally adult cardiomyocytes have

apositive force frequency; whereas immature cardiomyocytes have anegative force-frequency.

In some embodiments, a compound that drives cardiomyocyte maturation is added to

the immature cardiomyocytes to help drive maturation. In some embodiments, a growth factor

or a growth hormone is added to the immature cardiomyocytes. In some embodiments an

angiogeneic factor is added to the immature cardiomyocytes. In some embodiments, an

angiopoietin is added to the immature cardiomyocytes. Angiopoietins are a family of growth

factors that includes the glycoproteins angiopoietin 1 and 2 and the ortholog 4 . In other

embodiments, VEGF is added.

Tri-iodo-L-thryonine (T3) is growth hormone essential for optical heart growth. Yang

et al. (2014). Yang found that T3 treatment of immature cardiomyocytes increased

cardiomyocyte size, increased sarcomere length, decreased proliferation, increased contractile

force generation, enhanced calcium handling properties and increased maximal mitochondrial

respiration capacity. As such, the addition of growth hormones may further accelerate the

maturation process when coupled with electric pacing.

As further demonstration of the above, Example III describes the use of the

xCELLigence RTCA CardioECR system to measure and monitor dynamic changes in beating

activity during chronic application of electric pacing to iPSC cardiomyocytes. The cells were

then tested to assess functional maturation in Example IV by electrically pacing the cells over

a 40-minute interval to determine if the cells would respond in a positive force-frequency

relationship. Confirming results are shown in FIGS. 4-5.

As further confirmation, Example V provides a test using inotropic compounds to

determine if treated cells respond properly in the sense that positive inotropic compound

treatment would result in an increase in the beating amplitude and negative inotropic compound

treatment would result in a decrease in the beating amplitude. The results are depicted in FIGS.

6A-B. In summary, after exposure to isoproterenol, the increase in beating rate (B) was

detected in both spontaneous beating cardiomyocytes and chronically paced cardiomyocytes,

while the positive inotropic effects reflected by the increase in beating amplitude (A) was only

observed in paced cells. The data was presented by mean ± SD (N=5)

C. Screening for inotropic and/or chronotropic compounds using iPSC-derived

cardiomyocytes or EC-derived cardiomyocytes having a more adult-like

phenotype



Inotropic agents, or inotropes, are medicines that change the force of heart's

contractions. There are 2 kinds of inotropes; positive inotropes and negative inotropes. Positive

inotropes strengthen the force of the heartbeat while negative inotropes weaken the force of the

heartbeat. Both kinds of inotropes are used in the treatment of many different cardiovascular

conditions. Accordingly the invention provides methods of screening for inotropes for potential

therapeutic use.

The kind of inotrope given depends on the condition. Positive inotropes strengthen the

heart's contractions, so it can pump more blood with fewer heartbeats. This medicine is usually

given to patients with congestive heart failure or cardiomyopathy. These medicines may also

be given to patients who have had a recent heart attack. In some cases, inotropes are given to

patients whose hearts have been weakened after heart surgery (in cases of cardiogenic

shock). Examples of positive inotropes include digoxin, amidarone, berberine, levosimendan,

omecamitiv, dopamine, dobutamine, dopexamine, epinephrine, isoprenaline, antiotension.

In contrast, negative inotropes weaken the heart's contractions and slow the heart rate.

These medicines are used to treat high blood pressure (hypertension), chronic heart failure,

abnormal heart rhythms (arrhythmias), and chest pain (angina). They are sometimes used in

heart attack patients to reduce stress on the heart and prevent future heart attacks. Examples of

negative inotropes include diltiazem, verapamil, clevidipine, quinidine, procainamide,

dispryramide and flecainide.

Therefore, using iPSC derived cardiomyocytes or ESC derived cardiomyocytes having

a more adult-like phenotype to screen for inotropic compounds can be an important tool and

provides more reproducible results compared to immature cardiomyocytes. Accordingly, the

invention also provides methods of screening for potential inotropic compounds using

functionally matured cardiomyocytes. Upon their identification, the compounds may be

provided with a pharmaceutically acceptable carrier suitable for the intended route of

administration and administered to a patient in need thereof, such as a patient suffering from

congestive heart failure, cardiomyopathy, high blood pressure (hypertension), chronic heart

failure, abnormal heart rhythms (arrhythmias), and/or chest pain (angina). Alternatively, the

pharmaceutical may be prescribed after heart surgery.

Compounds that affect beating rate are called chronotropic compounds or chronotropes.

Positive chronotropic drugs increase beating rate and include most adrenergic agonists. These

include atropine, dopamine, epinephrine, isoproterenol, milrinone and theophylline. Negative



chronotropic drugs decrease beating rate and include beta blockers, such as metoprolol,

acetylcholine, digoxin, diltiazem and verapamil.

As demonstrated herein, the methods are able to resolve both beating force or amplitude

and beating frequency at high resolution. Experimentally it is also demonstrated herein that

iPSCs differentiated using the pacing approach are responsive to cardiac medications. To this

end, a method of characterizing an effect of a compound on cardiomyocyte beating is provided,

which includes providing a system having an electrode sensor array, wherein the system is

configured to culture, electrically pulse, and electrically monitor beating cells; culturing

immature cardiomyocytes in the system; electrically pacing the immature cardiomyocytes

using an electric pulse profile until the cardiomyocytes are functionally mature; adding a

compound suspected of having an effect on cardiomyocyte beating force or cardiomyocyte

beating rate to the functionally mature cardiomyocytes; electrically monitoring the cultured

cardiomyocytes before and after compound addition; determining before and after the

compound addition, at least one parameter that characterizes a beating force or a beating rate;

and comparing the determined at least one parameter before and after the compound addition,

thereby identify a difference in response to the compound addition. From this method the

compound can be characterized as a positive inotropic compound if the beating force increases

after compound addition or a negative inotropic compound if the beating force decrease after

compound addition, and/or a positive chronotropic compound if the beating rate increases after

the compound addition or a negative chronotropic compound if the beating rate decreases after

the compound addition.

As proof of principle, an assay was conducted in Example VI using milrinone. As

shown in FIG. 7A-B, after exposure to the positive inotropic compound milrinone, beating rate

(B) slightly increased in both spontaneous beating cardiomyocytes and chronically paced

cardiomyocytes. However, the beating amplitude (A) was significantly increased in electrically

paced cardiomyocytes. The data was presented by mean ± SD (N=5).

Further analysis was conducted to assess whether the beating force would increase upon

administration of a panel of additional inotropic compounds. FIG. 8 displays a panel of force

frequency displays after administration of a panel of inotropic compounds before and after

electrically pacing iPSC cardiomyocytes. Positive intropic compounds bayK and digoxin

where shown to have a positive inotropic effect, while ISO has positive chronotropic effect.

As with the systems described above and with brief reference to FIGS. 1-2D, the

electrode array 10A-D can include an impedance monitoring electrode array 16A-D, 18A-D

positioned on a substrate and operably connected to an impedance analyzer OB to monitor



cell-substrate impedance of a cell population cultured in the system 100. Alternatively, the

electrode array 10A-D can include an extracellular recording electrode array 12A-D , 14A-D

operably connected to an extracellular recording amplifier HOC to conduct extracellular

recording of a cell population cultured in the system 100. Still further, the system 100 can

include an impedance monitoring electrode array 16A-D , 18A-D on a substrate, an

extracellular recording electrode array 12A-D , 14A-D on the substrate, an impedance analyzer

HOB, and an extracellular recording amplifier HOC, where the system 100 is configured to

monitor cell-substrate impedance and conduct extracellular recording of a cell population

cultured in the system 100.

As a nonlimiting example, the methods can be conducted using the xCELLigence

RTCA CardioECR system (shown in FIG. 1), by: seeding iPSC cardiomyocytes in wells of the

CardioECR Plate (E-Plate CardioECR 48) at an appropriate density; allowing the cells to

attach, grow and achieve spontaneous beating rhythm while continuously monitoring the

spontaneous beating activity using the CardioECR system; and performing directed electrical

pacing of the iPSC cardiomyocytes after spontaneous, synchronously beating is observed for

the cardiomyocyte monolayer, over the course of 4 weeks post-seeding while continually

monitoring beating activity.

A compound suspected of having an effect on cardiomyocyte beating force or

cardiomyocyte beating rate to the functionally mature cardiomyocytes can be added directly to

the device and the cardiomyocytes electrically monitored over time. Preferably, the

cardiomyocytes are electrically monitored before and after compound addition. In some

embodiments, the cardiomyocytes are compared to a control population that does not receive

a compound. At least one parameter that characterizes a beating force or a beating rate is then

determined and compared to identify whether addition of the compound affected the beating

parameter.

For completeness, the method is not limited to any particular species, but the methods

will most often use a cell from a same species that is to ultimately be diagnosed or treated with

the compound. To this end, when conducting assays that may lead to the treatment of a human,

such as for the treatment of a heart disorder, most often human iPSCs will be used. When

conducting studies for veterinary medicine, most often iPSCs or ESCs from a same species that

is to be diagnosed or treated will be used. Still further, when the object is to diagnose or treat

a human patient, most preferably the iPSCs will be from cells collected from the same patient

that is to be treated or diagnosed.



While the methods provide for the further differentiation of immature cardiomyocytes,

the initial differentiation procedures can also be conducted on the cell cultured device and

electrically monitored. More specifically, coatings used in the differentiation of iPSCs into

cardiomyocytes may also be applied to the cell culture device and corresponding procedures

performed.

In some embodiments, the assay is performed with the immature cardiomyocytes

aligned on patterned substrates. As a nonlimiting example, culturing cardiomyocytes on

patterned islands of fibronectin separated by bare polyacrylamide, which is cytophobic, was

shown to improve spontaneous beating. Werley et al. (2017). As such, the methods herein

may include culturing immature cardiomyocytes on patterned substrates, such as, but not

limited to fibronectin patterns as taught or suggested in Werley et al, with the addition of the

electrodes for pulsing and electrically monitoring cardiomyocytes. That is, the devices for

iPSC maturation can be patterned to further drive maturation.

In some embodiments, the assay is performed on a substrate having an elastic modulus

from 1 kPa to 50 kPa, 5 kPa to 15 kPa, 8 kPa to 12 kPa, orlO kPa, which is near the stiffness

of the native myocardium. Such substrates can be formed following the teachings of Jacot et

al (2008) with the addition of electrodes for pulsing and electrically monitoring

cardiomyocytes. That is, the devices for iPSC maturation have an elastic modulus that mimics

the myocardium.

In some embodiments, the assay is performed in the presence of a vascular-like

network. As a nonlimiting example, the immature cardiomyocytes are seeded on a vascular

network of endothelial cells (ECs). Vascular ECs produce a variety of auto- and paracrine

agents including VEGF, angiopoietin and nitric oxide that influence cardiomyocyte

metabolism, growth, contractility, and rhythmicity of the heart. Brustaert (2003). In other

embodiments, the immature cardiomyocytes are seeded on a vascular network of fibroblasts.

In other embodiments, the immature cardiomyocytes are seeded on a vascular network of

human umbilical vein endothelial cells (HUVEC) and human adipose stromal cells (hASC).

Adipose stromal cells (hASCs) have been shown to produce significant amounts of angiogeneic

factors and cytokines including VEGF, hepatocyte growth factors and angiopoietin. In other

embodiments, the immature cardiomyocytes are seeded on a vascular network of HUVECs and

human foreskin fibroblasts. Each of the above have been shown to be beneficial for culturing

cardiomyocytes. Vourenpaa et al. (2004). Each can be used with the methods and systems

herein.



Preferably, the pacing is conducted on a cardiomyocyte population that is undergoing

synchronized beating. Synchronized beating can be determined using cell-substrate impedance

monitoring of the immature cardiomyocytes to obtain a beating parameter, whether raw

impedance value or cell index, then comparing the parameter over time. A population that is

not synchronized in beating will not generate a continuous and reproducible impedance-based

curve. Nor will the beating culture produce a reproducible beating peak. That is, the curves

will not properly overlay one another. Rather the curve will shift or lack refinement. To this

end, cardiomyocyte beating resolution as provided herein is sufficiently high that it can

determine whether or not the cardiomyocyte beating is synchronized. The systems herein

regularly achieve 40 ms resolution and also reproducibly achieve 20 ms resolution. By 40 ms

resolution or 20 ms resolution it is meant that the system will conduct consecutive

measurements 40 ms or 20 ms apart from one another. Still greater resolution of 10 ms or 1

ms is also encompassed. Typically, cell populations are measured over time periods of about

20 seconds and during this time preferably the pacing is halted. Achieving synchronized

beating without electric stimulation will generally occur in 6 days to 2 weeks.

It has been found that synchronized beating can be achieved faster by electrically pacing

the immature cardiomyocytes. That is, if the cardiomyocyte beating is not synchronized, the

method can also include electrically pacing the immature cardiomyocytes until cardiomyocyte

beating is synchronized. Compared to the pulse profiles used for differentiation, electrically

pacing the cardiomyocytes to synchronize beating typically maintains a slower pulse

frequency. That is, immature cardiomyocytes can be slowly but steadily paced until beating is

synchronized. Typically, the pacing is at a constant frequency. Most preferably, the pacing is

at the same pace as the beating rate of the immature cardiomyocytes in culture. This frequency

is typically about 0.5 Hz to about 1 Hz. This frequency could be 0.05 Hz to 0.5 Hz in some

cases (e.g. diseased genotype/phenotype). Pacing to achieve synchronized beating typically

occurs within days.

Pacing the immature cardiomyocytes includes electrically delivering a pulse profile to

the immature cardiomyocytes that induces further differentiation. Most preferably, the pulse

profile has a rectangular pulse shape and an intensity of about 0.7 V to 1 V or up to 2 volts. In

some embodiments the voltage is up to 3 volts. However, other pulse shapes such as a sine

wave form, a triangle wave form and/or a sawtooth wave form can also be used. In some

instances intensity is increased when pacing frequency is increased, but in others intensity

remains uniform. The pulse duration is generally about 0 .1 millisecond to 0.2 milliseconds or



up to 10 milliseconds and can also increase when pacing frequency is increased. However,

pulse duration can also be maintained uniform while increasing pulse frequency over time.

While the pulse intensity and duration can be increased over time, accelerating the

differentiation of immature cardiomyocytes is believed to be primarily due to increasing the

beating rate of the cell culture, which is by way of electric pacing of cells. Experimentally it

was found that increasing the beating rate over time increases the rate of differentiation. To

this end, what could take months to a year or so to accomplish is demonstrated herein to take

place within weeks. Surprisingly beneficial results were achieved when holding a pacing

frequency at a same rate for 1 one week, then increasing the pacing by about 0.5 Hz weekly

until achieving a pacing frequency of 2 Hz. However, it is expected that shorter periods, such

as days, would be acceptable as would longer durations, such as weeks.

Accordingly, a pulse profile to induce differentiation of immature cardiomyocytes into

those with an adult phenotype can include electrically pacing cardiomyocytes by applying a

pulse profile having a pulse frequency between 1 Hz and 2 Hz. Most preferably the pulse

profile increases the pulse frequency over time. In embodiments, where the immature

cardiomyocytes are beating at a frequency of less than 1 Hz, the pulse frequency applied may

double in frequency over time. Electric pacing continues until the cardiomyocytes have a

positive force-frequency relationship. In particular, functionally mature or adult

cardiomyocytes have a positive force-frequency relationship; whereas immature

cardiomyocytes have a negative force frequency relationship.

As with monitoring the functional maturation of cardiomyocytes, the high resolution of

cardiomyocyte beating reveals shifts in beating force and/or frequency when adding

compounds that correspondingly affect beating force and/or frequency. That is while the

methods use electric monitoring of cardiomyocytes to follow the differentiation into mature

cardiomyocytes, the same electric monitoring approach can measure and follow the effect of

potentially therapeutic or toxic compounds on cardiomyocytes. In particular, the electric

monitoring of cardiomyocytes can reveal changes in beating force or amplitude and can be

reveal changes in beating frequency in response to compound addition.

Thus, by monitoring the beating force or amplitude and beating frequency both

inotropic and chronotropic affects can be evaluated. As a nonlimiting example, comparing the

determined at least one parameter before and after the compound addition can be used to

characterize the compound as: a positive inotropic compound if the beating force increases

after compound addition or a negative inotropic compound if the beating force decrease after

compound addition, and/or a positive chronotropic compound if the beating rate increases after



the compound addition or a negative chronotropic compound if the beating rate decreases after

the compound addition.

D. Screening for compounds using iPSC-derived cardiomyocytes or ESC-derived

cardiomyocytes that affect the maturation of cardiomyocytes into a more adult¬

like phenotype

The artisan will appreciate that the methods can also be applied to assess the effect of

compounds on the maturation process. As an exemplary embodiment, a method of

characterizing an effect of a compound on cardiomyocyte maturation is provided, the method

including: providing a system configured to culture, electrically pace, and monitor beating of

beating cells; culturing immature cardiomyocytes in the system; electrically pacing the

immature cardiomyocytes according to a pulse profile that functionally matures the

cardiomyocytes; adding a compound suspected of having an effect on cardiomyocyte

maturation; electrically monitoring the cultured cardiomyocytes before and after compound

addition; determining before and after the compound addition, at least one parameter that

characterizes a beating force-frequency relationship; comparing the determined at least one

parameter before and after the compound addition thereby identify a difference in response to

the compound addition.

Relatedly, a method of characterizing an effect of a compound on cardiomyocyte

beating is provided, which includes: providing a system configured to culture, electrically pace,

and monitor beating of beating cells; culturing two populations of immature cardiomyocytes

in the system; adding a compound suspected of having an effect on cardiomyocyte maturation

to one of the populations of immature cardiomyocytes; electrically pacing the two populations

of immature cardiomyocytes according to a pulse profile that functionally matures immature

cardiomyocytes until at least one of the two populations of cardiomyocytes is functionally

mature; and characterizing the compound as further driving maturation if the population with

compound addition functionally matures before the other cardiomyocyte population.

As with the disclosure above, in some embodiments, the immature cardiomyocytes are

derived from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs). It is

preferred that both populations of immature cardiomyocytes are cultured until beating within

the corresponding population is synchronized prior to adding the compound. That is, each

population of cardiomyocytes should have synchronized beating but the beating between the



two different populations does not need to be synchronized. Synchronized beating can be

determined using cell-substrate impedance monitoring of the immature cardiomyocytes to

obtain a beating parameter, whether raw impedance value or cell index, then comparing the

parameter over time. A population that is not synchronized in beating will not generate a

continuous and reproducible impedance-based curve. Nor will the beating culture produce a

reproducible beating peak. That is, the curves will not properly overlay one another. Rather

the curve will shift or lack refinement. To this end, cardiomyocyte beating resolution as

provided herein is sufficiently high that it can determine whether or not the cardiomyocyte

beating is synchronized. The systems herein regularly achieve 40 ms resolution and also

reproducibly achieve 20 ms resolution. By 40 ms resolution or 20 ms resolution it is meant

that the system will conduct consecutive measurements 40 ms or 20 ms apart from one another.

Still greater resolution of 10 ms or 1 ms is also encompassed. Typically, cell populations are

measured over time periods of about 20 seconds and during this time preferably the pacing is

halted. Achieving synchronized beating without electric stimulation will generally occur in

6 days to 2 weeks.

Pacing the immature cardiomyocytes includes electrically delivering a pulse profile to

the immature cardiomyocytes that induces further differentiation. Most preferably, the pulse

profile has a rectangular pulse shape and an intensity of about 0.7 V to 1 V or up to 2 volts. In

some embodiments the voltage is up to 3 volts. However, other pulse shapes such as a sine

wave form, a triangle wave form and/or a sawtooth wave form can also be used. In some

instances intensity is increased when pacing frequency is increased, but in others intensity

remains uniform. The pulse duration is generally about 0 .1 millisecond to 0.2 milliseconds or

up to 10 milliseconds and can also increase when pacing frequency is increased. However,

pulse duration can also be maintained uniform while increasing pulse frequency over time.

While the pulse intensity and duration can be increased over time, accelerating the

differentiation of immature cardiomyocytes is believed to be primarily due to maintaining an

increasing beating rate of the cell culture, which is by way of electric pacing of cells.

Experimentally it was found that increasing the beating rate over time increases the rate of

differentiation. To this end, what could take months to a year or so to accomplish is

demonstrated herein to take place within weeks. Surprisingly beneficial results were achieved

when holding a pacing frequency at a same rate for 1 one week, then increasing the pacing by

about 0.5 Hz weekly until achieving a pacing frequency of 2 Hz. However, it is expected that

shorter periods, such as days, would be acceptable as would longer durations, such as weeks.



Accordingly, a pulse profile to induce differentiation of immature cardiomyocytes into

those with an adult phenotype can include electrically pacing cardiomyocytes by applying a

pulse profile having a pulse frequency between 1 Hz and 2 Hz. Most preferably the pulse

profile increases the pulse frequency over time. In embodiments where the immature

cardiomyocytes are beating at a frequency of less than 1 Hz, the pulse frequency applied may

double in frequency over time. Electric pacing continues until the cardiomyocytes beat at a

positive force-frequency relationship. In particular, the functionally adult cardiomyocytes have

a positive force-frequency relationship; whereas immature cardiomyocytes have a negative

force-frequency relationship.

During or before electrical pacing, one or more compounds can be added to an

immature cardiomyocyte population and its effect on maturation assessed by way of

comparison to a control. That is, the force-frequency relationship between cell populations in

response to compound addition can be compared to determine whether the added compound

further drives maturation or slows maturation. The skilled artisan will appreciate that

determining changes in maturation in response to compound administration may be further

studied by providing such compounds in different concentrations to determine dose effects on

maturation.

As with monitoring maturation, compounds may be administered to one or more

populations of immature cardiomyocytes and the force-frequency relationship assessed over

time. Changes in force-frequency relationship in response to compound administration

demonstrates differences in maturity or the maturation process.

EXAMPLES

Example I

Determining Beating Parameters of a Beating Cell Culture

In one approach cell-substrate impedance measurements are used to determine beating

cycle peaks associated with a cell. Beating itself corresponds to the excitation-contraction

coupling of the cells. In particular, beatings are defined as a sequence of Positive Peaks (+P in

FIG. 3) and Negative Peaks (-P in FIG. 3). The value of these Positive Peaks and Negative

Peaks and the corresponding time periods determine beating characteristics, which reveal the

status of the cardiomyocyte population. For example, a Positive Peak may correspond to the



contraction of cardiomyocytes, whilst the return of measurement values to baseline and to

negative peak may correspond to the relaxation of cardiomyocytes.

As an example, time dependent impedance values or cell index values for a well are

analyzed by deriving their first order derivatives and second order derivatives using numerical

methods. The beating cycle peaks are those data points where the first order derivatives of

impedance values or cell index values are zero or close to zero in absolute value. If the beating

cycle peak is a positive peak (i.e. peak corresponds to a maximum value in measured

impedance or cell index over the beating cycle), then the peak would correspond to data points

where the second order derivatives of the impedance values or cell index values are negative

and where the first order derivatives of the impedance values or cell index values are zero or

close to zero in absolute value. If the beating cycle peak is a negative peak (i.e. peak

corresponds to a minimum value in measured impedance or cell index over the beating cycle),

then the peak would correspond to the data points where the second order derivatives of the

impedance values or cell index values are positive and where the first order derivatives of the

impedance values or cell index values are zero or close to zero in absolute value.

In yet another approach, the method for searching for and identifying "positive peaks"

and "negative peaks" may involve the use and modification of various mathematical

algorithms, e.g., the Douglas-Peucker algorithm. The Douglas-Peucker algorithm is an

algorithm for reducing the number of points in a curve that is approximated by a series of

points. Based on the required maximum distance between on the original curves and on the

simplified curves, the Douglas-Peucker algorithm could also be adopted to identify positive

peaks and negative peaks in time-dependent data point series for impedance values and/or cell

index vales.

In another approach, a method of determining a beating cycle peak is to search for the

data point where the trend of the data changes direction from "increasing" to "decreasing" with

time (for a positive peak), or from "decreasing" to "increasing" (for a negative peak). After

the identification of the beating cycle peaks, the impedance or cell index values at such peak

time points provide the magnitude or amplitude of the beating cycle peaks.

After determining the beating cycle peaks, various methods can be used to calculate the

beating rate. A beating rate parameter is generally provided as beatings per minute. In a

positive peak counting approach, the number of positive peaks is determined over a given time

interval and converted to the desired unit, preferably beats per minute. Similarly, in a negative

peak counting approach the number of negative peaks is determined over given time interval

and converted to the desired unit. As an example, if there are 2 peaks in a one second interval,



then the beating rate would be 2 beats per second, or 120 beats per minute. In still another

approach, beating rate is calculated by determining the time period between a series of two or

more positive peaks or between a series of two or more negative peaks. That is, in this approach

a unit of time (e.g., 1 minute) is divided by the time period between two adjacent peaks. For

example, if two adjacent peaks are separated by 500 milliseconds, then the beating rate would

be 120 beats per minute. In a time interval comprising multiple positive or negative peaks, the

beating rate could be determined by the following method. Take positive peaks as an example,

the time periods between every pairs of two adjacent positive peaks are calculated. Then the

beating rate could be calculated in two ways. The first method is to divide a unit of time (e.g.,

1 minute) by the average of the time periods between all two-adjacent positive peaks in the

given time interval. The second method is to calculate the corresponding beating rates based

on each pair of two adjacent positive peaks and then to average of the adjacent-peaks-derived

beating rates.

To further assist in comparison, beating rates can also be normalized. Determining a

normalized beating rate is achieved by dividing the beating rate at a selected data analysis time

by a beating rate at a normalization time. Thus a beating rate identical to that at the

normalization time would be defined as 1. Normalizing beating rates can provide a more clear

indication of whether and to what degree a change in beating rate occurs. For example, a

normalized beating rate close to 1 or less than 1 could mean that further maturation has not

occurred, which suggests a pulse profile should be continued to further induce maturation. A

normalized beating rate larger than 1 may mean that the iPSC has undergone maturation or is

still undergoing maturation.

Beating amplitude or beating force is a parameter used in some embodiments to

describe or correspond to the intensity of the peak, which may reflect the extent of contraction

or relaxation of cardiomyocytes during a beating cycle. Determining beating amplitude can

involve a whole peak approach, which could be determined by the difference between a

negative peak and the following positive peak as shown in FIG. 3 . For example, in FIG. 3 the

beating amplitude is shown as the difference in cell index between a Negative Peak to the

following adjacent Positive Peak (Amp-1, Amp-2, Amp-3, ... , Amp-m). In another approach,

beating amplitude for a positive peak is the difference between a determined baseline to a

positive peak. In still another approach beating amplitude for a negative peak is the difference

between a determined baseline to a negative peak. An exemplary baseline is shown in FIG. 3 .

Thus, for a single beating cycle, one could define or identify different types of

amplitude (or an amplitude) of the beating-cycle peaks, including the amplitude of positive



peak, the amplitude of negative peak and the amplitude of the whole peak in a cycle. From the

measured data point series, a baseline value, which may theoretically correspond to the value

when the cardiomyocytes are at their fully relaxation status, could be determined or identified

from the measured data values in a time series. The amplitude of a positive peak is the

impedance value or cell index value or other measurement value at the positive-peak time point

subtracted by the baseline value. The amplitude of a negative peak is the impedance value or

cell index value or other measurement value at the negative-peak time point subtracted by the

baseline value. The amplitude of whole peak is the difference in the impedance value or cell

index value or other measurement value between positive-peak time point and negative-peak

time point.

Whilst the above paragraph discusses different types of the amplitudes of a single

beating cycle, for a time period including multiple beating cycles, one could determine the

average and standard deviations (or standard errors) of the positive-peak amplitude, the

negative-peak amplitude and whole-peak amplitude.

Beating amplitude can also be normalized as a normalized amplitude. A normalized

amplitude is the amplitude at a selected data analysis time divided by the amplitude at the

normalization time point. A beating amplitude identical to that at the normalization time would

be defined as 1. Thus, the normalized amplitude reveals differences, such as an increase or

decrease in the amplitude or intensity of a beat compared to a referenced amplitude, where

generally an increase is indicative of further maturation.

Normalized beating amplitude could be derived for all three types of beating

amplitudes, i.e. positive-peak based amplitude, negative-peak based amplitude and whole-peak

amplitude.

Beating period (also referred to as "beating cycle") is a parameter which provides the

time period between two positive peaks, two negative peaks or can be the time period between

a positive peak and a negative peak. The beating period can be used to identify changes in

beating rate or can be used as a defined period for comparison of other parameters, such as

differences in amplitude. In FIG. 3, within one Sweep Duration, the number of Positive Peaks

is m (+P1, +P2, +P3, +Pm) and the number of Negative Peaks is n (-P1, -P2, -P3, -

Pn). The time between two adjacent individual Positive Peaks (or/and two adjacent individual

Negative Peaks) is defined as beating period. For example, the beating period based on the

Positive Peaks is T+pi, T+P2, . . . , T+p( -i) and the beating period based on the Negative Peaks is

T-Pl, T-P2, . . . , T-P(n-l).



Example II

Comparing Beating Patterns

Beating pattern similarity is a parameter derived to quantify the degree of the similarity

between the beating waveforms between two different time intervals. To this end, the beating

pattern similarity can be used to determine whether cardiomyocyte beating is synchronized or

if affected by inotropic or chronotropic compound administration. For any given time interval,

the beating partem is shown as the beating curves comprised of a number of measurement

values (impedance values, cell index values or other values) across a number of time points

during the time interval. Beating patterns at two time intervals may be compared numerically,

such as by comparison between determined parameters for the beating curves at these two time

intervals or patterns may be compared through the comparison of the beating curves. When

comparing curves it may desirable to align curves to match an initial positive peak or initial

negative peak. Aligning curves may also use a variety of curve algorithms, which identify

distances or shifts between curves.

In one embodiment, the beating pattern similarity is derived as a parameter to compare

the determined parameters for the beating curves at two time intervals. For example, one may

compare the beating rates BRi and BR2 at the two time intervals. An example of the beating

pattern similarity is given as:

Beating pattern similarity = (2*BRi * BR2)/(BRi*BRi+BR2*BR2)

With this above example, the beating partem similarity is one (the highest value) when

the beating rates at the two time intervals are the same. When the beatings rates differ at two

time intervals, the beating pattern similarity would be less than 1. The more the beating rates

differ, the smaller the beating pattern similarity value.

In a preferred embodiment, however, the beating pattern similarity is derived as a

parameter to directly compare the beating curves at the two time intervals. The idea of the

beating pattern similarity should possess such properties that the value for beating pattern

similarity is large when the two beating curves are similar, and the value for beating partem

similarity is small when the two beating curves are not similar. There are multiple methods for

deriving such beating partem similarity values.



In one method, as briefly mentioned above, for comparing the beating curves at two

time intervals (assuming the same measurement time resolutions for the measured data points),

it may desirable to align curves to match an initial positive peak or initial negative peak. After

aligning the initial peaks, an "AND" operation is performed on the time points for the two

beating curves so that the overlapping time points on the two beating curves are kept whilst

non-overlapping time points on either one of the beating curves are discarded. Thus, the

remaining, overlapping data points on the two beating curves are of the same number and it is

possible to readily define a distance to describe whether the two beating curves are similar.

For example, the beating pattern similarity could be the correlation coefficient between the two

data series in the remaining portions of the two beating curves. Clearly, the more similar the

two curves, the larger the correlation coefficient (i.e., the larger the beating pattern similarity

value is). In another example, the beating pattern similarity could simply be certain

mathematically-defined-distance (e.g. Euclidean distance) between two data series in the

remaining portion of the two beating curves. Note that if the measurement time resolutions

differ between the measured data points, additional time points may be artificially inserted into

the beating curves with missing time points after mathematically interpolation of the values for

such added time points based on other measured data points. With this operation, the two

beating curves would have the same time resolutions.

In another method for comparing the beating curves at two time intervals (again,

assuming the same measurement time resolutions for the measured data points), one would

take the beating curve (out of the two) with the shorter time duration. If the time-shorter beating

curve comprises more than half of the data points of the other beating curve, then some last

data points from the shorter beating curve are removed to form a "base-curve" so that the

number of the remaining data points in the shorter beating curve is half of the number of the

data points in the other beating curve. Then a number of correlation coefficients would be

determined where each correlation coefficient corresponds to the base-curve aligned to one

continuous segment (comprising of the same data point number as the base-curve) of the other

beating curve. For example, the first correlation coefficient is determined between the data

series of the base curve and the data series of first half of the other beating curve (starting from

the first data point). The second correlation coefficient is determined between the data series

of the base curve and the data series from the other beating curve with starting point being the

second data point. The last correlation coefficient is determined between the data series of the

base curve and the data series from the second half of the other beating curve ending with the



last data point. Finally, the beating pattern similarity is determined as the maximum value of

all the correlation coefficients.

There may be other methods or algorithms that could be used for deriving beating

pattern similarities. Beating partem similarity could be used to analyze the effect of a

compound on the beating pattern of cardiomyocytes. The beating curves from two time

intervals are compared. For analyzing the effect of a compound, one time interval corresponds

to the time period before compound treatment whilst the other time interval corresponds to the

time period after compound treatment. The beating pattern similarity has an advantage over

other parameters in comparing compound's effect on the cardiomyocytes. The advantage is

that it could include or summarize all the effects due to the compound, i.e. the effects on the

beating rates, beating waveform shapes or beating amplitudes etc could all be included into the

single parameter of the beating pattern similarity.

Beating rhythm irregularity (BRI) is a parameter which identifies changes in beating

rate or changes between peak periods for a beating curve over a time interval. Beating rhythm

irregularity is also referred to as a beating rate irregularity index. If the beating rate or the

beating peak period does not change with time, then the beating rhythm is regular and the

parameter of the beating-rhythm-irregularity should be small, i.e. being zero or close to zero.

On the other hand, if the beating rate or beating period does change with time, then beating

rhythm is irregular and the parameter of the beating rhythm irregularity should have a large

value. As one requirement, the parameter of the beating rhythm irregularity should be able to

identify the arrhythmic beating of cardiomyocytes. Thus, the beating-rhythm-irregularity

should attain a large value for the beating curves of cardiomyocytes if the cardiomyocytes

exhibit arrhythmic beating. There are multiple methods for calculating the beating rhythm

irregularity for a beating curve over a time interval. For example, the positive peak periods

for each-adjacent-positive-peak-pair are calculated for the beating curve in the given time

interval. Then the average and standard deviation of such multiple positive peak periods are

calculated. The beating rhythm irregularity can be calculated by dividing the standard

deviation of the positive peak periods by the average. In another example, the negative peak

periods for each adjacent negative peak pair are calculated for the beating curve in the given

time interval. Then the average and standard deviation of such multiple negative peak periods

are calculated. The beating rhythm irregularity can be calculated by dividing the standard

deviation of the negative peak periods by the average.



Example III

Functionally maturing iPSC cardiomyocytes by directed electrical pacing

using the CardioECR system

The iPSC derived cardiomyocytes used here are iCell Cardiomyocytes 2 (iCell CM2),

which were purchased from Cellular Dynamic Internationals (CDI). iCell CM2 were thawed

and seeded in fibronectin pre-coated E-plate CardioECR 48 at 50,000 viable cells/well

according to CDI user's guide. The attachment, growth and beating activity of the cells were

recorded in real-time using xCELLigence RTCA CardioECR station, which is permanently

placed in the 37°C tissue culture incubator.

Electrical pacing was initiated and applied to the cell monolayer after a stable and robust

beating activity of iCell CM2 was observed using xCELLigence RTCA cardioECR system,

which generally appears between 6-8 days after plating cells in the E-plate CardioECR 48. The

cells were continuously paced at 1 Hz, 1.5 Hz and 2 Hz with optimal pulse setting at each

pacing frequency for 1 week respectively in the CardioECR station. Medium change was

performed daily. Thus, the cells were continuously paced for 3 weeks (week 1 : lHz pacing;

week 2 : 1.5Hz pacing; week 3 : 2 Hz pacing). We found that such a pacing schedule with

gradually-increased pacing frequencies is quite effective in achieving cardiomyocyte

maturation through such frequency ramping up electrical pacing. FIG. 4 shows a screenshot

of beating activity recorded continuously over 6 seconds for each stage of pacing.

Example IV

Assessing the Functional Maturation of Electrostimulated iPSC Cardiomyocytes

To assess the functional maturation of iPSC cardiomyocytes using electrical pacing we

conducted the following procedure. After completion of the maturation process using the

ramping up electrical pacing approach in Example III, the pacing was paused for 6 hours prior

to the test for force-frequency relationship to ensure that cells stabilized their beating activity,

in terms of beating rate and beating amplitude. The baseline of beating activity was recorded

for 20 seconds every 5 minutes up to 30 minutes immediately prior to the test. The beating

rate of cells was then gradually increased by continuously electrical pacing at 0.75 Hz, 1 Hz,

1.5 Hz and 2 Hz for 10 min respectively. The contractile activity of cells was recorded for 20

seconds at the end of each pacing at different frequencies. The surrogate of contractile force,



beating amplitude, obtained at each beating frequency was calculated using CardioECR data

analysis software and plotted over beating frequencies.

FIG. 5 depicts the results of an exemplary study, where a positive beating amplitude

and beating frequency relationship was observed in paced cardiomyocytes, which is indicate

of a mature phenotype. Briefly, the cells were first electrically paced at 1 Hz, 1.5Hz and 2 Hz

for 1 week respectively (week 1, lHz pacing, week 2 1.5 Hz pacing and week 3, 2Hz pacing).

The electrical stimulation at 2 Hz was terminated 5 hours prior to the test of beating amplitude

and beating frequency relationship. The beating amplitude was calculated at each beating

frequency which was controlled by the electrical stimulation. The data collected from non-

paced cardiomyocyte (spontaneous beating cardiomyocytes) was presented in blue. The data

collected from chronically paced cardiomyocytes was presented in orange.

Example V

Assessing Functional Maturation of Electrostimulated iPSC Cardiomyoctyes

Using Inotropic Compounds

The functional maturation of iPSC cardiomyocytes from Example III was tested using

inotropic compounds. Results are shown in FIG. 6A-B.

In particular, iPSC cardiomyocytes were seeded in the wells of the CardioECR Plate

(E-Plate CardioECR 48) for approximately 7 days until they formed a synchronous, stable

beating monolayer. The cells were then electrically paced at 1 Hz, 1.5 Hz and 2 Hz for 1 week

respectively (weekl: lHz pacing; week 2 : 1.5Hz pacing; week 3 : 2Hz pacing). After pausing

the 2 Hz pacing, cell media was replaced with 90 of fresh pre-warmed media the night

before compound addition.

The cells were then continuously paced for additional 8hours at 2 Hz. The electrical

pacing was terminated 5 hours prior to compound addition to ensure that cells would generate

a stable beating rate and beating amplitude for treatment. The baseline beating activity was

recorded for 20 seconds every 5 minutes up to 30 minutes immediately prior to compound

addition. 10 of 10 X compound solution was then added to the wells of CardioECR plate

using a multichannel pipette. The cell response to the compound was recorded for 20 seconds

every 2 minutes immediately after compound exposure using CardioECR system. The cell

beating activity, including beating rate and beating amplitude, was evaluated at 30 minutes post

compound addition.



Example VI

Screening for Potential Inotropic Compounds Using Functionally Mature

Cardiomyocytes

To demonstrate the use of functionally matured iPSCs to identify inotropic compounds,

electrostimulated iPSCs were tested for their response to administration of the compound

milrinone.

Cell monolayer preparation. The iPSC-derived cardiomyocytes were seeded at the

optimal seeding density in the wells of E-plate CardioECR 48, which were pre-coated with

substrate. The attachment, growth and beating activity of the cells were recorded after cell

seeding in real-time using xCELLigence RTCA CardioECR station, which was placed in a

37°C tissue culture incubator. Medium change was performed every other day.

Induction of functionally mature iPSC-derived cardiomyocytes. The electrical pacing

was initiated and applied to the cell monolayer after a stable and robust beating activity of

iPSC-derived cardiomyocytes is observed using xCELLigence RTCA cardioECR system. The

iPSC-derived cardiomyocytes were then electrically paced at 1 Hz, 1.5 Hz and 2 Hz for 1 week

respectively using xCELLigence RTCA CardioECR system. The pulse intensity and pulse

duration was optimized before each pacing frequency and continuously applied to the cells.

The cells were confirmed to beat at the same frequency as the pacing frequency under the

pacing condition. Medium change was performed every day during chronic pacing procedure.

Inotropic compound screening. After completion of functional maturation of

cardiomyocytes over the course of ramping up pacing process for 3 weeks, the inotropic

compound screening was conducted. The old media was replaced with 90 of fresh pre-

warmed media the night before compound addition. The cells will were continuously paced for

an additional 12 hours at 2 Hz using the CardioECR system. The electrical pacing was

terminated 6 hours prior to compound application to ensure that cells generated stable beating

rate and beating amplitude for treatment. The cell beating activity is monitored and recorded

in real-time on the CardioECR system.

The effective concentration ranges for the test substances were determined. The

compound solution is prepared as follows. The compounds are dissolved in the appropriate

solvent. If DMSO is used as the solvent, dissolve the compound in a high stock concentration

if possible (ideally more than 1000-fold of the highest test concentration) and store at -20°C .

Serial dilutions of compounds are prepared 1000 X concentrated in appropriate solvent (DMSO



or H20). Diluted compounds are transferred to the wells of a V-bottom microtiter plate for

further dilution in culture medium (10 X concentrated).

The baseline of beating activity is recorded for 20 seconds every 5 minutes up to 30

minutes immediately prior to compound addition on the CardioECR system. 10 of 10 X

compound solution is added to the wells of CardioECR plate using multichannel pipette. The

cell response to the compound is recorded for 20 seconds every 2 minutes immediately after

compound exposure using CardioECR system.The cell beating activity, including beating rate

and beating amplitude, is evaluated at 30 minutes post compound addition.

As proof of principle, the above assay was conducted using milrinone. As shown in

FIG. 7A-B, after exposure to the positive inotropic compound milrinone, beating rate (B)

slightly increased in both spontaneous beating cardiomyocytes and chronically paced

cardiomyocytes. However, the beating amplitude (A) was significantly increased in electrically

paced cardiomyocytes. The data was presented by mean ± SD (N=5).
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CLAIMS

What is claimed is:

1. A method of maturing functionally immature cardiomyocytes, the method

comprising:

a) providing a system configured to culture, electrically pace, and

monitor beating of beating cells;

b) culturing immature cardiomyocytes in the system;

c) monitoring the immature cardiomyocytes to characterize

cardiomyocyte beating as synchronized or not synchronized; and

d) if synchronized, electrically pacing the immature cardiomyocytes

according to a pulse profile that induces maturation until the immature

cardiomyocytes mature into functionally adult cardiomyocytes.

2 . The method of claim 1, wherein the system comprises a cell-substrate

impedance monitoring electrode array positioned on a substrate and operably connected to an

impedance analyzer to monitor cell-substrate impedance of a cell population cultured in the

system.

3 . The method of claim 1, wherein the system comprises an extracellular

recording electrode array operably connected to an extracellular recording amplifier to

conduct extracellular recording of a cell population cultured in the system.

4 . The method of claim 1, wherein the system comprises a cell-substrate

impedance monitoring electrode array on a substrate, an extracellular recording electrode

array on the substrate, an impedance analyzer, and an extracellular recording amplifier,

wherein the system is configured to monitor cell-substrate impedance and conduct

extracellular recording of a cell population cultured in the system.

5 . The method of claim 1, wherein the immature cardiomyocytes are derived

from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs).



6 . The method of claim 1, wherein the step of monitoring the immature

cardiomyocytes comprises monitoring cell-substrate impedance of the immature

cardiomyocytes.

7 . The method of claim 1, wherein the step of monitoring the immature

cardiomyocytes comprises performing extracellular recording of the immature

cardiomyocytes.

8 . The method of claim 1, wherein characterizing whether cardiomyocyte beating

is synchronized is by way of determining a beating rate of the immature cardiomyocytes and

comparing the beating rate over time.

9 . The method of claim 1, wherein if the cardiomyocyte beating is not

synchronized, the method further comprises electrically pacing the immature cardiomyocytes

until cardiomyocyte beating is synchronized.

10. The method of claim 9, wherein the electric pacing to synchronize beating is at

a constant frequency.

11. The method of claim 1, wherein the pulse profile comprises a rectangular

pulse shape.

12. The method of claim 1, wherein the pulse profile comprises a pulse intensity

of 0.7 to 1 V.

13. The method of claim 1, wherein the pulse profile comprises a pulse duration

from 0.1 milliseconds to 0.2 milliseconds.

14. The method of claim 1, wherein the pulse profile comprises a pulse frequency

between 1 Hz and 2 Hz.

15. The method of claim 1, wherein the pulse profile comprises an increasing

pulse frequency over time.

16. The method of claim 15, wherein the increasing pulse frequency increases

over days to weeks.



17. The method of claim 15, wherein the increasing pulse frequency doubles in

frequency over time.

18 . The method of claim 15, wherein the increasing pulse frequency increases

from 0.75 Hz to 2 Hz.

19. The method of claim 1, wherein the functionally adult or mature

cardiomyocytes comprise a positive beating force-frequency relationship and immature

cardiomyocytes comprise a negative beating force-frequency relationship.

20. The method of claim 1, wherein the immature cardiomyocytes are paced until

displaying a positive beating force-frequency relationship.

2 1. A method of characterizing an effect of a compound on cardiomyocyte

beating, the method comprising:

a) providing a system configured to culture, electrically pace, and

monitor beating of beating cells;

b) culturing immature cardiomyocytes in the system;

c) electrically pacing the immature cardiomyocytes according to a pulse

profile until the cardiomyocytes are functionally mature;

d) adding a compound suspected of having an effect on cardiomyocyte

beating force or cardiomyocyte beating rate to the functionally mature

cardiomyocytes;

e) electrically monitoring the cultured cardiomyocytes before and after

compound addition;

f determining before and after the compound addition, at least one

parameter that characterizes a beating force or a beating rate;

g) comparing the determined at least one parameter before and after the

compound addition thereby identify a difference in response to the compound

addition; and

h) characterizing the compound as:

a positive inotropic compound if the beating force increases after

compound addition or a negative inotropic compound if the beating force

decrease after compound addition, and/or



a positive chronotropic compound if the beating rate increases after the

compound addition or a negative chronotropic compound if the beating rate

decreases after the compound addition.

22. The method of claim 21, wherein the immature cardiomyocytes are derived

from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs).

23. The method of claim 21, wherein the immature cardiomyocytes are cultured

until beating is synchronized.

24. The method of claim 23, wherein synchronized beating is determined by way

of electrical measurement.

25. The method of claim 24, wherein the electrical measurement is selected from

the group consisting of cell-substrate impedance monitoring, extracellular recording, and both

cell-substrate impedance monitoring and extracellular recording.

26. The method of claim 23, wherein if the beating is not synchronized, the

method further comprises electrically pacing the cardiomyocytes until cardiomyocyte beating

is synchronized.

27. The method of claim 21, wherein the cardiomyocytes are paced until

displaying a positive beating force-frequency relationship.

28. The method of claim 21, wherein the pulse profile comprises a rectangular

pulse shape.

29. The method of claim 21, wherein the pulse profile comprise an intensity of

0.7 V to 1 V.

30. The method of claim 21, wherein the pulse profile comprises a pulse duration

from 0 .1 millisecond to 0.2 milliseconds.

31. The method of claim 21, wherein the pulse profile comprises a pulse

frequency between 1 Hz and 2 Hz.



32. The method of claim 21, wherein the pulse profile comprises an increasing

pulse frequency over time.

33. The method of claim 32, wherein the increasing pulse frequency increases

over days to weeks.

34. The method of claim 33, wherein the increasing pulse frequency doubles in

frequency over time.

35. The method of claim 33, wherein the increasing pulse frequency increases

from 0.75 Hz to 2 Hz.

36. The method of claim 21, wherein the compound is a suspected vasodilator.

37. The method of claim 21, wherein the step of monitoring the cultured

cardiomyocytes is selected from the group consisting of monitoring cell-substrate impedance

of the cardiomyocytes, performing extracellular recording of the cardiomyocytes, and both

monitoring cell-substrate impedance of the cardiomyocytes and performing extracellular

recording of the cardiomyocytes.

38. A method of characterizing an effect of a compound on cardiomyocyte

beating, the method comprising:

a) providing a system configured to culture, electrically pace, and

monitor beating of beating cells;

b) culturing two populations of immature cardiomyocytes in the system;

c) adding a compound suspected of having an effect on cardiomyocyte

maturation to one of the populations of immature cardiomyocytes;

d) electrically pacing the two populations of immature cardiomyocytes

according to a pulse profile that functionally matures immature cardiomyocytes until

at least one of the two populations of cardiomyocytes is functionally mature; and

e) characterizing the compound as further driving maturation if the

population with compound addition functionally matures before the other

cardiomyocyte population.



39. The method of claim 38, wherein the immature cardiomyocytes are derived

from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs).

40. The method of claim 38, wherein the immature cardiomyocytes are cultured

until beating is synchronized.

4 1. The method of claim 40, wherein synchronized beating is determined by way

of electrical measurement.

42. The method of claim 40, wherein if the beating is not synchronized, the

method further comprises electrically pacing the cardiomyocytes until cardiomyocyte beating

is synchronized.

43. The method of claim 38, wherein the pulse profile comprises a rectangular

pulse shape.

44. The method of claim 38, wherein the pulse profile comprise an intensity of

0.7 V to 1 V.

45. The method of claim 38, wherein the pulse profile comprises a pulse duration

from 0 .1 millisecond to 0.2 milliseconds.

46. The method of claim 38, wherein the pulse profile comprises a pulse

frequency between 1 Hz and 2 Hz.

47. The method of claim 38, wherein the pulse profile comprises an increasing

pulse frequency over time.

48. The method of claim 38, wherein the increasing pulse frequency increases

over days to weeks.

49. The method of claim 38, wherein the increasing pulse frequency doubles in

frequency over time.

50. The method of claim 38, wherein the increasing pulse frequency increases

from 0.75 Hz to 2 Hz.



51. The method of claim 38, wherein maturity is determined by a force-frequency

relationship, further wherein a mature cardiomyocyte population is characterized by a

positive force-frequency relationship and an immature cardiomyocyte population is

characterized by a negative force-frequency relationship, wherein the method further

comprises electrically monitoring the two populations of cardiomyocytes to determine

beating amplitude.

52. The method of claim 51, wherein electric monitoring is selected from the

group consisting of cell-substrate impedance monitoring, extracellular recording, and both

cell-substrate impedance monitoring and extracellular recording.

53. A system for the functional maturation of immature cardiomyocytes, the

system comprising:

a) an electronic pulse generator configured to deliver electronic pulses

according to a pulse profile that induces maturation of immature cardiomyocytes;

b) a device station configured to engage a cell culture device and deliver

the electronic pulses from the pulse generator to the engaged cell culture device;

c) a cell culture device comprising a substrate configured to culture cells,

each substrate comprising an electrode array addressable by the device station when

engaged; and

d) a module for electrically monitoring cultured cells.

54. The system of claim 53, wherein the pulse generator delivers electronic pulses

comprising a pulse shape as a rectangular shape.

55. The system of claim 53, wherein the pulse generator delivers an intensity of

0.7 V to 1 V.

56. The system of claim 53, wherein the pulse generator delivers a pulse duration

from 0 .1 millisecond to 0.2 milliseconds.



57. The system of claim 53, wherein the device station comprises an interface

comprising a plurality of electrical contacts and a switch capable of independently delivering

the electronic pulses to each of the electrical contacts.

58. The system of claim 53, wherein the device station is configured to a multi-

well plate, optionally a plurality of multi-well plates.

59. The system of claim 53, wherein the electronic pulse generator and the device

station are configured to deliver a pulse simultaneously to more than one well of the multi-

well plate.

60. The system of claim 53, wherein the electronic pulse generator and the device

station are configured to deliver a pulse simultaneously to all wells of the multi-well plate.

6 1. The system of claim 53, wherein the electronic pulse generator and the device

station are configured to deliver a pulse simultaneously to more than one multi-well plate.

62. The system of claim 53, wherein the electronic pulse generator and the device

station are configured to deliver different pulse profiles to different wells of the multi-well

plate.

63. The system of claim 53, wherein the device station is configured to engage

one or more cell culture flasks.

64. The system of claim 53, wherein the cell culture device is a flask.

65. The system of claim 53, wherein the culture device is a multi-well plate,

optionally selected from the group consisting of a 6 well plate, a 48 well plate, and a 96 well

plate.

66. The system of claim 53, wherein the cell culture device comprises immature

cardiomyocytes on the substrate.

67. The system of claim 66, wherein the immature cardiomyoctes are derived

from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs).



68. The system of claim 53, wherein the module for electrically monitoring

cultured cells comprises an impedance analyzer operably connected for monitoring cell-

substrate impedance of a cell population cultured in the cell culture device.

69. The system of claim 53, the module for electrically monitoring cultured cells

comprises an extracellular recording amplifier operably connected for extracellular recording

of a cell population cultured in the cell culture device.

70. The system of claim 53, wherein the system measures beating amplitude of the

cardiomyocytes, determines a beating force-frequency relationship of the cardiomyocytes and

reports a status of mature or immature, wherein the mature status is reported if the force-

frequency relationship is positive and the immature status is reported if the force-frequency

relationship is negative.
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