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MULTI-COMPONENT IN VITRO SYSTEM TO DEDUCE CELL
SIGNALING PATHWAYS BY ELECTRONIC STIMULATION
PATTERNS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
[0001] This invention was made with Government Support under Grant No. RO1 NS050452
awarded by the National Institutes of Health and under Grant No. W81XWH-14-1-0162 awarded
by the ARMY/MRMC. The Government has certain rights in the invention.

BACKGROUND
[0002] The major research uses of animals are both in assessing potential toxicity of chemicals
and in drug testing. Animal tests often are long in duration, expensive, and raise ethical issues.
Further, animal tests are not always predictive of human response. This fact is easily
demonstrated in drug development where only 11 % of chemicals exiting animal trials are
successful in humans [Hughes 2007]. In terms of human response to environmental toxicants, it
is not ethically possible to conduct direct tests on humans, and extrapolation of animal results to
human response is problematic. Over-regulation results in unnecessary expense; under-
regulation endangers human health and the environment, so better testing systems are necessary.
[0003] In vitro tests can supplement and may reduce dependency on animal tests. However, in
vitro tests fail to capture many important aspects of human and mammalian response to
chemicals. Most in vitro tests are based on the use of multi-well plates where isolated cells or
tissues are placed in medium spiked with a bolus dose of the test chemical. Such systems miss
key aspects of physiological response. For example, the dose dynamics in the body differ
considerably from static systems as time-dependent changes in chemical concentration occur in
the body at a tissue site due to the processes controlling absorption, distribution, metabolism and
excretion of a compound. Further, static well systems typically use a single cell or tissue type; in
the body, metabolites are exchanged between different tissue/organ compartments. Even if
multiple tissue types were represented in a single well, the ratio of one tissue to another and the
nature of the circuits connecting them can alter the time-dependent concentration of the
metabolites. In addition to these factors, single cells in a well, in most cases, do not represent

functional tissues or subsystems of the body, nor experience the mechanical forces the cells in
1
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the body do, particularly those associated with fluid flow, and these mechanical forces are

known to alter gene expression and metabolism of many chemicals.

SUMMARY
[0004] Disclosed herein is a cell culture analog system for simulating the physiological
condition of a living subject. The cell culture analog system includes a first chamber containing
a first type of cell and a second chamber containing a second type of cell. The second chamber
is in fluid connection with the first chamber. The cell culture analog system also includes a first
sensor for non-invasively measuring a function of the first type of cell, a second sensor for non-
invasively measuring a function of the second type of cell, and a computing device operably
connected to the first sensor and the second sensor. The computing device is configured to
receive data from at least one of the first sensor and the second sensor and apply a multivariate
analysis to the data. The data include the function of at least one of the first type or the second
type of cell. Examples of data include, but are not limited to, the frequency of a cellular action
potential, the amplitude of a cellular action potential, the cellular contractile force, and/or the
concentration of a biomarker. In some implementations, the multivariate analysis draws
correlations between the data and biochemical pathways within the first type of cell, the second
type of cell, or both.
[0005] In some implementations, the computing device is configured to access a database. The
database can include information about how a stimulus affects biochemical pathways within the
first type of cell, the second type of cell, or both. The computing device can be configured to
store the data to the database, and it can be configured to recover a first set of data from the
database for comparison to a second set of data.
[0006] Some implementations of the cell culture analog system include a third cell type. The
first, second, and third cell types are selected from the group consisting of: cardiomyocytes,
myotubes, liver cells, kidney cells, neurons, epithelial cells, or mucus-producing cells.
[0007] In some implementations, the first sensor is selected from the group consisting of a
microcantilever, a microelectrode array (MEA), and a light sensor. In some implementations,
the second sensor is selected from the group consisting of a microcantilever, a microelectrode
array (MEA), and a light sensor.
[0008] In some implementations, the first type of cell is a muscle cell or neuron, the first sensor
comprises an MEA and is configured to measure the electrical activity of the first type of cell,

the second type of cell is cardiomyocyte or myotube, and the second sensor comprises a
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microcantilever in contact with the second type of cell and configured to deflect in response to
force applied by the second type of cell.

[0009] Some implementations of the cell culture analog device include a third chamber
containing a third type of cell and in fluid connection with the first and second chambers. The
third type of cell can be a liver cell or a kidney cell.

[0010] In some implementations, the first type of cell is selected from the group consisting of a
neuron, a cardiomyocyte, or a myotube. The first sensor can be a MEA or a microcantilever. A
third type of cell may be included, the third type of cell being a liver cell or a kidney cell.

[0011] In some implementations, the first type of cell is a cardiomyocyte or a myotube, the first
sensor is a microcantilever, and the first cell type is cultured on the first sensor. The first
chamber further comprises a neuron cultured on the first sensor and forming a neuromuscular
junction with the first cell type.

[0012] In some implementations, at least one of the first chamber or the second chamber has an
inlet and an outlet for directing flow of a culture medium. A microfluidic channel can
interconnect the first chamber and the second chamber. Some embodiments can include a
plurality of fluidic channels interconnecting the first chamber and the second chamber, and an
inlet and an outlet for re-circulation of a culture medium. The cell culture analog system can
also include a pump configured to flow a culture medium through the first chamber and the
second chamber.

[0013] Some implementations of the cell culture analog system can include a muscle-simulating
component. The muscle-simulating component can include one or more microcantilevers having
cardiomyocytes or myotubes cultured thereon. In some embodiments, the muscle-simulating
component also includes a microelectrode array having cardiomyocytes or myotubes cultured
thereon.

[0014] In some implementations of the cell culture analog system, the first chamber, the second
chamber, the first sensor, and the second sensor are arranged on a chip. For example, the first
chamber, the second chamber, the first sensor, and the second sensor can be arranged on the chip
in a planar sequential relationship.

[0015] Some implementations include a stimulus generator operably connected to stimulation
electrodes. The stimulation electrodes are in electrical contact with the at least one of the first
type of cell or the second type of cell, and the stimulus generator is configured to apply a
stimulus signal to the stimulation electrodes. The computing device can be operably connected

to the stimulus generator and configured to vary a characteristic of the stimulus signal. For
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example, the stimulus signal can be at least one of amplitude or frequency. In some examples,
varying a characteristic of the stimulus signal can include switching the frequency of the
stimulus signal while maintaining the amplitude constant. Alternatively, varying a characteristic
of the stimulus signal can include adjusting the amplitude of the stimulus signal while
maintaining the frequency constant.

[0016] Some implementations of the cell culture analog system can include a recording device
operably connected to the computing device and at least one of the first sensor or the second
sensor. The recording device is configured to record data from at least one of the first sensor and
the second sensor. In some implementations, a stimulus generator is operably connected to
stimulation electrodes. The stimulation electrodes are in electrical contact with the at least one
of the first type of cell or the second type of cell, and the stimulus generator is configured to
apply a stimulus signal to the stimulation electrodes. The computing device is further configured
to synchronize operations of the stimulus generator and the recording device. The computing
device can be further configured to receive a timing signal from the stimulus generator, wherein
operations of the stimulus generator and the recording device are synchronized based on the
timing signal. The recording device can be, for example, a laser and a photodetector or an image
capturing device.

[0017] A method for analyzing cell culture analog system data is also disclosed. The method
includes receiving, at a computing device, data comprising a function of at least one of a first
type of cell or a second type of cell; and applying a multivariate analysis to the data using the
computing device. In some implementations, data including the function of the first type of cell
is received from a first sensor for non-invasively measuring the function of the first type of cell.
In some implementations, data including the function of the second type of cell is received from
a second sensor for non-invasively measuring the function of the second type of cell. The data
can include cellular action potential frequency, cellular action potential amplitude, cellular
contractile force, or a combination thereof. Some implementations of the method can also
include receiving, at the computing device, a concentration of a biomarker expressed by or
excreted by the first type of cell or the second type of cell, wherein the concentration of the
biomarker is included in the multivariate analysis. Some implementations can further include
identifying a biochemical pathway associated with at least one of the first type of cell or the
second type of cell using the multivariate analysis. The data can be stored to a database.

Altematively or in addition, a result of the multivariate analysis can be stored to the database. In
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some implementations, the computing device is used to retrieve database a previous set of data
or a previous result of the multivariate analysis from the database.

[0018] Some implementations of the method include applying a stimulus to at least one of the
first type of cell or the second type of cell. The stimulus can be at least one of the group
consisting of a drug, a toxin, a metabolite, or an electrical stimulation. Application of the
stimulus can be repeated. In some implementations, the period of time between repeated stimuli
is at least 24 hours. The stimulus can be varied over time. The variation can affect at least one
of the group consisting of: drug concentration, toxin concentration, metabolite concentration,
electrical stimulation frequency, electrical stimulation pulse duration, or electrical stimulation
amplitude. Data, including the function of the first type of cell and/or the second type of cell in

response to the stimulus, can be received at the computing device while the stimulus is varied.

DESCRIPTION OF DRAWINGS
[0019] FIG. 1 shows the process flow. The flow chart on the left shows a computer signaling a
stimulus generator to begin sending electrical pulses to cells contained in a component or module
(or modules). Timing information is returned to the computer to synchronize with the readout
electronics which record the cell responses. The plot at the right shows the analysis of the
resulting data. Multiple stimulation patterns can be aggregated and observed to find pathway
information.
[0020] FIG. 2 shows the formation of a network formation by combining modules or
components. As seen in FIG. 2A, any number of modules can be combined and interconnected.
Fluid for the entire network can be added or removed through the fluid access ports, for example
when feeding cells or dosing with drugs. Additionally, flow only occurs via exchange between
the fluid access ports. Therefore, modules or components with no flow can be made by
restricting access to one access port. As seen in FIG. 2B, a single module can be made without
flow by removing an access port and co-locating the other inside the module. As seen in FIG.
2C, a single module can be made with flow by adding the second access port. As seen in FIG.
2D, more modules allow more complex arrangements such as this three module network with
branching interconnects.
[0021] FIG. 3 shows that modules or components can have micro-chips which are specialized to

interface with a specific cell-type and provide functional readout (micro-electrode array,
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cantilever array, micro-tunnel array). However, some chips are substrates for support cells that
are added to a network to improve the physiological model.

[0022] FIG. 4 shows networks of modules being realized using housings. These are created
using multiple layers of plastic and silicone. As seen in FIG. 4A, a 4-layer housing is constructed
including a single multi-electrode module. As seen in FIG. 4B, the 4-layer housing is combined
to yield a micro cell culture analog device. As seen in FIG. 4C a 5-layer module is constructed
that incorporates barrier tissue in a kidney model. In FIG. 4D, the 4-layer housing is depicted
showing that the network topology can involve multiple levels.

[0023] FIG. 5 shows prototypes of example housings. In FIG. 5A, a single module no-flow
housing is shown. In FIG. 5B, a single module flow housing is shown. In FIG. 5C, a five module
flow housing is shown.

[0024] FIG. 6 shows an embodiment that includes printed circuit boards (PCB) for micro
electrode arrays. In this embodiment, the PCB represents another layer of the housing. It makes
contact with the chip inside through the dry opening in the housing. Pins or an elastomeric
connector bridge the gap. An amplifier with spring loaded pins makes contact with the gold pads
on the top of the PCB.

[0025] FIG. 7 shows a laser scanner for embodiments that include cantilever array chips. A laser
bounced on the bottom of a cantilever with cells on top gets redirected to a photodetector.
Contractions of the adhered cells cause flexing of the cantilever which redirects the laser across
the detector.

[0026] FIG. 8 shows video analysis of muscle movement in an embodiment including muscle
cells. A microscope and camera observe a sample. A region of interest is selected where cells are
moving. A pixel-by-pixel difference operation is performed on all frames in the video against the
first frame. Movement produces a difference signal which is recorded.

[0027] FIG. 9 shows the contractile response of skeletal muscle when a stimulation pattern was
applied to synapsed motoneurons for varying concentrations of curare. The pattern chosen was
repeated pulses at increasing frequency. As shown in FIG. 9A, at high enough frequency an
anomalous dip was observed. As shown in FIG. 9B, the dip frequency sensitivity was
approximately exponential. This indicates two binding sites for curare.

[0028] FIG. 10 shows the contractile response of skeletal muscle when a stimulation pattern was
applied to synapsed motoneurons for varying concentrations of bungarotoxin. The pattern chosen

was repeated pulses at increasing frequency. FIG. 10A shows at high enough frequency an
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anomalous peak was observed. FIG. 10B shows that the peak frequency sensitivity followed a
power trend.

[0029] FIG. 11 is an example computing device.

DETAILED DESCRIPTION
[0030] The following description of certain examples of the inventive concepts should not be
used to limit the scope of the claims. Other examples, features, aspects, embodiments, and
advantages will become apparent to those skilled in the art from the following description. As
will be realized, the device and/or methods are capable of other different and obvious aspects, all
without departing from the spirit of the inventive concepts. Accordingly, the drawings and
descriptions should be regarded as illustrative in nature and not restrictive.
[0031] For purposes of this description, certain aspects, advantages, and novel features of the
embodiments of this disclosure are described herein. The described methods, systems, and
apparatus should not be construed as limiting in any way. Instead, the present disclosure is
directed toward all novel and nonobvious features and aspects of the various disclosed
embodiments, alone and in various combinations and sub-combinations with one another. The
disclosed methods, systems, and apparatus are not limited to any specific aspect, feature, or
combination thereof, nor do the disclosed methods, systems, and apparatus require that any one
or more specific advantages be present or problems be solved.
[0032] Features, integers, characteristics, compounds, chemical moieties, or groups
described in conjunction with a particular aspect, embodiment or example of the disclosure are
to be understood to be applicable to any other aspect, embodiment or example described herein
unless incompatible therewith. All of the features disclosed in this specification (including any
accompanying claims, abstract, and drawings), and/or all of the steps of any method or process
so disclosed, may be combined in any combination, except combinations where at least some of
such features and/or steps are mutually exclusive. The disclosure is not restricted to the details of
any foregoing embodiments. The disclosure extends to any novel one, or any novel combination,
of the features disclosed in this specification (including any accompanying claims, abstract, and
drawings), or to any novel one, or any novel combination, of the steps of any method or process
so disclosed.
[0033] It should be appreciated that any patent, publication, or other disclosure material, in

whole or in part, that is said to be incorporated by reference herein is incorporated herein only to
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the extent that the incorporated material does not conflict with existing definitions, statements, or
other disclosure material set forth in this disclosure. As such, and to the extent necessary, the
disclosure as explicitly set forth herein supersedes any conflicting material incorporated herein
by reference. Any material, or portion thereof, that is said to be incorporated by reference herein,
but which conflicts with existing definitions, statements, or other disclosure material set forth
herein will only be incorporated to the extent that no conflict arises between that incorporated
material and the existing disclosure material.

[0034] As used in the specification and the appended claims, the singular forms "a," "an" and
"the" include plural referents unless the context clearly dictates otherwise. Ranges may be
expressed herein as from "about" one particular value, and/or to "about" another particular value.
When such a range is expressed, another aspect includes from the one particular value and/or to
the other particular value. Similarly, when values are expressed as approximations, by use of the
antecedent "about," it will be understood that the particular value forms another aspect. It will be
further understood that the endpoints of each of the ranges are significant both in relation to the
other endpoint, and independently of the other endpoint.

[0035] "Optional" or "optionally" means that the subsequently described event or
circumstance may or may not occur, and that the description includes instances where said event
or circumstance occurs and instances where it does not.

[0036] Throughout the description and claims of this specification, the word "comprise" and
variations of the word, such as "comprising" and "comprises," means "including but not limited
to," and is not intended to exclude, for example, other additives, components, integers or steps.
"Exemplary" means "an example of" and is not intended to convey an indication of a preferred
or ideal aspect. "Such as" is not used in a restrictive sense, but for explanatory purposes.

[0037] As used herein, the term “component” is interchangeable with the word “module™.
[0038] Over time, cell culture medium has evolved from a simple salt solution to preserve
tissue to more complex compositions, which can be used to maintain cells and tissues for
extended periods of time. Human or animal sera, the most commonly used being fetal bovine
serum, can be used to supplement basic media since they contain essential compounds for the
growth and maintenance of cells.

[0039] To urprove the quality, consistency and defintiion of the culture medium, serur free
mediums can be used. Variations in mediums are known to affect cell culture maintenance and
subsequent experimental data (Van der Valk et al., 2010}, Serum-free media formulations can be
based on the addition of cell-specific growth factors and supplements o a common base mediom

8
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i order to facilitale the correct maintenance of specific cell cultures (Edwards et al., 2010}, For
example, following the first seruro~free defined culture system for hippocampal neurons
(Schaffner et al , 1993}, a defined serum-free medium has been used with cardiomyocyies
(Watarajan et al., 2011}, motonewrons {Das et al., 2003}, sensory newrons {Rumsey et al., 2010},
and skeletal muscle celis (Das et al, 2006). In an aspect, in vitro cell-cultures can be designed {o
mimic the relevant i vivo environment. For example, a temperature of 37° C., and a controlied
humidified gas mixture of 5% C02 and 95% (O can be used as the standard physical conditions.
A blood surrogate mediun with appropriate micro and macronutrients can be used to recreate the
chemical milieu

[0040] With respect {o the disclosed svstems, an advancement in the formulation of serum-
free media was needed. These disclosed systems can maintain different cefl types in a single
housing; thus, it 1s a challenge to identify a common, serum-free formulation that can preserve
functionality and morphological phenotvpes of the different cells in co-culture. The need 1o
maintain in vitro models for extended periods is of great importance for drug development
applications. Assessment of chronic compound exposure to various tissues, and understanding
the effects of prolonged metabolite or waste buwild-up in specific organ compartments can be
essential for obfairung accurate predictions of 1n vivo responses to drug treatment.

[0041] Typical in vitro assessment of cell functionality and maturation within novel
microdevices designed for drag development applications takes place over | 1o 2 weeks in
culture. Such time frames have been employed for the assessment of a wide vanety of in vitro
analogues, inchuding cardiac (Natarajan et al , 2011, Agarwal et al., 2013}, lung (Huoh et al.,
20103, kidney {Subramanian et al,, 2010}, liver (Wagner et al., 2013), pancreas {Lipsett et al,
2007y, skin (Bellas et al., 2012), fat (Kang et al., 2009) and newronal (Natarajan et al., 2013}
fissue models, with little information provided regarding more long-term survival. Longer in
vitro culiure periods tend to lead to cellular senescence or induction of apopiotic pathways,
which can confound data analysis. While usefiud for a wide variety of basic biomolecular
research, such timeframes are of more Himited value for the study of chronic disease states and
long term drug toxicity studies. Furthermore, when designing multi-organ systems for more
accurate modeling of whole body responses (Sung et al., 2013), uniformity with regards to cell
survival over extended time periods is preferable. An ability to maintain certain cells for 30 days
in vitro is immaterial if other cells within the same culture platform begin to die after 14,

[0042] Longer culture periods have been established for certain cell types, and assessment of
their development and funciional maturation over such timeframes has been assessed. For
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example, skeletal muscle cultures have been shown to survive in vitro for up to 90 days, during
which time they promote phenotype maturation, as evidenced by quantifiable changes i Myosin
Heavy Chain isoform composition {Das et al |, 2009} The systems disclosed herein can promote
the long-term (30 days) co-cuiture and functional interaction of skeletal muscle myotubes and
motoneurons i defined conditions. The data provided herein demonstrate that maintenance of
co-culiures is possible over longer peniods provided careful consideration 1s given to culture
variablies such as surface, media formulation and correct temporal addition of exogenous stimudi,
[0043] The present disclosure comprises an in vitro model of biclogical living systems, such
as animals or humans, for example, in response to chenucals or chemical maxtures. Such a model
that mimics or siomilates in vivo hiving biological systems reduces dependency on animal testing
while providing improved predictions of responses of human or other organisms, such as plants,
animals or msects. The present disclosure comprises micro cell culture analog (WCCA) methods,
systems, and devices. These methods, systerns and devices coroprise nucrofabrication
techniques, cell culture/tissue engineering and microfluidics. A pCCA device, also referred to
heremn as “a cell culture analog system device,” or g “component”, is a physical representation of
a physioiogically~-based pharmacokinetic (PBPK) model, and the functional in vitro systerus
reproduce in vivo effects of living tissues and organs, such as cardiac pacemaking, muscle
dynamics, and newronal information processing.

[0044] The present disclosure comprises cell culture analog systems comprising one or a
plurality of components coroprising cells grown 1o a nucroscale cell culture device, also referred
to as a pCCA device, comprising one or more chambers or regions, wherein a component, along
with cells contained therein a chamber or otherwise, and/or other elements, 13 analogous to a
fissue, an organ or organ svstem. A compouent coruprises a substrate for cells, such as a
container for cells, a chamber, in which cells are contained, grown, acted on and/or maintained
in the component. For example, a component may comprise, but is not limited to, a cardiac
component comprising patierned biologically functional cardiac mvoceytes on mieroelecirode
arrayvs. See U.S. patent apphcation Ser. No. 12/938,701, which 15 incorporated by reference
herein in ifs entirety for disclosing patterned rat cardiomyvocyte cultures on microelectrode arrays
m a serum-free medium for the study of cardiac physiclogy and pharmacclogy, atilizing a high-
throughput technigue.

[0045] Other example components can comprise a support substrate bearing a multielecirode
array {MEA) and a negative surface resistant to cell attachment and deposited on the support
substrate covering the MEA. The negative surface bears a patiern ablated on it by, for example,

10
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laser photohithography. A positive surface promoting cell attachment 1s depostted on the patiern
ablated on the negative surface and cardiomyocytes adherent to the postiive surface and growing
aligned along the pattern. This application also teaches methods of making the culture of
paiterned cardiomyocytes. For example, a method comprises preparing a support subsirate
bearing a MEA, overlaying on the support substrate a negative surface resistant to cel
adherence. The surface can comprise polvethviene giveol covering the MEA. Further, the
method comprises ablating a patiern on the negative surface, depositing on the abiated pattem a
positive surface promoting cell adherence and inchuding fibronectin, adhering cardiomyocytes on
the positive surface, and culturing the cardiomvocyies to grow on the positive pattermned surface
and align with the patierned surface.

[0046] A component can comprise more than one tvpe of cell and may simulate organ
systems which are comprised of more than one type of cell. Multicelhular interactions, such as
between the same cells and/or between different types of cells are included in the methods and
compositions of the preseni disclosure. For example, muscle and neurons, which function in
communication in a living body, may be provided in a single component and the cells may form
neuromuscular junctions between the neurons and the muscle cells. Cells with genetic alterations
may be used in methods and compositions of the present disclosure.

[0047] In an aspect, a component may comprise a muscular component comprising muscle
cells. See UK. patent application Ser. No. 12/765,399, which is incorporated by reference herein
in 1is entivety for disclosing methods for lengthenung the useful life of a culture of muscles cells
by using disclosed mixtures of serum-free media, supplemented with growth factors.

[0048] In an aspect, a component can comprise a neural component. See U8, patent
application Ser. No. 12/117.339, which is incorporated by reference herein in s entirety for
disclosing a method of culturing adult mammalian spinal cord newrons so that they exhibit
glectrical functionality.

[0049] In an aspect, a component can comprise a kidney-like filtering region, an “other
tissues” region, and/or other regions analogous to body structures, organs or organ systems.
[0050] in an aspect, a cell culture analog system mayv comprise a hepatic component
comprising liver cells, a gastrointestinal component comprising epithelial cells and/or mucus-
producing cells. The present disclosure comprises methods for deternuning the effect of an input
variable on a culture of cells, comprising contacting the cells of one or a plurality of components
with an input variable and monitoring at least one output parameter. For example, a cell culture
analog system may comprise a plurality of components comprising an hepatic (Hver} component,
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a cardiac component, a rootoneuron component, a kidney component, and/or a muscle
component for testing compounds found in compositions that are convnercially available, such
as personal care compositions.

[0051] Also provided 1s micro cell culture analog svstem as disclosed hergin, comprising one
or a plurality of components, for exarmple, comprising one or more of pattermed biologically
functional cardiac mvocyies on raicroelectrode arrays, a hepatic component comprising liver
cells, a gastrointestinal component comprising epithelial cells and/or mucus-producing cells, a
muscular component comprising muscle cells, a kidney-like filtering coraponent, an “other
fissues region”, a neural cornponent, a neuromuscular component and/or other coraponents
analogous to body structures, organs or organ systems, and optionally, further comprising
housing for enclosing the components or a board for immobilizing components. A component
may comprise a first microscale chamber having a geometry sumulating a first in vivo interaction
with culture medium, wherein the first charober coraprises a first inlet and a first outlet for flow
of the culture medium, and one or more channels coupled 1o the inlets and outlets of the
chamber. An “any other tissues compartment” or “other tissues compartment” represents fluid
hold-up or retention in nou~adsorbing, non-metabolizing tissues whach captures the dynamics of
exposure 1o a chenucal in the cell culture analog systems.

[0052] An aspect of the present disclosure comprises a component that mimics or simulates
heart fumction 1o organisms, such as a lumnan, animal or insect, comprising cardiac myocyvies,
surface ernbedded microelectrodes and patterned substrates on the microelecirode array 1o
monitor the condition of the cardiac chamber in the uCCA in real time and detect both acute and
chronic functional toxic effects on the sysiem.

[0053] Cultured cardiac myocyies are widely used in toxin detection and in drug
development to screen for unwanted cardiac side effects {Mever 2004}, Cardiac myocyties are
useful whole-cell biosensors as they are spontaneously active, can be kept in culture in stable
conditions for extended periods [Dhir 2009} and they respond to a wide spectrum of known and
unknown foxins. Patterning cardiac myocytes on microelectrode arrays allows for the
measurement of more advanced parameters, such as reverse use dependence, vanability in QT
mterval and relative vefractory pertods {Natarajan 2011},

[0054] A cell culture analog system of the present disclosure comprises one or a plurality of
components, which provide in vitro reproduction or simulation of a living body, with each
component representing an organ or tissue in the living body. In a PBPK mathematical model,
these chambers are inlerconnected in a manner analogous to blood How i the body. Ina uCCA
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or component, the equations representing metabohism or adsorption in these chambers or
compartments are replaced by hving cells or tissues {e.g. hver, fat, lung, kidney, etc. all in the
same device). Systermns and devices of the present disclosure may be used for research, testing,
diagnosis and insight into underlving biochemical mechanisms and how function is affected. By
mserting functional fissues into componenis comprising mammalian cells or tissues, response
from exposure to active agents, such as envitonmental chemcals, can be measured.

[0055] Components, systems and methods can be used with both animal cells and human
cells, and non-animal cells such as insect or plant cells, and methods may comprise cross-species
extrapolation. A basic concept of a uCCA has been demonstrated with studies on naphthalene
toxicity [Sin 2004; Viravaidyva 2004] on drug combinations to treat multidrug resistant cancer
{Tatosain 2009} or colon cancer [Sung 2009] and, in preliminary studies, on hormone disruptors
[Xu 2008}, The functional in vitro systems have been demonstraied for cardiac [Natlarajan 2011,
Natarajan 2006; Das 2004}, neuronal [Jung 1998, Mohan 2006}, muscle (Das 2007, Wilson
2007; Wilson 2010} and neuromuscular junction {Tras 2010, Liu 2005} systems. See U8, patent
application Ser. No. 12/765,996, which is incorporated by reference herein in iis entirety for
disclosing long term i vitro cultures of tissue engineered functional neuromuscular junctions,
See also U.S. patent application Ser. No. 13/102,672, which is incorporated by reference herein
in 18 entirety for disclosing the formation of neuromuscular junctions in a defined system by co-
culturing one or more human mwotor neuron cells and one or more rat wuscle cells i a
substantially serurmn-~free medium.

[0056] The devices, systems and methods of the present disclosure comprise cells, including
but not hmited to, animal, human, plant or insect cells, and provide data that can reduce
dependency oun ammals for testing and provides rosights that cannot be obtained fror whole
animals. The disclosure can lead to a more accurate and cost-effective assessment of the
toxicological potential of environment chemicals or chemical mixtures. Aspects of the present
disclosure combine both “cell culture analogs™ (CCA) with the development of functional tissue
mirgics. These approaches are combined to make a realistic i vitro model of a maowual and
predict its response from exposure to a chemucal or chemical mixture, referred to herein as an
active agent, whether particalasly active on a cell or not. The devices, systems and methods of
the present disclosure may corprise systeras for functional rouscle as well as neuronal systems.
The devices and methods may comprise use of human stem cells for more authentic constructs

feading to a human based components, systems and methods.
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[0057] The present disclosure comprises a physical representation of a physiological based
pharmacokinetic (PBPK) model. A PBPK model s a mathematical representation of the body,
which treats the body as a set of interconnected compartments, each of which describes an organ
or tissue. Each compartment is modeled as a chemical reactor, absorber, or surge tank. A set of
reactive mass balances on parental compounds and metabolites are written for each
compariroent. Blood flow n and out of each corapartment 1s sinudated to match measurex
values. The model predicts the time dependent changes in the plasma and tissue compartment
concentrations of parenial compounds and meiabolites. A person of skill would know that these
mathematical models have been used i numerous studies on the toxicology of environmental
chenucals.

[0058] While such computational models have proven to be useful aids in studies of
absorption, distribution, metabolism, elimination, and toxicity (ADMET?}, they are limited. All
relevant reactions and physiological respouses are wdentified, particularly roolecular roechanisms
underlying cell response. For complex systems, such as mammals, 1t is difficult to capture not
only the primary reactions but also all of the secondary responses {e.g., the metabolite of A,
made in the hver, circulates to another tissue causing the release of B which then causes other
cells to change physiologically). The disclosed components, arravs and methods compensate for
this fack of knowledge.

[0059] In addition to the limilations of current in vitro tests to predict svstemic effects, most
assays are based on single cell analysis. 1 is well known that single cells are limited n their
ability to mimic in vivo tissue function. Recently, functional cellular models, or multicelivlar
systems that allow evaluation of properties previously only possible in intact animals or organs
such as rouscle dynanucs | Wilson 2010], cardiac pacemaking [Natargjan 2011}, neurouval
function | Varghese 2010{ and neuromuscular junction (NMJ) fimction {Guo 2010], have been
developed to overcome these limitations but have not as vet been integrated. The disclosad
components, arrays and methods provide a combination of these functional tn vitro systems into
a system that roore accurately recapitulates the huran response.

[0060] The components, systems and methods disclosed herein comprise physical replicas of
a PBPRK model with multiple types of mammalian cells cultured 1n a component instead of a
mathematical description of the metabolism or absorption. Thus, the physiology of the cells
compensates for lack of prior or incomplete knowledge. In an aspect, the fluid fraction feeding
each component functions as the blood fraction received by the corresponding organ in vivo.
Fhnd 1s re~circulated just as in the body. Also, the fluid residence time, which describes the
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duration of cell-compound contact, in each component equals s in vive value. For well-mixed
systems, this residence time condrols the amount of reaction. The hiquid to cell ratio n each cell
culture unit is managed to be as close as possible to 113 physiological value, Shear siress
introduced by the flow is calculated and is kept at the physiological value for that type of tissue.
Shuler described and constructed the first CCA and demonsirated its potential usefulness with
naphthalene as a model! toxicant in 1993, The mitial device and several subsequent studies used
bench scale systems. In iater studies, the CCA's were constructed as microfabricated devices.
[0061] An advantage of the components, arrays (systems) and methods disclosed herein s
that they are relatively inexpensive to make and can support high throughput studies. Further, the
natural length scale (10 to 100 unm} is consistent with physiclogical length scales. Unlike other
in vitro systems, such as multi-well plates, the disclosed components, systems and methods
provide realistic dose dynarmics (suilar to what occurs 1n an animal or hunan) and allow for the
formation and exchange of metabolites between compartmenis as well as exchange of
compounds induced by the presence of the parental compound or metabolites. Coupling of the
PBPK {0 the CCA and then to functional systems, as do the components, arrays (systems) and
methods of the present disclosure is straightlorward and can be used 1o test underlying roolecular
mechanisms.

[0062] Shuler has demonstrated the uCCA concept with naphthalene (Sin 2004; Viravaidya
2004}, showing that naphthaquinone (rather than naphthalene epoxide) was the reactive
metabolite generated in the liver causing gluthathione depletion and loss of viability o the lung
compartment. Subsequent studies examuned the response to drug combinations. While animal
studies are expensive with a single compound, such studies become even more difficult when
chemucal mixtures are to be tested. The combinations and permutations become large when
several compounds are tested, particularly when each compound can involve multiple doses and
when the order of exposwre may be important. For example, the use of doxorubicin was tested
with two multi-drog resistant (MDR) suppressing compounds {cyclospornine and nicardipine} {or
the treatmoent of MDR cancer {Tatosian 2009}, the action of the two MDR suppressors was found
1o be synergistic in the pCCA, but this was not observable in multi-well plate assays. The use of
Tegafur {a pro~-drug for 5-Hurouracil (5-FU}) and uracil combination treatioent was examined for
colon cancer using both a PK-PD model and a uCCA {Sung 2009} As observed in anumal trials,
the pCCA predicted that a uraci to Tegafur ratic of 4 1o 1 was optimal in maximizing the
concentration of 3-FU m the tumor relative to that in the blood. Unlike multi-well plates, the
svstem indicated that 5-FU must be produced in the liver and circulate to the tumor to kill cells
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and that uracil {which inhibits the enzyme dihydroprvmidinedehydrogenase) enhances the
toxicity of Tegafur.

[0063] Technical enhancements to the pCCA system such as bubble traps, use of human
reporter cell lines, and techniques to image the system in near real time have been made. A
further enhancement involves connecting this model of systemic ciraudation with a model of a
barrier tissue that controls endry nto the body. Models of the gastrointestinal (GI) tract to model
response to oral absorption of chemicals and drugs have also been constructed.

[0064] These mitial CCA studies have been done primartly with cell lines either as
monolayers or embedded 1o hydrogels. Such unorganized cell systems often lack key enzymes at
realistic fevels, and the biological funciionality of the tissue is not well represented. Further
measurements have been based solely on optically accessible end points such as fluorescence
{e.g., dve reaction with gluthathione, uptake of naturally fluorescent compounds, viability stamns,
or reporter protens, such as GFP). The addition of biologically funchional tissues, such as
patterned cardiac myocyies integrated with microelectrode Arrays (MEAS), increases the
miormation control and alfows {or the use of elecirical measurements to monitor response,
[0065] An aspect of the components, arrays and methods disclosed herein comprises using
monitoring methods, which are 1) non-invasive, 2) more high throughput, 3} high information
content, 4} functional, 5} able to detect known and unknown effects of active agents at
phystological concentrations, 6} appropriate for continuous monttoring, 7) compatible with
flundic svstems, and 8) mechanically robust. Hybrid (live-cell/electronic) svstems have heen
developed to overcome several shortcomings of traditional whole-cell biosensors, at the same
fime preserving their advantageous properties over fraditional physico~chemuical or biochemical
sensing methods,

[0066] Disclosed herein 13 a method which utilizes a cellular construct comprising cardiac
myocyies, surface embedded microelecirodes and patterned substrates on the microelectrode
array to montor the condition of the cardiac chamber 1n a device of the present disclosure n real
time. Cultured cardiac myocytes are widely used 1n toxin detection and in drug development to
screen for unwanted cardiac side effects {Meyer 2004} It has been shown that pyrethroids
[Natargjan 2006] and heavy metals can be detected, and in some extent classified, based on their
physiclogical effects on the spontaneous activity of cultured cardiac myocytes moeasured using a
non-invasive, high-throughput, chronic protocol with subsirate-embedded MEAs,

[0067] Ax aspect of the present disclosure comprises components, systems and methods
comprising a “Hiver” analog region to mumic metabolism, a patterned cardiac myocvte/MEA
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fonctional reporter region, and an “other tissues” region, which is a compariment without any
cells that represents the holdup of recirculating fluid in tissues where there 18 no adsorption or
metabolism. For example, the methods disclosed herein allow for the validation of the integrated
cardiac myocyte reporter region and the functional effects of sterecisomers of permethrin {a
pyrethrord which is an environmental toxiny on the tissues in the sysiem can be measured.
Permethrin has four stereospecific isomers: 1R-cis~, 1 R-irans~, 18-cis-, and 18-~trans-. The 1R~
cis- and 1R-trans-isomers are active, whereas the other two are noi. Moreover, the ¢is isomers
are about {en times more toxic than the trans isomers in vivo. Recent data indicated that the
metabolic rate of cis-permethrin 18 much siower than that of the trans isoform, which could be an
explanation for the different in vivo toxicity.

[0068] Disclosed herein are components, systems and methods that can be used to determine
and measure the effect of different enantiomers, for example permethrin, on spontaneous beating
and conduction velocity of pattemed cardiac myvocytes in the presence and absence of ong or
more chambers of a component representing the major metabolic pathways in the body. The
Lifetime of components can be extended to examine the effects of a compound in chronie studies.
[0069] The present disclosure comprises coraponents, arravs and methods comprising
patterned biclogically functional cardiac myocyies on mucroelectrode arrays and other chambers
comprising cells, structures, faciors, co-factors or other elements for constructing analogs of
organ lissues or systems thal mimic physiological, physical, chemical, and/or glecincal
conditions of whole organisms.

[0070] The present disclosure comprises methods for determining the effect of an input
varigble on components, arrays and methods, comprising contacting cells comprised by one or
more components with an input variable and monitoring at least one output parameter. For
example, components, arravs and methods may comprise testing of active agents for heneficial
or deleterious effects, fong-term studies of exposure {0 active agents, determination of active
metabolites or other siudies designed by those skilled in the art using the components, arrays and
methods disclosed herein.

[0071] The components and/or systems disclosed herein can comprise a housing for
enclosing a component and/or systems disclosed herein, at least one component, wherein a
component may be a microscale chamber having a geometry that stmulates an in vivo inderaction
with culture medium, wherein the chamber comprises a first inlet and a {irst outlet for flow of the

culture medium, and channels coupled to the miets and outlets of the chamber. A component or
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systems may be held in place or immobilized by attachment to or association with a board, a
planar solid, to which the one or more components of a system are attached or associated.
[0072] The cell culture analog systems disclosed herein can comprise one or a plurality of
components, wherein a component comprises a cardiac component, a neural component, a
gastrointestingl component, a kidney-like component, an other tissues component or a hepatic
component. A cell culture analog system comprises a cell culture analog system comprising a
cardiac component and a hepatic componeni. A system comprises a cell culture analog system
comprising a plurality of componenis compnsing a cardiac component, a neural component and
a hepatic component. A cell culture analog system comprises a cell culture analog system
comprising a plurality of components comprising a cardiac component, a neural component, a
gastrointestinal component, and a hepatic component. A cell cuolture analog system comprises a
cell culture analog svstem comprising a plurality of components comprising a cardiac
component, a neural component, a gastromntestinal component, a kidney-like component, and a
hepatic component. A cell culture analog system comprises a cell culture analog svstem
comprising a phurality of components compnising a cardiac component, a neural component, a
gastrointestinal component, a kidney-like component, an other tissues component, a
neuromuscular component, a muscular component and a hepatic component. A cell culture
analog system comprises a cell culture analog sysiem comprising a plurality of components
comprising a cardiac component, a neural component, a gastrointestinal component, a kKidney-
like component, an other tissues component, a neuromuscular coraponent, a muscle component
and a hepatic component. A cell culture analog svstem comprises a cell culture analog svstem
comprising a phurality of components comprising a neural component, a gastrointestinal
component, a kiduev-hike component, an other tissues coroponent and a hepatic component. A
cell culture analog system comprises a cell culture analog system comprising a plurality of
components comprising a gastrointestinal component, a kidney-like component, an other tissues
component and a hepatic component. A cell culture analog svstem comprises a cell culture
analog system comprising a plurality of cormponents coraprising an other tissues component and
a hepatic component. A cell culture analog svstem comprises a cell culture analog svstem
comprising a phurality of components comprising a cardiac component, a gastromiestinal
component, a kiduev-hike component, an other tissues coroponent and a hepatic component. A
cell culture analog system comprises a cell culture analog svstem comprising a plurality of
components comprising a cardiac component, a kidnay-like component, an other tissues
component and a hepatic component. A cell culture analog svstem comprises a cell culture
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analog svstem comprising a plurality of components comprising a cardiac component, an other
fissues component and a hepatic component. A cell culture analog svsterm comprises a cell
culture analog system comprising a plurality of components comprising a cardiac component,
and a gastrointestinal component. A cell culture analog sysiem comprises a cell culture analog
system comprising a plurality of components comprising a cardiac component, and a kadney-like
component. A cell culture analog system comprises a cell culture analog system comprising a
phurality of components comprising a cardiac component, a neuromuscular component, a muscle
component and a hepatic component. An aspect of the present disclosure comprises a cell culture
analog systern comprising one component, two components, three components, four
components, five components, six components, seven components, eight components, or more
than eight components.

[0073] Disclosed herein are methods, systems and means for dynamically controlling a cell
culture analog system, for example, comprising a computer (e.g., the example computing device
of FIG. 11} and other elements, such as processors, sensors, actuators, etc., wherein, in an aspect,
a method cormprises analvzing data from a plurality of sensors to measure phyvsiological events in
one or more chambers of one or more components disclosed herein; optionally, regulating a cell
culture characteristic such as temperature, light, oxygen, carbon dioxide, and/or fluid flow rates
of a culture medivim in at teast one chamber of a component; and detecting biological or
toxicological reactions in the cells or other elemenis of one or more chambers of a component;
and optionally, upon detection, recording the change and/or changing one or more
pharmacokinetic parameters of a component.

[0074] The devices, systems, and methods disclosed herein can comprise a computer-
readable medium having computer-executable instructions stored thereon to perform a method.
For example, a method may comprise analvzing data from a plurality of sensors to measure
physiological events in one or more chambers of one or more components disclosed herein;
optionally, regulating a characierisiic such as {emperature, Hght, oxygen, carbon dioxide, and/or
fluid flow rates of a culture medium 1o at least one chamber of a component; and detecting
biological or toxicological reactions in the cells or other elements of one or more chambers of a
component; and optionally, upon detection, recording the change and/or changing one or more
pharmacokinetic parameters of component.

[0075] An aspect of a cell culture analog system comprises the arrangement of the
components in a system. A component may be in fluid connection with one or more components
or conduits for fluid connection. A component may be a defined area or void in a solid material
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{for example, a sthicone lavery, such as a chamber formed by removal of a portion of the solid
material to form an mdentation or well in the solid matenial, such as the wells comnected by fwmd
connections or channels formed in a solid material.

[0076] An aspect of a svstem of the present disclosure may comprise placing one or more
components or portions of components on a platform that is capable of movement. In an aspect,
a movable platform can allow gravity to affect or to drive flurd flow. For example, the
component may be iilted. A method of the present disclosure may comprise tiiting or moving a
component from a position substantially parallel (o a particular reference location, such as the
earth's surface, or 1o a position at an angle to the particular reference location, such as the earth's
surface. The tilting motion may be a one time, internutiently or constantly occurring for the
component and/or system. A system or component of the present disclosure may comprise a
movable stage that moves a cell culture analog system or component from a first position
relative to a reference point to at least one different position, and may or may not refum the
system or component to the first position. For example, a system, component or method
comprising a system and/or component may comprise a moveable platform on which a systerm or
component 1s placed such that the systern and/or component may be moved from a first position
to at least one different position if movement s desired. A portion of a system or component
may be configured to be moveable such that the portion may be moved from a first position to at
teast one different position if movement is desired. As used herein, tilting means moving a
system or component of a sysiem or a portion of a systern or a coroponent from a first position in
three dimensional space to at least one different position in three dimensional space. A tilting
action may include, but is not himited to, a one-time it wherein the system or component moves
from one position o a second position; or may include tilting n a continuous or ntermuttent
pattern between one or more positions other than the first position. Tilting may occurin a
smooth, non-liner function. Tilting may be in a step function, for example, the system,
component or portion thereof, mav be moved from a first position to a one or more other
posttions, such as a tilt to a 10° posttion from the first position, pause at the second position, filt
1o a 20° position from the first position, pause at the third position, tili to a 30° position, pause at
the fourth posttion, return tilt to a 20° position {rom the first position, pause at the third position,
return it to a 10° postiion from the first position, pause at the second position, return to the first
position, and optionally, repeat one or more times. Tilting may be in a single step function. For
example, move the system or component quickly to +30° from the starting position, pause, move
quickly to ~30°, pause, back (o +30°, and optionally, repeat one or more times.
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[0077] Axn aspect of movement of a svstem or component or portion thereof comprises the
time the system, component or portion thereof remains in one or more positions. Such tune roay
be brief or long, from seconds to minutes to days o weeks, and mav be determined by one of
skill in the art, or mav be used to mix compositions comprising media, celiular faciors, celis,
compounds 1o be tested, or other ingredients in a component or between components n a systent.
The pertod of movement of the system may be brief or long-~term, and may be for seconds,
minuies days or weeks, and may occur continuously from the start-up of a system or component
1o cornpletion, or for one or more times during the use of the system or component, or may occur
mtermittently or randomly during the use of the system or component,

[0078] The movement of a system, component or portion thereof, may be uniform or non-
uniform in any aspect, such as in time at a position, in time between movements, speed of the
moverent from one position (o another, degree of tilt from the horizontal axis, number of cycles
of movement from one posifion (o one or more other positions, and cornbinations of these
aspects. The amount and type of movement of a system, component or position thereof may be
determined by keeping the flow rate constant to and between one or more componenis, a need to
produce tirne-dependent flow rates or tume dependent shear stresses, and/or to produce flow and
movement to and befween one or more components to mimic blood flow and conditions found in
fluid dynamics in a living organism.

[0079] The devices, methods and systems disclosed herein can comprise in vitro methods
and systems for minucking the n vivo metabolism and response to stumuli of tissues, organs,
organ systems of living organisms. One exemplary method includes determining the effect of an
fput variable on a simulated multi~organ systers, comprising contacting at least one cell in a cell
culture analog svstern which comprises a plurality of componenis, wherein a component
comprisas one or more chambers, chips or regions, and optionally, one or more types of cells;
and one or more sensing elements, wherein one or more of the plurality of components 13 in flud
connection with another component, with an inpul variable and recording al least one output
pararoeter. The method roay comprise measuring and recording more than one ouiput parameier,
or a plurality of ouiput parameters from a plurality of componenis. A step of recording at least
one outpul parameter comprises obtaiming mformation from a sensing element in a component,
[0080] A system may comprise a plurality of components of which at least one compounent is
a cardiac-simulating component comprising cardiac cells cultured on one or more
microcantilevers. A cardiac-simulating component may comprise cardiac cells cultured in a
paitermn on a microglectrode array with embedded microelectrodes. A system may comprise a
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phrality of components of which at least one component 15 a motoneuron component comprising
neurons and nmyotubes formung neuromuscular junctions cultured on nucrocantilevers, A
motoneuron component may comprise neurons and myotubes forming neuromuscular junctions
cultured in a pattern on a nucroelectrode array with embedded microelectrodes. A system may
comprise a plurality of components of which at least two component is a cardiac-simulating
component and a motoneuron component. A component may comprise a tissue biopsy, such as
ex plant tissue from a body, for example a dissected portion of a tissue or organ.

[0081] A cell culture analog system may further cornprise connection elements, pumps,
fitters, sensors, alarms, and computer control elemenis. One or more components may be a
nucrofluidic device. The celis may be derived from a human, an animal, a plant or an insect, or
combinations and mixtures thereof. The cell culture analog system may further comprise serum-
free culture mednim,

[0082] A cell culture analog system may comprise at least a first coraponent comprising a
microscale chamber containing a first type of cell under conditions where the first tvpe of cell
provides at least one pharmacokinetic parameter value comparable to a value obtained for the
same type of cell n vivo, wherein the first chamber comprises a first inlet and a frst outlet for
flow of culture mediumy; and comprises, a second component cormprising a nucroscale chamber
containing a second type of cell under conditions where the second type of cell provides at least
one pharmacokinefic parameter value comparable {0 a value obtamed for the same type of cell in
vive, wherein the second chamber conmprises a second inlet and a second outlet for flow of
culture medium; and a microfluidic channel interconnecting the first and second chambers. At
least one component may comprise a first chamber comprising a first cell type maintained under
conditions providing at least one pharroacokinetic parameter value comparable to values
obtained for the cells in vivo; a second component cormprises a second chamber of the same or
different geometry than the first chamber comprising a second cell type maintained vnder
conditions providing at least one pharmacokinetic parameter value comparable {o values
obtained for the cells n vive; wherein the first and second chambers are interconnected by
fluidic channels: and an inlet and outlet for re-circulation of culture medium.

[0083] In a method for testing the response(s} of a cell culture analog system to an mput
varniable, an input variable may be an organic or inorganic chermmcal compound. An mput
variable mayv be more than one compound, and may be a mixture of inorganic and organic
compounds. An input variable be may a pharmaceutical composition, an environmental sample,
a nutritional sample, or a consumer product. An input variable mav be a virus, iposome,
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nanoparticle, bicdegradable polymer, radiclabeled particle or {oxin, biomolecule, toxin-
conjugated particle or biomolecule. The tirne period for testing the reaction of one or a plurality
of components in a cell culture analog systeny may be for 72 hours, 84 hours, 96 hours, 108
hours, 120 hours, 132 hours, 144 hours, 156 howrs, 168 hours, 180 houss, or for days or weeks,
ot longer, or any amount of time 1 between.

[0084] The cell culture analog systems disclosed herein can comprise a plurality of
components, wherein a component comprises one or more chambers, chips or regions, and one
or more types of cells; and one or more sensing elements, wherein one or wore of the plurality of
components is in fluid connection with another component. The systern may further comprise
conmection elements, pumps, filters, sensors, alarms, and computer control elements. A
component of the system may be a microfluidic device. The cells of the components of the
system may be derived from a haman, an ammal, a plant or an msect, or combinations and
mixtures thereol. At least one component may comprise a chip comprising bwological cells ona
microelecirode array comprising surface embedded microelectrodes. A cell cultwre analog
system comprises at least one serum-free fhad culture medium,

[0085] A cell culture analog svstermn may comprise at least one component comprising at
teast a first microscale chamber containing a first type of cell under conditions where the first
type of cell provides at least one pharmacokinetic parameter value comparable o a value
obtained for the same type of cell in vivo, wherein the first chamber comprises a first infet and a
first outlet for flow of culture medium; and optionally comprises, a second component
comprising a second microscale chamber containing a second type of cell under conditions
where the second type of cell provides at feast one pharmacokinetic parameter vahie comparable
to a value obtained for the same type of cell in vivo, wherein the second chamber conprises a
second inlet and a second outlet for flow of culture medium; and a microfluidic channel
interconnecting the first and second chambers. A cell culiure analog system may comprise at
teast one component comprising a first charmber comprising a first cell tvpe mainiained under
conditions providing at least one pharmacokinegtic parameter value comparable to values
obtained for the cells in vivo; and a second component comprising a second chamber of the same
or different geometry than the first chamber comprising a second cell type maintained under
conditions providing at least one pharroacokinetic parameter value comparable to values
obtained for the cells in vivo; wherein the first and second chambers are interconnectad by
fluidic channels; and an inlet and outlet for re-circudation of culture medium. A cell culture
analog system may comprise one or more additional microscale chambers contaming the same or
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different types of cells as n the first or optionally second chambers, under conditions where the
addiional cell provides at least one pharmacokinetic parameter value comparable to a value
obtained for the same type of cell in vivo, wherein the one or more additional chambers
comprise an inlet and outlef for flow of culture medium. A cell culture analog system may
operate for 72 hours, 84 hours, 96 hours, 108 hours, 120 hours, 132 howrs, 144 hours, 156 hours,
168 hours, 180 hours, or for davs or weeks, or longer, or any amount of time in between.

[0086] A cell analog svstem may use one or more culture media. For example, the entire
system may use one culture media, such as a serum-free media, and that media may be circulated
to one or more of the components 1o flnd connection in the system. Individual media
components, such as nutritional compounds or growth cell factors mav be added m individual
components, and may or may not be circulated 1o other componenis of the system. The cellsina
component may be grown and develop to the desired stage or number of cells in a component
using a particular culture media and then that component may be joined into a cell analog system
in which a different culture media, such as a serum-free media, is circulated throughout the
entire system. A cell analog system of the present disclosure may comprise use of one culture
media 1o each conmected component. A cell analog svstem of the present disclosure may
cormprise use of more than one culture media, at different times during the operation of the

system, or in different individual components.

EXAMPLES

[0087] Cells respond to external stimuli using tightly regulated biochemical pathways.
These pathways represent a chain of events that are initiated by a stimulus and lead to a
particular response for the cell. For cells that are electrically activated, the stimulus, which is a
voltage or ionic current, can be shaped in ways not possible for biochemical stimuli. For
example, the stimulus can be applied in bursts, held constant, given different polarity, etc. Each
applied pattern generates a unique cell response which can be the result of different pathway
activation. These responses can be modulated if a disruption along the pathway changes the fate
of the signaling chain. The type of cell and nature of the disruption determines to what extent the
cell response changes. By observing the cell response from multiple stimulation patterns before
and after the administration of drugs or toxins, pathway information can be discriminated.
[0088] This technique is used clinically to monitor the effect of muscle relaxants during
surgery (Ali, 1970). Transdermal electrical stimulation of a peripheral nerve to the hand or face

using a train of four identical pulses causes muscle contractions. The type of relaxant
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administered determines how the resulting contractions are modulated. Nondepolarizing blockers
make contractions from each successive pulse fade or reduce in amplitude whereas a
depolarizing blocker has two phases. First, the amplitude of each contraction is reduced by the
same amount. Then, the contractions fade just like in the nondepolarizing case.

[0089] The monitoring of muscle relaxants using electrical stimulation is an in vivo
example. In vitro devices that deliver electronic stimulation also exist, for example, the multi-
electrode array and the patch clamp. These devices feature programmable electronic stimulation,
but in practice the stimulation parameters are not varied to determine biochemical pathway
information. These devices also have two critical limitations. First, they can only measure the
electrical response of cells; they can’t measure other parameters like contractile force/length
change for biomechanical cells. And second, they only measure the output of a single culture of
cells. This limits the type of biological model that can be used and more importantly, limits the
total amount of data that can be collected. Since drugs/toxins/metabolites can have a varied
effect on different cells, having a system capable of recording from multiple cell-types is critical

to determining how the drug/toxin/metabolite affects the pathway.

EXAMPLE 1
[0090] System. FIG. 1 shows an example of a system that records the cellular responses to
electrical stimulation patterns. The recording process is shown as a flow chart. A computer 101
triggers a stimulus generator 103 to electrically probe cells contained in modules while readout
electronics 105 pass the cell responses back to the computer. It should be understood that the
computer can be the example computing device 1100 shown in FIG. 11. Alternatively or
additionally, the stimulus generator 103 can optionally be stimulus generator (A-M Systems
isolated pulse stimulator model 2100). The stimulus generator 103 can be operably connected to
one or more stimulation electrodes respectively arranged in each of the one or more
compartments described herein (e.g., the liver, kidney, and/or downstream compartments).
Optionally, the stimulation electrodes can be bath electrodes as described herein with respect to
Example 4. Alternatively or additionally, the cell responses can be recorded using a laser
scanner and photodetector for detecting deflection of at least one microcantilever (e.g., as
described with regard to FIG. 7 herein), piezoelectric materials for detecting deflection of at least
one microcantilever (as described in U.S. Patent Application No. 14/821,675, filed August 7,
2015, which is hereby incorporated by reference in its entirety), imaging devices (e.g., video) for

detecting deflection of at least one microcantilever (e.g., as described with regard to FIG. 8
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herein), and/or microelectrode arrays (e.g., as described with regard to FIG. 6 herein). The
stimulus generator also passes timing information back to the computer to synchronize with the
readout electronics. The responses to different stimulation patterns are aggregated for analysis of
pathway information. In this disclosure, the modules are functional units that interface to the

cells.

EXAMPLE 2
[0091] Components. F1G. 2 shows several schematics of networks formed by combining
components, or modules, to represent a biological system of interest. Each component by itself is
as simple as possible and complexity is added by interconnecting modules into a fluidic network.
The network is designed by the user to simulate the physiology under study which in some cases,
only requires a single module. At least one component or module within the network must
receive electrical stimulation patterns. The network topology is shown in FIG. 2A. Any module
within the path of both access ports will have flow which is important in certain physiological
models. A no flow condition can be achieved by severing access to one port or removing a port
all together, FIG. 2B. Flow modules with different network configurations are illustrated in FIG.
2C and FIG. 2D.
[0092] Several components or modules use microchips which are shown in FIG. 3. The
multi-electrode array 22 is a silica chip with patterned electrodes that interface with bioelectrical
cells like neurons and cardiac muscle; it measures extracellular voltage levels. The cantilever
array 24 is a silicon chip with micro-machined flexures that interface with biomechanical cells
like skeletal and cardiac muscle; it measures force. The silica and silicon chips are generally
used for cells that do not receive electrical stimulation patterns but are added to a network to
achieve physiological relevance such as using a silica chip with liver cells to metabolize drugs.
The micro-tunnel array 41 is a silicon chip with patterned silicone tunnels that interface neuronal
cells 34 in one compartment with a target in the other. In this example, motoneurons innervate
skeletal muscle cells 30 providing a neuromuscular junction model. Muscle contractions are
measured by video.
[0093] FIG. 4C depicts a kidney component 10 comprising a blood surrogate (media)
channel 36 which comprises a flowing medium, a filtrate channel 38 comprising a flowing
filtrate and positioned above the media channel, and a filtration system. The kidney component
further comprises a glomerulus chamber 14 which promotes diffusive transport and a proximal

tubule chamber 16 which promotes active transport. The glomerulus chamber in the example
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shown comprises a filter 40 which allows the diffusive passage of waste components that are
below a certain size threshold. The waste components passively flow from the media channel 36
side of the glomerulus chamber 14 to the filtrate channel 38 side of the glomerulus chamber.
From there, they can be routed to a filtrate reservoir for further analysis, or they can be routed to
the proximal tubule chamber 16. The proximal tubule chamber in the example shown has a
proximal tubule cell culture 42 and electrodes 44, 46 of opposing polarity which facilitate the
active transport of non-waste products through the proximal tubule cell culture. In this example,
non-waste products are encouraged by an electric field to flow from the filtrate channel 38 back
into the media (blood surrogate) channel 36. The flowing medium may then be routed to a
media reservoir for further analysis, or it may be routed to another component of the micro cell
culture analog system 2.

[0094] FIG. 4D shows a kidney component as part of a larger micro cell culture analog
system 2. The entire system also includes a liver component 4, a cardiac component 20, a
skeletal component 28, and a neuronal component 32. A flowing medium first contacts the liver
component 4. The liver cell culture 6 of the liver component may produce certain waste
products, i.e. metabolic products, when certain stimuli are being presented. The waste products
from the liver component 4 then flow via connector conduits 18 to parallel cardiac and skeletal
muscle components 20, 28, where the liver component waste products may have an effect on
cardiac and/or skeletal muscle cell cultures 21, 30. The first cardiac component may, for
example, comprise a microelectrode array 22 for recording action potentials and determining
how the electrical properties of the cardiac cells have changed with the stimulus and with the
waste products from the liver component. Another cardiac component may be placed in series,
downstream from the first cardiac component. In this example, the second, downstream cardiac
component can include a cantilever array 24 for measuring the mechanical response from a
cardiac cell culture. Meanwhile, mechanical responses from the skeletal muscle component
placed in parallel may also be measured, using a cantilever array. In the example shown in FIG.
4D, the media from the skeletal muscle component 28 then flows downstream to the neuronal
component 32. The neuronal component 32 may include a microelectrode array for measuring
the electrical responses to the waste-containing medium. Alternatively, a neuromuscular
junction component 35 (shown in more detail in FIG. 3) may be used in place of the skeletal and
neuronal components placed in series. As shown in FIG. 3, the neuromuscular junction
component 35 can comprise a neuronal cell culture 34 cultured in a neuronal chamber 37 and on

a microelectrode array 22, and positioned in fluid contact with a skeletal muscle cell culture 30
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in a skeletal muscle chamber 39 and on a cantilever array 24. The skeletal muscle chamber and
the neuronal chamber may be separated by a plurality of microtunnels 41, whereby axons can
extend through the microtunnels to contact the skeletal muscles and form the neuromuscular
junctions. Finally, as in the example shown in FIG. 4D, media from all of the upstream
components can be combined and routed through a connector conduit 18 to the media channel 36
of the kidney component 10, which comprises the glomerulus chamber 14 and the proximal

tubule chamber 16 and functions as described above in reference to FIG. 4C.

EXAMPLE 3
[0095] Housings. The components are interconnected inside housings 48 made by stacking
layers of silicone and plastic 50, 52. A single-module with a multi-electrode array 22 inside a
flow housing is illustrated in FIG. 4A. Here, the bottom and top layers are thick plastic layers 52
and the module compartment is made from two thin layers of silicone 50. Voids 54 in the
silicone layers create the component chambers and the connector conduits. Collapsing the pieces
together, except for the lid, shows the fluid path, FIG. 4B; the corded off area at the electrical
interconnects is a dry chamber 58 and the lid has an opening to grant access to this area. More
complex architectures are possible including multiple levels by stacking more layers of silicone
and plastic as was done for the kidney module shown in FIG. 4C and FIG. 4D.
[0096] Examples of housings are shown in FIG. 5. A single module housing with no flow
has a single fluid access port right above the module chip, FIG. 5A. A single module housing
with flow requires two fluid access ports connected to the module, FIG. 5B. A five component
housing splits the flow between four components but recombines them at the fifth. The fifth
component delivers liver metabolism for the whole network, FIG. 5C. The various components
are interconnected by connector conduits 18, and in this example, some of the components

include microelectrode arrays 22 and cantilever arrays 24.

EXAMPLE 4
[0097] Stimulation and readout. Electronic interfacing for modules varies. In some
embodiments, micro-electrode array chips are connected to a printed circuit board (PCB) which
enables interfacing to a stimulus generator and amplifier, as shown in FIG. 6. The electrodes on
the chip can perform both stimulation and readout. Cantilever arrays can use a laser scanner to

readout biomechanical force from cells plated on the cantilevers, as shown in FIG. 7. Stimulation
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is applied through bath electrodes which are built into the module compartment inside the
housing. Biomechanical cells can also be monitored by video to measure contractile motion, as
shown in FIG. 8. Frames captured by the detector are normalized against the first frame.
Movement by cells cause differences in these frames as compared to the first to become
highlighted. By averaging the pixel intensity of a region of interest (ROI) where motion occurs, a

plot of contractions versus time can be generated.

EXAMPLE 5
[0098] Stimulation patterns. A voltage or current is injected into the stimulation electrodes
present in each module while the cellular response is recorded. The stimulation is then varied. As
described above, the stimulus (e.g., applied by the stimulus generator 101 of FIG. 1) can be
applied in bursts, held constant, given different polarity, etc. For example, a fixed amplitude
voltage is optionally pulsed at a given frequency for a period of time and then switched to
another frequency for the same period of time. Alternatively, the amplitude can optionally be
adjusted while the frequency is fixed. More complex patterns can be used such as bursts, like a
train of four pulses. In some examples, the electrical stimulus can be repeated over the course of
a lengthy period of time, for example, to study chronic conditions. For example, the stimulus
could be applied repeatedly over the course of 28 days or more. In some examples, the stimulus
might be spaced by a certain time duration. For example, a repeated stimulus might be spaced
from the last stimulus by at least 24 hours. The goal is to record the responses to the various
stimulation patterns. As described above, each applied pattern generates a unique cell response
which can be the result of different pathway activation. These responses can be modulated if a
disruption along the pathway changes the fate of the signaling chain. The type of cell and nature
of the disruption determines to what extent the cell response changes. By observing the cell
response from multiple stimulation patterns before and after the administration of drugs or

toxins, pathway information can be discriminated.

EXAMPLE 6
[0099] Drug modulation. After a baseline is established, a drug can be added to the system.
The stimulation pattern is repeated and differences in the cell response are noted. An example is
illustrative. A neuromuscular junction model was set up using a single module with a

microtunnel chip. The chip was plated with motoneurons on one side of the tunnels and skeletal
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muscle on the other side. Axons from the motoneurons traversed the barrier and synapse onto
muscle. Bath electrodes were used to stimulate the motoneurons while the barrier prevented co-
stimulation of the muscle. The stimulation caused depolarization of the motoneurons sending
action potentials through the axons to the skeletal muscle. The resulting muscle contractions
were recorded by video. The stimulation pattern was a bipolar, 50 ms pulse, fired at 0.33 Hz, 0.5
Hz, 1 Hz, and 2 Hz. Dose response curves were generated at each frequency for two drugs:
curare and bungarotoxin, FIG. 9A and FIG. 10A, respectively.

[00100]  For curare, the fitted parameters followed a biphasic curve,

1-p p

T'(C): - e - e,
, 1+(—,C ) 1+(—,C )
Equation 1 504 50,

[00101] The biphasic curve means there are two concentrations for a half-maximum
inhibitory response. These findings are in agreement with commonly reported results for
acetylcholine receptors having two distinct binding locations for curare with different affinities.
The effect is more prominent at higher frequency, where the plateau region shrinks exponentially
for increasing frequency, FIG. 9B. In fact, at the lowest frequency, the effect is almost non-
existent. The only way the effect presented itself was by stimulating at a high enough frequency
showing the utility of the micro cell culture analog system.

[00102] The muscle response to increasing bungarotoxin concentrations followed a

hermetic, biphasic dose-response,
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. 1+ <L> 1+ (—
Equation 2 ICs0,
[00103] Low concentrations of bungarotoxin had a small excitatory effect, before the
onset of inhibitory by higher concentrations. According to the fitted dose-response curves, the
hermetic zone was frequency-dependent, as shown in FIG. 10B. The concentration of
bungarotoxin that produced the highest excitatory effect is called the maximum stimulation dose.
And the concentration where the excitatory effect diminishes to baseline is called the no adverse
effect level. Both points shifted based on frequency of stimulation which could give information
on the affinity of the bungarotoxin binding site.
[00104] In both these examples, a drug was added to disrupt the normal biochemical
pathway involved in motoneuron signaling of skeletal muscle to contract by neuromuscular

junction mediation. This caused the contractile response to change. In the case of curare, the
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drug was inhibitory based on concentration, however by applying a stimulation pattern of
increased pulse frequency, the inhibition was revealed to be biphasic. This suggests there are two
binding sites for curare with different affinities. In the case of bungarotoxin, there was an
excitatory effect at lower concentrations followed by an inhibitory effect at higher
concentrations. By applying a stimulation pattern of increased pulse frequency, both effects
occur at a lower concentration which may give some indication about how the toxin is affecting
the pathway. These examples were for the single neuromuscular junction module with a
microtunnel array. It should be understood that the systems and methods described herein allow
multiple modules to model other complex systems. Operation would follow the same scheme
where a compound is added to disrupt the target pathway and stimulation patterns are applied to
gain information about how the pathway was affected.

[00105] In some examples, the stimulus (for example, the drug, toxin, or metabolite) can
be repeated over the course of a lengthy period of time, for example, to study chronic conditions.
For example, the drug, toxin or metabolite could be applied repeatedly over the course of 28
days or more. In some examples, the drug, toxin, or metabolite might be spaced by a certain
time duration. For example, a repeated stimulus might be spaced from the last stimulus by at

least 24 hours.

EXAMPLE 7
[00106] Multivariate Analysis. This system can allow the stimulation waveform and/or
drug, toxin, or metabolite concentration to vary. Further, the number of modules and fluidic
interconnects can vary. The functional readout of a target module can then be recorded under all
or some of those various conditions. Multivariate analysis can be applied to the functional
readouts to map them back to biochemical pathways. The resulting output will be a unique
signature of how the pathway is being manipulated. This includes unique dose-response curves
that contain frequency dependent features such as biphasic and hermetic regions.
[00107] As described herein, a micro cell culture analog device can include a plurality of
components, where each component includes a cell culture of a different cell type. For example,
a micro cell culture analog device can include a first component having a first chamber and
including a cell culture of a first cell type (e.g., liver), a second component having a second
chamber and including a cell culture of a second cell type (e.g., kidney), and a third component
having a third chamber and including a cell culture of a third cell type (e.g., other than liver or
kidney), etc. It should be understood that the number of components and/or the types of cell

cultures included in each of the components is not intended to be limited by the examples.
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[00108] Optionally, as described herein, respective stimulation electrodes can be arranged
in one or more of the components. Optionally, in some implementations, respective stimulation
electrodes are arranged in each of the components. Alternatively, in some implementations,
respective stimulation electrodes are arranged in select components (but less than all of the
components). The respective stimulation electrodes can be operably connected to a stimulus
generator (e.g., stimulus generator 103 of FIG. 1). As described herein, the stimulus generator
can be configured to apply a stimulus signal to the respective stimulation electrodes, which can
electrically stimulate the components, where each component includes a different cell culture.
This disclosure contemplates that the stimulus signal can be applied before, during, and/or after a
drug, toxin, and/or metabolite has been introduced to the micro cell analog device. Additionally,
as described herein, electrical stimulation parameters can be varied to gain information about
how a stimulus affects different cell types.

[00109] Alternatively or additionally, a component may include a sensor equipped to
respond to or detect a functional readout from a cell culture, such as force, frequency of action
potential, or amplitude of action potential. Sensors such as microcantilever arrays can detect
changes in cell force, for example, whereas sensors such as microelectrode arrays can detect
changes in electrical activity of a cell culture. A component can also include a recording device
(e.g., laser/photodetector, image capturing device, and/or computer, etc.) operably connected to
one or more of the components and, in some cases, to the sensor. Optionally, in some
implementations, a recording device can be configured to record cell responses from the cell
cultures included in each of the components. Alternatively, in some implementations, a
recording device can be configured to record cell response from the cell cultures included in
select components (but less than all of the components). This disclosure contemplates that the
respective cell responses of the cell cultures included in each of the components can be recorded,
for example, before, during, and/or after a drug, toxin, and/or metabolite has been introduced to
the micro cell culture analog device. For example, in the example above, respective cell
responses of liver, kidney, and other than liver or kidney cells can be recorded from the first,
second, and third components of the micro cell culture analog device.

[00110] The respective cell responses can be stored in memory of a computing device
(e.g., computing device 1100 of FIG. 11). Optionally, respective cell responses can be stored in
a database or other data structure. For example, a drug, toxin, and/or metabolite can be
introduced to a micro cell culture analog device. The respective cell responses of the cell

cultures included in each of the components to drug, toxin, and/or metabolite can be recorded
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and stored. Optionally, electrical stimulation can be applied in the presence of the drug, toxin,
and/or metabolite. Characteristics (e.g., frequency, amplitude, etc.) of the electrical stimulation
can, in some cases, be varied in the presence of the drug, toxin, and/or metabolite, and the
respective cell responses from each of the components to the electrical stimulation can be
recorded and stored. This disclosure contemplates that the process of electrical stimulation and
recording/storage can be performed when the micro cell culture analog device is exposed to each
of a plurality of drugs, toxin, and/or metabolites. Additional data on how the cells react to the
drug, toxin, metabolite and/or electrical stimulation can also be recorded. For example, the
exposure to a drug may alter the protein or RNA signature of a cell. As such, the concentration
of biomarkers excreted or expressed internally by the cells may also be recorded and stored as
cellular responses. Biomarkers can include, for example, small molecules, hormones, nucleic
acids, RNA, peptides, proteins, gene products, or enzymes. All of the stored responses can later
be analyzed for possible linkages to various cellular pathways. As described herein, the
functional readouts from the various components obtained after exposure to the various
perturbations (drug, toxin, and/or metabolite concentration and/or electrical stimulation) can be
used to determine biochemical pathway information. Accordingly, this disclosure also
contemplates that a multivariate analysis can be performed to determine the correlation between
the functional readouts and the biochemical pathways within the cell or between cells. The
multivariate analyses may be used to uncover new information on how an unknown drug, toxin,
or metabolite acts on a biochemical pathway or to discover new biochemical pathways.

[00111] When determining pathway information, it is helpful to monitor more than just
the functional output of the cell. That’s because different drugs/toxins/metabolites with very
different mechanisms of action can end up producing the same functional output. For example, a
drug could interfere with the contractile apparatus in a muscle cell while another drug interferes
with the transmission of nerve impulses to the muscle. Both manifest as a reduction in muscle
contractile force under functional readout. To pinpoint how a drug is acting, more information is
needed. The disclosed cell culture analog system provides that capability by allowing the
functional output to be measured under many conditions. The test compound concentration and
electrical stimulation waveform can be varied as in Examples 5 and 6. The modularity feature
allows the number and type of components to vary as well as the flow. For example, a liver
module can provide first-pass drug metabolism by proper flow routing, and liver metabolites
may have a different effect on the muscle cell culture than the drug itself. Varying multiple

conditions in an experiment not only generates functional output that is more likely to be unique,
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each condition gives hints as to where along the biochemical pathway a test compound is acting.
For the prior muscle example, stimulating the muscle directly compared to stimulating the
neurons would give information on whether the drug acted on the contractile apparatus or nerve
transmission. Each test condition affects the cells differently and generates a new functional
output. The variations in test conditions and results can be stored in the database and plugged
into the multivariate analysis to lead back to the pathway information, which can then also be
stored in the database and compared to or used in the analysis of future experiments. The
database may also contain information about how known drugs, toxins, metabolites, electrical
stimuli, or other types of stimuli affect particular biochemical pathways. This data pertaining to
known stimuli may be used as an aid in multivariate analyses to determine how biochemical

pathways are affected by new stimuli that is less understood.

EXAMPLE COMPUTING DEVICE
[00112] It should be appreciated that the logical operations described herein with
respect to the various figures may be implemented (1) as a sequence of computer implemented
acts or program modules (i.e., software) running on a computing device (e.g., the computing
device described in FIG. 11), (2) as interconnected machine logic circuits or circuit modules
(i.e., hardware) within the computing device and/or (3) a combination of software and hardware
of the computing device. Thus, the logical operations discussed herein are not limited to any
specific combination of hardware and software. The implementation is a matter of choice
dependent on the performance and other requirements of the computing device. Accordingly,
the logical operations described herein are referred to variously as operations, structural devices,
acts, or modules. These operations, structural devices, acts and modules may be implemented in
software, in firmware, in special purpose digital logic, and any combination thereof. It should
also be appreciated that more or fewer operations may be performed than shown in the figures
and described herein. These operations may also be performed in a different order than those
described herein.
[00113] Referring to FIG. 11, an example computing device 1100 upon which
embodiments of the invention may be implemented is illustrated. It should be understood that
the example computing device 1100 is only one example of a suitable computing environment
upon which embodiments of the invention may be implemented. Optionally, the computing
device 1100 can be a well-known computing system including, but not limited to, personal

computers, servers, handheld or laptop devices, multiprocessor systems, microprocessor-based
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systems, network personal computers (PCs), minicomputers, mainframe computers, embedded
systems, and/or distributed computing environments including a plurality of any of the above
systems or devices. Distributed computing environments enable remote computing devices,
which are connected to a communication network or other data transmission medium, to perform
various tasks. In the distributed computing environment, the program modules, applications, and
other data may be stored on local and/or remote computer storage media.

[00114] In its most basic configuration, computing device 1100 typically includes at
least one processing unit 1106 and system memory 1104. Depending on the exact configuration
and type of computing device, system memory 1104 may be volatile (such as random access
memory (RAM)), non-volatile (such as read-only memory (ROM), flash memory, etc.), or some
combination of the two. This most basic configuration is illustrated in FIG. 11 by dashed line
1102. The processing unit 1106 may be a standard programmable processor that performs
arithmetic and logic operations necessary for operation of the computing device 1100. The
computing device 1100 may also include a bus or other communication mechanism for
communicating information among various components of the computing device 1100.

[00115] Computing device 1100 may have additional features/functionality. For
example, computing device 1100 may include additional storage such as removable storage 1108
and non-removable storage 1110 including, but not limited to, magnetic or optical disks or tapes.
Computing device 1100 may also contain network connection(s) 1116 that allow the device to
communicate with other devices. Computing device 1100 may also have input device(s) 1114
such as a keyboard, mouse, touch screen, etc. Output device(s) 1112 such as a display, speakers,
printer, etc. may also be included. The additional devices may be connected to the bus in order
to facilitate communication of data among the components of the computing device 1100. All
these devices are well known in the art and need not be discussed at length here.

[00116] The processing unit 1106 may be configured to execute program code encoded
in tangible, computer-readable media. Tangible, computer-readable media refers to any media
that is capable of providing data that causes the computing device 1100 (i.e., a machine) to
operate in a particular fashion. Various computer-readable media may be utilized to provide
instructions to the processing unit 1106 for execution. Example tangible, computer-readable
media may include, but is not limited to, volatile media, non-volatile media, removable media
and non-removable media implemented in any method or technology for storage of information
such as computer readable instructions, data structures, program modules or other data. System

memory 1104, removable storage 1108, and non-removable storage 1110 are all examples of
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tangible, computer storage media. Example tangible, computer-readable recording media
include, but are not limited to, an integrated circuit (e.g., field-programmable gate array or
application-specific IC), a hard disk, an optical disk, a magneto-optical disk, a floppy disk, a
magnetic tape, a holographic storage medium, a solid-state device, RAM, ROM, electrically
erasable program read-only memory (EEPROM), flash memory or other memory technology,
CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices.

[00117] In an example implementation, the processing unit 1106 may execute program
code stored in the system memory 1104. For example, the bus may carry data to the system
memory 1104, from which the processing unit 1106 receives and executes instructions. The data
received by the system memory 1104 may optionally be stored on the removable storage 1108 or
the non-removable storage 1110 before or after execution by the processing unit 1106.

[00118] It should be understood that the various techniques described herein may be
implemented in connection with hardware or software or, where appropriate, with a combination
thereof. Thus, the methods and apparatuses of the presently disclosed subject matter, or certain
aspects or portions thereof, may take the form of program code (i.e., instructions) embodied in
tangible media, such as floppy diskettes, CD-ROMs, hard drives, or any other machine-readable
storage medium wherein, when the program code is loaded into and executed by a machine, such
as a computing device, the machine becomes an apparatus for practicing the presently disclosed
subject matter. In the case of program code execution on programmable computers, the
computing device generally includes a processor, a storage medium readable by the processor
(including volatile and non-volatile memory and/or storage elements), at least one input device,
and at least one output device. One or more programs may implement or utilize the processes
described in connection with the presently disclosed subject matter, e.g., through the use of an
application programming interface (API), reusable controls, or the like. Such programs may be
implemented in a high level procedural or object-oriented programming language to
communicate with a computer system. However, the program(s) can be implemented in
assembly or machine language, if desired. In any case, the language may be a compiled or

interpreted language and it may be combined with hardware implementations.
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WHAT IS CLAIMED IS:

1. A cell culture analog system for simulating the physiological condition of a living
subject comprising:
a first chamber comprising a first type of cell, and
a second chamber in fluid connection with the first chamber, the second chamber
comprising a second type of cell,
a first sensor for non-invasively measuring a function of the first type of cell,
a second sensor for non-invasively measuring a function of the second type of
cell,
a computing device operably connected to the first sensor and the second sensor,
wherein the computing device is configured to:
receive data from at least one of the first sensor and the second sensor, the
data comprising the function of at least one of the first type or the second type of
cell, and

apply a multivariate analysis to the data.

2. The cell culture analog system of claim 1, wherein the multivariate analysis draws
correlations between the data and biochemical pathways within the first type of cell, the second

type of cell, or both.

3. The cell culture analog system of either claim 1 or claim 2, wherein the
computing device is configured to access a database, wherein the database comprises
information about how a stimulus affects biochemical pathways within the first type of cell, the

second type of cell, or both.

4. The cell culture analog system of claim 3, wherein the computing device is

configured to store the data to the database.
5. The cell culture analog system of either claim 3 or 4, wherein the computing

device is configured to recover a first set of data from the database for comparison to a second

set of data.
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6. The cell culture analog system of any one of claims 1-5, wherein the data

comprises the frequency of a cellular action potential.

7. The cell culture analog system of any one of claims 1-6, wherein the data

comprises the amplitude of a cellular action potential.

8. The cell culture analog system of any one of claims 1-7, wherein the data

comprises the cellular contractile force.

9. The cell culture analog system of any one of claims 1-8, wherein data further

comprises the concentration of a biomarker.

10. The cell culture analog system of any one of claims 1-9, further comprising a
third cell type, wherein the first, second, and third cell types are selected from the group
consisting of: cardiomyocytes, myotubes, liver cells, kidney cells, neurons, epithelial cells, or

mucus-producing cells.

11. The cell culture analog system of any one of claims 1-10, further comprising a

third type of cell, wherein the third type of cell is a liver cell or a kidney cell.

12. The cell culture analog system of any one of claims 1-11, wherein the first sensor
is selected from the group consisting of: a microcantilever, a microelectrode array (MEA), and a

light sensor.

13. The cell culture analog system of claim 12, wherein the second sensor is selected
from the group consisting of: a microcantilever, a microelectrode array (MEA), and a light

S€nsor.

14. The cell culture analog system of any one of claims 1-13, wherein the first type
of cell is a muscle cell or neuron, the first sensor comprises an MEA and is configured to
measure the electrical activity of the first type of cell, the second type of cell is cardiomyocyte or
myotube, and the second sensor comprises a microcantilever in contact with the second type of

cell and configured to deflect in response to force applied by the second type of cell.
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15. The cell culture analog system of claim 14, further comprising a third chamber

comprising a third type of cell and in fluid connection with the first and second chambers.

16. The cell culture analog system of claim 15, wherein the third type of cell is a

liver cell or a kidney cell.

17. The cell culture analog system of any one of claims 1-13, wherein the first type

of cell is selected from the group consisting of a neuron, a cardiomyocyte, or a myotube.

18. The cell culture analog system of claim 17, wherein the first sensor comprises a

MEA or a microcantilever.

19. The cell culture analog system of claim 17 or 18, further comprising a third type

of cell, wherein the third type of cell is a liver cell or a kidney cell.

20. The cell culture analog system of any one of claims 17-19, wherein the first type
of cell is a cardiomyocyte or a myotube, and the first sensor is a microcantilever, and wherein

the first cell type is cultured on the first sensor.

21. The cell culture analog system of any one of claims 17-20, wherein the first
chamber further comprises a neuron cultured on the first sensor and forming a neuromuscular

junction with the first cell type.

22. The cell culture analog system of any one of claims 1-21, wherein at least one of
the first chamber or the second chamber has an inlet and an outlet for directing flow of a culture

medium.

23. The cell culture analog system of any one of claims 1-22, further comprising a

microfluidic channel interconnecting the first chamber and the second chamber.

24, The cell culture analog system of any one of claims 1-23, further comprising a

pump configured to flow a culture medium through the first chamber and the second chamber.
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25. The cell culture analog system of any one of claims 1-24, further comprising a
muscle-simulating component, the muscle-simulating component comprising one or more

microcantilevers having cardiomyocytes or myotubes cultured thereon.

26. The cell culture analog system of claim 25, wherein the one or more

microcantilever comprises a piezoelectric material.

27. The cell culture analog system of claim 25, wherein the muscle-simulating

component further comprises a microelectrode array having neurons cultured thereon.

28. The cell culture analog system of any one of claims 1-27, wherein the system
further comprises:
a plurality of fluidic channels interconnecting the first chamber and the second
chamber, and

an inlet and an outlet for re-circulation of a culture medium.

29. The cell culture analog system of any one of claims 1-28, wherein the first

chamber, the second chamber, the first sensor, and the second sensor are arranged on a chip.

30. The cell culture analog system of claim 29, wherein the first chamber, the second

chamber, the first sensor, and the second sensor are arranged in a planar sequential relationship.

31. The cell culture analog system of any one of claims 1-30, further comprising a
stimulus generator operably connected to stimulation electrodes, wherein the stimulation
electrodes are in electrical contact with the at least one of the first type of cell or the second type
of cell, and wherein the stimulus generator is configured to apply a stimulus signal to the

stimulation electrodes.
32. The cell culture analog system of claim 31, wherein the computing device is

operably connected to the stimulus generator and configured to vary a characteristic of the

stimulus signal.
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33.  The cell culture analog system of claim 32, wherein the characteristic of the

stimulus signal is at least one of amplitude or frequency.

34, The micro cell culture analog system of claim 33, wherein varying a characteristic
of the stimulus signal comprises switching the frequency of the stimulus signal while

maintaining the amplitude constant.

35. The micro cell culture analog system of claim 33, wherein varying a characteristic
of the stimulus signal comprises adjusting the amplitude of the stimulus signal while maintaining

the frequency constant.

36. The cell culture analog system of any one of claims 1-35, further comprising a
recording device operably connected to the computing device and at least one of the first sensor
or the second sensor, wherein the recording device is configured to record data from at least one

of the first sensor and the second sensor.

37. The cell culture analog system of claim 36, further comprising a stimulus
generator operably connected to stimulation electrodes, wherein the stimulation electrodes are in
electrical contact with the at least one of the first type of cell or the second type of cell, and
wherein the stimulus generator is configured to apply a stimulus signal to the stimulation
electrodes, and wherein the computing device is further configured to synchronize operations of

the stimulus generator and the recording device.
38. The micro cell culture analog system of claim 37, wherein the computing device
is further configured to receive a timing signal from the stimulus generator, wherein operations

of the stimulus generator and the recording device are synchronized based on the timing signal.

39. The micro cell culture analog system of any one of claims 36-38, wherein the

recording device comprises a laser and a photodetector.

40. The micro cell culture analog system of any of any one of claims 36-39, wherein

the recording device comprises an image capturing device.
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41. A method for analyzing cell culture analog system data, the method comprising:
receiving, at a computing device, data comprising a function of at least one of a
first type of cell or a second type of cell; and

applying a multivariate analysis to the data using the computing device.

42. The method of claim 41, wherein data comprising the function of the first type of
cell is received from a first sensor for non-invasively measuring the function of the first type of

cell.

43. The method of either of claims 41 or 42, wherein data comprising the function of
the second type of cell is received from a second sensor for non-invasively measuring the

function of the second type of cell.

44, The method of any one of claims 41-43, wherein the data comprises cellular
action potential frequency, cellular action potential amplitude, cellular contractile force, or a

combination thereof.

45. The method of any one of claims 41-44, further comprising receiving, at the
computing device, a concentration of a biomarker expressed by or excreted by the first type of
cell or the second type of cell, wherein the concentration of the biomarker is included in the

multivariate analysis.
46. The method of any one of claims 41-45, further comprising identifying a
biochemical pathway associated with at least one of the first type of cell or the second type of

cell using the multivariate analysis.

47. The method of any one of claims 41-46, further comprising storing the data to a

database.

48. The method of any one of claims 41-47, further comprising storing a result of the

multivariate analysis to a database.
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49. The method of any one of claims 41-48, further comprising, using the computing
device, retrieving from a database a previous set of data or a previous result of the multivariate

analysis.

50. The method of any one of claims 41-49, further comprising applying a stimulus to
at least one of the first type of cell or the second type of cell, wherein the stimulus comprises at

least one of the group consisting of a drug, a toxin, a metabolite, or an electrical stimulation.

51. The method of claim 50, further comprising repeating application of the stimulus,

wherein a period of time between repeated stimuli is at least 24 hours.

52. The method of either of claims 50 or 51, further comprising repeating application

of the stimulus multiple times over the course of 28 days.

53. The method of any one of claims 50-52, further comprising introducing at least

one variation to the stimulus over time.

54, The method of claim 53, wherein the variation affects at least one of the group
consisting of: drug concentration, toxin concentration, metabolite concentration, electrical

stimulation frequency, electrical stimulation pulse duration, or electrical stimulation amplitude.
55. The method of either of claims 53 or 54, wherein the data is received at the

computing device while the stimulus is varied, and wherein the data comprises the function of at

least one of the first type of cell or the second type of cell in response to the stimulus.
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