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SYSTEMS AND METHODS FOR ELECTRONICALLY ANB OPTICALLY
MONITORING BIOLOGICAL SAMPLES

{001} Thus application claims benefit of priority to US patent application no.
16/833.651 filed March 29, 2020, the entire content of which is herein incorporated by

reference in ifs entirety.

TECHNICAL FIELD

{802} The invention relates generally 1o systems and methods for electronically and
optically monitoring biclogical samples and more specifically to systems and methods that
electronically and optically monitor a same biological sample continuously in real time in a

single well.

BACKGROUND OF THE INVENTION

{B03]  Cell based assays provide a prelinunary evaluation of the effects of therapeutics
on human biology. While many cell-based assays are endpoint assays, which are limited to a
single point in time, a technology known as cell-substrate impedance monitoring permits
continuous roonitoring of cells. Cell-substrate impedance moniforing assesses the mteraction
between cells and electrodes, where changes in cell attachment, growth, morphology and
motility over electrodes results in a detectable change. To this end, cell-substrate impedance
monitoring is a powerful tool {0 assess cell proliferation and cytolysis.

{0064  Whle cell-substrate impedance roonitoring technology can reveal the Kinetics
of cell responses to potential therapeutics, it has ifs limitations. In particular, it is limited to
detecting changes that occur as cells are culiured on the electrode surface. Therefore thereis a
need to develop further advances that expand the ability of celi~substrate impedance moniforing

to evaluate the effects of therapeutics on cell biology.

BRIEF SUMMARY OF THE INVENTION

[8858]  In one aspect of the invention, a system for electronically and optically

monttoring biological samples is provided, the systern including: a multi-well plate having a
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plurality of wells configured to receive a plurality of biclogical samples, each of the wells
having a set of electrodes and a transparent window ou a bottom surface of the well that is free
of electrodes; an illumination module configured to illuminate the wells; a cradle configured to
receive the multi-well plate, the cradie having an opening on the bottom that is configured to
expose the transparent windows of the wells; and an optical imaging module movable across
different wells of a same mulii~-well plate to capture images through the windows via the open
bottom. In some embodiments the set of electrodes are configured for monitoring cell-substrate
impedance.

[006]  Although the illumination module can be a single light, preferably the
iHumination module includes a plurality of lights configured to independently illuminate one or
more of the wells. More preferably, the ilumination module includes a light emitting diode
(LED) array. Most preferably, each LED 15 arranged to fluminate a single well. In preferred
emnbodiments, the lumunation module is a bright fleld ilumination module.

19807 The cradle is configured to receive and preferably cover the nulti-well plate
and thus can provide a hinged cover. Preferably the ilumination module is joined t¢ the inner
surface of the cover. The cradle can include a contact sensor that senses receipt of the plate. Tn
some embodiments, the cradle electronically engages both the multi-well plate for electronic
communication with the sets of electrodes and the illumination module for communicating
iHamination instructions.

[808]  Since the open bottom of the cradle exposes the transparent windows of the
wells, the optical imaging module can be positioned underneath the cradle and configured to
move from well to well to capture images through corresponding transparent windows. In some
embodiments, the optical imaging modide is configured to capture one or more images from a
single well at a tiroe. fni some erobodiments, images are captured under bright field ilumination
of well{s}, such as for determining cell counts or a cell confluence parameter (e.g. percent
confluence}. In other embodiments, images, such as fluorescence images, are captured after
molecule excitation. The optical oaging svstero can itself include an excitation light source
configured to excite one or more molecules, such as fluorescent molecules conjugated to
antibodies or antibody fragments for binding to biological molecules such as proteins,
polypeptides or nucleic acids, inside cells or on cell surfaces. Examples of excitation Hight
sources can include one or more lights selected from the group consisting of an ultraviolet light,
aviolet light, a blue light, a green light, a yellow light, an orange light, and a red light.

{0891 In some embodimenis, the optical imaging modude includes a camera capable of
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capturing a series of cell images consecutively at sufficiently short time intervals for showing
cell motion. In some embodiments the camera captures ai least 30 images per second. In other
embodiments the camera captures at least 60 images per second. In either or both embodiments,
the optical imaging module can include the camera, a bandpass filter, a tube lens, and an
objective lens. High-speed imaging not only permits cell movement to be shown visually but
also permits superimposing iroages from different light sources (e.g. bright field illuroination
and multiple hight sources of different wavelengths each for exciting fluorescent molecules to
produce a-single-color flucrescence image) revealing cell changes occurring during movement.
Tu some embodiments, the captured iroages from bright field ilumunation and three or more
color fluorescence are superimposed to form a single image for each time point. From this
imaging, a cell count or a cell parameter can be determined as well as absence or presence of
fluorescence, total fluorescence intensity, and average fluorescence intensity, which further
reveals detailed cell kinetics.

{8010} The system can also include or be coupled with a computer processor
communticatively coupled to: the cradle for selectively operating each of the sets of electrodes,
optionally for electronically monitoring cell-substrate iropedance within ove or yuore wells; the
ilununation module for selectively illuminating the one or more wells; and the optical imaging
module for its selective movement and capturing and receiving images from the one or more
wells.  In some embodiments, the computer processor is prograromed to capiure images from
the one or more wells via the optical imaging module in response to the one or more wells
reaching or following a set impedance-based value or parameter from the electronic monitoring.
In some embodiments, the computer processor is configured to electronically monitor cell-
substrate impedance and optically monitor a same well and is configured to pair iropedance and
optical data {or display or analysis. In some embodiments, the computer processor is configured
to electropically monitor cell-substrate impedance over a time period including a specific time
iterval between two consecutive electronic impedance measurements/monitoning; and optically
montior a same well over a period that is within the time period for electronic montioring or
over a different time period from electronic monttoring. Exemplary impedance monitoring time
periods can be programmed to be as short as minutes to as long as hours, days or even weeks.
Impedance monitoring time interval(s) between two consecutive impedance measurements can
be specified or programmed as short as seconds or less than a second, to as long as one-minute,
multiple minutes, one howr even multiple hours. Optical montioring periods can be programmed

mside, outside or over the same time period as the one or more impedance monitoring time
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period.

[8011] While the system can be used with a single plate, the svsiem can also include
two additional multi-well plates, each having a plurality of wells configured to receive a
plurality of samples, each of the wells having a setf of electrodes and a transparent window on a
bottom surface of the well that 1s free of electrodes; two additional illumination modules
coufigured to iluminate the wells of the two additional multi-well plates; and two additional
cradles configured to receive the two additional multi-well plates, the two additional cradles
each having an open bottom that exposes the transparent windows of the wells of two additional
multi-well plates; and where the optical iruaging module is movable across all wells to capture
images through all windows via the exposed bottoms.

[0082] The system can also include a cell or tissue culture vessel that is not configured
for electronic monttoring, where the optical imaging module is configured to capture imnages
within the cell or tissue culture vessel. As an exemplary embodiment, the system can include a
multi-well plate having a plurality of wells configured to receive a pluralitv of biological
samples, each of the wells having a transparent bottom surface; an illumination module
configured to lluminate the wells; a cradle configured to receive the multi-well plate, the cradle
having an opening on the bottom that is configured to expose all of the transparent bottom
surfaces of the wells; and an optical imaging module movable across different wells of a same
mulii-well plate to capture images through the windows via the exposed botioms.

{6013] In arclated aspect of the invention, a method of monttoring cells is provided,
which includes electronically monitoring cells within wells of a multi-well plate, each of the
wells having a set of cell-substrate impedance monitoring elecirodes, and a transparent window
on a bottom surface of the well that is free of electrodes; and capturing images through the
transparent window from at least one well that is being electronically monitored. fo some
embodiments, the images are capiured regularly at a fixed time interval between two
consecutive image captoring or irregularly over a time period within the electronic monitoring
fime period, the method optionally inchuding capturing the images at a same time interval
between two consecutive image capturing as the time interval between two consecutive
electronic measurements of the cells.

{8014} In some embodiments, prior to the step of capturing images from the at least
one well, the electronic monitoring outputs a result from the at feast one well that meets a set
value,which instructs the optical imaging module to capture the images from the at least one

well. Examples of set values can include predetermined impedance-based values.
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{0018] In some embodiments, the images being captured are bright field 1muages of the
cells. In such embodiments the method can also include counting cells from the bright field
images and optionally deriving cell confluence numbers or parameters {e.g. percent confluence}
from the bright field images.

[0016]  In other embodiments, the captured irmages include fluorescence images of the
cells. In such emboduments, the method can include determining a Buorescence parameter from
the images, optionally selected from one or more of the group consisting of total flucrescence
counts, total fluorescence intensity, and average fluorescence intensity. The fluorescence
parameters are calculated or determained separately for fluorescent tuages of each color, for
example. blue, green and red colors.

[0817]  In still other embodiments, the images being captured mclude bright field
images of the cells and fluorescence images of the cells. In such embodiments, the method also
includes dertving cell confluence numbers or parameters from the bright field iroages and
optionally counting cells from the bright field images; determining a fluorescence parameter
from the fluorescence images, optionally selected from one or more of the group consisting of
total fluorescence counts, total fluorescence intensity, and average fluorescence infensity; and
optionally, superiraposing the bright field images and fluorescence images of one or more
colors for one or more of the wells.

[0018] In arelated aspect, a method of monitoring cells is provided, which includes
electronically monitoring cells within wells of a multi-well plate over a time period, each of the
wells having a set of cell-subsirate impedance monitoring electrodes, and a transparent window
on a bottom surface of the well that is free of elecirodes; and capturing images through the
transparent window over a tiree period that is within or outside of the time period for electronic
monitoring. The time pertod used for electronic roonitoring may be the same as the time period
used for image capturing, or different from that used for image capturing. These time periods
forelectronic monitoring and optical monitoring can be specified or programmed as short as less
than one minute, o as long as howrs, days or even weeks., Over the time period of electronic
monitoring, electronic monitoring can be continuous at a specified, {ixed time interval between
two consecutive electronic measurements. Optic monitoring can be continuous over the time
period at a specified, fixed tirme interval between two consecuiive image capturing. These time
intervals can be specified or progranmmed as short as seconds or less than a second, to as long as
one minute, multiple mimutes, one hour even muttiple howrs.

[0019]  In some embodiments, the images being captured are bright field images of the
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cells. In such embodiments the method can also include counting cells from the bright field
images and optionally deriving cell confluence numbers or parameters {e.g. percent confluence)
from the bright field images.

{90281  In other embodiments, the captured images include fluorescence images of the
cells. In such embodiments, the roethod can include determining a fuorescence parameter from
the images. optionally selected from one or more of the group consisting of total fluorescence
counts, total fluorescence intensity, and average fluorescence intensity. The fluorescence
parameters are calculated or determined separately for fluorescent images of each color, for
example, blue, green and red colors,

10021}  In still other embodiments, the images being captured mclude bright field
images of the cells and fluorescence images of the cells. In such embodiments, the method also
iclades dentving cell confluence numbers or pararseters from the bright field images and
optionally counding cells from the bright field inages; determining a fluorescence parameter
from the fluorescence images, optionally selected from one or more of the group consisting of
total fluorescence counts, total fluorescence intensity, and average fluorescence mtensity; and
optionally, superitoposing the bright field images and fluorescence iroages of one or more

colorsfor one or more of the wells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1A 15 a photograph of an exemplary system 10 for elecironically and
optically monttoring biological sarnples, where an optional user interface 200 is displaving cell
imaging data. FIG. 18 depicts the priroary housing 12 with five accessible cradles 14.

{8023} FIG. 2A shows the cradle 14 in a closed configuration. FIG. 2B shows a cradle
14 in an open configuration. FIG, 2C shows a dual cradle 14 in open and closed positions.

[0024] FIG. 3 shows a bright field dlumination module 26 jomned to a cradle cover 14,

[0025]  FIG. 4 depicts an exemplary multi-well plate 20

100261 FIG. § is a photograph showing: a schematic of a set of electrodes 42 adapted
for use with a centrally positioned transparent window 44 {(Panel A); a photograph of a well 32
froma multi-well plate 20 (see ¥FIG. 4) baving a set of electrodes 42 on a bottom swrface and a
transparent window 44 that is free of electrodes 42 on the bottom surface (Panel B), and a
captured image of cells through a transparent window 44 (Panel ().

[0027] FIG. 6 shows an exeroplary optical imaging module 26.
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[8028] FIG. 715 a cross-section of an exemplary optical imaging module 26,

{0029] FIG. 8 shows an exeroplary optical imaging support 68 for the tmaging module
26 of FIG, 6, that allows for two-dimensional linear motions {(including motion along an axis
paraliel to the linear track 66 and along another axis parallel to the linear track 78).

[0034¢]  FIG. 94 15 an impedance-based graph over a time interval after treating MCF7
breast cancer cells transfected lentivirus expressing a red {fluorescent protein, with NK92 cells at
different Effector;Target (E:T) ratios over time. FIG, 9B provides red fluorescent cell count
(indicating live target cells) from the same assay over time. FIGS. 2C-E are images captured
under bright field illumination within the same well{s) having an E:T ratio of 2.5:1 before NK92
cell addition (left), 12 hrs. after NK92 cell addition {nuddie). and 30 hrs after NK92 cell
addition.

[0031] FIG. 18 shows exemplary captured and superimposed images, where the left
panel superiraposes three captured fluorescent irnages (red, green and blue) with a captured
bright field illumination image. and the right panel superimposes three captured fluorescent
tmages {red, green and blue} without bright field illumination. Shown are cells exposed to
fluorescence markers for Amnexin V (red), caspase 3 (green), cell nuclei (blue).

{0032] FIGS. 11A-B are graphs depicting cell-substrate impeadance monitoring over a
time period to demonstrate drug-induced apoptosis in real-time. A549-Blue cells were titrated
with either MG132 (FIG. 11A) or stawrosporine (FIG. 11B). Negative control was DMSO.
Error bars represent the standard deviation from samples run in triplicate. Although impedance
was continuously measured at a time interval once every 15 minutes, to prevent the error bars
from adjacent time points from overlapping, here daia points are only shown once per howr.

{8833 FIGS. 12A-C provide a graph plotting impedance montloring over a ime
period in combination with live cell irnaging at different time points within the iropedance
monitoring time period. The impedance signal and the number of blue nuclel were tracked after
treating AS49-Blue cells with either DMSO (FIG. 124), 50 um MGI32 (FIG. 12B), or 1 pum
staurosporine (F1G. 12C). Representative imnages are shown for pretreatroent and 1 or 20 hours
after treatment. Error bars represent the standard deviation from samples run in triplicate.

{8034} FIG. 13 provides an impedance-based plot before and after treatment with 5.5
pM MG1322. Also shown are images taken 0 hour after treatment, 20 hours after treatment, and
40 hours after treatment. Top images are each taken under bright field illumination and the
bottom images are taken under fluorescence, with Annexin V staining {red), activated caspase 3

{green), and nuclear-localized BFP (blue fluorescent protein}. Arrows denote large membrane
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blebs that contain phosphatidvlsenne in their outer leaflet.

{60635] FIGS. 14A-D provide graphs showing image-based coutinuous tracking
MG132- induced apoptosis in AS49-Blue cells using number of blue nuclet (FIG. 14A), %
confluence (FI{s, 14B), number of green (caspase 3 activated} cells (FEG. 14C), and number of
red {annexinV-bound) cells (FI1G. 14B). Error bars represent the standard deviation from
samples tun in triplicate.

[6036] FIG. 18 is a graph showing comparing the relative rate and relative abundance
ofdifferent apoptotic phenomena for cells treated with 50uM MG132. Error bars represent the
standard deviation from samples run iv {riplicate.

18G37] FIG. 16 provides a table and graphs showing the use of dose response curves to
calculate EC50. Using real-time impedance (as represented by normalized cell index) data
(FIG.114) and live cell imaging (green cell number, red cell nursber and blue nuclet number)
data (FIGS. 14A-C), area under the curve was calculated, and 15 plotted here as a function of

MG132concentration. Data were fit to a four-parameter logistic equation to determine the EC50.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

{3638} The svstems and methods described herein enable cell health and behavior to be
monitored continuously, and in the same well, from the very different perspectives, namely,
from real-time electronic monitoring and live cell imaging. The streamiined workflow, high
reproducibility, and quantitative kinetics of the system makes it ideal for a wide range of cell-
based assays, inchading but not limited to, cell health monitoring, proliferation, eytotoxicity,
apoptosis, immune cell kilhing, cell receptor activation, cell differentiation including stem cell
differentiation.

[8639] The continuous nature of the systems and methods have two major advantages.
In contrast to endpoint assays that provide mere snapshots of a process, real-time tracking
ensures that important phenomena do not get missed. Secondly, the continuous nature of the
technical approach dramatically reduces that amount of hands-on time required to run an assay.
Once cells have been seeded and any treatments added, no further involvement is necessary.

{60461 The systems and methods are preferably used 1o assess biological samples or
effecis on cells. The cells can be primary cells isolated from any species or can be cells of cell
lines. The cells can be genetically engineered cells. For example, these include cells from a

genetically roodified organisro, such as for example from a “gene knockout” organism, or celis
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that have been engineesred to over-express an endogenous gene or a transgene, or cells whose
normal gene expression has been rmanipulated (e.g by use of antisense roolecules or silencing
RNAL), cells that have been modified by CRISPR and/or other gene editing technologies, ar
celisthat have been engineered {0 express therapeutic proteins such as CHO cells.

{83411 Unless defined otherwise, all technical and scientific termas used herein have the
same meaning as is coromonly understood by one of ordinary skill i the art to which this
invention belongs. All patents, applications, published applications and other publications
referred to herein are incorporated by reference in their entirety. If a definition set forth in this
section is contrary to or otherwise inconsisient with a definttion set forth n the patents,
applications, published applications and other publications that are herein incorporated by
reference, the definition set forth in this section prevails over the defimition that is incorporated
herein by reference.

{80421 As used heremn, “a” or “an” means “at least one” or “one or more.”

{6043] An “clectrode” is a structure having a high electrical conductivity, that is, an
electrical conductivity much higher than the electrical conductivity of the surrounding matertals.

{0644] As used herein, an “electrode structure” refers to a single electrode, particularly
one with a complex structure (as, for example, a spiral electrode structure}, or a collection of at
least two electrode elements that are electrically connected together. All the elecirode elements
within an “electrode structure” are electrically convected.

{88457 As used heren, “electrode element” refers (o a single structural feature of an
electrode structure, such as, for example, a fingerlike projection of an interdigitated electrode
structure.

{8646} As used herein, an “electrode array”™ or “electrode structure unit”™ is two or more
electrode structures that are constructed to have dimensions and spacing such that they can,
when connected to a signal source, operate as a unit o generate an electrical field in the region
of spaces around the electrode structures. Preferred electrode structure uniis of the present
invention can measure impedance changes due 1o cell attachmoent to an electrode surface. Non-
limiting examples of electrode structure units are interdigitated electrode structure units and
concentric electrode structure units. Additional examples of electrode structures may also
include a pair of a small measurement/recording electrode (e.g. microelectrode of circular shape
having adiameter between a size as small as less than 10 microns and a size larger as large as
100, or a few mumdred microns), and a much larger reference electrode. Multiple small

recording electrodes — forming a microelectrode array, may share a common reference
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electrode. Such recording electrodes can be used for conducting extracelhilar recording, by
amplifying and recording electrical voltage signals between small recording electrodes and
much larger reference electrodes. In extracellular recording embodiments. an extracellular
recording system (including voltage signal amplifier and other electronic hardware circuitry for
measuring electrical voltage phus signal processing algorithm implemented in software and/or
firraware) 1s used rather than an impedance measurement system {e.g., impedance analvzer
system, includingelectronic hardware circuitry measuring electrical current and voltage, and
signal and data processing algorithm in software and/or firmware}.

{6847} As used herein, an "electrode bus" is a portion of an elecirode that connects
individual electrode elements or substructures. An electrode bus provides a comimon conduction
path from individual elecirode elements or individual electrode substructures {o another electric
connection. In the devices of the present invention, an electrode bus can contact each electrode
element of an electrode structure and provide an electrical connection path to electrical {races
that lead to a connection pad.

{46481 As used herein, “electrode traces™ or "electrically conductive traces” or
"electrical fraces”, are elecinically conductive paths that extend from electrodes or electrode
elements or electrode structures toward one end or boundary of a device or apparatus for
connecting the electrodes or electrode elements or electrode structures to an impedance
analyzer. The end or boundary of a device may correspond to the connection pads on the device
OF apparatus.

{6849] As used herein, a “connection pad™ is an area on an apparatus or a device {e.g.
multi-well plate}, which is electrically connected o at least one electrode or all elecirode
clements within at least one electrode structure on an apparatus or a device and which can be
operatively connecied to external electrical circuits {e.g., an impedance measurement circuit or g4
signal source}. The electrical connection between a connection pad and an impedance
measurement ciraut or a signal source can be direct or indirect, through any appropriate
electrical conduction means such as leads or wires. Such elecirical conduction means roay also
go through electrode or electrical conduction paths located on other regions of the apparatus or
device.

{865868] As used herein, “interdigitaied” means having projections coming one direction
that interlace with projections coming from a different direction in the manner of the fingers of
folded hands (with the caveat that interdigitated elecirode elements preferably do not contact

one another).

10
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{06511 Asused herein, “electrodes {(or electrode siructures) have substantially the same
surface area” means that the surface areas of the electrodes referred to are not substantially
different from each other, so that the impedance change due to cell attachment or growth on any
one of the electrodes (or elecirode structures) referred to will contribute to the overall detectable
change in impedance {0 a same or similar degree as the impedance change due to cell
attachmentor growth on any other of the electrodes {or electrode struciures) referred to. In other
words, where electrodes {or electrode structures) have substantially the same surface area, any
one of the electrodes can contribute to overall change in impedance upon cell attachment or
growth on the elecirode. In most cases, the ratio of surface area between the largest electrode
and the smallest electrode that have “substantially the same surface area” is less than 10,

{86852] As used herein, “detectable change in impedance between or among electrodes”
{or “detectable change in impedance between or among electrode structures”™) means that the
impedance between or among said electrodes (or electrode structures) would have a sigmficant
change that can be detected by an impedance analvzer or impedance measurement circuit when
molecule binding reaction occurs on the electrode surfaces. The impedance change refers to the
difference in impedance values when cells are attached to the electrode surface and when cells
are not attached to the electrode surface, or when the number, tvpe, activity, adhesiveness. or
morphology of cells attached to the electrode-comprising surface of the apparatus changes. In
most cases, the change in impedance i3 targer than 0.1% to be detectable. Preferably, the
detectable change i umpedance s larger than 1%, 2%, 3%, or 8%. More preferably. the
detectable change in impedance is larger than 10%. Impedance between or among electrodes is
typically a function of the frequency of the applied electric field for measurement. “Detectable
change i impedance between or among electrodes” does not require the impedance change at
allfrequencies being detectable. “Detectable change i impedance between or armong
electrodes™ only requires a detectable change in impedance at any single frequency (or mulitiple
frequencies). To addition, impedance has two components, resistance and reactance (reactance
can be divided into two categories, capacitive reactance and inductive reactance). “Detectable
change in impedance between or among electrodes” requires only that either one of resistance
and reactance has a detectable change at any single frequency or multiple frequencies. In the
present disclosure, impedance is the electrical or electronic impedance. The method for the
measurement of such impedance is achieved by, (1} applving a voltage between or among
electrodes at a given frequency {or multiple frequencies, or having specific voliage waveforn)

and monitoning the electrical current through said electrodes at the frequency (or mudtiple
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frequencies, or having specific waveform), dividing the voliage amplitude value by the current
amplitude value to derive the impedance value; (2) applving an eleciric current of a single
frequency component (or multiple frequencies or having specific current wave form} through
said electrodes and monttoring the voltage resulted between or among said electrodes at the
frequency {or multiple frequencies, or having specific waveform}, dividing the voltage
aroplitude value by the current aroplitude value to derive the irapedance value; (3) other
methods that can measure or determine electric impedance. Note that in the description above of
“dividing the voltage amplitnde value by the current amplitude value to derive the impedance
value”, the “division” is done for the values of current amplitude and voltage amophitude at same
frequencies. Measurement of such eleciric impedance is an electronic or electrical process that
does not involve the use of any reagents.

{88531 As used herein, “at least two electrodes have substantially different surface
area” means that the surface areas of anv electrodes are not similar to each other so that the
impedance change due to cell attachment or growth on the larger electrode will not contribute to
the overall detectable impedance to a same or similar degree as the impedance change due to
cell attachmentor growth on the smaller electrodes. Preferably, any impedance change due to
cell attachment orgrowth on the larger electrode (tvpically referred to as a “counter electrode™
is significantly smaller than the impedance change due to cell attachment or growth on the
smaller electrode (typically referred to as a “working electrode”™ or a “mweasuring electrode™).
Ordinarily, the ratio of surface area between the Jargest electrode and the smallest electrode 15
more than 10. Preferably, the ratio of surface area between the largest electrode and the
smallest electrode is more than 20, 30, 40, 50 or 100. Examples where “at least two electrodes
have substantially different surface area” include the “Electronic Cell-Substrate Impedance
Sensing (ECISY” approach developed by Giaver and Keese.

188541 As used herein, “arranged in a row-column configuration”™ means that, in terms
of electric connection, the position of an electrode, an electrode array or a switching cirenitis
identified by both a row position number and a coluron position number,

(00581 A "Cell Index" or "CI" is a parameter that can derived from measured
impedance values and that can be used to reflect the change in impedance values. There are a
mimber of methods to derive or caleulate Cell Index. C1 has been explained previously at
length, such as in US 8,344,742; US 7,470,533, US 7,192,752; PCT/US03/22557 and
elsewhere. Fach is herein incorporated by reference in its entirety. A “WNormalized Cell Index”

at a given time point is calculated by dividing the Cell Index at the time point by the Cell Index

12
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ai a reference time point. Thus, the Normalized Cell Index is 1 at the reference time point.
“MNormalized Cell fndex™ has been explained previously at leogth, such as in US 8.344,742; US
7.470,533; US 7,192,752, PCT/US0O3/22557 and elsewhere. Each is herein incorporated by
reference in its entirety. A “delta cell index”™ at a given time point is calculated by subtracting
the cell index at a standard time point from the cell index at the given time point. Thus, the delia
cell index is the absolute change 1n the cell index from an intial time {(the standard time pont)
to the measurement time. “Delta cell index™ been explained previously at length, such as in US
8,344,742; IS 7,470,533, US 7,192,752, PCT/US{3/22557 and elsewhere. Fach is herein
mncorporated by reference i tis entirety. A "Cell Chavge fodex” or "CCY" 15 a parameter
derived from Cell Index and “CCI” at a time point is equal 1o the 1% order derive of the Cell
Index with respect to time, divided by theCell Index at the time point. “CCT been explained
previously at length, such as in US §,344,742; US 7,470,533, US 7,192,752, PCT/US03/22557
and elsewhere, Each 15 herein incorporated by reference in ifs entirety.

{00561 As used herein, “dose-response curve” means the dependent relationship of
response of celis on the dose concentration of a test compound. The response of cells can be
measured by many different parameters. For exarmple, a test compound is suspected 1o have
cvtotoxicity and cause cell death. Then the response of cells can be measured by percentage of
non-viable {or viable) cells after the cells are treated by the test compound. Plotting this
percentage of non-~viable {or viable) cells as a fimction of the dose concentration of the test
compound constructs a dose response curve. In the present application, the percentage of non-
viable {or viable)} cells can be expressed in terms of measured impedance values. or in terms of
cell index derived from impedance measurement, or in terms of celf change indexes. For
example, for a give cell type and under specific cellalar physiological condition (e.g., a
particularcell culture ruedium), cell index can be shown to have a linear correlation or positive
correlation with the number of viable cells in a well from which cell index was derived from the
impedance measurernent. Thus, in the present application, one can plot cell index as a function
of the dose concentration of the test compound to construct a “dose-response curve”. Note that,
generally, cell imdex not only correlate with the number of viable cells in the wells but also
relate to the cell morphology and cell attachment. Thus ploiting cell index versus doss
concentration provides information not only about number of cells but also about their
physiological status {e.g. cell morphology and cell adhesion). Furthermore, an important
advantage offered by the system and devices of the present application is that in a single

experiment, one can obtain “dose-response curves” at multiple time points since the system
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allows for the continuous monitoring of celle and provides impedance measurement al many
tiroe points over a time range as short as a few nunuies to as long as days or weeks.

[0087]  As used herein, “each well contains substantially same number . . . of cells”
means that the lowest nember of cells in a well 15 at least 50% of the highest number of cellsin a
well. Preferably, the lowest namber of cells in a well ig at least 60%, 70%, 8(:%, 90%, 95% or
99% of the highest number of cells 1n a well. More preferably, each well contains an identical
munber of celis.

{8058] As used herein, “each well contains . . .same type of cells” means that, for the
intended purpose, each well contains same type of cells; it 1s not necessary that each well
contains exactly identical type of cells. For example, if the intended purpose is that each well
contains mammalian cells, it is permissible if each well contains same type of mammalian cells,
e.g., human cells, or different mammalian cells, e g, human cells as well as other non-human
manunahian cells such as nuce, goat or monkey cells, etc.

[9059] A "known compound” is a compound for which at least one activity is known,
In the present invention, a known compound preferably is a compound for which one or more
director indirect effects on cells is known. Preferably, the structure of a known compound is
known, but this need not be the case. Preferably. the mechanism of action of a known
compound on cells is known, for example, the effect or effects of a known compound on cells
can be, as nonlimitingexamples, effects on cell viability, cell adhesion, apoptosis, cell
differentiation, cell proliferation,cell morphology, cell cycle, IgE-mediated cell activation or
stimulation, receptor-ligand binding,celi number, cell quality, cell cycling, ete.

[0066] An "impedance value" is the impedance measured for electrodes in a well with
or without cells present. ITmpedance is generally a flmetion of the frequency, 1.e., impedance
values depend on frequencies at which the measurement was conducted. For the present
application, impedance value refers to impedance measured at either single frequency or
multiple frequencies. Furthermore, impedance has two components, one resistance component
and one reactance component. Impedance value in the present application refers to resistance
component, or reactance component, or both resistance and reactance component. Thus, when
“impedance value” was measured or monitored, we are referring to that, resistance, or
reactance,or both resistance and reactance were measured or monttored. In many embodiments
of the methods of the present application, impedance values also refer to parameter values that
are derived from raw, measured impedance data. For example, cell index, or normalized cell

mdex,or delta cell index could be used 1o represent impedance values.
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[8061] As used herein, a “liguad (fluid) sample” refers to a sample that naturally exists
as a hquid or fluid, e g, a biclogical flud. A “liqud sample” also refers 1o a sample that
naturally exists in a non-liquid status, e g., solid or gas, but is prepared as a liguid, fluid,
solution or suspension containing the solid or gas sample material. For example, a Hiquid sample
can encompass a hquid, fluid, solution or suspension containing a biological tissue.

[8062] As used heremn, “sample” refers to anything which may contain a moiety to be
isolated, manipulated, measured, quantified, detected or analyred using apparatuses,
microplates or methods in the present application. The sample is preferably a biclogical sample,
such as a biological luid or a biclogical tissue., Examples of biclogical fhuds include
suspension of cells in a medium such as cell culture medium, urine, blood. plasma, serum,
saliva, semen, stool, sputum, cerebral spinal fluid, fears, mucus, amniotic fluid or the like.
Biological tissues are aggregates of cells, usually of a particular kind together with their
intercellular substance that form one of the structural materials of a human, animal, plant,
bacterial, fungal or viral structure including connective, epithelium, muscle and nerve tissues.
Examples of biological tissues also include organs, tumors, lymph nodes, arteries and individual
cell(s). The biological saraples may further include cell suspensions, solutions containing
biclogical molecules (e g. proteins, enzymes, nucleic acids, carbohydrates, chamical molecules
binding to biological molacules).

[0063] A "test compound” is any compound whose activity or direct or indivect effect
or effects on cells is investigated in any assay. A test compound can be any compound,
including. but not limited to, a small molecule, alarge molecule, a molecular complex, an
organic molecule, an morganic molecule, a biomolecule such as but not limited to a lipid, a
steroid, a carbohydrate, a fatty acid, an amino acid, a peptide, a protein, a nucleic acid, or any
combinationof these. & test compound can be a synthetic compound, a naturally occurring
compound, a derivative of a naturally-occurring compound, etc. The structure of a test
compound can be known or unknown,

{0064]  As an indroduction, beginniog at FIG. 14, av exemplary system 18 configured
for electronically and optically monitoring samples continuously in real time is shown in
commutication with a computer processor 1890 loaded with software and user interface 288, By
collecting and analyzing different and distinet streams of information from a single assay, the
system 18 provides multiple vantage points for studying cellular activity. The information
richness of this multiplex assay lies not merely in the number of parameters it reports, but also

inthe distinctness/unigueness of the perspectives that it affords. The system 10 described herein
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enables cell health and behavior to be monitored simuttaneously, and n the same well, from the
very different perspectives of real-time cellular impedance and live cell imaging.

[0065] Moving ondo FIG. 1B, the system 10 is preferably sized for placement in
commercially available cell culture incubators for regulating temperature, CO2 and moisture
conditions for cells. That is, the system 10 is sized for placement in a cell culture incubator so
that the incubator rather than the system 18 regulates cell culturing conditions, such as
ternperature, CO2 and humidity. Though siving can vary depending on the needs of the user, the
system 18 shown in FIG. 1A and FIG. 1B has a {ootprint of about 430 mm x 445 mum x 410
Y.

{0066] The top of the primary housing 12 15 embodied as a platform baving five
cradies 14, where three cradles 14A are for configured for electronically {e.g. celi-substrate
impedance} and optically monitoring biclogical samples and two cradles 14B are for optically
monitoring biological samples without electronic mounttoring. While a total of five cradles 14
are shown, one of ordinary skill in the art would recognize that increasing the footprint of the
system 18 may allow for additional cradles 14, In addition, one of ordinary skiil in the art
would recognize that it possible to have fewer cradles 14 (e.g. 4, 3, 2 cradles 14 or a single
cradie 14) than those shown in FIG. 1, including the same or fewer “electronmic” cradles 14A
{e.g. 3, 2 or 1 cradle 14A) configured for both efectronic and optical montitoring of biological
samples and/or the same or less number of the “optical only” cradles 14B (eg. 2 or 1}
configured for only optical momtoringof hiological samples.

[0067]  As shown more clearly in FIGS, 2A-2C, each cradle 3144 configured for
electronic monttoring preferably has a hinged cover 16, which can be locked closed using a
movable engagement handle 18. Locking the cover 16 closed ensures a snag fit {or electric
engagernent between electronic plates 26 (see FIG. 4) and pogo pins 22 (see FIG. 2B), which
connects to an impedance analyzer or impedance measurement circuitry for monitoring
impedance inside the sysiem 18, and ultimately communicate with the external computer
processor 308 (FIG. 1A) for electronic monitoring. However, as shown in FIG. 2L, each cradle
148 configured solely for optical imaging does not require an elecironic engagement between
the plate and cradle components and thus does not require a mechanism for locking the cover 16
closed. In both instances, the outside of the hinged cover 16 can be marked with indicia 24
consistent with the intended format of the plate or vessel added to the cradle 14

[0068] Inside the cradle, preferably along the cover 16, is an illumination module 26

configured to Hhuminate the interior of the cradle 14. Better shown in FIG. 3, in preferred
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embodiments ilumination module 26 is made up of a light emitting diode (LED) array, which
wsel{ s formed from a plurality of discrete LEDs 28 which receive instructions from the
computer processor 180 (FIG. 1A) via electrical contacts 38, In some embodiments, LED
arrays can be exchanged, such as for different multi-well formatted plates {e.z. 6 well, 12 well,
20 well, 48 well, 96 well, 384 well) or other culiure vessels by way of screws. Preferably, each
diode 28 is assigned 1o a single well 32 (See FIGS. 4-8) of a 96 well plate and thus configured
to independently illuminate the corresponding well 32 for imaging. By providing diodes 28
immediately above the wells 32, the system 10 clearly tHuminates the entire well 32 to ensure
quality imaging. fn preferred embodiments, the ilumanation module 26 1s configured for bright
field illumination, which means that the dlumination module 26 emits whute light. Consistent
with conventional light microscopy, differences in the amount of white light passing through the
biological sample provides sufficient contrast to identify cell components such as cell
membrane,nucleus and other fine details depending on camera magnification and therefore may
be used for cell counting and/or cell confluence analysis or to ensure cells are properly settled
against the bottom of the well 32 prior to electronic monttoring. Imaging may be further
enhanced by staining biological samples with iroage enhancing dyes that ivoprove countrast or
wdentification of live cells under bright field ilumination (e.g. dead cells absorb Trypan Blue) to
assess cviotoxicity, cell viability and/or cel proliferation.

{08691 Control over itllunination is performed by way of the computer processor 180,
To this end, the computer processor 10 may selectively illumanate one ot more diodes 28 in
response to results from electronic monitoring of the biological sample. For example. biological
cells may be monitored using cell-substrate impedance monitoring 1o assess cell growth and
vpon reaching a set vahue or parameter indicative of an established cell monolayer or
established cell population, the computer processor 108 roay instruct dlunvnation of one or
more elecironically monitored wells 32 using one or more LEDs 28 to capture cell images.
Moreover, during an experimental treatmoent, such as administration of a test compound to
assess its cytotoxicity, the computer processor 108 may selectively instruct illursination of one
or more LEDs 28 at predefined time points or in response to changes in cell-substrate
impedance monitoring for cell imaging to confirm a reduced population of cells. Still further,
the compuier processor 108 may instruct bright field ilhumimation using one or more diodes 28
from the illumination module 26 to capture images simultaneously while conducting electronic
monitoring {e.g. cell-substrate impedance monitoring).

{00701 Retuming to FIGS, 2B and FIG. 2C, white light passing through the biclogical
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sample ultimately exits the cradle 14 through its open bottom 34. By “open” it 15 meant that the
bottorm 34 15 not completely opaque. As will be discussed in more detail in paragraphs that
follow, this open bottom 34 exposes transparent windows {see FIG. 5) providing a path for
capturing images. In embodiments configured for electronic monitoring of cells a slotted
protective shield 36 may span the open bottom 34 for protection of pogo pins 22 especially
during loading and undoading the multi-well plates 22 info or from the cradle 14, 14A.

{8071} For completeness, the development of cradle 14 adapted for electronic
monitoring had to overcome challenges inherent to electronic measurement of cells using multi-
well plates. For example, in conventional electronic ronitoring of hiological saroples, vessels,
such as multi-well plates adapted with electrodes require docketing stations that themselves
have complex electrode-selection circuitry for communication with and switching the
measurements to different sets of electrodes 1o different wells of the plates. Much of such
circuitry for switching and selecting measurement electrodes had to be moved to provide the
required opening and thus imaging through the bottom 34 of the cradle 14. For example, FIG.
28, demonstrates the use pogo-pins 22 {120 shown for communication with a 96 well electronie
plate 28) luuong portions of the outer perimeter of the cradle 14. However, moving or rerouting
this circuitry to form the needed opening affecis the electrical characteristics of the system 16,
In particular, elongating electric wires to move required electrode switching circuity farther
away from pogo-pins adds 1o the resistance of the system and may resull in interference of
electronic notses froro other electrical parts {such as the circuitry for driving hnear motion stage
&6 and 70 n the system 10 of FIG. 8), which will ultimately affect the resolution and precision
of electronic monitoring. This is especially important in the preferred electrode configurations,
where all the wire resistances for switching and selecting each set of the electrodes across all
the wells must be equal or about equal. In addition, another challenge with electronic
monitoring of cells is that electrode switching circuitry increases local heat generation in the
systern 18, which was previously dissipated within each cradle under the docking station. Thus,
moving or reconfiguring electrodeswiiching/selection cureutiry and wiring away froro its
conventional placement also affects heating of the system 16, which presented additional
challenges in the development of such a system 18 Thus, achieving a system that is switable for
both electronic monitoring and optical imaging of samples in a same well required special
engineering development of the system 1 so that the electrode switching and selection circuitry
could be relocated within the system 18 without resulting excessive local heat generation and

without affecting the performance of electronic monitoring.
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{0072] Through a number of innovative engineering design steps, electrode switching
and selection cireuttry was artanged io the vicioity of the pogo-pins 22. The locations and
orientations of the electrode switching chips were designed to maximize distances among the
chips despite the small space available for minimizing local heat generation. In addition, a
printed circuit board (PCB board) was designed with appropriate electric trace layouts on
different layers of the electrical conduction planes to nuninze the variation of the electrode
resistance between the pogo pins 22 and circuit switching chips for each set of electrodes across
all of the wells on the multi~well plates. In addition, electrical signal wires/lines were designed
i appropriate relationships relative to the electrical ground hines and electrical ground planes on
the PCB board to mimimize the electrical interface from other circuits in the system.

180731 Now, with reference to FEGS. 2B and 2C, each cradle 14 can include a
mechanical sensor 38 that when pressed, signals both receipt of a nudti-well plate 28, and a
closed cover 16. Upon signaling, the cradle 14 1s ready for electronic and/or optical momtoring.

[0074] Moving on to FIGS, 4-5_ preferably each well 32 of elecironic plates 20 has a
set of electrodes 42 and a transparent window 44 that 15 free of electrodes 42 on a botiom
surface of the well 32. By providing zoves with electrodes 42 and a transparent zone free of
electrodes 42, at least two distinctly different assays can be conducted in a single well 32, In
particular, electronic monitoring {e 2. cell-substrate impedance monitoring } can be conducted
using the set of electrodes 42 and optical imaging can be performed by focusing an optical
imaging roodule 46 (FI1G. 6) through the cradle open bottom 34 (see FIGS. 2B, 2C) and
through the transparent window 44. A shown in FIG. 4, the electronic plates 20 are preferably
multi-well plates 20, which can be described as having a “plurality of wells™ configured for
electric connection or electronic monitoring of a sarnple. The skilled artisan will appreciate that
there roay be one or roore wells 32 in addition to these “plurality of wells” that do not have an
electrical connection or are not for elecironic monitoring. In such cases, wells 32 that lack
electronic monitoring capabilities can serve as control wells or as “optical imaging only” wells
32. To this end, electronically roonitoring wells 32 can be described as baving a nonconducting
substrate (e.g. bottom of the well); an electrode array defined by a set of electrodes 42
fabricated on the substraie; and a transparent viewing window 44 on the substrate that is free of
clectrodes 42.

[00758] The electrode 42 configuration can vary depending on the needs or desires of
the user so long as the transparent window 44 for sample imaging can be retained. In some

embodiments, the electrode array is a microelectrode array (MEA) consistent with the
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Electronic Cell-Substrate Impedance Sensing (ECIS) systems as described by Gaiver and
Keese, where a single large reference electrode is paired with a plurality of small working or
measuring electrodes. In ECIS, a small alternating current is applied across the electrode array.
This results in a potential across the elecirodes which is measured by the ECIS instrument.
When cells are added to the ECIS Arrav and attach to the measuring electrodes, they act as
insulators increasing the impedance. As cells grow and cover the measuring electrodes, the
current is impeded in a manner related to the number of cells covering the electrode, the
morphology of the cells, and thenature of the cell attachment. When cells proliferate or die, the
impedance 1s aliered.

[8076]  An alternative and more preferred approach has been described previously (e.g.
US 8,344,742, US 7.470,533; US 7,192,752, and elsewhere, each of the listed patents is
mcorporated herein by reference in its entirety), where each electrode array includes two
electrode structures 424, 428 and sach electrode structure 424, 428 includes electrode
elements 42C, but where innermost elecirode elements 42C are removed to form the transparent
window 44 (See schematic shown in FIG. §, panel A). Electrode structures 424, 42B are
clectrically coupled to conmection pads or interfaces, which are located on an edge of the
substrate and thus configured to electrically connect to pogo pins 22 on the cradle 14. Fach
electrode array has approximately uniform elecirode resistance across the entire array. In
contrast to the ECIS approach where significant changes in cell-substrate impedance are
mountiored at working ot roeasuring electrodes only (not at large area reference electrodes), cell
attachment or growth on any of the interdigitated electrodes impedes current in a detectable
manner relating to the numberof cells covering the electrode, the morphology of the cells and
the nature of the cell attachment. That is, all electrodes 42 act as measuring or working
electrodes 1o this configuration. Thus, the electrode array can be two or more electrode
structures 42A, 428 that are constructed 1o have dimensions and spacing such that they can,
when connected to a signal source, such as through the computer processor 108 and cradie 14,
operate as a unit to generate an electrical field in the region of spaces around the electrode
structures 424, 428

[8077] When electronic monitoring is cell-substrate impedance monitoring electronic
circuitry connects the sets of electrodes 42 1o the computer processor 180 via the cradle 14,
Preferably, in such embodiments the computer processor 108 communicates with impedance
measurement circutity or an impedance analyzer which may be fully incorporated within the

system 18, The impedance analyzer may include electronic hardware circuitry measuring
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electrical current and voliage, and signal and data processing algorithm in firmware and/or
software. The system 108, when connected to an impedance analvzer, can measure differences
in impedance values that relate to cell behavior. For example, the system 18 can measure
differences in impedance values when cells are attached to the electrode array and when cells
arenot attached to the electrode array, or can detect differences in impedance values when the
number, type, activity, adhesiveness, or morphology of cells attached to the electrodes 42
change. In particular, cell-substrate impedance monitoring can reveal information about cell
attachment or adhesion status (e.g. the degree of cell spreading, the attachment area of a cell, the

egree of tighiness of cell attachment, cell morphology) on the subsirate mcluding on the
electrodes 42, cell growth or proliferation status: number of viable cells and/or dead cells in the
well; cytoskeleton change and re-organization and number of cells going through apoptosis
and/or necrosis.

[0078]  In some embodimenis, impedance analyzer is capable of measuring impedance
between 0.1 ohin and 10° ohm in a frequency range of 1Hz to 1 MHz More preferably, the
impedance analyzer is capable of measuring impedance between 0.1 ohrn and 10° ohm in
frequency range of 100 Hz to 100 kHz. The impedance analyzer is also preferably capable of
measuring both resistance and reaciance {capacitive reactance and inductive reactance
components of the impedance.

{00791 In addition, the system 18 includes elecironic switches that can swiich on and
off connections 1o each of the sets of electrodes 42 for selective monitoring. These switches are
controlled by a software program preferably loaded into the computer processor 308, The
software program directs connection of electrode arravs 1o the impedance analvzer and monitor
cell-substrate impedance from the elecirodes 42. During impedance monttoring, the impedance
analyzer can monitor impedance at one frequency or at more than one frequency. Most oflen,
impedance monitoring is performed at more than one time point for a given assay. Thus, the
systern can connect individual arravs to an impedance analyzer to monitor one, some, or all of
the arrays at one or more tme point. Further, the swiiches allow the selected individual arrays to
be monitored in rapid succession for each desired monitoring timne point. Each monitoring time
point is in fact a narrow time frame {for example from a millisecond to minutes) of
measurementin the assay during which impedance monitoring 13 performed. In some
embodiments the software is programmable to direct impedance monitoring of any of the wells
32 of the plate 28 that include arrays at chosen time intervals.

[0088]  In furtherance of the above, the system 18 can be used to efficiently and
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simultaneously perform multiple assays using circutiry o digitally switch from cell~substrale
impedance monitoring over an array it one well 32 to cell-substrate impedance monitoring over
an array in another well 32, whether from a same electronic plate 20 or another electroric plate
28, In some embodimenis, the system under software control is capable of completing an
impedance measurement for an individual well 32 at a single frequency within about one second
or less. In further embodiments, cell-substrate impedance is monitored at nullisecond resolution.
Approaches for cell-substrate impedance monitoring at nullisecond resolution can be found in
US 10,533,985, US 10,012,636, US 9,709,548, and elsewhere. Each of the listed patents is
mncorporated herein by reference i s entitety. Thus, in some erobodiroents, two sequential
impedance measurements are monitored within 40 ms apart {from one another. In some
embodiments, two sequential impedance measurements are monitored within 20 ms apart from
one another. In some embodiments, two sequential impedance measurernents are monitored
within 10 mgs apart from one another. In some embodiments, two sequential impedance
measurements are monitored within 1 ms apart from one another. In some embodiments, two
sequential impedance measurements are monitored within less than 1 ms apart from one
another.

[0081] While the system is described primarily with respect to cell-substrate
impedance monitoring of cells, one of ordinary skill in the art would recognize that the system
can also be adapted for conducting extracelhilar recording. Extracellular recording can be
conducted by amplifving and recording electrical voltage signals between small recording
electrodes and muchlarger reference electrodes (note that the use of such small recording
electrodes and large reference electrode is similar to those used in ECIS). In extracellular
recording embodiments, anextracellolar recording system (including voltage signal amplifier
and other electronic hardware circuitry for measurimg electrical voliage plus signal processing
algorithm implemented in software and/or firmware) is used rather than an impedance
measurernent system (e.g., impedance analyzer svstem, including electronic hardware circuitty
measwring electrical currentand voltage, and signal and data processing algorithm in software
and/or firmware).

{8082} Proceeding to FIGS. 6-7, an exemplary optical imaging module 26 is able to
capture images from each well 32. In preferred embodiments, the optical imaging module 26 s
posttioned within the primary housing 12 (see Fi1G, 1B) and underneath the cradles 14, An
exemplary optical imaging module 26 includes a long working distance objective 48 at one end,

and a sealed CMOS camera 56 at the opposing end. In some embodiments, the camera captures
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30 images per second. In some embodiments, the camera captures 40 fmages per second. In
some embodiments, the camera capiures 50 images per second. In some embodiments, the
camera captures 60 images per second. In some embodiments, the camera captures 70 images
persecond. In some embodiments, the camera captures more than 70 images per second. This
high-speed capturing permits fmages taken under different conditions or filiers to be
superimposed. Also shown are tube lenses 524, 528 and a bandpass filier 54 to enhance
imaging. The optical imaging system 26 receives instructions from and sends images to the
computer processor 180 Thus, bright field illumination of the well 32 permuts the optical
imaging system 26 to capture mnages through the open botioro 34 of the cradie 14 even when
the cradle 14 is closed (see FIGS. 2A-2B).

[0083] Preferably, the optical imaging system 26 also includes an excitation light
source 86, which is shown as a set of LEDs that direct light through a focusing lens 88 or
excitation of molecules within the well 32, such as to induce fluorescence for fluorescence
imaging. While LEDs correspond to yellow S56A. ultraviolet 368, and blue 86C are shown, the
excitation can include any number between one and seven lights. For example, the excitation
light source 86 can include one or more lights mcluding an ultraviolet light, a violet Light, a blue
light, a green light, a vellow light, an orange light, and a red light. Accordingly, the system 10 is
configured to not only capture bright field contrast images of cells but also flucrescent tagged
markers, such asfluorescent tagged antibodies, antibody fragments or other molecules that bind
to the cell. To this end, the systero can providing imaging of different stages of cell
prodiferation, cell death, cell apoptosis, effector cell killing, cell to cell interaction, cell binding,
DNA/RNA/protein upregudation, DNA/RNA/protein down regulation and the like by adding a
suitable Buorescent dve or fluorescently tagged molecule to the cell sample and capturing
fluorescence by way of theimaging module.

[0084] Being part of the optical imaging system 86, the excitation light source 56 is
also controlied by the compuder processor 168 loaded with software. Thus, the computer
processor 108 can instruct the on/off switching of each LED 86A, 368, 56U and mstruct the
high-speed capture of images via the camera 8. In operation for optical monitoring of the cells.
one LED istumed on at a time and the fluorescent image of the corresponding color would be
captured by monocolor (black~white} CMOS camera 88, For example, vellow LED 864,
ultraviclet LED 86B, and blue LED 36C would correspond to red, blue and red fluorescent
images, respectively. The captured monocolor images would be displaved with pseudo colonng

for representation of the corresponding fluorescent color. Moreover, the computer processor
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108 can determive the number of hive cells from the imaging, as well as determining parameters
such as presence or absence of fluorescence {+/-), total fluorescence intensity of the cells in
each well or over many wells, average fluorescence intensity for the cells in one well or over
more wells, and others. Further, the computer processor 100 can overlay fluorescence image {or
single or multiplecolors} and bright field illarmination image for comprehensive analysis.

[8088] Turmung to FIGSK, 8, 6 and 8 collecuively, the optical module 86 is mounted o a
movable support 60 for movement across the different windows 44. Generally only movement
along the X and Y axis is needed because lens adjustment or computer conirolled focusing can
account for minor difference focal lengths between wells 32, As such, the moveable support 66
moves in two directions using an X-axis motor and timing belt 62, an X-axis cable rack 64, an
X-axis linear motion guide 66, a Y-axis cable rack 68, and a Y-axis liner motion guide 70. A
magnetic linear encoder 72 helps identify the X, Y coordinates of the optical imaging module
56,

[0086] As already eluded to, the monitoring system 16 can also store and display data.
Drata can be displaved on a screen 288, as printed data, or both. Preferably the software can
allow entry and display of experimental pararoeters, such as descriptive information including
cell types, compound concentrations. time indervals monitored, etc. Moreover, data can be
displayed superimposed, such as combinations showing optical imaging from different
fhuorescence channels (1.e. different fluorescent colors), bright field illumination and electronic
montioring data.

[0087] Preferably, the software can also analyze impedance data. In preferred
embodimenis, the software can calculate a cell index {CI} for one or more time points for one or
more wells. In some preferred embodiments, the software can calculate a cell change index
(CCY) from impedance measurements of one or more wells. The software can preferably
gensrate plots of impedance data and impedance values, such as but not limited to € or CCL
with respect to time. The software may performo other analysis as well, such as calculate eell
number from Cl, generate dose-response curves based on impedance data, caleulate IC values
based on impedancevalues, and calculate kinetic parameters of cell growth or behavior based on
impedance values and impedance value curves. The software of the impedance monitoring
svstem can also store and display analyses of the data, such as calaulated impedance vahies and
kinetic parameters derived therefromy, Data can be displayed on a screen, as prired data, or
both.

[0088] Likewise, the software can also be used to analvee captured images. Preferably,
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the software can perform cell counting functions from images and can plot data over time for
statistical analysis. Preferably the software can also store and display analvses of the data, such
as counts from fluorescence imaging of different wavelength channels, bright field illununation,
and pair superimposed cell imaging results with corresponding electronic monitoring time
points.

{008%] For example, il the images being captured are bright field images of the celis,
the methods of use can include determuning cell confluence numbers or parameters from the
bright field images or counting cells; or if the images being captured are fluorescence images of
the cells, the methods of use can include determining a fluorescence parameter from the images
of each color, optionally selected from one or more of the group consisting of total fluorescence
counts, total fluorescence intensity, and average fluorescence intensity; or if the images being
captured includebright field images of the cells and Buorescence images of the cells, the
methods of use can melude deriving cell confluence numbers or parameters from the bright field
images and optionally counting cells from the bright field images; determining a fluorescence
parameter from the fluorescence images, optionally selected from one or more of the group
consisting of total fluorescence courts, total fluorescence mtensity, and average fluorescence
intensity; and optionally, superimposing the bright field images and fluorescence images of one
or multiple colors for one or more of the wells.

[009¢]  The benefits of coupling electronic monitoring of cells with hive cell imaging
are especially evident viewing FIGS. 11A-~12C (descubed in more detail in the below
Examples). In particular, whereas cell-substrate impedanice was able to detect a rapid
staurosporine-mediatedeffect on A549-Blue cells, the cellular phenomena causing this change
could not be deciphered using impedance alone. However, live cell imaging revealed massive
cvioplasnuc shrinkage, immediately suggesting a roechanistic explanation for the large and
rapid impedance response. Likewise, impedance has provided insights that would not have been
obtaimable by imaging alone. In one such example, MG132 treatment caused cells to detach
from electrodes but rernain in present in the well {cellular confluence remained >50%,
(FEG.14B), where confluence numberis derived from bright field images through image
analysis algorithms), while cell imaging showed cells present within the wells, only impedance
{the impedance signal dropped o zero (FEG. 11A)) revealed cell-substrate attachment strength.
Bevond the benefit of having two independent measurement techniques, it is imnportant to note
the objectivity of the impedance readout, which is reported directly, without any processing or

input from the user.
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{8091} Retoming to FIGS. 1-8 collectively, non-limited uses of coupling cell-substrate
impedance monitoring and live cell irnaging of a same cell population are now described in
moredetail. That is, methods of monitoring cells are disclosed, which mclude, electronically
monitoring cells within wells 32 of a multi-well plate 28, each of the wells 32 having a set of
electrodes 42, preferably a set of cell-substrate impedance monitoring electrodes 42, and a
transparent window 44 on a bottorn surface of the well 32 that is free of electrodes 42; and
capturing images through the windows 44 from at least one well 32 that is being or has been
electronically monitored. From this monitoring, the methods can include generating an
impedance-based curve from the monttored impedance over timne (e.g. Cl curve); and displaying
the impedance-based curve and corresponding optical image(s). Images can be captured from
bright field illumination or from fluorescence exciation {e.g. excitation of {luorescent molecule
labels attached 1o antibodies, antibody fragments or other binding molecules). As such, the data
can provide guantitative Kinetics revealing detailed information regarding cell health, behavior,
and cel to cell interactions.

{8092} Also disclosed are methods for performing cell proliferation assavs. In these
assays, an mnerease in monitored impedance is indicative of an increased cell nurober, which can
be confirmed by corresponding real time imaging. The impedance measurements or impedance
values derived from impedance measurements ¢an be plotted versus time to obtain growth
awrves for cells growing in wells 32 of a multi-well plate 28 and presented with captured cell
imaging froro the same wells 32, in particular either from bright field illumanation and/or from
fluorescence imaging of pathways or markers associated with cell proliferation.

[0093] Relatedly, methods of generating at least one cell growth curve are provided,
which include: incubating cells over time in a multi-well plate 28, where each well 32 includes
aset of electrodes 42 and a transparent window 44 on a bottom surface of the well 32 that is free
of electrodes 42, monitoring cell-substrate impedance and capturing optical images from a same
well 32 through the widow 44; generating an irapedance based curve from the monitored
impedance; and displaying the impedance based curve and corresponding optical image(s).

[9094] Growth curves of one or more cell tvpes coupled with real time cell imaging
can be used to determine kinetic parameters. For example, proliferation rates of different
primary cancer cells can be compared, or proliferation rates of primary cancer cells of a same
tvpe but different grades. in ancther example, primarv cells of individuals of different
genotypes can be compared. In another example, proliferation rates of primary or cell line stem

cells can be compared. In vet another example, growth curves or parameters of control and
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genetically modified cells of a cell line can be compared. In vet another example, growth corves
ot parameters of cells infected with virus and control cells can be compared. Moreover, growth
can be confirmed using the imaging features of the system, such as by performung cell counts or
cell confluence calcunlation via images captured through bright field illumination or by counting
cells stained with a fluorescent molecude or a fluorescent tagged binding molecule and captured
underfluorescence imaging.

[8098] The system 10 can also be used to investigate the effect of one or more test
compounds on cells. An exemplary embodiment includes incubating cells over time in a multi-
well plate 20 where, each well 32 includes a set of electrodes 42 and a transparent window 44
on a battom surface of the well 32 that 1s free of electrodes 42; monitoring cell-substrate
impedanceand capturing optical images from a same well 32 through the window 44; adding a
test compound 1o at feast one of the wells 32; contimung to monitor cell-substrate impedance
and capturing optical iroages from the sarne well 32 through the window 44; generating an
impedance based curve from the monitored impedance over time; and displaying the impedance
based curve and optical image{s} from corresponding wells. Changes in effect can be
determined by comparing results post compound addifion to those prior to compound
addition/and or by providing a vehicle control to another well 32 having cells and comparing
impedance-based curves and/or images between wells 32.

{00961 Also disclosed are methods of comparing the effects of a compound on two or
more cell types. An exemplary roethod includes fncubating cells over timoe in a multi-well plate
26 where, each well 32 includes a set of electrodes 42 and a transparent window 44 on a bottom
surface of the well 32 that is free of electrodes 44, where at least one of the wells 32 receives
one cell type and at least another well 32 receives a different cell type; monitoring cell-subsirate
impedance and capturing optical images from each of the wells 32 having cells; adding a same
test compound to wells 32 having each of the cell tvpes: continuing to montior cell-substrate
impedance and capturing optical images from each of the wells 32 having cells and test
compound through the window 44; generating an tmpedance based curve from the monitored
impedance over time; and displaying impedance based curves and corresponding optical image
for each of the wells 32 for comparison with one another. Wells 32 using vehicle controls can
also be included as known o the art.

1080971 Also disclosed are methods of comparing the effects of two or more different
compounds on cells. An exemplary method includes incubating cells over time in a multi-well

plate 26 where, each well 32 includes a set of electrodes 42 and a transparent window 44 on a
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bottom surface of the well 32 that 15 free of electrodes 42, where ai least two of the wells 32

eceives cells; monttoring cell-substrate impedance and capturing optical images from each of
the wells 32 having cells; adding different test compounds to differemt wells 32 having cells;
continuing to monttor cell-substrate impedance and capturing optical images from gach of the
wells 32 having cells and test compounds through the windows 44; generating an impedance
based curve from the monitored vmpedances over time; and displaving imopedance based curves
and corresponding optical image for each of the wells 32 for comparison with one another.
Wells 32 using vehicle controls can also be included as known in the art.

[0098] Relatedly, also disclosed are methods of performing assavs to test the effect of
different concentrations of one or more test compound on cells. Such dose response
refationships can be used to derive a ime-dependent 1C5, 110, IC20, IC30, IC40, 150, ICE0,
IC70, 1C80, IC90, or IC95, all of which could be denived from a dose response curve. Typically
the IC50 is of most interest. Deterrmoining a range of ime-dependent KCS50s for a compound
provides iformation on when the effect of the compound on cells is maximal. Accordingly, an
exemplary method includes incubating cells over time in 2 multi-well plate 28 where, each well
32 includes a set of electrodes 42 and a transparent window 44 on a bottom surface of the well
32 that is free of electrodes 42, where at least two of the wells 32 receives cells; monitoring
cell-substraie impedance and capturing optical images from each of the wells 32 having cells;
adding different concentrations of a test cornpound to different wells 32 having cells; continuing
to monitor cell-substrate impedance and capturing optical images from each of the wells 32
having cells and test compound through the windows 44; generating impedance based curves
from the monttored impedances over time; and displaying impedance based curves and
corresponding optical image for each of the wells 32 for comparison with one another, such as
to compare theirdose response curves or dose relationship or compare IC30 values derived from
each of the dose response curves. Wells 32 using vehicle controls can also be inchuded as known
in the art.

[0099]  Also disclosed are methods for performing real-time cytoloxicity assays of a
compound. An examplary embodiment includes incubating cells over time in a multi-well plate
28 where, each well 32 includes a set of electrodes 42 and a transparent window 44 on a bottom
surface of the well 32 that is free of electrodes 42; monitoring celi-substrate impedance and
capturing optical images from each of the wells 32 having cells; adding a cytotoxic compound
or a compound that is suspected of being cytotoxic to one or more wells 32 having cells;

continuing to monitor celi-substrate impedance and capturing optical images from each of the
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wells 32 having cells and the added compound through the windows 44, generating impedance
based curve(s) from the monitored impedance(s} over time; and displaying impedance baged
curve(s) and corresponding optical image(s) for each of the wells 32 for comparison with one
another. Wells 32 using vehicle controls can also be included as known in the art.

[00108] Also disclosed are methods for analvzing and comparing tirse-dependent
cytotoxic effects of a first compound and a second compound on a cell type. An exemplary
embodiment includes incubating cells over time in a multi-well plate 28 where, each well 32
includes a set of electrodes 42 and a transparent window 44 on a bottom surface of the well 32
that 1s free of electrodes 42; monitoring cell-substrate impedance and capturing optical image(s)
from each of the wells 32 having cells; adding a first eytotoxic compound or a first compound
that is suspected of being cytotoxic {o one or more wells 32 having cells and adding a second
cvtotoxic compound or a second compound that is suspected of being cvioloxic to another one
or more wells 32 having cells; continuing to momior cell-subsirate iropedance and capturing
optical timages from each of the wells 32 having cells and the added compound through the
windows 44;generating impedance based curves from the monitored impedances over time; and
displaving impedance based curves and corresponding optical images for wells 32 associated
with the first and second compound for comparison with one another. Wells 32 using vehicle
controls can also be included as known in the art. In some embodiments, time-dependent
cytotosic responsesare determined for the first compound at multiple dose concentrations. In
some embodiments, time-dependent cviotoxic responses are determined for the second
compound at multiple dose concentrations. In some embodiments, time-dependent cvtotoxic
responses are determined for both first compound and second compound at multiple dose
concenirations.

{06161} In some embodiment, the fitst compound 15 a compound with a known
mechanism for iis cyiotoxic effect and the sgcond compound is a compound with an unknown
mechanism for its cyiotoxic effect. If the time dependent cyvtotoxic responses from the second
compound are sirailar to that of the first one, the second compound may follow a similar
mechanism for its cviotoxic effect to the first compound.

{80162} Various approaches may be used in comparing the cvtotoxic responses ofthe
compounds. A cell index (or cell number index) can optionally be calculated using the
impedance values obtained. In some embodiments, time dependent IC50 may be derived for the
compounds and comparison between their cytotoxic responses is done by comparing their time

dependent IC50 curves based on cell index values. I the HC50 curves follow a similar time-
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dependent frend, the two cornpounds may follow a stmular mechanism for inducing cytotoxicity
effects.

[80103] In some embodiments direct comparison of time-dependent cytotoxic responses
of two compounds are done where the concentrations for the two compounds may be the same
or may be different. Direct comparison between {ime-dependent cytotoxic responses may be
done by analvzing the slope of change in the measured responses (that is equivalent to the first
order derivative of the response with respect to time) and comparing the time-dependenislopes
for the two compounds. In another approach, the time-dependent cvtotoxic responses may be
analyzed for their higher order derivatives with respect to time. Comparing such high order
derivatives may provide additional information as for the mechanisims of compound- induced
cytotoxicity.

[O8184] In some embodiments analyzing real-time cylotoxicily response may inchade
the derivation of time-dependent IC50 values for the coropound on the multiple cell types. In
some embodiments, analyzing real-time cyvtotoxicity response may include denivation of the
slope of change in the time dependent cytotoxicity response at a given compound concentration.
o some embodiments, analyzing real-tiroe cvtotoxicily response may mclude derivation of
high-order derivatives of the tme dependent cytotoxicity response with respect totime at a
given compound concentration.

[08103] Also disclosed are methods for assessing the effect of proposed anticancer
therapeutics on cancer cells. An exemplary embodiment includes incubating cancer cells over
time 10 a multi-well plate 28 where, each well 32 includes a set of electrodes 42 and a
transparent window 44 on a bottom surface of the well 32 that is free of electrodes; adding one
or more proposed therapeutics to the cells; monitoring cell-substrate impedance and captoring
optical tmage(s) from each of the wells 32 having cells; adding effector cells, preferably from a
same subject from which the cancer cells were obtained, to the wells 32; continuing to monitor
cell- substrate impedance and capturing optical images {rom each of the wells 32 through the
windows 44; generating iropedance based curves from the monttored impedances over time; and
displaving impedance based curves and corresponding optical images from the wells 32, In
some embodiments, the methods include the addition of CAR-T cells as effector cells. Wells 32
using vehicle controls can also be included as known in the art.

[00106] Also disclosed are methods for assessing cytolysis of cancer cells by engineered
effector cells. An exemplary embodiment includes incubating cancer cells over time in a mudti-

well plate 28 where, each well 32 includes a set of electrodes 42 and a transparent window 44
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on a bottom surface of the well 32 that is free of electrodes 42; monitoring cell- substrate
impedance and capturing optical image(s) from each of the wells 32 having cells; adding
effector cells engineered to display a binding moiety suspected of binding the cancer cells,
preferably from a same subject from which the cancer cells were obtained, to the wells 32;
continuing to monitor cell-substrate impedance and capturing optical images from each of the
wells 32 through the windows 44; generating impedance based curves from the monitored
impedances over time; and displaying impedance based curves and corresponding optical
imagesfrom the wells 32. Wells 32 using vehicie controls can also be included as known in the
art.

[00107] Also disclosed are method for assessing cytolysis of cancer cells by way of a
bispecific engager. An exemplary embodiment includes incubating cancer cells over imeina
mulii-well plate 28 where, each well 32 includes a set of electrodes 42 and a transparent
window 44 on a bottom surface of the well 32 that is free of electrodes; moniforing cell-
substrate impedance and capturing optical image(s) from each of the wells 32 having cells;
adding effector cells to the well 32, preferably from a same patient as the cancer cells; adding a
bispecific engager configured fo bridge the effector cells 1o the cancer cells; continuing to
monitor cell- substrate impedance and capturing optical images from each of the welis 32
through the windows 44; generating impedance based curves from the monitored impedances
over time; and displaving impedance based curves and corresponding optical images from the
wells 32, Wells 32 using vehicle controls can also be included as known in the art.

{80108] As will be shown in more detail in the Examples that follow, the systems and
methods herein couple the simplicity, analviical sensitivity, and objectivity of real-time
impedance monitoring with the highly specific readowut of live cell irnaging to continuously track

cellular processes with unparalleled information richness.

EXAMPLE]
MONITORING OF IMMUNE CELL-MEDIATED KILLING OF CANCER TARGET
CELLSIN REAL TIME

{80108] MCF7 breast cancer cells were transfected with a lentivirus expressing aved
fluorescent protein (ebenti Red, Cat# 8711011}, seeded on an E-Plate (ACEA BIOSCIENCES,
San Diego, CA} for 25 hours, and then treated with NK92 cells at different effeciortarget (E:T}

ratios.
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{00116} Optical imaging was performed simultaneous with impedance monitoring. As
shown in FIGS., 8A-B, effector addition causes cancer cell death in an E:'T ratio-dependent
marnner as demonstrated by impedance monitoring {FIG.9A) and optical imaging (FIG. 98).
Fluorescent object count (FI{z. 98} indicates number of living target celis.

[00111] FIGS., 8C-9F are images taken before (FIG. 20), and 30 hr. (FIGS.SD, 9E) at

an E:'T ratio of 2.5:1 demonstrating target cell death over time.

EXAMPLE I
MULIPLEXING REAL-TIME IMPEDANCE WITH LIVE CELL IMAGING TO TRACK
CELL KILLING

L )

[80112] Cell maintenance and assavs were conducted at 37 “C/5% COr2in F-12K media
(ATCC; catalog number 30-2004) contaiming 10% heat-inactivated FBS (Coming, catalog
number 35016CV). While impedance was measured every 15 minutes, images were acquired
once per hour. In each well, four fields of view were captured for each channel {brightfield, red,
green, and blue). Exposure times were as {olfows: red {300 ms}, green (300 ms}), and blue (80
ms). The AS49-Blue cell line, which stably expresses nuclear-localized blue fluorescent proten
(BFP), was produced by transducing A549 cells (ATCC: catalog namber CCL-185) with
AgilenteLenti Blue (p/n 8711012} at a multiplicity of infection of 1. From day 2 to day 11
postinfection, 1 ug/ml puromycin was included in the growth medium to select for
transductants. For real-timevisualization of activated caspase 3, Agilent eCaspase 3 NucView
488 (p/n 8711005} was included in growth medivim at a concentration of 5 um. For real-time
visualization of translocated phosphatidyisering, Agilent eAnnexin V Red (p/n 8711007 was
included in growthmedium at a concentration of 0.25 pg/ml. Agilent E-Plate VIEW
microplates {p/n 00300601030} were also used. MG132 (Tocris; catalog number 1748/5) and
staurosporing (Calbiochem; catalog number 569396) stocks were dissolved in DMSQO.

[80113] AS49-Blue cells (described above) were seeded into an E-PATE VIEW ata
density of 10,000 cells/well. As the cells proliferate over the first day, they occupy an
expanding surface area on the biosensor array, causing the impedance signal 1o rise steadily
{FIG. 11A and FIG. 11B). If left untreated, the cells grow to confluence, saturating the
biosensor array and giving a plateaued impedance signal. Addition of the proteasome inhibitor
MG132 or the pan-kinase inhibitor stawrosporine at the 25-hour time point induces a marked

decrease in the impedance signal in a time-~ and dose-dependent manner. The kinetics of these
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drug-induced responses, and the overall shape of the impedance traces, are distinct for each
compound. This is consistent with a broad body of literature spanning over 10 vears, which has
demonstrated that impedance responses are typically unique for each type of mechanism of
action. Although M{132 and staurosporine both induce apoptosis, they elicit distingt cellular
behaviors enroute to cell death, which becomes sirikingly clear when real-time impedance is
multiplexed with live cell imaging.

[00114] Although A549-Blue cells already cover most of the well bottom by the 26-
hour time point, in the absence of drug, they continue proliferating for another 50 hows,
packing cells together at higher density (F1G. 124). Cousistent with this, the impedance signal
plateaus at roughly 30 hours while the total number of blue nuclei continues to increase until
~&0hours (FIG. 124). Blue nuclei count is obtained by an image processing algorithm to count
the nurber of blue objects in the blue-fluorescent image. Each blue nuclei corresponds to a
AS49 cell as it was transduced to expresses nuclear-localized blue fluorescent protein. As such
the nurmaber of blue nuclei in a well correspond to the number of viable A549-blue cells prasent
in the well. When A549-Blue cells are treated with the four highest concentrations of MG132
{1.9,5.5, 16.7, and 50 umy, the total number of blue nuclei decreases over time in a manner that
correlates well with the drop in impedance (FIG. 12B; only data for the 50 pm treatment are
shown). In contrast, treating the cells with the four highest concentrations of staurosporine
{0.125, 0.250, 0.500, and I wm) causes impedance to plummet within the first few minutes, but
has a modest impact on the number of blue nuclet over the subsequent 60 hours (FIG. 12C;
onlydata for the 1 um treatment are shown ). Consistent with iis ability to cause cells to expal
water, one hour after staurosporine addition, the A549-Blue cells have shrunk so severely that
their cytoplasm is barely visible and only blue nuclei remain. Although, over time, these nuclet
shrinkin size and begin clustering together, they largely remain intact, explaining why the
nuember of blue nuclei stays fairly constant in FEG. 12C. The above coupling of impedance with
imaging clearly provides a more complete and nuanced understanding of drug-mediated AS49
cell killingthan would be possible using either technique alone. Moving bevond sirople cell
counts, we nextprobed the kinetics of biochemical phenomena that are specific to the apoptotic

killing pathway.
EXAMPLE HI

SIMULTANEOUS TRACKING MG132-MEDIATED APOPTOSIS FROM FIVE
DIFFERENTPERSPECTIVES
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[80115] Along with impedance and blue nuclet counts, the induction of apoptosis by
MG132 was also fracked by percent cellular confluence, caspase 3 activation {causing cells to
fluoresce green), and phosphatidyiserine translocation {causing cells {o fluoresce red). As seen
in FIG. 13, the drug-induced drop in irapedance correlates well with the teraporal accumulation
ofthese apoptosis-specific markers. The bold white arrows in the panels for the 20- and 40-hour
time points highlight large membrane blebs that contain phosphatidylserine in their outer leaflet.

{80116] Next, the continuous response of A549-Blue cells to MG132 was plotted using
each of the image-based readouts. Blue nuclei counts (FI1G.14A) display a dependency on drug
concentration that closely reflects the impedance responses seen in F1G,11A. Despite the
extensive apoptotic response, throughout the course of this assay the % cellular confluence
neverdrops below 50% (F1G.14B), where the cell confluence namber 1s derived from bright
field images through image processing algonithims. This is consistent with the fact that, unlike in
vivo contexts, where apoptotic cells and their debris are removed through phagocytosts, in vitro,
a large percentage of apoptotic cells continue to occupy the well bottom (FIG. 12B). The fact
that hugh concentrations of MG132 cause the impedance signal to drop to zero (FIG. 11A)
while the % confluence never drops below 50% indicates that the residual cells are no fonger
attached 1o the plate bottom. The number of caspase 3 positive (fluorescence green) objects
(FIG.14C) and the nomber of the annexin V posttive (fluorescent red) objects (FIG. 14D)
increase over tirue, and display clear dependencies on MG132 concentration. Considering the
number of cells that were seeded. their rate of growth, and the percentage of cells that display
apoptotic markers (FIG. 13), the output numbers in FIGS, 14A-C are consistent with
expectations. To compare therelative rates and relative abundance of different apoptotic
phenomena, the tmpedance response was plotted alongside three different image-based readouts
(FEG. 15). As expected, the time at which the number of blue nuclei begins to decrease (~10
hours afier M{G132 addition} 15 the same time that caspase 3 activation and phosphatidylserine
translocation become detectable. For the first 20 hours of drug treatment, the number of cells
displaving caspase 3 and phosphatidylserine signals is similar, but over the subsequent 40
hours, the number of caspase 3-activated cells exceeds the number of phosphatidylserine

translocated cells by approximately 20%.

EXAMPLELY
QUANTIFYING DRUG EFFICACY BY SIMULTANEQUS MONITORING OF CELL-
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SUBSTRATE IMPEDANCE AND OPTICAL IMAGING

[80117] Using the impedance and image-based readouts presented in Examples -1V, the
EC50 for M(G132 was calculated. The area under the cwrve, spanning from the time of drug
addition to 60 hours after drug addition, was plotied as a function of MG132 concentration to
yield the dose response curves seen in FIG, 16. The quality of the fitting for the four different
readouts is quite good, with R2 values ranging from 0.96 to 0.98. The calculated EC30 values
range from 0.86 to 3.0 um, which is consistent with values reported in the literature. See Han, Y.
H. et ol The Effect of M(3132, a Proteasome Inhibitor on Hel.a Cells in Relation to Cell Growth,
Reactive Oxygen Species and GSH. Oncol. Rep. 2009, 22(1}, 215-21.
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