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Description

TECHNICAL FIELD

[0001] This invention relates to the field of cell-based assays. In particular, the invention provides impedance-based
devices, apparatuses and systems for analyzing cells and for conducting cell-based assays.

BACKGROUND OF THE INVENTION

A. Electronic Analysis of Cells

[0002] Bioelectronics is a progressing interdisciplinary research field that involves the integration of biomatereials with
electronic devices. Bioelectronic methods have been used for analyzing cells and assaying biological molecules and
cells. In one type of application, cells are cultured on microelectrodes and cell-electrode impedance is measured and
determined to monitor cellular changes.
[0003] In PCT Application No. PCT/US03/22557, a device for detecting cells and/or molecules on an electrode surface
is disclosed. The device detects cells and/or molecules through measurement of impedance changes resulting from the
attachment or binding of cells and/or molecules to the electrode surfaces. A number of embodiments of the device is
disclosed, together with the apparatuses, system for using such devices to perform certain cell based assays.
[0004] In PCT Application No. PCT/US04/037696, devices, systems and methods for assaying cells using cell-sub-
strate impedance monitoring are disclosed. In one aspect, the disclosed cell-substrate monitoring devices comprise
electrode arrays on a nonconducting substrate, in which each of the arrays has an approximately uniform electrode
resistance across the entire array. In another aspect, the disclosed cell-substrate monitoring systems comprise one or
more cell-substrate devices comprising multiple wells each having an electrode array, an impedance analyzer, a device
station that connects arrays of individual wells to the impedance analyzer, and software for controlling the device station
and impedance analyzer. In another aspect, the disclosed cellular assays use impedance monitoring to detect changes
in cell behavior or state.
[0005] In PCT Application No. PCT/US05/004481, devices, systems and methods for assaying cells using cell-sub-
strate impedance monitoring are disclosed. In one aspect, the disclosed cellular assays use impedance monitoring to
detect changes in cell behavior or state. The methods can be used to test the effects of compounds on cells, such as
in cytotoxicity assays. Methods of cytotoxicity profiling of compounds were also provided.
[0006] A related approach is demonstrated in Assay and Drug Development Technologies, Vol. 2, No. 4, 2004 by
Solly et al., where a real time electronic cell sensing system was used in a cytotoxicity assay. In Solly et al, cells were
plated in wells and compounds were added to determine their cytotoxic effect. While the Solly et al. approach monitored
impedance of a cell population to access cytoxicity of a compound, it was limited to approaches involving a single cell
population. Therefore, the Solly et al. approach did not account for a complex immune response, which includes popu-
lations of different cells, namely, target cells and effector cells.

B. Natural Killer Cell- Mediated Cytotoxicity Assays

[0007] Natural killer (NK) cells are an integral part of the innate immune response. NK cells have been endowed with
the ability to recognize and annihilate cells with extreme stress load such as virus infected cells as well as tumor cells
(Lanier, 2005). The death mediated by NK cells is rapid and multifaceted. In addition to their important role in innate
immune response, NK cells also serve as key mediators for activation of the adaptive immune response, by secreting
factors which serve to activate and propagate B and T lymphocytes (Djeu et al., 2002; Lanier, 2005; Smyth et al., 2005).
By responding immediately to infected cells, NK cells keep pathogen infection at bay while giving the adaptive arm of
the immune response time to mobilize and respond to pathogen challenge in a more specific manner.
[0008] NK cells express specific receptors on its surface that can recognize pathogen infected and tumor cells by their
lack of expression or low expression of the major histocompatibility complex (MHC) at the membrane (Cerwenka and
Lanier, 2001; Lanier, 2005). These receptors can be both inhibitory and stimulatory and the combined action of these
receptors determines the extent of the dual nature of NK cell response to target cells; namely cytotoxicity and/or cytokine
production (Lanier, 2005). When NK inhibitory receptors bind to MHC class I molecules, their effector functions are
blocked and therefore normal healthy cells which express adequate levels of these receptors are spared from the NK
cell attack. On the other hand activating receptors such as NKG2D is engaged by ligands that are MHC-like and expressed
by pathogen infected and transformed cells as well other stressed cells (Cerwenka and Lanier, 2001). The immediate
effector function of NK cells results in the release of secretory granules mainly containing special proteins and enzymes
of the perforin family and granzyme family (Smyth et al., 2005). The perforins bind to the cell membrane and disrupt the
integrity of the plasma membrane whereas granzymes are a special class of serine proteases with various substrate
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specificities, including caspases (Trapani and Smyth, 2002). The combined interplay of these proteins and enzymes
ultimately result in target cell cytotoxicity and destruction. In addition to granzyme and perforin-mediated cytotoxicity,
NK cells also express Trail and FasL, both of which can contribute to NK-mediated cytotoxicity towards target cells
(Smyth et al., 2002).
[0009] A number of techniques have been devised for monitoring NK-mediated cytotoxicity towards target cells. The
most popular method relies on chromium 51 labeling of target cells and measuring the release of chromium upon
cytolysis(Brunner et al., 1968). Other label-based methods such as annexin-V staining of target cells and using fax
analysis to analyze apoptotic cells have also been described (Goldberg et al., 1999). Enzymatic assays which measure
the activity of certain enzymes such as lactate dehydrogenase (LDH) or Granzymes have also been described in the
literature as a means to assess NK-mediated cytotoxicity(Korzeniewski and Callewaert, 1983; Ewen et al., 2003; Shafer-
Weaver et al., 2003). While all of the above mentioned assays, especially chromium 51 release assay have proved
informative and are in routine use, they all have certain drawbacks which limit their utility. For example, chromium labeling
involves the usage of a radioactive label which can be hazardous and difficult to dispose of. Furthermore, chromium 51
assay window is limited to four hours beyond which the natural tendency of chromium to diffuse out of the cell contributes
to high background. In addition, all the mentioned assays are end-point assays which provide a "snapshot" of the NK-
mediated cytotoxicity activity and with respect to chromium 51 release assay, it would be difficult to measure NK-mediated
target cell killing after the 4 hour time window. Thus, technologies or methods that do not the use of radioactive labels
and can provide kinetic information about NK-mediated cytotoxicity process are needed.
[0010] Another approach is provided in Journal of Immunological Methods, 253(2001) 69-81, by Wahlberg et al., in
which an adaptation of a microcytotoxicity assay (MCA) was demonstrated. In Wahlberg et al. target cells where adhered
to plastic microwells then exposed to cytotoxic immune cells. Dead cells were washed away thereby permitting the
remaining cells to be stained and optically counted. Pg. 71, Sect. 2.1. While Wahlberg et al. demonstrate a method
where cells can be counted before and after exposure to cytotoxic immune cells, they did not utilize an impedance-
based approach to determining the viability of target cells after exposure to effector cells. Thus, the cells had to be
stained then visually counted.
[0011] The present invention addresses the above deficiencies by providing methods, which incorporate a real time
cell electronic sensing system for conducting cell-based assays based on measurement of cell-substrate impedance to
assay for natural killer, cytotoxic T-lymphocyte and neutrophil-mediated killing of target cells using real-time microelec-
tronic cell sensing technology.

SUMMARY OF THE INVENTION

[0012] The invention provides methods of measuring cytolytic activity including: a) providing a device capable of
monitoring cell-substrate impedance operably connected to an impedance analyzer, wherein the device includes two
or more wells for receiving cells; b) adding target cells to at least two wells, wherein at least one well is a control well
and at least one well is a test well; c) adding effector cells to the test well; d) monitoring impedance of the control and
the test wells before and after adding the effector cells and optionally determining a cell index from the impedance,
wherein monitoring the impedance includes measuring the impedance during at least two time points; e) quantifying a
number of target cells in both the test well and control well before and after adding the effector cells; and f) determining
viability of the target cells in the test well at a given time point after adding effector cells by comparing number of target
cells between the test well to the control well at the given time point.
[0013] In some embodiments device includes a) a non-conducting substrate; b) two or more electrode arrays fabricated
on the substrate, wherein each of the two or more electrode arrays include two electrode structures; c) the two or more
wells being on the substrate, wherein each of the two or more arrays is associated with one of the two or more wells ;
and d) at least two connection pads, each of which is located on an edge of the substrate; wherein for each of the two
or more electrode arrays, each of the two electrode structures includes multiple electrode elements and the first of the
two electrode structures of each of the at least two electrode arrays is connected to one of said at least two connection
pads, and the second of the two electrode structures of each of the at least two electrode arrays is connected to another
of the at least two connection pads; further wherein at least two of the two or more electrode arrays share one common
connection pad; further wherein each electrode array has an approximately uniform electrode resistance distribution
across the entire array; and further wherein the substrate has a surface suitable for cell attachment or growth; wherein
cell attachment or growth on said substrate can result in a detectable change in impedance between or among the
electrode structures within each electrode array.The target cells can be cancer cells, cells isolated from cancerous tissue,
primary cells, endothelial cells or cells from a cell line derived from a living organism. The effector cells can be Natural
Killer (NK) cells, Cytotoxic T-Lymphocytes (CTLs), neutrophils, easonophils, macrophages, Natural Killer T (NKT) cells,
B-cells, T-cells, or a cell type having cytolytic activity. Effector cells can be added at a predetermined ratio to the target
cells or at a series of a predetermined ratio to target cells.
[0014] Impedance can be monitored at least at one time point before adding effector cells and at least at two time



EP 1 773 980 B1

5

5

10

15

20

25

30

35

40

45

50

55

points after adding effector cells. Cell index can be determined by calculating, for each measurement frequency, the
relative-change in resistance of a well when target cells are present in the well with respect to that of the well when no
cell is present, and then finding the maximum relative-change in resistance for all frequencies measured. Cell index can
be a normalized cell index where normalization is at a time point immediately preceding said adding effector cells.
[0015] Viability decreases if the impedance or cell index decreases after adding effector cells. Percent cytolysis at a
given time point after adding effector cells can be calculated by the formula of (1-cell index of test well/cell index of
control well). Cell index can be a normalized cell index where normalization is at a time point immediately preceding
said adding effector cells.
[0016] The method can also include adding a compound or a factor suspected of stimulating the effector cells. The
compound can be selected from a compound library. The factor can be a monoclonal antibody, a polyclonal antibody,
a peptide, a protein, a lipid, or a biomolecule. The factor can be a IgG, IgM, IgE or IgA.
[0017] The method can also include determining the quantity of the target cells based on a pre-derived formula that
correlates cell number with the cell index at a time point prior to or after adding effector cells.
[0018] The method can also include adding accessory cells or accessory compounds.
[0019] In some embodiment, method includes adding (i) to said test well, an antibody that is specific to said target
cells, (ii) to said control well, a non-specific antibody, and (iii) to both said test and control wells, effector cells wherein
the method is used for antibody-dependent cellular toxicity (ADCC) measurement, monitoring or screening. The test
cells can be tumor cells expressing a specific antigen or marker. Impedance can be monitored prior to adding the
antibodies, after adding the antibodies and before adding the effector cells, and after adding the effector cells. In further
embodiments the method also includes assaying complement-mediated cellular cytotoxicity in the presence of neu-
trophils.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020]

Figure 1 shows schematic drawings of one design of a cell-substrate impedance measurement device of the present
invention. A) depicts the substrate having 16 electrode arrays (or 16 electrode structure units) that are arranged in
a 2-row by 8-column configuration on a substrate. B) depicts a single electrode array of a device. C) shows a
schematic drawing of an electrode array, illustrating the requirement of approximately uniform distribution of electrode
resistance across the array.
Figure 2 shows real-time monitoring of proliferation of H460 cells seeded at different initial cell seeding numbers
on a cell substrate impedance monitoring system of the presnet invention. The cell proliferation was continuously
recorded every 15 minutes for over 125 hours. The cell growth curves in the log scale show exponential cell growth
or cells in the stationary phase.
Figure 3 shows real time monitoring of cell attachment and spreading of NIH3T3 cells using a cell-substrate imep-
dnace monitoring system of the presnet invention. The cells were seeded onto devices coated with either poly- L-
lysine or fibronectin. The cell attachment and cell spreading processes on the different coating surfaces were
monitored every 3 minutes for over 3 hours in real time.
Figure 4 shows real-time monitoring of morphological changes in Cos-7 cells uisng a cell-substrate impedance
monitoring system of the presnet invention. The cells were serum starved for 8 hours and stimulated with or without
50 ng/mL EGF. Changes in cell morphology were monitored at 3 min intervals for 2 hours and then 1 hour interval
for 14 hours. The initial jump in the signal in EGF-treated cells is due to membrane ruffling and actin dynamics in
response to EGF. The arrow indicates the point of EGF stimulation.
Figure 5 shows titration of NIH3T3 cells on the devices of the present invention. The indicated cell number of cells
were seeded into microtiter devices fabricated with electronic sensor arrays shown in Figure 1B. The electronic
sensor arrays were-precoated with fibronectin. Two hours after seeding, the cell index number was determined
using a cell-substrate imepdnace monitoring system of the present invention.
Figure 6. NIH3T3 cells (target cells) were seeded at a density of 20,000 cells/well on ACEA’s microtiter plate (16X
E-Plate). The adhesion and proliferation of the NIH3T3 cells were monitored continuously on RT-CES. The cells
were allowed to proliferate to log growth phase and then treated with effector NK cells at a ratio effector: target of
7.5:1. As a control the target cells were treated with media alone or with effector cells that lack the killing ability.
Figure 7. The NIH3T3 target cells described in Figure 6 were washed, fixed in methanol and stained with Giemsa
blue dye at the end of the assay. The cells were visualized and photographed using a lightmicroscope connected
to CCD camera. (A)The cytotoxic effect of the NK cells (effector cells) upon the target cells is apparent by empty
gaps in the bottom of the plate, where the target cells have undergone cell death due to interaction with the effector
cells. (B) The control effector Yac cell line has no effect on target cells as assessed by the absence of gaps seen in A.
Figure 8. Dynamic monitoring of NK cell-mediated cytolysis on the RT-CES system (A) Dynamic monitoring of NK-
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cell mediated cytolysis of NIH 3T3 cells (target cells). The NIH 3T3 cells were seeded in the wells of the 96-well e-
plate at 5000 cells/well, and cell attachment, spreading and proliferation were monitored in real time. 34 hours after
seeding of the cells, Cell Index (CI) values reached 3, which is equivalent to approximately 10,000cells/well.. 150,000
mNK cells (effector cells) or YAC cells (control effector cells) which function as the negative control were added to
each well in triplicates. The mNK cell-mediated cytolysis was then dynamically monitored. (B) Time-dependent
cytolytic activity of mNK cells for different ratios of E/T (effector cell number: target cell number). The cytolytic activity
at a given time point was calculated and presented as the percentage of cytolysis, or percent cytolysis { % of cytolysis
= (CIno effector - CIeffector)/CI no effector X 100}, where CIeffector and CIno ffector were cell indexes for wells with and
without added effector cells, respectively at the time point of interest. For calculation of percent cytolysis shown
here, normalized cell index values were used for CI. In general, cell index values or normalized cell index values
may be used in the calculation of percentage of cytolysis, or percent cytolysis.
Figure 9. Label free and quantitative measurement of cytolytic activity of mNK cells (murine Natural Killer cells) and
NK92 cells. (A). Quantitative measurement of cytolytic activity of mNK cells. The NIH 3T3 cells were seeded to the
96-well e-plate. Cell growth was monitored in real time on the RT-CES system until the CI values reached 3,
equivalent to 10,000cells/well. The mNK cells (effector cells) were added to target cells at different cell concentrations,
making a series of E/T ratios (effector cell number to target cell number) as indicated. The cytolysis of the target
cells at different E/T ratios was dynamically monitored on the RT-CES system. The normalized Cell Index was used,
in which the Cell Index values obtained from post addition of mNK cells were normalized against the Cell Index
value from the same well shortly-before the addition of mNK cells. (B). Time-dependent cytolytic activity of mNK
cells at different E/T ratios. The percentage of cytolysis, or percent cytolysis, of the NIH 3T3 cells by mNK cells was
calculated according to the equation, {percentage of cytolysis = (NCIno effector - NCIeffector)/NCIno effector X 100}, where
NCIeffector and NCIno ffector were normalized cell indexes for wells with and without added effector cells, respectively
at the time point of interest. The time dependent cytolytic activities are indicated. (C). Quantitative measurement of
cytolyic activity of NK92 cells. The target cells, MCF7 were seeded as described and the cell growth was monitored
on the RT-CES system as described above. The NK92 cells were then added to each well at different concentration
making the series of E/T ratios as indicated. The cytolytic activities of NK92 cells on MCF7 cells at different E/T
ratios were dynamically monitored on the RT-CES system. (D). Time-dependent cytolytic activity of NK92 cells at
different E/T ratios. The percentage of cytolysis of the MCF7 cells by NK 92cells was calculated as described in (B),
and was indicated.
Figure 10. Label free assessing cytolysis of a variety of cell lines by NK cells on RT-CES system. (A) The NK92-
mediated cytolysis of 7 different cancer lines. The percentage of cytolysis indicated for each line is calculated based
on the Cell Index value of individual wells after 8 hours of addition of NK92 cells, which showed the maximum
cytolysis. (B) The mNK-mediated cytolysis of 9 different cell lines. The percentage of cytolysis indicated for each
line is calculated based on the Cell Index values of individual wells after 12 hours of addition of mNK cells, which
showed the maximum cytolysis.
Figure 11. Principle of RT-CES system used for measurement of effector-mediated cytolysis of target cells. (A) The
interaction of adherent target cells with the sensor microelectrodes in the bottom of the well leads to the generation
of impedance signal which is displayed as an arbitrary unit called cell index (CI). (B) Addition of suspended effector
cells are not detected by the sensor, since these cells do not adhere to the bottom of the well. (C) Effector-mediated
cytolysis of target cells is detected by the sensor due to morphological changes of target cells and the loss of
interaction of target cells with the microelectrodes in the bottom of the well upon cytolysis.
Figure 12. RT-CES monitoring of NK-92 mediated cytotoxicity. (A) 10,000 A549 target cells were seeded in the
wells of E-plates. At the indicated time point (arrow), NK-92 cells were added at different E/T ratios and the viability
of A549 cells were dynamically monitored every 15 minutes using the RT-CES system. (B) Comparison of RT-CES
readout with MTT at 25 hours after addition of NK-92 cells. The A549 cells described in (A) were washed and cell
viability was assessed using MTT. For each E/T ratio the normalized CI value obtained by RT-CES is plotted together
with the absorbance value obtained using MTT assay. (C) For both the RT-CES readout and MTT assay the percent
cytolytic activity of NK-92 cells at different E/T ratios was calculated using the formula as described in materials and
methods section.
Figure 13. Dynamic monitoring of mouse NK cell cytolysis of target cells using the RT-CES system. NIH3T3 cells
were seeded in the wells of E-plate and mouse NK cells, YAC cells, or media alone were added at the indicated
time point (arrow) at different E/T ratios. The viability of NIH3T3 cells were continually monitored using the RT-CES
system.
Figure 14. Specificity of NK-92 mediated cytolysis of target cells. (A) A549 cells were seeded in the wells of E-
plates. Twenty four hours after seeding NK-cells at a density of 16:1 (E/T ratio) were pre-incubated with the different
concentrations of the MEK inhibitor PD 98059 for thirty minutes and then added to A549 cells at the indicated time
point (arrow). The viability of A549 cells were continually monitored using the RT-CES system. (B) The extent of
NK-92 mediated cytolytic activity in the presence of MEK inhibitor was calculated at the indicated times post-NK
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addition as described in materials and methods section. (C) The effect of PI3 Kinase inhibitor Wortmannin on NK-
92 mediated cytolysis of A549 cells. The cells were treated with the inhibitor as described in (A). (D) Percent cytolytic
activity of NK-92 cells was calculated at the end of the experiment described in (C).

DETAILED DESCRIPTION OF THE INVENTION

A. Definitions

[0021] For clarity of disclosure, and not by way of limitation, the detailed description of the invention is divided into the
subsections that follow.
[0022] Unless defined otherwise, all technical and scientific terms used herein have the same meaning as is commonly
understood by one of ordinary skill in the art to which this invention belongs. If a definition set forth in this section is
contrary to or otherwise inconsistent with a definition set forth in the patents, applications, published applications and
other publications, the definition set forth in this section prevails.
[0023] As used herein, "a" or "an" means "at least one" or "one or more."
[0024] As used herein, "membrane" is a sheet of material.
[0025] As used herein, "biocompatible membrane" means a membrane that does not have deleterious effects on cells,
including the viability, attachment, spreading, motility, growth, or cell division.
[0026] When a suspension of viable, unimpaired, epithelial or endothelial cells is added to a vessel, a surface of the
vessel "is suitable for cell attachment" when a significant percentage of the cells are adhering to the surface of the vessel
within twelve hours. Preferably, at least 50% of the cells are adhering to the surface of the vessel within twelve hours.
More preferably, a surface that is suitable for cell attachment has surface properties so that at least 70% of the cells are
adhering to the surface within twelve hours of plating (i.e., adding cells to the vessel). Even more preferably, the surface
properties of a surface that is suitable for cell attachment results in at least 90% of the cells adhering to the surface
within twelve hours of plating. Most preferably, the surface properties of a surface that is suitable for cell attachment
results in at least 90% of the cells adhering to the surface within eight, six, four, two hours of plating. To have desired
surface properties for cell attachment, the surface may need to chemically-treated (e.g. treatment with an acid and/or
with a base), and/or physically treated (e.g. treatment with plasma), and/or biochemically treated (e.g. coated with one
or more molecules or biomolecules that promotes cell attachment). In the present invention, a biocompatible surface
(such as a membrane) preferably is suitable for the attachment of cells of the type that are to be used in an assay that
uses the biocompatible surface (e.g., membrane), and most preferably, allows the attachment of at least 90% of the
cells that contact the biocompatible surface during the assay.
[0027] A "biomolecular coating" is a coating on a surface that comprises a molecule that is a naturally occurring
biomolecule or biochemical, or a biochemical derived from or based on one or more naturally occurring biomolecules
or biochemicals. For example, a biomolecular coating can comprise an extracellular matrix component (e.g., fibronectin,
collagens), or a derivative thereof, or can comprise a biochemical such as polylysine or polyornithine, which are polymeric
molecules based on the naturally occurring biochemicals lysine and ornithine. Polymeric molecules based on naturally
occurring biochemicals such as amino acids can use isomers or enantiomers of the naturally-occurring biochemicals.
[0028] An "extracellular matrix component" is a molecule that occurs in the extracellular matrix of an animal. It can be
a component of an extracellular matrix from any species and from any tissue type. Non limiting examples of extracellular
matrix components include laminins, collagens fibronectins, other glycoproteins, peptides, glycosaminoglycans, prote-
oglycans, etc. Extracellular matrix components can also include growth factors.
[0029] An "electrode" is a structure having a high electrical conductivity, that is, an electrical conductivity much higher
than the electrical conductivity of the surrounding materials.
[0030] 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 electrode elements within an "electrode structure" are electrically connected.
[0031] As used herein, "electrode element" refers to a single structural feature of an electrode structure, such as, for
example, a fingerlike projection of an interdigitated electrode structure.
[0032] 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
to generate an electrical field in the region of spaces around the electrode structures. Preferred electrode structure units
of the present invention can measure impedance changes due to cell attachment to an electrode surface. Non-limiting
examples of electrode structure units are interdigitated electrode structure units and concentric electrode structure units.
[0033] An "electrode bus" is a portion of an electrode that connects individual electrode elements or substructures.
An electrode bus provides a common conduction path from individual electrode elements or individual electrode sub-
structures to another electrical 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 traces that lead to a
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connection pad.
[0034] "Electrode traces" or "electrically conductive traces" or "electrical traces", are electrically 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 or apparatus.
[0035] A "connection pad" is an area on an apparatus or a device of the present invention which is electrically connected
to at least one electrode or all electrode elements within at least one electrode structure on an apparatus or a device
and which can be operatively connected to external electrical circuits (e.g., an impedance measurement circuit or a
signal source). The electrical connection between a connection pad and an impedance measurement circuit or a signal
source can be direct or indirect, through any appropriate electrical conduction means such as leads or wires. Such
electrical conduction means may also go through electrode or electrical conduction paths located on other regions of
the apparatus or device.
[0036] "Interdigitated" 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 electrode elements
preferably do not contact one another).
[0037] As used herein, a "high probability of contacting an electrode element" means that, if a cell is randomly positioned
within the sensor area of a device or apparatus of the present invention, the probability of a cell (or particle) contacting
on an electrode element, calculated from the average diameter of a cell used on or in a device or apparatus of the
present invention, the sizes of the electrode elements, and the size of the gaps between electrode elements, is greater
than about 50%, more preferably greater than about 60%, yet more preferably greater than about 70%, and even more
preferably greater than about 80%, greater than about 90%, or greater than about 95%.
[0038] As used herein, "at least two electrodes fabricated on said substrate" means that the at least two electrodes
are fabricated or made or produced on the substrate. The at least two electrodes can be on the same side of the substrate
or on the different side of the substrate. The substrate may have multiple layers, the at least two electrodes can be either
on the same or on the different layers of the substrate.
[0039] As used herein, "at least two electrodes fabricated to a same side of said substrate" means that the at least
two electrodes are fabricated on the same side of the substrate.
[0040] As used herein, "at least two electrodes fabricated to a same plane of said substrate" means that, if the non-
conducting substrate has multiple layers, the at least two electrodes are fabricated to the same layer of the substrate.
[0041] As used herein, "said... electrodes [or electrode structures] 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 electrode structures) referred to will contribute
to the overall detectable change in impedance to a same or similar degree as the impedance change due to cell attachment
or growth on any other of the electrodes (or electrode structures) 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 electrode. 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. Preferably,
the ratio of surface area between the largest electrode and the smallest electrode of an electrode array is less than 5,
4, 3, 2, 1.5, 1.2 or 1.1. More preferably, the at least two electrodes of an electrode structure have nearly identical or
identical surface area.
[0042] As used herein, "said device has a surface suitable for cell attachment or growth" means that the electrode
and/or non-electrode area of the apparatus has appropriate physical, chemical or biological properties such that cells
of interest can viably attach on the surface and new cells can continue to attach, while the cell culture grows, on the
surface of the apparatus. However, it is not necessary that the device, or the surface thereof, contain substances
necessary for cell viability or growth. These necessary substances, e.g., nutrients or growth factors, can be supplied in
a medium. Preferably, when a suspension of viable, unimpaired, epithelial or endothelial cells is added to the "surface
suitable for cell attachment" when at least 50% of the cells are adhering to the surface within twelve hours. More
preferably, a surface that is suitable for cell attachment has surface properties so that at least 70% of the cells are
adhering to the surface within twelve hours of plating (i.e., adding cells to the chamber or well that comprises the said
device). Even more preferably, the surface properties of a surface that is suitable for cell attachment results in at least
90% of the cells adhering to the surface within twelve hours of plating. Most preferably, the surface properties of a surface
that is suitable for cell attachment results in at least 90% of the cells adhering to the surface within eight, six, four, two
hours of plating.
[0043] As used herein, "detectable change in impedance between or among said electrodes" (or "detectable change
in impedance between or among said electrode structures") means that the impedance between or among said electrodes
(or electrode structures) would have a significant change that can be detected by an impedance analyzer or impedance
measurement circuit when molecule binding reaction occurs on the electrode surfaces. The impedance change refers
to the difference in impedance values when molecule binding reaction occurs on the electrode surface of the apparatus
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and when no molecular reaction occurs on the electrode surface. Alternatively, 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, type, activity, adhesiveness, or morphology of cells attached to the electrode-
comprising surface of the apparatus changes. In most cases, the change in impedance is larger than 0.1% to be de-
tectable. Preferably, the detectable change in impedance is larger than 1%, 2%, 5%, 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 in impedance between or among said
electrodes" does not require the impedance change at all frequencies being detectable. "Detectable change in impedance
between or among said electrodes" only requires a detectable change in impedance at any single frequency (or multiple
frequencies). In addition, impedance has two components, resistance and reactance (reactance can be divided into two
categories, capacitive reactance and inductive reactance).
[0044] "Detectable change in impedance between or among said electrodes" requires only that either one of resistance
and reactance has a detectable change at any single frequency or multiple frequencies. In the present application,
impedance is the electrical or electronic impedance. The method for the measurement of such impedance is achieved
by, (1) applying a voltage between or among said electrodes at a given frequency (or multiple frequencies, or having
specific voltage waveform) and monitoring the electrical current through said electrodes at the frequency (or multiple
frequencies, or having specific waveform), dividing the voltage amplitude value by the current amplitude value to derive
the impedance value; (2) applying an electric current of a single frequency component (or multiple frequencies or having
specific current wave form) through said electrodes and monitoring the voltage resulted between or among said electrodes
at the frequency (or multiple frequencies, or having specific waveform), dividing the voltage amplitude value by the
current amplitude value to derive the impedance value; (3) other methods that can measure or determine electric im-
pedance. Note that in the description above of "dividing the voltage amplitude value by the current amplitude value to
derive the impedance value", the "division" is done for the values of current amplitude and voltage amplitude at same
frequencies. Measurement of such electric impedance is an electronic or electrical process that does not involve the
use of any reagents.
[0045] As used herein, "said at least two electrodes have substantially different surface area" means that the surface
areas of any 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 attachment or growth on the smaller electrodes. Preferably, any impedance change due to cell
attachment or growth on the larger electrode is significantly smaller than the impedance change due to cell attachment
or growth on the smaller electrode. Ordinarily, the ratio of surface area between the largest electrode and the smallest
electrode is 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.
[0046] As used herein, "multiple pairs of electrodes or electrode structures spatially arranged according to wells of a
multi-well microplate" means that the multiple pairs of electrodes or electrode structures of a device or apparatus are
spatially arranged to match the spatial configuration of wells of a multi-well microplate so that, when desirable, the device
can be inserted into, joined with, or attached to a multiwell plate (for example, a bottomless multiwell plate) such that
multiple wells of the multi-well microplate will comprise electrodes or electrode structures.
[0047] 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 circuit is identified by both a row position number and a column
position number.
[0048] As used herein, "each well contains substantially same number ... of cells" means that the lowest number of
cells in a well is at least 50% of the highest number of cells in a well. Preferably, the lowest number of cells in a well is
at least 60%, 70%, 80%, 90%, 95% or 99% of the highest number of cells in a well. More preferably, each well contains
an identical number of cells.
[0049] As used herein, "each well contains ...same type of cells" means that, for the intended purpose, each well
contains same type of cells; it is 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 mam-
malian cells, e.g., human cells, or different mammalian cells, e.g., human cells as well as other non-human mammalian
cells such as mice, goat or monkey cells, etc.
[0050] As used herein, "each well contains ... serially different concentration of a test compound" means that each
well contains a test compound with a serially diluted concentrations, e.g., an one-tenth serially diluted concentrations of
1 M, 0.1 M, 0.01 M, etc.
[0051] As used herein, "dose-response curve" means the dependent relationship of response of cells on the dose
concentration of a test compound. The response of cells can be measured by many different parameters. For example,
a test compound is suspected to have cytotoxicity 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 function of the does concentration of the test compound constructs a dose response
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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 cell change indexes.
For example, for a give cell type and under specific cellular physiological condition (e.g., a particular cell culture medium),
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 measurement. 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 index not only correlates with the number of viable cells in the wells but also relates to the cell morphology and cell
attachment. Thus plotting 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 allows for the continuous monitoring of cells and provides impedance
measurement at many time points over a time range as short as a few minutes to as long as days or weeks.
[0052] As used herein, "the electrodes have, along the length of the microchannel, a length that is substantially less
than the largest single-dimension of a particle to be analyzed" means that the electrodes have, along the length of the
microchannel, a length that is at least less than 90% of the largest single-dimension of a particle to be analyzed. Preferably,
the electrodes have, along the length of the microchannel, a length that is at least less than 80%, 70%, 60%, 50%, 40%,
30%, 20%, 10%, 5% of the largest single-dimension of a particle to be analyzed.
[0053] As used herein, "the microelectrodes span the entire height of the microchannel" means that the microelectrodes
span at least 70% of the entire height of the microchannel. Preferably, microelectrodes span at least 80%, 90%, 95%
of the entire height of the microchannel. More preferably, microelectrodes span at least 100% of the entire height of the
microchannel.
[0054] As used herein, "an aperture having a pore size that equals to or is slightly larger than size of said particle"
means that aperture has a pore size that at least equals to the particle size but less than 300% of the particle size. Here
both pore size and particle size are measured in terms of single dimension value.
[0055] As used herein, "microelectrode strip or electrode strip" means that a non-conducting substrate strip on which
electrodes or electrode structure units are fabricated or incorporated. The non-limiting examples of the non-conducting
substrate strips include polymer membrane, glass, plastic sheets, ceramics, insulator-on-semiconductor, fiber glass (like
those for manufacturing printed-circuits-board). Electrode structure units having different geometries can be fabricated
or made on the substrate strip by any suitable microfabrication, micromachining, or other methods. Non-limiting examples
of electrode geometries include interdigitated electrodes, circle-on-line electrodes, diamond-on-line electrodes, castel-
lated electrodes, or sinusoidal electrodes. Characteristic dimensions of these electrode geometries may vary from as
small as less than 5 micron, or less than 10 micron, to as large as over 200 micron, over 500 micron, over 1 mm. The
characteristic dimensions of the electrode geometries refer to the smallest width of the electrode elements, or smallest
gaps between the adjacent electrode elements, or size of a repeating feature on the electrode geometries. The micro-
electrode strip can be of any geometry for the present invention. One exemplary geometry for the microelectrode strips
is rectangular shape - having the width of the strip between less than 50 micron to over 10 mm, and having the length
of the strip between less than 60 micron to over 15 mm. An exemplary geometry of the microelectrode strips may have
a geometry having a width of 200 micron and a length of 20 mm. A single microelectrode strip may have two electrodes
serving as a measurement unit, or multiple such two-electrodes serving as multiple measurement units, or a single
electrode structure unit as a measurement unit, or multiple electrode structure units serving as multiple electrode structure
units. In one exemplary embodiment, when multiple electrode structure units are fabricated on a single microelectrode
strip, these electrode structure units are positioned along the length direction of the strip. The electrode structure units
may be of squared-shape, or rectangular-shape, or circle shapes. Each of electrode structure units may occupy size
from less than 50 micron by 50 micron, to larger than 2 mm x 2mm.
[0056] As used herein, "sample" refers to anything which may contain a moiety to be isolated, manipulated, measured,
quantified, detected or analyzed using apparatuses, microplates or methods in the present application. The sample may
be a biological sample, such as a biological fluid or a biological tissue. Examples of biological fluids include suspension
of cells in a medium such as cell culture medium, urine, blood, plasma, serum, saliva, semen, stool, sputum, cerebral
spinal fluid, tears, 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 samples may further include cell
suspensions, solutions containing biological molecules (e.g. proteins, enzymes, nucleic acids, carbohydrates, chemical
molecules binding to biological molecules).
[0057] As used herein, a "liquid (fluid) sample" refers to a sample that naturally exists as a liquid or fluid, e.g., a
biological fluid. A "liquid sample" also refers to a sample that naturally exists in a non-liquid status, e.g., solid or gas, but
is prepared as a liquid, fluid, solution or suspension containing the solid or gas sample material. For example, a liquid
sample can encompass a liquid, fluid, solution or suspension containing a biological tissue.
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[0058] A "compound" or "test compound" is any compound whose activity or direct or indirect 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, a
large molecule, a molecular complex, an organic molecule, an inorganic 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 combination
of these. A 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. In one application of the present
invention, a compound is capable of, or is suspected of, inducing cytotoxicity. In another application of present invention,
a compound is capable of, or is suspected of, stimulating effector cells. In still another application, a compound is capable
of, or is suspected of, interacting with cells (for example, binding to cell surface receptor, or inhibiting certain intracellular
signal transduction pathway, or activating cells).
[0059] 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 direct or 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 non-limiting
examples, effects on cell viability, cell adhesion, apoptosis, cell differentiation, cell proliferation, cell morphology, cell
cycle, IgE-mediated cell activation or stimulation, receptor-ligand binding, cell number, cell quality, cell cycling, etc.
[0060] An "impedance value" is the impedance measured for electrodes in a well with or without cell present. Impedance
is generally a function of the frequency, i.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 monitored. 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 index, or delta cell index could be used to represent
impedance values.
[0061] A "Cell Index" or "CI" is a parameter that can derive from measured impedance values and that can be used
to reflect the change in impedance values. There are a number of methods to derive or calculate Cell Index.
[0062] A "Normalized Cell Index" at a given time point is calculated by dividing the Cell Index at the time point by the
Cell Index at a reference time point. Thus, the Normalized Cell Index is 1 at the reference time point.
[0063] 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 delta cell index is the absolute change in the cell index from an initial
time (the standard time point) to the measurement time.
[0064] A "Cell Change Index" or "CCI" is a parameter derived from Cell Index and "CCI" at a time point is equal to the
1st order derive of the Cell Index with respect to time, divided by the Cell Index at the time point. In other words, CCI is
calculated as 

[0065] As used herein, "cytolytic activity" refers to the ability of effector cells to lyse or kill target cells. For a given ratio
of effector cell number to target cell number and for a specific time period after addition of effector cells to target cells,
if effector cells of a first type kills more target cells than effector cells of a second type, then the effector cells of the first
type have higher cytolytic activity. There are various parameters that can be determined and be used to indicate or
quantify cytolytic activity of effector cells. For example, viability of target cells at a time point after effector cells are added
to target cells in a well can be used to indicate the cytolytic activity of the effector cells. A low viability of target cells
indicates that many target cells have been killed by the effector cells and shows that the effector cells have high cytolytic
activity. In another example, percent cytolysis (or percentage of cytolysis) of target cells at a time point after effector
cells are added to target cells can also be used to indicate the cytolytic activity. A low percent cytolysis indicates that
few target cells have been killed by the effector cells and show that the effector cells have low cytolytic activity.
[0066] As used herein, "target cell" or "target cells" refers to any cell that can be lysed or killed by the effector cells.
Non-limiting examples of target cells include cancer cells, cells isolated from cancerous tissues, primary cells, endothelial
cells or any cells from a cell line derived from a living organism. In the assay for measuring cytolytic activity of effector
cells, one is interested in how many target cells or what percentage of target cells have been killed by the effector cells.
Thus, the quantity of target cells, or the viability of the target cells may be determined at any time point during an assay.
[0067] As used herein, "effector cell" or "effector cells" refer to any cells that are capable of killing or lysing target cells,
such as Natural Killer (NK) cells, Cytotoxic T-Lymphocytes (CTLs), neutrophils, easonophils, macrophages, Natural
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Killer T (NKT) cells, B-cells, T-cells, a cell type having cytolytic activity and the like.
[0068] As used herein, "viability" refers to quantity of, or percentage of viable cells that are alive and have not undergone
cytolysis. In the assay for measuring cytolytic activity of effector cells, one may need to determine viability of target cells
at some time point(s) after effector cells have been added to target cells in order to determine how many target cells or
what percentage of target cells are killed or lysed by the effector cells. In one embodiment of a method of the present
invention, target cells are introduced in wells comprising electrode arrays, which are used to measure cell-substrate
impedance for quantifying the number of target cells. Impedance of a well containing target cells is measured prior to
and after addition of effector cells to the wells. In one approach, viability of target cells at a time point after addition of
effector cells may be determined by comparing the impedance of the well prior to and after addition of effectors. Viability
of target cells may be calculated as the ratio of the impedance of the well at the time point of interest to the impedance
of the well immediately prior to addition of effector cells. Such a calculation has an implicit assumption that the impedance
of the well may be approximately proportional to the number of the viable cells in the well. Here for the time period from
the time point of addition of effector cells to the time point of interest, it is assumed that there is little or no proliferation
of target cells. Thus, the ratio of impedance of the well at the time point of interest to the impedance of the well immediately
prior to addition of effector cells reflects the percentage of the initial cells (the viable cells immediately prior to addition
of effector cells) which are still viable at the time point of interest. In another approach, viability of target cells at a time
point after addition of effector cells may be determined by comparing the cell index of the well prior to and after addition
of effector cells. Viability of target cells may be calculated as the ratio of the cell index of the well at the time point of
interest to the cell index of the well immediately prior to addition of effector cells. Such a calculation has an implicit
assumption that the cell index of the well may be approximately proportional to the number of the viable cells in the well.
For such a calculation of viability of target cells, cell index may be normalized cell index. In still another approach, viability
of target cells in a test well at a time point after addition of effector cells may be determined by comparing the impedance
(or cell index) of the well at the time point of interest to the impedance (or cell index) of a control well to which same
number of target cells and no effector cells are added. Viability of target cells at a time point after adding effector cells
may be calculated as the ratio of the impedance (or cell index) of the test well at the time point of interest to the impedance
(or cell index) of the control well at the same time point. Such a calculation of viability of target cells in a test well has
an implicit assumption that if there is no killing or lysis of target cells by effector cells, the impedance or cell index of the
test well would be the same as that of the control well. For such calculation of viability of target cells, cell index may be
normalized cell index.
[0069] As used herein, "primary cell" or "primary cells" refers to any non-immortalized cell that has been derived from
various tissues and organs of a patient or an animal.
[0070] As used herein, "cell or cells having cytolytic activity" refers to any cell that is capable of killing or lysing target
cells. Cell or cells having cytolytic activity are effector cells.
[0071] As used herein, "antibody-dependent cellular cytotoxicity (ADCC)" refers to the killing of target cells (or cyto-
toxicity of target cells) by effector cells, where target cells have been marked by an antibody.
[0072] B. Devices and systems for monitoring cell-substrate impedance in the invention as defined by the ap-
pended claims.

Devices for Measuring Cell-Substrate Impedance

[0073] The present invention includes the use of devices for measuring cell-substrate impedance that comprise a non-
conducting substrate; two or more electrode arrays fabricated on the substrate, where each of the two or more electrode
arrays comprises two electrode structures; and at least two connection pads, each of which is located on an edge of the
substrate. Each electrode array of the device has approximately uniform electrode resistance across the entire array.
The substrate of the device has a surface suitable for cell attachment or growth; where cell attachment or growth on
said substrate can result in a detectable change in impedance between or among the electrode structures within each
electrode array.
[0074] An electrode array 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 to generate an electrical field in the region of
spaces around the electrode structures. An electrode structure refers to a single electrode, particularly one with a complex
structure. (For example, an electrode structure can comprise two or more electrode elements that are electrically con-
nected together.) In devices used in the present invention, an electrode array comprises two electrode structures, each
of which comprises multiple electrode elements, or substructures. In preferred embodiments of the present invention,
the electrode structures of each of the two or more electrode arrays of a device have substantially the same surface
area. In preferred embodiments of a device of the present invention, each of the two or more electrode arrays of a device
comprise two electrode structures, and each electrode structure comprises multiple electrode elements. Each of the two
electrode structures of an electrode array is connected to a separate connection pad that is located at the edge of the
substrate.
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[0075] Thus, in devices used in the present invention, for each of the two or more electrode arrays of the device, the
first of the two electrode structures is connected to one of the two or more connection pads, and the second of the two
electrode structures is connected to another of the two or more connection pads. Preferably, each array of a device is
individually addressed, meaning that the electrical traces and connection pads of the arrays are configured such that
an array can be connected to an impedance analyzer in such a way that a measuring voltage can be applied across a
single array at a given time by using switches (such as electronic switches).
[0076] Each electrode array of the device has an approximately uniform electrode resistance distribution across the
entire array. By "uniform resistance distribution across the array" is meant that when a measurement voltage is applied
across the electrode structures of the array, the electrode resistance at any given location of the array is approximately
equal to the electrode resistance at any other location on the array. Preferably, the electrode resistance at a first location
on an array of the device and the electrode resistance at a second location on the same array does not differ by more
than 30%. More preferably, the electrode resistance at a first location on an array of the device and the electrode
resistance at a second location on the same array does not differ by more than 15%. Even more preferably, the electrode
resistance at a first location on an array of the device and a second location on the same array does not differ by more
than 5%. More preferably yet, the electrode resistance at a first location on an array of the device and a second location
on the same array does not differ by more than 2%.
[0077] For a device used in the present invention, preferred arrangements for the electrode elements, gaps between
the electrodes and electrode buses in a given electrode array are used to allow all cells, no matter where they land and
attach to the electrode surfaces, to contribute similarly to the total impedance change measured for the electrode array.
Thus, it is desirable to have similar electric field strengths at any two locations within any given array of the device when
a measurement voltage is applied to the electrode array. At any given location of the array, the field strength is related
to the potential difference between the nearest point on a first electrode structure of the array and the nearest point on
a second electrode structure of the array. It is therefore desirable to have similar electric potential drops across the
electrode elements and across the electrode buses of a given array. Based on this requirement, it is preferred to have
an approximately uniform electrode resistance distribution across the whole array where the electrode resistance at a
location of interest is equal to the sum of the electrode resistance between the nearest point on a first electrode structure
(that is the point on the first electrode structure nearest the location of interest) and a first connection pad connected to
the first electrode structure and the electrode resistance between the nearest point on a second electrode structure (that
is the point on the first electrode structure nearest the location of interest) and a second connection pad connected to
the second electrode structure.
[0078] Devices used in the present invention are designed such that the arrays of the device have an approximately
uniform distribution across the whole array. This can be achieved, for example, by having electrode structures and
electrode buses of particular spacing and dimensions (lengths, widths, thicknesses and geometrical shapes) such that
the resistance at any single location on the array is approximately equal to the resistance at any single other location
on the array. In most embodiments, the electrode elements (or electrode structures) of a given array will have even
spacing and be of similar thicknesses and widths, the electrode buses of a given array will be of similar thicknesses and
widths, and the electrode traces leading from a given array to a connection pad will be of closely similar thicknesses
and widths. Thus, in these preferred embodiments, an array is designed such that the lengths and geometrical shapes
of electrode elements or structures, the lengths and geometrical shapes of electrode traces, and the lengths and geo-
metrical shapes of buses allow for approximately uniform electrode resistance distribution across the array.
[0079] In some cell-substrate impedance measurement devices, electrode structures comprise multiple electrode
elements, and each electrode element connects directly to an electrode bus. Electrode elements of a first electrode
structure connect to a first electrode bus, and electrode elements of a second electrode structure connect to a second
electrode bus. In these embodiments, each of the two electrode buses connects to a separate connection pad via an
electrical trace. Although the resistances of the traces contribute to the resistance at a location on the array, for any two
locations on the array the trace connections from the first bus to a first connection pad and from the second bus to a
second connection pad are identical. Thus, in these preferred embodiments trace resistances do not need to be taken
into account in designing the geometry of the array to provide for uniform resistances across the array.
[0080] In preferred embodiments of the present invention, a device for monitoring cell-substrate impedance has two
or more electrode arrays that share a connection pad. Preferably one of the electrode structures of at least one of the
electrode arrays of the device is connected to a connection pad that also connects to an electrode structure of at least
one other of the electrode arrays of the device. Preferably for at least two arrays of the device, each of the two or more
arrays has a first electrode structure connected to a connection pad that connects with an electrode structure of at least
one other electrode array, and each of the two or more arrays has a second electrode structure that connects to a
connection pad that does not connect with any other electrode structures or arrays of the device. Thus, in preferred
designs of a device there are at least two electrode arrays each of which has a first electrode structure that is connected
to a common connection pad and a second electrode structure that is connected to an independent connection pad.
[0081] In some preferred embodiments of the present invention, each of the electrode structures of an array is connected
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to an electrode bus that is connected to one of the two or more connection pads of the device via an electrically conductive
trace. In preferred embodiments, each of the two electrode structures is connected to a single bus, such that each array
connects to two buses, one for each electrode structures. In this arrangement, each of the two buses connects to a
separate connection pad of the substrate.
[0082] The electrically conductive traces that connect a bus with a connection can be fabricated of any electrically
conductive material. The traces can be localized to the surface of the substrate, and can be optionally covered with an
insulating layer. Alternatively the traces can be disposed in a second plane of the substrate. Description of arrangements
and design of electrically conductive traces on impedance measurement devices can be found in U.S. Patent Application
10/705,447, which discloses fabrication and design of electrically conductive trace on substrates.
[0083] Appropriate electronic connection means such as metal clips engaged onto the connection pads on the substrate
and connected printed-circuit-boards can be used for leading the electronic connections from the connection pads on
the devices to external electronic circuitry (e.g. an impedance analyzer). Description of the design of cell-substrate
impedance devices and their manufacture can be found in U.S. Patent Application No. 10/705,447, which discloses the
design, features, and manufacture of an impedance device comprising electrode arrays.
[0084] Preferably the non-conducting substrate is planar, and is flat or approximately flat. Exemplary substrates can
comprise many materials, including, but not limited to, silicon dioxide on silicon, silicon-on-insulator (SOI) wafer, glass
(e.g., quartz glass, lead glass or borosilicate glass), sapphire, ceramics, polymer, fiber glass, plastics, e.g., polyimide
(e.g. Kapton, polyimide film supplied by DuPont), polystyrene, polycarbonate, polyvinyl chloride, polyester, polypropylene
and urea resin. Preferably, the substrate and the surface of the substrate are not going to interfere with molecular binding
reactions that will occur at the substrate surface. For cell-substrate impedance monitoring, any surface of the non-
conducting substrate that can be exposed to cells during the use of a device of the present invention is preferably
biocompatible. Substrate materials that are not biocompatible can be made biocompatible by coating with another
material, such as polymer or biomolecular coating.
[0085] All or a portion of the surface of a substrate can be chemically treated, including but not limited to, modifying
the surface such as by addition of functional groups, or addition of charged or hydrophobic groups.
[0086] Descriptions of electrode arrays used for impedance measurement that apply to the devices used in the present
invention are described in U.S. Patent Application No. 10/705,447, which discloses electrode arrays (or structural units),
electrode structures, electrode materials, electrode dimensions, and methods of manufacturing electrodes on substrates.
[0087] Preferred electrode arrays for devices used in the present invention include arrays comprising two electrode
structures, such as, for example, spiral electrode arrays and interdigitated arrays. In some preferred devices used in the
present invention, electrode arrays are fabricated on a substrate, in which the arrays comprises two electrode structures,
each of which comprises multiple circle-on-line electrode elements, in which the electrode elements of one structure
alternate with the electrode elements of the opposite electrode structure.
[0088] Preferably, the electrode elements (or electrode structures) of an array of the present device used in the present
invention are of approximately equal widths. Preferably the electrode elements (or electrode structures) of an array of
the device used in the present invention are greater than 30 microns in width, more preferably from about 50 to about
300 microns in width, and more preferably yet about 90 microns in width.
[0089] Preferably, the electrode elements (or electrode structures) of an array of the device used in the present
invention are approximately evenly spaced. Preferably, the gap between electrode elements (or electrode structures)
of an array of the device used in the present invention is less than 50 microns in width, more preferably from about 5 to
about 30 microns in width, and more preferably yet about 20 microns in width.
[0090] A device used in the present invention can include one or more fluid-impermeable receptacles which serve as
fluid containers. Such receptacles may be reversibly or irreversibly attached to or formed within the substrate or portions
thereof (such as, for example, wells formed as in a microtiter plate). In another example, the device used in the present
invention includes microelectrode strips reversibly or irreversibly attached to plastic housings that have openings that
correspond to electrode structure units located on the microelectrode strips. Suitable fluid container materials comprise
plastics, glass, or plastic coated materials such as ceramics, glass, metal, etc. Descriptions and disclosure of devices
that comprise fluid containers can be found in U.S. Patent Application No. 10/705,447, which discloses fluid containers
and fluid container structures that can engage a substrate comprising electrodes for impedance measurements, including
their dimensions, design, composition, and methods of manufacture.
[0091] In preferred embodiments, each electrode array on the substrate of a device used in the present invention is
associated with a fluid-impermeable container or receptacle, such as, for example, a well. Preferably, the device used
in the present invention is assembled to a bottomless, multiwell plastic plate or strip with a fluid tight seal. The device is
assembled such that a single array of the substrate is at the bottom of a receptacle or well. Preferably, each array of a
device is associated with a well of a multiwell plate. In some preferred embodiments, a multiwell device for cell-substrate
impedance measurement has "non-array" wells that are attached to the substrate but not associated with arrays. Such
wells can optionally be used for performing non-impedance based assays, or for viewing cells microscopically.
[0092] The design and assembly of multiwell impedance measurement devices is described in U.S. Patent Application
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No. 10/705,447, and also in U.S. Patent Application No. 10/987,732, which disclose multiwell impedance measurement
devices, including their design, composition, and manufacture. A device used in the present invention preferably has
between 2 and 1,536 wells, more preferably between 4 and 384 wells, and even more preferably, between 16 and 96
wells, all or less than all or which are associated with electrode arrays.
[0093] In some preferred embodiments, commercial tissue culture plates can be adapted to fit a device used in the
present invention. Bottomless plates may also be custom-made to preferred dimensions. Preferably, well diameters are
from about 1 millimeter to about 20 millimeters, more preferably from about 2 millimeters to about 8 millimeters at the
bottom of the well (the end disposed on the substrate). The wells can have a uniform diameter or can taper toward the
bottom so that the diameter of the container at the end in contact with the substrate is smaller than the diameter of the
opposing end.

Methods of Use

[0094] Methods of using the device can include: providing a device that comprises fluid containers situated over
electrode arrays, attaching an impedance analyzer to the device, adding cells to one or more fluid containers of the
device, and measuring impedance over one or more arrays of the device. Methods of performing cell assays using
impedance measurement devices can be found in U.S. Patent Application No. 10/987,732 and U.S. Patent Application
10/705,447, which disclose methods of using impedance measurement devices, as well as in Sections D and E of the
present application.

Cell-Substrate Impedance Measurement Systems

[0095] The device can form part of a cell-substrate impedance measurement system, comprising a) at least one
multiple-well cell-substrate impedance measuring device, in which at least two of the multiple wells comprise an electrode
array at the bottom of the well; b) an impedance analyzer electronically connected to the multiple-well cell-substrate
impedance measuring device; c) a device station capable of engaging the one or more multiple-well devices and com-
prising electronic circuitry capable of selecting and connecting electrode arrays within any of the multiple wells to the
impedance analyzer; and d) a software program connected to the device station and impedance analyzer to control the
device station and perform data acquisition and data analysis from the impedance analyzer.
[0096] In a cell-substrate impedance measurement system, the impedance analyzer engages connection pads of one
or more multi-well devices to measure impedance. In one configuration, the impedance analyzer is capable of measuring
impedance between 0.1 ohm and 105 ohm in frequency range of 1Hz to 1 MHz. The impedance analyzer is preferably
capable of measuring both resistance and reactance (capacitive reactance and inductive reactance) components of the
impedance. In a preferred embodiment, the impedance analyzer is capable of measuring impedance between 0.1 ohm
and 103 ohm in frequency range of 100 Hz to 100 kHz.
[0097] A cell-substrate measurement system can be used to efficiently and simultaneously perform multiple assays
by using circuitry of the device station to digitally switch from recording from measuring impedance over an array in one
well to measuring impedance over an array in another well. The system under software control is capable of completing
an impedance measurement for an individual well at a single frequency within less than ten seconds. In some instances,
the averaged time used by the system to complete an impedance measurement for an individual well at a single frequency
is less than one second.
[0098] A multiple-well cell-substrate impedance measuring device in the system can be any multiple-well cell-substrate
impedance measuring device in which at least two of the multiple wells comprise an electrode array at the bottom of the
well, and in which at least two of the multiple wells comprise an electrode array are individually addressed. In one
configuration of the above system, the multi-well device takes the form of a specialized microtiter plate which has
microelectronic sensor arrays integrated into the bottom of the wells.
[0099] A device used in a system used with the present invention, when connected to an impedance analyzer, can
measure differences in impedance values that relate to cell behavior. For example, a cell-substrate impedance measuring
device can measure differences in impedance values when cells are attached to the electrode array and when cells are
not 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 electrode-comprising surface of the apparatus changes.
[0100] Preferred devices that can be part of a cell-substrate impedance monitoring system can be those described in
U.S. Patent Application No. 10/705,447, and in U.S. Patent Application No. 10/987,732, which describe cell-substrate
impedance monitoring devices that comprise electrode arrays, including disclosure of their design, composition, and
manufacture. Preferred devices that can be part of a cell-substrate impedance monitoring system can also be those
described in the present application.
[0101] Preferably a multi-well device of a system comprises between 4 and 1,536 wells, some or all of which can
comprise electrode arrays. A device station can comprise one or more platforms or one or more slots for positioning
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one or more multiwell devices. The one or more platforms or one or more slots can comprise sockets, pins or other
devices for electrically connecting the device to the device station. The device station preferably can be positioned in a
tissue culture incubator during cell impedance measurement assays. It can be electrically connected to an impedance
analyzer and computer that are preferably located outside the tissue culture incubator.
[0102] The device station comprises electronic circuitry that can connect to an impedance monitoring device and an
impedance analyzer and electronic switches that can switch on and off connections to each of the two or more electrode
arrays of the multiwell devices used in the system. The switches of the device station are controlled by a software
program. The software program directs the device station to connect arrays of the device to an impedance analyzer and
monitor impedance from one or more of the electrode arrays. During impedance monitoring, the impedance analyzer
can monitor impedance at one frequency or at more than one frequency. Preferably, impedance monitoring is performed
at more than one time point for a given assay, and preferably, impedance is monitored at at least three time points. The
device station can connect individual arrays of a device to an impedance analyzer to monitor one, some, or all of the
arrays of a device for a measurement time point. The switches of the device station allow the selected individual arrays
to be monitored in rapid succession for each desired monitoring time point. Each monitoring time point is in fact a narrow
time frame (for example from less than one second to minutes) of measurement in the assay during which impedance
monitoring is performed. In some preferred embodiments of the present invention, the device station software is pro-
grammable to direct impedance monitoring of any of the wells of the device that comprise arrays at chosen time intervals.
[0103] The software of the impedance monitoring system can also store and display data. Data can be displayed on
a screen, as printed data, or both. Preferably the software can allow entry and display of experimental parameters, such
as descriptive information including cells types, compound concentrations, time intervals monitored, etc.
[0104] Preferably, the software can also analyze impedance data.Preferably, the software can calculate a cell index
(CI) for one or more time points for one or more wells of the multiwell device. Preferably, the software can calculate a
cell change index (CCI) from impedance measurements of one or more wells of the multiwell device. The software can
preferably generate plots of impedance data and impedance values, such as but not limited to CI or CCI, with respect
to time. The software may perform other analysis as well, such as calculate cell number from CI, generate dose-response
curves based on impedance data, calculate IC values based on impedance values, and calculate kinetic parameters of
cell growth or behavior based on impedance values and impedance value curves. The software of the impedance
monitoring system can also store and display analyses of the data, such as calculated impedance values and kinetic
parameters derived therefrom, Data can be displayed on a screen, as printed data, or both.

C. Methods for Calculating Cell Index (CI) and Cell Change Index (CCI) in the invention as defined by the appended 
claims.

Cell Index

[0105] Based on the dependent relationship between the measured impedance, cell number (more accurately, the
viable cell number, or attached cell number) and cell attachment status, it is possible to derive a so-called "cell number
index" or "cell index" from the measured impedance frequency spectra that provides a useful index for quantitating and
comparing cell behavior in the impedance-based assays of the present invention. In some applications of the present
invention, "cell index" in the present application is the same as "cell number index" in PCT Application No.
PCT/US03/22557, , in United States patent application No. 10/705,447, , and U.S. Patent Application No. 10/987,732,.
[0106] Various methods for calculating such a cell number index can be used, some of which are methods disclosed
herein.
[0107] The present invention provides several methods of calculating cell index numbers for cells attached to two or
more essentially identical arrays of a cell-substrate impedance device, where the cells are monitored for impedance
changes. In preferred embodiments of the present invention, the methods calculate cell index number with better accuracy
than previous methods of calculating cell index for cells on two or more arrays of a cell-substrate monitoring device. In
some preferred methods of the present invention, methods of calculating a cell index rely on novel methods for calculating
the resistances of electrical traces leading to two or more essentially identical arrays. The present invention therefore
also includes methods of calculating resistances of electrical traces leading to two or more essentially identical arrays
on a substrate.
[0108] By "essentially identical electrode arrays" or "essentially identical arrays" is meant that the dimensions and
arrangement of electrodes, electrode structures, and electrode elements is the same for the referenced arrays. Thus,
two essentially identical electrode arrays will have electrode structures of the same dimensions (length, width, thickness),
where the electrode structures have the same number of electrode elements, and the arrangement of electrode structures
and electrode elements in each array are the same. By arrangement is meant the distance between structures or elements
(gap width), their physical position with respect to one another, and their geometry (angles, degree of curvature, circle-
on-line or castellated geometries, etc.), including the same features of any electrode buses that may be connected to
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electrode structures or electrode elements. Electrodes of essentially identical arrays also comprise the same materials.
For the purposes of calculating trace resistances and cell index number, a substrate can have any number of essentially
identical arrays.
[0109] The following discussion provides methods of calculating cell index of cells adhered to arrays of a cell-substrate
impedance monitoring device and novel methods for the calculation of the resistances of the electrical connection traces
leading to two or more electrode arrays of a cell-substrate impedance monitoring device.
[0110] Impedance (Z) has two components, namely the resistance Rs and reactance Xs. Mathematically, the imped-
ance Z is expressed as follows, 

where depicting that for the (serial) reactance component Xs, the voltage applied over it is 90 degree

phased-out from the current going through it. For the (serial) resistance, the voltage applied over it is in phase with the
current going through it. As it is well-known in electronic and electrical engineering, the impedance can also be expressed
in terms of parallel resistance Rp and parallel reactance Xp, as follows, 

where Nevertheless, these expressions (serial resistance and serial reactance, or parallel resistance and

parallel reactance) are equivalent. Those who are skilled in electrical and electronic engineering can readily derive one
form of expression from the parameter values in the other expression. For the sake of clarity and consistency, the
description and discussion in the present invention utilizes the expression of serial resistance and serial reactance. For
simplicity, serial resistance and serial reactance are simply called resistance and reactance.
[0111] As described in US patent application no. 10/705,447and PCT application number PCT/US03/22557, monitoring
cell-substrate impedance for detection or measurement of change in impedance can be done by measuring impedance
in any suitable range of frequencies. For example, the impedance can be measured in a frequency range from about 1
Hz to about 100 MHz. In another example, the impedance can be measured in a frequency range from about 100 Hz
to about 2 MHz. The impedance is typically a function of the frequency, i.e., the impedance values change as frequency
changes. Monitoring cell-substrate impedance can be done either in a single frequency or multiple frequencies. If the
impedance measurement is performed at multiple frequencies, then a frequency-dependent impedance spectrum is
obtained - i.e., there is an impedance value at each measured frequency. As mentioned above, the impedance has two
components - a resistance component and a reactance component. A change in either resistance component or reactance
component or both components can constitute a change in impedance.
[0112] As described in US patent application no. 10/705,447 and PCT application number PCT/US03/22557the method
for the measurement of electrical (or electronic) impedance is achieved by , (1) applying a voltage between or among
said electrodes at a given frequency (or multiple frequencies, or having specific voltage waveform) and monitoring the
electrical current through said electrodes at the frequency (or multiple frequencies, or having specific waveform), dividing
the voltage amplitude value by the current amplitude value to derive the impedance value; (2) applying an electric current
of a single frequency component (or multiple frequencies or having specific current wave form) through said electrodes
and monitoring the voltage resulted between or among said electrodes at the frequency (or multiple frequencies, or
having specific waveform), dividing the voltage amplitude value by the current amplitude value to derive the impedance
value; (3) other methods that can measure or determine electric impedance. Note that in the description above of "dividing
the voltage amplitude value by the current amplitude value to derive the impedance value", the "division" is done for the
values of current amplitude and voltage amplitude at same frequencies. As it is well-known in electrical and electronic
engineering, in such calculations (e.g. divisions mentioned above), the current amplitude and voltage amplitude are
expressed in the form of complex numbers, which take into account of how big the current and the voltage are and what
the phase difference between the sinusoidal waves of the current and the voltage is. Similarly, the impedance value is
also expressed in a complex form, having both resistance and reactance component, as shown in equations above.
[0113] As described in the US patent application no. 10/705,447 and PCT application number PCT/US03/22557, the
measured cell-substrate impedance can be used to calculate a parameter termed Cell Index or Cell Number Index.
Various methods for calculating such a cell number index can be used based on the changes in resistance or reactance
when cells are attached to the electrode structures with respect to the cases no cells are attached to the electrode
structures. The impedance (resistance and reactance) of the electrode structures with no cell attached but with same



EP 1 773 980 B1

18

5

10

15

20

25

30

35

40

45

50

55

cell culture medium over the electrode structures is sometimes referred as baseline impedance. The baseline impedance
may be obtained by one or more of the following ways: (1) the impedance measured for the electrode structures with a
cell-free culture medium introduced into the well containing the electrode structures, wherein the culture medium is the
same as that used for the impedance measurements for the condition where the cell attachment is monitored; (2) the
impedance measured shortly (e.g. 10 minutes) after the cell-containing medium was applied to the wells comprising the
electrode structures on the well bottom (during the short period after cell-containing medium addition, cells do not have
enough time to attach to the electrode surfaces. The length of this short-period may depend on cell type and/or surface
treatment or modification on the electrode surfaces); (3) the impedance measured for the electrode structures when all
the cells in the well were killed by certain treatment (e.g. high-temperature treatment) and/or reagents (e.g. detergent)
(for this method to be used, the treatment and/or reagents should not affect the dielectric property of the medium which
is over the electrodes).
[0114] In one example (A), the cell index or cell number index can be calculated by:

(A1) at each measured frequency, calculating the resistance ratio by dividing the resistance of the electrode arrays
when cells are present and/or attached to the electrodes by the baseline resistance,
(A2) finding or determining the maximum value in the resistance ratio over the frequency spectrum,
(A3) and subtracting one from the maximum value in the resistance ratio.

[0115] Using a mathematically formula, Cell Index is derived as 

where N is the number of the frequency points at which the impedance is measured. For example, if the frequencies
used for the measurements are at 10 kHz, 25 kHz and 50 kHz, then N=3, f1= 10 kHz, f2= 25 kHz, f3= 50 kHz. Rcell(fi) is
the resistance (cell-substrate resistance) of the electrode arrays or electrode structures when the cells are present on
the electrodes at the frequency fi and Rb(fi) is the baseline resistance of the electrode array or structures at the frequency fi.
The cell index obtained for a given well reflects: 1) how many cells are attached to the electrode surfaces in this well,
2) how well cells are attached to the electrode surfaces in the well. In this case, a zero or near-zero "cell index or cell
number index" indicates that no cells or very small number of cells are present on or attached to the electrode surfaces.
In other words, if no cells are present on the electrodes, or if the cells are not well-attached onto the electrodes, Rcell(fi)
is about the same as Rb(fi), leading to Cell Index =0. A higher value of "cell number index" indicates that, for same type
of the cells and cells under similar physiological conditions, more cells are attached to the electrode surfaces. In other
words, under same physiological conditions, more cells attached on the electrodes, the larger the values Rcell(fi) is,
leading to a large value for Cell Index. Thus Cell Index is a quantitative measure of cell number present in a well. A
higher value of "cell index" may also indicate that, for same type of the cells and same number of the cells, cells are
attached better (for example, cells spread out more, or cell adhesion to the electrode surfaces is stronger) on the electrode
surfaces.
[0116] Thus, for same number of the cells present in the well, change in a cell status will lead to a change in cell index.
For example, an increase in cell adhesion or a cell spread leading to large cell/electrode contact area will result in an
increase in Rcell(f) and a larger Cell Index. On the other hand, a cell death or toxicity induced cell detachment, cell
rounding up, will lead to smaller Rcell(f) and thus smaller Cell Index.
[0117] In another example (B), the cell number index can be calculated by:

(B1) at each measured frequency, calculating the reactance ratio by dividing the reactance of the electrode arrays
when cells are present on and/or attached to the electrodes by the baseline reactance,
(B2) finding or determining the maximum value in the reactance ratio over the frequency spectrum,
(B3) and subtracting one from the maximum value in the resistance ratio.

[0118] In this case, a zero or near-zero "cell number index" indicates that no cells or very small number of cells are
present on or attached to the electrode surfaces. A higher value of "cell number index" indicates that, for same type of
the cells and cells under similar physiological conditions, more cells are attached to the electrode surfaces.
[0119] In yet another example (C), the cell index can be calculated by:

(C1) at each measured frequency, subtracting the baseline resistance from the resistance of the electrode arrays
when cells are present or attached to the electrodes to determine the change in the resistance with the cells present
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relative to the baseline resistance;
(C2) then finding or determining the maximum value in the change of the resistance.

[0120] In this case, "cell-number index" is derived based on the maximum change in the resistance across the measured
frequency range with the cells present relative to the baseline resistance. This cell index would have a dimension of ohm.
[0121] In yet another example (D), the cell index can be calculated by:

(D1) at each measured frequency, calculating the magnitude of the impedance (equaling to where

Rs and Xs are the serial resistance and reactance, respectively).

(D2) subtracting the magnitude of the baseline impedance from the magnitude of the impedance of the electrode
arrays when cells are present or attached to the electrodes to determine the change in the magnitude of the impedance
with the cells present relative to the baseline impedance;
(D3) then finding or determining the maximum value in the change of the magnitude of the impedance.

[0122] In this case, "cell-number index" is derived based on the maximum change in the magnitude of the impedance
across the measured frequency range with the cells present relative to the baseline impedance. This cell index would
have a dimension of ohm.
[0123] In yet another example (E), the index can be calculated by:

(E1) at each measured frequency, calculating the resistance ratio by dividing the resistance of electrode arrays
when cells are present or attached to the electrodes by the baseline resistance,
(E2) then calculating the relative change in resistance in each measured frequency by subtracting one from the
resistance ratio,
(E3) then integrating all the relative-change value (i.e., summing together all the relative-change values at different
frequencies).

[0124] In this case, "cell-number index" is derived based on multiple-frequency points, instead of single peak-frequency
like above examples. Again, a zero or near-zero "cell number index" indicates that on cells are present on the electrodes.
A higher value of "cell number index" indicates that, for same type of the cells and cells under similar physiological
conditions, more cells are attached to the electrodes.
[0125] In yet another example (F), the cell index can be calculated by:

(F1) at each measured frequency, subtracting the baseline resistance from the resistance of the electrode arrays
when cells are attached to the electrodes to determine the change in the resistance with the cells present relative
to the baseline impedance; (here the change in the resistance is given by ΔR(fi) = Rs-cell(fi)-Rs-baseline(fi) for the
frequency fi, Rs-cell and Rs-baseline are the serial resistances with the cells present on the electrode array and the
baseline serial resistances, respectively);
(F3) analyzing the frequency dependency of the change of the resistance to derive certain parameters that can

quantify such dependency. In one example, such parameters can be calculated as In another

example, such parameter can be calculated as The parameter(s) are used as cell index or cell

number index.

[0126] In this case, "cell-number index" is derived based on the analysis of the frequency spectrum of the change in
the resistance. Depending how the parameters are calculated, the cell index may have a dimension of ohm.
[0127] In yet another example (G), the cell index can be calculated by:

(G1) at each measured frequency, calculating the magnitude of the impedance (equaling to where

Rs and Xs are the serial resistance and reactance, respectively).

(G2) subtracting the magnitude of the baseline impedance from the magnitude of the impedance of the electrode
arrays when cells are attached to the electrodes to determine the change in the magnitude of the impedance with
the cells present relative to the baseline impedance; (here, the change in the magnitude of the impedance is given
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by ΔZ(fi)=|Zcell(fi)|-|Zbaseline(fi)| for the frequency fi,  Rs-cell and

Xs-cell being the serial resistance and reactance with the cells present on the electrode arrays, respectively, |Zcell(fi)|

is the magnitude of the impedance of the electrode array with cells present on the electrode arrays, |Zbaseline(fi)| is

the magnitude of the baseline impedance of the electrode array);
(G3) analyzing the frequency dependency of the change of the magnitude of the impedance to derive certain
parameters that can quantify such dependency. In one example, such parameters can be calculated as

In another example, such parameter can be calculated as The parameter(s)

are used as cell index or cell number index.

[0128] In this case, "cell-number index" is derived based on the analysis of the frequency spectrum of the change in
the magnitude of the impedance. Depending how the parameters are calculated, the cell index may have a dimension
of ohm.
[0129] As described in the US patent application no. 10/705,447, PCT application number PCT/US03/22557, and U.S.
Patent Application No. 10/987,732, there are different methods for calculating the parameter termed Cell Index or Cell
Number Index from the measured cell-substrate impedance (resistance or reactance). Cell Index or Cell Number Index
is a quantitative measure of cells in the wells under cell-substrate impedance measurement.
[0130] It is worthwhile to point out that it is not necessary to derive such a "cell number index" for utilizing the impedance
information for monitoring cell conditions over the electrodes. Actually, one may choose to directly use measured im-
pedance (e.g., at a single fixed frequency; or at a maximum relative-change frequency, or at multiple frequencies) as
an indicator of cell conditions. If measured impedance values are directly used for monitoring cell conditions, then
resistance, or reactance or both resistance and reactance can be used.
[0131] Still, deriving "cell index" or "cell number index" and using such index to monitor cell conditions may have
advantages. There are several advantages of using "cell number index" to monitor cell growth and/or attachment and/or
viability conditions.
[0132] First, one can compare the performance of different electrode geometries by utilizing such cell number index.
[0133] Secondly, for a given electrode geometry, it is possible to construct "calibration curve" for depicting the rela-
tionship between the cell number and the cell number index by performing impedance measurements for different number
of cells added to the electrodes (in such an experiment, it is important to make sure that the seeded cells have well-
attached to the electrode surfaces). With such a calibration curve, when a new impedance measurement is performed,
it is then possible to estimate cell number from the newly-measured cell number index.
[0134] Thirdly, cell number index can also be used to compare different surface conditions. For the same electrode
geometry and same number of cells, a surface treatment given a larger cell number index indicates a better attachment
for the cells to the electrode surface and/or better surface for cell attachment.
[0135] As shown above, for some methods of calculating cell index or cell number index, it is important to know the
impedance (resistance and/or reactance) of the electrode structures with and without cells present on them. Based on
the equation (1), the impedance of the electrode array (with or without cells present on the electrodes) is given by

where Zswitch is the impedance of electronic switch at its on stage, Ztrace is the impedance of the electrical connection
traces (or electrical conductive traces) on the substrate between the connection pads and the electrode buses, Ztotal is
the total impedance measured at the impedance analyzer. By choosing electronic switches with good quality, it is possible
to have all the electronic switches have a consistent on-impedance (mainly resistance). For example, the on-resistance
of electronic switches can be about 3 ohm (+/- 10%) with the on reactance being negligible (for example, less than 0.2
ohm in the frequency range of interest). Thus, if the trace impedance is determined or calculated, then formula (5) can
be used to calculate the impedance of the electrode arrays with or without cells present.
[0136] A method is invented in the present application to determine the impedance of electrical conductive (electrical
connection) traces (mainly trace resistance, trace reactance is very small for the thin conductive film trace) based on
the relationships among two or more essentially identical arrays on a cell-substrate impedance monitoring device. In
the following, the four electrode arrays A, B, C and D as indicated in Figure 1, are used to illustrate this method. The
electrical reactance (serial reactance) of the electronic switches and the electrical reactance (serial reactance) of the
electrical connection traces are small as compared with the corresponding electrical resistances (serial resistances).
Thus, we focus on the analysis of the resistance of the electrical connection traces. The impedance determined from
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the impedance analyzer does contain both resistance (serial resistance, Rtotal) and reactance (serial reactance). For
the electrode arrays A - D, the measured total resistance Rtotal, the resistance (Rtrace) of electrical conductive (connection)
trace, the switch resistance (Rswitch) and the resistance (Re-array) of the electrode array satisfy the following equations: 

with chosen electronic switches having consistent switch-on resistance, Rswitch-A, Rswitch-B, Rswitch-C and Rswitch-D have
very similar values and can be assumed to be the same, Rswitch. Thus, in above equations, the known parameters are
Rtotal-A, Rtotal-B, Rtotal-C, and Rtotal-D, and Rswitch-A, Rswitch-B, Rswitch-C and Rswitch-D, and there are eight unknown param-
eters Re-array-A, Re-array-B, Re-array-C, and Re-array-D, and Rtrace-A, Rtrace-B, Rtrace-C and Rtrace-D. It is impossible to solve
these equations for the eight unknown variables from these four equations directly. Additional relationships between
these variables are needed to solve for them. Each trace resistance (Rtrace-A, Rtrace-B, Rtrace-C and Rtrace-D) depends on
the metal film type used, and the geometry of the trace such as the how many rectangular segments the trace has, the
film thickness(es) of the segments, the width(s) of the segments, the length(s) of the segment(s). For example, 

where N is the number of the segments of the trace-A, tA-i, dA-i and LA-i is the thickness, width and length of the i-th
segment of the traces for the electrode array A, and p is the resistivity of the thin film. The equation here applies to the
film comprising a single type of metal. The equation can be readily modified to be applicable to the film comprising two
or more metal types (e.g. gold film over chromium adhesion layer).
[0137] If the film thickness is reasonably uniform (for example, less than 10% in thickness variation) across the sub-
strate, then the relationship among the trace resistances is simply determined by the pre-determined geometrical shapes
(e.g. the length, width of the segments). For example, it would be straightforward to calculate the ratio αA-D between the
resistance of the electrically conductive traces for the electrode array A to the resistance of the electrically conductive
traces for the electrode array D as below, where the film thickness is assumed to be the same everywhere on these
traces and the resistivity is also the same everywhere on these traces,

[0138] Similarly, one can determine the ratio αB-D and αC-D based on the predetermined geometrical relationships for
the traces of the electrode arrays B, C and D. Note that above equations can be similarly derived for the cases where
the thin film in these traces comprises more than one metal type. Thus, based on the equalities 
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and 

equations (6A)-(6D) can be re-written in the following format: 

[0139] For equations (10A) through (10D), there are five unknown variables, Re-array-A, Re-array-B, Re-array-C, and
Re-array-D and Rtrace-D. Mathematically, these unknown variables cannot be determined from these equations. Additional
information is needed to solve for these variables Re-array-A, Re-array-B, Re-array-C, and Re-array-D, and Rtrace-D.
[0140] One approach is invented and described in the present invention. In this approach, same biological or chemical
solutions or suspensions are applied to the electrode-arrays A through D. Because the electrode arrays A through D
have essentially identical electrode structures, the electrode array resistances Re-array-A, Re-array-B, Re-array-C and
Re-array-D should be of same, or very similar value for such a condition when all the electrode arrays are exposed to the
same biological or chemical solutions or suspensions, i.e.: Re-array-A ≈ Re-array-B ≈ Re-array-C ≈ Re-array-D. If we assume
the averaged electrode array resistance is Re-array, then these approximate relationship exists Re-array-A ≈ Re-array-B ≈
Re-array-C ≈ Re-array-D ≈ Re-array. Thus, equations (10A - 10D) can be changed to the following: 

[0141] Thus, we would need to find Rtrace-D and Re-array that satisfy the above approximate equality as close as possible.
One mathematical approach is to find Rtrace-D and Re-array that would result in the minimum value for the following
expression - an expression that quantifies the differences between the two sides of the approximate equality in (11A,
11B, 11C and 11D), 
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[0142] The expression F(Rtrace-D, Re-array) is the sum of the squared-differences between the two-sides of the approx-
imate equality in (11A, 11B, 11C and 11D). The smaller F(Rtrace-D, Re-array), the closer the two sides of the approximate
equality (11A, 11B, 11C and 11D). Thus, values of Rtrace-D and Re-array that result in the minimum value of F(Rtrace-D,
Re-array) should be determined. Mathematical approach involves in the calculation of the first order derivative of F(Rtrace-D,
Re-array) to Rtrace-D and to Re-array and let such first order derivatives equal to zero. The values of Rtrace-D and Re-array
that result in zero for these first-order-derivatives are those that result in the minimum value of F(Rtrace-D,Re-array). The
first order derivatives are as follows: 

[0143] Equations (13A) and (13B) can be re-written as 
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[0144] Thus, we can solve for Rtrace-D as follows: 

 where A11=[αA-D+αB-D+αC-D+1];
A12=[αA-D

2+αB-D
2+αC-D

2+1];
S1=αA-D d[Rtotal-A-Rswitch]+αB-D d[Rtotal-B-Rswitch]+
αC-D d[Rtotal-C-Rswitch]+[Rtotal-D-Rswitch];
B12= [αA-D+αB-D+αC-D+1];
S2=[Rtotal-A-Rswitch]+[Rtotal-B-Rswitch]+[Rtotal-C-Rswitch]+[Rtotal-D-Rswitch].
[0145] Thus, with the determined Rtrace-D, the trace resistances of Rtrace-A, Rtrace-B, and Rtrace-C can be calculated
using equations (9B), (9C) and (9D). Furthermore, the electrode array resistance Re-array-A, Re-array-B, Re-array-C and
Re-array-D can be calculated from the measured resistance Rtotal-A, Rtotal-B, Rtotal-C and Rtotal-D respectively using equations
(10A), (10B), (10C) and (10D).
[0146] Thus, a method of calculation of the resistances of the electrical connection traces s from the measured, total
resistances for two or more essentially identical electrode arrays (such as, for example arrays A-D in Figure 1), can
comprise the following steps:

(1) exposing the electrode arrays to the solutions having same or similar solutions or suspensions;
(2) with an impedance analyzer or impedance measurement circuit, measuring the resistance (serial resistance) for
each electrode array, such resistance being the sum of the resistance of electronic switches, the resistance of the
electrical connection traces between the connection pads and the electrode structures (for example, between the
connection pads and the electrode buses, for the electrode structures in Figure 1), and the resistance of the electrode
array with the solutions or suspensions present;
(3) solving for the resistances of electrical connection traces using equation (15) and equations (9B), (9C) and (9D),
noting in the calculation with equation (15), the geometrical relationships between the electrode arrays are used to
determine the factor αA-D, αB-D and αC-D.

[0147] Another method of calculating the resistance of the electrode arrays from the measured, total electrode resist-
ances for two or more essentially identical electrode arrays (such as, for example arrays A-D in Figure 1) if the same or
similar solutions or suspensions are added to be in contact with the electrode assays, comprises the following steps:

(1) exposing the electrode arrays to the solutions having same or similar solutions or suspensions;
(2) with an impedance analyzer or impedance measurement circuit, measuring the resistance (serial resistance) for
each electrode array, such resistance being the sum of the resistance of electronic switches, the resistance of the
electrical connection traces between the connection pads and the electrode structures (for example, between the
connection pads and the electrode buses, for the electrode structures in Figure 1) and the resistance of the electrode
arrays with the solutions or suspensions present;
(3) solving for the resistances of electrical connection traces using equation (15) and equations (9B), (9C) and (9D),
noting in the calculation with equation (15), the geometrical relationships between the electrode arrays are used to
determine the factor αA-D, αB-D and αA-D;
(4) calculating the resistances of the electrode arrays using equations (10A, 10B, 10C and 10D)).

[0148] In many applications, the solutions or suspensions (for example, cell suspension) applied to each electrode
array may have different compositions. For example, cell suspensions of different cell numbers may be used so that the
suspensions applied to each electrode array are quite different. Under such cases, the determination of the resistance
of the electrode arrays with the cells present would require the determination of the resistance of the electrical connection
traces by performing a "reference run" or "calibration run" in which the electrode arrays are exposed to a same, reference
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solution. From the "reference run", the resistances of the electrical connection traces can be determined. In a separate
test, the electrode arrays are exposed to the solutions or cell suspensions of interest and the resistances for the electrode
arrays under such conditions are measured with an impedance analyzer or impedance measuring circuit. The resistance
of the electrode arrays with such cell suspensions present can be determined (or continuously determined) from the
measured resistance by subtracting the sum of the resistance of the electronic switches and the resistance of the electrical
connection traces for corresponding electrode arrays from the measured resistances.
[0149] Another method of calculating the resistance of the electrode arrays from the total electrical resistances meas-
ured at an impedance analyzer for essentially identical electrode arrays (such as electrode arrays A-D in Figure 1 used
as an example) if different solutions or suspensions of interest are applied to the electrode assays, comprises the
following steps:

(1) exposing the electrode arrays to the solutions having same or similar solutions or suspensions (reference solu-
tions);
(2) with an impedance analyzer or impedance measurement circuit, measuring the resistance (serial resistance) for
each electrode array, such resistance being the sum of the resistance of electronic switches, the resistance of the
electrical connection traces between the connection pads and the electrode structures (for example, between the
connection pads and the electrode buses, for the electrode structures in Figure 1) and the resistance of the electrode
arrays with the reference solutions present;
(3) solving for the resistances of electrical connection traces using equation (15) and equations (9B), (9C) and (9D),
noting in the calculation with equation (15), the geometrical relationships between the electrode arrays of Figure 1
are used to determine the factor αA-D, αB-D and αC-D ;
(4) applying the solutions or suspensions of interest to each electrode array; and with an impedance analyzer or
impedance measurement circuit, measuring the resistance (serial resistance) of each electrode array, such resist-
ance being the sum of the resistance of electronic switches, the resistance of the electrical connection traces between
the connection pads and the electrode structures, the resistance of the electrode arrays with the solutions or sus-
pensions of the interest present,
(5) Calculating the resistance of the electrode arrays using equations (10A), (10B), (10C) and (10D) by subtracting
the electronic switch resistances and the resistances of electrical connection traces from the measured resistances
in the step (4).

[0150] Note that in above method, the steps of exposing the electrode arrays to reference solutions for the determination
of the resistances of electrically conductive traces (step (1), (2) and (3)) may be performed before or after the steps of
applying the solutions or suspensions of interest to the electrode arrays and measuring the total electrical resistance
(step (4)). For example, step (4) may be performed first. After that, the solutions or suspensions of the interest may be
removed from the electrode array. The reference solutions can then be added to the electrode arrays (step (1)). Step
(2) and step (3) can be then performed to determine the resistances of electrical connection traces. Finally, Step (5) can
be done.
[0151] In another approach, step (1) and (2) can be performed ahead of step (4).
[0152] A method of determining the resistance of the electrode arrays with the cells present for a cell-based assay
based on the total electrical resistance measured at an impedance analyzer for essentially identical electrode arrays is
also provided. In this method, the electrode arrays are exposed to a same, reference solution (for example, a same cell
culture medium that does not contain any cells) and electrical measurement is conducted to determine the resistance
of electrical connection traces. With the resistances of the electrical connection traces determined, electrical resistances
of the electrode arrays with cell suspensions added to electrode arrays can be calculated from the total electrical resist-
ances measured at an impedance analyzer. Such total electrical resistance would include the resistance of the electrode
arrays with cells present, the resistance of electronic switches and the resistance of electrical connection traces. The
method comprises following steps

(1) exposing the electrode arrays to the solutions having same or similar solutions or suspensions (reference solu-
tions);
(2) with an impedance analyzer or impedance measurement circuit, measuring the resistance (serial resistance) for
each electrode array, such resistance being the sum of the resistance of electronic switches, the resistance of the
electrical connection traces between the connection pads and the electrode structures (for example, between the
connection pads and the electrode buses, for the electrode structures in Figure 1) and the resistance of the electrode
arrays with the reference solutions present;
(3) solving for the resistances of electrical connection traces using equation (15) and equations (9B), (9C) and (9D),
noting in the calculation with equation (15), the geometrical relationships between the electrode arrays in Figure 1
are used to determine the factor αA-D, αB-D and αC-D;
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(4) applying the cell suspensions of interest to each electrode array; and with an impedance analyzer or impedance
measurement circuit, measuring the resistance (serial resistance) of each electrode array, such resistance being
the sum of the resistance of electronic switches, the resistance of the electrical connection traces between the
connection pads and the electrode structures, the resistance of the electrode arrays with the cell suspensions of
the interest present,
(5) Calculating the resistance of the electrode arrays using equations (10A), (10B), (10C) and (10D) by subtracting
the electronic switch resistances and the resistances of electrical connection traces from the measured resistances
in step (4).

[0153] Note that in above method, the steps of exposing the electrode arrays to reference solution for the determination
of the electrical resistance of electrically conductive traces (step (1), (2) and (3)) may be performed before or after the
steps of applying the solutions of interest or cell suspensions of interest to the electrode arrays and measuring the total
electrical resistance (step (4)). For example, step (4) may be performed first, followed by steps (1) and (2). In one
approach, after step (4), the cell suspensions of the interest may be removed from the electrode array. Then reference
solutions can be added to the electrode arrays. In another approach, after step (4), the cells are all lysed with some cell
lysis solutions so that the electrodes are exposed to the same, reference solutions for the measurement and calculation
of step (2) and (3). And then, step (5) is performed to determine the electrical resistance of electrode arrays with the cell
suspensions of interest present.
[0154] The determination of the resistances of the electrical conductive traces for the electrode arrays that essentially
identical electrode arrays may be, or may not be, part of the monitoring of cell-substrate impedance for cell-based assays.
It depends on how the impedance data (measured at a single frequency or multiple frequencies, measured at multiple
time points) of the electrode arrays is analyzed.
[0155] In some assays, one is interested in the relative change in the resistance or impedance of the electrode arrays
with the cells present relative to the baseline resistance or impedance. For such cases, it is preferred to determine the
resistance (or impedance) of the electrode arrays from the total, measures resistance (or impedance) by subtracting the
resistance of the electrical conductive traces and the resistance of electronic switches. Thus, determination of the
resistances or impedance of the electrically conductive traces may be required.
[0156] In some other assays, one is interested in the absolute changes in the resistance (or impedance) of the electrode
arrays with cells present relative to the baseline resistance (or impedance). In these cases, one can directly subtract
the measured resistance or impedance for the baseline condition from the measured resistance or impedance for the
condition that the cells are present on the electrode arrays. The contribution of the resistance (or impedance) of the
electronic switches and the resistance (or impedance) of the electrically conductive traces to the total measured resistance
(or impedance) values is cancelled out in such subtractions. Thus, there is no need for determining the resistances of
the electrically conductive traces.
[0157] In some assays, one is interested in calculating the Cell Index or Cell Number Index based on the monitored
impedance values. Depending on which method is used for calculating the Cell Index, it may, or may not, be necessary
to determine the resistances of the electrically conductive traces. For example, for the Cell Index calculation method (A)
described above, the resistances of the electrically conductive traces are needed, in order to remove the effect of the
resistance of the electrically conductive traces on the analysis of the relative change of the resistance or impedance. In
another example, for the Cell Index calculation method (F) described above, there is no need to determine the resistances
of the electrically conductive traces since the effect of the resistance of the electrically conductive traces is canceled out
in the calculations.
[0158] The monitoring of the cell-substrate impedance may be or may not be based on the change with respect to the
baseline impedance (or resistance). For example, a cell-based assay is performed to assess the effect of a test compound
on the cells. One method in performing such an assay is by monitoring of the cell-substrate impedance and determining
the change in the cell-substrate impedance before and after the addition of the test compound to the cells. The monitoring
of cell-substrate impedance can be performed at a single frequency point or multiple frequency points, at a single time
point or multiple time points after drug addition. For example, the impedance is first measured at a single frequency or
multiple frequencies for the electrode arrays with the cells present just before addition of test compound. The test
compound is then added to the cells. The impedance is then measured again at the same single frequency or multiple
frequencies for the electrode arrays with the cells after the addition of test compound. Such post-compound addition
measurement may be performed for many time points continuously in a regular or irregular time intervals. The change
in the cell-substrate impedances can be determined or quantified by subtracting the impedance(s) (resistance and/or
reactance) measured before addition of the test compound from the impedance(s) (resistance and/or reactance) meas-
ured after addition of the test compound. If the measurement is done at multiple frequencies, a single parameter or
multiple parameters may be further derived for each time point after compound addition based on the calculated change
in the cell-substrate impedances. Such parameters are used to quantify the cell changes after compound addition. Such
approaches can be used further to analyze the responses of the cells to a test compound at multiple concentrations to



EP 1 773 980 B1

27

5

10

15

20

25

30

35

40

45

50

55

derive dose-dependent response curves.

Normalized Cell Index, Delta Cell Index

[0159] A "Normalized Cell Index" at a given time point is calculated by dividing the Cell Index at the time point by the
Cell Index at a reference time point. Thus, the Normalized Cell Index is 1 at the reference time point. Normalized cell
index is cell index normalized against cell index at a particular time point. In most cases in the present applications,
normalized cell index is derived as normalized relative to the time point immediately before a compound addition or
treatment. Thus, normalized cell index at such time point (immediately before compound addition) is always unit one for
all wells. One possible benefit for using such normalized cell index is to remove the effect from difference in cell number
in different wells. A well having more cells may produce a larger impedance response following compound treatment.
Using normalized cell index, it helps to remove such variations caused by different cell numbers.
[0160] 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 delta cell index is the absolute change in the cell index from an initial
time (the standard time point) to the measurement time.

Cell Change Index

[0161] The time-dependent cellular response (including cytotoxicity response) may be analyzed by deriving parameters
that directly reflect the changes in cell status. For example, time dependent cellular response may be analyzed by
calculating the slope of change in the measured impedance responses (that is equivalent to the first order derivative of
the impedance response with respect to time, impedance response here can be measured impedance data or derived
values such as cell index, normalized cell index or delta cell index). In another example, the time-dependent cellular
responses (including cytotoxic responses) responses may be analyzed for their higher order derivatives with respect to
time. Such high order derivatives may provide additional information as for how cells responding to different compounds
and as for the mechanisms of compound action.
[0162] As an example, we describe how one can to derive a parameter, called Cell Change Index, based on the real
time, quantitative information (i.e., cell index, CI) about biological status of cells in the wells provided from RT-CES
system. This new parameter, Cell Change Index (CCI), can effectively link time dependent cell index I with cell status,
is calculated as, 

Thus CCI is the normalized rate of change in cell index. CCI values can be used to quantify the cell status change. For
cells in an exponential growth under regular cell culture condition, the cell index determined by a cell-substrate impedance
monitoring system described herein is expected to be a proportionate measure of the cell number in the well since the
cell morphology and average extent of cell adhesion to the electrode surfaces among the whole cell population do not
exhibit significant changes over time. Thus, the cell index (CI) increase with time following an exponential function, such
that 

where DT is the cell doubling time. For such exponential growth culture, CCI(t) is a constant, giving 

[0163] Thus, several types of CCI(t) can be classified as:

(1) If CCI is about 0.7/DT, cell index increases in the same rate as that expected for an exponential growth of the cells.
(2) IfCCI>> 0.7/DT, cell index increases faster than that expected for an exponential growth (or log growth) of the
cells. This indicates that cells may grow faster than regular exponential growth, or cells may exhibit some morphology
change (e.g. cell spreading out or adhering better to the electrode surfaces), leading to large impedance signal, or
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both of above effects, or there may be other cell behaviors occurring particular to the assay or culture conditions.
(3) If CCI is more than zero but somewhat smaller than 0.7/DT, then cell index increases in the rate slowed than
that expected for an exponential growth. This indicates that cell growth rate may be slowed down relative to expo-
nential growth, or cell growth may be somewhat inhibited by chemical compounds added to the culture media or by
other cell culture parameters, or that certain populations of cells are dying off and detaching from the electrode
surfaces, or there may be other cell behaviors occurring particular to the assay or culture conditions.
(4) If CCI is about zero, then cell index shows a near constant value. This may indicate that the cell growth is nearly-
completely inhibited. For example, all the cells are arrested at certain points of cell cycle and are not progressing
further. Or, this may indicate that the number of cells dying off in the culture is nearly as the number of newly-divided
cells. Alternatively this may indicate that cells reach stationary phase of cell culture. Alternatively this may indicate
that number of cells are above the detection upper limit of the cell-substrate impedance monitoring system. There
is also the possibility of other cell behaviors occurring particular to the assay or culture conditions.
(5) If CCI is negative, then the cell index is decreasing with time, showing the cells losing attachment to the electrode
surface or changing their morphology.
(6) If CCI is very negative, then the cell index decreases rapidly with time, showing that either cells lose attachment
to the electrode surfaces quickly or cells change their morphology very quickly.

D. Methods for performing real-time cell-based assays in the invention as defined by the appended claims.

[0164] The cell-based assays can be performed in real time to assess cell proliferation, cell growth, cell death, cell
morphology, cell membrane properties (for example, size, morphology, or composition of the cell membrane) cell ad-
hesion, and cell motility. Thus the assays can be cytotoxicity assays, proliferation assays, apoptosis assays, cell adhesion
assays, cell activation or stimulation assays, anti-cancer compound efficacy assays, receptor-ligand binding or signal
transduction analysis, assays of cytoskeletal changes, assays of cell structural changes (including but not limited to,
changes in cell membrane size, morphology, or composition), cell quantification, cell quality control, time-dependent
cytotoxicity profiling, assays of cell differentiation or de-differentiation, detection or quantitation of neutralizing antibodies,
specific T-cell mediated cytotoxic effect assays, assays of cell adhesivity, assays of cell-cell interactions, analysis of
microbial, viral, or environmental toxins, etc.
[0165] The assays are real-time assays in the sense that cell behavior or cell status being assayed can be assessed
continuously at regular or irregular intervals. Cell behaviors, cell responses, or cell status can be assayed and the results
recorded or displayed within seconds to minutes of their occurrence. The cell response during an assay can be monitored
essentially continuously over a selected time period. For example, a culture can be monitored every five to fifteen minutes
for several hours to several days after addition of a reagent. The interval between impedance monitoring, whether
impedance monitoring is performed at regular or irregular intervals, and the duration of the impedance monitoring assay
can be determined by the experimenter.
[0166] Thus, the cell-based impedance assays used in the present invention avoid inadvertently biased or misleading
evaluation of cell responses due to the time point or time points chosen for sampling or assaying the cells. In addition,
the assays do not require sampling of cell cultures or addition of reagents and thus eliminate the inconvenience, delay
in obtaining results, and error introduced by many assays.
[0167] Descriptions of cell-substrate monitoring and associated devices, systems and methods of use have been
provided in United States provisional application number 60/379,749; United States provisional application number
60/435,400; United States Provisional application 60/469,572; PCT application number PCT/US03/22557; PCT appli-
cation number PCT/US03/22537; United States patent application number 10/705,447; U.S. Patent Application No.
10/987,732; United States patent application number 10/705,615.Additional details of cell-substrate impedance moni-
toring technology is further disclosed in the present application.
[0168] In brief, for measurement of cell-substrate or cell-electrode impedance, cell-substrate impedance monitoring
devices are used that have microelectrode arrays with appropriate geometries fabricated onto the bottom surfaces of
wells such as microtiter plate wells, or have a similar design of having multiple fluid containers (such as wells) having
electrodes fabricated on their bottom surfaces facing into the fluid containers. Cells are introduced into the fluid containers
of the devices, and make contact with and attach to the electrode surfaces. The presence, absence or change of
properties of cells affects the electronic and ionic passage on the electrode sensor surfaces. Measuring the impedance
between or among electrodes provides important information about biological status of cells present on the sensors.
When there are changes to the biological status of the cells analogue electronic readout signals can be measured
automatically and in real time, and can be converted to digital signals for processing and for analysis.
[0169] Preferably, cell-substrate impedance assays are performed using a system that comprises a device, an im-
pedance monitor, a device station that comprises electronic circuitry and engages the device and the impedance analyzer,
and a software program that controls the device station and records and analyzes impedance data.
[0170] Using the system, a cell index can optionally be automatically derived and provided based on measured electrode
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impedance values. The cell index obtained for a given well reflects: 1) how many cells are attached to the electrode
surfaces in this well, and 2) how well (tightly or extensively) cells are attached to the electrode surfaces in this well. Thus,
the more the cells of same type in similar physiological conditions attach the electrode surfaces, the larger the cell index.
And, the better the cells attach to the electrode surfaces (e.g., the cells spread-out more to have larger contact areas,
or the cells attach tighter to electrode surfaces), the larger the cell index.
[0171] The device can be used to assay cell status, where cell status includes, but is not limited to, cell attachment
or adhesion status (e.g. the degree of cell spread, the attachment area of a cell, the degree of tightness of cell attachment,
cell morphology) on the substrate including on the electrodes, cell growth or proliferation status; number of viable cells
and/or dead cells in the well; cytoskeleton change and reorganization and number of cells going through apoptosis
and/or necrosis. The cell-based assays that be performed with above device include, but are not limited to, cell adhesion,
cell apoptosis, cell differentiation, cell proliferation, cell survival, cytotoxicity, cell morphology detection, cell quantification,
cell quality control, time-dependent cytotoxicity profiling, IgE-mediated cell activation or stimulation, receptor-ligand
binding, viral and bacterial toxin mediated cell pathologic changes and cell death, detection and quantification of neu-
tralizing antibodies, specific T-cell mediated cytotoxic effect, and cell-based assays for screening and measuring ligand-
receptor binding.
[0172] Figure 2 demonstrates our impedance-based approach can successfully monitor cell proliferation. In this ex-
periment, H460 cells were introduced into wells of a 16 well device (16X E-Plate) of the cell-substrate impedance
monitoring system, with different wells receiving different initial cell seeding numbers. The device was engaged with a
device station of the system that was in a tissue culture incubator that kept a temperature of 37 degrees C and an
atmosphere of 5% CO2. Cell-substrate impedance was monitored at 15 minute intervals for 125 hours. The cell index
was calculated by the system for each time point and displayed as a function of time to give cell growth (proliferation)
curves for each cell seeding number. The cell growth curves were plotted on a log scale showing exponential growth
phases and stationary phases.
[0173] Figure 3 depicts results of real-time monitoring of cell attachment and spreading of NIH3T3 cells using our
impedance-based approach. The cells were seeded onto cell-substrate impedance monitoring devices of the present
invention that were coated with either poly-L-lysine or fibronectin. The device was connected to a device station that
was in a tissue culture incubator that kept a temperature of 37 degrees C and an atmosphere of 5% CO2. Cell attachment
and cell spreading on the difference coating surfaces were monitored by measuring impedance on the cell-substrate
monitoring system. Impedance was monitored in real time every 3 minutes for 3 hours. The cell index for each time point
was calculated by the impedance monitoring system and plotted as a function of time.
[0174] Figure 4 shows the results of an experiment monitoring morphological changes in Cos-7 cells in response to
stimulation with epidermal-growth factor (EGF) using our impedance based approach. Cells were seeded in wells of a
16 well monitoring device (16X E-Plate) that engaged a device station of a cell-substrate monitoring system. The device
station was positioned in an incubator held at 37 degrees C and 5% CO2. The cells were serum starved for 8 hours and
then stimulated with 50 nanograms/mL of EGF. Control cells did not receive EGF. Impedance was monitored at 3 minute
intervals for 2 hours and then at 1 hour intervals for 14 hours. The cell index was calculated by the system and plotted
as a function of time. An initial jump in cell index is seen in EGF-treated cells due to membrane ruffling and actin dynamics
in response to EGF. The arrow indicates the point of EGF addition.

Quantifying Cells Using Cell-Substrate Impedance Devices

[0175] Quantifying cells can be accomplished by: providing the device having two or more electrode arrays, each of
which is associated with a fluid container of the device; attaching the device to an impedance analyzer; adding cells to
one or more fluid containers of the device; monitoring impedance from the one or more fluid containers to obtain impedance
measurements at one or more time points after adding the cells to the one or more fluid containers; deriving a cell index
for the one or more time points; and using the cell index to determine the number of cells in the one or more fluid
containers at at least one of the one or more time points. The cell index is used to determine the number of cells using
a formula that relates cell index to cell number, in which the formula is obtained by: providing a device for cell-substrate
monitoring, attaching the device to an impedance monitor; adding cells to one or more fluid containers of the device;
measuring impedance of the one or more fluid containers comprising cells; calculating a cell index from the impedance
measurements; determining the number of cells of said at least one fluid container at the time of impedance monitoring
by a means other than impedance monitoring; and deriving a formula that relates the number of cells of the one or more
fluid containers at the two or more time points with the impedance measurements at the two or more time points.
[0176] In obtaining the formula, sometimes, the number of cells introduced to the wells are pre-known or predetermined
before cells are added in to the wells. Under such conditions, one assumes that there will be no change in cell number
or little change in cell number when the impedance measurement for obtaining the formula is performed.
[0177] The method can also be practiced using the impedance monitoring system, where the system includes a multi-
well cell-substrate impedance monitoring device, an impedance analyzer, a device station, and a software program. The
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method includes; providing a multi-well cell-substrate impedance measuring system; adding cells one or more wells of
the system; monitoring impedance from the one or more wells comprising cells at one or more time points after adding
the cells to the one or more wells; deriving a cell index for the one or more time points; and using the cell index to
determine the number of cells in said at least well at at least one of said one or more time points.
[0178] The cell index is used to determine the number of cells using a formula that relates cell index to cell number,
in which the formula is obtained by: providing a system for cell-substrate monitoring, where the system comprises at
least one multi-well cell-substrate impedance monitoring device, adding cells to one or more wells of a device of the
system; measuring impedance of the one or more wells comprising cells at two or more time points; calculating a cell
index from the impedance measurement at the two or more time points; determining the number of cells of the one or
more wells at the two or more time points by a means other than impedance monitoring; and deriving a formula that
relates the number of cells of the one or more wells at the two or more time points with the impedance measurements
at the two or more time points.
[0179] In the embodiment of above method for obtaining the formula, sometimes, the number of cells introduced to
the wells are pre-known or predetermined before cells are added in to the wells. Under such conditions, one assumes
that there will be no change in cell number or little change in cell number when the impedance measurement for obtaining
the formula is performed.
[0180] Formulas relating cell index (including normalized cell index and delta cell index, which can also be used) to
cell number for a given cell type can be used to quantitate cells of that type in assays using a cell-substrate impedance
monitoring device, such as a device described herein. Generally, for a given cell type and for cells under similar physi-
ological conditions, the derived formulas relating cell index to cell number can be used in subsequent assays. There is
no need to obtain the formula each time when an assay is performed. However, it is worthwhile to point that the formula
can only be valid as long as the cells are under same physiological conditions in the assays where the formula was
derived and where the formula is used. If the cell condition is different, for example, the composition of culture media is
changed, or the cell attachment surface is altered, then the formula will not hold. In another example, if cells are in log-
growth phase in one assay and are in stationary phase in another assay, then the formula may not hold. Another point
worth mentioning here is that relates the fact the derived cell index or impedance also depends on cell attachment quality
on the surface as well as cell morphology. If cell morphology or cell attachment changes during an assay, then one need
to distinguish between the changes caused by change in cell number or in cell morphology or in cell attachment.
[0181] As an example, we can derive the correlation formula between cell index and cell number for NIH3T3 cells
under the experimental conditions. The formula for converting cell index to cell number for this particular case is: Cell
number = 2000* Cell index -145. To test this formula, we found the error in estimating cell number based on the cell
index data shown in Figure 5 as compared to the seeded cell number is less than 20% .

Real-time cell based assays to assess or quantify target cell killing by effector cells

[0182] To address some of the limitations with current assay methods for measuring NK-mediated (or effector-cell
mediated) target cell killing, the present invention discloses a label-free and kinetic-based method for measuring NK-
mediated (or effector cell-mediated) cytotoxicty. The method is based on non-invasive measurement of the viability of
target cells that have been seeded on microtiter plates (E-plates) that have incorporated microelectrode arrays at the
bottom of the wells. The interaction of adherent target cells with the microelectrodes results in displacement of the ionic
environment between the cell sensor electrode and the media in a precise and specific way which is dependent on the
number of target cells seeded, the morphology of the cells and the quality of cell adhesion (Abassi et al., 2004; Solly et
al., 2004; Xing et al., 2005). The status of the target cells can be continuously monitored by measuring the impedance
of microelectrode arrays in the wells. Effector-mediated cytotoxicity results in target cell death which is accompanied by
morphological changes such as a loss of the integrity of the actin cytoskeleton and cell rounding that is ultimately
accompanied by de-adhesion of the cells (or loss of cell-substrate contact). All these morphological events leads to a
reduction of cell-substrate impedances over time. Furthermore, since the effector cells are suspended cells they only
interact with the target cells through specific receptors on the cell surface and not with the sensor electrodes in the well.
Therefore, the addition of effector cells to the target cells has very minimal effect on the cell-substrate impedance. Thus,
cell-substrate impedance measured over time with the target cells and effector cells in the well provides the information
as for the status of target cells.
[0183] NK cells have been shown to recognize and eradicate tumor cells (target cells) by a variety of mechanisms
including direct killing by perforin or granzymes, inducing apoptosis through the death receptors and by antibody-de-
pendent cellular cytotoxicity. In the present invention, we utilize and quantify loss of cell-substrate (electrode) contact
due to cytotoxicity or apoptosis by measuring cell-substrate impedance as a means to assess effector cell mediated
killing of target cells using cell sensor technology.
[0184] In particular, the invention provides methods of measuring cytolytic activity, which include: a) providing a device
capable of monitoring cell-substrate impedance operably connected to an impedance analyzer, wherein the device
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includes two or more wells for receiving cells; b) adding target cells to at least two wells, wherein at least one well is a
control well and at least one well is a test well; c) adding effector cells to the test well; d) monitoring impedance of the
control and the test wells before and after adding the effector cells and optionally determining a cell index from the
impedance, wherein monitoring the impedance includes measuring the impedance during at least two time points; e)
quantifying a number of target cells in both the test well and control well before and after adding the effector cells; and
f) determining viability of the target cells in the test well at a given time point after adding effector cells by comparing
number of target cells between the test well to the control well at the given time point.
[0185] Accordingly, in some embodiments viability of the target cells are determined by comparing the impedance or
cell index between two time points. Non-limiting examples of suitable time points are before and after adding effector
cells. Monitoring impedance and determining a cell index may be performed using methods disclosed in the present
application.
[0186] As a non-limiting example, target cells or cell lines such as primary cells, tissue culture cell lines or tumor cell
lines may be seeded in ACEA’s microtiter plates (for example, 16X or 96X E-Plates, E-Plates are the microtiter plates
that have incorporated microelectrode arrays at the bottom of the wells) at a predetermined density. Cell adhesion and
proliferation may be monitored continuously using the real-time cell electronic sensing (RT-CES™) system. After an
overnight incubation (16-24 hours), the appropriate effector cells may be added at a pre-determined ratio of effector cell
to target cell to the wells containing the target cells. The cellular response of the target cells may be continuously
monitored overtime using the RT-CES.

Target Cells

[0187] Target cell refers to any cell that can be lysed or killed by the effector cells. The present invention may be
utilized to assess or quantify killing of a variety of target cells by effector cells. Thus, a variety of target cells may be
utilized with the present invention. For example target cells may include but are not limited to cancer cells, cells isolated
from cancerous tissue, primary cells purified or derived from human, mouse and other animal origin, endothelial cells,
or any cells from a cell line derived from a living organism (for example: human, mouse, rat, other animals), or cell lines
infected with bacteria or virus.
[0188] Target cells may be added to one or more wells or fluid containers of the devices capable of monitoring cell-
substrate impedance, depending on the desired assay or experiment. Target cells may be added along with compounds,
without compounds, with additional cells and the like. Target cells may be added to wells and incubated in the wells for
some time period prior to addition of effector cells. Target cells may be utilized as controls in an assay including studying
the effect of an effector cell on a target cell. In this embodiment a control well may include target cells without effector
cells for a real-time comparison of impedance or cell index.
[0189] After target cells are added into wells, cell-substrate impedance may be monitored at at least two time points.
Optionally, measured cell-substrate impedance may be used to derive cell index at a time point. The measured impedance
or optionally derived cell index may be used to determine quantity of target cells (i.e., viable target cells) in the well. In
some embodiments, the measured impedance or optionally derived cell index may be used to determine viability of
target cells.
[0190] In the assay for measuring cytolytic activity of effector cells, one is interested in how many target cells or what
percentage of target cells have been killed by the effector cells. Thus, the quantity or viability of target cells may be
determined at any point in during an assay. For example, the quantity target cells may be determined before adding
effector cells or may be determined after adding effector cells. In some embodiments the quantity of target cells are
determined both before and after adding effector cells. Target cells may be quantified using a variety of techniques such
as but not limited to using a pre-derived formula that correlates cell number with cell index at a time point.

Effector Cells

[0191] One skilled in the art of immunology would recognize the present invention may utilize a variety of effector cells.
Effector cells may be any cell capable of killing or lysing a target cell or a target cell marked with antibody. As non-limiting
examples effector cells may be Natural Killer (NK) cells, Cytotoxic T-Lymphocytes (CTLs), neutrophils, easonophils,
macrophages, Natural Killer T (NKT) cells, B-cells, T-cells, a cell type having cytolytic activity and the like. Effector cells
may include primary cells or cell lines derived from human, mouse or other animal origin.
[0192] Effector cells may be added to one or more wells or fluid containers at a predetermined ratio to the target cells.
One skilled in the field of biology would be able to provide or determine the appropriate ratio (or ratios) of effector cell
target cell.
[0193] The present invention also provides for the addition of a compound or factor capable of activating, deactivating
or stimulating effector cells. Such compounds may vary depending on the effector cell but may include lypo-polysaccharide
(LPS), an antibody, an accessory compound, a compound obtained or screened from a library of compounds and the
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like. Thus the compound or factor may be any suitable compound or factor used in the biological arts for stimulation of
an effector cell. As non-limiting examples the compound may be a monoclonal antibody, a polyclonal antibody, a peptide,
a protein, a lipid, a biomolecule, a nucleic acid molecule, a naked DNA molecule and the like. A variety of antibodies
may be obtained or provided for the present invention such as but not limited to IgG, IgM, IgE, IgA as well as heavy
chain portions, light chain portions including kappa and lambda light chains, Fc portions, Fab portions, Fab’2 portions
and the like. Antibodies may be humanized or may be cross-species.
[0194] Similarly additional cell types or cell lines may be provided with effector cells. Such cells include but are not
limited to accessory cells.
[0195] Prior to and after addition of effector cells to the wells containing target cells, cell-substrate impedance is
measured. Since the effector cells are suspended cells they only interact with the target cells through specific receptors
on the cell surface and not with the sensor electrodes in the well. Therefore, the addition of effector cells to the target
cells has very minimal effect on the cell-substrate impedance. Thus, cell-substrate impedance measured over time with
the target cells and effector cells in the well provides the information as for the status of target cells.

Monitoring Impedance

[0196] Impedance may be monitored using the methods previously disclosed in the present application. Monitoring
impedance may include performing one or more impedance measurements at one or more time points or a series of
measurements at a series of time points. Monitoring impedance may include performing impedance measurements at
multiple frequencies. Impedance measurement includes the measurement of resistance and/or reactance. A series of
three or more impedance measurements at three or more time points may be performed to provide a time-dependent,
impedance curve that may depict a maximum or minimum effect of a compound or effector cells on target cells, or may
depict when a maximum effect of compound or effector cells on target cells is reached. Depending on the desired assay,
impedance may be monitored or measured at regular or irregular time intervals during an assay period.
[0197] In some embodiments an impedance measurement is performed at a time point or time points before adding
effector cells or immediately prior to adding effector cells and after adding effector cells. In one exemplary embodiment,
impedance measurement may be performed at a time point of less than less than 30 minutes, less than 1 hour, less
than 2 hours, less than 4 hours, or less than 10 hours, or less than 24 hours, or other time length prior to adding effector
cells. In another exemplary embodiment, impedance measurement may be performed at a time point immediately
preceding or prior to adding effector cells, such as less than 20 minutes, less than 10 minutes, less than 5 minutes, less
than 2 minutes, or less than 1 minute prior to adding effector cells. In still another exemplary embodiment, impedance
measurement may be performed at regular or irregular time intervals prior to addition of effector cells. As can be envi-
sioned, a series of two, three, four or more measurements may be desired after adding effector cells. In one exemplary
embodiment, impedance measurement may be performed at regular time intervals (for example, every hour, or every
15 minutes) after adding effector cells. In another exemplary embodiment, impedance measurement may be performed
at irregular time intervals (for example, initially every 10 minutes up to 1 hour and followed by every 1 hour up to 24
hours) after adding effector cells. In still another exemplary embodiment, impedance measurement may be performed
at a time point of more than 1 minute, more than 5 minute, more than 30 minutes, more than 1 hour, more than 2 hours,
more than 5 hours, more than 10 hours after adding effector cells.
[0198] An object of the present invention is to screen for cytotoxic effect of effector cells (for example, NK cells,
Cytotoxic T cells, neutrophils) on target cells using measurement of cell-substrate impedance. It is based on quantification
of cytotoxicity that arises as a response to interaction of effector cells with their target cells. Because the impedance
readout replies on the interaction of target cells with the sensor electrodes, the cell killing or cytolysis that is mediated
by the effector cells, leads to morphological changes or total loss of adherence of the target cells to the surface of the
electrodes in the well. Consequently, morphology changes or more prominently the loss of adhesion due to cytotoxicity
leads to a time-dependent decrease in the cell-substrate impedance which correlates with target cell killing. The more
the target cells are killed due to effector-cell mediated cytotoxicity (i.e., the lower the viability of target cells is), the larger
the decrease in the cell-substrate impedance is.

Cell Index

[0199] The methods of the present invention may include comparing one or more impedance measurements or com-
paring one or more cell indexes or cell index values. In one embodiment, a cell index is determined by calculating, for
each measurement frequency, the relative-change in resistance (a component of impedance) of a well when target cells
are present in the well with respect to that of the well when no cell is present, and then finding the maximum relative-
change in resistance for all frequencies measured. The maximum relative-change in resistance is used as cell index
(see equation (4) in Section C. Methods for Calculating Cell Index (CI) and Cell Change Index (CCI) of the present
invention). If impedance is measured at a single frequency, then the relative change in resistance (a component of
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impedance) of a well when target cells are present in the well with respect to that of the well when no cell is present.
Other methods for calculating cell index have been disclosed in a previous Section C. Methods for Calculating Cell
Index (CI) and Cell Change Index (CCI) of the present invention).
[0200] The cell index may be a normalized cell index. Methods of normalizing a cell index have been previously
disclosed in the present application and may be utilized when measuring cytolytic activity. In some embodiments nor-
malization is determined at a time point immediately preceding a point in which effector cells are added to a well or fluid
container. In some embodiments, the time point immediately preceding a point in which effector cells are added to a
well refers a time point of less than 2 hours, less than 1 hour, less than 40 minutes, less than 20 minutes, less than 10
minutes, less than 5 minutes, less than 2 minutes, or less than 1 minute prior to adding effector cells.

Determining viability of a target cell and cytolytic activity of effector cells

[0201] In the present invention, cell-substrate impedance is measured as an indicator for the status (e.g quantity,
viability) of target cells prior to and/or after addition of effector cells. The impedance and optionally the cell index may
be used to determine the viability of the target cells and therefore the cytolytic activity of the effector cells. For example,
an impedance or cell index that decreases after the addition of effector cells may suggest decreased viability or increased
cytolytic activity by the effector cells.
[0202] In one exemplary embodiment, the viability of target cells at a time point after adding effector cells in a well
may be determined by comparing impedance of the well at the time point of interest to impedance of the well at a time
point before adding effector cells. For example, the viability of target cells may be calculated using the formula, Viability
= Resistance at a time point after adding effector cells / Resistance at a time point prior to effector cells, where resistance
is a component of impedance of the well measured at a chosen frequency. Non-limiting example of the frequency includes
∼ 1 kHz, ∼ 5 kHz, ∼ 10 kHz, ∼ 20 kHz, ∼ 50 KHz, less than 1 kHz, between 1 and 10 kHz, between 10 and 100 kHz, or
above 100 kHz. For above formula to be valid, there are several implicit assumptions. First, the resistance of the well
at the chosen frequency is assumed to follow linear or approximately linear relationship with the number of viable cells
in the well. Secondly, in the time period between two time points of prior to and after adding effector cells, there is little
or none cell proliferation of target cells. Thus, the viability of target cells at a time point after adding effector cells may
be defined as the percentage for viable target cells at the time of interest out of total initial viable target cells at a time
point prior to (or, for example, immediately preceding) adding effector cells.
[0203] In another approach, viability of target cells at a time point after addition of effector cells may be determined
by comparing the cell index of the well prior to and after addition of effector cells. Viability of target cells may be calculated
as the ratio of the cell index of the well at the time point of interest to the cell index of the well immediately prior to addition
of effector cells. Such a calculation has an implicit assumption that the cell index of a well may be approximately
proportional to the number of the viable cells in the well.
[0204] In still another approach, viability of target cells in a test well at a time point after addition of effector cells may
be determined by comparing the impedance (or cell index) of the well at the time point of interest to the impedance (or
cell index) of a control well to which same number of target cells and no effector cells are added. Viability of target cells
at a time point after adding effector cells may be calculated as the ratio of the impedance (or cell index) of the test well
at the time point of interest to the impedance (or cell index) of the control well at the same time point. Such a calculation
of viability of target cells in a test well has an implicit assumption that if there is no killing or lysis of target cells by effector
cells, the impedance or cell index of the test well would be the same as that of the control well. For such calculation of
viability of target cells, cell index may be normalized cell index.
[0205] In an antibody dependent cellular cytotoxicity assay, target cells are added to both a test well and a control
well. A specific antibody that interacts with the specific target on the target cells is added to the test well, and a non-
specific antibody is added to the control well. Effector cells are added to both control well and test wells. Viability of
target cells in the test well at a time point after adding effector cells may be determined by comparing the impedance
(or cell index) of the well at the time point of interest to the impedance (or cell index) of the control well. Viability of target
cells at a time point after adding effector cells may be calculated as the ratio of the impedance (or cell index) of the test
well at the time point of interest to the impedance (or cell index) of the control well at the same time point. Such a
calculation of viability of target cells in the test well has an implicit assumption that if there is no killing or lysis of target
cells by effector cells, the impedance or cell index of the test well would be the same as that of the control well. For such
calculation of viability of target cells, cell index may be normalized cell index.
[0206] The above approach for determining viability of target cells in a test well by comparing impedance or optionally
cell index of the test well to the impedance or optionally cell index of the control well may also be applied to complement
mediated cellular cytotoxicity assay and to complement-dependent, effector cell-mediated cytotoxicity assay.
[0207] Cytolytic activity of effector cells refers to the ability of effector cells to lyse or kill target cells. For a given ratio
of effector cell number to target cell number and for a specific time period after addition of effector cells to target cells,
if effector cells of a first type kills more target cells than effector cells of a second type, then the effector cells of the first
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type have higher cytolytic activity. There are various parameters that can be determined and be used to indicate or
quantify cytolytic activity of effector cells. For example, viability of target cells at a time point after effector cells are added
to target cells in a well can be used to indicate the cytolytic activity of the effector cells. A low viability of target cells
indicates that many target cells have been killed by the effector cells and shows that the effector cells have high cytolytic
activity. In another example, percent cytolysis (or percentage of cytolysis) of target cells at a time point after effector
cells are added to target cells can also be used to indicate the cytolytic activity. A low percent cytolysis indicates that
few target cells have been killed by the effector cells and show that the effector cells have low cytolytic activity. In one
exemplary embodiment of the present invention, the cytolytic activity of the effector cells are expressed as percent
cytolysis or percentage of cytolysis, which may be derived at any given time point after adding effector cells to a test
well by the formula of {percent cytolysis = (1-cell index of test well/cell index of control well)}, where same number of
target cells have been added to both control well and test well. In an assay screening for cytotoxic effects of effector
cells, effector cells are added to only test well and no effector cells are added to control well (for control well, a same
volume of culture media used suspending effector cells is added at the same time when effector cells are added to test
well). In an antibody dependent cellular cytotoxicity (ADCC) assay, a specific antibody that interacts with the specific
target on the target cells is added to test well, and a non-specific antibody is added to control well. Effector cells are
added to both control well and test wells. An implicit assumption for this formula is that cell index follows approximately
linear relationship with the number of viable target cells in the well. Thus, if no target cell is killed or lysed by effector
cells, cell index of test well will be the same as cell index of control and percent cytolysis is zero. Effector cells have no
cytolytic activity. If all target cells are killed or lysed by effected cells, cell index of test well will be zero or approximately
zero, then percent cytolysis is 1 or 100%. The effector cells have a 100% cytolytic activity. In general, the more the target
cells are killed or lysed, the smaller the cell index of test well, and the larger the percent cytolysis. Furthermore, in some
embodiments, cell index in the above equation to calculate percent cytolysis is normalized cell index.

Screening for cytotoxic effects of effector cells

[0208] In one aspect, the present invention is directed at a method to screen for effector cell (for example, NK, Cytotoxic
T Lymphocytes - CTL, or neutrophil) - mediated killing of target cells using electronic cell sensing technology. One
approach for electronic measurement of cells is based on the measurement of cell-substrate or cell-electrode impedances.
The approach features in the integration of cell biology with microelectronics and is based on the electronic detection
of biological assay process. The details of this cell electronic sensing technology, called real-time cell electronic sensing
(RT-CES), and associated devices, systems and methods of use have been provided in, PCT application number
PCT/US03/22557,; United States patent application number 10/705,447; PCT Application No. PCT/US04/037696; U.S.
Patent Application Number 10/987,732; PCT Application No. PCT/US05/004481; and U.S. Patent Application Number
11/055,639.
[0209] For measurement of cell-substrate or cell-electrode impedance, microelectrodes having appropriate geometries
are fabricated onto the bottom surfaces of microtiter plate or similar device, facing into the wells. Cells are introduced
into the wells of the devices (E-Plates), and make contact to and attach to the electrode surfaces. The presence, absence
or change of properties of cells affects the electronic and ionic passage on the electrode sensor surfaces. Measuring
the impedance between or among electrodes provides important information about biological status of cells present on
the sensors. When there are changes to the biological status of the cells, electronic impedance between or among
electrodes at a single frequency or multiple frequencies can be measured automatically and in real time. Based on
measured electrode impedance values, a cell index may be derived and provided. The cell index obtained for a given
well reflects : 1) how many cells are attached to the electrode surfaces in this well, 2) how well cells are attached to the
electrode surfaces in this well. Thus, the more the cells of same type in similar physiological conditions attach the
electrode surfaces, the larger the cell index. And, the better the cells attach to the electrode surfaces (e.g., the cells
spread-out more to have larger contact areas, or the cells attach tighter to electrode surfaces), the larger the cell index.
[0210] The methods can also be used to screen for a cytotoxic effect of effector cells (such as NK cells, CTL or
neutrophil) on target cells using measurement of cell-substrate impendence. The method is based on quantification in
real time of cytotoxicity that arise as a response to interaction of effector cells such as NK cells, CTL or neutrophils with
their target cells. Because the electronic impedance between or among electrodes relies on the interaction of target
cells with the electrodes, the cell killing that is mediated by the effector cells, leads to morphological changes or total
loss of adherence of the target cells to the surface of the electrodes, or eventual lysis of the target cells in the well.
Consequently, morphology changes or more prominently the loss of adhesion due to cytotoxicity leads to a time-de-
pendent decrease in the cell-substrate impedance which correlates with target cell killing. Furthermore, since the effector
cells are suspended cells they only interact with the effector cells through specific receptors on the cell surface and not
with the electrodes in the well. Therefore, the addition of effector cells to the target cells has no or minimal effect on the
electronic impedance. In addition, unlike the limitation of a time window of four hours for the chromium-based cytotoxicity
assay, there is not time limitation for the electronic-based assay described here. The assay window can be as short as
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a few minutes or as long as a few days.

Screening for antibody-dependent cellular cytotoxicity (ADCC) using electronic cell sensor technology

[0211] ADCC is a mechanism by which NK cells are targeted to IgG-coated cells resulting in lysis of the antibody
coated cells. A specific receptor for the constant region of IgG, called FcyRIII is expressed on the NK cell membrane
and mediates activation of NK cells and subsequent ADCC. ADCC is the dominant component of the activity of antibodies
against tumors. It is believed that certain tumors bear antigens which are recognized by the humoral immune system.
The subsequent interaction of the antibody with the antigen on tumor cells will mark the tumor cells for demise by the
innate immune components such as NK cells.
[0212] The present invention includes applications relating to ADCC measurement and monitoring. More specifically
the methods can be used to screen for antibody-dependent cellular toxicity (ADCC) by providing a device such as the
RT-CES device(s) (e.g., E-Plates) or a device capable of monitoring cell-substrate impedance operably connected to
an impedance analyzer, where the device includes two or more wells for receiving cells, adding target cells to at least
two of the wells, adding antibody capable of interacting with the target cells to a test well and an isotype control or non-
specific antibody to a control well, adding effector cells to the two or more wells, monitoring impedance of the test well
and the control well before and after said adding effector cells and optionally determining a cell index from the impedance,
where monitoring impedance includes measuring impedance during at least one time point before and at least one time
point after effector cells are added, and determining viability of the target cells in the test well at the desired or chosen
time point after the effector cells are added. As previously discussed viability may be determined by comparing the
impedance or optionally the cell index of the test well to the control well.
[0213] For example, tumor cells expressing a specific antigen or marker may be seeded in ACEA’s microtiter plates
or devices (for example, 16X or 96X E-Plates) at a predetermined density. Cell adhesion and proliferation in the devices
may be continuously monitored by RT-CES system (which includes, for example, a device station or E-Plate station,
impedance analyzer and integrated software for controlling the impedance analyzer and device station). At approximately
16-24 hours after starting the experiment, cells may be incubated with an IgG antibody which will interact with the specific
target on the tumor cell. The IgG antibody may be allowed to incubate with the target cells for a predetermined amount
of time. Also as a control a non-specific IgG antibody (non-specific antibody) may also be added. NK cells or other
effector cells may be added at a predetermined ratio of effector cell to target cells. The target cell response to ADCC
mediated by the effector cells may be monitored continuously by RT-CES system.
[0214] The methods previously disclosed also apply to ADCC measurement, monitoring and screening. In one em-
bodiment, the methods may be automated using the RT-CES system as described. In some exemplary embodiments,
the methods may include monitoring impedance at one or more time points prior to adding antibody, one or more time
points after adding antibody and before adding effector cells and one or more time points after adding effector cells. In
some embodiments, impedance is measured at three or more time points after adding effector cells.
[0215] A variety of antibodies may be used with the present invention. The appropriate antibody should be able to
bind the target cells via its variable region and to bind the effector cells via its constant region. An antibody may be
obtained by screening a library of antibodies. Thus, the antibody may be any suitable antibody such as but not limited
to a mouse antibody, a rat antibody, a humanized mouse antibody, a humanized rat antibody and the like.
[0216] The viability of target cells and cytolytic activity of the effector cell may be determined by procedures similar to
those previously disclosed in the present invention. For example, the viability of target cells may be calculated using the
formula, Viability = Resistance at a time point after adding effector cells /Resistance at a time point prior to effector cells, where resistance
is a component of impedance of the well measured at a chosen frequency. Non-limiting example of the frequency includes
∼ 1 kHz, ∼ 5 kHz, ∼ 10 kHz, ∼ 20 kHz, ∼ 50 KHz, less than 1 kHz, between 1 and 10 kHz, between 10 and 100 kHz, or
above 100 kHz. Discussions about this formula have been disclosed above in the present invention. In another example,
viability of target cells at a time point after addition of effector cells may be determined by comparing the cell index of
the well prior to and after addition of effector cells. Viability of target cells may be calculated as the ratio of the cell index
of the well at the time point of interest to the cell index of the well immediately prior to addition of effector cells. Such a
calculation has an implicit assumption that the cell index of a well may be approximately proportional to the number of
the viable cells in the well and there is little or no cell proliferation of target cells in the well in the time period between
the two time points of measurement, one at time of interest and the other immediately prior to addition of addition of
effector cells.
[0217] Cytolytic activity of effector cells refers to the ability of effector cells to lyse or kill target cells. In one exemplary
embodiment of the present invention, the cytolytic activity of the effector cells are expressed as percent cytolysis or
percentage of cytolysis, which may be derived at any given time point after adding effector cells to a test well by the
equation of {percent cytolysis = (1-cell index of test well/cell index of control well)}, where same number of target cells
have been added to both control well and test well, and a specific IgG antibody has been added to test well and a non-
specific, control IgG has been added to control well, and same number of effector cells have also been added to both
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test well and control well. An implicit assumption for this equation is that cell index follows approximately linear relationship
with the number of viable target cells in the well. Thus, if no target cell is killed or lysed by effector cells, cell index of
test well will be the same as cell index of control and percent cytolysis is zero. Effector cells have no cytolytic activity.
If all target cells are killed or lysed by effected cells, cell index of test well will be zero or approximately zero, then percent
cytolysis is 1 or 100%. The effector cells have a 100% cytolytic activity. In general, the more the target cells are killed
or lysed, the smaller the cell index of test well, and the larger the percent cytolysis. Furthermore, in some embodiments,
in above equation to calculate percent cytolysis, cell index is normalized cell index.

Methods to assay for complement-mediated cellular cytotoxicity in the presence of neutrophils using electronic cell 
sensor technology

[0218] The methods of the present invention may be used to assay for complement-mediated cellular cytotoxicity in
the presence of neutrophils. The complement system is one of the major effector mechanisms of the humoral and innate
immunity. Complement proteins bind to tumor cells that have been targeted by IgG and IgM antibodies through interaction
with the constant domain of the antibodies. The interaction of complement proteins with the antibody on the surface of
tumor cells will lead to the destruction of the tumor cells by the formation of pores on the membrane of target cells by
components of the complement pathway or by recruitment of neutrophils which either engulf tumor cells or induce its
destruction by granzymes. Neutrophils contain specific receptors which recognize components of the complement sys-
tem.
[0219] Complement-mediated cellular cytotoxicity in the presence of an antibody (IgG or IgM) specific for a particular
target on tumor cells together with neutrophils, may be assayed as follows using the RT-CES system: tumor cells may
be seeded on ACEA’s microtiter plates (for example, 16X or 96X E-Plates) at a predetermined density and the adhesion
and proliferation of the cells may be continuously monitored using the RT-CES. At approximately 16-24 hours after the
start of the experiment, the cells may be incubated with complement-containing media for approximately an hour in the
presence of an antibody specific against an antigen expressed by the tumor cells. A predetermined ratio of neutrophils
or other effector cells may be added to the wells containing the tumor cells, antibody and complement. The effect of
antibody and neutrophil in the presence or absence of complement may be continuously monitored using the RT-CES
system. If the cells are incubated with complement and antibody against a specific antigen expressed by tumor cells, it
is expected that the antibody dose-dependently sensitizes the target cells to complement-mediated killing. As a result
the RT-CES recording of the target cells is expected to decrease in a time-dependent manner due to killing of the target
cells. Similarly, addition of effector cells such as neutrophils to cells presensitized with an antibody specific against a
particular target on tumor cells in the presence of complement would be expected to result in a time-dependent decrease
in the cell-electrode impedance response of the target cells.

EXAMPLES

Example 1. Demonstration of NK-mediated cell killing of NIH3T3 target cells using the RT-CES system

[0220] NIH3T3 cells (target cells) were seeded at a density of 20,000 cells/well into wells of ACEA’s 16X microtiter
plates (16X E-Plate). The cells were monitored continuously using the RT-CES and were allowed to adhere and proliferate
overnight. After 18 hours the cells were incubated with effector NK cell line at an effector to target ratio of 7.5:1. The
target cell response was continuously monitored for the next 24 hours. As a control a mouse NK cell line which was
deficient in its killing ability, Yac, was also added at an effector to target ratio of 7.5:1 or alternatively only 100 uL of
media was added to the cells. As indicated by Figure 6 and 7, the mouse NK cell line mediates target cell killing as
evidenced by a drop in the cell index number over time which is indicative of cell death. On the other hand the control
Yac cell line did not have a major effect on target cells as did the addition of media alone. This experiment indicates that
effector cell killing of target cells can be monitored in real-time using the RT-CES system.

Example 2. Testing of cytolytic activity in human and murine NK cell lines

[0221] The present application discloses a label free assessment or monitoring of NK cell-mediated cytolytic activity
that utilizes a microelectronic sensor-based platform system, the RT-CES (real time electronic sensing) system. Using
this system, a human and a murine NK cell lines were both tested for their cytolytic activities using 9 different target cell
lines, including cancer cell lines commonly used in the field. The quantitative and dynamic measurement of NK-cell
mediated cytolysis was performed on RT-CES system without any labeling steps and reagents. The experimental results
are consistent. Moreover, RT-CES system offers fully automated measurement of the cytolysis in real time, which enables
a large scale screening of chemical compounds or genes responsible for the regulation of NK cell-mediated cytolytic
activity
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[0222] Cells. The NK 92, the NIH 3T3 cell line, and all the cancer cell lines used in these experiments were purchased
from ATCC. The mouse NK cell line (mNK) was provided by Dr. Hui Shao of University of Louisville. All the cell lines
were maintained at 37°C incubator with 5% CO2. The NK92 and mNK lines were maintained in Alpha MEM with 2 mM
L-glutamine, 1.5 g/L Sodium bicarbonate, supplemented with 0.2 m inositol, 0.1 mM 2-mercaptoenthanol, 0.02 mM folic
acid, 12.5% horse serum, 12.5% FBS, and 100-200 U/ml recombinant IL-2. Other cancer cell lines were maintained in
RPMI media containing 5% FBS and 1% penicillin and streptomycin (GIBCO). The NIH 3T3 cells were maintained in
DMEM media containing 10% FBS and 1% penicillin and streptomycin.
[0223] RT-CES system. The system includes three components: the analyzer and e-plate station, the integrated
software, and 16-well or 96-well e-plates (16X or 96X E-Plates, see above description). The e-plate station or device
station is placed inside the incubator and connected to the analyzer outside the incubator through a thin cable. The e-
plate containing the cells is placed onto the e-plate station inside the incubator and the experiment data are collected
automatically by the analyzer under the control of integrated software.
[0224] Cytolytic analysis. Target cells were seeded into the wells of either 16-well or 96-well e-plate in 100 ml of media.
Cell growth was dynamically monitored using the RT-CES system for a period of 24 -34 hours, depending on the
experiment until they reached log growth phase and formed a monolayer. Effector cells at different concentrations were
then directly added into individual wells containing the target cells. For background control, effector cells were added to
a well without target cells. After addition of the effector cells, the e-plate was returned to the e-plate station and the
measurements were automatically collected by the analyzer every 15 minutes for up to 20 hours.
[0225] Cell morphology analysis by microscopy. The effect of NK cell-mediated cytolysis on target cells was examined
using a Nikon upright microscope. When Cell Index reached 50% of the control upon addition of effector cells, cells were
fixed in 80% methanol for 5 minutes and stained with Giemsa blue. The morphology of the cells was examined by
microscopy and photographed using an accompanying CCD camera.
[0226] Experiment data analysis. The integrated software is able to display entire history of the experiment from
seeding the cells to the end of cytolysis. The time- and effector to target ratio (E/T) -dependent curves can be displayed
in real time allowing for dynamic monitoring of NK cell activity. The electronic readout, cell-electrode impedance is
displayed as a dimensionless parameter called Cell Index. The cell index here is determined by calculating, for each
measurement frequency f, the relative-change (Relative change (f) =(Rcell (f) -Rbackground (f) )/Rbackground (f) ) in resistance
(a component of impedance) of a well when target cells are present in the well (Rcell (f) )with respect to background
resistance (Rbackground (f)) of the well when no cell is present and only cell culture medium is in the well, and then finding
the maximum relative-change in resistance for all frequencies measured (Cell Index = max { Relative change (f) } for all
measurement frequencies). The maximum relative-change in resistance is used as cell index (see equation (4) in Section
C. Methods for Calculating Cell Index (CI) and Cell Change Index (CCI) of the present invention). To quantify the
lysis at specific time points, the cell index data was exported from RT-CES software to Microsoft Excel and percentage
cytolysis at specific E/T ratio at a given time was determined by comparing the cell index for a well with specific E/T ratio
to the cell index of a control well without adding NK cells and calculated using the following equation: Percentage of
cytolysis= (1- CI at a given F/T ratio/CI without NK cells) x 100. Normalized cell index values were used in the calculation of
percentage of cytolysis in Figure 8b, 9b, 9d, 10a and 10b
[0227] Results and Discussion: Dynamic monitoring of NK cell-mediated cytolysis. To assess NK cell-mediated cytolytic
activity using the RT-CES system, a murine NK cell line (mNK line), and a target cell line, NIH 3T3 cells were used. The
target NIH3T3 cells were seeded in the wells of 96-well e-plate at 5,000 cells per well and cell growth was continuously
monitored on RT-CES system every 60 minutes until the cells reached growth phase, 34 hours later. The effector murine
NK cells were then directly added to the well at different E/T ratio, and the NK cell-mediated cytolyses was dynamically
monitored on the RT-CES system. As shown in the figure 8a, a significant decline of the Cell Index was seen in NIH
3T3 cells after the addition of mNK cells at the E/T ratio of 15 to 1, compared to the Cell Index from the media control.
Furthermore, no significant decline of the Cell Index was seen in the effector control wells using YAC cells, a T lymphocyte
line without cytolysis effect, indicating the decrease in the Cell Index due to addition of the mNK cells is specific and is
most likely mediated by cytolysis. A time-dependent cytolysis of the NIH 3T3 cells was also seen in the presences of
mNK cells but not in the presence of YAC cells (figure 8b). To further confirm the cytolysis effect, target cells were stained
at 8 hours after addition of the mNK cells to target cells, when the cytolysis was approximately 50%, and then examined
under microscope (data not shown). In the presence of mNK cells, the target cells were effectively cleared away by the
cytolytic action of the mNK when compared to control YAC cells. In summary, RT-CES system offers the only assay
format so far to directly monitor NK cell mediated cytolysis without labeling the target cells and without using any chemical
reporters. In addition, the entire history of the cytolysis can be dynamically monitored on the RT-CES system, which is
difficult to perform by any label-based and endpoint assay format. Analysis of the kinetics of cytolysis indicates that for
the mNK cells, a slow cytolysis was detected. The cytolysis is detected within 2 hours of mNK cell addition and interestingly,
after 4 hours only less than 30% cytolytic activity is detected. Four hour incubation time is the standard incubation period
for radioisotope based endpoint assays. Data obtained by the RT-CES system clearly shows that cytolytic activity can
reach up to 70%, which occurs after 12 hours of adding the mNK cells. Such cytolytic activity which occurs after the
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standard incubation time of the assay can be easily missed by existing label-based, endpoint assays. Therefore, the
RT-CES system not only offers label free detection but, more importantly, also allows more accurate assessment of
cytolytic activity by dynamically monitoring of the entire history of the cytolysis.

Quantitative measurement of NK cell-mediated cytolysis

[0228] The Cell Index readout of the RT-CES system is correlated with cell number (Solly et al., 2004), and was used
to quantitatively monitor cytotoxicity induced by chemical compounds such as anticancer drugs. To test whether mNK
cell activity can be quantitatively assayed in the RT-CES system, we monitored cytolysis at different ratios of effector/tar-
get. Both murine and human NK cell lines (mNK and NK92) were used as effectors, and the NIH 3T3 line and the MCF7
line (human breast cancer cells) were used as the targets for each of the effectors, respectively. As described above,
the target cells were first seeded to the 96well e-plate at 5,000cells/well, and the cell growth were then monitored on
the RT-CES system. When the target cells reached growth phase, the NK cells were directly added to wells at different
concentrations. The NK cell-mediated cytolyses at different E/T ratios were then monitored in real time on RT-CES
system. As shown in Figure 9a and 9c, subsequent to the addition of mNK or NK92 cells to its target cells, the Cell
Indices declined compared to the no effector control. The decline in the Cell Index values is E/T ratio dependent. For
either case (Figure 9a for NIH3T3 cells and Figure 9c for MCF7 cells), the higher the E/T ratio, the lower Cell Index value
was obtained. This strongly indicates that RT-CES system allows for specific and quantitative measurement of NK cell-
mediated cytolytic activity. Moreover, the dynamic monitoring of the cytolysis may provide more insights with respect to
the underlying mechanisms of NK cell-mediated killing. For example, analysis of the dynamics of cytolysis indicates that
the NK92 cells are much more potent effectors than mNK cells. At the E/T ratio of 4 to 1 or higher, greater than 90%
cytolysis of the MCF7 can be achieved within 4 hours after addition of NK92 cells (Figure 9d), whereas as for mNK cells
it is only about 30 % (Figure 9b). The different cytolytic kinetics of NK cells indicates the distinct nature of interaction
between effector cells and target cells, such as expression of NK receptors and ligands, and mechanisms underlying
the NK cell-mediated cytolysis.
[0229] Label free assessment of NK cell cytolytic activity in a variety of target cell lines on the RT-CES system. Cytolytic
activities of mNK and NK92 were tested using 9 cell lines, which include 8 different human cancer cell lines and the NIH
3T3 cell line. The susceptibility of different target cells lines to mNK or NK92-mediated cytolysis is summarized in Table
1 and 2. NK92 shows a broad spectrum of cytolytic activity on cancer cell lines. The cytolysis mediated by NK92 occurs
fast and reaches the maximum killing activity prior to 8 hours after addition of NK92 cells. The comparison of susceptibility
of 7 cancer cell lines to NK92 cells is shown in Figure 10a. Among 7 cancer target lines, over 90% cytolysis of 4 target
lines was achieved, including H460, HepG2, MCF7 and MDA-MB231. In contrast, mNK cell-mediated cytolysis appears
to be more selective than NK92 (Figure 10b). Among 9 target cell lines, 4 target cell lines showed cytolysis of over 30%
after 12 hours of incubation with mNK cells, including NIH 3T3, A549, Hela, and MDA-MB231, while no cytolysis (0%)
or weak cytolysis (10%) was found in 5 target lines, including OVCR4, HT1080, HepG2, H460 and MCF7. In addition,
the cytolysis mediated by mNK was much slower than NK92, reaching the maximum after 12 hours of addition of mNK cells.

Table 1. mNK cell-mediated cytolysis of 9 cell lines

Cell Name Cell Type Species Maximum Cytolysis (%) at 12 h
NIH 3T3 Fibroblast Murine 58.80
HT1080 Fibrosarcoma Human 0.10

H460 Nonsmall cell lung cancer Human 9.46
HepG2 Hepatoma Human 0.00
MCF7 Breast cancer Human 11.00
A549 Nonsmall cell lung cancer Human 64.00
HELA Cervix cancer Human 30.30

OVCAR4 Ovarian cancer Human 0.00

MDA-MB-231 Breast cancer Human 31.5

Table 2. NK92 cell-mediated cytolysis of 7 cell lines

Cell Name Cell Type Species Maximum Cytolysis (%) at 8h

HT1080 Fibrosarcoma Human 42.17

H460 Nonsmall cell lung cancer Human 95.40
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Example 3. Dynamic and Label-Free Monitoring of Natural Killer Cell-Mediated Cytolysis of Target Cells Using 
Electronic Cell Sensor Arrays

[0230] In this example, a microelectronic sensor-based platform, the RT-CES (real time electronic sensing) system,
is introduced for label free assessment of natural killer (NK) cell-mediated cytolytic activity. The RT-CES system was
used to dynamically and quantitatively monitor NK-mediated cytolysis of 9 different target cell lines, including cancer
cell lines commonly used in laboratories. The cytolysis monitored by RT-CES system was compared with standard
techniques such as MTT measurement and shows good correlation and better sensitivity. To test the specificity of the
assay, pharmacological agents that inhibit NK cell degranulation and cytolysis were employed and was shown to selec-
tively and dose-dependently inhibit NK-mediated cytolysis of target cells. In summary, the RT-CES system offers fully
automated measurement of cytolysis in real time, which enables a large scale screening of chemical compounds or
genes responsible for the regulation of NK-mediated cytolytic activity.
[0231] Cells. The NK 92, the NIH 3T3 cell line, and all the cancer cell lines used in these experiments were purchased
from ATCC. The mouse NK cell line (mNK) was provided by Dr. Hui Shao of University of Louisville. All the cell lines
were maintained at 37°C incubator with 5% CO2. The NK92 and mNK lines were maintained in Alpha MEM with 2 mM
L-glutamine, 1.5 g/L Sodium bicarbonate, supplemented with 0.2 m inositol, 0.1 mM 2-mercaptoenthanol, 0.02 mM folic
acid, 12.5% horse serum, 12.5% FBS, and 100-200 U/ml recombinant IL-2. Other cancer cell lines were maintained in
RPMI media containing 5% FBS and 1% penicillin and streptomycin (GIBCO). The NIH 3T3 cells were maintained in
DMEM media containing 10% FBS and 1% penicillin and streptomycin.
[0232] RT-CES system. The system includes three components: the analyzer and E-plate station, the integrated
software, and 16-well or 96-well E-plate (www.aceabio.com). The E-plate station is placed inside the incubator and
connected to the analyzer outside the incubator through a thin cable. The E-plate containing the cells is placed onto the
e-plate station inside the incubator and the experiment data are collected automatically by the analyzer under the control
of an integrated software. The principles of RT-CES technology has been described previously (Abassi et al., 2004;
Solly et al., 2004; Xing et al., 2005).
[0233] Cytolytic analysis. Target cells were seeded into the wells of either 16-well or 96-well E-plate in 100 ml of media.
Cell growth was dynamically monitored using the RT-CES system for a period of 24 -34 hours, depending on the
experiment until they reached log growth phase and formed a monolayer. Effector cells at different concentrations were
then directly added into individual wells containing the target cells. For background control, effector cells were added to
a well without target cells. After addition of the effector cells, the E-plate was returned to the e-plate station and the
measurements were automatically collected by the analyzer every 15 minutes for up to 20 hours.
[0234] Cell morphology analysis by microscopy. The effect of NK cell-mediated cytolysis on target cells was examined
using a Nikon upright microscope. When Cell Index reached 50% of the control upon addition of effector cells, cells were
fixed in 80% methanol for 5 minutes and stained with Giemsa blue. The morphology of the cells was examined by
microscopy and photographed using an accompanying CCD camera.
[0235] Data analysis. The integrated software is able to display entire history of the experiment from seeding the cells
to termination of cytolysis. The time- and effector to target ratio (E/T) -dependent curves can be displayed in real time
allowing for dynamic monitoring of NK cell activity. The electronic readout, cell-electrode impedance is displayed as a
dimensionless parameter called Cell Index. The cell index here is determined by calculating, for each measurement
frequency f, the relative-change (Relative change (f) =(Rcell (f) -Rbackground (f) )/Rbackground (f)) in resistance (a component
of impedance) of a well when target cells are present in the well (Rcell (f))with respect to background resistance (Rbackground
(f)) of the well when no cell is present and only cell culture medium is in the well, and then finding the maximum relative-
change in resistance for all frequencies measured (Cell Index = max { Relative change (f) } for all measurement frequen-
cies). The maximum relative-change in resistance is used as cell index (see equation (4) in Section C. Methods for
Calculating Cell Index (CI) and Cell Change Index (CCI) of the present invention). To quantify the lysis at specific
time points, the cell index data was exported from RT-CES software to Microsoft Excel and percentage cytolysis at

(continued)

Cell Name Cell Type Species Maximum Cytolysis (%) at 8h

HepG2 Hepatoma Human 94.10

MCF7 Breast cancer Human 96.50

A549 Nonsmall cell lung cancer Human 52.20

HELA Cervix cancer Human 51.00

MDA-MB-231 Breast cancer Human 97.00
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specific E/T ratio at a given time was determined by comparing the cell index for a well with specific E/T ratio to the cell
index of a control well without adding NK cells and calculated using the following equation: Percentage of cytolysis= (1-
CI at a given E/T ratio/CI without NK cells) x 100. Normalized cell index values were used in the calculation of percentage of
cytolysis in Figure 12C, 14A, 14B, 14C and 14D.
[0236] Determination of cytolysis using MTT assay and crystal violet staining. Target cells growing on E-plates were
incubated with different ratios of effector cells and incubated overnight. The cytolysis was dynamically monitored using
the RT-CES system. At the end of the experiment, the wells were washed in PBS to remove unbound cells and the
viable cells attached to the bottom of the E-plate were quantified using MTT reagents according to manufacturers
protocols (Sigma) or by fixing the cells with 4% paraformaldehyde followed by staining with 0.1 % crystal violet solution
in H2O for 20 minutes. The cells were washed five times to remove the non-specific stain and the stained cells were
solubilized in the presence of 0.5% TX-100 overnight. The solubilized stain was measured at wavelength of 590 nm
using a plate reader.
[0237] Dynamic monitoring of NK-mediated cytolysis using the RT-CES system. To assess Effector-mediated cytotoxic
activity towards target cells we employed NK-92 cell line. NK-92 is a human IL-2 dependent cell line derived from a non-
Hodgkin’s lymphoma patient that can be easily maintained and propagated in culture and has a very robust cytotoxic
activity towards different target cell lines (Gong et al., 1994). NK-92 cell line and some of its derivatives are currently in
Phase I clinical trials for the treatment of various cancers(Tam et al., 2003). In order to assess NK-92 mediated cytotoxicity,
A549 lung carcinoma cells were seeded in ACEA E-plates at a density of 10000 cells/well and cell growth and proliferation
was dynamically monitored using the RT-CES system. Twenty four hours after seeding, NK-cells were added at the
indicated effector to target (E/T) ratios (Figure 12) and the extent of A549 cell viability was dynamically monitored. As
shown in Figure 12A, NK-92 cell addition to A549 cells leads to a density-dependent decrease in A549 cell index over
time, indicating that NK-92 cells are eliciting a cytotoxic effect upon the A549 cells. NK-92 addition to wells which do not
contain any A549 cells did not have any appreciable change relative to background (data not shown). Also, A549 cells
which were treated with the media alone continue to grow and proliferate (Figure 12A). In order to compare the cell
viability measured by the RT-CES system with a standard assay, at the end of the experiment, the wells of the E-plate
were washed to remove the NK cells and any dead cells and the extent of target cell viability was determined by MTT
assay. Figure 12B shows a comparison of the cell index reading to MTT at 50 hours when the experiment was terminated.
Overall, the MTT readout correlates very well with RT-CES measurement of cell impedance. In addition to MTT, crystal
violet staining of the target cells was also conducted in parallel which confirmed the MTT results (data not shown). The
relative cytolytic activity of NK-92 cells towards A549 target cells as measured by both RT-CES system and MTT at
different E/T ratios is shown in Figure 12C. According to Figure 12C the RT-CES system is more sensitive than MTT in
detecting cytolysis, especially at lower E/T ratios.
[0238] In addition to NK-92 cells, the cytotoxic activity of a mouse NK cell line (mNK) was also assessed using the
RT-CES system (Figure 13A). NIH3T3 mouse fibroblast cell lines were seeded in E-plates and allowed to grow overnight.
Twenty four hours after seeding, NK cells were added to the wells at different E/T ratio and the viability of NIH3T3 cells
were continually monitored (Figure 13A). As a control, YAC cells or media alone was added to NIH3T3 cell growing in
the wells of the E-plate. The mNK cells induced a progressive decrease in cell index where as addition of YAC cells or
media alone had very little effect on the Cell Index recording of NIH3T3 cells (Figure 13A). To ascertain that the progressive
decrease in cell index correlates with cytolysis, the cells in the bottom of the E-plate were washed, fixed, stained with
Giemsa dye and photographed using a CCD camera attached to a microscope (data not shown). Addition of YAC cells
to NIH3T3 cells growing on the bottom of the E-plates, had no detectable effect on the target cells, whereas addition of
mNK cells leads to large gaps and areas on the sensors in the bottom of the well that are devoid of target cells, indicating
that cytolysis has taken place. In summary, The RT-CES system allows for a non-invasive, label-free and dynamic way
of monitoring effector-mediated cytotoxicity activity towards adherent target cells. Dynamic Monitoring of NK-mediated
cytolysis of different target cells using the RT-CES system. Cytolytic activities of mNK and NK92 were tested using 9
cell lines, which include 8 different human cancer cell lines and the NIH 3T3 cell line. The susceptibility of different target
cells lines to mNK or NK92-mediated cytolysis is summarized in Table 4, and 5 in Example 4. NK92 shows a broad
spectrum of cytolytic activity on cancer cell lines. The cytolysis mediated by NK92 occurs fast and reaches the maximum
killing activity prior to 8 hours after addition of NK92 cells. Among 7 cancer target lines, over 90% cytolysis of 4 target
lines was achieved, including H460, HepG2, MCF7 and MDA-MB231. In contrast, mNK cell-mediated cytolysis (Table
4) appears to be more selective than NK92 (Table 5). Among 9 target cell lines, 4 target cell lines showed cytolysis of
over 30% after 12 hours of incubation with mNK cells, including NIH 3T3, A549, HeLa, and MDA-MB231, while no
cytolysis (0%) or weak cytolysis (10%) was found in 5 target lines, including OVCR4, HT1080, HepG2, H460 and MCF7.
In addition, the cytolysis mediated by mNK was much slower than NK92, reaching the maximum after 12 hours of addition
of mNK cells.
[0239] Inhibition of NK-mediated cytolysis of target cells by agents which block the signaling pathways leading to
cytotoxicity. The interaction of NK receptors at the cell membrane by target cells leads to the activation of signal trans-
duction machinery which results in cytolysis of target cells(Vivier et al., 2004). One of the key signaling cascades which
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regulate the fusion of perforin and granzyme containing secretory granules at the NK/target cell synaptic junction is the
phosphatidyl-inositol-3-kinase (PI3K), Rac and mitogen activated protein kinase 1 (Erk) pathway(Djeu et al., 2002; Vivier
et al., 2004). In order to determine the specificity of the signaling pathways in regulating NK-mediated cytotoxicity, we
therefore sought to utilize specific inhibitors of the PI3K and Erk pathways. NK-92 cells were incubated with both the
PI3K inhibitor Wortmannin and the Erk pathway inhibitor PD98059 or DMSO as a control and then added to A549 target
cells. As shown in Figure 14, both Wortmannin and PD98059 dose-dependently inhibited NK-92-mediated cytolysis of
A549 cells as monitored by the RT-CES system. As an additional control, A549 target cells were also incubated with
both Wortmannin and PD 98059 alone which had minimal effect on the baseline. We calculated percent inhibition of
cytolysis for both inhibitors at different time points after NK addition. While the Erk pathway inhibitor resulted in consistent
inhibition of cytolysis at all the indicated time points (Figure 14B), the PI3K inhibitor-mediated inhibition of cytolysis clearly
depends on the time point at which the analysis is performed (Figure 14D). In summary, the experiments shown here
clearly establish that the RT-CES system can be used to monitor NK-mediated cytotoxic activity against a variety of
different cell lines. Furthermore, interfering with the NK-mediated cytotoxicity response by using inhibitors of the signaling
cascade regulating granule fusion significantly attenuates the cytotoxicity response as measured by the RT-CES system.
The data also shows that the extent of inhibition can primarily depend on the length of NK incubation with target cells
and provides a good rationale for dynamic monitoring of effector-mediated cytotoxicity.
[0240] Discussion. NK cells play a central role in innate immune response as well as an intermediary role in bridging
the gap between innate immunity and adaptive immunity(Lanier, 2005). NK cells have specialized organelles or granules
which house cytolytic enzymes and proteins that are responsible for its cytolytic activity upon encountering pathogen
infected cells or tumors (Smyth et al., 2002; Smyth et al., 2005). Recently a number of receptors have been identified
on the surface of NK-cells which regulate NK-mediated cytotoxicity in a positive or negative manner depending on the
identity of the target cell(Lanier, 2005).
[0241] In this report we have described a novel label-free and real-time assay for monitoring NK-mediated cytotoxicity
towards different adherent target cells. The assay is based on monitoring the viability of target cells growing on electronic
cell sensor arrays fabricated in the bottom well of microtiter plates (E-plates) The interaction of the cells with sensors
generates an impedance response which is indicative of the general health of the cell. We have used both human and
mouse NK-cells to demonstrate that NK-mediated cytotoxicity activity can be monitored using the RT-CES system,
composed of a monitoring system as well as E-plates which contains the microelectrodes for detection of target cells(Abas-
si et al., 2004; Solly et al., 2004; Xing et al., 2005). NK-mediated cytotoxicity as monitored on the RT-CES system
correlates with standard assays such as MTT and crystal violet staining of target cells to assess effector-mediated
cytotoxicity (Figure 12). Both of these assays have been used to monitor effector-mediated cytolysis of target cells(Wahl-
berg et al., 2001; Peng et al., 2004). The release of granules containing the lytic proteins and proteases is regulated by
receptor-mediated signal transduction cascade. Specifically, it has been shown that the PI3K and ERK pathways play
a major role in granule exocytosis and cytotoxicity in addition to cytokine secretion(Djeu et al., 2002; Vivier et al., 2004).
Using the RT-CES system and confirming earlier data we were able to demonstrate that interfering with the PI3K and
Erk pathways by means of small molecular inhibitors blocks NK-mediated cytolysis of target cells (Figure 14). The extent
of the inhibition of cytolysis with different pathway blockers depends on the duration of incubation of NK cells with target
cells (Figure 14B and 14D). Utilizing standard single point assays such as chromium release assay (CRA), it would’ve
been easy to miss the time-dependent effect of the inhibitors upon cytolysis.
[0242] The standard assays monitoring NK-mediated cytotoxicity are label-based and end-point assays requiring
significant investment in terms of labor and time. The standard assays can be subdivided into 6 different categories
which include radioactive labeling method, enzymatic methods, fluorometric and spectrophotometric methods, ELISA-
based methods and morphometric methods. CRA remains the most popular and widely used methods in most research
settings for assessing NK and cytotoxic T lymphocyte (CTL) cytotoxicity activity towards target cells(Brunner et al., 1968).
However, despite its popularity the CRA does pose certain problems the most formidable of which is the fact that it is a
radioactive material with environmental and health hazards. Secondly, the CRA assay is only limited to a four hour
window beyond which the natural tendency of chromium 51 to diffuse out of the cell significantly increases the background
noise in the assay. Several enzymatic methods based on measuring the activity of enzymes such as lactate dehydro-
genase (LDH) and Granzyme B has been described(Korzeniewski and Callewaert, 1983; Shafer-Weaver et al., 2003).
LDH is a common enzyme that is released from target cells upon cytolysis and its activity is quantified in a coupled
enzymatic assay which results in the conversion of tetrazolium salt into a red formazan product(Korzeniewski and
Callewaert, 1983). There are several major drawbacks to using the LDH assay for NK-mediated cytotoxicity studies.
Primarily, serum in the media which is used to culture both the target and effector cells contains significant amounts of
LDH which can contribute to the background. Also, the amount of LDH released from target cells target cells upon
cytolysis can vary dramatically from cell type to cell type and therefore optimization studies need to be performed for
each target cell used. In addition, LDH can be released from effector cells upon cytolysis and in combination with LDH
activity in the media can greatly obscure the amount of LDH that is released from target cells upon cytolysis. A Granzyme
activity assay in combination with a colorimetric peptide substrate has also been described as a specific measure of
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effector-mediated cytolysis of target cells (Ewen et al., 2003).
[0243] Flow cytometry is another way of assessing effector-mediated cytolysis of target cells(Zimmermann et al., 2005;
Hatam et al., 1994). Typically, effector cells are incubated with the target cells and the target cells are labeled with
fluorescent-labeled annexin V which recognizes cells that are undergoing cell death. The cells can also be labeled with
propidium iodide to discriminate between cells undergoing early apoptotic or necrotic cell death. Alternatively, the effector
cells may also be labeled with an antibody specific for membrane marker to discriminate between target cells and effector
cells. Taken together, flow cytometry may be a more quantitative and specific way of assessing effector-mediated
cytolysis of target cells. However, as described it entails numerous labeling and optimization procedures and combined
with relatively limited throughput it may not warrant wide applicability. An ELISA method based on the detection and
quantification of Granzyme B has been described in the literature as an alternative to CRA for measuring cytotoxic
activity of effector cells(Shafer-Weaver et al., 2003; Shafer-Weaver et al., 2004). In summary, all the standard assays
described here for assessing effector-mediated cytolysis of target cells involves extensive labeling of target cells. The
assays are typically endpoint assays which only provide a "snapshot" of the effector-mediated cytotoxicity process.
[0244] Unlike traditional end-point assays the RT-CES readout of impedance is non-invasive and continuous providing
a dynamic measure of effector-mediated cytolysis of target cells. The time resolution in the assay processes provides
high content information regarding the extent of the cytotoxicity in addition to the exact time the cytotoxicity takes place
at different effector to target ratio. In addition to effector-mediated cytotoxicity, cell sensor impedance technology can
also be used to measure cytotoxicity due to other agents such as anti-mitotic and anti-cancer compounds(Solly et al.,
2004; Xing et al., 2005). In fact Solly et al (2004) have compared data generated for cell proliferation, cytotoxicity,
cytoprotection, cell growth inhibition and apoptosis on the RT-CES system and classical methods such as CellTiter-Glo.
They have concluded that the data generated by the RT-CES system is comparable to traditional methods with the
added advantage of being non-invasive and providing kinetic parameters (Solly et al., 2004).
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Claims

1. A method of measuring cytolytic activity comprising:

a) providing a device capable of monitoring cell-substrate impedance operably connected to an impedance
analyzer, wherein said device comprises two or more wells for receiving cells;
b) adding target cells to at least two wells, wherein at least one well is a control well and at least one well is a
test well;
c) adding effector cells to said test well;
d) monitoring impedance of said control and said test wells before and after adding said effector cells and
optionally determining a cell index from said impedance, wherein said monitoring said impedance comprises
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measuring said impedance during at least two time points; and
e) quantifying a number of target cells in both said test well and control well before and after adding said effector
cells; and
f) determining viability of said target cells in said test well at a given time point after said adding effector cells
by comparing number of target cells between said test well and said control well at said given time point.

2. The method according to claim 1, wherein said device comprises:

a) a nonconducting substrate;
b) two or more electrode arrays fabricated on said substrate, wherein each of said two or more electrode arrays
comprises two electrode structures;
c) said two or more wells on said substrate, wherein each of said two or more arrays is associated with one of
said two or more wells ; and
d) at least two connection pads, each of which is located on an edge of said substrate;
wherein for each of said two or more electrode arrays, each of said two electrode structures comprises multiple
electrode elements and
the first of said two electrode structures of each of said at
least two electrode arrays is connected to one of said at least two connection pads, and the second of said two
electrode structures of each of said at least two electrode arrays is connected to another of said at least two
connection pads;
further wherein at least two of said two or more electrode arrays share one common connection pad;
further wherein each electrode array has an approximately uniform electrode resistance distribution across the
entire array; and
further wherein said substrate has a surface suitable for cell attachment or
growth; wherein said cell attachment or growth on said substrate can result in a detectable change in impedance
between or among said electrode structures within each electrode array.

3. The method according to claim 1, wherein said target cells are selected from the group consisting of cancer cells,
cells isolated from cancerous tissue, primary cells, endothelial cells and cells from a cell line derived from a living
organism.

4. The method according to claim 1, wherein said effector cells are selected from the group consisting of Natural Killer
(NK) cells, Cytotoxic T-Lymphocytes (CTLs), neutrophils, easonophils, macrophages, Natural Killer T (NKT) cells,
B-cells,T-cells, and a cell type comprising cytolytic activity.

5. The method according to claim 1, wherein said effector cells are added at a predetermined ratio to said target cells.

6. The method according to claim 5, wherein said effector cells are added at a series of predetermined ratio to target cells.

7. The method according to claim 1, wherein said impedance is monitored at least at one time point before adding
effector cells and at least at two time points after adding effector cells.

8. The method according to claim 1, wherein said cell index is determined by calculating, for each measurement
frequency, the relative-change in resistance of a well when target cells are present in the well with respect to that
of the well when no cell is present, and then finding the maximum relative-change in resistance for all frequencies
measured.

9. The method according to claim 1, wherein said cell index is a normalized cell index and normalization is at a time
point immediately preceding said adding effector cells.

10. The method according to claim 1, wherein said viability decreases if said impedance or cell index decreases after
said adding effector cells.

11. The method according to claim 1, wherein percent cytolysis at a given time point after adding effector cells is
calculated by the formula of (1-cell index of test well/cell index of control well).

12. The method according to claim 11, wherein said cell index is a normalized cell index and and normalization is at a
time point immediately preceding said adding effector cells.
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13. The method according to claim 1, further comprising adding a compound or a factor suspected of stimulating said
effector cells.

14. The method according to claim 13, where the compound is selected from a compound library.

15. The method according to claim 13, wherein said factor is selected from the groupe consisting of a monoclonal
antibody, a polyclonal antibody, a peptide, a protein, a lipid, and a biomolecule.

16. The method according to claim 13, wherein said factor is selected from the group consisting of IgG, IgM, IgE and IgA.

17. The method according to claim 1, further comprising determining the quantity of said target cells based on a pre-
derived formula that correlates cell number with said cell index at a time point prior to or after said adding effector cells.

18. The method according to claim 1, further comprising adding accessory cells or accessory compounds.

19. The method according to claim 1, further comprising adding (i) to said test well, an antibody that is specific to said
target cells, (ii) to said control well, a non-specific antibody, and (iii) to both said test and control wells, effector cells
wherein the method is used for antibody-dependent cellular toxicity (ADCC) measurement, monitoring or screening.

20. The method according to claim 19, wherein said target cells are tumor cells expressing a specific antigen or marker.

21. The method according to claim 19, wherein impedance is monitored prior to adding said antibodies, after adding
said antibodies and before adding effector cells, and after adding said effector cells.

22. The method according to claim 1, wherein the method is used for assaying complement-mediated cellular cytotoxicity
in the presence of neutrophils.

Patentansprüche

1. Verfahren zum Messen der zytolytischen Aktivität, umfassend:

a) Bereitstellen einer zur Überwachung der Zell-Substrat-Impedanz geeigneten Vorrichtung, die mit einem
Impedanzanalysator wirkverbunden ist, wobei die Vorrichtung zwei oder mehr Vertiefungen zum Aufnehmen
von Zellen aufweist;
b) Zugeben von Targetzellen zu mindestens zwei Vertiefungen, wobei mindestens eine Vertiefung eine Kontroll-
Vertiefung ist und mindestens eine Vertiefung eine Test-Vertiefung ist;
c) Zugeben von Effektorzellen zu der Test-Vertiefung;
d) Überwachen der Impedanz der Kontroll- und Test-Vertiefung vor und nach dem Zugeben der Effektorzellen
und optional Bestimmen eines Zellindex aus der Impedanz, wobei das Überwachen der Impedanz ein Messen
der Impedanz zu mindestens zwei Zeitpunkten umfasst; und
e) Bestimmen der Zahl der Targetzellen in sowohl der Test-Vertiefung als auch der Kontroll-Vertiefung vor und
nach dem Zugeben der Effektorzellen; und
f) Bestimmen der Viabilität der Targetzellen in der Test-Vertiefung zu einem vorgegebenen Zeitpunkt nach dem
Zugeben der Effektorzellen durch Vergleichen, zwischen der Test-Vertiefung und der Kontroll-Vertiefung, der
Zahl der Targetzellen zu dem vorgegebenen Zeitpunkt.

2. Verfahren nach Anspruch 1, wobei die Vorrichtung Folgendes umfasst:

a) ein nichtleitendes Substrat;
b) zwei oder mehr auf dem Substrat hergestellte Elektrodenanordnungen, wobei jede der zwei oder mehr
Elektrodenanordnungen zwei Elektrodenstrukturen umfasst;
c) die zwei oder mehr Vertiefungen in dem Substrat, wobei jede der zwei oder mehr Anordnungen einer der
zwei oder mehr Vertiefungen zugeordnet ist; und
d) mindestens zwei Anschlussflächen, wovon sich jede an einer Kante des Substrats befindet;
wobei bei jeder der zwei oder mehr Elektrodenanordnungen jede der zwei Elektrodenstrukturen mehrere Elek-
trodenelemente umfasst und
die erste der zwei Elektrodenstrukturen jeder der mindestens zwei Elektrodenanordnungen mit einer der min-
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destens zwei Anschlussflächen verbunden ist und die zweite der zwei Elektrodenstrukturen jeder der mindestens
zwei Elektrodenanordnungen mit einer anderen der mindestens zwei Anschlussflächen verbunden ist;
wobei ferner mindestens zwei der zwei oder mehr Elektrodenanordnungen sich eine gemeinsame Anschluss-
fläche teilen;
wobei ferner jede Elektrodenanordnung eine in etwa gleichmäßige Verteilung des Elektrodenwiderstandes über
der gesamten Anordnung aufweist; und
wobei ferner das Substrat eine Oberfläche aufweist, die sich für eine Zellanheftung oder ein Zellwachstum
eignet; wobei die Zellanheftung oder das Zellwachstum an dem Substrat eine nachweisbare Änderung der
Impedanz zwischen oder unter den Elektrodenstrukturen innerhalb jeder Elektrodenanordnung zur Folge haben
kann.

3. Verfahren nach Anspruch 1, wobei die Targetzellen ausgewählt sind aus der Gruppe bestehend aus Krebszellen,
Zellen, die aus kanzerösem Gewebe isoliert wurden, Primärzellen, Endothelzellen und Zellen von einer Zellline, die
von einem Lebewesen abstammt.

4. Verfahren nach Anspruch 1, wobei die Effektorzellen ausgewählt sind aus der Gruppe bestehend aus natürlichen
Killerzellen (NK-Zellen), zytotoxischen T-Lymphozyten (CTLs), Neutrophilen, Eosinophilen, Makrophagen, natürli-
chen Killer-T-Zellen (NKT-Zellen), B-Zellen, T-Zellen und einem zytolytische Aktivität aufweisenden Zelltyp.

5. Verfahren nach Anspruch 1, wobei die Effektorzellen in einem vorher festgelegten Verhältnis zu den Targetzellen
gegeben werden.

6. Verfahren nach Anspruch 5, wobei die Effektorzellen in einer Reihe von vorher festgelegten Verhältnis zu den
Targetzellen gegeben werden.

7. Verfahren nach Anspruch 1, wobei die Impedanz zu mindestens einem Zeitpunkt vor dem Zugeben der Effektorzellen
und zu mindestens zwei Zeitpunkten nach dem Zugeben der Effektorzellen überwacht wird.

8. Verfahren nach Anspruch 1, wobei der Zellindex bestimmt wird durch Berechnen, für jede Messfrequenz, der relativen
Änderung des Widerstandes einer Vertiefung, wenn Targetzellen in der Vertiefung vorhanden sind, in Bezug auf
jenen der Vertiefung, wenn keine Zelle vorhanden ist, und dann Ermitteln der maximalen relativen Änderung des
Widerstandes für alle gemessenen Frequenzen.

9. Verfahren nach Anspruch 1, wobei der Zellindex ein normalisierter Zellindex ist und die Normalisierung zu einem
Zeitpunkt erfolgt, der dem Zugeben der Effektorzellen unmittelbar vorausgeht.

10. Verfahren nach Anspruch 1, wobei die Viabilität abnimmt, wenn nach dem Zugeben der Effektorzellen die Impedanz
oder der Zellindex abnimmt.

11. Verfahren nach Anspruch 1, wobei eine prozentuale Zytolyse zu einem vorgegebenen Zeitpunkt nach dem Zugeben
der Effektorzellen nach der Formel (1 - Zellindex der Test-Vertiefung / Zellindex der Kontroll-Vertiefung) berechnet
wird.

12. Verfahren nach Anspruch 11, wobei der Zellindex ein normalisierter Zellindex ist und die Normalisierung zu einem
Zeitpunkt erfolgt, der dem Zugeben der Effektorzellen unmittelbar vorausgeht.

13. Verfahren nach Anspruch 1, ferner umfassend: Zugeben einer Verbindung oder eines Faktors, die/der in Verdacht
steht, die Effektorzellen zu stimulieren.

14. Verfahren nach Anspruch 13, wobei die Verbindung aus einer Substanzbibliothek ausgewählt ist.

15. Verfahren nach Anspruch 13, wobei der Faktor ausgewählt ist aus der Gruppe bestehend aus einem monoklonalen
Antikörper, einem polyklonalen Antikörper, einem Peptid, einem Protein, einem Lipid und einem Biomolekül.

16. Verfahren nach Anspruch 13, wobei der Faktor ausgewählt ist aus der Gruppe bestehend aus IgG, IgM, IgE und IgA.

17. Verfahren nach Anspruch 1, ferner umfassend: Bestimmen der Menge der Targetzellen basierend auf einer zuvor
abgeleiteten Formel, welche die Zellzahl mit dem Zellindex zu einem Zeitpunkt vor oder nach dem Zugeben der
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Effektorzellen korreliert.

18. Verfahren nach Anspruch 1, ferner umfassend: Zugeben von akzessorischen Zellen oder akzessorischen Verbin-
dungen.

19. Verfahren nach Anspruch 1, ferner umfassend: Zugeben, (i) zu der Test-Vertiefung, eines Antikörpers, der für die
Targetzellen spezifisch ist, (ii) zu der Kontroll-Vertiefung, eines unspezifischen Antikörpers, und (iii) zu sowohl der
Test-Vertiefung als auch der Kontroll-Vertiefung, von Effektorzellen, wobei das Verfahren zur Messung bzw. Über-
wachung der antikörperabhängigen zellvermittelten Zytotoxizität (ADCC) oder zum Screening auf ADCC verwendet
wird.

20. Verfahren nach Anspruch 19, wobei die Targetzellen Tumorzellen sind, die ein spezifisches Antigen oder einen
spezifischen Marker exprimieren.

21. Verfahren nach Anspruch 19, wobei die Impedanz überwacht wird, bevor die Antikörper zugegeben werden, nach-
dem die Antikörper zugegeben wurden und bevor Effektorzellen zugegeben werden und nachdem die Effektorzellen
zugegeben wurden.

22. Verfahren nach Anspruch 1, wobei das Verfahren zum Untersuchen auf komplementvermittelte zelluläre Zytotoxizität
in Gegenwart von Neutrophilen verwendet wird.

Revendications

1. Procédé de mesure d’une activité cytolytique comprenant :

a) la fourniture d’un dispositif capable de suivre l’impédance cellule-substrat connecté de manière opérationnelle
à un analyseur d’impédance, où ledit dispositif comprend deux ou plusieurs puits pour recevoir les cellules ;
b) l’ajout des cellules cibles à au moins deux puits, où au moins un puits est un puits de contrôle et au moins
un puits est un puits de test ;
c) l’ajout de cellules effectrices audit puits de test ;
d) le suivi de l’impédance desdits puits de contrôle et de test avant et après l’ajout desdites cellules effectrices
et éventuellement la détermination d’un index cellulaire de ladite impédance, où ledit suivi de ladite impédance
comprend la mesure de ladite impédance pendant au moins deux points dans le temps ; et
e) la quantification d’un nombre de cellules cibles à la fois dans ledit puits de test et ledit puits de contrôle avant
et après l’ajout desdites cellules effectrices ; et
f) la détermination de la viabilité desdites cellules cibles dans ledit puits de test à un instant donné après l’ajout
desdites cellules effectrices en comparant le nombre de cellules cibles entre ledit puits de test et ledit puits de
contrôle audit instant donné.

2. Procédé selon la revendication 1, où ledit dispositif comprend

a) un substrat non-conducteur ;
b) deux ou plusieurs réseaux d’électrodes fabriqués sur ledit substrat, où chacun desdits deux ou plusieurs
réseaux d’électrodes comprend deux structures d’électrodes ;
c) lesdits deux ou plusieurs puits sur ledit substrat, où chacun desdits deux ou plusieurs réseaux est associé
avec un desdits deux ou plusieurs puits ; et
d) au moins deux plots de connexion, dont chacun est situé sur un bord dudit substrat ;
où pour chacun desdits deux ou plusieurs réseaux d’électrodes, chacune desdites deux structures d’électrodes
comprend plusieurs éléments d’électrodes et la première desdites deux structures d’électrodes de chacun
desdits au moins deux réseaux d’électrodes est connectée à l’un desdits au moins deux plots de connexion,
et la seconde desdites deux structures d’électrodes de chacun desdits au moins deux réseaux d’électrodes est
connectée à un autre desdits au moins deux plots de connexion ;
en outre où au moins deux desdits deux ou plusieurs réseaux d’électrodes partage un plot de connexion
commun ;
en outre où chaque réseau d’électrodes a une distribution de résistance d’électrode a peu près uniforme sur
l’ensemble du réseau ; et en outre où ledit substrat a une surface appropriée pour l’attachement ou la croissance
cellulaire ; où ledit attachement ou croissance cellulaire sur ledit substrat peut se traduire par un changement



EP 1 773 980 B1

48

5

10

15

20

25

30

35

40

45

50

55

détectable dans l’impédance entre ou parmi lesdites structures d’électrodes à l’intérieur de chaque réseau
d’électrodes.

3. Procédé selon la revendication 1, où lesdites cellules cibles sont choisies dans le groupe constitué de cellules
cancéreuses, cellules isolées de tissu cancéreux, cellules primaires, cellules endothéliales et cellules de lignée
cellulaire dérivée d’un organisme vivant.

4. Procédé selon la revendication 1, où lesdites cellules effectrices sont choisies dans le groupe constitué de cellules
tueuses naturelles (NK), lymphocytes T cytotoxiques (CTLs), neutrophiles, éosinophiles, macrophages, cellules T
tueuses naturelles (NKT), cellules B, cellules T, et un type cellulaire comprenant une activité cytolytique.

5. Procédé selon la revendication 1, où lesdites cellules effectrices sont ajoutées à un rapport prédéterminé auxdites
cellules cibles.

6. Procédé selon la revendication 5, où lesdites cellules effectrices sont ajoutées à une série de rapports prédéterminés
aux cellules cibles.

7. Procédé selon la revendication 1, où ladite impédance est suivie au moins à un point dans le temps avant l’ajout
des cellules effectrices et au moins à deux points dans le temps après l’ajout des cellules effectrices.

8. Procédé selon la revendication 1, où ledit index cellulaire est déterminé en calculant, pour chaque fréquence de
mesure, la variation relative de résistance d’un puits lorsque les cellules cibles sont présentes dans le puits par
rapport à celle du puits où aucune cellule n’est présente, et puis la constatation de la variation relative maximale
de résistance pour toutes les fréquences mesurées.

9. Procédé selon la revendication 1, où ledit index cellulaire est un index cellulaire normalisé et la normalisation est à
un point dans le temps précédant immédiatement ledit ajout desdites cellules effectrices.

10. Procédé selon la revendication 1, où ladite viabilité décroit si ladite impédance ou l’index cellulaire décroit après
l’ajout desdites cellules effectrices.

11. Procédé selon la revendication 1, où le pourcentage de cytolyse à un instant donné après l’ajout des cellules
effectrices est calculé par la formule de (1 - index cellulaire du puits test / index cellulaire du puits contrôle).

12. Procédé selon la revendication 11, où ledit index cellulaire est un index cellulaire normalisé et la normalisation est
à un point dans le temps précédant immédiatement ledit ajout de cellules effectrices.

13. Procédé selon la revendication 1, comprenant en outre l’ajout d’un composé ou d’un facteur suspecté de stimuler
les cellules effectrices.

14. Procédé selon la revendication 13, où le composé est choisi dans une librairie de composés.

15. Procédé selon la revendication 13, où ledit facteur est choisi dans le groupe constitué d’un anticorps monoclonal,
d’un anticorps polyclonal, d’un peptide, d’une protéine, d’un lipide, et d’une biomolécule.

16. Procédé selon la revendication 13, où ledit facteur est choisi dans le groupe constitué d’IgG, d’IgM, d’IgE et d’IgA.

17. Procédé selon la revendication 1, comprenant en outre la détermination de la quantité desdites cellules cibles sur
la base d’une formule pré-dérivée qui corrèle le nombre de cellules avec ledit index cellulaire à un point dans le
temps avant ou après ledit ajout de cellules effectrices.

18. Procédé selon la revendication 1, comprenant en outre l’ajout de cellules accessoires ou de composés accessoires.

19. Procédé selon la revendication 1, comprenant en outre l’ajout (i) audit puits de test, d’un anticorps qui est spécifique
desdites cellules cibles, (ii) audit puits de contrôle, d’un anticorps non spécifique, et (iii) à la fois auxdits puits de
test et de contrôle, de cellules effectrices, où le procédé est utilisé pour la mesure de toxicité cellulaire dépendant
de l’anticorps (ADCC), le contrôle ou le criblage.
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20. Procédé selon la revendication 19, où lesdites cellules cibles sons des cellules tumorales exprimant un antigène
ou marqueur spécifique.

21. Procédé selon la revendication 19, où l’impédance est suivie avant l’ajout desdits anticorps, après l’ajout desdits
anticorps et avant l’ajout de cellules effectrices, et après l’ajout desdites cellules effectrices.

22. Procédé selon la revendication 1, où le procédé est utilisé pour analyser la cytotoxicité cellulaire médiée par le
complément en présence de neutrophiles.
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