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LABEL-FREE ELECTRICAL MONITORING OF CELL AGGREGATES

The present application claims priority from the Singapore patent application no.

10202008339U, the contents of which are incorporated herein in entirety by reference.
TECHNICAL FIELD

[0001] The present disclosure relates to electrical-based monitoring of cell aggregates, and

more particularly to impedance monitoring of 3D cell aggregates.
BACKGROUND

[0002] Conventional methods of studying cell cultures in the laboratory may not translate
easily into scaled-up biomanufacturing or in bioreactors for industrial processes. For
example, in optical fluorescence microscopy, a cell aggregate is dissociated into single cells,
stained with fluorescent dyes, and studied under the microscope. Such methods are invasive
and destructive (to both the individual cells and the integrity of the cell aggregate) and
difficult to efficiently implement in large scale bioprocesses. Conventional methods seek to
probe changes in the properties of the culture medium. For example, samples of the culture
medium may be measured for changes in temperature, dissolved oxygen, and pH

(acidity/alkalinity).
SUMMARY

[0003] In one aspect, the present disclosure provides a method of monitoring one or more
cell aggregates, the method comprising: providing a flow path of the one or more cell
aggregates are in a medium, the flow path being configured to pass through a collective
sensing zone of a set of electrodes; obtaining impedance-related signals from the collective
sensing zone, the impedance-related signals corresponding to each of the medium and one
of the one or more cell aggregates in the medium; and determining one or more electrical
signatures for the cell aggregate, the one or more electrical signatures being based on
impedance-related signals obtained from the set of electrodes. Optionally, the one or more
electrical signatures are determined at single-particle resolution. Optionally, the flow path
is configured such that the one or more cell aggregates are in a continuous flow mode in the

collective sensing zone concurrently with the obtaining of the impedance-related signals.
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[0004] The method as described above, wherein the impedance-related signals are obtained

when the one or more cell aggregates are in motion relative to the set of electrodes.

[0005] The method as described above, further comprising: returning the one or more cell
aggregates to a reservoir after the one or more cell aggregates have passed through the

collective sensing zone.

[0006] The method as described above, wherein the one or more electrical signatures is one
or more of an opacity of the one or more cell aggregates and an electrical size of the one or

more cell aggregates.

[0007] The method according to any described above, wherein the opacity is a ratio between
a first impedance and a second impedance, and wherein the first impedance is obtained at a
higher frequency than the second impedance. The first impedance and the second impedance
may be obtained at a beta dispersion range of frequencies. The second frequency may be
selected from a range of frequencies corresponding to impedance-related signals of the
medium such that the second frequency corresponds to a minimum electrical double layer

(EDL) effect.

[0008] The method according to any described above, wherein the electrical size is

determined based on the second impedance.

[0009] The method according to any described above, wherein the one or more electrical

signatures are EIS-based (electrical impedance spectroscopy-based) electrical signature.

[0010] The method according to any described above, wherein the one or more EIS-based
electrical signatures are obtained from differential values between impedance-related
signals measured at a first electrode and a second electrode, wherein the first electrode and

the second electrode are selected from the set of electrodes.

[0011] The method according any described above, wherein the cell aggregate is in one of
a first sensing zone and a second sensing zone, the first sensing zone being provided by the
first electrode and a source electrode, the second sensing zone being provided by the second
electrode and the source electrode, and wherein the first sensing zone and the second sensing

zone form the collective sensing zone.
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[0012] The method according to any described above, further comprising: determining a
state or a change in the state of the one or more cell aggregates based on the one or more
electrical signatures, wherein the state includes a physiological and/or morphological state

of the one or more cell aggregates.

[0013] The method according to any described above, further comprising: determining a
change in an optical size of the one or more cell aggregates based on the one or more

electrical signatures.

[0014] The method according to any described above, further comprising: determining a
change in a cell count of the one or more cell aggregates based on the one or more electrical

signatures.

[0015] The method according to any described above, further comprising: determining a
cell aggregate growth of the one or more cell aggregates based on the one or more electrical

signatures.

[0016] The method according to any described above, further comprising: determining a
change in cell viability of the one or more cell aggregates based on the one or more electrical

signatures.

[0017] The method according to any described above, further comprising: determining a
change in health of the one or more cell aggregates based on the one or more electrical

signatures.

[0018] The method according to any described above, further comprising: determining a
cytotoxicity response of the one or more cell aggregates based on the one or more electrical

signatures.

[0019] The method according to any described above, further comprising: determining a
drug efficacy with respect to the one or more cell aggregates based on the one or more

electrical signatures.

[0020] The method according to any described above, the method comprising: determining

if the cell aggregate has increased in its optical size based on whether there is an increase in
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the electrical size and whether there is concurrently a relatively small change or no change

in the opacity.

[0021] The method according to any described above, the method comprising: determining
if cell proliferation has occurred in the cell aggregate based on whether there is a decrease

in the opacity and whether there is concurrently an increase in the electrical size.

[0022] The method according to any described above, the method comprising: determining
a decrease in cell viability based on whether there is an increase in the opacity and whether
concurrently there is a decrease or no change in the electrical size, wherein the cell viability
corresponds to one or more of the following: a decrease in a proportion of living cells, an

increase in a proportion of dead cells, and a deterioration in a health of the cell aggregate.

[0023] The method according to any described above, the method comprising: determining
drug susceptibility with respect to the cell aggregate based on whether there is a decrease in

electrical size concurrent with a relatively small decrease or no change in the opacity.

[0024] The method according to any described above, wherein the cell aggregate is a

spheroid, an encapsulated microcarrier, or a cell-adhered microcarrier.

[0025] In another aspect, the present disclosure provides a system, the system comprising:
at least one reservoir configured to culture one or more cell aggregates; at least one
monitoring device having a set of electrodes configured to define a collective sensing zone;
and a flow path defining a recirculating flow of the one or more cell aggregates between one
of the at least one reservoir and the collective sensing zone of a corresponding one of the at
least one monitoring device, wherein the at least one monitoring device is configured to

monitor the one or more cell aggregates according to any method described above.

[0026] In another aspect, the present disclosure provides a microfluidic chip comprising: a
channel; a source electrode excitable at a frequency; and a first electrode spaced apart from
the source electrode, the source electrode and the first electrode being disposed in the
channel and configured to provide at least part of a collective sensing zone, wherein the
channel is configured to enable one or more cell aggregates to move through the collective

sensing zone in turn to be monitored according to any method described above.
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[0027] The microfluidic as described above, further comprising: a second electrode
disposed in the channel and spaced apart from the source electrode, wherein in operation,
the first electrode and the second electrode are spaced apart along the channel to provide a
differential value based on impedance-related signals obtainable at the first electrode and

the second electrode.

[0028] In another aspect, the present disclosure provides a method making the microfluidic
chip according to any described above, the method comprising: detachably sealing one end
of each of a plurality of slots defined in an electrode layer with an aluminum foil under an
electrode layer; filling each slot with a flowable metal to form a set of electrodes in the
electrode layer; separating the aluminum foil from the electrode layer after solidification of
the flowable metal; and assembling the electrode layer with a channel layer to form a

channel such that the set of electrodes are disposed in the channel.

BRIEF DESCRIPTION OF DRAWINGS

[0029] Figs. 1A to 1C are schematic representations of different types of cell aggregates;
[0030] Fig. 2 is a plot of differential current against frequency;

[0031] Fig. 3 is a plot of impedance against frequency;

[0032] Figs. 4A to 4C illustrate a method of using EIS-based electrical signatures to
determine multiple parameters of cell aggregates according to embodiments of the present

disclosure;

[0033] Figs. 5 and 6 schematically illustrate examples of a monitoring system according to

the present disclosure;
[0034] Figs. 7A and 7B show one embodiment of a monitoring device;
[0035] Figs. 8A and 8B show EIS signals being obtained from a cell aggregate in motion;

[0036] Fig. 9 is a flow chart showing a method of fabricating a microfluidic monitoring

device;

[0037] Fig. 10A are images of cell aggregates (spheroids) with different cell-counts;
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[0038] Fig. 10B shows plots of impedance-related signals against frequency for spheroids

with different cell-counts;

[0039] Fig. 11 is a plot of optical size against electrical size;

[0040] Fig. 12 is a plot of opacity against electrical size;

[0041] Fig. 13 are images of a cell-encapsulated microcarrier over a period monitored,

[0042] Fig. 14 is a plot of opacity against electrical size over the period monitored for cell-

encapsulated microcarriers;

[0043] Figs. 15A and 15B are plots of EIS-based electrical signatures obtained over the

period monitored for cell-encapsulated microcarriers;

[0044] Figs. 16A and 16B are plots of the EIS-based electrical signatures obtained for cell-

adhered microcarriers;

[0045] Fig. 17A is a plot of optical sizes of cellular spheroids at different drug

concentrations;

[0046] Figs. 17B and 17C are plots of the EIS-based electrical signatures of cellular

spheroids obtained at different drug concentrations; and

[0047] Fig. 18 is a schematic flow chart illustrating a method according to embodiments of

the present disclosure.
DETAILED DESCRIPTION

[0048] Reference throughout this specification to “one embodiment”, “another
embodiment” or “an embodiment” (or the like) means that a particular feature, structure, or
characteristic described in connection with the embodiment is included in at least one
embodiment. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” or the like in various places throughout this specification are not necessarily
all referring to the same embodiment. Furthermore, the described features, structures, or
characteristics may be combined in any suitable manner in one or more embodiments. In

the following description, numerous specific details are provided to give a thorough
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understanding of embodiments. One skilled in the relevant art will recognize, that the
various embodiments be practiced without one or more of the specific details, or with other
methods, components, materials, etc. In other instances, some or all known structures,

materials, or operations may not be shown or described in detail to avoid obfuscation.

[0049] The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration.” Any embodiment described herein as “exemplary” is not necessarily to be
construed as preferred or advantageous over other embodiments. As used herein, the
singular ‘a’ and ‘an’ may be construed as including the plural “one or more” unless apparent

from the context to be otherwise.

[0050] Terms such as “first” and “second” are used in the description and claims only for
the sake of brevity and clarity, and do not necessarily imply a priority or order, unless
required by the context. The terms "about" and "approximately" as applied to a stated
numeric value encompasses the exact value and a reasonable variance as will be understood
by one of ordinary skill in the art, and the terms “generally” and “substantially” are to be

understood in a similar manner, unless otherwise specified.

[0051] In the present disclosure, the term “cell aggregate” refers generally to a group of
multiple cells adhered, clustered, anchored or otherwise congregated together. Cell
aggregates 80 may be of various different sizes, and some of them are more than 100 um in
size, as compared to a cell which may be about 10 um to 30 um in size (diameter). Some
cell aggregates are anchorage-dependent, with cells disposed on/in a microcarrier in a
monolayer or in 3D (multiple cell layers). Microcarriers come in various configurations and
may be shaped and sized according to the type and purpose of the cell culture, or according
to the type of tissue being mimicked. Some microcarriers are spherical and suspended in a
culture medium, such as hydrogel microcarriers , with cells (82) growing on a surface (84)
of the microcarriers (as schematically illustrated in Fig. 1A). Some cell aggregates (80) are
grown with microcarriers (90) are porous to enable cells (92) on a scaffold or in the pores
(94) of the scaffold (Fig, 1B). The term “cell aggregates” (80) as used in the present
disclosure may also refer to spheroids, i.e., self-organizing clusters of cells (96/98) that form
generally spheroid-shaped aggregates, in free suspension in a culture medium without the

aid of microcarriers (Fig. 1C). Some cells (98) positioned in an inner part of a spheroid may
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therefore have a slower diffusion of metabolites to the extracellular environment, compared
to other cells (96) that are positioned on the outer surface of the spheroid. Cell culture of
three-dimensional (3D) cell aggregates enable better understanding of intercellular and/or
extracellular (cell-matrix) interactions and complexities, compared to two-dimensional (2D)
monolayer cell culture techniques. 3D cell aggregates are comparatively better
representations of the in vivo environment, and hence better models for cytotoxicity or drug
efficacy assessments, studying tumor properties, etc. 3D cell aggregates are also
increasingly important in scaled-up bioprocesses or biomanufacturing, e.g., in protein
production, vaccine production, tissue engineering, production of materials for cell therapy,
and other biologics. However, owing to the more complex structure or architecture of cell
aggregates (as compared to a single cell or to a monolayer of single cells), methods used in
conventional single cell assays are generally not useful for testing cell aggregates, especially

in the context of scaled-up or industrial bioprocesses.

[0052] The nature or structure of the cell aggregate makes it difficult to determine some
types of information about the cell aggregate. Optical imaging of a cell aggregate can be
particularly challenging as light and fluorescent dyes may not reach cells in the inner parts
of the cell aggregates. It is also difficult to use optical inspection to accurately determine
whether cell proliferation has occurred, because some of the cells may be hidden from view,
e.g., hidden inside pores of a microcarrier or hidden under the outermost layer of cells. In
order to determine whether cell proliferation has occurred, conventional fluorescence flow
cytometry requires the cell aggregate to be dissociated into individual cells, so that the
number of individual cells can be counted. In this sense, it is destructive because once a
particular cell aggregate is used in testing, the resulting single cells become useless for the

original purpose of the bioprocess.

[0053] Conventional electrical impedance spectroscopy (EIS) allows impedance
measurement of 2D cell layers or 3D cell aggregates in static and low-throughput conditions.
While conventional EIS can provide label-free testing of cells, it is also generally considered
a relatively time-consuming technique. For example, in order to carry out conventional EIS,
cell aggregates are trapped in cavities or in hanging droplets (generally referred to as “static”
testing), and measurements can be taken. Understandably, static cell testing can examine

only one to 10 spheroids at a time, which is not efficient enough for scaled-up industrial
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bioprocesses.

[0054] Conventionally, EIS alone is deemed inadequate for assessing the pathology
associated with morphological changes of cell aggregates, for example, in the monitoring
of tumoroids, EIS tests are supplemented by other types of tests such as pH sensing of the
culture medium (extracellular environment). In some cases, conventional EIS is
supplemented with the measurement of glucose or carbon dioxide concentrations in the
culture medium to check if the cells in the culture are still viable. To monitor growth, the
cell metabolites in the culture medium are measured. Such methods are indirect testing
methods (measuring the cell culture rather than the cell aggregate) and hence not “real-
time”. Owing to limitations in the rate at which cell metabolites can diffuse into the culture
medium, there is an inevitable delay between a change in the cell aggregate and a detectable
change in the culture medium. It is also possible that the way metabolites diffuse into the
culture medium vary among cells located at different parts of the same cell aggregate, e.g.,
some cells may have less direct contact with the culture medium while some cells have more

surface area exposed to the culture medium.

[0055] The present disclosure proposes at least one electrical signature that can be used for
characterizing multiple properties of cell aggregates, in which the electrical signature is
based on readings or signals obtainable from electrical impedance spectroscopy (EIS) alone,
without the need for supplementary data from testing the extracellular environment. For the
sake of brevity, in the present disclosure, the term “EIS-based” refers to a value, parameter,
measurement, signal, range, trend, etc., that is determined based on readings or signals
obtainable from electrical impedance spectroscopy alone, without the need for
supplementary data from testing the extracellular environment through non-EIS physical
and/or chemical testing. In some embodiments, it is proposed to use two electrical signatures
to characterize multiple properties of cell aggregates, in which both of the electrical
signatures are EIS-based electrical signatures. In some embodiments, the electrical
signatures include opacity. In some embodiments, the electrical signatures include electrical
size. In some embodiments, the electrical signatures are used in combination to derive a
physiological and/or morphological state of one or more cell aggregates. In some
embodiments, the electrical signatures are used in combination to derive a change in the

physiological and/or morphological state of one or more cell aggregates. The direct testing
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of the cell aggregate without reliance on indirect testing of metabolites in the culture
medium enables the present method to provide “real-time” test data. In some embodiments,
the two electrical signatures are obtainable from dynamic EIS testing of cell aggregates. The
one or more electrical signatures are obtained from dynamic testing, i.e., testing conducted
with the subject being tested in motion. According to embodiments of the present disclosure,
one or more electrical signatures can be determined at single-particle resolution, or the
obtaining of impedance-related signals can be performed at single-particle resolution, even
though the one or more cell aggregates are concurrently in a continuous flow mode. In the
present disclosure, dynamic testing includes testing one or more cell aggregates while they
are being moved along a flow path, i.e., when the one or more cell aggregates are in a
continuous flow mode. Particles (i.e., particles under test, such as cell aggregates etc.) can
also be described as being in a continuous flow mode when the particles are being carried
by, suspended in, or generally being in a medium which is being pumped through the flow
path. The exact state of particles at the time of testing may vary from particle to particle,
from time to time, etc. In the present disclosure, reference to the particles being “in the
medium” is to be understood in general terms, without limiting the particles to a specific
state or being in motion at a specific velocity. The terms “medium” and “culture medium”
are also used interchangeably to refer to the blank medium, i.e., when the medium alone is
being tested/measured without influence from any cell aggregate. Dynamic testing can also
be described as testing that occurs (readings or measurements are taken) with the cell
aggregate in motion relative to a sensor (electrodes), or when the cell aggregate is in a
continuous flow mode. That is, test data is collected without intentionally immobilizing any
of the cell aggregates before or during testing. The flow path of the one or more cell
aggregates in the medium may be configured such that the one or more cell aggregates in
the medium are in a continuous flow mode in the collective sensing zone, concurrently with
the obtaining of the impedance-related signals. The term “concurrently” as used in the
present disclosure refers to two or more events at least overlapping in time, regardless of
whether the events start or end at the same time instant. Since the testing is wholly non-
invasive and non-destructive (to both the single cell and the cell aggregate), the cell
aggregates can be returned to the cell culture after being tested. The present method can be
described as providing dynamic testing at a single-particle resolution, i.e., test data is

obtained in connection with only one particle at any instant in time (single-particle
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resolution), while the particle or a plurality of the particles are in a continuous flow mode.
In the present disclosure, single-particle resolution may refer to a resolution at a single cell
aggregate level or at a single cell cluster level, depending on the context. The present method
thus reduces wastage of the cell aggregates, and advantageously enables the same cell
aggregates to be dynamically monitored over a long period of time, e.g., several days or

even months.

[0056] In the present disclosure, the term “opacity” is proposed as a first electrical signature
of a cell aggregate from which various properties of the cell aggregate can be determined.
That is to say, the first electrical signature provides multiparametric information such that
obtaining this one electrical signature alone can provide information on multiple parameters
of the cell aggregate. Opacity can be derived from impedance-related signals obtained with
respect to one or more cell aggregates, the one or more cell aggregates being in motion
relative to a set of electrodes. Opacity, as described in the present disclosure, is an EIS-
based electrical signature. Opacity may be determined as a ratio between a first impedance
and a second impedance, in which the first impedance is measured at a higher frequency

than the second impedance. Opacity may be represented by Equation (1) below:

Opacity = |Zyg| / |ZvFl Equation (1)

in which |Zgr| 1s the magnitude of an impedance obtained at a first frequency and |Zrg|is the
magnitude of an impedance obtained at a second frequency, the first frequency being higher
than the second frequency, and in which the first impedance and the second impedance are
obtained with respect to one or more cell aggregates moving relative to a set of electrodes.
In one example, one electrode is provided with a current at an excitation frequency, while
readings or values are taken from another electrodes. In the present disclosure, the readings
or values taken are referred to as impedance-related signals or impedance signals, for the
sake of brevity. For the sake of brevity, in the present disclosure, the terms “first impedance”
and “magnitude of the first impedance” will be used interchangeably, and likewise the terms
“second impedance” and “magnitude of the second impedance” will be wused
interchangeably. Opacity may be expressed in terms of relative opacity to facilitate
comparison. Relative opacity may be obtained by normalizing opacity, for example, with

respect to the opacity of reference particles. Spherical polystyrene beads of about 250 um

11
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in diameter may be used as reference particles, for example. In the present disclosure, the

terms “opacity” and “relative opacity” may be used interchangeably.

[0057] In the present disclosure, electrical size is proposed as a second electrical signature
of a cell aggregate from which various properties of the cell aggregate can be determined.
The electrical size associated with a cell aggregate is proportional to a volume of the cell
aggregate moving through a collective sensing region, and may be represented by the second

impedance:
|Zp| = G x d? Equation (2)

in which d represents a diameter of a cell aggregate and G is a specific factor (V/um?). The
specific factor is determined from the impedance-related signals obtained for the reference
particles, e.g., spherical polystyrene beads of about 250 um in diameter. In the present
disclosure, the terms “second impedance” and the “second electrical signature” are
interchangeable. The electrical size, as described in the present disclosure, is another EIS-

based electrical signature.

[0058] The first electrical signature and the second electrical signature may be used
independently of each other or in conjunction with each other, to obtain information on
multiple parameters describing the cell aggregate. A system of the present disclosure to
monitor the cell aggregates can thus offer multiparametric monitoring without the need to
undergo hardware reconfiguration and without the need to involve other
invasive/destructive tests. The system may be programmed to offer the user the flexibility
of choosing which one or more of multiple parameters to output, based on the electrical

signatures obtainable from EIS signals.

[0059] The first frequency and the second frequency may be selected based on the electrical
double layer (EDL) effect for the system, and in particular, at the surface of the electrodes
used for obtaining the impedance-related signals. The actual frequencies used may thus vary
among different embodiments that fall within the scope of the present disclosure. A system
of the present disclosure may be calibrated with reference to the differential current and with
reference to the impedance spectrum of the system without the cell aggregates (i.e., blank

medium or the culture medium without the presence of the cell aggregates), to determine

12
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respective ranges of frequencies from which the first frequency and the second frequency
may be selected. The system may also be calibrated in the sense of selecting the first

frequency and the second frequency to be used.

[0060] As frequency increases, the effective relative permittivity generally decreases. The
permittivity and the capacitance effect at a membrane varies with frequency, with different
dielectric dispersion mechanisms dominating at different ranges of frequencies. As the
frequency increases, the primary mechanism changes from o (alpha) dispersion to B (beta)
dispersion, and from B (beta) dispersion to y (gamma) dispersion. The first frequency is
selected from a range of frequencies associated with [ dispersion. The first frequency may
be selected from a range of frequencies characterized by an upper bound frequency, in which
upper bound frequency is defined as the highest frequency at which beta dispersion

predominates.

[0061] In some embodiments, the first frequency is selected at (i.e., within or near) a beta
dispersion range. In one example, a first frequency of 1 MHz is selected from a range
between 0.5 MHz and 2.0 MHz. In some examples, the first frequency may be in the range
from 0.5 MHz to 1.7 MHz. Theoretically, a higher frequency that is still within the beta
dispersion may be selected. In practice, the selection of the first frequency may also take
into consideration other considerations such as equipment dynamic operating range and
background noise. The first frequency may be selected near the beta dispersion range as

well as within the beta dispersion range.

[0062] A differential current may be plotted against frequency to determine a lower bound
frequency for the second frequency. The differential current i may be determined according

to Equation (3) below:
i=|1/Z1]-|1/2Z2] Equation (3)

where Z;1s the impedance detected across a pair of electrodes in the culture medium without
the presence of a cell aggregate, and Z; is the impedance detected across the pair of
electrodes in the culture medium in the presence of a cell aggregate. In other words, Z; is
based on impedance-related signals corresponding to the medium (the blank medium alone).

Strictly speaking, Z> is based on impedance-related signals corresponding to one or more
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cell aggregates and the medium in which the one or more cell aggregates are being
suspended or carried in. Nevertheless, for the sake of clarity and brevity, in the present
disclosure, Z> will be referred to as impedance-related signals corresponding to one of the
one or more cell aggregates. The second frequency may be selected from a range of
frequencies characterized by a lower bound frequency. In the example of Fig. 2, the second
frequency may be selected to be higher than a lower bound frequency of about 10 kHz. In
terms of the electrical double layer (EDL) effect, the differential current plot provides an
indication of an operable range for the second frequency, in which the EDL impedance at
the surface of the electrodes does not overwhelm or block the impedance sensing of the cell
aggregate. The second frequency may be selected from a range of frequencies where the

EDL effect is minimal.

[0063] The second frequency for a system to monitor the cell aggregates may also be
determined with the aid of impedance spectrum plots or with reference to the impedance
measured for a blank medium. The second frequency may be selected based on the
impedance spectrum obtained from measuring the impedance of the culture medium
(without the presence of the cell aggregates) over a range of frequencies. The second
frequency can be set at the frequency at which the differential current is significantly smaller
than at the first frequency (minimum EDL effect). Fig. 3 shows exemplary impedance
spectra for two systems with different physical parameters, in particular, a system with a
500 pm-wide microfluidic channel and a system with a 1000 um-wide microfluidic channel.
In these examples, the second frequency may be selected from a range between 50 kHz and
200 kHz. In some examples, the second frequency is in a range from 50 kHz to 100 kHz. In
this example, the second frequency is selected as 60 kHz when the impedance is less than

1% of the impedance at the first frequency of 1 MHz.

[0064] According to one embodiment of the present disclosure, a method includes
determining one or more parameters related to properties or changes of one or more cell
aggregates, in which the one or more parameters are determined based on EIS-based
electrical signatures, for example, the opacity and/or the electrical size. Each of the opacity
and the electrical size can be obtained from EIS signals when the one or more cell aggregates
are in motion relative to the electrodes. The properties or changes of the one or more cell

aggregates that can be monitored using these EIS-based electrical signatures include a state
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or a change in state related to pathological and/or morphological properties or characteristics
of the one or more cell aggregates. The opacity may be defined as a ratio between a first
impedance and a second impedance, and wherein the first impedance is obtained at a higher
frequency than the second impedance, and wherein the first impedance and the second
impedance are obtained at (i.e., within or near) a beta dispersion range of frequencies. The
electrical size is determined based on the second impedance. In the present disclosure,
obtaining the first impedance and/or the second impedance at a beta dispersion range of
frequencies include obtaining the impedance within or near the beta dispersion range of
frequencies. For the purpose of the present disclosure, an impedance is obtained “near” the
beta dispersion range of frequencies if the impedance obtained is representative of

impedances within the beta dispersion range of frequencies.

[0065] Referring to Fig. 4A, a method of the present disclosure includes determining if a
cell aggregate has increased in its optical size (i.e., its physical size or the overall
diameter/outer dimensions of the cell aggregate) based on whether there is an increase in
the electrical size and concurrently a relatively small or substantially no change in opacity.
As illustrated schematically in Fig. 4A, an increase in the electrical size concurrent with a
relatively small increase or substantially no change in opacity is indicative of an increase in
the optical size of a cell aggregate (101). For example, if more cells have adhered to an
existing cell aggregate or if the cells of a spheroid have replicated in a way that increases
the optical size of the cell aggregate, it is possible to determine this change by comparing
the electrical size of the cell aggregate over time. It would not be necessary to employ
conventional methods of extracting the cell aggregate for examination/measurement under
the microscope, which may possibly damage or stress the cell aggregate from repeated
handling. The present method thus provides a less invasive way of monitoring at least one

parameter of cell aggregates.

[0066] A method of the present disclosure includes determining if cell proliferation has
occurred over time in a cell culture based on whether there is a decrease in opacity and
concurrently an increase in the electrical size. As illustrated schematically in Fig. 4B, a
decrease in the opacity concurrent with an increase in the electrical size is indicative of an
increase in the number of cells associated with a cell aggregate (102). For example, when

where the cell aggregate is formed in/on a microcarrier, the optical size of a cell aggregate
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is generally dependent on the size of the microcarrier. The optical size of such a cell
aggregate may be substantially the same whether or not the cells in/on the microcarrier have
proliferated. The conventional way to determine that cell proliferation has occurred is to
dissociate the cell aggregate into individual cells so that the number of cells can be counted.
In contrast, the present method is able to quantify a degree of cell proliferation based on
electrical signatures derived from impedances alone, without the need to destroy the

integrity of the cell aggregate.

[0067] A method of the present disclosure includes determining cell viability or health of
the cell aggregate, based on the opacity and/or the electrical size. The method may further
include determining cytotoxicity response or drug efficacy based on changes in the opacity
and/or electrical size. The method may include comparing changes (if any) in the opacity
and the electrical size of the same cell aggregate culture over time. Alternatively, the method
may include comparing changes (if any) in the opacity and the electrical size, relative to
non-living (dead) reference particles. Alternatively, the method may include comparing
changes (if any) before, during and/or after introduction of a drug. Alternatively, the method
may include comparing changes (if any) before, during, and/or after one or more cell culture
conditions are changed. As illustrated schematically in Fig. 4C, an increase in the opacity
concurrent with a decrease or substantially no change in the electrical size may be indicative
of a decrease in cell viability (103), a decrease in the proportion of living cells, an increase
in the proportion of dead cells, or the health of the cell aggregate. For example, the electrical
signatures obtained may change from a range characteristic of healthy cells (106) to a range
characteristic of dead cells (107). The increase or decrease in impedance signal can in turn
be indicative of the efficacy of a drug or a course of treatment. Also, as illustrated
schematically in Fig. 4C, a decrease in electrical size concurrent with a relatively small
decrease or substantially no change in the opacity may be indicative of the susceptibility of
cells (e.g., cancer tumeroids) to drug treatment (drug susceptibility) (104). For example, the
electrical signatures obtained may change from a region characteristic of healthy cells (106)
to a region characteristic of cells which have shrunk through dissociation of some but not

all of the cells (108).

[0068] Experiments were carried out to verify the operability of the methods and devices of

the present disclosure. These non-exhaustive and non-limiting examples are described
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below merely to aid understanding.

[0069] Fig. 5 illustrates a system (300) configured according to an embodiment of the
present disclosure to monitor cell aggregates on a continuous and real-time basis. The
system includes a reservoir (310) in which one or more cell aggregates may be cultured in
a culture medium. Examples of the reservoir include but are not limited to a culture flask.
The system (300) includes a pump (330), such as a peristaltic pump, to enable a flow of the
culture medium from the reservoir (310) to a monitoring device (200), and from the
monitoring device (200) back to the reservoir (310), in a continuous closed loop or flow
path (340). A controller (320) is coupled to the pump (330) to control a flow rate in the flow
path (340). In some examples, the culture medium is pumped at a flow rate of 1 milliliter
per minute (mL/min). As the pump (330) operates to enable a flow of the culture medium,
some cell aggregates from the reservoir (310) may be carried along in the culture medium
to the monitoring device (200). The monitoring device (200) may be a microfluidic chip
configured with a channel (212) in fluid communication with the reservoir (310) via the
flow path (340). The monitoring device (200) includes a plurality of electrodes (220)
disposed across the channel (212), such that the electrodes will be exposed to and in contact
with the culture medium flowing through the channel (212). The electrodes (220) are
operably coupled to the controller (320) such that EIS signals or impedance-related signals
can be obtained from or read across selected electrodes. The cell aggregates are tested or
measured as they flow past the electrodes (220), after which the cell aggregates continue on
the flow path (340) and return to the reservoir (310) where they can continue growing or
changing in the controlled environment provided in the reservoir. In this manner, the system
(300) provides flow path that defines a closed recirculating flow of the cell aggregates in a
loop configured for dynamic monitoring. The recirculating system is suitable for dynamic
monitoring of cell aggregates from the same cell culture over a relatively long period of
time (e.g., in terms of weeks or even a number of months). In the present disclosure,
“dynamic monitoring” refers to monitoring, testing or collection of data from the subject (in
this case, cell aggregates) when the subject is in motion relative to the sensors (in this case,
the electrodes). Dynamic monitoring here takes the form of enabling a flow of the culture
medium carrying the cell aggregates along a flow path, in which the flow path is configured

to intersect at least one set of electrodes. In other words, dynamic monitoring may also be
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described as obtaining or monitoring impedance-related signals concurrently with the flow
path and/or particles disposed therein being in a continuous flow mode. Alternatively,
obtaining impedance-related signals when the subject is in motion relative to the sensors
(electrodes) include dynamic monitoring. In the present disclosure, “electrical monitoring”
and “impedance monitoring” may be used interchangeably to refer to obtaining impedance-

related signals.

[0070] Since the present method enables cell culture monitoring to be based entirely on EIS-
based electrical signatures, human intervention for the purpose of monitoring the cell
aggregates (e.g., manual handling and human inspection by optical means) is no longer
necessary. The system (300) can thus be configured with a relatively small device footprint,
and be configured as part of an incubator (350), such that the entire system can be kept
sterile throughout the period required for cell culture. The present system can thus be
configured to operate as a self-monitoring incubator suitable for use in bench-scale or in

pilot/ramped-up industrial-scale.

[0071] As shown in Fig. 6, the system (300) is scalable by multiplexing the impedance-
related signals or the EIS signals from multiple monitoring devices (200), such that multiple
industrial-scale bioprocesses in different reservoirs, incubators, or bioreactors (360) can be
simultaneously and continuously monitored, round the clock for as long as the entire
bioprocess or cell culture process takes. One or more controllers (320) can be configured to
collect impedance-related signals from the monitoring devices, determine the respective
EIS-based electrical signatures, and determine if one or more parameters of interest are
keeping constant or trending in the desired manner. As soon as abnormalities are detected,
appropriate actions can be timely taken, e.g., conditions in the bioreactors (e.g., temperature,
etc.) may be adjusted. Since the present method obviates the need for fluorescence staining
and optical microscopy, or other such destructive or invasive testing techniques, it enables
extensive and continuous monitoring to be carried out without negatively impacting the
production yield and quality of the production. Another advantage of doing away with
optical microscopy is the increased efficiency possible as the present system can be

configured to be fully self-monitoring and self-adjusting.

[0072] The microfluidic chip may be configured in different variations to suit the type of
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cell aggregates to be monitored. In some examples, the system (300) may be embodied as
an apparatus which can receive interchangeable microfluidic chips. Figs. 7A and 7B
illustrate just one of many possible configurations that may be used as the monitoring device
of the present disclosure. Fig. 7A is an exploded perspective view of one example of the
monitoring device (200), with an electrode layer (280) and a channel layer (270). For the
sake of illustrating the channel (212), the channel layer (270) is shown with the channel-
facing side (272) exposed (“upside down”). In assembly, the channel-facing side (272)
opposes the electrode-bearing surface (281) of the electrode layer (280) to form the channel
(212). Fig. 7B, is a partial cross-section showing electrodes (220) disposed along the
electrode layer (212) such that a cell aggregate (80) will come across each of the electrodes
in turn when the cell aggregate (80) moves along the channel (212). The electrodes (220)
may be configured in various ways. In this example, the electrodes (220) are disposed on a
common plane (281) defined by the electrode-bearing surface. The electrodes (220) include
a first electrode (222), a source electrode (224), and a second electrode (226) spaced apart
from one another and substantially parallel to one another on the common plane (281). The
source electrode (224) may be disposed between the first electrode (222) and the second
electrode (226). A first gap (223) is defined between the first electrode (222) and the source
electrode (244), and a second gap (225) is defined between the source electrode (224) and
the second electrode (226). The electrodes (220) may be oriented substantially
perpendicular to the microfluidic channel (313) such that a cell aggregate (80) moving
through the channel (212) will travel pass each of the first electrode (222), the first gap
(223), the source electrode (224), the second gap (225), and the second electrode (226) in
sequence. In some examples, the source electrode (224) is substantially equidistant from
each of the first electrode (222) and the second electrode (226), i1.e., the first gap (223) and
the second gap (225) may be of a similar width (Wg). In some other examples, the first gap
(223) and the second gap (225) may have different widths.

[0073] The system is configured to provide a source current to the source electrode (224),
and to measure a multi-frequency impedance signal across the source electrode (224) and
the first electrode (222), as well as to measure another multi-frequency impedance signal
across the source electrode (224) and the second electrode (226). The multi-frequency

impedance signals may be measured by sensing impedance-related signals (e.g., current or
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voltage) at the first electrode (222) and the second electrode (226) respectively. As
illustrated in Fig. 8A, the cell aggregate (80) may pass through a first sensing zone (214)
where the presence of the cell aggregate can be reflected in the impedance-related signals
obtained from the first electrode (222). As shown in Fig. 8B, the cell aggregate (80) may
subsequently pass through a second sensing zone (216) where the presence of the cell
aggregate can be reflected in the impedance-related signals obtained from the second
electrode (226). Collectively, the first sensing zone (214) and the second sensing zone (216)
make up a collective sensing zone (218) of the electrodes (220). In some examples, each of
the first gap (223) and the second gap (225) may be narrower than a diameter (optical size)
of the cell aggregate (80). If an approximate size of the cell aggregate (80) is known, the
total width (Wt) of a collective sensing zone (approximated by a sum of the widths of the
electrodes and the widths of the gaps therebetween) may be configured to be similar to the
diameter (or optical size) of the cell aggregate (80). At the same time, adjacent ones of the
electrodes are spaced apart from one another by gaps that are wide enough to enable
detectable or distinguishable differential signals to be obtained from the first electrode (i.e.,
from the first sensing zone) and the second electrode (i.e., from the second sensing zone),
with minimum/negligible common mode noise. Preferably, the channel (212) is sized with
a width (W) and a depth (D) such that only one cell aggregate may be inside the collective
sensing zone (218) at any time instant. In other words, the electrodes (220) and the channel
(212) are configured to measure one cell aggregate at a time, with the cell aggregate in
motion (89) relative to the electrodes at the time of measurement. In one non-limiting
example, if the spheroids or the microcarriers to be tested are in a range of about 200 pum to
about 600 um, the microfluidic channel may be configured with a width (W) of about 1000
um and a depth (D) of about 600 um. The electrodes may be configured with a gap width
(Wg) of about 200 um, with each of the electrodes having an electrode width (We) of about
200 um. Alternatively, for spheroids or microcarriers of about 200 um, the channel (212)
may be configured with a width (W) of 500 um width and a depth (D) of 300 um.

[0074] The configuration of the electrodes allows for noise reduction in the measurements.
When a cell aggregate (80) is in the first sensing zone (214), the impedance-related signal
(e.g., current or voltage) measured at the first electrode (222) is representative of the cell

aggregate (80), while an impedance-related signal (e.g., current or voltage) measured at the
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second electrode (226) can be representative of the background noise. A first differential
value can be obtained from a difference in the impedance-related signals measured at the
first electrode (222) and the second electrode (226). When the cell aggregate (80) moves
into the second sensing zone (216) between the second electrode (226) and the source
electrode (224), the impedance-related signal (e.g., current or voltage) taken at the second
electrode (226) is representative of the cell aggregate (80), while the impedance-related
signal (e.g., current or voltage) taken at the first electrode (222) can be representative of
background noise. A second differential value can be obtained from a difference between
the impedance-related signals measured at the first electrode (222) and the second electrode
(226). The first differential value and the second differential value are thus noise-reduced.
Examples of EIS signals obtainable from the electrodes include but are not limited to the
first differential value, the second differential value, an average of the first and second
differential values, etc. Based solely on the EIS signals obtained, the electrical signatures
(opacity and/or electrical size) can be determined as described above. As non-limiting
examples, the values measured at the first electrode and/or the second electrode include, but
are not limited to, voltage signals, current signals, impedance values, reactance values,
resistance values, permittivity values, a combination of any of the above, a derivation from
any of the above, a derivation from a combination of any of the above, etc. In the present
disclosure, these may be referred to generally as impedance-related signals and/or EIS

signals.

[0075] In another embodiment, the second electrode (226) is disposed relatively further
apart from both the first measuring electrode (222) and source electrode (224) such that the
impedance-related signals obtainable at the second electrode (226) reflect the background

noise at all times throughout the monitoring process.

[0076] Referring to Fig. 9, according to a non-limiting exemplary method (500) of
fabricating a microfluidic chip version of the monitoring device (200), a piece of
polydimethylsiloxane (PDMS) with a plurality of microscale slots may be fabricated by soft
lithography techniques to form an electrode layer (280) of the microfluidic chip. The piece
of PDMS may be placed on a heated piece of aluminum foil (520) so as to detachably seal
one end of each of the plurality of slots. A metal flowable at a temperature suitable for use

with the PDMS is provided. Field’s metal (in a flowable state) may be used, for example, to

21



WO 2022/045971 PCT/SG2021/050492

fill the slots (530). Upon solidification of the flowable metal (e.g., Field’s metal), a set of
electrodes are formed in the electrode layer. The dimensions and spacings of the electrodes
can thus be configured by configuring the size, shape, and location of the slots. The
aluminum foil is separated from the electrode layer (540) after the set of electrodes are
formed. Another piece of PDMS may be fabricated with a groove to serve as a channel layer
(270). Assembling the electrode layer with the channel layer forms a channel, with the set
of electrodes disposed in the channel. The electrode layer may be sandwiched between the
channel layer and a glass layer, with the electrodes (220) aligned with the groove to form
the microfluidic channel (550). The microfluidic chip fabricated in this manner is less likely
to have metal leakage and has more precisely formed electrodes. Wires can be coupled to
respective ends of the electrodes such that one of the electrodes serves as the source
electrode and the other two adjacent electrodes serve as the first electrode and the second
electrode respectively. The channel extends between an inlet port and an outlet port which
can be connected to the rest of the system to complete a flow path. In operation, culture
medium carrying cell aggregates flow into the channel via the inlet port and flow out of the
channel via the outlet port. The wires may be coupled to an electrical impedance
spectroscope, an electrical circuit, and/or a computing device configured to obtain

impedance-related signals or EIS signals.

[0077] The following describes various experimental validation of embodiments of the
present disclosure. Fig. 10A shows bright field images from high-speed imaging at the same
magnification of a cell aggregate (spheroid) with different cell counts, namely, with cell
counts of 2000, 3000, 4500, and 7500 respectively. While there is a visible difference
between the optical size of the spheroid with a 2000 cell-count and the optical size of the
spheroid with a 7500 cell-count, conventional optical methods would not be very helpful
for determining if there is any change in the optical size between the spheroid with 3000
cell-count and the spheroid with 4500 cell-count since the changes in optical size are not
easily distinguishable. Using an exemplary embodiment of the system proposed herein, the
growth of the spheroid (in terms of optical size) can be determined based on EIS-based
electrical signatures alone. Impedance-related signals were obtained over a range of
excitation frequencies. The resulting plots of impedance-related signals against frequency

in Fig. 10B show that, under the same excitation frequency, the electrical size and the optical

22



WO 2022/045971 PCT/SG2021/050492

size are positively correlated. As an improvement over optical inspection, the spheroid with
3000 cell-count and the spheroid with 4500 cell-count can be clearly distinguishable from
one another based on the electrical size. In addition, the plots in Fig. 10B show that the
electrical size can be used to determine a relative difference or to monitor a change in the
number of cells associated with a cell aggregate. Fig. 11 shows a plot of the optical size
against the electrical size of the spheroids, in which the optical size is obtained by averaging
spheroid diameters in 10 frames to minimize the effects of spheroid orientation when the
spheroid flows through the channel. The data obtained indicates a positive correlation
between the electrical size and the optical size of a cell aggregate. This validates the method
of the present disclosure in which electrical size serves as an EIS-based electrical signature
via which one or more physiological or morphological states (e.g., cell aggregate health,

growth, etc.) of the cell aggregate may be monitored.

[0078] In another set of experiments, the electrical size and opacity of live spheroids (1201),
dead spheroids (1202) (incubated under 75°C for one hour), and a control (1203) (such as
polystyrene beads) are obtained and plotted as shown in Fig. 12. The data shows a
significant difference between the opacity of live spheroids (in a region from about 0.5 to
about 0.7) and the opacity of dead spheroids (in a region from about 0.7 to about 0.9), while
the average electrical size is similar. This validates the method of the present disclosure in
which opacity and electrical size are selected to serve as electrical signatures via which one
or more physiological or morphological states (e.g., cell viability, etc.) of the cell aggregate

can be monitored via monitoring the electrical signatures.

[0079] In another set of experiments, the method of the present disclosure is demonstrated
to be useful in the continuous monitoring of the physiological and/or morphological changes
of a cell aggregate. Keratinocyte cells (HaCaT) in Gelatin methacryloyl (GelMA) hydrogel
microcarriers (as an example of a scaffold-free cell-encapsulating hydrogel microcarrier
system) are cultured over a period of seven days. As shown in the images of Fig. 13, since
the optical size of the microcarrier remains essentially unchanged throughout the seven
days, it is highly challenging to determine if there is any change in the number of cells using
optical inspection methods without destroying the cell aggregate to perform a cell count.
There are however discernable changes in the two EIS-based electrical signatures

corresponding to the cell proliferation known to be occurring in the cell culture. As shown
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in the plot of opacity against electrical size in Fig. 14, both the electrical size and the opacity
change from Day 0 (control) to Day 2, and from Day 2 to Day 7. Referring to Fig. 15A and
Fig. 15B, more specifically, the mean electrical size increases and concurrently the opacity
decreases. This shows that the electrical signatures of the present method are validated for

use in non-invasive continuous monitoring to determine cell growth or cell proliferation.

[0080] In another set of experiments, as an example of scaffold-based cell aggregates,
mesenchymal stem cell (MSC)-attached dextran microcarriers (Cytodex 3) are monitored.
As shown in Fig. 16A, the electrical size is higher for the microcarriers with cells adhered
thereto than for the microcarriers without cells. As shown in Fig. 16B, the opacity is lower
for the microcarriers with cells adhered thereto than for the microcarriers without cells.
Collectively, the results described above also indicate the versatility of the system and the
EIS-based electrical signatures (electrical size and opacity) in being applicable for
multiparametric cell culture monitoring in a variety of different cell culture schemes (e.g.,

spheroids, scaffold-free microcarriers, hydrogel microcarriers, etc.)

[0081] In another set of experiments, the method of the present disclosure is shown to be
useful in the continuous monitoring of the physiological and/or morphological changes of
cell aggregates in drug susceptibility testing. Paclitaxel (PTX), a common anti-cancer drug
for several types of cancers, was provided at different concentrations ranging from 0 nM
(nanoMole) to 500 nM to cultures of cell aggregates modelling cancer tumoroids and
observed over a period of 24 hours. Fig. 17A shows the optical sizes of the cell aggregates,
with corresponding brightfield images of exemplary cell aggregates. Based on optical
microscopy, it can be appreciated that there are hardly any distinguishable differences
between the cell aggregate image at 100 nM of PTX and the cell aggregate images at 200
nM PTX or 500 nM PTX. While optical microscopy may be able to determine that the
optical size of the cell aggregate has started to decrease at 100 nM (perhaps through
dissociation of some cells at the outer layer of the cell aggregate), it is not adequate for
determining physiological changes (or lack thereof) inside the cells remaining in the cell
aggregate. Conventionally, it would have required testing the extracellular environment for
metabolites to determine such a change. In contrast, by considering the two EIS-based
electrical signatures of electrical size and opacity, more information on the effect of drug

treatment can be determined. In particular, the experiments suggest that looking at the
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electrical size and the opacity offer better insight into the state of cells in the cell aggregate.
As shown in Fig. 17B, the electrical sizes of the cell aggregates continue to show a decrease
from 300 £ 41.8 um (0 nM) to 281 £ 40.3 um as drug concentration was increased to 500
nM. As shown in Fig. 17C, the opacity of the cell aggregates remains relatively unchanged
by the increase in drug concentration. The two EIS-based electrical signatures together are
able to indicate that the physiological state of the cells undergo substantive changes only
after the drug concentration is raised to 500 nM. This is consistent with what is known of
the drug treatment modelled in these experiments, and validates the usefulness of the EIS-
based electrical signatures in monitoring physiological and/or morphological changes in 3D

cell aggregates.

[0082] The foregoing describes various embodiments of a method (600) of monitoring one
or more cell aggregates. The method includes providing a flow path for the cell aggregates
(610) in which the flow path is configured to pass through a collective sensing zone of a set
of electrodes. The method includes obtaining impedance-related signals when one of the
cell aggregates is in the collective sensing zone (620). The method includes determining one
or more electrical signatures based on the impedance-related signals (630) obtained from
the set of electrodes. The impedance-related signals are obtained when the cell aggregate is
in motion relative to the set of electrodes (dynamic testing). The method includes returning
a cell aggregate to the reservoir after the cell aggregate passes through the collective sensing
zone. The one or more electrical signatures include opacity and electrical size. The method
may further include using one or both of the opacity and the electrical size of one or more
cell aggregates to determine a physiological and/or morphological state of the one or more
cell aggregate, or to determine a change in the physiological and/or morphological state of
the one or more cell aggregates (640). In the present disclosure, for the sake of brevity,
determining a state of one or more cell aggregates includes determining one or more
physiological and/or morphological states, and/or a change in the one or more states. The
state or the change in the state of one or more cell aggregates may be determined based on
relative values, trends, changes, differential values, statistical values, etc., of the opacity
and/or electrical state. Embodiments of the present disclosure enable versatile
multiparametric, continuous and real-time monitoring in a non-invasive and non-destructive

manner. Therefore, in addition to being of practical use as a laboratory technique, the system
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and method of the present disclosure are also applicable in a wide range of applications,
including but not limited to scaled-up industrial bioprocesses, etc., where scalable, label-
free (non-destructive) continuous, long term and real-time monitoring is critical to quality
assurance and production yield. It can be appreciated that embodiments of the present
disclosure may also be used in cases where the cell aggregates are generally planar or two-

dimensional, etc.

[0083] All examples described herein, whether of apparatus, methods, materials, or
products, are presented for the purpose of illustration and to aid understanding, and are not
intended to be limiting or exhaustive. Various changes and modifications may be made by

one of ordinary skill in the art without departing from the scope of the invention as claimed.

26



WO 2022/045971 PCT/SG2021/050492

CLAIMS

1. A method of monitoring one or more cell aggregates, the method comprising:

providing a flow path of the one or more cell aggregates in a medium, the flow path
being configured to pass through a collective sensing zone of a set of electrodes;

obtaining impedance-related signals from the collective sensing zone, the impedance-
related signals corresponding to each of the medium and one of the one or more cell
aggregates in the medium; and

determining one or more electrical signatures for the cell aggregate, wherein the one or
more electrical signatures are based on the impedance-related signals obtained from the set

of electrodes.

2. The method according to claim 1, wherein the one or more electrical signatures are

determined at single-particle resolution.

3. The method according to claim 1 or claim 2, wherein the flow path is configured such
that the one or more cell aggregates are in a continuous flow mode in the collective sensing

zone concurrently with the obtaining of the impedance-related signals.

4. The method according to any one of claims 1 to 3, wherein the impedance-related
signals are obtained when the one or more cell aggregates are in motion relative to the set

of electrodes.

5. The method according to any one of claims 1 to claim 4, further comprising: returning
the one or more cell aggregates to a reservoir after the one or more cell aggregates have

passed through the collective sensing zone.
6. The method according to any one of claims 1 to 5, wherein the one or more electrical

signatures 1s one or more of an opacity of the one or more cell aggregates and an electrical

size of the one or more cell aggregates.
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7. The method according to claim 6, wherein the opacity is a ratio between a first
impedance and a second impedance, and wherein the first impedance is obtained at a higher

frequency than the second impedance.

8. The method according to claim 7, wherein the first impedance and the second

impedance are obtained at a beta dispersion range of frequencies.

9. The method according to claim 7, wherein the second frequency is selected from a range
of frequencies corresponding to impedance-related signals of the medium such that the
second frequency corresponds to a minimum electrical double layer (EDL) effect.

10. The method according to claim 6, wherein the electrical size is determined based on the

second impedance.

11. The method according to any one of claims 1 to 10, wherein the one or more electrical

signatures are EIS-based (electrical impedance spectroscopy-based) electrical signatures.

12. The method according to claim 11, wherein the one or more EIS-based electrical
signatures are obtained from differential values between impedance-related signals
measured at a first electrode and a second electrode, wherein the first electrode and the

second electrode are selected from the set of electrodes.

13. The method according to claim 12, wherein the cell aggregate is in one of a first sensing
zone and a second sensing zone, the first sensing zone being provided by the first electrode
and a source electrode, the second sensing zone being provided by the second electrode and
the source electrode, and wherein the first sensing zone and the second sensing zone form

the collective sensing zone.

14. The method according to any one of claims 1 to 13, further comprising:
determining a state or a change in the state of the one or more cell aggregates based on
the one or more electrical signatures, wherein the state includes a physiological and/or

morphological state of the one or more cell aggregates.

28



WO 2022/045971 PCT/SG2021/050492

15. The method according to any one of claims 1 to 13, further comprising:
determining a change in an optical size of the one or more cell aggregates based on the

one or more electrical signatures.

16. The method according to any one of claims 1 to 13, further comprising:
determining a change in a cell count of the one or more cell aggregates based on the

one or more electrical signatures.

17. The method according to any one of claims 1 to 13, further comprising:
determining a cell aggregate growth of the one or more cell aggregates based on the

one or more electrical signatures.

18. The method according to any one of claims 1 to 13, further comprising:
determining a change in cell viability of the one or more cell aggregates based on the

one or more electrical signatures.

19. The method according to any one of claims 1 to 13, further comprising:
determining a change in health of the one or more cell aggregates based on the one or

more electrical signatures.

20. The method according to any one of claims 1 to 13, further comprising:
determining a cytotoxicity response of the one or more cell aggregates based on the one

or more electrical signatures.

21. The method according to any one of claims 1 to 13, further comprising:
determining a drug efficacy with respect to the one or more cell aggregates based on

the one or more electrical signatures.

22. The method according to any one of claims 6 to 21, the method comprising:
determining if the cell aggregate has increased in its optical size based on whether there
is an increase in the electrical size and whether there is concurrently a relatively small

change or no change in the opacity.
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23. The method according to any one of claims 6 to 21, the method comprising:
determining if cell proliferation has occurred in the cell aggregate based on whether
there is a decrease in the opacity and whether there is concurrently an increase in the

electrical size.

24. The method according to any one of claims 6 to 21, the method comprising:
determining a decrease in cell viability based on whether there is an increase in the
opacity and whether concurrently there is a decrease or no change in the electrical size,
wherein the cell viability corresponds to one or more of the following: a decrease in a
proportion of living cells, an increase in a proportion of dead cells, and a deterioration in a

health of the cell aggregate.

25. The method according to any one of claims 6 to 21, the method comprising:
determining drug susceptibility with respect to the cell aggregate based on whether
there is a decrease in electrical size concurrent with a relatively small decrease or no change

in the opacity.

26. The method according to any one of the preceding claims, wherein the cell aggregate

is a spheroid, an encapsulated microcarrier, or a cell-adhered microcarrier.

27. A system comprising:

at least one reservoir configured to culture one or more cell aggregates;

at least one monitoring device having a set of electrodes configured to define a
collective sensing zone; and

a flow path defining a closed recirculating flow of the one or more cell aggregates
between one of the at least one reservoir and the collective sensing zone of a corresponding
one of the at least one monitoring device, wherein the at least one monitoring device is
configured to monitor the one or more cell aggregates according to the method of any one

of the preceding claims.

28. A microfluidic chip comprising:
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a channel;

a source electrode excitable at a frequency; and

a first electrode spaced apart from the source electrode, the source electrode and the
first electrode being disposed in the channel and configured to provide at least part of a
collective sensing zone, wherein the channel is configured to enable one or more cell
aggregates to move through the collective sensing zone in turn to be monitored according

to the method as claimed in any one of claims 1 to 26.

29. The microfluidic chip of claim 28, further comprising:

a second electrode disposed in the channel and spaced apart from the source electrode,
wherein in operation, the first electrode and the second electrode are spaced apart along the
channel to provide a differential value based on impedance-related signals obtainable at the

first electrode and the second electrode.

30. A method making the microfluidic chip of claim 28, the method comprising:
detachably sealing one end of each of a plurality of slots defined in an electrode layer
with an aluminum foil under an electrode layer;
filling each slot with a flowable metal to form a set of electrodes in the electrode layer;
separating the aluminum foil from the electrode layer after solidification of the flowable
metal; and
assembling the electrode layer with a channel layer to form a channel such that the set

of electrodes are disposed in the channel.
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