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DESCRIPTION

Description

Technical Field

[0001] The present invention relates to a method for measuring the intracellular membrane
potential (intracellular potential) by combining the principle of a charge amplifier with a
capacitance-type potential measurement device (Capacitive potential detection device).

Background Art

[0002] All cells have different ionic compositions inside and outside the cell, and the
intracellular potential (membrane potential) is maintained by a transporter (e.g. sodium pump)
that keeps the difference in ion distribution and the difference in ionic composition. In the
resting state, the membrane potential is stable (resting membrane potential). However, when
the ion channels on the cell membrane surface are activated and the ion channels are opened,
ions are released or flow in at once through the ion channels due to the difference in ion
concentration inside and outside the cell membrane. As a result, the electric potential of the
entire cell to change (depolarization or hyperpolarization occurs), and consequently, the
intracellular membrane potential changes. As a result, the generation/transmission of action
potentials occurs in the myocardium and nerves in which then, an information transmission
occurs, such as the release of hormones and neurotransmitters and the contraction of
myocardial and skeletal muscle cells.

[0003] Conventionally, changes in cell membrane potential and accompanying measurement
of membranes current through ion channels have been used to observe changes in the cell
state and the cell response to drugs. In drug discovery screening, in particular, drug
candidates are exposed to cultured cardiomyocytes and nerve cells and other cells, and
changes in membrane potential are measured to assess cardiotoxicity and neurotoxicity.

[0004] In order to measure the intracellular potential, conventionally, a metal electrode or a
micro glass electrode is filled with an electrolytic solution, inserted into the cell, and then the
current or voltage is measured from the potential difference with the extracellular electrode.
Measurement method called the patch clamp has become the industry standard method. The
patch clamp method precisely measures and controls intracellular potential changes by
bringing a glass pipette filled with intracellular electrolyte into close contact with the cell
membrane and electrically integrates the glass pipette and cells.
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[0005] The patch clamp method is subdivided into two different recording modes. A whole cell
mode for measuring the dynamics of ion channels expressed in the whole cell, and a method
for measuring the dynamics of a single channel (single channel activity) that is contained in
only the cell membrane within the inner diameter of the patch pipette (cell mode). Then, there
is a method (inside patch, outside patch mode) in which the microcell membrane is separated
from the cells and measured.

[0006] In the whole cell mode, changes in intracellular potential and dynamics of current (ion
channel activity) passing through ion channels throughout the cell are measured by breaking
through the cell membrane inside the electrode bonded to the glass pipette. The above
procedure requires a highly skilled technique and a high degree of expertise because it is a
recording method performed by using electrodes directly on individual cells under a
microscope.

[0007] These intracellular recording methods (voltage-clamp, current-clamp) can observe the
dynamics of how ions pass through ion channels in the cell membrane, as represented by the
patch-clamp method (whole-cell patch-clamp). In the voltage-clamp mode, the feedback
function included in the patch-clamp amplifier efficiently controls the intracellular potential, and
the fast (in milliseconds) phenomenon that occurs due to the opening and closing of the ion
channel can be recorded as an electric current change. In the current-clamp mode, the action
on the cell due to the activity of the ion channel can be recorded as a (membrane) potential
change.

[0008] There are manual patch-clamp method and auto patch method in the patch-clamp
method. Among those, the manual patch-clamp method has high reliability of data in
electrophysiological measurement.

[0009] However, the manual patch-clamp method is very inefficient because an operator uses
a microscope to operate a manipulator to perform an experiment and requires a large amount
of specialized knowledge. This has become a major hurdle in medical biology research,
especially in the field of drug discovery.

[0010] On the other hand, the auto patch-clamp method uses an automated
electrophysiological measuring instrument, and although its performance has improved
remarkably in recent years, the reliability of data is not as reliable as replacing the manual
patch-clamp method. Furthermore, the auto patch-clamp test equipment is so expensive that
its use is limited to large pharmaceutical companies.

[0011] In recent years, a method similar to the patch clamp method was developed but high
voltage is applied when penetrating an electrode into a cell membrane in order to measure an
intracellular potential (Non-patent Document 3) which led to the development of rat
myocardium. It has been reported that the intracellular potential of rat cardiomyocytes could be
recorded successfully. However, in that method, the electrode loses access to the intracellular
space, because the perforated cell membrane is repaired immediately. Therefore, it is not a
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practical method.

[0012] With the progress of intracellular recording methods, the development of extracellular
recording methods for recording extracellular electrical changes has developed and become
more widespread in recent years. The extracellular recording method, as represented by an in
vitro multi-point planar electrode (multi-electrode array) system, records electrical changes
extracellularly from electrodes placed outside the cell. (Patent Documents 1 to 4)

[0013] The application of the in vitro multi-point planar electrode (Multi Electrode Array, MEA)
system began to be used in studies of plasticity of cultured nerve cells, or more specifically,
drug safety testing using nerve cells and cardiomyocytes derived from human iPS cells.

[0014] Although MEA allows for easier handling of cells due to extracellular recording, this
technology only allows recordings for AC-like changes (changes in membrane potential unit
time, differential waveforms), so it is not applicable for recording slow changes in the
intracellular membrane potential. Therefore, this measurement method does not provide
sufficient information for analysis and its application is limited.

[0015] According to a report that attempted intracellular recording by a method based on MEA,
cells were seeded on a mushroom-shaped electrode and high voltage was applied in order to
break the cell membrane. The recording time of the intracellular potential could only be
maintained for a short time, confirming it is not a practical recording method. (Non-Patent
Document 1).

[0016] From the above, it is desired to provide a method for measuring intracellular potential
having the following characteristics. It should be as stable and easy to handle as the MEA
extracellular recording method, capable of high-precision recording equal to or higher than the
manual patch clamp method, and applicable to membrane potential recording from a single
cell in a cell culture (Non-Patent Document 4).

Citation List

Patent Document

[0017]

Patent Document 1: WO2012/043820
Patent Document 2: WO2013/061849
Patent Document 3: W0O2014/098182

Patent Document 4: Japanese Translation of PCT International Application Publication No.
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2005-505761

Non-Patent Document

[0018]

Non-Patent Document 1: Anna Fendyur, et al., Frontiers in Neuroengineering, Dec.2011, Vol.4,
Article14, p.1-14

Non-Patent Document 2: Raphael Levy, et al., NanoReviews 2010, 1:4889-DOI: 10.3402/
nano. v1i0.4889

Non-patent document 3: Micha E. Spira et al., Nature Nanotechnology Vol.8(Feb.2013) p.83-
94/DOI:10.1038/NNANO.2012.265

Non-Patent Document 4: Khudhair D., et al., (2017) Emerging Trends in Neuro Engineering
and Neural Computation. pp.41-59

US 5,981,268 discloses an apparatus and a method for monitoring cells and a method for
monitoring changes in cells upon addition of an analyte to the cell's environment, comprising a
device which includes an array of microelectrodes disclosed in a cell culture chamber, upon
which array a portion of the cells adhere to the surfaces of the microelectrodes. The diameter
of the cells are larger than the diameters of the microelectrodes. A voltage signal is applied
across each of the microelectrodes and a reference electrode and detection and monitoring of
the signals resulting from the application of the voltage signal provides information regarding
the electrical characteristics of the individual cells, including impedance, action potential
parameters, cell membrane capacitance, cell membrane conductance, and cell/substrate seal
resistance.

US 2012/034622 discloses a method for assaying or monitoring changes in transmembrane
potential, the method comprising: providing at least one target cell; contacting the target with at
least one activation platform to form a treated target, wherein the activation platform comprises
at least one layer of immobilized nanocrystals covered by at least one layer of adhesion
substrate; stimulating the treated target;, assaying emission from the activation platform; and
correlating the emission with the change in transmembrane potential. Daisuke Kami, et al.,
"Application of Magnetic Nanoparticles of Gene Delivery”, International Journal of Molecular
Sciences, vol. 12, no. 6, June 7, 2011, page 3706, line 17 - page 3710, line 21 provides a
review on research on binding DNA to nanoparticles as well as a latest study on non-viral gene
delivery using polyethylenimine-coated magnetic nanoparticles. It has been found that
polyethylenimine is an excellent cationic polymer for dispersing magnetic nanoparticles and
that its water solubility, stability and low toxicity contribute to enhancing transfection efficiency.

Summary of the Invention
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Problems to be Solved

[0019] The present invention aims at providing a method for accurately measuring the
intracellular potential of a single cell unit or a cell population (sheet-shaped cells or cell
clusters) by a simple method that is less invasive to cells and does not require a skilled
procedure. In particular, the objective of the present invention is to provide a method capable
of recording an action potential or a change in the action potential generated in a cell that
cannot be cultured in a sheet, typically a cultured neuron.

Means for Solving the Problems

[0020] To measure the intracellular potential accurately, a glass microelectrode is inserted into
the cell, the potential difference from the extracellular electrode (earth ground) is amplified
through an amplifier, and the result is observed on a monitor.

[0021] In recent years, gold nanoparticles have been widely used not only as an
immunodiagnostic kit but also as a delivery vehicle for nucleic acids and various drugs to
mammalian cells including human cells, and the intracellular transfection method has a low
burden on the cells is under development (Non-Patent Document 2).Moreover, the properties
of gold nanoparticles are extremely low in cytotoxicity and highly electrically conductive.
Because of the reasons described above, the present inventors have devised to use gold
nanoparticles to introduce into cells instead of glass microelectrodes. The invention is defined
by the independent claims 1 and 4. Further aspects are defined by the dependent claims.

[0022] As a result of diligent research, the present inventors invented the methodology
consists of the following steps; the test cells are cultured on a conductive glass plate then
introducing the magnetic nanoparticles coated with gold into the cells. The gold nanoparticles
are attracted to the magnet that is placed below the conductive glass plate, which then
penetrates the cell membrane and forms a contact point between the inside of the cell and the
conductive glass. One study examined the introduction of gold-coated magnetic nanoparticles
into polyethyleneimine on cultured animal cells adhered to the surface of the conductive glass
plate. The gold nanoparticles in the cells pulled towards the conductive glass plate surface by
the magnet placed below, penetrated the cell membrane, and one end of the gold
nanoparticles protruded outside of the cell and made contact with the conductive glass. The
potential difference between the conductive glass that directly reflects the intracellular potential
and the extracellular electrode (earth) is amplified by an amplifier. It was confirmed that the
intracellular potential can be measured as in the case of using the conventional intracellular
glass microelectrode.

[0023] An alternative method is to use a neodymium magnet placed above the cell as the
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magnet electrode. Neodymium magnets coated with a conductive metal are adhered from
above the cells to generate a magnetic field. With the help of a magnetic force, conductive
nanoparticles inside the cells (magnetic nanoparticles coated with gold) penetrates the cell
membrane and contacts the magnet electrode MagEle. It was confirmed that the magnetic
electrode functions as an intracellular recording electrode and the intracellular potential can be
measured.

[0024] Therefore, by having a method of attracting the conductive nanoparticles and
introducing them into the cells in advance by the magnetic field and penetrating the cell
membrane, it was possible to connect the electrodes inside and outside the cells while
minimizing damage to the cells as much as possible.

[0025] In addition, we have also developed a method for recording intracellular potentials that
causes less damage to cells by penetrating the cell membrane from the outside of the cell
because this method does not require the step of introducing conductive nanoparticles into the
cell in advance. Specifically, a magnet electrode, in which conductive nanoparticles are
adsorbed on the surface of the magnet electrode, is pressed against the cell surface from
above the cell and is drawn to a metal plate provided below the cell to penetrate the cell
membrane. It was confirmed that the magnet electrode and the intracellular recording
electrode can be constructed by performing the above-mentioned series of operations.

[0026] It is possible to measure the intracellular potential by connecting the intracellular
recording electrode constructed by these methods and the extracellular electrode (earth)
provided in the extracellular fluid to an amplifier and amplifying the potential difference
between both electrodes (The patent was filed on the same date).

[0027] The above method completed by the present inventors employs a method of
penetrating the cell membrane with the conductive nanoparticles being pulled by the magnetic
force, so that the method can be easily performed and damage to the cells can be suppressed
as much as possible. This is an epoch-making technology that has a great merit making it
possible to observe changes in intracellular potential while allowing cells to survive in a normal
state for a long period of time. However, in terms of measuring the intracellular potential, that
is, measuring the change in the potential difference between the intracellular potential and the
extracellular potential in the extracellular fluid, this method is not significantly different from the
conventional glass microelectrode method.

[0028] The present invention provides a method for measuring an intracellular potential using
the principle of a capacitive charge amplifier, which is completely different from the
conventional measuring method.

[0029] The present invention relates to a capacitance-type potential measurement device
capable of recording intracellular potential or potential change of target cells, comprising a
charge amplifier, and a first conductor and a second conductor for forming a capacitor, wherein
the device has a potential recording circuit formed by connecting the first conductor to a
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positive input of the charge amplifier, and by connecting the second conductor to a negative
input, wherein:

1. (1) the first conductor is a conductive plate, onto which the target cells adhere,

the conductive plate is in contact with one end of conductive magnetic nanoparticles
penetrating the cell membrane in the lower surface of the target cells, in the upper
surface of the conductive plate, and the conductive magnetic nanoparticles have further
the other end being in the cytoplasm of the target cells; and

the second conductor is a conductive sheet placed between the conductive plate and a
magnet placed below the conductive plate, or

2. (2) the first conductor is a magnet electrode adhered onto the target cells from above
the target cells, wherein the lower surface of the magnet electrode is in contact with one
end of conductive magnetic nanoparticles that penetrate the cell membrane in the upper
surface of the target cells, and wherein the conductive magnetic nanoparticles have
further the other end being in the cytoplasm of the target cells; and
the second conductor is a magnetic body or a magnet-attracting metal plate provided on
the upper surface of an insulator covering the upper surface and side surface of the
magnet electrode.

[0030] The present invention (capacitance type potential measuring device) is characterized in
that a capacitor is used as a recording device in which one of the conductors forming the
capacitor comes into contact with conductive nanoparticles (conductive nanoparticles,
conductive peptides, etc.) penetrating the cell membrane. According to the method, change in
charge between the two conductors forming a capacitor is recorded by connecting the above
conductor to positive input and connecting another not being contact with cells to the negative
input. Since the capacitance of the capacitor used in the capacitance type potential
measurement device is small (<50pF), the impedance (resistance) value of the capacitor is
very high.

[0031] According to Ohm's law, a large potential difference occurs at both ends of a series
circuit having a large impedance. It is known that the smaller the capacitance of a capacitor,
the greater the impedance (capacitive reactance) (for example,
http://www.fluke.com/fluke/uses/comunidad/fluke-news-plus/articlecategories/
electrical/capacitivevoltage)).

[0032] From the above, when measuring the potential difference between both ends of a
capacitor, by using a capacitor with a small capacitance, the resistance impedance between
them becomes large, and it becomes possible to record a small potential change, such as the
cell membrane potential.

[0033] In this case, the voltage amplifier acts as a "charge amplifier”. That is, the flow of ions
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flowing into the cell through the cell membrane is recognized as a charge signal through the
conductive nanoparticles penetrating the cell membrane. It is converted into a voltage signal
change through a capacitor (charge-voltage converter) and measured by the voltage amplifier
as a change in membrane potential.

[0034] Changes in intracellular potentials such as action potentials that occur within cells are

caused by the movement of charged (Charge) ions (Na*, K*, Ca2*, CI') in and out of the cell. If
this change in charged ion concentration is regarded as a change in charge through the
conductive nanoparticles penetrating the cell membrane, it can be measured as voltage
signals by applying the principle of a charge amplifier using a capacitance type potential
measurement device.

[0035] That is, in the present invention, the "capacitive type potential measuring device" is a
technique that enables direct current potential (voltage) measurement (intracellular membrane
potential in the experimental example) to be performed without providing a ground in the
measurement circuit. The feature is to use a capacitor with very high impedance and picofarad
capacity. The potential change (charged ions entering and leaving the cell) that occurs at one
end of the capacitor coupled to the conductive nanoparticle electrode is detected as a voltage
because the high impedance capacitor acts as a charge-voltage converter (charge amplifier).
The feature of this device is to connect the positive and negative inputs of the amplifier to both
ends of the capacitor and measure the potential change directly. Since the negative pole in the
device acts as the ground of the measurement circuit, it does not become an open circuit and
enables stable measurement. Further, in the present invention, the "method utilizing the
principle of charge amplifier" means that the change in the ion concentration in the cell due to
the inflow and outflow of cations and anions through the cell membrane is perceived as a
change in the charge through a conductive plate or other conductor that contacts the
conductive nanoparticles that penetrate the cell membrane."

[0036] The measuring method of the present invention is significantly different from the
existing intracellular or extracellular potential measuring methods. That is, instead of directly
measuring the potential change occurring between the positive input (intracellular) of the
amplifier and the negative input placed in the extracellular fluid, a capacitor (conductive plate)
for seeding cells is used as a charge sensor to sense an electric charge, and the electric
charge is converted into a voltage, which is recorded as a change in intracellular potential.
Therefore, it is not necessary to set the earth in the extracellular fluid. The conductive plate,
that is the sensor, only needs to be able to detect the change in the charge inside the cell
through the conductive nanoparticles that penetrate the cell membrane. That means that the
part of the conductive plate that is not covered with cells can be in direct contact with the
extracellular solution. Therefore, it is particularly suitable for measuring the intracellular
potential of a single cell such as a cultured nerve cell that cannot form into a cell sheet.

Effects of the Invention
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[0037] Since the conductive nanoparticles introduced into the cell by a known method or the
conductive nanoparticles on the cell surface mixed with the transfection reagent are attracted
by the magnetic field to penetrate the cell membrane, damage to the cells can be minimized as
much as possible, and the fluctuation of the intracellular potential can be observed while
allowing the cells to survive in a normal state for a long period of time.

[0038] In addition, the measuring method of the present invention does not directly measure
the potential change between the positive input and the negative input of the amplifier, but this
method of recording the change in intracellular potentials is performed using the charge-
voltage conversion using a capacitor (conductive plate) that seeds cells as a sensor.
Therefore, it is not necessary to set the earth in the extracellular fluid. Since it is sufficient that
the conductive plate that serves as a sensor can sense a change in charge in the cell through
the conductive nanoparticles penetrating the cell membrane, and the conductive plate may be
in contact with the extracellular fluid at a portion not covered with cells.

[0039] That is, it is not necessary for the measuring method of the present invention to culture
in a sheet form even when applied to a cell group, and even when applied to a single cell, the
action potential of a cell or its change can be accurately measured easily.

[0040] Especially, even in cells that cannot be cultured in a sheet, typically in cultured nerve
cells, it is possible to record the action potential generated in the cell or its change. Therefore,
in the future, in vitro electrophysiology of (cultured) nerve cells, it is expected to make a
dramatic contribution to scientific research.

[0041] Furthermore, by applying it to transformed cells or cell groups that express various ion
channels, drug transporters, etc., it can be used as a tool for screening drug efficacy or
cytotoxicity by observing changes in intracellular potential due to the addition of various drugs.

Brief Description of Drawings

[0042]

[FIG. 1] Reference: Figs.1 (A) to (C) illustrate a procedure for introducing gold-coated
magnetic nanoparticles into cells, and Fig. 1 (D) illustrates a conceptual diagram showing the
procedure by which gold-coated magnetic nanoparticles in cells are pulled towards the
conductive glass surface by a magnet below the conductive glass surface.

[FIG. 2] Reference: Fig. 2 illustrates a conceptual diagram showing that the intracellular
potential is measured by extracellular devices of recording electrode, ground, and amplification
amplifier.

[FIG. 3] Reference: Fig. 3 illustrates a conceptual diagram showing that the intracellular
potential is measured from a cell population seeded on the surface of a conductive plate.
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[FIG. 4] Reference: Fig. 4 illustrates a potential response to blue light stimulation on hChRWR
expressing CHO cultured cells with gold-coated magnetic nanoparticle electrodes.

[FIG. 5] Reference: Fig. 5 illustrates a result of intracellular action potential measurement in
Nav1.5/Kir2.1-expressing HEK cultured cells having gold-coated magnetic nanoparticle
electrodes (Induction of action potential by membrane potential change).

[FIG. 6] Reference: Fig. 6 illustrates a result of intracellular action potential measurement in
Nav1.5/Kir2.1-expressing HEK cultured cells having gold-coated magnetic nanoparticle
electrodes (Induction of action potential by the current pulse).

[FIG. 7] Reference: Figs. 7(A) to (C) illustrate that action potentials recorded in Reference
Example 2 are results of the expression of Nav1.5/Kir2.1 genes. Their functional expressions in
HEK cells are verified using the Current-clamp method (Fig. 7(A)), and by the \oltage-clamp
method, (Figs.7 (B) and (C)).

[FIG. 8] Reference: Fig.8 illustrates a conceptual diagram showing that a neodymium magnet
is used as a magnet electrode to allow gold-coated magnetic nanoparticles to penetrate the
cell membrane and measure the intracellular potential. Since the magnet is much larger than
the cells, the bottom surface of the magnet is attached to the surface of multiple cells.

[FIG. 9] Reference: Fig. 9 illustrates a conceptual diagram showing the use of neodymium
magnets to penetrate the cell membrane with gold-coated magnetic nanoparticles without
introducing the nanoparticles into cells in advance.

[FIG. 10] Reference: Fig. 10 illustrates a result of intracellular action potential measurement in
Nav1.5/Kir2.1-expressing HEK cultured cells, with neodymium magnet electrode (induction of
action potential by membrane potential change).

[FIG. 11] Reference: Fig. 11 illustrates a measurement of the endogenous outward current of
CHO cells mediated by conductive nanoparticles penetrating the cell membrane of CHO cells
cultured on a conductive plate electrode (by the voltage- clamp method).

[FIG. 12] Fig. 12 illustrates a preliminary experiment of measuring the intracellular potentials
based on the charge amplifier principle.

[FIG. 13] Fig. 13 illustrates a conceptual diagram showing that the intracellular potential
(voltage) changes can be measured as detecting the changes in the charges by sing the
principle of the charge amplifier.

[FIG. 14] Fig. 14 illustrates recordings of Spontaneous Action Potentials from iPS Cell-Derived
Cardiomyocyte Cells using intracellular Gold-Coated Magnetic Nanoparticle Electrodes
introduced in advance based on the Principle of Charge Amplifier.

[FIG. 15] Fig. 15 illustrates the recording of sodium ion channel opener induced intracellular
action potentials from cardiomyocytes cultured on a conductive glass surface coated with a
collagen lattice, which was measured by detecting the changes in intracellular ion
concentrations as changes in electric charge and then converting it into a change in voltage for
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measurement.

[FIG. 16 A] Fig. 16 (A) illustrates a conceptual diagram of a method recording the intracellular
potential using the principle of the charge amplifier by using the conductive nanoparticles
adsorbed on the magnet electrode as the intracellular electrode to penetrate the cell
membrane instead of using conductive nanoparticles introduced into the cell in advance. A
cover glass is used for cell culture.

[FIG. 16 B] Fig. 16 (B) illustrates a conceptual diagram of a method recording the intracellular
potential using the principle of the charge amplifier by using the conductive nanoparticles
adsorbed on the magnet electrode as the intracellular electrode that penetrates the cell
membrane instead of using conductive nanoparticles introduced into the cell in advance. A cell
culture insert is used for cell culture.

[FIG. 17A] Fig. 17 (A) illustrates the experimental result for NG108-15 cells in which neural
differentiation was performed for 5 days. Spontaneous action potentials were recorded by
placing the magnet electrode, pre-adsorbed with conductive nanoparticles (C-M electrode), on
cells seeded on coverslips.

[FIG. 17B] Fig. 17 (B) illustrates the experimental result for NG108-15 cells in which neural
differentiation was performed for 2 days. Glutamic acid was administered to the extracellular
fluid (final external fluid concentration 800 uM), and the response mediated by glutamate
receptors was recorded. The baseline and glutamate response artifacts in the figure were
removed.

[FIG. 18] Fig. 18 illustrates a recording of intracellular potential in cells transiently expressing
ion channels.

[FIG. 19] Fig. 19 illustrates a conceptual diagram showing that in the capacitive recording
method in which the MagEle (magnet electrode) is fixed above the target cells, the external
liquid flows in between the insulator on the side surface and the substrate.

[FIG. 20] Fig. 20 illustrates a recording of intracellular potential of differentiated cultured nerve
cells (NG108-15 cells).

Description of Embodiments

1. Conductive nanoparticles used in the present invention

[0043] In the present invention, "conductive nanoparticles” are nano-sized (25 to 100 nm) fine
particles having both conductivity and magnetism. Generally used in the sense of
"nanomagnetic particles coated with a conductive material”, as long as it has the function of
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penetrating the cell membrane and acting as an electrode, its shape is not limited to a
spherical shape, such as a linear shape, so other shapes may be used. Furthermore, the
material may be nanoparticles having magnetism, conductivity, and low cytotoxicity, but
conductive polymers, conductive peptides and the like can also be used.

[0044] As the conductive nanoparticles used in the present invention, it is common to use
magnetic nanoparticles whose surface is coated with a material that is conductive and has
almost no cytotoxicity.

[0045] Suitable materials for coating include, but not limited to, conductive metals such as gold
and platinum (Yamada et al. (2015) WIREs Nanomed Nanobiotechnol 2015, 7:428-445. doi:
10.1002/wnan.1322), conductive peptides and proteins, or various conductive polymers. In the
examples or reference examples described herein, citrate stabilized or PEG stabilized gold-
coated magnetic nanoparticles (manufactured by nanoimmunotech, NITmagold Cit or PEG50
nm) are used. The gold-coated nanoparticles are mainly described herein as typical
nanoparticles but are not limited thereto.

[0046] Further, as the core nanoparticles, any particles may be used as long as they have
magnetism, but even if the particles are not coated, they can be similarly used as conductive
nanoparticles as long as they are magnetic and electrically conductive, and also have low
cytotoxicity.

[0047] Specifically, materials listed in the following documents can be used as the conductive
polymer and the conductive peptides: "Poly(anthranilic acid) with magnetite nanoparticles
achieves enhanced crystallinity, magnetic properties, and AC and DC conductivity" (Ramesan
and Jayakrishnan, 2017, SPE Plastic Research On line 10.2417/spepro.006898) . In addition,
Quantum dot (Qdot) particles (OO Otelaja, D.-H. Ha, T. Ly, H. Zhang, and RD Robinson,
"Highly Conductive Cu2-xS Nanoparticle Films, which have been conventionally used for
staining of biological imaging through Room Temperature Processing and an Order of
Magnitude Enhancement of Conductivity via Electrophoretic Deposition" ACS Applied Materials
and Interfaces 6, 18911-18920 (2014)) and the like which have been conventionally used for
staining biological imaging can also be used as the conductive nanoparticles.

[0048] The diameter (50 nm) of the conductive nanoparticles used in the present invention
has the following requirements; because it needs to penetrate the cell membrane, so its
diameter needs to be longer than the thickness of the cell membrane (about 20 nm), but in
order to minimize damage to cells, the diameter should be as short as possible. That is, the
most ideal numerical range is 40 to 60 nm but the ranges 25 to 100 nm, 30 to 80 nm, and 35
to 70 nm would all be acceptable. Commercially available gold-coated magnetic nanoparticles

(Absolute Mag™ Gold Coated Magnetic Particles, Citrate diameter 50 nm, manufactured by
Creative Diagnostics) (WHM-GCO01), or the like may be used.

[0049] The conductive nanoparticles of the present invention may have other shapes, such as
a linear shape, a spherical shape, a cylindrical shape, or a conical shape, as long as they have
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the function of penetrating the cell membrane and serving as an electrode. The maximum
length of the particles is 25 to 100 nm, preferably 30 to 80 nm, and more preferably 35 to 70
nm, and even 40 to 60 nm would be preferred the most.

2. Cells to be measured and seeding of cells

(2-1) Target cell, cell population (cell group)

[0050] The cells to be measured in the present invention may be cells of biological origin such
as cells collected by biopsy, or cultured cells. It is mainly intended for mammalian cells, such as
humans, but may be eukaryotic microorganisms, such as yeast, prokaryotic microorganisms,
such as Escherichia coli, as well as birds, fish, and insect cells.

[0051] In particular, cardiomyocytes, nerve cells, vascular epithelial cells, liver cells and the
like, or cell populations thereof derived from human stem cells such as human iPS cells are
preferred.

[0052] In addition, transformed cultured cells, that express various ion channel genes or
transporter genes using mammalian cells such as HEK and CHO cells as transformation hosts,
are preferred target cells in the present invention since it can be used as an evaluation system
for a toxicity test of a drug incorporated from various ion channels or transporters.

[0053] The measurement target cell of the present invention may be a single cell, but in
general, a cell population (cell group) that proliferates after cell culture or is formed during
culture is targeted.

[0054] In the present invention, the term "cell population” refers to sheet-like cells formed on
the surface of a culture dish (plate, well) for adherent culture, including cell clusters formed by
cardiomyocytes, nerve cells, etc. derived from stem cells such as the iPS cells.

[0055] In addition, a target cell of the present invention includes an artificial cell containing a
giant liposome which has been widely used as a model cell in recent years (Moscho et al.
(1996) PNAS 93: 11443-11447; Schlesinger Saito (2006), Cell Death. and Differentiation 13,
1403-1408; Aimon et al. (2011) PLoS ONE 6(10): €25529. doi:
10.1371/journal.pone.0025529).

[0056] For example, a method of fusing a cell membrane fragment containing an ion channel
separated from cells expressing an ion channel with a giant liposome, an artificial cell prepared
by fusing a small liposome incorporating a recombinant ion channel protein expressed in
Escherichia coli or the like with a huge liposome, can be used.
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[0057] The present invention is particularly useful for drug discovery screening using model
cardiomyocytes or nerve cells.

[0058] The following is the preferred cardiomyocyte model. Cardiomyocytes that have been
induced to differentiate from stem cells, such as human iPS cells, or cells in which the cardiac
muscle ion channel genes (SCN5A (Nav1.5), CACNalC (Cav1.2), KCNH2 (hERG),
KCNQ1/KCNE1 (LQT1), KCNJ2 (Kir2) .1)) have been introduced into cultured animal cells
(HEK293, BHK, or CHO cells) and the above ion channels have been expressed in the cell
membrane. As such cells, for example, myocardial model cells described in W02014/192312
can be used.

[0059] Further, instead of the transformed cells, a cultured cardiomyocyte sample in which
differentiation is induced from stem cells, such as iPS cells, can be used (US9663764B2;
Generation of cardiomyocytes from human pluripotent stem cells). Myocardial iPS cells (iCell
Cardiomyocytes) are also commercially available from CDI.

[0060] It is also possible to use a tissue section sample derived from a living body. At that time,
as a tissue section, a myocardial section that forms atria or ventricles derived from mammalian
cells was used to investigate the cause of atrial fibrillation and arrhythmia. A tissue piece or the
like obtained by biopsy from the diseased tissue can be used.

[0061] For a nerve cell model, a photoreceptor channel expressing cell obtained by introducing
a photoreceptor channel gene into a nerve cell differentiated from PC12 cells or cerebral
cortex cells, or iPS cells, can be used by observing the potential response to photostimulation.
After the addition of the test substance, it becomes possible to evaluate the cytotoxicity of the
test substance to nerve cells and to evaluate the drug efficacy. The light-sensitive model nerve
cells, channel opsin 2-expressing cerebral cortical nerve cells described in JP-A-2006-217866
can also be used.

[0062] Unlike cardiomyocytes, even if nerve cells cannot cover the entire surface of conductive
glass with cells, the intracellular potential can be recorded by the method using the
capacitance type potential measurement device of the present invention.

(2-2) Cell seeding method:

[0063] In the present invention, since the cultured cells do not need to cover the entire
conductive plate recording area, it is not necessary for the cells to cover the entire conductive
plate recording area when the conductive plate recording area has a sufficient number of cells

for intracellular potential measurement. For example, it is preferable to sow 0.1 - 2.0x10° cells/

cm?, preferably 0.5 - 1.2x10° cells/ cm?. It is also possible to measure the intracellular potential
in a single cell.
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[0064] If a magnet electrode is used, the conductive plate area is not needed and a normal
culture vessel or cover glass can be used, so a Polycarbonate cell culture insert (pore size 0.4
pm, Thermo Scientific) may be used. The number of seeded cells is not limited, but when the
biopotential is measured using a cell population, it is also preferable to seed at a cell

concentration of 0.1 - 2.0x10° cells/cm?, preferably 0.5 - 1.2x10° cells/cm?. It is also possible
to measure the intracellular potential in a single cell, provided that the area of the magnet
electrode other than the adhesion surface to the target cell is insulated and does not come into
direct contact with the extracellular solution.

3. Method for introducing conductive nanoparticles into cells

(3-1) Method of introducing conductive nanoparticles into target cells before
penetrating cell membrane

[0065] In the present invention, there are two methods for penetrating the conductive
nanoparticles into the cell membrane of the target cells by: a method of attracting conductive
nanoparticles that have been previously introduced into cells by magnetic force towards the
cell membrane from the inside to penetrate the cell membrane, and a method for penetrating
the cell membrane by pressing extracellular nanoparticles against cells with magnetic force.
This section describes a method used in the former case to previously introduce conductive
nanoparticles into cells. The latter case will be described in detail in (4-3) below.

[0066] The method for introducing the conductive nanoparticles of the present invention into
cells may be any of the methods described in the literature, which reviewed known methods for
introducing nanoparticles into cells "Levy et al. (2010) Gold nanoparticles delivery in
mammalian live cells: a critical review. Nano Reviews, 1: 4889-DOI: 10.3402/nano. v1i0.4889",
either method is acceptable, but a method that minimizes damage to cells due to the
introduction of nanoparticles is preferred. In Reference Example 1 and the like of the present
specification, a polyethyleneimine solution (P3143 Sigma-Aldrich Mn ~60,000) is used as a
transfection reagent, and Streptolysin O is used as a pore-forming protein toxin to the cell
membrane. The method is not limited to the methods described above.

[0067] As a typical introduction method, for example, the following methods can be used, but
are not limited thereto.

(3-2) A method that uses a protein toxin (such as Streptolysin O) that reversibly forms
pores (pathways that penetrate the membrane) on the cell membrane of target cells.

[0068] Protein toxins as pathogenic factors that form pores in the membrane of target cells
have been known for a long time, and these protein toxins can be opened in reverse while
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controlling their toxicity to target cells. Technology that acts like a non-selective ion channel
(pore) has also been developed (Walev et al., PNAS 98:(6) 3185-3190(2001); T. Tomita.,
Bio.Soci. Japan General Incorporated. Association, Vol.34, No.6 (1994) p.6-11).

[0069] As such a toxin, using streptolysin O of type A hemolytic streptococcus (Streptolysin O)
and a-toxin of staphylococcus bound to liposomes are preferred. In Examples or Reference
Examples described herein, examples using Streptolysin O are shown, but the present
invention is not limited to Streptolysin O.

(3-3) Method using transfection reagent:

[0070] As the transfection reagent, in addition to polyethyleneimine, Superfect (Qiagen) can be
used, which is also known to make pores with dendrimer, similar to polyethyleneimine. Since
polyethyleneimine has a large molecular weight, it forms a large pore, so it is more effective.

[0071] The transfection reagent is used as a typical reagent when introducing conductive
nanoparticles into cells in advance, but it is also effective in the method (5) of allowing
conductive nanoparticles to penetrate from outside the cell into the cell membrane.

(3-4) Method of utilizing intracellular uptake by endocytosis:

[0072] The difficulty with this method is that it requires a step of translocating from the
endosome interior space to the cytoplasm after the conductive nanoparticles are taken up into
the target cell.

[0073] For this purpose, it is preferable to add a cell penetrating peptide (CPP) such as TAT or
TAT-HA to the conductive nanoparticles so as to transfer the cells from the endosome
membrane to the cytoplasm.

(3-5) Method of mechanically inserting with a shotgun (Genegun):

[0074] This method includes two methods: a method of introducing conductive nanoparticles
into cells and then seeding target cells, and a method of inserting conductive nanoparticles
after seeding target cells.

[0075] Either method may be used, but in the case of the former, there is an advantage that a
commercially available device (HeliosR Gene Gun System, Bio-Rad) can be used; therefore, it
is particularly suitable when a large number of cells and conductive nanoparticles are targeted.

4. Method for penetrating conductive nanoparticles into the cell membrane of a target
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cell

(4-1) Basic Principle of Conductive Nanoparticles Through Cell Membrane Used in the
Present Invention (When Conductive Nanoparticles Preliminarily Introduced into Cell
Penetrate Cell Membrane)

[0076] In the present invention, there are two methods for penetrating the conductive
nanoparticles into the cell membrane of the target cells; a method of attracting conductive
nanoparticles that have been previously introduced into cells by magnetic force towards the
cell membrane from the inside to penetrate the cell membrane, and a method for penetrating
the cell membrane by pressing extracellular nanoparticles against cells with magnetic force.

[0077] In either case, the basic principle of the present invention is that conductive
nanoparticles previously introduced into cells are attracted to a magnetic field outside the cells
to penetrate the cell membrane, so that the conductive nanoparticles are centered around the
cell membrane, and one end is inside the cell and the other end is exposed outside the cell. As
a result, the end of the conductive nanoparticle that is exposed senses changes in the charge
inside the cell, since the change of the electric charge also occurs at another end exposed
outside the cell, it is possible to measure and record the intracellular potential through the
conductive plate electrode or the conductive magnet electrode in contact with the conductive
nanoparticles exposed outside the cell. The conductive plate and magnet electrode work as a
capacitor to detect electric charge as voltage. At that time, a conductive substance which
functions as a connector for connecting the extracellular exposed portion of the conductive
nanoparticles to the amplifier, and which constitutes an intracellular potential recording
electrode together with the conductive nanoparticles is required. One of the electrodes made
of such a conductive material is a conductive plate, and a cell potential measuring container in
which at least a part of the bottom surface of a plate for seeding cells (usually also serving as a
cell culture container) has conductivity, and a magnet is installed on the side opposite to the
cell adhesion surface of the plate, the other is a "magnet electrode” (typically a neodymium
magnet) with a conductive coating.

[0078] Hereinafter, a general method for using the conductive plate is described first, and then
a case of using the magnet electrode is described.

(4-2) Procedure when using conductive plate

[0079] Here, one embodiment in the case of applying to a cell population (cell sheet) will be
described, but the method of the present invention is not limited to this.

(Step 1) Test cells are seeded on a culture dish or plate (hereinafter, simply referred to as a
conductive plate) having at least a surface of conductivity, or a tissue section is brought into
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close contact with the surface of the conductive plate.

[0080] In the present invention, the "conductive plate” does not have to constitute the entire
bottom surface of the culture container, and the conductive surface may be exposed to
extracellular fluid. It can also be formed by conductive coating only the cell-adhesive surface of
the glass surface of the culture dish using a conductive material. The conductive material for
forming the conductive plate region, FTO (fluorine-doped tin oxide) or the like is preferably
used, but the conductive material is not limited to this as long as the equivalent conditions are
satisfied.

[0081] Here, it is preferable to use a transparent substrate, for example, a conductive glass,
for seeding the cells, because the seeding state of the cells can be easily and accurately
confirmed by a microscope. Although the conductive glass (manufactured by Kennis Co., Ltd.)
is used in the examples or reference examples in the present specification, it is not limited
thereto.

[0082] Further, as the conductive plate, a titanium plate used for culturing osteoblasts (Rosa
and Beloti (2003) Effect of cpTi Surface Roughness on Human Bone Marrow Cell Attachment,
Proliferation, and Differentiation. Braz Dent J 14(1): 16-21) and the like are also preferable.
Titanium plate has almost no cytotoxicity and does not transmit light, but it has better
conductivity than conductive glass, and since errors due to series resistance such as
conductive glass (having an electrical resistance of 20-40 ohms) does not occur, a titanium
plate or a non-toxic conductive metal is preferable when a particularly accurate measured
value is required.

(Step 2) Nano-magnetic particles (particle diameter 25 to 100 nm) coated with a conductive
material are introduced into cells. The "nanomagnetic particles coated with a conductive
material" are also simply referred to as "conductive nanoparticles”.

(Step 3) The conductive nanoparticles taken into the cells are attracted by a magnet
(neodymium magnet, conductive magnet, etc.) placed below the culture dish to penetrate the
lower side of the cell membrane.

(4-3) Reference: Procedures for constructing intracellular recording electrodes by
applying gold-coated magnetic nanoparticles to single cells (Conceptual Diagram)

[0083] A conceptual diagram when the method of the present invention using the conductive
plate shown in (4-2) is applied to single cells of gold-coated magnetic nanoparticles, which are
typical conductive nanoparticles of the present invention (Fig. 1 and Fig. 2), the procedure is
as follows:

1. (1) Introduce gold-coated magnetic nanoparticles into cells (Fig. 1A-C) .

2. (2) A magnet placed on the opposite side of the conductive glass to which cells are
attached attracts the gold-coated magnetic nanoparticles to the conductive glass surface
(Fig. 1D).
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3. (3) Gold-coated magnetic nanoparticles attracted to the glass surface by the magnet
penetrate the cell membrane of glass-adhesive part of cells.

4. (4) The gold-coated magnetic nanoparticles penetrating the cell membrane connect the
electrodes to the inside of the cell, and the intracellular potential and current can be
measured through the gold coating around the magnetic nanoparticles.

5. (5) The intracellular potential is measured by the recording electrode, the ground, and
the amplification amplifier arranged as shown in (Fig. 2).

(4-4) Reference: Conceptual diagram when constructing an intracellular recording
electrode by applying it to a cultured cell population

[0084] When applied to cultured cells in actual experiments, there are usually multiple cells. At
that time, if contact between cells is not established, the glass surface that will be the electrode
will be directly connected to the earth ground through the extracellular fluid (because of the
ionized ions), which will short-circuit the gold-coated magnetic nanoparticles and the
extracellular solution, and the intracellular potential through gold coated magnetic
nanoparticles becomes not possible. For that purpose, it is necessary to spread the cells
throughout the entire surface of the conductive plate (electrode) without any gap. It is desirable
to make the electrode area as small as possible (Fig. 3). When a conductive material is drawn
in a pattern on the surface of the culture dish to form the conductive plate area, the conductive
plate area is formed so as to fit within at least the cell adhesion surface.

(4-5) Method using magnet electrode (MagEle)

[0085] A magnet coated with a conductive material (for example, a conductive metal such as
nickel or aluminum) can be used as a "magnet electrode (MagEle)" because it has conductivity
as well as magnetic force. A typical one is a neodymium magnet.

[0086] The neodymium magnet has the highest magnetic force among the permanent
magnets, but since it easily rusts, it is usually plated with nickel. Since a commercially available
1 mm diameter cylindrical neodymium magnet (Neomag Co., Ltd.) is also coated with Ni-Cu-Ni,
it has a strong magnetic force, high conductivity and can be used as a magnet electrode
(MagEle). Besides, it can be used as a magnet electrode (MagEle) even when it is coated with
aluminum. Further, the magnet body may be any magnet as long as it can generate a
magnetic field that can attract the conductive nanoparticles in the cell upward against the
attractive force so is not limited to the neodymium magnet. An example using a different
neodymium magnet will be described. The magnet may be placed on the cell or the cell may
be placed on the magnet, as long as the nanoparticles introduced into the cell are attracted to
the magnet electrode in contact with the cell.
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[0087] More specifically, after introducing the conductive nanoparticles into the cells, the
neodymium magnet is brought into contact with the cell membrane from above the cells in the
solution, not from the culture dish side. The intracellular conductive nanoparticles are attracted
to the upper side of the cell to penetrate the cell membrane. The reference drawing of Fig. 8
illustrates the example of how the intracellular recording electrode is constructed.

[0088] Since it is necessary to shield the extracellular solution completely from the neodymium
magnet surface, except for the parts that come into contact with the cells, an insulating coat,
such as silicone rubber or silicone tube, should be applied beforehand.

[0089] As described above, in the method of using the neodymium magnet as the magnet
electrode (MagEle), it is not necessary to mount the cells on the conductive glass, and a
normal culture dish can be used, so there is an advantage that the cells cultured in the culture
dish can be used as they are and the change in the intracellular potential can be directly
recorded after the nanomagnet particles are introduced.

[0090] As long as cultured cells or groups of cultured cells have sufficient contact area with the
magnet electrode (MagEle) placed above it, cells do not need to be present in areas that do
not come in contact with the MagEle. In other words, it is not necessary for the entire bottom
surface of the dish to be covered with the cell population.

[0091] Since the magnet electrode builds an intracellular recording electrode with the
conductive nanoparticles, the same procedure can be applied as when measuring the
extracellular electrode (earth) and the intracellular potential.

[0092] In the present invention, to make the magnet electrodes function as capacitors
themselves, the part of the magnet (covered with an insulating film) exposed from the
extracellular fluid on the side opposite to the cell adhesion surface is connected to the negative
electrode of the amplifier. Since the magnet electrode is coated with a conductive material,
connecting it to the positive input of the amplifier establishes the same positional relationship
as the recording method using the principle of the charge amplifier through the insulating film,
so in this recording method, the extracellular fluid does not need to be grounded, as in the
case of using the above-mentioned conductive plate.

(4-6) Method for penetrating conductive nanoparticle from outside the cell membrane

[0093] Unlike the above-mentioned method, this method does not previously introduce the
conductive nanoparticles into cells. This is a method in which the conductive nanoparticles that
are magnetically adsorbed directly on the surface of the magnet electrode are pressed against
the cells and are inserted into and penetrate the cell membrane by the magnetic force
generated between the conductive nanoparticles and the metal plate placed on the opposite
side.
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[0094] More specifically, the conductive nanoparticles are fixed to the surface of the magnet
electrode by the magnetic force. During this process, the conductive nanoparticles may be
used in a state of being mixed with a transfection reagent typified by PEI (Polyethyleneimine).
Subsequently, the magnet electrode is pressed against the surface of the target cell, and the
magnetic force generated between the magnet electrode and the metal plate under the cell
makes the magnet electrode self-supporting. When the magnet electrode is thin and the
magnetic force is weak, it may be pressed against cells by a manipulator or the like without
depending on the magnetic force of the lower metal plate. Nanoparticles adsorbed and
immobilized on the surface of the magnet electrode are pressed against the cells and
penetrate the cell membrane. As a result, an intracellular potential recording electrode is
formed by the conductive nanoparticles having one end reaching the cytoplasm and the
magnet electrode supporting the conductive nanoparticles.

[0095] In the process described above, when used in combination with a transfection reagent
such as PEI, the introduction efficiency is further increased. It is highly possible that PEI or the
like, which has properties similar to those of cell membrane lipids, attaches to the nanoparticles
and assists cell membrane penetration. This method is an extremely non-invasive method
because it is not necessary to introduce the conductive nanoparticles into the cytoplasm.

[0096] This method is also excellent when applied to cultured nerve cells in which cultured
cells do not need to come into contact with each other because it is not necessary to install a
ground in extracellular fluid as in the case of using a conductive plate.

[0097] The case of using PEl will be specifically described below, but other transfection
reagents may be used, or the transfection reagent may be omitted.

[0098] Magnetic gold nanoparticles stabilized with PEG or citrate mixed with PEI are added to
the magnet electrode, and the nanoparticles are magnetically adsorbed to the bottom part of
the magnet electrode whose side is coated with an insulator.

[0099] More specifically, as the insulator, parafilm, silicon, wax, or the like can be used, all of
the portions of the magnet electrode that come into contact with the extracellular fluid, except
for the parts that come into contact with the nanoparticles, should be insulated. In the case of
silicone, a silicone tube that tightly fits the magnet can be also used.

[0100] After about 30-minute incubation, the surface of the magnet electrode on which the
conductive nanoparticles are adsorbed is faced downward, the magnet electrode is brought
close to the cell in the culture container from above and brought into direct contact with the
cell. Next, the culture container is placed on a material, such as an iron plate, in order to attract
a magnet. The magnet electrode is fixed on the cell by being attracted to this iron plate, and
the conductive nanoparticles penetrate the cell membrane by the action of PEI. At this time,
since one end of the conductive nanoparticle is attached to the magnet electrode, it stays in
the cell membrane and intracellular potential recording is performed from one end exposed in
the cell. That is, intracellular potential recording can be achieved without introducing
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nanoparticles into cells in advance. However, in this method, if the magnet is too weak, the
magnet electrode needs to be held to another manipulator, so it is necessary to optimize the
strength and size of the magnet depending on the cell type and culture conditions.

5. Measuring method of the present invention

(5-1) Measurement principle applying the concept of charge amplifier.

[0101] Changes in intracellular potentials such as action potentials that occur inside cells are

caused by the movement of charged ions (Na*, K*, Ca2*, CI) in and out of the cell. If we
consider it as the change of electric charge through the conductive nanoparticles penetrating
through, it can be measured as a voltage signal by applying the principle of charge amplifier.

[0102] This measurement principle is similar to the optical measurement method circuit for
optical particles using photodiodes. A conventional amplifier measures the current flowing
between its positive and negative electrodes (earth), or the change in applied voltage (change
occurring between electrodes). In the case of an optical sensor (photodiode), the photodiode
senses a phenomenon (light intensity) outside the measurement circuit from the energy of
photons (photon particles) and amplifies it as a change in electricity (voltage or current).

[0103] In the present invention, changes in the concentration of charged ions (e.g., Na*, K,

Ca2*, CI') flowing in or out of cells are regarded as changes in the amount of charge. It is
detected by the charge sensor, that is composed of conductive nanoparticles and conductive
plates. This is a method of measuring it as a voltage change. That is, in the present invention,
charged ions are perceived and converted into electric changes, just as the photons perceived
by the photodiode are converted into electric changes.

[0104] What differentiates the present invention from the conventional intracellular and
extracellular potential recordings is that, instead of measuring the potential change between
the positive and negative inputs of the amplifier, the capacitor (such as conductive plate) in
which the cells are cultured is used as a detection sensor to measure the membrane potential
by converting the charge into the voltage change.

[0105] Therefore, one of the major characteristics is that it is not necessary to set the earth
ground in the extracellular fluid. This means that even if the conductive plate, which is the
sensor, is in direct contact with the extracellular solution in the portion not covered with cells,
the change in intra-cellular membrane potential can be measured as a change in charge. Due
to this characteristic, intracellular recording can be performed even for cells that cannot be
cultured in a sheet-like manner, such as nerve cells, unlike cardiomyocytes.

(5-2) Method for measuring an intracellular potential with conductive nanoparticles
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using the principle of a charge amplifier with a capacitance type potential measurement
device in the present invention

[0106] More specifically, for example, connect the upper surface of conductive glass seeded
with cells, which is the input of the capacitance type potential measurement device, to the
positive electrode, and connect the aluminum foil installed on the lower surface of the
conductive glass (thickness 2 mm) to the ground as the negative electrode. At this time, the
aluminum foil is placed between the lower surface of the conductive glass and the magnet.
(Insulation tape may be placed between the aluminum foil and the magnet to prevent short
circuiting the electrical circuit). A capacitor that functions as a capacitance type potential
measurement device is formed by a conductive glass surface, a glass plate (having a
conductive coating) that functions as a dielectric, and an aluminum foil. The conductive glass
can be the same as in other conductive plates such as the titanium plate described in the
above 4. (4-2) and the like, and the conductive plate of aluminum foil may be replaced by
aluminum foil, and a silver plate, a platinum plate, or the like.

[0107] The action potential generated in the cell placed on the surface of the conductive glass
is sensed as a charge, and the potential difference recognized above and below the capacitor
can be measured as a voltage.

[0108] In addition, in order to control the intracellular potential in the target cells, it is necessary
to employ a method of an electrical stimulation method (by using an electrical stimulation circuit
having a ground separately from the capacitance type potential measurement device), or a
light stimulation method (by expressing Channelrhodopsine gene etc.).

(5-3) Capacitive recording method for setting up MagEle (magnet electrode) above the
target cell

[0109] In the conventional recording method described in detail in (4-5) above, the MagEle
(magnet electrode, connected to the (+) pole) is fixed above the target cell, and the conductive
nanoparticles adsorbed at the tip of the MagEle penetrate the cell membrane like an
intracellular electrode to measure the intracellular potential. In order to install the ground (-)
electrode in the external liquid, it is necessary to completely isolate the MagEle from the
external liquid by the insulator provided on the side surface; therefore, the insulator must be
pressed onto the substrate (culture plate, culture plate, etc.) without any gaps. (Fig. 9).

[0110] The term "substrate" used in the present invention includes all devices for adhering
target cells for culturing, measuring and the like. For example, it indicates a culture dish, a

culture plate, a conductive plate, or the like.

[0111] On the other hand, in the present invention (capacitive recording method), when
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MagEle (magnet electrode) is used (fixed above the target cell), the MagEle works as the (+)
input. The top surface and side surfaces other than the contact surface with cells are
completely covered with an insulator (such as a parafilm film). The magnetic body or the
magnet attracting metal plate that serves as the ground (-) input is fixed above MagEle by
sandwiching the insulating film. In the Clip-on Ground of the present invention, the MagEle and
the insulating film covering the upper surface thereof acts as the capacitance of the capacitor.
If a magnet-adsorbing iron plate or an alloy containing iron is used as the metal electrode, the
(+) electrode and the (-) electrode can be integrated.

[0112] In that case, the lower surface of MagEle facing the target cell does not need to be
isolated from the extracellular fluid. The insulator covered on the side surface of MagEle may
be pressed onto the substrate without any gap as in the conventional case (Fig. 16A). It is also
possible to allow the external fluid to diffuse and flow in without completely adhering to the
substrate and not completely separating MagEle and the cells thereunder from the external
fluid.(Fig. 19).

[0113] When using MagEle, it is desirable for the cell seeding density to be medium. The
seeding density of the cells needs to be lower than that which are forming the sheet, as the
composition of the extracellular fluid can be influenced by the electrical activity of the cells,
especially if the surroundings are isolated. For example, when an action potential is generated,
sodium ions flow into cells and potassium ions flow out of cells. When cells under MagEle are
isolated from the external fluid, the extracellular sodium ions required for the generation of
action potential become insufficient, which negatively affects the generation of action potential.

[0114] In the latter case where MagEle and the cells underneath are not isolated from the
external fluid, MagEle detects changes in the intracellular charge that occur through the ion
channels existing in the cell membrane, so that the concentration of ions around the cells is
affected. Unless the exchange of ions inside and outside the cell to the extent that the ion
concentration around the cell is affected, the part of MagEle that is in direct contact with the
extracellular fluid is not affected by the external fluid, and only changes in intracellular potential
due to ion channels on the cell membrane can be detected through conductive nanoparticles
that penetrate the cell membrane. That is, the drug administered to the external fluid also
diffuses and flows in, and it becomes possible to record the intracellular potential change when
a drug is applied to cells.

[0115] The "Polycarbonate cell culture insert method" (Fig. 16B) is the most efficient method
for causing the inflow of extracellular fluid.

[0116] In the "Polycarbonate cell culture insert method”, the substrate to which cells are
attached is a Polycarbonate permeable membrane with a pore size of 0.4 ym (Thermo
Scientific), and since the inflow of the external liquid through the gap below the insert occurs
smoothly, the intracellular potential change due to the drug to be administered can be
efficiently observed.
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6. Method for detecting intracellular potential or its change (present invention) and
device for the measurement (conventional type)

(6-1) Container for the intracellular potential measurement

[0117] In the present invention, when using a magnet electrode, a general-purpose culture
dish or culture plate can be used as it is as a culture container for seeding and culturing target
cells. Also, even when a conductive plate is used, it can be used as a culture container
because the conductive plate region is provided on at least a part of the bottom surface of the
culture container for direct culture. Therefore, in any case, the culture container used for
seeding and culturing the target cell can be used as it is as a container for measuring
intracellular potential. Then, if necessary, it is possible to transfer from the container used for
culture to another container for measuring intracellular potential, which is easier to measure.

[0118] When using the culture container, as it is as a container for measuring intracellular
potential, the conductive nanoparticles are introduced into the target cells in the culture vessel.
Then, the culture solution was washed with physiological saline several times and replaced
with physiological saline. Immediately, a magnetic field attracts the conductive nanoparticles
inside the cell to the side of the magnet electrode or the conductive plate to penetrate the cell
membrane, whereby the intracellular potential or potential change can be measured and
recorded.

[0119] In the method using the principle of the charge ampilifier, it is not necessary to
completely cover the bottom surface in the form of a sheet regardless of whether the
conductive glass is used or the magnet electrode is used. For the purpose of the experiment, a
buffer solution having a different ionic composition can be used instead of physiological saline
as long as the osmotic pressure and pH are maintained.

(6-2) Use of device (conventional type) for measuring intracellular potential

[0120] In the present invention, the spontaneous potential in the cell and the induced potential,
the intracellular potential is detected by the conductive nanoparticles penetrating the cell
membrane, transmitted through the conductive plate electrode or the magnet electrode, and
recorded by a device outside the cell. Since the potential change that occurs at that time is
weak, a device equipped with a voltage amplifier (amplification amplifier) is essential for
recording the intracellular potential.

[0121] As such an instrument, any instrument conventionally used for measuring the
intracellular potential or the extracellular potential of a cell or a group of cells can be used.
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[0122] More specifically, as the patch clamp amplifier intracellular recording amplifier, an

amplifier having an input resistance of at least 10% to 108 ohms or more can be used. For
example, a patch clamp amplifier (Axopatch 200A, Axon instruments) or the like can be used.

[0123] Further, the MEA system can be used as long as it can measure a DC signal instead of
an AC signal.

7. Application of the present invention

(7-1) Drug discovery screening

[0124] The present invention is particularly useful for drug discovery screening.

[0125] Alternative to conventional patch clamp method or auto patch method, the intracellular
potential measurement method of the present invention can record the action potential and
resting membrane potential of a cell using a measurement method utilizing the principle of a
charge amplifier.

[0126] In drug discovery screening, by using the above model cardiomyocytes and model
nerve cells, it is effective for evaluating the test substance by evaluating the cytotoxicity and
drug efficacy of the test substance, since it is possible to quickly and accurately analyze the
influence of the test substance on cell function, contractile activity by electrical stimulation, and
analysis of changes in electrophysiological characteristics.

(7-2) Method for recording ligand gated receptor ion channels

[0127] Among the present invention, as an example of applying a capacitance type potential
measurement device using a magnet electrode to a screening method, a procedure for
screening a substance having a toxic action or an activating action on a ligand receptor
activated ion channel-expressing cell is described. Although shown below, the procedure is not
limited to the following.

[0128] More specifically, the following steps (1) to (6) are performed according to the
procedure.

1. (1) A step of introducing conductive nanoparticles into target cells adhered on the
porous membrane of a cell culture insert.
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[0129] As the porous membrane, commercially available cell culture inserts (Nunc
Polycarbonate Cell Culture Inserts, Thermo Scientific) can be used, and those having a porous
membrane of Polycarbonate having a pore size of 0.1 to 1.0 ym. Particularly preferably 0.4 ym
is used. Alternatively, Millicell inserts (Merkmillipore), cell culture inserts from Fisher scientific,
Corning can also be used.

[0130] In addition, in order to perfuse the solution on the lower surface of the cell, a step of
culturing the cell on the porous membrane and setting it on the spacer is required.
(2) A step of adhering a magnet electrode to the upper surface of the target cells.

[0131] In this step, the magnet electrode is covered with an insulator except for the adhesion
surface to the target cells, and has a magnetic body or a magnet adsorbing metal plate on top
of the magnet electrode covered with insulation.

(3) A step of providing a magnet-attracting metal plate below the porous membrane on the
bottom surface of the cell culture insert to which the target cells are adhered, drawing the
conductive nanoparticles to the side of the cell adhesive surface of the magnet electrode, by a
magnetic force generated between the magnet electrode and the magnet-attracting metal
plate below to penetrate the cell membrane, and allowing an end of the conductive
nanoparticles exposed to the outside of the target cells to be in contact with the magnet
electrode.

[0132] Although there is a gap of about 3 mm between the bottom of the cell culture insert and
the magnet attracting metal plate, the impact of the gap on the experiment is small and need
not be considered.

(4) A step for measuring the voltage between the magnet electrode and the magnetic body or
the magnet-attracting metal plate above, by connecting the magnet electrode to the positive
input of an electric signal amplifier, and by connecting the magnetic body or the magnet-
attracting metal plate above to the negative electrode of the electric signal amplifier to form a
potential recording circuit.

(5) A step of administering a test substance sample to the target cells through the permeable
porous membrane (Polycarbonate membrane, pore size 0.4 um) of the bottom surface of the
cell culture insert.

(6) A step of measuring the voltage between both electrodes, in the same manner as in step
(4), of the target cells after the administration of the test substance sample in step (5).

(7) A step of comparing the measurement result in step (6) with the measurement result in
step (4), and evaluating the test substance sample as a substance having a toxic action or an
activating action on the target cells if there is a significant difference between the two
measured values.

Examples

[0133] The present invention will be specifically described below with reference to Examples,
but the present invention is not limited to these.
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[0134] Other terms and concepts in the present invention are based on the meanings of terms
commonly used in the art, and various techniques used for carrying out the present invention
are notably defined as those demonstrating the source thereof. Except for this, those skilled in
the art can easily and surely carry out the implementation based on publicly known documents
and the like. In addition, various analyzes and the like were carried out by applying methods
described in analytical instruments or reagents used, instruction manuals of kits, catalogs and
the like.

[0135] The description in the technical documents, patent publications, and patent application
specifications cited in this specification shall be referred to as the description of the present
invention.

(Reference Example 1) Measurement of intracellular potential in CHO cells stably
expressing photoreceptor channel (ChRWR)

[0136] In this reference example, using a normal patch clamp amplifier (Axopatch 200A, Axon
instruments) as a device for intracellular recording, according to the intracellular potential
recording method of the present invention, the intracellular potential of CHO cells expressing a
photoreceptor channel (Channelrhodopsin: ChRWR) is measured.

(1-1) Generation of hChRWR-CHO stable expressing cell line

[0137] Photoreceptor channel (ChRWR) is said to have a 7-transmembrane rhodopsin-like
structure and is known to respond upward (depolarization) to 480 nm blue light stimulation.

[0138] Yao and his group (Wang et al.) constructed a chimeric gene, Channelrhodopsin (ChR)-
wide receiver (ChRWR), from ChR1 and ChR2, and used the ChRWR gene to highly express
ChR2 (Channel rhodopsin 2) in the cell membranes of PC12 cultured cells and cerebral cortical
nerve cells. It was confirmed that the response of intracellular potential by light stimulation
could be recorded by the patch clamp method, and the authors reported that photosensitivity
can be imparted to nerve cells. (Wang et al., 2009, J. of Biol. Chem. 284(9): 5685-5696., and
JP 2006-217866 A).

[0139] In this reference example, the ChRWR gene (1073 bp) provided by Prof. Yao was used
and amplified by PCR using Phusion DNA polymerase with the following primers.

Sense primer: CACTATAGGGAAGCTaccatggctcggagacceetgget (SEQ ID NO: 1)

Antisense primer: ATAGAATAGGAAGCT CTActtgcctgtcectttgttga (SEQ ID NO: 2)
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[0140] The obtained PCR product was cloned into the pD603 (puromycin, DNA2.0) vector
using the InFusion HD Cloning kit (Takara Bio) to construct an hChRWR expression vector.
This hChRWR expression vector was introduced into CHO cells (JCRB cell bank) (Superfect,
Qiagen) to generate CHO cells stably expressing the hChRWR gene (hChRWR-CHO stable
expression cell line).

(1-2) Construction of intracellular recording electrode using gold-coated magnetic
nanoparticles

[0141] As a process of forming an intracellular electrode with gold-coated magnetic
nanoparticles, the gold-coated magnetic nanoparticles introduced into cells are pulled by a
magnet from below to penetrate the cell membrane. As a result, the gold-coated magnetic
nanoparticles are exposed partially inside and outside the cell at the same time by spanning
through the cell membrane. Since the cells are seeded on the extracellular recording
electrode, when the gold-coated magnetic nanoparticles penetrate the cell membrane, they act
as intracellular recording electrodes (Fig. 1).

[0142] The introduction of gold-coated magnetic nanoparticles into CHO cells was carried out
by using Polyethyleneimine (PEI, P3143 Sigma-Aldrich) with a protocol improved based on the
following URL (Https://labs.fccc.edu/yen/docs/PEI%20preparation.pdf).

[0143] More specifically, a 10 mg/ml PEI solution (pH 7) was prepared in advance, and the
solution in which undissolved PEI has been removed using a 0.2 pm filter (Minisart, Sartorius
stedim) was stored at - 80°C. Immediately before use, only the used portion was diluted 100
times with ddH>O before use. 5 yl of PEI diluted solution was added to 80 ul of gold-coated

magnetic nanoparticles and 20 ul of 5xHBPS (24 mM HEPES+126 mM NaCl, 4 mM KCI, 1 mM
CaCly, 1 mM MgCl,, 10 mM Glucose) mixture and incubated at room temperature for 15

minutes.

[0144] Then, the cultured hChRWR-CHO cells prepared in the above (1-1) were washed with
serum-free DMEM (Sigma-Aldrich) or OptiMEM | (Invitrogen)-containing buffer (PBS). Then the
above solution was replaced with a solution containing gold-coated magnetic nanoparticles and
incubated for 15 minutes in an incubator at 37°C.

[0145] Next, by applying a magnet from below the conductive glass to which the above-
mentioned cultured cells adhere, when the conductive nanoparticles penetrate the cell
membrane, the intracellular potential is detected, and one end of the nanoparticle exposed
outside the cell comes into contact with the conductive glass to form an intracellular recording
electrode capable of recording the intracellular potential.

[0146] The intracellular potential of cells on conductive glass is measured by a device
consisting of recording electrodes, grounds, and amplification amplifiers arranged as shown in
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Fig. 2. The culture was performed so that the cultured cells would be tightly packed in a narrow
area (circular area with a diameter of 1.5-2 mm) on the glass surface so that the cells would
not directly short-circuit with the extracellular fluid.

(1-3) Measurement of intracellular potential with gold-coated magnetic nanoparticle
electrode

[0147] The cultured cells having the intracellular recording electrode constructed in the above
(1-2) were irradiated with blue light to measure the response amount to the light stimulation.

[0148] Blue light stimuli (irradiation for 12 seconds) were applied every 25 seconds, and the
output intensity of blue light was increased in four levels (Max 1.2A, LED Driver M00290257,
470nm M470F1, Thorlabs).

[0149] Increasing the blue light output from left to right also resulted in an increase in the
upward potential response (depolarization)(Fig.4).

[0150] From this result, gold-coated magnetic nanoparticles introduced into the cells, seeded
on the extracellular recording electrode. can penetrate the cell membrane and be connected to
the electrode. It was confirmed that the intracellular membrane potential can be measured by a
patch clamp amplifier (Current-clamp mode, Axopatch 200A, Axon instruments) which is a cell
membrane potential recording device.

[0151] Further, in the present invention, unlike the conventional cell non-invasive intracellular
potential measurement method, a stable electrical response could be recorded for at least 30
minutes without being attenuated.

(Reference Example 2) Measurement of intracellular potential in HEK cells stably
expressing Nav1.5/Kir2.1

[0152] In this reference example, intracellular potentials are measured using HEK cells that
stably express Nav1.5/Kir2.1 that spontaneously generate action potentials.

(2-1) Generation of HEK cells stably expressing Nav1.5/Kir2.1

[0153] HEK cells (JCRB cell bank) were transfected with the Nav1.5/Kir2.1 gene to establish
HEK cells that stably express Nav1.5/Kir2.1.

[0154] More specifically, first, the human Na+ channel a subunit (Nav1.5) was excised from a
cDNA clone (SCNA5, BC140813: Source Bioscience) and inserted into pcDNA3.1(-)
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hygromycin (Invitrogen).

[0155] Since BC140813 is the Embryonic type Nav1.5 gene, the adult type Nav1.5 gene was
created by replacing the Embryonic type exons with the adult type exons by the PCR method
using human heart cDNA (Zymogen).

[0156] The Kir2.1 (NM_000891, KCNJ2) gene (1284 bp) was subjected to the nesting PCR
method using the following primers to total RNA extracted from iPS cell-derived
cardiomyocytes (CDI, Cellular Dynamics International).

Kir2.1 1st sense: CCAAAGCAGAAGCACTGGAG (SEQ ID NO: 3)

Kir2.1 1st A/S: CTTTGAAACCATTGTGCTTGCC (SEQ ID NO: 4)

[0157] The Kir2.1 gene was obtained by performing a second PCR using the product diluted
100-fold from the first PCR as a template. Kir2.1 ICR Hindlll sense: CACTATAGGGAAGCTACC
atgggcagtgtgcgaaccaac (SEQ ID NO: 5)

Kir2.1 ICR Hindlll A/S: ATAGAATAGGAAGCT tcatatctccgactctcgecg (SEQ ID NO: 6)

[0158] The obtained Kir2.1 PCR product was inserted into the Hindlll site of pD608 (blasticidin,
DNAZ2.0).

[0159] The Navi.5 gene (50ug/ml hygromycin) and Kir2.1 gene (Kir2.1 2ug/ml blasticidin) were
introduced into HEK293 cells (Culture solution, DMEM, Sigma-Aldrich, 10% FBS) to obtain a
stable Nav1.5/Kir2.1 expression cell line.

(2-2) Measurement of intracellular potential

[0160] Then, HEK cells were cultured (DMEM, Sigma-Aldrich, 10% FBS), and as in Reference
Example 1, when almost the entire glass surface was covered by HEK cells, gold-coated
magnetic nanoparticles in a PEl diluted solution were introduced into the HEK cells and
incubated at 37°C for 15 minutes on the measurement glass surface, and a magnet was
applied from the lower surface of the measurement glass to bring the gold-coated magnetic
nanoparticles into contact with the measurement glass to construct an intracellular recording
electrode.

[0161] As a result of recording intracellular potential, it was possible to stably record the action
potential as a change in membrane potential amplitude in the range from 60 mV to 80 mV (Fig.
5).
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[0162] Similarly, changes in intracellular potential due to action potential induced by applying
current pulse could also be recorded (Fig. 6).

(Reference Example 3) Electrophysiological evaluation of Nav1.5/Kir2.1 HEK cells

[0163] In this reference example, using the patch clamp method, HEK cells stably expressing
Nav1.5/Kir2.1 used in Reference Example 2 were electrophysiologically evaluated to verify the
method of the present invention.

[0164] The composition of extracellular fluid and intracellular fluid used is as follows.

Extracellular fluid: 126mM NaCl, 4mM KCI, 1.8mM CaCly, 1mM MgCl,, 24mM HEPES, 10mM
Glucose (pH7.4 NaOH)

Intracellular fluid: 130mM KCI, 5mM MgCl,, 5mM EGTA, 4mM Tris-ATP, 10mM HEPES (pH7.2
KOH)

(3-1) Verification using the Current-clamp method

[0165] HEK cells stably expressing Nav1.5/Kir2.1 used in Reference Example 2 were
stimulated by current injection, and intracellular action potential-like changes in membrane
potential were recorded (FIG. 7A). In the figure, the upper trace (Vm) shows the change in
membrane potential, and the lower trace () shows the amount of applied current. When the
amount of acting current was increased stepwise, in addition to the passive membrane
potential response, a self- regenerative potential (action potential) was generated according to
the all-or-none law due to Navi.5 activity. Nav1.5 activity kinetics has the property that
inactivation occurs immediately after activation. And, Nav1.5 activity stays low during the
recovery phase from the inactivated state (refractory period). As shown by the arrow head, the
response to the second electrical stimulation is significantly reduced compared to the response
to the first electrical stimulation. This strongly suggests that the self-regenerative (action)
potential is a Nav1.5-mediated potential response (Fig. 7A).

(3-2) Verification using Voltage-clamp

<Nav1.5 current (Fig. 7B)>

[0166] The membrane potential was held at -80 mV (Holding potential), and the potential was
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changed from -40 mV to 40 mV in 10 mV increment from the membrane potential. Along with
this, a transient inward sodium current due to Nav1.5 activity was recorded (Fig. 7B).

<KCNJ2 (Kir2.1) current (Fig. 7C)>

[0167] The membrane potential is fixed at -80 mV as in the Nav1.5 current measurement of
Fig. 7B. First, change the membrane potential to -20 mV so that the Kir2.1 current can be
easily measured (a transient Nav1.5 current can be confirmed immediately after). This -20mV
pulse inactivates Nav1.5 and makes Kir2.1 current easier to observe. From there, the
existence of the Kir2.1 current was confirmed by hyperpolarizing the membrane potential by
-10 mV from - 40 mV to -120 mV. Furthermore, by stepping the membrane potential to -20 mV,
the steady-state inactivation properties of Nav1.5 current were also examined.

[0168] According to the above-mentioned verification by the patch clamp method, the cells
used in Reference Example 2 are cells that can stably express Nav1.5 and Kir2.1. It was
confirmed that the measured value in Reference Example 2 was a measured value of action
potential based on Nav1.5/Kir2.1 expression. This indicates that the present invention enables
intracellular potential measurement similar to the conventional patch clamp method with a
simpler operation.

(Reference Example 4) A method of introducing conductive nanoparticles using a
method of making a hole in a cell membrane with a protein toxin

[0169] In this reference example, gold-coated magnetic nanoparticles were introduced into
cultured cells using Streptolysin O according to a modified method of Walev et al. (PNAS 98:(6)
3185-3190 (2001)) described below.

[0170] First, Streptolysin O (SLO) (manufactured by Wako Pure Chemical Industries, Ltd.) was
reduced and activated using DTT. Then, the SLO concentration was adjusted to about 5 U/pl.

[0171] Then, 2.5x108 of CHO or HEK cells were mixed with 40 pl of gold-coated magnetic
nanoparticles and a gold-coated magnetic nanoparticle transfer solution (20 yl 5xHBPS (1 mM

Ca?*, 1 mM Mg?*), 80 pl ddH,0) and mixed with SLO. Then this mixture was incubated for 10

minutes at 37°C. From this process, pores were formed in the cell membrane by SLO, and at
the same time, the gold-coated magnetic nanoparticles were transferred (introduced) into the
cells through the pores.

[0172] SLO pore inactivation (closing) was completed by mixing 500-1000 pul of cell-containing
solution with DMEM 10% FBS and incubating at 37°C for 20 minutes or longer. A large number
of gold-coated magnetic nanoparticles were introduced into the cells. Presence of
nanoparticles aggregates were confirmed under a microscope.
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[0173] From the above, it was confirmed that the conductive nanoparticles can be introduced
into cells even by the method using the protein toxin.

(Reference Example 5) A method of using a magnet electrode (MagEle), which utilizes
the high conductivity of a neodymium magnet

[0174] (5-1) Method of attracting conductive nanoparticles inside cells with magnet electrode.
In this reference example, an intracellular recording electrode is constructed by using a 1-mm
diameter cylindrical neodymium magnet (Neomag Co., Ltd.) coated with Ni-Cu-Ni as a
neodymium magnet electrode (MagEle).

[0175] Using "Nav1.5/Kir2.1 stably expressing HEK cells" prepared in Reference Example 2,
the neodymium magnet electrode (MagEle) above the cell attracts the gold-coated magnetic
nanoparticles previously introduced into the cell to the magnet electrode, penetrates the cell
membrane to construct an intracellular recording electrode, and records intracellular potential
changes. (Fig. 8).

[0176] More specifically, "HEK cells stably expressing Nav1.5/Kir2.1" prepared in Reference
Example 2 were cultured in a normal culture medium (DMEM, Sigma-Aldrich, 10% FBS).

[0177] As described in Reference Example 1, gold-coated magnetic nanoparticles were
introduced into cells using a PEI diluted solution. For introducing nanoparticles, SLO may be
used as in Reference Example 4. By attracting the gold-coated magnetic nanoparticles
introduced into the cells with the neodymium magnet electrode (MagEle) placed above the
cells. The intracellular recording electrode was constructed by penetrating the cell membrane
with gold-coated magnetic nanoparticles, and intracellular potential changes were recorded
(Fig. 10).

(5-2) Method of penetrating conductive nanoparticle adsorbed on magnet electrode
into cell membrane

[0178] Gold-coated magnetic nanoparticles (NITmagold Cit manufactured by
nanoimmunotech) mixed with PElI were added to the surface of the magnet electrode coated
with an insulator on the side surface, and the nanoparticles were adsorbed to the magnet
electrode over about 30 minutes.

[0179] From above Nav1.5/Kir2.1 HEK cells and cultured cardiomyocyte (iCell cardiomyocyte)
in a culture dish placed on an iron plate, the magnet electrodes were directly contacted with
the adsorption surface of the conductive nanoparticles facing downward. It was observed that
the magnet electrode was attracted to the iron plate below the culture dish and fixed above the
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cells, and the conductive nanoparticles penetrated the cell membrane by the action of PEI and
remained inside the cell membrane due to the magnetic force from the magnet (Fig. 9).

[0180] Furthermore, in any cell, the intracellular potential change could be recorded by the
obtained intracellular recording electrode as in the case of (5-1).

[0181] That is, an intracellular recording electrode based on a magnet electrode having
adsorbed a mixture of conductive nanoparticles and PEI can be constructed without the step of
previously introducing conductive nanoparticles into cells. By pressing this electrode against
the cell, it was confirmed that the intracellular potential change can be recorded with very low
invasiveness.

(Reference Example 6) Cell Seeding Method for Cells with Weak Adhesion to
Conductive Glass Surface

[0182] Normal animal cells such as CHO cells efficiently adhere to the conductive glass
surface, but some cells such as cardiomyocytes and HEK cells have extremely low adhesion
efficiency to the conductive glass surface. When such cells are directly seeded on the surface
of the conductive glass, it is extremely difficult to culture the cells to cover the entire surface of
the conductive glass forming the bottom surface of the culture vessel.

[0183] Therefore, collagen is applied to the surface of the conductive glass in a grid shape in
advance, and cells are seeded on the conductive glass with collagen grid shape coating and
cultured until the entire surface is covered. In the place where the collagen coating film is not
present, the conductive nanoparticles penetrating the cell membrane can be directly contacted
with the conductive glass.

[0184] Although collagen has a low conductivity, it has a high cell adhesion property and a high
adhesion property to the conductive glass, so that it is possible to improve the cell adhesion
rate at the collagen coating film portion. Other examples of such substances include fibronectin
and Poly-L-lycine, which can be used in place of collagen.

(Reference Example 7) Measurement of the CHO cell endogenous outward current by
conductive nanoparticles penetrating the cell membrane of CHO cells cultured on
conductive plate electrode using the voltage clamp method

[0185] In this reference example, by using the intracellular recording electrode constructed by
the conductive plate electrode and the conductive nanoparticles inside the cell, it was
confirmed that the cell membrane current generated in the cell as well as the intracellular
potential can be measured.
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[0186] CHO cells were cultured in a culture medium containing Minimum Essential Medium
Eagle (Sigma-Aldrich), 10% FBS (BioWest), 40mM L-Glutamine (Wako Pure Chemical), and
Streptolysin O (SLO) (manufactured by Wako Pure Chemical Industries, Ltd.) was reduced
using DTT to prepare activated SLO at a concentration of about 5 U/ul.

[0187] CHO cells (5x10°) were suspended in gold-coated magnetic nanoparticle transfection

solution (5 pl 5x HBPS (1 mM Ca2?*, 1 mM Mg? *)) containing 20 pl of gold-coated magnetic
nanoparticles and were cultured on conductive glass. When CHO cells were grown to cover the
entire glass surface, cell membrane currents were recorded using the voltage clamp method
with gold coated magnetic nanoparticle electrodes. Before the experiment, replace the CHO
culture solution (Minimum Essential Medium Eagle Sigma-Aldrich, 10% FBS BioWest, 40mM L-
glutamine Wako Pure Chemical) with the extracellular solution (24mM HEPES + 126mM NaCl,
4mM KCI, 1mM CaCly,, 1mM MgCl,, 10mM Glucose). The voltage clamp experiment was

performed using Axopatch 1D (Axon Instruments) using the headstage (CV-4) used for the
experiment of the artificial lipid membrane. The reason is that in order to control the membrane
potential by the voltage clamp method, it is necessary to first charge the capacitance derived
from the lipid membrane of all cell membranes on the conductive glass. In this experiment,
since hundreds of cells were cultured on the conductive glass, the capacity increased in
proportion to the number of cells. Therefore, an amplifier capable of supplying a large current
is essential. Because of that, a Voltage clamp Amplifier that can instantly flow a large amount
of current is required.

[0188] In the experiments using the Voltage clamp method, the membrane potential was held
at -80 mV, and 1.4 seconds long voltage steps of -60, -50, -30, -10, 10, 30, 50, and 60 mV
were applied (Fig. 11A lower part). An outward current was observed in response to the
stimulation of the membrane potential (Fig. 11A upper). The amplitudes of the Transient and
Sustained currents were measured at each of the points indicated by arrows in Fig. 11A, and in
Fig. 11B, and the current-voltage relation were plotted in the graph (Current (vertical axis, nA)
and voltage (horizontal axis, mV).

[0189] A supplementary explanation will be given of the method for measuring the membrane
current used for this experiment and the equipment therefor.

[0190] A patch clamp amplifier is used to measure the membrane current (current flowing
through an ion channel existing in the cell membrane) in the Voltage clamp mode is used
instead of the Current clamp mode used for recording the cell membrane potential. WWhen
controlling the membrane potential of many cells at the same time instead of a single cell,
since the membrane capacity of the entire cell membrane (lipid bilayer membrane) is the
number of cells x the capacity derived from the lipid bilayer membrane per cell, it becomes
very large. Therefore, unlike the case of Reference Example 1 and the like, an Axopatch-1D
Patch-clamp amplifier (Axon Instruments) capable of flowing a large amount of current is used.

[0191] The Axopatch 200A (Voltage clamp) used in the above Examples or Reference
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Examples is particularly suitable for the usual experiment for controlling the membrane
potential of a single cell. When recording from a large number of cells, due to the large total
cell membrane-lipid bilayer membrane, it is therefore necessary to compensate the large cell
membrane-derived capacitance to control membrane voltage. Therefore, the Axopatch-1D
amplifier was employed for this experiment since it can be used with the CV-4 Head stage
developed for an experimental measurement of artificial lipid bilayer membranes with large
membrane capacitance. Since the head stage for the artificial lipid bilayer membrane can
record a large current, it has an advantage that the lipid bilayer membrane of many cells can
be charged quickly. In addition, Bilayer Clamp Amplifier (BC-535) (Warner Instruments) etc.
may be used in place of Axopatch-1D Patch-clamp amplifier.

(Example 1) Method of measuring by applying the principle of charge amplifier

(1-1) Preliminary experiment for applying the principle of charge amplifier

[0192] This experiment is an experiment to show that the measurement system is effective in
measuring biopotential by combining a charge amplifier with nanoparticles introduced into cells
(Fig. 12).

[0193] Circuit A shows a circuit in which a current-clamp mode patch clamp amplifier Axopatch
200A used for recording and a model cell (cell equivalent circuit: a circuit in which a 500MQ
resistor and a 33pF capacitor are connected in parallel) are connected. Two rectangular
current pulses of different polarities (20 ms, 120 pA) separated by 250 ms were applied to this
circuit, and the potential change through the circuit A was measured (Fig. 12, Circuit A).

[0194] Following that, a conductive glass serving as a charge amplifier sensor was connected
between the equivalent circuit and the negative input of the amplifier. In order to make this
conductive glass act as a capacitor, an aluminum foil was placed below the glass that did not
have a conductive coating (FIG. 12, Circuit B).

[0195] The effect of inserting the conductive glass-aluminum foil capacitor on the voltage
output was evaluated by calculating the difference between the circuits A and B. Similar
experiments conducted separately showed an error of 3.3% and 5.7% reduction in the
waveform amplitudes between the circuits with and without the conductive glass-aluminum foil
capacitor, except for the amplitude, there was not distortion in the waveform itself such as a
filter effect.

[0196] From this, it was concluded that the conductive glass-aluminum foil capacitor is
effective as a sensor for a charge amplifier and can be applied to the measurement of the
electrical activity (movement of charged ions inside and outside cells) of cells cultured on the
conductive glass.
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[0197] The circuit C in Fig. 12 shows a layout circuit when an actual cell was used. As a
sample, the spontaneous action potential of the cells was measured from the same cells
(Nav1.5/Kir2.1 HEK cells) used in the above Reference Example 2 using a charge amplifier.
Based on the principle of the charge amplifier, it was confirmed that the intracellular membrane
potential change can be measured by amplifying it with an extracellular recording device (Fig.
12, Circuit C).

(1-2) Recording of Cardiomyocyte action potentials using the charge amplifier

[0198] In this example, changes in the intracellular membrane potential caused by intracellular
action potentials and the like are regarded as changes in charge through the conductive

nanoparticles, and this change in charge signal (movement of charged ions (Na*, K*, Ca?*,

CI) in and out of cells due to action potential generation) is applied to the principle of the
charge amplifier in this example. And it is measured as a voltage signal (Fig. 13).

[0199] More specifically, cardiomyocyte (iCell Cardiomyocyte: CDI) was seeded on a
conductive glass (thickness: 2 mm) and cultured using "iCell Cardiomyocytes Maintenance
Medium" as a culture solution. Gold-coated magnetic nanoparticles were introduced into
myocardial cells using Streptolysin O (SLO, Wako Pure Chemical Industries) by the following
method.

[0200] That is, cells were washed once with PBS8-(-), replaced with nanoparticle-SLO mix
(20ul PEG-Gold coated magnetic nanoparticle, 5yl 5xHBPS, 1pl (1U) activated SLO) solution
and incubated (held at 37°C for 15 minutes). After that, the solution was replaced with iCell
Cardiomyocytes Maintenance Medium (inactivation of SLO by serum), and the experiment was
conducted on the following day and thereafter.

[0201] Similar to the circuit C in (1-1) above, the upper surface of the conductive glass covered
with the myocardial-like cells, in which the gold-coated magnetic nanoparticles are
incorporated, is connected to the positive input terminal of the amplifier, and the aluminum foil
arranged on the lower surface of the glass is connected to the ground input terminal (earth). A
capacitor was formed from the upper surface of conductive glass and the aluminum foil on the
lower surface, and the electrical activity (movement of charged ions inside and outside the cell)
of cells cultured on the upper surface was measured. (Fig. 14).

[0202] As described above, in the present invention, it was demonstrated for the first time that
the spontaneous action potential of cells can be measured by the conductive nanoparticles
using the principle of the charge amplifier.

(Example 2) Recording from cells with weak adhesion using the charge amplifier mode
(CHargeAmpLifier (CHAMPL) mode)
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[0203] In this example, typical myocardial cells (iCell Cardiomyocyte2) were used as cells
having low adhesion efficiency to the conductive glass surface, and after culturing on the
conductive glass surface prepared by the method of Reference Example 6, gold-coated
magnetic nanoparticles were introduced into the cells, and the cell membrane was penetrated
by a magnetic field. The action potential was evoked and recorded by applying a sodium
channel opener such as Veratridine. This experiment was conducted at room temperature.

[0204] More specifically, first, a gel-like collagen (Atelocollagen, Koken Co., Ltd.) was applied
in a circle of about 5 mm in diameter at the center of the surface of the conductive glass. this
collagen was then stretched to form a lattice-like collagen coating film with a spacing of about
0.5 ym using a microelectrode with the tip melted.

[0205] Next, cardiomyocyte-like cells (iCell Cardiomyocyte2) were seeded on the surface of
the conductive glass and cultured in a cardiomyocyte-specific medium (iCell Cardiomyocytes
Maintenance Medium) for about 6 days to form a cardiomyocyte sheet.

[0206] Next, gold-coated magnetic nanoparticles were introduced into cells using SLO, and the
nanoparticles were attracted to penetrate the cell membrane by a magnetic field generated by
a magnet below the conductive glass and brought into contact with the conductive glass
electrode. Two days later, the culture medium was replaced with physiological saline, and the
action potential of the cells was recorded at room temperature using the charge amplifier mode
(CHargeAmpLifier (CHAMPL) mode) (Fig. 14).

[0207] However, since no spontaneous action potential was observed in this preparation (data
not shown), to induce the action potentials Veratridine (Sigma-Aldrich), which acts as a sodium
channel opener, was administered in saline to a final concentration of 100 yM. And the effects
of veratridine was recorded. Slow depolarization was observed in the first 40 seconds of
veratridine administration, then it was followed by spontaneous action potentials (Fig. 15).

(Example 3) Measurement of intracellular potential in cultured nerve cells

[0208] The purpose of this example is to confirm that the intracellular potentials from cultured
nerve cells in which gold-coated magnetic nanoparticles are penetrated into the cell membrane
according to the method of Reference Example 2, can be measured by using a magnet
electrode having a capacitive potential measurement function.

(3-1) Preparation of cultured nerve cells

[0209] NG108-15 cells were used for the purpose of showing that recording is possible from
cultured nerve cells. NG108-15 cells (neuroblastoma-glioma hybrid cells) were cultured in a
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culture medium containing DMEM (Sigma-Aldrich), HAT supplement (Thermofisher) and 10%
FBS (Biowest). NG108-15 was seeded on a cover glass that was coated with 0.1%
Polyethyleneimine (pH8.4, 150mM Sodium Tetra-Borate (Wako)), and cultured in the culture
medium, in which FBS concentration was reduced to 5% from the above culture medium, and
the nerve differentiation was induced by adding 500 yM lbuprofen (Wako). The following
experiment was conducted 5 days after nerve induction.

(3-2) Penetration of gold-coated magnetic nanoparticles into the cell membrane by the
magnet electrode method

[0210] PEI and PEG-gold coated magnetic nanoparticles were mixed and left at room
temperature for 3 hours. This mixed solution is moved to the cell-adhesive surface of the
neodymium magnet and left for additional 15 minutes to magnetically bond the gold
nanoparticles to the neodymium magnet electrode.

[0211] The above nanoparticle-bonding magnet electrode was placed on the cultured cells
placed on an iron plate. The magnet electrode is self-sustained and fixed on the cell by the
magnetic force generated between the iron plate under the cell and the magnet electrode. The
gold nanoparticles on the surface of the magnet electrode penetrated by the action of PEI so
that one end was exposed inside the cell.

[0212] As a magnet electrode, a neodymium magnet with a magnetic force of 220 millitesla
and a diameter of 6 mm was used. A magnet electrode-type capacitance type potential
measurement device is formed in which a magnet electrode (MagEle) whose surface other
than the cell contact surface is covered with parafilm is connected to a positive input, and a
ferromagnetic material placed on the parafilm is connected to a negative pole. At this time, it
was confirmed that the parafilm between the ferromagnetic material and the magnet electrode
was made thick to ensure complete insulation (Fig. 16A).

[0213] Here, recording was performed using the above nanoparticle-bonding magnet
electrode (C-M electrode) with added function as capacitance type potential measurement
device.

(3-3) Preparation of cells using Polycarbonate cell culture insert

[0214] Here, except that the neural hybridoma cells (NG108-15 cells) were seeded and
cultured in a Polycarbonate cell culture insert (pore size 0.4 um, Thermo Scientific) instead of
the cover glass used in (3-1), conductive nanoparticles (gold nanoparticles) were prepared by
the same method as in the above (3-1) and (3-2), and then the cell membrane were
penetrated by the conductive nanoparticles (Fig. 16B).
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[0215] The advantage of using cell culture insert is that the cells are cultured on a
polycarbonate permeable membrane with a pore size of 0.4 ym (Thermo Scientific). Even if the
upper surface of the cell is covered with the magnet, the solution can be replaced through the
gap below the insert. It is also applicable to observe the action of a drug and to measure the
activity of ligand gated channel by administering Agonist.

(3-4) Recording of intracellular potential of cultured nerve cells

[0216] After inducing neural differentiation of NG108-15 cells for 5 days, the culture medium
was replaced with extracellular fluid (physiological saline), and an action potential recording
experiment was performed. Spontaneous action potentials were recorded by placing C-M
electrode on cells seeded on coverslips. Since this method strongly depends on the
spontaneous activity of cells, the degree of neural differentiation greatly affects the success of
the experiment (Fig. 17A).

[0217] In addition to the spontaneous action potential, the following experiment was conducted
to confirm whether the neuronal activity by the neurotransmitter glutamate can be recorded.
Experiments were carried out using NG108-15 cells that had been subjected to neural
differentiation induction for 2 days. Similar to the above experiment, C-M electrode was placed
on the cells and the experiment was performed. Glutamic acid was administered to the
extracellular fluid (final external fluid concentration 800 uM), and the response mediated by
glutamate receptors was recorded. Glutamate activated the endogenous glutamate receptor,
which was recorded as a depolarization (upward change) response of the membrane potential.
The membrane potential change induced by glutamate decayed slowly due to desensitization
and returned to baseline after about 90 seconds. The baseline and glutamate response
artifacts on the figure were removed (Fig. 17B).

[0218] Since slow changes in membrane potential that last for several seconds can be
recorded, this method can also be used to record changes in membrane potential due to ion
channels activated by neurotransmitters and G channel-mediated ion channel activity.

(Example 4) Measurement of intracellular potential in cells transiently expressing ion
channels

[0219] A myocardial action potential model cell was prepared by transiently expressing a
myocardial ion channel genes (SCN5A (Nav1.5), CACNalC (Cav1.2), and KCNH2) together
with a photoreceptor channel (ChRWR) gene (provided by Professor Yao) in cultured CHO
cells.

[0220] Next, as in Example 2, gold-coated magnetic nanoparticles were introduced using SLO,
the nanoparticles were penetrated into the cell membrane by a magnetic field. Then a
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photoreceptor channel (ChRWR) was stimulated by blue LED light irradiation (Manual
irradiation for about 0.5 seconds). Action potential was triggered by membrane depolarization
by photoreceptor channel activation. The action potential was recorded using the charge
amplifier mode (CHarge AMPLifier (CHAMPL) mode) (Fig. 13) used in Example 2.

[0221] In the charge amplifier mode at that time, the (+) electrode is connected to the
conductive glass on the cell seeding surface, and the (-) electrode is connected to the strip-
shaped aluminum foil placed below the conductive glass. In addition, it is essential that the
aluminum folil is installed directly under the cell to be recorded, and if it is installed in a portion
apart from the recording cell, an electric signal cannot be detected.

[0222] As a result, administration of 500 nM Nifedipine suppressed the calcium channel and
decreased the amplitude of action potential.

[0223] Furthermore, when the sodium channel was suppressed by administration of 10 mM
Lidocaine, all action potentials disappeared, and only the response by the photoreceptor
channel was observed. (Fig. 18; Timing of LED irradiation is indicated as the mark "o".)

(Example 5) Measurement of changes in the intracellular potential in differentiated
cultured nerve cells

[0224] In this experiment, the cultured nerve cells (NG108-15 cells) used in Example 3 were
induced and differentiated into nerves under the same differentiation conditions as in the
experiment example 3. In the same manner as in Example 3, the MagEle (magnet electrode) is
moved from above the target cell toward the cell, and the conductive gold-coated magnetic
nanoparticles adsorbed on the MagEle are adhered to the cell membrane to penetrate it.
Then, the intracellular potential was measured by connecting the MagEle to the (+) pole and a
conductor provided on an insulator (parafilm film) that completely covers the upper surface of
the MagEle to the ground. At that time, although the insulator completely covered the top and
sides of the (+) pole MagEle, the surface facing the cover glass, to which the cells adhere was
not covered, and the cells were not isolated from the external fluid (Fig. 19).

[0225] The NG108-15 cells were differentiated by culturing for 3 weeks in DMEM/HAT medium
containing 2% FBS supplemented with Forskolin (10 pM).

[0226] As a result, a spontaneous action potential was induced by 20 yM Veratridine and
suppressed by administration of sodium channel blocker, 3 mM Lidocaine (Fig. 20).

[0227] This indicates that the reagent administered extracellularly acted on the activity of
NG108-15 cells during recording by MagEle.

[0228] In this experimental example, the magnitude of action potential was observed to be
smaller than that of the other experimental examples. Such a phenomenon occurs when the
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electrode resistance is very high. This is considered to be a phenomenon that occurs when the
efficiency of the conductive nanoparticles to be transmembrane is low in the cell to be
recorded, and this point also acts as an advantage of the capacitive membrane potential
measurement. That is, since the charge is expressed by the product of the voltage and the
membrane capacitance, Q - VC (Q:Electric Charge, V:Voltage, and C:Membrane Capacitance),
even if the voltage change is small due to the influence of the high electrode resistance, if the
cells (membrane capacitance) are large enough, it can be detected as a change in charge (Q).

[0229] Further, in the result shown in Fig. 20, the fluctuation-like movement of the baseline is
extremely small. This suggests that MagEle has a slight AC filtering effect. It is considered that
such a phenomenon occurs because the condenser capacitance value was low because the
distance between the MagEle and the ground on which the clip was made was too short. In
order to prevent the AC filter action, it is desirable to ensure a sufficient capacitor capacity
value by combining not only parafiim but also (conductive) glass (infinite resistance) used in
(Fig. 12) and other materials with a high resistance value of about 1 mm.

Industrial availability

[0230] The present invention is particularly useful for drug discovery screening because it can
measure intracellular potential easily and accurately. Not only in cultured cardiomyocytes but
also in cultured nerve cells, it is expected to make a dramatic contribution to
electrophysiological research in vitro.

[0231] Further, since the present invention has a simple basic principle, it can be supplied at a
relatively low cost, and can be expected to be applied to electrophysiology student training,
basic research, and the like.
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Patentkrav

1. Potentialméaleindretning af kapacitanstypen, der er i stand til at registrere
intracelluleert potentiale eller potentialeaendring af malceller, omfattende en
ladningsforsteerker og en ferste leder og en anden leder til dannelse af en kon-
densator, hvor indretningen har et potentialeregistreringskredslsb, som er
dannet ved at forbinde den farste leder med en positiv indgang af ladningsfor-
steerkeren og ved at forbinde den anden leder med en negativ indgang, hvor:
(1) den ferste leder er en ledende plade, hvorpa maicellerne klaeber,

hvor den ledende plade er i kontakt med den ene ende af ledende magnetiske
nanopartikler, der treenger ind cellemembranen i den nedre overflade af mal-
cellerne, i den @vre overflade af den ledende plade, og

de ledende magnetiske nanopartikler har yderligere den anden ende inde i
malcellerne; og

den anden leder er et ledende lag, som er placeret mellem den ledende plade
0g en magnet, der er placeret under den ledende plade, eller

(2) den ferste leder er en magnetelektrode, der er klaebet pa malcellerne oven-
fra malcellerne, hvor den nedre overflade af magnetelektroden er i kontakt
med den ene ende af ledende magnetiske nanopartikler, der treenger ind i cel-
lemembranen i malcellernes @vre overflade, og hvor de ledende magnetiske
nanopartikler har yderligere den anden ende inde i malcellerne; og

den anden leder er et magnetisk legeme eller en magnettiltreekkende metal-
plade, som er tilvejebragt pa den evre overflade af en isolator, der daekker den

evre overflade og sideoverfladen af magnetelektroden.

2. Potentialmaleindretning af kapacitanstypen ifelge krav 1, omfattende en
dyrkningsskal til at indeholde ekstracelluleer fluid, hvor malcellerne kleeber til
bundoverfladen af dyrkningsskalen eller pa en por@s membran, der er tilveje-
bragt pa dyrkningsskalen, og yderligere hvor malcellerne klaeber til den nedre

overflade af magnetelektroden, og hvor indretningen har et mellemrum mellem



10

15

20

25

30

DK/EP 3786279 T3

isolatoren pa magnetelektrodens sideoverflade og bundoverfladen af dyrk-
ningsskalen, og den ekstracelluleere fluid diffunderer eller flyder mellem den
nedre overflade af magnetelektroden og maicellerne, der er klaebet til magnet-

elektroden.

3. Potentialmaleindretning af kapacitanstypen ifglge krav 2, omfattende en cel-
lekulturindsats, der er placeret i dyrkningsskalen, hvor cellekulturindsatsen har
en porgs membran i bundoverfladen af celleindsatsen, hvor malcellerne klee-
ber til den por@se membran, og

hvor den ekstracelluleere fluid er perfunderet mellem bundoverfladen af celle-

kulturindsatsen og bundoverfladen af dyrkningsskalen.

4. Fremgangsmade til maling af intracelluleert potentiale eller potentiel aendring
af malceller ved anvendelse af en potentialmaleindretning af kapacitanstypen
med en ladningsforsteerker og to ledere, som bestar af en ferste leder og en
anden leder til dannelse af en kondensator, omfattende faglgende trin:
dannelse af et potentialeregistreringskredslab ved at forbinde den farste leder
med en positiv indgang af ladningsforstaerkeren, mens den anden leder sam-
tidig forbindes med en negativ indgang af ladningsforsteerkeren; og
registrering af en speendingsaendring mellem den farste og anden leder,

hvor den farste leder er | kontakt med den ene ende af ledende magnetiske
nanopartikler, der treenger ind i malcellernes cellemembran, og

hvor:

(1) den ferste leder er en ledende plade, hvorpa malcellerne kleeber, hvor den
ledende plade er i kontakt med den ene ende af de ledende magnetiske na-
nopartikler, der treenger ind i cellemembranen i den nedre overflade af malcel-
lerne, i den @vre overflade af den ledende plade, og hvor de ledende magne-
tiske nanopartikler har yderligere den anden ende inde i malcellerne; og den
anden leder er et ledende lag, som er placeret mellem den ledende plade og

en magnet, der er placeret under den ledende plade; eller
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(2) den ferste leder er en magnetelektrode, der er klaebet pa malcellerne oven-
fra malcellerne, hvor den nedre overflade af magnetelektroden er i kontakt
med den ene ende af de ledende magnetiske nanopartikler, der treenger ind i
cellemembranen i malcellernes evre overflade, og hvor de ledende magneti-
ske nanopartikler yderligere har den anden ende inde i malcellerne, og den
anden leder er et magnetisk legeme eller en magnettiltreekkende metalplade,
der er tilvejebragt pa den gvre overflade af en isolator, der daekker den @vre

overflade og sideoverfladen af magnetelektroden.

5. Fremgangsmade til maling af det intracelluleere potentiale eller potentiale-
eendring af malceller ved anvendelse af potentialemaleindretningen af kapaci-
tanstypen ifelge krav 4, hvor, nar den farste leder er magnetelektroden i (2)
ifelge krav 4,

(i) de ledende magnetiske nanopartikler er i kontakt med den nedre overflade
af magnetelektroden i den ene ende af de ledende magnetiske nanopartikler
ved pa forhand at indfere de ledende magnetiske nanopartikler i malcellerne
og tiltreekke de ledende magnetiske nanopartikler til magnetelektroden, der er
kleebet pa malcellerne ovenfra malcellerne for at treenge ind i cellemembranen
i den gvre overflade af malcellerne, og

magnetelektroden er forbundet med en positiv indgang af ladningsforstaerke-
ren for at danne den ferste leder; eller

(i) de ledende magnetiske nanopartikler treenger ind i cellemembranen i den
ovre overflade af malcellerne for at na ind i malcellerne i den ene ende deraf
samt for at veere | kontakt med den nedre overflade af magnetelektroden i den
anden ende af de ledende magnetiske nanopartikler pa grund af en magnetisk
kraft, der genereres mellem de ledende magnetiske nanopartikler og metalpla-
den ved at trykke magnetelektroden, der tidligere adsorberer de ledende mag-
netiske nanopartikler pa bundoverfladen, mod den @vre overflade af malcel-

lerne; og
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magnetelektroden er selvbaerende i kraft af den magnetiske kraft og er yderli-
gere forbundet med en positiv indgang af ladningsforsteerkeren for at danne
den ferste leder,

hvor magnetelektroden har en isolator, der deekker den @vre overflade og side-
overfladen af magnetelektroden, og hvor et magnetisk legeme eller en mag-
nettiltreekkende metalplade som den anden leder, der er tilvejebragt pa den
ovre overflade af isolatoren, der deekker den gvre overflade af magnetelek-
trode, er forbundet til ladningsforsteerkerens negative indgang for at danne

kondensatoren med den farste leder.

6. Fremgangsmade til maling af det intracelluleere potentiale eller potentielle
eendring af malceller ved anvendelse af indretningen til maling af potentiale af
kapacitanstypen ifelge krav 4, hvor indretningen omfatter en dyrkningsskal til
at indeholde ekstracelluleer fluid,

hvor malcellerne kleeber til bundoverfladen af dyrkningsskalen eller pa en po-
res membran, der er tilvejebragt pa dyrkningsskalen, og yderligere klaeber til
den nedre overflade af magnetelektroden,

hvor magnetelektroden er i kontakt med den ene ende af de ledende magne-
tiske nanopartikler, der treenger ind i cellemembranen i den @vre overflade af
de adheererede malceller for at have den anden ende af de ledende magneti-
ske nanopartikler, som er i malcellernes cytoplasma, og

hvor indretningen har et mellemrum mellem sideoverfladen af isolatoren, der
deekker den gvre overflade og sideoverfladen af magnetelektroden og bund-
fladen af dyrkningsskalen, og den ekstracelluleere fluid diffunderer eller flyder
mellem den nedre overflade af magnetelektroden og malceller, der er kleebet

til magnetelektroden.

7. Fremgangsmade til maling af det intracelluleere potentiale eller potentielle
eendring af malceller ved anvendelse af indretningen til maling af potentiale af

kapacitanstypen ifalge krav 4,
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hvor indretningen omfatter en dyrkningsskal til at indeholde ekstracellulzer fluid
og yderligere en cellekulturindsats, der er placeret i dyrkningsskalen, og hvor
cellekulturindsatsen har en por@s membran i celleindsatsens bundoverflade,
hvor malcellerne klaeber til den por@se membran,

hvor malcellerne klaeber til den nedre overflade af magnetelektroden,

hvor magnetelektroden er i kontakt med den ene ende af de ledende magne-
tiske nanopartikler, der treenger ind i cellemembranen i den @vre overflade af
de adhezererede malceller og har den anden ende i malcellernes cytoplasma,
0g

hvor den ekstracelluleere fluid er perfunderet mellem bundoverfladen af celle-

kulturindsatsen og bundoverfladen af dyrkningsskalen.

8. Fremgangsmade til screening af et stof, der har en toksisk virkning eller en
aktiverende virkning pa maliceller ved hjeelp af fremgangsmaden til maling af
intracelluleert potentiale eller potentiel eendring af malceller ved anvendelse af
potentialemaleindretningen af kapacitanstypen ifglge et hvilket som helst af
kravene 4 til 7, omfattende falgende trin:

(1) dannelse af et potentialeregistreringskredslab ved at forbinde den farste
leder, som er en af de to ledere og er i kontakt med den ene ende af de ledende
magnetiske nanopartikler, der traenger ind i méalcellernes cellemembran, med
ladningsforstaerkerens positive indgang og samtidigt at forbinde den anden le-
der med den negative indgang af forsteerkeren;

(2) detektering af ladningen mellem begge ledere eller eendring deraf som
spaendingen eller eendringen deraf;

(3) indgivelse af en teststofprave til malcellerne;

(4) maling af spaendingen mellem begge ledere og aendringen deraf, pa
samme made som i trin (2), af malcellerne efter indgivelsen af teststofpreven

i trin (3); og
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(5) sammenligning af méaleresultatet eller maleresultaterne i trin (4) med male-
resultatet i trin (2) og vurdere teststofpreven som et stof med en toksisk virk-
ning eller en aktiverende virkning pa malcellerne, hvis der er en signifikant for-

skel mellem de to malte vaerdier.

9. Fremgangsmade til screening af et stof med en toksisk virkning eller en ak-
tiverende virkning pa maliceller ifelge krav 8, hvor den ferste leder i trin (1)
ifelge krav 8 er den ledende plade, der er tilvejebragt under malcellerne, og
hvor den @vre overflade af den ledende plade er forbundet med ladningsfor-
steerkerens positive indgang, og den anden leder er et ledende lag, der er til-

vejebragt under den ledende plade.

10. Fremgangsmade til screening af et stof med en toksisk virkning eller en
aktiverende virkning pa malcellerne ifglge krav 8, hvor indretningen ifelge krav
8 omfatter en dyrkningsskal til at indeholde ekstracelluleer fluid,

hvor malcellerne kleeber til bundoverfladen af dyrkningsskalen eller pa en po-
res membran, der er tilvejebragt pa dyrkningsskalen,

hvor den ferste leder i trin (1) ifalge krav 8 er en magnetelektrode, der er klee-
bet pa den @vre overflade af malcellerne i den nedre overflade af magnetelek-
troden,

hvor magnetelektroden er i kontakt med den ene ende af de ledende magne-
tiske nanopartikler, der treenger ind i cellemembranen i den @vre overflade af
malcellerne, i den nedre overflade af magnetelektroden, og magnetelektroden
er deekket med en isolator pa den evre overflade og magnetelektrodens side-
overflade: og

hvor den anden leder er et magnetisk legeme eller en magnettiltreekkende me-
talplade, der er tilvejebragt pa magnetelektrodens @vre overflade via isolatoren

pa magnetelektrodens @vre overflade.

11. Fremgangsmade til screening af et stof med en toksisk virkning eller en

aktiverende virkning pa malcellerne ifglge krav 8, hvor indretningen ifelge krav
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8 omfatter en cellekulturindsats, der er placeret i dyrkningsskalen, og hvor cel-
lekulturindsatsen har en por@s membran i bundoverfladen af celleindsatsen,
hvor malcellerne klaeber til den por@se membran,

hvor trinnet (1) ifalge krav 8 omfatter et trin med perfusion af ekstracelluleer
fluid mellem den por@se membran og bundoverfladen af dyrkningsskalen, og
trinnet (3) ifalge krav 8 er et trin med tilsaetning af en teststofprave til en eks-
tracelluleer fluid under perfusion til indgivelse til malcellerne gennem den po-

rese membran.
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[FIG. 12]
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[FIG. 14]
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