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(54) SAMPLE ANALYSIS METHOD

(57) The analysis method allows analysis of samples with high sensitivity, irrespective of interelectrode distance.
The method includes: a step of applying a voltage between a first electrode pair such that an electric field is formed in
a direction intersecting a migration direction of a sample; a step of placing a solution, including an electrochemically
active molecule that produces a redox reaction at the electrode pair, between the first electrode pair; a step of causing
the sample to migrate; and a step of measuring an amount of change in current flow between the first electrode pair.
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Description

Technical Field

[0001] The present invention relates to a sample analysis method.

Background Art

[0002] Conventionally, methods for analyzing diverse types of samples, and determining various characteristics of
such samples using current measurement techniques, have been under development.
[0003] For example, techniques for analysis of DNA nucleotide sequences are used not only in scientific research,
but also in numerous other fields, such as in medical treatment, drug development, and criminal investigation, with
increasing interest in the development of such techniques. Therefore, previously, techniques are being developed for
analyzing DNA nucleotide sequences by measuring electrical current.
[0004] For example, techniques are being developed for performing sequencing employing a single molecule of DNA,
by detecting short-lived interruptions in ionic current that occur as a single-stranded DNA passes through nanopores
formed by proteins embedded in cyclodextrin (see, for example, Non-patent Documents 1 and 2).
[0005] However, these techniques have many issues, such as: (1) pore size cannot be changed; and (2) such systems
are unstable since the nanopores are formed by proteins. The development of techniques different from such techniques
has therefore been desired.
[0006] Under these circumstances, a sequencing theory has been proposed based on transverse electron transport.
This theory is based on principles regarding detection of a characteristic transverse conductivity of each nucleotide as
nucleotides pass through the interior of a nanoscale space between a pair of electrodes. This conductivity relates to the
different HOMO-LUMO gap of each nucleotide.
[0007] Specifically, when single-stranded DNA passes through a nanopore interior, a tunneling current is produced
between an electrode pair, the electrode pair having a nanoscale interelectrode distance and provided at the edges of
the nanopore, through each nucleotide constituting the single-stranded DNA. Then, each of the nucleotides constituting
the single-stranded DNA can be directly identified, without labeling, by measuring the current value of the tunneling
current (see, for example, Patent Document 1).

Related Patent Documents

[0008] Patent Document 1: WO2011/108540A1 (laid-open on September 9, 2011)

Non-patent Documents

[0009]

Non-patent Document 1: J Clarke, HC Wu, L Jayasinghe, A Patel, S Reid, H Bayley, Nat. Nanotechnol. 4, 265 (2009)
Non-patent Document 2: D Stoddart, AJ Heron, E Mikhailova, G Maglia, H Bayley, Proc. Natl. Acad. Sci. USA 106,
7702 (2009)

SUMMARY OF INVENTION

Technical Problem

[0010] However, in the techniques described, as the distance between the electrodes increases, the value of the
detectable current becomes extremely small, which is therefore a problem since samples cannot be analyzed with high
sensitivity.
[0011] Specifically, if the distance between the electrodes is 2 nm or greater, the value of the tunneling current flowing
between the electrodes becomes extremely small. Consequently, techniques that analyze various samples based on
tunneling current have problems in that samples cannot be analyzed with high sensitivity if the distance between the
electrodes is 2 nm or greater.
[0012] That is, techniques that analyze various samples based on tunneling current are problematic in that the analytical
ability thereof varies greatly according to the distance between the electrodes (in other words, the size of the sample).
[0013] In consideration of the conventional issues above, an object of the invention is to provide a novel analytical
method in which samples may be analyzed with high sensitivity, regardless of the distance between the electrodes.
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Solution to Problem

[0014] In order to overcome these problems, the sample analysis method of the invention includes: a first step of
applying a voltage between a first electrode pair, which is formed so as to sandwich a migration pathway of a sample
such that an electric field is formed in a direction intersecting the migration direction of the sample; a second step of
causing a first current, which arises from a redox reaction, to flow to the first electrode pair by placing, within the migration
pathway interposed between the first electrode pair, a solution including an electrochemically active molecule that
produces the redox reaction at the first electrode pair; a third step of causing the sample to migrate along the migration
pathway interposed between the first electrode pair; and a fourth step of measuring an amount of change in the first
current produced by migration of the sample.
[0015] According to this configuration, the solution containing the electrochemically active molecule that produces the
redox reaction at the first electrode pair is placed within the migration pathway interposed between the first electrode
pair in a state in which a voltage is applied across the first electrode pair. The electrochemically active molecule thereby
causes a redox reaction at the first electrode pair, and the first current arising from the redox reaction flows to the first
electrode pair. That is, in a state in which no sample is present, the first current arising from the redox reaction continues
to flow to the first electrode pair, and the current forms a baseline of the first current.
[0016] Moreover, gas generation at the first electrode pair can be suppressed since, at this time, the electrochemically
active molecule preferentially causes the redox reaction at the first electrode pair. If gas were generated at the first
electrode pair, the redox reaction of the electrochemically active molecule would be hindered by the gas, and as a result,
the first current would be an unstable current with a fluctuating value. For example, the more the surfaces of the first
electrode pair are covered by gas, the lower the value of the first current, and the value of the first current would
immediately increase when gas departs from the surfaces of the first electrode pair. The first current would become an
unstable current with a fluctuating value due to repeat of this phenomenon. However, the described configuration sup-
presses generation of gas, and therefore enables the first current to be stabilized.
[0017] The sample is then caused to migrate along the migration pathway interposed between the first electrode pair.
In other words, the sample is introduced into the space between the first electrode pair. When this occurs, a change is
produced in the number of electrochemically active molecules present in the migration pathway interposed between the
first electrode pair, according to the size (volume) of the sample, the type of charge held by the sample, and the charge
quantity of the sample. The number of electrochemically active molecules present within the migration pathway is
sometimes decreased and is sometimes increased.
[0018] When a change is produced in the number of electrochemically active molecules present within the migration
pathway interposed between the first electrode pair, a change is produced in the number of electrochemically active
molecules, giving rise to the redox reaction at the first electrode pair. That is, a change in the value of the first current
is produced.
[0019] The amount of change in the value of the first current is correlated with various characteristics of the sample
(for example, the volume, the type of charge, and the charge quantity). It is clearly possible to detect the presence of
the sample, and it is possible to analyze various characteristics of the sample (for example, the volume, the type of
charge, and the charge quantity), by measuring the amount of change in the first current.
[0020] The sample analysis method of the invention preferably includes a fifth step of calculating the volume of the
sample from the measured amount of change in the first current, based on a correlation between the volume of a
reference sample and an amount of change in the first current.
[0021] In this configuration, the correlation between the volume of the reference sample and the amount of change in
the first current (for example, a function) is determined in advance using reference samples of known volumes. Thus,
by measuring the amount of change in the first current for a sample of unknown volume, the volume of the sample of
unknown volume can be estimated from the measured value and the correlation (in other words, by substituting the
amount of change in the first current for the sample of unknown volume into the function).
[0022] The correlation is not limited to a direct correlation between the volume of the reference sample and the amount
of change in the first current, and a correlation may be found that employs an amount of change in a physical quantity
according to the first current. The physical quantity according to the first current may be, for example, a current value,
a conductance, a resistance value, or the like. Moreover, a logarithm of these values, values obtained by normalizing
these values, or the like, may be employed.
[0023] The sample analysis method of the invention preferably includes a sixth step of calculating the charge quantity
of the sample from the amount of change in the first current, based on the correlation between the charge quantity of
the reference sample and the amount of change in the first current.
[0024] In this configuration, the correlation between the charge quantity of the reference sample and the amount of
change in the first current (for example, a function) is found in advance using reference samples having known charge
quantity. By measuring the amount of change in the first current for a sample of unknown charge quantity, the charge
quantity of the sample of unknown charge quantity can be estimated from the measured value and the correlation (in
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other words, by substituting the amount of change in the first current for the sample of unknown charge quantity into the
function).
[0025] The correlation is not limited to a direct correlation between the charge quantity of the reference sample and
the amount of change in the first current, and a correlation may be found that employs an amount of change in a physical
quantity according to the first current. The physical quantity according to the first current may be, for example, a current
value, conductance, a resistance value or the like. Moreover, a logarithm of these values, values obtained by normalizing
these values, or the like, may be employed.
[0026] In the sample analysis method of the invention, it is preferable that: the first step further include applying a
voltage between a second electrode pair, which is formed so as to sandwich a migration pathway of the sample such
that an electric field is formed in a direction substantially parallel to the migration direction of the sample; the second
step further includes causing a second current, which arises from ion migration along the migration direction of the
sample in the migration pathway interposed between the first electrode pair, to flow to the second electrode pair by
placing, within the migration pathway interposed between the first electrode pair, the solution including the electrochem-
ically active molecule that produces the redox reaction at the first electrode pair; and the fourth step further includes
measuring an amount of change in the second current produced by the migration of the sample.
[0027] In this configuration, the solution containing the electrochemically active molecule that produces the redox
reaction at the first electrode pair is placed within the migration pathway interposed between the first electrode pair, in
a state in which a voltage is applied between the second electrode pair. This enables the second current arising from
ions migrating along the migration direction through the migration pathway interposed between the first electrode pair
to be caused to flow to the second electrode pair. The current then forms a baseline of the second current.
[0028] The sample is then caused to migrate along the migration pathway interposed between the first electrode pair.
In other words, the sample is introduced into the space between the first electrode pair. When this occurs, a change
according to the size (volume) of the sample is produced in the number of ions migrating along the migration direction
through the migration pathway interposed between the first electrode pair. Specifically, the larger the sample, the narrower
the space through which ions can migrate and the lower the number of ions migrating, and as a result, the value of the
second current decreases. It is obviously possible to detect the presence of the sample, and it is possible to analyze
the size (volume) of the sample, by measuring the amount of change in the second current.
[0029] The sample analysis method of the invention preferably includes a seventh step of calculating the volume of
the sample from the measured amount of change in the second current, based on a correlation between the volume of
a reference sample and an amount of change in the second current.
[0030] In this configuration, the correlation between the volume of the reference sample and the amount of change in
the second current (for example, a function) is found in advance using reference samples having a known volume. By
measuring the amount of change in the second current of a sample of unknown volume, the volume of the sample of
unknown volume can be estimated from the measured value and the correlation (in other words, by substituting the
amount of change in the second current for the sample of unknown volume into the function).
[0031] The correlation is not limited to a direct correlation between the volume of the reference sample and the amount
of change in the second current, and a correlation may be found that employs an amount of change in a physical quantity
according to the first current. The physical quantity according to the first current may be, for example, a current value,
conductance, a resistance value, or the like. Moreover, a logarithm of these values, values obtained by normalizing
these values, or the like, may be employed.
[0032] In the sample analysis method of the invention, the electrochemically active molecule is preferably a metal
complex, an organometallic complex, or an organic molecule.
[0033] This configuration enables implementation of the analysis method of the invention at low cost.
[0034] In the sample analysis method of the invention, the electrochemically active molecule is preferably a potassium
hexacyanoferrate complex, a hexamine ruthenium complex chloride, or hydroxyferrocene.
[0035] In this configuration, a metal complex with a charge is formed when dissolved in the solution, enabling information
related to the volume of the sample, information related to the type of charge of the sample, and information related to
the charge quantity of the sample, to be obtained with better precision.
[0036] In the sample analysis method of the invention, the electrochemically active molecule preferably causes the
redox reaction when a voltage of from -1V to 1V is applied.
[0037] This configuration enables a baseline with a large value for the first current to be obtained, and enables the
first current to be stabilized. As a result, the sample can be analyzed with better sensitivity since the amount of change
in the first current produced by migration of the sample can be increased.
[0038] In the sample analysis method of the invention, the distance between the anode and the cathode of the first
electrode pair may be 2 nm or greater.
[0039] This configuration enables sample analysis with excellent sensitivity even with interelectrode distances that
are problematic for tunneling current measurements.
[0040] In the sample analysis method of the invention, it is preferable that the first electrode pair be gold electrodes
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or platinum electrodes, the second electrode pair be silver/silver chloride electrodes, and a chloride ion be contained in
the solution containing the electrochemically active molecule that produces the redox reaction at the first electrode pair.
[0041] This configuration enables preferential production of the redox reaction of the electrochemically active molecule
at the first electrode pair. Consequently, this configuration enables more effective flow of the first current arising from
the redox reaction at the first electrode pair, and for the second electrode pair, enables more effective flow of the second
current arising from migration of the ions (the chloride ions) along the migration direction via the migration pathway
interposed between the first electrode pair. Advantageous Effects
[0042] The invention exhibits an advantageous effect of enabling sample analysis with high sensitivity regardless of
interelectrode distance. Specifically, a solution including an electrochemically active molecule that produces a redox
reaction at a first electrode pair is placed in a sample migration pathway interposed between the first electrode pair, and
the sample is caused to migrate along the migration pathway. Accordingly, it is possible to measure an amount of change
in a first current that has a correlation with various characteristics of the sample, enabling sample analysis with high
sensitivity regardless of interelectrode distance.
[0043] The invention exhibits the advantageous effect of enabling amplification of a signal. Specifically, since a first
current arising from the redox reaction flows to the first electrode pair in advance in the invention, the first current (in
other words, the baseline of the first current) can be increased according to the type and the concentration of the
electrochemically active molecule. Since the signal measured in the invention is the amount of change in the first current,
the measured signal can be amplified by setting the first current at a high level.
[0044] The invention exhibits the advantageous effect of enabling the signal to be stabilized. Specifically, the first
current arising from the redox reaction flows to the first electrode pair in advance in the invention, enabling the first
current (in other words, the baseline of the first current) flowing to the first electrode pair to be stabilized. Since the signal
measured in the invention is the amount of change in the first current, stabilizing the first current enables the measured
signal to be stabilized.
[0045] Specifically, when no electrochemically active molecule is employed, the first current cannot be stabilized since
the current flowing at the first electrode pair is random. More specifically, gas is produced at the first electrode pair if no
electrochemically active molecule is employed, and the first current cannot be stabilized since the gas hinders the
reaction (the redox reaction) produced at the first electrode pair.
[0046] The invention enables information related to the volume of the sample, information related to the type of charge
of the sample, and information related to the charge quantity of the sample (for example, a surface charge quantity) to
be obtained.
[0047] The invention enables tailored detection of samples by selecting the type of electrochemically active molecule.
[0048] The invention enables the mechanical strength and stability of the analytical device to be increased since
biological molecules do not need to be employed as a material for forming the analytical device (for example, proteins
for forming holes). As a result, it is possible to perform sample analysis with excellent precision even under harsh
conditions (for example, under temperature conditions in which proteins denature, in the presence of organic solvents,
and the like).
[0049] In conventional technology, it is necessary to dissolve a sample using solutions with a high salt concentration,
or a solution with a high pH, in order to detect current flowing between the interelectrode gap with high sensitivity.
Consequently, in conventional technology, when the sample is a cell or a virus, there is a risk of the cell or virus clumping
or dying, and when the sample is a protein, there is a risk of the protein being inactivated. However, solutions with a
high salt concentration and solutions with a high pH are unnecessary in the invention, enabling analysis of biological
samples such as cells, viruses, and proteins under physiological conditions (for example, in an aqueous solution with a
pH controlled to be from pH 6 to pH 8 by a buffer).
[0050] In the invention, fixing the sample to a substrate or the like is unnecessary, and it is possible to perform sequential
analysis while samples are caused to migrate, enabling a remarkable increase in analytical performance (for example
in analytical speed).
[0051] Since the invention enables the interelectrode distance to be set to a desired distance, analysis with excellent
precision is possible not only for small samples, but also for large samples.

Brief Explanation of the Drawings

[0052]

Fig. 1A is a diagram showing an analysis method of an embodiment of the invention.
Fig. 1B is a diagram showing an analysis method of an embodiment of the invention.
Fig. 2A is a diagram showing an analysis method of an embodiment of the invention.
Fig. 2B is a diagram showing an analysis method of an embodiment of the invention.
Fig. 3A is a diagram showing an analysis method of an embodiment of the invention.
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Fig. 3B is a diagram showing an analysis method of an embodiment of the invention.
Fig. 4A is a diagram showing an analysis method of an embodiment of the invention.
Fig. 4B is a diagram showing an analysis method of an embodiment of the invention.
Fig. 5A is a diagram showing an analysis method of an embodiment of the invention.
Fig. 5B is a diagram showing an analysis method of an embodiment of the invention.
Fig. 6 is a diagram showing a manufacturing step of an analytical device of an example.
Fig. 7A is a photograph of a solid-state nanopore device taken through a microscope in an example.
Fig. 7B is a photograph of a solid-state nanopore device taken through a microscope in an example.
Fig. 7C is a photograph of a solid-state nanopore device taken through a microscope in an example.
Fig. 7D is a photograph of a solid-state nanopore device taken through a microscope in an example.
Fig. 8A is a diagram showing a configuration of an analytical device in an example.
Fig. 8B is a diagram showing a configuration of an analytical device in an example.
Fig. 8C is a graph showing characteristics of a hole provided to an analytical device in an example.
Fig. 8D is a graph showing characteristics of a hole provided to an analytical device in an example.
Fig. 8E is a graph showing characteristics of a hole provided to an analytical device in an example.
Fig. 9A is a diagram showing a configuration of an analytical device of an example.
Fig. 9B is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 9C is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 9D is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 10A is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 10B is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 10C is a graph showing characteristics of current flowing between a second electrode pair.
Fig. 11A is a diagram showing a configuration of an analytical device in an example.
Fig. 11B is a graph showing characteristics of current flowing between a first electrode pair.
Fig. 11C is a graph showing characteristics of current flowing between a first electrode pair.
Fig. 11D is a graph showing characteristics of current flowing between a first electrode pair.
Fig. 11E is a graph showing characteristics of current flowing between a first electrode pair.
Fig. 11F is a graph showing characteristics of current flowing between a first electrode pair.
Fig. 12A is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.
Fig. 12B is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.
Fig. 12C is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.
Fig. 13A is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.
Fig. 13B is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.
Fig. 13C is a diagram showing a change in current flowing between a first electrode pair when various biological
samples are employed in an example.

Description of Embodiments

[0053] Explanation follows regarding an embodiment of the invention; however, the invention is not limited thereto.
The invention may be modified within the scope of the claims, and the technical scope of the invention includes embod-
iments and examples obtainable by appropriate combination of the different technical means described for each of the
embodiments and examples.

1. Principles of the Present Embodiment

[0054] First, explanation follows regarding the principles of the present embodiment, with reference to Fig. 1A to Fig. 5B.
[0055] As illustrated in Fig. 1A, in the present embodiment, a voltage is applied such that an electric field is formed in
a direction intersecting a migration direction of a sample 10 (indicated by the arrow in Fig. 1), between a first electrode
pair (an electrode 1a and an electrode 1b) formed so as to sandwich a migration pathway of a sample 10.
[0056] Moreover, in the present embodiment, within the migration pathway interposed between the first electrode pair
(the electrode 1a and the electrode 1b), a first current arising from a redox reaction flows to the first electrode pair due
to placing an electrolytic fluid including an electrochemically active molecule 5 that produces the redox reaction between
the first electrode pair. That is, in the present embodiment, a baseline for the first current (see Fig. 1B) is formed by the
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first current that arises from the redox reaction in a state in which no sample is present. The magnitude of the first current
depends on the type of electrochemically active molecule 5, and the concentration thereof (in other words, the number
of electrochemically active molecules 5 present between the electrode 1a and the electrode 1b).
[0057] In modes that do not employ the electrochemically active molecule 5, current flows at random between the first
electrode pair, and a stable baseline current like that illustrated in Fig. 1B is not able to form. Modes that do not employ
the electrochemically active molecule 5 therefore cannot perform accurate, high-sensitivity analysis as the present
embodiment can.
[0058] Next, in the present embodiment, sample 10 is caused to migrate along the migration pathway interposed
between the first electrode pair (the electrode 1a and the electrode 1b). That is, the sample 10 is caused to migrate
between the first electrode pair (the electrode 1a and the electrode 1b). The magnitude of the first current flowing between
the first electrode pair then changes according to the characteristics of the sample 10. Moreover, in the present embod-
iment, the first current flows at an artificially large value as described above, and the amount of change in the first current
arising due to the sample 10 is therefore also large. As a result, high sensitivity analysis is therefore possible in the
present embodiment of the sample 10. More detailed explanation of this point follows, with reference to Fig. 2A to Fig. 5B.
[0059] Fig. 2A and Fig. 2B illustrate a change in the first current when a sample 10 of large volume migrates. Fig. 3A
and Fig. 3B illustrate the change in the first current when a sample 10 of small volume migrates.
[0060] As illustrated in Fig. 2A, when the sample 10 of large volume migrates between the first electrode pair, the
majority of the electrochemically active molecules 5 that were present between the first electrode pair are expelled from
the space between the first electrode pair. In other words, when the sample 10 of large volume migrates between the
first electrode pair, the number of the electrochemically active molecules 5 present between the first electrode pair
changes greatly, and as a result, the number of the electrochemically active molecules 5 giving rise to the redox reaction
changes greatly. As illustrated in Fig. 2B, the value of the current flowing between the first electrode pair then changes
greatly.
[0061] However, as illustrated in Fig. 3A, a small number of the electrochemically active molecules 5 that were present
between the first electrode pair is expelled from the space between the first electrode pair when the sample 10 of small
volume migrates between the first electrode pair. In other words, when the sample 10 of small volume migrates between
the first electrode pair, the number of electrochemically active molecules 5 present between the first electrode pair
changes to a small extent, and as a result, the number of electrochemically active molecules 5 giving rise to the redox
reaction changes to a small extent. As illustrated in Fig. 3B, the value of the first current flowing between the first electrode
pair then changes to a small extent. Such small changes in current are detectable since a large value of the first current
was already flowing to the first electrode pair.
[0062] As described above, the amount of change in the first current is correlated with the volume of the sample 10.
Thus, information related to the volume of the sample 10 can be obtained by measuring the amount of change in the
first current.
[0063] Fig. 4A and Fig. 4B illustrate the change in the first current when the electrochemically active molecule 5 and
the sample 10 have the same type of charge (a positive charge, or a negative charge) as each other. Fig. 5A and Fig.
5B illustrate the change in the first current when the electrochemically active molecule 5 and the sample 10 have different
types of charge to each other.
[0064] As illustrated in Fig. 4A, when the electrochemically active molecule 5 and the sample 10 having the same type
of charge migrate between the first electrode pair, the majority of the electrochemically active molecules 5 that were
present between the first electrode pair are expelled by electrical repulsion from the space between the first electrode
pair. In other words, when the electrochemically active molecule 5 and the sample 10 having the same type of charge
migrate between the first electrode pair, the number of the electrochemically active molecules 5 present between the
first electrode pair changes greatly, and as a result, the number of the electrochemically active molecules 5 giving rise
to the redox reaction changes greatly. As illustrated in Fig. 4B, the value of the first current flowing between the first
electrode pair then changes greatly. The greater the charge held by the electrochemically active molecule 5, the greater
the amount of change in the first current tends to be.
[0065] However, as illustrated in Fig. 5A, when the electrochemically active molecule 5 and the sample 10, having a
different type of charge to each other, migrate between the first electrode pair, either a small number of the electrochem-
ically active molecules 5 that were present between the first electrode pair is expelled from the space between the first
electrode pair, or the electrochemically active molecules 5 accumulate in the space between the first electrode pair due
to electrical attraction. In other words, when the electrochemically active molecule 5 and the sample 10 having a different
type of charge to each other migrate between the first electrode pair, the number of the electrochemically active molecules
5 present between the first electrode pair (in other words, the electrochemically active molecules 5 able to give rise to
the redox reaction) either changes to a small extent, or increases. As a result, as illustrated in Fig. 5B, the value of the
first current flowing between the first electrode pair changes to a small amount, or increases. The greater the charge
held by the electrochemically active molecule 5, the larger the first current changes tend to be.
[0066] As described above, the amount of change in the first current is correlated with the type and the magnitude of
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the charge held by the sample 10. Thus, information related to the charge of the sample 10 can be obtained by measuring
changes in the first current.
[0067] As illustrated in Fig. 1A to Fig. 5A, in the present embodiment, a voltage may be applied between a second
electrode pair (an electrode 2a and an electrode 2b) formed so as to sandwich the migration pathway of the sample 10,
such that an electric field is formed in a direction substantially parallel to the migration direction of the sample 10 (indicated
by the arrow in Fig. 1).
[0068] In such cases, the second current, arising from ions migrating along the migration direction of the sample 10
within the migration pathway interposed between the first electrode pair, flows to the second electrode pair. The magnitude
of the second current is correlated with the volume of the sample 10.
[0069] For example, as illustrated in Fig. 2A, when the sample 10 of large volume migrates between the first electrode
pair, ion migration from the electrode 2a to the electrode 2b (or from the electrode 2b to the electrode 2a) is greatly
hindered by the sample 10. As a result, the value of the second current flowing between the second electrode pair
changes greatly (specifically, it decreases greatly).
[0070] However, as illustrated in Fig. 3A, when the sample 10 of small volume migrates between the first electrode
pair, ion migration from the electrode 2a to the electrode 2b (or from the electrode 2b to the electrode 2a) is slightly
hindered by the sample 10. As a result, the value of the second current flowing between the second electrode pair
changes to a small extent (specifically, it decreases to a small extent).
[0071] As described above, the amount of change in the second current is correlated with the volume of the sample
10. Thus, information related to the volume of the sample 10 can be obtained by measuring the amount of change in
the second current.

2. Sample Analysis Method

[0072] The sample analysis method of the present embodiment includes a first step to a fourth step. In addition to the
first step to the fourth step, the analysis method of the present embodiment may further include one or more out of a
fifth step to a seventh step. Explanation follows regarding each step.

2-1. First Step

[0073] The first step is a step of applying a voltage across the first electrode pair formed so as to sandwich the migration
pathway of the sample, so that an electric field is formed in a direction intersecting the migration direction of the sample.
[0074] That is, in the present embodiment, the space between the anode and the cathode of the first electrode pair is
the migration pathway of the sample. The electric field formed between the anode and cathode of the first electrode pair
is formed in a direction intersecting the migration direction of the sample.
[0075] The angle of intersection is not particularly limited, as long as the electric field is formed intersecting the migration
direction of the sample. For example, the electric field and the migration direction of the sample may intersect at an
angle of from 45° to 90°, from 60° to 90°, from 70° to 90°, from 80° to 90°, or at 90°. The angle of intersection may of
course be angles other than these, and this is not particularly limited.
[0076] Specific configurations of the first electrode pair are not limited, and suitable known electrodes may be employed.
For example, gold electrodes, platinum electrodes, silver electrodes, copper electrodes, or organic conductive polymer
electrodes (for example, polypyrrole) may be employed as the first electrode pair.
[0077] Of these, the first electrode pair is preferably gold electrodes or platinum electrodes. Adopting such a config-
uration enables the redox reaction of the electrochemically active molecules to be induced with greater stability at the
first electrode pair. Moreover, such a configuration enables generation of gas at the first electrode pair to be more reliably
suppressed. More detailed explanation of this point is given below in 2-2. Second Step.
[0078] The distance between the anode and the cathode of first electrode pair is not particularly limited, and it may
be set as appropriate for the size of the sample. That is, it is sufficient for the distance between the anode and the
cathode of the first electrode pair to be set to a distance allowing the passage of the sample to be analyzed.
[0079] For example, assume the sample is in the form of a sphere, and let Y (nm) be the diameter of that sphere. In
such cases, it is sufficient for the distance X between the anode and the cathode of the first electrode pair to be longer
than Y (nm) (Y < X).
[0080] In the present embodiment, current from the redox reaction of the electrochemically active molecule occurring
at the surfaces of the first electrode pair flows between the first electrode pair. Since the generation of this current is not
affected by the distance between the anode and the cathode of the first electrode pair, the distance between the anode
and the cathode of the first electrode pair is not particularly limited.
[0081] However, the closer the volume of the space between the anode and the cathode of the first electrode pair is
to the volume of the sample (in other words, the greater the ratio of volume occupied by the sample in the space between
the anode and the cathode of the first electrode pair) the greater the amount of change tends to be in the first current
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flowing between the first electrode pair, and as a result, analytical sensitivity tends to increase. The maximum value of
the distance X between the anode and the cathode of the first electrode pair may therefore be set to 100Y, 50Y, 20Y,
10Y, 8Y, 6Y, 4Y, 2Y, 1.5Y, or 1.2Y
[0082] That is, the distance X between the anode and the cathode of the first electrode pair may be set such that Y <
X < 100Y, Y < X < 50Y, Y < X < 20Y, Y < X < 10Y, Y < X < 8Y, Y < X < 6Y, Y < X < 4Y, Y < X < 2Y, Y < X < 1.5Y, or Y
< X < 1.2Y However, the present embodiment is not limited thereto.
[0083] More specifically, the distance X between the anode and the cathode of the first electrode pair may be 0.1 nm
or greater, 0.5 nm or greater, 1 nm or greater, 2 nm or greater, or 10 nm or greater. Although the maximum value of the
distance X is not particularly limited as explained above, it may be, for example, set to 50 nm or less, 100 nm or less,
500 nm or less, 1 mm or less, 5 mm or less, 10 mm or less, 20 mm or less, 50 mm or less, 100 mm or less, 200 mm or
less, 500 mm or less, or 1 mm or less for each of the minima above.
[0084] In analysis based on tunneling current, the value of the tunneling current flowing between an electrode pair is
small when the anode and the cathode of the electrode pair are a distance of 2 nm apart or greater, and analysis based
on the tunneling current becomes problematic. However, since the analysis method of the present embodiment is an
analysis method based on a completely different technical concept from analysis based on tunneling current, it is possible
to perform analysis with excellent sensitivity even if, for example, the distance between the anode and the cathode of
the first electrode pair is 2 nm or greater.
[0085] Taken from another perspective, the volume of the space between the anode and the cathode of the first
electrode pair may be set such that the volume ratio occupied by one unit of the sample (for example, one molecule of
the sample) in the space between the anode and the cathode of the first electrode pair is 1% or more, 10% or more,
20% or more, 30% or more, 40% or more, 50% or more, 60% or more, 70% or more, 80% or more, 90% or more, or
95% or more. When doing so, the greater the ratio of volume occupied, the more sensitive the analysis that can be
performed.
[0086] The value of the voltage applied between the first electrode pair is not particularly limited, and it may be
appropriately set according to the type of electrochemically active molecule employed so that the redox reaction of the
electrochemically active molecule is produced. For example, the voltage may be set to from -10V to +10V, from -5V to
+5V, or to -1V to +1V; however, there is no limitation thereto.
[0087] The sample employed in the present embodiment is not particularly limited. Examples of the sample include
nucleic acids (DNA or RNA), amino acids, proteins, pollen, viruses, cells, organic molecules, and inorganic molecules;
however, there is no limitation thereto.
[0088] In the present embodiment, it is possible to measure current with high sensitivity even under physiological
conditions (for example, an aqueous solution having a pH of 6.0 to 8.0 containing 0.15M NaCl). This enables various
biomolecules (for example, nucleic acids, amino acids, proteins, pollen, viruses, cells, or the like) to be analyzed under
physiological conditions without damaging them.
[0089] The sample may hold a charge (for example, a surface charge). In such cases, information related to the type
of charge of the sample, and the charge quantity of the sample can be obtained by employing an electrochemically
active molecule having a charge.
[0090] The configuration explained above is a basic configuration for the first step; however, in addition to the basic
configuration described above, the first step may further include applying a voltage between the second electrode pair
formed so as to sandwich the migration pathway of the sample, such that an electric field is formed in a direction
substantially parallel to the migration direction of the sample. That is, in the first step, another electric field may be formed
by the second electrode pair so as to intersect the electric field formed between the first electrode pair.
[0091] Although the direction of the electric field formed between the second electrode pair is preferably substantially
parallel to the migration direction of the sample, this does not need to be strictly parallel. For example, the direction of
the electric field formed between the second electrode pair and the migration direction of the sample may differ by from
0° to 45°, may differ from 0° to 30°, may differ from 0° to 20°, may differ from 0° to 10°, may differ from 0° to 5°, or may
differ from 0° to 2°. Moreover, there is no specific limitation to the value of this difference.
[0092] The specific configuration of the second electrode pair is not particularly limited, and suitable known electrodes
may be employed therefor. For example, silver/silver chloride electrodes, gold electrodes, platinum electrodes, silver
electrodes, copper electrodes, or organic conductive polymer electrodes (for example polypyrrole) may be employed
as the second electrode pair.
[0093] Of these, a silver/silver chloride electrode is preferably employed as the first electrode pair. Such a configuration
enables a second current, arising from ions that migrate along the migration direction of the sample within the migration
pathway interposed by the first electrode pair (for example, chloride ions), to flow effectively between the second electrode
pair, and with greater stability. More detailed explanation is given in 2-2. Second Step below.
[0094] The distance between the anode and the cathode of the second electrode pair is not particularly limited, and
it may be set as appropriate. For example, the distance between the anode and the cathode of the second electrode
pair is preferably 100 mm or less. This is because the diffusion effect of ions in the solution may affect the signal sensitivity
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(the signal sensitivity detected by the second electrode pair) when the distance is greater than 100 mm.

2-2. Second Step

[0095] The second step is a step of causing a first current arising from the redox reaction to flow to the first electrode
pair by placing within the migration pathway interposed between the first electrode pair the solution including the elec-
trochemically active molecule that produces the redox reaction at the first electrode pair. That is, the second step is a
step of forming the baseline of the first current flowing between the first electrode pair.
[0096] The second step may be performed prior to the first step, may be performed simultaneously with the first step,
and may, of course, be performed after the first step.
[0097] The solution may be placed so as to fill the space between the second electrode pair, in addition to filling the
space between the first electrode pair.
[0098] Components other than the electrochemically active molecule may be included in the solution provided that
they do not hinder the redox reaction arising at the first electrode pair.
[0099] For example, various buffers may be added to the solution and the solution pH may be controlled. The type of
buffer is not particularly limited, and for example, buffers having low toxicity to living things and biomolecules, such as
Tris buffer, MES buffer, PIPES buffer, MOPS buffer, or HEPES buffer, are preferably employed. The pH of the solution
is not particularly limited, and for example, it may be from pH 6.0 to pH 8.0.
[0100] The present embodiment enables a large value of the first current to flow between the first electrode pair,
without depending on the solution pH. That is, it is possible to perform physiological analysis of the sample under
physiological conditions.
[0101] The solution may include chloride ions (for example, KCl, NaCl, CaCl2, or the like) to allow current flow when
the second electrode pair is silver/silver chloride electrodes. Such configuration enables the second current, arising from
migration of chloride ions, to flow between the second electrode pair. Although not particularly limited, the concentration
of chloride ions may, for example, be in a range of 0.1 mM to 5M, and is more preferably 1 mM to 1M. The concentration
is preferably a concentration at which there is a large amplification effect of the ionic current, and at which the sample
is not affected.
[0102] Specific composition of the electrochemically active molecule is not particularly limited, provided that it is one
enabling a redox reaction to be produced at the first electrode pair. The electrochemically active molecule preferably
does not produce gas via the redox reaction.
[0103] For example, the electrochemically active molecule may be a metal complex, a organometallic complex, or an
organic molecule.
[0104] Examples of the metal complex include iron complexes (such as potassium hexacyanoferrate complex, fer-
rocenes (for example, hydroxyferrocene), iron porphyrin complexes, iron (III) chloride/iron (II) chloride, iron-phenanthro-
line complexes, or the like), ruthenium complexes (hexamine ruthenium complex chloride, ruthenocene, or the like),
cobalt complexes (cobaltocene, cobalt porphyrin complex, or the like), and manganese, nickel, and copper complexes.
Of these metal complexes, potassium hexacyanoferrate complex can be said to be preferable. This is because the
product and the reactant thereof have low redox potentials and are both readily soluble and stable in water.
[0105] Examples of the organic molecule include benzoquinone, benzoquinone derivatives, tetracyanoquinodimethane
(TCNQ), tetramethylphenylene diamine (TMPD), and tetrathiafulvalene (TTF). Of these organic molecules, TCNQ and
benzoquinone derivatives can be said to be preferable as they are substances with low redox potentials and high solubility
in water.
[0106] Moreover, the electrochemically active molecule preferably gives rise to a redox reaction when a voltage of
-1V to 1V is applied.
[0107] The electrochemically active molecule employed in the present embodiment is not limited to those described
above, and known electrochemically active molecules may be employed. For example, Documents X (science chronology
tables/chemistry handbooks), and Document Y (A Bard, Electrochemical Methods Fundamentals and Applications,
Wiley) describe various types of electrochemically active molecule, and these electrochemically active molecule may
be employed in the present embodiment. Documents X and Document Y are incorporated herein by reference.
[0108] As described above, in the present embodiment, for current to flow between the second electrode pair, as
described later, a chloride ion (for example, KCl, NaCl, CaCl2, or the like) may be included in the solution placed in the
migration pathway that is interposed between the first electrode pair. In such cases, due to the electrochemically active
molecule being present in the solution, a redox reaction of the electrochemically active molecule occurs at the first
electrode pair, and enables, as a result, a stable flow of the first current. Explanation follows regarding this point.
[0109] If no electrochemically active molecule is present in the solution, reactions like those below occur at the anode
and the cathode of the first electrode pair, and as a result, gases (oxygen, chlorine, hydrogen, or the like) are generated.
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[0110] The gases adhere to the surfaces of the first electrode pair, and value of the current flowing between the first
electrode pair becomes unstable.
[0111] However, when an electrochemically active molecule (for example, potassium hexacyanoferrate complex) is
present in the solution, reactions like those below occur at the anode and the cathode of the first electrode pair, and as
a result, gas is not generated. Such electrochemically active molecules are merely examples, and the present embodiment
is not limited thereto.

[0112] When this occurs, a flow of electrodes is produced by Reaction 4 and by Reaction 5, to form the first current
flowing between the first electrode pair.
[0113] Since potassium hexacyanoferrate complex and the like are formed with an ion that holds a negative charge,
information related to the charge type and the charge quantity of the sample can be obtained based on the negative charge.
[0114] When the electrochemically active molecule (for example, hexaammineruthenium complex chloride) is present
in the solution, reactions such as those below are produced at the anode and the cathode of the first electrode pair, and
as a result, gas is not generated. This electrochemically active molecule is also merely an example, and the present
embodiment is not limited thereto.

[0115] When this occurs, a flow of electrons is produced by Reaction 6 and by Reaction 7, forming the first current
flowing between the first electrode pair.
[0116] Since hexaammineruthenium complex chloride and the like are formed with an ion that holds a positive charge,
information related to the charge type and the charge quantity of the sample can be obtained based on the positive charge.
[0117] The configuration explained above is a basic configuration for the second step; however, in addition to the
basic configuration described above, the second step may further include causing a second current arising from ion
migration along the migration direction of the sample to flow in the migration pathway interposed between the first
electrode pair, to the second electrode pair by placing the solution including the electrochemically active molecule that
produces the redox reaction at the first electrode pair within the migration pathway interposed between the first electrode
pair.
[0118] As described above, the solution that includes the electrochemically active molecule may include a chloride
ion (for example, KCl, NaCl, CaCl2, or the like) in order for the second current to flow between the second electrode
pair. The following reactions are then, for example, produced at the anode and the cathode of the second electrode pair
when, for example, silver/silver chloride electrodes are employed as the second electrode pair. That is:

[0119] The flow of ions (for example, chloride ions) produced by reaction 8 and by reaction 9 then forms a second
current flowing between the second electrode pair.

2-3. Third Step

[0120] The third step is a step of causing the sample to migrate along the migration pathway interposed between the
first electrode pair.
[0121] In this step, the number of electrochemically active molecules present within the space interposed between
the first electrode pair changes with migration of the sample. For example, the number of the electrochemically active
molecules is greatly diminished, slightly diminished, greatly increased, or slightly increased, according to the character-

Anode: 2Cl- → Cl2 + 2e- Reaction 1
Anode: 2H2O → O2 + 4H+ + 4e- Reaction 2

Cathode: 2H2O + 2e- → H2 + 2OH- Reaction 3

Anode: [Fe(CN)6]4- → [Fe(CN)6]3- + e- Reaction 4
Cathode: [Fe(CN)6]3- + e- → [Fe(CN)6]4- Reaction 5

Anode: [Ru(NH3)6]3+ → [Ru(NH3)6]4+ + e- Reaction 6
Cathode: [Ru(NH3)6]4+ + e- → [Ru(NH3)6]3+ Reaction 7

Anode: Ag + Cl- → AgCl + e- Reaction 8
Cathode: AgCl + e- → Ag + Cl- Reaction 9
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istics of the sample. The value of the current flowing between the first electrode pair and the second electrode pair then
changes due to the change in the number of the electrochemically active molecules.
[0122] The driving force that causes the migration is not particularly limited. For example, the sample may be allowed
to migrate by free diffusion, and the sample may be caused to migrate electrically by the second electrode pair.
[0123] The distance L over which the sample migrates along the migration pathway interposed between the first
electrode pair (in other words, a length between the first electrode pair (the anode and the cathode) along the migration
direction of the sample) is not particularly limited, and it may be set as appropriate.
[0124] From the viewpoint of accurately predicting the volume, the type of the charge, and the quantity of charge of
the sample, a distance L that is longer than the length of the sample in its length direction, in other words a length
sufficient to completely accommodate the whole sample in the space between the first electrode pair, can be described
as preferable.
[0125] For example, the distance L may be 0.1 nm or greater, 0.5 nm or greater, 1 nm or greater, 2 nm or greater, or
10 nm or greater. Although the maximum value of the distance L is not particularly limited, for example, for each of the
minima above, the maximum may be set to 50 nm or less, 100 nm or less, 500 nm or less, 1 mm or less, 5 mm or less,
10 mm or less, 20 mm or less, 50 mm or less, 100 mm or less, 200 mm or less, 500 mm or less, or 1 mm or less. The
present embodiment is of course not limited thereto.

2-4. Fourth Step

[0126] The fourth step is a step of measuring the amount of change in the first current produced by migration of the
sample. That is, the fourth step is a step of changing the number of electrochemically active molecules that are present
in the space interposed between the first electrode pair with the migration of the sample, and measuring the amount of
change in the first current produced thereby.
[0127] This step may be carried out by measuring the current flowing between the first electrode pair using a known
ammeter.
[0128] The configuration explained above is a basic configuration for the fourth step; however, in addition to the basic
configuration described above, the fourth step may further incorporate measurement of the amount of change in the
second current produced by the migration of the sample.
[0129] This step may be carried out by measuring the current flowing between the second electrode pair using a known
ammeter.

2-5. Fifth Step

[0130] In addition to the first step to the fourth step described above, the sample analysis method of the present
embodiment may further include a fifth step.
[0131] The fifth step is a step of calculating the volume of a sample of unknown volume, from the amount of change
in the first current for a sample with unknown volume, based on a correlation between the volume of reference samples
and the amount of change in the first current.
[0132] In other words, the fifth step is a step of calculating the volume of the sample, this being an unknown volume,
from the amount of change in the first current for the sample of unknown volume, based on a correlation between the
volume of the reference samples and the amount of change in the first current, found in advance using reference samples
of known volume according to the first step to the fourth step described above.
[0133] The correlation between the volume of the reference samples and the first current may be found by analyzing
various reference samples of known volume according to the first step to the fourth step described above.
[0134] For example, suppose measurements using the first step to the fourth step indicate that the amount of change
in the first current is A1 for a sample 1 that has a volume (or length of the diameter when the shape of the sample is
considered to be a sphere) of V1, the amount of change in the first current is A2 for a sample 2 that has a volume of V2,
the amount of change in the first current is A3 for a sample 3 that has a volume of V3, and the amount of change in the
first current is A4 for a sample 4 that has a volume of V4.
[0135] Although four types of reference sample are employed in the case of this example, the number of reference
samples is not particularly limited. However, in order to calculate the unknown sample volume with better precision, it
can be said to be more preferable that the numbers of reference samples be greater.
[0136] Using V1 to V4 and A1 to A4 above, the volume V can be expressed as a function of the amount of change A
in the first current according to known methods. The type of this function (for example, a first order function, a second
order function, or the like) may be chosen so as to best approximate to actual measurement values for the reference
samples.
[0137] When the amount of change in the first current is measured for the sample of unknown volume according to
the first step to the fourth step, the volume of the sample of unknown volume can accordingly be calculated by substituting
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the measured value into the function.
[0138] Provided that the reference sample has a known volume, there are no particular limitations to the specific
composition thereof. For example, polystyrene beads or the like may be employed as the reference sample.

2-6. Sixth Step

[0139] In addition to the first step to the fourth step, the sample analysis method of the present embodiment may
further include a sixth step.
[0140] The sixth step is a step of calculating the quantity of charge of a sample of unknown charge quantity from the
amount of change in the first current for the sample of unknown charge quantity, based on a correlation between the
quantity of charge of reference samples and the amount of change in the first current.
[0141] In other words, the sixth step is a step of calculating the quantity of charge of the sample, this being of unknown
charge quantity, from the amount of change in the first current for the sample of unknown charge quantity, based on a
correlation between the quantity of charge of the reference sample and the amount of change in the first current, found
in advance using reference samples of known charge quantity according to the first step to the fourth step described above.
[0142] The correlation between the quantity of charge of the reference samples and the amount of change in the first
current may be found by analyzing various reference samples of known charge quantity according to the first step to
the fourth step described above.
[0143] For example, suppose measurements using the first step to the fourth step indicate that the amount of change
in the first current is A1 for a sample 1 that has a quantity of charge C1, the amount of change in the first current is A2
for a sample 2 that has a quantity of charge C2, the amount of change in the first current is A3 for a sample 3 that has
a quantity of charge C3, and the amount of change in the first current is A4 for a sample 4 that has a quantity of charge C4.
[0144] Although four types of reference sample are employed in the case of this example, the number of reference
samples is not particularly limited. However, in order to calculate the unknown sample quantity of charge to better
precision, it can be said to be more preferable that the number of reference samples be greater.
[0145] Using C1 to C4 and A1 to A4 above, the charge quantity C can be expressed as a function of the amount of
change A in the first current according to known methods. The type of this function (for example, a first order function,
a second order function, or the like) may be chosen so as to best approximate actual measured values for the reference
samples.
[0146] When the amount of change in the first current is measured for the sample of unknown charge quantity according
to the first step to the fourth step, the quantity of charge of the sample of unknown charge quantity can accordingly be
calculated by substituting the measured value into the function, and information related to the type of charge can be
obtained.
[0147] Provided that the quantity of charge and the type of charge of the references samples are known, there are no
particular limitations to the specific composition thereof. For example, chemically modified polystyrene beads, or chem-
ically modified gold particles may be employed as the reference samples.

2-7. Seventh Step

[0148] In addition to the first step to the fourth step, the sample analysis method of the present embodiment may
further include a seventh step.
[0149] The seventh step is a step of calculating the volume of a sample of unknown volume, from the amount of change
in the second current for the sample of unknown volume, based on a correlation between the volume of reference
samples and the amount of change in the second current.
[0150] In other words, the seventh step is a step of calculating the volume of the sample, this being an unknown
volume, from the amount of change in the second current for the sample of unknown volume, based on a correlation
between the volume of the reference samples and the amount of change in the second current, found in advance using
the reference samples that have known volumes according to the first step to the fourth step described above.
[0151] The correlation between the volume of the reference samples and the second current may be found by analyzing
various reference samples of known volume according to the first step to the fourth step described above.
[0152] For example, suppose measurements using the first step to the fourth step indicate that the amount of change
in the second current is A1 for a sample 1 that has a volume (or the length of the diameter when the shape of the sample
is considered to be a sphere) of V1, the amount of change in the second current is A2 for a sample 2 that has a volume
of V2, the amount of change in the second current is A3 for a sample 3 that has a volume of V3, and the amount of
change in the second current is A4 for a sample 4 that has a volume of V4.
[0153] Although four types of reference sample are employed in the case of this example, the number of reference
samples is not particularly limited. However, in order to calculate the unknown sample volume with better precision, it
can be said to be more preferable that the number of reference samples be greater.



EP 2 887 058 A1

15

5

10

15

20

25

30

35

40

45

50

55

[0154] Using V1 to V4 and A1 to A4 above, the volume V can be expressed as a function of the amount of change A
in the second current according to known methods. The type of this function (for example, a first order function, a second
order function, or the like) may be chosen so as to best approximate actual measured values for the reference samples.
[0155] When the amount of change in the second current is measured for the sample of unknown volume according
to the first step to the fourth step, the volume of the sample of unknown volume can accordingly be calculated by
substituting the measured value into the function.
[0156] Provided that the reference sample has a known volume, there are no particular limitations to the specific
composition thereof. For example, polystyrene beads or the like may be employed as the reference sample.

Example

1. Explanation of Each Measurement Method

1-1. PC Electrical Measurement

[0157] Each type of measurement and analysis was performed using the Lab VIEW program (NI PXIe system). The
specific methods used protocols included in the program.
[0158] Specifically, I-V measurements (current-voltage measurements) and I-t measurements (current-time measure-
ments) were performed at 10 kHz to 1 MHz. The I-V measurements were performed after confirming that the steady-
state current had transitioned to a stable range for a fixed period of time.

1-2. Current Measurement Using the Second Electrode Pair

[0159] Buffer solutions of 1 mM to 100 mM, and electrochemically active molecules at 1 mM to 100 mM were employed
in the current measurement.
[0160] Aphosphoric acid buffer solution controlled to be pH 6.5 to pH 8.0, a 0.5x diluted TE buffer, a 0.5x diluted TBE
buffer or the like, were employed as the buffer solution. The buffer solution can be described as a buffer solution that is
close to physiological conditions.
[0161] Since the signal from the second electrode pair is a signal produced by ion charge transport being interrupted
at an opening section of a hole (the space between the first electrode pair), this signal is a signal represented by
diminished current values (a negative signal).

1-3. Current Measurements Using the First Electrode Pair

[0162] A buffer solution of 1 mM to 100 mM, and an electrochemically active molecule at 1mM to 100 mM were
employed in the current measurement.
[0163] Aphosphoric acid buffer solution controlled to be pH 6.5 to pH 8.0, a 0.5x diluted TE buffer, a 0.5x diluted TBE
buffer, or the like were employed as the buffer solution. The buffer solution can be described as a buffer solution that is
close to physiological conditions.
[0164] Electrochemically active molecules that give rise to a redox reaction at low potentials (-1V to 1V) were employed
so that the current could be measured stably. For example, when 10 mM potassium ferricyanide/potassium ferrocyanide
was employed as the electrochemically active molecule, the value of the current flowing between the first electrode pair
was 103 times greater than in cases in which the electrochemically active molecule was not employed, and the strength
of the measured signal was increased.
[0165] When analyzing a negatively charged sample (for example, a particle) using, for example, potassium ferricy-
anide/potassium ferrocyanide (an electrochemically active molecule having a negative charge), the signal from the first
electrode pair is a signal represented by diminished current values (a negative signal) due to redox reactions being
hindered in the electrode vicinity.
[0166] However, the signal increases when analyzing a sample (for example, a particle) having a negative charge of
the same magnitude, using for example hexaammineruthenium chloride (an electrochemically active molecule having
a positive charge). It is therefore apparent that the signal obtained reflects the charge state of the sample. Although the
current that forms the background is stable when the electrochemically active molecule is added, the current becomes
unstable when the electrochemically active molecule is not added.

2. Analytical Device Manufacture

[0167] An analytical device schematically illustrated in Fig. 1A was manufactured. Explanation follows regarding the
manufacturing method of the analytical device.
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2-1. Manufacture of a Solid State Nanopore Device

[0168] In the present example, a solid-state nanopore device was manufactured that includes a SiO2 membrane
structure and has a silicon substrate base, and the device was employed as a portion of the structure of the analytical
device.
[0169] The solid-state nanopore device was manufactured primarily using electron beam lithography, deep reactive
ion etching (RIE), or various types of etching (for example, etching employing a KOH solution).
[0170] Specifically, as illustrated in (a) to (f) of Fig. 6, an SiO2 membrane in which a pair of Au electrodes (corresponding
to the first electrode pair) was embedded was first formed on a Si substrate. That is, an Au electrode pair having an
extremely small interelectrode distance (for example, nanometer-size) was formed using this step.
[0171] Next, as illustrated in (g) to (i) of Fig. 6, a hole between the Au electrode pair (a space between the Au electrode
pair) was formed by removing the SiO2 membrane present between the Au electrode pair.
[0172] Moreover, as illustrated in (j) to (n) of Fig. 6, the hole was made to pierce through by removing the Si substrate
present below the hole.
[0173] Next, lead wires from the Au electrode pair included in the solid-state nanopore device were manufactured by
photolithography and Au sputtering. The lead wires connect to an ammeter or a voltage application device.
[0174] As described above, solid state nanopore devices provided with holes having various cross-section diameters
(for example, from 0.05 mm to 200 mm) and depths (for example, from 0.05 mm to 50 mm) were manufactured.

2-2. Microchannel Manufacture

[0175] Microchannels were manufactured to introduce the sample into the hole formed between the Au electrode pair.
[0176] First, a microchannel mold was formed from SU-8 using photolithography, and polydimethylsiloxane (PDMS)
was transferred into the mold. A PDMS substrate formed with microchannels was thereby manufactured.
[0177] The solid-state nanopore device and the PDMS substrate were pressure bonded using an acrylic holder so
that the hole and the microchannels were connected. A connecting portion was formed on the acrylic holder in order to
electrically connect the hole connected to a syringe pump to the first electrodes or the second electrodes.

2-3. Second Electrode Pair Manufacture

[0178] The second electrode pair was manufactured as Ag/AgCl electrodes using an Ag/AgCl paste (BAS Inc.). The
specific manufacturing method was based on a known method.

3. Confirmation of Hole Characteristics-1

[0179] The characteristics of the nanosize holes manufactured under heading 2. Analytical Device Manufacture, were
confirmed using a microscope.
[0180] Fig. 7A to Fig. 7D show photographs of the solid-state nanopore device taken through a microscope.
[0181] Fig. 7A is a photograph of the solid-state nanopore device overall, taken using an optical microscope. The
shape of the solid-state nanopore device overall was a plate shape of approximately 1 cm 3 1 cm. The hole was then
formed in the central region of the solid-state nanopore device.
[0182] Fig. 7C and Fig. 7D respectively illustrate a dark-field image and a bright-field image of a hole using an optical
microscope. Based on these observations, it was confirmed that the holes had pierced through.
[0183] Fig. 7B shows an image of an even smaller hole, observed with a scanning electron microscope. From these
observations the smaller hole was confirmed to have pierced through.

4. Confirmation of Hole Characteristics - 2

[0184] The characteristics of the nanosized holes manufactured under heading 2. Analytical Device Manufacture,
were confirmed using ionic current measurements employing an electrolytic solution (a KCl solution).
[0185] Specifically, Fig. 8A is a diagram showing a schematic of the analytical device. Fig. 8B is a photograph of the
analytical device. In Fig. 8C to Fig. 8E, measurements of current flowing between the second electrode pair were made
according to the method explained under section 1. Explanation of Each Measurement Method.
[0186] In Fig. 8C, values of current are plotted when the voltage applied between the second electrode pair was
changed. The measurements results illustrated in Fig. 8C were obtained by introducing electrolyte solutions (KCl) at
concentrations of "100 mM", "200 mM", "400 mM", "600 mM", "800 mM", and "1M" into a hole 60 mm in size. It is apparent
from Fig. 8C that the holes exhibit Ohmic characteristics.
[0187] Fig. 8D shows the relationship between the cross-section diameter of the hole and conductance. It is apparent
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from Fig. 8D that the conductance depends on the cross-section diameter of the hole. Fig. 8E shows the relationship
between the thickness of the hole and the conductance when the thickness of the membrane (L) is sufficiently small
compared to the thickness of the hole (d) (when L << d). As illustrated in Fig. 8E, the conductance is proportional to the
square of the diameter of the hole when the thickness of the hole (d) is large, and the conductance is proportional to the
diameter of the hole when the thickness of the hole (d) is small. It is therefore apparent that the electrical conductivity
is dependent on the hole thickness.
[0188] That is, it can be confirmed from Fig. 8C to Fig. 8E that the device manufactured in the present example can
function appropriately as an analytical device.

5. Analysis of the Characteristics of Current Flowing Between the Second Electrode Pair-1

[0189] The change in current flowing between the second electrode pair, arising when samples of various sizes
(specifically, polystyrene beads with diameters of 2 mm, 4 mm, 6 mm, 10 mm, 40 mm, and 80 mm) were introduced into
a nanosize hole (cross-section diameter of the hole: 200 mm, depth of the hole: 50 mm) produced as described under
the heading 2 Analytical Device Manufacture, were measured. These measurements were confirmed using ionic current
measurements employing an electrolytic fluid (KCl solution).
[0190] Fig. 9A is a diagram showing a schematic of the analytical device.
[0191] Fig. 9B shows the actual measured current when polystyrene beads having diameters of 40 mm or 80 mm were
employed, and Fig. 9C shows the relationship between the resulting strength of the peak current and the number of peaks.
[0192] Fig. 9D shows the relationship between the strength of the peak current and the diameter of the beads when
polystyrene beads having diameters of 2 mm, 4 mm, 6 mm, or 10 mm were employed.
[0193] As illustrated in Fig. 9D, it is apparent that there is a correlation between the size of the sample and the current
flowing between the second electrode pair.
[0194] This demonstrates that when the change in current flowing between the second electrode pair is measured
using an unknown sample, the diameter of the sample when the sample is considered to be a spherical bead can, for
example, be calculated from the graph illustrated in Fig. 9D. If the diameter can be calculated, the volume of the sample
can also be calculated.

6. Analysis of the Characteristics of Current Flowing Between the Second Electrode Pair- 2

[0195] The change in current flowing between the second electrode pair, produced when polystyrene beads were
introduced as the sample to the nanosize hole (cross-section diameter of the hole: 10 mm, depth of the hole: 10 mm)
manufactured as described under the heading 2. Analytical Device Manufacture, were measured. This measurement
employed PBS containing 10 mM K4[Fe(CN6)]/K3[Fe(CN)6].
[0196] Fig. 10A is a graph showing the relationship between the current and time when polystyrene beads having a
diameter of 8 mm were employed as the sample.
[0197] Fig. 10B is a graph showing the relationship between the signal strength and the diameter of the sample when
polystyrene beads having a diameter of 6 mm were employed as the sample.
[0198] Fig. 10C is a graph showing the relationship between the current strength and the surface charge when poly-
styrene beads having a diameter of 6 mm were employed as the sample.
[0199] It is apparent from Fig. 10A to Fig. 10C that the signal strength is correlated with the diameter of the sample,
and the current strength is correlated with the surface charge of the sample.

7. Analysis of Characteristics of the Current Flowing Between the First Electrode Pair -1

[0200] The current flowing between the first electrode pair (the base current flowing when no sample has been intro-
duced) when an electrochemically active molecule (10 mM potassium ferricyanide/potassium ferrocyanide) is employed
was compared with the current flowing between the first electrode pair when no electrochemically active molecule is
employed.
[0201] Fig. 11A is a diagram showing a schematic of the analytical device.
[0202] Fig. 11B shows the current - voltage characteristic when no electrochemically active molecule is employed.
[0203] Fig. 11C shows the current - voltage characteristic when the electrochemically active molecule is employed.
The data illustrated in the rectangular box in Fig. 11C shows the current - voltage characteristic when no electrochemically
active molecule is employed.
[0204] The signal sensitivity was increased at a low potential at which stable electrical measurements are possible
(-1V to +1V). For example, when 10 mM potassium ferricyanide/potassium ferrocyanide was employed as the electro-
chemically active molecule, the value of the current flowing between the first electrode pair was increased by a factor
of approximately 103, and the strength of the measured signal was increased.
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[0205] When, for example, potassium ferricyanide/potassium ferrocyanide (a negatively charged electrochemically
active molecule) was employed and a particle having a negative charge was analyzed, the signal from the first electrode
pair was a signal represented by diminished current values (a negative signal) due to redox reactions being hindered
in the vicinity of the electrodes.
[0206] However, when, for example, hexaammineruthenium chloride (an electrochemically active molecule having a
positive charge) was employed and a particle having a negative charge of the same magnitude was analyzed, the signal
increased. It is apparent from this that a signal was obtained that reflects the charge state of the particle.
[0207] Moreover, although the background current was stable when the electrochemically active molecule was added
(see Fig. 11D), the background current was either unstable or undetectable when the electrochemically active molecule
was not added (see Fig. 11E and Fig. 11F).
[0208] Specifically, Fig. 11D shows the change produced in the current flowing between the first electrode pair when
polystyrene beads (diameter 6 mm) were introduced as the sample into the nanosize hole (hole cross-section diameter:
10 mm, hole depth: 10 mm) manufactured as described under the heading 2. Analytical Device Manufacture. This
measurement employed PBS including 10 mM K4[Fe(CN6)]/K3[Fe(CN6)].
[0209] Fig. 11E and Fig. 11F illustrate the change produced in the current flowing between the first electrode pair
when no sample is introduced into the nanosize hole (hole cross-section diameter: 10 mm, hole depth: 10 mm) manu-
factured as described under the heading 2. Analytical Device Manufacture. This measurement employed PBS.

8. Analysis of Characteristics of Current Flowing Between the First Electrode Pair -2

[0210] The current flowing between the first electrode pair was measured when various biological samples (for example,
pollen (Japanese cedar and Japanese cypress pollen), blood cells (red blood cells and white blood cells), and viruses
(adenovirus)) were employed.
[0211] Specifically, 10 mM potassium ferricyanide/potassium ferrocyanide was employed as the electrochemically
active molecule. Moreover, 1x diluted PBS was employed as the solution to allow dispersion of the sample. The cross-
section diameter of the hole (in other words, the interelectrode distance of the first electrode pair) was set to a length
according to the size of the sample. Specifically, the cross-section diameter of the hole was set to 200 mm when pollen
was employed as the sample, the cross-section diameter of the hole was set to 50 mm when blood cells were employed
as the sample, and the cross-section diameter of the hole was set to 200 nm when a virus was employed as the sample.
[0212] As illustrated in Fig. 12A to Fig. 12C and in Fig. 13A to Fig. 13C, the value of the current flowing between the
first electrode pair changes according to the size of the sample.
[0213] For example, when a device having a hole of 200 nm was employed, peaks of 2.3 mA (current value diminished
by 0.32%) were the most numerous peak for Japanese cypress pollen, and peaks of 2.6 mA (current value diminished
by 0.36%) were the most numerous peak for Japanese cedar pollen.
[0214] For example, when a device having a hole of 50 mm was employed, peaks of 0.15 nA (current value diminished
by 0.15%) were the most numerous peak for red blood cells, and peaks of 2.6 nA (current value diminished by 0.7%)
were the most numerous peak for white blood cells.
[0215] For example, when a device having a hole of 200 nm was employed, peaks of 8 nA (current value diminished
by 0.8%) were the most numerous peak for adenovirus.

Industrial Applicability

[0216] The invention enables utilization of various devices for analysis of various samples. For example, utilization
can be made in devices that perform virus tests or allergen tests with high speed, high sensitivity, and at low cost.

Claims

1. A sample analysis method comprising:

a first step of applying a voltage between a first electrode pair, which is formed so as to sandwich a migration
pathway of a sample such that an electric field is formed in a direction intersecting a migration direction of the
sample;
a second step of causing a first current, which arises from a redox reaction, to flow to the first electrode pair by
placing, within the migration pathway interposed between the first electrode pair, a solution including an elec-
trochemically active molecule that produces the redox reaction at the first electrode pair;
a third step of causing the sample to migrate along the migration pathway interposed between the first electrode
pair; and
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a fourth step of measuring an amount of change in the first current produced by migration of the sample.

2. The sample analysis method according to claim 1, further comprising a fifth step of calculating the volume of the
sample from the measured amount of change in the first current, based on a correlation between the volume of a
reference sample and an amount of change in the first current, or an amount of change in a physical quantity
according to the first current.

3. The sample analysis method according to claim 1 or claim 2, further comprising a sixth step of calculating a quantity
of charge of the sample from the measured amount of change in the first current, based on a correlation between
the quantity of charge of a reference sample and an amount of change in the first current, or an amount of change
in a physical quantity according to the first current.

4. The sample analysis method according to any one of claims 1 to 3, wherein:

the first step further includes applying a voltage between a second electrode pair, which is formed so as to
sandwich the migration pathway of the sample such that an electric field is formed in a direction substantially
parallel to the migration direction of the sample;
the second step further includes causing a second current, which arises from ion migration along the migration
direction of the sample in the migration pathway interposed between the first electrode pair, to flow to the second
electrode pair by placing, within the migration pathway interposed between the first electrode pair, the solution
including the electrochemically active molecule that produces the redox reaction at the first electrode pair; and
the fourth step further includes measuring an amount of change in the second current produced by the migration
of the sample.

5. The sample analysis method according to claim 4, further comprising a seventh step of calculating the volume of
the sample from the measured amount of change in the second current, based on a correlation between the volume
of a reference sample and an amount of change in the second current, or an amount of change in a physical quantity
according to the second current.

6. The sample analysis method according to any one of claims 1 to 5, wherein the electrochemically active molecule
comprises a metal complex, an organometallic complex, or an organic molecule.

7. The sample analysis method according to claim 6, wherein the electrochemically active molecule comprises a
potassium hexacyanoferrate complex, a hexamine ruthenium complex chloride, or hydroxyferrocene.

8. The sample analysis method according to claim 6, wherein the electrochemically active molecule causes a redox
reaction when a voltage of -1V to 1V is applied.

9. The sample analysis method according to any one of claims 1 to 8, wherein a distance between an anode and a
cathode of the first electrode pair is at least 2 nm.

10. The sample analysis method according to any one of claims 1 to 9, wherein:

the first electrode pair comprises gold electrodes or platinum electrodes;
the second electrode pair comprises silver/silver chloride electrodes; and
a chloride ion is contained in the solution containing the electrochemically active molecule that produces the
redox reaction at the first electrode pair.
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