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CONCENTRATION MEASURING METHOD,
CONCENTRATION TEST INSTRUMENT, AND
CONCENTRATION MEASURING
APPARATUS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

Entry of PCT/

This application 1s a 371 National Stage
JP02/08855 filed on Aug. 30, 2002.

TECHNICAL FIELD

The present invention relates to technology for measuring,
a concentration of a test target (such as glucose or cholesterol)
contained 1n a sample liquid (such as blood or another such
biological sample, or a prepared liquid thereot).

BACKGROUND ART

Enzyme reactions are used as a way to quantily glucose
concentration. In a typical case, glucose oxidase (GOD) 1s
used as the enzyme. GOD 1s an enzyme which 1s linked to
flavin adenine dinucleotide (FAD), which 1s a coenzyme. The
enzyme reaction of glucose when GOD 1s used proceeds

according to the following chemical formula (In the formula,
FADH, 1s the reduction type of the FAD).

Glucose+GOD/FAD—0-Gluconolactone+GOD/
FADH,

When blood sugar levels are measured 1n a clinical setting,
glucose concentrations are sometimes quantified by measur-
ing the change in absorbance, which corresponds to the
change 1n glucose concentration. However, the most common
method 1s to measure the glucose concentration by amperom-
etry. Amperometry 1s widely employed as a method for mea-
suring glucose concentration in portable blood sugar mea-
surement devices.

An example of how blood sugar 1s measured by amperom-
etry 1s grven below, for the case of measuring oxidation cur-
rent. In the first step, a reaction system 1s constructed using,
blood, an enzyme, and an oxidative electron transfer medium
(mediator). The result 1s that the above-mentioned enzyme
reaction proceeds while a reductive mediator 1s produced by
an oxidation-reduction reaction between the mediator and the
FADH, produced by this enzyme reaction. Potassium ferri-
cyanide 1s commonly used as a mediator, 1n which case the
reaction can be expressed by the following chemical formula.

GOD/FADH,+2[Fe(CN)]*~—GOD/FAD+

2[Fe(CN)]*+2H*

Next, 1n the second step, voltage 1s applied to the reaction
system using a pair of electrodes, which oxidizes the potas-
sium ferrocyanide (releases electrons) and produces potas-
sium ferricyanide as shown in the following chemaical for-
mula. The electrodes originating 1n the potassium
terrocyanide are supplied to the anode.

Fe(CN)]*—[Fe(CN) ] +e

In the third step, the oxidation current value attributable to
voltage application 1s measured, and the glucose concentra-
tion 1s computed on the basis of this measured value.
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2

When blood sugar 1s measured using a portable blood sugar
measurement device, a glucose sensor 1s used 1 which a
reagent layer containing an enzyme and a mediator 1s formed
between electrodes, and a reaction system 1s constituted
between the electrodes by supplying blood to the reagent
layer. This glucose sensor 1s installed 1n a portable blood
sugar device, voltage 1s applied between the electrodes, the
oxidation current value 1s measured, and the glucose concen-
tration in the blood 1s quantified on the basis of this oxidation
current value.

As discussed above, GOD 1s usually used as the enzyme,
and potasstum ferricyanide as the mediator. Nevertheless, 1n
a reaction system combining GOD with potassium ferricya-
nide, the problems discussed below are encountered with a
method for measuring glucose concentration by an electro-
chemical process, typified by amperometry.

The first of these problems 1s the effect of reductive sub-
stances. For instance, 1if we consider the measurement of
glucose concentration 1 blood, there are reductive sub-
stances (such as ascorbic acid, glutathione, and Fe(I)**)
coexisted 1n the blood 1n addition to glucose. If a reductive
substance other than potassium cyanide 1s present when volt-
age 1s applied to the reaction system, electrons originating in
the oxidation of the reductive substance caused by voltage
application will be supplied to the electrodes 1n addition to the
clectrons originating in the potassium ferrocyanide. As a
result, the measured current value will include background
current (noise) attributable to the electron transier of the
reductive substance. Accordingly, the measured glucose con-
centration will end up being greater than the actual glucose
concentration. The greater 1s the amount of voltage applied
between the electrodes, the more types and quantity of reduc-
tive substances that are oxidized, and the more pronounced 1s
this measurement error. Therefore, when potassium ferricya-
nide 1s used as the mediator, blood sugar cannot be measured
accurately unless the final concentration 1s determined by
correcting the measured value. This effect of reductive sub-
stances 1s not limited to when blood sugar 1s measured, and 1s
similarly encountered with other components when the con-
centration 1s computed on the basis of the oxidation current
value.

Another problem pertains to the storage stability of the
glucose sensor when glucose concentration 1s measured with
a portable blood sugar measurement device and a glucose
sensor. Potassium ferricyanide 1s susceptible to the effects of
light and water, and when exposed to these, recerves electrons
from sources other than glucose and turns into reductive
potassium ferrocyanide. If this happens, then the reaction
system will contain both potassium ferrocyanide that has
been rendered reductive by enzyme reaction, and potassium
ferrocyanide that has been rendered reductive by exposure.
As a result, just as with the reductive substance problem
described above, the oxidation current during voltage appli-
cation 1ncludes background current originating 1n the potas-
sium ferrocyanide resulting from exposure. Consequently,
the measured glucose concentration ends up bemg greater
than the actual glucose concentration. To minimize this prob-
lem, the glucose sensor must be sealed 1n a pouch made from
a light-blocking material, for example, so that the reagent
layer 1n the glucose sensor 1s not exposed. Furthermore, to
extend the service life of the glucose sensor, 1t has to be sealed
in a moisture-tight state by performing nitrogen replacement
or other such treatment 1n order to avoid exposure to moisture,
and this complicates manufacture and drives up the cost when

the glucose sensor 1s mass-produced on an 1ndustrial scale.

DISCLOSURE OF THE INVENTION

It 1s an object of the present invention to provide technol-
ogy that reduces the effect of background current at low cost,
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and allows the concentration of a test target 1n a sample liquid
to be measured more accurately.

According to a first aspect of the present invention, there 1s
provided a method for measuring the concentration of a test
target, whereby a reaction system 1s constituted to include the
test target, an oxidation-reduction enzyme and an electron
mediator, and then the concentration of the test target 1s
measured by utilizing an electrochemical process. For the
clectron mediator, use 1s made of a Ru compound.

The above concentration measuring method may prefer-
ably comprise a first step of producing a reductant of the Ru
compound in the reaction system, a second step of applying
voltage to the reaction system to oxidize the reductant, and
measuring the response current value correlated with the
quantity of electrons released by the reductant at this time,
and a third step of calculating the concentration of the test
target on the basis of the response current value measured 1n
the second step.

With the method of the present invention, the first step may
be conducted with the reaction system in a voltage non-
application state and the second step then conducted with the
reaction system 1n a voltage application state, or the first and
second steps may be conducted simultaneously with the reac-
tion system 1n a voltage application state continuously from
the time the sample liquid containing at least the test target 1s
supplied.

The voltage applied between the first and second elec-
trodes 1n the second step 1s preferably a constant potential,
and the value thereof 1s preferably at least a standard oxida-
tion-reduction potential (versus a standard hydrogen elec-
trode) between the reductive Ru(Il) complex and the oxida-
tive Ru(lll) complex, and less than a standard oxidation-
reduction potential (versus a standard hydrogen electrode)
between ferrocyanide 1ons and ferricyanide ions. The con-
stant voltage applied between the first and second electrodes
may be 100 to 500 mV, for example, and more preterably 100
to 300 mV.

Preferably, the first step lasts from 0 to 10 seconds, and the
current value measured after a specific amount of time has
clapsed (at least 3 seconds) from the start of the second step 1s
employed as a computational current value that serves as the
basis for computation of the glucose concentration in the third
step. Even more preferably, the first step lasts from 0 to 3
seconds, and the current value measured after a specific
amount of time has elapsed (3 to 5 seconds) from the start of
the second step 1s employed as the computational current
value.

According to a second aspect of the present invention, there
1s provided a concentration test instrument comprising a sub-
strate, first and second electrodes formed on the substrate, and
a reagent layer formed as a solid. The reagent layer may
comprise an oxidation-reduction enzyme and a Ru com-
pound, and may be constituted so as to dissolve and construct
a liquid phase reaction system when a sample liquid contain-
ing the test target 1s supplied.

Preferably, the reagent layer 1s constituted such that when
the sample liquid 1s supplied, an oxidation-reduction enzyme
and a Ru compound are both present in the liquid phase
reaction system.

Preferably, 1n the first and second aspects of the present
invention, the Ru compound 1s present 1n the reaction system
as an oxidative Ru complex. There are no particular restric-
tions on the type of ligand 1n the Ru complex as long as the
complex functions as a mediator (electron transier medium),
but 1t 1s preferable to use an oxidative type expressed by the
following chemical formula.

[Ru(NH;)sX]™
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Examples of X in the chemical formula include NH;, a
halogen 10on, CN, pyridine, nicotinamide, and H,O, but NH,
or a halogen 10on 1s preferable. n* 1n the chemical formula 1s
the valence of the oxidative Ru(I11l) complex as determined by
the type of X.

If the Ru compound 1s an oxidative Ru(Ill) complex, then
the electron transier system 1s selected so that the reductive
Ru(II) complex will be produced by only two reactions: an
oxidation reaction of the measurement test target catalyzed
by the oxidation-reduction enzyme, and a reduction reaction
of the oxidative Ru(IIl) complex.

The reaction system 1s constituted, for example, as a uni-
form or substantially uniform liquid phase reaction system n
which a relatively small amount of the oxidation-reduction
enzyme 1s dispersed uniformly or substantially uniformly
with respect to a relatively large amount of the oxidative
Ru(IIl) complex. In this case, the reductant 1s produced sub-
stantially umiformly in every location of the reaction system.

Examples of the test target include glucose, cholesterol,
lactic acid, and ascorbic acid.

The oxidation-reduction enzyme 1s selected according to
the type of test target, but preferably 1s at least one type
selected from the group consisting of glucose dehydrogenase
(GDH) (including the a.GDH and CyGDH discussed below),
glucose oxidase (GOD), cholesterol dehydrogenase, choles-
terol oxidase, lactic acid dehydrogenase, lactic acid oxidase,
ascorbic acid dehydrogenase, ascorbic acid oxidase, alcohol
dehydrogenase, alcohol oxidase, fructose dehydrogenase,
3-hydroxybutyric acid dehydrogenase, pyruvic acid oxidase,
NADH oxidase, uric acid oxidase (uricase), urease, and dihy-
drolipoamide dehydrogenase (diaphorase).

With the present invention, examples of GDH that can be
used include types in which pyrroquinoline quinone (PQQ),
nicotinamide adenine dinucleotide (NAD), nicotinamide
adenine dinucleotide phosphate (NADP), or another such
compound serves as a coenzyme, as well as aGDH, CyGDH,
and so forth. It 1s preferable for the GDH to be aGDH,
CyGDH, or a compound 1n which PQQ serves as a coenzyme
(PQQGDH).

a.GDH contains a GDH-active protein whose molecular
weight 1s approximately 60 kDa 1n SDS-polyacrylamide gel
clectrophoresis under reduction conditions as subunits hav-
ing glucose dehydrogenation activity. CyGDH, meanwhile,
contains as subunits the above-mentioned GDH-active pro-
tein and an electron mediator protein (cytochrome C) whose
molecular weight in SDS-polyacrylamide gel electrophoresis
under reduction conditions 1s approximately 43 kDa. The
GDH can also be one further having subunits other than a
GDH-active protein and cytochrome C.

CyGDH can be obtained by refining an enzyme externally
secreted by a microbe belonging to Burkholderia cepacia, or
by refining an enzyme found internally in this microbe.
a.GDH, meanwhile, can be obtained by forming a transior-
mant implanted with a gene coding for the expression of
a.GDH collected from a microbe belonging to Burkholderia
cepacia, for example, and refining an enzyme externally
secreted from this transformant, or refining an enzyme found
internally in this transformant.

As for the microbe belonging to Burkholderia cepacia, for

example, Burkholderia cepacia KS1 strain can be used. This
KS1 strain deposited on Sep. 25, 2000 as microorganism
deposit number FERM BP-7306 with the Patent Organism

Depositary of the National Institute of Advanced Industrial
Science and Technology (Chuo No. 6, 1-1, Higashi 1-chome,

Tsukuba-shi, Ibaraki, Japan, 303-8566).
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According to a third aspect of the present invention, there s
provided a concentration measuring apparatus which 1s used

together with a concentration test instrument including a
reagent layer a first electrode and a second electrode, where
the reagent layer contains a Ru compound as an oxidation-
reduction enzyme. The measuring apparatus includes a volt-
age applier for applying voltage between the first and second
clectrodes, a current value measurer for measuring the
response current value when voltage has been applied
between the first and second electrodes, and a computer for
computing the concentration of the test target on the basis of
the response current value. Preferably, the concentration mea-
suring apparatus may further comprise a controller for con-
trolling the voltage application performed by the voltage
applier, or for controlling the current value measurement
performed by the current value measurer.

The above controller 1s constituted, for example, such that
the voltage applied by the voltage applier 1s controlled to be a
constant voltage selected from a range of 100 to 500 mV, and
preferably 100 to 300 mV. The controller may also be consti-
tuted such that the voltage applied by the voltage applier 1s
controlled to be a constant voltage selected from a range of at
least a standard oxidation-reduction potential (versus a stan-
dard hydrogen electrode) between the oxidant and reductant
of the Ru compound, and less than a standard oxidation-
reduction potential (versus a standard hydrogen electrode)
between ferrocyanide 1ons and ferricyanide 1ons.

Preferably, the concentration measuring apparatus of the
present invention may further comprise a detector for detect-
ing that a sample liquid has been supplied to the reagent layer
ol the concentration test instrument. The controller 1s consti-
tuted, for example, so as to control the voltage applier such
that no voltage 1s applied between the first and second elec-
trodes during a first specific period of O to 10 seconds after the
detector has detected that a sample liquid has been supplied to
the reagent layer. In this case, the control means controls the
voltage applier such that a specific potential 1s applied
between the first and second electrodes by the voltage applier
starting at the point when the first time period has elapsed.
The control means 1s further constituted such that the
response current value used for concentration computation by
the computer 1s measured by the current value measurer at a
point when a second specific time period of at least 3 seconds
has elapsed after the start of the previous application of the
specific potential. Preferably, the first specific time period 1s 0
to 3 seconds, and the second specific time period 1s 3 to 5
seconds.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram 1llustrating the basic struc-
ture 1n a glucose concentration measuring apparatus accord-
ing to the present invention;

FIG. 2 1s an overall oblique perspective view 1illustrating a
glucose sensor used 1n the glucose concentration measuring
apparatus i FIG. 1;

FIG. 3 1s an exploded oblique perspective view of the
glucose sensor 1n FIG. 2;

FIG. 4A 1s a diagram of the electron transier system in a
reaction system including PQQ-GDH and a Ru complex, and
FIG. 4B 1s a diagram of the electron transfer system 1n a
reaction system including GOD and a Ru complex;

FIG. 5 1s a graph of the change over time 1n the voltage
applied to the first and second electrodes and the response
current value 1n measurement of the glucose concentration;

FIG. 6 1s a graph of the CV wavelorms of a glucose sensor
1 of the present invention and a comparative glucose sensor;
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FIG. 7 1s a graph of the effect of applied voltage value;
FIG. 8 1s a graph of the change over time 1n the response

current when voltage 1s applied to the reagent layer (closed
circuit) after the circuit has been open for a specific time
period after the supply of whole blood to a reagent layer in
which a Ru complex 1s used;

FIG. 9 1s a graph of the change over time in the response
current when voltage 1s applied to the reagent layer (closed
circuit) after the circuit has been open for a specific time
period after the supply of whole blood to a reagent layer in
which an Fe complex 1s used;

FIG. 10 1s a graph of the response current value 5 seconds
aiter the start of voltage application when a voltage o1 S00mV
1s applied 10 seconds after whole blood 1s supplied to the
reagent layer, for several types of whole blood with different
glucose concentrations;

FIG. 11 1s a graph of the response current value 5 seconds
alter the start of voltage application when a voltage o1 250 mV
1s applied 10 seconds after whole blood 1s supplied to the
reagent layer, for several types of whole blood with different
glucose concentrations;

FIG. 12 1s a bar graph of the response current value (back-
ground current) for whole blood with a glucose concentration
ol 0 1n the graphs shown in FIGS. 10 and 11, given separately
for an Fe complex and a Ru complex;

FIG. 13 1s a graph of an evaluation of the effect of exposure
to moisture from the response current value when a standard
solution 1s supplied to the reagent layer;

FIG. 14 1s a graph of an evaluation of the dispersibility of a
Ru complex from the response current value when a standard
solution 1s supplied to the reagent layer;

FIG. 15 1s a graph of the correlation between glucose
concentration and response current value for glucose sensors
having different reagent layer formulations (oxidation-reduc-
tion enzymes); and

FIG. 16 1s a graph of the correlation between glucose
concentration and response current value for glucose sensors
in which GOD 1s used as the oxidation-reduction enzyme.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

Preferred embodiments of the present invention will now
be described with reference to the drawings. In these embodi-
ments, the description will be for examples of a glucose
concentration measuring apparatus and glucose sensor con-
stituted such that the glucose concentration 1n a sample liquid
1s measured. However, the present invention 1s not limited to
the measurement of glucose concentration, and can also be
applied to the measurement of other components.

As shown 1 FIG. 1, a glucose concentration measuring
apparatus 1 uses a glucose sensor 2 to measure the glucose
concentration in a glucose solution such as blood. This glu-
cose concentration measuring apparatus 1 comprises a volt-
age applier 3, a current measurer 4, a detector 5, a controller
6, a computer 7, and a display unit 8.

As clearly shown 1n FIGS. 2 and 3, the glucose sensor 2
includes a cover plate 20, a spacer 21, and a base plate 22. A
channel 25 1s created by these members.

A hole 23 1s made 1n the cover plate 20, and a slit 24 that
communicates with the hole 23 and 1s open at 1ts distal end
24a 15 provided to the spacer 21. The channel 25 communi-
cates with the outside via the hole 23 and the open distal end
24a of the slit 24. The distal end 24a constitutes a sample
liquid introduction opening 25a. Glucose solution supplied
through this sample liquid introduction opening 25a moves
by capillary action through the channel 25 toward the hole 23.
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A first electrode 26, a second electrode 27, and a reagent
layer 28 are provided on the upper surface 22a of the base
plate 22.

The first and second electrodes 26 and 27 generally extend
in the longitudinal direction of the base 22. The first and
second electrodes 26 and 27 have at their ends 26 A and 27A
a working portion 26a and a counterpart portion 27a extend-
ing in parallel to the shorter sides of the base plate 22.

The upper surface 22a of the base plate 22 1s covered by an
insulating film 29 so as to expose the working portion 26a of
the first electrode 26, the counterpart portion 27a of the sec-
ond electrode 27, and the opposite ends 26b and 27b of the
first and second electrodes 26 and 27. As discussed below, the
opposite ends 26b and 27b of the first and second electrodes
26 and 27 constitute terminals for providing contact with first
and second contacts 3a and 3b (see FIG. 1) of the glucose
concentration measuring apparatus 1.

The reagent layer 28 1s, for example, 1 solid form and
provided so as to span the distance between the working
portion 26a and the counterpart portion 27a. This reagent
layer 28 includes, for example, a relatively large amount of
mediator (electron transier medium) and a relatively small
amount of the oxidation-reduction enzyme. The reagent layer
28 1s formed, for example, by applying a coating of paint, 1n
which the mediator and the oxidation-reduction enzyme are
substantially umiformly dispersed, so as to span the distance
between the first and second electrodes 26 and 27, and then
drying this coating. When the reagent layer 28 1s formed 1n
this way, 1t becomes a single, solid layer in which the oxida-
tion-reduction enzyme 1s substantially uniformly dispersed in
the mediator, and 1s readily dissolved by the supply of the
glucose solution.

It 1s preferable to use glucose dehydrogenase (GDH) or
glucose oxidase (GOD) as the oxidation-reduction enzyme.
The GDH can be a type 1n which such compounds as pyrro-
quinoline quinone (PQQ), nicotinamide adenine dinucleotide

(NAD) or nicotinamide adenmine dinucleotide phosphate
(NADP) serve as a coenzyme, or can be oGDH or CyGDH.

Of these GDHs, 1t 1s preferable to use aGDH, CyGDH, or a
compound 1 which PQQ serves as a coenzyme (i.e.,
PQQGDH).

A Ru complex, for example, 1s used as the mediator. There
are no particular restrictions on the type of ligand 1n the Ru
complex as long as the complex functions as an electron
transier medium, but 1t 1s preferable to use an oxidative type
expressed by the following chemical formula.

[Ru(NH;)sX]™

Examples of X 1n the chemical formula include NH;, a
halogen 1on, CN, pyridine. nicotinamide, and H,O, but NH,
or a halogen ion 1s preferable. n™ in the chemical formula i1s
the valence of the oxidative Ru(Ill) complex, which 1s deter-
mined by the type of X.

Ru complexes are usually 1n the form of an oxidative type
(III) because reductive types (I1I) are unstable. Accordingly,
the Ru complex will not readily undergo undesirable reduc-
tion even when exposed to light or water when mixed into the
reagent layer 28 of the glucose sensor 2. Another character-
1stic of a Ru complex is that 1t does not readily crystallize and
can be suitably maintained 1n the form of a micropowder.
Another advantage, at least for combinations of Ru complex
and PQQGDH, 1s fast electron transfer.

The voltage applier 3 shown 1n FIG. 1 applies a constant
voltage between the terminal 26b of the first electrode 26 and
the terminal 27b of the second electrode 27. The voltage
applier 3 1s designed so that when the glucose sensor 2 1s
mounted 1n 1ts mounting component (not shown) provided to
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the glucose concentration measuring apparatus 1, there 1s
clectrical continuity between the terminals 26b and 27b of the
glucose sensor 2 via the first and second contacts 3a and 3b. A
DC power supply such as a dry cell or a rechargeable cell 1s
used as the voltage applier 3.

The current measurer 4 measures the response current
value correlated with the quantity of electrons released from
the reductive Ru(ll) complex of the reagent layer 28 when

voltage 1s applied between the first and second electrodes 26
and 27.

After the glucose sensor 2 1s mounted 1n the glucose con-
centration measuring apparatus 1, the detector 5 detects
whether or not a glucose solution has been supplied to the
reagent layer 28 and measurement of the glucose concentra-
tion 1s possible.

The controller 6 controls the voltage applier 3 and selects
between states 1n which voltage 1s applied (closed circuit) and
1s not applied (open circuit) between the first and second
clectrodes 26 and 27. The controller 6 also controls the cur-
rent value measurement timing in the current measurer 4.

The computer 7 computes the glucose concentration 1n the
glucose solution according to the response current value mea-
sured by the current measurer 4.

The detector 3, the controller 6, and the computer 7 are
cach constituted by a CPU and a memory such as a ROM or
RAM, for example, but 1t 1s also possible to constitute all of
the detector 3, the controller 6, and the computer 7 by con-
necting a plurality of memornies to a single CPU. The compu-
tation results of the computer 7 are displayed by the display
unit 8. The display unit 8 1s constituted by an LCD or the like.

Next, the procedure for measuring the glucose concentra-
tion 1n a glucose solution will be described through reference
to FIGS. 4 and 35 1n addition to FIGS. 1 to 3.

As 1s clearly shown 1n FIG. 1, first the glucose sensor 2 1s
installed 1n the glucose concentration measuring apparatus 1.
As a result, the terminals 26b and 27b of the first and second
clectrodes 26 and 27 of the glucose sensor 2 come into contact
with the first and second contacts 3a and 3b of the glucose
measuring apparatus 1. As was mentioned above, there 1s
clectrical continuity between the first and second electrodes
26 and 27 and the voltage applier 3 1n this state. In actual
measurement, a constant voltage 1s applied between the first
and second electrodes 26 and 27 by the voltage applier 3
under the control of the controller 6 even before the glucose
solution 1s supplied to the glucose sensor 2.

The constant voltage applied between the first and second
clectrodes 26 and 27 1s set to within arange of 100 to 500 m'V,
for 1nstance. Preferably, the constant voltage 1s at least a
standard oxidation-reduction potential (versus a standard
hydrogen electrode) between the reductive Ru(ll) complex
and the oxidative Ru(Ill) complex, and less than a standard
oxidation-reduction potential (versus a standard hydrogen
clectrode) between ferrocyanide 1ons and ferricyanide 1ons.
The standard oxidation-reduction potential of a Ru complex
varies somewhat with the type of ligands, but 1s roughly +100
mV, while that of ferricyanide 1ons 1s 4360 mV. Therefore, the
constant voltage applied between the first and second elec-
trodes 26 and 27 by the voltage applier 3 1s selected from a
range of 100 to 350 mV, for example. It was discussed above
that 1t 1s best for the Ru complex to be an oxidative type
expressed by [Ru(NH,).]"* (or a reductive type expressed by
[Ru(NH.,).]**). Here again, the constant voltage is preferably
100 to 350 mV, and even more preferably 100 to 300 mV.

Next, a glucose solution such as blood 1s supplied through
the sample liquid introduction opening 23a of the glucose
sensor 2. The glucose solution moves by capillary action
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through the channel 25 of the glucose sensor 2. In the course
of this movement the glucose solution dissolves the reagent
layer 28.

As touched upon above, since a Ru complex does not
readily crystallize and can be suitably maintained 1n the form
of a micropowder, 1f a Ru complex 1s contained in the form of
a micropowder 1n the reagent layer 28, the entire reagent layer
28 will readily and instantly dissolve when the glucose solu-
tion 1s supplied. Because the reagent layer 28 comprises a Ru
complex dispersed in an oxidation-reduction enzyme, an
enzyme reaction occurs uniformly at every location of the
reagent layer 28, which allows the glucose concentration to
be measured accurately 1n a short time.

Meanwhile, 1T a glucose solution 1s supplied to the reagent
layer 28, the glucose 1s oxidized into gluconolactone and the
mediator 1s made nto a reductive type by the oxidation-
reduction enzyme. Since the mediator 1s substantially uni-
tormly dispersed 1n the reagent layer 28, a reductive mediator
1s produced spontancously, without any voltage being
applied, substantially uniformly at every location of the
reagent layer 28. The gluconolactone becomes gluconic acid
without the help of the enzyme.

Here, FIG. 4A 1s a diagram of the electron transfer system
when [Ru(IID(NH,).]°* is used as the mediator and
PQQGDH 1s used as the oxidation-reduction enzyme, while
FIG. 4B 1s a diagram of the electron transfer system when
[Ru(II))(NH,),]** is used as the mediator and GOD is used as
the oxidation-reduction enzyme.

In the example depicted 1n FIGS. 4A and 4B, 1n a state in
which constant voltage 1s applied between the first and second
electrodes 26 and 27 via the two terminals 26b and 27b, the
reductive Ru(Il) complex present in the reagent layer 28
moves to the working portion 26a side of the first electrode
26, releases electrons to this working portion 26a, and creates
an oxidative Ru(ll) complex. Therefore, in a state 1n which
constant voltage 1s applied between the first and second elec-
trodes 26 and 27 by the voltage applier 3, the quantity of
clectrons given oif by the reductive Ru(ll) complex 1s mea-
sured as the response current value by the current measurer 4
via the first electrode 26 and the first contact 3a. Thisresponse
current value 1s correlated with the quantity of electrons origi-
nating in the reductive Ru(ll) complex that has moved
through the reagent layer 28 as a result of voltage application,
and 1s known as the diffusion current.

Meanwhile, the response current value measured by the
current measurer 4 1s monitored by the detector 5, and as
shown 1n FIG. 5, the detector 5 detects that the glucose solu-
tion has been supplied to the reagent layer 28 and the reagent
layer 28 has dissolved at the point t, when the response
current value exceeds a threshold I, (such as 2 to 3 uA).

When the detector 3 has detected that the glucose solution
has been supplied, the controller 6 controls the voltage applier
3 and halts the application of voltage between the first and
second electrodes 26 and 27. Since the reductive Ru(1l) com-
plex 1s not oxidized while voltage application 1s halted, the
reductive Ru(Il) complex accumulates as a result of the glu-
cose oxidation reaction and the mediator reduction reaction
brought about by the oxidation-reduction enzyme. At a point
t, when a specific amount of time has elapsed (such as t, -t,=0
to 10 seconds, and preferably 0 to 3 seconds), a constant
voltage V 1s applied between the first and second electrodes
26 and 27 by the voltage applier 3 under the control of the
controller 6. Even after the detector 3 has detected that the
glucose solution has been supplied, application of voltage
may be continued so that the produced reductive Ru(Il) com-
plex 1s successively moved to the working portion 26a and the
diffusion current 1s measured.
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Here, as shown i FIGS. 4A and 4B, a reductive Ru(II)
complex releases electrons €™ to become an oxidative Ru(I1I)
complex. When other reductive substances are present 1n the
glucose solution along with a reductive Ru(Il) complex, these
substances also release electrons in according to the type and
amount of component corresponding to the applied voltage,
and become oxidative.

The electrons released by the reductive Ru(Il) complex and
any other reductive substances are supplied to the working
portion 26a of the first electrode 26 and are measured as the
response current value by the current measurer 4 via the first
contact 3a. Therefore, the response current value that 1s actu-
ally measured includes that produced by electrons originating
in the coexistent substances that became oxidative upon the
application of voltage. The probability (proportion) at which
the coexistent substances that were reductive release elec-
trons and become oxidative 1s dependent on the amount of
voltage applied to the first and second electrodes 26 and 27;
the more voltage applied, the more types of the coexistent
substances release electrons and the greater the total amount
of electrons released by the individual substances. Also, the
reductive R(II) complex can include not only one that has
been given electrons 1n the oxidation-reduction reaction with
the oxidation-reduction enzyme, but also one that has been
made 1nto reductive Ru(Il) through exposure to water or light.
Accordingly, the response current value that 1s actually mea-
sured can include background current attributable to the
reductive Ru(Il) orniginating in electrodes from something
other than an enzyme reaction, or background noise due to the
coexistent substance that are present.

In contrast, according to the present embodiment, as 1s
clear from FIG. 5, the constant voltage V applied to the first
and second electrodes 26 and 27 1s the same as the constant
voltage V applied up to the point when the detector detects
that the glucose solution has been supplied to the reagent
layer 28. Specifically, the reapplied constant voltage V 1s
between 100 and 350 mV, and preferably 100 to 300 mV,
which 1s less than the standard oxidation-reduction potential
of a ferricyanide 1on. With this, the voltage applied to the first
and second electrodes 26 and 27 1s less than when a ferricya-
nide 1on (potassium) 1s used as the mediator. This makes 1t
possible to suppress the oxidation (release of electrons) of the
reductive coexistent substances such as ascorbic acid or glu-
tathione that are also present when blood or the like 1s used as
the glucose solution, which would otherwise occur upon the
application of voltage. This reduces the background current
caused by the efiect of the reductive coexistent substances
present 1n the solution. As a result, 1t 1s possible to compute
the concentration with good precision even without factoring
in the effect of these reductive coexistent substances and
correcting the measured values.

Also, because an oxidative Ru(Ill) complex 1s far more
stable than a reductive Ru(Il) complex, this Ru complex 1s
less apt to decompose 1n the presence of moisture or under
optical 1rradiation, and most of 1t remains as oxidative Ru(I1I)
until grven electrons by an enzyme reaction. Therefore, the
proportion of Ru(Ill) complex that has been rendered reduc-
tive by electrons from sources other than an enzyme reaction
1s far smaller, and this again allows background current to be
reduced. Accordingly, there 1s no need to give much thought
to the effect of moisture 1n the storage of the glucose sensor 2,
so there 1s no need to reduce the amount of moisture by means
of nitrogen replacement or the like. As a result, manufacturing
1s correspondingly easier when the glucose sensor 2 1s mass-
produced on an industrial scale, and this keeps the cost lower.

Furthermore, in the present embodiment, diffusion current
based on the reductive Ru(Il) complex produced by the entire
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reagent layer 28 1s measured as the response current. In other
words, since the two oxidation-reduction reactions shown in
FIGS. 4A and 4B occur at every location of the reagent layer
28, the glucose reaction 1s concluded as soon as the glucose
solution 1s supplied. Accordingly, if the glucose concentra-
tion 1s about 600 mg/dL, the oxidative Ru(lll) complex will
be converted 1nto reductive Ru(Il) in an amount correspond-
ing to the glucose concentration at the point when the
response current value 1s measured, such as 5 seconds after
the glucose 1s supplied. Theretfore, the response current value
will be relatively large (on the pA level) even through the
glucose concentration 1s on the 100 mg/dL level, and 1s there-
fore less affected by noise from electromagnetic waves and so
torth. This means that the glucose concentration can be mea-
sured with good precision without having to take such steps as
ensuring a large electrode surface area. Also, high concentra-
tion levels are difficult to measure when, for example, a
mediator or enzyme 1s fixed to electrodes, the enzyme 1s
subjected to a catalytic reaction on just the surface of the
clectrodes, electrons are exchanged between the mediator and
the electrodes, and the amount of electron movement here
(catalyst current) 1s measured. In other words, 11 even one of
the plurality of reactions participating i1n the exchange of
clectrons between glucose and the electrodes 1s slower than
the other reactions, that reaction will become the rate-limiting
stage, and even 1f glucose 1s supplied over a specific concen-
tration, the response current value will not rise over a specific
value. Consequently, the response current value gradually
approaches a constant value within a range in which the
glucose concentration 1s relative high, making 1t difficult to
measure high concentrations. In contrast, when diffusion cur-
rent value 1s measured, the response current value 1s measured
at the point when the glucose reaction has actually concluded,
so glucose concentrations can be appropriately measured
even at relatively high concentration levels.

Meanwhile, the computer 7 computes the glucose concen-
tration 1n a glucose solution on the basis of the response
current I, measured by the current measurer 4 at the point t,
when a specific time (such as t,—t,=at least 3 seconds, and
preferably 3 to 5 seconds) has elapsed since the reapplication
of voltage between the first and second electrodes 26 and 27.
The glucose concentration 1s computed by converting the
response current value into a voltage value, then checking this
voltage value against a calibration curve which 1s produced
ahead of time and expresses the relationship between voltage
and glucose concentration. This calibration curve 1s, for
example, converted into data and stored 1n a ROM along with
the program for executing computation. The glucose concen-
tration 1s computed by utilizing a CPU or RAM to execute the
program stored 1n this ROM.

EXAMPLES

It will be proven below by Examples 1 to 8 that when a Ru
complex 1s used as a mediator 1n the measurement of glucose
concentration by utilizing an enzyme reaction, the glucose
concentration can be measured 1n a short time and at a low
voltage, any reductive substances contained 1n the glucose
solution have little effect, resistance to exposure to light or
water 1s high, and the solubility of the reagent layer 1s high.
(Production of Glucose Sensor)

A glucose sensor with a first electrode, a second electrode,
a reagent layer and a channel formed on a substrate as shown
in FIGS. 2 and 3, was used in Examples 1 to 8. The first and
second electrodes were formed on the substrate by screen
printing with a carbon paste.

10

15

20

25

30

35

40

45

50

55

60

65

12

Two glucose sensors were compared 1n Examples 1 to 6.
One of these 1s termed glucose sensor 1 and the other com-
parative glucose sensor 1. The difference between these glu-
cose sensors was 1n the formulation of their reagent layers, as
shown 1n Table 1 below. These reagent layers were formed by
applying spots of 1 uLL of reagent composed of an oxidation-
reduction enzyme and a potasstum phosphate bullfer on a
substrate, and then drying.

TABL

L1

1

Formulation of Reagent Laver

Oxidation- Buiffer
Mediator reduction enzyme (pH 7)
Glucose 300 mM 5000 U/mL 50 mM
sensor 1 [Ru (IIT) (NH;)4]Cl4 PQQGDH potassium
of present phosphate
invention 50 mM
Comparative 300 mM 5000 U/mL potassium
glucose K;[Fe (III) (CN)g4] PQQGDH phosphate
sensor 1

In Example 7, two glucose sensors 2 and 3 of the present
invention comprising a different oxidation-reduction enzyme
from that used 1n Examples 1 to 6 were used as indicated 1n
Table 2 below. Other than the constitution of the reagent layer,
these were the same as the glucose sensors in Examples 1 to
6. aGDH and CyGDH were as discussed previously.

TABLE 2

Formulation of Reagent Laver

Oxidation- Buftier
Mediator reduction enzyme (pH 7)
Glucose sensor 2 300 mM 600 U/mL 250 mM
of present [Ru (IIT) (NH;)¢|Cl; CyGHD potassium
invention phosphate
Glucose sensor 3 300 mM 600 U/mL 250 mM
of present [Ru (III) (NH;)s|Cl; aGDH potassium
invention phosphate

A glucose sensor 4 of the present invention and a compara-
tive glucose sensor 2 1n which GOD was used as the oxida-
tion-reduction enzyme as shown 1n Table 3 below were used
in Example 8. Other than the constitution of the reagent laver,
these were the same as the glucose sensors 1n Examples 1 to

0.

TABL.

(Ll

3

Formulation of Reagent I.aver

Oxidation- Buftier
Mediator reduction enzyme (pH 7)
Glucose 300 mM 5000 U/mL 50 mM
sensor 4 [Ru (III) (NH3)4]Cl; GOD potassium
of present phosphate
invention 50 mM
Comparative 300 mM 5000 U/mL potassium
glucose K3[Fe (III) (CN)4] GOD phosphate
sensor 2

Example 1

In this example, the electrode response characteristics of
glucose sensors were evaluated by examining CV wave-
torms. The CV wavetorm was examined by applying spots of
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glucose solution on the reagent layer of the glucose sensor,
sweeping such that the sweep rate was 50 mV/sec and the

applied voltage was 0 mV—=+800 mV—=0 mV—=-800
mV—0 mV—=+800 mV, and measuring the response current
during the sweep. The glucose solution used here was a stan-
dard solution with a concentration of 200 mg/dL (prepared by
dissolving glucose in physiological saline (0.9 wt % NaCl)).
The amount of spot application of the glucose solution on the
reagent layer was 1 uL. FIG. 6 shows the CV wavelorms.

It can be seen from the CV waveforms in FIG. 6 that within
a range 1n which the applied voltage was 0 mV—=+800mV on
the second time, the response current value was at 1ts maxi-
mum when the applied voltage was approximately 100 mV
with the glucose sensor 1 of the present ivention 1 which
[Ru(IIT)(NH,)]Cl; was used as the mediator, whereas the
response current value reached 1ts maximum at slightly less
than 300 mV with the comparative glucose sensor 1 in which

K, [Fe(IID)(CN)] was used. The CV wavelforms in FIG. 6 tell
us that when [Ru(IIT)(NH, ), ]Cl, 1s used as the mediator, 1f the
applied voltage 1s set at 100 mV or higher, substantially all of
the reductive compounds can be oxidized and made oxida-
tive, and similarly that when K,[Fe(III)(CN),] 1s used, the
applied voltage must be at least 300 mV. The applied voltage
at which the response current value of each mediator reached
its maximum substantially matched the standard oxidation-
reduction potential for each mediator.

Therefore i1t can be concluded that 11 a Ru complex with a
low standard oxidation-reduction potential 1s used as the
mediator, glucose concentration can be measured favorably
even at a low applied voltage, and that in this case measure-
ment at good precision 1s made possible by decreasing the
background current caused by other reductive substances
present 1n the solution.

Example 2

In this example, 1t was examined whether glucose concen-
tration can be accurately measured at a low voltage (200mV).
To this end, the response current value was measured using
tour different standard solutions with glucose concentrations
of Omg/dL, 200 mg/dL, 400 mg/dL, and 600 mg/dL. and using
the glucose sensor 1 of the present invention and the com-
parative glucose sensor 1, at applied voltages of 500 mV and
200 mV. The response current value was measured 5 seconds
alter the spot application of 1 uLL of standard solution to the
reagent layer, with the application of voltage held steady
between the first and second electrodes. These results are
given 1n FI1G. 7.

As can be seen from FIG. 7. when the applied voltage was
500 mV, the glucose sensor 1 of the present invention exhib-
ited good linearity for the group of plotted points, indicating
that glucose sensor can be measured favorably even when the
glucose concentration 1s high (400 mg/dL or higher). In con-
trast, with the comparative glucose sensor 1, linearity was
somewhat off when the glucose concentration was high (400
mg/dL or higher), although the overall linearity was excel-
lent.

Meanwhile, when the applied voltage was 200 mV, the
linearity of the glucose sensor 1 of the present invention was
off somewhat when the glucose concentration was high (400
mg/dL or higher), but the group of plotted points did exhibit
good linearity. The deviation 1n linearity at 200 mV with the
glucose sensor 1 of the present invention was still smaller than
that of the comparative glucose sensor 1 at 500 mV.

Thus, 1t was confirmed that when a Ru complex was used as
the mediator, glucose concentration could be measured favor-
ably within a range of glucose concentration of at least 0 to
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600 mg/dL. even at a low potential (applied voltage ot 200
mV). Therefore, it can be concluded that the use of a Ru
complex as the mediator makes it possible to drive the con-
centration measuring apparatus at low voltage, which lowers
power consumption and reduces running costs.

Example 3

In this example, 1t was examined how long 1t took to mea-
sure the glucose concentration favorably. To this end, 500 mV
voltage application between the first and second electrodes
was commenced 0, 1, 2, or 10 seconds after the spot applica-
tion of 1 ulL of whole blood with a glucose concentration of
400 mg/dL to the reagent layer, the response current was
measured during sustained voltage application, and the
change over time was measured. These results are given 1n

FIGS. 8 and 9.

It can be seen from FIG. 8 that with the glucose sensor 1 of
the present invention, the individual measurement values
obtained 3 seconds after the start of voltage application were
the same, regardless of the time before voltage application
(the time 1n a non-application state). Therefore, 1t can be
concluded that the glucose sensor of the present mvention
gives stable measurement results as long as the application
time 1s at least 3 seconds, and, as seen in FIG. 9, that the
application time can be shorter than when an Fe complex 1s
used as the mediator. Also, since there 1s no real advantage to
excessively increasing the time of the non-application state,
and with the results of FIG. 8 1n mind, 1t can be concluded that
10 seconds or less 1s an adequate time 1n a non-application
state with the glucose sensor of the present invention, and that
10 to 15 seconds 1s suflicient for the time from the glucose
solution supply until the response current 1s measured for the

purpose of computing the glucose concentration. Therefore,
it can be seen from the results shown 1 FIGS. 8 and 9 that

when a Ru complex 1s used as the mediator, the measurement
does not take as long as when an Fe complex 1s used.

Example 4

In this example, the effect of reductive concomitants (the
elfect of background current) was examined. The response
current value was measured using four different types of
whole blood (with components other than glucose adjusted to
their average concentration in human blood) with glucose
concentrations of 0 mg/dL, 200 mg/dL, 400 mg/dL. and 600
mg/dL, and using the glucose sensor 1 of the present inven-
tion and the comparative glucose sensor 1, at applied voltages
of 500 mV and 250 mV. There was a voltage non-application
state lasting 10 seconds after the spot application of 1 uLL of
whole blood to the reagent layer, after which the response
current value was measured 5 seconds after the start of volt-
age application between the first and second electrodes.
These results are given in FIGS. 10 and 11.

As can be seen from FIGS. 10 and 11, the overall response
current value was higher with the comparative glucose sensor
1 than with the glucose sensor 1 of the present invention. The
reason for this seems to be that the comparative glucose
sensor 1 1s affected more by reductive concomitants 1n blood
than 1s the glucose sensor 1 of the present invention, and that
the background current from these substances raises the
response current value.

It should be noted here that with the comparative glucose
sensor 1, the response current 1s measured as a positive value
even when the glucose concentration 1s O mg/dL. Here again,
the effect of background current caused by reductive con-
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comitants 1s suspected to be the reason for the higher response
current value with the comparative glucose sensor 1.

FIG. 12 1s a bar graph of the response current value here
when the glucose concentration was O mg/dL. It can be seen
from this graph that with the comparative glucose sensor 1, a
relatively large response current 1s measured even at a glucose
concentration of 0 mg/dl, the reason for which 1s believed to
be the greater effect of the reductive concomitants. In con-

trast, with the glucose sensor 1 of the present invention, the
measured response current 1s small at a glucose concentration
of 0 mg/dL, and it can be concluded that the effect of the
reductive concomitants has been greatly reduced. Therefore,
if a Ru complex 1s used as the mediator, concentration can be
computed with good precision even without correcting for the
elfect of other reductive substances.

Example 5

Exposure resistance was evaluated 1n this example. This
resistance to exposure was evaluated by leaving the glucose
sensor 1 of the present invention and the comparative glucose
sensor 1, which had both been produced at about the same
time, 1n a thermo-hygro-static room kept at a relative humid-
ity of 50% and a temperature of 25° C., and then using a
standard solution with a glucose concentration of O mg/dL to
measure the response current value. The application of volt-
age of 500 mV between the electrodes was started 10 seconds
alter the spot application of the standard solution to the
reagent layer, and the response current value was measured
seconds after the start of voltage application. The glucose
sensors were left 1 and 4 days inside the thermohygrostatic
room. The response current value was measured under the
same conditions both for a glucose sensor that had yet to be
left 1n the thermohygrostatic room (1nitial ), and for a glucose
sensor that had been sealed 1n a desiccator (interior volume of
0.2 L, imtial relative humidity setting of 50%, and tempera-
ture of 25° C.) containing 6 g of molecular sieve (desiccant)
and then left for 4 days 1n a thermohygrostatic room kept at a
relative humidity of 50% and a temperature of 25° C. (sealed
4 days). These results are given 1n FIG. 13.

As can be seen from FI1G. 13, at all environmental settings,
the glucose sensor 1 of the present mmvention had much
smaller response current than the comparative glucose sensor
1, and the values thereof were about the same at all environ-
mental settings. It 1s therefore surmised that when a Ru com-
plex 1s used as the mediator, there 1s less degradation (reduc-
tion) of the reagent layer under the exposure environment, so
storage stability 1s superior and long-term degradation 1s less
likely to occur. Therefore, if a Ru complex 1s used as the
mediator, there 1s no need to give much thought to the etfect
ol exposure to moisture in the storage of the glucose sensor.
This means that when glucose sensors are mass-produced and
packaged on an industnial scale, there 1s no need to perform
nitrogen replacement or other such treatment 1nside the pack-
aging, which facilitates manufacture and reduces costs.

Example 6

The solubility of the reagent layer was examined in this
example. In the examination of the solubility of the reagent
layer, the response current value was measured using four
different types of standard solution with glucose concentra-
tions of 0 mg/dL, 200 mg/dl, 400 mg/dL, and 600 mg/dL. and
using the glucose sensor 1 of the present invention and the
comparative glucose sensor 1, at an applied voltage of 500
mV. There was a voltage non-application state lasting 10
seconds after the spot application of 1 uL. of standard solution
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to the reagent layer, after which the response current value
was measured 5 seconds aiter the start of voltage application
between the first and second electrodes. These results are
given 1n FIG. 14. FIG. 14 also shows the results for when an
inorganic gel (used as a dispersant) was added 1n an amount of
1 weight part per 100 weight parts Fe complex in the com-
parative glucose sensor 1.

As can be seen from FIG. 14, the glucose sensor 1 of the
present invention exhibited excellent linearity even at a high
glucose concentration. This means that the reagent layer dis-
solves well within 15 seconds of the supply of the standard
solution, regardless of the glucose concentration.

Therefore, if a Ru complex 1s used as the mediator, the
reagent layer will have excellent solubility, with the entire
reagent layer forming a uniform reaction system, and as a
result glucose concentrations can be measured 1n a short time
and with good precision even with glucose solutions having a
relatively high glucose concentration, without having to
resort to the use of a dispersant or the like.

Example 7

In this example, the response current value was measured
tor the glucose sensors 2 and 3 of the present invention, which
had a reagent layer formed as shown in Table 2 above, using

four types of whole blood with different glucose concentra-
tions of 0 mg/dL, 200 mg/dL, 400 mg/dL, and 600 mg/dL.
These results are given 1 FIG. 15. FIG. 15 also shows the
results for when the response current value was measured
under the same conditions for the glucose sensor 1 of the
present invention constituted as 1n Examples 1 to 6.

As can be seen from FIG. 15, with glucose sensors 2 and 3
of the present invention, in which CyGDH or a GDH was used
as the redox enzyme, concentration can be measured favor-
ably from relatively low concentrations all the way up to high
concentrations, under the application of a current of just 200
mV and only a short time of 5 seconds after the start of
application. FIG. 15 also tells us that the background current
1s small with these glucose sensors. Therefore, by using a
ruthentum complex as the mediator, the advantages described
in Examples 1 to 6 can be achieved for various types of GDH.

Example 8

In this example, the response current value was measured
in the same manner as 1n Example 7 for a glucose sensor 4 of
the present invention, 1n which a Ru complex was used as the
mediator and GOD was used as the oxidation-reduction
enzyme, and a comparative glucose sensor 2, in which potas-
sium ferricyanide was used as the mediator and GOD was
used as the oxidation-reduction enzyme. These results are
given 1n FIG. 16.

As can be seen from FI1G. 16, when GOD and a Ru complex
are combined, just as with the glucose sensor 1 of the present
invention used in Examples 1 to 6, linearity was excellent and
background current was small even when the glucose con-
centration was relatively high. It can therefore be concluded
that the advantages described in Examples 1 to 6 can also be
achieved when GOD and a Ru complex are combined.

As described above, with the present mnvention, the con-
centration of a test target in a sample liquid can be accurately
measured, whether the concentration of the test target 1n the
sample liquid 1s relatively low or relatively high, the measure-
ment will be affected less by the coexistent reductive sub-
stances present in the sample liquid, and adequate solubility
of the reagent layer can be ensured.
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The mvention claimed 1s:
[1. A method for measuring a concentration of a test target,
the method comprising:

constructing a reaction system by supplying the test target
to a reagent layer containing an oxidation-reduction °
enzyme and an electron mediator; measuring the con-
centration of the test target by utilizing;

wherein the test target 1s glucose, the oxidation-reduction
enzyme 1s CyGDH, and a Ru compound 1s used as the

electron mediator, 10
the method further comprising;:
applying constant voltage to the reagent layer; and
computing the concentration of the test target on the basis

of a response current value from the reagent layer; 5

wherein the constant voltage 1s no greater than 300 mV and
selected from a range from a standard oxidation-reduc-
tion potential (versus a standard hydrogen electrode)
between an oxidant and a reductant of the Ru compound
through a standard oxidation-reduction potential (versus 20
a standard hydrogen electrode) between ferrocyanide
ions and ferricyanide ions.}
[2. The method according to claim 1, wherein the Ru com-
pound 1s oxidative Ru(Ill) complex expressed by the follow-
ing chemical formula: 25

[Ru(NH;)sX ]

(where X 1n the formula 1s NH, or a halogen 1on, and n+ 1n
the formula 1s the valence of the oxidative Ru(III) com- 4,
plex as determined by a type of X).]
3. A method for measuring a concentration of a test target,
the method comprising:
contacting whole blood comprising the test target directly
with an oxidation-reduction enzyme and an electron 35

mediator disposed between electrodes disposed on a
substrate such that the electron mediator is dissolved;
applying voltage to the electrodes; and
computing the concentration of the test target by amper-
ometry, wherein 40

the oxidation-reduction enzyme is selected from the group
consisting of GOD, GDH, a.GDH, CyGDH, cholesterol
dehyvdrogenase, cholesterol oxidase, lactic acid dehy-
drogenase, lactic acid oxidase, ascorbic acid dehydro-
genase, ascorbic acid oxidase, alcohol dehydrogenase, 45
alcohol oxidase, fructose dehydrogenase, 3-hyvdroxybu-
tvric acid dehydrogenase, pyruvic acid oxidase, uric
acid oxidase (uricase), urease, and dihvdrolipoamide
dehydrogenase (diaphorase), and

the electron mediator is an oxidative rvuthenium(Ill) com- 50

plex wherve the complex only contains monodentate
ligands.

4. The method accovding to claim 3, wherein at least one of
the oxidation-reduction enzyme and the electron mediator is
divectly allocated on the substrate. 55

5. The method according to claim 3, wherein the concen-
tration of the test target is measured at any point between 3
and 15 seconds after detection of the supply of the whole
blood.

6. The method according to claim 3, wherein the voltage is 60
selected from a range of about 100 mV to 500 mV.

7. The method according to claim 3, wherein computing the
concentration of the test target is configured to convert the
response current value into a voltage value, and to check the
voltage value against a predetermined calibration curve 65
expressing the velationship between the voltage and the test
target concentration.
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8. The method according to claim 3, wherein the whole
blood is applied to the oxidation-reduction enzyme and the
mediator without passing a filter.

9. The method according to claim 3, wherein a voltage is
applied to the electrodes disposed on the substrate before the
whole blood divectly contacts the oxidation-reduction enzyme
and the electron mediator.

10. A concentration measuring apparatus and a measure-
ment test instrument,

wherein the measurement test instrument comprises

an oxidation-reduction enzyme;

an electron mediator;

a first electrode; and

a second electrode,

wherein

the oxidation-reduction enzyme is selected from the
group consisting of GOD, GDH, aGDH, CyGDH,
cholesterol dehvdrogenase, cholesterol oxidase, lac-
tic acid dehydrogenase, lactic acid oxidase, ascorbic
acid dehvdrogenase, ascorbic acid oxidase, alcohol
dehydrogenase, alcohol oxidase, fructose dehydroge-
nase, 3-hydroxybutyric acid dehvdrogenase, pyruvic
acid oxidase, uric acid oxidase (uricase), urease, and
dihyvdrolipoamide dehvdrogenase (diaphorase);

the electron mediator is an oxidative ruthenium(lII)
complex where the complex only contains monoden-
tate ligands, and

the concentration measuring apparatus comprises

a voltage applier configured to apply voltage between
the first and second electrodes;

a current value measurer configured to measure the
response current value when voltage is applied
between the first and second electrodes;

a computer configured to compute the concentration of a
test target on the basis of the vesponse current value;
and

a controller configured to control the current value mea-
surement performed by the curvent value measurer,
wherein

the controller is further configured such that the
response curvent value resulting from divect contact
of the whole blood with the oxidation-reduction
enzyvme and the electron mediator and necessary for
computation by the computer is measured by the cur-
rent value measurer.

1 1. The concentration measuring apparatus and measure-
ment test instrument accovding to claim 10, whevein the mea-
surement test instrument further comprises a substrate,
wherein at least one of the oxidation-reduction enzyme and
the electron mediator is divectly allocated on the substrate.

[ 2. The concentration measuring apparatus and measure-
ment test instrument accorvding to claim 10, whervein the
response curvent value is measuved by the current value mea-
surer at any point after between 3 and 15 seconds after
detection of the supply of the whole blood.

13. The concentration measuring apparatus and measure-
ment test instrument according to claim 10, wherein the volt-
age is selected from a vange of about 100 mV to 500 mV.

14. The concentration measuring apparatus and measure-
ment test instrument accovding to claim 10, whevein the com-
puter is configured to convert the vesponse curvent value into
a voltage value, and to check the voltage value against a
predetermined calibration curve expressing the relationship
between the voltage and the test target concentration.

15. The concentration measuring apparatus and measure-
ment test instrument accovding to claim 10, whevein the mea-
surement test instrument is configured without a filter.
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16. The concentration measurving apparatus and measure-
ment test instrument according to claim 10, wherein the volt-
age applier is configured to apply voltage to the first and
second electrodes to detect the application of the whole blood
before divect contact of the whole blood with the oxidation-
reduction enzyme and the electron mediator.

17. The method according to claim 3, wherein the oxidative
ruthenium(lIl) complex is expressed by the following chemi-
cal formula:

[Ru(NH ;)5 X]™

where X is selected from the group comsisting of NH;, a
halogen ion, CN, pyridine, nicotinamide and H,O, and where
X determines the valence n™ of the oxidative ruthenium(III)
complex.

18. The method according to claim 17 wherein X is NH
and n"=3.

19. A device comprising a concentration measuring appa-
ratus together with a concentration test instrument,
wherein.

the concentration test instrument compvrises a substrate; at

least first and second electrodes formed on the sub-
strate; a solid reagent layer comprising an oxidation-

reduction enzyme selected from the group consisting of

GOD, GDH, oGDH and CyGDH; and an oxidative

ruthenium(lIl) complex where the complex only con-

tains monodentate ligands, whevein the reagent layer is

constituted so as to dissolve to a liquid phase reaction
system when a sample liquid containing a test target is
supplied; and

wherein.

the concentration measuring apparatus comprises.

a voltage applier for applying voltage between the first
and second electrodes to oxidize a reductive ruthe-
nium(Il) complex to the oxidative ruthenium(Ill) com-
plex;

a current value measurer for measuring the vesponse
current value correlated with a guantity of electrons
released by the ruthenium(Il) complex when voltage
is applied between the first and second electrodes;
and

a computer for computing the concentration of the test
target on the basis of the response current value.

20. The device according to claim 19, wherein the GDH is
a compound in which pyrroguinoline quinone (PQQ), nico-
tinamide adenine dinucleotide (NAD) or nicotinamide
adenine dinucleotide phosphate (NADP) serves as a coen-
Zyme.

21. The device according to claim 19, wherein the concen-
tration of the test target is measured at any point between 3
and 15 seconds after detection of the supply of the sample
liquid containing the test target.

22. The device according to claim 19, wherein the voltage
is selected from a range of about 100 mV to 500 mV.

23. The device accorvdingto claim 19, wherein the oxidative
ruthenium(lIl) complex is expressed by the following chemi-
cal formula:

[Ru(NH;)sX]"™
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where X is selected from the group comsisting of NH;, a
halogen ion, CN, pyridine, nicotinamide and H ,O, and where

X determines the valence n™* of the oxidative ruthenium(lI)

complex.
24. A method for measuring in blood a concentration of a
test target, the method comprising:
constructing a rveaction system containing the test target,
an electron mediator and an oxidation-reduction

enzyme selected from the group comsisting of GOD,
GDH, aGDH and CyGDH;

measuring the concentration of the test target by amper-
ometry, wherein an oxidative ruthenium(Illl) complex
only containing monodentate ligands is used as the elec-
tron mediator, the method further comprising:

a first step of preparing a veductive ruthenium(ll) complex
in the reaction system;

a second step of applying voltage to the reaction system to
oxidize the ruthenium(ll) complex to the ruthenium(lIl)
complex, and measuring the vesponse curvent value cor-
responding to the quantity of electrons released by the
ruthenium(ll) complex; and

a third step of computing the concentration of the test
target on the basis of the vesponse curvent measured in
the second step.

25. The method according to claim 24, wherein the GDH is

a compound in which pyrroguinoline quinone (PQQ), nico-
tinamide adenine dinucleotide (NAD) or nicotinamide
adenine dinucleotide phosphate (NADP) serves as a coen-
zZyme.

26. The method according to claim 24, wherein the con-
centration of the test target is measured at any point between
3 and 15 seconds after detection of the supply of the blood
containing the test target.

27. The method according to claim 24, wherein the voltage
is selected from a range of about 100 mV to 500 mV.

28. The method according to claim 24, wherein the oxida-
tive ruthenium(lll) complex is expressed by the following
chemical formula:

[Ru(NH3) sX]™"

where X is selected from the group consisting of NH,, a
halogen ion, CN, pyridine, nicotinamide and H,0, and where
X determines the valence n™ of the oxidative ruthenium(III)
complex.

29. The concentration measuring apparatus and measure-
ment test instrument according to claim 10, wherein the oxi-
dative ruthenium(lll) complex is expressed by the following
chemical formula:

[Ru(NH;) s$X]™

where X is selected from the group comsisting of NH;, a
halogen ion, CN, pyridine, nicotinamide and H ,O, and where
X determines the valence n”of the oxidative ruthenium(III)
complex.
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