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Description

TECHNICAL FIELD

[0001] The present invention relates to a technique to
measure the glucose level in a sample.

BACKGROUND ART

[0002] For diabetics, it is important to know their own
glucose levels and it is necessary to decide the timing of
insulin administration by repetitively measuring the glu-
cose levels. For example, the glucose level measure-
ment is performed using a disposable glucose sensor
(See Patent Document 1, for example) . To measure the
glucose level using the glucose sensor disclosed in the
document, blood need be extracted from the skin using
alancing apparatus. Therefore, the monitoring of the glu-
cose level is troublesome for diabetics, and the necessity
of sticking a needle into the skin at each time of glucose
level measurement causes pain.

[0003] To solve such problems, a technique to contin-
uously monitor the glucose level has been proposed (See
Patent Document 2, for example), which has been com-
mercialized as "Gluco Watch" in the United States. The
glucose level measuring technique employs an electrode
method in which blood or interstitial fluid extracted from
the skin is supplied to an electrode to measure the glu-
cose level by using the electrode. The electrode in this
case is arranged in close proximity to the skin in meas-
uring the glucose level and is designed so that an electron
taken from the blood or interstitial fluid via glucose oxi-
dase is supplied to the electrode (conductive compo-
nent).

[0004] The electrode method using GOD has a draw-
back that the accuracy of measurement may be deteri-
orated by the influence of dissolved oxygen in the sample
(blood or interstitial fluid) . Generally, in the method using
GOD, the supply of the electron, which GOD took from
glucose, to the electrode (conductive component) is per-
formed by either of the following two methods: in one of
the methods, hydrogen peroxide is generated so that the
electron is supplied to the electrode (conductive compo-
nent) via hydrogen peroxide, whereas, in the other meth-
od, the electron is supplied to the electrode (conductive
component) via an electron mediator (e.g. metal complex
such as potassium ferricyanide). Both of the methods
hardly cause problems to the human body as long as the
measurement of the glucose level using blood or the like
extracted from the skin is performed at a place separated
from the skin. However, considering that hydrogen per-
oxide and potassium ferricyanide are the substances
which are not good for the human body, the method in
which the electrode containing GOD is disposed in close
proximity to the skin, like the forgoing method, is not pref-
erable.

[0005] Further,inthe method which utilizes an electron
mediator, it is necessary to add an electron mediator into
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the electrode or mobilize an electron mediator at the elec-
trode surface. In both cases, the preparation of an elec-
tron mediator separately from GOD and adding the elec-
tron mediator to the electrode is disadvantageous in
terms of cost.

Patent Document 1: JP-B-H08-10208
Patent Document 2: JP-A-H09-503924

DISCLOSURE OF THE INVENTION

[0006] An object of the present invention is to make it
possible to measure a glucose level without causing ad-
verse effect on the human body and advantageously in
terms of cost.

[0007] According to a first aspect of the present inven-
tion, there is provided a glucose sensor comprising an
electrode including a conductive component and glucose
dehydrogenase immobilized to the conductive compo-
nent. The glucose dehydrogenase is a protein complex
including a catalytic activity subunit in which flavin ade-
nine dinucleotide is bound as coenzyme and which has
glucose dehydrogenase activity, and cytochrome c as an
electron mediator subunit for supplying an electron do-
nated from the catalytic activity subunit to the conductive
component.

[0008] According to a second aspect of the present
invention, there is provided a glucose level measuring
apparatus designed to continuously measure a glucose
level or successively measure a glucose level a plurality
of times based on blood or interstitial fluid sampled from
subcutaneous tissue. The apparatus comprises a glu-
cose sensor including an electrode which includes a con-
ductive component and glucose dehydrogenase immo-
bilized to the conductive component, a measurer for
measuring response quantity related to the amount of
electron transfer between the blood or interstitial fluid and
the electrode, a computation unit for computing a glucose
level based on the measurement by the measurer, and
a controller for controlling the timing at which the glucose
level is computed at the computation unit. The glucose
dehydrogenase is a protein complex including a catalytic
activity subunit in which flavin adenine dinucleotide is
bound as coenzyme and which has glucose dehydroge-
nase activity, and an electron mediator subunit for sup-
plying an electron donated from the catalytic activity sub-
unit to the conductive component.

[0009] As the glucose dehydrogenase, it is preferable
to use one that derives from a microorganism belonging
to the genus Burkholderia.

[0010] Herein, the microorganism belonging to the ge-
nus Burkholderia is not limitative as long as it can produce
an enzyme including an o subunit (catalytic activity sub-
unit) having glucose dehydrogenase activity or cyto-
chrome c (B subunit) (hereinafter, sometimes simply re-
ferred to as "GDH") . However, among such microorgan-
isms, it is preferable to use Burkholderia cepacia, and
particularly to use Burkholderia cepacia KS1 strain (here-
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inafter, sometimes simply referred to as "KS1 strain").
[0011] The KS1 strain is a novel strain separated from
the soil near hot springs and identified as Burkholderia
cepacia based on the mycological characteristics. The
KS1 strain was deposited to International Patent Organ-
ism Depositary of National Institute of Advanced Indus-
trial Science and Technology (Tsukuba Central 6, 1-1-1
Higashi, Tsukuba, Ibaraki 305-8566 Japan) as the mi-
croorganism deposit No. FERM BP-7306 on September
25, 2000. The KS1 strain, details of which are disclosed
in WO 02/36779, can produce GDH which includes an o.
subunit (molecular weight: about 60 kDa) which is a cat-
alytic activity subunit, a B subunit (molecular weight:
about 43 kDa) corresponding to cytochrome ¢ which is
an electron mediator subunit, and a y subunit (molecular
weight: about 14 kDa) . It is to be noted that the above
molecular weights are measured in SDS-polyacrylamide
gel electrophoresis under reduction conditions.

[0012] Although the o subunit, cytochrome c (the B
subunit) or the y subunit is specified in the claims of the
present application, it is just for expediency to specify
each subunit. Therefore, the use of GDH, which is ob-
tained from a transformant provided by transferring the
vector including the expression code of the intended sub-
unit to the host for transformation, as glucose dehydro-
genase is included in the technical scope of the present
invention when the only difference is the origin of the
GDH (subunit).

[0013] Forinstance, the glucose sensor is designed to
continuously measure the glucose level or successively
measure the glucose level a plurality of times. In this
case, the glucose sensor further comprises a sampler
for sampling blood or interstitial fluid from subcutaneous
tissue, and the blood or interstitial fluid sampled by the
sampler is brought into contact with the electrode.
[0014] The sampler comprises a hollow lancing needle
for lancing skin and a liquid reservoir for reserving the
blood or interstitial fluid sampled through the lancing nee-
dle. In this case, the blood or interstitial fluid reserved in
the liquid reservoir is brought into contact with the elec-
trode.

[0015] For instance, the liquid reservoir comprises a
porous body arranged in contact with the electrode and
the lancing needle.

[0016] The glucose sensor may be used with at least
part of the electrode embedded in subcutaneous tissue.
In this case, the electrode is provided on a flexible insu-
lating substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

Fig. 1 is a front view showing a glucose level meas-
uring apparatus according to a first embodiment of
the present invention.

Fig. 2 is a sectional view taken along lines II-1l in Fig.
1.
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Fig. 3is an exploded perspective view of the glucose
measuring apparatus shown in Figs. 1 and 2.

Fig. 4 is a block diagram of the glucose level meas-
uring apparatus shown in Figs. 1 and 2.

Fig. 5 is a perspective view showing a glucose level
measuring apparatus according to a second embod-
iment of the present invention.

Fig. 6 is a sectional view taken along lines VI-VI in
Fig. 5.

Fig. 7 is a schematic structural view of the measure-
ment system used in Example 3.

Fig. 8 is a graph showing the measurements of re-
sponsive current in the case where the glucose level
was changed in Example 1.

Fig. 9 is a graph showing the measurements of re-
sponsive current in the case where the glucose level
was changed in Example 2.

Fig. 10 is a graph showing the change of responsive
current with time in the case where the glucose level
was maintained constant in Example 3.

Fig. 11 is a graph showing the measurements of re-
sponsive current in the case where the glucose level
was changed in Example 3.

BEST MODE FOR CARRYING OUT THE INVENTION

[0018] The glucose level measuring apparatus X1
shown in Fig. 1 is designed to be used in close contact
with the skin of an arm, for example, and to continuously
measure the glucose level or successively measure the
glucose level a plurality of times. As shown in Figs. 2 and
3, the glucose level measuring apparatus X1 includes a
housing 1 and a glucose sensor 2.

[0019] The housing 1is, in use, fixed to e.g. an arm by
using a band 10 (See Fig. 1) and includes a recess 11,
adisplay 12, a pair of connector pins 13a, 13b and a non-
illustrated control circuit. The recess 11 serves to remov-
ably accommodate the glucose sensor 2. The display 12
mainly displays the measurement results and comprises
an LCD, for example. The connector pins 13a and 13b
are portions to come into contact with the working elec-
trode 32 or the counter electrode 33 of the glucose sensor
2, which will be described later. The connector pins 13a
and 13b are used for applying a voltage between the
working electrode 32 and the counter electrode 33 of the
glucose sensor 2 and for measuring the response current
when the voltage is applied.

[0020] The glucose sensor 2 includes a sensor body
3 and a sampler 4 which are bonded together and re-
movably mounted, as one piece, to the housing 1. The
glucose sensor 2 may be disposable, for example. Alter-
natively, the sensor body 3 and the sampler 4 may be
mounted to the housing 1 to be removable individually
so that the sensor body 3 and the sampler 4 can be ex-
changed individually.

[0021] The sensor body 3 includes an insulating sub-
strate 30 having a lower surface 31 on which the working
electrode 32 and the counter electrode 33 are provided.
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The insulating substrate 30 is formed with a pair of
through-holes 30a and 30b. The through-hole 30a ex-
poses the working electrode 32, whereas the through-
hole 30b exposes the counter electrode 33. With such a
structure of the sensor body 3, when the glucose sensor
2 is mounted in the recess 11 of the housing 1, the con-
nector pin 13a comes into contact with the working elec-
trode 32, whereas the connector pin 13b comes into con-
tact with the counter electrode 33.

[0022] The working electrode 32 includes a conductive
component and glucose dehydrogenase (GDH) and is
fixed to the insulating substrate 30 using a crosslinking
agent such as glutaraldehyde.

[0023] For instance, the conductive component com-
prises carbon powder, and the content is 5 to 100 mg.
Alternatively, as the conductive component, use may be
made of conductive powder other than carbon powder
or a conductor made into a porous state (e.g. sintered
body of conductive powder).

[0024] As the GDH, use is made of a protein complex
comprising a catalytic activity subunit having glucose de-
hydrogenase activity and an electron mediator subunit
which are bound to each other.

[0025] The catalytic activity subunit serves to take an
electron from glucose in a sample and supply the electron
to the electron mediator subunit. As the catalytic activity
subunit, one that includes flavin adenine dinucleotide
(FAD) as coenzyme is used. Thus, to the electron medi-
ator subunit, the electron from the catalytic activity sub-
unit is supplied via reduced FAD.

[0026] The content of catalytic activity corresponds to
5 to 100 U when converted into activity, for example.
Herein, enzyme one unit (1U) is defined as the quantity
which oxidizes 1 wM of glucose per one minute when
fading with time due to reduction of DCIP (2,6-dichlo-
rophenol-indophenol) is measured at 600 nm, which is
the absorption wavelength of DCIP, under standard test
conditions (pH 6.0, 37°C) (the molar extinction coefficient
is 4.76x1000 wM/cm).

[0027] The electron mediator subunit serves to supply
the electron received from the catalytic activity subunit
to the conductive component. As the electron mediator
subunit, use is made of cytochrome c.

[0028] As the catalytic activity subunit and the electron
mediator subunit, it is preferable to use a microorganism
belonging to the genus Burkholderia, such as a protein
complex originating from a KS1 strain. The GDH origi-
nating from a KS1 strain is produced as a trimer com-
prising an o subunit serving as a catalytic activity subunit
(the molecular weight in the SDS-polyacrylamide gel
electrophoresis under the reduction conditions is about
60 kDa), a B subunit which is electron mediator protein
(the molecular weight in the SDS-polyacrylamide gel
electrophoresis under the reduction conditions is about
43 kDa), and a vy subunit (the molecular weight in the
SDS-polyacrylamide gel electrophoresis under the re-
duction conditions is about 14 kDa), or as a dimer com-
prising the o subunit and the B subunit. Alternatively, as
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GDH, use may be made of a protein complex produced
by a transformant in which DNA that codes for the o sub-
unit, the B subunit and the y subunit is transferred.
[0029] The obtaining of intended GDH from the above-
described microorganism or transformant is advanta-
geous in terms of cost, because it eliminates the need
for individually purifying or preparing the subunits (pro-
tein) and adding the electron mediator into the working
electrode 32 separately from GDH.

[0030] The counter electrode 33 may be formed by
screen-printing carbon paste, for example. The counter
electrode 33 may be made of a conductive component
other than carbon and by a technique other than screen
printing.

[0031] Thesampler4isusedtoextractasample (blood
orinterstitial fluid) from the skin and includes an insulating
substrate 40, a lancing needle 41 and a liquid absorber
42.

[0032] The insulating substrate 40 serves to fix the
lancing needle 41 and the liquid absorber 42 and has a
lower surface 40a to which an adhesive tape 43 having
opposite adhesive surfaces is bonded. As a result, the
insulating substrate 40 and hence the glucose sensor 2
can be fixed to the skin Sk in close contact therewith.
The lancing needle 41 serves to lance the skin to extract
sample and has a hollow structure. The lancing needle
41 penetrates through the insulating substrate 40 and is
open at the upper surface of the insulating substrate 40.
The liquid absorber 42 serves to retain the sample ex-
tracted by the lancing needle 41 and is arranged to cover
the upper end of the lancing needle 41. When the glucose
sensor 2 is accommodated in the housing 1, the liquid
absorber 42 comes into contact with the working elec-
trode 32 and the counter electrode 33. For instance, the
liquid absorber 42 comprises a porous body. As the po-
rous body, use may be made of woven fabric, nonwoven
fabric, knitted fabric or a expanded body. Instead of pro-
viding the liquid absorber 42, a space for retaining the
extracted sample may be provided.

[0033] As shown in Fig. 4, in addition to the elements
described above, the glucose level measuring apparatus
X1 includes a voltage application unit 14, a current meas-
urer 15, a computation unit 16 and a controller 17.
[0034] The voltage application unit 14 serves to apply
a voltage to the working electrode 32 and the counter
electrode 33 and is electrically connected to the connec-
tor pins 13a and 13b (See Fig. 2), though not illustrated.
[0035] The current measurer 15 servesto measure the
response current when voltage is applied between the
working electrode 32 and the counter electrode 33.
[0036] The computation unit 16 serves to compute the
glucose level in the sample based on the response cur-
rent measured at the current measurer 15.

[0037] The controller 17 controls the operation of each
unit 12, 14-16. Specifically, the controller controls the cur-
rent measurer 15 to control the timing at which the re-
sponse current is measured, controls the computation
unit 16 to make the unit perform the computation of the
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glucose level, or controls the display 12 to control the
content of display at the display 12.

[0038] As better shown in Fig. 2, by fixing the glucose
sensor 2 to the skin Sk and then covering the glucose
sensor 2 with the housing 1, the glucose level measuring
apparatus X1 can continuously measure the glucose lev-
el or successively measure the glucose level a plurality
of times. When the glucose sensor 2 is fixed to the skin
Sk, the lancing needle 41 of the sampler 4 sticks into the
skin Sk. Since the lancing needle 41 is hollow, sample
is introduced to the liquid absorber 42 through the lancing
needle 41. In this state, liquid junction is made between
the liquid absorber 42 and the subcutaneous tissue.
Therefore, when the glucose level in the subcutaneous
tissue changes, the glucose level in the liquid absorber
42 changes to equilibrate with the glucose level in the
subcutaneous tissue. In this way, the glucose level in the
liquid absorber 42 reflects the glucose level in the sub-
cutaneous tissue.

[0039] The liquid absorber 42 is held in contact with
the working electrode 32. Therefore, the catalytic activity
subunit in the working electrode 32 takes an electron
from glucose in the sample. The electron is supplied to
the electron mediator subunit. A potential difference is
continuously applied between the working electrode 32
and the counter electrode 33 by the voltage application
unit 14 shown in Fig. 4 to prevent the accumulation of
electrons in the electron mediator subunit more than nec-
essary and to measure the response current in real time.
Due to the potential difference applied between the work-
ing electrode 32 and the counter electrode 33, the elec-
tron donated to the electron mediator subunit is supplied
to the conductive component. Since the working elec-
trode 32 is connected to the current measurer 15 via the
connector pin 13a, the current measurer 15 measures
the amount of electrons supplied from the electron me-
diator subunit as the response current.

[0040] The controller 17 shown in Fig. 4 samples the
response current continuously or with a predetermined
time interval (every five minutes or every two hours or
inbetween, for example) and makes the computation unit
16 compute the glucose level continuously or with a pre-
determined time interval based on the sampled response
current. The computation unit 16 computes the glucose
level by applying the measured response current to the
calibration curve obtained in advance. When the compu-
tation of the glucose level is completed, the controller 17
makes the display 12 display the result of the glucose
level computation performed by the computation unit 16.
[0041] In the working electrode 32 of the glucose sen-
sor 2, GDH is contained as the enzyme in which the elec-
tron mediator subunit is bound to the catalytic activity
subunit. Therefore, in the working electrode 32, the pro-
tein having a function to transfer electrons to the working
electrode 32 (electron mediator subunit) exists uniformly
around the protein which has catalytic activity (catalytic
activity subunit). Specifically, with respect to the protein
having catalytic activity (catalytic activity subunit), the
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electron mediator protein (electron mediator subunit) of
the amount equal to the catalytic activity subunit in the
number of molecules exists in close contact with the cat-
alytic activity subunit. As a result, in the glucose sensor
2, the rate of reaction (electron transfer) between the
catalytic protein and the electron mediator protein is in-
creased, which leads to the improvement of the response
sensitivity and enables stable measurement of the re-
sponse current.

[0042] With reference to Figs. 5 and 6, a second em-
bodiment of the present invention will be described. Sim-
ilarly to the glucose level measuring apparatus X1 of the
first embodiment, the glucose level measuring apparatus
X2 shownin Figs. 5 and 6 is designed to be used in close
contact with the skin Sk of an arm, forexample, by utilizing
a band or an adhesive tape (See Fig. 1). The glucose
level measuring apparatus X2 is designed to continuous-
ly measure the glucose level or successively measure
the glucose level a plurality of times and includes a glu-
cose sensor 5 and a housing 6.

[0043] The glucose sensor 5 is removably attachable
to the housing 6 and may be disposable, for example.
The glucose sensor 5 includes an insulating substrate
50 on which an working electrode 51 and a counter elec-
trode 52 are formed. The insulating substrate 50 includes
a narrow portion 50a for sticking into the skin Sk and is
made of e.g. polyimide resin to be flexible. The working
electrode 51 and the counter electrode 52 include re-
spective terminals 51a and 52a. The working electrode
51 and the counter electrode 52 are formed similarly to
the working electrode 32 and the counter electrode 33
(See Fig. 3) of the foregoing glucose sensor 2.

[0044] The housing 6 includes a first and a second
members 61 and 62 between which a space 63 is defined.
The space 63 is used for accommodating the glucose
sensor 5.

[0045] The first member 51 is provided with a display
64 and a pair of connector pins 65a and 65b. The display
64 serves to display various information and may com-
prise an LCD, for example. The connector pins 65a and
65b are connected to a non-illustrated control circuit, and
come into contact with the terminals 51a and 52a of the
working electrode 51 and the counter electrode 52 when
the glucose sensor 5 is retained in the space 63. In this
state, voltage can be applied between the working elec-
trode 51 and the counter electrode 52 by utilizing the
connector pins 65a and 65b, and the current in applying
the voltage can be measured. The second member 62
is formed with an opening 66 for allowing the narrow por-
tion 50a of the insulating substrate 50 to project out.
[0046] Withthe glucose levelmeasuring apparatus X2,
by mounting the glucose sensor 5 to the housing 6 and
sticking the narrow portion 50a of the insulating substrate
50 into the skin Sk, continuous measurement of the glu-
cose level or successive measurement of the glucose
level a plurality of times can be performed.

[0047] In the state in which the narrow portion 50a of
the insulating substrate 50 is stuck into the skin Sk, an
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electron is taken out from glucose in blood or interstitial
fluid at the working electrode 51. The electron is supplied
to the electron mediator subunit. The electron donated
to the electron mediator subunit is supplied to the con-
ductive component of the working electrode 51 by apply-
ing a potential difference between the working electrode
51 and the counter electrode 52. The amount of electrons
donated in this way is measured as the response current
via the connector pins 65a and 65b. In the glucose level
measuring apparatus X2, the response current is sam-
pled continuously or with a predetermined time interval
(every five minutes or every two hours or inbetween, for
example), and the glucose level is computed continuous-
ly or with a predetermined time interval based on the
sampled response current. The computation results are
displayed at the display 64.

[0048] Inthe glucose sensor 5 again, the working elec-
trode 51 includes a protein complex in which the catalytic
activity subunit and the electron mediator subunit are
bound together. Therefore, the glucose sensor 5 does
nothave an adverse effecton the human body, and stable
measurement of the response current can be performed
advantageously in terms of cost.

[Example 1]

[0049] In this example, the response characteristics of
enzyme electrodes were examined using a batch reac-
tion vessel.

[0050] The enzyme electrodes had a structure in which
an enzyme and carbon powder were immobilized within
a plastic tube (diameter 5 mm, length 30 mm) . The im-
mobilization of the enzyme and the carbon powder was
performed by loading a mixture of the enzyme and the
carbon paste (20 mg) into a plastic tube and then impreg-
nating 100 mM of sodium phosphate buffer solution (pH
7.0) including 1% of glutaraldehyde as a cross-linking
agentinto the plastic tube. An excess of aldehyde groups
in the cross-linking agent was inactivated by treating in
10 mM of Tris-HClI for 20 minutes. The enzyme electrode
was equilibrated, before use, by immersing in 100 mM
of sodium phosphate buffer solution (pH 7.0). As the en-
zyme, use was made of CyGDH (92.1 U/mg) comprising
an o subunit (catalytic activity subunit) originating from
the KS1 strain, a 3 subunit (electron mediator subunit)
and a v subunit, or aGDH (21.3 U/mg) comprising an o
subunit (catalytic activity subunit) originating from the
KS1 strain and a y subunit, whereby two kinds of enzyme
electrodes were prepared. In the enzyme electrodes, the
content of the enzyme was set to the amount correspond-
ing to 10U.

[0051] The response characteristics were examined
based on the response current measured with respect
to glucose solutions of different concentrations. The re-
sponse current was measured by immersing an enzyme
electrode, a reference electrode and a counter electrode
in a reaction vessel retaining the glucose solution adjust-
ed to the intended concentration, applying a voltage be-
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tween the enzyme electrode and the counter electrode
and using the reference electrode as the base electrode.
Glucose solutions were prepared by dissolving glucose
in 100 mM of sodium phosphate buffer solution (pH 7.0).
The concentrations of the glucose solutions were 0 mM,
0.5 mM, 1.0 mM, 1.5 mM, 2.0 mM, 2.5 mM, 8 mM, 12
mM, 21 mM, 30 mM and 47 mM, respectively. An Ag/
AgCI electrode was used as the reference electrode,
whereas a Pt electrode was used as the counter elec-
trode. The applied voltage was +400 mV. The measure-
ment of the response current was performed while main-
taining the temperature of the reaction vessel at 25°C or
37°C. The measurements of the response current are
shown in Fig. 8.

[0052] AsisclearfromFig. 8, inthe case ofthe enzyme
electrode using aGDH which does not include a 3 sub-
unit, the increment of the response current in accordance
with the increase of the glucose level is small, which in-
dicates that proper electron transfer is not performed be-
tween the conductive component and the o subunit of
the working electrode. On the other hand, in the case of
the enzyme electrode using CyGDH including a 3 subu-
nit, the increment of the response current in accordance
with the increase of the glucose level is large, and good
response characteristics are obtained. This indicates
that, by combining the 3 subunit to the o subunit, proper
electron transfer is performed between the conductive
component and the a subunit of the working electrode.
The above phenomenonis seenin both of the case where
the temperature during the measurement is set to 25°C
and the case where the temperature during the meas-
urement is set to 37°C. Therefore, with the enzyme elec-
trode using GDH in which electron mediator protein is
combined, the glucose level can be measured by the
electrode method without using an electron mediator
such as a metal complex.

[Example 2]

[0053] In this example, the influence of the voltage ap-
plication on the response characteristics of an enzyme
electrode was examined using a batch reaction vessel.
The enzyme electrode was prepared in a similar manner
to Example 1. As the enzyme, however, CyGDH with a
specific activity of 56.5 U/mg was used. The content of
the enzyme in the enzyme electrode was set to the
amount corresponding to50U. The response character-
istics were examined based on the response current
measured with respect to each of the cases where the
voltage of + 400 mV was applied and where the voltage
of +250 mV was applied while maintaining the glucose
solutions of the intended concentrations at 37°C. The
concentrations of the glucose solutions were 0 mM, 0.5
mM, 1.0 mM, 1.5 mM, 2.0 mM, 2.5 mM, 8 mM, 12 mM,
21 mM and 47 mM, respectively. The measurements of
the response current are shown in Fig. 9.

[0054] As is clear from Fig. 9, although the response
current in the case where the applied voltage is +250 mV
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is smaller than that in the case where the applied voltage
is +400 mV, the response current is properly measured
in both cases. In this way, when the GDH in which the
electron mediator protein is combined is used, the re-
sponse current and hence the glucose level can be prop-
erly measured even when the applied voltage is relatively
small. This is advantageous in the case where continu-
ous voltage application is necessary, such as when con-
tinuous or successive monitoring of the glucose level is
performed, or in the case where the glucose level meas-
uring apparatus for continuous or successive monitoring
of the glucose level is driven by a battery.

[Example 3]

[0055] In this example, the capability of continuous
monitoring of the glucose level using an enzyme elec-
trode was examined using a flow cell. Specifically, (1)
72-hour continuous monitoring test was performed, and
(2) an enzyme electrode immediately after the production
(unused) and an enzyme electrode after used for the 72-
hour continuous monitoring were checked for the re-
sponse characteristics.

(1) Continuous monitoring test

[0056] The continuous monitoring test was performed
using a measurement system 7 schematically shown in
Fig. 7. The measurement system 7 includes a reaction
cell 70 in which an enzyme electrode 71, a reference
electrode 72 and a counter electrode 73 are retained so
that the electrodes 71-73 come into contact with the glu-
cose solution supplied into the reaction cell 70. Each of
the electrodes 71-73 is connected to a potentiostat 74.
A flow path 75 is defined in the reaction cell 70, and the
reaction cell 70 is structured as a flow cell capable of
continuously supplying/discharging the glucose solution.
Specifically, the glucose solution of the intended concen-
tration is retained in a container 76 and continuously sup-
plied to the reaction cell 70 by the power of a pump 77.
In the measurement system 7, an enzyme electrode pre-
pared in the same manner as Example 2 was used as
the enzyme electrode 71, an Ag/AgCl electrode for a flow
cell was used as the reference electrode 72, and a stain-
less tube was used as the counter electrode 73.

[0057] A voltage was applied between the enzyme
electrode 71 and the counter electrode 73, and the re-
sponse current was measured using the reference elec-
trode 72 as the base electrode. The applied voltage was
+250 mV. The response current was measured continu-
ously while continuously supplying 5 mM of glucose so-
lution (pH 7.0) to the reaction cell 70 at a flow rate of 0.1
ml/min and maintaining the temperature of the glucose
solution at 37°C. The change of the response current
with time is shown in Fig. 10. The response current val-
ues, which are plotted on the ordinate in Fig. 10, are
expressed as relative values when the value at the meas-
urement time "0" is defined as 100.
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(2) Response characteristics of the enzyme electrode
before and after use

[0058] The response characteristics of the enzyme
electrode before use (Oh) and after use (72h) were ex-
amined based on the response current in applying the
voltage of +250 mV, which was measured using the
measurement system shown in Fig. 7 while supplying
the glucose solution of the intended concentration at a
flow rate of 0.5 ml/min and maintaining the temperature
of the glucose solution at 37°C. The glucose solution was
supplied while increasing the concentration step by step
in the order of 0 mM, 0.5 mM, 1.0 mM, 2.5 mM, 10.0 mM,
15.0 mM, 20.0 mM and 25 mM and then reducing the
concentration step by step in the reverse order. The
measurements of the response current are shown in,Fig.
11.

[0059] Asis clear from Fig. 10, although the response
current decreased with time in the 72-hour continuous
monitoring test, a certain level of current was measured
even after 72 hours. As is clear from Fig. 11, although
the enzyme electrode after the use for the 72-hour con-
tinuous monitoring is inferior in response characteristics
to the enzyme electrode before use, the response char-
acteristics of the used enzyme electrode is sufficient to
measure the glucose level. These results indicate that,
in the enzyme electrode utilizing GDH in which electron
mediator protein is combined, the GDH has sufficient re-
sidual activity even after the 72-hour continuous moni-
toring test and that continuous monitoring is possible by
using an enzyme electrode utilizing CyGDH, for example.
[0060] Specifically, the continuous monitoring be-
comes possible by checking the deterioration with time
of the response current at the enzyme electrode in ad-
vance and correcting the measured value or the comput-
ed value based on the estimated deterioration with time.
Further, the continuous monitoring becomes possible by
improving the enzyme electrode to suppress the deteri-
oration with time. Moreover, the continuous monitoring
becomes possible by compensating for the decrement
of the responsive current due to the deterioration with
time of the enzyme electrode by compulsively increasing
the responsive current by increasing the voltage to be
applied with time. That is, the continuous monitoring be-
comes possible by controlling the voltage to be applied
in such a manner that the response current as shown in
Fig. 11 maintains a constant value.

[0061] From the continuous monitoring test, it is found
that the decrement of the responsive current is large dur-
ing about the initial 18 hours, and the responsive current
is generally constant thereafter. Therefore, the enzyme
electrode (glucose sensor) may be intentionally deterio-
rated to some degree before the use for the actual glu-
cose level measurement.

[0062] As is clear from Fig. 11, in the enzyme elec-
trodes (glucose sensor) before use (Oh) and after use
(72h), a good correlation is found between the process
of increasing the glucose level (from 0 mM to 25 mM)
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and the process of decreasing the glucose level (from 25
mM to 0 mM) . This indicates that proper glucose level
measurement is possible in the case where the glucose
level changes with time, such as when the glucose level
is monitored continuously.

Claims

1. Aglucose sensor (2; 5) comprising an electrode (32;
51) including a conductive component and glucose
dehydrogenase immobilized to the conductive com-
ponent;
wherein the glucose dehydrogenase is a protein
complexincluding a catalytic activity subunitin which
flavin adenine dinucleotide is bound as coenzyme
and which has glucose dehydrogenase activity, and
an electron mediator subunit for supplying an elec-
tron donated from the catalytic activity subunit to the
conductive component;
characterized in that the electron mediator subunit
of the glucose dehydrogenase is cytochrome c.

2. The glucose sensor according to claim 1, wherein
the glucose dehydrogenase derives from a microor-
ganism belonging to the genus Burkholderia.

3. The glucose sensor according to claim 1, wherein
the molecular weight of the catalytic activity subunit
in SDS-polyacrylamide gel electrophoresis under re-
duction conditions is about 60 kDa, whereas the mo-
lecular weight of the cytochrome ¢ in SDS-polyacr-
ylamide gel electrophoresis under reduction condi-
tions is about 43 kDa.

4. The glucose sensor according to claim 3, wherein
the glucose dehydrogenase further includes a y sub-
unit whose molecular weightin SDS-polyacrylamide
gel electrophoresis under reduction conditions is
about 14 kDa.

5. The glucose sensor according to claim 1, wherein
the glucose sensor is designed to continuously
measure a glucose level or successively measure a
glucose level a plurality of times.

6. The glucose sensor according to claim 5, further
comprising a sampler (4) for sampling blood or in-
terstitial fluid from subcutaneous tissue;
wherein the blood or interstitial fluid sampled by the
sampler (4) is brought into contact with the electrode
(32).

7. The glucose sensor according to claim 6, wherein
the sampler (4) comprises a hollow lancing needle
(41) for lancing skin and a liquid reservoir (42) for
reserving the blood or interstitial fluid sampled
through the lancing needle (41); and
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10.

1.

wherein the blood or interstitial fluid reserved in the
liquid reservoir (42) is brought into contact with the
electrode (32).

The glucose sensor according to claim 7, wherein
the liquid reservoir (42) comprises a porous body
arranged in contact with the electrode (32) and the
lancing needle (41).

The glucose sensor according to claim 5, wherein
the glucose sensor is used with at least part of the
electrode (51) embedded in subcutaneous tissue.

The glucose sensor according to claim 9, wherein
the electrode (51) is provided on a flexible insulating
substrate (50).

A glucose level measuring apparatus (X1) designed
to continuously measure a glucose level or succes-
sively measure a glucose level a plurality of times
based on blood or interstitial fluid sampled from sub-
cutaneous tissue, the apparatus comprising:

a glucose sensor (2) according to any one of
claims 1 to 10;

a measurer (15) for measuring response quan-
tity related to amount of electron transfer be-
tween the blood or interstitial fluid and the elec-
trode (32);

a computation unit (16) for computing a glucose
level based on the measurement by the meas-
urer; and

a controller (17) for controlling timing at which
the glucose level is computed at the computation
unit (16).

Patentanspriiche

1.

Glucosesensor (2; 5) mit einer Elektrode (32; 51) mit
einer leitfahigen Komponente und Glucosedehydro-
genase, die an der leitfahigen Komponente immobi-
lisiert ist;

wobei die Glucosedehydrogenase ein Proteinkom-
plex mit einer Untereinheit mit katalytischer Aktivitat,
in der Flavinadenindinucleotid als Coenzym gebun-
denistund die Glucosedehydrogenase-Aktivitat auf-
weist, und einer Elektronenvermittleruntereinheit
zum Liefern eines Elektrons, das von der Unterein-
heit mit katalytischer Aktivitdt gespendet wird, zur
leitfahigen Komponente ist;

dadurch gekennzeichnet, dass die Elektronenver-
mittleruntereinheit der Glucosedehydrogenase Cy-
tochrom c ist.

Glucosesensor nach Anspruch 1, wobei die Gluco-
sedehydrogenase von einem Mikroorganismus
stammt, der zur Gattung Burkholderia gehdrt.
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Glucosesensor nach Anspruch 1, wobei das Mole-
kulargewicht der Untereinheit mit katalytischer Akti-
vitat bei der SDS-Polyacrylamid-Gelelektrophorese
unter Reduktionsbedingungen etwa 60 kDa ist, wo-
hingegen das Molekulargewicht des Cytochrom c
bei der SDS-Polyacrylamid-Gelelektrophorese un-
ter Reduktionsbedingungen etwa 43 kDa ist.

Glucosesensor nach Anspruch 3, wobei die Gluco-
sedehydrogenase auflerdem eine y-Untereinheit
aufweist, deren Molekulargewicht bei der SDS-Po-
lyacrylamid-Gelelektrophorese unter Reduktionsbe-
dingungen etwa 14 kDa ist.

Glucosesensor nach Anspruch 1, wobei der Gluco-
sesensor dazu ausgelegt ist, kontinuierlich einen
Glucosespiegel zu messen oder nacheinander ei-
nen Glucosespiegel mehrere Male zu messen.

Glucosesensor nach Anspruch 5, der auRerdem ei-
ne Probennahmevorrichtung (4) zur Probennahme
von Blut oder Interstitialflissigkeit von subkutanem
Gewebe aufweist;

wobei das Blut oder die Interstitialflissigkeit, das/die
durch die Probennahmevorrichtung (4) als Probe ge-
nommen wird, mit der Elektrode (32) in Kontakt ge-
bracht wird.

Glucosesensor nach Anspruch 6, wobei die Proben-
nahmevorrichtung (4) eine hohle Stechnadel (41)
zum Aufstechen der Haut und ein Flissigkeitsreser-
voir (42) zum Zurlickbehalten des Bluts oder der In-
terstitialfliissigkeit, das/die durch die Stechnadel
(41) als Probe genommen wird, aufweist; und
wobei das Blut oder die Interstitialfliissigkeit, das/die
im Flussigkeitsreservoir (42) zurlickbehalten wird,
mit der Elektrode (32) in Kontakt gebracht wird.

Glucosesensor nach Anspruch 7, wobei das Flis-
sigkeitsreservoir (42) einen pordsen Koérper auf-
weist, der in Kontakt mit der Elektrode (32) und der
Stechnadel (41) angeordnet ist.

Glucosesensor nach Anspruch 5, wobei der Gluco-
sesensor so verwendet wird, dass zumindest ein Teil
der Elektrode (51) in subkutanes Gewebe eingebet-
tet ist.

Glucosesensor nach Anspruch 9, wobei die Elektro-
de (51) auf einem flexiblen Isolationssubstrat (50)
vorgesehen ist.

Glucosespiegel-Messvorrichtung (X1), die dazu
ausgelegt ist, auf der Basis von Blut oder Interstiti-
alflissigkeit, das/die von subkutanem Gewebe als
Probe genommen wird, kontinuierlich einen Gluco-
sespiegel zu messen oder nacheinander einen Glu-
cosespiegel mehrere Male zu messen, wobei die
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Vorrichtung aufweist:

einen Glucosesensor (2) nach einem der An-
spruche 1 bis 10;

eine Messeinrichtung (15) zum Messen der Re-
aktionsgrofle in Bezug auf eine Menge einer
Elektronenibertragung zwischen dem Blut oder
der Interstitialflissigkeit und der Elektrode (32);
eine Berechnungseinheit (16) zum Berechnen
eines Glucosespiegels auf der Basis der Mes-
sung durch die Messeinrichtung; und

eine Steuereinheit (17) zum Steuern des Zeit-
punkts, zu dem der Glucosespiegel an der Be-
rechnungseinheit (16) berechnet wird.

Revendications

Capteur de glucose (2 ; 5) comportant une électrode
(32 ; 51) incluant un composant conducteur et de la
glucose déshydrogénase immobilisée sur le compo-
sant conducteur ; dans lequel la glucose déshydro-
génase est un complexe protéique incluant une
sous-unité a activité catalytique dans laquelle le di-
nucléotide flavine adénine est li€ comme une coen-
zyme et qui a une activité vis-a-vis de la glucose
déshydrogénase, et une sous-unité médiatrice
d’électrons pour fournir au composant conducteur
un électron donné a partir de la sous-unité a activité
catalytique ;

caractérisé en ce que la sous-unité médiatrice
d’électrons de la glucose déshydrogénase est le cy-
tochrome c.

Capteur de glucose selon la revendication 1, dans
lequella glucose déshydrogénase dérive d’'un micro-
organisme appartenant au genre Burkholderia.

Capteur de glucose selon la revendication 1, dans
lequel le poids moléculaire de la sous-unité a activité
catalytique lors d’'une électrophorése en gel de SDS-
polyacrylamide sous des conditions de réduction est
d’environ 60 kDa, alors que le poids moléculaire du
cytochrome ¢ dans une électrophorése en gel de
SDS-polyacrylamide sous des conditions de réduc-
tion est d’environ 43 kDa.

Capteur de glucose selon la revendication 3, dans
lequel la glucose déshydrogénase inclut en outre
une sous-unité ydont le poids moléculaire lors d’'une
électrophorése en gel de SDS-polyacrylamide sous
des conditions de réduction est d’environ 14 kDa.

Capteur de glucose selon la revendication 1, dans
lequel le capteur de glucose est congu pour mesurer
de maniéere continue un niveau de glucose ou pour
mesurer successivement plusieurs fois un niveau de
glucose.
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Capteur de glucose selon la revendication 5, com-
portant en outre un échantillonneur (4) pour prélever
du sang ou du fluide interstitiel a partir d’'un tissu
sous-cutané ;

dans lequel le sang ou le fluide interstitiel prélevé
par I'échantillonneur (4) est mis en contact avec
I'électrode (32).

Capteur de glucose selon la revendication 6, dans
lequel I'échantillonneur (4) comporte une aiguille de
piquage creuse (41) pour piquer la peau et un réser-
voir de liquide (42) pour réserver le sang ou le fluide
interstitiel prélevé a travers l'aiguille de piquage
(41); et

dans lequel le sang ou le fluide interstitiel réservé
dans le réservoir de liquide (42) est mis en contact
avec I'électrode (32).

Capteur de glucose selon la revendication 7, dans
lequel le réservoir de liquide (42) comporte un corps
poreux agencé en contact avec I'électrode (32) et
I'aiguille de piquage (41).

Capteur de glucose selon la revendication 5, dans
lequel le capteur de glucose est utilisé avec au moins
une partie de I'électrode (51) enfoncée dans le tissu
sous-cutané.

Capteur de glucose selon la revendication 9, dans
lequel I'électrode (51) est agencée sur un substrat
isolant souple (50).

Appareil de mesure de niveau de glucose (X1) congu
pour mesurer de maniére continue un niveau de glu-
cose ou pour mesurer successivement plusieurs fois
un niveau de glucose sur la base de sang ou de
fluide interstitiel prélevé a partir d’un tissu sous-cu-
tané, I'appareil comportant :

un capteur de glucose (2) selon I'une quelcon-
que des revendications 1 a 10 ;

un mesureur (15) pour mesurer une quantité de
réponse associée a une quantité de transfert
d’électrons entre le sang ou le fluide interstitiel
et I'électrode (32) ;

une unité de calcul (16) pour calculer un niveau
de glucose sur la base de la mesure par le
mesureur ; et

une commande (17) pour commander une ca-
dence alaquelle le niveau de glucose est calculé
sur l'unité de calcul (16).
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