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(57) Abréegée/Abstract:

In a method of measuring the concentration of a substance such as glucose in a sample liguid such as blood or Interstitial fluid, a
measuring device Is provided having a working sensor part (6b), a second working sensor part (8b) and a reference sensor part
(4b). The sample liquid Is applied to the measuring device and an electric current proportional to the concentration of the
substance in the sample liquid Is measured at each sensor part (6b, 8b). The electric currents are compared to establish the
difference. If the difference is greater than a predetermined threshold, an error indication Is given. A disposable test strip with two
working sensors (6b, 8b) Is also disclosed.
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(57) Abstract: In a method of measuring the concentration of a substance such as glucose in a
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sample liquid such as blood or interstitial fluid, a measuring device is provided having a working

sensor part (6b), a second working sensor part (8b) and a reference sensor part (4b). The sample
liquid is applied to the measuring device and an electric current proportional to the concentration

6b
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is also disclosed.
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of the substance in the sample liquid is measured at each sensor part (6b, 8b). The electric cur-
rents are compared to establish the difference. If the difference is greater than a predetermined
threshold, an error indication is given. A disposable test strip with two working sensors (6b, 8b)
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Measurement of Substances in_ Liguids

This i1nvention relates to apparatus for measuring
the concentration of a substance in a liquid and
particularly, but not exclusively, to apparatus for
measuring the concentration of glucose in blood or

interstitial fluid.

Devices for measuring blood glucose levels are

invaluable for diabetics, especially devices that may be
used by the sufferers themselves since they may then
monitor thelr own glucose levels and take an appropriate

dose of insulin. Correspondingly therefore the accuracy

of such devices 1s very 1mportant since an inaccurate

reading could lead to the wrong level of insulin being

administered which could be very harmful.

It 1s also the case that in all practical blood

-

glucose measuring systems at least part of the device,

i.e. that part which comes i1nto contact with the sample

blood, 1s disposable. This means that 1t 1is

P

particularly important that the cost particularly of any

disposable parts can be minimised as a user will

generally need large numbers of them regularly.

Known glucose measuring devices now favour an

electrochemical measurement method over old colorimetric

methods. The general principle 1s that an electric

current 1s measured between two sensor parts called the

working and reference sensor parts respectively. The

working sensor part comprises an electrode onto which 1is

g

laid a layer of enzyme reagent which comprises an enzyme

and an electron mediator compound. When a potential 1is

applied across the sensor parts a current 1s generated

by the transfer of electrons from the substance being

measured (the enzyme substrate), via the enzyme and to

the surface of the electrode. The current generated 1s

proportional to both the area of the sensor part and
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also the concentration of glucose in the test sample.
Since the area of the workilng sensor part is supposedly
known, the electric current should be proportional to
the glucose concentration.

It has been recognised in the art that inaccurate

results are obtalned 1f the working sensor part is not

fully covered with blood since then its effective area

1s reduced. Various ways o0f dealing with this problem
have been proposed, two of which are disclosed in US
5628890 and US 5582697. Both of these methods rely on a

_

unidirectional flow of blood across the surface of the

test strip and both initiate the test measurement by

F

detecting the presence of the sample liguid at an

electrode or sensor part located downstream of the

working sensor part.

The problem of insufficlent sample liqgquid being

present and thus the working sensor part not being

P

completely covered may of course be reduced by reducing

the size of the working sensor part. However a small

area for the working sensor part tends to give a greater

variability in calibrated results.

The present inventors have realised that as well as
1ncomplete coverage of the working sensor part,

inaccurate results can also arise from occasional

defects 1n the'production of the test strips for such

devices and also from accidental damage to the working
sensor part e.g by a user. As far as the 1nventors are
aware, the only practical way to deal with this problem

so far has been to ensure that the printing process used

to produce the test strips 1s as accurate as possible

and to rely on adeqgquate quality control.

gy

It 1s an object of the present i1invention at least

partially to alleviate the above-mentioned disadvantages

and when viewed from a first aspect the invention

provides a method of measuring the concentration of a
substance 1n a sample liguild comprising: providing a

measuring device having a working sensor part, a second
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working sensor part and a reference sensor part;

applying the sample liquid to said measuring device;

measuring an electric current at each sensor part

proportional to the concentration of said substance in
the sample liquid; comparing the electric current from
each of the working sensor parts to establish a

difference parameter; and giving an indication of an

error 1f said difference parameter is greater than a
predetermined threshold.

Thus 1t will be seen that in accordance with the
invention the substance-concentration-dependent current
1s effectively measured twice and the two measurements
compared so that each can be used as a check for the
other.

The 1nvention 1s consildered to be particularly
peneficlal 1n the context of electrochemical assays in
which the substance whose concentration it is desired to
check, e.g. glucose 1in blood, reacts with an element of
on the working sensor parts, e.g. an enzyme reagent, to
generate charge carriers and thereby give rise to the
electric current proportional to the concentration of
the substance in the liquid.

Furthermore the measuring device used in this
method 1s novel and inventive 1n 1ts own right and thus

from a second aspect the present i1nvention provides a

P
p—

device for measuring the concentration of a substance in

a sample liquid, said device comprising a reference
sensor part and a working sensor part for generating
charge carriers in proportion to the concentration of
said substance 1in the sample ligquid; wherein said device
further comprises a second workling sensor part also for
generating charge carriers 1n proportion to the

concentration of said substance 1n the sample liqguid.

Thus i1t will be seen that i1n accordance with the

ilnvention the measurling device compares the current

passed by two working sensor parts as a result of their

generation of charge carriers and gilives an error
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indication if the two currents are too dissimilar - i.e.

the current at one sensor part differs too greatly from
what would be expected from considering the current at
the other. Not only can this method detect when one of

the sensor parts has not been properly covered with

sample liquid, but it can also detect if there is a

manufacturing defect in either sensor part or if either
has been damaged after manufacture, since even with
complete coverage of the working sensor parts, an

anomalous current will arise at the affected sensor part

1n such cilircumstances.

In accordance with the invention the only type of

defect or damage which would not necessarily be

recognised 1s one which affected both of the working

sensor parts to the same degree. However, this is

logically less likely than a defect affecting a single
working sensor part and is thus an improvement over the

prior art. In practice such a likelihood is considered

to be negligible. 1In any event the invention is not
limited to providing just two working sensor parts and

the skilled person could therefore choose to provide

three or more worklng sensor parts to further reduce the

probability that they are all affected by an identical

defect.

Looking at the i1nvention another way, it provides
an arrangement whereby for a given total area of working
sensor part and thus a gilven minimum sample volume,

g

detection of i1nadequate fill and of defects or damage to

the working sensor part can be provided by separating

F

the area of the working sensor part into two.

some or all of the sensor parts may be provided as

r-‘

part of an 1ntegrated device. Preferably however at

least the working sensor parts are provided on a
removable test member. Thus when viewed from a further
aspect the present invention provides a test member for
measuring the concentration of a substance in a sample

ligquid comprising a base member and two working sensor
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parts provided on the base member, each working sensor

part being arranged 1in use to generate charge carriers

in proportion to the concentration of said substance in

the sample liquid.

Preferably a reference sensor part is also provided

on the base member.

It will be appreciated by those skilled in the art

that effectively what has been provided 1s a measuring

device which is self-testing for proper use, damage and

certaln manufacturing defects. This 1s particularly

beneficial 1n the context of a device in which the
sensor parts are provided on a separate test member

since this may typically be a mass—-manufactured test

strip, e.g. for measuring blood glucose levels. Such

strips would typically be used by a lay person who would

not necessarily treat them with sufficient care to

prevent damage. Thus 1n a preferred embodiment the

removable test member comprises a disposable test strip.

Since 1n accordance with the invention a damaged or

defective test strip will be recognised, allowing 1t to

be rejected, the accuracy of the final result and thus

F

potentially the safety of a user is no longer solely

g

dependent upon high manufacturing precision and proper

careful use. At least 1n the latter regard, the

preferred embodiments of the invention provide an

additional layer of safety compared to known

P

arrangements. Although 1t 1s of course not desirable

F

that a large number of tests 1s rejected, 1n many

circumstances 1t 1s more important that 1naccurate
results are not given.
The two worklng sensor parts may be arranged as

convenient within the device, or 1n accordance with the

preferred embodiment, on the test member. The device or
test member may be arranged to allow the sample liguid
to flow freely over the worklng sensor parts. More
preferably however the sample liguid i1s constrained to

flow substantially unidirectionally across the working
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Sensor parts.

It 1s particularly preferred that the two working

P

sensor parts are arranged one downstream of the other.

This makes 1t possible to ensure that one of the sensor
parts will always be completely covered before the other

begins to be covered, thus avoiding the possibility,

however small, that insufficient sample liquid 1is
applied to cover both sensor parts and furthermore that

each sensor part 1s partially covered by the same

amount. It will be appreciated however that i1f the
above-mentioned small risk 1s deemed acceptable,

arrangements 1in accordance with the 1nvention allow a

much greater flexibility in the placement of the sensor

parts than in known devices whilst still providing

P

protection against an 1nadequate volume of sample liquid

being used or other 1incorrect product usage or damage.

Most preferably both working sensor parts are downstream

P

of the reference sensor part.

The currents generated by the two working sensor
parts may not be directly comparable, e.g. because the
sensor parts are dissimilar, 1n which case the measuring
device 1s preferably arranged to apply appropriate

welghts to the measurements returned by one or both

workling sensor parts to normalise them. The difference
parameter could then for example be the simple

arithmetic difference between the normalised current

values. Preferably however both sensor parts comprise

the same working materilial and alternatively, but

preferably additionally, both working sensor parts have
the same area. Thus 1t 1s most preferred that the two

working sensor parts are substantially i1dentical. This

enables the difference parameter easily to comprise a
direct comparilison between the respective currents at the
sensor parts in order to determine whether a reliable
measurement of the substance concentration can be made.

The threshold used to determine an inaccurate

measurement may be chosen as appropriate. Typically a
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threshold will be chosen empirically as a suiltable wvalue
will depend on the inherent variability in the
manufacturing process, the desired precision of results,
etc. To some extent there is a trade-off between the
accuracy which may be obtained by setting the threshold
low and the proportion of measurements which are

disregarded as being too 1naccurate. Thus the threshold

might advantageously be set at a level for example where
no significant harm would be done to a patient relying

on the results to administer insuliln.

The difference parameter may be an absolute value -

e.g. the difference 1n currents measured at each sensor

part, but 1s preferably dimensionless - e.g. a

— pr—

percentage of one or other of the measured currents.

Preferably the currents are measured after a
predetermined time, although this 1s not necessarily

essential.

The actual current value used to calculate the

concentration of the substance may Jjust be that from one

pu——

of the working sensor parts, but 1s preferably a

combination thereof, e.g. the sum or mean of the two.

This gives the advantage that the maximum effective

working area 1s utilised which further helps to increase

gr—

the precision of the results obtained.

A particularly preferred embodiment of the

1]

invention 1is a device for measuring the concentration of

glucose 1n blood, 1n which the two working sensor parts

and the reference sensor part are provided on a

disposable test strip.

A preferred embodiment of the invention will now be

—

described, by way of example only, with reference to the

accompanyling drawlngs in which:
Figure 1 shows a base member for a test strip 1n

accordance with the invention;

Figure 2 shows the layout of carbon tracks applied

to the base member;

Figure 3 shows the layer of insulation applied to
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the strip;
Figure 4 shows the enzyme reagent laver;
FFigure 5 shows an adhesive layer;
FFlgure 6 shows a layer of hydrophilic film;
Figure 7 shows the cover layer of the strip;

Figure 8 1s a plot of the results obtained without

using a method 1n accordance with the invention; and
Figure 9 1s a plot similar to Figure 8 obtained

using a method 1n accordance with the invention.

Turning to Figure 1, there is shown an oblong

polyester strip 2 which forms the base of a test strip

F

for measuring the concentration of glucose in a sample

of blood. The base member 2 is shown 1n isolation

although 1in practice an array of such strips is cut out

=

from a large master sheet at the end of fabrication.

Figure 2 shows the pattern of carbon ink which in

this example 1is applied to the base member by screen

printing, although any suitable deposition technique

known 1in the art could be used. The layer of carbon

comprises four distinct areas which are electrically

insulated from one another. The first track 4 forms, at

the distal end thereof, an electrode 4b for a

reference/counter sensor part. The track 4 extends

lengthwlise to form a connecting terminal 4a at 1its

proximal end. The second and third tracks 6, 8 form
electrodes o6b, 8b at their distal ends for two working

sensor parts and respective connecting terminals 6a, 8a

at thelr proximal ends. The fourth carbon area is

simply a connecting bridge 10 which i1s provided in order

o close a circult 1n a suitable measuring device in
order to turn 1t on when the test strip has been
properly 1inserted.

Figure 3 shows the next layer to be applied also by
screen printing. This 1s a water insoluble insulating
mask 12 which defines a window over the electrodes 4b,
b, 8b and which therefore controls the size of the

exposed carbon and hence where the enzyme reagent lavyer
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14 (Fig. 4) will come 1into contact with the carbon

electrodes. The size and shape of the window are set so

—
—

that the two electrodes 6b, 8b have a patch of enzyme of

exactly the same area printed onto them. This means

that for a given potential, each working sensor part

wlll theoretically pass the same electric current in the

presence of a sample of blood.

An enzyme layer, 1in this embodiment a glucose
oxldase reagent laver 14 (Fig. 4), 1s printed over the
mask 12 and thus onto the electrodes 4b, 6b, 8b through
the window in the mask to form the reference/ counter
sensor part and the two working sensor parts

respectively. A 150 micron layer of adhesive is then

printed onto the strip in the pattern shown i1n Figure 5.
This pattern has been enlarged for clarity as compared
to the previous Figures. Three separate areas of
adhesive 1loa, 16b, 1l6c together define a sample chamber

18 between them.
Two sections of hydrophilic film 20 (Fig. 6) are

laminated onto the distal end of the strip and are held
in place by the adhesive 16. The first section of film

-

has the effect of making the sample chamber 18 into a
thin channel which draws liquid into and along it by a
caplllary action. The final layer 1is shown in Figure 7
and 1is a protective plastic cover tape 22 which has a
transparent portion 24 at the distal end. This enables
a user to tell instantly 1f a strip has been used and

—
p—

also assists 1n affording a crude visual check as to

whether enough blood has been applied.
Use of the strip will now be described. The test

strip 1s 1inserted into a meter device. The bridge
portion 10 completes a circuit 1n the device and thus
automatically turns the device on. The device also has

contacts to connect to the terminals 4a, 6a, 8a on the

strip. The measuring device applies a potential of 400

mV between the counter/reference sensor part and each of

the two working sensor parts via the above-mentioned



10

15

20

25

30

35

WO 01/67099

CA 02402139 2002-09-05

PCT/GB01/00990

terminals.

A drop of blood 1s then placed on the distal end of
the strip. Capillary action draws the blood along the
sample chamber 18 and over the counter/reference sensor

part and two worklng sensor parts.

After a predetermined time the electric current

passed by each working sensor part 1s measured and the

P

two measurements are compared. If they differ by more

than 10% an error message 1s displayed on the measuring

device and the test must be repeated. If they are
within 10% of each other however, the two currents are
added together 1n the device and are converted to a

glucose level which 1s displayed on an LCD.

A comparative experiment was carried out using a

strip fabricated as set out above, 1n order to exemplify

the benefits achiewvable 1n accordance with the

invention. In the experiment drops of blood increasing
in volume from 1 to 2 micro litres in steps of 0.2 micro
litres and with a constant glucose concentration, were
applied to such strips, with each volume being repeated
8 times. The current measured at each working sensor

part was measured and recorded. The results are shown

in Table 1 appended to this description.

For the first part of the test the two currents
were simply added together to simulate a single working
sensor part having their combined area. These results
are plotted 1n Figure 8.

In the second half of the test the two currents

were first compared. Only 1f they differed by less than

10% were they then added together and put forward as

valid results. Values differing by more than 10% were

p——

disregarded. The results of this second part of the

test are plotted 1n Figure 9.

It 1s 1mmedilately apparent that the second set of

results 1s significantly more precise, 1.e. they display
a much lower variation. Furthermore, since 1n practice

the two working sensor parts will only gilve results
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consistent with one another if they are both fully
covered, the second set of results is also significantly
more accurate than the first since it may be safely
assumed that the results are only actually given when
poth working sensor parts are fully covered.

Thus 1t will be seen that in its preferred
embodiment the present invention allows the detection

Jp—

and rejection of those tests that have had insufficient

sample applied to the test strip i.e those in which the
test strip has been incorrectly used. Similarly it will
also allow the detection and rejeCtion of test strips
which are defective either through damage or

—
p—

manutacturing def

ect.

It will be appreciated by those skilled in the art

that many variations on what has been described above
are possible within the scope of the invention. For
example the 1nventlion may be used to measure the level
of any suitable substance 1n any 1liquid, not Jjust
glucose 1in blood. Furthermore, the working sensor parts

need not be provided on a test strip but may be part of

an 1ntegrated device. Also the difference figure of 10%

used 1n the embodiment described above 1s purely

exemplary and any sultable figure may be chosen.
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6.94
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6.31
6.78
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7.02
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Working 2:
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=

0.01
7.009
7.02

6.79
3;47
5.69
4 .54
6.78
1.79

6.79
6.59
6.28
3.78

6.94
7.02
6.01
6.91
6.88
6.92
7.40
6.59
6.589
6.904

o
)

Difference

-706800

- -16.2175732
-92050
1.42393909
-4 .59016393
-5.49742078
-102.13441
-24 ,2578605

-58.2286847/

-3.35055351‘

-297.032475
~-157550

0.11788977
—5.4029443
-5.36795158
-91.2721502
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-2.88184438
-2.13675214
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-0.72674419
-2.4566474

2.02702703
-18.4825493

-2.80770982
-0.347624577
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13.94
10.48

12.77

11.72

13.78 13.78

8.88
. 6.31
13.56 13.56
13.53. 13.53
12.89 12.89

11.01

14.06 14.06

14.08 14 .08

14 .19 14 .19

13.93

13.93
13.86 13.86
13.81 13.81

14 .01 14 .01

14.65 14.65
14 .40
13.36 13.36

13.83 13.83
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6.892 6.453 -6.80303735
7.087 7.314 3.10363686

. 6.501 6.306 ~3.09229305

6.755 -0.82901554

: 7.145 6.536 -9.31762546

IIPl

| G o7 “3.81710912
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Claima:

1. A device comprising a reference sensor part and a
working sensor part for generating charge carriers in
proportion to the concentration of a substance in a sample
licuid; a second working sensor part also for generating
charge carriers in proportion to the concentration of said
substance in the sample liquid; means for measuring an
electric current at each working sensor part; and means for
comparing the electric current from each of the working
sensor parts to establish a difference parameter; and
giving an indication of an errocr if said difference

parameter is greater than a predetermined threshold.

2, A device az claimed in claim 1 arranged such that
the sample liquid is constrained to flow gubstantially
unidirectionally across said working sensor parts.

3. A device as claimed in claim 2 wherein said working

sengor parts are provided downstream of one another.

4. A device as c¢laimed in claim 2 or 3 wherein said
working sensor parts are both provided downstream of the

reference gensor part.

5. A device as c¢laimed in any one of claims 1 to 4

wherein said sensor parts each have the same area.

6. A device as claimed in claim 5 wherein salid working

senscr parts are subatantially identical.

7. A device as claimed in any one of claims 1 to 6

wherein said working sensor parts are provided on a

removable test member.

8. A device as claimed in e¢laim 7 wherein said
removable test member comprises a diapopable test strip.
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9. A device as claimed in any one of c¢laims 1 to 8

arranged to measure said currents after a predetermined

Cime.

10. A method of measuring the concentration of a
substance 1in a sample liquid comprising: providing a
measuring device according to claim 1; applying the sample
liquid to said measuring device; measuring an electric
current at each sensor part proporticnal to the
concentration of 8said substance in the sample liguid;
comparing the electric current £from each of the working
sensor parts to establish a difference parameter; and
giving an indication of an error if said difference
parameter is greater than a predetermined threshold, and
where there is no indication of error converting the
electric current of a working sensgor part or the combined

electric currents of the working sensor parts to a

concentration of the substance.

1l. A method as claimed in claim 10 wherein said working

sensor parts are provided on a removable test member.

12. A method as claimed in <¢laim 11 wherein saild
reference gensor part is provided on said removable test

member.

13. A method as claimed in claim 10, 11 or 12 whereiln
said working sensor parts each generate charge carriers 1in

proportion to the concentration of said substance 1in the

sample liguid.

14. A method as c¢laimed in any one of claims 10 to 13
comprising measuring the current at each sensor part after

a predetermined time.

15. A method for confirming the volumetric asufficiency
of a sample licquid applied to an electrochemical measuring

device on a test strip, comprising the steps of: providing
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& measuring device for measuring the concentration of 2
gubstance in a sample liquid, said device comprising a
first working sensor part for generating charge carriers in
proportion to the concentration of said substance in the
sample 'liquid, a second working esensor part also for
generating charge carriers in proportion to  the
concentration of gsaid aubstance in the sample liquid, and a
reference sengor part which 13 a common reference for both
the firat and second working sensor parts, wherein said
First and second working =sensor parts and said reference
sensor part are provided on a disposable test strip;
applying the psample 1liquid to said measuring device;
measuring an electric current at each working sensor part
proportional to the concentration of sald substance in the
gample liquid; comparing the electric current from each of
the working sensor parts to establish a difference
parameter; and when the difference parameter is greater
than a predetermined threshold, establishing an error

condition to indicate 3 lack of sufficient sample volume.

16, The method as c¢laimed in c¢laim 15 comprising

measuring the current at each working sensor part after a

predetermined time following application ¢f the sample.

17. The method as c¢laimed in claim 15 wherein the
substance to be measured is glucoge, and each of the
working gensory ©parts generates c¢harge carriers 1in

proportion to the concentration of glucose in the sample

liguid.
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VOLUME STUDY WITH ERROR CHECK IN PLACE.
N=8. GLUCOSE=455mg/dl
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