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Ameﬂmdfordetzmunmgﬂ:ecmnonofateduced(oroxldised)fmmofamdoxspeciesinanelectroclmimlcellofﬂw
lnndcompnsingaworkmgelectrodeandacmmmelectrodespacedfromﬂxewoﬂungelecn'odebyapwdewnnmeddlmme sgid method
comprising the steps oft (1) applying an electric potential difference between the electrodes; (2) selecting the potential of the working
ehc&odesuchthatﬂwmeofelecmmdanonofﬁwmdueedfom(orebcﬁo-wdudumofﬂ:eoxxdmedfom)ofﬂlespeclesxsdxﬁusmn
controlled, (3) selecting the spacing between the -working electrode and the counter electrode so that reaction products from the counter
electrode arrive at the working electrode; (4) determining current as a function of time after application of the potential and prior to
achxevementofasmadystahs;(S)esumaungd:emagmmdeofthesteadystabcmmnt,md(&obummgfmnﬂwchangemcunent
with time and the magnitude of the steady state cument, a value indicative of the diffusion coefficient and/or of the concentration of the
reduced form (or the oxidised form) of the species. Also disclosed is an apparatus for determining the concentration of a redox species
in an electrochemical cell comprising: an electrochemical cell having a working electrode and a counter (or counter/reference) electrode,
meansforapplymgandeleetncpobnnald:ﬁmcebetweensudelacﬁodes.memsformasmngﬂwchangemcumﬂwmume,and
characterised in that the working electrode is spaced from the counter electrode by less than 500 pm.




El‘ectrochem cal bi osensors generally conprise a cell having a working
electrode, 10 a counter electrode and a reference el ectrode. Sonetines the
function of the counter and reference el ectrodes are conbined in a
single electrode called a "counter/reference"” el ectrode or "pseudo
ref erence el ecwiooe@eestAs herein used the term "counter el ect rradedusenosss

I ncl udes a counter/reference el ectrode where the context so admts.

The sanple containing the analyte is brought into contact with a reagent

15 containing an enzyne and a redox mediator ikrthe cell. Either the

medi ator is reduced WO 97/ 00441

PCT/ AU96/ 00365 - 2-
(receives at |east one electron) while the analyte is oxidised (donates at

| east one el ectron) or visa versa. Usually it is the analyte which is
oxi dised and the nedi at or which is reduced. The invention wll be
herein described principally with reference to that systembut it is
al so applicable to systems in which the analyte is reduced and the 5
medi at or oxi di sed. El ectrochem cal gl ucose anal ysers such as

t hose used by di abetes to nonitor bl ood gl ucose | evels or such as are
used in clinics and hospitals are commonly based upon the use of an

enzyme such as gl ucose oxi dase dehydrogenase (GOD) and a redox

TITLE: ELECTROCHEMICAL CELL
FIELD OF THE INVENTION
This invention relates to a biosensor and more particularly to an electroch;::mical
biosensor for determining the concentration of an analyte in a carrier. The invention is
5 particularly useful for determining the concentration of glucose in blood and is described
herein with reference to that use but it should be understood that the invention is
applicable to other analytic determinations.
BALEKﬂKﬁHﬂ)QFTHEHWWﬂ(HON
Electrochemical biosensors generally comprise a cell having a working electrode,
10  acounter electrode and a reference electrode. Sometimes the function of the counter and
reference electrodes are combined in a single electrode called a "counter/reference”
electrode or "pseudo reference electrode®. As herein used the term “counter electrode™
includes a counter/reference electrode where the context so admits.
The sample containing the analyte is brought into contact with a reagent

15 containing an enzyme and a redox mediator in the cell. Either the mediator is reduced
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medi ator such as a ferricyanide or ferrocyanide. In such prior art system
the sanple 10 (e.g. blood) containing the analyte (e.g. glucose) is
brought into contact with the reagents in the cell. Q. ucose is

oxi dised to gluconic acid and the glucose oxi dase is thereby reduced.
The medi at or t wee7r0e440xi di zes the gl ucose oxi dase and i s redRECEAUIGHIRGE
process. The reduced nediator.is then re-oxidized when it transfers

el ectrons to the . wor ki ng el ectrode. After allow ng passage of a
predeterm ned tine, sufficient to obtain 15°4an accurate estinate of the
Faraday current, the concentration of glucose is estimted fromthe

magni t ude of .t he dIfceixeRat lnastypge elsetron) while theiapalyte isoxidised {donates at least one
Prior art electrochem cal cells consist of two (or three) adjacent

el ectrodes spaced electron) agpisa verss Wsvelly it dsthe fnalyte which iscoxidisedreaid theapediatorf or
connection to a nmeasuring device. A target area on which the bl ood
sanpl e is placed ivhichdsireducedo The invientioncwill tethereirl destribod principaly vath yetenetica tp
Appl i cation PCT/ AU95/ 00207 describes a cell in which electrodes are

di sposed on oppositht sgstehe Butdf is alsp applicabletrsyseme in wiich Ok ahdlgtedd Rdiided dad the

having a |iquid per neabl e target area. WO 97/00441

PCT/ AU96/ 00365 5 mediator oxidised. - 3-

In the prior art tnf‘1ere is a need to separate the working electrode fromthe
counter (or counﬁr‘rgf ek epgche]znsgl e tsreg%temhb% e Sﬂgefcl'b%"d?a%teﬁgs'tgtxnrﬁle to

avoi d products of _
blood glucose levels or such as are used in clinics and hospitals are commonly based

upon the use of an enzyme such as glucose oxidase dehydrogenase (GOD) and a redox
mediator such as a ferricyanide or ferrocyanide. In such prior art system, the sample
10 (e.g. blood) containing the analyte {e.g. glucose) is brought into contact with the reagents
in the cell. Glucose is oxidised to gluconic acid and the glucose oxidase is thereby
reduced. The mediator then re-oxidizes the glucose oxidase and is reduced in the
process, The reduced mediator is then re-oxidized when it transfers electrons to the
working electrode. After allowing passage of a predetermined time, sufficient to obtain
15 an accurate estimate of the Faraday current, the concentration of glucose is estimated
from the magnitude of the current or voltage signal then measured.
Prior art electrochemical cells consist of two (or three) adjacent electrodes spaced
.apart on one side of an insulator and adapted for connection to a measuring device. A
target area on which the blood sample is placed is defined on or between the electrodes.
20 Co-pending Application PCT/AU95/00207 describes a cell in which electrodes are

disposed on opposite sides of a porous membrane, one of the electrodes having a liquid

permeable target area.
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el ectrochenmical reaction at one electrode frominterfering with those at
the other. In practice a separation of the electrodes of nore than
500 [err]mis required to achieve 5 accept abl e accuracy.

Each batch of cells is required to have been previously calibrated and

| eads to wowrmosaiaci es during use because of vari ati ons RET/AUIS/003I6S
batch, in sanple conposition, and in anbient conditions.

It is desired to inprove the accuracy and religbility of such biosensors.
10 Achi evenent of these objectives is made diT¥icult in the case of sensors

i ntended to determ ne the concentration of analytes in blood because
bl ood contai ns di ssol v&thggpgiaxart there is a peaddo separagethewor carpdefrom) the equnter
smal | scale cellular debris, and living cellular conponents in a

predoni nant | y aquéenssuntetitefarencelrejectrode by sufficipntidistancé trayoidprodusts of
determ nation. Existing sensors are also susceptible to influence from
ot her interf ering eletfrochemiral @action at bt eltopdOfopistedaingiwith thosewud te! cthean th
whi ch,may be oxidi sed at the working el ectrode and nmi stakenly

identified as t heéﬁéﬁbé/i Sepitation $fIheE Slbetrodbd 6 micke AR50 18 required to ddhievd €7 1 N9

substances may reduce the oxidised formof the redox nediator. These

effects will giye ?ﬁée}u. ' .Elrbéﬁ el evated estinmates of the anal yte
Addi t ba’fbielc*:y ’

concentrati on. ona there is always sonme reduced redox

medi at or present befor nal wte is ad and its .20 concentration
needs to be known and ?ﬁ%}hgﬁc?’togagﬁsr’ﬁﬁ"" e‘gﬁgggﬂgﬁﬂpﬂfq}g‘yﬁ@@g%@“&m
medi ator to give an accura& e, concentration of the analyte. Moreover, oxygen
in the bl oo dDACEYracies duriag yse begwise pE WAriations Within e batgh<n samplg semposition,

dehydrogenase (GOD) in conpetition with ferrocyanide. Thus high
oxygen concent r at ianéhin ambiedtcondlitians] ow

1)

It is desired to improve the accuracy and reliability of such biosensors.

10 Achievement of these objectives is made difficult in the case of sensors intended to
determine the concentration of analytes in blood because blood contains dissolved gases,
ions, colloids, complex micelles, small scale cellular debris, and living cellular
components in a predominantly aqueous medium: Any of these may interfere in the
determination. Existing sensors are also susceptible to influence from other interfering

15 substances that may be present in the sample and which may be oxidised at the working
electrode and mistakenly identified as the analyte of interest. Alternatively, the
interfering substances may reduce the oxidised form of the redox mediator. These
effects will give artificially elevated estimates of the analyte concentration. Additionally
there is always some reduced redox mediator present before the analyte is added and its

20" concentration needs to be known and subtracted from the measured value of reduced
mediator to give an accurate concentration of the analyte. Moreover, oxygen in the
blood may act as a redox mediator for giucose oxidase dehydrogenase (GOD) in

competition with ferrocyanide. Thus high oxygen concentrations can lead to low
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esti mates of glucose concentration. In addition the neasurenents are
sensitive to factors such as changes in hum dity, tenperature,

sol ution vi scogblypssd haematocrit content. OBJECT OF #d¢¥avdddaiés! ON

It is an object of the present invention to provide a nethod of analysis
and 5 apparatus for use in the nethod which avoid or aneliorate at |east
sone of the di sadvant ages of the prior'ért. It is an object of
preferred fornms of the invention to provide a bi osensor of i nproved
accuracy, and/or edimaies ofiglucosenenesntratinne dn addition the measyrements aref sgpsitivestofagtors
DI SCLOSURE OF THE | NVENTION 10 Accordi ng to one aspect the .
i nvention consi st sudbras zhangeshinchumidity; tempematune, solutitreviscosity arglaemstoeriticontentof a
reduced (or oxidised) formof a redox species in an el ectrochem cal

cell of the kind OBIBCTORNTHE INWENTIONe! ectrode and a counter el ectrode
spaced fromthe wor ki ng el ectrode by a predeterm ned di stance, said

method conprising the fielscwdet of th t invention 19 provi¥dR! i i d C
potential difference bet wee?\@t hg ef«grce?ernodes, 15pr0 (2) se ecﬁ ng the

potential of the ot di0Ph&th HRIReRi Wil Roid H%nichbltk teast some of the

disadvantages of the prior art. It is an object of preferred forms of the invention to
provide a biosensor of improved accuracy, and/or reliability and/or speed and a method
for its use. |
DISCLOSURE OF THE INVENTION

10 According to one aspect the invention consists in a method for determining the
concentration of a reduced (or oxidised) form of a redox species in an electrochemical
cell of the kind comprising a working electrode and a counter electrode spaced from the
working electrode by a predetermined distance, said method comprising the steps of:

(1)  applying an electric potential difference between the electrodes,

15 (2)  selecting the potential of the working electrode such that the rate of
electro-oxidation of the reduced form (or electro-reduction of the oxidised form) of the
species is diffusion controlled,

3) mmuﬁmgﬁmsﬁmhgbehwznﬁmvwﬂﬁngehmnmcamt&ccmnma
electrode so that reaction products from the counter electrode arrive at the working

20 electrode,

(4)  determining current as a function of time after application of the potential
and prior to achievement of a steady state,

(5)  estimating the magpitude of the steady state current, and
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el’ectro-oxidation of the reduced form (or electro-reduction of the oxidised
ferm of the species is diffusion controll ed, (3)

sel ecting the spacing between the working el ectrode and the counter

el ectrode so that reaction products fromthe counter electrode arrive at

the working 2Woslhvedstode, (4) det er m ni ng CuPCTFMHUIEDO3ES
function of tine after application of the potenti al and prior to
achi evenent of a steady state, (5 estimating the magnitude
of the steady state current, and WO 9400441

PCT/ AU96/ 00365 - 5-

(6) obtaining fromtK& chabigimiigframitheshangeiin tnrentwith ticke et thermpghitudeafdlic
t he steady state current, a value indicative of the diffusion

coef fici ent and/ orsteally sthie current, a vahrdsditative of the diffiision coeffivientchnfllor 6fther t he
oxi di sed form of the species. The concentration neasured in

this way is subst aBhdentrtion sTdRNRAAD forM (ot e bRidised formPof thé spRbiés.i N t he
di ffusion coefficient of the reduced formand therefore is conpensated for

oo ™ ST 1 o ket 1 G DU
affect the di f{3Sip R0l dfrSil cobfcient of t Aud 1458 ok SRR i 36l o
variations in temperature and viscosity. The concentration so measured is independent
of variations in haematocrit and other substances which affect the diffusion coefficient of
the reduced form of the redox species.
It will be appreciated that the method of the invention is equally applicable for
10  determining the concentration of a ;'educed form of a redox species or an oxidized form
of a redox species in the cell. In the case that the concentration of the reduced form is to
be determined the potential of the working electrode must be maintained such that the
rate of electro oxidation of the reduced form is diffusion controlled in step (2) and it is
the concentration of the reduced form that is obtained in step (5). In the case that the
15 concentration of oxidized form is to be determined, the potential of the working
electrode must be maintained such that the rate of electro reduction of the oxidized form
is diffusion controlled in step (2) and it is the concentration of the oxidized form that is
obtained in step (5).
The redox species may be an analyte or may be a redox mediator.
20 In preferred embodiments of the method a2 mediator is used and the concentration
of the reduced (or oxidized) form of the mediator is in turn indicative of the

concentration of an analyte and a measure of the diffusion coefficient of the reduced (or
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It- will be appreciated that the nethod of the invention is equally
applicable for 10 determ ning the concentration of a reduced formof a
redox species or an oxidized form of a redox species in the cell. In
t he case that the concentration of the reduced formis to be

déterm ned t he walepidpr! of the working el ectrode nust be nai ptpivsmbozsch
that the rate of electro oxidation of the reduced formis diffusion
controlled in step (2) and it is the concentration of the reduced
form that is obtained in step (5). In the cas@-that the 15 concentration
of oxidized formis to be determ ned, the potential of the working

el ectrode nust be guidized)ifamn of the mediatar is determined apd prerursarito the detgnninationef thehe
oxidized form is diffusion controlled in step (2) and it is the
concentration of t kencentrationefitheanatytehat is obtained in step (5).

The redox species nmay be an analyte or may be a redox nmediator. 20

In preferred enbodi ment Borgirefeiticd ®é béllcomptistiadidking eleu@6dé 2l dotiri@/reference

concentration of the reduced (or oxidized) formof the mediator is in
o L1 i, 1 RS B U i SSey Gf Afu
oxi di zod) form ot FHESIEIeSIe TEY beJp Y conypisatlooaipn o i s o plcrwiththe
determ nation of t QaGmple in the sensor.

In contrast to prior art, when conducting the method of the invention, the
electrodes are sufficiently close that the products of electrochemical reaction at the
ommkmdmﬁuﬁenﬂgmsurmewﬁmm%ehmuﬂe¢MMgﬂwpmkﬂnfﬁwﬂﬁtlkw

10 example, in an enzyme ferricyanide system, the ferrocyanide produced at the counter
electrode diffuses to the working electrode.

This allows a steady state concentration profile to be achieved between the
electrodes leading to a steady state current. This-in turn allows the diffusion coefficient
and concentration of the redox species (mediator) to be measured independently of

15 sample variations and therefore greatly improves accuracy and reliability.

The method also permits the haematocrit concentration of blood to be determined
from the diffusion coefficient by use of look-up tables {or by separation of red cells from
plasma and measurement of the diffusion coefficient of the red cell fraction) and the
plasia fraction, and comparing the two.

20 According to a second aspect, the invention consists in apparatus for determining
the concentration of a redox species in an electrochemical cell comprising:

an electrochemical cell having a working electrode and a counter (or

counter/reference) electrode,
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concentration of the analyte. For preference the cell
conprises a working el ectrode and counter/reference electrode. If a
ref erence el ectrode separate froma counter electrode is used, then the 5
reference electrode nay be in any convenient location in which it is in
contact with tiwo97/0e441 sanple in the sensor. | N eovAtisetdosdsO
prior art, when conducting the nethod of the invention, the

el-ectrodes are sufficiently close that the products of el ectrochem cal
reaction at the counter electrode migrat@-to the working el ectrode
during the period of the test. For 10 exanple, in an enzyne fericyanide
system the ferrocyani decansdonapplying andlestricnotential differencedletween saléd elditiddes e s
to the working el ectrode. This allows a steady state
concentration pr of ideanstfor teasarihg the eHarige in'@eRntiwith time, €l ectrodes | eadi ng
to a steady state current. This in turn allows the diffusion coefficient
and concentration of t%dr&ﬁ&mﬁﬁﬁﬁﬂﬁtﬁm%ﬂlweﬂ%?%QWemmﬁ

i ndependently of 15 sanple variations and therefore greatly 1 nproves
accuracy and rel i abedttdd¥ by les 500pm. 'he method also permits the
haematocrit concentration o? ood" to be determ ned fromthe

1550016, b el

red cell fraction),and the plgér_ra fraction, and conparing the two.
20 Accor di nijss PPt fhruss dn the invention may comnrise a peteys membrane, apyorkingus
for determ ning the concentration of a redox species in an

el ect rocheni cal ceflfctogapn pag side of the membrane, a countensieferenco claetrideah tieaither side,
having a working el ectrode and a counter (or
said electrodes together with a zone of the membrane therebetween defining an

clectrochemical cell, and wherein the membrane extends laterally from the cell to a
10  sample deposition area spaced apat;t from the cell zone by a distance greater than the
thickness of the membrane,

Preferably the porous membrane, the distance of the target area from the cell
portion, and the membrane thickness are so selected in combination that when blood
(comprising plasma and red cells) is placed on the target area a plasma fmnt'diffuses

15 laterally towards the electrochemical cell zone in advance of the red cells.

1t is thus possible to fill a thin layer electrochemical cell with plasma
substantially free of haematocrit which would cause a Mon in the diffusion
coefficient of the redox mediator and which would affect the accuracy of the test as
hereinafter explained.

20 In preferred embodiments of the biosensor according to the invention a second
electrochemical cefl zone of the membrane is deﬁnea by a second working electrode and
a second counter/reference electrode on the opposite side of the membrane from the

second working electrode. The second electrochemical cell zone is situated intermediate
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counter/reference) el ectrode, WO 97/00441

PCT/ AU96/ 00365 -7-

nmeans for applying an electric potential difference between-said

el ectrodes, means for nmeasuring the change in current with tine,

and charact eri swo omedsnat t he working el ectrode is spaced froRCT/AEo69865t er
el ectrode by less than 500 [err]m 5 In preferred enbodi nents the -
cell has an effective volume of 1.5 mcrolitres or | ess. Apparat us

for use in the invention nmay conprise a porous 8renbrane, a worki ng

el ectrode on one side_of the menbrane, a_counter/reference el ectrode on, the
ot her side, $hg firsteell zppepnddhe ssurmie dapositionor taged cares of if sityated pnuthe side of
t her ebet ween defining an el ectrochem cal cell, and wherein the

menbr ane ext ends | dketarget gred renwiet fram thel firsttelectrochtMicalaepe.cIndbess smbodimentsdbe
spaced apart fromthe cell zone by a distance greater than the

t hi ckness of the mpildsimarcemes into contact with ex2ymi ¢, abbiyrouteao,fthe fitsselsatrochanieal celhe
di stance of the target area fromthe cell portion, and the menbrane

thickness are so Sqiie _ﬁﬂmh%a@ﬂﬂ?ﬂﬁ%é&ﬂc&lha&es%@%@m%llthusmlfsﬁ?t{&ﬁdrédtﬂg
plasma and red cells) i's placed on the target area a plasma front diffuses
5 concentration of reduced mediator in the presence of plasma (including
electrochemically interfering substances), and enzyme while the second electrochemical
cell measures it in the presence of plasma (including electrochemically interfering
substances) and in the absence of enzyme. This allows determination of the
concentration of the reduced interfering substances in the second cell and the
10 concentration of reduced EMg substances plus analyte in the first cell. Subtraction
of the one value from the other gives the absolute concentration of analyte.

In a highly preferred embodiment of the invention a hollow cell is employed
wherein the working and reference (or counter/reference) electrodes are spaced apart by
less than 500 pm and preferably by from 20 - 200 um.

15 DESCRIPTION OF THE DRAWINGS

The invention will now be more particularly described by way of example only
with reference to the accompanying drawings wherein:

Figure 1 is a schematic drawing (not to scale) of a first embodiment according to
the invention shown in side elevation.

20 Figure 2 shows the embodiment of Figure 1 in plan, vxewed from above.

Figure 3 shows the embodiment of Figure 1 in plan, viewed from below.

Figure 4 shows the embodiment of Figure 1 viewed in end elevation.
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15 laterally towards the el ectrochem cal cell zone in advance of the red

cells. It is thus possible to fill a thin |ayer

el ectrochem cal cell with plasm substantially free of haematocrit
whi ch woul d cause a variation in the diffusion coefficient of the
redox medi at or warsookgich woul d affect the accuracy of the te®CrasU96/00365
herei nafter explained. 20 In preferred enbodi nents of the biosensor-
according to the invention a second el ectrochem cal cell zone of the
menbrane is defined by a second working el ectt®de and a second

counter/reference el ectrode on the opposite side of the nenbrane fromthe
second wor ki ng el ect r odtgurd h és assshematicatrawing (ot tnicals) ofncietondemibodiment accatding
i nternedi ate WO 97/00441

PCT/ AU96/ 00365 to the invéntiof irr side eloatiomone and t he sanpl e deposition or
"target" area, or is situated on the side of the target area renote

fromthe first elect rO@i@H&GGﬁov&QH@ﬁdﬂhb&ﬂ%meWh%ﬁe%&ﬁom abové) asnma

comes_into contact with enzyne in, or on route to, the first
o
r

e
el ectrochem cal cell . j Q{“ﬁ& i gcgsc;,jg SEERE Pg&ﬂm‘ﬁgpﬁgu !
Fﬁ%‘gemdﬁh Gt gméoncenf atlongx('g)1 reduce to

The first cell thus in neasures the

T g St B AT 202 s econd bl vonbmnt o
col| measures 111N UG, By oo ol abbetimet o it A SEbeg e T, ¥
Figure 9 is a schematic drawing (not to scale) according to the invention in plan
view, viewed from above.
Figure 10 shows the embodiment of Figure 9 in end elevation.
10 Figure 11 shows the embociiment of Figure 9 in side elevation.
Figure 12 shows a schematic drawing (not to scale) of a hollow cell embodiment
according to the invention, viewed in cross section.
Figure 13 is a graph showing a plot of current (ordinate axis) versus time (co-
ordinate axis) during conduct of a method according to the invention. |
15 Figure 14 is a further graph of use in explaining the method of the invention.
In Figures 5 to 12, components corresponding in function to components of the
embodiment of Figures 1 to 4 are identified by identical numerals or indicia.
DESCRIPTION OF PREFERRED EMBODIMENTS
With reference to Figures 1 to 4 there is shown a first embodiment of apparatus
20 of the invention, in this case a biosensor for determining glucose in blood. The
embodiment comprises a thin strip membrane 1 having upper and lower surfaces 2, 3
and having a cell zone 4 defined between a working electrode 5 disposed on upper

surface 2 and a counter electrode 6 disposed on lower surface 3. The membrane

SUBSTITUTE SHEET (RULE 26)



substances) and in the absence of enzyne. This allows determ nation of the
concentration of the reduced interfering substances in the second cell and
t he 10 concentration of reduced interfering substances plus analyte in

the first cell. Subtraction of the one value fromthe other gives the
absol ut e concemrogimoan of anal yte. I n a hi ghl y ramefuseciesss
enbodi nent of the invention a hollow cell is enployed wherein the

wor ki ng and reference (or counter/reference) e] ectrodes are spaced apart by
| ess than 500 [err]mand preferably by from 0- 200 [err]m 15

DESCRI PTI ON OF THE DRAW NGS The invention will now be nore
particularly descr mewmﬁow%P@mmmthwW“ T cwhiglyist he

acconpanyi ng draw ngs wherein: Figure 1 is a schematic
drawing (not to scatlﬁ)nenﬂydomth%the@mﬂnmsr@nbcmbemmeumatthccoMeiecmde
I nvention shown in side elevation. 20 Figure 2 shows the enbodi nent

of Figure 1 in pl amigw'eed\&(é\ﬁdi'ldﬁgﬂbﬂwdedmingﬂxeﬁmeofthetdﬁiﬂidraﬁst&dfbﬁﬁﬁdiff{iﬁon
enbodi ment of Figure 1 in plan, viewed from bel ow. Figure 4

3 9?3/342 rl1e enbodi mepiofid is bhthhBally achBvEr Typically "plvﬁnw@@than 500 um. A'&mple

PCT/ AU96/ 00365 5 deposition or "target"” area 7 defined on upper surface 2 of membrane 1% spaced ata

distance greater than the membrane thickness from cell zone 4. Membrane 1 has a

diffusion zone 8 extending between target area 7 and cell zone 4. A suitable reagent

including a redox médiator "M", an enzyme "E" and a pH buffer "B" are contained

within cell zone 4 of the membrane and/or between cell zone 4 and target area 7. The
10 reagent may also include stabilisers; and the like.

In some cases it is preferable to locate the enzyme and mediator and/or the buffer
in different zones of the membrane. For example the mediator may be initially located
within electrochemical cell zone 4 while the enzyme may be situated below target area 7
or in diffusion zone 8.

is Haemoglobin releases oxygen at low pH's, but at higher pH's it binds oxygen
very firmly. Oxygeg acts as a redox mediator for glucose oxidase dehydrogenase
(GOD). In a glucose sensor this competes with the redox mediator leading to low
estimates of glucose concentration. Therefore if desired a first pH buffer can be
contained in the vicinity of target area 7 to raise the pH to such a level that all the

20 oxygeﬁ is bound to haemoglobin. Such a pH would be noﬁ-optimal for GOD/glucose
kinetics and would consequently be detrimental to the speed and sensitivity of the test.
In a preferred embodiment of the invention a second pH buffer is contained as a reagent

in the vicinity of the working electrode to restore the pH to kinetically optimal levels.
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Figure 5 is a schematic drawing (not to scale) of a second enbodi nent
aecordi ng to the invention in side el evation. Figure 6
shows the enbodi ment of Figure 5 in plan, viewed from above.

Figure 7 is a schematic draw ng (not to scal e) of a.third enbodi nent
according to wobWesdnvention, in side el evation. PCT/AUG6/003653
shows the enbodi nent of Figure 7 in plan, viewed from above.

Figure 9 is a schematic drawing (not to scal e) according to the invention

in plan view, viewed from above. - Fi gure 10 shows the
enbodi nent of Figure 9 in end elevation. 10 Figure 11 shows the
enbodi ment of Fi gudke use of aseepad buferaloppmpt cause oxygen to be refeased from the hinemeglobin

schematic drawing (not to scale) of a hollow cell enbodi nent

accordi ng to the i avthahasmglohirizsedntained within theblbodceells which are retained netchlomi 13
Is a graph showing a plot of current (ordinate axis) versus tinme (co-

ordi nate axis) durmgeta&adl&m%mﬂemmla@ﬁmﬂp%ohmﬁmepwmm«eﬂém

Figure 14 is a further graph of use in explaining the nethod of the

i nventi on. el bl % ﬁﬁ@gﬁ%ﬁ 9&@4
function to corrponents OP he gr%ﬁo iment o lgures 1 to

i dentified by i “ﬁ@!l £ or indicia. DESCRI PTI ON OF PREFERRED
EVMBODI MENTS c%e &%@M reference to Figures 1 to 4 there is shown a
first embodi ment of appar atu 20 of the Lpv ion,. in this case_a
bi osensor for ‘deternini s§ §315Pha%ﬁ°885g1°?€§°‘%"m3 Wmapfgb’ﬁﬁﬁetges
a thin strip nmenbrane 1 having upper and |l ower surfaces 2,

determined is placed on target zone 7. The blood components wxck towards cell zone 4,

the plasma component diffusing more rapidly than red blood celis so that a plasma front
reaches cell zone 4 in advance of blood cells.

10 When the plasma wicks into contact with the reagent, the reagent is dissolved and
a reaction occurs that oxidises the analyte and reduces the mediator. After allowinga
predetermined time to complete this reaction an electric potential difference is applied
between the working electrode and the counter electrode. The potential of the working
electrode is kept sufficiently anodic such that the rate of electro oxidation of the reduced

15 form of the mediator at the working electrode is determined by the rate of diffusion of
the reduced form of the mediator to the working electrode, and not by the rate of electron
transfer across the electrode/solution interface.

In addition the concentration of the oxidised form of the mediator at the counter
electrode is maintained at a level snfficient to ensure that when a current flows in the

20 electrochemical cell the potential of the counter electrode, and thus also the potential of
the working electrode, is not shifted so far in the cathodic direction that the potential of
the working electrode is no longer in the diffusion controlled region. That is to say, the

concentration of the oxidized form at the counter electrode must be sufficient to maintain
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and having a cell zone 4 defined between a working el ectrode 5 di sposed on
upper surface 2 and a counter el eﬁ_r"g%g'EE?Hggs gsed on | ower surface

3. The nenbrane WO 97/ 00441 EEN
PCT/ AU96/ 00365 REPLACED - 10-

t hi ckness i s sev@eoigpdaso that the el ec mgﬁmﬂgﬁlﬂﬁlﬁr at ed bycaralissieads e

"1" which is sufficiently close cts of electrochemcal -
reaction at the counter el ectrode mgrate to the working el ectrode
during the tine of the test and a steady st atté-di f f usi on profile is
substantially achieved. Typically, "1" will be less than 500 [err]mA

sanple 5 deposidiffssioneontolledglectro gridation ofithe sedured formnfthe medistorat the working

menbrane 1 is spaced at a di stance greater than the nmenbrane
t hi ckness from celdlectode 4. Menbrane 1 has a di ffusion zone 8
extendi ng between target areg 7 and cell zone 4. A suitable reagent

including a redox nmedi afhebehdviour 6fe BEVIPR celbis saéldthat iPbbth bkifiséd add reduced forms

cont ai ned within cell zone 4 of the nenbrane and/or between cell

tzﬁgel |4k((jamOI Largel @W"x rre cases Wrg@aﬁ# J>dtﬁg% ocatgkﬁﬁﬁ%nggge
For oxanl 6 the s %@P %érkg%%e el Tl LEL iy SRSl ol %%‘fw

el ectrochem cal c¢ zone 4 whil e t e en
naang p meagEe of

area 7 or i e ste ystatec r?t%w Iéneura% gngchoﬂvlve ar

varies in the current transient before the steady state is achieved, the diffusion coefficient
of the redox mediator can be measured as well as its concentration.
More specifically, by solving the diffusion equations for this situation it can be
10  shown that over a restricted time raﬁge a plot of In(i/i” -1) vs time (measured in seconds)
is linear and has a slope (denoted by S) which is equal to -4z°D/1* , where “i” is the
‘current at time “t”, “i” “ is the steady state current, “D” is the diffusion coefficient in
cm?/sec, “I” is the distance between the electrodes in cm and “x“ is approximately
3.141 59.. The concentration of reduced mediator present when the potential was applied
15 between the clectrodes is given by 27%i"/FA1S, where “F” is Faraday’s constant, A is the
working electrode area and the other symbols are as given above. As this later formula
uses S it includes the measured value of the diffusion ooefﬁcient.
Since 1 isaconstantforagiveneell,meaéurementofiasaﬁmctionoftimeand
i” enable the vahie of the diffusion coefficient of the redox mediator to be calculated and
20 the concentration of the analyte to be determined.
Moreover the determination of analyte concentration compensates for any
variation to the diffusion coefficient of the species which is electro oxidised or electro

reduced at the working electrode. Changes in the value of the diffusion coefficient may

This Sheet Has Been R laced
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15 Haenogl obi n rel eases oxygen at | ow pHs, but at higher pHs it

bt nds oxygen very firmy. Oxygen acts as a redox nediator for glucose
oxi dase dehydrogenase (GOD). In a glucose sensor this conpetes with
the redox nediator |leading to | ow estimates of gl ucose concentration.
Therefore if deemgssn first pH buffer can be cont ai nedpdTAYBH0365
vicinity of target area 7 to raise the pHto such a level that all the 20 -
oxygen i s bound to haenogl obin. Such a pH woul d be non-optiml for

GO/ gl ucose ki netics and woul d consequed3ty be detrinental to the
speed and sensitivity of the test. In a preferred enbodi ment of the

i nvention a second®cpaparasult of chapgestin thedempesature mpd yiseasity of the splutiorher variation
vicinity of the working electrode to restore the pHto kinetically optinal

| evel s. Wof thie/midvbtine permeability. Other adjustments to the measured value of the

PCT/ AU96/ 00365 - 11 -

The use of a seconrdndetifrition HHESe ROéssEH S SocHinY B tHeP fAefors Sich 85 BfnfdsWHeREN
haenogl obi n as the haenoglobin 1s contained within the blood cells

LB 113 ety Gt e L RBEAG ool A RS,
P e 52000, 81 B Ak S B ¥ b °
containing a conc %%én% ?wg{ch %p%gs%ﬁteca%soes l\Drs?l'iation in the diffusion coefficient of the redox
mediator.) the accuracy of the method is further improved.
Each of electrodes 5, 6 has a predefined area. In the embodiments of figures 1 to
4 cell zone 4 is defined by edges 9, 10, 11 of the membrane which correspond with edges
10 of electrodes 5, 6 and by leading (vﬁm respect to target area 7) edges 12, 13 of the
electrodes. In the ﬁresem example the electrodes are about 600 angstrom thick and are
from 1 to 5 mm wide.
Optionally, both sides of the membrane are covered with the exception of the
target area 7 by laminating layers 14 (omitted from plan views) which serves to prevent
15 evaporation of water from the sample and to provide mechanical robustness to the
apparatus. Evaporation of water is undesirable as it concentrates the sample, allows the
electrodes to dry out, and aflows the solution to cool, affecting the diffusion coefficient
and slowing the enzyme kinetics, although diffusion coefficient can be e;timated as
above,
20- A second embodiment according to the invention, shown in Figures 5 and 6,
differs from the first embodiment by inclusion of a second working electrode 25 and
counter/reference electrode 26 defining a second cell zone 24 therebetween. These

electrodes are also spaced apart by less than 500 pm in the present example. Second
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déterm ned is placed on target zone 7. The bl ood conponents w ck towards
cell zone 4, the plasnma conponent diffusing nore rapidly than red

bl ood cells so that a plasma front reaches cell zone 4 in advance of
bi ood cells. 10 When the plasma wicks into contact with the

reagent, the romgenkssss di ssol ved and a reaction occur sPCTia96M8a368i ses
the anal yte and reduces the nediator. After allowng a predeterm ned -
time to conplete this reaction an electric potential difference is applied
bet ween the working el ectrode and the counter 8tectrode. The potential of

t he wor ki ng el ectrode is kept sufficient anodi ¢ such that the rate
of el ectro oxi dat i dertofesdie2 arg siteated inprmediatee Qﬁ/ nvbandhtgregt wea Bt Inthis
wor ki ng el ectrode is determined by the rate of diffusion of t he .
reduced form of t hembpdithent the redoxinbesliatorik condpindddn thembmbranedelost ofadjactnt to at e
of electron transfer across the el ectrode/solution interface.

I'n addition the comgerdrés] dfitefrhedidte tadpei dies ¢end fifstelllzohdd. TRSn2{AE isontalied -

count er electrode is maintained at a | evel suffici ent to ensure that

« when a current fl OShd Mehbiane ﬁ%&ﬁﬁ%éﬂ%ﬂ@%ec |ckllh&ﬁ %tlﬂrl]n&ioe}»ﬂﬁ

counter el ectrode, and thus al so the potenti al

el ectrode, is ngt J@Jl J‘IB('?)@ &A% Bagl o&i{sﬁﬁééd erq%# res

potenti al of I'ng e ¢trode TS no onger

e
control |l ed region. sa ent tlon t he X|d|zed
format the count PS8 Fl«?%{h%ﬁ@ Ei?lff‘ﬂ“f’lﬁsl “rf'[“‘ sesond

97/ 00441 PCT/AU96/00365
electrochemicatl cell 24 contains redox mediator analyte and serum including

electrochemically interfering substances. First electrochemical cell receives mediator,
analyte, serum containing electrochemically interfering substances, and enzyme.

10 Potential is now applicd between both working electrodes and the counter electrode or
electrodes but the change in current with time is measured separately for each pair. This
allows the determination of the concentration of reduced mediator in the absence of
analyte plus the concentration of electrochemically interfering substances in the second
electrochemical cell and the concentration of these plus analyte in the first

15 electrochemical cell. Subtraction of the one value from the other gives the absolute
concentration of analyte.

The same benefit is achieved by a different geometry in the embodiment of
Figures 7 and 8 in which the second working electrode and second counter/reference
electrode define the second cell 24 on the side of target area 7 remote from first

20 electrochemical cell 4. In this case the enzyme may be contained in the xﬁembrane strip
between the target area and cell 1. The redox mediator may be in the vicinity of the
target area or between the target area and each cell. The diffusion coefficient of

mediator is lowered by undissolved eniyme and the arrangement of Figures 7 and 8 has

SUBSTITUTE SHEET (RULE 26)



-12- diffusion controlled el ectro oxidation of the reduced form of

the nedi ator at the working el ect rode. The behavi our of
a thin layer cell is such that if both oxidised and reduced forns of
the redox couple are present, eventually a steady state concentration
profile is Swosslpedak | shed across the cell. This results inpcTeAUs6aAR65t at e
current. It has been found that by conparing a neasure of the steady -
state current with the rate at which the current varies in the
current transient before the steady state is“d€hieved, the diffusion
coefficient of the redox nediator can be neasured as well as its
concentration. the advantage of kebping enzymiefoutef] the/thirblayes oblisiand atiomwingiaffasteri test (as
equations for this situation it can be 10 shown that over a restricted
time range a pl ot thé stémiyistdtd eutvehit is fcached rhorequickish sEurthekniore the diffickion constant of' S
|l i neaf and has a slope (denoted by S) which is equal to 4[err]DI[err],
where "i" is the mdoxnﬂihb@iﬁm&hédaﬁﬁiﬁbﬁﬁltﬁihhy&deﬂsm&ﬁ%%@a&ﬁﬁfe?
current, "D' is the diffusion coefficient in cnferr]/sec, "I" is the

di stance bet ween téﬁﬁtrfc‘tiﬁﬁbf‘ﬁ%?ﬁmeg fe.cmand "[err]"” is approximtely
3.14159. The concentration of reduced nmedi ator present when the potenti al

whor e TF s Fafmaay o ARueale SohoaiEn ol FlST ¥ peinglany bl Al B n
e oL RO ot Sl et B B et S e
Since 1 is a constant for a given cell, neasurenent of i as a function of
ti me and [ erthg crabedimentiof Eigures Qdo 41. Inthisgngerthes¢lentrodescafione sanser as¢ t he
redox nmediator to be calculated and 20 the concentration of the analyte to
be det erm ned. conductively connected to those of an adjacent sensor. Sensors may be used
successively and severed from the strip after use.
10 In the embodiment of Figures 9 to 11 electrode dimensions are defined in the
diffusion direction (indicated by arrow) by the width of the electrode in that direction.
The effective dimension of the electrode in a direction transverse to diffusion direction is
defined between compressed volumes 16 of the membrane in a manner more fully
described in co-pending Application PCT/AU96/00210, the disclosure of which is
15  incorperated herein by reference in its entirety. For clarity optional laminated layer 14
of Figure 1 has been omitted from figures 9 to 11.
In the embodiment of Figure 12 there is shown a hollow cell according to the
invention wherein the electrodes 5, 6 are supported by spaced apart polymer walls 30 to
define a hollow cell. An opening 31 is provided on one side of the cell whereby a
20 sample can be admitted into cavity 32. In this embodiment a membrane is not used. As
in previous embodiments, the electrodes are spaced apart by less than 500 pm,
preferably 20 - 400 pm and more preferably 20 - 200 pm. Desirably the effective cell

volume is 1.5 microlitres or less.
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Moreover the determ nation of anal yte concentration conpensates for any
variation to the diffusion coefficient of the species which is electro

oxi di sed or electro reduced at the working el ectrode. Changes in the
val ue of the diffusion coefficient may

- 12/1 - WO 97/00441 [ AVENDED PAGE[AU96/00365
diffusion controlled el ectro oxidation of the reduced form of the medi ator
at the working el ectrode. The behavi our of a thin |ayer
cell is such that if both oxidised and reduced6forns of the redox

couple are present, eventually a steady state concentration profile is 5
est abl i shed across t he Itwill be understopdthat the method ofthe inventénmamay beperformed with fas
been found t hat by conparing a nmeasure of the steady state current

with the rate at whell constroeted itracesit! with co-pendiitg syplicationPOT/AUS3/60207 ok ¢lksiofnt
before the steady state is achieved, the diffusion coefficient of the

redox medi ator, capdie kiBd? , Provided theRSird inddified oRibviadd & SifficiddilySniall distance
contrast to the Cottrell current that is measured in the prior art.

By neasuring the Gatddeflle 't at 10 known times after application of
a potential to the sensor electrodes it is only possible to determ ne

R e S R e R
t he nedi at or i.ndeqiegr&ge%qgagé 14, its diffusion coefficient.
EXAMPLE 1
A membrane 130 microns thick was coated on both sides with a layer of
Platinum 60 nanometers thick, An area of 12.6 sq. mm was defined by compressing the
10 membrane. 1.5 microlitres of a solution containing 0.2 Molar potassium ferricyanide
and 1% by weight glucose oxidase dehydrogenase was added to the defined area of the
membrane and the water allowed to evaporate.
The platinum layers were then connected to a potentiostat to be used as the
working and counter/reference electrodes. 3.0 microlitres of an aqueous solution
15 containing 5 millimolar D-glucose and 0.9 wt % NaCl was dropped on to the defined
area of the membrane. Afier an elapse of 20 seconds a voltage of 300 milli%rol’w was
applied between the working and counter/reference eiectrodes_ and the current recorded
for a further 30 seconds at intervals of 0.1 seconds.
Figure 13 is a graph of current versus time based on the above measurements.
20 Using a value of the steady state current of 26.9 microamps the function In(i/26.9 - 1)
was computed and plotted versus titne. The slope of the graph (Figure 14) is -0.342
which corresponds to a diffusion coefficient of 1,5 x 10°® cm” per second and a corrected

glucose concentration (subtracting background ferrocyanide) of 5.0 millimolar.

SUBSTITUTE SHEET (Ruls 26)



In a cell according to the current invention, by solving the appropriate
diffusion 15 equations it can be shown that over a restricted tine range

a plot of In(i/i[err] -1) vs tinme THI® SHEEEHAS BEEgCONds) is |inear and
has a slope (denoted by S) which is equal tdREPLAGED] D/ I[err] wher e

"i" is the curreovredsstine "t", "i " | at e cur peniau9edsiss S
the diffusion coefficient in cnf ermmgmmﬂjﬂjﬁ the di stance between -
the electrodes in cmand "[err]" is appr oxl y 3.14159. The

concentration of reduced nedi ator present whenlfhe 20 potential was
applied between the electrodes is given by 2[err]i[err]/FALS, where "F" is
Faraday's constant, A i 3nepeadystaie shgrest is one ingubieh nafurther signi

are as given above. As this later forrmula uses S it includes the

measur.ed val ue of topeursifhiringshetest. As will be ehdarstoaiiy. those skilled in the art, a minimum
- 12/2 - [ AVENDED PAGE]

Since 1 is a const apirerdtiayde géavked afiet WhicheRfe Y5O &t die 18 Faclors Yikhids Piteral
time and i[err] enable the value of the diffusion coefficient of the

redox mediator {0 QfRcteBrEord Mlrforing olcBfiodhfh %@%ﬂéﬁ%?ﬁ%ﬂ@%tﬁ

. e
to be determ ned. reover th eterm nati on ana

of 'tho. Speci as. wh Eeres L gt bl uf ol idihe e sh® olercg U5 Cne o e

wor ki ng el ectrode. Changes jn the value of, th i ffusion coefficient may
i nngammnalev ue for1 . ?J

dotng so mvolves approxima ri . Using the fit of the i versust
data to the theoretical curve a better estimate of i” is then obtained. This is repeated

reiteratively until the measured value and approximated value converge to within an

acceptable difference, thus yielding an estimated i”.

10 In practice, the measureme;xts of current i at time t are made between a minimum
time t min and a maximum time t max after the potential is applied. The minimum and
maximum time are determined by the applicability of the equations and can readily be
determined by experiment of a routine nature. If desired the test may be repeated by
switching off the voltage and allowing the concentration profiles of the redox species to

15 return towards their initial states.

It is to be understood that _the analysis of the current v. time curve to obtain
values of the Diffusion Co-efficient and/or concentration is not limited to the method
given above but could aiso be achieved by other methods.

For instance, the early part of the current v. time curve could be analysed by the

20 Cottrell equation to obtain a value of D* x Co (Co = Concentration of analyte) and the
steady state current analysed to obtain a value of D x Co. These 2 values can then be

compared to obtain D and C separately.
This Sheet Has Been Rerlaoed
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occur as a result of changes in the tenperature and viscosity of the
solution or variation of the menbrane perneability. O her adjustnents
to the. measur efovwsbgdes of the concentration may be neceBCHAYI6HOIES
account for other factors such as changes to the cell geonetry,

changes to the enzyne chenmistry or other factors which may effect the 5
nmeasured concentration. |f the neasurenent is!®made on plasma substantially

free of haemat ocrit (which if present causes variation in the
di f fusi on coefficient Kwikheundesiood that in practice of the inventioneancalgctriopl signal isdssued
met hod is further inproved. Each of electrodes 5, 6 has a

predefined area. bythelapparatigvhichix indicétiveiofjchange ih current with tirde. CEielsignalmaylbe s
defined by edges 9, 10, 11 of the nenbrane which correspond with edges 10
of electrodes 5, &n aidbgl¥ ot REnbMirinkhy'b8 8 Bétisk of Sighd B&led af predelamiaRg tike 13

of t he ~electrodes. In the present exanple the el ectrodes are about 600
both o des of i ho Bivfls These sighdindy bEoSediii by Hemos of o microprocossol ol |V
erves 1o pr event ANEARR e fFhant SR IR WU
mechani cal robust dess,tQ § %814 an output signal indicative of the diffusion coefficient, analyte
concentration, haematocrit concentration or the like respectively. One or more such
output signals may be displayed by means of an analogue or digital display.
1t is also possible by suitable cell design to operate the cell as a depletion cell
10 measuring the current required to d;plete the mediator. For example in the embodiment
of Figure 5 the. method of the invention may be performed using electrodes 5, 6, which
are spaced apart by less than 500 um. An amperometric or voltammetric depletion
measurement may be made using electrodes 5 and 26 which are spaced apart more than
500 pm and such that there is no interference between the redox species being
15 amperometrically determined at electrodes 5, 26.
The depletion measurement may be made prior to, during or subsequent to, the
measurement of diffusion coefficient by the method of the invention. This enables a
substantial improvement in accuracy and reproducability to be obtained.
In the embodiments described the membrane is preferably an asymmetric porous
20" membrane of the kind described in Patent No. 4,629,563 and 4,774,039 both of which
are incorporated herein in their entirety by reference. However symmetrical porous
membranes may be empioyed. The membrane may be in the form of a sheet, tube,

holiow fibre or other suitable form.
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apparatus. Evaporation of water is undesirable as it concentrates the
sanple. allows the el ectrodes to dry out, and allows the solution to
cool, affecting the diffusion coefficient and sl ow ng the enzyne

Ki netics, although diffusion coefficient can be estinmted as above.
20 A sag8hdoquPodi ment according to the invention, sheotavebosgsires
5 and 6, differs fromthe first enbodi nent by inclusion of a second
wor ki ng el ectrode 25 and counter/reference el ectrode 26 defining a
second cell zone 24 therebetween. These -18t ectrodes are al so spaced
apart by less than 500 [err]min the present exanple. Second WO
97/ 00441 If the membrane is asymmetric the target area is preferably on the more open side
PCT/ AU96/ 00365 - 14-

el ectrodes 25, 26 ofithe asyrhmetie thebirseV Tl ahconiptéssedaneitbrineodegiritly Bia thickAess of
In this enbodi nent the redox nediator is contained in the nenbrane

bel ow or adj acent fiofh 20 to 50018, OFtle AR 1EkreR 8 bIBAHIHaPink ARl t03pERA, 7 and,

first cell zone 4. The enzyne is contai ned in the nenbrane in the
first  cell zone 4§%{§ﬂ| Cﬁgﬁagg | n @“1@" jT (

I nto second cel | . vlilts’[ I'S aéggcﬁégf oof?%%ﬁ%ﬁ%%@%ﬁ%% ar etgfq’ﬂ
it di ssol ves. th edqx diator. This w cks .al.o t epbr ane,so
that second 3 * D GODE e e tedbreseahbwrinilie st Ao 8 Pk begesn
and serum i ncl udi el ectrochemcally interfering substances. First

el ectrochemi cal c&hqsampleAPphcating areg Apd the electrodes.
The working electrode is of any suitable metal for example gold, silver, platinum,

palladium, iridium, lead, a suitable ailoy. The working electrode may be preformed or
formed in situ by any suitable method for example sputtering, evaporation under partial

10 vacuum, by electrodeless plating, electroplating, or the like. Suitable non-metal
conductors may also be used for electrode construction. For example, conducting

_ polymers such as poly(pyrrole), poly(aniline), porphyrin “wires”, poly(isoprene) and
poly (cis-butadiene) doped with iodine and “ladder polymers”, Other non-metal
electrodes may be graphite or carbon mixed with a binder, or a carbon filled plastic.

15 Inorganic electrodes such as In, O, or SnO, may also be used. The counter/reference
electrode may for example be of similar construction to the working electrode, Nickel
hydroxide or a silver halide may also be used to form the counter/reference electrode.
Silver chloride may be employed but it will be understood that chloridisation may not be
necessary and silver may be used if sufficient chloride ions are present in the blood

20 sample. Although in the embodiments described the working electrode is shown on the
upper surface of the biosensor and the counter/referen;:e electrode is on the lower

surface, these may be reversed.
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ahal yte, serum containing electrochemcally interfering substances, and
enzyne. 10 Potential is now applied between both working el ectrodes and

t he counter el ectrode or el ectrodes but the change in current with
time is neasured separately for each pair. This all ows the

det ermi nati on ofobheaeoncentration of reduced nedi ator in thePCUAENGHI6HT
anal yte plus the concentration of electrochemcally interfering substances -
i.n the second el ectrochenm cal cell and the concentration of these
plus analyte in the first 15 el ectrochem cal=®%l 1. Subtraction of the one
value fromthe other gives the absol ute concentration of analyte.

The same benefit is achltismrefemplethyithe working elpetsdetang coynteriier coptsEefisence)of

Figures 7 and 8 in which the second working el ectrode and second
counter/reference electrodegareof substaniidlyi thesanieeffedive gdomettic a@4. on t he si de of
target area 7 renote fromfirst 20 electrochemcal cell 4. In this case

the enzyme may pe cont aifagepdrite téferencenid odiied lettibde are emgicyedpthey inhgbé 6f get
area_and cell 1. The redox nediator nay be in the vicinity of the

target area or bet Wpghr bdHRirbctofl S Thé febiteritd 1B chifbe in ah} Suithble 1B&HBE.

coefficient of medi ator is | owered by undissol ved enzyne and the

arangenent 38‘; R gures 3 fle Bndi@fiood that the felifde? éf 3L hbodiment hereindescribed may be
combined with those of another. The invention is not limited to use with any particular
combination of enzyme and mediator and combinations such as are described in EP
0351892 or elsewhere may be employed. The system may be used to determine analytes
other than glucose (for example, cholesterol) by suitable adaptation of reagents and by
10 appropriate membrane selection. 'I'he system may also be adapted for use with media
other than blood. For example the method may be employed to determine the
concentration of contaminants such as chlorine, iron, lead, cadmium, copper, etc., in
water.
Although the cells herein described have generally planar and paralle] electrodes
15 it will be understood that other configurations may be employed, for example one
electrode could be a rod or needle and the other a concentric sleeve.
It will be apparent to those skilled in the art from the disclosure hereof the
invention may be embodied in other forms wﬂhout depuﬁng from the inventive concept

herein disclosed.
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t He advant age of keeping enzynme out of the-thin Layer cells and allowi ng a
faster test (as t he steady st s reached nore quickly).
Furthernore the diffusion constant@ I' Miﬂ%‘!} diator is then the same
in both thin |ayer cells allow ng subtracti on of
interference. wdommosst Al though the enbodl ment s of Fi gur es BC1/4095/00368
unitary sensors, it wll be understood that a plurality of sensors
may be formed on a single nmenbrane as shown in t he enbodi nent of
Figures 9 to 11. In this case the el ectrodes "#-one sensor are
conductively connected to those of an adjacent sensor. Sensors may be used
successively and sELAIME: fromthe strip after use. 10 . In the
enbodi ment of Figures 9 to 11 el ectrode di nmensions are defined in the

di ffusion directioh (i ndimethoddortdetemmnining the gorickatradionlofa retludeld doradxidisedd foemiof a
t hat direction. The effective dinmension of the electrode in a

direction transverggoi sesled ihanieRiiréihetidal &l dfthe kind oorﬁiﬁfsin%%dw&ﬁﬁx%%uodeand

conpressed volunes 16 of the nmenbrane in a manner nore

described i ¢O- Dol GRARE D SEATHANBE Qi nad gaeaFawaw ghiah

IS 15 i ncorporat ed erein ererence in 1ts enti rliyea or éﬁl&;nc

optional |am nage Lt%X(? of F| gure 1 has been omtted fromflgures
?‘Wlﬁﬁ&‘geth%

9 to 11. ’nt of Figure 12 there is shown a

hol | ow cel | according t he vention ein the el ectrode

are supported by spaced ?%paﬂplﬁmfﬂ'ﬁ&%lﬂ"?n% B be &‘ﬁ ! ?ff?F’I ow
cell. An opening 31 is provided on one sjde of the cell whereby

sanpl e can be adnitted &hto%%ﬁ%@?%%wmwmwmpﬁ not
used. As i n previous enbodi nents, the el ectrodes are spaced apart by
| ess t han 500 [ er rélegtro-oxidation of the reducedfonn(or electro-reduction of the oxidised form) of the

species is diffusion controlled,
10 (3)  selecting the spacing between the working electrode and the counter

electrode so that reaction products from the counter electrode arrive at the working
electrode,
(4)  determining current as a function of time after application of the potential
and prior to achievement of a steady state,
15 (5)  estimating the magnitude of the steady state current, and
(6) obtaining from the change in current with time and the magnitude of the
steady state current, a value indicative of the diffusion coefficient and/or of the
concentration of the reduced form (or the oxidised form) of the species.
2, A method according to Claim 1 wherein a steady state concentration profite of
20 electrochemical reaction products is achieved between the working electrode and counter
electrode during the period of a test.
3. A method according to Claim 1 or Claim 2 wherein the electrodes are separated

by less than 500 um.
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preferably 20 - 400 [err]mand rmre preferably 20 -..200 pm Desirably the
effective cell

owoousi” " i i [

It will be undewcémegsit hat the net hod of the invention Ny beqratioenedss

wth a cell constructed in accord with co-pending application

RPCT/ AU95/ 00207 or cells of ot her known de ign, provi ded t hese are
nodified to provide a sufficiently small dist% ' bet ween el ectrode
faces. 5 The nmethod of the invention w II now be further

exenpl i fied with réferefidiethod according toanycne ofithg preceding claims wherein the redex)\p| E
1 A menbrane 130 microns thick was coated on both sides with a
| ayer of Pl at spevies $0: medistorand the concenkrationofdheradustd (o2 ogidisqd) form wéithe

defined by conpressing the 10 menbrane. 1.5 microlitres of a solution

contai ning 0.2 Ml mediatt idindicative of the eyivehtiidion of an aliteldiiwherdtn @hicagireiofibe
oxi dase dehydrogenase was added to the defined area of the menbr ane

T e Ll ) b A SRRt st otrd T S
counter/referenge ﬂe@&%&%lﬁé deén&nﬁﬁ&f&%é&ﬂﬁen%u&{bf%%% sol ution
5. A method according to any one of the preceding claims wherein the steaciy state
current is estimated by approximating an initial value for the steady state current,
measuring a discrepancy between measured current versus time data and a theoretical
curve, and using the degree of discrepancy, if any, to obtain a better estimate of the
10 steady state current.
6. A method according to any one of claims 1 to 3 wherein the redox species is an
analyte.
7. A method according to any one of claims 1 to 3 wherein the redox speciesisa
mediator.
15 8. A method according to any one of the preceding claims wherein the cell
comprises a working electrode, a counter electrode and a separate reference electrode.
9. A method according to any one of the preceding clﬁms wherein the spacing
between the electrodes is selected such that the steady state current is achieved within a
desired time.
20 10. A method substantially as herein described with reference to any one of the
Examples.
11.  Apparatus for use in a method according to Claim 1 comprising a porous

membrane, a working electrode on one side of the membrane, a counter electrode on the
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15 containing 5 mllinolar D-glucose and 0.9 wt % NaC was dropped on to

t he defined area of the rrenbraiﬂl]llﬂjﬂﬁ“lﬁﬂﬂtuﬂ se of 20 seconds a
voltage of 300 mllivolts was y he wor ki ng and
counter/reference el ectrodes and the ‘curreht tecorded for a further 30
seconds at i nt evoswesssef 0.1 seconds. Fi gure 13 irCrAUpSARss of
current versus tine based on the above neasurenents. 20 Using a val ue of

the steady state current of 26.9 mcroanps the function In(i/26.9 - 1)
was conputed and plotted versus tinme. The sl G&é'of the graph (Figure 14) is

-0. 342 whi ch corresponds to a diffusion coefficient of 1.5 x 10[err]
cnerr] per secondtbgigidg of themegmbaane, said elegtrodestogethervdthia zone ofithe septbranst | ng
background ferrocyanide) of 5.0 mllinolar. WO 87/00441

PCT/ AU96/ 00365 therebetween defining an electrochemical cell, and wherein the membrane tXtends
The sfeady state current is one in which no further significant current

change occullateraly fign the eell 4 sample dapositiddares padediapat from thé ok by hed

in the art, a mninum current may be reached after which there may be

a drift due to facﬁmmﬁﬁnk@ﬁcﬁﬁessoﬂhem@%éj on, evaporation,
interfering el ectrochemcal reactions or the I1ke. However, in 5

practice it is potysdiffy t ' . y te" current (ile
). One nethod fgr 127 A ol %%@ﬁh@%@é%%ﬁﬁgfﬁé&an |1ﬁ%it°f”§fw’v%f’%%
for i[err]. Us'ingrwgeengit of the i versus t

rr

13.  Apparatus according to Claim 11 or Claim 12 wherein the electrochemical cell
contains a mediator.
14.  Apparatus according to any one of claims 11 to 13 wherein the membrane

10 contains an enzyme intermediate the electrochemical cell and the sample deposition area.
15.  Apparatus according to any one of claims 11 to 14 further comprising a pH
buffer in the vicinity of the sample deposition area.

16.  Apparatus according to Claim 15 further eomprising a pH buffer in the vicinity
of the working electrode.

15 17.  Apparatus according to Claim 11 comprising a second electrochemical cell zone
of the membrane defined by a second working electrode and a second counter/reference
electrode on the opposite side of the membrane from the second working electrode.

18.  Apparatus according to Claim 17 wherein the second electrochemical cell zone is
situated intermediate the first cell zone and the sample deposition or target area.
20 19.  Apparatus according to any one of claims 11 to 18 wherein the uncompressed

membrane has a thickness of less than 500 pum.
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data to the theor tter estimate of i[err] is then obtained.
This is repeated ’mmmmﬁ" qUﬂFI y until the nmeasured val ue and
approxi mat ed val uer cenverg n amHIS SHEETMASHEEND| e di fference,. t hus
yi el ding an estinated |[err] 10 | nRERPIACEDCe, the neasurements of

current i at tiv@ojneddse made between ay I me t radizAaneeoesss
maxi mumtinme t nax after the potenti al [ggmiq Hi“l e m ni nrum and
maxi numtinme are determ ned by the appl | ca he equati ons and can

readily be determ ned by experinment of @4outine nature. If desired
the test may be repeated by switching off the voltage and al |l ow ng

t he concentration fﬂ of i Apgerates acerdingdosnysme of clgimsdl 1 to 39 whereiw the workingrriectrode
their initial states. It is to be understood that the analysis
of the current v. isiameetalseleated fromithegroup comprising|gokk; sitver, tpletindinf falladiom, iridium,
Co-efficient and/or concentration is not limted to the nethod gi ven
above but coul d al pad &al Alks S¢Rdf by ot Qer net hods. For

instance, the early part of the current v tinme curve could be anal ysed by

the 20 Cottrell eguati a}&é@ﬂt M{% ﬁéegﬂs‘:an
Concentration of anal th% an stea state curre anal ysed to

obtain a val ue qQf .ues can then be conpared to
obtain D and C gepa g?emngiecéﬁ 7/ 00441

PCT/ A6/ 00365 an electrochemical cell having a working electrode and a counter {or
counter/reference) electrode,
means for applying an electric potential difference between said electrodes,
means for measuring the change in current with time, and characterised in that
10  the working electrode is spaced from the counter electrode by less than 500 pum.
22.  Ahollow electrochemical cell comprising a working electrode, a counter and an
opening for admitting an analyte to the cell, the working electrode being spaced from the
counter by less than 500 um.
23.  Anelectrochemical cell according to claim 21 or claim 22 wherein the electrodes
15  are spaced from 100 - 200 pum apart. .
24.  An electrochemical cell according to any one of claims 21 to 23 wherein the
electrodes are facing one another.
25.  An electrochemical cell according to any one of claims 21 to 24 wherein the
electrodes are of substantially corresponding area.
20 26. Anelectrochemical cell according to any one of claims 21 to 25 comprising a
working electrode, a counter electrode and a separate reference electrode.
27.  Anelectrochemical cell according to any one qf claims 21 to 26 having an

effective cell volume of less than 1.5 microlitres.

This Sheet Has Been Re]i aced

—— ][]




- 18- It wll be understood that in practice of the invention
arf el ectrical signal is issued mummMEMIWIM| ch is indicative
of. change in current with tinme. The s an anal ogue or
digital signal or may be a series of signals idsuéd &t predeternined tine
intervals. Thes¥o81epdddl s nay be processed by neans of a m cr opemsessR0I650"
ot her 5 conventional circuit to performthe required calculations in
accordance with stored algorithnms to yield an out put signal

i ndi cative of the diffusion coefficient, analyde concentrati on,
haematocrit concentration or the |ike respectively. One or nore such

out put signals mayZbhe cfBRMFayEIbsgntisy ashensin described wighieefarence itmartyaine of thel ay .
It is also possible by suitable cell design to operate the cell as a

depl etjon cell 10E¥amples:ing the current required to deplete the mediator.
For exanple in the enbodi nent of Figure 5 the nethod of the invention

may be perforned U2%.ng Apmedtisetesding tdanyVdie 6b claims 11 1828 fHRAE flnaRAidg Y .
| ess t.han 500 [err]m An anperonetric or voltametric depletion

nmeasurenent may beconBélftration OplfdBE i HISHES S and 26 which are spaced apart

nore than 500 [err]mand such that there is no interference between
the redox specigs in AR tricall .deternjined at .el ectrodes 5,
26. T:ﬁg dg?)f%e?}ogn ng‘glg re%ﬁ?eﬂg‘iyalﬂlétlﬁﬁghwg‘ﬂw detgpining or
subsequent to, th .oeasurepent of diffusion coefficient by the nethod
of the invention. I °8ﬁg°§¥‘8"sﬂ“§g§“- substantial inprovenent in accuracy
and reproducabiity to be obtained. In the enbodi nents

descri bed the nenbrane is preferably an asynmetric porous 20 nmenbrane of
the kind described in Patent No. 4,629,563 and 4,774,039 both of which
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are incorporated herein in their entirety by reference. However symetri cal

per ous menbr anes may be enpl oyed. The nenbrane may be in the form of
a sheet, tube, hol low fibre or other suitable form VO .

97/ 00441

PCT/ AU96/ 00365wo0 97/00441 PCT/AUDE/00365

If the nmenbrane is asymmetric the target area is preferably on the nore
open side of the asymmetric nmenbrane. The unconpressed nenbrane
desirably has a thickness of from20 to 500 [err]m The m ni num

t hi ckness is selected having regard to sp%éﬁ, sensitivity, accuracy

and cost. If desired a gel may be enpl oyed to separate haematocrit 5

from GOD. The gel may be preséﬁ betwdén the el ecl?oBes and/or in the space
bet ween t he sanpl e appl
The wbrking el ectrode % o]
pl ati num pal | adfmT”

oy. The worKking
y guitabl e nethod
yacuum by

el ectrode may be preforged

for exanple sputtering, fevhgporati)on under par2i al

el ectrodel ess plating, el epprpprartgror7 e prie~SgN abl e non- et al
conductors may al so be MM’IJ’J‘%W | For exanpl e,
conducti ng pol ymers su as poly(pyrrole), Rolw(aniline), porphyrin

"W res", poly(isoprene) and pol y Ts¢4but adiygne) doped with iodine
and "l adder polyners". O her 1ﬁon- nmet al E—iﬂ‘-l llg Y

5 10
)
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é6 10
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el ectrodes nmay be graphite or carbon mxed with a binder, or a carbon
filled plastic. 15 Inorganic el ectrodes such as In[err] O[err] or
SnJerr] nmay al so be used. The counter/reference el ectrode may for
exanpl e be of simlar construction to the working el ectrode. N ckel

hydr oxi de or a Wwol9smeesshal i de may al so be used to formthe coupbeiatibadesssence
el ectrode. Silver chloride may be enployed but it will be understood
that chloridisation may not be necessary and silver may be used if
sufficient chloride ions are present in thSblood 20 sample. Although in

t he enbodi nents described the working el ectrode is shown on the

upper surface of the biosensog nd thgz- eferg?ce el ectrode is on

t he | ower . surface, the may b WO 97/ 00441
PCT/ AU96/ 00365 - 20-

It is preferable that the] i ZT ZCAT BUE AN T OUpAeT J( or
counter/reference) g [ ‘1§uaii§ﬂ?§;ghanalmm the sane effective
geonet,tric area. I; aasepar&;e referenceganq counter el ectrode
are enpl oyed, they nay'%mfbf = sinrtar constructton.j The reference

wi || be understood

| d be i oAbt o PR 7 :
e o ey T TR A e | o e

that the features of one
with those of another. The inventioff is not |i\mited tp use with any

particul ar ) 26 F/G.5 14 &

25 14 15
el
241, 5 ) 5 14
AL |
2)6 FlG.7 14

-~
Y
®
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conbi nati on of enzynme and nedi at or and conbi nati ons such as are descri bed

i n EP 0351892 or el sewhere may be enpl oyed. The system nay be used to
determ ne anal ytes ot her than glucose (for exanple, chol esterol) by
sui t abl e adaptation of reagents and by 10 appropriate nenbrane sel ection.
The system naywess@edde adapted for use with nedia ot hepcirAdebusend.
For exanple the nmethod may be enpl oyed to determ ne the concentration
of contam nants such as chlorine, iron, |ead, cadm um copper, etc., in
wat er . Al t hough the cells herein described have generally
pl anar and parall el electrodes 15 it WPl be understood that other
configurations may be enpl oyed, for exanple one electrode could be a
rod or needl e and the other ageoncentric sleeve. g;ll be
apparent to those skilled in e art fromthe disclosure hereof th
I nvention may be enb
I nventive concept ' T
-21- CLAI MS: y 1 SA( P & tion of
a reduced (or oxidis§ o of
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redox species in an el ectrochem cal cel
el ectrode and

a predeterm ned di stance,

of the kind conprising a working
a counter el ectrode spaced fromthe working el ectrode by
said 5 nethod conprising the steps of:

(1) applying an electric potential difference between the el ectrodes,

(2) sel ecti ngVOH#ogdt enti al of the working el ectrode such tpafabbéeesadt €

of el ectro-oxidation of the reduced form (or electro-reduction of the .
oxi dised forn) of the species is diffusion controlled, 10 (3)

sel ecting the spaci ng between the working ,el-ectrode and t
el ectrode so that reaction products fromt

t he wor ki ng el ect r ode, det er m ni

(4)

he counter

€ counter electrode arrive at

ngacurrent as a

function of time after application of the pdtenti al dMd prior to
achi eyenment of a steady state, 15 ( estimatirlg the magnitude of -
the steady state current, and ) obtainirlg fromthe change
incurrent with tinme and the magnitude of t steady state current, a
val ue +i ndi cative of the diffusion coefficie and/ or of tihe
concentration of the reduced form (or the of dised forn) jof the species.
2. A nmethod according to Caim1l whereinga steady statie oncentratlon
profile of 20 electrochem cal reaction pro@ucts is achié%e& bet ween the
wor ki ng el ectrode and count er el ectrod@e during the tperiod of a test.
3. A met hod according to Claim1 or Claigh2 wherein the el ectrodes are
separ at ed by Il ess than 500 [err]m :
< ©
N
g
g
4 n @
U B
g 9
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+e
T Wn
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S S O S S S S =3
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- 24- 20. Apparatus according to any one of clains 11 to 19 wherein

t he worki ng el ectrode is a netal selected fromthe group conprising
gold, silver, platinum palladium iridium | ead and al | oys thereof.
21. Apparatus for determining the concentration of a redox species in an
5 el ect roch®@%M@ed4tel | conpri sing: an el ecproaloodsnés

cell having a working el ectrode and a counter (or
counter/reference) el ectrode, neans for applying an electric potenti al

di fference . between said el ectrodessygreans for neasuring the change
incurrent wwth tinme, and characterised in that the spaci ng between
the working el ectrode and the counter 10 el ectrode is such that

reactive products fromthe counter electrode diffuse to e
wor ki ng el ectrode while the change in current with ti T i bei ng neasured.

22. A hol |l ow el ectrochem cal cell conprising a worKki g"é'l ectrode, a
counter and an opening for admring an analytte to the cell, the
wor ki ng el ectrode being spaced fromthe coudt er by | ess than 500
[err]m 15 23. An el ectrochenical cell accordihg o claim?21l or claim
22 wherein the el ectrodes are spaced from 100 { 280 [err]mapart.
24. An el ectrochenical cell according to any one of ¢ &ms 21 to 23
wherein the el ectrodes are facing one and her.
..
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"’26?rel Rn eFect rcchﬁrae;égt roae a Ezgrgl nauti Zﬂyl gneyogogﬁéﬁgggﬂ?%aéfﬁapﬂ 1997
rki'ng

conprising a eI ectrode, 3 counter el ectrode and a separate

ref erence el edt rlede- : An elléfit ocheni cal cell accor di ng to
~any one of clgins 21 to 26 haV| g an effective cell volune of |ess
than 1.5 m crofTTTES” YO 97JAMENDED PAGE]

PCT/ AU96/ 00365 -23 -

other side OfifflfnBARERGF eleiR) auﬁﬁ%ﬁwqﬁ%dﬁ&a%méfmem ?a[t&%%cfo\fv ﬂ&gq
menbr ane t herebet ween defining an el ectrochem cal , an V\,ﬂer n

t he nenbrane eémy |aterally fromthe cell to a sarrpl e deposition
area spaced ‘élﬁ % romthe cell zone by a di stance greater than the

t hi ckness of the nenbrane. 5 12. paratus according to Claim1ll

wherei n the el ect Thehehavisar of 2 thin tayar edlhis such that if bethayidised and reduced forms
Apparatus according to Claim1l or Claim12 wherein the el ectrochem cal

S 15T AR ot iy s engasihoniis o one

5 established across the cell. This results in a steady state current. It has been found that
by comparing a measure of the steady state current with the rate at which the current
varies'in the current transient before the steady state is achieved, the diffusion coefficient
of the redox mediator can be measured as well as its concentration. This is in contrast to.
the Cottrell current that is measured in the prior art. By measuring the Cottrell current at

10 known times after application of a potential to the sensor electrodes it is only possible to
determine the product concentration times square root of the diffusion coefficient and
therefore it is not possible to determine the concentration of the mediator independent of
its diffusion coefficient.

In a cell according to the current invention, by solving the appropriate diffusion

15 equations it can be shown that over a restricted time range a plot of In(i/i” -1) vs time
(measured in seconds) is linear and has a slope (denoted by S) which is equal to 4w*D/P
, where “i” is the current at time “t”, “i” “ is the steady state cun'ent “D” is the diffusion
coefficient in cm /sec, “I” is the distance between the electrodes in cm and “n* is
approximately 3.14159. The concentration of reduced mediator present when the

20 potential was applied between the electrodes is given by 21%°/FA1S, where “F” is
Faraday’s constant, A is the working electrode area and the other symbols are as given

above. As this later formula uses S it includes the measured value of the diffusion

coefficient.
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e popieny ~eatt 307 U509
10 contains Mim&ﬂfedi!ate the el ectrochenical cell. and, t Qe?sag%pl:e}?
ila U JoIpA

deposition argal 15. Appa'[r atus according to any one-of *clai As

14 further co ri@'@gpﬂw buffer in the vicinity of the sanple
16. A@t

deposition arpa ar at us accigr ding to Caim15 further
conprising a pH-buf-fer—tmTthe vicinity ~ 20t the wor ki ng el ectrode. 15
17. Appar at us according to Cjaim 11 conprising a second el ectrochemn cal
cell zone ~of the nmenbrane defi[AMENDED BAGR]d wor ki ng el ectrode and a
second counter/reference el ectrode on the opposite side of the

menbrane from the §ﬁ1%ﬁ'?°1|s X"Q&A%itd?ng&'ae%ﬁ%d)&ﬂ; me?sué%x?&ﬁofiaswﬁeawéf@@g%@i ng

to Caim17 wherein the second el ectTocheni ca | zone 1s uat ed
intermedi ate the first cell.zone.and the. sanple depositi.on or. target area.
20 16 apphradble i wliep e AR coRmcam Bf e redormedin el das
unconpr essed menbrane has a thickness of less than 500 [err]m

WO 97/ 00441 the concentration of the analyte to be determined. PCT/ AU96/ 00365

- 24- 20. Appar atus according to any one of clains 11 to 19 wherein

the working el ect rRegeover the defermin¥HbR bf SR RE tokbehirABn ddROOHE PR | Si NG
gold, silver, platinum palladium iridium | ead and al | oys thereof

5 variation to the diffusion coefficient of the species which is electro oxidised or electro

reduced at the working electrode. Changes in the value of the diffusion coefficient may

T : AMENDED SHEET
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| aU 90/ 00365
ratu IWYH Ti ncentration | |
gl. el e?f?gcﬁfamscal LceI | conpri gi tge concentratio agf e?‘égﬁ@]éﬁﬁaﬁséﬁ %7

[
havi ng a worKkirg [el g¢t spRieggnd ja|counter (or counter/reference)
el ectrode, means fof applying _an electric potential difference
bet ween sai d ellectTTO0ES; nmean¥ for neasuring the change in
current with titoe, and characterfsed in that 10 the working electrode is
spaced fromthe counter electrode bJyAMENDEBRAGED [err]m 22. A
hol | ow el ectrochemi cal cell conprising a working el ectrode, a counter and
an openi ng frHe sHéAdY tated\QirRit BIoak 1 Fhich ol TBrtR&! signifidi®t ¥etdrk BBange
el ectrode being spaced fromthe counter by less than 500 [err]m

23 e RNl ] G M S £ Bl

el ectrochem cal cell according to any one of clains 21 to 23 wherein the

el ect rodes arcurreatanayboreac ewhich there npy be a gt dvectotfpctetsstich ag laterall
according to any one of claims 21 to 24 wherein the el ectrodes are of
subst anti al | iffasi6rs epapvtatith, ait€feringlectrébhemicAlitefitions 60OMb ¢ike. C Blowedtr, in
according to any one of clainms 21 to 25 conprising a wor ki ng
el ectrode,s a ?R r. ggﬂﬂgi f .o | E%ga?;
27. An el e r??:%gtrﬁ; géltleﬁgfeﬁﬁﬁ%%ccor | ﬁ%n%g%#ngﬁﬁgﬁgﬁii Q%L (Si f%
havi ng an effective cell volunme of less than 1,5 mgrolitres.

J doing so involves approximat?ng an in(i)tial value forqa. Using the %t of the i versus t

data to the theoretical curve a better estimate of i” is then obtained. This is repeated
reiter_a_tively until the measured value and approximated value converge to within an
acceptable difference, thus yielding an estimated i”.

10 In practice, the measurements of current i at time t are made between a minimum
time t min and a maximum time t max after the potential is applied. The minimum and
maximum time are determined by the applicability of the equations and can readily be
determined by experiment of a routine nature. If desired the test may be repeated by
switching off the voltage and allowing the concentration profiles of the redox species to

15 return towards their initial states.

It is to be understood that the analysis of the current v. time curve to obtain

values of the Diffusion Co-efficient and/or concentration is not limited to the method

given above but could also be achieved by other methods.

- AMENDED sHps
IPEA/AY i



worsoss (AR,

Appar atus substanially as here| n descri b&f "Wt h reference t'o any "oné of the
Exanpl es. 29. Appar atus accordi'ng to any one of clainms 11 to 28 for
use i n nmeas@® ng Apparats accepting ta snytdngef claimg 1o 48 wherdih deriworiing dectrodeA
met hod according to any one of clains 1 to 10 when used for determ ning

haemat ocrit isansestseirtiedfrom the group comprising gold, silver, platinum, palladium, iridium,
lead and alloys thereof.

21.  Apparatus for determining the concentration of a redox species in an
5 electrochemical cell comprising:
an electrochemical cell having a working electrode and a counter {or
counter/reference) electrode, means for applying an electric potential difference
heﬁveen said electrodes, means for measuring the change in current with time, and
characterised in that the spacing between the working electrode and the counter
10 electrode is such that reactive products fr(;m the counter electrode diffuse to the

working electrode while the change in current with time is being measured.

22.  Ahollow clectrochemical csll comprising a working elecwrode, a counter and an

opexning for admiring an analyte to the call, the working eleczode being spaced from the

counter by less than 500 pm.

13 23.  Anelecwochemical ceil according to claim 21 or claim 22 whersin the alectrodes

are spaced from 100 - 200 pm apar:.

o 24.  Anpclecrochemical cell according to any one of claims 21 te.23 wherein the

electrodes are facing one another.,

15.  Anelecwochemical cell according to any one of claims 21 to 24 wherein the

20 clecrodes are of substandally corresponding area.

26.  An elecmochemical c=ll according to any one of claims 21 o 25 comprising a

working electrode, a counter elecrode and a separate referencs slectrode.

27.  An clectrochemical cail according to any one of claims 21 to 26 baving an

effective cell volume of less than 1.5 microlitres.
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