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TITLE: ELECTROCHEMICAL METHOD

FIELD OF THE INVENTION

This invention relates to an electrochemical method for determining the
concentration of an analyte in a carrier and to apparatus suitable for use in conducting
the method.

BACKGROUND ART

The invention herein described is an improvement in or modification of the
invention described in our co-pending application PCT/AU96/003 65, the contents of
which are incorporated herein by reference. |

The invention will herein be described with particular reference to a biosensor

adapted to me_asure the concentration of glucose in blood, but it will be understood not to |

be limited to that particular use and is applicable to other analytic determinations.
It is known to measure the concentration of a component to be analysed in an
aqueous liquid sample by placing the sample into a reaction zone in an electrochemical

cell comprising two electrodes having an impedance which renders them suitable for
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sanpl e by placing the sanple.into.a reaction.zone in _an
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PCT/ AU96/ 0ooxidisable (or reducible) substance in an amount corresponding to the concentration of -

anperonetric neasurenent. The conponent to be analysed is allowed to react
directly the compéricht @rbeainalysedo e qasintily ofthe loyidixable o reduxtibly) sabstance r edox
reagent whereby to form an
5  present is then estimated electrochemically. Generally this method requires sufficient
separation of thé electrodes so that electrolysis products at one electrode cannot reach the
other electrode and interfere with the processes at the other electrode during the period of
measurement.
In our co-pending application we described a novel method for determining the
10  concentration of the reduced (or oxidised) form of a redox species in an electrochemical
cell of the kind comprising a \gvo_rking electrode and a counter (or counter/reference)
electrode spaced from the working electrode. The method involves applying an
electrical potential difference between the electrodeﬁ, spacing the working electrode
from the counter electrode so that reaction products from the counter electrode arrive at
15 the working electrode and selecting the potential of the working electrode so that. the rate
of electro-oxidation of the reduced form of the species (or of electro-reduction of the
oxidised form) is diffusion controlled. By determining the current as a function of time
after application of the potential and prior to achievement of a steady state current and
then estimating the magnitude of the steady state current, the method previously
20  described allows the diffusion coefficient and/or the concentration of the reduced (or
oxidised) form of the species to be estimated. |

Our co-pending application exempliﬁes this method with reference to use of a

“thin layer” cell employing a GOD/Ferrocyanide system. As herein used, the term “thin



oxi di sabl e (or reducible) .substance in an anmount corresponding to the
concentration of the conponent to be anal ysed. The quantity of the
oxi di sabl e (or reducible) substance S present is then estinated
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separation of the electrodes so that electrolysis products at one el ectrode

cannot reach the other electrode and interfere with the processes at
t he other el ectrode durlng t he period of measur enent .

I n our co-pen d|n i ca we descri.bed a novel nethod for determ ning
the 10 co ?‘Sﬁ’g&? f’ﬂg 7 §6ﬁf8@§et 3?“8& F@Fé&ﬁ}“?%&ﬁ%‘fgﬁs‘f% speci es
in an el ectrochem cal cell of the kind conprising a working

el ectrode arfgacioapuduets from thesowter glectiode amive pt the working, ¢ etmdsdénﬁmnw from
t he worki ng el ectrode. The nethod invol ves appl yi ng an el ectrical

~potential dithé separation bEtlestemies mcsuch e celt fmtaeaswinggluvgsd indloant willis lessect r ode
fromthe counter electrode so that reaction products fromthe counter

el ectrode arthinys00PhicronR, add}ReféRblyi 186 RACI00 MidfongNd sel ecting the potenti al
of the working electrode so that the rate of el ectro-oxidation of the

reduced fsor m of -t rﬁle%ﬂ?xﬁisﬁ? gé:%rlg%e ex ﬁuhﬁgd élg&#%]ﬁérﬂﬂalq;elltlpfs follows: oxi di sed

form is diffusion con current  as a runction of

tinme after |cat| of the en and prior to achi evenment of a
steady state curr@ﬁ{“’ -*glumcgeé rftégpﬁng t he magni t ude rG‘F""Pﬁg‘ssteady
state current, the net hod previ ousl 20 descrijbed allows the diffusion
coefficient and/ olGORE+@fergeyanide-»EFOBH+ 2mosyenideed (or reaction 2

where GOD is the enzyme glucose oxidase, #nd GOD* is the ‘activated’ enzyme.
Ferricyanide ([Fe(CN)s]™) is the ‘mediator’ which returns the GOD* to its catalytic

10 state. GOD, an enzyme catalyst, is not consumed during the reaction so long as excess
mediator is present. Ferrocyanide ([Fe(CN)5]4') is the product of the total reaction.
Ideglly there is initially no ferrocyanide, although in practice there is often a small
quantity. After reaction is complete the concentration of ferrocyanide (measured
electrochemically) indicates the initial concentration of glucose. The total reaction is the

15 sum of reactions 1 and 2:

GOD
glucose + 2ferricyanide — gluconic acid + 2ferrocyanide reaction 3

“Glucose” refers specifically to B-D-glucose.
The prior art suffers from a number of disadvantages. Firstly, sample size
20 required is greater than desiraﬁle. It would be generally preferable to be able to make
measurements on samples of reduced volume sincé this in turn enables use of less

invasive methods to obtain samples.
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than 500 microns, and preferably |ess than 200 m crons. . The
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gl ucose + GOD -> gluconic acid + GOD* reaction 1

GOD* + 2f err iot pther fhetorsintioinced dtdng massgprodietion of microcells.eact ion 2

where GOD is the enzyne glucose oxidase, and GOD* is the 'activated

enzyme. Fer mhﬁu@nit%u(d E@geﬁé&hy Hédidableits rddiibe theBeHeah#tlis reghirédlin’ €t Ur NS
the GOD* to its catal ytic

5  which to obtain a measurement. The test protocols used in current commercially
available electrochemical glucose sensors involve a predetermined wait period at the
beginning of the test during which the enzyme reacts with the glucose to produce the
specie that is sensed electrochexﬁically. This initial period is fixed at the maxzmum
necessary to achieve the desired reaction under all conditions of use.

10 Fourthly, it would be desirable to eliminate variations due to oxygen. Oxygen
can be plentiful in blood. either _dissolvéd in the plasma, or bound in haemoélobin. It
can also be introduced during “finger sticking”, where a blood drop of small volume and
high surface area is exposed to the atmosphere prior to introduction to a cell. Oxygen
can interfere since oxygen is a mediator for GOD. The reaction is as follows:

I5 glucose + GOD — gluconic acid + GOD* reaction 4

GOD* + oxygen + water — GOD + hydrogen peroxide reaction 5

The total reaction is given by:

GOD
glucose + water + oxygen —gluconic acid + hydrogen peroxide reaction 6

20 In most situations the complication of oxygen also acting as a mediator is
unwanted, simply because the concentration of final ferrocyanide no longer is directly
propoi'tional to the concentration of initial glucose. Instead, the initial glucose
concentration is then related to both the final concentration of ferrocyanide and of

hydrogen peroxide.



A
10 ‘staté. GOD, an enzyme.catalyst, is not consuned during the reaction so

| ong as excess nmedi ator i s present. Ferrocyani de
([Fe(CN)[err]][err]) is the product of the total reaction. | deal |y
there is i wWa9748465 no ferrocyani de, although in practice theCEAUIV/G2ZEN a
smal | quantity. After reaction is conplete the concentration of
ferrocyani de (neasured el ect rochqrg’_cal ly) indicates the initial
concentration of glucose. The total reaction is the 15 sumof reactions 1
and 2: GOoD gl ucose +

2f erri cyani QQBJE/CTQFMWWN 2f errocyanide reaction 3 "d ucose"
refers specifically to [err]-D-glucose. The prior art

suf fers fr orAmobjectinf thedhvaition iva previdesan ifiprevet ynetiodfot determination®f theequi r ed
is greater than desirable. It would be generally preferable to be able to

nmake rGdRceHirati®bSantinalyfe Tl la@arriet whithlueids v hnieltorates1the disadvankdges of N
‘enabl es use of |ess I nvasi ve nethods to obtain sanpl es. .

EF;’ZZ{I'} iﬁgg /0 07p§i§r art. It is an object of preferred forms of the invention to provide a biosensor 4‘1).f
5  improved accuracy, and/or reliability and/or speed.
DISCLOSURE OF THE INVENTION

According to one aspect the invention consists in a method for determining the
concentration of a reduced (or oxidiséd) form of a redox species in an electrochemical
cell of the kind comprising a working electrode and a counter electrode spaced from the

10 working electrode by a predétermined distance, said method comprising the steps of:

(a) applying an electric potential between the electrodes, wherein the
electrodes are spaced so that feaction products from the counter electrode arrive at the
working electrode by diffusion and wherein the potential of the working electrode is
such that the rate of the electro-oxidation of the reduced form (or oxidised form) of the

15  redox species is diffusion controlled,

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

(¢) estimating the magnitude of the steady state current,

(d) interrupting, or reversing the polarity, of the potential,

20 | (e) repeating step (b) and step (c).

The invention stems from the discovery that if the polarity is reversed (ie the

anode becomes the cathode and vice versa) after the initial steady state current is

achieved, then a second transient current can be observed and after a period of time a
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Secondl| y, it would be generally desirable to inprove the accuracy of
measurenment and to elimnate or reduce variations due, for exanple, to cell

.asymretry or other factors introduced during mass production of
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According to a second aspecf the invention consists in a method accordi.ng to |
the first aspect for measuring the concentration of glucose in a sample by means of a cell
having a working electrode. a counter electrode, an enzyme catalyst and a redox
10  mediator, comprising the steps of operating the cell at a potential higher than that of the
redox reaction so as to oxidise hydrogen peroxide at the anode and then conducting a
method according to the first aspect.
By this means the interference of oxygen can be atr;eliorated as explained in
more detail hereinafter.
15 According to a third aspéct the invention consists in a method according to the
first or second aspect wherein the sample is allowed to react with an enzyme catalyst and
a redox mediator comprising the steps of:
@ applying a potential between the electrodes before or during filling of the cell,
(b) measuring the increase in current as a function of time,
20 (¢ determining or predicting from the measurement in step (b) the time of
completion of reaction with said catalyst, and
()] then interrupting or reversing the polarity of the potential.

BRIEF DESCRIPTION OF THE DRAWINGS
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5 Figure 2 illustrates the concentration profiles across an €lectrochemical cell
according to the invention before the application of an electrical potential, after
application of the potential and prior to reaching steady state, and at steédy state.

Figure 3 shows the time dependence of current prior to and after application of
electrical potential.

10 Figure 4 shows the ferrocyanide concentration profiles across an
electrochemical cell according to.the invention prior to a polarity reversal, after reversal
and.prior to reaching a steady state, and at steady state.

Figure 5 shows the time dependence of current prior to and after a polarity
reversal.

15 Figure 6 shows the time dependence of current prior to and after an interruption
of applied potential of 15 seconds.

Figure 7 shows the reactions in an electrochemical cell with peroxide oxidation.
Figure 8 shows the time dependence of current when an initial potential
sufficient to oxidise hydrogen peroxide is applied.

20 Figure 9 describes the cell of Figure 7 in plan view.

Figure 10 describes an embodiment of a cell suitable for use in the invention in
cross-section view on line 10-10 of Figure 9.

Figure 11 describes the cell of Figure 7 in end section view.
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concentrdtion of a reduced. (or oxidised) formof a redox species in an

el ectrochem cal cell- of the kind conprising a working el ectrode and
a counter electrode spaced fromthe 10 working el ectrode by a

pr edet er mi nwb otisaesnce, sai d net hod conprising the steps of : PCI/AU96/00723

(a) applying an electric potential between the el ectrodes, wherein the

el ectrodes are spaced so that reaction pr%ducts fromthe counter el ectrode
arrive at the wor ki ng el ectrode by d'lffusion and wherein the
potential of the working el ectrode is that the rate of the .
el ectro-oxi dati on O¥ith pRierpreg e Eigures9m! ¢ and bk‘ébGIes‘éﬁh"f“@r(ﬁ?“Gfsc #)by way of edox
species is diffusion controll ed, (b) determning current as
a function ofexample cafyt meleqlqnbhe:mit:él@all stiitablecfopsedn theahethod of the invention. or t o
achi evenent of a steady state, (c) estimating the nagnitude

of the steady statghgiél @cﬂﬁpnsesapolgestercore4aﬁpﬁ&xzmhﬁlyergnﬂﬁtxi%aﬁd 10@ver sing
the polarity, of the potenti al repeati ng step (b) and
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a sputter coating of palladium 2. The sputter coating took place at between 4 and 6

millibar pressure in an atmosphere of argon gas to give a uniform coating thickness of
about 100-1000 angstroms. The sheet is adhered by means of an adhesive 3 to core 4
with palladium 2 adjacent core 4 and cdvering aperture 8.

10 A second polyester sheet 7 having a second sputter coating of palladium 6 is
adhered by means of contact adhesive 5 to the other side of core 4 and covering aperture
8. Thereis thereby defined a cell having cylindrical side wall 10 and closed each end by
palladium metal. The assembly is notched at 9 to providé for a solution to be admitted
to the cell or to be drawn in by wicking or capillary action and to allow air to escape.

15 The metal films 2, 6 are connected with suitable electrical connections or formations
whereby potentials may be applied and currently measured. The cell is furnished with
GOD and ferrocyanide in dry form. The cell is shown schematically in Figure 1.

In use according to the method a drop of blood is drawn into the cell at 9 by
capillary action and allowed to react.

20 PREFERRED EMBODIMENTS OF THE INVENTION
The electrochemical means for measuring the ferrocyanide concentration after complete

reaction can be considered by reference to figure 1.
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consists in &afies(engymatie grasting iscomplete) is equabthrougoutthpeslt (thegxispfintarashy t he
concentration of glucose in a sanple by nmeans of a cell havi ng a

wor ki ng el ecteingehat between therelsetrodds). oTles connengratipmprofile ofl forocyanide & gieetnin 10
medi ator, conprising the steps of operating the cell at a potential higher
than that of fighe2. - redox reaction so as to oxidi se hydrogen peroxide
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ferrocyanide at the cathode and ferrocyanide is converted to ferricyanide at the anode.

(

The chemistry is so arranged that after complete reaction there is still an excess of
ferricyanide compared to ferrocyanide. For fhis reason the process that limits the
complete electrochemical process is the conversion of ferrocyanide to ferricyanide at the -

10 anode, simply because ferrocyanide is at a significantly lower concentration. Further the
‘rate limiting step for the reaction of ferrocyanide is the diffusion of ferrocyanide to the
anode. After a period of time a steady-state is achieved. wherein the concentration
profile of ferrocyanide and ferricyanide remains constant (see figure 2).

Therefore there are two limiting situations: initially 20 the ferrocyanide is

15 evenly distributed throughout the cell. Then after a known potential is applied across the
cell for a period of time a steady-state concentration profile 23 of ferrocyanide is
achieved. The ‘transient’ 22 reflects the measured current across the cell as the
concentration adjusts from the initial situation to the final steady state situation 23. This
is shown as a function of time in Figure 3. It has been found that the change in the

20. current with time during this ‘transient’ period is dependent upon the total concentration

of ferrocyanide and the diffusion coefficient of ferrocyanide.



15 ) Accor di n'g to.a third aspect the invention consists in a

nmet hod according to the : first or second aspect wherein the sanple is
allowed to react with an enzynme catal yst and a redox nedi ator
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el ectrodes before or during filling of the cell, (b) measuri ng
the increase in current as a function of_{)'_me, 20 (c) - determning or
predicting fromthe neasurenent in step ( ‘% the tine of conpl eti on of
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The invention will now be nore particularly described by way of exanple
only aalduldble himieaigeence to the acconpanyi ng draw ngs wherein:
Figure 1 exenplifies the reactions taking place in a cell according to the
In(i_-1)=-4z*Dt +InQ2) : Eqn 1
s i L?

where i is the measured current, i is the current at steady-state, D the diffusion
coefficient of ferrocyanide in the cell, L the separation distance between the anode and
cathode, and t is time.
This is a simple solution of the general diffusion equation. However, it may be
10 possible to use other solutions. o
The final current at steady state alsb depends upon the total concentration of
ferrocyanide and the diffusior; coefficient of ferrocyan.id_e.. The steady state current can
also be modelled by diffusion theory, and is given by:

iss =2DFCA Eqn 2
15 L '

where F is the Faraday constant. C the initial concentration of ferrocyanide and A the
area of the working electrode. By initial concentration is meant the unperturbed
concentration (shown as 20 in Figure 2).
Analysis of the current observed during the transient and also at steady state
20  allows calculation of both the concentration and diffusion coefficient bf ferrocyanide,
and thus also the initial glucose concentration.
This analysis is achieved by plotting:

ln(i:_-l) ' Eqn3

lSS



i nventi on. 5 Figure.2 illustrates the concentration profiles
across an el ectrochem cal cell according to the invéention before the
application of an electrical potential, after application of the
potential aNTPAME to reaching steady state, and at steady RETAE96/00723
Figure 3 shows the tinme dependence of current prior to and after
application of el ectrical potentiaj;.-. 10 Figure 4 shows
the ferrocyani de concentration profiles across an el ectrochem cal
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rever sal and prior to reaching a-s

Figure 5 shows the tine dependen of cyrrent prior to and after a palarity
reversal . 15ange and thus can b analygedfos REAMPIE e ﬂ!‘?ﬁ’ré”&'eiﬂ@?f&%%ﬂ?“c@?@ﬂ{

prior to and after an interruption of applied potential of 15
seconds. is a constant for a given gelb mmmttﬁew%gwcﬁMﬂWM@lngchem cal

cell with peroxide oxidation. Figure 8 shows the tine
dependence obnablesitbaludefithediffusion icedffipiehrofithededox mediatos wf be cal@ildted ghd
oxi di se hydrogen peroxide is applied. 20 Figure 9 describes the

cel | of F5guiR chnbebtrBtiélofth€¥halyte to be determined, F1 gure 10 describes an
enbodi nent of a cell suitable flor use in the invention in
Another possible way to analyse the data is to use the variation of current with
time soon after the potential step is applied to the electrodes. In this time period the -
current can be adequately described by the Cottrell equation. That is:
i - FAD"C/(pi"t”) - Eqn 4
10 By least squares regression on a plot of i vs 1/t* a value of FAD”C/in’ can be
estimated from the slope of this plot. The steady state current i is given as before, so by
combi_ning the slope of the plot given above with the steady state current a vaiue of the
concentration of the ferrocyanide, independent of the diffusion coefficient of the |
ferrocyanide iﬁ the cell. can be estimated. This is given by:
15 C = 2slope’pi/(FALi) Eqn 5
In an example according to the present invention, a sgmple of blood is admitted
to a thin layer cell containing a GOD/ferrocyanide system such as previously described
with reference to Figures 7. 8 and 9. As illustrated in Figure 3 after allowing a short
time 20 for reaction, an electric potential is applied between the electrodes, current flow
20 commences when the potential is applied 21 but then falls as a transient 22 towards a
| steady state level 23. The diffusion coefficient and/or glucose concentration are derived
by rheasun'ng current as a function of time and by estimating the steady state current.

According to the present invention, the current is then interrupted, or reversed



cross-section view on line.10-10.0f Figure 9. Figure 11

describes the cell of Figure 7 in end section view. ” WO 97/ 18465
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Wth refereI¥84¢5 gures 9, 10 and 11 there is shown (not tBCEHANDP&O7RY way
of exanpl e only an electrochem cal cell suitable for use in the

nmet hod of the invention. ke cell conprises a polyester
core 4 approximately 18nm x 5mm and 100 m cron thick and havi ng a
circul ar apertur | anet er.. rture

cylindri cal cé’fﬁ?ﬂ‘a $°5\5’W"rg]?) Y RGPS H @ sﬁgae%ﬁ‘%wgqhdéggxppe@pg 13r7v§rsg%| yest er
sheet | having - .a sputter coating of palladium2. The sputter coating
t ook place at sesendigansient igthersobserved, andia|se¢ond stepdiestatg isrepched aften afustherer e of
argon gas to give a uniformcoating thickness of about 100-1000

angstrons. Theeridiosfitimesalthdhigh the profilerisaeversed. The wnertging ehdhge (in fenroeya‘inde
with palladium 2 adjacent core 4 and covering aperture 8. .
second pol yestgicesthith pfofladérdss the SIS SRowPsthbRbtica AR irt P%u&f4. pﬁ{é iAffialim 6 i s
5  concentration profile prior to current reversal is 23. The new steady state concentration
profile is shown at 25. The transient concentration profiles are exemplified at 24.
By solving the diffusion equations for this situation, it can be shown that the

transient current is described by:

In(i_-1)=-4x“ Dt+ln(4) Egn6
10 ig

It is therefore simple to re-estimate the diffusion coefficient and concentration
under the reversed polarity c&ndiﬁong. In theory the results should be independent of the
type of transient or polarity. In practice, the results may diffef due to factors affecting
the transient such as sample inhomogeneity, state of the electrodes, or more importantly,

15 due to asymmetries in the cell construction. This measure is therefore useful for cell
diagnosis and also enables greater accuracy by allowing repetitive measurement and
averaging with revers? polarities. |

Similarly, if the potential is interrupted after steady state is reached, the initial )
concentration profile will be re-established in a short time (for example 4 seconds).

20 Once the initial state is re-established (or approximated) the potential can be re-
applied and the prbcedure fepeated without current reversal. Figure 6 shows a plot of
cun;ent versus time similar to that of Figure 3 but having the potential interrupted at 26 h
and reapplied after 15 seconds at 27 yielding a new transient current 28 and then a state

29.



adhered by means of contact adhesive 5 to the other side of core 4 and
covering aperture 8. There is thereby defined a cel'l having
cylindrical side wall 10 and cl osed each end by _pall adium netal. The
assenbly iWOP318468d at 9 to provide for a solution to be adOwAesso0723 to
the cell or to be drawn in by w cking or capillary action and to allow air
to escape. 15 The netal filns 2, 6 areg connected with suitable electrical

connections or formations wher eby potentials may be applied and
currently neasured. The cell s furnished with GOD and ferrocyani de
in dry form The gélsﬁa‘q%spr%‘ﬂ » thereeRgRee ot oxyesnin theRlped 1 an interference I n

use according to the method a drop of blood is drawn into the cell at 9 by
capi | | ary a8infetheganceatrationaf final fegacyanide iothemamrdiRaly FopaTioMINT theGRitiAHE
| NVENTI ON The el ectrochem cal nmeans for neasuring the ferrocyani de

concentrat i glucodet dnsteadtin iiitial glucose is feletéd Both ethe HiaalcoRsentiatigoy ref erence
to figure 1. WO 97/ 18465

I Uhi n | porY Rt Pl hydrogen pefoxde, however, the presentjovenioes heve found i
terri cyagli dﬁydrogen peroxide can be oxidised at the anode at a known potential which is higher
than that for the ferrocyanide/ferricyanide redox reaction. The total electrochemical path
is given in Figure 7. The hydrogen peroxide reaction is:
hydrogen peroxide — oxygen+ 2 H' +2¢” reaction 7

If, during the period of enzyme reaction a potential is applied (Figure 8) across

10 the cell that is sufficient to oxidise hydrogen peroxide. then the following will happen

during that period: -
(a) ' glucose will be reacted to gluconic acid.
() ferrocyanide and hydrogen peroxide will result.
(© the ferrocyanide/ferricyanide redox will eventually reac.;h steady state.
15 (d) the peroxide will be oxidised at the anode and the electrons used to convert

ferricyanide to ferrocyanide.

In total, after a period of time (approximately 2% seconds in F 1gure 8)ata
constant potential all the peroxide will be converted to oxygen ( which is then a catalyst,
and will return to complete more enzyme chemistry until glucose is exhausted), and the

20  electrons utilised to convert ferricyanide to ferrocyanide.

At this stage (60 seconds in Figure 8) a reverse transient is applied. That is, the

polarity of the cells is switched, but now at the lower potential suitable for the

ferricvanide/ferrocyanide redox reaction. The final steady state ferrocyanide will once



(after 'énzymatic' reactionis conplete) is equal throughout the cell (the

axi s of interest bei ng that between the electrodesf. The
concentration profile of ferrocyanide is given in figure 2. 5
When a par tWOA846pot enti al is applied across the cell ferr i RGEANWHOTIS
converted to ferrocyani de at the cathode and ferrocyanide is

converted to ferricyanide at the anode. } The chem stry is so arranged
that after conplete reaction there is stlﬁ an excess of

ferricyani de conpared tq ferrocyam de. For this reason the process that
linmts the agmrgfiqs dpigialglucoss epnceniration. [Thigcan B emalxsaénb@ﬁmuébr of
ferrocyanide to ferrlcyanlde at the 10 anode, sinply because

f err ocyani de described maspeyrio feterming the|totalsgoncentration ofsgluense irRhe initial sanple.

rate limting step for the reaction of ferrocyanide is the diffusion of

ferrocyani de to th¥sing the method @€ theAmveRtiomfithe @¢actich piiast bfthe fesbtandity- st ate i s
achi eved, wherein the concentration profile of ferrocyani de and

ferricyani de f{#fBieddn SiaSkASchémiRElY WG ith th Lefore
there are two |mtl?lg si t uat |ho[§s l‘I; nltllg|l y e2nongtvtv1le fgrn?eggyammggﬁl s 15

evenly di t hr oughout . Then after a S
appl i &d 2 ro?@’ e 1eBbiaHe Bopleftond Gan rof et o epfferhent SRR G defy.
concentratlon profile 23 of ferrocyanide is achi eved. The
“transient' Jhe waititios wilk vasy fremtest eitest and avill be dhegninimpa neegspary foriapi

concentration adjusts fromthe initial situation to the final steady state
si tuati on 23particulgr sample and cell. taking account of changes in enzyme activity from cell to cell

as well as different temperatures and glucose concentrations. This is in stark contrast to
lprior art in which measurement is delayed until the maximum time required for reaction
10  after allowing for all these factors.

In the present method the reaction phase is monitored by applying a potential
between the twb electrodes of, for example, -300mV as soon as the ceil begins to fill
with sample.

A linear concentration profile of the reduced mediator is soon achieved across

15 the cell. As more reduced mediator is produced by the enzyme reaction with glucose
this linear concentration profile becomes steeper and the current increases. When the
reaction is complete the current no longer increases. This point can be detected by well
known electronic means and the measurement phase of the test can then be commenced.

The end-point of the reaction can also be estimated by fitting a theoretical

20 kinetic equation to tﬁe current versus time curve generated during this part of the test.
This equation can predict the degree of completion of the reaction at any time, so would
allow knowledge of when the end-point would occur without having to wait to get there.

This would further shorten the test time. For example, one could fit an equation to the



is shown &s a function of time in Fi gure 3. It has been found that the
change in the 20 current with tinme during this '"transient' period is

dependent upon the total concentration of ferrocyani de and the
di ffusion c¥N@9/HB46Nt of ferrocyani de. WO 97/ 18465PCT/AU96/00723
PCT/ AU96/ 00723 - 10-

By solving the diffusion equations for thilg_si tuation, it can be shown that
t he transi ent can be adequately described by the follow ng equation

over a restricted cal cul able tine range; [err where i is the
measur ed cur r BRESUd RIpRY!Se CUTTERTVERSS HimGcunye- gﬁ?ﬁ?"%‘{”aﬁ‘@d then predigt ‘ﬁ‘P"uaéi on
coefficient of ferrocyanide in the cell, L the separation distance between
t he anode andtime X the geactieniwill ke, forexample; 94% complete.. If one megsyresthe a si npl e

solution of the general diffusion equation. However, it may be 10
possi bl e t o usmceritiation antimé Xoone. would then divide the answer by 0.90 to get the true

concentration.

5 The méasurement of concentration in this system is done by reversing the
potential, ie applying +300mV between the electrodes. A current vérsus time curve will
then occur, which is the same as that of the second transient in a double transient
experiment ie by transforming the current i measured during the measurement phase one
can obtain a plot of In(i/iss - 1) versus time which will have a slope of -4pi"2D/1"2 and |

10 anintercept In(4). The normal analysis can then be used to obtain the concentration of
glucose.
In some situations it may be difficult or impossible to know the distance
~ between the electrodes in the electrochemical cell. For example, very'small separations
(ca. 10 microns) may be very difficult to manufacture or measure reproducibly. In these
15  situations the use of information from two adjoining cells can be used to calculate the
concentration of an analyte in a sample without knowledgé of the cell separation if one
of the cells contains a known concentration of the analyte or the corresponding reduced
mediator prior to sample addition. Alternatively, a known quantity of this analyte or
reduced mediator can be added to the sample destined for one of the two cells prior to
201 addition of the sample to the cell. Another variation is if both cells contain a pre-
determined analyte or reduced mediator concentration but each has a different

concentration. Yet another variation is if two different predetermined quantities of the



The final *current at steady, state al so depends upon the total concentration

of ferrocyani de and the diffusion coefficient of ferrocyanide. The
steady state current can al so be nodel |l ed by diffusion theory, and is
gi ven by: WO 97/18465 [err] Eqn ZPAQBAU96/007230her e
F is the Faraday constant. C the initial concentratlon of ferrocyani de and
A the area of the working electrodejgBy initial concentration is
nmeant the unperturbed concentration (shown as 20 in Figure 2).

Anal ysi s of t curre rved d t he.tr at, st eady
state ﬂ’ﬁ 634]“8@) ‘?i IB‘Fa {Wa afig ?@%ﬁtﬁﬁﬁ“&i gﬁﬂab‘?"f’ i on
coeff|C|ent of ferrocyani de, and thus also the initial glucose

concent r at | o#dded to the adjoining cqlis. s anal ysis is achieved by plotting: [err]
WD 97/ 18465

PCT/ AU96/ 00723 The two electrochemical cells are then used in the normal fashion, and from

each cell the following quantities are measured: steady state current (i;;) and the slope of

5 the straight line defined by In(i/i;~1) versus time, where i is the measured current. With
a knowledge of these values and also a knowledge of the difference in concentration of
the analyte or reduced mediator betweén the two cells, which is known (it is equal to that-
value purposely added to one cell), it is possible to calculate the concentration of analyte
or reduced mediator in the sample, without any knowledgé of the separation distance of

10 the electrodes.

The above can be used in conjﬁnction with a third cell that is used to measure
the background current or concentration due to current caused by , for examﬁle, reduced
mediator formed by the application and drying of the chemistry, catalytic effect of the
metal surface, oxidation of the metal surface, sample components that have effects on the

15 analyte or mediator, electrochemically responsive components of the sample etc. This
background concentration or current would be subtracted from the values measured from
the two cells discussed above to calculate the true values for each cell resuiting from the
analyte in the sample, and in one case also the analyte or reduced mediator purposely
added to the cell or the sample. |

20 As will be apparent to those skilléd in the art from the teaching hereof the
method is suitable for use with automatic measuring apparatus. Cells of the kind
described may be provided with electrical connectors to an apparatus provide with a

microprocessor or other programmed electronic control and display circuits which are



-11 - ¢ versus tinme which is substantially linear over a
restricted and cal cul able tine range and thus can be anal ysed for
exanple by linear |east squares regression. Since L is a constant
Tor a gi verwoaetigd46hreasurenent of i as a function of tine an®CFAUNHPT2B t hus
enabl es the value of the diffusion coefficient of the redox nediator to be
cal cul ated and 5 the concentration ofy4the analyte to be determ ned.
Anot her possible way to analyse the data Is to use the variation of current

6l cctrodes. AR © kR TEAG Brsarnents iy b SBlin Sleudri e g

described by the Cottrell equation. That is: . lerr]
Eqn 4 10  display the repyit.| Thesmethodimex be piegita susagie Bi¢ canganization Oﬂmal]a!'eﬁ/ tlerr]
a value of FAD[err]C/ pi[err] can be estimated fromthe slope of this

plot. The st &ty tiahghrosdunddn liqhijeother than biooén as before, so by
‘conbi ning the slope of the plot given above with the steady state current a.

val.ue of the ThERRRRAMA UeRBndictddBidgiell96hctRerdRsigh BRFOdM@eRictioh t he
di ffusion coefficient of the ferrocyanide in the cell, can be

estimated, Thig . iven : ATe1a t exemplified. In an
exanpl e aéco?ﬂ?ﬁﬂﬁgg“?‘ﬁ%ca%g%%%}%?%%xe f(;tlef)nr?, a éﬂgnnp aee)(cﬁm% oeod is admtted
to a thin layer cell containing a GOD/ ferrocyani de system such as

previ ously descri bed



with reference to Figures 7. 8 and 9. As illustrated in Figure 3 after

all owi ng a short iu"wgu'”m“mﬂtm,l on, an electric potential is

appl i ed between the ele | flow 20 comences when the
potential 1WO®3{18468d 21 but t hen fall s*as a transient 22 t OV A USS/00723
steady state level 23. The diffusion coefficient and/ or gl ucose
concentration are derived by nmeasunieng current as a function of tine
and by estimating the steady state curre'nl?.' According to the

present invention the current is then interrupted, or reversed
0o 077 18465 CLATS:

r=|

PCT/ AU96/ 00723 -12-
in polarity, 1for eAanghal foy detemigingfthecopesntratibreoSawetiuted (f oxidlised) forar offiay i s
reversed, a second transient is then observed, and a second steady

state is reamidexispciestin &n Elvétidthémical cell ofﬂﬁﬂdiﬁicdhicfdsiﬂyfa whikipleddttrobeany of i | e
is reversed. The underlying change in ferrocyanide concentration

profile acroggoddi& efddirbdd %aﬁm Wrﬁﬁg%%x?e 8y ShQue ned' Qitahdd %ﬁ&" 5
concentration profile prior to current réversal i's 23. The new steady state

concentraglorrrllgsygﬂﬁ? ﬁégéﬂ{e%fbgoﬁhom at 25. The transi ent concentration

profiles are

(a) applying an electric potential between the electrodes, wherein the
electrodes are spgced so that reaction products from the counter electrode arrive at the
working electrode by diffusion and wherein the potential of the working electrode is
such that the rate of the electro-oxidation of the reduced form (or oxidised form) of the

10 redox species i§ diffusion controlled,

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

(c) estimating the magnitude of the steady state current,

(d) interrupting. or reversing the polarity, of the potential,

15 (e) repeating step (b) and step (c).
2. A method according to claim 1 wherein the polarity is reversed in step (d).
3. A method according to claim 1 or claim 2 wherein the electrodes are separated
by less than 500 microns.
4, A method according to any one of the freceding claims wherein the electrodes

20 are separated by less than 200 microns.
5. A method according to any one of the preceding claims wherein the working
electrode extends in a plane parallel to and facing the plane in which the counter

electrode extends



“By sol vi hg the dlfoSI ns for this situation, it_can be shown that
t he transient c @Imgﬁ’Lﬂi Umed by: [err] 10

It is therefore sinple he diffusion coefficient and -
concent r atW@97/18465 - under the rever sed pol arity conditi onPCHWAUHES3y t he
results shoul d be i ndependent of the type of transient or polarity.
In practice, the results may differ duejpq factors affecting t he
transi ent such as sanple i nhom)genei ty, state of the el ectrodes, or nore

i nportantlyg 15 A gﬂé{ﬁ%cto Si i 1 wh%réxﬁﬁxc? %kénnﬁt’i@?é\feg% }'egagnu\]g;%?nd

measure is ?heref iI‘fagnosi s an
i ng

greater accuracy by allow ng repetltlve nmeasur enent a aver a
with rever stheggnegniratiqnsof the species is estimated S??H?Vﬁqg?r%’ R‘Fﬁ%‘“ﬁmeﬁdﬁm

interrupted after steady state is reached, the initial concentration
profile wi | todaechrevemssk abl i shed in a short tine (for exanple 4 seconds). 20
Once the initial state is re-established (or approxinated) the potenti al

can be re- 7. ARRdtheTacasidinight6 afy osessiithepreediingy claimsivhersin thewell ent

reversal . Fi gure 6 shows a plot of current versus tinme simlar to
£ QgtppIO:c ed a‘f.{; ter 1 ésnezggl\é S atéa%ﬂgdgdl&g: ﬁlg gn;:\rlvr 'ltjlrogﬁgl Z;t 2Sur rent ggdand
then a stat 8. A me%hod according to any one of the preceding claims wherein the cell
contains GOD.
9. A method according to any one of tﬁe preceding claims wherein the cell
contains ferricyanide.
10 10. A method according to any one of the preceding claims wherein the sample is
allowed to react with an enzyme catalyst and a redox mediator said method comprising
the prior step of operating the cell af a potential higher than that of the redox reaction so
as to oxidise hydrogen peroxide at the anode.
11. A method according to any one of the preceding claims wherein the sample is
15 allowed to react with an enzyme catalyst and a redox mediator further comprising the
steps of:
(@) applying a potential between the electrodes before or duﬁng filling of the
cell,
(b) measuring the iﬁcrease in current as a function of time,
20 | (c) - determining or predicting from the measurement in step (b) the time of
completion of reaction with said catalyst, and

(d) then inte:iupting, or reversing the polarity, of the potential.



"WD'97/ 18465

PCT/ AU96/ 00723 ”“llll “ ! |!|| m -13-
As statedﬁgrew ously xygen in the blood is an

interfere sincé the concentration of final f er r SETANWO0T23 t hen
not directly proportional to the initial gl ucose. Instead the
initial glucose is related both to the fdgnal concentration of

ferrocyani de plus hydrogen peroxide. however, the present inventors have

found that 1o 5 & aMlidhes aeoﬁﬁ{g%'aggoﬁ@g%agp%w]@@amwm BRBHEngL 2 known

potenti al

ferrocyani de/ferrl n| de redox reaction. The .total ctrpchem cal path
i s given i nS¥Rd F nta;qqggﬁ ‘6’@;8?9 d%apaége ff?ﬂ .mediator and
hydrogen peroxide -> oxygen + 2 Herr] + 2 e" reaction 7

If, during wherejnethe setood calhisysed tosalibratgrthefisbt ential is applied (Figure 8)
across 10 the cell that is sufficient to oxidise hydrogen peroxide. then

the foll ow n3 W | A rhethgabatcording to aflylbhe¢f thé piecgaiing claims whereinakagwn gl ucose
will be reacted to gluconic acid. (b) ferrocyani de and hydrogen

per oxi des W {dnckPdtioh of analyte or reduced mediator is added to the analyte and used for

calibration.



(6) " the ferrocyanide/ferricyanide redox will eventually reach steady

state. 15 (d) the peroxide will be oxidised at the anode and the

el ectrons used to convert ferricyani de to ferrocyanide.

I'n total, amoO7/18465eri od of time (approximately 2[err] secorRESI/AHIGNO0GR ¢ 8)
at a constant potential all the peroxide will be converted to oxygen
(which is then a catalyst, and will return to conplete nore enzyne
chem stry until glucose is exhausted), and the 20 el ectrons utilised to
convert ferricyanide to ferrocyanide. At this stage (60

seconds in Figure 8) a reverse tridfdient is applied. That is, the
polarity of the cells is switched, but now at the |lower potential suitable

for the ferricyani de/ ferrocyani de redox reaction. The final steady
state ferrocyanide will once WO 97/ 18465

PCT/ AU96/ 00723 -14-

again reflect the initial glucose concentration. This can be analysed in

t he previously descri bed manner to deternmine the total concentration

of glucose in the initial sanple.

~ Working Counter

Fe (CN),]> ——[Fe (CN)1*

Fe (CN),]*<— [Fe (CN) 1+

|

FIGURE 1



Usi ng the' method of the invention the reaction phase of the test can be
nonitored in situ electrochemcally without interfering wth the

measur enent phase. 5 Wen the reaction is conplete one can proceed to
nmeasur enent WA 97418465 f ur t her' del ay. . The wait time w || PGCRAPI6PHADt est
to test and will be the m ni nrum necessary for any particul ar sanple
and cell. taking account of changes in enzyne activity fromcell to cel

as well as different tenperatures and glucose concentrations. This is in
stark contrast to prior aré!bn whi ch measurement is delayed unti

the maximnumtinme required for realtron 10 after allowi'ng for all these
factors. : In the present nethod the reaction phase is
nonitored by applying a potenti al bet ween the two el ectrodes of. for
exanpl e, -300nmV as soon as the cell begins to fill wi th sanple.

A linear concentration profile of the reduced nediator is soon achieved
across. 15 the cell. As nore reduced nediator is produced by the enzyne
reaction with glucose this linear concentration profile becones
steeper and the current increases. Wen the reaction is conplete the
current no | onger increases. This point can be detec by wel | known
.electroni c neans and the neasurenent phase of the te can then be
conmenced. The end-point of the reacti can al so be
estimted by frtTmg o th f ua n to the current
versus time curve .generate this part of the tgst.

N
Q@

23

/
anode

FIGURE 2

[opruedoouay]



fhis’equation can predict the degree of conpletion of the reaction at any
time, so would al |l ow know edge of when the end-point woul d occur
wi t hout having to wait to get there. This would further shorten the

test tinme. WOO7M84$6pl e, one could fit an equation to the PCT/AU96/00738)
97/ 18465

PCT/ AU96/ 00723 - 15-

measured prepul se current versus tine curve. This equation could then
predict that at. time X the_reaction will be, for exanple, 90%
conplete.. If one neasures the 3/9 concentration at time X one woul d
then divide the answer by 0.90 to get the true concentration. 5
The neasurenment of concentration in this systemis done by reversing the
potential, ie applying +300nV between the el ectrodes. A current versus time
curve wl | t hen occur, which is the sane as.that of the second
transient in a double transient experiment fte by transformng the
current i neasured during the neasurenent phase one . can obtain a
plot of In(i/iss - 1) versus tinme which wll have{% 51 ope Qfe4pi 2D/ 172 and
o
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10 an intercept In(4). The nornmal analysis can then be used to obtain the
concentration of gl ucose. -I'n some situations it may
be difficult or inpossible to know the distance bet ween t he
el-ectrodes WO 2718465 ectr ochemi cal cell. For exanple, very sSrBIT/AEN2X i ons
(ca. 10 mcrons) may be very difficult to manufacture or neasure

reproduci bly. In these 15 situations the use of information fromtwo
adjoining cells can be used to cal cul ate the concentration of an
anal yte in a sanple wi thout know edgg the cell separation if one

of the cells contains a known concentration of the analyte or the

correspondi ng reduced medi ator prior to sanple addition.
Alternatively, a known quantity of this analyte or reduced medi at or
can be added to the sanple destined for one of the two cells prior to 20
addition of the sanple to the cell. Another variation is if both cells
contain a pre- determ ned anal yte or reduced nedi ator concentration
but each has a different ‘concentration. Yet anothe ariation is if
two different predeterm ned quantities of the 97/ 18465

PCT/ AU96/ 00723 - 16-

cath

anode
FIGURE 4
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anal yte or reduced nedi ator, are added to two aliquots of the sanple, which
are then added to the adjoining cells. The two

el ectrochenmical cells are then used in the nornmal fashion, and from

each cell tiygobwidaesvi ng quantities are neasured: steady st at BCTIAUI6NA0723 _
(i[err]) and the slope of 5 the straight line defined by In(i/i[err]-1)
versus tinme, where i is the neasured current. Wth a know edge of

t hese val ues and al so a know edge of the difference in concentration of

t he anal yte or reduced nedi ator between the two cells, which is known (it

is equal to that val ue purpoBé®y added to one cell), it is possible
to calculate the concentration of anal yte or reduced nediator in the
sanpl e, wi thout any know edge of the separation distance of 10 the
el ect r odes. The above can be used in conjunction with a
third cell that is used to neasure. ' t he background curgent or
concentration due to current.caused byy,for exanple, redurééf
nmedi ator formed by the application andjdyrying of the chem gtry, catalytic
effect of the metal surface, oxjdpieon of the netal |surface, sanple
conponents that have effects on the 1 anal yte or nedi at gr,
el ectrochem cal ly responsive conponent$ pf the sanple etc. {This
background concentration or current woyl ¢§§ be subtracted frgm the val ues
measured from the two cells dis¢ugsed above to calcylgje the true
val ues for eacl cell resulting fromth TN
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anal yte in the sanple, and.in one case also the analyte or reduced nedi ator
pur posel y added to the cell or the sanple. 20 As will be
apparent to those skilled in the art fromthe teaching hereof the

method is NPPUMMES for use with automatic neasuring appar at ESTASIPY2ZYt ¢ he

ki nd described may be provided with electrical connectors to an
apparatus provide with a m cr opr ocessor or other progranmed
el ectronic control and display circuits which are WO 97/ 18465
PCT/ AU96/ 00723 - 6/9 - 17-
adapted to nmake the required nmeasurenents performthe required cal cul ations
and to display the result. The nethod nay be used to neasure the
concentration of anal ytes ot her than glucose and in liquids other than
bl ood. The method may be conducted using cell$ of other
desi gn and/or construction 5 and using known catal ysts ahd redox systens
other than that exenplified. 40
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WD 97/ 184865 , :

PCT/ AU96/ 00723 ) - 18 -

CLAI MS: - 1. A rret hod for deternini ng the concentration of a
reduced (orwoe7ds4ssd) form of a redox species in an HAGHAVINIZ cal
cell of the kind conprising a working el ectrode and a counter

el ectrode spaced fromthe working el ectrode by a predeterm ned di stance,
sai d 5 nethod conprising the steps of: (a) applying an
el ectric potential between the el ectrodes, wherein the el ectrodes
are spaced so that reaction produdt/9 fromthe counter electrode arrive at
t he wor ki ng el ectrode by diffusion and wherein the potential of the
wor ki ng el ectrode is such that the rate of the el ectro-oxidation of
the reduced form (or oxidised form of the 10 redox species is diffusion
controlled, (b) determning current as a function of tinme
after application of the potenti al and prior to achievenent of a
steady state, _ (c) estimating the magnitu&ﬁof t he st eady
state current,WOl'klng é interrupting, or revekeddBt®he polarity,

of the potential, CN) |7 —»[Fe (CN) ]

Fe (CN), ]+ <—— [Fe (CN)1*
Q, + 2H* 2x[Fe (CN)6]3'
H_O 2x[ Fe (CN)1*
22 6
o
—

FIGURE 7



15 * > (e) repeating step (b) and step (c). 2. A et hod

according to claim1 wherein the polarity is reversed in step (d). 3.
A nmet hod according to claim1 or claim2 wherein the el ectrodes are
separated wo97/48%63 ess than 500 m crons. 4, A et POT/AHBEGNT728 Ng
to any one of the preceding clains wherein the electrodes 20 are
separated by | ess than 200 m crons. 5. A nmet hod according to any
one of the preceding clains wherein the working el ectrode extends in
a plane parallel to and facing th%fgaane in which the counter
el ectrode extends 465
- PCT/ AU96/ 00723 -19-
6. . A nmet hod according to claim1l wherein the potential is reversed
repetitively and t he concentration of the species is estimted as an
average fromthe result obtained pri to each revergal . 7.
A net hod according to any one of thezpreceding clainms whereijn the cell
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5 contains an enzyme and a.redox. nedi at or. 8. A met hod accordi ng

to any one of the preceding clains wherein the cell cont ai ns GOD.

9. A nmet hod according to-any one of the preceding clains wherein the
cel | wooswmiess ferricyanide. 10 10. A et hod accoPQI/AL96/6072y
one of the preceding clains wherein the sanple is all owed to react

with an enzyne catal yst and a redox nedi ator said nmethod conprising
the prior step of operating the cell at a potential higher than that of the

redox reaction so - as to oxidi %9hydr ogen peroxi de at the anode.
11. A nmet hod according to any one "of the preceding clains wherein the
sanple is 15 allowed to react with an enzyne catal yst and a redox
medi ator further conprising the steps of: (a)
applying a potential between the el ectrodes before or during filling of the
cell, (b) neasuring the increase in current as a function
of tinme, 20 (c) determning or predicting<frgpmghe neasurenment
in step (b) the tine of conpl eti on of reactiq? rthy sg d 8atalyst,
and <<f- 1 7

8 071 A\ =

~t |/ '
RV

/11 Ny 17\ to

FIG. 10

/
N

7
FIG. 11



.
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D Abstract

Ameﬂ:odfordetennmhgﬂwconcenuaumofareduoedoroxidmdfonnofamdox species in an electrochemical cell of the kind
comprising a working electrode and a counter electrode spaced from the working electrode such that reaction products from the counter
electrode arrive at the working electrode, the method comprising the steps of applying (21) an electric potential between the electrodes,
such that the electro-oxidation of the redox species is diffusion controlled, determining the current as a function of time, estimating the
magnitude of the steady state current (23), reversing the potential, again determining current as a function of time and estimating the reverse
potential steady state (25).




