0 9 DEC 2003 SAVPLE DETECTI ON TO | NI TI ATE TIM NG OF AN ELECTROCHEM CAL
ASSAY BACKGROUND OF THE INVENTION 5 1. Field of the Invention This

i nvention relates to an el ectrochem cal device for measuring the
concentration of an analyte in a 10 biological fluid; nore particul afi9yJf[ta6)
a mechanismfor determning the time at which the fluid provides an

el ectrical connection between working and reference electrodes of the
device. 15 2. Description of the Related Art A variety of nedical

di agnosti c procedures involve tests on biological fluids, such as bl ood,
urine, or saliva, to determine an analyte concentration in the 20 fl uid.
Anmong the anal ytes of greatest interest is glucose, and dry phase reagent
strips incorporating enzyne-based conpositions are used extensively in
clinical |aboratories, physicians' of ficést hospitals, and honmes to test
sanpl es of biological fluids for 25 glucose concentration. In fact, reagent
strips have b&o&RE.FaWERFERIPAY TRe dASSITATE FIMENHYOBf ANHELRGTRGRHEMICAL
estimated 16 mllion people with diabetegSS ?nce di abet es can cause
dangerous anonalies in blood 0 9 DEC 209 chem stry, it can contribute
to vision loss, kidney failure, and other serious nedical consequences. To

BACKGROQUND OF THE INVENTION

1. Field of the Invention

This invention relates to an electrochemical device
for measuring the concentration of an analyte in a
10 biological fluid; more particularly, to a mechanism for
determining the time at which the fluid provides an
electrical connection between working and reference

electrodes of the dewvice.

15 2. Description of the Related Art

A variety of medical diagnostic procedures involve
tests on biological fluids, such as blood, urine, or
saliva, to .determine an analyte concentration in the

20 fluid. Among the analytes of greatest interest 1is
glucose, and dry phase reagent strips incorporating
enzyme-based compositions are used extensively in
clinical laboratories, physicians’ offices, hospitals,
and homes to test samples of biological fluids for

25 glucose concentration. In fact, reagent strips have
become an everyday necessity for many of the nation’'s
estimated 16 million people with diabetes. Since

diabetes can cause dangerous anomalies in blood



i
mninize the risk of these consequences, nost, people w th di abetes nust

test thenselves periodically, then adjust 5 ‘their glucose concentration

accordingly,

often as four
wi th di abet es
i nt ake and/ or

this regard by frequent tests of blood glucose concentration,
rapi d, inexpensive, and accurate systemfor glucose determ nation. 15 One
type of glucose neasurenent system operates

t he oxi dation

ac _ for instance, through diet control and/or with insulin
injections. Sonme patients nust test their blood glucose concentratqqyEl A8

times or nore daily. It is especially inportant for people
1p who nust control their diet in order to regulate sugar
adm nister insulin injections, and who nmust be guided in

of blood glucose on a dry reagent strip. The reagent

generally includes an enzynme, such as ¢ @#cose oxi dase or gl ucose

dehydr ogenase, and a redox nedi ator, such as ferrocene or 20 ferricyanide.

This type of E%@ﬁlli@.%g?f}t igyehaMrbatrdBseei bedvifishSlofal . kddndg, 125,

i ssued on Sept enber

1980, to Nakamura et al.; U. S. Pat. 4, 545, 382,

i ssued on Cctfelidurg, d885otherHsgyginysemedical apdnsr@iempaes. 5 766, 179,
| ssued on Novenber .30, 1993, to ai et al,. 25 1nco r ereLpn b
ref erence. El@BPﬂE&ﬁ@nF_&lféFEcB%EgﬁﬁFﬁr§°8§ﬁq58“%%3ra%%%?i§%§g1235§tﬂ Y
coulonmetric, FRLREB! kLGt QEsPOLBBhEEIPESI feridapeating ehenhetifiastt he

systeminvol ves neasuring 0 9 DEC 2003 - 3 charge
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tihe imakilwgose concentration accordingiy, for instance,
through diet control and/or with insulin injections.
Some patients must test their blood glucose concentration
as often as four times or more daily.

It is especially important for people with diabetes
who must control their diet in order to regulate sugar
intake and/or administer insulin injections, and who must
be guided in this regard by frequent tests of blood
glucose concentration, to have a rapid, inexpensive, and
accurate system for glucose determination.

One type of glucose measurement system operates
electrochemically, detecting the oxidation of blood
glucose on a dry reagent strip. The reagent generally
includes an enzyme, such as glucose oxidase or glucose
dehydrogenase, and a redox mediator, such as ferrocene or
ferricyanide. This type of measurement system 1is
described in U.S. Pat. 4,224,125, issued on September 23,
1980, to Nakamura et al.; U.S. Pat. 4,545,382, issued on
October 8, 1985, to Higgins et al.; and U.S. Pat.
5,266,179, issued on November 30, 1993, to Nankai et al.,
incorporated herein by reference.

Electrochemical glucose meters can be characterized
as coulometric, amperometric, or potentiometric,

depending on whether the system ilnvolves measuring

to have a

el ectrochem cal ly, detecting

current, or potential,



the determnation of glucose concentration. Iin each case, it is inportant
to define the point in time when the blood sanple contacts the reagent,
since are 5 electrical signal nust be applied to the strip at a precisely
timed period thereafter. Nankai et al., US. Pat. 5,266,179, issue%
Novenber 30, 1993, discloses an el ectrochem cal system for neasuriﬁaﬁglm%h
gl ucose, in which the sanple 10 application tine is defined as the tine of
a resistance drop between a. pair of electrodes to which a constant

vol tage was applied. Wiite et al., U S Pat. 5,366,609, issued on Novenber
22, 1994, describes the sanme principle of 15 nonitoring the resistance drop
between the electrodes to determne the tine at which blood was applied to
a dry glucose reagent strip. In both patents, a constant voltage is
appl i ed between worki ng and reference el ettTodes to track resistance
changes that result from20 the introduction of a blood sanple to a dry
reagent stri phakare acuuane ,r esuposenthialsamgispedstivelvonipr mekdnge

shoul d not perturb the gnal yte cqoncentration, ver al techanues for

m ni m zi ng an&Nft SSSETTUAEHEOT Ha P UGOSH SPGB EPEBAN Qhhd82Et al .,
German (DDR) B %%ﬂti%P@éf%ﬁgdyﬁan%4ﬁo3%éfihbl%%e05o@ﬁ€emheEi§8,wﬁ8ﬁ9,
di scl oses an ‘el'ectrochem cal neasurenent that uses a novel electronic 0 9
DEC 2003 - 4 the blood sample contacts the reagent, silnce an
5 electrical signal must be applied to the strip at a
precisely timed period thereafter.

Nankai et al., U.S. Pat. 5,266,179, issued on
November 30, 1993, discloses an electrochemical system
for measuring blood glucose, in which the sample

10 application time is defined as the time of a resistance
drop between a pair of electrodes to which a constant
voltage was applied.

White et al., U.S. Pat. 5,366,609, issued on
November 22, 1994, describes the same principle of

15 monitoring the resistance drop between the electrodes to
determine the time at which blood was applied to a dry
glucose reagent strip. In both patents, a constant
voltage is applied between working and reference
electrodes to track resistance changes that result from

20 the introduction of a blood sample to a dry reagent
‘strip.

For accurate results, the sample detection procedure
should not perturb the analyte concentration, and several
techniques for minimizing analyte perturbation have been

25 described.

Quade et al., German (DDR) Patent Application

148,387, filed on December 28, 1379, discloses an

electrochemical measurement that uses a novel electronic



circuit, which allows rapid swtching betweerl potentiostatic (constant
applied voltage) and gal vanostatic (constant applied current) nodes, while
al so allowing a reduction in the nunber of eliectronic 5 conponents ﬁh al
of the circuit is to mnimze perturbation of the sanple beforeqykwxsﬂﬁft
of a neasurenent. Bartels et al., German (DDR) Patent Application

208,230, filed on Novenber 24, 1981, discloses an 10 el ectrochem cal
nmeasurenent that also attenpts to mnimze sanple perturbation. The
measurenent device includes a circuit that uses a diode to mnimze
current flow before the start of the neasurenent, w thout using an

addi tional anperonetric control |oop. Furthernore, is the circuit swtches
to the potentionetric node in a precise and rapid fashion. Littlejohn et
al., US. Pat. 4,940,945, issued on July 40; 1990, discloses a portable
apparatus that can nmneasure the pH of a blood sanple. The apparatus detects

20 the presenceispéuat sampleh idl Powel tagid igwiedHing dewe@st ant current
between a fill electrode outside the sanple chanber and one of two
el ectrodes i nsh@ecnhEos edaibefCOVHeE HPR Inffeh afftd agsor @édsks by at | east

two orders of Qﬁéé’gﬁt'éhgc%gstétga.(n#ﬁaéa%ﬂﬂ{f%&%ﬁ@ﬁ?&d@sen%ﬁgesa”pl e

has been provided and em I'S then cut out of
the circuit thalsénelucskedng tderddm-tel@ctirpdas: imsikda: tdfe Samirerded |, and

measurenents are nmade potentionetrically. 0 9 DEC 2003 . . .

5 components. A goal of the ‘circuit is to minimize
perturbation of the sample before the start of a
measurement.

Bartels et al., German (DDR) Patent Application
208,230, filed on November 24, 1981, discloses an
10 electrochemical measurement that also attempts to
minimize sample perturbation. The measurement device
includes a circuit that uses a diode to minimize current
flow before the start of the measurement, without using
an additional amperometric control loop. Furthermore,
15 the circuit switches to the potentiometric mode in a
precise and rapid fashion.
Littlejohn et al., U.S. Pat. 4,940,945, issued on
July 10, 1990, discloses a portable apparatus that can
measure the pH of a blood sample. The apparatus detects
20 the presence of a sample in a cell by injecting a
constant current between a fill electrode outside the
sample chamber and one of two electrodes inside the
chamber. When the impedance decreases by at least two
orders of magnitude, the meter recognizes that sufficient
25 sample has been provided and emits a beep. The fill
electrode is then cut out of the circuit that includes

the two electrodes inside the sample cell, and

measurements are made potentiometrically.




- 5 SUMMARY OF THE | NVENTI ON The present invdntion provides a nethod for 5
measuring an anal yte concentration in a sanplie of a biological fluid that
is applied to an el ectrochem cal diagnostic strip of the typﬁwiﬂﬂ?

i ncl udes juxtaposed working and reference el ectrodes. The net 2003
conprises: (a) applying a predeterm ned, constant current 10 source

bet ween the working and reference electrodes, (b) nonitoring a potenti al
di fference across the electrodes, (c) applying the sanple to the strip,
(d) determning a sanple detection tinme by noting 15 when the potenti al
difference falls below a predeterm ned threshold voltage, (e) applying a
predeterm ned constant voltage to the sanple, (f) neasuring an electrical
response at a 20 predetermned tine after gpplying t he constant voltage,
and (g) calculating the anal yte concentrati'on, using the neasured

el ectrical response. A neter for nmeasuring an analyte concentration in a
25 sanple of a biological fluid that has been applied to a diagnostic

or ot or m ned ourront bt weon SAAbH I ne b NI AT o5 6l ot odes, 09
DEC 2003 - 6
The present invention provides a method for
5 measuring an analyte concentration in a sample of a
biological fluid that is applied to an electrochemical
diagnostic strip of the type that includes juxtaposed
working and reference electrodes. The method comprises:
{a} applying a predetermined, constant current
10 source between the working and reference electrodes,
(b} monitoring a potential difference across the
electrodes,
(c} applying the sample to the strip,
(d) determining a sample detection time by noting
15 when the botential difference falls below a pradetermined
threshold voltage,
(e) applying a predetermined constant voltage to
the sample,
(f) measuring an electrical response at a
20 predetermined time after applying the constant voltage,
and .
(g} calculating the analyfe concentration, using
the measured electrical response,
A meter for measuring an analyte concentration in a
25 sample of a biological fluid that has been applied to a
diagnostic strip comprises, in electrical communication,
{a) means for applying a predetermined current

between the working and references electrodes,



|
(b) means for nmonitoring a potential difference across the electrodes, (c)
means for determ ning when the potential difference falls below a
predeterm ned threshold voltage 5 to indicate sanple detection, ﬁﬂ)Ef?ﬁﬂF
responsive to sanple detection for applying a predeterm ned cons rﬂ
voltage to the sanple, (e) neans for nmeasuring a resulting electrica
response, and 10 (f) neans for cal cul ating the anal yte concentration by
usi ng the nmeasured el ectrical response. The present invention provides a
met hod and apparatus for nmeasuring anal yte concentration
el ectrochem cally, which includes defining with great 15 accuracy the tine
at which a sanple that is applied to the reaction zone of an
el ectrochem cal diagnostic strip bridges the gap between the el ectrodes.
Deternining the sanple application tinme-(hore precisely, the sanple
detection tine; we use the terns interchangeably) 20 accurately permts
greater accuracy an@pprempbsh8nfer hbgicassey dopecant ik Ghifdwends
advant age of the present nethod for determ ning sanple application tinme is
t hat appl yi ng acroast bhe, elepbtredesirrent for detecting sanple mnimzes
sanpl e 25 perturbation, conmpared w | r t : lied a
constant vol t age. Lgﬁgg PRra Fa??grdégﬁgégg%?g-%%%?fpﬁgﬁ%gggﬁ%égpgauses a

current that eyceedseacdefined béhewshabredardMiirieat eHdadngd Sialdmgehe
sanpling rate is 0 9 DEC 2003 i
5 to indicate sample detection,

(d) means responsive to sample detection for
applying a predetermined constant voltage to the sample,

{(e) means for measuring a resulting electrical
response, and

10 (f} means for calculating the analyte concentration
by using the measured electrical response.

The present invention provides a method and
apparatus for measuring analyte concentration
electrochemically, which includes defining with great

15 accuracy the time at which a sample that is applied to
the reaction zone of an electrochemical diagnostic strip
bridges the gap between the electrodes. Determining the
sample application time (more precisely, the sample
detection time; we use the terms interchangeably)}

20 accurately permits greater accuracy and precision of the
assay done on the sample.

an advantage of the present method for determining
sample application time is that applying a constant,
small current for detecting sample minimizes sample

25 perturbation, compared with prior art methods that
applied a constant veltage. Using the latter approach,
applying a sample causes a current that exceeds a defined

threshold to initiate timing. Since the sampling rate is



- 7 limted, the current will typically be substantial, before the sensor
recogni zes that the threshold has been exceeded. When a |large current is
observed, a correspondingly large perturbation in the nediator is 5
observed. This could lead to an inaccurate neasurenent, especiall§98EC MW
anal yte concentrations. The prior art nethod of applying a constant
potential to detect sanple application has another disadvantage in that
the initial current generally 10 decreases with decreasing anal yte
concentration. Thus it is nore difficult to determne an initial sanple
detection tine for | ow anal yte sanples. By the same token, if the current
threshold is set too low, it can be falsely triggered by noise. To further
conplicate 15 matters, the presence of a high concentration of red blood
cel|s al so decreases the initial currentT 7Analyte and red bl ood cel
concentrations do not affect the nethod of the present invention. Likew se,
noi se i s not alsmived) cand raddramvel theryp ilmeddys dd sabs2aindeatadct | on

trigger is a large change in signal voltage BRI EF DESCRI PTI CF THE
DRAW NGS Fi g. hefere B APt g ARY eﬁhataﬁai%éigﬁﬁ@@@maég ek vs.

Lime that depicls.thessapmle H1ohdd ARaess Gbddigedirgsent invention. 0
9 DEC 2003 - 8 Ig. 3 i's a graph of applied voltage and resulting current
response vs. tdédoeréspordimplsaylamtchgrbmfurtdeeion in the mediator is
5 observed. This could lead to an inaccurate measurement,
especially at low analyte concentrations.
The prior art method of applying a constant
potential to detect sample application has another
disadvantage in that the initial current generally
10 decreases with decreasing analyte concentration. Thus it
is more difficult to determine an initial samp;e
detection time for low-analyte samples. By the same
token, if the current threshold is set too low, it can be
falsely triggered by noise. To further complicate
15 matters, the presence of a high concentration of red
blood cells also decreases the initial current.
Analyte and red blood cell concentrations do not
affect the method of the present invention. Likewise,
noise is not a significant problem either, because the

20 detection trigger is a large change in signal wveoltage.

BRIEF DESCRIPTION CF THE DRAWINGS

Fig. 1 is a graph of applied current and measured voltage
25 vs. time that depicts the sample-detection process of the

present invention.



present invention. Fig. 3 is a graph of appliied voltage and current
response 5 vs. tine for an alternative assay nethod of the present
invention. Fig. 4 is a graph of charge vs. time for another alter %' 3
assay nethod of the present invention. Fig. 5 depicts an electrochﬁgité 003
device suitable for use 10 in the assay nethod of the present invention.
Fig. 6 is a diagramof a circuit suitable for use in the present

i nvention. DETAILED DESCRI PTION OF THE | NVENTI ON 15 This invention rel ates
to an el ectrochem cal nethod of neasuring an analyte concentration in a
biological fluid. In the interest of brevity, the description bel ow
enphasi zes neasuring glucose concentration in sanples of 20 whol e bl ood;
however, the person of ordinary skill in the nedical diagnostics art wll
recogni ze how the description can be adép@ed to nmonitor other anal ytes
(such as chol esterol, ketone bodies, alcohol, etc.) in other fluids (such
as saliva, urileg.ihties stigriagh fdfuiappl izst &@tpgﬁhend gesndtheni cal
(anperonetrlc) nmet hod for neasuring an analyte concen tiQn_{n an
agueous sampl & ¥/l AT TG T B R 555 TEERER ongRnan 0 o
DEC 2003 - 9 eglecddpcheapligel | that has tmo el ectrodes having an

| npedance that is suitable for the anperonetric
Fig. 3 is a graph of applied voltage and current response

5 vs. time for an alternative assay method of the present
invention.
Fig. 4 is a graph of charge vs. time for another
alternative assay method of the present inventiocn.
Fig. 5 depicts an electrochemical device suitable for use
10 in the assay method of the present invention.
Fig. 6 is a diagram of a circuit suitable for use in the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

15

This invention relates to an electrochemical method
of measuring an analyte concentration in a biological
fluid. In the interest of brevity, the description below
emphasizes measuring glucose concentration in samples of

20 whole blood; however, the person of ordinary skill in the
medical diagnostics .art will recognize how the
description can be adapted to monitor other analytes
(such as cholestercol, ketone bodies, alcohol, etc.) in
other fluids (such as saliva, urine, interstitial fluid,

25 etc.}

The electrochemical (amperometric) method for

. measuring an analyte concentration in an agueous sample

involves placing the sample into a reaction zone in an



measurenment. The analyte is allowed to react |directly wth an el ectrode or
with a redox reagent to forman 5 oxidizabl e i(or reducible) substance in an
amount that corresponds to the anal yte concentration. The quantity of

oxi di zabl e (or reducible) substance is then determ ned electrocqaﬁp@ﬁh@y.
This type o-" assay nust accurately define the point in tim at W he
sanple is detected 10 in the reaction zone. This permts an el ectrochem cal
waveform (i.e., voltage) to be applied i mediately after the sanple has
been applied and accurately defines an incubation period or reaction tine.
In turn, this inproves the accuracy and precision of the assay, as 15
descri bed bel ow. The present invention provides an inproved nethod and
apparatus for determ ning the sanple detection tinme. The nethod invol ves
applying a small, constant current sourtedatross the el ectrode of an

el ectrocheni cal 20 di agnostic strip and nonitoring the potential difference
bet ween t he el&rédOtoshensdule ddidr e:hia$ zluad;r )tv@a[ell@e‘tt\mdns tlae ielge ety odes,

negligible current flows initjially. e is Iled to the strip
and fills the {E&ﬁ %W@ﬁrﬁﬁﬁﬁn%&iﬁHﬂ g§§% éﬁpgﬁ €causing the

test time 25 10 P«% %},tl %&%C%gryomeegaoh%rea%%rneﬂlefelm been
applied, the apparafus smﬁtc es froma constant current to constant vol t age

node. In the ceishadt eVvaddmge madwiuh mhemd©uru@ﬁge@m ¢baﬁ@€maﬁ@ nmeasur ed
as a 0 9 DEC 2003_10  function of permt the anal tp%%g%ptratlon
to S oxidizable (or reduci le substance in an a
corresponds to the analyte concentration. The guantity
of oxidizable (or reducible) substance is then determined
electrochemically. This type of assay must accurately
define the point in time at which the sample is detected
10 in the reaction zone. This permits an electrochemical
waveform (i.e., voltage) to be applied immediately after
the sample has been applied and accurately defineé an
incubation period or reaction time. In turn, this
improves the accuracy and precision of the assay, as
15 described below.
The present invention provides an improved method
and apparatus for determining the sample detection time.
The method involves applying a small, constant current
source across the electrode of an electrochemical
20 diagnostic strip and monitoring the potential difference
between the electrodes. Since there is a dry gap between
the electrodes, negligible current flows initially. When
sample is applied to the strip and fills the gap, the
measured voltage decreases rapidly, causing the test time
25 to be initiated. ©On thus recognizing that sample has
been applied, the apparatﬁs switches from a constant

current to constant voltage mode. 1In the constant

voltage mode, either current or charge are measured as a



|
be cal cul ated. This technique m nimzes the error introduced into signal

response by the timng-initiation circuit and thereby enables | ow
detection limts. The 5 el ectronic conponents are sinple and inex §Q§Lv3
Fig. 1 is a plot of applied current and neasured voltage that deg' Z[He
sanpl e-detection process of the present invention. Prior to tine zero
(i.e., before sanple is introduced), a constant (here, for exanple 1 10 A)
current is applied between the el ectrodes, but negligible current flows.
Smal | er current reduces perturbation and is preferred, particularly for
smal|l anal yte concentration. The neasured voltage is determ ned by the
circuit power supply voltage - in this 15 case, 5 volts- Wen the sanple is
i ntroduced into the cell (at time zero), the applied current can fl ow
between the electrodes and the neasured.vdlG@age falls rapidly. Wen the
voltage falls below a threshold voltage, the device sw tches from constant

appl i ed currentfinceonstant tikd wppbdlch volHagmhalhe: odrcerd r@tdph that
depicts the applied potential and nmeasured current as a function of tine

after sanple de?eedi@nlaSegpl Thss dea@uticpeatmitni i 20 then@rao¥ol tage is

appl i ed betwee dﬁcwﬁt 53; ect de I.mredi at el
thereafter. rEarEttFE:% é(a 2%?2?% ows © me%%’}i rs%leeltelé'wlgdé‘&l#ﬁéleﬂr rent
after a predet efigaetk amcﬂrecmé:re?ommmees)flduheieadwaﬂcﬁl Qarcenrt r atrthen, once
the system has been calibrated, using sanples having knomm 0 9 W 2003 -
11 5 electronic components are simple and inexpens:ve.
Fig. 1 is a plot of applied current and measured
voltage that depicts the sample-detection process of the

present invention. Prior to time zero (i.e., before

sample is introduced}, a constant (here, for example 1

10 ' HA) current is applied between the electrodes, but
negligible current flows. Smaller current reduces
perturbation and is preferred, particularly for small
analyte concentration. The measured voltage is
determined by the circuit power supply wvoltage - in this

15 case, 5 volts. When the sample is introduced into the
cell (at time zero), the applied current can flow between
the electrodes and the measured voltage falls rapidly.
When the voltage falls below a threshold voltage, the
device switches from constant applied current to constant

20 applied voltage.

Fig. 2 is a graph that depicts the applied potential
and measured current as a function of time after sample
detection. Sample is detected at time t=0, ard a voltage
is applied between the working and counter electrodes

25 immediately thereafter. As a result, current flows
between the electrodes. The current after a predetermined
time is a measure of the analyte concentration, once the

system has been calibrated, using samples having known



anal yte concentrations. The duration of the ‘predetermined tine is not
critical. It is generally at |east about 3 seconds when the quiﬂ}i bhﬁ d
and the analyte is glucose. That duration generally provides 5 s Qﬁ%} f
time to dissolve reagents and reduce an anount of nediator that is readily
measurabl e- Al things being equal, at high hematocrit, |onger tines are
needed. Practically speaking, a user is generally interested in having a
readi ng as soon as possible. Ten seconds 10 duration is typically
satisfactory, with no notivation to wait |onger. O course, once a
predetermned tine is set, accurate and precise results require that the
sane tine be used each tine. In any case, the accuracy of the current
determ nati on depends on the accuracy of the t=0O 15 determination. Fig. 3
depicts a graph of the neasured current -afid -applied voltage vs. tine in an
alternative nethod. In this nmethod, a second voltage pulse is applied

across the el gghipdescahtenctiei piedetmainatdioeofCangrally, the 20
second pulse is applied inmediately after the predetermned tine (to

mnimze the tprafienensimedenimetise)ot Hutitd afdl ay Iits jFegfinesiadily. 3hgai n,

reproduci bl e resu ti‘béﬁ%gé[%ﬁ%gﬁcgggﬁér?lt%emﬁ%%%ri S;byltotg]’?{ahdéqttt:% ;oi .

met hod as wel | ~SPE*i ef m ne accur at el

The second pul §85CaHEESs agPOShEd Ve BiH Keluddt ildie grindgreil vt hr-eudhidshe
el ectrodes, followed by a decaying current. The anal yte concentration can,
afters the sysseffhateneehinal FHr@t TRl AN e FEAUIfe 28 ¢MREE2603

of mediator that is readily measurable. All things being
equal, at high hematocrit, longer times are needed.
Practically speaking, a user is generally interested in
having a reading as soon as possible. Ten seconds

10 duration is typically satisfactory, with no motivation to
wait longer. Of course, once a predetermined time is
set, accurate and precise results require that the same
time be used each time. In any case, the accuracy of the
current determination depends on the accuracy of the t=0

15 determination.

Fig. 3 depicts a graph of the measured current and
applied voltage vs. time in an alternative method. 1In
this method, a second voltage pulse is applied across the
electrodes after the predetermined time. Generally, the

20 second pulse is applied immediately after the
predetermined time (to minimize the total measurement
time), but a delay is permissible. BAgain, reproducible
results require reproducible procedurés; thus, in this
method as well, it 1is important to determine accurately

25 the t=0 point. The second pulse causes a positive spike
in the current through the electrodes, followed by a
decaying current. The analyte concentration can, after

the system has been calibrated, be determined from the



- 12 decay rate, either alone or in conbination with the current
measurenent depicted in Fig. 2. Generally, the current decays
exponentially over a period that begins about 1 second after the second
pul se is appiied and 5 continues for at |east several seconds therldaBileld3
Fig. 4 depicts the nethod of Fig. 3 in which charge, rather than current,
was neasured- As with the graph of Fig. 3, analyte concentration can be
determned fromthe total charge at a fixed tine and/or fromthe decay
rate 10 after the second voltage is applied. Fig. 5 depicts a "thin |ayer”
device 10 that is suitable for use in the nethods described above.
Substrate 12 is a polyester base 14 on which 'has been deposited -
typically, by sputtering - a Pd coating 16, 15 which forns the worKking

el ectrode. A dry reagent, consisting of~ B¢ fer, mediator, and enzynme, is
deposited near one end 18 of the el ectrode. Spacing layer 20 is

doubl e- si ded afnay watravigighen @loane 22 tiatcogdfinags onheri tél édter ocheni cal

cell. Typically the spacer is |less;tha abqut 200 mthick. .Top, lLayer 24
e pol yooter ISaRRss M et eI e B B & { JsPeiri Yoy the
sputtering, ah§&entd Rit£AE DNt WIIGh JRis Hhe ibel @ haRCeeqgghact r ode.
A device of the type described above can use -a 25 gl ucose oxi dase

(GOD) / ferri cyahakt dysrasanc afdesr filve safansb o lsendenepatliieds anda t he

fol QSWI ng r eacclc)in%%ue:isn fovj\:hiacﬁh I%gt isse\}eq:‘ealr es%‘é%%%se@%%g%af%e%.mc 2003
Fig. 4 depicts the method of Fig. 3 in which charge,
rather than current, was measured. As with the graph of
Fig. 3, analyte concentration can be determined from the
total charge at a fixed time and/or from the decay rate
10 after the second voltage is applied.
Fig. 5 depicts a "“thin layer” device 10 that is
suitable for use in the methods described above.
Substrate 12 is a polyester base 14 on which has been
deposited - typically, by sputtering - a Pd coating 16,
15 which forms the working electrode. A dry reagent,
consisting of buffer, mediator, and enzyme, is deposited
near one end 18 of the electrode. Spacing layer 20 is
double-sided adhesive having a cutout 22 that defines the
electrochemical cell. Typically the spacer is less than
20 about 200 pm thick. Top layer 24 is polyester layer 26
on which has been deposited - typically by sputtering,
also - a Au ceoating 28, which forms the reference
electrode.
A device of the type described above can use a
25 glucose oxidase {(GOD)/ferricyanide system to determine
glucose concentrations via the following reactions, in

"which GOD* is the reduced enzyme.



Reaction 1 - 13 glucose + GOD -+ gluconic ach + GOD* Reaction 2 5 GOD* +
2ferricyanide -+ GOD + 2ferrocyanide. Ferricyanide ([Fe(CN)6]3-) is the
medi ator, which returns the GOD* to its catalytic state. GOD, an enzyne
catalyst, will continue to oxidize glucose so long as to excess nqqqﬁtqmﬂjs
present. Ferrocyanide ([Fe(CN)6 14-) is the product of the total reaction.
Ideally, there is no ferrocyanide initially, although in practice there is
often a small quantity. After the reaction is conplete, the concentration
of ferrocyani de (nmeasured 15 el ectrochem call'y) indicates the initial
concentration of glucose. The total reaction is the sumof reactions 1

and 2. Reaction 3 GOD 20 glucose + 2ferricyanide -+ gluconic acid +

2f errocyani de "d ucose" refers specifically to f-D glucose. 25 Details of
this systemare described in PCT applicailidon no. WD 97/ 18465, i ncor por at ed
herein by reference. Fig. 6 depicts an enbodi nent of suitable circuitry

to practice this i rmeddiasn 1 nitially, a constant 0 9 DEC 2003 - 14 current

source is applied to the strips with switch 105
glucose + GOD - gluconic acid + GOD*

Reaction 2

5 GOD* + 2ferricyanide -» GOD + 2ferrocyanide.

Ferricyanide ([Fe(CN)¢]>") is the mediator, which
returns the GOD* to its catalytic state. GOD, an enzyme
catalyst, will continue to oxidize glucose so long as

10 excess mediator is present. Ferrocyanide ([Fe(CN)¢l1*) is
the product of the total reaction. Ideally, there is no
ferrocyanide initially, although in practice there is
often a small quantity. After the reaction is complete,
the concentration of ferrocvanide (measured

15 electrochemically) indicates the initial concentration of
glucose. The total reaction is the sum of reactions 1

and 2.

Reaction 3 oD

20 gluccose + 2ferricyanide — gluconic acid + 2ferrocyanide

*Glucose” refers specifically to [(-D-glucose.

25 Details of this system are described in PCT
application no. WO 97/18465, incorporated herein by
reference.

Fig. 6 depicts an embodiment of suitable circuitry

to practice this invention. Initially, a constant



in position 1. The current source consists of operational anplifier 104,
vol tage reference 102, and resistors 101 and 103. The current is
determned by the 5 ratio of voltage reference 102 to resistor 103.09 DEC 200
Resistor 101 is used to generate the required bias. Operational anplifier
110 and resistor 109 are used as a current-to- voltage converter.

Initially, with no sanple on the strip, the resistance between points 107
and 108 is very 10 large, and the current passing through the strip is
negligi bl e. The output voltage of operational anplifier 104(V1) is high in
this condition. when a sanple is applied to the strip, its resistance
drops significantly and, since a constant current flows through the strip,
V1 15 drops. V1 is fed to m croprocessor 112 through anal og- to-digital
converter 111. M croprocessor 112, recogniZing this reduced voltage as
sanpl e detection, swtches 105 to position 2 to disconnect the strip from
the current sowuceemtd soomnect si appditlietvokhagetsdpscei ) 406cchniofi s

condition, a chronoanperonetric neasurenment can be achi eved by neasuring
the output vol FRgESEHRE Lopelhfi GHAFSRRpFPEFER 43BS{$RY.OfFhis voltage is

proportional t%p%Q%cqg5aqnamg@§§&eg iba9ug81£9§3§£é£@reﬁb§ 165! oxi a9

Exanpl e denonstrates the present 25 I nvention I's not 1ntended to be in
any way limtimgsiBcanrpl 00 SnBEC02003The 1Surfantcis cdetexhifeéd. b vas
established, With ot P 21ca5t BBt DL0! PYST (S ESLIOEDEM 5 Gucose Strip
of thé g cor
101 is used to generate the required bias. Operational
amplifier 110 and resistor 109 are used as a current-to-
voltage converter. Initially, with no sample on the
strip, the resistance between points 107 and 108 is very
10 large, and the current passing through the strip is
negligible. The output voltage of operational amplifier
104 (V1) is high in this condition. When a sample is
applied to the strip, its resistance drops significantly
and, since a constant current flows through the strip, V1
15 drops. V1 is fed to microprocessor 112 through analog-
to-digital converter 1l1. Microprocessor 112,
recognizing this reduced voltage as sample detaction,
switches 105 to position 2 to disconnect the strip from
the current source and connect it to the voltage source
20 106. In this condition, a chronocamperometric measurement
can be achieved by measuring the output voltage of the
operational amplifier 110 (v2). This voltage is
proportional to the current passing through the strip.
The following Example demonstrates the prasent

25 invention but is not intended to be in any way limiting.

Example



type shown in Fig. 5, having Pd and Au el ectrodes. The Pd el ectrode was
coated with a | ayer of buffer, glucose 5 dehydrogenase (PQQ, and
ferricyanide. A constant, small (---1 A) non-perturbing current was
appl i ed between the working el ectrode and counter/reference el ectrobi®lbl 2003
the dry glucose strip. Because the strip was dry, the resistance between
the working and counter/reference 10 el ectrode was essentially infinite.
After a whol e-blood sanple was applied across the cell, a drop in voltage
was observed. A threshold of about 50 to 500 nmV initiated the start tine
(a threshold of about 300 mV is preferred). After sanple was detected, the
i nstrunent switched from 15 applying a constant current to applying a
constant vol tage. Measurenent of the current through the sanple as a
function of time permtted the glucose concentration to be calculated. It
wi |l be understood by those skilled in the art 20 that the foregoing
descri ption and Examhkecareuitkl bisFigti fewss @sesablisngds heitiesenip S
invention, but are in no way limting. Variations of the detail presented
herein may be Rhe#ey i ERdDt La¥phr eivgtroomstirak cobecesr sEpik ief dihe he

present | nvent | gg. 28009 PEE1 2008 -1 oY LLAM AP dreAJERINOT T4l
measuring an anafyte concentration 1n a Sanple of a brological fluid that
is applied to B electrode was coated with a layer of buffer, glucose

5 dehydrogenase (PQQ)., and ferricyanide. A constant, small

(~1 MA) non-perturbing current was applied between the
working electrode and counter/reference electrode of the
dry glucose strip. Because the strip was dry, the
resistance between the working and counter/reference

10 electrode was essentially infinite. After a whole-blood
sample was applied across the cell, a drop in voltage was
observed. A threshold of about 50 to 500 mV initiated the
start time {a threshold of about 300 mV is preferred).
After sample was detected, the instrument switched from

15 applying a constant current to applying a cons-zant
voltage. Measurement of the current through the sample
as a function of time permitted the glucose concentration
to be calculated.

It will be understood by those skilled in the art

20 that the foregoing description and Example are
illustrative of practicing the present invention, but are
in no way limiting. Variations of the detail presented
herein may be made, without departing from the scope and
spirit of the present invention.

25



wor ki ng and reference el ectrodes

el ectrochem cal diagnostic strip of the type?that I ncl udes j uxt aposed
conprising (a) applying a predeterm ned,

constant current source between the working and reference el ectrodgs,
(b) nonitoring a potential difference across the electrodes, (c) aEEﬂﬁE

the sanple to

the strip, (d) determning a sanple detection tine by noti

when the potential difference falls below a predeterm ned 15 threshold
vol tage, e) applying a predeterm ned constant voltage to the sanple, (f)
measuring an electrical response at a predetermned tinme after applying
the constant voltage, 20 and (g) calculating the anal yte concentration
using the neasured electrical response. 2. The nethod of claim1l in whi

the electrica
pr edet er m ned

response neasured is current through the sanple at the
time. 3. The method of clafmf in which the electrical

response neasured i s charge passing through the sanple fromthe sanple

detection tine to tWe pradeterm ned tinme. 0 9 DEC 2003 -

of claim1, further conprising applying a second predeterm ned voltage
after the predetermned tinme and neasuring a second el ectrical

10

15

20

25

1. A method for measuring an analyte concentration
in a sample of a biological fluid that is applied to an
electrochemical diagnostic strip of the type that
includes juxtaposed working and reference electrodes
comprising

{(a) applyving a predetermined, constant current
source between the working and reference electrodes,

(b} monitoring a potential difference across the
electrodés, '

(c} applying the sample to the strip,

(d} determining a sample detection time by noting
when the potential difference falls below a predetermined
threshold wvoltage,

e) applying a predetermined constant voltage to
the sample,

(£} measuring an electrical response at a
predetermined time after applying the constant voltage,
and

(g) calculating the analyte concentration using the
measured electrical response.

2. The method of claim 1 in which the electrical
response measured is current through the sample at the
predetermined time.

3. The method of claim 1 in which the electrical
response measured 1is charge paséing through the sample

from the sample detection time to the predetermined time.

i

ng

ch
25

17 4. The net hod



response after applying the second predeterm:ned voltage. 5 5. The net hod
of claim4 in which the second electrical response is a rate of decay of
current through the sanple. 6. The method of claim4 in which the %ﬁﬁ%”ﬂna
el ectrical response is charge passing through the sanple 10 durin&
predetermned tine interval after the second voltage is applied. 7. A
nmeter for nmeasuring an anal yte concentration in a sanple of a biol ogical
fluid that has been applied between a working and reference el ectrode of a
di agnostic 15 strip conprising, in electrical comrunication, (a) neans for
applying a predeterm ned current between the working and reference

el ectrodes, (b) neans for nonitoring a potential difference across the

el ectrodes, 20 (c) neans for determ ning when the potential difference
falls bel ow a predeternined threshold vottlfje to indicate sanple
detection, (d) neans responsive to sanple detection for applying a
predet er mi ned const ant vmhéagethodtbe saaphel, Porfledr neansrisingeasuring a
resul ting electrlcal response, and_(f) neans for calcul ating the anal yte
concentration 2BY Mé?ﬂgatﬁ%c%%sEF%‘éle‘é@é‘E%‘ﬁ%é{drt@ﬁﬁ)r% e YPEC 2093 - 18

B, jhe meter ob-ghetlfshoawblgh Lhe REANS LA « RAYH W deeenddt ! g

el ectrical response Is an
response after applylng the second predetermined wvoltage.

5 5. The method of claim 4 in which the second
electrical response is a rate of decay of current through
the sample.

6. The method of claim 4 in which the second
electrical response is charge passing through the sample

10 during a predetermined time interval after the second
voltage is applied.

7. A meter for measuring an analyte concentration
in a sample of a biological fluid that has been applied
between a working and reference electrode of a diagnostic

15 strip comprising, in electrical communication,

(a) means for applying a predetermined current
between the working and reference electrodes,

(b} means for monitoring a potential difference
across the electrodes,

20 {c) means for determining when the potential
difference falls below a predetermined threshold voltage
to indicate sample detection,

(d) means responsive to sample detection for
applying a predetermined constant voltage to the sample,

25 {e) means for measuring a resulting elec:trical
response, and
| (f} means for calculating the analyte concentration

by using the measured electrical response.



9. The nmeter of claim7 in which the neans for neasuring a resulting
electrical response is a 5 couloneter. 10. The neter of claim?7 further

conprising means for applying a second predeterm ned voltage to th@gggﬂﬂﬁ@
and neans for neasuring a second resulting electrical response. 10 11. The

meter of claim 10 in which the neans for neasuring a second resulting
electrical response is an ammeter. 12. The neter of claim 10 in which the
means for neasuring a second resulting electrical response is a 15

coul oneter. 13. A nethod for neasuring an analyte concentration in a
sanple of a biological fluid that is applied to an el ectrochem cal

di agnostic strip of the type that includes juxtaposed working and

ref erence el ectrodes 20 conprising (a) applying a predeterm ned, constant
current source between the working and'Téﬁérence el ectrodes, (b)
nmonitoring a potential difference across the electrodes, 25 (c) applying
the sanple to the s8Brip, Thd) mdeterof nebgim BaimplwhoEt edte oredrisrefday noti ng

when the potential difference falls belom/angfedeternined t hreshol d
voltage, 0 9 CRe253¥HRNg qgre§plt1ng electric response 1s an ammeter.

9. The meter of claim 7 in which the means for

measuring a resulting electrical response is a
5 coulometer.

10. The meter of claim 7 further comprising means
for applying a second predetermined voltage to the sample
and means for measuring a second resulting electrical
response.

10 11. The meter of claim 10 in which the means for
measuring a second resulting electrical response is an
ammeter.

12. The meter of claim 10 in which the means for
measuring a second resulting electrical response is a

15 coulometer. _

13. A method for measuring an analyte concentration
in a sample of a biological fluid that is applied to an
electrochemical diagnostic strip of the type that
includes juxtaposed working and reference electrodes

20 comprising

{a) applyving a predetermined, constant current
source between the working and reference electrodes,

(b) monitoring a potential difference across the
electrodes,

25 (c) applying the sample to the strip,

(d) determining a sample detection time by noting

when the potential difference falls below a predetermined

threshold voltage,



e) applying a predeterm ned constant voltage to the sanple, (f) applying a
second predeterm ned voltage to the sanple after a first predeterm ned
time, (g) neasuring an electrical response at a predeterm ned time aft%ﬁ
the first predetermned tinme, and (h) calculating the analyte 9 OEC 2003
concentration using the neasured electrical response. 10 14. The nethod of
claim13 in which the electrical response neasured is a rate of decay of
current through the sanple. 15. The nethod of claim 13 in which the

el ectrical response neasured is the charge passing through the 15 sanple
during a predetermned tine interval after the second predeterm ned

vol tage is applied.

- 19 -

e) applying a predetermined constant voltage to
the sample,

(f) applying a second predetermined voltage to the
sample after a first.predetermined time,

5 (g) measuring an electrical response at a
predetermined time after the first predetermined time,
and

(h} calculating the analyte concentration using the
measured electrical response.

10 14. The method of claim 13 in which the electrical
response measured is a rate of decay of current through
the sample.

15. The method of claim 13 in which the electrical
response measured is the charge passing through the

15 sample during a predetermined time interval after the

second predetermined voltage is applied.



