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ELECTROCHEMICAL ANALYTE 
DETECTION APPARATUS AND METHOD 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/952,099 ?led Jul. 26, 2007, Which 
application is incorporated herein by reference for all pur 
poses. 

BACKGROUND OF THE INVENTION 

[0002] This application relates to an apparatus and method 
for electrochemical detection of an analyte in a sample. The 
invention utilizes a speci?c binding relationship betWeen the 
analyte and at least one reagent provided in the apparatus as a 
means for detecting the analyte. 
[0003] Analysis methods in Which speci?c binding 
betWeen an analyte and a reagent forms the basis for the assay 
are knoWn. For example, in enzyme-linked immunoassay 
(EIA or ELISA) procedures, a sandWich is formed betWeen 
an immobilized antibody and a mobile enzyme-antibody 
reagent When analyte is present through the interaction of the 
analyte With the antibody components. This results in the 
immobilization of the enzyme. The subsequent detection of 
immobilized enzyme is therefore indicative the presence of 
analyte in a test solution. (See US. Pat. Nos. 3,654,090, 
4,169,012, and 4,642,285) Similar sandWich assays are used 
in chromatographic immunoassays Where a colored tag (for 
example a colored latex bead) on the mobile reagent becomes 
trapped on a substrate at a de?ned location to produce a 
pattern that indicates the presence of analyte in a sample. (See 
US. Pat. Nos. 4,943,522, 5,656,503, 5,712,172 and 5,766, 
961) Analysis methods that depend on speci?c binding 
betWeen an analyte and a reagent may also take the form of 
competition assays, in Which the formation of a complex 
involving a labeled reagent is inhibited in the presence of 
analyte in an analyte-concentration dependent mariner (See 
US. Pat. Nos. 4,868,131, 5,981,2798 and 5,989,921), or dis 
placement assays in Which a pre-existing complex involving 
a labeled reagent is disrupted in the presence of analyte in an 
analyte-concentration dependent manner. (See US. Pat. Nos. 
4,746,631 and 6,020,209). 
[0004] Immunoassays in Which detection of the analyte 
depends on an electrochemical measurement are also knoWn. 
US. Pat. No. 5,149,630 discloses an assay in Which the extent 
to Which the transfer of electrons betWeen an enzyme sub 
strate and an electrode, associated With the substrate reaction, 
is perturbed by complex formation or by displacement of any 
ligand complex relative to unbound enzyme-labelled compo 
nent. This determination is made in the presence of an applied 
potential. An applied potential is also used to measure current 
in the assay device disclosed in US. Pat. Nos. 5,198,367, 
5,427,912. US. Pat. No. 5,494,831 discloses the application 
of a current and the measurement of changes in impedance 
that result in binding. 

SUMMARY OF THE INVENTION 

[0005] The present invention provides a neW method and 
apparatus for electrochemical detection of analyte in a sample 
that makes use of a binding interaction. The invention relies 
on the discovery that asymmetric distribution of a redox 
enzyme betWeen tWo electrodes that occurs When a redox 
enzyme-containing reagent is immobilized at the surface of 
one electrode can be detected as a chemical potential gradient 
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arising from an asymmetry in the distribution of oxidized or 
reduced redox substrate. This chemical potential gradient can 
be detected potentiometrically by observing the potential dif 
ference betWeen the electrodes in an open circuit, or ampero 
metrically by observing the current ?oW betWeen the elec 
trodes When the circuit is closed. In both cases, the 
observation of asymmetry can be done Without the applica 
tion of an external potential or current to the electrodes. 
[0006] In a ?rst embodiment of the invention, a sandWich 
type assay is utilized. In this embodiment, a sample to be 
tested for analyte is introduced to a test cell in the presence of 
a mobile test reagent. The test cell comprises a ?rst and a 
second electrode. The ?rst electrode has immobilized on the 
surface thereof an immobilized test reagent. The mobile test 
reagent comprises an analyte-binding portion and a redox 
enzyme portion, and the immobilized test reagent comprises 
an analyte binding portion. If analyte is present in the sample 
in the test cell, at least a portion of the mobile test reagent 
becomes immobilized on the ?rst electrode thereby creating 
an asymmetry in redox enzyme concentration betWeen the 
?rst and second electrodes When analyte is present. A redox 
substrate for the redox enzyme in the test cell is also supplied. 
The redox substrate is acted upon (oxidized or reduced) by the 
redox enzyme. If there is an asymmetry in redox enzyme 
concentration betWeen the ?rst and second electrodes (i.e. 
When analyte is present in the sample), this results in a chemi 
cal potential gradient betWeen the ?rst and second electrodes. 
This chemical potential gradient is detected to determine 
analyte in the sample. In this embodiment, the greater the 
asymmetry and the resulting potential gradient, the greater 
the amount of analyte in the sample. 
[0007] In a second embodiment of the invention, a compe 
tition or displacement type of assay is utilized. In this assay, 
the redox enzyme is coupled to analyte or an analog of the 
analyte that can bind to a common immobilized test reagent. 
Optionally the redox enzyme is provided already bound to the 
electrode via the immobilized test reagent. When sample is 
added, analyte present in the sample Will compete With the 
redox enzyme for the binding sites provided by the immobi 
lized test reagent resulting in a reduction in the amount of 
asymmetry that Would occur is all of the binding sites Were 
occupied by redox enzyme. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIGS. 1A and B shoW schematic representations of 
reduced mediator distribution betWeen tWo electrodes When 
redox enzyme distribution is asymmetric (FIG. 1 A) or asym 
metric (FIG. 1B). 
[0009] FIGS. 2A and B illustrate the determination of 
asymmetric enzyme distribution at tWo electrodes using 
amperometry. 
[0010] FIG. 3 shoWs a sandWich assay format useful in the 
present invention. 
[0011] FIGS. 4 and 5 shoWs competition/displacement 
assay format useful in the present invention. 
[0012] FIGS. 6A-C shoWs construction of a test cell With 
facing electrodes. 
[0013] FIGS. 7A-C shoW examples of side-by-side elec 
trode con?gurations. 
[0014] FIG. 8 shoWs an external vieW of a meter in accor 
dance With the invention. 
[0015] FIG. 9 shoWs a circuit usable in the meter of the 
invention. 
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[0016] FIG. 10 shows potential difference in open circuit as 
a function of time for different levels of asymmetry in enzyme 
distribution betWeen tWo electrodes. 
[0017] FIG. 11 shoWs current in short circuit as a function 
of time for different levels of asymmetry in enzyme distribu 
tion betWeen tWo electrodes. 
[0018] FIG. 12 shoWs the correlation of peak potential dif 
ference With ratio of electrode enzyme activities 
[0019] FIG. 13 shoWs the correlation of peak current With 
ratio of electrode enzyme activities 
[0020] FIG. 14 shoWs a schematic plot of a knoWn total 
enzyme E on x-axis and measured I300 on the y-axis. 
[0021] FIG. 15 shoWs a schematic plot of a knoWn E on 
x-axis and measured I300 on the v-axis. 
[0022] FIG. 16 shoWs a plot ofhoW log(R) affects the slope 
of IO versus E which is used to derive parameters a and b. 
[0023] FIG. 17 shoWs a plot of log(R) affects the intercept 
of IO versus E which is used to derive parameters c and d. 
[0024] FIG. 18 shoWs the correlation betWeen the actual 
amount of an enzyme and the estimated amount of enzyme as 
determined in accordance With the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

I. De?nitions 

[0025] As used in the speci?cation and claims of this appli 
cation, the following de?nitions should be applied: 
[0026] (a) “analyte” refers to a material of interest that may 
be present in a sample. Analytes that are detectable in the 
present invention are those that can be associated in a spe 
ci?c-binding interaction With at least one other reagent to that 
they can participate in a sandWich, competition or displace 
ment assay con?guration as described herein. Examples of 
analytes include antigens or haptens such as peptides (for 
example hormones), proteins (for example, enzymes), drugs, 
pesticides, microorganisms, antibodies, and nucleic acids 
that can participate in sequence speci?c hybridization reac 
tions With a complementary sequence. 
[0027] (b) “analyte-speci?c enzyme component” or 
reagent refers to a reagent that includes both an analyte 
binding portion and a redox enzyme portion. An analyte 
speci?c enzyme component is suitably used as a mobile 
reagent. 
[0028] (c) “determination of an analyte” refers to qualita 
tive, semi-quantitative and quantitative processes for evalu 
ating a sample. In a qualitative evaluation, a result indicates 
Whether or not analyte Was detected in the sample. In a semi 
quantitative evaluation, the result indicates Whether or not 
analyte is present above some pre-de?ned threshold. In a 
quantitative evaluation, the result is a numerical indication of 
the amount of analyte present. 
[0029] (d) the term “redox enzyme” refers to an enzyme 
that oxidizes or reduces a substrate. Such enzymes may gen 
erally be knoWn as oxidases, peroxidases, reductases, or 
dehydrogenases. Enzymes such as glucose oxidase, and vari 
ous peroxidases are commonly used in the analytical devices, 
and therefore the preparation of these enzymes in stable form 
is Well knoWn. 
[0030] (e) the term “redox substrate” refers to a compound 
or combination of compounds that interact With the redox 
enzyme to produce a chemical potential gradient. In some 
cases, the enzyme substrate may directly produce a redox 
active species su?icient to create the chemical potential gra 
dient. In others, a secondary compound may be needed. For 
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example, in the case of glucose oxidase, the interaction With 
glucose to produce gluconolactone and reduced enzyme pro 
duces the chemical potential gradient When the reduced 
enzyme is oxidized by a mediator compound, Which is the 
actual redox active species in the chemical potential gradient. 
Thus, in this case the “redox substrate” is the combination of 
the substrate compound glucose and the mediator compound. 
[0031] (f) the term “chemical potential gradient” refers to a 
concentration gradient of a redox active species. It Will be 
appreciated that more rigorously, the potential gradient arises 
from a gradient in the ratio of reduced to oxidized species 
betWeen the electrodes, hoWever, the idea of a concentration 
gradient of one species is more easily visualized and is there 
fore used here. When such a gradient is present betWeen tWo 
electrodes, a potential difference is detectable if the circuit is 
opened, and a current Will ?oW until the gradient dissipates 
When the circuit is closed. It Will be appreciated that the 
chemical potential gradient is transient in the devices of the 
invention, and that the distribution of the redox active species 
Will even out over time, When neW redox active species stops 
being created. The term “chemical potential gradient” as used 
herein refers only to this transient gradient that arises from the 
asymmetry of the distribution of redox enzyme and not to any 
potential gradient that arises from the application of a poten 
tial difference or current ?oW betWeen the electrodes. 

[0032] (g) the phrase “detecting the chemical potential gra 
dient betWeen the ?rst and second electrodes” refers to the 
detection of the chemical potential gradient in either an open 
or a closed circuit, using either potentiometric or amperomet 
ric measurements. 

[0033] (h) the terms “enzyme activity” and “enzyme con 
centration” are used as equivalent terms herein, although it 
Will be appreciated that in ordinary usage they may have 
different meanings. Activity of an enzyme provides a quan 
titative measure of the catalytic capability of an enzyme. This 
depends not only on the physical amount of the enzyme 
present in the volume (i.e. the concentration), but also on the 
conditions Which affect the catalytic ef?ciency of the enzyme. 
The present invention actually measures asymmetry in 
enzyme activity, since the presence of inactive enzyme Will 
not produce an asymmetry in redox substrate. HoWever, since 
it is desirable to control the quality of the enzyme and the 
conditions, this is in effect also a measurement of asymmetry 
in enzyme concentration. 
[0034] (i) the term “immobilized on the ?rst electrode” 
refers to immobilization directly or indirectly on the surface 
of the electrode, provided that the material immobilized 
becomes immobilized in volume associated With the ?rst 
electrode and closer to the ?rst electrode than the second 
electrode. For example, in the case of the formation of an 
electrode-antibody-analyte-antibody-enzyme sandWich, the 
enzyme is considered to be “immobilized on” the electrode 
even though there are several intervening moieties in the 
sandWich. 

[0035] (j) the term “immobilized test reagent” refers to the 
component of a sandWich or competition/ displacement reac 
tion that is associated With an electrode When performing the 
assay of the invention. Immobilization may be through the 
formation of a chemical bond (covalent or non-covalent) 
betWeen the immobilized test reagent and the surface of the 
electrode, or it may be a physical association as through the 
placement of the immobilized test reagent Within a gel or 
membrane disposed on the surface of the electrode. The 
immobilized test reagent comprises a binding moiety Which 
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interacts With analyte to produce a change in the distribution 
of the redox enzyme (as part of the analyte-binding enzyme 
component) When analyte is present in a sample. In some 
embodiments, the immobilized reagent Will be immobilized 
during initial manufacture of the test apparatus. In other 
embodiments, immobilization Will occur in situ after addition 
of the sample. Thus, the term immobilized test reagent refers 
to any circumstance in Which the structure: 

[0036] electrode-(link)n-reagent With binding site for 
analyte 

is obtained, Where n is 0 or an integer of l or greater. The latter 
option alloWs production of one set of generic devices in 
Which the linking agent is not analyte speci?c, With the addi 
tion of reagent that binds to the link and the analyte for any 
given analyte-speci?c test. This additional reagent could be 
added to the test strip at manufacture, or to the sample prior to 
application to the test device. 

II. Theory of the Invention 

[0037] For convenience, the theoretical basis for the inven 
tion Will be discussed in the context of glucose oxidase as the 
redox enzyme and a combination of gluco se and a mediator as 
the redox substrate. Nothing in this discussion should be 
taken as an indication, hoWever, that the invention is limited to 
use With these materials. 

[0038] In common glucose measurement systems, enzyme 
present in the sample cell oxidizes glucose to gluconolactone, 
and the enzyme is reduced. Oxidized mediator (for example 
ferricyanide) reacts With the reduced enzyme to regenerate 
the oxidized form of the enzyme, and produce reduced media 
tor. This process continues until either glucose or oxidized 
mediator is exhausted. If the enzyme is distributed asym 
metrically Within the sample cell, then the production of 
reduced mediator is also asymmetric, and the resulting asym 
metry, in the distribution of reduced mediator persists for a 
period of time (determined by diffusion parameters) even 
after exhaustion of the limiting reagent. 
[0039] When reduced mediator is present in a solution 
betWeen tWo electrodes, the potential difference betWeen the 
tWo electrodes is given by the Nernst equation 

Where E is the potential difference betWeen electrodes 1 and 
2, R is the gas constant, T is the absolute temperature and F is 
the Faraday constant. When there is no difference in the 
concentration of reduced mediator at the tWo electrodes (i.e. 
no chemical potential gradient) because there is no asymme 
try; the mediator terms reduce to 1, log 1:0, and so the 
potential difference is 0. As the asymmetry increases, the 
potential difference increases. Furthermore, if the system is 
designed such that the oxidized mediator concentration at the 
time of measurement is large compared to the amount of 
reduced mediator (either due to a large excess of oxidized 
mediator initially or rapid taking of the measurement or both) 
then the oxidized mediator concentration at the tWo elec 
trodes is essentially equal, and the equation can be simpli?ed 
to: 
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E: ? X F [medox]electrode2 

[0040] FIGS. 1A and B shoW schematic representations of 
reduced mediator distribution betWeen tWo electrodes (1, 2) 
When redox enzyme distribution is asymmetric (FIG. 1 A) or 
asymmetric (FIG. 1B). The equations above can be used to 
quantitate the ratio of concentrations of enzyme at tWo elec 
trodes 1 and 2 using potentiometry. The tWo electrodes are 
connected in open circuit, and the potential difference 
betWeen them is measured. If enzyme 3 is more active or 
concentrated at one electrode than the other (i.e., it has an 
asymmetric distribution as shoWn in FIG. 1A), the concen 
tration of reduced mediator Will be higher at that electrode 
than the other, giving rise to a electrical potential difference 
betWeen the electrodes. If equal activity or concentrations of 
enzyme are present at both electrodes (i.e., it has a symmetric 
distribution as shoWn in FIG. 1B), the concentration of 
reduced mediator at each electrode Will be equal, and the 
electrodes Will be at equal electrical potential and the mea 
sured potential difference Will be 0. 
[0041] If, instead of potentiometry, the electrodes are con 
nected in short-circuit, the asymmetric distribution of enzyme 
activity Will result in an asymmetric distribution of reduced 
mediator, that can be observed by folloWing current When the 
potential difference betWeen the electrodes is forced to zero 
by closing the circuit between them. If reduced mediator is 
generated by enzyme activity and diffuses to an electrode, 
current Will How and suf?cient mediator Will be reoxidized, 
such that the reduced mediator concentration is equal at both 
electrodes. The current How Will be proportional to the dif 
ference in ?ux of reduced mediator to the tWo electrodes. 
[0042] FIGS. 2A and B illustrate the use of these principles 
to quantify the ratio of concentrations of enzyme at tWo 
electrodes, using amperometry. The tWo electrodes are con 
nected in short circuit, and the current ?oWing betWeen them 
is measured. As electrical potential difference betWeen the 
electrodes is constrained to zero, mediator Will be reduced or 
oxidized at the electrodes When necessary to maintain an 
equal chemical potential at each electrode. As reduced media 
tor is oxidized at one electrode, current Will How and an 
equivalent quantity of oxidized mediator Will be reduced at 
the other electrode. If the enzyme activity at each electrode is 
equal, no electron transfer Will be necessary to keep the 
chemical potentials balanced, so no current Will ?oW. If more 
enzyme activity is present at one electrode than the other, 
reduced mediator Will be consumed at that electrode and 
produced at the other electrode to maintain a balanced chemi 
cal potential, and current Will ?oW. 

III. Practical Applications 

[0043] The theory of the present invention is applicable to 
the practical application of determining analytes in a sample. 
This can be done in various binding formats. In general, tWo 
analyte-speci?c chemical components are utilized, and these 
are selected in to correspond to the analyte to be determined. 
In general, it is desired to have at least one of the components 
(generally the analyte-receptor) be highly speci?c for the 
analyte While the other component can be less speci?c in its 
binding. Various non-limiting combinations are set forth in 
Table l. 










