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ELECTRODES, METHODS, APPARATUSES 
COMPRISING MICRO-ELECTRODE ARRAYS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims the bene?t of US. 
Ser. No. 60/332,411 ?led on Nov. 16, 2001, Which is hereby 
incorporated by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to arrays of micro 
electrodes, to methods of preparing the arrays, and to uses of 
the arrays. The arrays may be used in conventional appli 
cations for electrodes. In one embodiment of the invention, 
the array is an interdigitated array, and may be used as an 
electrode in an electrochemical sensor. 

BACKGROUND 

[0003] Electrodes are Well knoWn devices Which permeate 
industry, and Which, although often very small in siZe and 
not particularly visible, can have a signi?cant impact on 
peoples’ lives. Electrodes are used in electronic instruments 
having many industrial, medical, and analytical applications. 
To name just a feW, they include monitoring and controlling 
?uid ?oW, and various types of analytical methods Wherein 
electric current is measured to indicate the presence or 
concentration of certain chemical species. 

[0004] With respect to analytical methods, the need for 
detection and quantitative analysis of certain chemicals 
found Within a larger composition can be important for the 
chemical and manufacturing industries, as Well as biotech 
nology, environmental protection, and health care industries. 
Examples of substances that may be analyZed include liquid 
samples such as tap Water, environmental Water, and bodily 
?uids such as blood, plasma, urine, saliva, interstitial ?uid, 
etc. 

[0005] Many analytical techniques, sometimes referred to 
as electrochemical detection methods, make use of elec 
trodes as a component of an electrochemical sensor. The 
sensors are used in combination With electronic apparatuses 
to precisely detect the presence or concentration of a 
selected chemical species (analyte) Within a substance 
sample. Techniques that alloW the use of miniaturized dis 
posable electroanalytic sample cells for precise micro-ali 
quote sampling, and self-contained, automatic means for 
measuring the analysis, can be particularly useful. 

[0006] Electrochemical detection methods can include 
amperometric measurement techniques, Which generally 
involve measurement of a current ?oWing betWeen elec 
trodes that directly or indirectly contact a sample of a 
material containing an analyte, and studying the properties 
of the current. The magnitude of the current can be com 
pared to the current produced by the system With knoWn 
samples of knoWn composition, e.g., a knoWn concentration 
of analyte, and the quantity of analyte Within the sample 
substance can be deduced. These types of electrochemical 
detection methods are commonly used because of their 
relatively high sensitivity and simplicity. 

[0007] Micro-electrode arrays are structures generally 
having tWo electrodes of very small dimensions, typically 
With each electrode having a common element and electrode 
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elements or micro-electrodes. If “interdigitated” the arrays 
are arranged in an alternating, ?nger-like fashion (See, e.g., 
US. Pat. No. 5,670,031). These are a sub-class of micro 
electrodes in general. Interdigitated arrays of micro-elec 
trodes, or IDAs, can exhibit desired performance character 
istics; for example, due to their small dimensions, IDAs can 
exhibit excellent signal to noise ratios. 

[0008] Interdigitated arrays have been disposed on non 
?exible substrates such as silicon or glass substrates, using 
integrated circuit photolithography methods. IDAs have 
been used on non-?exible substrates because IDAs have 
been considered to offer superior performance properties 
When used at very small dimensions, e.g., With feature 
dimensions in the 1-3 micrometer range. At such small 
dimensions, the surface structure of a substrate (e.g., the 
?atness or roughness) becomes signi?cant in the perfor 
mance of the IDA. Because non-?exible substrates, espe 
cially silicon, can be processed to an exceptionally smooth, 
?at, surface, these have been used With IDAs. 

SUMMARY OF THE INVENTION 

[0009] Whereas micro-electrodes have in the past been 
used With non-?exible substrates such as silicon, ceramic, 
glass, aluminum oxide, polyimide, etc., it has noW been 
discovered that micro-electrode arrays, for example, IDAs, 
can be advantageously useful When disposed on ?exible 
substrates. Moreover, such micro-electrodes, disposed on 
?exible surfaces, can be prepared using methods that 
involve ?exible circuit photolithography, as opposed to 
methods relating to integrated circuit photolithography. 

[0010] An interdigitated array of the invention, disposed 
on a ?exible substrate, can be used generally, in applications 
Where IDAs are knoWn to be usefully employed. In particu 
lar embodiments of the invention, the IDAs can be used to 
construct electrochemical sensors, test cells, or test strips. 
The sensors can be used With electronic detection systems 
(sometimes referred to as “test stands”) in methods of 
analyZing sample compositions for analytes. Preferred 
embodiments of sensors can be disposable, and can include 
channels or microchannels, preferably a capillary, Which 
facilitates ?oW of a substance sample into the reaction 
chamber and in contact With the sensor. 

[0011] The micro-electrode arrays of the invention can be 
useful When disposed onto a ?exible substrate. In particular, 
IDAs are shoWn to be effective at dimensions relatively 
larger than the dimensions often used for IDAs disposed on 
non-?exible substrates. Even though they can be relatively 
larger than IDAs disposed on non-?exible substrates, the 
inventive IDAs are still able to exhibit performance prop 
er‘ties, e.g., signal to noise ampli?cation bene?ts and steady 
state assay pro?les, comparable to IDAs having smaller 
dimensions. 

[0012] Electrochemical sensors of the invention have been 
found to provide performance advantages, e.g., relative to 
commercially available sensors. For sensors used in glucose 
monitoring, compared to commercially available sensors, 
the inventive sensors can exhibit improved (shortened) 
processing periods, e. g., one half second to steady-state after 
application of the assay potential and 5 seconds to readout, 
and the ability to get an accurate and precise readout from 
a relatively small sample of substance, e.g., less than one 
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microliter (pl), preferably a sample volume in the range from 
about 0.25 to 1.0 ul, e.g., from about 0.4 to about 1.0 ul. 

[0013] The use of larger-dimensioned micro-electrode 
arrays also alloWs the signi?cant advantage of fabricating 
arrays and sensors using relatively less expensive and more 
e?icient ?ex circuit photolithography processes. These can 
advantageously incorporate the use of solid materials instead 
of spin-on liquid materials, e.g., one or more of a solid 
photoresist or a solid coverlay, instead of liquid materials 
typically used in integrated circuit photolithography. 

[0014] An aspect of the invention relates to micro-elec 
trodes used in combination With a ?exible substrate. The 
array can include a Working electrode and a counter elec 
trode, each including a common lead and commonly-con 
nected electrode elements, for example With the electrode 
elements being arranged in a substantially-parallel, altemat 
ing fashion. Preferred dimensions for micro-electrodes can 
be, e. g., feature siZe or Width of electrodes (We) in the range 
from 15 or 20 or 25 um, up to about 100 pm, more preferably 
from greater than or about 25 or 30 pm to about 50 um. 
Preferred spacing betWeen electrodes (Wg) can also be in the 
range from about 15 to about 50 pm, more preferably from 
greater than or about 20 or 25 pm to about 45 pm. 

[0015] Another aspect of the invention relates to an elec 
trochemical sensor comprising an array of micro-electrodes 
disposed on a ?exible substrate. The sensor can further 
include a chemical coating disposed on the array to facilitate 
practice of electrochemical detection methods. 

[0016] Yet another aspect of the invention relates to a 
method of detecting an analyte using an array of micro 
electrodes of the invention, e.g., using an electrochemical 
sensor comprising an interdigitated array disposed proximal 
to a ?exible substrate. Such a method can include certain of 
the folloWing steps. A sensor is provided Which comprises 
micro-electrodes proximal to a ?exible substrate, and a 
chemical coating proximal to the micro-electrodes; the coat 
ing comprises a compound reactive to produce an electro 
active reaction product. The coating is contacted With a 
substance comprising an analyte, alloWing the analyte to 
react With chemical components of the coating to produce an 
electroactive reaction product. Electric properties of the 
coating can be measured, and the electric properties can be 
correlated to the amount of electroactive reaction product, 
and to the amount of analyte. 

[0017] Still another aspect of the invention relates to a 
method of preparing a micro-electrode, including the step of 
disposing the micro-electrode onto a ?exible substrate. 

[0018] More particularly, the present invention comprises 
a method for determining the concentration of glucose in a 
blood sample. The method utiliZes a disposable test strip 
having a capillary-?ll chamber including a Working elec 
trode and a counter and/ or reference electrode and a reagent. 
The reagent includes an enZyme and a mediator, and reacts 
With glucose to produce an electroactive reaction product. 
The method involves providing a blood sample to the 
capillary chamber, detecting the presence of the blood 
sample in the capillary chamber, and thereafter applying or 
controlling the voltage or current across the Working and 
counter electrodes. Within 10 seconds of detecting the 
presence of the blood sample, the glucose concentration is 
determined. 

Jul. 26, 2007 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 shoWs an embodiment of an interdigitated 
array of electrodes in accordance With the invention. 

[0020] FIGS. 2 and 2A each shoW a top vieW of a sensor 
of the invention. 

[0021] FIG. 3 shoWs a top vieW of a sensor of the 
invention. 

[0022] FIG. 4 shoWs a side vieW of a sensor of the 
invention. 

[0023] FIG. 5 shoWs an end vieW of a sensor of the 
invention. 

[0024] FIG. 6 shoWs a perspective vieW of a dissembled 
sensor of the invention. 

[0025] FIG. 7 shoWs a dose response plot of assay current 
versus blood glucose level. 

[0026] FIG. 8 shoWs a Hct/dose response plot for glucose 
collected at 4.5 seconds after dose detection. 

[0027] FIG. 9 shoWs a top plan vieW of an alternative 
embodiment of a pair of electrodes in accordance With the 
invention. 

[0028] FIG. 9A shoWs a top plan vieW of an alternative 
embodiment of a sensor incorporating the electrode pair of 
FIG. 9. 

[0029] FIG. 10 shoWs a dose response plot for glucose 
spiked saline samples collected at 4.5 seconds after dose 
detection. 

[0030] FIG. 11 shoWs a dose response plot for glucose 
spiked saline samples collected at 10 seconds after dose 
detection. 

[0031] FIG. 12 shoWs a dose response plot for glucose 
spiked saline samples collected at 10 seconds after dose 
detection. 

[0032] FIG. 13 shoWs a Hct/dose response plot for glucose 
spiked Whole blood samples collected at 2.1 seconds after 
dose detection. 

[0033] FIG. 14 shoWs a plot of the correlation coe?icient 
(r2) versus assay time for the data collected in FIG. 13. 

DETAILED DESCRIPTION 

[0034] An embodiment of the present invention is directed 
to arrays of micro-electrodes, e.g., an interdigitated array of 
electrodes (sometimes referred to as “microband” elec 
trodes) used in combination With a ?exible substrate. 

[0035] An array of micro-electrodes includes tWo elec 
trodes, referred to as the Working electrode and the counter 
electrode, electrically insulated from one another. 

[0036] Micro-electrodes, as distinguished from other elec 
trodes generally, are understood in the electronic and bio 
sensor arts. In analyZing a liquid sample using electrodes 
and electronic equipment and techniques, the siZe and spac 
ing of electrodes can affect Whether diffusion of an analyte 
through the sample to an electrode occurs by a planar or 
non-planar path. Micro-electrode arrays are of a siZe and 
spacing such that in detecting chemical species of a solution, 
the species Will diffuse toWard or approach an electrode of 
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the micro-electrode array in a non-planar fashion, e.g., in a 
curved or hemispherical path of diffusion. In contrast, non 
microelectrodes, i.e., “macro-electrodes,” cause diffusion of 
an analyte through a solute according to a substantially 
planar path. It is also understood that some electrode con 
?gurations can cause diffusion to take place by a mix of 
planar and non-planar paths, in Which case the electrodes 
can be considered a micro-electrode array, especially if the 
diffusion occurs predominantly (e.g., greater than 50%) 
according to a non-planar path, or if the siZe of the electrodes 
is less than 100 um, e.g., less than 50 pm. 

[0037] The electrodes of a micro-electrode array are posi 
tioned near each other in an arrangement that Will result in 
non-planar diffusion as described. The arrangement of the 
electrodes can be any arrangement that results in such 
di?‘usion, With a Working and a counter electrode being 
substantially evenly spaced from each other. One electrode 
may be arranged into a shape or ?gure or outline that Will 
produce interstices Within Which the second electrode may 
be placed. For instance, one electrode can be arranged as an 
increasing radius, substantially circular spiral, With a con 
tinuous, long and narroW interstitial area being created 
betWeen each successively larger revolution of electrode. 
The other electrode can be positioned in the interstitial area 
betWeen revolutions, While the electrodes remain insulated 
from one another. The Width and spacing of the electrodes 
can be arranged to result in micro-electrode array perfor 
mance. 

[0038] According to other forms of such micro-electrode 
arrays, the spiral may not be substantially circular, but could 
include linear, square, angled, or oblong or oval features. Or, 
the electrodes could be arranged in any other geometric form 
Whereby the electrodes are placed adjacent to each other and 
Within the other’s respective interstitial area, e.g., by fol 
loWing a similar path separated by a substantially uniform 
gap 

[0039] In one particular embodiment, the micro-electrode 
can be arranged into an interdigitated array, meaning that at 
least a portion of electrode elements of the Working elec 
trode are placed substantially parallel to and in alternating 
succession With at least a portion of the electrode elements 
of the counter electrode, e.g., in an alternating, “?nger-like” 
pattern. Such interdigitated micro-electrode arrays include 
electrode elements (sometimes referred to as “?ngers”) and 
a common element (“contact strip”) Which commonly con 
nects the electrode elements. 

[0040] The components of the electrodes may be made of 
any conductive material, including those knoWn and con 
ventionally used as electrode materials, particularly includ 
ing materials knoWn in the ?exible circuit and photolithog 
raphy arts. These can include, for example, carbon, noble 
metals such as: gold, platinum, palladium, alloys of these 
metals, potential-forming (conductive) metal oxides and 
metal salts, as Well as others. 

[0041] The electrodes and their components can be of 
dimensions, meaning the Width of the electrode components 
as Well as the separation betWeen components, that can 
provide an array With useful properties, e.g., useful or 
advantageous capabilities With respect to contacting a sub 
stance or measuring electrical properties. Advantageously, 
interdigitated arrays can be prepared at dimensions that 
alloW for contact With and measurement of electrical prop 
erties of a relatively small sample of a substance. 
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[0042] In preferred embodiments of the invention, each 
electrode element can independently have a Width (We) in 
the range from greater than 15 micrometers (um) to about 50 
pm, with the range from greater than or about 20 or 25 pm 
to about 40 um being particularly preferred. The separation 
betWeen electrode components (Wg), especially the separa 
tion betWeen alternating electrode elements, can also pref 
erably be in the range betWeen about 15 micrometers and 
about 50 um, With the range from greater than or about 20 
or 25 pm to about 40 um being particularly preferred. The 
total area of an electrode (meaning the area of the ?ngers but 
not the common element) can be chosen depending on these 
dimensions, on the use intended for the electrode, on the 
desired current level intended to pass through the electrode, 
and on the desired number of electrode elements. An exem 
plary area of an electrode having 10 electrode elements can 
be in the range from about 0.1 to about 0.5 square millime 
ters, (for example 10 electrode ?ngers having dimensions of 
50 pm by 1 mm), e.g., from about 0.2 to 0.3. 

[0043] The thickness of the electrode components can be 
su?icient to support a desired electric current. Exemplary 
thicknesses can be in the range from about 30 to 200 
nanometers (nm), With a preferred thickness being about 100 
nm. 

[0044] The electrodes can independently have a number of 
interdigitated electrode elements su?icient to provide utility, 
e.g., alloWing contact With a substance to measure its 
electrical behavior. Conventionally, the array can have sub 
stantially the same number (equal, plus or minus one) of 
electrode elements in the Working electrode as are in the 
counter electrode, alloWing the electrode elements to be 
paired next to each other in an alternating sequence. In some 
preferred embodiments of the array, such as in some of the 
applications described beloW for electrochemical sensors, 
each electrode of an array may typically have from about 4 
to about 30 electrode elements. 

[0045] FIG. 1 illustrates an embodiment of an array of the 
invention. Working electrode 2 and counter electrode 4 are 
arranged as an interdigitated array on ?exible substrate 10. 
(The ?gure is not to scale and its dimensions, as Well as the 
dimensions of the other ?gures, should not be construed to 
limit the invention). The Working and counter electrodes 
include common strips 611 and 6b, respectively, Which can be 
connected to electrically conductive means (e.g., “connec 
tors,”“pads,” or “leads,” etc.) for connecting the electrodes 
to an external circuit. In the illustrated example, the Working 
electrode includes electrode elements 811 connected to com 
mon strip 6a, and the counter electrode includes electrode 
elements 8b connected to common strip 6b. 

[0046] According to the invention, the interdigitated array 
is disposed proximal to, e.g., on, a ?exible substrate. To act 
as a ?exible substrate, a material must be ?exible and also 
insulating, and is typically relatively thin. The substrate 
should be capable of adhering components of an IDA, or 
additional components of a sensor, to its surface. Such thin, 
insulative, ?exible substrates are knoWn in the art of ?exible 
circuits and ?ex circuit photolithography. “Flexible sub 
strates” according to the present disclosure can be contrasted 
to non-?exible substrates used in integrated circuit (IC) 
photolithography but not in ?exible circuit photolithogra 
phy. Examples of non-?exible substrates used in IC photo 
lithography include silicon, aluminum oxide, and other 
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ceramics. These non-?exible substrates are chosen to be 
processable to a very ?at surface. Typical ?exible substrates 
for use in the invention are constructed of thin plastic 
materials, e.g., polyester, especially high temperature poly 
ester materials; polyethylene naphthalate (PEN); and poly 
imide, or mixtures of tWo or more of these. Polyimides are 
available commercially, for example under the trade name 
Kapton®, from I. E. duPont de Nemours and Company of 
Wilmington, De. (duPont). Polyethylene naphthalate is com 
mercially available as Kaladex®, also from duPont. A par 
ticularly preferred ?exible substrate is 7 mil thick Kaladex® 
?lm. 

[0047] Interdigitated arrays of the invention can be used in 
applications generally knoWn to incorporate electrodes, 
especially applications knoWn to involve interdigitated 
arrays of electrodes. Various applications are knoWn in the 
arts of electronics and electrochemistry, including applica 
tions relating to process and ?oW monitoring or control, and 
chemical analytical methods. The arrays may be particularly 
useful as a component of an electrochemical sensor, Where 
there is added value, bene?t, or cost e?iciency, to the use of 
a ?exible substrate, or Where there is value, bene?t, or cost 
e?iciency in having an interdigitated array of dimensions 
relatively larger than the dimensions of interdigitated arrays 
conventionally disposed on non-?exible substrates. 

[0048] An interdigitated array of the invention can, for 
example, be included in an electrochemical sensor (some 
times referred to as a “biosensor” or simply “sensor”) used 
in electrochemical detection methods. Electrochemical 
detection methods operate on principles of electricity and 
chemistry, or electrochemistry, e. g., on principles of relating 
the magnitude of a current ?oWing through a substance, the 
resistance of a substance, or a voltage across the substance 
given a knoWn current, to the presence of a chemical species 
Within the substance. Some of these methods can be referred 
to as potentiometric, chronoamperometric, or impedence, 
depending on hoW they are practiced, e.g., Whether potential 
difference or electric current is controlled or measured. The 
methods and sensors, including sensors of the invention, can 
measure current ?oWing through a substance due directly or 
indirectly to the presence of a particular chemical compound 
(e.g., an analyte or an electroactive compound), such as a 
compound Within blood, serum, interstitial ?uid, or another 
bodily ?uid, e.g., to identify levels of glucose, blood urea, 
nitrogen, cholesterol, lactate, and the like. Adaptations of 
some electrochemical methods and electrochemical sensors, 
and features of their construction, electronics, and electro 
chemical operations, are described, for example, in Us. Pat. 
Nos. 5,698,083, 5,670,031, 5,128,015, and 4,999,582, each 
of Which is incorporated herein by reference. 

[0049] Oftentimes, a compound of interest (analyte) in a 
substance is not detected directly but indirectly, by ?rst 
reacting the analyte With another chemical or set of chemi 
cals proximal to or in contact With an IDA. The reaction 
produces an electroactive reaction product that is electro 
chemically detectable and quanti?able by applying a poten 
tial difference between the counter and Working electrodes 
and measuring the magnitude of the current produced. This 
alloWs measurement of the amount of electroactive reaction 
product generated by the ?rst reaction, and correlation of 
that measurement to the amount of analyte in the sample 
substance. 
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[0050] An example of such a method involves the catalytic 
use of an enZyme, and is sometimes referred to as enzymatic 
amperometry. These methods can use an interdigitated array 
of electrodes coated With a chemical coating that contains a 
chemical compound reactive to produce an electroactive 
reaction product. (The chemical compound reactive to pro 
duce an electroactive reaction product is sometimes referred 
to herein as a “mediator.”) Upon contacting the coating With 
a sample that contains an analyte, analyte reacts With chemi 
cal compounds of the coating to generate electroactive 
reaction product. This electroactive reaction product can be 
electronically detected, measured, or quanti?ed, by applying 
a potential difference betWeen the electrodes and measuring 
the current generated by the electrooxidation of the mediator 
at the Working electrode. By calibrating the system’s behav 
ior using knoWn substances and concentrations, the electri 
cal behavior of the system in the presence of a sample 
substance of unknoWn composition can be determined by 
comparison to the calibration data. 

[0051] The sensor of the invention may be used in 
amperometric applications, e.g., enZymatic amperometric 
applications, if disposed on the array is a coating of useful 
chemistry, including e.g., an enzyme and a mediator. When 
a sample containing an analyte is contracted With the coat 
ing, the analyte, enZyme, and the mediator participate in a 
reaction, Wherein the mediator is either reduced (receives at 
least one electron) or is oxidiZed (donates at least one 
electron). Usually, in this reaction, the analyte is oxidiZed 
and the mediator is reduced. After this reaction is complete, 
an electrical potential difference can be applied betWeen the 
electrodes. The amount of reducible species and the applied 
potential difference must be su?icient to cause di?fusion 
limited electrooxidation of the reduced form of the mediator 
at the surface of the Working electrode. The IDA electrode 
con?guration of the sensor places the Working electrode 
?ngers in close proximity to counter electrode ?ngers. 
Mediator electrooxidiZed at the Working electrode can there 
fore di?fuse rapidly to the adjacent counter electrode via 
radial diffusion Where it is once again reduced. Likewise, 
oxidiZed mediator reduced at the counter electrode can 
migrate to the Working electrode for electrooxidation to the 
oxidiZed form. This migration betWeen the ?ngers produces 
a constant or “steady state” current betWeen the electrodes. 
After a short time delay, this steady state current is measured 
and correlated to the amount of analyte in the sample. 

[0052] The chemistries of the ?rst and second reactions 
can be of any nature effective to produce the electroactive 
reaction product of the ?rst reaction, to detect or quantify the 
electroactive reaction product during the second reaction, 
and to alloW correlation of the amount of electroactive 
reaction product With the presence or concentration of 
analyte in the original sample. 

[0053] In general, a typical ?rst reaction can be an oxida 
tion/reduction sequence, preferably occurring Without the 
need for a chemical potential across the electrodes. It can be 
desirable for this reaction to favor maximum, preferably 
complete conversion of the analyte, and to proceed as 
quickly as possible. Often this reaction is catalyZed, e.g., 
enZymatically. Such reaction schemes and their application 
to enZymatic amperometry are knoWn. See, e.g., U.S. Pat. 
No. 5,128,015; European Patent Speci?cation EP 0 406 304 
B 1; and Aoki, Koichi, Quantitative Analysis ofReversible 
Di?usion-Controlled Currents ofRedox Soluble Species at 
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lnlerdigilaled Array Electrodes Under Steady-Stale Condi 
Zions, J. Electroanal. Chem. 256 (1988) 269-282. An 
example of a useful reaction scheme can be the reaction of 
a component of a bodily ?uid, e.g., glucose, With an enzyme 
and a cofactor, in the presence of a mediator, e.g., an 
oxidizer, to produce an electroactive reaction product. 

[0054] The chemistry of a ?rst reaction scheme of any 
chosen electrochemical detection method can be chosen in 
light of various chemical factors relating to the system, 
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including the identity of the analyte and of the sample 
substance. Even then, for a given analyte or substance, 
various different reactive components may be useful in 
terms of a catalyst (often, a variety of enzymes Will be 
useful), co-reactants (e.g., a variety of mediators may be 
useful), and cofactors (if needed, a variety may be useful). 
Many such reaction schemes and their reactive components 
and reaction products are knoWn, and examples of a feW 
different enzymes include those listed in Table 1. 

TABLE 1 

Redox Mediator Additional 
Analyte Enzymes (Oxidized Form) Mediator 

Glucose Glucose Ferricyanide, 
dehydrogenase osmium (III) 
and Diaphorase (bipyridyl)—2— 

imidazolyl-chloride, 
Meldola blue, 
[Ru(NH3)5M@Im] 
C13 [OS(III) 
(NH3)5PYZ]2(SO4)3, 
NITROSO analine 
derivatives 

Glucose Glucose oxidase (see above) 
Cholesterol Cholesterol (see glucose) 2,6-Dimethyl-l, 

esterase and 4-Benzoquinone, 
Cholesterol 2,5-Dichloro-l , 
oxidase 4-benzoquinone, 

or phenazine 
ethosulfate 

HDL Cholesterol Cholesterol (see glucose) 2,6-Dimethyl-l, 
esterease and 4-Benzoquinone, 
Cholesterol 2,5-Dichloro-l , 
oxidase 4-benzoquinone, 

or phenazine 
ethosulfate 

Triglycerides Lipoprotein (see glucose) Phenazine 
lipase, Glycerol methosultate, 
kinase, phenazine 
Glycerol-3- ethosulfate. 
phosphate 
oxidase 

Triglycerides Lipoprotein (see glucose) Phenazine 
lipase, Glycerol methosultate, 
kinase, phenazine 
Glycerol-3- ethosulfate. 
phosphate 
dehydrogenase 
and Diaphorase 

Lactate Lactate oxidase (see glucose) 2,5-Dichloro-l, 
4-benzoquinone 

Lactate Lactate (see glucose) 
dehydrogenase 
and Diaphorase 

Lactate Diaphorase (see glucose) 
Dehydrogenase 
Pyruvate Pyruvate (see glucose) 

oxidase 
Alcohol Alcohol oxidase (see glucose) 
Alcohol Alcohol (see glucose) 

dehydrogenase 
and Diaphorase 

Uric acid Uricase (see glucose) 
3-Hydroxybutric 3- (see glucose) 
acid (ketone Hydroxybutyrate 
bodies) dehydrogenase 

and Diaphorase 
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[0055] A mediator can be any chemical species (generally 
electroactive), Which can participate in a reaction scheme 
involving an enzyme, an analyte, and optionally a cofactor 
(and reaction products thereof), to produce a detectable 
electroactive reaction product. Typically, participation of the 
mediator in this reaction involves a change in its oxidation 
state (e.g., a reduction), upon interaction With any one of the 
analyte, the enZyme, or a cofactor, or a species that is a 
reaction product of one of these (e.g., a cofactor reacted to 
a different oxidation state). A variety of mediators exhibit 
suitable electrochemical behavior. A mediator can preferably 
also be stable in its oxidiZed form; may optionally exhibit 
reversible redox electrochemistry; can preferably exhibit 
good solubility in aqueous solutions; and preferably reacts 
rapidly to produce an electroactive reaction product. 
Examples of suitable mediators include benZoquinone, 
medula blue, other transition metal complexes, potassium 
ferricyanide, and nitrosoanalines, see U.S. Pat. No. 5,286, 
362. See also Table l. 

[0056] To describe an example of an oxidation/reduction 
reaction scheme that is knoWn to be useful for detecting 
glucose in human blood, a sample containing glucose can 
react With an enZyme (e.g., Glucose-Dye-Oxidoreductase 
(Gluc-Dor)) and optionally a cofactor, (e.g., pyrrolo-quino 
line-quinone), in the presence a redox mediator (e.g., ben 
Zoquinone, ferricyanide, or nitrosoanaline derivatives), to 
produce the oxidiZed form of the analyte, gluconolactone, 
and the reduced form of the redox mediator. See Us. Pat. 
No. 5,128,015. Other examples of reaction schemes are 
knoWn, and are typically used in methods designed to detect 
a speci?c analyte, e.g., cholesterol, urea, etc. 

[0057] After the reaction is complete, a poWer source (e.g., 
battery) applies a potential difference betWeen the elec 
trodes. When the potential difference is applied, the amount 
of oxidiZed form of the redox mediator at the counter 
electrode and the potential difference must be su?icient to 
cause di?‘usion-limited electrooxidation of the reduced form 
of the redox mediator at the Working electrode surface. In 
this embodiment, the close proximity of the counter and 
Working electrode ?ngers in the IDA electrode con?guration 
aids in the fast radial dilfusion of the reduced and oxidiZed 
redox mediator betWeen the electrodes. Recycling of the 
mediator betWeen the electrodes and their subsequent oxi 
dation and reduction on the electrodes generates a constant 
or “steady state” assay current. This steady state assay 
current is measured by a current measuring meter. 

[0058] The measured current may be accurately correlated 
to the concentration of analyte in the sample When the 
folloWing requirements are satis?ed: 

[0059] l) the rate of oxidation of the reduced form of the 
redox mediator is governed by the rate of diffusion of the 
reduced form of the redox mediator to the surface of the 
Working electrode; and 

[0060] 2) the current produced is limited by the oxidation 
of the reduced form of the redox mediator at the surface of 
the Working electrode. 

[0061] In the preferred embodiment, these requirements 
are satis?ed by employing a readily reversible mediator and 
by using a mixture of amounts of mediator and other 
components of the chemical layer to ensure that the current 
produced during dilfusion limited electrooxidation is limited 
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by the oxidation of the reduced form of the mediator at the 
Working electrode surface. For current produced during 
electrooxidation to be limited by the oxidation of the 
reduced form of the mediator at the Working electrode 
surface, the amount of reducible species at the surface of the 
counter electrode must alWays exceed the amount of the 
reduced form of the redox mediator at the surface of the 
Working electrode. 

[0062] An example of a reaction scheme relates to the 
detection of glucose using ferricyanide and Glucose-Dye 
Oxidoreductase (Glur-Dor). The electroactive reaction prod 
uct of the enzymatic reaction betWeen glucose and the 
enZyme is the reduced mediator, ferrocyanide. The ferro 
cyanide is electrooxidiZed at the Working electrode back to 
ferricyanide. One mole of oxidiZed redox mediator is 
reduced at the counter electrode for every mole of reduced 
redox mediator oxidiZed at the Working electrode. Ferricya 
nide electrooxideiZed at the Working electrode, di?‘uses to 
the counter electrode, and the ferrocyanide produced at the 
counter electrode can rapidly di?‘use to the Working elec 
trode Where it is again oxidiZed. A “quasi-steady state” 
concentration gradient is established betWeen the counter 
and Working electrode pairs resulting in generation of a 
constant quasi-steady state current at the Working electrode. 

[0063] The magnitude of the current, preferably as mea 
sured at a quasi-steady-state condition, can be correlated to 
the amount of electroactive reaction product present in the 
coating, and consequently, to the amount of analyte in the 
sample. 
[0064] The chemical coating should alloW diffusion of 
analyte into the coating, folloWed by reactions as described. 
The coating can include materials Which can contain the 
reactive chemical components, Which alloW reaction 
betWeen the components to product an electroactive reaction 
product, Which alloW necessary diffusion of chemical com 
ponents, and Which can support a current passing through 
the coating based on the concentration of electroactive 
reaction product. Typically, the coating can be made up of a 
binder that contains a set of chemicals Which react to 
produce an electroactive reaction product. The chemicals 
generally include a mediator and necessary enZymes and 
cofactors. Such a coating can also contain a variety of 
additional components to make the coating operative and 
suitable for processing, including speci?c components listed 
above as Well as surfactants, ?lm formers, adhesive agents, 
thickeners, detergents, and other ingredients and additives 
that Will be understood by an artisan skilled in the electro 
chemical sensor art. 

[0065] The binder can provide integrity of the coating 
While alloWing diffusion of the different components of the 
reaction scheme, reaction betWeen the reactive components, 
and movement of reactive components and products suffi 
cient to produce a quasi-steady-state concentration gradient 
of mediator and electroactive reaction product and thereby 
establish a stable or quasi-steady-state current betWeen the 
electrode pairs. Exemplary binders can include gelatin, 
carrageenan, methylcellulose, polyvinyl alcohol, polyvi 
nylpyrrolidone, alignate, polyethylene oxide, etc. 

[0066] A sensor according to the invention can be under 
stood to include a micro-electrode disposed on a ?exible 
substrate, optionally including a chemical coating, and fur 
ther including any immediate appurtenance necessary to use 
























