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(57) ABSTRACT 
A Sensor designed to determine the amount and concentra 
tion of analyte in a Sample having a Volume of less than 
about 1 lull. The Sensor has a working electrode coated with 
a non-leachable redox mediator. The redox mediator acts as 
an electron transfer agent between the analyte and the 
electrode. In addition, a Second electron transfer agent, Such 
as an enzyme, can be added to facilitate the electrooxidation 
or electroreduction of the analyte. The redox mediator is 
typically a redox compound bound to a polymer. The 
preferred redox mediators are air-oxidizable. 
The amount of analyte can be determined by coulometry. 
One particular coulometric technique includes the measure 
ment of the current between the working electrode and a 
counter or reference electrode at two or more times. The 
charge passed by this current to or from the analyte is 
correlated with the amount of analyte in the sample. Other 
electrochemical detection methods, Such as amperometric, 
Voltammetric, and potentiometric techniques, can also be 
used. 
The invention can be used to determine the concentration of 
a biomolecule, Such as glucose or lactate, in a biological 
fluid, Such as blood or Serum. An enzyme capable of 
catalyzing the electrooxidation or electroreduction of the 
biomolecule is provided as a Second electron transfer agent. 
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SMALL VOLUME IN WITRO ANALYTE SENSOR 

FIELD OF THE INVENTION 

0001. This invention relates to analytical sensors for the 
detection of bioanalytes in a Small Volume Sample. 

BACKGROUND OF THE INVENTION 

0002 Analytical sensors are useful in chemistry and 
medicine to determine the presence and concentration of a 
biological analyte. Such Sensors are needed, for example, to 
monitor glucose in diabetic patients and lactate during 
critical care events. 

0.003 Currently available technology measures bioana 
lytes in relatively large Sample Volumes, e.g., generally 
requiring 3 microliters or more of blood or other biological 
fluid. These fluid samples are obtained from a patient, for 
example, using a needle and Syringe, or by lancing a portion 
of the Skin Such as the fingertip and “milking the area to 
obtain a useful Sample Volume. These procedures are incon 
Venient for the patient, and often painful, particularly when 
frequent Samples are required. LeSS painful methods for 
obtaining a Sample are known Such as lancing the arm or 
thigh, which have a lower nerve ending density. However, 
lancing the body in the preferred regions typically produces 
Submicroliter Samples of blood, because these regions are 
not heavily Supplied with near-Surface capillary vessels. 
0004. It would therefore be desirable and very useful to 
develop a relatively painless, easy to use blood analyte 
Sensor, capable of performing an accurate and Sensitive 
analysis of the concentration of analytes in a Small volume 
of Sample. 

SUMMARY OF THE INVENTION 

0005 The sensors of the present invention provide a 
method for the detection and quantification of an analyte in 
Submicroliter Samples. In general, the invention includes a 
method and Sensor for analysis of an analyte in a Small 
Volume of Sample, preferably by coulometry. A biosensor of 
the invention utilizes a non-leachable redox mediator, pref 
erably an air-oxidizable redox mediator, and preferably 
immobilized on a working electrode. The biosensor also 
includes a Sample chamber to hold the Sample in electrolytic 
contact with the working electrode. In a preferred embodi 
ment, the working electrode faces a counter electrode, 
forming a measurement Zone within the Sample chamber, 
between the two electrodes, that is sized to contain less than 
about 1 till of Sample, preferably less than about 0.5 till, 
more preferably less than about 0.2 t , and most preferably 
less than about 0.1 till of Sample. A Sorbent material is 
optionally positioned in the Sample chamber and measure 
ment Zone to reduce the Volume of Sample needed to fill the 
Sample chamber and measurement Zone. 
0006. In one embodiment of the invention, a biosensor is 
provided which combines the efficiency of coulometric 
electrochemical Sensing with a non-leachable redox media 
tor to accurately and efficiently measure a bioanalyte in a 
submicroliter volume of sample. The preferred sensor 
includes an electrode, a non-leachable redox mediator on the 
electrode, a Sample chamber for holding the Sample in 
electrical contact with the electrode and, preferably, Sorbent 
material disposed within the Sample chamber to reduce the 
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volume of the chamber. The sample chamber, together with 
any Sorbent material, is sized to provide for analysis of a 
Sample Volume that is typically less than about 1 u, 
preferably less than about 0.5 ul, more preferably less than 
about 0.2 till, and most preferably less than about 0.1 till. 
0007 One embodiment of the invention includes a 
method for determining the concentration of an analyte in a 
Sample by, first, contacting the Sample with an electrochemi 
cal Sensor and then determining the concentration of the 
analyte. The electrochemical Sensor includes a facing elec 
trode pair with a working electrode and a counter electrode 
and a Sample chamber, including a measurement Zone, 
positioned between the two electrodes. The measurement 
Zone is sized to contain less than about 1 till of Sample. 

0008. The invention also includes an electrochemical 
Sensor with two or more facing electrode pairs. Each elec 
trode pair has a working electrode, a counter electrode, and 
a measurement Zone between the two electrodes, the mea 
Surement Zone being sized to hold less than about 1 till of 
Sample. In addition, the Sensor also includes non-leachable 
redox mediator on the working electrode of at least one of 
the electrode pairs. 
0009. One aspect of the invention is a method of deter 
mining the concentration of an analyte in a Sample by 
contacting the Sample with an electrochemical Sensor and 
determining the concentration of the analyte by coulometry. 
The electrochemical Sensor includes an electrode pair with 
a working electrode and a counter electrode. The Sensor also 
includes a sample chamber for holding a sample in electro 
lytic contact with the working electrode. Within the sample 
chamber is Sorbent material to reduce the Volume Sample 
needed to fill the Sample chamber So that the Sample 
chamber is sized to contain less than about 1 till of Sample. 
0010. The invention also includes a sensor and a method 
for the determination of the concentration of an analyte in a 
Sample having a Volume of less than about 1 ul. The Sensor 
has a Support and an air-oxidizable redox mediator coated on 
the Support. At least 90% of the air-oxidizable redox media 
tor is in an oxidized State prior to introduction of a Sample. 
The method includes contacting the Sample with the Sensor 
and correlating the concentration of the analyte in the 
Sample to a change in oxidation State of the redox mediator 
in the presence of the Sample. The Sensor and method of this 
aspect of the invention are directed to, but not limited to, 
electrochemical and optical Sensors. 
0011. A further aspect of the invention is an integrated 
Sample acquisition and analyte measurement device which 
includes a Sample acquisition means for producing a patient 
Sample as well as a Sensor of the invention for measuring 
analyte in the Sample. The device is used for measuring 
analyte in a patient Sample by, first, contacting the patient 
with the device and then determining the concentration of 
the analyte, preferably by coulometry. 

0012 Another aspect of the invention is a method for 
determining the concentration of an analyte in the Sample 
with reduced error by contacting the Sample with an elec 
trochemical Sensor that includes a first and a Second elec 
trode pair. Each electrode pair has a working electrode and 
a Sample chamber for holding the Sample in electrolytic 
contact with the working electrode, the Sample chamber 
being sized to contain less than about 1 till of Sample. The 
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first electrode pair also has a non-leachable redox mediator 
and non-leachable enzyme on the working electrode. The 
Second electrode pair has a non-leachable redox mediator in 
the absence of enzyme on the working electrode. The 
method further includes the Step of measuring Substantially 
Simultaneously. and at two or more times, a first current 
generated at the first electrode pair and a Second current 
generated at the Second electrode pair. The measured first 
currents and Second currents are independently integrated to 
give a first charge and a Second charge, respectively. The 
Second charge is Subtracted from the first charge to give a 
noise-reduced charge which is then correlated to the con 
centration of analyte in the Sample. This method can be used 
to remove errors arising from interferents or the mixed 
oxidation State of the redox mediator prior to introduction of 
the Sample. 
0013 Another method of the invention for the determi 
nation of the concentration of an analyte in a Sample 
includes the Step of providing an electrochemical Sensor 
which has one or more facing electrode pairs, each pair 
having a working and a counter electrode and a measure 
ment Zone between the working and counter electrodes, the 
measurement Zones of the one or more electrode pairs 
having approximately equal Volumes of less than about 1 it . 
The Sensor also includes redox mediator on the working 
electrode of at least one of the electrode pairs. The method 
further includes measuring a capacitance of one of the 
electrode pairs and calculating the Volume of the measure 
ment Zone of that electrode pair from the capacitance 
measurement. In addition, the Sensor is brought into contact 
with the Sample and the concentration of analyte in the 
Sample is determined by coulometry. 
0.014) A further aspect of the invention is a method of 
Storing and packaging an analytical Sensor which includes 
packaging the Sensor in an atmosphere containing molecular 
oxygen. The Sensor of this aspect of the invention includes 
air-oxidizable redox mediator. 

0.015. One embodiment of the invention is a method of 
determining the concentration of an analyte in a Sample by 
contacting the Sample with an electrochemical Sensor, elec 
trolyzing less than about 1 till of Sample, and determining 
the concentration of the analyte by coulometry. The Sensor 
of this embodiment of the invention includes a working 
electrode and non-leachable redox mediator on the working 
electrode. The molar amount of non-leachable redox media 
tor in the reduced form prior to introduction of the Sample 
into the Sensor is less than, on a Stoichiometric basis, 5% of 
the expected molar amount of analyte to be electrolyzed. 
0016. Another method for determining the concentration 
of an analyte in a Sample includes contacting the Sample 
with an electrochemical Sensor which has a working elec 
trode, a counter electrode, and a measurement Zone bounded 
on at least two sides by the two electrodes. The measurement 
Zone is sized to contain less than about 1 till of Sample. The 
concentration of analyte in the Sample is then determined by 
coulometry. 
0.017. These and various other features which character 
ize the invention are pointed out with particularity in the 
attached claims. For a better understanding of the invention, 
its advantages, and objectives obtained by its use, reference 
should be made to the drawings and to the accompanying 
description, in which there is illustrated and described 
preferred embodiments of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0018 Referring now to the drawings, wherein like ref 
erence numerals and letters indicate corresponding structure 
throughout the Several views: 

0019 FIG. 1 is a schematic view of a first embodiment 
of an electrochemical Sensor in accordance with the prin 
ciples of the present invention having a working electrode 
and a counter electrode facing each other; 

0020 FIG. 2 is a schematic view of a second embodi 
ment of an electrochemical Sensor in accordance with the 
principles of the present invention having a working elec 
trode and a counter electrode in a coplanar configuration; 

0021 FIG. 3 is a schematic view of a third embodiment 
of an electrochemical Sensor in accordance with the prin 
ciples of the present invention having a working electrode 
and a counter electrode facing each other and having an 
extended Sample chamber; 

0022 FIG. 4 is a not-to-scale side-sectional drawing of a 
portion of the sensor of FIG. 1 or 3 showing the relative 
positions of the redox mediator, the Sample chamber, and the 
electrodes, 

0023 FIG. 5 is a top view of an embodiment of a 
multiple electrode Sensor in accordance with the principles 
of the present invention; 

0024 FIG. 6 is a perspective view of an embodiment of 
an analyte measurement device in accordance With the 
principles of the present invention having a Sample acqui 
sition means and the sensor of FIG. 4; 

0025 FIG. 7 is a graph of the charge required to elec 
trooxidize a known quantity of glucose in an electrolyte 
buffered solution (filled circles) or serum solution (open 
circles) using the Sensor of FIG. 1 with glucose oxidase as 
the Second electron transfer agent; 
0026 FIG. 8 is a graph of the average glucose concen 
trations for the data of FIG. 7 (buffered solutions only) with 
calibration curves calculated to fit the averages, a linear 
calibration curve was calculated for the 10-20 mM concen 
trations and a Second order polynomial calibration curve was 
calculated for the 0-10 mM concentrations; 

0027 FIG. 9 is a Clarke-type clinical grid analyzing the 
clinical relevance of the glucose measurements of FIG. 7; 
and 

0028 FIG. 10 is a graph of the charge required to 
electrooxidize a known quantity of glucose in an electrolyte 
buffered solution using the sensor of FIG. 1 with glucose 
dehydrogenase as the Second electron transfer agent. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0029 When used herein, the following definitions define 
the stated term: 

0030. An “air-oxidizable mediator” is a redox mediator 
that is oxidized by air, preferably so that at least 90% of the 
mediator is in an oxidized State upon Storage in air within a 
useful period of time, e.g., one month or less, and, prefer 
ably, one week or less, and, more preferably, one day or less. 
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0031 A“biological fluid” is any body fluid in which the 
analyte can be measured, for example, blood, interstitial 
fluid, dermal fluid, Sweat, and tears. 
0032) The term “blood” in the context of the invention 
includes whole blood and its cell-free components, namely, 
plasma and Serum. 
0.033 “Coulometry” is the determination of charge 
passed or projected to pass during complete or nearly 
complete electrolysis of the analyte, either directly on the 
electrode or through one or more electron transfer agents. 
The charge is determined by measurement of charge passed 
during partial or nearly complete electrolysis of the analyte 
or, more often, by multiple measurements during the elec 
trolysis of a decaying current and elapsed time. The decay 
ing current results from the decline in the concentration of 
the electrolyzed species caused by the electrolysis. 
0034. A “counter electrode” refers to an electrode paired 
with the working electrode, through which passes an elec 
trochemical current equal in magnitude and opposite in Sign 
to the current passed through the working electrode. In the 
context of the invention, the term “counter electrode' is 
meant to include counter electrodes which also function as 
reference electrodes (i.e. a counter/reference electrode). 
0.035 An “electrochemical sensor' is a device configured 
to detect the presence and/or measure the concentration of 
an analyte via electrochemical oxidation and reduction reac 
tions on the Sensor. These reactions are transduced to an 
electrical Signal that can be correlated to an amount or 
concentration of analyte. 
0.036 “Electrolysis” is the electrooxidation or electrore 
duction of a compound either directly at an electrode or via 
one or more electron transfer agents. 
0037. The term “facing electrodes' refers to a configu 
ration of the working and counter electrodes in which the 
working Surface of the working electrode is disposed in 
approximate opposition to a Surface of the counter electrode 
and where the distance between the working and counter 
electrodes is less than the width of the working surface of the 
working electrode. 
0.038 A compound is “immobilized” on a surface when it 
is entrapped on or chemically bound to the Surface. 
0.039 The “measurement Zone” is defined herein as a 
region of the Sample chamber sized to contain only that 
portion of the Sample that is to be interrogated during the 
analyte assay. 
0040. A “non-leachable” or “non-releasable” compound 
is a compound which does not Substantially diffuse away 
from the working Surface of the working electrode for the 
duration of the analyte assay. 
0041 A“redox mediator” is an electron transfer agent for 
carrying electrons between the analyte and the working 
electrode, either directly, or via a Second electron transfer 
agent. 

0.042 A “second electron transfer agent” is a molecule 
which carries electrons between the redox mediator and the 
analyte. 
0.043 “Sorbent material' is material which wicks, 
retains, or is wetted by a fluid Sample in its Void volume and 
which does not substantially prevent diffusion of the analyte 
to the electrode. 
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0044) A “working electrode” is an electrode at which 
analyte is electrooxidized or electroreduced with or without 
the agency of a redox mediator. 
0045 A“working surface” is that portion of the working 
electrode which is coated with redox mediator and config 
ured for exposure to Sample. 
0046) The small volume, in vitro analyte sensors of the 
present invention are designed to measure the concentration 
of an analyte in a portion of a Sample having a volume leSS 
than about 1 u, preferably less than about 0.5 t , more 
preferably less than about 0.2 t , and most preferably leSS 
than about 0.1 till. The analyte of interest is typically 
provided in a Solution or biological fluid, Such as blood or 
serum. Referring to the Drawings in general and FIGS. 1-4 
in particular, a Small Volume, in vitro electrochemical Sensor 
20 of the invention generally includes a working electrode 
22, a counter (or counter/reference) electrode 24, and a 
sample chamber 26 (see FIG. 4). The sample chamber 26 is 
configured So that when a Sample is provided in the chamber 
the Sample is in electrolytic contact with both the working 
electrode 22 and the counter electrode 24. This allows 
electrical current to flow between the electrodes to effect the 
electrolysis (electrooxidation or electroreduction) of the 
analyte. 

0047 Working Electrode 
0048. The working electrode 22 may be formed from a 
molded carbon fiber composite or it may consist of an inert 
non-conducting base material, Such as polyester, upon which 
a Suitable conducting layer is deposited. The conducting 
layer should have relatively low electrical resistance and 
should be electrochemically inert over the potential range of 
the Sensor during operation. Suitable conductors include 
gold, carbon, platinum, ruthenium dioxide and palladium, as 
well as other non-corroding materials known to those skilled 
in the art. The electrode and/or conducting layers are depos 
ited on the Surface of the inert material by methods Such as 
Vapor deposition or printing. 

0049. A tab 23 may be provided on the end of the 
working electrode 22 for easy connection of the electrode to 
external electronics (not shown) Such as a voltage Source or 
current measuring equipment. Other known methods or 
Structures may be used to connect the working electrode 22 
to the external electronics. 

0050 Sensing Layer and Redox Mediator 
0051) A sensing layer 32 containing a non-leachable (i.e., 
non-releasable) redox mediator is disposed on a portion of 
the working electrode 22. Preferably, there is little or no 
leaching of the redox mediator away from the working 
electrode 22 into the Sample during the measurement period, 
which is typically less than about 5 minutes. More prefer 
ably, the redox mediators of the present invention are bound 
or otherwise immobilized on the working electrode 22 to 
prevent undesirable leaching of the mediator into the 
Sample. A diffusing or leachable (i.e., releasable) redox 
mediator is not desirable when the working and counter 
electrodes are close together (i.e., when the electrodes are 
Separated by less than about 1 mm), because a large back 
ground Signal is typically produced as the unbound mediator 
Shuttles electrons between the working and counter elec 
trodes, rather than between the analyte and the working 
electrode. This and other problems have hindered the devel 
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opment of low resistance cells and increased the minimum 
Sample size required for determination of analyte concen 
tration. 

0.052 Application of sensing layer 32 on working elec 
trode 22 creates a working Surface on that electrode. In 
general, the working Surface is that portion of the working 
electrode 22 coated with mediator and able to contact a fluid 
Sample. If a portion of the Sensing layer 32 is covered by a 
dielectric or other material, then the working Surface will 
only be that portion of the electrode covered by redox 
mediator and exposed for contact with the Sample. 

0053. The redox mediator mediates a current between the 
working electrode 22 and the analyte and enables the 
electrochemical analysis of molecules which are not Suited 
for direct electrochemical reaction on an electrode. The 
mediator functions as an electron transfer agent between the 
electrode and the analyte. 
0.054 Almost any organic or organometallic redox spe 
cies can be used as a redox mediator. In general, the 
preferred redox mediators are rapidly reducible and oxidiz 
able molecules having redox potentials a few hundred 
millivolts above or below that of the standard calomel 
electrode (SCE), and typically not more reducing than about 
-100 mV and not more oxidizing than about +400 mV 
verSuSSCE. Examples of organic redox Species are quinones 
and quinhydrones and Species that in their oxidized State 
have quinoid Structures, Such as Nile blue and indophenol. 
Unfortunately, Some quinones and partially oxidized quin 
hydrones react with functional groups of proteins such as the 
thiol groups of cysteine, the amine groups of lysine and 
arginine, and the phenolic groups of tyrosine which may 
render those redox Species unsuitable for Some of the 
Sensors of the present invention, e.g., Sensors that will be 
used to measure analyte in biological fluids Such as blood. 

0055. In general, mediators suitable for use in the inven 
tion have Structures which prevent or Substantially reduce 
the diffusional loSS of redox Species during the period of 
time that the Sample is being analyzed. The preferred redox 
mediators include a redox Species bound to a polymer which 
can in turn be immobilized on the working electrode. Useful 
redox mediators and methods for producing them are 
described in U.S. Pat. Nos. 5,264,104; 5,356,786; 5,262, 
035; and 5,320,725, herein incorporated by reference. 
Although, any organic or organometallic redox Species can 
be bound to a polymer and used as a redox mediator, the 
preferred redox Species is a transition metal compound or 
complex. The preferred transition metal compounds or com 
plexes include OSmium, ruthenium, iron, and cobalt com 
pounds or complexes. The most preferred are OSmium 
compounds and complexes. 

0056. One type of non-releasable polymeric redox 
mediator contains a redox Species covalently bound in a 
polymeric composition. An example of this type of mediator 
is poly(Vinylferrocene). 
0057 Alternatively, a suitable non-releasable redox 
mediator contains an ionically-bound redox Species. Typi 
cally, these mediators include a charged polymer coupled to 
an oppositely charged redox Species. Examples of this type 
of mediator include a negatively charged polymer Such as 
Nafion(R) (Dupont) coupled to a positively charged redox 
Species Such as an osmium or ruthenium polypyridyl cation. 
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Another example of an ionically-bound mediator is a posi 
tively charged polymer Such as quaternized poly(4-vinyl 
pyridine) or poly(1-vinyl imidazole) coupled to a negatively 
charged redox Species Such as ferricyanide or ferrocyanide. 

0058. In another embodiment of the invention, the Suit 
able non-releasable redox mediators include a redox Species 
coordinatively bound to the polymer. For example, the 
mediator may be formed by coordination of an osmium or 
cobalt 2,2'-bipyridyl complex to poly(1-vinyl imidazole) or 
poly(4-vinyl pyridine). 
0059. The preferred redox mediators are osmium transi 
tion metal complexes with one or more ligands having a 
nitrogen-containing heterocycle Such as 2,2'-bipyridine, 
1,10-phenanthroline or derivatives thereof. Furthermore, the 
preferred redox mediators also have one or more polymeric 
ligands having at least one nitrogen-containing heterocycle, 
Such as pyridine, imidazole, or derivatives thereof. These 
preferred mediatorS eXchange electrons rapidly between 
each other and the electrodes So that the complex can be 
rapidly oxidized and reduced. 
0060. In particular, it has been determined that osmium 
cations complexed with two ligands containing 2,2'-bipyri 
dine, 1,10-phenanthroline, or derivatives thereof, the two 
ligands not necessarily being the same, and further com 
plexed with a polymer having pyridine or imidazole func 
tional groups form particularly useful redox mediators in the 
small volume sensors of the present invention. Preferred 
derivatives of 2,2'-bipyridine for complexation with the 
osmium cation are 4,4'-dimethyl-2,2'-bipyridine and mono-, 
di-, and polyalkoxy-2,2'-bipyridines, Such as 4,4'- 
dimethoxy-2,2'-bipyridine, where the carbon to oxygen ratio 
of the alkoxy groups is Sufficient to retain Solubility of the 
transition metal complex in water. Preferred derivatives of 
1,10-phenanthroline for complexation with the OSmium cat 
ion are 4,7-dimethyl-1,10-phenanthroline and mono-di-, 
and polyalkoxy-1,10-phenanthrolines, Such as 4,7- 
dimethoxy-1,10-phenanthroline, where the carbon to oxy 
gen ratio of the alkoxy groupS is Sufficient to retain Solubility 
of the transition metal complex in water. Preferred polymers 
for complexation with the osmium cation include poly(1- 
vinyl imidazole), e.g., PVI, and poly(4-vinyl pyridine), e.g., 
PVP, either alone or with a copolymer. Most preferred are 
redox mediators with osmium complexed with poly(1-vinyl 
imidazole) alone or with a copolymer. 
0061 The preferred redox mediators have a redox poten 

tial between about -150 mV to about +400 mV versus the 
standard calomel electrode (SCE). Preferably, the potential 
of the redox mediator is between about -100 mV and +100 
mV and more preferably, the potential is between about -50 
mV and +50 mV. The most preferred redox mediators have 
oSmium redox centers and a redox potential more negative 
than +100 mV versus SCE, more preferably the redox 
potential is more negative than +50 mV versus SCE, and 
most preferably is near -50 mV versus SCE. 
0062. It is also preferred that the redox mediators of the 
inventive sensors be air-oxidizable. This means that the 
redox mediator is oxidized by air, preferably So that at least 
90% of the mediator is in an oxidized state prior to intro 
duction of Sample into the Sensor. Air-Oxidizable redox 
mediators include osmium cations complexed with two 
mono-, di-, or polyalkoxy-2,2'-bipyridine or mono-, di-, or 
polyalkoxy-1,10-phenanthroline ligands, the two ligands not 
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necessarily being the same, and further complexed with 
polymers having pyridine and imidazole functional groups. 
In particular, Os4,4'-dimethoxy-2,2'-bipyridine),CI" 
complexed with poly(4-Vinyl pyridine) or poly(1-vinyl imi 
dazole) attains approximately 90% or more oxidation in air. 
0.063. In a preferred embodiment of the invention, the 
Sensing layer 32 includes a Second electron transfer agent 
which is capable of transferring electrons to or from the 
redox mediator and the analyte. One example of a Suitable 
Second electron transfer agent is an enzyme which catalyzes 
a reaction of the analyte. For example, a glucose oxidase or 
glucose dehydrogenase, Such as pyrroloquinoline quinone 
glucose dehydrogenase (POO), is used when the analyte is 
glucose. A lactate oxidase fills this role when the analyte is 
lactate. These enzymes catalyze the electrolysis of an ana 
lyte by transferring electrons between the analyte and the 
electrode via the redox mediator. Preferably, the second 
electron transfer agent is non-leachable, and more preferably 
immobilized on the electrode, to prevent unwanted leaching 
of the agent into the Sample. This is accomplished, for 
example, by croSS linking the Second electron transfer agent 
with the redox mediator, thereby providing a Sensing layer 
with non-leachable components. 

0064. To prevent electrochemical reactions from occur 
ring on portions of the working electrode not coated by the 
mediator, a dielectric 40 may be deposited on the electrode 
over, under, or Surrounding the region with the bound redox 
mediator, as shown in FIG. 4. Suitable dielectric materials 
include waxes and non-conducting organic polymerS Such as 
polyethylene. Dielectric 40 may also cover a portion of the 
redox mediator on the electrode. The covered portion of the 
mediator will not contact the Sample, and, therefore, will not 
be a part of the electrode's working Surface. 

0065 Counter Electrode 
0.066 Counter electrode 24 may be constructed in a 
manner Similar to working electrode 22. Counter electrode 
24 may also be a counter/reference electrode. Alternatively, 
a separate reference electrode may be provided in contact 
with the sample chamber. Suitable materials for the counter/ 
reference or reference electrode include Ag/AgCl printed on 
a non-conducting base material or Silver chloride on a Silver 
metal base. If the counter electrode is not a reference 
electrode, the same materials and methods may be used to 
make the counter electrode as are available for constructing 
the working electrode 22, however, no redox mediator is 
immobilized on the counter or counter/reference electrode 
24. A tab 25 may be provided on the electrode for convenient 
connection to the external electronics (not shown), Such as 
a coulometer or other measuring device. 
0067. In one embodiment of the invention, working elec 
trode 22 and counter electrode 24 are disposed opposite to 
and facing each other to form a facing electrode pair as 
depicted in FIGS. 1 and 3. In this preferred configuration, 
the Sample chamber 26 is typically disposed between the 
two electrodes. For this facing electrode configuration, it is 
preferred that the electrodes are separated by a distance of 
less than about 0.2 mm, preferably less than 0.1 mm, and 
most preferably less than 0.05 mm. 
0068 The electrodes need not be directly opposing each 
other, they may be slightly offset. Furthermore, the two 
electrodes need not be the same size. Preferably, the counter 
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electrode 24 is at least as large as the working Surface of the 
working electrode 22. The counter electrode 22 can also be 
formed with tines in a comb shape. Other configuration of 
both the counter electrode and working electrode are within 
the Scope of the invention. However, the Separation distance 
between any portion of the working electrode and Some 
portion of the counter electrode preferably does not exceed 
the limits specified hereinabove. 
0069. In another embodiment of the invention, the two 
electrodes 22, 24 are coplanar as shown in FIG. 2. In this 
case, the Sample chamber 26 is in contact with both elec 
trodes and is bounded on the Side opposite the electrodes by 
a non-conducting inert base 30. Suitable materials for the 
inert base include non-conducting materials. Such as poly 
eSter. 

0070. Other configurations of the inventive sensors are 
also possible. For example, the two electrodes may be 
formed on Surfaces that make an angle to each other. One 
Such configuration would have the electrodes on Surfaces 
that form a right angle. Another possible configuration has 
the electrodes on a curved Surface Such as the interior of a 
tube. The working and counter electrodes may be arranged 
So that they face each other from opposite Sides of the tube. 
This is another example of a facing electrode pair. Alterna 
tively, the electrodes may be placed near each other on the 
tube wall (e.g., one on top of the other or side-by-side). 
0071. In any configuration, the two electrodes must be 
configured So that they do not make direct electrical contact 
with each other, to prevent shorting of the electrochemical 
sensor. This may be difficult to avoid when the facing 
electrodes having a short (less than about 100 um) distance 
between them. 

0072 Aspacer 28 can be used to keep the electrodes apart 
when the electrodes face each other as depicted in FIGS. 1 
and 3. The Spacer is typically constructed from an inert 
non-conducting material Such as polyester, Mylar", Kev 
lar" or any other Strong, thin polymer film, or, alternatively, 
a thin polymer film such as a TeflonTM film, chosen for its 
chemical inertneSS. In addition to preventing contact 
between the electrodes, the Spacer 28 often functions as a 
portion of the boundary for the sample chamber 26 as shown 
in FIGS. 1-4. 

0073 Sample Chamber 
0074 The sample chamber 26 is typically defined by a 
combination of the electrodes 22, 24, an inert base 30, and 
a spacer 28 as shown in FIGS. 1-4. A measurement Zone is 
contained within this Sample chamber and is the region of 
the Sample chamber that contains only that portion of the 
Sample that is interrogated during the analyte assay. In the 
embodiment of the invention illustrated in FIGS. 1 and 2, 
Sample chamber 26 is the Space between the two electrodes 
22, 24 and/or the inert base 30. In this embodiment, the 
Sample chamber has a Volume that is preferably leSS than 
about 1 till. more preferably less than about 0.5 till, and most 
preferably less than about 0.2 u. In the embodiment of the 
invention depicted in FIGS. 1 and 2, the measurement Zone 
has a volume that is approximately equal to the Volume of 
the Sample chamber. 

0075. In another embodiment of the invention, shown in 
FIG. 3, Sample chamber 26 includes much more space than 
the region proximate electrodes 22, 24. This configuration 
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makes it possible to provide multiple electrodes in contact 
with one or more sample chambers, as shown in FIG. 5. In 
this embodiment, sample chamber 26 is preferably sized to 
contain a Volume of less than about 1 it, more preferably 
less than about 0.5 L, and most preferably less than about 
0.2 u. The measurement Zone (i.e., the region containing 
the volume of Sample to be interrogated) is generally sized 
to contain a Volume of Sample of less than about 1 u, 
preferably less than about 0.5 ul, more preferably less than 
about 0.2 till, and most preferably less than about 0.1 u. 
One particularly useful configuration of this embodiment 
positions working electrode 22 and counter electrode 24 
facing each other, as shown in FIG. 3. In this embodiment, 
the measurement Zone, corresponding to the region contain 
ing the portion of the Sample which will be interrogated, is 
the portion of sample chamber 26 bounded by the working 
Surface of the working electrode and disposed between the 
two facing electrodes. When the Surface of the working 
electrode is not entirely covered by redox mediator, the 
measurement Zone is the Space between the two facing 
electrodes that has a Surface area corresponding to the 
working Surface (i.e., redox mediator-covered Surface) of 
working electrode 22 and a thickness corresponding to the 
Separation distance between working electrode 22 and 
counter electrode 24. 

0.076. In both of the embodiments discussed above, the 
thickness of the Sample chamber and of the measurement 
Zone correspond typically to the thickness of spacer 28 (e.g., 
the distance between the electrodes in FIGS. 1 and 3, or the 
distance between the electrodes and the inert base in FIG. 
2). Preferably, this thickness is small to promote rapid 
electrolysis of the analyte, as more of the Sample will be in 
contact with the electrode Surface for a given Sample Vol 
ume. In addition, a thin Sample chamber helps to reduce 
errors from diffusion of analyte into the measurement Zone 
from other portions of the Sample chamber during the 
analyte assay, because diffusion time is long relative to the 
measurement time. Typically, the thickness of the Sample 
chamber is less than about 0.2 mm. Preferably, the thickness 
of the Sample chamber is less than about 0.1 mm and, more 
preferably, the thickness of the sample chamber is about 0.05 
mm or leSS. 

0077. The sample chamber may be empty before the 
Sample is placed in the chamber. Alternatively, the Sample 
chamber may include a sorbent material 34 to Sorb and hold 
a fluid Sample during the measurement process. Suitable 
Sorbent materials include polyester, nylon, cellulose, and 
cellulose derivatives such as nitrocellulose. The Sorbent 
material facilitates the uptake of Small volume Samples by a 
wicking action which may complement or, preferably, 
replace any capillary action of the Sample chamber. 

0078. One of the most important functions of the sorbent 
material is to reduce the volume of fluid needed to fill the 
Sample chamber and corresponding measurement Zone of 
the Sensor. The actual Volume of Sample within the mea 
Surement Zone is partially determined by the amount of Void 
Space within the Sorbent material. Typically, Suitable Sor 
bents consist of about 5% to about 50% void space. Pref 
erably, the sorbent material consists of about 10% to about 
25% void space. 

007.9 The displacement of fluid by the sorbent material is 
advantageous. By addition of a Sorbent, leSS Sample is 
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needed to fill sample chamber 26. This reduces the volume 
of Sample that is required to obtain a measurement and also 
reduces the time required to electrolyze the Sample. 

0080. The sorbent material 34 may include a tab 33 
which is made of the same material as the Sorbent and which 
extends from the Sensor, or from an opening in the Sensor, 
So that a Sample may be brought into contact with tab 33, 
sorbed by the tab, and conveyed into the sample chamber 26 
by the wicking action of the sorbent material 34. This 
provides a preferred method for directing the Sample into the 
Sample chamber 26. For example, the Sensor may be brought 
into contact with a region of an animal (including human) 
that has been pierced with a lancet to draw blood. The blood 
is brought in contact with tab 33 and drawn into sample 
chamber 26 by the wicking action of the sorbent 34. The 
direct transfer of the Sample to the Sensor is especially 
important when the Sample is very Small, Such as when the 
lancet is used to pierce a portion of the animal that is not 
heavily Supplied with near-Surface capillary vessels and 
furnishes a blood Sample Volume of less than 1 u. 
0081 Methods other than the wicking action of a sorbent 
may be used to transport the Sample into the Sample chamber 
or measurement Zone. Examples of Such means for transport 
include the application of pressure on a Sample to push it 
into the Sample chamber, the creation of a vacuum by a 
pump or other vacuum-producing means in the Sample 
chamber to pull the Sample into the chamber, capillary action 
due to interfacial tension of the sample with the walls of a 
thin Sample chamber, as well as the wicking action of a 
Sorbent material. 

0082 The sensor can also be used in conjunction with a 
flowing Sample Stream. In this configuration, the Sample 
stream is made to flow through a sample chamber. The flow 
is Stopped periodically and the concentration of the analyte 
is determined by electrochemical method, Such as coulom 
etry. After the measurement, the flow is resumed, thereby 
removing the Sample from the Sensor. Alternatively, Sample 
may flow through the chamber at a very slow rate, Such that 
all of the analyte is electrolyzed in transit, yielding a current 
dependent only upon analyte concentration and flow rate. 
0083. The entire sensor assembly is held firmly together 
to ensure that the Sample remains in contact with the 
electrodes and that the Sample chamber and measurement 
Zone maintain the same Volume. This is an important con 
sideration in the coulometric analysis of a Sample, where 
measurement of a defined Sample Volume is needed. One 
method of holding the sensor together is depicted in FIGS. 
1 and 2. Two plates 38 are provided at opposite ends of the 
Sensor. These plates are typically constructed of non-con 
ducting materials. Such as plastics. The plates are designed So 
that they can be held together with the sensor between the 
two plates. Suitable holding devices include adhesives, 
clamps, nuts and bolts, Screws, and the like. 
0084 Integrated Sample Acquisition and Analyte Mea 
Surement Device 

0085. In a preferred embodiment of the invention, an 
analyte measurement device 52 constructed according to the 
principles of the present invention includes a Sensor 20, as 
described hereinabove, combined with a Sample acquisition 
means 50 to provide an integrated Sampling and measure 
ment device. The sample acquisition means 50 illustrated in 
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FIG. 6, includes, for example, a skin piercing member 54, 
Such as a lancet, attached to a resilient deflectable strip 56 (or 
other similar device, Such as a spring) which may be pushed 
to inject the lancet into a patient's skin to cause blood flow. 

0.086 The resilient strip 56 is then released and the skin 
piercing member 54 retracts. Blood flowing from the area of 
skin pierced by member 54 can then be transported, for 
example, by the wicking action of Sorbent material 34, into 
Sensor 20 for analysis of the analyte. The analyte measure 
ment device 52 may then be placed in a reader, not shown, 
which connects a coulometer or other electrochemical analy 
sis equipment to the electrode tabs 23, 25 to determine the 
concentration of the analyte by electroanalytical means. 

0087 Operation of the Sensor 
0088 An electrochemical sensor of the invention is oper 
ated in the following manner. A potential is applied acroSS 
the working and counter electrodes. The magnitude of the 
required potential is dependent on the redox mediator. The 
potential at an electrode where the analyte is electrolyzed is 
typically large enough to drive the electrochemical reaction 
to or near completion, but the magnitude of the potential is, 
preferably, not large enough to induce Significant electro 
chemical reaction of interferents, Such as urate, ascorbate, 
and acetaminophen, that may affect the current measure 
ments. Typically the potential is between about -150 mV 
and about +400 mV versus the standard calomel electrode 
(SCE). Preferably, the potential of the redox mediator is 
between about -100 mV and +100 mV and, more preferably, 
the potential is between about -50 mV and +50 mV. 
0089. The potential may be applied either before or after 
the Sample has been placed in the Sample chamber. The 
potential is preferably applied after the Sample has come to 
rest in the Sample chamber to prevent electrolysis of Sample 
passing through the measurement Zone as the Sample cham 
ber is filling. When the potential is applied and the Sample 
is in the measurement Zone, an electrical current will flow 
between the working electrode and the counter electrode. 
The current is a result of the electrolysis of the analyte in the 
Sample. This electrochemical reaction occurs via the redox 
mediator and the optional Second electron transfer agent. For 
many biomolecules, B, the proceSS is described by the 
following reaction equations: 

nA(ox) + B enzyme nA(red) -- C (1) 

nA(red)->nA(ox)+ne (2) 
0090 Biochemical B is oxidized to C by redox mediator 
Species Ain the presence of an appropriate enzyme. Then the 
redox mediator A is oxidized at the electrode. Electrons are 
collected by the electrode and the resulting current is mea 
Sured. 

0.091 As an example, one sensor of the present invention 
is based on the reaction of a glucose molecule with two 
non-leachable ferricyanide anions in the presence of glucose 
oxidase to produce two non-leachable ferrocyanide anions, 
two protons and gluconolactone. The amount of glucose 
present is assayed by electrooxidizing the non-leachable 
ferrocyanide anions to non-leachable ferricyanide anions 
and measuring the total charge passed. 
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0092 Those skilled in the art will recognize that there are 
many different reaction mechanisms that will achieve the 
Same result; namely the electrolysis of an analyte through a 
reaction pathway incorporating a redox mediator. Equations 
(1) and (2) are a non-limiting example of Such a reaction. 
0093. In a preferred embodiment of the invention, cou 
lometry is used to determine the concentration of the ana 
lyte. This measurement technique utilizes current measure 
ments obtained at intervals over the course of the assay, to 
determine analyte concentration. These current measure 
ments are integrated over time to obtain the amount of 
charge, Q, passed to or from the electrode. Q is then used to 
calculate the concentration of the analyte by the following 
equation: 

analyte=Q/nFV (3) 
0094 where n is the number of electron equivalents 
required to electrolyze the analyte, F is Faraday's constant 
(approximately 96.500 coulombs per equivalent), and V is 
the Volume of Sample in the measurement Zone. 
0095. In one embodiment of the invention, the analyte is 
completely or nearly completely electrolyzed. The charge is 
then calculated from current measurements made during the 
electrochemical reaction and the concentration of the analyte 
is determined using equation (3). The completion of the 
electrochemical reaction is typically signaled when the 
current reaches a steady-state value. This indicates that all or 
nearly all of the analyte has been electrolyzed. For this type 
of measurement, at least 90% of the analyte is typically 
electrolyzed, preferably, at least 95% of the analyte is 
electrolyzed and, more preferably, at least 99% of the 
analyte is electrolyzed. 
0096. For this method it is desirable that the analyte be 
electrolyzed quickly. The Speed of the electrochemical reac 
tion depends on Several factors, including the potential that 
is applied between the electrodes and the kinetics of reac 
tions (1) and (2). (Other significant factors include the size 
of the measurement Zone and the presence of Sorbent in the 
measurement Zone.) In general, the larger the potential, the 
larger the current through the cell (up to a transport limited 
maximum) and therefore, the faster the reaction will typi 
cally occur. However, if the potential is too large, other 
electrochemical reactions may introduce Significant error in 
the measurement. Typically, the potential between the elec 
trodes as well as the Specific redox mediator and optional 
Second electron transfer agent are chosen So that the analyte 
will be almost completely electrolyzed in less than 5 min 
utes, based on the expected concentration of the analyte in 
the sample. Preferably, the analyte will be almost completely 
electrolyzed within about 2 minutes and, more preferably, 
within about 1 minute. 

0097. In another embodiment of the invention, the ana 
lyte is only partially electrolyzed. The current is measured 
during the partial reaction and then extrapolated using 
mathematical techniques known to those skilled in the art to 
determine the current curve for the complete or nearly 
complete electrolysis of the analyte. Integration of this curve 
yields the amount of charge that would be passed if the 
analyte were completely or nearly completely electrolyzed 
and, using equation (3), the concentration of the analyte is 
calculated. 

0098. The above described methods are based on coulo 
metric analyses, due to the advantages of coulometric mea 
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Surements, as described hereinbelow. However, those skilled 
in the art will recognize that a Sensor of the invention may 
also utilize potentiometric, amperometric, Voltammetric, 
and other electrochemical techniques to determine the con 
centration of an analyte in a Sample. There are, however, 
disadvantages to using Some of these techniques. The mea 
Surements obtained by these non-coulometric methods are 
not temperature independent as the current and potential 
obtained by the electrolysis of an analyte on an electrode is 
very Sensitive to Sample temperature. This presents a prob 
lem for the calibration of a sensor which will be used to 
measure bioanalytes and other Samples at unknown or 
variable temperatures. 
0099. In addition, the measurements obtained by these 
non-coulometric electrochemical techniques are Sensitive to 
the amount of enzyme provided in the Sensor. If the enzyme 
deactivates or decays over time, the resulting measurements 
will be affected. This will limit the shelf life of Such sensors 
unless the enzyme is very stable. 
0100 Finally, the measurements obtained by non-coulo 
metric electrochemical techniqueS Such as amperometry will 
be negatively affected if a Substantial portion of the analyte 
is electrolyzed during the measurement period. An accurate 
Steady-state measurement can not be obtained unless there is 
Sufficient analyte So that only a relatively Small portion of 
the analyte is electrolyzed during the measurement process. 
0101 The electrochemical technique of coulometry over 
comes these problems. Coulometry is a method for deter 
mining the amount of charge passed or projected to pass 
during complete or nearly complete electrolysis of the 
analyte. One coulometric technique involves electrolyzing 
the analyte on a working electrode and measuring the 
resulting current between the working electrode and a 
counter electrode at two or more times during the electroly 
Sis. The electrolysis is complete when the current reaches a 
Steady State. The charge used to electrolyze the Sample is 
then calculated by integrating the measured currents over 
time. Because the charge is directly related to the amount of 
analyte in the Sample there is no temperature dependence of 
the measurement. In addition, the activity of the redox 
mediator does not affect the value of the measurement, but 
only the time required to obtain the measurement (i.e., less 
active redox mediator requires a longer time to achieve 
complete electrolysis of the sample) So that decay of the 
mediator over time will not render the analyte concentration 
determination inaccurate. And finally, the depletion of the 
analyte in the Sample by electrolysis is not a Source of error, 
but rather the objective of the technique. (However, the 
analyte need not be completely electrolyzed if the electroly 
sis curve is extrapolated from the partial electrolysis curve 
based on well-known electrochemical principles.) 
0102) For coulometry to be an effective measurement 
technique for determining the concentration of an analyte in 
a Sample, it is necessary to accurately determine the Volume 
of the measured sample. Unfortunately, the volume of the 
Sample in the measurement Zone of a Small volume Sensor 
(i.e., less than one microliter) may be difficult to accurately 
determine because the manufacturing tolerances of one or 
more dimensions of the measurement Zone may have Sig 
nificant variances. 

0103) Air-Oxidizable Redox Mediators 
0104. Another source of error in a coulometric sensor is 
the presence of electrochemical reactions other than those 
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asSociated with the analyte. In a Sensor having a redox 
mediator, a potential Source of measurement error is the 
presence of redox mediator in an unknown mixed oxidation 
State (i.e., mediator not reproducibly in a known oxidation 
state). Redox mediator will then be electrolyzed at the 
electrode, not in response to the presence of an analyte, but 
Simply due to its initial oxidation State. Referring to equa 
tions (1) and (2), current not attributable to the oxidation of 
biochemical B will flow due to oxidation of a portion of a 
redox mediator, A, that is in its reduced form prior to the 
addition of the Sample. Thus, it is important to know the 
oxidation State of the analyte prior to introduction of the 
Sample into the Sensor. Furthermore, it is desirable that all or 
nearly all of the redox mediator be in a single oxidation State 
prior to the introduction of the Sample into the Sensor. 
0105. Each redox mediator has a reduced form or state 
and an oxidized form or State. In one aspect of the invention, 
it is preferred that the amount of redox mediator in the 
reduced form prior to the introduction of Sample be signifi 
cantly Smaller than the expected amount of analyte in a 
Sample in order to avoid a significant background contribu 
tion to the measured current. In this embodiment of the 
invention, the molar amount of redox mediator in the 
reduced form prior to the introduction of the analyte is 
preferably less than, on a Stoichiometric basis, about 10%, 
and more preferably less than about 5%, and most preferably 
less than 1%, of the molar amount of analyte for expected 
analyte concentrations. (The molar amounts of analyte and 
redox mediator should be compared based on the Stoichi 
ometry of the applicable redox reaction So that if two moles 
of redox mediator are needed to electrolyze one mole of 
analyte, then the molar amount of redox mediator in the 
reduced form prior to introduction of the analyte is prefer 
ably less than 20% and more preferably less than about 10% 
and most preferably less than about 2% of the molar amount 
of analyte for expected analyte concentrations.) Methods for 
controlling the amount of reduced mediator are discussed 
below. 

0106. In another aspect of the invention, it is preferred 
that the relative ratio of oxidized redox mediator to reduced 
redox mediator prior to introduction of the Sample in the 
Sensor be relatively constant between Similarly constructed 
Sensors. The degree of variation in this ratio between Simi 
larly constructed Sensors will negatively affect the use of a 
calibration curve to account for the reduced mediator, as 
Significant variations between Sensors will make the cali 
bration less reliable. For this aspect of the invention, the 
percentage of the redox mediator in the reduced form prior 
to introduction of the Sample in the Sensor varies by less than 
about 20% and preferably less than about 10% between 
Similarly constructed Sensors. 
0107 One method of controlling the amount of reduced 
redox mediator prior to the introduction of the Sample in the 
Sensor is to provide an oxidizer to oxidize the reduced form 
of the mediator. One of the most convenient oxidizers is O. 
Oxygen is usually readily available to perform this oxidizing 
function. Oxygen can be Supplied by exposing the Sensor to 
air. In addition, most polymers and fluids absorb O from the 
air unless Special precautions are taken. Typically, at least 
90% of an air-oxidizable (i.e., O. oxidizable) mediator is in 
the oxidized State upon Storage or exposure to air for a useful 
period of time, e.g., one month or less, and preferably, one 
week or less, and, more preferably, one day or less. 
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0108 Suitable mediators which are both air-oxidizable 
(i.e., O2-oxidizable) and have electron transfer capabilities 
have been described hereinabove. One particular family of 
useful mediators are osmium complexes which are coordi 
nated or bound to ligands with one or more nitrogen 
containing heterocycles. In particular, osmium complexed 
with mono-, di-, and polyalkoxy-2,2'-bipyridine or mono-, 
di-, and polyalkoxy-1,10-phenanthroline, where the alkoxy 
groups have a carbon to oxygen ratio Sufficient to retain 
Solubility in water, are air-oxidizable. These osmium com 
plexes typically have two Substituted bipyridine or Substi 
tuted phenanthroline ligands, the two ligands not necessarily 
being identical. These OSmium complexes are further com 
plexed with a polymeric ligand with one or more nitrogen 
containing heterocycles, Such as pyridine and imidazole. 
Preferred polymeric ligands include poly(4-vinyl pyridine) 
and, more preferably, poly(1-vinyl imidazole) or copoly 
mers thereof. Os4,4'-dimethoxy-2,2'-bipyridine)C1''' 
complexed with a poly(1-vinyl imidazole) or poly(4-vinyl 
pyridine) has been shown to be particularly useful as the 
Oscation is oxidizable by O. to Os". Similar results are 
expected for complexes of Os4,7-dimethoxy-1,10-phenan 
throline)Cl', and other mono-, di-, and polyalkoxy bipy 
ridines and phenanthrolines, with the same polymers. 
0109) A complication associated with air-oxidizable 
mediators arises if the air oxidation of the redox mediator is 
So fast that a Substantial portion of the analyte-reduced redox 
mediator is oxidized by O. during an analyte assay. This will 
result in an inaccurate assay as the amount of analyte will be 
underestimated because the mediator will be oxidized by the 
oxidizer rather than by electrooxidation at the electrode. 
Thus, it is preferred that the reaction of the redox mediator 
with O. proceeds more slowly than the electrooxidation of 
the mediator. Typically, less than 5%, and preferably less 
than 1%, of the reduced mediator should be oxidized by the 
oxidizer during an assay. 
0110. The reaction rate of the air oxidation of the media 
tor can be controlled through choice of an appropriate 
complexing polymer. For example, the oxidation reaction is 
much faster for Os4,4'-dimethoxy-2,2'-bipyridine)C1''' 
coordinatively coupled to poly(1-vinyl imidazole) than for 
the same OS complex coupled to poly(4-vinyl pyridine). The 
choice of an appropriate polymer will depend on the 
expected analyte concentration and the potential applied 
between the electrodes, both of which determine the rate of 
the electrochemical reaction. 

0111 Thus, in one embodiment of the invention, the 
preferred redox mediator has the following characteristics: 
1) the mediator does not react with any molecules in the 
Sample or in the Sensor other than the analyte (optionally, via 
a second electron transfer agent); 2) nearly all of the redox 
mediator is oxidized by an oxidizer Such as O prior to 
introduction of the sample in the Sensor; and 3) the oxidation 
of the redox mediator by the oxidizer is slow compared to 
the electrooxidation of the mediator by the electrode. 
0112 Alternatively, if the redox mediator is to be oxi 
dized in the presence of the analyte and electroreduced at the 
electrode, a reducer rather than an oxidizer would be 
required. The same considerations for the appropriate choice 
of reducer and mediator apply as described hereinabove for 
the oxidizer. 

0113. The use of stable air-oxidizable redox mediators in 
the electrochemical Sensors of the invention provides an 
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additional advantage during Storage and packaging. Sensors 
of the invention which include air oxidizable redox media 
tors can be packaged in an atmosphere containing molecular 
oxygen and Stored for long periods of time, e.g., greater than 
one month, while maintaining more than 80% and prefer 
ably more than 90% of the redox species in the oxidized 
State. 

0114 Optical Sensors 
0115 The air-oxidizable redox species of the present 
invention can be used in other types of Sensors. The osmium 
complexes described hereinabove are Suitable for use in 
optical Sensors, due to the difference in the absorption 
spectra and fluorescence characteristics of the complexed 
Os and Os' species. Absorption, transmission, reflection, 
or fluorescence measurements of the redox Species will 
correlate with the amount of analyte in the sample (after 
reaction between an analyte and the redox Species, either 
directly, or via a Second electron transfer agent Such as an 
enzyme). In this configuration, the molar amount of redox 
mediator should be greater, on a Stoichiometric basis, than 
the molar amount of analyte reasonably expected to fill the 
measurement Zone of the Sensor. 

0116 Standard optical Sensors, including light-guiding 
optical fiber Sensors, and measurement techniques can be 
adapted for use with the air-oxidizable mediators For 
example, the optical Sensors of the invention may include a 
light-transmitting or light reflecting Support on which the 
air-oxidizable redox Species, and preferably an analyte 
responsive enzyme, is coated to form a film. The Support 
film forms one boundary for the measurement Zone in which 
the Sample is placed. The other boundaries of the measure 
ment Zone are determined by the configuration of the cell. 
Upon filling the measurement Zone with an analyte-contain 
ing Sample, reduction of the air-oxidizable mediator by the 
analyte, preferably via reaction with the analyte-responsive 
enzyme, causes a shift in the mediator's oxidation State that 
is detected by a change in the light transmission, absorption, 
or reflection spectra or in the fluorescence of the mediator at 
one or more wavelengths of light. 

0117 Multiple Electrode Sensors and Calibration 
0118 Errors in assays may occur when mass produced 
Sensor are used because of variations in the Volume of the 
measurement Zone of the Sensors. Two of the three dimen 
Sions of the measurement Zone, the length and the width, are 
usually relatively large, between about 1-5 mm. Electrodes 
of Such dimensions can be readily produced with a variance 
of 2% or less. The Submicroliter measurement Zone volume 
requires, however, that the third dimension be Smaller than 
the length or width by one or two order of magnitude. AS 
mentioned hereinabove, the thickness of the Sample cham 
ber is typically between about 0.1 and about 0.01 mm. 
Manufacturing variances in the thickneSS may be as large or 
larger than the desired thickness. Therefore, it is desirable 
that a method be provided to accommodate for this uncer 
tainty in the Volume of Sample within the measurement Zone. 
0119). In one embodiment of the invention, depicted in 
FIG. 5, multiple working electrodes 42, 44, 46 are provided 
on a base material 48. These electrodes are covered by 
another base, not shown, which has counter electrodes, not 
shown, disposed upon it to provide multiple facing electrode 
pairs. The variance in the Separation distance between the 
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working electrode and the counter electrode among the 
electrode pairs on a given Sensor is significantly reduced, 
because the working electrodes and counter electrodes are 
each provided on a single base with the same Spacer 28 
between each electrode pair (see FIG. 3). 
0120. One example of a multiple electrode sensor that 
can be used to accurately determine the Volume of the 
measurement Zones of the electrode pairs and also useful in 
reducing noise is presented herein. In this example, one of 
the working electrodes 42 is prepared with a non-leachable 
redox mediator and a non-leachable Second electron transfer 
agent (e.g., an enzyme). Sorbent material may be disposed 
between that working electrode 42 and its corresponding 
counter electrode. Another working electrode 44 includes 
non-leachable redox mediator, but no Second electron trans 
fer agent on the electrode. Again, this Second electrode pair 
may have sorbent material between the working electrode 44 
and the corresponding counter electrode. An optional third 
working electrode 46 has no redox mediator and no Second 
electron transfer agent bound to the electrode, nor is there 
sorbent material between the working electrode 46 and its 
corresponding counter electrode. 

0121 The thickness of the sample chamber can be deter 
mined by measuring the capacitance, preferably in the 
absence of any fluid, between electrode 46 (or any of the 
other electrodes 42, 44 in the absence of sorbent material) 
and its corresponding counter electrode. The capacitance of 
an electrode pair depends on the Surface area of the elec 
trodes, the interelectrode spacing, and the dielectric constant 
of the material between the plates. The dielectric constant of 
air is unity which typically means that the capacitance of this 
electrode configuration is a few picofarads (or about 100 
picofarads if there is fluid between the electrode and counter 
electrode given that the dielectric constant for most biologi 
cal fluids is approximately 75). Thus, since the Surface area 
of the electrodes are known, measurement of the capacitance 
of the electrode pair allows for the determination of the 
thickness of the measurement Zone to within about 1-5%. 

0122) The amount of void volume in the sorbent material, 
can be determined by measuring the capacitance between 
electrode 44 (which has no Second electron transfer agent) 
and its associated counter electrode, both before and after 
fluid is added. Upon adding fluid, the capacitance increases 
markedly Since the fluid has a much larger dielectric con 
Stant. Measuring the capacitance both with and without fluid 
allows the determination of the Spacing between the elec 
trodes and the void volume in the Sorbent, and thus the 
volume of the fluid in the reaction Zone. 

0123 The sensor error caused by redox mediator in a 
non-uniform oxidation State prior to the introduction of the 
Sample can be measured by concurrently electrolyzing the 
Sample in the measurement Zones that are proximate elec 
trodes 42 and 44. At electrode 42, the analyte is electrolyzed 
to provide the Sample signal. At electrode 44, the analyte is 
not electrolyzed because of the absence of the Second 
electron transfer agent (assuming that a second electron 
transfer agent is necessary). However, a Small charge will 
pass (and a Small current will flow) due to the electrolysis of 
the redox mediator that was in a mixed oxidation state (i.e., 
Some redox centers in the reduced State and Some in the 
oxidized State) prior to the introduction of the sample. The 
Small charge passed between the electrodes in this Second 
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electrode pair can be Subtracted from the charge passed 
between the first electrode pair to substantially remove the 
error due to the oxidation state of the redox mediator. This 
procedure also reduces the error associated with other elec 
trolyzed interferents, Such as ascorbate, urate, and acetami 
nophen. 

0.124. Other electrode configurations can also use these 
techniques (i.e., capacitance measurements and coulometric 
measurements in the absence of a critical component) to 
reduce background noise and error due to interferents and 
imprecise knowledge of the Volume of the interrogated 
Sample. Protocols involving one or more electrode pairs and 
one or more of the measurements described above can be 
developed and are within the scope of the invention. For 
example, only one electrode pair is needed for the capaci 
tance measurements, however, additional electrode pairs 
may be used for convenience. 

EXAMPLES 

0.125 The invention will be further characterized by the 
following examples. These examples are not meant to limit 
the scope of the invention which has been fully set forth in 
the foregoing description. Variations within the concepts of 
the invention are apparent to those skilled in the art. 

Example 1 

Preparation of a Small Volume In Vitro Sensor for 
the Determination of Glucose Concentration 

0.126 A Sensor was constructed corresponding to the 
embodiment of the invention depicted in FIG. 1. The 
working electrode was constructed on a MylarTM film 
(DuPont), the MylarTM film having a thickness of 0.175 mm 
and a diameter of about 2.5 cm. An approximately 12 micron 
thick carbon pad having a diameter of about 1 cm was Screen 
printed on the MylarTM film. The carbon electrode was 
overlaid with a water-insoluble dielectric insulator (Insu 
layer) having a thickness of 12 um, and a 4 mm diameter 
opening in the center. 
0127. The center of the carbon electrode, which was not 
covered by the dielectric, was coated with a redox mediator. 
The redox mediator was formed by complexing poly(1-vinyl 
imidazole) with Os(4,4'-dimethoxy-2,2'-bipyridine)Cl. fol 
lowed by croSS-linking glucose oxidase with the OSmium 
polymer using polyethylene glycol diglycidyl ether as 
described in Taylor, et al., J. Electroanal. Chem., 396:511 
(1995). The ratio of osmium to imidazole functionalities in 
the redox mediator was approximately 1:15. The mediator 
was deposited on the working electrode in a layer having a 
thickness of 0.6 um and a diameter of 4 mm. The coverage 
of the mediator on the electrode was about 60 ug/cm (dry 
weight). A spacer material was placed on the electrode 
Surrounding the mediator-covered Surface of the electrode. 
The spacer was made of poly(tetrafluoroethylene) (PTFE) 
and had a thickness of about 0.040 mm. 

0128. A sorbent material was placed in contact with the 
mediator-covered Surface of the working electrode. The 
sorbent was made of nylon (Tetko Nitex nylon 3-10/2) and 
had a diameter of 5 mm, a thickness of 0.045 mm, and a void 
volume of about 20%. The volume of sample in the mea 
Surement Zone was calculated from the dimensions and 
characteristics of the Sorbent and the electrode. The mea 
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Surement Zone had a diameter of 4 mm (the diameter of the 
mediator covered Surface of the electrode) and a thickness of 
0.045 mm (thickness of the nylon sorbent) to give a volume 
of 0.57 ul. Of this space, about 80% was filled with nylon 
and the other 20% was void space within the nylon Sorbent. 
This resulting Volume of Sample within the measurement 
Zone was about 0.11 till. 
0129. A counter/reference electrode was placed in con 
tact with the Spacer and the Side of the Sorbent opposite to 
the working electrode So that the two electrodes were facing 
each other. The counter/reference electrode was constructed 
on a MylarTM film having a thickness of 0.175 mm and a 
diameter of about 2.5 cm onto which a 12 micron thick layer 
of silver/silver chloride having a diameter of about 1 cm was 
Screen printed. 
0130. The electrodes, sorbent, and spacer were pressed 
together using plates on either Side of the electrode assem 
bly. The plates were formed of polycarbonate plastic and 
were Securely clamped to keep the Sensor together. The 
electrodes were Stored in air for 48 hours prior to use. 
0131 Tabs extended from both the working electrode and 
the counter/reference electrode and provided for an electri 
cal contact with the analyzing equipment. A potentiostat was 
used to apply a potential difference of +200 mV between the 
working and counter/reference electrodes, with the working 
electrode being the anode. There was no current flow 
between the electrodes in the absence of Sample, which was 
expected, as no conductive path between the electrodes was 
present. 

0132) The sample was introduced via a small tab of nylon 
Sorbent material formed as an extension from the nylon 
Sorbent in the Sample chamber. Liquid was wicked into the 
Sorbent when contact was made between the Sample and the 
Sorbent tab. AS the Sample chamber filled and the Sample 
made contact with the electrodes, current flowed between 
the electrodes. When glucose molecules in the Sample came 
in contact with the glucose oxidase on the working elec 
trode, the glucose molecules were electrooxidized to glu 
conolactone. The osmium redox centers in the redox media 
tor then reoxidized the glucose oxidase. The osmium centers 
were in turn reoxidized by reaction with the working elec 
trode. This provided a current which was measured and 
simultaneously integrated by a coulometer. (EG&G Princ 
eton Applied Research Model #173) 
0133. The electrochemical reaction continued until the 
current reached a steady State value which indicated that 
greater than 95% of the glucose had been electroreduced. 
The current curve obtained by measurement of the current at 
Specific intervals was integrated to determine the amount of 
charge passed during the electrochemical reaction. These 
charges were then plotted versus the known glucose con 
centration to produce a calibration curve. 
0134) The sensor was tested using 0.5 till aliquots of 
Solutions containing known concentrations of glucose in a 
buffer of artificial cerebrospinal fluid or in a control serum 
(Baxter-Dade, Monitrol Level 1, Miami, Fla.) in the range of 
3 to 20 mM glucose. The artificial cerebrospinal fluid was 
prepared as a mixture of the following salts: 126 mM NaCl, 
27.5 mM NaHCO, 2.4 mM KC1, 0.5 mM. KHPO, 1.1 mM 
CaCl2.H2O, and 0.5 mM NaSO. 
0135 The results of the analyses are shown in Table 1 
and in FIG. 7. In Table 1, Q, is the average charge used avg 
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to electrolyze the glucose in 3-6 identical test samples (FIG. 
7 graphs the charge for each of the test samples) and the 90% 
rise time corresponds to the amount of time required for 90% 
of the glucose to be electrolyzed. The data show a Sensor 
precision of 10-20%, indicating adequate Sensitivity of the 
Sensor for low glucose concentrations, as well as in the 
physiologically relevant range (30 ug/dL-600 ug/dL). 

TABLE 1. 

Sensor Results Using Glucose Oxidase 

Number of 
Samples 90% rise time 
Tested Qavg (4C) (sec) 

buffer only 4 9.9 1.8 13 6 
3 mM glucose/buffer 5 17.8 3.5 19 - 5 
6 mM glucose/buffer 4 49.4 4.9 25 - 3 
10 mM glucose/buffer 6 96.1 - 12.4 36 - 17 
15 mM glucose/buffer 5 205.2 75.7 56 - 23 
20 mM glucose/buffer 4 255.7 41.O 62 - 17 
4.2 mM glucose/serum 3 44.2 + 4.3 44 3 
15.8 mM glucose/serum 3 218.2 57.5 72 21 

0.136 The average measured values of glucose concen 
tration were fit by one or more equations to provide a 
calibration curve. FIG. 8 shows the calibration curves for 
the glucose/buffer data of Table 1. One of the 15.0 mM 
glucose measurements was omitted from these calculations 
because it was more than two standard deviations away from 
the average of the measurements. The higher glucose con 
centrations (10-20 mM) were fit by a linear equation. The 
lower glucose concentrations were fit by a Second order 
polynomial. 

0137 FIG. 9 shows the data of Table 1 plotted on an error 
grid developed by Clarke, et al. Diabetes Care, 5, 622–27, 
1987, for the determination of the outcome of errors based 
on inaccurate glucose concentration determination. The 
graph plots “true’ glucose concentration VS. measured glu 
cose concentration, where the measured glucose concentra 
tion is determined by calculating a glucose concentration 
using the calibration curves of FIG. 8 for each data point of 
FIG. 7. Points in Zone A are accurate, those in Zone B are 
clinically acceptable, and those in Zones C, D, and Elead to 
increasingly inappropriate and finally dangerous treatments. 
0.138. There were 34 data points. Of those data points 
91% fell in Zone A, 6% in Zone B, and 3% in Zone C. Only 
one reading was determined to be in Zone C. This reading 
was off-scale and is not shown in FIG. 9. Thus, 97% of the 
readings fell in the clinically acceptable Zones A and B. 
0.139. The total number of Os atoms was determined by 
reducing all of the OS and then electrooxidizing it with a 
glucose-free buffer in the sample chamber. This resulted in 
a charge of 59.6+5.4 uC. Comparison of this result with the 
glucose-free buffer result in Table 1 indicated that less than 
20% of the OS is in the reduced form prior to introduction 
of the sample. The variability in the quantity of osmium in 
the reduced state is less than 5% of the total quantity of 
oSmium present. 

Example 2 
Response of the Glucose Sensor to Interferents 

0140. A sensor constructed in the same manner as 
described above for Example 1 was used to determine the 
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Sensor's response to interferents. The primary electrochemi 
cal interferents for blood glucose measurements are ascor 
bate, acetaminophen, and urate. The normal physiological or 
therapeutic (in the case of acetaminophen) concentration 
ranges of these common interferents are: 

0141) 
0142) 

0143 urate (adult male): 0.27-0.47 mM 
0144) Tietz, in: Textbook of Clinical Chemistry, C. A. 
Burtis and E. R. Ashwood, eds., W. B. Saunders Co., 
Philadelphia 1994, pp. 2210-12. 

aScorbate: 0.034-0.114 mM 

acetaminophen: 0.066-0.200 mM 

0145 Buffered glucose-free interferent solutions were 
tested with concentrations of the interferents at the high end 
of the physiological or therapeutic ranges listed above. The 
injected Sample Volume in each case was 0.5 till. A potential 
of +100 mV or +200 mV was applied between the elec 
trodes. The average charge (Q,t) was calculated by Sub 
tracting an average background current obtained from a 
buffer-only (i.e., interferent-free) Solution from an average 
Signal recorded with interferents present. The resulting aver 
age charge was compared with the Signals from Table 1 for 
4 mM and 10 mM glucose concentrations to determine the 
percent error that would result from the interferent. 

TABLE 2 

Interferent Response of Glucose Sensors 

E Error Go 4 Error G 10 
Solution (mV) in Qas (uC) mM glucose mM glucose 

0.114 mMascorbate 100 4 0.4 2% <1% 
0.114 mMascorbate 200 4 -0.5 2% <1% 

O.2 mM 1OO 4 O1 <1% <1% 
acetaminophen 

O.2 mM 2OO 4 1.O 5% 1% 
acetaminophen 
0.47 mMurate 1OO 4 6.O 30% 7% 
0.47 mMurate 2OO 4 18.0 90% 21% 

0146 These results indicated that ascorbate and acetami 
nophen were not significant interferents for the glucose 
Sensor configuration, especially for low potential measure 
ments. However, urate provided Significant interference. 
This interference can be minimized by calibrating the Sensor 
response to a urate concentration of 0.37 mM, e.g., by 
Subtracting an appropriate amount of charge as determined 
by extrapolation from these results from all glucose mea 
surements of the sensor. The resulting error due to a 0.10 
mM variation in urate concentration (the range of urate 
concentration is 0.27-0.47 in an adult male) would be about 
6% at 4 mM glucose and 100 mV. 

Example 3 

Sensor with Glucose Dehydrogenase 
0147 A sensor similar to that described for Example 1 
was prepared and used for this example, except that glucose 
oxidase was replaced by pyrroloquinoline quinone glucose 
dehydrogenase and a potential of only +100 mV was applied 
as opposed to the +200 mV potential in Example 1. The 
results are presented in Table 3 below and graphed in FIG. 
10. 
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TABLE 3 

Sensor Results Using Glucose Dehydrogenase 

Qava (u0) 90% rise time (s) 
buffer 4 21.75.2 14 3 
3 mM glucose/buffer 4 96.9 - 15.0 24 6 
6 mM glucose/buffer 4 1906 - 18.4 26 6 
10 mM glucose/buffer 4 327.8 69.3 42 9 

0.148. The results indicated that the charge obtained from 
the glucose dehydrogenase Sensor was much larger than for 
the comparable glucose oxidase Sensor, especially for low 
concentrations of glucose. For 4 mM glucose concentrations 
the measurements obtained by the two sensors differed by a 
factor of five. In addition, the glucose dehydrogenase Sensor 
operated at a lower potential, thereby reducing the effects of 
interferent reactions. 

0149. In addition, the results from Table 3 were all fit by 
a linear calibration curve as opposed to the results in 
Example 1, as shown in FIG. 10. A single linear calibration 
curve is greatly preferred to simplify Sensor construction and 
operation. 

0150. Also, assuming that the interferent results from 
Table 2 are applicable for this sensor, all of the interferents 
would introduce an error of less than 7% for a 3 mM glucose 
solution at a potential of 100 mV. 

Example 4 

Determination of Lactate Concentration in a Fluid 
Stream 

0151. The sensor of this Example was constructed using 
a flow cell (BioAnalytical Systems, Inc. #MF-1025) with a 
glassy carbon electrode. A redox mediator was coated on the 
electrode of the flow cell to provide a working electrode. In 
this case, the redox mediator was a polymer formed by 
complexing poly(1-vinyl imidazole) with Os(4,4'-dimethyl 
2,2'-bipyridine), Cl, with a ratio of 1 osmium for every 15 
imidazole functionalities. Lactate oxidase was croSS-linked 
with the polymer via polyethylene glycol diglycidyl ether. 
The mediator was coated onto the electrode with a coverage 
of 500 ug/cm and a thickness of 5 um. The mediator was 
covered by a polycarbonate track-etched membrane 
(Osmonics-Poretics #10550) to improve adherence in the 
flow stream. The membrane was then overlaid by a single 50 
aim thick spacer gasket (BioAnalytical Systems, Inc. iMF 
1062) containing a void which defined the sample chamber 
and corresponding measurement Zone. ASSembly of the 
Sensor was completed by attachment of a cell block (Bio 
Analytical Systems, Inc. #MF-1005) containing the refer 
ence and auxiliary electrodes of the flow cell. 
0152 The sample chamber in this case corresponded to a 
50 um thick cylinder (the thickness of the Spacer gasket) in 
contact with a mediator-coated electrode having a Surface 
area of 0.031 cm. The calculated volume of sample in the 
measurement Zone of this Sensor was approximately 0.16 
AL. 
0153. The flow rate of the fluid stream was 5 u/min. A 
Standard three electrode potentiostat was attached to the cell 
leads and a potential of +200 mV was applied between the 
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redox mediator-coated glassy carbon electrode and the ref 
erence electrode. This potential was sufficient to drive the 
enzyme-mediated oxidation of lactate. 
0154 As the fluid stream flowed through the sensor, a 
Steady-state current proportional to the lactate concentration 
was measured. At periodic intervals the fluid flow was 
stopped and current was allowed to flow between the 
electrodes until approximately all of the lactate in the 
measurement Zone was electrooxidized, as indicated by the 
achievement of a Stabilized, Steady-state current. The total 
charge. Q, required for lactate electrooxidation was found by 
integration of the differential current registered from the 
flow Stoppage until the current reached a steady-State. The 
concentration was then calculated by the following equation: 

lactate=Q/2FV (4) 

O155 where V is the volume of sample within the mea 
Surement Zone and F is Faraday's constant. 
0156 This assay was performed using lactate solutions 
having nominal lactate concentrations of 1.0, 5.0, and 10.0 
mM. The measured concentrations for the assay were 1.9, 
5.4, and 8.9 mM respectively. 

Example 5 

Determination of the Oxidation State of Os(4,4'- 
dimethoxy-2,2'-bipyridine) Cl' Complexed with 

Poly(1-vinyl imidazole) 
O157. A sensor having a three electrode design was 
commercially obtained from EcoSSensors Ltd., Long Han 
borough, England, under the model name “large area dis 
posable electrode'. The Sensor contained parallel and copla 
nar working, reference and counter electrodes. The working 
Surface area (0.2 cm) and counter electrodes were formed 
of printed carbon and the reference electrode was formed of 
printed Ag/AgCl. A redox mediator was coated on the 
carbon working electrode. The redox mediator was formed 
by complexation of poly(1-vinyl imidazole) with Os(4,4'- 
dimethoxy-2,2'-bipyridine) Cls in a ratio of 15 imidazole 
groups per OS cation followed by croSS linking the OSmium 
polymer with glucose oxidase using polyethylene glycol 
diglycidyl ether. 
0158. The electrode was cured at room temperature for 
24 hours. The coplanar electrode array was then immersed 
in a buffered electrolyte solution, and a potential of +200 mV 
(Sufficient for conversion of Os(II) to Os(III).) was applied 
between the working electrode and the reference electrode. 
0159. Upon application of the potential, an undetectable 
charge of less than 1 uC was passed. Subsequent reduction 
and reoxidation of the redox mediator yielded a charge for 
conversion of all Os from Os(II) to Os(III) of 65 uC. 
Therefore, more than 98% of the OS cations in the redox 
mediator were in the desired oxidized Os(III) state. 

Example 6 

Determination of the Oxidation State of the Os(4, 
4'-dimethoxy-2,2'-bipyridine)'C' Complexed 

with Poly(4-vinyl pyridine) 
0160 A similar experiment to that of Example 5 was 
conducted with the Same working/counter/reference elec 
trode configuration except that the redox mediator on the 
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working electrode was changed to a complex of Os(4,4'- 
dimethoxy-2,2'-bipyridine) Cl, with poly(4-vinyl pyridine), 
with 12 pyridine groups per OS cation, croSS linked with 
glucose oxidase via polyethylene glycol diglycidyl ether. 

0.161 Two sensors were constructed. The electrodes of 
the two Sensors were cured at room temperature for 24 
hours. The electrodes were then immersed in a buffered 
electrolyte solution and a potential of +200 mV was applied 
between the working and reference electrodes. 
0162. Upon application of the potential to the electrodes, 
a charge of 2.5 uC and 3.8 uC was passed in the two Sensors, 
respectively. Subsequent reduction and reoxidation of the 
redox mediators yielded oxidation charges of 27.9 uC and 
28.0 uC, respectively. Therefore, the Sensors originally 
contained 91% and 86% of the OS cations in the desirable 
oxidized Os(III) state. 

Example 7 

Optical Sensor 
0163 An optical sensor is constructed by applying a film 
of redox polymer with crosslinked enzyme onto a light 
transparent Support Such as a glass Slide. The quantity of 
redox mediator is equal to or greater than (in a stoichiomet 
ric sense) the maximum quantity of analyte expected to fill 
the measurement Zone. The Spacer material, Sorbent and 
facing Support are Securely clamped. The sample chamber is 
adapted to transmit light through the assembled Sensor to an 
optical density detector or to a fluorescence detector. AS 
Sample fills the Sample chamber and the redox mediator the 
absorption, transmission, reflection or fluorescence of the 
chamber are correlated to the amount of glucose in the 
Sample. 

Example 8 

Blood Volumes from Upper Arm Lancet Sticks 
0164. The forearm of a single individual was pierced with 
a lancet multiple times in order to determine the reproduc 
ibility of blood volumes obtained by this method. Despite 
more than thirty lancet Sticks in the anterior portion of each 
forearm and the dorsal region of the left forearm, the 
individual identified each Stick as virtually painless. 
0.165. The forearm was pierced with a Payless Color 
Lancet. The blood from each Stick was collected using a 1 
till capillary tube, and the Volume was determined by 
measuring the length of the blood column. The Volumes 
obtained from each stick are shown below in Table 4. 

TABLE 4 

Volume of Lancet Sticks 

Left Anterior Right Anterior Left Dorsal 
Forearm, (nL) Forearm, (nL) Forearm, (nL) 

1. 18O 190 18O 
2 250 18O 3OO 
3 170 12O 310 
4 150 1OO 3OO 
5 1OO 210 60 
6 50 140 38O 
7 90 12O 22O 
8 130 140 2OO 
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TABLE 4-continued 

Volume of Lancet Sticks 

Left Anterior Right Anterior Left Dorsal 
Forearm, (nL) Forearm, (nL) Forearm, (nL) 

9 12O 1OO 38O 
1O 1OO 32O 
11 260 
12 250 
13 28O 
14 260 

Avg. 138 - 58 nL 140 - 40 mL. 264 83 mL. 

0166 The invention has been described with reference to 
various specific and preferred embodiments and techniques. 
However, it will be apparent to one of ordinarily skill in the 
art that many variations and modifications may be made 
while remaining within the Spirit and Scope of the invention. 
0167 All publications and patent applications in this 
Specification are indicative of the level of ordinary skill in 
the art to which this invention pertains. All publications and 
patent applications are herein incorporated by reference to 
the same extent as if each individual publication or patent 
application was specifically and individually indicated by 
reference. 

We claim: 
1. A method for determining a concentration of an analyte 

in a Sample, comprising the Steps of: 

contacting a Sample with an electrochemical Sensor com 
prising: 

a facing electrode pair comprising a working electrode 
and a counter electrode, and 

a Sample chamber for holding the Sample in electrolytic 
contact with the working electrode, the Sample 
chamber comprising a measurement Zone positioned 
between the working and counter electrodes, 
wherein the measurement Zone is sized to contain a 
Volume of less than about 1 till of Sample, and 

determining the concentration of the analyte in the Sample 
by coulometry. 

2. The method of claim 1, wherein the measurement Zone 
is sized to contain a volume of less than about 0.5 lull of 
Sample. 

3. The method of claim 2, wherein the measurement Zone 
is sized to contain a Volume of less than about 0.2 till of 
Sample. 

4. The method of claim 3, wherein the measurement Zone 
is sized to contain a Volume of less than about 0.1 till of 
Sample. 

5. The method of claim 1, wherein the sample chamber is 
sized to contain a Volume of less than about 1 till of Sample. 

6. The method of claim 5, wherein the sample chamber is 
sized to contain a volume of less than about 0.5 L of 
Sample. 

7. The method of claim 6, wherein the sample chamber is 
sized to contain a Volume of less than about 0.2 till of 
Sample. 
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8. The method of claim 1, wherein the step of determining 
the concentration of the analyte comprises: 

electrolyzing at least 90% of analyte present in the 
measurement Zone by applying a potential acroSS the 
working and counter electrodes, 

determining an electrical charge used to electrolyze the 
analyte; and 

correlating the electrical charge with the concentration of 
the analyte in the Sample. 

9. The method of claim 8, wherein at least 90% of the 
analyte is electrolyzed in less than about 5 minutes. 

10. The method of claim 9, wherein at least 90% of the 
analyte is electrolyzed in less than about 1 minute. 

11. The method of claim 8, wherein the step of determin 
ing an electrical charge comprises the Steps of: 

measuring a current generated at the working electrode at 
two or more times as the analyte is electrolyzed; and 

integrating the measured currents over time to obtain the 
electrical charge used to electrolyze the analyte. 

12. The method of claim 1, wherein the step of determin 
ing the concentration of the analyte by coulometry com 
prises the Steps of 

electrolyzing a portion of the analyte by applying a 
potential acroSS the working and the counter electrode, 

measuring a current generated at the working electrode at 
two or more times during the electrolysis, 

extrapolating a current curve based on the measured 
currents, 

integrating the current curve Over time to obtain an 
electrical charge necessary to electrolyze at least 90% 
of the analyte; and 

correlating the electrical charge with the concentration of 
the analyte in the Sample. 

13. The method of claim 1, wherein the sensor further 
comprises a non-leachable enzyme on the working elec 
trode. 

14. The method of claim 13, wherein the enzyme is 
immobilized on the working electrode. 

15. The method of claim 1, wherein the sensor further 
comprises a non-leachable redox mediator on the working 
electrode. 

16. The method of claim 15, wherein the redox mediator 
is immobilized on the working electrode. 

17. The method of claim 15, wherein the redox mediator 
comprises a polymer and a redox Species ionically, 
covalently, or coordinatively bound to the polymer. 

18. The method of claim 17, wherein the redox species is 
coordinatively bound to the polymer. 

19. The method of claim 15, wherein the redox mediator 
comprises an air-oxidizable redox mediator. 

20. The method of claim 19, wherein the air-oxidizable 
redox mediator comprises OS4,4'-dimethoxy-2,2'-bipyri 
dine-Cl' or Os4,7-dimethoxy-1,10-phenanthroline 
°CI'" complexed with poly(1-vinyl imidazole) or poly(4- 
vinylpyridine). 

21. The method of claim 15, wherein at least 90% of the 
redox mediator is in an oxidized State prior to introduction 
of the Sample in the Sensor. 

22. The method of claim 15, wherein the sensor further 
comprises a non-leachable Second electron transfer agent on 
the working electrode. 
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23. The method of claim 22, wherein the second electron 
transfer agent is immobilized on the working electrode. 

24. The method of claim 22, wherein the second electron 
transfer agent comprises an enzyme. 

25. The method of claim 24, wherein the analyte is 
glucose. 

26. The method of claim 25, wherein the enzyme is a 
glucose oxidase. 

27. The method of claim 1, wherein the sensor further 
comprises Sorbent material disposed in the measurement 
ZOC. 

28. The method of claim 27, wherein the step of contact 
ing the Sample with an electrochemical Sensor further com 
prises contacting the Sample with the Sorbent material to 
wick the Sample into the measurement Zone. 

29. The method of claim 1, wherein the working electrode 
and counter electrode have a separation distance of less than 
about 0.2 mm. 

30. The method of claim 29, wherein the separation 
distance is less than about 0.1 mm. 

31. The method of claim 30, wherein the separation 
distance is less than about 0.05 mm. 

32. The method of claim 1, wherein the sensor comprises 
two or more facing electrode pairs. 

33. A method of determining the concentration of an 
analyte in a Sample, comprising the Steps of 

contacting a Sample with an electrochemical Sensor, 
wherein the Sensor comprises a working electrode, a 
non-leachable redox mediator on the working elec 
trode, and a Sample chamber sized to contain a volume 
of less than about 1 till of Sample in electrolytic contact 
with the working electrode, and 

determining the concentration of the analyte in the Sample 
by coulometry. 

34. The method of claim 33, wherein the sample chamber 
is sized to contain a volume of less than about 0.5 lull of 
Sample. 

35. The method of claim 34, wherein the sample chamber 
is sized to contain a Volume of less than about 0.2 till of 
Sample. 

36. The method of claim 33, wherein the redox mediator 
is immobilized on the working electrode. 

37. The method of claim 33, wherein the sensor further 
comprises a non-leachable Second electron transfer agent on 
the working electrode. 

38. The method of claim 37, wherein the second electron 
transfer agent is immobilized on the working electrode. 

39. The method of claim 37, wherein the second electron 
transfer agent comprises an enzyme. 

40. The method of claim 33, wherein the sensor further 
comprises a Sorbent material within the Sample chamber to 
reduce the Volume of Sample that the sample chamber is 
sized to hold. 

41. The method of claim 33, wherein the redox mediator 
comprises a transition metal complex. 

42. The method of claim 41, wherein the transition metal 
complex is an osmium, ruthenium, iron, or cobalt complex. 

43. The method of claim 42, wherein the transition metal 
complex comprises an osmium complex. 

44. The method of claim 43, wherein the osmium complex 
comprises OSmium complexed with at least one ligand 
having a nitrogen-containing heterocycle. 
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45. The method of claim 44, wherein the ligand having a 
nitrogen-containing heterocycle comprises 2,2'-bipyridine, 
1,10-phenanthroline, or a derivative thereof. 

46. The method of claim 45, wherein the ligand having a 
nitrogen-containing heterocycle comprises a mono-, di-, or 
polyalkoxy derivative of 2,2'-bipyridine or 1,10-phenanthro 
line, wherein the carbon to oxygen ratio of the alkoxy 
functional groups is Sufficient to retain Solubility of the 
transition metal complex in water prior to crosslinking. 

47. The method of claim 45, wherein the nitrogen-con 
taining heterocycle comprises 2,2'-bipyridine, 4,4'-dim 
ethyl-2,2'-bipyridine, 4,4'-dialkoxy-2,2'-bipyridine, 1,10 
phenanthroline, 4,7-dimethyl-1,10-phenanthroline, or 4.7- 
dialkoxy-1,10-phenanthroline, wherein the carbon to 
oxygen ratio of the alkoxy functional groups is Sufficient to 
retain Solubility of the transition metal complex in water 
prior to crosslinking. 

48. The method of claim 43, wherein the osmium complex 
comprises osmium complexed with a polymeric ligand. 

49. The method of claim 48, wherein the polymeric ligand 
comprises a nitrogen-containing heterocycle. 

50. The method of claim 49, wherein the polymer com 
prises poly(4-vinyl pyridine) or poly(1-vinyl imidazole). 

51. An electrochemical Sensor for determining the con 
centration of an analyte in a Sample, the Sensor comprising: 

a facing electrode pair comprising a working electrode 
and a counter electrode, 

a non-leachable redox mediator on the working electrode, 
and 

a measurement Zone positioned between the working 
electrode and counter electrode, wherein the measure 
ment Zone is sized to contain a Volume of less than 
about 1 till of Sample. 

52. The sensor of claim 51, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.5 till 
of Sample. 

53. The sensor of claim 52, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.2 till 
of Sample. 

54. The sensor of claim 53, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.1 till 
of Sample. 

55. The sensor of claim 51, wherein the redox mediator is 
immobilized on the working electrode. 

56. The sensor of claim 51, wherein the redox mediator is 
an air-oxidizable redox mediator. 

57. An electrochemical Sensor comprising: 
two or more facing electrode pairs, each electrode pair 

comprising a working electrode, a counter electrode 
and a measurement Zone disposed approximately 
between the working and counter electrodes, wherein 
the measurement Zone is sized to hold less than about 
1 till of Sample, and 

non-leachable redox mediator on the working electrode of 
at least one of the electrode pairs. 

58. The sensor of claim 57, wherein the redox mediator is 
immobilized on the working electrode of at least one of the 
electrode pairs. 

59. The sensor of claim 57, wherein the measurement 
Zone of at least one of the electrode pairs is sized to hold leSS 
than about 0.5 L of sample. 
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60. The sensor of claim 59, wherein the measurement 
Zone of at least one of the electrode pairs is sized to hold leSS 
than about 0.2 till of Sample. 

61. The sensor of claim 60, wherein the measurement 
Zone of at least one of the electrode pairs is sized to hold leSS 
than about 0.1 till of Sample. 

62. The sensor of claim 57, wherein at least one electrode 
pair comprises a working electrode including non-leachable 
enzyme and redox mediator, and wherein at least one 
electrode pair comprises a working electrode including 
non-leachable redox mediator in the absence of the enzyme. 

63. The sensor of claim 62, further comprising a third 
electrode pair having no redox mediator or enzyme on the 
working electrode. 

64. The sensor of claim 57, further comprising sorbent 
material disposed in the measurement Zone of at least one of 
the electrode pairs. 

65. The sensor of claim 57, wherein the redox mediator is 
an air-oxidizable redox mediator. 

66. An electrochemical Sensor for determining the con 
centration of an analyte in a Sample, the Sensor comprising: 

a facing electrode pair comprising a working electrode 
and a counter electrode, 

a measurement Zone positioned between the working 
electrode and counter electrode, and 

Sorbent material disposed at least partially within the 
measurement Zone to reduce the Volume of Sample 
needed to fill the measurement Zone; 

wherein the measurement Zone is sized to contain a 
Volume of less than about 1 till of Sample. 

67. The sensor of claim 66, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.5 till 
of Sample. 

68. The sensor of claim 67, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.2 till 
of Sample. 

69. The sensor of claim 68, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.1 till 
of Sample. 

70. The sensor of claim 66, wherein the sensor further 
comprises non-leachable redox mediator on the working 
electrode. 

71. The sensor of claim 70, wherein the redox mediator is 
immobilized on the working electrode. 

72. The sensor of claim 66, wherein the Sorbent material 
has a void volume of between about 5% and 50% of the total 
volume of the Sorbent material. 

73. The sensor of claim 72, wherein the void volume is 
about 10% to about 25% of the total volume of the Sorbent 
material. 

74. An electrochemical Sensor for determining the con 
centration of an analyte in a Sample, the Sensor comprising: 

a working electrode, 
a non-leachable redox mediator on the working electrode, 
a Sample chamber for holding the Sample in electrolytic 

contact with the working electrode, and 
Sorbent material disposed within the Sample chamber; 
wherein the Sample chamber is sized to contain a Volume 

of less than about 1 till of Sample. 

Oct. 30, 2003 

75. The sensor of claim 74, wherein the sample chamber 
is sized to contain a volume of less than about 0.5 lull of 
Sample. 

76. The sensor of claim 75, wherein the sample chamber 
is sized to contain a Volume of less than about 0.2 till of 
Sample. 

77. A method for determining the concentration of an 
analyte in a Sample, comprising the Steps of 

contacting the Sample with an electrochemical Sensor; the 
Sensor comprising: 
an electrode pair comprising a working electrode and a 

counter electrode, 
a Sample chamber for holding the Sample in electrolytic 

contact with the working electrode, and 
a Sorbent disposed within the Sample chamber, 
wherein the Sample chamber is sized to hold less than 

about 1 till of Sample, and 
determining the concentration of the analyte by coulom 

etry. 
78. The method of claim 77, wherein the method further 

comprises wicking the Sample into the Sample chamber 
using the Sorbent material. 

79. The method of claim 77, wherein the electrode pair is 
a facing electrode pair. 

80. A sensor for the determination of the concentration of 
an analyte in a Sample having a volume of less than about 1 
AiL, comprising: 

a Support, and 

an air-Oxidizable redox mediator coated on the Support to 
form a working Surface for contacting Sample; 

wherein, at least 90% of the air-oxidizable redox mediator 
is in an oxidized State prior to introduction of Sample. 

81. The sensor of claim 80, wherein the air-oxidizable 
redox mediator is immobilized on the Support. 

82. A method for determining a concentration of an 
analyte in a Sample, comprising the Steps of 

contacting the Sample with a Sensor comprising a Support; 
and an air-oxidizable redox mediator coated on the 
Support to form a working Surface, wherein, at least 
90% of the air-oxidizable redox mediator is in an 
Oxidized State prior to introduction of a Sample, and 

correlating the concentration of the analyte in the Sample 
to a change in oxidation State of the redox mediator in 
the presence of analyte. 

83. The method of claim 82, wherein the sensor is an 
optical Sensor. 

84. The method of claim 83, wherein the step of corre 
lating the concentration of the analyte comprises: 

irradiating the redox mediator with light; 
measuring the response of the redox mediator to irradia 

tion by light; and 
correlating the concentration of the analyte to the mea 

Sured response of the redox mediator. 
85. The method of claim 84, wherein the step of measur 

ing the response of the redox mediator to irradiation by light 
comprises measuring the absorption of the irradiated light by 
the redox mediator. 
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86. The method of claim 84, wherein the step of measur 
ing the response of the redox mediator to irradiation by light 
comprises measuring the transmittance of the irradiated light 
by the redox mediator. 

87. The method of claim 84, wherein the step of measur 
ing the response of the redox mediator to irradiation by light 
comprises measuring the fluorescence of the redox mediator 
after irradiation by light. 

88. The method of claim 84, wherein the step of measur 
ing the response of the redox mediator to irradiation by light 
comprises measuring the reflection of light by the redox 
mediator. 

89. The method of claim 82, wherein the sensor is an 
electrochemical Sensor. 

90. The method of claim 89, wherein the step of corre 
lating the concentration of the analyte comprises: 

applying an electrical potential acroSS the redox mediator; 
measuring a current at one or more intervals, the current 

being generated in response to the electrolysis of the 
redox mediator in the presence of the analyte; and 

correlating the concentration of the analyte to the mea 
Sured current. 

91. The method of claim 82, wherein the redox mediator 
comprises a transition metal complex. 

92. The method of claim 91, wherein the transition metal 
complex comprises an osmium complex. 

93. The method of claim 92, wherein the osmium complex 
comprises OSmium complexed with at least one ligand 
having a nitrogen-containing heterocycle. 

94. The method of claim 93, wherein the ligand having a 
nitrogen-containing heterocycle comprises 2,2'-bipyridine, 
1,10-phenanthroline, or a derivative thereof. 

95. The method of claim 94, wherein the ligand having a 
nitrogen-containing heterocycle comprises a mono-, di-, or 
polyalkoxy derivative of 2,2'-bipyridine or 1,10-phenanthro 
line, wherein the carbon to oxygen ratio of the alkoxy 
functional groups is Sufficient to retain Solubility of the 
transition metal complex in water prior to crosslinking. 

96. The method of claim 95, wherein the nitrogen-con 
taining heterocycle comprises 4,4'-dialkoxy-2,2'-bipyridine 
or 4,7-dialkoxy-1,10-phenanthroline, wherein the carbon to 
oxygen ratio of the alkoxy functional groups is Sufficient to 
retain Solubility of the transition metal complex in water 
prior to crosslinking. 

97. The method of claim 96, wherein the nitrogen-con 
taining heterocycle comprises 4,4'-dimethoxy-2,2'-bipyri 
dine or 4,7-dimethoxy-1,10-phenanthroline. 

98. The method of claim 92, wherein the osmium complex 
comprises osmium complexed with a polymeric ligand. 

99. The method of claim 98, wherein the polymeric ligand 
comprises a nitrogen-containing heterocycle. 

100. The method of claim 99, wherein the polymer 
comprises poly(4-vinyl pyridine) or poly(1-vinyl imida 
Zole). 

101. The sensor of claim 100, wherein the redox mediator 
comprises Os4,4'-dimethoxy-2,2'-bipyridine).Cl" or 
Os4,7-dimethoxy-1,10-phenanthroline-Cl' complexed 
with poly(1-vinyl imidazole). 

102. The sensor of claim 82, wherein the sensor further 
comprises a Second electron transfer agent coated on the 
Support and in contact with the redox mediator. 

103. The sensor of claim 102, wherein the second electron 
transfer agent is an enzyme. 
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104. The sensor of claim 102, wherein the second electron 
transfer agent is immobilized on the Support. 

105. The sensor of claim 82, wherein the air-oxidizable 
redox mediator is immobilized on the Support. 

106. A method for measuring analyte in a patient Sample, 
the method comprising: 

contacting the patient with an analyte measuring device, 
the device comprising: 
Sample acquisition means for producing a patient 

Sample, and 
an electrochemical Sensor for measuring analyte in the 

Sample, 

wherein the electrochemical Sensor comprises: 
a facing electrode pair, comprising a working elec 

trode and a counter electrode, and 
a measurement Zone positioned between the working 

electrode and counter electrode, wherein the mea 
Surement Zone is sized to contain a volume of leSS 
than about 1 till of Sample, 

acquiring a Sample using the Sample acquisition means, 
transporting a portion of the Sample to the measurement 

Zone of the electrochemical Sensor; and 
determining the concentration of the analyte in the Sample 

by coulometry. 
107. The method of claim 106, wherein the sample 

acquisition means comprises a skin-piercing member and 
the Step of acquiring a Sample comprises piercing the 
patient's Skin to produce a Sample. 

108. The method of claim 107, wherein the skin piercing 
member comprises a lancet. 

109. The method of claim 106, wherein the electrochemi 
cal Sensor further comprises a Sorbent material disposed 
within the measurement Zone of the Sensor. 

110. The method of claim 109, wherein said transporting 
comprises: 

wicking the Sample into the measurement Zone using the 
Sorbent material. 

111. The method of claim 106, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.5 till 
of Sample. 

112. The method of claim 111, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.2 till 
of Sample. 

113. The sensor of claim 112, wherein the measurement 
Zone is sized to contain a Volume of less than about 0.1 till 
of Sample. 

114. The method of claim 106, wherein the sensor further 
comprises a non-leachable redox mediator. 

115. The method of claim 114, wherein the redox media 
tor is an air-oxidizable redox mediator. 

116. A method for measuring analyte in a patient Sample, 
the method comprising: 

contacting the patient with an analyte measuring device, 
the device comprising: 
Sample acquisition means for producing a patient 

Sample, and 
an electrochemical Sensor for measuring analyte in the 

Sample, 



US 2003/02O1194A1 

wherein the electrochemical Sensor comprises: 
a working electrode, 
non-leachable redox mediator on the working elec 

trode; and 
a Sample chamber for holding the Sample in electro 

lytic contact with the working electrode, wherein 
the Sample chamber is sized to contain a Volume 
of less than about 1 till of Sample, 

acquiring a Sample using the Sample acquisition means, 
transporting a portion of the Sample to the Sample cham 

ber of the electrochemical Sensor; and 
determining the concentration of the analyte in the Sample 
by coulometry. 

117. An analyte measurement device comprising: 
Sample acquisition means for producing a patient Sample; 
an electrochemical Sensor comprising: 

a facing electrode pair comprising a working electrode 
and a counter electrode, 

a non-leachable redox mediator on the working elec 
trode, and 

a measurement Zone positioned between the working 
electrode and counter electrode, 

wherein the measurement Zone is sized to contain a 
Volume of less than about 1 till of Sample, and 

transport means for transporting the Sample produced by 
the Sample acquisition means to the measurement Zone 
of the Sensor. 

118. The device of claim 117, wherein the sample acqui 
Sition means comprises a skin-piercing member. 

119. The device of claim 118, wherein the skin-piercing 
member comprises a lancet. 

120. The device of claim 117, wherein the redox mediator 
is immobilized on the working electrode. 

121. The device of claim 117, wherein the redox mediator 
is an air-oxidizable redox mediator. 

122. The device of claim 117, wherein the transport 
means comprises a wicking material, a capillary chamber, or 
a pump. 

123. An analyte measurement device comprising: 
Sample acquisition means for producing a patient Sample; 

and 

an electrochemical Sensor coupled to the Sample acquisi 
tion means, comprising: 
a facing electrode pair comprising a working electrode 

and a counter electrode, 
a measurement Zone positioned between the working 

electrode and counter electrode, and 

Sorbent material disposed within the measurement 
ZOne, 

wherein the measurement Zone is sized to contain a 
Volume of less than about 1 ul of Sample, and 

transport means for transporting the Sample produced by 
the Sample acquisition means to the measurement Zone 
of the Sensor. 
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124. The device of claim 123, wherein the transport 
means is the Sorbent material. 

125. A method for determination of a concentration of an 
analyte in a Sample, the method comprising the Steps of 

contacting a Sample with an electrochemical Sensor com 
prising: 

first and Second electrode pairs, each pair comprising a 
working electrode, and a Sample chamber for hold 
ing the Sample in electrolytic contact with the work 
ing electrode, the Sample chamber sized to contain a 
Volume of leSS about 1 till of Sample, wherein Said 
first electrode pair includes a non-leachable redox 
mediator and a non-leachable enzyme on the work 
ing electrode, 

and wherein Said Second electrode pair includes non 
leachable redox mediator on the working electrode in 
the absence of enzyme; 

measuring Substantially simultaneously, and at two or 
more times, a first current generated at the first elec 
trode pair and a Second current generated at the Second 
electrode pair; and 

integrating the measured first currents over time to obtain 
a first charge; 

integrating the measured Second currents over time to 
obtain a Second charge, 

Subtracting the Second charge from the first charge to 
obtain a noise-reduced charge, and 

correlating the concentration of the analyte to the noise 
reduced charge. 

126. The method of claim 125, wherein the first and 
Second electrode pairs are facing electrode pairs and further 
comprise a counter electrode and a measurement Zone 
between the working electrode and counter electrode, the 
measurement Zone sized to contain a volume of less than 
about 1 till of Sample. 

127. A method for determining a concentration of an 
analyte in a Sample, the method comprising the Steps of 

providing an electrochemical Sensor, the Sensor having 
one or more facing electrode pairs, each electrode pair 
comprising a working electrode, a counter electrode, 
and a measurement Zone between the working elec 
trode and the counter electrode, the measurement Zone 
having a Volume of less than about 1 u, wherein the 
measurement Zones of the one or more electrode pairs 
have approximately equal Volumes, and wherein at 
least one of the electrode pairs further comprises redox 
mediator on its working electrode, 

measuring a capacitance of at least one of the electrode 
pairs, 

calculating the Volume of the measurement Zone from the 
capacitance measurement, 

contacting the Sample with the Sensor; and 

determining the concentration of the analyte in the Sample 
by coulometry. 
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128. The method of claim 127, wherein the redox media 
tor is a non-leachable redox mediator. 

129. A method of Storing and packaging an analytical 
Sensor comprising the Steps of: 

packaging an analytical Sensor in an atmosphere contain 
ing molecular oxygen, the Sensor comprising an air 
oxidizable redox mediator. 

130. The method of claim 129, wherein greater than 90% 
of the redox mediator is in an oxidized State after being 
Stored for more than one month. 

131. A method for determining a concentration of an 
analyte in a Sample comprising the Steps of: 

contacting the Sample with an electrochemical Sensor, the 
Sensor comprising a working electrode and a non 
leachable redox mediator on the working electrode, 
wherein the molar amount of redox mediator in a 
reduced form prior to introduction of the Sample is leSS 
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than, on a Stoichiometric basis, 5% of the expected 
molar amount of the analyte to be electrolyzed; 

electrolyzing less than about 1 till of Sample, and 
determining the concentration of the analyte in the Sample 

by coulometry. 
132. A method of determining a concentration of an 

analyte in a Sample comprising the Steps of: 
contacting the Sample with an electrochemical Sensor 

comprising a working electrode, a counter electrode, 
and a measurement Zone bounded on at least two sides 
by the working and the counter electrodes, wherein the 
measurement Zone is sized to contain less than about 1 
till of Sample, and 

determining the concentration of the analyte in the Sample 
by coulometry. 


