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ABSTRACT 

Embodiments of the invention provide electrochemical ana 
lyte sensors having elements designed to modulate their 
electrochemical reactions as Well as methods for making and 
using such sensors. 
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METHODS AND MATERIALS FOR 
CONTROLLING THE 

ELECTROCHEMISTRY OF ANALYTE 
SENSORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to US. patent applica 
tion Ser. No. 10/273,767 ?led Oct. 18, 2002 (published as 
US-2004-0074785-A1), US. patent application Ser. No. 
10/861,837, ?led Jun. 4, 2004 and US. patent application 
Ser. No. 11/301,512, ?led Dec. 13, 2005, the contents of 
each of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] This invention relates to devices and methods for 
controlling the electrochemistry of analyte sensors such as 
glucose sensors used in the management of diabetes. 
[0004] 2. Description of Related Art 
[0005] Electrochemical measurements are Widely used to 
determine the concentration of speci?c substances in ?uids 
including biological analytes such as glucose and lactate. 
Maintaining the appropriate concentrations of glucose in the 
blood of an individual for example is extremely important 
for maintaining homeostasis. A concentration of glucose 
beloW the normal range, or hypoglycemia, can cause uncon 
sciousness and loWered blood pressure, and may even result 
in death. A concentration of glucose at levels higher than 
normal, or hyperglycemia, can result in synthesis of fatty 
acids and cholesterol, and in diabetics, coma. The measure 
ment of the concentration of glucose in a person’s blood, 
therefore, has become a necessity for diabetics Who control 
the level of blood glucose by insulin therapy. 
[0006] In clinical settings, accurate and relatively fast 
determinations of glucose and/or lactate levels can be deter 
mined from blood samples utiliZing electrochemical sensors. 
In a typical electrochemical sensor, the analyte diffuses from 
the test environment into the sensor housing through a 
permeable membrane to a Working electrode Where the 
analyte chemically reacts. A complementary chemical reac 
tion occurs at a second electrode in the sensor housing 
knoWn as a counter electrode. The electrochemical sensor 

produces an analytical signal via the generation of a current 
arising directly from the oxidation or reduction of the 
analyte at the Working and counter electrodes. In addition to 
a Working electrode and a counter electrode, an electrolytic 
electrochemical sensor often includes a third electrode, 
commonly referred to as a reference electrode. A reference 
electrode is used to maintain the Working electrode at a 
knoWn voltage or potential. 
[0007] In general, the electrodes of an electrochemical 
sensor provide a surface at Which an oxidation or a reduction 

reaction occurs (that is, an electrochemically active surface) 
to provide a mechanism Whereby the ionic conduction of an 
electrolyte solution in contact With the electrodes is coupled 
With the electron conduction of each electrode to provide a 
complete circuit for a current. By de?nition, the electrode at 
Which an oxidation occurs is the anode, While the electrode 
at Which the “complementary” reduction occurs is the cath 
ode. In optimal sensors, the Working and counter electrode 
in combination produce an electrical signal that is both 
related to the concentration of the analyte and is suf?ciently 
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strong to provide a signal-to-noise ratio suitable to distin 
guish betWeen concentration levels of the analyte over the 
entire range of interest. 
[0008] A common type of glucose or lactate electrode 
sensor comprises an enZyme electrode Which utiliZes an 
enZyme to convert glucose or lactate to an electroactive 
product Which is then analyZed electrochemically. In such 
glucose sensors for example, a chemical reaction at the 
electrode converts glucose in the presence of enZymes, such 
as glucose oxidase, and results in the formation of reaction 
products including hydrogen peroxide. In these reactions, 
glucose reacts With oxygen to form gluconolactone and 
hydrogen peroxide. A suitable electrode can then measure 
the formation of hydrogen peroxide as an electrical signal. 
The signal is produced folloWing the transfer of electrons 
from the peroxide to the electrode, and under suitable 
conditions, the enZyme catalyZed How of current is propor 
tional to the glucose concentration. Lactate electrode sensors 
including an enZyme electrode, similarly convert lactate in 
the presence of enZymes, such as lactate oxidase. 
[0009] With respect to glucose sensors, in typical enZyme 
electrodes, glucose and oxygen from blood, as Well as some 
interferants, such as ascorbic acid and uric acid, di?‘use 
through a primary membrane of the sensor. As the glucose, 
oxygen and interferants reach a second membrane, an 
enZyme, such as glucose oxidase, catalyZes the conversion 
of glucose to hydrogen peroxide and gluconolactone. The 
hydrogen peroxide may diffuse back through the primary 
membrane, or it may further diffuse through the secondary 
membrane to an electrode Where it can be reacted to form 
oxygen and a proton to produce a current proportional to the 
glucose concentration. While numerous devices for deter 
mination of glucose and lactate have been described, most of 
them have some limitations With respect to sensitivity, 
reproducibility, speed of response, number of effective uses, 
and/or the range of detection. 

SUMMARY OF THE INVENTION 

[0010] Embodiments of the invention disclosed herein 
include electrochemical analyte sensors comprising ele 
ments such as electrodes and/ or electrode combinations (e.g. 
Working and counter electrode combinations) designed to 
optimiZe factors including the reactivity, sensitivity, func 
tioning and lifespan of the analyte sensors. An illustrative 
embodiment of the invention is a method of performing an 
electrochemical reaction Within an analyte sensor compris 
ing using an analyte sensor constructed to include an elec 
trode layer con?guration that is designed to optimiZe the 
electrochemical reaction at the electrode When the electrode 
is exposed to an analyte. In such methods the analyte sensor 
typically includes at least one electrode disposed upon a 
base substrate Where this base substrate comprises a geo 
metric feature selected to increase the surface area of an 
electrochemically reactive surface of the electrode disposed 
thereon such that surface area-to-volume ratio of the elec 
trochemically-reactive surface area of the electrode disposed 
on the geometric feature is greater than surface-area-to 
volume ratio of the reactive surface of the electrode When 
disposed on a ?at surface. In some embodiments of the 
invention, the surface area to volume ratio of the electro 
chemically reactive surface area of the electrode disposed on 
the geometric feature is at least 10%, 25%, 50%, 75% or 
100% greater than surface area-to-volume ratio of the reac 
tive surface of the electrode When disposed on a ?at surface. 
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In certain embodiments of the invention, an electrode in the 
analyte sensor comprises a porous matrix. In such embodi 
ments, the porous matrix can have a surface area that is at 
least 2, 4, 6, 8, 10, 12, 14, 16 or 18 times the surface area 
of an essentially non-porous matrix of same dimensions. 

[0011] Analyte sensors having electrodes constructed to 
have this type of con?guration (e.g. Where electrochemically 
reactive surface area of an electrode is selected to exhibit a 
geometry that has an electrochemically reactive surface area 
that is greater than if it Were ?at) can be constructed by a 
variety of methods knoWn in the art; for example, by 
disposing the electrode material (eg a metal such as plati 
num) on a base substrate adjoining layer that includes a 
geometric feature comprising a lip, a shoulder, a ridge, a 
notch, a depression, a channel or the like. Typically, the 
geometric feature of the base substrate causes the electro 
chemically reactive surface area of the electrode to form a 
nodular geometry or the like. 

[0012] In certain embodiments of the invention the analyte 
sensor comprises a plurality of discrete geometric features 
having a plurality of electrochemically reactive electrode 
surfaces. Such pluralities of features can include patterns 
such as roWs of depressions and/or ridges or the like; for 
example, a roW of ridges resembling Zebra stripes. Option 
ally, the analyte sensor comprises at least 2, 3, 4, 5, 6, 7, 8, 
9 or 10 discrete geometric features having a plurality of 
electrochemically reactive electrode surfaces. In a speci?c 
embodiment of the invention, analyte sensor further com 
prises an analyte sensing layer disposed on the electrode 
having a relatively high surface area-to-volume ratio of the 
reactive surface, Wherein the analyte sensing layer detect 
ably alters the electrical current at the electrode in the 
presence of an analyte; an optional protein layer disposed on 
the analyte sensing layer; an adhesion promoting layer 
disposed on the analyte sensing layer or the optional protein 
layer, Wherein the adhesion promoting layer promotes the 
adhesion betWeen the analyte sensing layer and an analyte 
modulating layer disposed on the analyte sensing layer; an 
analyte modulating layer disposed on the analyte sensing 
layer, Wherein the analyte modulating layer modulates the 
diffusion of the analyte therethrough; and an optional cover 
layer disposed on at least a portion of the analyte modulating 
layer, Wherein the cover layer further includes an aperture 
over at least a portion of the analyte modulating layer. In 
certain embodiments of the invention, the analyte sensor is 
designed to be implantable Within a mammal. Optionally the 
electrochemical reaction at the electrode involves a protein 
reactive With an analyte present in mammalian blood such as 
glucose oxidase, glucose dehydrogenase, lactate oxidase, 
hexokinase or lactate dehydrogenase. 

[0013] Arelated embodiment of the invention is an analyte 
sensor for detecting an analyte in a ?uid, the apparatus 
comprising at least one electrode disposed upon a base 
substrate, Wherein the base substrate includes a geometric 
feature selected to increase the surface area of an electro 
chemically reactive surface on the electrode deposited 
thereon (eg a lip, a shoulder, a ridge, a notch, a depression, 
a channel or the like) such that surface-area-to-volume ratio 
of the electrochemically reactive surface area of the elec 
trode disposed on the geometric feature is greater than 
surface area-to-volume ratio of the reactive surface of the 
electrode When disposed on a ?at surface. Optionally, the 
analyte sensor comprises a plurality of discrete geometric 
features having a plurality of electrochemically reactive 
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electrode surfaces. Typically, the analyte sensor is implant 
able and comprises an analyte sensing layer disposed on the 
electrode, Wherein the analyte sensing layer detectably alters 
the electrical current at the electrode in the presence of an 
analyte; an optional protein layer disposed on the analyte 
sensing layer; an adhesion promoting layer disposed on the 
analyte sensing layer or the optional protein layer, Wherein 
the adhesion promoting layer promotes the adhesion 
betWeen the analyte sensing layer and an analyte modulating 
layer disposed on the analyte sensing layer; and an analyte 
modulating layer disposed on the analyte sensing layer, 
Wherein the analyte modulating layer modulates the diffu 
sion of the analyte therethrough; and an optional cover layer 
disposed on at least a portion of the analyte modulating 
layer, Wherein the cover layer further includes an aperture 
over at least a portion of the analyte modulating layer. In 
certain embodiments of the invention, the implantable ana 
lyte sensor further comprises an interference rejection layer 
disposed betWeen the surface of the Working electrode and 
the analyte sensing layer. 
[0014] Yet another embodiment of the invention is a 
method of modulating electrochemical reactions Within an 
implantable analyte sensor, the method comprising perform 
ing electrochemical reactions Within an implantable analyte 
sensor comprising a Working electrode having a reactive 
surface area, Wherein during analyte sensing, the Working 
electrode generates electrons that reduce a plurality of 
composition species in the electrochemical reaction includ 
ing oxygen (O2); and a counter electrode having a reactive 
surface area, Wherein the siZe of the reactive surface area of 
the counter electrode is selected so as to control the reduc 
tion of the plurality of composition species in the electro 
chemical reaction so that oxygen (O2) is the predominant 
composition species reduced by the electrons generated at 
the Working electrode, Wherein the compound substrates 
having a ?rst a?inity for the electrons exhibit an affinity that 
is higher than the af?nity of the compound substrates having 
a second a?inity for the electrons; and a counter electrode of 
a second surface area, the second surface area is selected to 
be a siZe that reduces the interaction betWeen electrons 
generated at the Working electrode With compound sub 
strates having the second af?nity for the electrons generated 
at the Working electrode; so that electrochemical reactions 
Within the implantable analyte sensor are modulated. In such 
methods the surface area of the counter electrode is typically 
about 1.5, 2, 2.5 or 3 times the siZe of the Working electrode. 

[0015] A related embodiment of the invention is an 
implantable electrochemical analyte sensor designed to 
include this electrode architecture. Optionally, the Working 
electrode and the counter electrode in the analyte sensor 
comprise a porous matrix. Alternatively, the Working elec 
trode can comprise a relatively nonporous matrix While the 
counter electrode can comprise a porous matrix or vice 
versa. Optionally the porous matrix has a surface area that 

is at least 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 
10, 12, 14, 16 or 18 times the surface area of an essentially 
non-porous matrix of same dimensions. Optionally, the 
implantable analyte sensor further comprises an analyte 
sensing layer disposed on the Working electrode, Wherein 
the analyte sensing layer detectably alters the electrical 
current at the Working electrode in the presence of an 
analyte; an optional protein layer disposed on the analyte 
sensing layer; an adhesion promoting layer disposed on the 
analyte sensing layer or the optional protein layer, Wherein 
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the adhesion promoting layer promotes the adhesion 
betWeen the analyte sensing layer and an analyte modulating 
layer disposed on the analyte sensing layer; and an analyte 
modulating layer disposed on the analyte sensing layer, 
Wherein the analyte modulating layer modulates the diffu 
sion of the analyte therethrough; and an optional cover layer 
disposed on at least a portion of the analyte modulating 
layer, Wherein the cover layer further includes an aperture 
over at least a portion of the analyte modulating layer. 

[0016] Yet another illustrative embodiment of the inven 
tion is a method of making a metallic electrode by elec 
trodepositing a plurality of metal layers that comprise the 
electrode using cycles of differing electroplating conditions. 
Typically, the method comprises a ?rst cycle of electroplat 
ing Where a metal is electrodeposited onto a substrate under 
a ?rst set of conditions selected to produce a ?rst metal layer 
having a ?rst surface area and a ?rst adhesion strength 
betWeen the substrate and the ?rst metal layer. The method 
then involves a second cycle of electroplating Where a metal 
composition is then electrodeposited onto the ?rst metal 
layer under a second set of conditions selected to produce a 
second metal layer having a second surface area and a 
second adhesion strength betWeen the ?rst metal layer and 
the second metal layer. In this method, the ?rst and second 
set of conditions are selected to produce a second metal layer 
having a second surface area that is greater than the ?rst 
surface area of the ?rst metal layer produced by the ?rst set 
of conditions and a second metal layer having an adhesion 
With the ?rst metal layer that is greater than the adhesion 
betWeen the ?rst metal layer and the substrate produced by 
the ?rst set of conditions. Optionally, the method further 
comprises additional cycles of electroplating. In one such 
example, the method comprises a third cycle of electroplat 
ing Where a metal composition is electrodeposited onto the 
second layer under a third set of conditions selected to 
produce a third metal layer having a third surface area. 
Typically, the second and third set of conditions are selected 
to produce a third metal layer having a greater density than 
the density of the second metal layer. In certain embodi 
ments of the invention, the third set of conditions produces 
a third metal layer having a third surface area that is less than 
the second surface area of the second metal layer produced 
by the second set of conditions. 

[0017] The invention also provides additional articles of 
manufacture including sensor elements, sensor sets and kits. 
In one such embodiment of the invention, a kit and/or sensor 
element or set, useful for the sensing an analyte as is 
described above, is provided. The kit and/or sensor set 
typically comprises a container, a label and a sensor as 
described above. The typical embodiment is a kit comprising 
a container and, Within the container, an analyte sensor 
apparatus having a design as disclosed herein and instruc 
tions for using the analyte sensor apparatus. 

[0018] Other objects, features and advantages of the 
present invention Will become apparent to those skilled in 
the art from the folloWing detailed description. It is to be 
understood, hoWever, that the detailed description and spe 
ci?c examples, While indicating some embodiments of the 
present invention are given by Way of illustration and not 
limitation. Many changes and modi?cations Within the 
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scope of the present invention may be made Without depart 
ing from the spirit thereof, and the invention includes all 
such modi?cations. 

BRIEF DESCRIPTION OF THE FIGURES 

[0019] FIG. 1 provides a schematic of the Well knoWn 
reaction betWeen glucose and glucose oxidase. As shoWn in 
a stepWise manner, this reaction involves glucose oxidase 
(GOx), glucose and oxygen in Water. In the reductive half of 
the reaction, tWo protons and electrons are transferred from 
[3-D-glucose to the enZyme yielding d-gluconolactone. In 
the oxidative half of the reaction, the enZyme is oxidiZed by 
molecular oxygen yielding hydrogen peroxide. The d-glu 
conolactone then reacts With Water to hydrolyZe the lactone 
ring and produce gluconic acid. In certain electrochemical 
sensors of the invention, the hydrogen peroxide produced by 
this reaction is oxidiZed at the Working electrode (H202a 
2H+ + O2 + 2e‘). 
[0020] FIG. 2 provides a diagrammatic vieW of a typical 
analyte sensor con?guration of the current invention. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0021] Unless otherWise de?ned, all terms of art, notations 
and other scienti?c terms or terminology used herein are 
intended to have the meanings commonly understood by 
those of skill in the art to Which this invention pertains. In 
some cases, terms With commonly understood meanings are 
de?ned herein for clarity and/or for ready reference, and the 
inclusion of such de?nitions herein should not necessarily be 
construed to represent a substantial difference over What is 
generally understood in the art. Many of the techniques and 
procedures described or referenced herein are Well under 
stood and commonly employed using conventional meth 
odology by those skilled in the art. As appropriate, proce 
dures involving the use of commercially available kits and 
reagents are generally carried out in accordance With manu 
facturer de?ned protocols and/or parameters unless other 
Wise noted. A number of terms are de?ned beloW. 
[0022] The term “analyte” as used herein is a broad term 
and is used in its ordinary sense, including, Without limita 
tion, to refer to a substance or chemical constituent in a ?uid 
such as a biological ?uid (for example, blood, interstitial 
?uid, cerebral spinal ?uid, lymph ?uid or urine) that can be 
analyZed. Analytes can include naturally occurring sub 
stances, arti?cial substances, metabolites, and/or reaction 
products. In some embodiments, the analyte for measure 
ment by the sensing regions, devices, and methods is glu 
cose. HoWever, other analytes are contemplated as Well, 
including but not limited to, lactate. Salts, sugars, proteins 
fats, vitamins and hormones naturally occurring in blood or 
interstitial ?uids can constitute analytes in certain embodi 
ments. The analyte can be naturally present in the biological 
?uid or endogenous; for example, a metabolic product, a 
hormone, an antigen, an antibody, and the like. Alternatively, 
the analyte can be introduced into the body or exogenous, 
for example, a contrast agent for imaging, a radioisotope, a 
chemical agent, a ?uorocarbon-based synthetic blood, or a 
drug or pharmaceutical composition, including but not lim 
ited to insulin. The metabolic products of drugs and phar 
maceutical compositions are also contemplated analytes. 
[0023] The term “sensor,” as used herein, is a broad term 
and is used in its ordinary sense, including, Without limita 
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tion, the portion or portions of an analyte-monitoring device 
that detects an analyte. In one embodiment, the sensor 
includes an electrochemical cell that has a Working elec 
trode, a reference electrode, and optionally a counter elec 
trode passing through and secured Within the sensor body 
forming an electrochemically reactive surface at one loca 
tion on the body, an electronic connection at another location 
on the body, and a membrane system a?ixed to the body and 
covering the electrochemically reactive surface. During gen 
eral operation of the sensor, a biological sample (for 
example, blood or interstitial ?uid), or a portion thereof, 
contacts (directly or after passage through one or more 
membranes or domains) an enZyme (for example, glucose 
oxidase); the reaction of the biological sample (or portion 
thereof) results in the formation of reaction products that 
alloW a determination of the analyte level in the biological 
sample. 
[0024] The term “electrochemical cell,” as used herein, is 
a broad term and is used in its ordinary sense, including, 
Without limitation, a device in Which chemical energy is 
converted to electrical energy. Such a cell typically consists 
of tWo or more electrodes held apart from each other and in 
contact With an electrolyte solution. Connection of the 
electrodes to a source of direct electric current renders one 

of them negatively charged and the other positively charged. 
Positive ions in the electrolyte migrate to the negative 
electrode (cathode) and there combine With one or more 
electrons, losing part or all of their charge and becoming 
neW ions having loWer charge or neutral atoms or molecules; 
at the same time, negative ions migrate to the positive 
electrode (anode) and transfer one or more electrons to it, 
also becoming neW ions or neutral particles. The overall 
effect of the tWo processes is the transfer of electrons from 
the negative ions to the positive ions, a chemical reaction. 
[0025] The terms “electrochemically reactive surface” and 
“electroactive surface” as used herein are broad terms and 
are used in their ordinary sense, including, Without limita 
tion, the surface of an electrode Where an electrochemical 
reaction takes place. In one example, a Working electrode 
measures hydrogen peroxide produced by the enZyme cata 
lyZed reaction of the analyte being detected reacts creating 
an electric current (for example, detection of glucose analyte 
utiliZing glucose oxidase produces H2O2 as a by product, 
H2O2 reacts With the surface of the Working electrode 
producing tWo protons (2H+), tWo electrons (2e‘) and one 
molecule of oxygen (O2) Which produces the electronic 
current being detected). In the case of the counter electrode, 
a reducible species, for example, 02 is reduced at the 
electrode surface in order to balance the current being 
generated by the Working electrode. 
[0026] The term “sensing region” as used herein is a broad 
term and is used in its ordinary sense, including, Without 
limitation, the region of a monitoring device responsible for 
the detection of a particular analyte. In an illustrative 
embodiment, the sensing region can comprise a non-con 
ductive body, a Working electrode, a reference electrode, and 
a counter electrode passing through and secured Within the 
body forming electrochemically reactive surfaces on the 
body and an electronic connective means at another location 
on the body, and a one or more layers covering the electro 
chemically reactive surface. 
[0027] The terms “electrical potential” and “potential” as 
used herein, are broad terms and are used in their ordinary 
sense, including, Without limitation, the electrical potential 
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difference between tWo points in a circuit Which is the cause 
of the ?oW of a current. The term “system noise,” as used 
herein, is a broad term and is used in its ordinary sense, 
including, Without limitation, unWanted electronic or di?‘u 
sion-related noise Which can include Gaussian, motion 
related, ?icker, kinetic, or other White noise, for example. 
[0028] The terms “interferants” and “interfering species,” 
as used herein, are broad terms and are used in their ordinary 
sense, including, but not limited to, effects and/or species 
that interfere With the measurement of an analyte of interest 
in a sensor to produce a signal that does not accurately 
represent the analyte measurement. In one example of an 
electrochemical sensor, interfering species are compounds 
With an oxidation potential that overlaps With the analyte to 
be measured. 

[0029] As discussed in detail beloW, embodiments of the 
invention relate to the use of an electrochemical sensor that 
measures a concentration of an analyte of interest or a 
substance indicative of the concentration or presence of the 
analyte in ?uid. In some embodiments, the sensor is a 
continuous device, for example a subcutaneous, transder 
mal, or intravascular device. In some embodiments, the 
device can analyZe a plurality of intermittent blood samples. 
The sensor embodiments disclosed herein can use any 

knoWn method, including invasive, minimally invasive, and 
non-invasive sensing techniques, to provide an output signal 
indicative of the concentration of the analyte of interest. 
Typically, the sensor is of the type that senses a product or 
reactant of an enzymatic reaction betWeen an analyte and an 
enZyme in the presence of oxygen as a measure of the 
analyte in vivo or in vitro. Such sensors typically comprise 
a membrane surrounding the enZyme through Which a bodily 
?uid passes and in Which an analyte Within the bodily ?uid 
reacts With an enZyme in the presence of oxygen to generate 
a product. The product is then measured using electrochemi 
cal methods and thus the output of an electrode system 
functions as a measure of the analyte. In some embodiments, 
the sensor can use an amperometric, coulometric, conduc 
timetric, and/or potentiometric technique for measuring the 
analyte. 
[0030] Embodiments of the invention described herein can 
be adapted and implemented With a Wide variety of knoWn 
electrochemical sensors, including for example, U.S. Patent 
Application No. 20050115832, U.S. Pat. Nos. 6,001,067, 
6,702,857, 6,212,416, 6,119,028, 6,400,974, 6,595,919, 
6,141,573, 6,122,536, 6,512,939 5,605,152, 4,431,004, 
4,703,756, 6,514,718, 5,985,129, 5,390,691, 5,391, 250, 
5,482,473, 5,299,571, 5,568,806, 5,494,562, 6,120,676, 
6,542,765 as Well as PCT International Publication Numbers 
WO 01/58348, WO 04/021877, WO 03/034902, WO 
03/035117, WO 03/035891, WO 03/023388, WO 
03/022128, WO 03/022352, WO 03/023708, WO 
03/036255, WO 03/036310 and WO 03/074107, and Euro 
pean Patent Application EP 1153571, the contents of each of 
Which are incorporated herein by reference. 
[0031] Embodiments of the invention disclosed herein 
provide sensors of the type used, for example, in subcuta 
neous or transcutaneous monitoring of blood glucose levels 
in a diabetic patient. A variety of implantable, electrochemi 
cal biosensors have been developed for the treatment of 
diabetes and other life-threatening diseases. Many existing 
sensor designs use some form of immobiliZed enZyme to 
achieve their bio-speci?city. For example, a ?rst class of 
glucose sensor designs use a very thin (<1 micron) layer of 
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glucose oxidase (GOx) and bovine serum albumin that is 
either spray or spin coated onto the Working electrode and 
cross-linked With glutaraldehyde. Alternatively, a second 
class of glucose sensor design employs a thick (~l mm) 
hydrogel knoWn as the Sensor Matrix Protein (SMP), Which 
typically consists of an enzyme such as GOx and human 
serum albumin cross-linked together With a cross-linking 
agent such as glutaraldehyde. Relative to each other, the 
immobilized enzyme con?gurations of the tWo above-noted 
classes of sensor designs possess different advantages that 
serve to increase operational sensor life. Due to the close 
proximity of the immobilized GOx to the peroxide-consum 
ing electrode, the ?rst class of sensor designs are believed to 
possess signi?cantly decreased enzyme deactivation rate 
constants. In comparison, the thick SMPs utilized in the 
second class of sensor designs can incorporate orders of 
magnitude more enzyme than the ?rst class. 

[0032] Many sensor designs utilize a matrix (or a plurality 
of matrices) such as an enzymatic hydrogel matrix to 
function. The term “matrix” is used herein according to its 
art-accepted meaning of something Within or from Which 
something else originates, develops, takes form and/or is 
found. An exemplary enzymatic hydrogel matrix for 
example typically comprises a bio-sensing enzyme (e.g. 
glucose oxidase or lactate oxidase) and human serum albu 
min proteins that have been cross-linked together With a 
crosslinking agent such as glutaraldehyde to form a polymer 
network. This netWork is then sWollen With an aqueous 
solution to form an enzymatic hydrogel matrix. The degree 
of sWelling of this hydrogel frequently increases over a 
time-period of several Weeks, and is presumably due to the 
degradation of netWork cross-links. Regardless of its cause, 
an observed consequence of this sWelling is the protrusion of 
the hydrogel outside of the hole or “Window” cut into the 
outer sensor tubing. This causes the sensor dimensions to 
exceed design speci?cations and has a negative impact on its 
analytical performance. 
[0033] Embodiments of the invention disclosed herein 
provide sensor elements having enhanced material proper 
ties and sensors constructed from such elements. The dis 
closure further provides methods for making and using such 
sensors. While some embodiments of the invention pertain 
to glucose and/or lactate sensors, a variety of the elements 
disclosed herein (e.g. electrodes and electrode designs) can 
be adapted for use With any one of the Wide variety of 
sensors knoWn in the art. The analyte sensor elements, 
architectures and methods for making and using these ele 
ments that are disclosed herein can be used to establish a 
variety of layered sensor structures. Such sensors of the 
invention exhibit a surprising degree of ?exibility and 
versatility, characteristic Which alloW a Wide variety of 
sensor con?gurations to be designed to examine a Wide 
variety of analyte species. 
[0034] In typical embodiments of the present invention, 
the transduction of the analyte concentration into a process 
able signal is by electrochemical means. These transducers 
may include any of a Wide variety of amperometric, poten 
tiometric, or conductimetric base sensors knoWn in the art. 
Moreover, the microfabrication sensor techniques and mate 
rials of the instant invention may be applied to other types 
of transducers (e.g., acoustic Wave sensing devices, ther 
mistors, gas-sensing electrodes, ?eld-effect transistors, opti 
cal and evanescent ?eld Wave guides, and the like) fabri 
cated in a substantially nonplanar, or alternatively, a 
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substantially planar manner. A useful discussion and tabu 
lation of transducers Which may be exploited in a biosensor 
as Well as the kinds of analytical applications in Which each 
type of transducer or biosensor, in general, may be utilized, 
is found in an article by Christopher R. LoWe in Trends in 
Biotech. 1984, 2(3), 59-65. 
[0035] Speci?c aspects of the invention are discussed in 
detail in the folloWing sections. 

I. Typical elements, Con?gurations and Analyte Sensors of 
the Invention 

A. Optimized Sensor Elements of the Invention 

[0036] Embodiments of the sensors disclosed herein 
incorporate one or more sensor elements having enhanced 
material properties. Embodiments of the invention include 
sensor including these elements and Well methods for mak 
ing and using them. Embodiments of the invention disclosed 
herein include electrochemical analyte sensors comprising 
elements such as electrodes and/or electrode combinations 
(e.g. Working an counter electrode combinations) designed 
to optimize factors including the reactivity, sensitivity, func 
tioning and lifespan of the analyte sensors. Certain speci?c 
embodiments of the invention are designed to optimize the 
electrochemical reactions that function in the sensing of an 
analyte of interest. The optimized embodiments of the 
invention disclosed herein can be utilized and/or applied to 
a Wide variety of sensor methods and designs. The folloWing 
sections describe illustrative sensor elements, sensor con 
?gurations and methodological embodiments of the inven 
tion. 
[0037] Certain embodiments of the invention are designed 
to enhance sensor stability. As discussed in detail beloW, 
embodiments of the invention include analyte sensors hav 
ing a plurality of adjoining layers consisting of different 
functional constituents. As is knoWn in the art, With certain 
sensors that include a plurality of layers, one or more of the 
layers can become unstable and separate in part or in Whole 
from an adjoining layer. Such delamination events can 
compromise the function of one or more of the different 
constituents and consequently have a negative impact on a 
sensor’s function, for example its long term stability. In this 
context, We observe that, With certain sensor embodiments a 
series of ?at, uniform layers typically have better adherence 
betWeen layers and are therefore more stable than sensors 
having disparate layers of rough and/or polymorphic con 
stituents. 

[0038] One example of layer that can exhibit problems 
With delamination is an electrode layer that is deposited 
upon a base layer in a manner that creates an irregular 
surface, for example When a platinum electrode layer is 
deposited on a base substrate that has an edge or shoulder 
that causes a nodule of a electrode material (eg platinum 
black) to form over this feature on the base substrate. This 
can happen, for example, When platinum black is disposed 
in the sensor in a manner that alloWs it to groW up the side 
of a material already in the sensor; for example, an edge of 
an insulating composition. In this context, one embodiment 
of the invention is a method of contributing to the uniformity 
of a layer in an analyte sensing device comprising a plurality 
of layers, the method comprising disposing an electrode 
used in the device on a base substrate, Wherein the base 
substrate is selected to exhibit an essentially or predomi 
nantly ?at geometry so that the electrode disposed on the 
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base substrate also exhibits a relatively ?at geometry, 
thereby contributing to the uniformity of a layer in a analyte 
sensing device. In this method, the sensor can be manufac 
tured according to a process that avoids depositing the 
electrode materials on geometric features already present in 
the sensor. Optionally, the base substrate is selected to 
exhibit a ?at geometry by avoiding disposing the electrode 
on a ridge, lip, shoulder or edge generated by an insulating 
composition that is disposed in an area Where the electrode 
is disposed. 
[0039] A related embodiment of the invention is a method 
of contributing to the uniformity of a layer in an analyte 
sensing device comprising a plurality of layers, the method 
including disposing an electrode used in the device on a base 
substrate, and then removing a portion of the electrode so 
disposed on the base substrate, Wherein the portion of the 
electrode disposed on the base substrate that is removed is 
an irregular feature such as a bulge or the like that results 
from the electrode being disposed on a lip, shoulder, edge or 
the like etc. that is present in another of the plurality of 
layers that is disposed in an area Where the electrode is 
disposed. In this method, the resulting layer having the 
electrode Where the bulge or nodule is removed exhibits a 
more uniform surface than does the layer Where the bulge is 
not removed. Such bulges can be removed by one of a 
variety of methods knoWn in the art, for example, via 
mechanical or chemical processes. Typically, these methods 
of contributing to the uniformity of one or more layers in an 
analyte sensor have the result of inhibiting delamination of 
a layer Within the plurality of layers. These methods of 
contributing to the uniformity of one or more layers in an 
analyte sensor can also increase sensor stability; for 
example, the in vivo stability of a sensor. 

[0040] In vieW of the reasons noted above, those of skill 
in this art familiar With this phenomena Would be motivated 
to construct sensors having a plurality of uniform layers. 
HoWever, as disclosed herein, it has been discovered that in 
certain contexts, sensors having electrode surfaces With 
unusual and/or non-uniform geometries have unexpected 
and desirable properties. In particular, sensors designed so 
that the electrode material (eg platinum) is deposited on a 
base substrate that includes a geometric feature selected to 
increase the surface area of an electrochemically reactive 
surface on the electrode exhibit a number of bene?cial 
properties, such as the ability to generate a greater signal in 
response to analyte, a reduced signal to noise ratio and a 
greater longevity, in particular, a greater longevity in vivo. 
Surprisingly, in certain embodiments of the invention, the 
bene?cial properties of these shaped electrodes outWeigh the 
detrimental effects that result from a lack of uniformity in 
the electrode layer. This unexpected observation forms the 
basis of certain embodiments of the invention discussed 
beloW. 

[0041] One illustrative embodiment of the invention is a 
method of performing an electrochemical reaction Within an 
analyte sensor comprising using an analyte sensor con 
structed to include an electrode layer con?guration that is 
designed to optimiZe the electrochemical reaction at the 
electrode When the electrode is exposed to an analyte. In 
such methods the analyte sensor typically includes at least 
one electrode disposed upon a base substrate Where this base 
substrate comprises a geometric feature selected to increase 
the surface area of an electrochemically reactive surface of 
the electrode disposed thereon such that the surface area 
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to-volume ratio of the electrochemically reactive surface 
area of the electrode disposed on the geometric feature is 
greater than surface area-to-volume ratio of the reactive 
surface of the electrode When disposed on a ?at surface. 
Optionally, the electrode further comprises a porous matrix. 
In certain embodiments, the porous matrix has a surface area 
that is at least 2, 4, 6, 8, l0, l2, l4, 16 or 18 times the surface 
area of an essentially non-porous matrix of same dimen 
sions. 

[0042] In certain methodological embodiments of the 
invention, exposing the analyte sensor to an analyte so that 
an electrochemical reaction is performed Within an analyte 
sensor having electrodes constructed to have this type of 
con?guration, the electronic signal in response to exposure 
to the analyte that is generated at the electrochemically 
reactive surface area of the electrode disposed on the geo 
metric feature is greater than the electronic signal generated 
an electrochemically reactive surface area of the electrode 
When the electrode is disposed on a ?at surface. Similarly, in 
certain methodological embodiments of the invention, 
exposing the analyte sensor to an analyte so that an elec 
trochemical reaction is performed Within an analyte sensor 
having electrodes constructed to have this type of con?gu 
ration, the in vivo lifetime of the analyte sensor having the 
electrochemically reactive surface area of the electrode 
disposed on the geometric feature is greater than the in vivo 
lifetime of an analyte sensor having an electronic signal 
generated on an electrochemically reactive surface area of 
an electrode When the electrode is disposed on a ?at surface. 

[0043] While not being bound by a speci?c scienti?c 
theory, it is believed that the highly desirable properties that 
are observed With analyte sensors constructed to have more 
complex geometries are due to a relative increase in the siZe 
of the electrochemically reactive surface area of these elec 
trodes. In particular, embodiments of the invention using 
such electrode geometries are believed to generate a larger 
electrochemically reactive surface area for reacting With and 
sensing analytes While the amount of total space occupied by 
the electrode layer Within the sensor remains essentially 
unchanged or changes very little. This alloWs for a large 
surface area in a small space. A similar phenomena is 
observed in human brains, organs that are highly folded to 
generate a large surface area Within a small space. In 
particular, the cerebral cortex of the human brain is highly 
convoluted, meaning it has many folds and creases, convo 
lutions that alloW a large surface area of brain (and an 
associated larger number of neurons) to ?t inside our rela 
tively small skulls. In some embodiments of the invention, 
the surface area to volume ratio of the electrochemically 
reactive surface area of the electrode disposed on the geo 
metric feature is at least 10%, 25%, 50%, 75% or 100% 
greater than surface area-to-volume ratio of the reactive 
surface of the electrode When disposed on a ?at surface. 

[0044] Analyte sensor having electrodes constructed to 
have this type of con?guration (e.g. Where electrochemically 
reactive surface area of an electrode is disposed on the 
geometric feature so that the electrochemically reactive 
surface area is greater than if it Was disposed on a ?at 
surface) can be constructed by a variety of methods knoWn 
in the art, for example by disposing the electrode material 
(eg a metal such as platinum) on a base substrate adjoining 
layer that includes a geometric feature comprising a lip, a 
shoulder, a ridge, a notch, a depression, a channel or the like. 
Typically, the geometric feature of the base substrate causes 
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the electrochemically reactive surface area of the electrode 
to form a nodule or the like. While the deposition of an 
electrode onto a base substrate is one Way to generate an 

electrode With a high surface area to volume ratio, electrodes 
having these properties can be generated by other processes 
knoWn in the art. For example, in an alternative embodiment 
of the invention, electrodes having a high surface area to 
volume ratio can be premade and then subsequently dis 
posed Within the analyte sensor. 
[0045] In certain embodiments of the invention the analyte 
sensor comprises a plurality of discrete geometric features 
having a plurality of electrochemically reactive electrode 
surfaces. Such pluralities of features can include patterns 
such as roWs of depressions and/or ridges or the like, for 
example a roW of ridges resembling Zebra stripes. In some 
embodiments of the invention, the sensor is manufactured to 
include these pluralities of features on Which the electrode 
material can be deposited. Optionally, the analyte sensor 
comprises at least 2, 3, 4, 5, 6, 7, 8, 9 or 10 discrete 
geometric features having a plurality of electrochemically 
reactive electrode surfaces. In a speci?c embodiment of the 
invention, analyte sensor further comprises an analyte sens 
ing layer disposed on the electrode having a relatively high 
surface area-to-volume ratio of the reactive surface, Wherein 
the analyte sensing layer detectably alters the electrical 
current at the electrode in the presence of an analyte; an 
optional protein layer disposed on the analyte sensing layer; 
an adhesion promoting layer disposed on the analyte sensing 
layer or the optional protein layer, Wherein the adhesion 
promoting layer promotes the adhesion betWeen the analyte 
sensing layer and an analyte modulating layer disposed on 
the analyte sensing layer; and an analyte modulating layer 
disposed on the analyte sensing layer, Wherein the analyte 
modulating layer modulates the diffusion of the analyte 
therethrough; and an optional cover layer disposed on at 
least a portion of the analyte modulating layer, Wherein the 
cover layer further includes an aperture over at least a 
portion of the analyte modulating layer. In certain embodi 
ments of the invention, the analyte sensor is designed to be 
implantable Within a mammal. Optionally the electrochemi 
cal reaction at the electrode involves a protein reactive With 
an analyte present in mammalian blood such as glucose 
oxidase, glucose dehydrogenase, lactate oxidase, hexoki 
nase or lactate dehydrogenase. In some embodiments of the 
invention, in the electrochemical reaction, hydrogen perox 
ide is oxidized at the electrochemically reactive surface area 
of the electrode disposed on the geometric feature of the 
base substrate. 

[0046] Arelated embodiment of the invention is an analyte 
sensor for detecting an analyte in a ?uid, the apparatus 
comprising at least one electrode disposed upon a base 
substrate, Wherein the base substrate includes a geometric 
feature selected to increase the surface area of an electro 
chemically reactive surface on the electrode deposited 
thereon (eg a lip, a shoulder, a ridge, a notch, a depression, 
a channel or the like) such that surface area-to-volume ratio 
of the electrochemically reactive surface area of the elec 
trode disposed on the geometric feature is greater than 
surface area-to-volume ratio of the reactive surface of the 
electrode When disposed on a ?at surface. Optionally, the 
analyte sensor comprises a plurality of discrete geometric 
features having a plurality of electrochemically reactive 
electrode surfaces. Typically, the analyte sensor is implant 
able and comprises an analyte sensing layer disposed on the 
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electrode, Wherein the analyte sensing layer detectably alters 
the electrical current at the electrode in the presence of an 
analyte; an optional protein layer disposed on the analyte 
sensing layer; an adhesion promoting layer disposed on the 
analyte sensing layer or the optional protein layer, Wherein 
the adhesion promoting layer promotes the adhesion 
betWeen the analyte sensing layer and an analyte modulating 
layer disposed on the analyte sensing layer; and an analyte 
modulating layer disposed on the analyte sensing layer, 
Wherein the analyte modulating layer modulates the diffu 
sion of the analyte therethrough; and an optional cover layer 
disposed on at least a portion of the analyte modulating 
layer, Wherein the cover layer further includes an aperture 
over at least a portion of the analyte modulating layer. In 
certain embodiments of the invention, the implantable ana 
lyte sensor further comprises an interference rejection layer 
disposed betWeen the surface of the Working electrode and 
the analyte sensing layer. 
[0047] Yet another embodiment of the invention is a 
method of modulating electrochemical reactions Within an 
implantable analyte sensor, the method comprising perform 
ing electrochemical reactions Within an implantable analyte 
sensor comprising: a Working electrode having a ?rst surface 
area, Wherein electrochemical reactions at the Working elec 
trode generate electrons that interact With compound sub 
strates having a ?rst a?inity for the electrons that is greater 
than or equal to that of oxygen (O2), and compound sub 
strates having a second af?nity for the electrons that is less 
than or equal to that of oxygen (O2), Wherein the second 
surface area is selected to be a siZe that reduces the inter 
action betWeen electrons generated at the Working electrode 
With compound substrates having the second affinity for the 
electrons generated at the Working electrode; so that elec 
trochemical reactions Within the implantable analyte sensor 
are modulated. 

[0048] A closely related embodiment of the invention is a 
method of modulating electrochemical reactions Within an 
implantable analyte sensor, the method comprising perform 
ing electrochemical reactions Within an implantable analyte 
sensor comprising: a Working electrode having a reactive 
surface area, Wherein during analyte sensing, the Working 
electrode generates electrons that reduce a plurality of 
composition species in the electrochemical reaction includ 
ing oxygen (O2); and a counter electrode having a reactive 
surface area, Wherein the siZe of the reactive surface area of 
the counter electrode (e.g. relative to the siZe of the reactive 
surface area of the Working electrode) is selected so as to 
control the reduction of the plurality of composition species 
in the electrochemical reaction so that oxygen (O2) is the 
predominant composition species reduced by the electrons 
generated at the Working electrode over the functional 
lifetime of the sensor, so that electrochemical reactions 
Within the implantable analyte sensor are modulated over the 
lifetime of the sensor. The term predominant is used herein 
according to its art accepted meaning of being the most 
frequent or common. In one illustrative example of such an 
embodiment, 51% of the electrons generated at the Working 
electrode reduce oxygen (O2) species over the lifetime of the 
sensor. 

[0049] The methods (and associated sensor architectures) 
designed to selectively reduce oxygen (O2) species in the 
electrochemical reactions have a number of surprising 
advantages over existing embodiments in the art. By con 
structing sensors With elements speci?cally selected so that 
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the size of the reactive surface area of the counter electrode 
relative to the size of the reactive surface area of the Working 
electrode controls the reduction of the plurality of compo 
sition species, the sensing of the analyte is therefore occurs 
in a controlled environment. In this Way, this sensor structure 
maintains a greater consistency in the electrochemical reac 
tion environment (leading to a greater consistency in signals 
generated by the electrochemical reactions) during the 
period that the analyte sensor is in use. For example, When 
the analyte sensors employ a oxidase in analyte sensing such 
as the protein glucose oxidase, using this sensor structure to 
control the electrochemical reaction so that oxygen (O2) is 
the predominant composition species reduced by the elec 
trons generated at the Working electrode over the functional 
lifetime of the sensor provides a bene?t by providing a 
stabilized reactive environment for the electrochemical reac 
tions that function to provide the sensor signal. 

[0050] While analyte sensors having Working and counter 
electrodes of different sizes may be described in the art, the 
art fails to teach or suggest the invention described herein, 
e.g. sensors constructed to include elements speci?cally 
designed to control the electrochemical reactions in the 
described manner (i.e. so that oxygen (O2) is the predomi 
nant composition species reduced by electrons generated at 
the Working electrode). In addition, embodiments of the 
sensors disclosed herein are designed to vary the size of the 
reactive surface area of the counter electrode relative to the 
size of the reactive surface area of the Working electrode, 
and not just the size of the electrodes. For example, in 
certain embodiments of the invention, the counter and 
Working electrodes can be of approximately the same size. 
In such embodiments, the counter electrode can be con 
structed to exhibit an architecture that provides a greater 
surface area/size ratio (eg one constructed using a porous 
matrix) so that the greater size of the reactive surface area of 
the counter electrode (e.g. relative to the size of the reactive 
surface area of the Working electrode) controls the reduction 
of the plurality of composition species in the electrochemi 
cal reaction so that oxygen (O2) is the predominant compo 
sition species reduced by the electrons generated at the 
Working electrode. 
[0051] Optionally, the Working electrode and the counter 
electrode in analyte sensors having the above-noted archi 
tectures comprise a porous matrix. Alternatively, the Work 
ing electrode comprises a relatively nonporous matrix While 
the counter electrode comprises a porous matrix or vice 
versa. Optionally the porous matrix has a surface area that 
is at least 2, 4, 6, 8, l0, l2, l4, 16 or 18 times the surface 
area of an essentially non-porous matrix of same dimen 
sions. In such methods the surface area of the counter 
electrode is typically about 1.5, 2, 2.5 or 3 times the size of 
the Working electrode. Optionally, the implantable analyte 
sensor comprises an analyte sensing layer disposed on the 
Working electrode, Wherein the analyte sensing layer detect 
ably alters the electrical current at the Working electrode in 
the presence of an analyte; an optional protein layer dis 
posed on the analyte sensing layer; an adhesion promoting 
layer disposed on the analyte sensing layer or the optional 
protein layer, Wherein the adhesion promoting layer pro 
motes the adhesion betWeen the analyte sensing layer and an 
analyte modulating layer disposed on the analyte sensing 
layer; and an analyte modulating layer disposed on the 
analyte sensing layer, Wherein the analyte modulating layer 
modulates the diffusion of the analyte therethrough; and an 
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optional cover layer disposed on at least a portion of the 
analyte modulating layer, Wherein the cover layer further 
includes an aperture over at least a portion of the analyte 
modulating layer. 
[0052] A related embodiment of the invention is an 
implantable electrochemical analyte sensor comprising a 
Working electrode having a ?rst surface area, Wherein elec 
trochemical reactions at the Working electrode generate 
electrons that interact With compound substrates having a 
?rst affinity for the electrons and compound substrates 
having a second affinity for the electrons, Wherein the 
compound substrates having a ?rst affinity for the electrons 
exhibit an affinity that is higher than the affinity of the 
compound substrates having a second affinity for the elec 
trons; and a counter electrode of a second surface area, the 
second surface area is selected to be a size that reduces the 
interaction betWeen electrons generated at the Working elec 
trode With compound substrates having the second affinity 
for the electrons generated at the Working electrode; an 
analyte sensing layer disposed on the Working electrode, 
Wherein the analyte sensing layer detectably alters the 
electrical current at the Working electrode in the presence of 
an analyte; an adhesion promoting layer disposed on the 
analyte sensing layer or the protein layer, Wherein the 
adhesion promoting layer promotes the adhesion betWeen 
the analyte sensing layer and an analyte modulating layer 
disposed on the analyte sensing layer; an analyte modulating 
layer disposed on the analyte sensing layer, Wherein the 
analyte modulating layer modulates the diffusion of the 
analyte therethrough; and a cover layer disposed on at least 
a portion of the analyte modulating layer, Wherein the cover 
layer further includes an aperture over at least a portion of 
the analyte modulating layer. 

B. Diagrammatic Illustration of Typical Sensor Con?gura 
tions 

[0053] FIG. 2 illustrates a cross-section of a typical sensor 
structure 100 of the present invention. The sensor is formed 
from a plurality of components that are typically in the form 
of layers of various conductive and non-conductive con 
stituents disposed on each other according to a method of the 
invention to produce a sensor structure. The components of 
the sensor are typically characterized herein as layers 
because, for example, it alloWs for a facile characterization 
of the sensor structure shoWn in FIG. 2. Artisans Will 
understand hoWever, that in certain embodiments of the 
invention, the sensor constituents are combined such that 
multiple constituents form one or more heterogeneous lay 
ers. In this context, those of skill in the art understand that 
the ordering of the layered constituents can be altered in 
various embodiments of the invention. 

[0054] The embodiment shoWn in FIG. 2 includes a base 
layer 102 to support the sensor 100. The base layer 102 can 
be made of a material such as a metal and/or a ceramic 

and/or a polymeric substrate, Which may be self-supporting 
or further supported by another material as is knoWn in the 
art. Embodiments of the invention include a conductive 
layer 104 Which is disposed on and/or combined With the 
base layer 102. In certain embodiments, the base layer 102 
and/or the conductive layer 104 can be constructed to 
produce electrodes having a con?guration Where the elec 
trochemically reactive surface area of an electrode is dis 
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posed on the geometric feature so that the electrochemically 
reactive surface area is greater than if it Was disposed on a 
?at surface. 

[0055] Typically the conductive layer 104 comprises one 
or more electrodes. An operating sensor 100 typically 
includes a plurality of electrodes such as a Working elec 
trode, a counter electrode and a reference electrode. Other 
embodiments may also include an electrode that performs 
multiple functions, for example one that functions as both as 
a reference and a counter electrode. Still other embodiments 
may utiliZe a separate reference element not formed on the 
sensor. Typically these electrodes are electrically isolated 
from each other, While situated in close proximity to one 
another. 

[0056] As discussed in detail beloW, the base layer 102 
and/or conductive layer 104 can be generated using many 
knoWn techniques and materials. In certain embodiments of 
the invention, the electrical circuit of the sensor is de?ned by 
etching the disposed conductive layer 104 into a desired 
pattern of conductive paths. A typical electrical circuit for 
the sensor 100 comprises tWo or more adjacent conductive 
paths With regions at a proximal end to form contact pads 
and regions at a distal end to form sensor electrodes. An 
electrically insulating cover layer 106 such as a polymer 
coating is optionally disposed on portions of the sensor 100. 
Acceptable polymer coatings for use as the insulating pro 
tective cover layer 106 can include, but are not limited to, 
non-toxic biocompatible polymers such as silicone com 
pounds, polyimides, biocompatible solder masks, epoxy 
acrylate copolymers, or the like. In the sensors of the present 
invention, one or more exposed regions or apertures 108 can 
be made through the cover layer 106 to open the conductive 
layer 104 to the external environment and to, for example, 
alloW an analyte such as glucose to permeate the layers of 
the sensor and be sensed by the sensing elements. Apertures 
108 can be formed by a number of techniques, including 
laser ablation, tape masking, chemical milling or etching or 
photolithographic development or the like. In certain 
embodiments of the invention, during manufacture, a sec 
ondary photoresist can also be applied to the protective layer 
106 to de?ne the regions of the protective layer to be 
removed to form the aperture(s) 108. The exposed electrodes 
and/or contact pads can also undergo secondary processing 
(eg through the apertures 108), such as additional plating 
processing, to prepare the surfaces and/or strengthen the 
conductive regions. 
[0057] In the sensor con?guration shoWn in FIG. 2, an 
analyte sensing layer 110 (Which is typically a sensor 
chemistry layer, meaning that materials in this layer undergo 
a chemical reaction to produce a signal that can be sensed by 
the conductive layer) is disposed on one or more of the 
exposed electrodes of the conductive layer 104. Typically, 
the sensor chemistry layer 110 is an enZyme layer. Most 
typically, the sensor chemistry layer 110 comprises an 
enZyme capable of producing and/ or utiliZing oxygen and/or 
hydrogen peroxide, for example the enZyme glucose oxi 
dase. Optionally the enzyme in the sensor chemistry layer is 
combined With a second carrier protein such as human 
serum albumin, bovine serum albumin or the like. In an 
illustrative embodiment, an enzyme such as glucose oxidase 
in the sensor chemistry layer 110 reacts With glucose to 
produce hydrogen peroxide, a compound Which then modu 
lates a current at an electrode. As this modulation of current 
depends on the concentration of hydrogen peroxide, and the 
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concentration of hydrogen peroxide correlates to the con 
centration of glucose, the concentration of glucose can be 
determined by monitoring this modulation in the current. In 
a speci?c embodiment of the invention, the hydrogen per 
oxide is oxidiZed at a Working electrode Which is an anode 
(also termed herein the anodic Working electrode), With the 
resulting current being proportional to the hydrogen perox 
ide concentration. Such modulations in the current caused 
by changing hydrogen peroxide concentrations can by moni 
tored by any one of a variety of sensor detector apparatuses 
such as a universal sensor amperometric biosensor detector 
or one of the other variety of similar devices knoWn in the 
art such as glucose monitoring devices produced by 
Medtronic MiniMed. 

[0058] The analyte sensing layer 110 can be applied over 
portions of the conductive layer or over the entire region of 
the conductive layer. Typically the analyte sensing layer 110 
is disposed on the Working electrode Which can be the anode 
or the cathode. Optionally, the analyte sensing layer 110 is 
also disposed on a counter and/ or reference electrode. While 
the analyte sensing layer 110 can be up to about 1000 
microns (um) in thickness, typically the analyte sensing 
layer is relatively thin as compared to those found in sensors 
previously described in the art, and is for example, typically 
less than 1, 0.5, 0.25 or 0.1 microns in thickness. As 
discussed in detail beloW, some methods for generating a 
thin analyte sensing layer 110 include spin coating pro 
cesses, dip and dry processes, loW shear spraying processes, 
ink-j et printing processes, silk screen processes and the like. 
Most typically the thin analyte sensing layer 110 is applied 
using a spin coating process. 
[0059] Typically, the analyte sensing layer 110 is coated 
With one or more additional layers. Optionally, the one or 
more additional layers includes a protein layer 116 disposed 
upon the analyte sensing layer 110. Typically, the protein 
layer 116 comprises a protein such as albumin or the like. 
Typically, the protein layer 116 comprises human serum 
albumin. In some embodiments of the invention, an addi 
tional layer includes an analyte modulating layer 112 that is 
disposed above the analyte sensing layer 110 to regulate 
analyte contact With the analyte sensing layer 110. For 
example, the analyte modulating membrane layer 112 can 
comprise a glucose limiting membrane, Which regulates the 
amount of glucose that contacts an enZyme such as glucose 
oxidase that is present in the analyte sensing layer. Such 
glucose limiting membranes can be made from a Wide 
variety of materials knoWn to be suitable for such purposes, 
e.g., silicone compounds such as polydimethyl siloxanes, 
polyurethanes, polyurea cellulose acetates, Na?on, polyester 
sulfonic acids (eg Kodak AQ), hydrogels or any other 
suitable hydrophilic membranes knoWn to those skilled in 
the art. 

[0060] In typical embodiments of the invention, an adhe 
sion promoter layer 114 is disposed betWeen the analyte 
modulating layer 112 and the analyte sensing layer 110 as 
shoWn in FIG. 2 in order to facilitate their contact and/or 
adhesion. In a speci?c embodiment of the invention, an 
adhesion promoter layer 114 is disposed betWeen the analyte 
modulating layer 112 and the protein layer 116 as shoWn in 
FIG. 2 in order to facilitate their contact and/or adhesion. 
The adhesion promoter layer 114 can be made from any one 
of a Wide variety of materials knoWn in the art to facilitate 
the bonding betWeen such layers. Typically, the adhesion 
promoter layer 114 comprises a silane compound. In alter 
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native embodiments, protein or like molecules in the analyte 
sensing layer 110 can be suf?ciently crosslinked or other 
Wise prepared to alloW the analyte modulating membrane 
layer 112 to be disposed in direct contact With the analyte 
sensing layer 110 in the absence of an adhesion promoter 
layer 114. 

C. Typical Analyte Sensor Constitutents 

[0061] The folloWing disclosure provides examples of 
typical elements/constituents used in the sensors of the 
invention. While these elements can be described as discreet 
units (eg layers), those of skill in the art understand that 
sensors can be designed to contain elements having a 
combination of some or all of the material properties and/or 
functions of the elements/constituents discussed beloW (eg 
an element that serves both as a supporting base constituent 
and/ or a conductive constituent and/or a matrix for the 
analyte sensing constituent and Which further functions as an 
electrode in the sensor). 

Base Constitutent 

[0062] Sensors of the invention typically include a base 
constituent (see, eg element 102 in FIG. 2). The term “base 
constituent” is used herein according to art accepted termi 
nology and refers to the constituent in the apparatus that 
typically provides a supporting matrix for the plurality of 
constituents that are stacked on top of one another and 
comprise the functioning sensor. In one form, the base 
constituent comprises a thin ?lm sheet of insulative (e.g. 
electrically insulative and/or Water impermeable) material. 
This base constituent can be made of a Wide variety of 
materials having desirable qualities such as Water imperme 
ability and hermeticity. Some materials include metallic 
ceramic and polymeric substrates or the like. In certain 
embodiments, the base constituent and/or the conductive 
constituent can be constructed to produce electrodes having 
a con?guration Where the electrochemically reactive surface 
area of an electrode is disposed on the geometric feature so 
that the electrochemically reactive surface area is greater 
than if it Was disposed on a ?at surface. 

[0063] The base constituent may be self-supporting or 
further supported by another material as is knoWn in the art. 
In one embodiment of the sensor con?guration shoWn in 
FIG. 2, the base constituent 102 comprises a ceramic. In an 
illustrative embodiment, the ceramic base comprises a com 
position that is predominantly A1203 (eg 96%). The use of 
alumina as an insulating base constituent for use With 
implantable devices is disclosed in US. Pat. Nos. 4,940,858, 
4,678,868 and 6,472,122 Which are incorporated herein by 
reference. The base constituents of the invention can further 
include other elements knoWn in the art, for example her 
metical vias (see, eg WO 03/023388). Depending upon the 
speci?c sensor design, the base constituent can be relatively 
thick constituent (e.g. thicker than 25 microns). Alterna 
tively, one can utiliZe a nonconductive ceramic, such as 
alumina, in thin constituents, e.g., less than about 25 
microns. 

[0064] Embodiments of invention disclosed herein pro 
vide individual elements and sensors Which exhibit a com 
bination of the independent advantages found in each of the 
tWo sensor classes disclosed above. For example a ?rst 
embodiment of the invention immobiliZes an enZyme onto a 

thick (1-1,000 micron), porous substrate Which functions as 
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an electrode in the sensor. In this context, the porous 
electrode is designed to exhibit an increased surface area, for 
example by constructing it from a lattice of equal-sized 
adjoining spheres. In one illustrative embodiment, glucose 
oxidase is immobiliZed on a thick (1-1,000 micron), porous 
metallic substrate that is manufactured from a lattice of 
equal-sized adjoining spheres and Which function as a 
hydrogen peroxide-consuming electrode. 
[0065] The advantage of such a thick, porous electrode 
matrices relative to thin, ?at electrode matrices is demon 
strated using Equation (1): 

Where the thick, porous electrode is modeled as a lattice of 
equal-sized adjoining spheres, While the thin electrode is 
modeled as a tWo-dimensional surface. The surface area 

available for enZyme or protein immobilization is Aavail, 
While the projected area of the electrode is Aproj. The 
porosity and thickness of the electrode are L and 6, respec 
tively. The spheres making-up the thick electrode are of 
radius R, While the fraction of the spheres’ surface area 
available for enZyme or protein immobiliZation is 4). For 
example, a porous electrode With L:25 um, RII um, 6:05, 
and q>:0.5 Would possess more than 18 times the surface area 
for enZyme immobiliZation as compared to a thin electrode 
With same projected area. 
[0066] The porosity range of the such as the porous 
electrode matrices discussed above is typically 5-99%, 
10-99%, 20-99%, 30-99%, 40-99%, 50-99% or 60-99%. 
The porosity of matrices can be evaluated using any one of 
a variety of methods knoWn in the art. In certain contexts for 
example, artisans may Wish to examine porosity of a matrix 
via mercury porosimetry (see, eg US. Pat. No. 5,609,839), 
liquid intrusion porosimetry (see, eg US. Pat. No. 4,660, 
412), gas porosimetry (see, eg DombroWski et al., Lang 
muir 16: 5041-5050 (2000) and Lastoskie et al., Journal of 
Physical Chemistry 97: 4786-4796 (1993)), or by cyclic 
voltametry and/or methods Which employ siZe exclusion 
chromatography using marker molecules of various siZes 
and molecular Weights (e.g. acetone, various globular pro 
teins, blue dextran etc.). 
[0067] The terms nano-porous, micro-porous and macro 
porous are used When discussing certain embodiments of the 
porous matrices that are disclosed herein. For example, 
platinum-black is commonly used to increase the electro 
chemically elfective surface area of a Working electrode. 
Standard platinum-black electrodes have a great deal of 
porosity, With the pores being siZed so that only very small 
molecules like H2, 02, and H20 can get inside them. 
Platinum-black electrodes having this characteristic are 
termed nano-porous. Such nano-pores have a siZe range that 
permits small molecules like H2, 02, and H20 the get inside 
them, but prevents larger molecules like GOx from getting 
inside. In certain embodiments of the invention, the elec 
trodes used in the sensors have both nano- and micro 
porosity. Micro-pores are characterized in that they are large 
enough to alloW molecules such as GOx to be immobiliZed 
inside of them, but are small enough so that any molecule of 
GOx is relatively close (less than about 0.1, 1, or 2 microns) 
to the surface of the Working electrode. Electrodes having 
this micro-porosity exhibit a number of desirable character 
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istics. For example, as the Working electrode of an H2O2 
based sensor consumes H202 and H202 is believed to 
contribute to the deactivation GOx over time, micro-porous 
electrodes that alloW the placement of immobilized GOx in 
close proximity to an H2O2-consuming electrode Will 
increase the lifetime of GOx in the sensor. 
[0068] In another embodiment of the invention disclosed 
herein the hydrogel typically utilized in a variety of analyte 
sensors is replaced With an essentially rigid, non-sWelling 
porous enzyme-polymer matrix. In this embodiment, bio 
sensing enzymes can be stably immobilized via covalent 
bonding to a rigid, macroporous polymer that has optionally 
been molded into a speci?ed shape. In this context, molded 
continuous rods of macroporous polymers have been devel 
oped for use as chromatographic separation media (see, eg 
U.S. Pat. No. 5,453,185 and WO 93/07945). Suitable poly 
mers are essentially incompressible and do not change their 
overall size in response to changes in their solvating envi 
ronment. Moreover, adjustments to the polymerization con 
ditions can be used to control the morphology of the pores. 
Hence, highly porous (50-70%) polymers can be created that 
possess signi?cant volume fractions of pores in the ranges of 
1-100 mm and 100-3,000 nm (i.e. 20% and 80%, respec 
tively). Polymers With this type of pore structure possess a 
very high speci?c surface area (i.e. 185 m2/ g), and are 
expected to alloW for high enzyme immobilization densities 
(1-100 mg/mL). 
[0069] Various methods and compositions for making and 
using the above-noted porous matrices as Well as analyte 
sensors Which incorporate such matrices are further 
described herein. 

Conductive Constitutent 

[0070] The electrochemical sensors of the invention typi 
cally include a conductive constituent disposed upon the 
base constituent that includes at least one electrode for 
contacting an analyte or its byproduct (e.g. oxygen and/or 
hydrogen peroxide) to be assayed (see, eg element 104 in 
FIG. 2). The term “conductive constituent” is used herein 
according to art accepted terminology and refers to electri 
cally conductive sensor elements such as electrodes Which 
are capable of measuring and a detectable signal and con 
ducting this to a detection apparatus. An illustrative example 
of this is a conductive constituent that can measure an 

increase or decrease in current in response to exposure to a 
stimuli such as the change in the concentration of an analyte 
or its byproduct as compared to a reference electrode that 
does not experience the change in the concentration of the 
analyte, a coreactant (e.g. oxygen) used When the analyte 
interacts With a composition (eg the enzyme glucose oxi 
dase) present in analyte sensing constituent 110 or a reaction 
product of this interaction (e.g. hydrogen peroxide). Illus 
trative examples of such elements include electrodes Which 
are capable of producing a variable detectable signals in the 
presence of variable concentrations of molecules such as 
hydrogen peroxide or oxygen. Typically one of these elec 
trodes in the conductive constituent is a Working electrode, 
Which can be made from non-corroding metal or carbon. A 
carbon Working electrode may be vitreous or graphitic and 
can be made from a solid or a paste. A metallic Working 
electrode may be made from platinum group metals, includ 
ing palladium or gold, or a non-corroding metallically 
conducting oxide, such as ruthenium dioxide. Alternatively 
the electrode may comprise a silver/ silver chloride electrode 
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composition. The Working electrode may be a Wire or a thin 
conducting ?lm applied to a substrate, for example, by 
coating or printing. Typically, only a portion of the surface 
of the metallic or carbon conductor is in electrolytic contact 
With the analyte-containing solution. This portion is called 
the Working surface of the electrode. The remaining surface 
of the electrode is typically isolated from the solution by an 
electrically insulating cover constituent 106. Examples of 
useful materials for generating this protective cover con 
stituent 106 include polymers such as polyimides, polytet 
ra?uoroethylene, polyhexa?uoropropylene and silicones 
such as polysiloxanes. 
[0071] In addition to the Working electrode, the analyte 
sensors of the invention typically include a reference elec 
trode or a combined reference and counter electrode (also 
termed a quasi-reference electrode or a counter/reference 
electrode). If the sensor does not have a counter/reference 
electrode then it may include a separate counter electrode, 
Which may be made from the same or different materials as 
the Working electrode. Typical sensors of the present inven 
tion have one or more Working electrodes and one or more 

counter, reference, and/ or counter/reference electrodes. One 
embodiment of the sensor of the present invention has tWo, 
three or four or more Working electrodes. These Working 
electrodes in the sensor may be integrally connected or they 
may be kept separate. 
[0072] Typically, for in vivo use the analyte sensors of the 
present invention are implanted subcutaneously in the skin 
of a mammal for direct contact With the body ?uids of the 
mammal, such as blood. Alternatively the sensors can be 
implanted into other regions Within the body of a mammal 
such as in the intraperotineal space. When multiple Working 
electrodes are used, they may be implanted together or at 
different positions in the body. The counter, reference, 
and/or counter/reference electrodes may also be implanted 
either proximate to the Working electrode(s) or at other 
positions Within the body of the mammal. 

Interference Rejection Constitutent 

[0073] The electrochemical sensors of the invention 
optionally include an interference rejection constituent dis 
posed betWeen the surface of the electrode and the environ 
ment to be assayed. In particular, certain sensor embodi 
ments rely on the oxidation and/or reduction of hydrogen 
peroxide generated by enzymatic reactions on the surface of 
a Working electrode at a constant potential applied. Because 
amperometric detection based on direct oxidation of hydro 
gen peroxide requires a relatively high oxidation potential, 
sensors employing this detection scheme may suffer inter 
ference from oxidizable species that are present in biological 
?uids such as ascorbic acid, uric acid and acetaminophen. In 
this context, the term “interference rejection constituent” is 
used herein according to art accepted terminology and refers 
to a coating or membrane in the sensor that functions to 
inhibit spurious signals generated by such oxidizable species 
Which interfere With the detection of the signal generated by 
the analyte to be sensed. Examples of interference rejection 
constituents include one or more layers or coatings of 
compounds such as hydrophilic polyurethanes, cellulose 
acetate (including cellulose acetate incorporating agents 
such as poly(ethylene glycol), polyethersulfones, polytet 
ra?uoroethylenes, the per?uoronated ionomer Na?onTM, 
polyphenylenediamine, epoxy and the like. Illustrative dis 
cussions of such interference rejection constituents are 
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found for example in Ward et al., Biosensors and Bioelec 
tronics 17 (2002) 181-189 and Choi et al., Analytical 
Chimica Acta 461 (2002) 251-260 Which are incorporated 
herein by reference. 

Analyte Sensing Constitutent 

[0074] The electrochemical sensors of the invention 
include an analyte sensing constituent disposed on the 
electrodes of the sensor (see, eg element 110 in FIG. 2). 
The term “analyte sensing constituent” is used herein 
according to art accepted terminology and refers to a con 
stituent comprising a material that is capable of recognizing 
or reacting With an analyte Whose presence is to be detected 
by the analyte sensor apparatus. Typically this material in 
the analyte sensing constituent produces a detectable signal 
after interacting With the analyte to be sensed, typically via 
the electrodes of the conductive constituent. In this regard 
the analyte sensing constituent and the electrodes of the 
conductive constituent Work in combination to produce the 
electrical signal that is read by an apparatus associated With 
the analyte sensor. Typically, the analyte sensing constituent 
comprises an enZyme capable of reacting With and/or pro 
ducing a molecule Whose change in concentration can be 
measured by measuring the change in the current at an 
electrode of the conductive constituent (e.g. oxygen and/or 
hydrogen peroxide), for example the enZyme glucose oxi 
dase. An enZyme capable of producing a molecule such as 
hydrogen peroxide can be disposed on the electrodes accord 
ing to a number of processes known in the art. The analyte 
sensing constituent can coat all or a portion of the various 
electrodes of the sensor. In this context, the analyte sensing 
constituent may coat the electrodes to an equivalent degree. 
Alternatively the analyte sensing constituent may coat dif 
ferent electrodes to different degrees, With for example the 
coated surface of the Working electrode being larger than the 
coated surface of the counter and/or reference electrode. 
[0075] Typical sensor embodiments of this element of the 
invention utiliZe an enZyme (e.g. glucose oxidase) that has 
been combined With a second protein (e.g. albumin) in a 
?xed ratio (eg one that is typically optimiZed for glucose 
oxidase stabiliZing properties) and then applied on the 
surface of an electrode to form a thin enZyme constituent. In 
a typical embodiment, the analyte sensing constituent com 
prises a GOx and HSA mixture. A typical embodiment of an 
analyte sensing constituent having GOx, the GOx reacts 
With glucose present in the sensing environment (eg the 
body of a mammal) and generates hydrogen peroxide 
according to the reaction shoWn in FIG. 1, Wherein the 
hydrogen peroxide so generated is anodically detected at the 
Working electrode in the conductive constituent. As dis 
cussed for example in US. patent application Ser. No. 
10/273,767 (incorporated herein by reference) extremely 
thin sensor chemistry constituents are typical and can be 
applied to the surface of the electrode matrix by processes 
knoWn in the art such as spin coating. In an illustrative 
embodiment, a glucose oxidase/albumin is prepared in a 
physiological solution (e.g., phosphate buffered saline at 
neutral pH) With the albumin being present in an range of 
about 0.5%-10% by Weight. Optionally the stabiliZed glu 
cose oxidase constituent that is formed on the analyte 
sensing constituent is very thin as compared to those pre 
viously described in the art, for example less than 2, 1, 0.5, 
0.25 or 0.1 microns in thickness. One illustrative embodi 
ment of the invention utiliZes a stabiliZed glucose oxidase 
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constituent for coating the surface of an electrode Wherein 
the glucose oxidase is mixed With a carrier protein in a ?xed 
ratio Within the constituent, and the glucose oxidase and the 
carrier protein are distributed in a substantially uniform 
manner throughout the constituent. Typically the constituent 
is less than 2 microns in thickness. For purposes of clarity, 
it should be noted that this may not apply to certain 
embodiments of the invention Where the analyte sensing 
constituent is disposed on a porous electrode. For example, 
in a porous electrode that is 100 microns thick, With 3 
micron siZe pores that are ?lled With Gox, an enZyme layer 
can be greater 2 microns. 

[0076] Surprisingly, sensors having these extremely thin 
analyte sensing constituents have material properties that 
exceed those of sensors having thicker coatings including 
enhanced longevity, linearity, regularity as Well as improved 
signal to noise ratios. While not being bound by a speci?c 
scienti?c theory, it is believed that sensors having extremely 
thin analyte sensing constituents have surprisingly enhanced 
characteristics as compared to those of thicker constituents 
because in thicker enZyme constituents only a fraction of the 
reactive enZyme Within the constituent is able to access the 
analyte to be sensed. In sensors utiliZing glucose oxidase, 
the thick coatings produced by electrodeposition may hinder 
the ability of hydrogen peroxide generated at the reactive 
interface of a thick enZyme constituent to contact the sensor 
surface and thereby generate a signal. 
[0077] As noted above, the enZyme and the second protein 
are typically treated to form a crosslinked matrix (eg by 
adding a cross-linking agent to the protein mixture). As is 
knoWn in the art, crosslinking conditions may be manipu 
lated to modulate factors such as the retained biological 
activity of the enZyme, its mechanical and/or operational 
stability. Illustrative crosslinking procedures are described 
in US. patent application Ser. No. 10/335,506 and PCT 
publication WO 03/035891 Which are incorporated herein 
by reference. For example, an amine cross-linking reagent, 
such as, but not limited to, glutaraldehyde, can be added to 
the protein mixture. The addition of a cross-linking reagent 
to the protein mixture creates a protein paste. The concen 
tration of the cross-linking reagent to be added may vary 
according to the concentration of the protein mixture. While 
glutaraldehyde is an illustrative crosslinking reagent, other 
cross-linking reagents may also be used or may be used in 
place of glutaraldehyde, including, but not limited to, an 
amine reactive, homofunctional, cross-linking reagent such 
as Disuccinimidyl Suberate (DSS). Another example is 
1-Ethyl-3 (3-Dimethylaminopropyl) Carbodiimide (EDC), 
Which is a Zero-length cross-linker. EDC forms an amide 
bond betWeen carboxylic acid and amine groups. Other 
suitable cross-linkers also may be used, as Will be evident to 
those skilled in the art. 

[0078] The GOx and/or carrier protein concentration may 
vary for different embodiments of the invention. For 
example, the GOx concentration may be Within the range of 
approximately 50 mg/ml (approximately 10,000 U/ml) to 
approximately 700 mg/ml (approximately 150,000 U/ml). 
Typically the GOx concentration is about 115 mg/ml (ap 
proximately 22,000 U/ml). In such embodiments, the HSA 
concentration may vary betWeen about 0.5%-30% (W/v), 
depending on the GOx concentration. Typically the HSA 
concentration is about 1-10% W/v, and most typically is 
about 5% W/v. In alternative embodiments of the invention, 
collagen or BSA or other structural proteins used in these 
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contexts can be used instead of or in addition to HSA. 
Although GOx is discussed as an illustrative enzyme in the 
analyte sensing constituent, other proteins and/or enzymes 
may also be used or may be used in place of GOx, including, 
but not limited to glucose dehydrogenase or hexokinase, 
hexose oxidase, lactate oxidase, and the like. Other proteins 
and/ or enzymes may also be used, as Will be evident to those 
skilled in the art. Moreover, although HSA is employed in 
the example embodiment, other structural proteins, such as 
BSA, collagens or the like, could be used instead of or in 
addition to HSA. 

[0079] For embodiments employing enzymes other than 
GOx, concentrations other than those discussed herein may 
be utilized. For example, depending on the enzyme 
employed, concentrations ranging from approximately 10% 
Weight per Weight to 70% Weight per Weight may be 
suitable. The concentration may be varied not only depend 
ing on the particular enzyme being employed, but also 
depending on the desired properties of the resulting protein 
matrix. For example, a certain concentration may be utilized 
if the protein matrix is to be used in a diagnostic capacity 
While a different concentration may be utilized if certain 
structural properties are desired. Those skilled in the art Will 
understand that the concentration utilized may be varied 
through experimentation to determine Which concentration 
(and of Which enzyme or protein) may yield the desired 
result. 

[0080] As noted above, in some embodiments of the 
invention, the analyte sensing constituent includes a com 
position (e.g. glucose oxidase) capable of producing a signal 
(eg a change in oxygen and/or hydrogen peroxide concen 
trations) that can be sensed by the electrically conductive 
elements (eg electrodes Which sense changes in oxygen 
and/or hydrogen peroxide concentrations). HoWever, other 
useful analyte sensing constituents can be formed from any 
composition that is capable of producing a detectable signal 
that can be sensed by the electrically conductive elements 
after interacting With a target analyte Whose presence is to be 
detected. In some embodiments, the composition comprises 
an enzyme that modulates hydrogen peroxide concentrations 
upon reaction With an analyte to be sensed. Alternatively, the 
composition comprises an enzyme that modulates oxygen 
concentrations upon reaction With an analyte to be sensed. In 
this context, a Wide variety of enzymes that either use or 
produce hydrogen peroxide and/or oxygen in a reaction With 
a physiological analyte are knoWn in the art and these 
enzymes can be readily incorporated into the analyte sensing 
constituent composition. A variety of other enzymes knoWn 
in the art can produce and/or utilize compounds Whose 
modulation can be detected by electrically conductive ele 
ments such as the electrodes that are incorporated into the 
sensor designs described herein. Such enzymes include for 
example, enzymes speci?cally described in Table 1, pages 
15-29 and/or Table 18, pages 111-112 of Protein Immobili 
zation: Fundamentals and Applications (Bioprocess Tech 
nology, Vol 14) by Richard F. Taylor (Editor) Publisher: 
Marcel Dekker; (Jan. 7, 1991) the entire contents of Which 
are incorporated herein by reference. 
[0081] Other useful analyte sensing constituents can be 
formed to include antibodies Whose interaction With a target 
analyte is capable of producing a detectable signal that can 
be sensed by the electrically conductive elements after 
interacting With the target analyte Whose presence is to be 
detected. For example U.S. Pat. No. 5,427,912 (Which is 
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incorporated herein by reference) describes an antibody 
based apparatus for electrochemically determining the con 
centration of an analyte in a sample. In this device, a mixture 
is formed Which includes the sample to be tested, an 
enzyme-acceptor polypeptide, an enzyme-donor polypep 
tide linked to an analyte analog (enzyme-donor polypeptide 
conjugate), a labeled substrate, and an antibody speci?c for 
the analyte to be measured. The analyte and the enzyme 
donor polypeptide conjugate competitively bind to the anti 
body. When the enzyme-donor polypeptide conjugate is not 
bound to antibody, it Will spontaneously combine With the 
enzyme acceptor polypeptide to form an active enzyme 
complex. The active enzyme then hydrolyzes the labeled 
substrate, resulting in the generation of an electroactive 
label, Which can then be oxidized at the surface of an 
electrode. A current resulting from the oxidation of the 
electroactive compound can be measured and correlated to 
the concentration of the analyte in the sample. U.S. Pat. No. 
5,149,630 (Which is incorporated herein by reference) 
describes an electrochemical speci?c binding assay of a 
ligand (e.g., antigen, hapten or antibody) Wherein at least 
one of the components is enzyme-labelled, and Which 
includes the step of determining the extent to Which the 
transfer of electrons betWeen the enzyme substrate and an 
electrode, associated With the substrate reaction, is perturbed 
by complex formation or by displacement of any ligand 
complex relative to unbound enzyme-labelled component. 
The electron transfer is aided by electron-transfer mediators 
Which can accept electrons from the enzyme and donate 
them to the electrode or vice versa (e.g. ferrocene) or by 
electron-transfer promoters Which retain the enzyme in close 
proximity With the electrode Without themselves taking up a 
formal charge. U.S. Pat. No. 5,147,781 (Which is incorpo 
rated herein by reference) describes an assay for the deter 
mination of the enzyme lactate dehydrogenase-5 (LDH5) 
and to a biosensor for such quantitative determination. The 
assay is based on the interaction of this enzyme With the 
substrate lactic acid and nicotine-amine adenine dinucle 
otide (NAD) to yield pyruvic acid and the reduction product 
of NAD. Anti-LDH5 antibody is bound to a suitable glassy 
carbon electrode; this is contacted With the substrate con 
taining LDH5, rinsed, inserted into a NAD solution, con 
nected to an amperometric system, current changes are 
measured in the presence of dilfering concentrations of 
lactic acid, Which are indicative of the quantity of LDH-5. 
U.S. Pat. No. 6,410,251 (Which is incorporated herein by 
reference) describes an apparatus and method for detecting 
or assaying one constituting member in a speci?c binding 
pair; for example, the antigen in an antigen/antibody pair, by 
utilizing speci?c binding such as binding betWeen an antigen 
and an antibody, together With redox reaction for detecting 
a label, Wherein an oxygen micro-electrode With a sensing 
surface area is used. In addition, U.S. Pat. No. 4,402,819 
(Which is incorporated herein by reference) describes an 
antibody-selective potentiometric electrode for the quanti 
tative determination of antibodies (as the analyte) in dilute 
liquid serum samples employing an insoluble membrane 
incorporating an antigen having bonded thereto an ion 
carrier e?fecting the permeability of preselected cations 
therein, Which permeability is a function of speci?c antibody 
concentrations in analysis, and the corresponding method of 
analysis. For related disclosures, see also U.S. Pat. Nos. 
6,703,210, 5,981,203, 5,705,399 and 4,894,253, the contents 
of Which are incorporated herein by reference. 
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[0082] In addition to enzymes and antibodies, other exem 
plary materials for use in the analyte sensing constituents of 
the sensors disclosed herein include polymers that bind 
speci?c types of cells or cell components (eg polypeptides, 
carbohydrates and the like); single-strand DNA; antigens 
and the like. The detectable signal can be, for example, an 
optically detectable change, such as a color change or a 
visible accumulation of the desired analyte (e.g., cells). 
Sensing elements can also be formed from materials that are 
essentially non-reactive (i.e., controls). The foregoing alter 
native sensor elements are bene?cially included, for 
example, in sensors for use in cell-sorting assays and assays 
for the presence of pathogenic organisms, such as viruses 
(HIV, hepatitis-C, etc.), bacteria, protoZoa and the like. 
[0083] Also contemplated are analyte sensors that mea 
sure an analyte that is present in the external environment 
and that can in itself produce a measurable change in current 
at an electrode. In sensors measuring such analytes, the 
analyte sensing constituent can be optional. 

Protein Constitutent 

[0084] The electrochemical sensors of the invention 
optionally include a protein constituent disposed betWeen 
the analyte sensing constituent and the analyte modulating 
constituent (see, eg element 116 in FIG. 2). The term 
“protein constituent” is used herein according to art accepted 
terminology and refers to constituent containing a carrier 
protein or the like that is selected for compatibility With the 
analyte sensing constituent and/or the analyte modulating 
constituent. In typical embodiments, the protein constituent 
comprises an albumin such as human serum albumin. The 
HSA concentration may vary betWeen about 0.5%-30% 
(W/v). Typically the HSA concentration is about l-l0% W/v, 
and most typically is about 5% W/v. In alternative embodi 
ments of the invention, collagen or BSA or other structural 
proteins used in these contexts can be used instead of or in 
addition to HSA. This constituent is typically crosslinked on 
the analyte sensing constituent according to art accepted 
protocols. 

Adhesion Promoting Constitutent 

[0085] The electrochemical sensors of the invention can 
include one or more adhesion promoting (AP) constituents 
(see, eg element 114 in FIG. 2). The term “adhesion 
promoting constituent” is used herein according to art 
accepted terminology and refers to a constituent that 
includes materials selected for their ability to promote 
adhesion betWeen adjoining constituents in the sensor. Typi 
cally, the adhesion promoting constituent is disposed 
betWeen the analyte sensing constituent and the analyte 
modulating constituent. Typically, the adhesion promoting 
constituent is disposed betWeen the optional protein con 
stituent and the analyte modulating constituent. The adhe 
sion promoter constituent can be made from any one of a 
Wide variety of materials knoWn in the art to facilitate the 
bonding betWeen such constituents and can be applied by 
any one of a Wide variety of methods knoWn in the art. 
Typically, the adhesion promoter constituent comprises a 
silane compound such as y-aminopropyltrimethoxysilane. 
[0086] The use of silane coupling reagents, especially 
those of the formula R'Si(OR)3 in Which R' is typically an 
aliphatic group With a terminal amine and R is a loWer alkyl 
group, to promote adhesion is knoWn in the art (see, eg US. 
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Pat. No. 5,212,050 Which is incorporated herein by refer 
ence). For example, chemically modi?ed electrodes in 
Which a silane such as y-aminopropyltriethoxysilane and 
glutaraldehyde Were used in a step-Wise process to attach 
and to co-crosslink bovine serum albumin (BSA) and glu 
cose oxidase (GOX) to the electrode surface are Well knoWn 
in the art (see, eg Yao, T. Analytica Chim. Acta 1983, 148, 
27-33). 
[0087] In certain embodiments of the invention, the adhe 
sion promoting constituent further comprises one or more 
compounds that can also be present in an adjacent constitu 
ent such as the polydimethyl siloxane (PDMS) compounds 
that serves to limit the diffusion of analytes such as glucose 
through the analyte modulating constituent. In illustrative 
embodiments the formulation comprises 0.5-20% PDMS, 
typically 5-l5% PDMS, and most typically 10% PDMS. In 
certain embodiments of the invention, the adhesion promot 
ing constituent includes an agent selected for its ability to 
crosslink a siloxane moiety present in a proximal constituent 
such as the analyte modulating constituent. In closely related 
embodiments of the invention, the adhesion promoting 
constituent includes an agent selected for its ability to 
crosslink an amine or carboxyl moiety of a protein present 
in a proximal constituent such a the analyte sensing con 
stituent and/or the protein constituent. 

Analyte Modulating Constitutent 

[0088] The electrochemical sensors of the invention 
include an analyte modulating constituent disposed on the 
sensor (see, eg element 112 in FIG. 2). The term “analyte 
modulating constituent” is used herein according to art 
accepted terminology and refers to a constituent that typi 
cally forms a membrane on the sensor that operates to 
modulate the diffusion of one or more analytes, such as 
glucose, through the constituent. In certain embodiments of 
the invention, the analyte modulating constituent is an 
analyte-limiting membrane Which operates to prevent or 
restrict the diffusion of one or more analytes, such as 
glucose, through the constituents. In other embodiments of 
the invention, the analyte-modulating constituent operates to 
facilitate the diffusion of one or more analytes, through the 
constituents. Optionally such analyte modulating constitu 
ents can be formed to prevent or restrict the diffusion of one 
type of molecule through the constituent (e.g. glucose), 
While at the same time alloWing or even facilitating the 
diffusion of other types of molecules through the constituent 
(eg 02). 
[0089] With respect to glucose sensors, in knoWn enZyme 
electrodes, glucose and oxygen from blood, as Well as some 
interferants, such as ascorbic acid and uric acid, di?‘use 
through a primary membrane of the sensor. As the glucose, 
oxygen and interferants reach the analyte sensing constitu 
ent, an enZyme, such as glucose oxidase, catalyZes the 
conversion of glucose to hydrogen peroxide and glucono 
lactone. The hydrogen peroxide may di?‘use back through 
the analyte modulating constituent, or it may diffuse to an 
electrode Where it can be reacted to form oxygen and a 
proton to produce a current that is proportional to the 
glucose concentration. The sensor membrane assembly 
serves several functions, including selectively alloWing the 
passage of glucose therethrough. In this context, an illus 
trative analyte modulating constituent is a semi-permeable 
membrane Which permits passage of Water, oxygen and at 
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least one selective analyte and Which has the ability to 
absorb Water, the membrane having a Water soluble, hydro 
philic polymer. 
[0090] A variety of illustrative analyte modulating com 
positions are knoWn in the art and are described for example 
in US. Pat. Nos. 6,319,540, 5,882,494, 5,786,439 5,777, 
060, 5,771,868 and 5,391,250, the disclosures of each being 
incorporated herein by reference. The hydrogels described 
therein are particularly useful With a variety of implantable 
devices for Which it is advantageous to provide a surround 
ing Water constituent. In some embodiments of the inven 
tion, the analyte modulating composition includes PDMS. In 
certain embodiments of the invention, the analyte modulat 
ing constituent includes an agent selected for its ability to 
crosslink a siloxane moiety present in a proximal constitu 
ent. In closely related embodiments of the invention, the 
adhesion promoting constituent includes an agent selected 
for its ability to crosslink an amine or carboxyl moiety of a 
protein present in a proximal constituent. 

Cover Constitutent 

[0091] The electrochemical sensors of the invention 
include one or more cover constituents Which are typically 

electrically insulating protective constituents (see, eg ele 
ment 106 in FIG. 2). Typically, such cover constituents are 
disposed on at least a portion of the analyte modulating 
constituent. Acceptable polymer coatings for use as the 
insulating protective cover constituent can include, but are 
not limited to, non-toxic biocompatible polymers such as 
silicone compounds, polyimides, biocompatible solder 
masks, epoxy acrylate copolymers, or the like. Further, these 
coatings can be photo-imageable to facilitate photolitho 
graphic forming of apertures through to the conductive 
constituent. A typical cover constituent comprises spun on 
silicone. As is knoWn in the art, this constituent can be a 
commercially available RTV (room temperature vulcaniZed) 
silicone composition. A typical chemistry in this context is 
polydimethyl siloxane (acetoxy based). 
[0092] Various illustrative embodiments of the invention 
and their characteristics are discussed in detail in the fol 
loWing sections. 

D. Illustrative Embodiments of Analyte Sensor Apparatus 
and Associated Characteristics 

[0093] The analyte sensor apparatus disclosed herein has 
a number of embodiments. A general embodiment of the 
invention is an analyte sensor apparatus for implantation 
Within a mammal. While the analyte sensors are typically 
designed to be implantable Within the body of a mammal, 
the sensors are not limited to any particular environment can 
instead be used in a Wide variety of contexts, for example for 
the analysis of most liquid samples including biological 
?uids such as Whole-blood, lymph, plasma, serum, saliva, 
urine, stool, perspiration, mucus, teats, cerebrospinal ?uid, 
nasal secretion, cervical or vaginal secretion, semen, pleural 
?uid, amniotic ?uid, peritoneal ?uid, middle ear ?uid, joint 
?uid, gastric aspirate or the like. In addition, solid or 
desiccated samples may be dissolved in an appropriate 
solvent to provide a liquid mixture suitable for analysis. 
[0094] As noted above, the sensor embodiments disclosed 
herein can be used to sense analytes of interest in one or 
more physiological environments. In certain embodiments 
for example, the sensor can be in direct contact With 
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interstitial ?uids as typically occurs With subcutaneous sen 
sors. The sensors of the present invention may also be part 
of a skin surface system Where interstitial glucose is 
extracted through the skin and brought into contact With the 
sensor (see, eg US. Pat. Nos. 6,155,992 and 6,706,159 
Which are incorporated herein by reference). In other 
embodiments, the sensor can be in contact With blood as 
typically occurs for example With intravenous sensors. The 
sensor embodiments of the invention further include those 
adapted for use in a variety of contexts. In certain embodi 
ments for example, the sensor can be designed for use in 
mobile contexts, such as those employed by ambulatory 
users. Alternatively, the sensor can be designed for use in 
stationary contexts such as those adapted for use in clinical 
settings. Such sensor embodiments include, for example, 
those used to monitor one or more analytes present in one or 
more physiological environments in a hospitaliZed patient. 
[0095] Sensors of the invention can also be incorporated in 
to a Wide variety of medical systems knoWn in the art. 
Sensors of the invention can be used, for example, in a 
closed loop infusion systems designed to control the rate that 
medication is infused into the body of a user. Such a closed 
loop infusion system can include a sensor and an associated 
meter Which generates an input to a controller Which in turn 
operates a delivery system (eg one that calculates a dose to 
be delivered by a medication infusion pump). In such 
contexts, the meter associated With the sensor may also 
transmit commands to, and be used to remotely control, the 
delivery system. Typically, the sensor is a subcutaneous 
sensor in contact With interstitial ?uid to monitor the glucose 
concentration in the body of the user, and the liquid infused 
by the delivery system into the body of the user includes 
insulin. Illustrative systems are disclosed for example in 
US. Pat. Nos. 6,558,351 and 6,551,276; PCT Application 
Nos. US99/21703 and US99/22993; as Well as WO 2004/ 
008956 and WO 2004/ 009161, all of Which are incorporated 
herein by reference. 
[0096] Certain embodiments of the invention measure 
peroxide and have the advantageous characteristic of being 
suited for implantation in a variety of sites in the mammal 
including regions of subcutaneous implantation and intra 
venous implantation as Well as implantation into a variety of 
non-vascular regions. A peroxide sensor design that alloWs 
implantation into non-vascular regions has advantages over 
certain sensor apparatus designs that measure oxygen due to 
the problems With oxygen noise that can occur in oxygen 
sensors implanted into non-vascular regions. For example, 
in such implanted oxygen sensor apparatus designs, oxygen 
noise at the reference sensor can compromise the signal to 
noise ratio Which consequently perturbs their ability to 
obtain stable glucose readings in this environment. The 
peroxide sensors of the invention therefore overcome the 
di?iculties observed With such oxygen sensors in non 
vascular regions. 
[0097] Certain peroxide sensor embodiments of the inven 
tion further include advantageous long term or “permanent” 
sensors Which are suitable for implantation in a mammal for 
a time period of greater than 30 days. In particular, as is 
knoWn in the art (see, eg ISO 10993, Biological Evaluation 
of Medical Devices) medical devices such as the sensors 
described herein can be categorized into three groups based 
on implant duration: (1) “Limited” (<24 hours), (2) “Pro 
longed” (24 hours-30 days), and (3) “Permanent” (>30 
days). In some embodiments of the invention, the design of 
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the peroxide sensor of the invention allows for a “Penna 
nent” implantation according to this categorization, i.e. >30 
days. In related embodiments of the invention, the highly 
stable design of the peroxide sensor of the invention alloWs 
for an implanted sensor to continue to function in this regard 
for 2, 3, 4, 5, 6 or 12 or more months. 

[0098] In general, the analyte sensor apparatus structure 
comprises a base layer and a conductive layer disposed upon 
the base layer (eg a porous matrix) and functions as one or 
more electrodes. For example, the conductive layer can 
include a Working electrode, a reference electrode and/ or a 
counter electrode. These electrodes can be spaced in prox 
imity, or alternatively are spaced distally, according to the 
speci?c design. The sensor apparatus design is such that 
certain electrodes (eg the Working electrode) can be 
exposed to the solution containing the analyte to be sensed 
(eg via an aperture) in the sensor apparatus. The sensor 
apparatus design is such that certain electrodes (eg the 
reference electrode) are not exposed to the solution contain 
ing the analyte to be sensed in the sensor apparatus. 
[0099] One embodiment of the invention is a composition 
for use in biosensors. Such compositions are typically 
designed to implantable Within a mammal and comprise a 
porous matrix having a surface coated With an immobilized 
enzyme, for example glucose oxidase, glucose dehydroge 
nase, lactate oxidase, hexokinase or lactate dehydrogenase. 
Typically the porous matrix coated With an immobilized 
enzyme is capable of acting as an electrode in an electro 
chemical sensor. Optionally the electrode in the electro 
chemical sensor consumes hydrogen peroxide. 

[0100] The porous matrices used in various embodiments 
of the biosensors of the invention can be generated from a 
variety of materials and can be adapted to a variety of 
compositional con?gurations. In some embodiments of the 
invention, the porous matrix comprises a ceramic material 
and/or a metal and/or a macroporous polymer. Optionally 
the porous matrix comprises a lattice of particles. Typically 
the particles are spherical. In typical embodiments of the 
invention, porous matrix has a surface area that is at least 2, 
4, 6, 8, l0, l2, l4, 16 or 18 times the surface area of a 
non-porous matrix of same dimensions. In certain embodi 
ments of the invention, the porous matrix is at least 1, 10, 
100, or 1000 microns thick. In certain embodiments of the 
invention, the porosity range of the porous matrix is option 
ally about 5-99.9% and typically is about 40-99%. The 
porosity of these matrices can be measured by one of the 
protocols typically used in the art such as mercury or gas 
porosimetry, size-exclusion chromatography using marker 
molecules of various sizes and molecular Weights (e.g. 
acetone, various globular proteins of a de?ned size, blue 
dextran), and cyclic voltammetry. 
[0101] A related embodiment of the invention is an analyte 
sensor apparatus for implantation Within a mammal Which 
includes a porous matrix having a surface coated With an 
immobilized enzyme, for example glucose oxidase. In one 
embodiment of this sensor design, the porous matrix com 
prises a Working electrode; and the immobilized enzyme is 
disposed Within an analyte sensing layer disposed on the 
Working electrode, such that the analyte sensing layer detect 
ably alters the electrical current at the Working electrode in 
the conductive layer in the presence of an analyte. Typically 
the sensor further comprises an analyte modulating layer 
disposed on the analyte sensing layer, Wherein the analyte 
modulating layer modulates the dilfusion of the analyte 
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therethrough. Typically, the sensor further comprises an 
adhesion promoting layer disposed on the analyte sensing 
layer, Wherein the adhesion promoting layer promotes the 
adhesion betWeen the analyte sensing layer and an analyte 
modulating layer disposed on the analyte sensing layer. 
Optionally the sensor further comprises a protein layer 
disposed betWeen the analyte sensing layer and the analyte 
modulating layer. Typically the sensor further comprises a 
cover layer disposed on at least a portion of the analyte 
modulating layer, Wherein the cover layer further includes 
an aperture that exposes at least a portion of the analyte 
modulating layer to a solution comprising the analyte to be 
sensed. 

[0102] A related embodiment of the invention is a method 
of making a sensor apparatus for implantation Within a 
mammal comprising the steps of providing a layer compris 
ing a porous matrix, forming an analyte sensing layer on the 
porous matrix, Wherein the analyte sensing layer includes an 
enzyme such as glucose oxidase that can alter the electrical 
current at the surface of the porous matrix in the presence of 
an analyte so that the porous matrix having the analyte 
sensing layer formed thereon functions as an electrode. Such 
methods further include the steps of optionally forming a 
protein layer on the analyte sensing layer, forming an 
adhesion promoting layer on the analyte sensing layer or the 
optional protein layer, forming an analyte modulating layer 
disposed on the adhesion promoting layer, Wherein the 
analyte modulating layer includes a composition that modu 
lates the dilfusion of the analyte therethrough; and forming 
a cover layer disposed on at least a portion of the analyte 
modulating layer, Wherein the cover layer further includes 
an aperture over at least a portion of the analyte modulating 
layer. 
[0103] Another embodiment of the invention is a method 
of sensing an analyte Within the body of a mammal, the 
method comprising implanting an analyte sensor into the 
mammal, the analyte sensor comprising a porous matrix 
having an analyte sensing layer disposed thereon, Wherein 
the analyte sensing layer detectably alters the electrical 
current at the surface of the porous matrix in the presence of 
an analyte so that the porous matrix having the analyte 
sensing layer formed thereon functions as an electrode, an 
optional protein layer disposed on the analyte sensing layer, 
an adhesion promoting layer disposed on the analyte sensing 
layer or the optional protein layer, Wherein the adhesion 
promoting layer promotes the adhesion betWeen the analyte 
sensing layer and an analyte modulating layer disposed on 
the analyte sensing layer, and an analyte modulating layer 
disposed on the analyte sensing layer, Wherein the analyte 
modulating layer modulates the dilfusion of the analyte 
therethrough, a cover layer disposed on at least a portion of 
the analyte modulating layer, Wherein the cover layer further 
includes an aperture over at least a portion of the analyte 
modulating layer; and sensing an alteration in electrical 
current and correlating the alteration in current With the 
presence of the analyte, so that the analyte is sensed. 
[0104] Yet another embodiment of the invention is a 
method of immobilizing a protein on a rigid macroporous 
polymer comprising the steps of: combining the protein With 
the rigid macroporous polymer having functional moieties 
capable of crosslinking to a protein; and then adding a 
crosslinking agent capable of immobilizing the protein on 
the rigid macroporous polymer by crosslinking the func 
tional moieties of the protein With the functional moieties of 
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the rigid macroporous polymer so that the protein is immo 
biliZed on the rigid macroporous polymer. In certain 
embodiments of the invention, the rigid macroporous poly 
mer having functional moieties capable of crosslinking to a 
protein is made by combining a rigid macroporous polymer 
having reactive epoxide moieties With a nucleophilic com 
pound so that a rigid macroporous polymer having func 
tional moieties capable of crosslinking to a protein is made. 
[0105] Yet another embodiment of the invention is a 
method of immobilizing a protein on a rigid macroporous 
polymer comprising combining a protein having a sulfhy 
dryl, amine, carboxyl or hydroxyl moiety With a rigid 
macroporous polymer having reactive epoxide moieties 
under reaction conditions that alloW a nucleophilic reaction 
to occur betWeen the sulfhydryl, amine, carboxyl or 
hydroxyl moieties on the protein and the epoxide moieties 
on the rigid macroporous polymer so that the protein is 
immobilized on the rigid macroporous polymer. In certain 
embodiments of this method, at least one nucleophilic 
moiety on the protein is blocked prior to combining the 
protein With the rigid macroporous polymer. 
[0106] Analyte sensors of the invention typically incorpo 
rate the porous matrices disclosed herein. Typically, the 
analyte sensor apparatus includes an analyte sensing layer 
disposed on a conductive layer of the sensor, typically 
covering a portion or all of the Working electrode. This 
analyte sensing layer detectably alters the electrical current 
at the Working electrode in the conductive layer in the 
presence of an analyte to be sensed. As disclosed herein, this 
analyte sensing layer typically includes an enZyme or anti 
body molecule or the like that reacts With the analyte of 
interest in a manner that changes the concentrations of a 
molecule that can modulate the current at the Working 
electrode (see eg oxygen and/or hydrogen peroxide as 
shoWn in the reaction scheme of FIG. 1). Illustrative analyte 
sensing layers comprise an enZyme such as glucose oxidase 
(eg for use in glucose sensors) or lactate oxidase (eg for 
use in lactate sensors). In some embodiments of the inven 
tion, the analyte sensing layer is disposed upon a porous 
metallic and/or ceramic and/or polymeric matrix With this 
combination of elements functioning as an electrode in the 
sensor. 

[0107] Typically, the analyte-sensing layer further com 
prises a carrier protein in a substantially ?xed ratio With the 
analyte sensing compound (eg the enZyme) and the analyte 
sensing compound and the carrier protein are distributed in 
a substantially uniform manner throughout the analyte sens 
ing layer. Typically the analyte sensing layer is very thin, for 
example, less than 1, 0.5, 0.25 or 0.1 microns in thickness. 
While not being bound by a speci?c scienti?c theory, it is 
believed that sensors having such thin analyte sensing layers 
have surprisingly enhanced characteristics as compared to 
the thicker layers that are typically generated by elec 
trodeposition because electrodeposition produces 3-5 
micron thick enZyme layers in Which only a fraction of the 
reactive enZyme Within the coating layer is able to access the 
analyte to be sensed. Such thicker glucose oxidase pellets 
that are produced by electrodeposition protocols are further 
observed to have a poor mechanical stability (eg a tendency 
to crack) and further take a longer time to prepare for actual 
use, typically taking Weeks of testing before it is ready for 
implantation. As these problems are not observed With the 
thin layered enZyme coatings described herein, these thin 
coatings are typical embodiments of the invention. 
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[0108] In sensors utiliZing glucose oxidase for example, 
the thick coatings produced by electrodeposition may hinder 
the ability of hydrogen peroxide generated at the reactive 
interface of the 3-5 micron thick enZyme layer to contact the 
sensor surface and thereby generate a signal. In addition, 
hydrogen peroxide that is unable to reach a sensor surface 
due to such thick coatings can dilfuse aWay from the sensor 
into the environment in Which the sensor is placed, thereby 
decreasing the sensitivity and/or biocompatibility of such 
sensors. Moreover, While not being bound by a speci?c 
scienti?c theory, it is believed that sensors having such thin 
analyte sensing layers have unexpectedly advantageous 
properties that result from the fact that processes such as 
spin coating, or the like, alloW for a precise control over the 
enZyme coating’s ratio of glucose oxidase to albumin (Which 
is used as a carrier protein to stabiliZe the glucose oxidase in 
the enZyme layer). Speci?cally, because glucose oxidase and 
albumin have different isoelectric points, electrodeposition 
processes may result in a surface coating in Which an 
optimally determined ratio of enZyme to carrier protein is 
detrimentally altered in the electrodeposition process, and 
further Wherein the glucose oxidase and the carrier protein 
are not distributed in a substantially uniform manner 

throughout the disposed enZyme layer. In addition, sensors 
having such thin analyte sensing layers have unexpectedly 
faster response times. While not being bound by a speci?c 
scienti?c theory, it is believed that these surprising and 
advantageous properties result from the observation that thin 
enZyme layers alloW better access to the Working electrode 
surface and may alloW a greater proportion of the molecules 
that modulate current at the electrode to access the electrode 
surface. In this context, in certain sensor embodiments of the 
invention, an alteration in current in response to exposure to 
the analyte present in the body of the mammal can be 
detected via an amperometer Within l5, l0, 5 or 2 minutes 
of the analyte contacting the analyte sensor. 
[0109] Optionally, the analyte sensing layer has a protein 
layer disposed thereon and Which is typically betWeen this 
analyte sensing layer and the analyte modulating layer. A 
protein Within the protein layer is an albumin selected from 
the group consisting of bovine serum albumin and human 
serum albumin. Typically this protein is crosslinked. With 
out being bound by a speci?c scienti?c theory, it is believed 
that this separate protein layer enhances sensor function and 
provides surprising functional bene?ts by acting as a sort of 
capacitor that diminishes sensor noise (e.g. spurious back 
ground signals). For example, in the sensors of the inven 
tion, some amount of moisture may form under the analyte 
modulating membrane layer of the sensor, the layer Which 
regulates the amount of analyte that can contact the enZyme 
of the analyte sensing layer. This moisture may create a 
compressible layer that shifts Within the sensor as a patient 
using the sensor moves. Such shifting of layers Within the 
sensor may alter the Way that an analyte such as glucose 
moves through the analyte sensing layers in a manner that is 
independent of actual physiological analyte concentrations, 
thereby generating noise. In this context, the protein layer 
may act as a capacitor by protecting an enZyme such as GOx 
from contacting the moisture layer. This protein layer may 
confer a number of additional advantages such as promoting 
the adhesion betWeen the analyte sensing layer and the 
analyte modulating membrane layer. Alternatively, the pres 
ence of this layer may result in a greater dilfusion path for 














































