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(57) Abstract: A multiple-conductor electrical lead for use with medical device systems and a method of manufacture is dis-
closed. The multiple-conductor electrical lead comprises a central core and has at least one conductor, typicaly in the form of a
ribbon cable, coiled around it aong its length. Typicaly one or more ribbon cables coiled around a central core each comprise a
plurality of separate electrical conductors both coupled together along their lengths in series and electrically insulated from one
another with an insulating material. The material of the central core, e.g. polyester, stainless steel, nickel titanium, and the struc-
tural configuration, e.g. wrapping pitch of the ribbon cable around the central core and number of ribbon cables, are selected
based on desired mechanical characteristics. Such multiple-conductor electrical leads are useful, for example, with analyte sensor
systems such as amperometric glucose sensor systems used in the management of diabetes.
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MULTI-CONDUCTOR LEAD CONFIGURATIONS USEFUL WITH
MEDICAL DEVICE SYSTEMSAND METHODS FOR MAKING AND
USING THEM

Cross Reference T o Related Applications

This application claims priority from U.S. Provisional Application Serial No.
61/263,068 filed November 20, 2009, and U.S. Patent AppUcation Serial No. 12/949,038
filed November 18, 2010, the contents of which are incorporated herein by reference.
This appUcation isrelated to U.S. Patent Application Serial No. 11/492,273, U.S. Patent
AppUcation Serial No. 11/633,254, U.S. Patent AppUcation Serial No 12/184,046, U.S.
Patent Application No. 12/345,354, and U.S. Patent AppUcation No. 12/572,087, the

contents of each of which are herein incorporated by reference.

Background of the I nvention

1. Field of the Invention.

This invention relates to medical devices such as glucose sensors used in the

management of diabetes and electronic leads used with such devices.

2. Description of Related Art.

A wide variety of medical devices are known in the art, for example analyte
sensors. Common analyte sensors include devices that use biological elements to convert
achemical analytein amatrix into adetectable signal. There are many types of biosensors
used to detect awide variety of analytes. Perhaps the most studied type of biosensor is
the amperometric glucose sensor, an apparatus commonly used to monitor glucose levels
in individuals with diabetes.

A typical glucose sensor works according to the following chemical reactions:

GLUCOSE + 0, —SLUCOSE OXIDASE,  GLUCONIC ACID + H,0, Equation 1

HZ0, > 0, +2H +2¢€ Equation 2
The glucose oxidase in such sensors is used to catalyze the reaction between glucose and
oxygen to yield gluconic acid and hydrogen peroxide as shown in equation 1. The H202

reacts electrochemicaly as shown in equation 2, and the current is measured by a
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potentiostat. These reactions, which occur in avariety of oxidoreductases known in the
art, are used in anumber of sensor designs.

Asmedical device technology matures and new applications for this technology
are developed, there is aneed for elements that facilitate the use of devices such as
analyte sensors in the wide variety of situations in which the use of such devicesis
desirable.

Summary of the | nvention

Embodiments of the invention disclosed herein include medical device systems
such as amperometric glucose sensor systems used in the management of diabetes and
optimized elements for use with such device systems. Typical embodiments of the
invention include amedical device that is operatively coupled to a multi-conductor
electrical lead having a coiled configuration as disclosed herein. The compact
architecture of the multi-conductor lead designs disclosed herein alows various elements
in medical device systems to be electrically connected together in a space saving
configuration, one that optimizes the use of such systemsin avariety of contexts
including situations where a patient is ambulatory and outside of aclinical environment,
aswell as conventional hospital environments.

[llustrative embodiments of the invention include medical device systems
comprising acoiled conductor design where multiple conductive elements such aswires
disposed within aribbon cable are wrapped around acentral core element in an
arrangement that minimizes the space required for electrical leads used to operatively
connect one element in the system to another. Illustrative medical device systems that
use such multiple-conductor electrical leads include avariety of anayte sensor
apparatuses, for example one comprising a sensor having abase layer; a conductive layer
disposed on the base layer and comprising areference electrode, aworking electrode and
acounter electrode; an analyte sensing layer (e.g. one comprising glucose oxidase)
disposed on the conductive layer; an analyte modulating layer disposed on the analyte
sensing layer; and a cover layer having an aperture disposed on the analyte sensor

apparatus. Typically, such analyte sensors are operatively coupled to a sensor input
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capable of receiving asignal from the sensor that is based on a sensed analyte; and a
processor coupled to the sensor input, wherein the processor is capable of characterizing
one or more signals received from the sensor. In some embodiments of the invention, a
medical device system that uses a multiple-conductor electrical lead as disclosed herein
includes electronic components designed to transmit and/ or receive and/ or display
signal data (e.g. monitors and the like) and/ or devices that can use data obtained from
such sensor systems to modulate apatient's physiology (e.g. medication infusion pumps).
One embodiment of the invention comprises amultiple-conductor electrical lead
having a central core element; and one or more electrical conduits (e.g. in the form of a
ribbon cable) coiled around the central core along alength of the central core. Typicaly,
the electrical conduit is disposed in aribbon cable having one or more (typicaly a
plurality) separate electrical conduits coupled together along their lengths in series and
electrically insulated from one another with an insulating material. In a specific
illustrative embodiment, the multiple-conductor electrical lead comprises 1, 2, 3,4, 5, 6
or more electrical conduits coiled around a core central strand or fibril, one that is
typicaly made from amaterial selected to provide flexibility and/ or tensile strength to
the lead (e.g. apolyester strand). This central strand or core element can comprise a
single fiber or filament, or alternatively apluraity of fibers or filaments that are
intertwined, so that this core element forms aflexible central strand around which
conductive elements (e.g. ribbon cables) are wrapped in a space saving configuration.
The central core element of the multi-conductor |eads disclosed herein can be
made from one or more compositions in order to control the materia properties of the
multiple-conductor €electrical lead. For example, in some embodiments of the invention,
the core can comprise an elastic fiber such as afiber made from apolymeric composition
(e.g. apolyester compound, athermoplastic polyamide compound or the like). In some
embodiments, the core comprises ametallic composition, for example a stainless steel
composition or anickel titanium composition having elastic properties. While many
conductive metals can be used as electrical conduits in embodiments of the invention,
the flexible stability of the multiple-conductor electrical leads disclosed herein alows for

the greater use of noble metal conductors (e.g. platinum, gold, silver, iridium and
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copper). Consequently, in certain embodiments of the invention, the multi-conductor
lead comprises anoble metal conductor and isdesigned so that the conductor is coupled
to and supported by the flexible central core in amanner that decreases problems
associated with the inflexibility and/ or fragility of certain noble metal conductor
compositions.

One key feature of the multi-conductor electrical lead design disclosed herein is
that itis scalable, and is not, for example, limited to a specific number of electrical
conduits and/ or ribbon cables. For example, embodiments of the invention can
comprise one or more ribbon cables wrapped around aprimary central core element,
with this primary coiled structure then functioning as a central core element around
which further ribbon cables are wrapped to form a secondary coiled structure. In an
illustration of this, embodiments of the invention can comprise 1, 2, 3, 4 or more ribbon
cables coiled around aflexible central strand, with this structure then functioning as a
core element that itself then has 1, 2, 3, 4 or more further ribbon cables wrapped around
it. One such embodiment comprises a4 conductor ribbon cablewrapped around a
flexible polyester cord to form aprimary coiled structure, with two 6 conductor ribbon
cables then being wrapped around this primary coiled structure (which then functions as
acore element) to form asecondary coiled structure. In addition, in certain
embodiments of the invention, a secondary coiled structure can itself function as acore
element around which further ribbon cables are wrapped to form atertiary coiled
structure. In this manner, the various configurations of the leads disclosed herein
optimize the use of space.

I'n the coiled multi-conductor electrical lead design disclosed herein, factors such
as cable wrapping pitch and cable wrapping tension can be controlled in amanner that
stabilizes the lead components and/ or optimizes the space saving architecture of the
multi-conductor lead. For example, in certain embodiments of the invention, the
wrapping pitch of a cable around acentral coreis set so asingle ribbon cableis coiled
around the central core such that a substantially uniform gap is formed between coils of
the single ribbon cable. In other embodiments of the invention, the wrapping pitch of a
cable around acentral coreis set so asto abut an aready coiled ribbon cable while
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avoiding an overlap with this coiled ribbon cable. Alternatively, the wrapping pitch of a
cable around acentral core is set so that with each consecutive wrapping, the cableis
wrapped around the core so as to overlap with an existing cable wrapping by a ¥4, % or
A width. In addition, it is possible to optimize the space saving architecture of adjacent
cables throughout the entire lead structure by adjusting factors including ribbon cable
width, the amount of ribbon cable overlap (if any) and the ribbon cable wrapping
tension. The choice and range of these parameters can be used to properly balance lead
conductivity, flexibility and stability, for example by adjusting the diameter of the core
elements, the compositions of these elements, the number of electrical conduits and/ or
electrical cables, ribbon cable spacing and ribbon cable tension forces. In addition,
certain embodiments of the invention can include one or more materials incorporated
into and/ or disposed around the multi-conductor electrical leads, in order to, for
example, adhere, support and/ or electrically shield one or more elements of the multi-
conductor electrical lead (e.g. an adhesive material or the like, an electrically non-
conducting shielding material or the like etc.).

While amperometric glucose sensors are discussed as atypical device used with
the multi-conductor electrical leads disclosed herein, these leads can be used with a
variety of different medical devicesin awide variety of contexts/ applications. However,
embodiments of the multi-conductor lead design are particularly useful in device
applications that involve D C potential, for example D C biased sensing applications. In
some applications, the medical device used with thislead (e.g. ah amperometric glucose
sensor) is operatively coupled to one or more elements designed for use in ambulatory
contexts such as a flex-circuit. One such illustrative sensor flex-circuit embodiment has
two columns of contact pads on the left with the electrodes on the right, wherein the
close proximity of the pads in this design alows for ease of connection to amulti-
conductor lead aswell as a compact design.

Asnoted above, the multi-conductor lead configurations disclosed herein are
compact and very space efficient. The space saving configuration provides anumber of
desirable properties and, for example can reduce the amount of trauma that occurs at an

in vivo implantation site (e.g. the implantation site of an electrochemical glucose sensor of
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the type used in the management of diabetes). Consequently, embodiments of the
invention include methods for decreasing the degree of tissue trauma at the site where a
medical deviceisimplanted in vivo, the method comprising supplying an electrical signal
to the implanted device using an embodiment of the multi-conductor lead design
configurations disclosed herein. In illustrative embodiments of this method, the
implanted deviceis an amperometric glucose sensor. Similarly, in certain embodiments,
multi-conductor lead embodiments of the invention allow an implanted device (eg. a
glucose sensor) to operate at alocation that isdistal (farther away) from asite of
implantation than is typically possible using conventional electronic leads. Consequently,
embodiments of the invention include methods for selecting alocation where amedical
device isimplanted in vivo, the method comprising selecting adistal site as one both
compatible with amulti-conductor lead design configuration aswell as being optimized
for user comfort and then supplying power to the implanted to device using an
embodiment of the multi-conductor lead design configurations disclosed herein. Certain
embodiments of the invention include methods of using a specific multi-conductor lead
and device (e.g. sensor) element and/ or a specific constellation of sensor elements to
produce and/ or facilitate one or more properties of the device (e.g. to enhance its
biocompatibility profile). Typical embodiments of the invention are comprised of
biocompatible materials and/ or have structural elements and organizations of elements
designed for implantation in vivo. Asdiscussed below, other methodological
embodiments of the invention include methods for making and using the multi-
conductor lead embodiments disclosed herein.

Other objects, features and advantages of the present invention will become
apparent to those skilled in the art from the following detailed description. Itisto be
understood, however, that the detailed description and specific examples, while indicating
some embodiments of the present invention are given by way of illustration and not
limitation. Many changes and modifications within the scope of the present invention
may be made without departing from the spirit thereof, and the invention includes all

such modifications.
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Brief Description of the Fiqures

FIG. 1 provides aschematic of the well known reaction between glucose and
glucose oxidase. Asshown in astepwise 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 g-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-gluconolactone 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 H,0, - 2H+ + 0, + 2e).

FIG. 2 provides adiagrammatic view of atypical layered analyte sensor
configuration for use with embodiments of the current invention.

FIG. 3 provides aperspective view illustrating a subcutaneous sensor insertion
set, atelemetered characteristic monitor transmitter device, and adata receiving device
embodying features of the invention.

FIGS. 4A and 4B provide representations of illustrative embodiments of multi-
conductor lead configurations of the invention. FIG 4A shows an embodiment of alead
conductor configuration where a series of ribbon cablesis coiled together to form a
multi-conductor lead. FIG. 4B shows an embodiment of alead conductor configuration
where acore material such as polyester, stainless steel of a shape memory alloy such as
Nitinol® can be selected depending upon the mechanical characteristics desired for the
lead. One or two (or more) ribbon materials can then be coiled around this core
material. Additional ribbon cables can then belayered over this coiled ribbon cable
assembly; and this process can then be repeated to, for example, increase the number of
conductors within the lead with only aminimal increase in overall lead diameter.

FIGS. 5A-5D provide schematics of sensor flex layouts. The embodiment
shown in FIG. 5A has two columns of contact pads (350) on the left with the electrodes
(360) on the right. The embodiment shown in FIG. 5B has the two columns of contact
pads (350) at the center in between both sensor electrodes (360). The embodiment
shown in FIG. 5C has a single column of contact pads (350) allowing for adifferent
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connection scheme with more width space than the design shown in FIG 5A. The
embodiment shown in FIG. 5D shows a staggered element layout. 1n embodiments of
the invention that comprise multiple sensors, multiple groups of one or more of these
layouts can be disposed together (e.g. in arepetitive pattern).

FIG. 6 discloses one of the many illustrative medical devices (a glucose sensor)

and an embodiment of amulti-conductor lead useful with such devices.

Detailed Description of the Embodiments

Unless otherwise defined, al terms of art, notations and other scientific 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 defined herein for clarity and/ or for ready
reference, and the inclusion of such definitions herein should not necessarily be
construed to represent a substantial difference over what is generaly understood in the
art. Many of the techniques and procedures described or referenced herein are well
understood and commonly employed using conventional methodology by those skilled in
the art. Asappropriate, procedures involving the use of commercially available kits and
reagents are generally carried out in accordance with manufacturer defined protocols
and/ or parameters unless otherwise noted. A number of terms are defined below.

All publications mentioned herein are incorporated herein by reference to
disclose and describe the methods and/ or materials in connection with which the
publications are cited. Publications cited herein are cited for their disclosure prior to the
filing date of the present application. Nothing here isto be construed asan admission
that the inventors are not entitled to antedate the publications by virtue of an earlier
priority date or prior date of invention. Further the actual publication dates may be
different from those shown and require independent verification.

Before the present device systems and methods etc. are described, itisto be
understood that thisinvention isnot limited to the particular structure, methodology,
protocol, composition etc., described as such may, of course, vary. Itisalso to be

understood that the terminology used herein is for the purpose of describing particular
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embodiments only, and is not intended to limit the scope of the present invention which
will belimited only by the appended claims.

It must benoted that as used herein and in the appended claims, the singular
forms "a", "and", and "the" include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to "aribbon cable" includes aplurality of such
ribbon cables and equivalents thereof known to those skilled in the art, and so forth. All
numbers recited in the specification and associated claims that refer to values that can be
numerically characterized with avalue other than awhole number are understood to be
modified by the term "about".

The term "analyte" asused herein is abroad term and isused in its ordinary
sense, including, without limitation, to refer to a substance or chemical constituent in a
fluid such as abiological fluid (for example, blood, interstitial fluid, cerebral spinal fluid,
lymph fluid or urine) that can be analyzed. Analytes can include naturally occurring
substances, artificial substances, metabolites, and/ or reaction products. In some
embodiments, the analyte for measurement by the sensing regions, devices, and methods
is glucose. However, other analytes are contemplated aswell, including but not limited to,
lactate. Salts, sugars, proteins fats, vitamins and hormones naturally occurring in blood
or interstitial fluids can constitute analytes in certain embodiments. The anayte can be
naturally present in the biological fluid or endogenous; for example, a metabolic product,
ahormone, an antigen, an antibody, and the like. Alternatively, the analyte can be
introduced into the body or exogenous, for example, acontrast agent for imaging, a
radioisotope, achemical agent, a fluorocarbon-based synthetic blood, or adrug or
pharmaceutical composition, including but not limited to insulin. The metabolic
products of drugs and pharmaceutical compositions are also contemplated analytes.

The term "oxidoreductase" isused according to its art accepted meaning, i.e. an
enzyme that catalyzes the transfer of electrons from one molecule (the reductant, also
called the hydrogen or electron donor) to another (the oxidant, also called the hydrogen
or electron acceptor). Typical oxidoreductases include glucose oxidase and lactate
oxidase. The term " carrier polypeptide” or "carrier protein” isused according to its art

accepted meaning of an additive included to maintain the stability of a polypeptide, for
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example the ability of an oxidoreductase polypeptide to maintain certain qualitative
features such as physical and chemical properties (e.g. an ability to oxidize glucose) of a
composition comprising apolypeptide for aperiod of time. A typica carrier protein
commonly used in the art is albumin.

The term "sensor,” as used herein, is abroad term and is used in its ordinary
sense, including, without limitation, the portion or portions of an analyte-monitoring
device that detects an analyte. In one embodiment, the sensor includes an
electrochemical cell that has aworking electrode, areference electrode, and optionally a
counter electrode passing through and secured within the sensor body forming an
electrochemically reactive surface at one location on the body, an electronic connection
at another location on the body, and amembrane system affixed to the body and
covering the electrochemically reactive surface. During general operation of the sensor, a
biological sample (for example, blood or interstitial fluid), or aportion 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 adetermination of the analyte
level in the biological sample.

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
difference between two points in acircuit which is the cause of the flow of acurrent.
The term "system noise," as used herein, isabroad term and is used in its ordinary sense,
including, without limitation, unwanted electronic or diffusion-related noise which can
include Gaussian, motion-related, flicker, kinetic, or other white noise, for example.

Asdiscussed in detail below, embodiments of the invention can comprise
electrochemical sensors that measure a concentration of an analyte of interest or a
substance indicative of the concentration or presence of the analytein fluid. In some
embodiments, the sensor is a continuous device, for example a subcutaneous,
transdermal, or intravascular device. In some embodiments, the device can anayze a
plurality of intermittent blood samples. The sensor embodiments disclosed herein can

use any known method, including invasive, minimally invasive, and non-invasive sensing
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techniques, to provide an output signal indicative of the concentration of the anayte of
interest. Typicaly, the sensor isof the type that senses aproduct 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
layer surrounding the enzyme through which an analyte migrates. The product isthen
measured using electrochemical methods and thus the output of an electrode system
functions as ameasure of the analyte. In some embodiments, the sensor can use an
amperometric, coulometric, conductimetric, and/ or potentiometric technique for
measuring the analyte.

Typica embodiments of the invention disclosed herein comprise sensors of the
type used, for example, in subcutaneous or transcutaneous monitoring of blood glucose
levelsin adiabetic patient. A variety of implantable, electrochemical 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-
specificity. Embodiments of the invention described herein can be adapted and
implemented with awide variety of known electrochemical sensors, including for
example, U.S. Patent Application No. 200501 15832, 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 aswell as PCT International Publication
Numbers WO 01/58348, WO 04/021 877, WO 03/034902, WO 03/0351 17, WO
03/035891 , WO 03/023388, WO 03/022128, WO 03/022352, WO 03/023708, WO
03/036255, WO03/03631 0 WO 08/042625, and WO 03/0741 07, and European Patent
Application EP 1153571, the contents of each of which areincorporated herein by
reference.

Embodiments of the invention disclosed herein provide medical device system
elements having enhanced material properties and/ or architectural configurations aswell
as analyte sensor systems (e.g. those comprising a sensor and associated electronic
components such as alead, amonitor, aprocessor and the like) constructed to include

such elements. The disclosure further provides methods for making and using such

11
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elements and/ or architectural configurations. While some embodiments of the invention
pertain to glucose and/ or lactate sensors, avariety of the elements disclosed herein (eg.
multi-conductor lead designs) can be adapted for use with any one of the wide variety of
medical devices known in the art. The medical device elements, architectures and
methods for making and using these elements that are disclosed herein exhibit a
surprising degree of flexibility and versatility, characteristics which alow their use with a
wide variety of medical device systems.

Specific aspects of embodiments of the invention are discussed in detail in the

following sections.

ILLUSTRATIVEEMBODIMENTS OF THE INVENTION

The invention disclosed herein has anumber of embodiments. Illustrative
embodiments of the invention disclosed herein include medical device systems such as
implantable amperometric glucose sensor systems used in the management of diabetes
and optimized elements for use with such device systems. Typica embodiments of the
invention include amedical device system that is operatively coupled to amulti-
conductor electrical lead having a coiled configuration asdisclosed herein (see, eg. FIGS.
4A and 4B). The compact architecture of the multi-conductor lead designs disclosed
herein allows various elements in medical device systems to be electrically connected
together in a space saving configuration, one that optimizes the use of such systemsin a
variety of contexts including situations where apatient is ambulatory and outside of a
clinical environment aswell as conventional hospital environments. While sensor
systems and amperometric glucose sensor systems in particular are discussed in detail in
the following description, those of skill in the art will understand that the multi-
conductor electrical lead disclosed herein can be used with awide variety of medical
devices known in the art.

Ilustrative embodiments of the invention include an analyte sensor system
comprising acoiled conductor design where one or more conductive elements such as
wires arewrapped around acentral core element in an arrangement that minimizes the

space required for the electrical leads that used to operatively connect one element in the
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system to another. Typically, the conductive elements are disposed within aribbon cable.
A ribbon cable (also known as multi-wire planar cable) is acable with many conducting
wires running parallel to each other on the same flat plane. Asaresult the cableiswide
and flat. Its name comes from the resemblance of the cable to apiece of ribbon (which
islikewisewide and flat). Ribbon cables are usually specified by two numbers: the
spacing or pitch of the conductors, and the number of conductors or ways. A spacing of
0.05 inch (1.27 mm) isthe most usual, allowing for atwo-row connector with apin
spacing of 0.1 inch (2.54 mm). These types are used for many types of equipment, in
particular for interconnections within an enclosure. Finer pitches, for example 0.3 mm,
are used in portable electronic equipment. Based on the type of standard connectors, the
number of conductors typically encompasses afew values, including 4, 6, 8, 9, 10, 14, 15,
16, 18, 20, 24, 25, 26, 34, 37, 40, 50, 60, 64 and 80. A typica conductor comprises a
stranded copper wire. However, other conductive compositions such as other noble
metals (e.g. platinum, gold, silver and iridium) can be used. Ribbon cables allow mass
termination to connectors, for example those in which the ribbon cable conduits (e.g. a
ribbon cable having pins or the like attached to its conduit tips) connect with forked
contacts. Illustrative types of connectors for ribbon cables include BT224 connectors,
D-subminiature connectors, PCB transition headers and DIL headers. Ribbon cables
may have one or more conductive layers with embedded conductors for electrical noise
shielding.

[llustrative medical device systems that use the multiple-conductor electrical lead
embodiments disclosed herein include avariety of analyte sensor apparatuses, for
example one comprising a sensor having abase layer; a conductive layer disposed on the
base layer and comprising areference electrode, aworking electrode and a counter
electrode; an analyte sensing layer (e.g. one comprising glucose oxidase) disposed on the
conductive layer; an analyte modulating layer disposed on the analyte sensing layer; and a
cover layer having an aperture disposed on the analyte sensor apparatus. Typically, such
analyte sensors are also operatively coupled to a sensor input capable of receiving asigna
from the sensor that is based on a sensed analyte; and aprocessor coupled to the sensor

input, wherein the processor is capable of characterizing one or more signals received
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from the sensor. In some embodiments of the invention, the system further includes
additional elements (e.g. electronic components) such asthose designed to transmit
and/ or receive and/ or display signal data (e.g. monitors and the like) aswell as devices
that can use data obtained from such sensor systems to modulate a patient's physiology.

[llustrative analyte sensor systems that use such multiple-conductor electrical
leads include avariety of glucose sensor apparatuses having avariety of architectural
configurations. In some embodiments of the invention, an element of the sensor
apparatus such as an electrode or an aperture is designed to have a specific configuration
and/ or is made from a specific material and/ or is positioned relative to the other
elements so as to facilitate a function of the sensor. In one such embodiment of the
invention, aworking electrode, a counter electrode and areference electrode are
positionally distributed on the base and/ or the conductive layer in aconfiguration that
facilitates sensor start up and/ or maintains the hydration of the working electrode, the
counter electrode and/ or the reference electrode when the sensor apparatus is placed in
contact with afluid comprising the analyte (e.g. by inhibiting shadowing of an electrode,
aphenomena which can inhibit hydration and capacitive start-up of a sensor circuit).
Typically such embodiments of the invention facilitate glucose sensor start-up and/ or
initialization.

[llustrative embodiments of glucose sensor systems that can use the multiple-
conductor electrical leads disclosed herein can comprise aplurality of working electrodes
and/ or counter electrodes and/ or reference electrodes (e.g. 3working electrodes, a
reference electrode and a counter electrode), in order to, for example, provide redundant
sensing capabilities. Optionaly, the plurality of working, counter and reference
electrodes are configured together as aunit and positionally distributed on a conductive
layer in arepeating pattern of units. In certain embodiments of the invention, a sensor
comprises an elongated base layer is made from aflexible material that allows the sensor
to twist and bend when implanted in vivo. In some embodiments, the electrodes are
grouped in aconfiguration that allows the sensor to continue to function if aportion of
the sensor having one or more electrodes isdislodged from an in vivo environment and

exposed to an ex vivo environment. Certain embodiments of the invention comprising a
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single sensor. Other embodiments of the invention comprise multiple sensors. In some
embodiments of the invention, apulsed voltage is used to obtain asignal from one or
more electrodes of a sensor.

In asensor system embodiment of the invention that can use the multiple-
conductor electrical leads and is designed to optimize electrode properties such as
hydration, the working electrode, the counter electrode and the reference electrode of an
amperometric sensor are positionally distributed on conductive layer in aparallel
configuration arranged so that afirst electrode is disposed in aregion on afirst edge of
the elongated base layer; a second electrode isdisposed in aregion on an opposite edge
of the elongated base layer; and athird is disposed in aregion of the elongated base layer
that between the first electrode and the second electrode. Optionally, the working
electrode, the counter electrode and the reference electrode are positionally distributed
on conductive layer in aconfiguration arranged so that the working electrode is disposed
in aregion on afirst edge of the elongated base layer; the counter electrode is disposed in
aregion on an opposite edge of the elongated base layer; and the reference electrode is
disposed in aregion of the elongated base layer that between the working electrode and
the counter electrode. In certain embodiments of the invention, an edge or center of a
reference electrode islined up with an edge or center of the working or counter
electrode. In other embodiments of the invention, an edge or center of areference
electrode is offset with an edge or center of the working or counter electrode.

A typica embodiment of the invention comprises a multiple-conductor electrical
lead, comprising: acentral core element; and one or more electrical conduits (e.g. in the
form of aribbon cable) coiled around the central core along alength of the central core.
Typically, the electrical conduit is disposed in aribbon cable having one or more
(typicaly aplurality) separate electrical conduits coupled together along their lengths in
series and electrically insulated from one another with an insulating material. In a
specific illustrative embodiment, the multiple-conductor electrical lead comprises 1, 2, 3,
4,5, 6 or more electrical conduits coiled around a central strand or fibril, one that is
typicaly made from amaterial selected to provide flexibility and/ or tensile strength to

the lead (e.g. apolyester strand). This interna strand or core element can comprise a
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single fiber or filament, or aternatively aplurality of one or more fibers or filaments that
are intertwined, so that this core element forms aflexible central strand around which
conductive elements (e.g. ribbon cables) are wrapped in a space saving configuration.
The central core element can be made from one or more compositions in order to
control the material properties of the multiple-conductor electrical lead. For example, in
some embodiments of the invention, the core can comprises an elastic fiber such asa
fiber made from apolymeric composition. A wide variety of polymeric compounds are
known in the art, for example synthetic rubber, Bakelite, neoprene, nylon, PVC,
polystyrene, polyethylene, polypropylene, polyacrylonitrile, thermoplastic polyamide,
PVB, silicone, and the like. In some embodiments, the core comprises ametallic
composition, for example a stainless steel composition or anickel titanium composition
having shape memory or super elastic properties. In one exemplary embodiment of the
invention that comprises a shape memory aloy (e.g. Nitinol®), the shape memory alloy is
designed to favor a space saving coiled configuration. In some embodiments, the central
core element comprises both apolymeric composition and a metallic composition.

While avariety conductive materials can be used as electrical conduits in
embodiments of the invention, the flexible stability of the multiple-conductor electrical
leads disclosed herein alows for greater use of noble metal conductors (e.g. platinum,
gold, silver iridium and copper). Conseguently, in certain embodiments of the invention,
the multi-conductor lead comprises anoble metal conductor and is designed so that the
conductor is coupled to and supported by the flexible central core (e.g. one made from a
polymeric material such as a polyester) in amanner that decreases problems associated
with the inflexibility and/ or fragility of certain noble metal conductor compositions.

A feature of the multi-conductor electrical lead design disclosed herein isthat itis
scalable, and it not for example limited to a specific number of electrical conduits and/ or
ribbon cables. For example, embodiments of the invention can comprise 1, 2, 3,4 or
more ribbon cables coiled around aflexible central strand, with this first coiled structure
further functioning as a core element that has 1, 2, 3, 4 or more further ribbon cables
wrapped around it. One such embodiment comprises a4 conductor ribbon cable

wrapped around aflexible polyester cord to form afirst coiled structure, with two 6
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conductor ribbon cables being further wrapped around this first coiled structure. In

certain embodiments of the invention, a secondary coiled structure can function as a
tertiary central core element around which further ribbon cables are wrapped. In this
manner, the configuration of the leads disclosed herein optimizes the use of space.

Embodiments of the invention include methods for producing amultiple-
conductor electrical lead. In one such embodiment, the method comprises supporting a
central core; and wrapping at least one ribbon cable continuously around the supported
central core along alength of the central core such that the at least one ribbon cableis
coiled around the central core, the at least one ribbon cable comprising a plurality of
separate electrical conductors coupled together along their lengths in series and
electrically insulated from one another with an insulating material. Typicallyin such
methods, the at least one ribbon cableis coiled around the central core having abroad
side towards the central core. In certain methods, wrapping the at least one ribbon cable
comprises wrapping afirst cable layer around the central core and wrapping one or more
additional cable layers around the first cable layer over the first cable layer. Optionally,
the at least one ribbon cableis apair of ribbon cableswrapped around the central core
together and disposed adjacent to each other along their edges coiled around the central
core.

In the methods for producing the coiled multi-conductor electrical lead
configurations disclosed herein, factors such as cable wrapping pitch and wrapping
tension can be controlled in amanner that stabilizes the lead components and/ or
optimizes the space saving architecture of the lead. For example, in certain embodiments
of the invention, the wrapping pitch of a cable around acentral coreis set so as to abut
an existing ribbon cable coil while avoiding an overlap with this existing coil.
Alternatively, the wrapping pitch of acable around acentral coreis set so that with each
consecutive wrapping, the cableiswrapped around the core so asto overlap with an
existing cable coil by a¥a, % or A width. In addition, it is possible to optimize the inner
pressure between the adjacent cables throughout the entire lead by adjusting the cable
width, the amount of overlap and the cable wrapping tension. The choice and range of

these parameters can be used to properly balance lead conductivity, flexibility and
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stability, for example by adjusting the diameter of the core elements, the number of
electrical cables, their spacing and the compositions of these elements. In addition,
certain embodiments of the invention can include one or more layers of amateria (e.g.
an adhesive material or the like, an electrically non-conducting shielding material or the
like etc.) incorporated into and/ or disposed around the multi-conductor electrical leads,
in order to, for example, adhere, support and/ or electrically shield one or more elements
of the multi-conductor electrical lead (see, e.g., U.S. Patent Nos. 4,654,476 and 7,417,191,
the contents of which are incorporated herein by reference).

One embodiment of the invention isa system for monitoring an analytein a
patient, the system comprising a sensor having: abase element adapted to secure the
apparatus to the patient; afirst piercing member coupled to and extending from the base
element; and afirst electrochemical sensor operatively coupled to the first piercing
member and comprising afirst electrochemical sensor electrode for determining at least
one physiologica characteristic of the patient at afirst electrochemical sensor placement
site. In some embodiments of such systems, a second piercing member is coupled to and
extends from the base element and comprises for example: (1) a second electrochemical
sensor operatively coupled to the second piercing member and comprising a second
electrochemical sensor electrode for determining at least one physiological characteristic
of the patient at a second electrochemical sensor placement site; or (2) acannula or the
like adapted to deliver afluid medication (e.g. insulin) athe user.

Asnoted above, in typical embodiments of the invention, the sensor used with a
multiple-conductor electrical lead as disclosed herein is operatively coupled to further
elements (e.g. electronic components) such as elements designed to transmit and/ or
receive a signal, monitors, processors and the like aswell as devices that can use sensor
data to modulate apatient's physiology such as medication (e.g. insulin) infusion pumps.
For example, in some embodiments of the invention, the sensor is operatively coupled to
a sensor input capable of receiving asignal from the sensor that is based on a sensed
physiological characteristic value in the mammal; and a processor coupled to the sensor
input, wherein the processor is capable of characterizing one or more signals received

from the sensor. A wide variety of sensor configurations as disclosed herein can be used
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in such systems. Optionaly, for example, the sensor comprises three working electrodes,
one counter electrode and one reference electrode. In certain embodiments, at least one
working electrode is coated with an analyte sensing layer comprising glucose oxidase and
at least one working electrode isnot coated with an anayte sensing layer comprising
glucose oxidase.

Embodiments of the multi-conductor lead design are particularly useful in device
applications that involve D C potential, for example D C biased sensing applications. In
typical applications, the medical device used with this lead (e.g. an amperometric glucose
sensor) is operatively coupled to aconstellation of elements that comprise a flex-circuit
(e.g. electrodes, electrical conduits, contact pads and the like). For example sensor flex-
circuit designs can be used in embodiments of the invention in order to optimize medical
device layouts and connection schemes. One such illustrative sensor flex-circuit
embodiment has 2 columns of contact pads on the Ieft with the electrodes on the right,
wherein the close proximity of the pads in this design allows for ease of connection to
multi-conductor cable aswell as acompact design. FIGS. 5A-5D provide schematics of
illustrative sensor flex layouts for use with embodiments for the invention.

The multi-conductor lead design configurations disclosed herein provide a
compact bundle of electrical conduits that takes up relatively little space. The space
saving configuration provides anumber of desirable properties and, for example can
reduce the amount of trauma that occurs at an in vivo implantation site (e.g. the
implantation site of an electrochemical glucose sensor of the type used in the
management of diabetes). Consequently, embodiments of the invention include methods
for inhibiting the likelihood of trauma at the site where amedical device isimplanted in
vivo, the method comprising supplying power to the implanted to device using an
embodiment of the multi-conductor lead design configurations disclosed herein. In
illustrative embodiments of this method, the implanted device in an amperometric
glucose sensor. Moreover, in certain embodiments, multi-conductor lead embodiments
of the invention alow an implanted device (e.g. aglucose sensor) to operate at alocation
that isdistal (farther away) from asite of implantation than is typically possible using

conventional electronic leads. Consequently, embodiments of the invention include
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methods for selecting alocation where amedical deviceisimplanted in vivo, the method
comprising selecting adistal site as one both compatible with a multi-conductor lead
design configuration aswell asbeing optimized for patient comfort and then supplying
power to the implanted to device using an embodiment of the multi-conductor |ead
design configurations disclosed herein. Certain embodiments of the invention include
methods of using a specific multi-conductor lead and device (e.g. sensor) element and/ or
a specific constellation of sensor elements to produce and/ or facilitate one or more
properties of the device (e.g. to enhance its biocompatibility profile). Typical
embodiments of the invention are comprised of biocompatible materials and/ or have
structural elements and organizations of elements designed for use in amedical device
system that includes elements implanted within a mammal.

Another illustrative methodological embodiment of the invention is amethod of
sensing an analyte within the body of amammal, the method comprising implanting an
analyte sensor that ispart of a systems that comprises a multi-conductor lead as disclosed
herein in to the mammal and then sensing one or more electrical fluctuations such as
alteration in current at the working electrode and correlating the alteration in current with
the presence of the analyte, so that the analyteis sensed. In one such method, the
analyte sensor apparatus senses glucose in the mammal. In an aternative method, the
analyte sensor apparatus senses lactate, potassium, calcium, oxygen, PH, and/ or any
physiologically relevant analyte in the mammal. Optionally such methods utilize an
electrical signal whose polarity is fixed and whose amplitude remains constant with
respect to time

In some sensor system embodiments of the invention that comprise amulti-
conductor lead, aprocessor is capable of comparing afirst signal received from a
working electrode in response to afirst working potential with a second signal received
from aworking electrode in response to a second working potential, wherein the
comparison of the first and second signals at the first and second working potentials can
be used to, for example, identify a signal generated by an interfering compound. In one
such embodiment of the invention, one working electrode is coated with glucose oxidase

and another isnot, and the interfering compound is acetaminophen, ascorbic acid,
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bilirubin, cholesterol, creatinine, dopamine, ephedrine, ibuprofen, L-dopa, methyldopa,
sdlicylate, tetracycline, tolazamide, tolbutamide, triglycerides or uric acid. Optionally, a
pulsed and/ or varied voltage is used to obtain asignal from aworking electrode.
Typically, at least one working potential is 280, 535 or 635 millivolts. Related
embodiments of the invention include methods for identifying and/ or characterizing one
or more signals generated by an interfering compound in various sensor embodiments of
the invention (e.g. by comparing the signal from an electrode coated with an analyte
sensing compound with acomparative electrode not coated with an analyte sensing
compound). Optionally, such methods use apulsed and/ or varied working potential to
observe asigna at an electrode.

In one glucose sensor system embodiment that comprises a multi-conductor lead
as disclosed herein, aprocessor compares afirst signal received from aworking electrode
coated with glucose oxidase in response to afirst working potential with a second signal
received from aworking electrode coated with glucose oxidase in response to a second
working potential, wherein the comparison of the first and second signals at the first and
second working potentials isused to characterize ablood glucose concentration within at
least one discreet concentration range. In such embodiments of the invention, the
comparison of the first and second signals at the first and second working potentials can
be used to characterize ablood glucose concentration within aconcentration range below
70 mg/ dL or above 125 mg/ dL. Related embodiments of the invention include methods
for identifying and/ or characterizing a specific analyte concentration or range of analyte
concentrations using the various sensor embodiments of the invention (e.g. by
comparing the analyte signal from one or more electrodes at different working potentials,
wherein the different working potentials are selected for their ability to characterize a
specific analyte concentration and/ or range of analyte concentrations).

In another glucose sensor system embodiment of the invention that comprises a
multi-conductor lead, the processor is capable of characterizing aplurality of signals
received from the sensor by for example comparing afirst signal received from a
working electrode coated with glucose oxidase with a second signal received from a

working electrode not coated with glucose oxidase so as to obtain information on a
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background signal that isnot based on a sensed physiological characteristic valuein the
mammal. In such embodiments of the invention, the processor can be capable of
characterizing aplurality of signas received from the sensor by comparing afirst signal
received from aworking electrode coated with glucose oxidase with a second signal
received from aworking electrode not coated with glucose oxidase so as to obtain
information on asignal generated by an interfering compound. In arelated embodiment
of the invention, two working electrodes are coated with glucose oxidase and the
processor is capable of obtaining information on glucose concentrations in the mammal
by comparing the signals received from the two working electrodes coated with glucose
oxidase.

Sensor system embodiments of the invention that comprise amulti-conductor
lead can use voltage switching not only in the detection of interfering species and/ or
specific analyte concentrations but also to facilitate the hydration and/ or initialization of
various sensors. In particular, the time for initialization ("run in") differs for different
sensors and can take hours. Such embodiments of the invention include a sensor
initialization scheme involving high frequency initialization (e.g. switching of voltage
potentials). In one illustrative embodiment, atripleinitialization profile is used where the
voltage of the sensor is switched between afirst potential such as 280, 535 or 635
millivolts and a second potential such as 1.070 millivolts over aperiod of 1, 5, 10 or 15
minutes. Certain voltage switching embodiments of the invention further incorporate
voltage pulsing in the measurement of an analyte. The number of pulses used in such
embodiments of the invention istypically at least 2 and can be 3,4, 5, 6, 7, 8, 9, 10, 15,
20 or more. Pulses can befor apredetermined period of time, for example 1, 3, 5, 7, 10,
15, 30, 45, 60, 90 or 120 seconds. One illustrative example of this comprises 6 pulses,
each 1, 2, 3, 4, 5 or 6 seconds long. By using such embodiments of the invention, the
sensor run-in isgresatly accelerated, afactor which optimizes auser's introduction and
activation of the sensor.

Some sensor system embodiments of the invention that comprise amulti-
conductor lead can use feedback from sensor signals to provide information to auser as

to start up status and/ or instructions as to when to start sensing. For example, in the
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embodiments disclosed herein, one can use the value of an open circuit potential as away
to measure if a sensor iscompletely hydrated. In particular, mechanistically, in any
potentiostat, one observes the difference between aworking electrode and areference
electrode. This potential changes depending upon the hydration of the sensor. In the
sensor is not hydrated, the circuit potential isvery high (e.g. 400-500 millivolts). This
circuit potential then changes as the sensor becomes hydrated. One illustrative
embodiment of the invention comprises amethod of detecting whether a sensor is
sufficiently hydrated for analyte detection, comprising calculating an open circuit
potential value (e.g. anh impedance value) between at least two electrodes of the sensor;
and comparing the impedance value against athreshold to determine if the sensor
sufficiently hydrated for analyte detection. Y et another embodiment of the invention is
an analyte sensor apparatus that includes aprocessor that detects whether asensor is
sufficiently hydrated for analyte detection comprising calculating an impedance value;
and comparing the impedance value against athreshold to determine if the sensor is
sufficiently hydrated for analyte detection. Certain embodiments of the invention are
designed include an darm signal (e.g. aindicator light, abell, whistle or the like) that is
triggered under certain specific circumstances, for example when the sensor system
registers an impedance value indicating that it sufficiently hydrated for anayte detection
(and in this way informs auser of the status of the sensor).

In typical sensor system embodiments of the invention, aprocessor determines a
dynamic behavior of the physiological characteristic value and provides an observable
indicator based upon the dynamic behavior of the physiological characteristic value so
determined. The process of analyzing the received signal and determining adynamic
behavior typically includes repeatedly measuring the physiological characteristic value to
obtain a series of physiological characteristic valuesin order to, for example, incorporate
comparative redundancies into a sensor apparatus in amanner designed to provide
confirmatory information on sensor function, analyte concentration measurements, the
presence of interferents and the like. Embodiments of the invention include device
systems operatively coupled to amulti-conductor lead which display data from

measurements of a sensed physiological characteristic (e.g. blood glucose concentrations)
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in amanner and format tailored to allow auser of the device to easily monitor and, if
necessary, modulate the physiological status of that characteristic (e.g. modulation of
blood glucose concentrations viainsulin administration). An illustrative embodiment of
the invention is adevice comprising amulti-conductor lead, a sensor input capable of
receiving a signal from a sensor, the signal being based on a sensed physiological
characteristic value of auser; amemory for storing aplurality of measurements of the
sensed physiological characteristic value of the user from the received signa from the
sensor; and adisplay for presenting atext and/ or graphical representation of the plurality
of measurements of the sensed physiological characteristic value (e.g. text, aline graph or
the like, abar graph or the like, agrid pattern or the like or a combination thereof).
Typically, the graphical representation displays real time measurements of the sensed
physiological characteristic value. Such device systems can be used in avariety of
contexts, for example in combination with other medical apparatuses. In some
embodiments of the invention, the device systemisused in combination with at least one
other medical element (e.g. amedication infusion pump, a syringe, needle, cannula or the
like).

Another illustrative embodiment comprises a multi-conductor lead coupled to a
glucose sensor, atransmitter and pump receiver and aglucose meter. In this system,
radio signals from the transmitter can be sent to the pump receiver at adefined time
period, (e.g. every 5 minutes) to provide providing real-time sensor glucose (SG) values.
Values/graphs are displayed on amonitor of the pump receiver so that auser can self
monitor blood glucose and deliver insulin using their own insulin pump. Typically an
embodiment of device disclosed herein communicates with a second medical device viaa
wired or wireless connection. Wireless communication can include for example the
reception of emitted radiation signals as occurs with the transmission of signalsvia RF
telemetry, infrared transmissions, optical transmission, sonic and ultrasonic transmissions
and the like. Optionally, the device is operatively coupled amedication infusion pump
(e.g. aninsulin pump). Typically in such devices, the physiological characteristic values

includes aplurality of measurements of blood glucose.
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FIG. 3 provides aperspective view of one generalized embodiment of
subcutaneous sensor insertion system and ablock diagram of a sensor electronics device
system adaptable with multi-conductor lead embodiment of the invention. Additional
elements typically used with such sensor system embodiments are disclosed for example
in U.S. Patent Application No. 20070163894, the contents of which are incorporated by
reference. FIG. 3 provides aperspective view of atelemetered characteristic monitor
system 1, including a subcutaneous sensor set 10 provided for subcutaneous placement
of an active portion of aflexible sensor 12, or the like, at a selected sitein the body of a
user. The subcutaneous or percutaneous portion of the sensor set 10 includes ahollow,
slotted insertion needle 14 having a sharpened tip 44, and acannula 16. Inside the
cannula 16 isasensing portion 18 of the sensor 12 to expose one or more sensor
electrodes 20 to the user's bodily fluids through awindow 22 formed in the cannula 16.
The sensing portion 18isjoined to aconnection portion 24 that terminates in conductive
contact pads, or the like, which are also exposed through one of the insulative layers.
The connection portion 24 and the contact pads are generally adapted for adirect wired
electrical connection to a suitable monitor 200 coupled to adisplay 314 for monitoring a
user's condition in response to signals derived from the sensor electrodes 20. The
connection portion 24 may be conveniently connected electrically to the monitor 200 or
a characteristic monitor transmitter 400 by aconnector block 28 (or the like) as shown
and described in U.S. Pat. No. 5,482,473, entitled FLEX CIRCUIT CONNECTOR,
which isincorporated by reference.

Asshown in FIG. 3,in accordance with embodiments of the present invention,
subcutaneous sensor set 10 may be configured or formed to work with either awired or
awireless characteristic monitor system. The proximal part of the sensor 12 is mounted
in amounting base 30 adapted for placement onto the skin of auser. The mounting base
30 can be apad having an underside surface coated with a suitable pressure sensitive
adhesive layer 32, with apeel-off paper strip 34 normally provided to cover and protect
the adhesive layer 32, until the sensor set 10 isready for use. The mounting base 30
includes upper and lower layers 36 and 38, with the connection portion 24 of the flexible

sensor 12 being sandwiched between the layers 36 and 38. The connection portion 24
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has aforward section joined to the active sensing portion 18 of the sensor 12, which is
folded angularly to extend downwardly through abore 40 formed in the lower base layer
38. Optionally, the adhesive layer 32 (or another portion of the apparatus in contact with
in vivo tissue) includes an anti-inflammatory agent to reduce an inflammatory response
and/ or anti-bacterial agent to reduce the chance of infection. The insertion needle 14 is
adapted for dlide-fit reception through aneedle port 42 formed in the upper base layer 36
and further through the lower bore 40 in the lower base layer 38. After insertion, the
insertion needle 14 iswithdrawn to leave the cannula 16 with the sensing portion 18 and
the sensor electrodes 20 in place at the selected insertion site. In this embodiment, the
telemetered characteristic monitor transmitter 400 is coupled to a sensor set 10 by acable
202 (e.g. one comprising amulti-conductor lead asdisclosed herein) through a connector
204 that is electrically coupled to the connector block 28 of the connector portion 24 of
the sensor set 10.

In the embodiment shown in FIG. 3, the telemetered characteristic monitor 400
includes ahousing 206 that supports aprinted circuit board 208, batteries 210, antenna
212, and the cable 202 with the connector 204. In some embodiments, the housing 206
isformed from an upper case 214 and alower case 216 that are sealed with an ultrasonic
weld to form awaterproof (or resistant) seal to permit cleaning by immersion (or
swabbing) with water, cleaners, alcohol or the like. In some embodiments, the upper and
lower case 214 and 216 are formed from amedical grade plastic. However, in alternative
embodiments, the upper case 214 and lower case 216 may be connected together by
other methods, such as snap fits, sealing rings, RTV (silicone sealant) and bonded
together, or the like, or formed from other materials, such as metal, composites,
ceramics, or the like. In other embodiments, the separate case can be eliminated and the
assembly is simply potted in epoxy or other moldable materials that is compatible with
the electronics and reasonably moisture resistant. As shown, the lower case 216 may have
an underside surface coated with a suitable pressure sensitive adhesive layer 118, with a
peel-off paper strip 120 normally provided to cover and protect the adhesive layer 118,

until the sensor set telemetered characteristic monitor transmitter 400 is ready for use.
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In the illustrative embodiment shown in FIG. 3, the subcutaneous sensor set 10
facilitates accurate placement of aflexible thin film electrochemical sensor 12 of the type
used for monitoring specific blood parameters representative of auser's condition. The
sensor 12 monitors glucose levelsin the body, and may be used in conjunction with
automated or semi-automated medication infusion pumps of the external or implantable
type as described in U.S. Pat. Nos. 4,562,751; 4,678,408; 4,685,903 or 4,573,994, to
control delivery of insulin to adiabetic patient. In the illustrative embodiment shown in
FIG. 3, the sensor electrodes 10 may beused in avariety of sensing applications and may
be configured in avariety of ways. For example, the sensor electrodes 10 may beused in
physiological parameter sensing applications in which some type of biomolecule is used
as acatalytic agent. For example, the sensor electrodes 10 may be used in aglucose and
oxygen sensor having aglucose oxidase enzyme catalyzing areaction with the sensor
electrodes 20. The sensor electrodes 10, along with abiomolecule or some other
catalytic agent, may be placed in ahuman body in avascular or non-vascular
environment. For example, the sensor electrodes 20 and biomolecule may beplaced in a
vein and be subjected to ablood stream, or may be placed in a subcutaneous or
peritoneal region of the human body.

In the embodiment of the invention shown in FIG. 3, the monitor of sensor
signals 200 may also be referred to as a sensor electronics device 200. The monitor 200
may include apower source, a sensor interface, processing electronics (i.e. a processor),
and data formatting electronics. The monitor 200 may be coupled to the sensor set 10 by
acable 202 through aconnector that is electrically coupled to the connector block 28 of
the connection portion 24. In an aternative embodiment, the cable may be omitted. In
this embodiment of the invention, the monitor 200 may include an appropriate
connector for direct connection to the connection portion 204 of the sensor set 10. The
sensor set 10 may be modified to have the connector portion 204 positioned at a
different location, e.g., on top of the sensor set to facilitate placement of the monitor 200
over the sensor set.

While the analyte sensor and sensor systems disclosed herein are typicaly

designed to beimplantable within the body of amammal, the inventions disclosed herein

27



WO 2011/063259 PCT/US2010/057474

10

15

20

25

30

are not limited to any particular environment and can instead be used in awide variety of
contexts, for example for the analysis of most in vivo and in vitro liquid samplesincluding
biologica fluids such asinterstitial fluids, whole-blood, lymph, plasma, serum, saliva,
urine, stool, perspiration, mucus, tears, cerebrospina fluid, nasal secretion, cervical or
vaginal secretion, semen, pleural fluid, amniotic fluid, peritoneal fluid, middle ear fluid,
joint fluid, gastric aspirate or the like. In addition, solid or desiccated samples may be
dissolved in an appropriate solvent to provide aliquid mixture suitable for analysis.

In some amperometric sensor embodiments that use a multi-conductor lead,
distributed electrodes of a sensor are organized/ disposed within aflex-circuit assembly
(i.e. acircuitry assembly that utilizes flexible rather than rigid materials). Such flex-circuit
assembly embodiments provide an interconnected assembly of elements (e.g. electrodes,
electrical conduits, contact pads and the like) configured to facilitate wearer comfort (for
example by reducing pad stiffness and wearer discomfort) aswell as parameter
measurement performance. FIGS. 5A-5D show sensor flex layouts that can be used in
embodiments of the invention in order to optimize the dual sensor layout and
connection scheme. The embodiment shown in FIG. 5A has two columns of contact
pads on the left with the electrodes on the right. The close proximity of the padsin this
design allows for ease of connection to cable aswell as acompact design. The
embodiment shown in FIG. 5B has the two columns of contact pads at the center in
between both sensor electrodes. Embodiments having the electrodes on the opposite
side maximizes sensor separation while keeping both contact pads together. The
embodiment shown in FIG. 5C has a single column of contact pads allowing for a
different connection scheme with more width space than the design shown in FIG 5A.
The embodiment shown in FIG. 5D benefits from a staggered element layout which
allowingit to be compact yet still retain spacing between electrodes sets. In some
embodiments of the invention, the contact pads can be arranged near the edges of the
flexible sensor substrate, with leads on the substrate connecting the sensors to the
contact pads, for example to prevent the contact pads from being contaminated with the
materials being tested. Embodiment can include printed circuit boards having aplurality

of board contact pads arranged in the same configuration as the sensor contact pads in
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the sensor array. Connectors, such as conducting elastomers, stick probes, cantilever
probes, conducting adhesives, wafer-to-board bonding techniques, or other contact
devices, can couple the sensors with the printed circuit board by creating contacts
between the sensor contact pads and the board contact pads, preferably the contacts are
reversible and non-permanent. Certain flex assemblies than can be modified and or
adapted for use with embodiments of the invention are disclosed for examplein U.S.
Patent Nos. 7,340,287, 7,377,794 and 6,930,494 the contents of which are incorporated
by reference.

Embodiments of the invention that can be used with the multi-conductor |eads
disclosed herein include sensors and sensor systems having configurations of elements
and/ or architectures that optimize aspects of sensor function. For example, certain
embodiments of the invention are constructed to include multiple and/ or redundant
elements such as multiple sets of sensors and/ or sensor system elements such as multiple
piercing members (e.g. needles) and/ or acannulas organized on an insertion apparatus
for use at apatient's in vivo insertion site. One embodiment of the invention is the dual
piercing member or "fang" sensor system. This embodiment of the invention is a sensor
apparatus for monitoring abody characteristic of the patient, the apparatus comprising a
base element adapted to secure the apparatus to the patient, afirst piercing member that
is coupled to and extending from the base element, wherein the first piercing member is
operatively coupled to (e.g. to provide structural support and/ or enclose) at least one
first electrochemical sensor having at least one electrode for determining at least one
body characteristic of the patient at afirst sensor placement site, aswell as a second
piercing member that is coupled to and extending from the base element and operatively
coupled to at least one second electrochemical sensor having at least one electrode for
determining at least one body characteristic of the patient at a second sensor placement
site. In some embodiments of the invention, such sensor systems are used in ahospital
setting such asin an intensive care unit (e.g. to measure blood glucose concentrations in
the interstitial fluid or blood of adiabetic patient). In other embodiments of the
invention, the apparatus is used in an ambulatory context, for example by adiabetic in

the daily monitoring of blood glucose.
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Typica sensor system embodiments of the invention include a sensor, amulti-
conductor lead and aprocessor which compiles and processes signals produced by the
sensors and, for example, then provides a physiological characteristic reading that is
based upon the signals. In one illustrative embodiment, the processor uses an algorithm
to provide computational comparisons between aplurality of sensors having elements
coated with an oxidoreductase such asglucose oxidasein order to, for example provide a
comparative assessment of a physiological characteristic such as blood glucose at the
different sitesin which the sensors areinserted. In another illustrative embodiment, the
processor includes an algorithm which provides a computational comparison between a
plurality of sensors including at least one sensor having elements coated with an
oxidoreductase such as glucose oxidase and at least one sensor not coated with glucose
oxidase (e.g. which functions to identify background or interfering signals unrelated to
blood glucose) in order to, for example subtract signals unrelated to blood glucose and in
this way provide optimized sensor outputs. Certain embodiments of the invention
include apparatuses capable of multiplexing the signals received from the plurality of
sensors, e.g. by weaving multiple sensor signals onto a single channel or communications
line. In such multiplexing embodiments of the invention, segments of information from
each signal can be interleaved and separated by time, frequency, or spacein order to
obtain acomparative and comprehensive reading of al sensor outputs. Certain
multiplexing embodiments of the invention include aprocessor which uses an agorithm
to provide computational comparisons between signals received from the plurality of
sensors (e.g. to provide amean, average or normalized value for the sensor signals).

Sensor systems comprising the multi-conductor leads disclosed herein can be
used to sense analytes of interest in one or more physiological environments. In certain
embodiments for example, the sensor can bein direct contact with interstitial fluids as
typically occurs with subcutaneous sensors. The sensor systems of the present invention
may also be part of askin surface system where interstitial glucose is extracted through
the skin and brought into contact with the sensor (see, eg. U.S. Patent Nos. 6,155,992
and 6,706,159 which areincorporated herein by reference). In other embodiments, the

sensor can bein contact with blood as typically occurs for example with intravenous
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sensors. The multi-conductor leads disclosed herein allow sensor systems to be adapted
for usein avariety of contexts. In certain embodiments for example, the sensor system
can be designed for use in mobile contexts, such as those employed by ambulatory users
(e.g. adiabetic user performing daily activities). Alternatively, the sensor system can be
designed for use in stationary contexts such as those adapted for usein clinical settings.
Such sensor system embodiments include, for example, those used to monitor one or
more analytes present in one or more physiological environments in ahospitalized
patient (e.g. apatient confined to ahospital bed in situations such as those described in
WO 2008042625).

The multi-conductor leads disclosed herein beincorporated in to awide variety
of medical systems known in the art. Sensor systems coupled to such leads can be used,
for example, in aclosed loop infusion systems designed to control the rate that
medication isinfused into the body of auser. Such aclosed loop infusion system can
include a sensor and an associated meter which generates an input to acontroller which
in turn operates a delivery system (e.g. 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 fluid 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
examplein U. s. Patent Nos. 6,558,351 and 6,551,276; PCT Application Nos.
US99/21703 and US99/22993; aswell asWO 2004/008956 and WO 2004/009161, all
of which are incorporated herein by reference.

In another embodiment of the invention, akit and/ or device set (e.g. a sensor
useful for the sensing an analyte asis described above) is provided. The kit and/ or
device set typically comprises a container, alabel, amulti-conductor lead and adevice as
described herein (e.g. an amperometric glucose sensor). Suitable containers include, for
example, an easy to open package made from amaterial such asameta fail, bottles, vials,
syringes, and test tubes. The containers may be formed from avariety of materials such

as metals (e.g. foils) paper products, glass or plastic. The label on, or associated with, the

31



WO 2011/063259 PCT/US2010/057474

10

15

20

25

30

container indicates the preferred device use. The kit and/ or device set may further
include other materials desirable from acommercial and user standpoint, including
elements or devices designed to facilitate the introduction of the deviceinto an in vivo
environment, other buffers, diluents, filters, needles, syringes, and package inserts with
instructions for use.

An exemplary kit comprises acontainer and, within the container, multi-
conductor lead for use with an analyte sensor apparatus, the sensor apparatus comprising
abase layer; aconductive layer disposed upon the base layer; wherein the conductive
layer includes aworking electrode; an analyte sensing layer disposed on the conductive
layer; wherein the analyte sensing layer detectably alters the electrical current at the
working electrode in the conductive layer in the presence of an anayte; and an analyte
modulating layer disposed on the analyte sensing layer, wherein the analyte modulating
layer modulates the diffusion of the analyte therethrough.

TYPICAL SENSOR ACHITECTURES FOUND IN OF EMBODIMENTS OF
THE INVENTION

A variety of sensors can be operatively coupled to the multi-conductor leads
disclosed herein. FIG. 2illustrates a cross-section of atypical sensor embodiment 100
for use with the multi-conductor lead embodiments of the present invention. This
sensor embodiment isformed from aplurality of components that are typically in the
form of layers of various conductive and non-conductive constituents disposed on each
other according to art accepted methods and/ or the specific methods of the invention
disclosed herein. The components of the sensor are typicaly characterized herein as
layers because, for example, it alows for afacile 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 layers. 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.

The embodiment shown in FIG. 2includes abase layer 102 to support the
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sensor 100. The base layer 102 can be made of amaterial such as ametal and/ or a
ceramic and/ or apolymeric substrate, which may be self-supporting or further supported
by another material asisknown in the art. Embodiments of the invention include a
conductive layer 104 which isdisposed on and/ or combined with the base layer 102.
Typically the conductive layer 104 comprises one or more electrodes. An operating
sensor 100 typically includes aplurality of electrodes such asaworking electrode, a
counter electrode and areference electrode. Other embodiments may also include a
plurality of working and/ or counter and/ or reference electrodes and/ or one or more
electrodes that performs multiple functions, for example one that functions as both as a
reference and acounter electrode.

Asdiscussed 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 isdefined by etching the disposed
conductive layer 104 into adesired pattern of conductive paths. A typica electrical
circuit for the sensor 100 comprises two or more adjacent conductive paths with regions
at aproximal end to form contact pads and regions at adistal end to form sensor
electrodes. An electrically insulating cover layer 106 such as a polymer coating can be
disposed on portions of the sensor 100. Acceptable polymer coatings for use as the
insulating protective cover layer 106 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. 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 anumber 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
secondary photoresist can also be applied to the protective layer 106 to define the regions
of the protective layer to beremoved to form the aperture(s) 108. The exposed

electrodes and/ or contact pads can aso undergo secondary processing (e.g. through the
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apertures 108), such as additional plating processing, to prepare the surfaces and/or
strengthen the conductive regions.

In the sensor configuration shown in FIG. 2, an analyte sensing layer 110 (which
istypically a sensor chemistry layer, meaning that materials in this layer undergo a
chemical reaction to produce asignal that can be sensed by the conductive layer) is
disposed on one or more of the exposed electrodes of the conductive layer 104.
Typicaly, the analyte sensing layer 110 is an enzyme layer. Most typicaly, the analyte
sensing layer 110 comprises an enzyme capable of producing and/ or utilizing oxygen
and/ or hydrogen peroxide, for example the enzyme glucose oxidase. Optionally the
enzyme in the analyte sensing layer is combined with a second carrier protein such as
human serum abumin, bovine serum albumin or the like. In anillustrative embodiment,
an oxidoreductase enzyme such as glucose oxidase in the anayte sensing layer 110 reacts
with glucose to produce hydrogen peroxide, acompound which then modulates a
current at an electrode. Asthis modulation of current depends on the concentration of
hydrogen peroxide, and the concentration of hydrogen peroxide correlates to the
concentration of glucose, the concentration of glucose can be determined by monitoring
this modulation in the current. In a specific embodiment of the invention, the hydrogen
peroxide is oxidized at aworking electrode which is an anode (also termed herein the
anodic working electrode), with the resulting current being proportional to the hydrogen
peroxide concentration. Such modulations in the current caused by changing hydrogen
peroxide concentrations can by monitored by any one of avariety of sensor detector
apparatuses such as auniversal 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.

In embodiments of the invention, the analyte sensing layer 110 can be applied
over portions of the conductive layer or over the entire region of the conductive layer.
Typicaly 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 (urn) in thickness, typicaly the analyte sensing layer is relatively thin
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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. Asdiscussed in detail
below, some methods for generating athin analyte sensing layer 110 include brushing the
layer onto a substrate (e.g. the reactive surface of aplatinum black electrode), aswell as
spin coating processes, dip and dry processes, low shear spraying processes, ink-jet
printing processes, silk screen processes and the like. In certain embodiments of the
invention, brushing isused to: (1) allow for aprecise localization of the layer; and (2)
push the layer deep into the architecture of the reactive surface of an electrode (e.g.
platinum black produced by an electrodeposition process).

Typicaly, the analyte sensing layer 110 is coated and or disposed next to one or
more additional layers. Optionally, the one or more additional layers includes aprotein
layer 116 disposed upon the analyte sensing layer 110. Typically, the protein layer 116
comprises aprotein such as human serum albumin, bovine serum abumin or the like.
Typicaly, the protein layer 116 comprises human serum albumin. In some embodiments
of the invention, an additional layer includes an analyte modulating layer 112 that is
disposed above the analyte sensing layer 110 to regulate analyte contact with the anayte
sensing layer 110. For example, the analyte modulating membrane layer 112 can
comprise aglucose 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 awide variety of materials known to
be suitable for such purposes, eg., silicone compounds such as polydimethyl siloxanes,
polyurethanes, polyurea cellulose acetates, Nation, polyester sulfonic acids (e.g. Kodak
AQ), hydrogels or any other suitable hydrophilic membranes known to those skilled in
the art.

In typical embodiments of the invention, an adhesion promoter layer 114 is
disposed between the analyte modulating layer 112 and the analyte sensing layer 110 as
shown in FIG. 2in order to facilitate their contact and/ or adhesion. In a specific
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. 2in order to

facilitate their contact and/ or adhesion. The adhesion promoter layer 114 can be made
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from any one of awide variety of materials known in the art to facilitate the bonding
between such layers. Typically, the adhesion promoter layer 114 comprises asilane
compound. In alternative embodiments, protein or like molecules in the analyte sensing
layer 110 can be sufficiently crosslinked or otherwise prepared to alow the anayte
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.

In certain embodiments of the invention, a sensor isdesigned to include

additional layers such as an interference rejection layer discussed below.

TYPICAL ANALYTE SENSOR CONSTITUENTS USED IN
EMBODIMENTS OF THE INVENTION

The following disclosure provides examples of typical elements/constituents
used in sensor embodiments of the invention. While these elements can be described as
discreet units (e.g. layers), those of skill in the art understand that sensors can be
designed to contain elements having acombination of some or all of the material
properties and/or functions of the elements/constituents discussed below (e.g. an
element that serves both as a supporting base constituent and/ or a conductive
constituent and/ or amatrix for the anayte sensing constituent and which further
functions as an electrode in the sensor). Those in the art understand that these thin film
analyte sensors can be adapted for use in anumber of sensor systems such as those
described below.

BASE CONSTITUENT

Sensors of the invention typically include abase constituent (see, e.g. element 102
in Figure 2). The term "base constituent” isused herein according to art accepted
terminology 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 athin
film sheet of insulative (e.g. electrically insulative and/ or water impermeable) material.

This base constituent can be made of awide variety of materials having desirable qualities

36



WO 2011/063259 PCT/US2010/057474

10

15

20

25

30

such as dielectric properties, water impermeability and hermeticity. Some materials
include metallic, and/ or ceramic and/ or polymeric substrates or the like.

The base constituent may be self-supporting or further supported by another
material asis known in the art. In one embodiment of the sensor configuration shown in
Figure 2, the base constituent 102 comprises a ceramic. Alternatively, the base
constituent comprises a polymeric material such as apolyimmide. In an illustrative
embodiment, the ceramic base comprises a composition that ispredominantly AI203 (e.g.
96%). The use of alumina as an insulating base constituent for use with implantable
devicesisdisclosed in U.S. 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 hermetical vias (see, e.g. WO
03/023388). Depending upon the specific sensor design, the base constituent can be
relatively thick constituent (e.g. thicker than 50, 100, 200, 300, 400, 500 or 1000 microns).
Alternatively, one can utilize anonconductive ceramic, such as aluming, in thin

constituents, e.g., less than about 30 microns.

CONDUCTIVE CONSTITUENT

The electrochemica sensors of the invention typically 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, e.g. element 104 in Figure 2). The term "conductive constituent” is used
herein according to art accepted terminology and refers to electrically conductive sensor
elements such as electrodes which are capable of measuring and a detectable signal and
conducting this to adetection apparatus. An illustrative example of thisis a conductive
constituent that can measure an increase or decrease in current in response to exposure
to astimuli such asthe change in the concentration of an analyte or its byproduct as
compared to areference 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 (e.g. the enzyme glucose oxidase) present in analyte sensing

constituent 110 or areaction product of thisinteraction (e.g. hydrogen peroxide).

37



WO 2011/063259 PCT/US2010/057474

10

15

20

25

30

[llustrative examples of such elements include electrodes which are capable of producing
variable detectable signasin the presence of variable concentrations of molecules such as
hydrogen peroxide or oxygen. Typically one of these electrodes in the conductive
constituent is aworking electrode, which can be made from non-corroding metal or
carbon. A carbon working electrode may bevitreous or graphitic and can be made from
asolid or apaste. A metallic working electrode may be made from platinum group
metals, including palladium or gold, or anon-corroding metallically conducting oxide,
such as ruthenium dioxide. Alternatively the electrode may comprise asilver/ silver
chloride electrode composition. The working electrode may be awire or athin
conducting film applied to a substrate, for example, by coating or printing. Typically,
only aportion of the surface of the metallic or carbon conductor isin 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 constituent 106 include polymers such as polyimides,
polytetrafluoroefhylene, polyhexafluoropropylene and silicones such as polysiloxanes.

In addition to the working electrode, the anayte sensors of the invention typicaly
include areference electrode or acombined reference and counter electrode (also termed
aquasi-reference electrode or acounter/ 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 invention 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.

Typically for in vivo use, embodiments of the present invention are implanted
subcutaneously in the skin of amammal for direct contact with the body fluids of the
mammal, such asblood. Alternatively the sensors can beimplanted into other regions

within the body of amammal such asin the intraperotineal space. When multiple
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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. Embodiments of the invention include sensors comprising
electrodes constructed from nanostructured materials. Asused herein, a"nanostructured
material" is an object manufactured to have at least one dimension smaller than 100 nm.
Examples include, but are not limited to, single-walled nanotubes, double-walled
nanotubes, multi-walled nanotubes, bundles of nanotubes, fullerenes, cocoons,

nanowires, nanofibres, onions and the like.

INTERFERENCE REJECTION CONSTITUENT

The electrochemical sensors of the invention optionally include an interference
rejection constituent disposed between the surface of the electrode and the environment
to be assayed. In particular, certain sensor embodiments rely on the oxidation and/or
reduction of hydrogen peroxide generated by enzymatic reactions on the surface of a
working electrode at aconstant potential applied. Because amperometric detection based
on direct oxidation of hydrogen peroxide requires a relatively high oxidation potential,
sensors employing this detection scheme may suffer interference from oxidizable species
that are present in biological fluids 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. Certain
interference rejection constituents function via size excluson (eg. by excluding
interfering species of a specific size). 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, polytetra-fluoroethylenes, the perfluoronated ionomer
Nafion™, polyphenylenediamine, epoxy and the like. Illustrative discussions of such

interference rejection constituents are found for example in Ward et a., Biosensors and
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Bioelectronics 17 (2002) 181-189 and Choi et al., Analytica Chimica Acta 461 (2002)
251-260 which are incorporated herein by reference. Other interference rejection
constituents include for example those observed to limit the movement of compounds
based upon a molecular weight range, for example cellulose acetate as disclosed for
example in U.S. Patent No. 5,755,939, the contents of which are incorporated by

reference.

ANALYTE SENSING CONSTITUENT

The electrochemical sensors of the invention include an analyte sensing
constituent disposed on the electrodes of the sensor (see, e.g. element 110 in Figure 2).
The term "analyte sensing constituent” isused herein according to art accepted
terminology and refers to a constituent comprising amaterial 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 signa after interacting with the analyte to be sensed, typicaly viathe 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 isread by an apparatus associated with the analyte sensor. Typically, the
analyte sensing constituent comprises an oxidoreductase enzyme capable of reacting with
and/ or producing amolecule 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 oxidase. An
enzyme capable of producing amolecule such as hydrogen peroxide can be disposed on
the electrodes according to anumber of processes known in the art. The analyte sensing
constituent can coat al or aportion 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 different 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.

Typica sensor embodiments of this element of the invention utilize an enzyme
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(e.g. glucose oxidase) that has been combined with a second protein (e.g. albumin) in a
fixed ratio (e.g. one that is typically optimized for glucose oxidase stabilizing properties)
and then applied on the surface of an electrode to form athin enzyme constituent. In a
typical embodiment, the analyte sensing constituent comprises a GOx and HSA mixture.
In atypical embodiment of an analyte sensing constituent having GOx, the GOx reacts
with glucose present in the sensing environment (e.g. the body of amammal) and
generates hydrogen peroxide according to the reaction shown in Figure 1, wherein the
hydrogen peroxide so generated is anodically detected at the working electrode in the
conductive constituent.

Asnoted above, the enzyme and the second protein (e.g. an albumin) are typicaly
treated to form acrosslinked matrix (e.g. by adding across-linking agent to the protein
mixture). Asisknown in the art, crosslinking conditions may be manipulated to
modulate factors such as the retained biological activity of the enzyme, its mechanical
and/ or operational stability. Illustrative crossinking procedures are described in U.S.
Patent Application Serial Number 10/335,506 and PCT publication WO 03/035891
which areincorporated 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 aprotein paste.
The concentration 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 beused. Other suitable cross-linkers also
may be used, aswill be evident to those skilled in the art.

The GOx and/ or carrier protein concentration may vary for different
embodiments of the invention. For example, the GOx concentration may bewithin 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 isabout 115
mg/ml (approximately 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 typicaly is about 5%

w/v. In aternative embodiments of the invention, collagen or BSA or other structural
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proteins used in these contexts can be used instead of or in addition to HSA. Although
GOx isdiscussed 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, aswill be evident to
those skilled in the art. Moreover, athough HSA is employed in the example
embodiment, other structural proteins, such asBSA, collagens or the like, could be used
instead of or in addition to HSA.

Asnoted above, in some embodiments of the invention, the analyte sensing
constituent includes a composition (e.g. glucose oxidase) capable of producing asignal
(e.g. achange in oxygen and/ or hydrogen peroxide concentrations) 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 atarget 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, awide variety of enzymes that either use or produce hydrogen
peroxide and/ or oxygen in areaction with aphysiological 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 elements such
as the electrodes that are incorporated into the sensor designs described herein. Such
enzymes include for example, enzymes specifically described in Table 1, pages 15-29
and/or Table 18, pages 111-112 of Protein Immobilization: Fundamentals and
Applications (Bioprocess Technology, Vol 14) by Richard F. Taylor (Editor) Publisher:
Marcel Dekker; (January 7, 1991) the entire contents of which are incorporated herein by

reference.
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Other useful analyte sensing constituents can be formed to include antibodies
whose interaction with atarget analyte i s capable of producing adetectable 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. Patent No. 5,427,912 (which
isincorporated herein by reference) describes an antibody-based apparatus for
electrochemically determining the concentration of an analyte in a sample. In this device,
amixture is formed which includes the sample to be tested, an enzyme-acceptor
polypeptide, an enzyme-donor polypeptide linked to an analyte analog (enzyme-donor
polypeptide conjugate), alabeled substrate, and an antibody specific for the analyte to be
measured. The analyte and the enzyme-donor polypeptide conjugate competitively bind
to the antibody. 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. Patent No. 5,149,630 (whichisincorporated herein by reference) describes
an electrochemical specific binding assay of aligand (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. U.S. Patent No. 6,410,251 (whichisincorporated herein
by reference) describes an apparatus and method for detecting or assaying one
constituting member in a specific binding pair; for example, the antigen in an
antigen/ antibody pair, by utilizing specific binding such as binding between an antigen
and an antibody, together with redox reaction for detecting alabel, wherein an oxygen
micro-electrode with a sensing surface areais used. In addition, U.S. Patent No.
4,402,819 (whichisincorporated herein by reference) describes an antibody-selective

potentiometric electrode for the quantitative determination of antibodies (as the analyte)
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in dilute liquid serum samples employing an insoluble membrane incorporating an
antigen having bonded thereto anion carrier effecting the permeability of preselected
cations therein, which permeability isafunction of specific antibody concentrations in
analysis, and the corresponding method of analysis. For related disclosures, see also U.S.
Patent Nos. 6,703,210, 5,981,203, 5,705,399 and 4,894,253, the contents of which are
incorporated herein by reference.

In addition to enzymes and antibodies, other exemplary materials for use in the
analyte sensing constituents of the sensors disclosed herein include polymers that bind
specific types of cells or cell components (e.g. 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 avisible accumulation of the
desired analyte (eg., cells). Sensing elements can also be formed from materials that are
essentially non-reactive (i.e., controls). The foregoing alternative sensor elements are
beneficially included, for example, in sensors for use in cell-sorting assays and assays for
the presence of pathogenic organisms, such asviruses (HIV, hepatitis-C, etc.), bacteria,
protozoa and the like.

Also contemplated are analyte sensors that measure an analyte that ispresent in
the external environment and that can in itself produce ameasurable change in current at
an electrode. In sensors measuring such analytes, the analyte sensing constituent can be

optional.

PROTEIN CONSTITUENT

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 Figure 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
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concentration isabout 1-10% w/v, and most typicaly is about 5% w/v. |n dternative
embodiments 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 istypically

crosslinked on the analyte sensing constituent according to art accepted protocols.

ADHESION PROMOTING CONSTITUENT

The electrochemical sensors of the invention can include one or more adhesion
promoting (AP) constituents (see, e.g. element 114 in Figure 2). The term "adhesion
promoting constituent” isused herein according to art accepted terminology and refers
to aconstituent that includes materials selected for their ability to promote adhesion
between adjoining constituents in the sensor. Typically, the adhesion promoting
constituent isdisposed between the analyte sensing constituent and the analyte
modulating constituent. Typically, the adhesion promoting constituent is disposed
between the optional protein constituent and the analyte modulating constituent. The
adhesion promoter constituent can be made from any one of awide variety of materials
known in the art to facilitate the bonding between such constituents and can be applied
by any one of awide variety of methods known in the art. Typically, the adhesion
promoter constituent comprises a silane compound such asy-
aminopropyltrimethoxysilane.

The use of silane coupling reagents, especialy those of the formula R'SI(OR) 3 in
which R istypically an aiphatic group with aterminal amine and R is alower akyl
group, to promote adhesion isknown in the art (see, eg. U.S. Patent No. 5,212,050
which isincorporated herein by reference). For example, chemically modified electrodes
in which asilane such as y-aminopropyltriethoxysilane and glutaraldehyde were used in a
step-wise process to attach and to co-crosslink bovine serum abumin (BSA) and glucose
oxidase (GOx) to the electrode surface arewell known in the art (see, eg. Yao, T.
Analytica Chim. Acta 1983, 148, 27-33).

In certain embodiments of the invention, the adhesion promoting constituent
further comprises one or more compounds that can also be present in an adjacent

constituent such as the polydimethyl siloxane (PDMS) compounds that serves to limit
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the diffusion of analytes such as glucose through the analyte modulating constituent. In
illustrative embodiments the formulation comprises 0.5-20% PDMS, typicaly 5-15%
PDMS, and most typically 10% PDMS. In certain embodiments of the invention, the
adhesion promoting constituent is crosslinked within the layered sensor system and
correspondingly includes an agent selected for its ability to crosslink amoiety present in a
proximal constituent such as the analyte modulating constituent. In illustrative
embodiments of the invention, the adhesion promoting constituent includes an agent
selected for its ability to crosslink an amine or carboxyl moiety of aprotein present in a
proximal constituent such athe analyte sensing constituent and/ or the protein

constituent and or a siloxane moiety present in acompound disposed in aproximal layer

such as the analyte modulating layer.

ANALYTE MODULATING CONSTITUENT

The electrochemical sensors of the invention include an analyte modulating
constituent disposed on the sensor (see, eg. element 112 in Figure 2). The term "anayte
modulating constituent” isused herein according to art accepted terminology and refers
to acongtituent that typically forms amembrane 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
constituents 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. 0 ,).

With respect to glucose sensors, in known enzyme electrodes, glucose and
oxygen from blood, aswell as some interferents, such as ascorbic acid and uric acid,
diffuse through aprimary membrane of the sensor. Asthe glucose, oxygen and

interferents reach the analyte sensing constituent, an enzyme, such asglucose oxidase,
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catalyzes the conversion of glucose to hydrogen peroxide and gluconolactone. The
hydrogen peroxide may diffuse back through the analyte modulating constituent, or it
may diffuse to an electrode where it can be reacted to form oxygen and aproton to
produce acurrent that is proportional to the glucose concentration. The sensor
membrane assembly serves severa functions, including selectively alowing the passage of
glucose therethrough. In this context, an illustrative analyte modulating constituent isa
semi-permeable membrane which permits passage of water, oxygen and at least one
selective analyte and which has the ability to absorb water, the membrane having awater
soluble, hydrophilic polymer.

A variety of illustrative analyte modulating compositions are known in the art and
are described for examplein U.S. Patent 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 avariety of implantable
devices for which it is advantageous to provide asurrounding water constituent. In some
embodiments of the invention, the analyte modulating composition includes PDMS. In
certain embodiments of the invention, the analyte modulating constituent includes an
agent selected for its ability to crosslink a siloxane moiety present in aproximal
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 aprotein present in aproximal constituent.

COVER CONSTITUENT

The electrochemical sensors of the invention include one or more cover
constituents which are typically electricaly insulating protective constituents (see, e.g.
element 106 in Figure 2). Typically, such cover constituents can bein the form of a
coating, sheath or tube and are disposed on at least aportion 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
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photolithographic forming of apertures through to the conductive constituent. A typical
cover constituent comprises spun on silicone. Asisknown in the art, this constituent
can be acommercialy available RTV (room temperature vulcanized) silicone
composition. A typical chemistry in this context is polydimethyl siloxane (acetoxy

5  based).
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CLAIMS:
1. An analyte sensor system comprising:
(@ an amperometric analyte sensor comprising:
abase layer;
a conductive layer disposed on the base layer and comprising aworking
electrode;
an analyte sensing layer disposed on the conductive layer;
an analyte modulating layer disposed on the analyte sensing layer; and
(b) amultiple-conductor electrical lead comprising:
acentral core; and
at least one ribbon cable coiled around the central core along alength of
the central core, the at least one ribbon cable comprising aplurality of separate
electrical conductors coupled together along their lengths in series and electrically

insulated from one another with an insulating material.

2. The analyte sensor system of claim 1, wherein the multiple-conductor electrical
lead comprises afirst ribbon cable coiled around the central core and one or more

further ribbon cable layers coiled around the first ribbon cable.

3. The analyte sensor system of claim 1, wherein an electrical conductor in the

ribbon cable comprises anoble metal composition.

4. The analyte sensor system of claim 1, wherein the central core of the multiple-
conductor electrical lead comprises:

aflexible polymeric composition;

a stainless steel composition; or

a shape memory nickel titanium composition.

5. The analyte sensor system of claim 1, wherein the sensor is adapted to function

using an electrical signal whose polarity is fixed and whose amplitude remains constant
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with respect to time.

6. The analyte sensor system of claim 1, wherein the conductive layer comprises a
plurality of working, counter or reference electrodes that are grouped together as aunit

and positionally distributed in arepeating pattern of units.

7. The analyte sensor system of claim 1, wherein the system comprises:
asensor input capable of receiving signals from the amperometric anayte
sensor; and
aprocessor coupled to the sensor input, wherein the processor is capable of
analyzing and/ or characterizing one or more signals received from the amperometric

analyte sensor.

8. The analyte sensor system of claim 1, wherein the amperometric analyte sensor is

aglucose sensor that isimplanted in vivo.

9. The analyte sensor system of claim 8, further comprising:

aflexible sensor substrate; and

acontact pad;
wherein the contact pad and the implanted sensor are operatively coupled to the flexible
sensor substrate in aconfiguration that facilitates sensor function as the implanted sensor

twists and bends in response to movement of auser.

10. A multiple-conductor electrical lead, comprising:

acentral core; and

at least one ribbon cable coiled around the central core along alength of the
central core, the at least one ribbon cable comprising aplurality of separate electrical
conductors coupled together along their lengths in series and electrically insulated from

one another with an insulating material.
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11. The multiple-conductor electrical lead of claim 10, wherein the at least one
ribbon cableis coiled around the central core having abroad side towards the central

core.

12. The multiple-conductor electrical lead of claim 10, wherein the at least one
ribbon cable comprises afirst cable layer coiled around the central core and one or more

additional cable layers coiled around the first cable layer over the first cable layer.

13. The multiple-conductor electrical lead of claim 10, wherein the at least one
ribbon cableis apair of ribbon cables disposed adjacent to each other along their edges

coiled around the central core.

14. The multiple-conductor electrical lead of claim 1, wherein the at least one ribbon
cableis asingle ribbon cable coiled around the central core such that a substantially

uniform gap isformed between coils of the single ribbon cable.

15. A method of producing multiple-conductor electrical lead, comprising:
supporting acentral core; and

wrapping at least one ribbon cable continuously around the supported central
core along alength of the central core such that the at least one ribbon cableis coiled
around the central core, the at least one ribbon cable comprising aplurality of separate
electrical conductors coupled together along their lengths in series and electrically

insulated from one another with an insulating material.

16. The method of claim 15, wherein the at least one ribbon cableis coiled around

the central core having abroad side towards the central core.

17. The method of claim 15, wherein wrapping the at least one ribbon cable
comprises wrapping afirst cable layer around the central core and wrapping one or more

additional cable layers around the first cable layer over the first cable layer.
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18. The method of claim 15, wherein the at least one ribbon cableis apair of ribbon
cables wrapped around the central core together and disposed adjacent to each other

along their edges coiled around the central core.
19. The method of claim 15, wherein the least one ribbon cableis a single ribbon
cable coiled around the central core such that a substantialy uniform gap is formed

between coils of the single ribbon cable.

20. The method of claim 15, wherein the central core comprises ametal or a

polymeric composition.
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