Case 1:05-cv-00590-GMS  Document 1-10  Filed 08/11/2005 Page 1 of 38

EXHIBITD
(PART 1 OF 3)



case os<uanssoos ooy MR ARMITN >

a2 United States Patent
Say et al.

(10) Patent No.:
45) Date of Patent:

US 6,565,509 B1
May 20, 2003

(549) ANALYTE MONITORING DEVICE AND
METHODS OF USE

(75) Inventors: James Say, Alameda, CA (US);
Michael F. Tomasco, Cupertino, CA
(US); Adam Heller, Austin, TX (US);
Yoram Gal, Kibbutz Yagur (IL);
Behrad Aria, Alameda, CA (US);
Ephraim Heller, Oakland, CA (US);
Phillip John Plante, Sunnyvale, CA
(US); Mark S. Vreeke, Alameda, CA
(US); Keith A. Friedman, Austin, TX
(US); Fredric C. Colman, Berkeley,

CA (US)
(73) Assignee: TheraSense, Inc., Alameda, CA (US)
(*) Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 104 days.
(21) Appl. No.: 09/667,199
(22) Filed: Sep. 21, 2000
Related U.S. Application Data
(63) Continuation of application No. 09/070,677, filed on Apr.
30, 1998.
(51) Int.CL7 ......ccccoovvvvvvcene. A6LB 5/00; A61B 5/05
(52) US.Cl .........ccceeee.. 600/365; 600/347; 600/345
(58) Field of Search ...........c..cccceeeee 600/365, 345,
600/346, 347, 354, 357, 366, 309
(56) References Cited
U.S. PATENT DOCUMENTS
3,260,656 A 7/1966 Ross, Jr.
3,653,841 A 4/1972 Klein
3,719,564 A 3/1973 Lilly, Jr. et al.
3,776,832 A 12/1973 Oswin et al.
3,837,339 A 9/1974 Aisenberg et al.
3,926,760 A 12/1975 Allen et al.
3,972,320 A 8/1976 Kalman
3,979,274 A 9/1976 Newman

2/1977 Kowarski
4/1977 Lawton

4,008,717 A
4,016,866 A

(List continued on next page.)
FOREIGN PATENT DOCUMENTS

DE 29 03 216
DE 227 029 A3

8/1979
9/1985

(List continued on next page.)
OTHER PUBLICATIONS

Abruna, H. D. et al, “Rectifying Interfaces Using
Two—Layer Films of Electrochemically Polymerized
Vinylpyridine and Vinylbipyridine Complexes of Ruthe-
nium and Iron on Electrodes,” J. Am. Chem. Soc.,
103(1):1-5 (Jan. 14, 1981).

(List continued on next page.)

Primary Examiner—Max F. Hindenburg
Assistant Examiner—Navin Natnithithadha
(74) Attorney, Agent, or Firm—Merchant & Gould P.C.

7) ABSTRACT

An analyte monitor includes a sensor, a sensor control unit,
and a display unit. The sensor has, for example, a substrate,
a recessed channel formed in the substrate, and conductive
material disposed in the recessed channel to form a working
electrode. The sensor control unit typically has a housing
adapted for placement on skin and is adapted to receive a
portion of an electrochemical sensor. The sensor control unit
also includes two or more conductive contacts disposed on
the housing and configured for coupling to two or more
contact pads on the sensor. A transmitter is disposed in the
housing and coupled to the plurality of conductive contacts
for transmitting data obtained using the sensor. The display
unit has a receiver for receiving data transmitted by the
transmitter of the sensor control unit and a display coupled
to the receiver for displaying an indication of a level of an
analyte. The analyte monitor may also be part of a drug
delivery system to alter the level of the analyte based on the
data obtained using the sensor.
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ANALYTE MONITORING DEVICE AND
METHODS OF USE

This application is a continuation of application Ser. No.
09/070,677, filed Apr. 30, 1998, which is incorporated
herein by reference.

FIELD OF THE INVENTION

The present invention is, in general, directed to devices
and methods for the in vivo monitoring of an analyte, such
as glucose or lactate. More particularly, the present inven-
tion relates to devices and methods for the in vivo monitor-
ing of an analyte using an electrochemical sensor to provide
information to a patient about the level of the analyte.

BACKGROUND OF THE INVENTION

The monitoring of the level of glucose or other analytes,
such as lactate or oxygen, in certain individuals is vitally
important to their health. High or low levels of glucose or
other analytes may have detrimental effects. The monitoring
of glucose is particularly important to individuals with
diabetes, as they must determine when insulin is needed to
reduce glucose levels in their bodies or when additional
glucose is needed to raise the level of glucose in their bodies.

A conventional technique used by many diabetics for
personally monitoring their blood glucose level includes the
periodic drawing of blood, the application of that blood to a
test strip, and the determination of the blood glucose level
using colorimetric, electrochemical, or photometric detec-
tion. This technique does not permit continuous or automatic
monitoring of glucose levels in the body, but typically must
be performed manually on a periodic basis. Unfortunately,
the consistency with which the level of glucose is checked
varies widely among individuals. Many diabetics find the
periodic testing inconvenient and they sometimes forget to
test their glucose level or do not have time for a proper test.
In addition, some individuals wish to avoid the pain asso-
ciated with the test. These situations may result in hyperg-
lycemic or hypoglycemic episodes. An in vivo glucose
sensor that continuously or automatically monitors the indi-
vidual’s glucose level would enable individuals to more
easily monitor their glucose, or other analyte, levels.

A variety of devices have been developed for continuous
or automatic monitoring of analytes, such as glucose, in the
blood stream or interstitial fluid. A number of these devices
use electrochemical sensors which are directly implanted
into a blood vessel or in the subcutaneous tissue of a patient.
However, these devices are often difficult to reproducibly
and inexpensively manufacture in large numbers. In
addition, these devices are typically large, bulky, and/or
inflexible, and many can not be used effectively outside of
a controlled medical facility, such as a hospital or a doctor’s
office, unless the patient is restricted in his activities.

Some devices include a sensor guide which rests on or
near the skin of the patient and may be attached to the patient
to hold the sensor in place. These sensor guides are typically
bulky and do not allow for freedom of movement. In
addition, the sensor guides or the sensors include cables or
wires for connecting the sensor to other equipment to direct
the signals from the sensors to an analyzer. The size of the
sensor guides and presence of cables and wires hinders the
convenient use of these devices for everyday applications.
There is a need for a small, compact device that can operate
the sensor and provide signals to an analyzer without
substantially restricting the movements and activities of a
patient.
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The patient’s comfort and the range of activities that can
be performed while the sensor is implanted are important
considerations in designing extended-use sensors for con-
tinuous or automatic in vivo monitoring of the level of an
analyte, such as glucose. There is a need for a small,
comfortable device which can continuously monitor the
level of an analyte, such as glucose, while still permitting the
patient to engage in normal activities. Continuous and/or
automatic monitoring of the analyte can provide a warning
to the patient when the level of the analyte is at or near a
threshold level. For example, if glucose is the analyte, then
the monitoring device might be configured to warn the
patient of current or impending hyperglycemia or hypogly-
cemia. The patient can then take appropriate actions.

SUMMARY OF THE INVENTION

Generally, the present invention relates to methods and
devices for the continuous and/or automatic in vivo moni-
toring of the level of an analyte using a subcutaneously
implantable sensor. Many of these devices are small and
comfortable when used, thereby allowing a wide range of
activities. One embodiment is a sensor control unit having a
housing adapted for placement on skin. The housing is also
adapted to receive a portion of an electrochemical sensor.
The sensor control unit includes two or more conductive
contacts disposed on the housing and configured for cou-
pling to two or more contact pads on the sensor. A trans-
mitter is disposed in the housing and coupled to the plurality
of conductive contacts for transmitting data obtained using
the sensor. The sensor control unit may also include a variety
of optional components, such as, for example, adhesive for
adhering to the skin, a mounting unit, a receiver, a process-
ing circuit, a power supply (e.g., a battery), an alarm system,
a data storage unit, a watchdog circuit, and a measurement
circuit. Other optional components are described below.

Another embodiment of the invention is a sensor assem-
bly that includes the sensor control unit described above.
The sensor assembly also includes a sensor having at least
one working electrode and at least one contact pad coupled
to the working electrode or electrodes. The sensor may also
include optional components, such as, for example, a
counter electrode, a counter/reference electrode, a reference
electrode, and a temperature probe. Other components and
options for the sensor are described below.

A further embodiment of the invention is an analyte
monitoring system that includes the sensor control unit
described above. The analyte monitoring system also
includes a sensor that has at least one working electrode and
at least one contact pad coupled to the working electrode or
electrodes. The analyte monitoring system also includes a
display unit that has a receiver for receiving data from the
sensor control unit and a display coupled to the receiver for
displaying an indication of the level of an analyte. The
display unit may optionally include a variety of components,
such as, for example, a transmitter, an analyzer, a data
storage unit, a watchdog circuit, an input device, a power
supply, a clock, a lamp, a pager, a telephone interface, a
computer interface, an alarm or alarm system, a radio, and
a calibration unit. Further components and options for the
display unit are described below. In addition, the analyte
monitoring system or a component of the analyte monitoring
system may optionally include a processor capable of deter-
mining a drug or treatment protocol and/or a drug delivery
system.

Yet another embodiment of the invention is an insertion
kit for inserting an electrochemical sensor into a patient. The
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insertion kit includes an inserter. A portion of the inserter has
a sharp, rigid, planer structure adapted to support the sensor
during insertion of the electrochemical sensor. The insertion
kit also includes an insertion gun having a port configured to
accept the electrochemical sensor and the inserter. The
insertion gun has a driving mechanism for driving the
inserter and electrochemical sensor into the patient, and a
retraction mechanism for removing the inserter while leav-
ing the sensor within the patient.

Another embodiment is a method of using an electro-
chemical sensor. A mounting unit is adhered to skin of a
patient. An insertion gun is aligned with a port on the
mounting unit. The electrochemical sensor is disposed
within the insertion gun and then the electrochemical sensor
is inserted into the skin of the patient using the insertion gun.
The insertion gun is removed and a housing of the sensor
control unit is mounted on the mounting base. A plurality of
conductive contacts disposed on the housing is coupled to a
plurality of contact pads disposed on the electrochemical
sensor to prepare the sensor for use.

One embodiment of the invention is a method for detect-
ing failures in an implanted analyte-responsive sensor. An
analyte-responsive sensor is implanted into a patient. The
analyte-responsive sensor includes N working electrodes,
where N is an integer and is two or greater, and a common
counter electrode. Signals generated at one of the N working
electrodes and at the common counter electrode are then
obtained and the sensor is determined to have failed if the
signal from the common counter electrode is not N times the
signal from one of the working electrodes, within a prede-
termined threshold limit.

Yet another embodiment is a method of calibrating an
electrochemical sensor having one or more working elec-
trodes implanted in a patient. A signal is generated from each
of the working electrodes. Several conditions are tested to
determine if calibration is appropriate. First, the signals from
each of the one or more working electrodes should differ by
less than a first threshold amount. Second, the signals from
each of the one or more working electrodes should be within
a predetermined range. And, third, a rate of change of the
signals from each of the one or more working electrodes
should be less than a second threshold amount. A calibration
value is found assaying a calibration sample of a patient’s
body fluid. The calibration value is then related to at least
one of the signals from the one or more working electrodes
if the conditions described above are met.

A further embodiment is a method for monitoring a level
of an analyte. A sensor is inserted into a skin of a patient and
a sensor control unit is attached to the skin of the patient.
Two or more conductive contacts on the sensor control unit
are coupled to contact pads on the sensor. Then, using the
sensor control unit, data is collected regarding a level of an
analyte from signals generated by the sensor. The collected
data is transmitted to a display unit and an indication of the
level of the analyte is displayed on the display unit.

The above summary of the present invention is not
intended to describe each disclosed embodiment or every
implementation of the present invention. The Figures and
the detailed description which follow more particularly
exemplify these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be more completely understood in
consideration of the following detailed description of vari-
ous embodiments of the invention in connection with the
accompanying drawings, in which:
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FIG. 1 is a block diagram of one embodiment of a
subcutaneous analyte monitor using a subcutaneously
implantable analyte sensor, according to the invention;

FIG. 2 is a top view of one embodiment of an analyte
sensor, according to the invention;

FIG. 3A s a cross-sectional view of the analyte sensor of
FIG. 2;

FIG. 3B is a cross-sectional view of another embodiment
of an analyte sensor, according to the invention;

FIG. 4A is a cross-sectional view of a third embodiment
of an analyte sensor, according to the invention;

FIG. 4B is a cross-sectional view of a fourth embodiment
of an analyte sensor, according to the invention;

FIG. 5 is an expanded top view of a tip portion of the
analyte sensor of FIG. 2;

FIG. 6 is a cross-sectional view of a fifth embodiment of
an analyte sensor, according to the invention;

FIG. 7 is an expanded top view of a tip-portion of the
analyte sensor of FIG. 6;

FIG. 8 is an expanded bottom view of a tip-portion of the
analyte sensor of FIG. 6;

FIG. 9 is a side view of the analyte sensor of FIG. 2;
FIG. 10 is a top view of the analyte sensor of FIG. 6;
FIG. 11 is a bottom view of the analyte sensor of FIG. 6;
FIG. 12 is an expanded side view of one embodiment of
a sensor and an insertion device, according to the invention;

FIGS. 13A, 13B, 13C are cross-sectional views of three
embodiments of the insertion device of FIG. 12;

FIG. 14 is a cross-sectional view of one embodiment of a
on-skin sensor control unit, according to the invention;

FIG. 15 is a top view of a base of the on-skin sensor
control unit of FIG. 14,

FIG. 16 is a bottom view of a cover of the on-skin sensor
control unit of FIG. 14;

FIG. 17 is a perspective view of the on-skin sensor control
unit of FIG. 14 on the skin of a patient;

FIG. 18A is a block diagram of one embodiment of an
on-skin sensor control unit, according to the invention;

FIG. 18B is a block diagram of another embodiment of an
on-skin sensor control unit, according to the invention;

FIGS. 19A, 19B, 19C, and 19D are cross-sectional views
of four embodiments of conductive contacts disposed on an
interior surface of a housing of an on-skin sensor control
unit, according to the invention;

FIGS. 19E and 19F are cross-sectional views of two
embodiments of conductive contacts disposed on an exterior
surface of a housing of an on-skin sensor control unit,
according to the invention;

FIGS. 20A and 20B are schematic diagrams of two
embodiments of a current-to-voltage converter for use in an
analyte monitoring device, according to the invention;

FIG. 21 is a block diagram of one embodiment of an open
loop modulation system for use in an analyte monitoring
device, according to the invention;

FIG. 22 is a block diagram of one embodiment of a
receiver/display unit, according to the invention;

FIG. 23 is a front view of one embodiment of a receiver/
display unit;

FIG. 24 is a front view of a second embodiment of a
receiver/display unit;

FIG. 25 is a block diagram of one embodiment of a drug
delivery system, according to the invention;
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FIG. 26 is a perspective view of the internal structure of
an insertion gun, according to the invention;

FIG. 27A is a top view of one embodiment of an on-skin
sensor control unit, according to the invention;

FIG. 27B is a top view of one embodiment of a mounting
unit of the on-skin sensor control unit of FIG. 27A,

FIG. 28A is a top view of another embodiment of an
on-skin sensor control unit after insertion of an insertion
device and a sensor, according to the invention;

FIG. 28B is a top view of one embodiment of a mounting
unit of the on-skin sensor control unit of FIG. 28A,;

FIG. 28C is a top view of one embodiment of a housing
for at least a portion of the electronics of the on-skin sensor
control unit of FIG. 28A,;

FIG. 28D is a bottom view of the housing of FIG. 28C;
and

FIG. 28E is a top view of the on-skin sensor control unit
of FIG. 28A with a cover of the housing removed.

While the invention is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in
detail. It should be understood, however, that the intention is
not to limit the invention to the particular embodiments
described. On the contrary, the intention is to cover all
modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the
appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is applicable to an analyte moni-
toring system using an implantable sensor for the in vivo
determination of a concentration of an analyte, such as
glucose or lactate, in a fluid. The sensor can be, for example,
subcutaneously implanted in a patient for the continuous or
periodic monitoring an analyte in a patient’s interstitial fluid.
This can then be used to infer the glucose level in the
patient’s bloodstream. Other in vivo analyte sensors can be
made, according to the invention, for insertion into a vein,
artery, or other portion of the body containing fluid. The
analyte monitoring system is typically configured for moni-
toring the level of the analyte over a time period which may
range from days to weeks or longer.

The following definitions are provided for terms used
herein:

A “counter electrode” refers to an electrode paired with
the working electrode, through which passes a current equal
in magnitude and opposite in sign to the current passing
through the working electrode. In the context of the
invention, the term “counter electrode” is meant to include
counter electrodes which also function as reference elec-
trodes (i.e., a counter/reference electrode).

An “electrochemical sensor” is a device configured to
detect the presence and/or measure the level of an analyte in
a sample via electrochemical oxidation and reduction reac-
tions on the sensor. These reactions are transduced to an
electrical signal that can be correlated to an amount,
concentration, or level of an analyte in the sample.

“Electrolysis” is the electrooxidation or electroreduction
of a compound either directly at an electrode or via one or
more electron transfer agents.

A compound is “immobilized” on a surface when it is
entrapped on or chemically bound to the surface.

A “non-leachable” or “non-releasable” compound or a
compound that is “non-Teachably disposed” is meant to
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define a compound that is affixed on the sensor such that it
does not substantially diffuse away from the working surface
of the working electrode for the period in which the sensor
is used (e.g., the period in which the sensor is implanted in
a patient or measuring a sample).

Components are “immobilized” within a sensor, for
example, when the components are covalently, ionically, or
coordinatively bound to constituents of the sensor and/or are
entrapped in a polymeric or sol-gel matrix or membrane
which precludes mobility.

An “electron transfer agent” is a compound that carries
electrons between the analyte and the working electrode,
either directly, or in cooperation with other electron transfer
agents. One example of an electron transfer agent is a redox
mediator.

A“working electrode” is an electrode at which the analyte
(or a second compound whose level depends on the level of
the analyte) is electrooxidized or electroreduced with or
without the agency of an electron transfer agent.

A “working surface” is that portion of the working
electrode which is coated with or is accessible to the electron
transfer agent and configured for exposure to an analyte-
containing fluid.

A “sensing layer” is a component of the sensor which
includes constituents that facilitate the electrolysis of the
analyte. The sensing layer may include constituents such as
an electron transfer agent, a catalyst which catalyzes a
reaction of the analyte to produce a response at the electrode,
or both. In some embodiments of the sensor, the sensing
layer is non-leachably disposed in proximity to or on the
working electrode.

A “non-corroding” conductive material includes non-
metallic materials, such as carbon and conductive polymers.
Analyte Sensor Systems

The analyte monitoring systems of the present invention
can be utilized under a variety of conditions. The particular
configuration of a sensor and other units used in the analyte
monitoring system may depend on the use for which the
analyte monitoring system is intended and the conditions
under which the analyte monitoring system will operate.
One embodiment of the analyte monitoring system includes
a sensor configured for implantation into a patient or user.
For example, implantation of the sensor may be made in the
arterial or venous systems for direct testing of analyte levels
in blood. Alternatively, a sensor may be implanted in the
interstitial tissue for determining the analyte level in inter-
stitial fluid. This level may be correlated and/or converted to
analyte levels in blood or other fluids. The site and depth of
implantation may affect the particular shape, components,
and configuration of the sensor. Subcutaneous implantation
may be preferred, in some cases, to limit the depth of
implantation of the sensor. Sensors may also be implanted in
other regions of the body to determine analyte levels in other
fluids. Examples of suitable sensor for use in the analyte
monitoring systems of the invention are described in U.S.
patent application, Ser. No. 09/034,372, incorporated herein
by reference.

One embodiment of the analyte monitoring system 40 for
use with an implantable sensor 42, and particularly for use
with a subcutaneously implantable sensor, is illustrated in
block diagram form in FIG. 1. The analyte monitoring
system 40 includes, at minimum, a sensor 42, a portion of
which is configured for implantation (e.g., subcutaneous,
venous, or arterial implantation) into a patient, and a sensor
control unit 44. The sensor 42 is coupled to the sensor
control unit 44 which is typically attached to the skin of a
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patient. The sensor control unit 44 operates the sensor 42,
including, for example, providing a voltage across the
electrodes of the sensor 42 and collecting signals from the
sensor 42. The sensor control unit 44 may evaluate the
signals from the sensor 42 and/or transmit the signals to one
or more optional receiver/display units 46, 48 for evaluation.
The sensor control unit 44 and/or the receiver/display units
46, 48 may display or otherwise communicate the current
level of the analyte. Furthermore, the sensor control unit 44
and/or the receiver/display units 46, 48 may indicate to the
patient, via, for example, an audible, visual, or other
sensory-stimulating alarm, when the level of the analyte is
at or near a threshold level. In some embodiments, a
electrical shock can be delivered to the patient as a warning
through one of the electrodes or the optional temperature
probe of the sensor. For example, if glucose is monitored
then an alarm may be used to alert the patient to a hypogly-
cemic or hyperglycemic glucose level and/or to impending
hypoglycemia or hyperglycemia.

The Sensor

A sensor 42 includes at least one working electrode 58
formed on a substrate 50, as shown in FIG. 2. The sensor 42
may also include at least one counter electrode 60 (or
counter/reference electrode) and/or at least one reference
electrode 62 (see FIG. 8). The counter electrode 60 and/or
reference electrode 62 may be formed on the substrate 50 or
may be separate units. For example, the counter electrode
and/or reference electrode may be formed on a second
substrate which is also implanted in the patient or, for some
embodiments of the implantable sensors, the counter elec-
trode and/or reference electrode may be placed on the skin
of the patient with the working electrode or electrodes being
implanted into the patient. The use of an on-the-skin counter
and/or reference electrode with an implantable working
electrode is described in U.S. Pat. No. 5,593,852, incorpo-
rated herein by reference.

The working electrode or electrodes 58 are formed using
conductive traces 52 disposed on the substrate 50. The
counter electrode 60 and/or reference electrode 62, as well
as other optional portions of the sensor 42, such as a
temperature probe 66 (see FIG. 8), may also be formed using
conductive traces 52 disposed on the substrate 50. These
conductive traces 52 may be formed over a smooth surface
of the substrate 50 or within channels 54 formed by, for
example, embossing, indenting or otherwise creating a
depression in the substrate 50.

Asensing layer 64 (see FIGS. 3A and 3B) is often formed
proximate to or on at least one of the working electrodes 58
to facilitate the electrochemical detection of the analyte and
the determination of its level in the sample fluid, particularly
if the analyte can not be electrolyzed at a desired rate and/or
with a desired specificity on a bare electrode. The sensing
layer 64 may include an electron transfer agent to transfer
electrons directly or indirectly between the analyte and the
working electrode 58. The sensing layer 64 may also contain
a catalyst to catalyze a reaction of the analyte. The compo-
nents of the sensing layer may be in a fluid or gel that is
proximate to or in contact with the working electrode 58.
Alternatively, the components of the sensing layer 64 may
be disposed in a polymeric or sol-gel matrix that is proxi-
mate to or on the working electrode 58. Preferably, the
components of the sensing layer 64 are non-leachably dis-
posed within the sensor 42. More preferably, the compo-
nents of the sensor 42 are immobilized within the sensor 42.

In addition to the electrodes 58, 60, 62 and the sensing
layer 64, the sensor 42 may also include a temperature probe
66 (see FIGS. 6 and 8), a mass transport limiting layer 74

10

15

20

25

30

35

40

45

50

55

60

65

8

(see FIG. 9), a biocompatible layer 75 (see FIG. 9), and/or
other optional components, as described below. Each of
these items enhances the functioning of and/or results from
the sensor 42, as discussed below.

The Substrate

The substrate 50 may be formed using a variety of
non-conducting materials, including, for example, poly-
meric or plastic materials and ceramic materials. Suitable
materials for a particular sensor 42 may be determined, at
least in part, based on the desired use of the sensor 42 and
properties of the materials.

In some embodiments, the substrate is flexible. For
example, if the sensor 42 is configured for implantation into
a patient, then the sensor 42 may be made flexible (although
rigid sensors may also be used for implantable sensors) to
reduce pain to the patient and damage to the tissue caused by
the implantation of and/or the wearing of the sensor 42. A
flexible substrate 50 often increases the patient’s comfort
and allows a wider range of activities. Suitable materials for
a flexible substrate 50 include, for example, non-conducting
plastic or polymeric materials and other non-conducting,
flexible, deformable materials. Examples of useful plastic or
polymeric materials include thermoplastics such as
polycarbonates, polyesters (e.g., Mylar™ and polyethylene
terephthalate (PET)), polyvinyl chloride (PVC),
polyurethanes, polyethers, polyamides, polyimides, or
copolymers of these thermoplastics, such as PETG (glycol-
modified polyethylene terephthalate).

In other embodiments, the sensors 42 are made using a
relatively rigid substrate 50 to for example, provide struc-
tural support against bending or breaking. Examples of rigid
materials that may be used as the substrate 50 include poorly
conducting ceramics, such as aluminum oxide and silicon
dioxide. One advantage of an implantable sensor 42 having
a rigid substrate is that the sensor 42 may have a sharp point
and/or a sharp edge to aid in implantation of a sensor 42
without an additional insertion device.

It will be appreciated that for many sensors 42 and sensor
applications, both rigid and flexible sensors will operate
adequately. The flexibility of the sensor 42 may also be
controlled and varied along a continuum by changing, for
example, the composition and/or thickness of the substrate
50.

In addition to considerations regarding flexibility, it is
often desirable that implantable sensors 42 should have a
substrate 50 which is non-toxic. Preferably, the substrate 50
is approved by one or more appropriate governmental agen-
cies or private groups for in vivo use.

The sensor 42 may include optional features to facilitate
insertion of an implantable sensor 42, as shown in FIG. 12.
For example, the sensor 42 may be pointed at the tip 123 to
ease insertion. In addition, the sensor 42 may include a barb
125 which assists in anchoring the sensor 42 within the
tissue of the patient during operation of the sensor 42.
However, the barb 125 is typically small enough that little
damage is caused to the subcutaneous tissue when the sensor
42 is removed for replacement.

Although the substrate 50 in at least some embodiments
has uniform dimensions along the entire length of the sensor
42, in other embodiments, the substrate 50 has a distal end
67 and a proximal end 65 with different widths 53, 55,
respectively, as illustrated in FIG. 2. In these embodiments,
the distal end 67 of the substrate 50 may have a relatively
narrow width 53. For sensors 42 which are implantable into
the subcutaneous tissue or another portion of a patient’s
body, the narrow width 53 of the distal end 67 of the
substrate 50 may facilitate the implantation of the sensor 42.
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