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Description

TECHNICAL FIELD OF THE INVENTION

[0001] Thisinventionrelates generally to the manufac-
ture and use of sensor systems suitable for subcutane-
ous implantation, intravenous use, and other placements
involving direct contact between the sensor and the tis-
sue or fluid to be sampled. Such sensor systems are
capable of improved performance and stability and a re-
duction in background noise.

BACKGROUND OF THE INVENTION

[0002] Biomedical sensors, such as those that utilize
enzyme electrodes, can be used to determine the con-
centrations of a wide variety of analytes and the like rap-
idly and with considerable accuracy. For example, glu-
cose sensors having enzyme electrodes suitable for in
vivo use are typically prepared by depositing a glucose
sensitive enzyme, such as glucose oxidase, onto an elec-
trode via an electromotive placing process. Sensors hav-
ing enzyme electrodes are used, for example, to detect
a number of well known analytes such as glucose, urea,
uric acid, various alcohols, and a number of amino acids.
[0003] Biomedical sensor configurations currently in
use typically require a minimum of one polymeric mem-
brane at the interface with the in vivo environment. This
membrane which interacts with the in vivo environment
in which the sensor is placed can serve a number func-
tions. For example, such membranes can function to limit
diffusion, e.g. of glucose, while maintaining high oxygen
permeability. In addition, such membranes can function
to provide a biocounpatible interface with the surrounding
tissue.

[0004] Many sensor systems have been described. US
2006/020189 A1 relates to a sensor system for measur-
ing an analyte in a host, especially for transcutaneous
measuring glucose in a host. This system comprises a
sensor, a cannula, a substantially cylindrical housing that
surrounds the sensor, at least one aperture disposed in
the housing and an end that extends beyond an end of
the sensor.

[0005] A similar sensor system is disclosed in WO
91/15993 A1 which relates also to an implantable enzy-
matic sensor system for biochemicals like glucose.
[0006] US 2006/079740 A1 is also directed to a sensor
for implantation within a blood vessel to monitor a sub-
stance in, or a property of, the blood.

[0007] None of these documents describes that it is
possible that the apertures within the cylindrical housing
architectures can form depressions in which in vivo ma-
terials can accumulate and/or stagnate. Moreover, no
filing these apertures is disclosed with materials selected
for their ability to block the accumulation of materials at
this specific location while simultaneously facilitating the
diffusion of in vivo analytes.

[0008] The introduction of a foreign material such as a
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sensor into the body, however, typically results in protein
deposition or fouling at the surface of the material or de-
vice. In particular, following the deposition of protein at
the surface, a new surface is essentially created. This
new surface influences the temporal sequence of events
associated with the healing process. In the context of a
sensor, shortly after the injury initiated by implantation of
the sensor, cells such as monocytes arrive at the material
surface and can differentiate into macrophages soon
thereafter. Macrophages are potent generators of dam-
aging chemicals that aid in the process of phagocytosis.
These chemical entities and by-products can include hy-
droxyl radical, superoxide, and strong acids, which may
diffuse through the membrane to the underlying enzyme
layer. The accumulation of bodies and reagents at the
boundary between the sensor and the material to be sam-
pled can introduce noise and interfere with sensor per-
formance.

SUMMARY OF THE INVENTION

[0009] The invention disclosed herein is defined by the
claims and has a number of further examples not forming
part of the invention. Typical embodiments include a sen-
sor system designed to reduce noise and/or enhance
sensor performance and stability, typically by creating a
buffer zone (i.e. a protected zone where alterations in
chemical reaction conditions are inhibited and/or mini-
mized) at the 3-D interface where the analyte reacts with
the sensor. One illustrative embodiment is a sensor sys-
tem comprising a sensor having a chemically reactive
surface that reacts with an analyte to be sensed; and a
cannula comprising a substantially cylindrical housing
that surrounds the sensor; atleast one aperture disposed
in the housing that allows the analyte to diffuse there-
through so as to contact the chemically reactive surface;
and an end that extends beyond an end of the sensor.
[0010] Such sensor systems can be used in a variety
of methods designed to enhance sensor function, for ex-
ample long term sensor performance. Another embodi-
ment of the invention is a method of stabilizing an envi-
ronment for a chemical reaction between an in vivo an-
alyte and an enzyme that reacts with the analyte, the
method comprising performing the chemical reaction us-
ing animplanted sensor system comprising a sensor hav-
ing a chemically reactive surface comprising the enzyme;
and a cannula comprising a substantially cylindrical
housing that encircles the sensor; at least one aperture
disposed in the housing that allows the analyte to diffuse
therethrough so as to contact the chemically reactive sur-
face; and an end that extends beyond an end of the sen-
sor, wherein the aperture and the chemically reactive sur-
face of the implanted sensor system form a stabilized
chemical reaction environment that is further stabilized
by the end of the cannula that extends beyond an end of
the sensor, so that the environment for the chemical re-
action between the in vivo analyte and the enzyme that
reacts with the analyte is stabilized.
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[0011] The methods that utilize the sensor systems of
the invention are useful in a variety of contexts. For ex-
ample, the methods can be used so that the environment
of the chemical reaction is stabilized so as to inhibit fluc-
tuations in the ratio between the signal generated by the
analyte and signal noise not generated by the analyte.
Alternatively, the methods can be used so that the envi-
ronment of the chemical reaction is stabilized so as to
inhibit fluctuations in the ratio between the signal gener-
ated by the analyte and signal noise not generated by
the analyte that results from movement of the sensor at
the site of implantation. Alternatively, the methods can
be used so that the environment of the chemical reaction
is stabilized so as to inhibit fluctuations in the ratio be-
tween the signal generated by the analyte and signal
noise not generated by the analyte that results from the
accumulation of in vivo materials at the site of implanta-
tion. Alternatively, the methods can be used so that the
environment of the chemical reaction is stabilized so as
to inhibit fluctuations in the ratio between the signal gen-
erated by the analyte and signal noise not generated by
the analyte that results from a localized depletion of a
reactant the site of implantation.

[0012] As discussed in detail below, the sensor sys-
tems of the invention can incorporate a variety of addi-
tional elements, for example an anchor that couples the
system to the site of implantation and inhibits movement
of the sensor or an accessory material provided in prox-
imity to the chemically reactive surface, wherein the ac-
cessory material modifies the biological response of a
tissue that is in contact with the sensor system (e.g. pro-
tein deposition, inflammation or proliferation of macro-
phages or foreign body giant cells). Such modifier mate-
rials include hydrophilic polymers, anti-inflammatory
agents including steroids such as dexamethasone or clot
inhibiting agents. Typically, the coating is coupled to the
cannula of the system (e.g. the cannula housing). Op-
tionally, the accessory material is provided in proximity
to the chemically reactive surface, and for example is
disposed in the aperture such that the surface of the ac-
cessory material is substantially flush with the surface of
the cannula.

[0013] The invention also provides additional articles
of manufacture including sensor elements, sensor sys-
tems and kits. In one such embodiment of the invention,
a kit and/or sensor system or set, useful for the sensing
an analyte as is described above, is provided. The kit
and/or sensor system typically comprises a container, a
label and a sensor as described above. The typical em-
bodiment is a kit comprising a container and, within the
container, an analyte sensor system having a design as
disclosed herein and instructions for using this analyte
sensor apparatus.

[0014] Other objects, features and advantages of the
present invention will become apparent to those skilled
in the art from the following detailed description. It is to
be understood, however, that the detailed description
and specific examples, while indicating some embodi-
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ments of the present invention are given by way of illus-
tration and not limitation. Many changes and modifica-
tions within the scope of the present invention may be
made without departing from the spirit thereof, and the
invention includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]

FIG. 1A is a schematic top view of a sensor 10 com-
prising an electrode 14 in accordance with the
present invention.

FIG. 1B is a sectional side view of a working elec-
trode 14 prepared in accordance with the present
invention.

FIG. 2Ais a schematic side view of an optical affinity
sensor 26 without a coating, showing a representa-
tive glucose binding site 28.

FIG. 2B is a schematic side view of an optical sensor
26 as shown in Fig. 2A, but with a coating 30.

FIG. 3A is a schematic side view of a sensor 10 and
fiber 32 inserted through the skin with the assistance
of a connector 38 and a needle 36 that houses the
sensor and filter.

FIG. 3B is a schematic side view of the sensor 10
shownin Fig. 3A after removal of the needle 36, leav-
ing the sensor 10 and fiber 32 in place.

FIG. 4 is a schematic top view of a sensor with a
fiber 42 that passes through a hole 44 at the distal

end of the fiber and extends to the sensor 10 base.

DETAILED DESCRIPTION

[0016] Embodiments of the invention described herein
are based on the discovery that the performance of a
sensor, such as a sensor implanted in biological tissue,
can be improved by providing a buffer zone around the
sensor at the interface with the tissue or fluid to be sam-
pled. Without being bound by a specific scientific theory,
itis believed that the buffer zone generated by the sensor
systems recited herein stabilizes the reaction conditions
by inhibiting alterations in the reaction conditions at the
3-D interface where the analyte reacts with the sensor.
Such a buffer zone can be created by placing the sensor
inside a tube or cannula, wherein the cannula extends
beyond the length of the sensor. One or more apertures
in the cannula provide access to the sensor. The config-
uration of the sensor can be further modified to enhance
sensor performance and to adapt the sensor for a par-
ticular use.

[0017] All scientific and technical terms used in this
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application have meanings commonly used in the art un-
less otherwise specified. As used in this application, the
following words or phrases have the meanings specified.
[0018] As used herein, "modifying the biological re-
sponse of a tissue" means altering a biological response
that occurs in tissue upon introduction of a foreign object,
such as an implanted sensor. Examples of such biolog-
ical responses include protein biofouling or deposition,
inflammation, macrophage and/or foreign body giant cell
invasion and/or cellular proliferation. Typically, the mod-
ifying includes inhibiting or minimizing undesirable bio-
logical responses that reduce or impede sensor perform-
ance. The modifying can occur by a variety of means,
including chemical, biological and structural. For exam-
ple, a chemical modification could include reducing in-
flammation, a biological modification could include inhib-
iting cell proliferation, and a structural modification could
include preventing a giant cell invasion from contacting
an implanted sensor.

[0019] As used herein, "hydrophilic polymer" means a
polymer having a strong tendency to bind or absorb wa-
ter, which is sufficient to result in swelling and formation
of gels. This property is characteristic of some natural
polymers, including carbohydrates, proteins and man-
made polymers (e.g., hydrogels).

[0020] As used herein, "affixed to" means attached to,
stuck to or fused with such that a substance affixed to a
surface remains substantially attached to or closely as-
sociated with the surface.

[0021] As used herein, "provided in proximity to"
means that a substance or material is affixed to, or po-
sitioned alongside, another substance or material suffi-
ciently close so that molecules released by one sub-
stance or material will influence the chemical and biolog-
ical environment of the other substance or material. Typ-
ically, in the context of a fiber serving as an accessory
material to a sensor, the fiber can be provided in proximity
to the sensor by co-implantation of the fiber and the sen-
sor, whereby the two materials may or may not be in
physical contact along some or all of their lengths, yet
molecules released by the fiber will influence the biolog-
icalresponse of the tissue into which the sensor has been
implanted.

[0022] As used herein, "a" or "an" means at least one,
and unless clearly indicated otherwise, includes a plural-

ity.
Overview

[0023] Embodiments of the invention provide a sensor
having one or more configurations or modifications that
reduce noise and/or enhance sensor performance and
stability by creating a buffer zone (i.e. a protected zone
where alterations in the reaction conditions are inhibited
and/or minimized) at the 3-D interface where the analyte
reacts with the sensor. Improved sensors of the invention
provide a buffer zone between the sensor surface and
the tissue environment to be sampled to minimize inter-
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fering movements and/or agents or depletion of reac-
tants. Optionally, a coating or accessory material is pro-
vided in proximity to the sensor. The invention addition-
ally provides sensors having anchoring structures that
prevent unwanted sensor displacement from the site of
implantation. Methods that use the sensor systems of
the invention to accomplish one or more advantageous
goals (e.g. to reduce signal to noise rations) are also
provided.

Typical Sensor System Embodiments of the Invention

[0024] FIG. 1 illustrates an exemplary sensor 10 in-
cluding a working electrode 14 plated with an enzyme.
As shown in FIG. 1A, a sensor 10 can have a reference
electrode 12, a working electrode 14, and a counter elec-
trode 16 deposited on a polymeric sheet 19. The sensor
10 further includes a series of bonding pads 18. FIG. 1B
shows a cross-sectional view of the working electrode
14 covered with a layer 20 of an enzyme, such as glucose
oxidase. The entire electrode array can then be coated
with a layer 22 of a polymer. The electrodes can be made
of any conductive surface, e.g., gold, platinum, palladi-
um, chromium, copper, aluminum, pyrolitic carbon, com-
posite material (e.g., metal-polymer blend), nickel, zinc,
titanium, or an alloy, such as cobalt-nickel-chromium, or
titanium-aluminum-vanadium, which is deposited on any
of a variety of suitable materials, including glass, polyim-
ide or polyester. In some embodiments, the electrode
array includes a flex-circuit layout/design. Of course,
those skilled in the art will recognize that variations of the
above components, and other types of electrodes can
be used in the method of the invention. The sensor 10 is
coated further with a hydrophilic polymer 24, which pro-
vides for reduction of biofouling and enhanced sensor
performance in a biological environment.

[0025] In some embodiments, the sensor is an optical
affinity sensor. FIG. 2A is a schematic side view of an
optical affinity sensor 26 without a coating, showing a
representative glucose binding site 28. The sensor 26,
which includes a reflective substrate, can be coated with
a hydrophilic, biocompatible and glucose permeable
coating 26, as shown schematically in FIG. 2B. Optical
sensors for detection of analytes are described in U.S.
Patent Nos. 6,256,522, and 5,143,066.

[0026] Other examples of sensors are described in
U.S. Patent Nos. 4,671,288 (electrochemical sensor);
5,320,725 (amperometric sensor); 5,403,700 (polyimide-
based sensor design); and 5,540,828 (sensor with a pol-
ymer-modified surface). Those skilled in the art can read-
ily appreciate the ability to adapt the teachings of the
present invention to a variety of known sensor types and
configurations.

[0027] The invention disclosed herein has a number
of embodiments. Embodiments of the invention include
a sensor system constructed to include a material that
inhibits motion disturbances that can compromise the fi-
delity of the sensor. Embodiments of the invention also
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provide sensors constructed to include a material that
inhibits in vivo biological responses that can compromise
the fidelity of the sensor. One such embodiment is a sen-
sor having an external surface, and a cannula. The can-
nula typically comprises a substantially cylindrical wall
that creates a tube or lumen-like space in which the sen-
sor is adapted to fit, at least one aperture and a distal
end. The sensor is positioned within the lumen and the
distal end of the cannula extends beyond an end of the
sensor. This configuration protects the sensor by creating
a buffer zone at the interface between the sensor and
the surrounding tissues at the site of implantation. The
sensors of the invention can be, for example, an enzy-
matic, molecular recognition, optochemical or electro-
chemical sensor. A typical sensor of the invention is a
glucose sensor. A related embodiment of the invention
is a sensor system comprising a sensor having chemi-
cally reactive surface that react with an analyte to be
sensed; and a cannula comprising a substantially cylin-
drical housing that surrounds the sensor; at least one
aperture disposed in the housing that allows the analyte
to diffuse therethrough so as to contact the chemically
reactive surface; and an end that extends beyond an end
of the sensor.

[0028] Insome embodiments of the invention, the sen-
sor system comprises one or more accessory materials
provided in proximity to the external surface, wherein the
accessory material modifies the biological response of a
tissue that is in contact with the sensor. The biological
response typically comprises protein deposition, inflam-
mation or proliferation of macrophages or foreign body
giant cells. The accessory material can alter the biolog-
ical response or alter the extent to which the sensor is in
contact with the tissue affected by the biological re-
sponse. The accessory material can be a coating affixed
to the cannula. The coating can be affixed to the lumen
of the cannula, for example. In one embodiment, the ac-
cessory material coats the surface of the portions of the
sensor that are exposed to the in vivo environment, for
example, by eliminating depressions where fluids can
potentially accumulate and stagnate. The accessory ma-
terial may fill at least one aperture, or up to all apertures
in a multiple-aperture configuration of the cannula. In ad-
dition, or alternatively, the accessory material comprises
a hydrophilic polymer. Examples of hydrophilic polymers
include, but are not limited to, polyhydroxyethylinethacr-
ylate (PHEMA), polyurethane, polysaccharide, polyacr-
ylamide, or polyurea. In one embodiment, the hydrophilic
polymer comprises polyethylene oxide (PEO). Repre-
sentative PEOs include, but are not limited to, poly-
urethane, polyurea and cross-linked PEO. In certain em-
bodiments of the invention, the coating comprises a bi-
ologically active substance such as dexamethasone or
another biological response modifier. In some embodi-
ments, the accessory material comprises a sustained re-
lease material that delivers a therapeutic agent. The ther-
apeutic agent can be, for example, an anti-inflammatory,
anti-bacterial, anti-viral, anti-coagulant, anti-proliferative
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or disinfecting agent, or a growth factor. The invention
additionally provides a method for delivering a biologi-
cally active substance to a subject using a sensor of the
invention. The method comprises implanting a sensor of
the invention into a tissue of the subject. The accessory
material comprises the biologically active substance.
[0029] In certain embodiments of the invention, the
sensor system further comprises one or more anchors
that keep the sensor in contact with subcutaneous tissue
of a subject upon insertion of the sensor into the body of
the subject. The anchor can comprise barbs affixed to
the cannula, or one or more coils affixed to the cannula.
In some embodiments, the anchor expands after inser-
tion of the sensor into the body of the subject.

[0030] Arelated embodimentoftheinventionisameth-
od of stabilizing an environment for a chemical reaction
between an in vivo analyte and an enzyme that reacts
with the analyte. The term "stabilizing" as in "stabilizing
an environment for a chemical reaction" is used in ac-
cordance with its art-accepted meaning of working to
keep the reaction conditions under which the chemical
reaction occurs relatively unchanged. In particular, as it
is known that chemical reactions are influenced by envi-
ronmental factors such as pH, temperature, relative con-
centrations of the reactants (e.g. stoichiometry) etc. In
situations where a chemical reaction is used to obtain
data over a period of time (e.g. in an implanted electro-
chemical glucose sensor), itis desirable to create a stable
reaction environment so that the data and information
generated by the chemical reactions are not confounded
by fluctuations in the reaction conditions. In this context,
embodiments of the invention include a method of stabi-
lizing an environment for a chemical reaction between
an in vivo analyte and an enzyme that reacts with the
analyte, the method comprising performing the chemical
reaction using an implanted sensor system comprising
asensor having a chemically reactive surface comprising
the enzyme; a cannula comprising a substantially cylin-
drical housing that encircles the sensor; at least one ap-
erture disposed in the housing that allows the analyte to
diffuse therethrough so as to contact the chemically re-
active surface; and an end that extends beyond an end
of the sensor, wherein the aperture and the chemically
reactive surface of the implanted sensor system form a
stabilized chemical reaction environment that is further
stabilized by the end of the cannula that extends beyond
an end of the sensor, so that the environment for the
chemical reaction between the in vivo analyte and the
enzyme that reacts with the analyte is stabilized.

[0031] Withoutbeing bound by a specific scientific the-
ory, it is believed that the sensor systems recited herein
stabilize the reaction conditions by creating a buffer zone
at the 3-D interface where the analyte reacts with the
sensor, for example, at a sensor electrode coated with
an enzyme that reacts with the analyte (e.g. glucose an-
alyte reacting with an electrode coated with glucose ox-
idase). In certain embodiments of the invention, the sys-
tem functions to inhibit fluctuations (e.g. a decrease) in
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the ratio between the signal generated by the analyte
and signal noise not generated by the analyte. For ex-
ample, certain embodiments of the system where the
cannula end extends beyond an end of the sensor can
inhibit the motion that can cause a reactive surface of
the sensor to move and possibly expose the reactive sur-
face to microenvironments having different reaction con-
ditions, thereby altering the analyte signal and or the
noise. In related embodiments, the system can inhibit the
accumulation of materials (e.g. proteins and cells) on the
sensor that can expose the reactive surface to microen-
vironments having different reaction conditions, thereby
altering the analyte signal and or the noise. In certain
embodiments of the invention, the aperture structure that
permits an analyte to diffuse therethrough so as to con-
tact the chemically reactive surface can further stabilize
the reaction conditions by further sheltering the reaction
components from exposure to fluctuating microenviron-
ments having different reaction conditions that further al-
ter the analyte signal and/or the noise. In related embod-
iments, the aperture is filled with an accessory material
that permits diffusion therethrough, while further shelter-
ing the reaction components from exposure to fluctuating
microenvironments. Optionally, the accessory material
is an agent that can modify a biological response to the
implantation, for example an anti-inflammatory or anti-
clotting agent. Certain embodiments of the implanted
sensor system used in the method further comprise ad-
ditional stabilizing elements, for example an anchor that
couples the system to the site of implantation and further
inhibits movement of the sensor. The combination of
these specific elements serves to stabilize the reaction
conditions, thereby providing benefits to the sensor such
as more consistent and/or accurate reading over time.
[0032] As noted above, in certain embodiments, the
implanted sensor system used inthe method further com-
prises an accessory material provided in proximity to the
chemically reactive surface, wherein the accessory ma-
terial modifies the biological response of a tissue that is
in contact with the sensor system. Such embodiments
can further stabilize the reaction conditions by inhibiting
the accumulation of materials at the site of implantation
that can alter the reaction conditions. Optionally, the ac-
cessory material is disposed in the aperture such that
the surface ofthe accessory materialis substantially flush
with the surface of the cannula. In this context, a related
embodimentis amethod of delivering a biologically active
substance to a subject comprising implanting a sensor
system described herein into a tissue of the subject,
wherein the accessory material comprises the biological-
ly active substance.

Typical Cannula Embodiments of the Invention

[0033] The cannula comprises a substantially cylindri-
cal wall encircling a lumen, at least one aperture and a
distal end. The sensor is positioned within the lumen and
the distal end of the cannula extends beyond the sensor.

10

15

20

25

30

35

40

45

50

55

This configuration protects the sensor by creating a buffer
zone at the interface between the sensor and the sur-
rounding tissues at the site of implantation. In one em-
bodiment, the cannula comprises polyurethane. In a typ-
ical embodiment of the invention, a cannula having one
or more apertures is produced using conventional meth-
ods, including obtaining a pre-formed cannula and mod-
ifying the cannula to provide appropriate apertures. Al-
ternatively, the open end of a cannula can serve as an
aperture.

[0034] A sensor can be positioned within the lumen of
the cannula such that the one or more apertures provide
access to the sensor sufficient to permit detection of an
analyte in the environment into which the sensor is intro-
duced. The positioning of the sensor within the cannula
further provides a buffer zone between the environment
and the sensor.

[0035] Those skilled in the art will appreciate that the
cannula need not be strictly cylindrical to achieve the
objective of providing a protected housing for the sensor.
For example, an elongated tube, not necessarily circular
in cross-section, having an opening or cavity that runs
the length of the tube (lumen) sufficient to enclose the
sensor is encompassed within the meaning of substan-
tially cylindrical.

Typical Accessory Materials for use with Embodiments
of the Invention

[0036] Insome embodiments, the sensor further com-
prises an accessory material provided in proximity to the
external surface wherein the accessory material modifies
the biological response of a tissue that is in contact with
the sensor and/or provides a barrier or filter between the
sensor and surrounding tissue, Accordingly, the acces-
sory material can alter the biological response or alter
the extent to which the sensor is in contact with the tissue
affected by the biological response. The accessory ma-
terial can reduce interference of the biological response
with sensor performance, for example, by reducing noise
and/or preventing unwanted reagents from interfering
with analyte detection. The biological response typically
comprises protein deposition, inflammation or prolifera-
tion of macrophages or foreign body giant cells.

[0037] The accessory material can be a coating affixed
to one or more surfaces of the cannula or the sensor.
The coating can be affixed to the lumen of the cannula,
for example. The accessory material can fill at least one
aperture, or up to all apertures in a multiple-aperture con-
figuration of the cannula. The coating can be designed
to limit the diffusion of materials, thereby restricting the
materials that make contact with the sensor.

[0038] In some embodiments, the accessory material
includes a hydrophilic coating. The coating applied to a
sensor embodiment of the invention includes a hy-
drophilic polymer. Examples of hydrophilic materials in-
clude, but are not limited to, polyureas, polyamides, poly-
urethanes, acrylates, polyesters, polyethylene oxide
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(PEO) or cross-linked PEO. A preferred hydrophilic ma-
terial for use in accordance with the invention is a PEO
containing polyurethane or PEO containing polyurea.
PEOs can be cross-linked by a variety of methods known
inthe art, including via the use of a gas plasma, or ionizing
radiation such as electron or gamma sources, for exam-
ple.

[0039] Itis desirable to obtain a very hydrophilic mem-
brane at the interface between the sensor and the bio-
logical environment. Accordingly, the coating is at least
sufficiently hydrophilic to achieve swelling and gel forma-
tion. Preferably, the coatingis sufficiently hydrophilic that,
upon contact with a wet environment, it achieves a swell
volume of at least about two, three, four or five times the
thickness of the coating in a dry environment Preferably,
the coating is sufficiently hydrophilic, oxygen permeable
and/or optically transparent so as to not change the over-
all analyte sensing capability of the sensor. Ideally, the
coating achieves the maximal swell volume that does not
disrupt adhesion with the underlying material.

[0040] Preferred hydrophilic materials include, but are
not limited to, PEO containing polyurethanes, such as
HydroMed™ TPH-D640 (available from CardioTech In-
ternational). Such a polyurethane is suitable for applica-
tion over the top of polymeric coatings currently in use
with glucose sensors, such as glucose limiting polymer
(GLP; MiniMed, Inc., Northridge, CA). In such applica-
tions, the hydrophilic material preferably does not limit
glucose andisreadily incorporated into the sensor and/or
cannula production process.

[0041] Preferably the hydrophilic material is applied to
the sensor by spraying the coating onto the sensor sur-
face, e.g., over the GLP or optochemical sensing poly-
mer. The preferred polymer does notimpede the diffusion
of glucose, is soluble in a volatile organic solvent such
as tetrahydrofuran (THF) or isopropyl alcohol or mixture
thereof (e.g., 25/75) that is suitable for spraying without
disrupting the original surface. Damage to the underlying
surface could affect the mass transfer properties of the
underlying material and result in erratic sensor behavior.
Alternatively, the hydrophilic material can be applied to
the sensor and/or cannula by painting, dipping or other
means known in the art.

[0042] In one embodiment, the accessory material is
modified to deliver a therapeutic agent. The accessory
material of the sensor embodiment of the invention pro-
vides for improved biocompatibility by reducing biofoul-
ing and other undesirable effects of the biological re-
sponse to an implanted device and also provides en-
hanced sensor performance. Further enhancement of
sensor performance can be provided by including an anti-
inflammatory agentin the accessory material. Inone em-
bodiment, the coating comprises dexamethasone or oth-
er biological response modifier.

Typical Fibers for use with Embodiments of the Invention

[0043] In another embodiment, the accessory material
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comprises afiber. Representative fiber materials include,
but are not limited to, natural fibers such as cotton, poly-
propylene, polyurethane, polyester, degradable suture
materials such as polylactic acid (PLA) and polyglycolic
acid (PGA) and co-polymers of lactic acid and glycolic
acid (PLGA), or other materials that can be formulated
with a therapeutic agent. The fiber is preferably modified
to deliver a therapeutic agent. The therapeutic agent can
be integrated into the fiber during fiber production, or ap-
plied to an existing fiber as a coating.

[0044] The fiber 32 can be affixed to, or otherwise pro-
vided with, the sensor 10 (or cannula) in any of a variety
of ways, as would be appreciated by those skilled in the
art. For example, the fiber 32 can be attached to the sen-
sor base 34 so that the fiber 32 can be easily removed
together with the sensor 10. FIG. 3A is a schematic side
view of a sensor 10 and fiber 32 inserted through the skin
with the assistance of a connector 38 and a hollow needle
36 that houses the sensor 10 and fiber 32. FIG. 3B is a
schematic side view of the sensor 10 shown in FIG. 3A
after removal of the needle 36 via the removable insertion
guide 40, leaving the sensor 10 and fiber 32 in place.
FIG. 4 shows a schematic top view of a sensor 10 to
which a fiber 32 has been affixed by passing the fiber 32
through a hole 42 at the distal end of the sensor 10. Al-
ternatively, the fiber 32 can be affixed to the sensor 10
by inserting the fiber into a groove in the sensor 10, or
by using an adhesive or other attachment means suffi-
cient to keep the fiber 32 in close proximity to the sensor
10 upon placement in a biological environment. Affixing
the fiber 32 to the distal end of the sensor 10 can facilitate
keeping the fiber in position upon placement.

[0045] Those skilled in the art will appreciate other
means by which a fiber can be provided in close proximity
to the sensor, without necessarily affixing the fiber direct-
ly to the sensor. For example, the fiber can be co-inserted
with the sensor at the time of implantation so that the
fiber is positioned in close proximity to the sensor. Alter-
natively, the fiber can be affixed to the cannula and po-
sitioned to run through the lumen, placing it in proximity
to the sensor.

Typical Therapeutic Agents for use with Embodiments
of the Invention

[0046] A medicinal or therapeutic agent can be incor-
porated into the hydrophilic material for the coating of the
sensor or incorporation into the accessory material. The
agent is selected in accordance with the desired effect.
For example, the objective may be to prevent or minimize
inflammation or microbial infection. Examples of thera-
peutic agents include, but are not limited to, anti-inflam-
matory, anti-bacterial, anti-viral, anti-coagulant, and dis-
infecting agents, such as dexamethasone, cefazolin, and
benzalkonium chloride, and/or a growth factor. In some
embodiments, the therapeutic agent may be an anti-pro-
liferative agent that kills growing cells such as microbial
organisms or reactive cells. In a preferred embodiment,
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the hydrophilic coating includes an anti-inflammatory
agent, such as dexamethasone or a salt thereof. Suitable
water-soluble salts of dexamethasone include, but are
not limited to, the sodium phosphate or acetate salts.
Dexamethasone serves to reduce inflammation and also
to deactivate macrophages, which allows for enhanced
sensor performance.

Typical Polymer Layers for use with Embodiments of the
Invention

[0047] In one embodiment, the polymer layer 22 com-
prises polyurea (see, e.g., U.S. Patent Nos. 5,777,060
and 5,786,439). Examples of a suitable polymer layer for
a sensor include, but are not limited to, glucose limiting
polymer (GLP; Medtronic MiniMed, Inc., Northridge, CA).
Other formulations of the polymer layer can be selected
in accordance with the desired use. For example, United
States Patent Nos. 5,777,060 and 5,786,439 describe
coatings suitable for use with sensors, particularly for use
with glucose oxidase and glucose detection. These coat-
ings share features in common with GLP, and can be
adapted for use with other types of sensors.

Typical Anchors for use with Embodiments of the Inven-
tion

[0048] In one embodiment, the sensor system further
comprises an anchor that keeps the sensor in contact
with subcutaneous tissue of a subject upon insertion of
the sensor into the body of the subject. The anchor can
prevent unwanted movement and/or withdrawal of the
sensor from the site of implantation. The anchor can also
facilitate obtaining and maintaining the sensor at a shal-
lower depth than would otherwise be practical.

[0049] The anchor can comprise barbs or the like af-
fixed to the cannula, or one or more coils or the like affixed
to the cannula. In some embodiments, the anchor ex-
pands after insertion of the sensor into the body of the
subject. In one embodiment, the anchor comprises a
compressed, expanding coil. The coil can be introduced
into the environment via a needle, for example, and then
allowed to expand upon release from the insertion nee-
dle.

[0050] Suitable materials from which the anchor can
be constructed include any one of the wide variety of
biocompatible materials having appropriate material
properties for anchoring (e.g. strength, elasticity and the
like). Such materials include but are not limited to metals
(including shape memory alloys) as well as polymeric
materials such as plastics and the like. In one illustrative
embodiment, the anchor comprises Nitinol.

Further Methodological Embodiments of the Invention

[0051] Embodiments of the invention additionally pro-
vide a method for producing a sensor system. In a typical
embodiment of the invention, a cannula having one or
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more apertures/windows is produced using conventional
methods, including obtaining a pre-formed cannula and
modifying the cannula to provide appropriate apertures.
Alternatively, the open end of a cannula can serve as a
window. A sensor is further produced using conventional
means, and positioned within the lumen of the cannula
such that the one or more apertures provide access to
the sensor sufficient to permit detection of an analyte in
the environment into which the sensor system is intro-
duced. The positioning of the sensor within the cannula
further provides a buffer zone between the environment
and the sensor. In another embodiment, the method of
producing a sensor system comprises providing a sensor
with anchor as described herein. The anchor can be af-
fixed direcdy to the sensor or to a cannula in which the
sensor is housed.

[0052] In one embodiment, the method includes coat-
ing a sensor system with a hydrophilic polymer. Prefer-
ably, the polymer is a PEO-containing polymer that is
sprayed or painted onto the sensor as a lacquer. Those
skilled in the art will appreciate a variety of manners by
which the sensor can be coated and dried. In another
embodiment, the method includes affixing a fiber to a
sensor or cannula, or otherwise providing a fiber in close
proximity to the external surface of the sensor. The fiber
can be affixed to the sensor by attachment to the sensor
and/or to the cannula, preferably at the sensor base
and/or to a distal end of the sensor. The fiber can be
affixed by adhesion to the sensor and/or cannula, and/or
by mechanical means, such as by passing the fiber
through a hole in the sensor/cannula or lodging the fiber
into a groove in the sensor/cannula. Preferably, the coat-
ing or fiber is modified to deliver a therapeutic agent.
[0053] In addition, embodiments of the invention pro-
vide a method for monitoring or detecting a biological
substance in a subject. The biological substance may be
glucose, lactate, amino acids or other analyte of interest.
The method includes contacting a sensor of the invention
with a tissue or biological fluid, such as interstitial fluid or
blood, of the subject, and detecting the presence of the
substance or analyte via the sensor. The method pro-
vides more efficient and effective substance detection
and monitoring because of reduced interference, inflam-
mation and/or biofouling of the sensor. The method is
particularly suited for subjects requiring repeated and/or
continuous monitoring of an analyte, such as glucose for
people with diabetes.

[0054] The invention additional provides a method of
delivering a biologically active substance to a subject
comprising implanting a sensor of the invention into a
tissue of the subject, wherein the accessory materials
comprises the biologically active substance. In a pre-
ferred embodiment, the biologically active substance
comprises a cytokine, growth factor or therapeutic agent.
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Claims

A sensor system comprising:

a sensor having a chemically reactive surface
that reacts with an analyte to be sensed; and
a cannula comprising:

a substantially cylindrical housing that sur-
rounds the sensor;

at least one aperture disposed in the hous-
ing that allows the analyte to diffuse there-
through so as to contact the chemically re-
active surface;

an accessory material comprising a hy-
drophilic polymer provided in proximity to
the chemically reactive surface; wherein the
accessory material modifies the biological
response of a tissue that is in contact with
the sensor system; and wherein the hy-
drophilic polymer comprises polyhydrox-
yethylmethacrylate (PHEMA), poly-
urethane, polysaccharide, polyacrylamide,
polyurea or polyethylene oxide (PEO); and
an end that extends beyond an end of the
sensor;

characterized in that

the accessory material fills the at least one ap-
erture of the cylindrical housing.

The sensor system of claim 1, wherein the cannula
comprises polyurethane.

The sensor system of claim 1, wherein the biological
response comprises protein deposition, inflamma-
tion or proliferation of macrophages or foreign body
giant cells.

The sensor system of claim 1, wherein the accessory
material comprises a coating affixed to the cannula.

The sensor system of claim 4, wherein the coating
is affixed to the housing of the cannula.

The sensor system of claim 4, wherein the coating
comprises dexamethasone.

The sensor system of any of claims 1 to 6, wherein
the PEO comprises a polyurethane, polyurea or a
cross-linked PEO.

The sensor system of any of claims 1 to 7, further
comprising an anchor that assists sensor contact
with subcutaneous tissue of a subject upon insertion
of the sensor into the body of the subject.
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9. The sensor system of claim 8, wherein the anchor
comprises barbs affixed to the cannula.

10. The sensor system of claim 8, wherein the anchor
comprises one or more coils affixed to the cannula.

11. The sensor system of claim 8, wherein the anchor
expands after insertion of the sensor into the body
of the subject.

12. The sensor system of claim 1, which comprises an
enzymatic, molecular recognition, optochemical or
electrochemical sensor.

13. The sensor system of claim 1, which comprises a
glucose sensor.

Patentanspriiche

1. Ein Sensorsystem umfassend:

einen Sensor, der eine chemisch reaktionsfahi-

ge Flache aufweist, die mit einem Analyt rea-

giert, der untersucht wird; und

eine Kanlle, die umfasst:
ein im wesentlichen zylindrisches Gehau-
se, das den Sensor umgibt;
mindestens eine (")ffnung, die in dem Ge-
hause angeordnet ist und dem Analyt er-
moglicht, hierdurch zu diffundieren, so dass
dieser in Kontakt mit der chemisch reakti-
onsfahigen Flache fritt;
ein Zusatzmaterial, das ein hydrophiles Po-
lymer umfasst, das in der Nahe der che-
misch reaktionsfahigen Flache bereitge-
stellt wird; wobei das Zusatzmaterial die bi-
ologische Reaktion eines Gewebes modifi-
ziert, das in Kontakt mit dem Sensor-Sys-
tem ist; und wobei der hydrophile Polymer
Polyhydroxyethylmethacrylat  (PHEMA),
Polyurethan, Polysaccharid, Polyacryla-
mid, Polyharnstoff oder Polyethylen-oxid
(PEO) umfasst; und
ein Ende, das sich tiber das Ende des Sen-
sors hinaus erstreckt;

dadurch gekennzeichnet, dass

das Zusatzmaterial mindestens die eine Off-

nung des zylindrischen Gehauses fiillt.

2. Das Sensor-System nach Anspruch 1, wobei die Ka-
nile Polyurethan umfasst.

3. Das Sensor-System nach Anspruch 1, wobei die bi-

ologische Reaktion Proteinablagerungen, Entzin-
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dung oder Proliferation der Makrophagen oder
Fremdkorper-Riesenzellen umfasst.

Das Sensor-System nach Anspruch 1, wobei das
Zusatzmaterial eine Beschichtung umfasst, die auf
der Kanlle angebracht ist.

Das Sensor-System nach Anspruch 4, wobei die Be-
schichtung auf dem Gehause der Kanile ange-
bracht ist.

Das Sensor-System nach Anspruch 4, wobei die Be-
schichtung Dexamethason umfasst.

Das Sensor-System nach einem der Anspriche 1
bis 6, wobei das PEO ein Polyurethan, Polyharnstoff
oder ein vernetztes PEO umfasst.

Das Sensor-System nach einem der Anspriche 1
bis 7, weiterhin mit einem Anker, der den Sensor-
Kontakt mit subkutanem Gewebe eines Subjekts
nach Einbringen des Sensorsin den Kérper des Sub-
jekts unterstitzt.

Das Sensor-System nach Anspruch 8, wobei der An-
ker Widerhaken umfasst, die auf der Kaniile ange-
bracht sind.

Das Sensor-System nach Anspruch 8, wobei der An-
ker eine oder mehrere Wicklungen umfasst, die auf
der Kanlle angebracht sind.

Das Sensor-System nach Anspruch 8, wobei sich
der Anker nach dem Eindringen des Sensors in den
Korper des Subjekts ausdehnt.

Das Sensor-System nach Anspruch 1, das einen en-
zymatischen, Molekilerkennungs-, optochemi-
schen oder elektrochemischen-Sensor umfasst.

Das Sensor-System nach Anspruch 1, das einen
Glukose-Sensor umfasst.

Revendications

1.

Systeme de capteur comprenant :

un capteur ayant une surface chimiquement
réactive qui réagit avec un analyte devant étre
détecté ; et

une canule comprenant :

un boitier sensiblement cylindrique qui en-
toure le capteur ;

au moins une ouverture disposée dans le
boitier qui permet a I'analyte de se diffuser
atravers celle-ci de maniére a venir en con-
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tactavecla surface chimiquementréactive ;
une matiére accessoire comprenant un po-
lymére hydrophile fourni a proximité de la
surface chimiquement réactive ; dans le-
quel la matiére accessoire modifie la répon-
se biologique d’un tissu qui est en contact
avec le systeme de capteur ; et dans lequel
le polymére hydrophile comprend un poly-
hydroxyéthylméthacrylate (PHEMA), un
polyuréthane, un polysaccharide, un poly-
acrylamide, une polyurée ou un oxyde de
polyéthylene (PEO) ; et

une extrémité qui s’étend au-dela d’'une ex-
trémité du capteur ;

caractérisé en ce que

la matiére accessoire remplit la au moins
une ouverture du boitier cylindrique.

Systéme de capteur selon la revendication 1, dans
lequel la canule comprend un polyuréthane.

Systéme de capteur selon la revendication 1, dans
lequel la réponse biologique comprend un dépét de
protéines, une inflammation ou une prolifération de
macrophages ou de cellules géantes de corps étran-
ger.

Systéme de capteur selon la revendication 1, dans
lequel la matiére accessoire comprend un revéte-
ment fixé a la canule.

Systéme de capteur selon la revendication 4, dans
lequel le revétement est fixé au boitier de la canule.

Systéme de capteur selon la revendication 4, dans
lequel revétement comprend une dexaméthasone.

Systéme de capteur selon I'une quelconque des re-
vendications 1 a 6, dans lequel le PEO comprend
un polyuréthane, une polyurée ou un PEO réticulé.

Systéme de capteur selon 'une quelconque des re-
vendications 1 a 7, comprenant en outre un ancrage
qui aide un contact de capteur avec un tissu sous-
cutané surun sujetlors de l'insertion du capteur dans
le corps du sujet.

Systéme de capteur selon la revendication 8, dans
lequel I'ancrage comprend des ardillons fixés a la
canule.

Systéme de capteur selon la revendication 8, dans
lequel 'ancrage comprend une ou plusieurs bobines
fixées a la canule.

Systéme de capteur selon la revendication 8, dans
lequel 'ancrage s’élargit apres l'insertion du capteur
dans le corps du sujet.
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Systeme de capteur selon la revendication 1, qui
comprend un capteur enzymatique, de reconnais-
sance moléculaire, optochimique ou électrochimi-
que.

Systeme de capteur selon la revendication 1, qui
comprend un capteur de glucose.
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