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DEVICE AND METHOD FOR 
DETERMINING ANALYTE LEVELS 

FIELD OF THE INVENTION 

The present invention relates generally to devices and 
methods for determining analyte levels, and, more 
particularly, to implantable devices and methods for moni 
toring glucose levels in a biological ?uid. 

BACKGROUND OF THE INVENTION 

The continuous measurement of substances in biological 
?uids is of interest in the control and study of metabolic 
disorders. Electrode systems have been developed for this 
purpose Whereby an enZyme-catalyZed reaction is monitored 
(e.g., by the changing concentrations of reactants or 
products) by an electrochemical sensor. In such electrode 
systems, the electrochemical sensor comprises an electrode 
With potentiometric or amperometric function in close con 
tact With a thin layer containing an enZyme in dissolved or 
insoluble form. Generally, a semipermeable membrane 
separates the thin layer of the electrode containing the 
enZyme from the sample of biological ?uid that includes the 
substance to be measured. 

Electrode systems that include enZymes have been used to 
convert amperometrically inactive substances into reaction 
products Which are amperometrically active. For example, in 
the analysis of blood for glucose content, glucose (Which is 
relatively inactive amperometrically) may be catalytically 
converted by the enZyme glucose oxidase in the presence of 
oxygen and Water to gluconic acid and hydrogen peroxide. 
Tracking the concentration of glucose is possible since for 
every glucose molecule converted a proportional change in 
either oxygen or hydrogen peroxide sensor current Will 
occur [U.S. Pat. Nos. 4,757,022 and 4,994,167 to Shults et 
al., both of Which are hereby incorporated by reference]. 
Hydrogen peroxide is anodically active and produces a 
current Which is proportional to the concentration of hydro 
gen peroxide, Which is directly related to the concentration 
of glucose in the sample. [Updike et al., Diabetes Care, 
11:801—807 (1988)]. 

Despite recent advances in the ?eld of implantable glu 
cose monitoring devices, presently used devices are unable 
to provide data safely and reliably for long periods of time 
(e.g., months or years) [See, e.g., Moatti-Sirat et al., Dia 
betologia 35:224—30 (1992)]. For example, Armour et al., 
Diabetes 39:1519—26 (1990), describes a miniaturiZed sen 
sor that is placed intravascularly, thereby alloWing the tip of 
the sensor to be in continuous contact With the blood. 
Unfortunately, probes that are placed directly into the vas 
culature put the recipient at risk for thrombophlebosis, 
thromboembolism, and thrombophlebitis. 

Currently available glucose monitoring devices that may 
be implanted in tissue (e.g., subcutaneously) are also asso 
ciated With several shortcomings. For example, there is no 
dependable ?oW of blood to deliver sample to the tip of the 
probe of the implanted device. Similarly, in order to be 
effective, the probe must consume some oxygen and 
glucose, but not enough to perturb the available glucose 
Which it is intended to measure; subcutaneously implanted 
probes often reside in a relatively stagnant environment in 
Which oxygen or glucose depletion Zones around the probe 
tip may result in erroneously loW measured glucose levels. 
Finally, the probe may be subject to “motion artifact” 
because the device is not adequately secured to the tissue, 
thus contributing to unreliable results. Partly because of 
these limitations, it has previously been difficult to obtain 
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2 
accurate information regarding the changes in the amounts 
of analytes (e. g., Whether blood glucose levels are increasing 
or decreasing); this information is often extremely 
important, for example, in ascertaining Whether immediate 
corrective action is needed in the treatment of diabetic 
patients. 

There is a need for a device that accurately and continu 
ously determines the presence and the amounts of a particu 
lar analyte, such as glucose, in biological ?uids. The device 
should be easy to use, be capable of accurate measurement 
of the analyte over long periods of time, and should not 
readily be susceptible to motion artifact. 

SUMMARY OF THE INVENTION 

The present invention relates generally to devices and 
methods for determining analyte levels, and, more 
particularly, to implantable devices and methods for moni 
toring glucose levels in a biological ?uid. 
The devices and methods of the present invention alloW 

for the implantation of analyte-monitoring devices such as 
glucose monitoring devices that result in a dependable ?oW 
of blood to deliver sample to the implanted device at a 
concentration representative of that in the vasculature. 
Moreover, the devices of the present invention become 
secured Within the tissue of the subject, thereby greatly 
reducing or eliminating the phenomenon of “motion arti 
fact”. In addition, the devices of the present invention utiliZe 
materials that eliminate or signi?cantly delay environmental 
stress cracking at the sensor interface, resulting in the ability 
to obtain accurate, longterm data. 

These effects result, in part, from the use of materials that 
enhance the formation of a foreign body capsule (FBC). 
Previously, FBC formation has been vieWed as being 
adverse to sensor function, and researchers have attempted 
to minimiZe FBC formation (see, e.g., US. Pat. No. 5,380, 
536 to Hubbell et al.). HoWever, the methods and devices of 
the present invention utiliZe speci?c materials and microar 
chitecture that elicit a type of FBC that does not hamper the 
generation of reliable data for long periods. The devices of 
the present invention are capable of accurate operation in the 
approximately 37° C., loW p02, environment characteristic 
of living tissue for extended lengths of time (e.g., months to 
years). 
The electrode-membrane region of the devices of the 

present invention comprises a unique microarchitectural 
arrangement. In preferred embodiments, the electrode sur 
faces are in contact With (or operably connected With) a thin 
electrolyte phase, Which in turn is covered by an enZyme 
membrane that contains an enZyme, e.g., glucose oxidase, 
and a polymer system. A bioprotective membrane covers 
this enZyme membrane system and serves, in part, to protect 
the sensor from external forces and factors that may result in 
environmental stress cracking. Finally, an angiogenic layer 
is placed over the bioprotective membrane and serves to 
promote vasculariZation in the sensor interface region. It is 
to be understood that other con?gurations (e. g., variations of 
that described above) are contemplated by the present inven 
tion and are Within the scope thereof. 

The present invention contemplates a biological ?uid 
measuring device, comprising a) a housing comprising 
electronic circuit means and at least tWo electrodes operably 
connected to the electronic circuit means; and b) a sensor 
means operably connected to the electrodes of the housing, 
the sensor means comprising i) a bioprotective membrane, 
and ii) an angiogenic layer, the angiogenic layer positioned 
more distal to the housing than the bioprotective membrane. 
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In particular embodiments, the bioprotective membrane is 
substantially impermeable to macrophages. In some 
embodiments, the bioprotective membrane comprises pores 
having diameters ranging from about 0.1 micron to about 1.0 
micron. In certain embodiments, the bioprotective mem 
brane comprises polytetra?uoroethylene, and in particular 
embodiments, the angiogenic layer also comprises polytet 
ra?uoroethylene. 

Particular embodiments of the biological ?uid measuring 
device further comprise c) means for securing the device to 
biological tissue, the securing means associated With the 
housing. In some embodiments, the securing means com 
prises a polyester velour jacket. In preferred embodiments, 
the securing means covers the top surface (e.g., the top 
member or the top member sheath, as described further 
beloW) and a portion of the sensor interface; it should be 
noted that the securing means generally should not cover the 
entire sensor interface, as this Would interfere With the 
ability of blood vessels to deliver sample to the biological 
?uid measuring device. In preferred embodiments, the 
securing means comprises poly(ethylene terephthalate). 

In further embodiments, the sensor means of the biologi 
cal ?uid measuring device further comprises means for 
determining the amount of glucose in a biological sample. In 
some embodiments, the glucose determining means com 
prises a membrane containing glucose oxidase, the glucose 
oxidase-containing membrane positioned more proximal to 
the housing than the bioprotective membrane. In additional 
embodiments, the housing further comprises means for 
transmitting data to a location external to the device (e.g., a 
radiotelemetry device). 

The present invention also contemplates a device for 
measuring glucose in a biological ?uid, comprising a) a 
housing comprising electronic circuit means and at least one 
electrode operably connected to the electronic circuit means; 
and b) a sensor means operably connected to the electrode 
of the housing, the sensor means comprising i) means for 
determining the amount of glucose in a biological sample, 
the glucose determining means operably associated With the 
electrode, ii) a bioprotective membrane, the bioprotective 
membrane positioned more distal to the housing than the 
glucose determining means and substantially impermeable 
to macrophages, and iii) an angiogenic layer, the angiogenic 
layer positioned more distal to the housing than the biopro 
tective membrane. 

In particular embodiments, the glucose determining 
means comprises a membrane containing glucose oxidase. 
In some embodiments, the angiogenic layer comprises poly 
tetra?uoroethylene. 

In some embodiments, the pores of the bioprotective 
membrane have diameters ranging from about 0.1 micron to 
about 1.0 micron, While in other embodiments the pores 
have diameters ranging from about 0.2 micron to about 0.5 
micron. In certain embodiments, the bioprotective mem 
brane comprises polytetra?uoroethylene. 

Still other embodiments further comprise c) means for 
securing the device to biological tissue, the securing means 
associated With the housing. In particular embodiments, the 
securing means comprises poly(ethylene terephthalate). 
Additional embodiments comprise means for transmitting 
data to a location external to the device; in some 
embodiments, the data transmitting means comprises a 
radiotelemetric device. 

The present invention also contemplates a method for 
monitoring glucose levels, comprising a) providing i) a host, 
and ii) a device comprising a housing and means for 
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4 
determining the amount of glucose in a biological ?uid; and 
b) implanting the device in the host under conditions such 
that the device measures the glucose accurately for a period 
exceeding 90 days. In some embodiments, the device mea 
sures glucose accurately for a period exceeding 150 days, 
While in other embodiments, the device measures glucose 
accurately for a period exceeding 360 days. 
The present invention also contemplates a method of 

measuring glucose in a biological ?uid, comprising a) pro 
viding i) a host, and ii) a device comprising a housing and 
means for determining the amount of glucose in a biological 
?uid, the glucose determining means capable of accurate 
continuous glucose sensing; and b) implanting the device in 
the host under conditions such that the continuous glucose 
sensing begins betWeen approximately day 2 and approxi 
mately day 25. In some embodiments, the continuous glu 
cose sensing begins betWeen approximately day 3 and 
approximately day 21. In particular embodiments, the 
implanting is subcutaneous. 
The devices of the present invention alloW continuous 

information regarding, for example, glucose levels. Such 
continuous information enables the determination of trends 
in glucose levels, Which can be extremely important in the 
management of diabetic patients. 

DEFINITIONS 

In order to facilitate an understanding of the present 
invention, a number of terms are de?ned beloW. 

The term “accurately” means, for example, 95% of mea 
sured values Within 25% of the actual value as determined 
by analysis of blood plasma, preferably Within 15% of the 
actual value, and most preferably Within 5% of the actual 
value. It is understood that like any analytical device, 
calibration, calibration check and recalibration are required 
for the most accurate operation of the device. 
The term “analyte” refers to a substance or chemical 

constituent in a biological ?uid (e. g., blood or urine) that can 
be analyZed. A preferred analyte for measurement by the 
devices and methods of the present invention is glucose. 
The terms “sensor interface,” “sensor means,” and the like 

refer to the region of a monitoring device responsible for the 
detection of a particular analyte. For example, in some 
embodiments of a glucose monitoring device, the sensor 
interface refers to that region Wherein a biological sample 
(e.g., blood or interstitial ?uid) or a portion thereof contacts 
(directly or after passage through one or more membranes or 

layers) an enZyme (e. g., glucose oxidase); the reaction of the 
biological sample (or portion thereof) results in the forma 
tion of reaction products that alloW a determination of the 
glucose level in the biological sample. In preferred embodi 
ments of the present invention, the sensor means comprises 
an angiogenic layer, a bioprotective layer, an enZyme layer, 
and an electrolyte phase (i.e., a free-?oWing liquid phase 
comprising an electrolyte-containing ?uid [described further 
beloW]). In some preferred embodiments, the sensor inter 
face protrudes beyond the plane of the housing. 
The terms “operably connected,” “operably linked,” and 

the like refer to one or more components being linked to 
another component(s) in a manner that alloWs transmission 
of, e.g., signals betWeen the components. For example, one 
or more electrodes may be used to detect the amount of 
analyte in a sample and convert that information into a 
signal; the signal may then be transmitted to electronic 
circuit means (i.e., the electrode is “operably linked” to the 
electronic circuit means), Which may convert the signal into 
a numerical value in the form of knoWn standard values. 
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The term “electronic circuit means” refers to the elec 
tronic circuitry components of a biological ?uid measuring 
device required to process information obtained by a sensor 
means regarding a particular analyte in a biological ?uid, 
thereby providing data regarding the amount of that analyte 
in the ?uid. US. Pat. No. 4,757,022 to Shults et al., 
previously incorporated by reference, describes suitable 
electronic circuit means (see, e.g., FIG. 7); of course, the 
present invention is not limited to use With the electronic 
circuit means described therein. A variety of circuits are 
contemplated, including but not limited to those circuits 
described in US. Pat. Nos. 5,497,772 and 4,787,398, hereby 
incorporated by reference. 

The terms “angiogenic layer, angiogenic membrane,” 
and the like refer to a region, membrane, etc. of a biological 
?uid measuring device that promotes and maintains the 
development of blood vessels microcirculation around the 
sensor region of the device. As described in detail beloW, the 
angiogenic layer of the devices of the present invention may 
be constructed of membrane materials alone or in combi 
nation such as polytetra?uoroethylene, hydrophilic polyvi 
nylidene ?uoride, mixed cellulose esters, polyvinyl chloride, 
and other polymers including, but not limited to, 
polypropylene, polysulphone, and polymethacrylate. 

The phrase “positioned more distal” refers to the spatial 
relationship betWeen various elements in comparison to a 
particular point of reference. For example, some embodi 
ments of a biological ?uid measuring device comprise both 
a bioprotective membrane and an angiogenic layer/ 
membrane. If the housing of the biological ?uid measuring 
device is deemed to be the point of reference and the 
angiogenic layer is positioned more distal to the housing 
than the bioprotective layer, then the bioprotective layer is 
closer to the housing than the angiogenic layer. 

The terms “bioprotective membrane,” “bioprotective 
layer,” and the like refer to a semipermeable membrane 
comprised of protective biomaterials of a feW microns 
thickness or more Which are permeable to oxygen and 
glucose and are placed over the tip of the sensor to keep the 
White blood cells (e.g., tissue macrophages) from gaining 
proximity to and then damaging the enZyme membrane. In 
some embodiments, the bioprotective membrane has pores 
(typically from approximately 0.1 to approximately 1.0 
micron). In preferred embodiments, a bioprotective mem 
brane comprises polytetra?uoroethylene and contains pores 
of approximately 0.4 microns in diameter. Pore siZe is 
de?ned as the pore siZe provided by the manufacturer or 
supplier. 

The phrase “substantially impermeable to macrophages” 
means that feW, if any, macrophages are able to cross a 
barrier (e.g., the bioprotective membrane). In preferred 
embodiments, feWer than 1% of the macrophages that come 
in contact With the bioprotective membrane are able to cross. 

The phrase “means for securing said device to biological 
tissue” refers to materials suitable for attaching the devices 
of the present invention to, e.g., the ?brous tissue of a 
foreign body capsule. Suitable materials include, but are not 
limited to, poly(ethylene terephthalate). In preferred 
embodiments, the top of the housing is covered With the 
materials in the form of surgical grade fabrics; more pre 
ferred embodiments also contain material in the sensor 
interface region (see FIG. 1B). 

The phrase “means for determining the amount of glucose 
in a biological sample” refers broadly to any mechanism 
(e.g., enZymatic or non-enZymatic) by Which glucose can be 
quantitated. For example, some embodiments of the present 
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6 
invention utiliZe a membrane that contains glucose oxidase 
that catalyZes the conversion of glucose to gluconate: Glu 
cose +O2QGluconate+H2O2. Because for each glucose 
molecule converted to gluconate, there is a proportional 
change in the co-reactant O2 and the product H202, one can 
monitor the current change in either the co-reactant or the 
product to determine glucose concentration. 

The phrase “means for transmitting data to a location 
external to said device” refers broadly to any mechanism by 
Which data collected by a biological ?uid measuring device 
implanted Within a subject may be transferred to a location 
external to the subject. In preferred embodiments of the 
present invention, radiotelemetry is used to provide data 
regarding blood glucose levels, trends, and the like. The 
terms “radiotelemetry,” “radiotelemetric device,” and the 
like refer to the transmission by radio Waves of the data 
recorded by the implanted device to an ex vivo recording 
station (e.g., a computer), Where the data is recorded and, if 
desired, further processed (see, e.g., US. Pat. Nos. 5,321, 
414 and 4,823,808, hereby incorporated by reference; PCT 
Patent Publication WO 9422367). 
The term “host” refers to both humans and animals. 

The phrase “continuous glucose sensing” refers to the 
period in Which monitoring of plasma glucose concentration 
is continuously carried out. More speci?cally, at the begin 
ning of the period in Which continuous glucose sensing is 
effected, the background sensor output noise disappears, and 
the sensor output stabiliZes (e.g., over several days) to a 
long-term level re?ecting adequate microcirculatory deliv 
ery of glucose and oxygen to the tip of the sensor (see FIG. 
2). Though an understanding of this effect is not required in 
order to practice the present invention, it is believed to be 
due to adequately vasculariZed foreign body capsule tissue 
in consistent contact With the sensor interface of the blood 
glucose monitoring device. Failure of adequate vasculariZa 
tion or consistent contact of tissue With sensor Will result in 
failure of continuous glucose sensing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A depicts a cross-sectional draWing of one embodi 
ment of an implantable analyte measuring device of the 
present invention. 

FIG. 1B depicts a cross-sectional exploded vieW of the 
sensor interface dome of FIG. 1A. 

FIG. 1C depicts a cross-sectional exploded vieW of the 
electrode-membrane region of FIG. 1B detailing the sensor 
tip and the functional membrane layers. 

FIG. 2 graphically depicts glucose levels as a function of 
the number of days post-implant. 

FIG. 3 graphically depicts a correlation plot (days 21 to 
62) of a glucose infusion study With one device of the 
present invention. 

FIG. 4 depicts a typical response to in vitro calibration to 
glucose of a device of the present invention. 

FIGS. 5A, 5B, and 5C graphically depict three in vivo 
sensor response curves plotted in conjunction With the 
reference blood glucose values for one device of the present 
invention at post-implant times of 25, 88, and 109 days. 

FIG. 6 graphically depicts sensor glucose versus reference 
glucose for one device of the present invention using the 
single set of calibration factors from day 88 of FIG. 5B. 

DESCRIPTION OF THE INVENTION 

The present invention relates generally to devices and 
methods for determining analyte levels, and, more 
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particularly, to implantable devices and methods for moni 
toring glucose levels in a biological ?uid. In a preferred 
embodiment, the device and methods of the present inven 
tion are used to determine the level of glucose in a subject, 
a particularly important measurement for individuals having 
diabetes. 

Although the description that folloWs is primarily directed 
at glucose monitoring devices and methods for their use, the 
devices and methods of the present invention are not limited 
to glucose measurement. Rather, the devices and methods 
may be applied to detect and quantitate other analytes 
present in biological ?uids (including, but not limited to, 
amino acids and lactate), especially those analytes that are 
substrates for oxidase enZymes [see, e.g., US. Pat. No. 
4,703,756 to Gough et al., hereby incorporated by 
reference]. Moreover, the devices and methods of the 
present invention may be utiliZed to present components of 
biological ?uids to measurement methods Which are not 
enZyme-based, including, but not limited to, those based on 
surface plasmon resonance, surface acoustic Waves, optical 
absorbance in the long Wave infrared region, and optical 
rotation of polariZed light. 
I. Nature of the Foreign Body Capsule 

Probes that are implanted (e.g., subcutaneously) into 
tissue Will almost alWays elicit a foreign body capsule (FBC) 
as part of the body’s response to the introduction of a foreign 
material. Though a precise understanding of the nature of a 
FBC is not required in order to practice the present 
invention, generally speaking, upon implantation of a glu 
cose sensor, there is initially an acute in?ammatory reaction 
(Which includes invasion of tissue macrophages), folloWed 
by building of ?brotic tissue. A mature capsule (i.e., the 
FBC) comprising primarily avascular ?brous tissue forms 
around the device [WoodWard, Diabetes Care, 5:278—281 
(1982)]. Although ?uid is frequently found Within the cap 
sular space betWeen the sensor and the capsule, levels of 
analytes (e.g., glucose and oxygen) Within the ?uid often do 
not mimic levels in the body’s vasculature, making accurate 
measurement dif?cult. Example 4 beloW describes typically 
identi?able phases in FBC formation as re?ected by 
response of an implanted glucose sensor. 

In general, the formation of FBCs has precluded the 
collection of reliable, continuous information because they 
isolate the sensor of the implanted device from biological 
?uids, fully equilibrated With at least the loW molecular 
Weight components found in the circulation. Similarly, the 
composition of FBCs has prevented stabiliZation of the 
implanted device, contributing to motion artifact that ren 
ders unreliable results. Thus, conventionally, it has been the 
practice of those skilled in the art to attempt to minimiZe 
FBC formation by, for example, using a short lived needle 
geometry or sensor coatings to minimiZe the foreign body 
reaction. 

In contrast to the prior art, the teachings of the present 
invention recogniZe that FBC formation is the dominant 
event surrounding long term implantation of any sensor and 
must be orchestrated to support rather than hinder or block 
sensor performance. For example, sensors often do not 
perform Well until the FBC has matured suf?ciently to 
provide ingroWth of Well attached tissue bearing a rich 
supply of capillaries directly to the surface of the sensor. 
This maturation process takes at least several days and, 
When initiated according to the present invention, is a 
function of biomaterial and host factors Which initiate and 
modulate angiogenesis, and promote and control ?brocyte 
ingroWth. The present invention contemplates the use of 
particular materials to promote angiogenesis adjacent to the 
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8 
sensor interface (also referred to as the electrode-membrane 
region, described beloW) and to anchor the device Within the 
FBC. 
II. The Implantable Glucose Monitoring Devices of the 
Present Invention 
The present invention contemplates the use of a unique 

microarchitectural organiZation around the sensor interface 
of an implantable device. Moreover, the present invention 
contemplates the use of materials covering all or a portion of 
the device to assist in the stabiliZation of the device folloW 
ing implantation. HoWever, it should be pointed out that the 
present invention does not require a device comprising 
particular electronic components (e.g., electrodes, circuitry, 
etc). Indeed, the teachings of the present invention can be 
used With virtually any monitoring device suitable for 
implantation (or subject to modi?cation alloWing 
implantation); suitable devices include, but are not limited, 
to those described in US. Pat. Nos. 4,703,756 and 4,994,167 
to Shults el al.; US. Pat. No. 4,703,756 to Gough et al., and 
US. Pat. No. 4,431,004 to Bessman et al.; the contents of 
each being hereby incorporated by reference, and Bindra et 
al., Anal. Chem. 63:1692—96 (1991). 

In the discussion that folloWs, an example of an implant 
able device that includes the features of the present inven 
tion is ?rst described. Thereafter, the speci?c characteristics 
of, for example, the sensor interface contemplated by the 
present invention Will be described in detail. 

Generally speaking, the implantable devices contem 
plated for use With the present invention are oval shaped; of 
course, devices With other shapes may also be used With the 
present invention. The sample device includes a housing 
having an upper portion and a loWer portion Which together 
de?ne a cavity. FIG. 1A depicts a cross-sectional draWing of 
one embodiment of an implantable measuring device. Refer 
ring to FIG. 1A, the device comprises a main housing (also 
referred to as casing or packaging) consisting of a bottom 
member 1 With upWardly angled projecting extensions along 
its perimeter. The four doWnWardly projecting extensions of 
a similarly-shaped top member 2 engage the upWardly 
projecting extensions of the bottom member 1. As indicated 
in FIG. 1A, there is an aperture in top member 2 that alloWs 
for protrusion of the sensor interface dome 30. Preferred 
embodiments of the present invention entail such a protru 
sion of the sensor interface dome 30; in some embodiments, 
though a precise understanding of the effect of the protrusion 
is not required in order to practice the present invention, the 
protrusion is believed to assist in the formation of vascula 
ture in the sensor interface dome 30 region, and hence 
presentation of sample to the electrodes. 

In certain embodiments, a top member sheath 4 covers the 
top member 2; like the top member 2, the top member sheath 
4 has an aperture Which alloWs the sensor interface dome 30 
to protrude therethrough. As indicated in detail in FIG. 1B, 
the top member sheath 4 angles upWard as it approaches the 
aperture, alloWing the sensor interface capsular attachment 
layer 15 to be secured thereto. The top member sheath 4 may 
be coated With a sheath capsular attachment layer 16; in 
some embodiments, the sheath capsular attachment layer 
extends beyond the top member sheath (e.g., it may jacket 
the sides of the device or the bottom member). 

Maintaining the blood supply near an implanted foreign 
body like an implanted analyte-monitoring sensor requires 
stable ?xation of FBC tissue on the surface of the foreign 
body. This can be achieved, for example, by using capsular 
attachment membrane materials (e.g., those materials that 
comprise the sensor interface and top member capsular 
attachment layers) developed to repair or reinforce tissues, 
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including, but not limited to, polyester (DACRON®; 
DuPont; poly(ethylene terephthalate)) velour, expanded 
polytetra?uoroethylene (TEFLON®; Gore), polytetra?uo 
roethylene felts, polypropylene cloth, and related porous 
implant materials. The preferred material for FBC attach 
ment is surgical-grade polyester velour. FBC tissue tends to 
aggressively groW into the materials disclosed above and 
form a strong mechanical bond (i.e., capsular attachment); 
this ?xation of the implant in its capsule is essential to 
prevent motion artifact or disturbance of the neWly 
developed capillary blood supply. In preferred 
embodiments, capsular attachment materials are not used in 
the region of the sensor interface so as not to interfere With 
the vasculature development in that region. 

Side braces 3 secure the top member sheath 4 to the 
bottom member 1 (see FIG. 1A). Aconventional O-ring 7 or 
other suitable mechanical means may be used to assist in the 
attachment of the membrane layers (e.g., the enZyme layer). 
In a preferred embodiment, the housing is approximately 1.4 
cm from the base of the bottom member 1 to the top of the 
sheath capsular attachment layer 16, and approximately 7.0 
cm in length. 

The interior (i.e., the cavity) of the housing comprises one 
or more batteries 9 operably connected to an electronic 
circuit means (e.g., a circuit board 8), Which, in turn, is 
operably connected to at least one electrode (described 
beloW); in preferred embodiments, at least tWo electrodes 
are carried by the housing. Any electronic circuitry and 
batteries that renders reliable, continuous, long-term (e.g., 
months to years) results may be used in conjunction With the 
devices of the present invention. 

The housing of the devices of the present invention 
preferably utiliZe a simple, loW-cost packaging technique 
Which protects the components of the device for at least one 
year in aqueous media. In preferred embodiments, the 
components of the housing (e.g., the top and bottom 
members) comprise thermoformed high-density polyethyl 
ene. The area in the cavity of the housing that surrounds the 
batteries, electronic circuitry, etc., may be ?lled With an 
encapsulant 40 (see FIG. 1A), a material that secures in 
place the components Within the cavity but that does not 
interfere With the operation of those components. In pre 
ferred embodiments, the encapsulant 40 is based on mix 
tures of petroleum Wax and loW melting temperature resins 
developed for the hot-melt glue industry [Shults et al., IEEE 
Trans. Biomed. Eng. 41:937—942 (1994)]. In addition to the 
high-quality moisture barrier formed With this approach, the 
electronics (e.g., the circuit board 8) can be recycled by 
remelting and draining the encapsulant When the battery 
expires. 

The preferred encapsulant compositions of the present 
invention comprise approximately 54% PW 130/35H Wax 
(Astor Wax), approximately 40% MVO 2528 resin (Exxon 
Chemical), and approximately 6% XS 93.04 resin (Exxon 
Chemical, Houston, Tex.). These pelletiZed compounds ren 
der a Well-mixed solution after heating and mixing at about 
120° C. for approximately one hour. This solution is then 
poured into the polyethylene housing containing the implant 
electronics, taking caution to not to exceed the burst tem 
perature of, e.g., approximately 160° C. When lithium bat 
teries are used. 

FIG. 1B depicts a cross-sectional exploded vieW of the 
sensor interface dome 30 of FIG. 1A. Referring to FIG. 1B, 
the sensor interface dome comprises a region of, for 
example, epoxy insulation 10 in Which is embedded a silver 
reference electrode 20, a platinum Working electrode 21, and 
a platinum counter electrode 22. The present invention is 
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10 
neither limited by the composition of the electrodes nor their 
position Within the sensor interface dome 30. 

FIG. 1C depicts a cross-sectional exploded vieW of the 
electrode-membrane region set forth in FIG. 1B detailing the 
sensor tip and the functional membrane layers. As depicted 
in FIG. 1C, the electrode-membrane region comprises sev 
eral different membrane layers, the compositions and func 
tions of Which are described in detail beloW. The top ends of 
the electrodes are in contact With the electrolyte phase 31, a 
free-?oWing ?uid phase. The electrolyte phase is covered by 
the enZyme membrane 32 that contains an enZyme, e.g., 
glucose oxidase, and several functional polymer layers (as 
described beloW). In turn, a bioprotective membrane 33 
covers the enZyme membrane 32 and serves, in part, to 
protect the sensor from external forces that may result in 
environmental stress cracking of the enZyme membrane 32. 
Finally, an angiogenic layer 34 is placed over the biopro 
tective membrane 33 and serves to promote vasculariZation 
in the sensor interface region. 
A retaining gasket 18 composed of, for example, silicone 

rubber, is used to retain the sensor interface capsular attach 
ment layer 15 (FIGS. 1A—B) and the angiogenic layer 34 and 
the bioprotective membrane 33 (not shoWn). In preferred 
embodiments, the angiogenic layer 34 and the bioprotective 
membrane 33 pass over the tip of the sensor interface dome 
30, over the O-ring 7, and then under the sensor interface 
capsular attachment layer 15 and the retaining gasket 18. 
The present invention contemplates the construction of 

the membrane layers of the sensor interface region using 
standard ?lm coating techniques. This type of membrane 
fabrication facilitates control of membrane properties and 
membrane testing. 
III. Sensor Interface 
As alluded to above and disclosed in FIG. 1C, in a 

preferred embodiment, the sensor interface region comprises 
several different layers and membranes that cover the elec 
trodes of an implantable analyte-measuring device. The 
characteristics of these layers and membranes are noW 
discussed in more detail. The layers and membranes prevent 
direct contact of the biological ?uid sample With the 
electrodes, While permitting selected substances (e.g., 
analytes) of the ?uid to pass therethrough for electrochemi 
cal reaction With the electrodes. 
The membranes used in the sensor interface region are 

semipermeable membranes. Generally speaking, the tWo 
fundamental diffusion processes by Which a semipermeable 
membrane can limit the amount of a substance that passes 
therethrough are i) diffusion through the semipermeable 
membrane as a porous structure and ii) diffusion through the 
semipermeable membrane as a monolithic, homogeneous 
structure. The present invention is not limited by the nature 
of the semipermeable membranes used in the sensor inter 
face region. 
A semipermeable membrane that comprises a porous 

structure consists of a relatively impermeable matrix that 
includes a plurality of “microholes” or pores of molecular 
dimensions. Transfer through these membranes is primarily 
due to passage of substances through the pores (i.e., the 
membrane acts as a microporous barrier or sieve). Examples 
of materials that may be used to form porous, semiperme 
able membranes include, but are not limited to, 
polyethylene, polyvinylchloride, polytetra?uoroethylene, 
polypropylene, polyacrylamide, cellulose acetate, polym 
ethyl methacrylate, silicone polymers, polycarbonate, and 
cellulosic polymers. 

Because diffusion is primarily due to passage of the 
substance through pores, the permeability is related to the 
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effective size of the pores, the membrane thickness, and to 
the molecular siZe of the diffusing substance. As a result, 
there is little selectivity in the separation of tWo chemically 
or structurally related molecules, except When their molecu 
lar siZe is approximately the same as the siZe of the pore; 
When this occurs, forces acting betWeen the substance and 
the surface of the pore channel may in?uence the rate of 
transfer. In addition, the upper siZe limit to diffusion is 
determined by the largest pore diameter, and the overall 
diffusion rate depends on the total number of pores. 

In contrast, passage of a substance through a monolithic, 
homogeneous membrane depends upon selective dissolution 
and diffusion of the substance as a solute through a solid, 
non-porous ?lm. As used herein, the term “monolithic” 
means substantially non-porous and having a generally 
unbroken surface. The term “homogeneous”, With reference 
to a membrane, means having substantially uniform char 
acteristics from one side of the membrane to the other. 
HoWever, a membrane may have heterogeneous structural 
domains, for example, created by using block copolymers 
(i.e., polymers in Which different blocks of identical mono 
mer units alternate With each other), and still be character 
iZed functionally as homogeneous With respect to its depen 
dence upon dissolution rather than sieving to effect 
separation of substances. A monolithic membrane can thus 
be used to selectively separate components of a solution on 
the basis of properties other than the siZe, shape and density 
of the diffusing substances. Monolithic, homogeneous mem 
branes act as a barrier because of the preferential diffusion 
therethrough of some substance. They may be formed from 
materials such as those previously listed for porous 
membranes, including, but not limited to, polyethylene, 
polyvinylchloride, tetra?uorethylene, polypropylene, 
polyacrylamide, polymethyl methacrylate, silicone 
polymers, polycarbonate, collagen, polyurethanes and block 
copolymers thereof (block copolymers are discussed in US. 
Pat. Nos. 4,803,243 and 4,686,044, hereby incorporated by 
reference). 

A. Angiogenic Layer 
For implantable glucose monitoring devices, a sensor/ 

tissue interface must be created Which provides the sensor 
With oxygen and glucose concentrations comparable to that 
normally available to tissue comprised of living cells. 
Absent such an interface, the sensor is associated With 
unstable and chaotic performance indicating that inadequate 
oxygen and/or glucose are reaching the sensor. The devel 
opment of suitable interfaces in other contexts has been 
reported. For example, investigators have developed tech 
niques Which stimulate and maintain blood vessels inside a 
FBC to provide for the demanding oxygen needs of pancre 
atic islets Within an implanted membrane. [See, e.g., 
Brauker et al., Abstract from 4th World Biomaterials 
Congress, Berlin (1992)]. These techniques depend, in part, 
on the use of a vasculariZing layer on the exterior of the 
implanted membrane. HoWever, previously-described 
implantable analyte-monitoring devices have not been able 
to successfully maintain suf?cient blood ?oW to the sensor 
interface. 
As described above, the outermost layer of the electrode 

membrane region comprises an angiogenic material. The 
angiogenic layer of the devices of the present invention may 
be constructed of membrane materials such as hydrophilic 
polyvinylidene ?uoride (e.g., Durapore®; Millipore), mixed 
cellulose esters (e.g., MF; Millipore), polyvinyl chloride 
(e.g., PVC; Millipore), and other polymers including, but 
not limited to, polypropylene, polysulphone, and poly 
methacrylate. Preferably, the thickness of the angiogenic 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
layer is about 10 pm to about 20 pm. The angiogenic layer 
comprises pores siZes of about 0.5 to about 20 pm, and more 
preferably about 1.0 pm to about 10 pm, siZes that alloW 
most substances to pass through, including, e.g., macroph 
ages. The preferred material is expanded PTFE of a thick 
ness of about 15 pm and pore siZes of about 5 pm to about 
10 pm. 
To further promote stable foreign body capsule structure 

Without interfering With angiogenesis, an additional outer 
most layer of material comprised of a thin loW-density 
non-Woven polyester (e.g., manufactured by Gore) can be 
laminated over the preferred PTFE described above. In 
preferred embodiments, the thickness of this layer is about 
120 pm. This additional thin layer of material does not 
interfere With angiogenesis and enhances the manufactur 
ability of the angiogenic layer. [See US. Pat. No. 5,453,278 
to Brauker et al., hereby incorporated by reference; PCT 
Patent Publication Nos. 96/32076, 96/01611, and 92/07525 
assigned to Baxter]. 

B. Bioprotective Membrane 
The in?ammatory response that initiates and sustains a 

FBC is associated With both advantages and disadvantages. 
Some in?ammatory response is needed to create a neW 
capillary bed in close proximity to the surface of the sensor 
in order to i) continuously deliver adequate oxygen and 
glucose and ii) create suf?cient tissue ingroWth to anchor the 
implant and prevent motion artifact. On the other hand, 
in?ammation is associated With invasion of tissue macroph 
ages Which have the ability to biodegrade many arti?cial 
biomaterials (some of Which Were, until recently, considered 
nonbiodegradable). When activated by a foreign body, tissue 
macrophages degranulate, releasing from their cytoplasmic 
myeloperoxidase system hypochlorite (bleach), H202 and 
other oxidant species. Both hypochlorite and H202 are 
knoWn to break doWn a variety of polymers, including 
polyurethane, by a phenomenon referred to as environmen 
tal stress cracking. [Phillips et al., J. Biomat. Appl., 
3:202—227 (1988); Stokes, J. Biomat. Appl. 3:228—259 
(1988)]. Indeed, environmental stress cracking has been 
shoWn to limit the lifetime and performance of an enZyme 
active polyurethane membrane stretched over the tip of a 
glucose sensor. [Updike et al., Am. Soc. Arti?cial Internal 
Organs, 40:157—163 (1994)]. 

Because both hypochlorite and H202 are short-lived 
chemical species in vivo, biodegradation Will not occur if 
macrophages are kept a sufficient distance from the enZyme 
active membrane. The present invention contemplates the 
use of protective biomaterials of a feW microns thickness or 
more (i.e., a bioprotective membrane) Which are permeable 
to oxygen and glucose and are placed over the tip of the 
sensor to keep the macrophages from gaining proximity to 
the sensor membrane. The devices of the present invention 
are not limited by the nature of the bioprotective layer. 
HoWever, the bioprotective layer should be biostable for 
long periods of time (e.g., several years); the present inven 
tion contemplates the use of polymers including, but not 
limited to, polypropylene, polysulphone, polytetra?uoroet 
hylene (PTFE), and poly(ethylene terephthalate) (PET). 

Preferably, the bioprotective layer is constructed of 
expanded PTFE With a pore siZe of about 0.2 pm to about 0.5 
pm and a thickness of about 15 to about 35 pm. Most 
preferably, the bioprotective layer is constructed of 
expanded PTFE With a pore siZe of 0.4 pm and a thickness 
of approximately 25 pm (e.g., Millicell CM-Biopore®; 
Millipore). 

C. The EnZyme Membrane 
The present invention contemplates membranes impreg 

nated With enZyme. It is not intended that the present 
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invention be limited by the nature of the enZyme membrane. 
The enZyme membrane of a preferred embodiment is 
depicted in FIG. 1C as being a single, homogeneous struc 
ture. HoWever, in preferred embodiments, the enZyme mem 
brane comprises a plurality of distinct layers. In a particu 
larly preferred embodiment, the enZyme membrane 
comprises the folloWing four layers (in succession from the 
bioprotective membrane to the electrolyte phase): i) a resis 
tance layer; ii) an enZyme layer; iii) an interference layer; 
and iv) an electrolyte layer. 

Resistance Layer 

There is a molar excess of glucose relative to the amount 
of oxygen in samples of blood. Indeed, for every free oxygen 
molecule in extracellular ?uid, there are typically more than 
100 glucose molecules present [Updike et al., Diabetes Care 
5:207—21(1982)]. HoWever, an immobiliZed enZyme-based 
sensor using oxygen (O2) as cofactor must be supplied With 
oxygen in non-rate-limiting excess in order to respond 
linearly to changes in glucose concentration While not 
responding to changes in oxygen tension. More speci?cally, 
When a glucose-monitoring reaction is oxygen-limited, lin 
earity is not achieved above minimal concentrations of 
glucose. Without a semipermeable membrane over the 
enZyme layer, linear response to glucose levels can be 
obtained only up to about 40 mg/dL; hoWever, in a clinical 
setting, linear response to glucose levels are desirable up to 
at least about 500 mg/dL. 

The resistance layer comprises a semipermeable mem 
brane that controls the ?ux of oxygen and glucose to the 
underlying enZyme layer (i.e., limits the ?ux of glucose), 
rendering the necessary supply of oxygen in non-rate 
limiting excess. As a result, the upper limit of linearity of 
glucose measurement is extended to a much higher value 
than that Which could be achieved Without the resistance 
layer. The devices of the present invention contemplate 
resistance layers comprising polymer membranes With 
oxygen-to-glucose permeability ratios of approximately 
200:1; as a result, one-dimensional reactant diffusion is 
adequate to provide excess oxygen at all reasonable glucose 
and oxygen concentrations found in the subcutaneous matrix 
[Rhodes et al., Anal. Chem., 66:1520—1529 (1994)]. 

In preferred embodiments, the resistance layer has a 
thickness of less than about 45 pm, more preferably in the 
range of about 15 to about 40 pm and most preferably in the 
range of about 20 to about 35 pm. 

EnZyme Layer 
In addition to glucose oxidase, the present invention 

contemplates the use of a membrane layer impregnated With 
other oxidases, e.g., galactose oxidase, uricase. For an 
enZyme-based electrochemical glucose sensor to perform 
Well, the sensor’s response must neither be limited by 
enZyme activity nor cofactor concentration. Because 
enZymes, including the very robust glucose oxidase, are 
subject to deactivation as a function of ambient conditions, 
this behavior needs to be accounted for in constructing 
sensors for long-term use. 

The principle of losing half of the original enZyme 
activity in a speci?c time may be used in calculating hoW 
much enZyme needs to be included in the enZyme layer to 
provide a sensor of required lifetime (see Experimental 
section). Previously, researchers have found that, When 
placed in a saline solution at 37° C., glucose electrodes lose 
half of their electrode enZyme activity in 85 to 105 days 
[See, e.g., Tse and Gough, Biotechnol. Bioeng. 29:705—713 
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(1987)]. Under reasonable diabetic conditions and normal 
enZyme loading (e.g., 2x10‘4 M glucose oxidase; see 
Example 4), useful sensor lifetimes can last for at least one 
year. HoWever, exposure of the sensor to high levels of 
glucose in combination With loW oxygen levels for pro 
longed periods can result in shortened sensor lifetimes. 
[Rhodes et al., Anal. Chem., 66:1520—1529 (1994)]. 

Excess glucose oxidase loading is required for long sensor 
life. The Experimental section provides a procedure that can 
be used to determine the appropriate amount of enZyme to 
be included in the enZyme layer. When excess glucose 
oxidase is used, up to tWo years of performance is possible 
from the glucose-monitoring devices contemplated by the 
present invention. 

Interference Layer 

The interference layer comprises a thin, hydrophobic 
membrane that is nonsWellable and has a loW molecular 
Weight cut-off. The interference layer is permeable to rela 
tively loW molecular Weight substances, such as hydrogen 
peroxide, but restricts the passage of higher molecular 
Weight substances, including glucose and ascorbic acid. The 
interference layer serves to alloW analytes and other sub 
stances that are to be measured by the electrodes to pass 
through, While preventing passage of other substances. 
The interference layer has a preferred thickness of less 

than about 5 pm, more preferably in the range of about 0.1 
to about 5 pm and most preferably in the range of about 0.5 
to about 3 pm. 

Electrolyte Layer 

To ensure electrochemical reaction, the electrolyte layer 
comprises a semipermeable coating that maintains hydro 
philicity at the electrode region of the sensor interface. The 
electrolyte layer enhances the stability of the interference 
layer of the present invention by protecting and supporting 
the membrane that makes up the interference layer. 
Furthermore, the electrolyte layer assists in stabiliZing 
operation of the device by overcoming electrode start-up 
problems and drifting problems caused by inadequate elec 
trolyte. The buffered electrolyte solution contained in the 
electrolyte layer also protects against pH-mediated damage 
that may result from the formation of a large pH gradient 
betWeen the hydrophobic interference layer and the elec 
trode (or electrodes) due to the electrochemical activity of 
the electrode. 

Preferably the coating comprises a ?exible, Water 
sWellable, substantially solid gel-like ?lm having a “dry 
?lm” thickness of about 2.5 pm to about 12.5 pm, preferably 
about 6.0 pm. “Dry ?lm” thickness refers to the thickness of 
a cured ?lm cast from a coating formulation onto the surface 
of the membrane by standard coating techniques. The coat 
ing formulation comprises a premix of ?lm-forming poly 
mers and a crosslinking agent and is curable upon the 
application of moderate heat. 

Suitable coatings are formed of a curable copolymer of a 
urethane polymer and a hydrophilic ?lm-forming polymer. 
Particularly preferred coatings are formed of a polyurethane 
polymer having anionic carboxylate functional groups and 
non-ionic hydrophilic polyether segments, Which is 
crosslinked in the present of polyvinylpyrrolidone and cured 
at a moderate temperature of about 50° C. 

Particularly suitable for this purpose are aqueous disper 
sions of fully-reacted colloidal polyurethane polymers hav 
ing cross-linkable carboxyl functionality (e.g., BAY 
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BOND®; Mobay Corporation). These polymers are 
supplied in dispersion grades having a polycarbonate 
polyurethane backbone containing carboxylate groups iden 
ti?ed as XW-121 and XW-123; and a polyester-polyurethane 
backbone containing carboxylate groups, identi?ed as 
XW-110-2. Particularly preferred is BAYBOND® 123, an 
aqueous anionic dispersion of an aliphate polycarbonate 
urethane polymer sold as a 35 Weight percent solution in 
Water and co-solvent N-methyl-2-pyrrolidone. 

Polyvinylpyrrolidone is also particularly preferred as a 
hydrophilic Water-soluble polymer and is available commer 
cially in a range of viscosity grades and average molecular 
Weights ranging from about 18,000 to about 500,000, under 
the PVP K® homopolymer series by BASF Wyandotte and 
by GAF Corporation. Particularly preferred is the 
homopolymer having an average molecular Weight of about 
360,000 identi?ed as PVP-K90 (BASF Wyandotte). Also 
suitable are hydrophilic, ?lm-forming copolymers of 
N-vinylpyrrolidone, such as a copolymer of 
N-vinylpyrrolidone and vinyl acetate, a copolymer of 
N-vinylpyrrolidone, ethylmethacrylate and methacrylic acid 
monomers, and the like. 

The polyurethane polymer is crosslinked in the presence 
of the polyvinylpyrrolidone by preparing a premix of the 
polymers and adding a cross-linking agent just prior to the 
production of the membrane. Suitable cross-linking agents 
can be carbodiimides, epoxides and melamine/ 
formaldehyde resins. Carbodiimide is preferred, and a pre 
ferred carbodiimide crosslinker is UCARLNK® XL-25 

(Union Carbide). 
The ?exibility and hardness of the coating can be varied 

as desired by varying the dry Weight solids of the compo 
nents in the coating formulation. The term “dry Weight 
solids” refers to the dry Weight percent based on the total 
coating composition after the time the crosslinker is 
included. Apreferred useful coating formulation can contain 
about 6 to about 20 dry Weight percent, preferably about 8 
dry Weight percent, polyvinylpyrrolidone; about 3 to about 
10 dry Weight percent preferably about 5 dry Weight percent 
cross-linking agent; and about 70 to about 91 Weight 
percent, preferably about 87 Weight percent of a polyure 
thane polymer, preferably a polycarbonate-polyurethane 
polymer. The reaction product of such a coating formulation 
is referred to herein as a Water-sWellable cross-linked matrix 
of polyurethane and polyvinylpyrrolidone. 

D. The Electrolyte Phase 
The electrolyte phase is a free-?uid phase comprising a 

solution containing at least one compound, usually a soluble 
chloride salt, that conducts electric current. The electrolyte 
phase ?oWs over the electrodes (see FIG. 1C) and is in 
contact With the electrolyte layer of the enZyme membrane. 
The devices of the present invention contemplate the use of 
any suitable electrolyte solution, including standard, com 
mercially available solutions. 

Generally speaking, the electrolyte phase should have the 
same or less osmotic pressure than the sample being ana 
lyZed. In preferred embodiments of the present invention, 
the electrolyte phase comprises normal saline. 

E. Electrode 
The electrode assembly of this invention may also be used 

in the manner commonly employed in the making of 
amperometric measurements. A sample of the ?uid being 
analyZed is placed in contact With a reference electrode, e.g., 
silver/silver-chloride, and the electrode of this invention 
Which is preferably formed of platinum. The electrodes are 
connected to a galvanometer or polarographic instrument 
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and the current is read or recorded upon application of the 
desired DC. bias voltage betWeen the electrodes. 
The ability of the present device electrode assembly to 

accurately measure the concentration of substances such as 
glucose over a broad range of concentrations in ?uids 
including undiluted Whole blood samples enables the rapid 
and accurate determination of the concentration of those 
substances. That information can be employed in the study 
and control of metabolic disorders including diabetes. 
IV. Sensor Implantation and Radiotelemetric Output 

Long-term sensor performance is best achieved, and tran 
scutaneous bacterial infection is eliminated, With implanted 
devices capable of radiotelemetric output. The present 
invention contemplates the use of radiotelemetry to provide 
data regarding blood glucose levels, trends, and the like. The 
term “radiotelemetry” refers to the transmission by radio 
Waves of the data recorded by the implanted device to an ex 
vivo recording station (e.g., a computer), Where the data is 
recorded and, if desired, further processed. 

Although totally implanted glucose sensors of three 
month lifetime, With radiotelemetric output, have been 
tested in animal models at intravenous sites [see, eg 
Armour et al., Diabetes, 39:1519—1526 (1990)], subcutane 
ous implantation is the preferred mode of implantation [see, 
e.g., Gilligan et al., Diabetes Care 17:882—887 (1994)]. The 
subcutaneous site has the advantage of loWering the risk for 
thrombophlebitis With hematogenous spread of infection 
and also loWers the risk of venous thrombosis With pulmo 
nary embolism. In addition, subcutaneous placement is 
technically easier and more cost-effective than intravenous 
placement, as it may be performed under local anesthesia by 
a non-surgeon health care provider in an outpatient setting. 

Preferably, the radiotelemetry devices contemplated for 
use in conjunction With the present invention possess fea 
tures including small package siZe, adequate battery life, 
acceptable noise-free transmission range, freedom from 
electrical interference, and easy data collection and process 
ing. Radiotelemetry provides several advantages, one of the 
most important of Which is the ability of an implanted device 
to measure analyte levels in a sealed-off, sterile environ 
ment. 
The present invention is not limited by the nature of the 

radiotelemetry equipment or methods for its use. Indeed, 
commercially available equipment can be modi?ed for use 
With the devices of the present invention (e.g., devices 
manufactured by Data Sciences). Similarly, custom 
designed radiotelemetry devices like those reported in the 
literature can be used in conjunction With the implantable 
analyte-measuring devices of the present invention [see, 
e.g., McKean and Gough, IEEE Trans. Biomed. Eng. 
35:526—532 (1988); Shichiri et al., Diabetes Care 9:298—301 
(1986); and Shults et al., IEEE Trans. Biomed. Eng. 
41:937—942 (1994)]. In a preferred embodiment, transmit 
ters are programmed With an external magnet to transmit at 
4-, 32-, or 25 6-second intervals depending on the need of the 
subject; presently, battery lifetimes at the current longest 
transmission intervals (about 256 seconds) is approximately 
up to tWo years. 
V. Response Time and Calibration 

Every measurement method reports data With some delay 
after the measured event. For data to be useful, this delay 
must be smaller than some time depending on the needs of 
the method. Thus, response time of the current invention has 
been carefully studied. The use of the term “initial response” 
is not to be confused With the term “response time.” After a 
step function change in glucose concentration, the time 
delay before the ?rst unequivocal change in sensor signal 
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occurs is the “initial response,” While the following time 
delay to reach 90% of the steady-state signal development is 
the “response time.” “Response time” is the factor Which 
normally controls hoW quickly a sensor can track a dynami 
cally changing system. 

Furthermore, the time required before a glucose sensor in 
a FBC Will indicate an initial response to a bolus intravenous 
glucose injection is a function of the animal “circulation 
time” and the sensor’s “initial response”. The circulation 
time is the time required for a bolus glucose injection to 
reach the site of sensor implantation. 

Generally speaking, equilibration betWeen vascular and 
interstitial compartments for glucose is so rapid that it plays 
no role in either the initial response or the observed response 
time. If the tip of the sensor is in intimate contact With the 
interstitial compartment (e.g., FBC), then there is no sig 
ni?cant delay in glucose diffusing from the capillary lumen 
to the tip of the sensor. The inventors have found that the 
glucose sensors of the present invention provide initial 
responses of about 30 seconds in dogs about half of Which 
is circulation time. The dog model represents a useful and 
accepted model for determining the ef?cacy of glucose 
monitoring devices. 

While the devices of the present invention do not require 
a speci?c response time, in preferred embodiments of the 
present invention, the in vitro 90% response times at 37° C. 
for subsequently subcutaneously implanted devices are in 
the range of 2 to 5 minutes in dogs. Though the use of the 
devices of the present invention does not require an under 
standing of the factors that in?uence response time or the 
factors’ mechanisms of action, in vivo response times are 
believed to be primarily a function of glucose diffusion 
through the sensor membrane (e.g., a 40—60 micron 
membrane). Of note, response times of up to about 10 
minutes do not limit the clinical utility of tracking blood 
glucose in diabetic patients because physiologic or patho 
logic glucose levels do not change more rapidly than a feW 
percent per minute. 

In calibrating the glucose sensors of the present invention, 
a single point recalibration of the sensor at four-Week 
intervals against an acceptable glucose reference method is 
preferred (e.g., calibration against blood obtained from a 
?nger-prick). Generally speaking, the recalibration amounts 
to a simple adjustment in sensor gain. The sensor offset 
current (i.e., the current at 0 mg/dL glucose) needs to remain 
invariant over the duration of the implant for the sensor to 
provide optimal data. 
Experimental 

The folloWing examples serve to illustrate certain pre 
ferred embodiments and aspects of the present invention and 
are not to be construed as limiting the scope thereof. 

In the preceding description and the experimental disclo 
sure Which folloWs, the folloWing abbreviations apply: Eq 
and Eqs (equivalents); mEq (milliequivalents); M (molar); 
mM (millimolar) pM (micromolar); N (Normal); mol 
(moles); mmol (millimoles); pmol (micromoles); nmol 
(nanomoles); g (grams); mg (milligrams); pg (micrograms); 
Kg (kilograms); L (liters); mL (milliliters); dL (deciliters); 
pL(microliters); cm (centimeters); mm (millimeters); pm 
(micrometers); nm (nanometers); h and hr (hours); min. 
(minutes); s and sec. (seconds); ° C. (degrees Centigrade); 
Astor Wax (Titusville, Pa.); BASF Wyandotte Corporation 
(Parsippany, N.J.); Data Sciences, Inc. (St. Paul, Minn.); 
DuPont (DuPont Co., Wilmington, Del.); Exxon Chemical 
(Houston, Tex.); GAF Corporation (NeW York, NY); Mark 
Well Medical (Racine, Wis.); Meadox Medical, Inc. 
(Oakland, N.J.); Mobay (Mobay Corporation, Pittsburgh, 
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Pa.); SandoZ (East Hanover, N.J.); and Union Carbide 
(Union Carbide Corporation; Chicago, Ill.). 

EXAMPLE 1 

The polyurethanes are preferably prepared as block 
copolymers by solution polymeriZation techniques as gen 
erally described in Lyman [J. Polymer Sci. 45:49 (1960)]. 
Speci?cally, a tWo-step solution polymeriZation technique is 
used in Which the poly(oxyethylene) glycol is ?rst “capped” 
by reaction With a diisocyanate to form a macrodiisocyanate. 
The macrodiisocyanate is then coupled With a diol (or 
diamine) and the diisocyanate to form a block copolyetheru 
rethane (or a block copolyurethaneurea). The resulting block 
copolymers are tough and elastic and may be solution-cast 
in N,N-dimethylformamide to yield clear ?lms that demon 
strate good Wet strength When sWollen in Water. 

In particular, a mixture of 8.4 g (0.006 mol), poly 
(oxyethylene) glycol (CARBOWAX® 1540, Union 
Carbide), and 3.0 g (0.012 mol) 4,4‘-diphenylmethane diiso 
cyanate in 20 mL dimethyl sulfoxide/4-methyl-2-pentanone 
(50/50) is placed in a three-necked ?ask equipped With a 
stirrer and condenser and protected from moisture. The 
reaction mixture is stirred and heated at 110° C. for about 
one hour. To this clear solution is added 1.5 g (0.014 mol) 
1,5-pentanediol and 2.0 g (0.008 mol) 4,4‘-diphenylmethane 
diisocyanate. 

After heating at 110° C. for an additional tWo hours, the 
resulting viscous solution is poured into Water. The tough, 
rubbery, White polymer precipitate that forms is chopped in 
a Waring Blender, Washed With Water and dried in a vacuum 
oven at about 60° C. The yield is essentially quantitative. 
The inherent viscosity of the copolymer in N,N-dimethyl 
formamide is 0.59 at 30° C. (at a concentration of about 0.05 
percent by Weight). 

EXAMPLE 2 

As previously described, the electrolyte layer, the mem 
brane layer closest to the electrode, can be coated as a 
Water-sWellable ?lm. This example illustrates a coating 
comprising a polyurethane having anionic carboxylate func 
tional groups and hydrophilic polyether groups and polyvi 
nylpyrrolidone (PVP) that can be cross-linked by carbodi 
imide. 

A coating preparation is prepared comprising a premix of 
a colloidal aqueous dispersion of particles of a urethane 
polymer having a polycarbonate-polyurethane (PC-PU) 
backbone containing carboxylate groups and the Water 
soluble hydrophilic polymer, PVP, Which is crosslinked by 
the addition of the cross-linking agent just before production 
of the coated membrane. Example coating formulations are 
illustrated in Table 1. 

TABLE 1 

A B C 

Dry Dry Dry 
Weight Weight Weight 
% % % 

Weight Solids Weight Solids Weight Solids 

Premix 

PVPl 48 6 64 8 160 20 
PC-PV2 260 91 248 87 200 70 












