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SUBCUTANEOUS GLUCOSE ELECTRODE 

This application is a continuation of application Ser. No. 
09/668,221, ?led Sep. 22, 2000, now US. Pat. No. 6,329, 
161, Which is a Continuation of application of Ser. No. 
09/477,053, ?led Jan. 3, 2000, now US. Pat. No. 06/162, 
611, Which is a Continuation of application Ser. No. 09/356, 
102, ?led Jul. 16, 1999, now US. Pat. No 6,121,009, Which 
is a Continuation of application Ser. No. 08/767,110, ?led 
Dec. 4, 1996, now US. Pat. No. 6,284,478, Which is a 
continuation of application Ser. No. 08/299,526, ?led Sep. 1, 
1994, now US. Pat. No. 5,593,852, Which is a continuation 
in-part of application Ser. No. 08/161,682, ?led Dec. 2, 
1993, now US. Pat. No. 5,356,786, Which is a continuation 
of application Ser. No. 07/664,054, ?led Mar. 4, 1991, noW 
abandoned, Which applications are incorporated herein by 
reference. 

FIELD OF THE INVENTION 

The present invention relates to In vivo enZyme biosen 
sors and more speci?cally to miniature glucose sensors for 
subcutaneous measurement of glucose With one-point cali 
bration. 

BACKGROUND 

In response to the need for frequent or continuous in vivo 
monitoring of glucose in diabetics, particularly in brittle 
diabetes, a range of possible in vivo glucose electrodes have 
been studied. The desired characteristics of these electrodes 
include safety, clinical accuracy and reliability, feasibility of 
In vivo recalibration, stability for at least one hospital shift 
of eight hours, small siZe, ease of insertion and removal, and 
a sufficiently fast response to alloW timely intervention. The 
in vivo recalibration should be based upon WithdraWal of a 
single sample of body ?uid, e.g., blood, and measuring its 
glucose concentration. This is termed “one point calibra 
tion”. 

Keys to safety are absence of leachable components, 
biocompatibility, and limiting of the potentially haZardous 
foreign matter introduced into the body to an amount that is 
inconsequential in a Worst case failure. The clinical accuracy 
must be such that even When the readings are least accurate, 
the clinical decisions based on these be still correct. Feasi 
bility of prompt con?rmation of proper functioning of the 
sensors and of periodic in vivo recalibration is of essence if 
a physician is to alloW the treatment of a patient to depend 
on the readings of the sensor. This one-point calibration, 
relying on the signal at Zero glucose concentration being 
Zero and measuring the blood glucose concentration at one 
point in time, along With the signal, is of essence, but has 
heretofore been elusive. The sensitivity must be suf?ciently 
stable for the frequency of required in vivo recalibration to 
not be excessive. The sensor must be small enough to be 
introduced and removed With minimal discomfort to the 
patient and for minimal tissue damage. It is preferred that the 
sensor be subcutaneous and that it be inserted and removed 
by the patient or by staff in a physician’s of?ce. Finally, its 
response time must be fast enough so that corrective 
measures, When needed, can be timely. 

In response to some of these needs, needle type and other 
subcutaneous amperometric sensors Were considered. The 
majority of these utiliZed platinum-iridium, or platinum 
black to electrooXidiZe H2O2 generated by the glucose 
oXidase (GOX) catalyZed reaction of glucose and oXygen. In 
these sensors, the GOX Was usually in large eXcess and 
immobiliZed, often by crosslinking With albumin and glut 
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2 
araldehyde. To eXclude electrooXidiZable interferants, mem 
branes of cellulose acetate and sulfonated polymers includ 
ing Na?onTM Were used. Particular attention Was paid to the 
exclusion of the most common electrooXidiZable interfer 
ants; ascorbate, urate and acetaminophen. Also to cope With 
the interferants, tWo-electrode differential measurements 
Were used, one electrode being sensitive to glucose and 
electrooXidiZable interferants and the other only to interfer 
ants. One strategy for overcoming the problem of 
interferants, applicable also to the present invention, 
involves their preoXidation. Another strategy involves 
shifting, through chemical changes, the redoX potential of 
the polymer in the sensing layer to more reducing potentials. 
When the redoX potential of the polymer is in the region 
betWeen about —0.15 V and +0.15 V versus the standard 
calomel electrode (SCE), and the electrodes are poised in 
their in vivo operation betWeen about —0.10 and +0.25 V, the 
rate of electrooXidation of interferants such as ascorbate, 
urate, and acetaminophen is very sloW relative to that of 
glucose through its physiological concentration range. Thus, 
also the currents from electrooXidation of interferants are 
small relative to those of glucose. 

To make the electrodes more biocompatible, hydrophilic 
polyurethanes, poly(vinyl alcohol) and polyHEMA mem 
branes have been used. 

Several researchers tested GOX-based glucose sensors in 
vivo and obtained acceptable results in rats, rabbits, dogs, 
pigs, sheep and humans. These studies validated the subcu 
taneous tissue as an acceptable glucose sensing site. Good 
correlation Was observed betWeen intravascular and subcu 
taneous glucose concentrations. They also demonstrated the 
need for in vivo sensor calibration. Another approach to in 
vivo glucose monitoring Was based on coupling subcutane 
ous microdialysis With electrochemical detection. To control 
and adjust the linear response range, electrodes have been 
made glucose-diffusion limited, usually through glucose 
transport limiting membranes. 

Diffusional mediators, through Which the O2 partial pres 
sure dependence of the signals is reduced, are leached from 
sensors. Such leaching introduces an unWanted chemical 
into the body, and also leads to loss in sensitivity, particu 
larly in small sensors. In microsensors, in Which outWard 
diffusion of the mediator is radial, the decline in sensitivity 
is rapid. This problem has been overcome in “Wired” 
enZyme electrodes, i.e., electrodes made by connecting 
enZymes to electrodes through crosslinked electron 
conducting redoX hydrogels (“Wires”). Glucose oXidase has 
been “Wired” With polyelectrolytes having electron relaying 
[Os(bpy)2Cl]"/2+ redoX centers in their backbones. Hydro 
gels Were formed upon crosslinking the enZyme and its Wire 
on electrodes. These electrodes had high current densities 
and operated at a potential of 0.3V vs. SCE. The electrooXi 
diZable interferants are eliminated through peroxidase 
catalyZed preoXidation in a second, nonWired, hydrogen 
peroXide generating layer on the “Wired” enZyme electrode. 

SUMMARY OF THE INVENTION 

A small (e.g., 0.29 mm), recessed, non-corroding metal 
(e.g., gold, platinum, palladium) or carbon Wire electrode for 
subcutaneous in vivo glucose monitoring, approaching in its 
performance all of the above listed requirements, including 
in vivo one-point calibration, has been produced. The elec 
trode Was constructed by depositing active polymer layers 
into a recess formed by etching aWay gold from an insulated 
gold Wire. 
The active polymer layers, including a sensing layer, a 

glucose ?ux-limiting layer, a biocompatable layer, and 
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optionally a peroxidase-based interferant eliminating layer, 
Were protected Within the recess against mechanical dam 
age. (The peroxidase-based interferant eliminating layer is 
not required When a loWer redox potential polymer is used, 
as described above.) The recess and its polymer layers also 
reduced the transport of glucose to the Wire electrode 
contacting sensing layer. 
By limiting the glucose ?ux, the desired linear response 

range, spanning the clinically relevant glucose concentration 
range Was obtained. The inventive biosensors are able to 
accurately measure, for example, approximately 2—30 my 
glucose and approximately 0.5—10 my lactate, in vivo. The 
sensor has no leachable components, and its four crosslinked 
polymer layers contain only about 5 pg of immobiliZed 
material, and only a feW nanograms of polymer-bound 
osmium. Preoxidation of the interferants in one of the four 
layers makes possible one-point in vivo calibration of the 
sensor. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic draWing of an electrode of the 
present invention. 

FIG. 2 is a graphical representation of data generated 
comparing current density of glucose electrooxidation on 
electrodes made With PVIS-Os (open triangles) With those 
made With PVI3-Os (?lled triangles). 

FIG. 3 is a graphical representation of data generated 
comparing dependency of current generated on the depth of 
the recess. 

FIG. 4 is a graphical representation of data generated 
comparing dependency of the ratio of the current generated 
and the charge required to electoreduce or oxidiZe the 
polymer redox centers in the sensing layer on the thickness 
of the sensing layer. 

FIG. 5 is a graphical representation of data generated 
comparing variation of current generated by electrodes 
having sensing layers of differing thickness and diffusion 
limiting layers of different compositions and thickness. 
Solid circles: 7.5 pm thick sensing layer of PVIS-Os (52%), 
rGOX (35%), PEGDGE (13%), coated With 4 pm PAL/PAZ 
(1:1 ratio). Open circles: 5.0 sensing layer. Solid triangles: 
12.5 pm sensing layer and 7 pm PAL/PAZ (1:2 ratio). Open 
triangles: 7.5 pm sensing layer and 4.5 pm PAL/PAZ (1:2 
ratio). 

FIG. 6 is a graphical representation of data generated 
comparing dependency of current generated on the presence 
of ascorbate, in the absence and presence of lactate and 
glucose. The concentrations of ascorbate (A), lactate (L) and 
glucose (G) are shoWn. Ascorbate is an electrooxidZable 
interferant. Upon addition of lactate its electrooxidation 
current is suppressed While that of glucose is not suppressed. 

FIG. 7. is a graphical representation of data shoWing 
current density and corresponding subcutaneous glucose 
concentration measured With the subcutaneously implanted 
electrodes of the present invention in a rat animal model. 
Large solid circles shoW blood glucose concentrations mea 
sured on WithdraWn blood samples using a YSI analyZer. 

FIG. 8 is a Clarke-type clinical grid analyZing the clinical 
relevance of the blood glucose measurements of FIG. 7. 

FIG. 9 is a Clarke-type clinical grid of all possible 
correlations obtained When each of the 24 glucose analyses 
of FIG. 7 Were used for single point calibration of either 
implanted electrode. 

FIG. 10 is a Clarke-type clinical grid testing improvement 
of the single point calibration through redundant electrodes, 
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4 
the readings of Which Were Within the standard deviation 
calculated for all differences betWeen simultaneous readings 
by a pair of implanted electrodes. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention includes an insulated, non 
corroding conducting metal (e. g., gold, platinum, palladium) 
or carbon Wire-based small (e.g., 290 pm) O.D. subcutane 
ous glucose sensor, alloWing one-point calibration in vivo. 
As shoWn in FIG. 1, its construction involves coating a small 
(e.g., 250 pm) diameter non-corroding metal or carbon Wire 
2 With an electrically insulating material 4, e.g., a polyimide, 
and, layering in a recess 6 formed by etching or removing a 
portion of the metal or carbon, the folloWing active poly 
meric layers: an immobiliZed, “Wired,” glucose oxidase 
layer 8; an electrically insulating and glucose diffusion 
limiting layer 10 formed, for example, by crosslinking a 
polyallylamine (PAL) With a polyaZiridine (PAZ); 
optionally, an interference eliminating layer 12, e.g., of 
crosslinked horseradish-peroxidase and lactate oxidase; and 
a biocompatible ?lm 14 e.g., of poly(ethylene oxide) (PEO) 
derivatiZed to alloW its photo-crosslinking. The outside 
diameter a of the Wire 2 is preferably about 0.25 mm or less, 
and the outside diameter b of the insulated Wire is preferably 
about 0.3 mm or less. The recess 6 in the insulated electrode 
extends from the tip 16 of the electrode Which is open to the 
surrounding environment, to the top 18 of the Wire 2 in the 
insulating sheath, generally for a length c of less than about 
0.150 mm, and preferably about 0.125 mm. 
The electrodes have no leachable components. The total 

amount of polymers and enZymes is preferably about 5 pg. 
The glucose response through the physiologically relevant 
2—20 mM concentration range is close to linear. The elec 
trodes do not respond to ascorbate, urate or acetaminophenol 
for at least about 36 hours. Their 10—90% response time is 
about 90 seconds at 2 mM glucose and about 30 seconds at 
20 mm glucose. Their sensitivity, after about 30 minutes 
equilibration, is stable for about 72 hours at 37° C. in 10 mM 
glucose, the current deviating from the average by less than 
15%. The electrodes have substantially no signal output, 
e.g., current, charge, or potential, When the concentration of 
the analyte to be measured is Zero. 
TWo electrodes implanted subcutaneously in a rat tracked 

blood glucose levels, and their absolute, uncorrected current 
output Was proportional to the blood glucose concentration. 
Analysis of the correlation betWeen the blood glucose levels 
in the tail vein and the current output of the sensors in the 
subcutaneous regions of the thorax and betWeen the scapulae 
of the same rat shoWed that even When the probed sites and 
organs differed in the extreme, one point in vivo calibration 
Was valid. The analysis also shoWed the value of implanting 
redundant sensors. Had clinical decisions been made based 
on individual sensor readings, calibrated at one point, 94% 
Would have been clinically correct. By using redundant 
sensors and accepting only those pairs of readings that Were 
Within one standard deviation, the percentage of the clini 
cally correct decisions Was increased to 99%. 

It is understood that one of skill in the art may substitute 
various components of the biosensor described above With 
knoWn materials to obtain an modi?ed biosensor using the 
principles outlined herein. For example, the folloWing sub 
stitutions are contemplated: 

Base Electrode: 

The base electrode of the inventive sensor may be formed 
of a non-corroding metal or carbon Wire, for example 
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vitreous carbon, graphite, platinum, palladium, or gold. 
Gold is preferred, and is used in the following illustrative 
examples of the invention. 

Insulator: 

The conductive metal or carbon Wire is coated With an 
electrically insulating material, Which also forms a Wall 
about the recess Which houses the active polymeric compo 
nents. The insulating material may be, for example, 
polyurethane, te?on (?uorinated polymers), polyethylene 
terephthalate (PET, Dacron) or polyimide. The insulating 
material is preferably a biocompatible polymer containing 
less than about 5% Water When in equilibrium With physi 
ological body ?uids, e.g., subcutaneous tissue. 

Recess: 

In general, the recess at the tip of the electrode is 
approximately 20 to 150 pm in length c, and preferably is 
approximately 50 to 125 pm. 

Etching method: 
The method for etching metal from the tip of the electrode 

described herein may utiliZe chloride, bromide or iodide in 
the bath in lieu of cyanide as described. Bromide is 
preferred, because it is less toxic and, like Au(CN)2_, 
AuBr4_ is a Water soluble anion. Thus, in aqueous HBR, the 
metal, e.g., gold, an be etched by applying a suf?ciently 
oxidiZing potential Where gold is electrolytically dissolved: 

Wired EnZyme Layer: 
In the sensing enZyme-containing layer, glucose oxidase 

may be substituted With other redox enZymes to measure 
other relevant clinical compounds. For example, lactate 
oxidase may be used for the In vivo detection of lactate, 
important in determining if an organ is receiving suf?cient 
oxygen through the blood. 

Useful redox polymers and methods for producing the 
sensing layer are described, for example, in Us. Pat. Nos. 
5,264,104; 5,356,786; 5,262,035, and 5,320,725. Additional 
redox polymers include, for example, poly(1-vinyl 
imidaZole); poly(4-vinyl pyridine); or copolymers of 1-vinyl 
imidaZole such as poly (acrylamide co-1-vinyl imidaZole) 
Where the imidaZole or pyridine complexes With [Os (bpy)2 
C 1 ]+/2+; [Os (4,4‘-dimethyl bipyridine)2 C 1 ]+/2+; [Os (4,4 
‘—dimethyl phenanthroline)2 C 1 ]+/2+; [Os (4,4 ‘—cimethyoxy 
phenanthroline)2 C 1 ]+/2+; and [Os (4,4 ‘—dimethoxy 
bipyridine)2 C 1 ]+/2+; to imidaZole rings. The imidaZole ring 
compounds are preferred because their complexes have 
more reducing redox potentials, i.e., closer to that of the SCE 
potential. At these more reducing potentials, the rate of 
electrooxidation of interferants and the current generated 
thereby. 

Barrier Layer: 
The polymeric barrier layer is electrically insulating and 

limits diffusion of glucose through to the sensing layer. It 
may be formed, for example, by crosslinking a polyally 
lamine (PAL) With a polyaZiridine Alternatively, PAL 
may be replaced Wholly or in part With a ZWitterionic 
polymer obtained by quaterniZing poly(vinylpyridine) With 
bromoacetate and dialyZing against 0.15 M NaCl or by a 
polyanion such as a polysulfonic acid. 

The barrier layer may contain a polyanionic polymer, in 
Which the rate of permeation of anionic interferants such as 
ascorbate and urate is sloWed. This layer may also contain a 
polycation that enhances the retention of the polyanion by 
electrostatic bonds and improves Wetting by the biocompat 
able layer. 
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Interference Eliminating Layer: 
As described above, this layer is optional, in that it is not 

required When a redox polymer having a more reducing 
potential is used, such as PVI15-dmeOs (Ohara et al., Ana 
lytical Chemistry, 1994, 64:2451—2457). At operating poten 
tials of approximately —0.10 to +0.25 for the glucose 
biosensor, the rate of electrooxidation of interferants such as 
ascorbate, urate and acetaminophen is very sloW relative to 
that of glucose through its physiological concentration 
range. 
When a separate interferant eliminating layer is used, it 

preferably contains a peroxidase enZyme Which may or may 
not be preactivated. Such interferant eliminating layers are 
disclosed, for example, in US. Pat. No. 5,356,786 Which 
discloses the structure and function of interferant eliminat 
ing biosensors. The glucose biosensor preferably contains 
lactate oxidase (LOX) in combination With peroxidase in the 
interferant eliminating layer. HoWever, for biosensors used 
to detect lactate, glucose oxidase Would be used With per 
oxidase. In a similar manner, the enZyme composition of the 
interferant eliminating layer may be altered for a speci?ed 
function. 

Biocompatable Layer: 
In general, the biocompatable layer is comprised of 

hydrogels, e. g., polymeric compositions Which contain more 
than about 20% by Weight of Water When in equilibrium With 
a physiological environment such as living tissue or blood. 
An example is crosslinked poly(ethylene oxide), e.g., poly 
(ethylene oxide) tetraacrylate. The polymeric compositions 
must be non-toxic and compatible With living systems. 
Method for Making Multi-layered Recessed Biosensors: 
Insulated non-corroding metal or carbon Wires that have 

been etched as described above to contain a recess at the tip, 
are placed in a block that serves as an X—Y positioner. The 
Wires vertically traverse the block and are held in place, e. g., 
by pressure. The blocks With the Wires can be formed of 
elements, each element having multiple half-cylinder 
grooves running vertically. The Wires are placed in these 
grooves and the elements are assembled into the block using 
screWs. For example, the block may be formed of aluminum 
having equally spaced holes, (900 for a 30x30 array of 
Wires), each hole to contain one Wire. The block is posi 
tioned under a ?xed micronoZZle that ejects a ?uid in to the 
recess of the insulated Wire. 
To reduce the requirement of precision in the positioning 

of the block and the micronoZZle, the noZZle is electrically 
charged, With the Wire having an opposite charge, or the Wire 
being grounded or at least having a potential such that there 
is a potential difference betWeen the noZZle and the Wire. 
Because the noZZle is charged, the microdroplets it ejects are 
also charged With the same type of charge (positive or 
negative) as the noZZle. The higher the potential on the 
noZZle (e.g., versus ground potential), the higher the charge 
on the ejected microdroplets. If the tip of the Wire to be 
coated is at ground potential or has a charge of the opposite 
type, the charged microdroplets are guided into the recess to 
deposit on the electrode, even if the jet of microdroplets is 
not vertical, i.e., even if the micronoZZle is not precisely 
aligned above the Wire’s tip. 

Furthermore, the higher the electrical potential on the 
noZZle (relative to ground) the greater the charge on the 
ejected microdroplet. When the charge is high enough, the 
droplet breaks up into tWo or more smaller droplets because 
of electrostatic repulsion of charges on the droplet. Thus, the 
very small droplets all “drift” (drift meaning transport 
assisted by an electrical ?eld) to the recessed electrode 
surface and are collected on it, even if they did not originate 
in a noZZle precisely aligned With the electrode. 
















