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(§7) Abstract

A method is provided for continually
“or continuously measuring the concentra-
tion of target chemical analytes present in
a biological system, and processing ana-
lyte—-specific signals to obtain a measure-
ment value that is closely correlated with
the concentration of the target chemical an-
alyte in the biological system. One impor-
| tant application of the invention involves a
method for signal processing in a system
for monitoring blood glucose values.
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SIGNAL PROCESSING FOR MEASUREMENT .
OF PHYSIOLOGICAL ANALYTES

Field of the Invention

The 1nvention relates generally to methods for
continually or continuously measuring the concentration
of target chemical analytes present in a biological
system. More particularly, the invention relates to
methods for processing signals obtained during
measurement of physiological analytes. One important
application of the invention involves a method for

monitoring blood glucose concentrations.

Backaround of the Invention

A number of diagnostic tests are routinely
performed on humans to evaluate the amount or existence
of substances present in blood or other body fluids.
These diagnostic tests typically rely on physiological
fluid samples removed from a subject, either using a
syringe or by pricking the skin. One particular
diagnostic test entails self-monitoring of blood glucose
levels by diabetics.

Diabetes 1s a major health concern, and treatment
of the more severe form of the condition, Type I
(insulin-dependent) diabetes, requires one or more
insulin injections per day. Insulin controls
utilization of glucose or sugar in the blood and

prevents hyperglycemia which, if left uncorrected, can

lead to ketosis. On the other hand, improper

administration of insulin therapy can result in
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hypoglycemic episodes, which can cause coma

and death. Hyperglycemia in diabetics has been

correlated with several long-term effects of diabetes,
such as heart disease, atherosclerosis, blindness,
stroke, hypertension and kidney failure.

The value of frequent monitoring of blood glucose
as a means to avoid or at least minimize the
complications of Type I diabetes is well established.

Patients with Type II (non-insulin-dependent) diabetes

can also benefit from blood glucose monitoring in the
control of their condition by way of diet and exercise.
Conventional blood glucose monitoring methods
generally require the drawing of a blood sample (e.g.,
by fingerprick) for each test, and a determination of

the glucose level using an instrument that reads glucose

concentrations by electrochemical or colorimetric
methods. Type I diabetics must obtain several
fingerprick blood glucose measurements each day in order
to maintain tight glycemic control. However, the pain
and inconvenience assocliated with this blood sampling,
along with the fear of hypoglycemia, has led to poor
patient compliance, despite strong evidence that tight
control dramatically reduces long-term diabetic
complications. In fact, these considerations can often
lead to an abatement of the monitoring process by the
diabetic. See, e.g., The Diabetes Control and
Complications Trial Research Group (1993) New Engl. J.
Med. 329:977-1036.

Recently, wvarious methods for determining the
concentration of blood analytes without drawing bloocd
have been developed. For example, U.S. Patent No.

5,267,152 to Yang et al. describes a noninvasive
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technique of measuring blood glucose concentration using
near-IR radiation diffuse-reflection laser spectroscopy.
Similar near-IR spectrometric devices are also described
in U.S. Patent No. 5,086,229 to Rosenthal et al. and
U.S. Patent No. 4,975,581 to Robinson et al.

U.S. Patent Nos. 5,139,023 to Stanley et al., and
5,443.080 to D'Angelo et al. describe transdermal blood
glucose monitoring devices that rely on a permeability
enhancer (e.g., a bile salt) to facilitate transdermal
movement of glucose along a concentration gradient
established between interstitial fluid and a receiving
medium. U.S. Patent No. 5,036,861 to Sembrowich
describes a passive glucose monitor that collects
perspiration through a skin patch, where a cholinergic
agent 1s used to stimulate perspiration secretion from
the eccrine sweat gland. Similar perspiratidn
collection devices are described in U.S. Patent No.

5,076,273 to Schoendorfer and U.S. Patent No. 5,140, 985

to Schroeder.

In addition, U.S. Patent No. 5,279,543 to Glikfeld

et al. describes the use of iontophoresis to
noninvasively sample a substance through skin into a
receptacle on the skin surface. Glikfeld teaches that
this sampling procedure can be coupled with a glucose-
specific biosensor or glucose-specific electrodes in
order to monitor blood glucose. Finally, International
Publication No. WO 96/00110, published 4 January 1996,
describes an i1ontophoretic apparatus for transdermal
monitoring of a target substance, wherein an
iontophoretic electrode is used to move an analyte into
a collection reservolr and a biosensor is used to detect

the target analyte present in the reservoir.
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Summary of the Invention

The present invention provides a method for
continually or continuously measuring the concentration
of an analyte present in a biological system. The
method entails continually or continuously detecting an
analyte from the biological system and deriving a raw
signal therefrom, wherein the raw signal is related to
the analyte concentration. A number of signal
processing steps are then carried out in order to
convert the raw signal into an initial signal output
that 1s indicative of an analyte amount. The converted
signal 1s then further converted into a value indicative
of the concentration of analyte present in the

bioclogical system.

The raw signal can be obtained using any suitable
sensing methodology including, for example, methods .
which rely on direct contact of a sensing apparatus with
the biological system; methods which extract samples
from the biological system by invasive, minimally
invasive, and non-invasive sampling techniques, wherein
the sensing apparatus is contacted with the extracted
sample; methods which rely on indirect contact of a
sensing apparatus with the biological system; and the
like. 1In preferred embodiments of the invention,
methods are used to extract samples from the biological
sample using minimally invasive or non-invasive sampling
techniques. The sensing apparatus used with any of the
above-noted methods can employ any suitable sensing
element to provide the raw signal including, but not
limited to, physical, chemical, electrochemical,

photochemical, spectrophotometric, polarimetric,

colorimetric, radiometric, or like elements. In
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preferred embodiments of the invention, a biosensor 1is
used which comprises an electrochemical sensing element.

In ore particular embodimen:t of the invention, tne
raw signa. 1s obtained using a transdermal sampling
system that 1s placed in operative contact with a skin
i surface of the biological system. The
sampling system transdermally extracts the analyte ZIZrom
the biological system using any appropriate sampling
technique, for example, iontophoresis. The transdermal
sampling system 1s maintained 1in cperative contact with
the skin or mucosal surface of the biological system to
provide for such continual or continuocus analyte
measurement.

The analyte can be any specific substance or
component that one is desirous of detecting and/or
measuring in a chemical, physical, enzymatic, or optical
analysis. Such analytes include, but are not limited
to, amino acids, enzyme substrates or products
indicating a disease state or condition, other markers
of disease states or conditions, drugs of abuse,
therapeutic and/or pharmacologic agents, electrolytes,
physiological analvtes of interest (e.g., calcium,
potassium, sodium, chloride, bicarbonate (CO,), glucocse,
urea (blocd urea nitrogen), lactate, hematocrit, and
hemoglobin), lipids, and the like. 1In preferred
embodimernics, the analyte is a physiological analyte of
interest, for example glucose, cr a chemical that has a
physiological action, for example a drug or
pharmacolcgical agent.

Accordingly, it is an aspect of the invention to
provide a method for continually or continuously

measurins an analyte present in a biological system,
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wherein raw signalg are obtained from a suitable sensing

apparatus, and then subjected to Ssignal processing

technigques. More particularly, the raw signals undergo

predefined set of selection Criteria. 1In addition, or
alternatively, the raw signal can be converted in a
conversion step which (i) removes Or corrects for

background information, (ii) integrates the raw signal

another, or (iv) performs any combination of steps (i),

(1i) and/or (iii). 1In preferred embodiments, the

signal and an integration step. In other embodiments,

the conversion Step can be tailored for use with a
sensing device that provides both active and reference

(blank) signals; wherein mathematical transformations

Lemperature fluctuations in the sensor element, skin
conductivity fluctuations, or combinations thereof) .

The result of the conversion step 1s an initial signal

biological sample.

Ak
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It 1s also an aspect of the invention to provide a

signal processing calibration step, wherein the raw or

‘nitial signals obtained as described above are
converted 1nto an analyte-specific value of known unics

to provide an 1interpretation of the signal obtained from

the sensing device. The i1nterpretation uses a

mathematical transformation to model the relationship

between a measured response 1n the sensing device and a
corresponding analyvte-specific value. Such matnematiczl

rransformations can entail the use of linear or

nonlinear regressions, or neural network algorithms. In

one embodiment, the calibration step entails calibrating

the sensing device using a single- or multi-point
calibration, and then converting post-calibration data
usiné correlation factors, time corrections and
constants to obtain an analyte-specific value. Further
signal processing can be used to refine the information
obtained in the calibration step, for example, where a
signal processing step is used to correct for signal
differences due to variable conditions unique to the
sensor element used to obtain the raw signal. In one

embodiment, this further step is used to correct for

signal time-dependence, particularly signal decline. 1In
another embodiment, a constant offset term is obtained,
which offset is added to the signal to account for a
non-zero signal at an estimated zero analyte

concentration.

Further, the methods of the present invention

include enhancement of skin permeability by pricking the

skin with micro-needles. In addition, the sampling

system can be programed to begin executicn of sampling

arrd sensing at a defined time(s).
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It 1s vyet a further aspect of the invention to

provide a monitoring system for continually or

continuously measuring an analyte present in a

The monizoring system comprilses, 1n
cperative combination: (a) a sampling means for
conzinually or continuously extracting the analyte ZIrom

the biological system, (b) a sensing means in operative

contact with the analyte extracted by the sampling

means, and (C) a microprocesSsor means in operative

communication with the sensing means. The sampling
means 1s adapted for extracting the analyte across a
skin or mucosal surface of a biological system. The
sensing means 1s used to obtain a raw signal from the
extracted analyte, wherein the raw signal 1s
specifically related to the analyte. The microprocessor
means is used to subject the raw signal to a conversion
step, thereby converting the same into an initial signal
output which is indicative of the amount cf analyte
extracted by the sampling means, and then perform a
calibration step which correlates the initial signal
output with a measurement value indicative of the
concentration of analyte present in the biological
system at the time of extraction. In one embodiment,
the monitoring system uses i1ontophoresis to extract the
analyte from the piological system. In other
embodiments, the monitoring system 1s used Lo extract a
glucose analyte from the bioclogical system. Further,
the microprocessor can be programed to beglin exXxecution
of sampliing and sensing at a defined time(s).

In accordance with another aspect of the present

invention, there 1s provided one »r more

microprocessors, comprising programming to control: a
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measurement cycle comprising operating a sampling device
for extracting a sample from a biological system, the
sample comprising an analyte, and operating a sensing
device tor sensing the analyte 1n the extracted sample
to obtaih a raw signal that 1s related to the analyte
amount or concentration 1n the biological system, the
sensing device comprising & sensor, subjecting the raw
signal to a conversion step 1n order to convert the raw
signal to an initial signal output which is indicative
of the amount of analyte extracted by the sampling
system; performing a calibration step which converts the
initial signal output to a measurement value 1indicative
of the concentration of analyte present 1n the
piclogical system at the time of extraction; and
repeating the measurement cycle at least once to obtain
a plurality of measufement values.

In accordance wilth another aspect of the present
inventlion, the samplling device comprises one Or more
collection reservolirs.

In accordance with another aspect of the present
invention, the sampling device uses an iontophoretic
current to extract the analyte from the biological
system.

In accordance with another aspect of the present
invention, at least one collectilion reservolr contalins an
enzyme that reacts with the extracted analyte to produce
an electrochemically detectable signal.

In accordance wlth another aspect of tne present
invention, the analyte is glucose and the enzyme 15
glucose oxildase.

In accordance with another aspect of the present

invention, the one or more microprocessors are further

8a
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programmed to control temperature sensing means and skin
conductance sensing means.
In accordance with another aspect of the present

invention, the one or more MiCroprocessors are

programmea to begin execution of sampling and sensing at
a defined time.

In accordance with another aspect of the present
invention, the sampling device uses an i1ontophoretic
current to extract the analyte from the biological
system.

In accordance wlth another aspect of the present
invention, the raw signal 1s subjected to a data screen
which invalidates or corrects poor or incorrect signals
based on a detected parameter 1ndicative of a poor or
incorrect signal.

In accordance with another aspect of the present
invention, the data screen comprises applying a set of
selection criteria to the raw signal, wherein each
selection criterium 1s based on a different detected
parameter indicative of a poor cor incorrect signal.

In accordance wlth another aspect of the present
invention, the data screen comprises monitoring changes
in temperature over time during operation of the
sampling and sensing devices, and a maximum temperature
change over time (d(temp)/d(time)) wvalue is used to
invalidate or correct signals obtained during a
measurement cycle during which the maximum
d(temp) /d(time) value was exceeded.

In accordance wlth another aspect of the present
invention, the data screen comprises monitoring
perspiration levels in the bilological system at selected

time points, and a maximum perspiration leve_. threshold

3b
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1s used to 1nvalidate or correct signals obtained during
a measurement cycle durlng which the maximum
perspliration level threshold was exceeded.

In accordance with ancther asgect of the present
invention, the raw signal data 1s subjected to a data
screen comprising monitoring iontophoretic voltage
during operation of the sampling and sensing devices,
and using a maxlmum iontophoretic voltage wvalue to
invalidate or correct signals obtained during a
measurement cycle during which the maximum voltage value
was exceeded.

In accordance with another aspect of the present
invention, the conversion step comprises a baselilne
background subtraction method to remove background noise
from the raw signal.

In accordance with another aspect of the present
invention, the baseline background subtraction method
comprises using a temperature-corrected baselline value.

In accordance with another aspect of the present
invention, the baseline background subtraction method
comprises using a skin conductivity-corrected basellne
value.

In accordance with another aspect of the present
invention, the sampling device further comprises a
second collection reservoir which does not contaln the
enzyme, and operation of the sensing device further
comprises obtaining a blank signal from the second
collection reservoir, which blank signal 1is used .1n the
conversion step as a blank correction value to remove
background information from the initial signal output.

In accordance with another aspect of the present

invention, the sampling device further comprises a

3C
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second collectlon reservoir contailning an enzyme that
reacts with the extracted analyte to produce an
electrochemically detectable signal, and operation of
the sensing device comprises obtaining signals from the
first and second collection reservolrs.

In accordance with another aspect of the present
invention, the conversion step comprises integrating the
raw signal over a sensing time period corresponding to
obtaining the raw signal.

In accordance with another aspect of the present
invention, the conversion step comprises uslng a
mathematical transformation to individually smooth raw
signals obtained from the first and second collection
reservolrs.

In accordance with another aspect of the present
invention, the conversion step comprises using a
mathematical transformation to individually smooth raw

signals obtained from the first and second collection

reservolrs.

In accordance with another aspect of the present
invention, the conversion step further comprises using a
mathematical transformation to smooth the differences
between raw signals obtained from the first and second
collection reservolrs.

In accordance with another aspect of the present
invention, the calibration step comprises a single-point
calibration against a calibration reference value.

In accordance with another aspect of the present
invention, the calibration step comprises the use of a
neural network algorithm that correlates the initial
signal cutput with a measurement value indicztive of the

concentration of analvte present in the bioclzcgical

3d
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system at the time of extraction.

In accordance with ancther aspect of the present
invention, the defined time precedes performing the
calilbratlon step.

In accordance with another aspect of the present
lnvention, the calibration step comprises the use of a
linear correlation to correlate the initial signal
output with a measurement value indicative of the
concentration of analyte present in the biological
system at a time of extraction.

In accordance with another aspect of the present
invention, the calibration step comprises compensating
for time-dependent behavior between raw signal
measurements obtained in different measurement cycles.

In accordance with another aspect of the present
invention, the time-dependent behavior comprises signal
decline between the measurement cycles.

In accordance with another aspect of the present
invention, the conversion step comprises using a
temperature correction function to correct for changes
in the biological system and/or changes in the sensing
device.

In accordance with another aspect of the present
invention, the changes in the biological system comprise
a change 1n temperature.

In accordance wlth another aspect of the present
invention, the conversion step comprises correcting for
temperature changes occurring between a measurement of a
backgrcund signal 1n the sensing device and a
measurement of a raw signal, and during the measurement

of the raw signal.

In accordance with another aspect of the present

e
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invention, correcting for temperature changes comprises
using an Arrhenius correction function.

In acéordance wlth another aspect of the present
invention, the temperature correction comprises using an
1ntegral average temperature correction function
obtained from a measurement cycle to correct for
temperature at subsequent time points.

In accordance with another aspect of the present
invention, the conversion step comprises correcting for
temperature differences between multiple signals
obtained from the sensing device.

In accordance with another aspect of the present

invention, the sample comprises the analyte glucose.

In accordance with another aspect of the present

invention, there 1s provided a monitoring device for
measurling an analyte present in a biological system, the
device comprising, the one or more microprocessors, the
sampling device, and the sensing device.

Additional aspects, advantages and nove_. features
of the i1nvention will be set forth in part in the

description which follows, and in part will become

8t
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apparent to those skilled in the art upon examination of

the following, or may be learned by practice of the

invention.

Brief Description of the Drawings

Figure 1A depicts a top plan view of an
iontophoretic collection reservoir and electrode
assembly for use in a transdermal sampling device
constructed according to the present invention.

Figure 1B depicts the side view of the

iontophoretic collection reservoir and electrode

assembly shown in Figure 1A.

Figure 2 1s a pictorial representation of an
iontophoretic sampling device which includes the

iontophoretic collection reservoir and electrode

assembly of Figures 1A and 1B.

Figure 3 is a representation of one embodiment of a

bimodal electrocde design. The figure presents an

overhead and schematic view of the electrode assembly
33. In the figure, the bimodal electrode is shown at 30

and can be, for example, a Ag/AgCl iontophoretic/counter

electrode. The sensing or working electrode (made from,
for example, platinum) is shown at 31. The reference
electrode 1s shown at 32 and can be, for example, a
Ag/AgCl electrode. The components are mounted on a
suitable nonconductive substrate 34, for example,
plastic or ceramic. The conductive leads 37 leading to
the connection pad 35 are covered by a gecond
nonconductive pilece 36 of similar or different material.

In this example of such an electrode the working
electrode area is approximately 1.35 cm?. The dashed

line in Figure 3 represents the plane of the cross-

sectional schematic view presented in Figure 4.

S
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Figure 4 1s a representation of a cross-sectional

schematic view of the bimodal electrodes as they may be

used 1in conjunction with a reference electrode and a

hydrogel pad. 1In the figure, the components are as

follows: bimodal electrodes 40 and 41; sensing

electrodes 42 and 43; reference electrodes 44 and 45; a

- substrate 46; and hydrogel pads 47 and 48.

Figure 5 1s an exploded pictorial representation of
components from a preferred embodiment of the automatic

sampling system of the present invention.

Detailed Description of the Preferred Embodiments

Before describing the present invention in detail,

it 1s to be understood that this invention is not
limited to particular compositions or biological systems
as such may, of course, vary. It is also to be
understood that the terminology used herein is for the
purpose of describing particular embodiments only, and
1s not intended to be limiting.

It must be noted that, as used in this
specification and the appended claims, the singular
forms "a", "an" and "the" include plural referents
unless the content clearly dictates otherwise. Thus,
for example, reference to "a time-dependent variable"
includes a mixture of two or more such variables,
reference to “an electrochemically active species”
includes two or more such species, reference to "an
analyte" includes mixtures of analytes, and the like.

Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art

to which the invention pertains. Although any methods

10
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and materials similar or equivalent to those described
herein can be used in the practice for testing of the

present invention, the preferred materials and methods

are described herein.

In describing and claiming the present invention,
the following terminology will be used in accordance

with the definitions set out below.

Definitions

The terms “analyte” and “target analyte” are
used herein to denote any physiological analyte of
interest that is a specific substance or component that

is being detected and/or measured in a chemical,
physical, enzymatic, or optical analysis. A detectable
signal (e.g., a chemical signal or electrochemical
signal) can be obtained, either directly or indirectly,
from such an analyte or derivatives thereof.
Furthermore, the terms “analyte” and “substance” are
used interchangeably herein, and are intended to have
the same meaning, and thus encompass any substance of
interest. 1In preferred embodiments, the analyte is a
physiological analyte of interest, for example, glucose,
or a chemical that has a physiological action, for
example, a drug or pharmacological agent.

A “sampling device” or “sampling system” refers to

any device for obtaining a sample from a biological
system for the purpose of determining the concentration
of an analyte of interest. As used herein, the term
“sampling” means invasive, minimally invasive or non-
invasive extraction of a substance from the biological

system, generally across a membrane such as skin or
mucosa. The membrane can be natural or artificial, and

can be of plant or animal nature, such as natural or

11
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artificial skin, blood vessel tissue, intestinal tissue,

and the like. Typically, the sampling means are in

operative contact with a “reservoir,” or “collection
reservolr,” wherein the sampling means is used for
extracting the analyte from the biological system into
the reservolr to obtain the analyte in the reservoir. A
"biological system” includes both living and
artificially maintained systems. Examples of minimally
invasive and noninvasive sampling techniques include

lontophoresis, sonophoresis, suction, electroporation,

thermal poration, passive diffusion, microfine

(miniature) lances or cannulas, subcutaneous implants or

insertions, and laser devices. Sonophoresis uses
ultrasound to increase the permeability of the skin
(see, e.g., Menon et al. (1994) Skin Pharmacology 7:130-

139) . Suitable sonophoresis sampling systems are

described 1in International Publication No. WO 91/12772,
published 5 September 1991. Passive diffusion sampling

devices are described, for example, in International
Publication Nos.: WO 97/38126 (published 16 October
1997); WO 97/42888, WO 97/42886, WO 97/42885, and WO
97/42882 (all published 20 November 1997):;: and WO
97/43962 (published 27 November 1997). Laser devices

use a small laser beam to burn a hole through the upper

layer of the patient's skin (see, e.g., Jacques et al.

(1978) J. Invest. Dermatology 88:88-93). Examples of

invasive sampling techniques include traditional needle

and syringe or vacuum sample tube devices.

The term “collection reservoir” is used to describe
any suitable containment means for containing a sample
extracted from a biological system. For example, the
collection reservoir can be a receptacle containing a

material which is ionically conductive (e.g., water with

12




10

15

20

25

30

CA 02311487 2000-05-25

WO 99/58050 PCT/US99/10379

ions therein), or alternatively, it can be a material,
such as, a sponge-like material or nydrophilic polymer,
used to keep the'water in place. Such collection
reservolrs can be in the form of a hydrogel (for

example, in the form of a disk or pad). Hydrogels are

typically referred to as “collection inserts.” Other

suitable collection reservoirs include, but are not

limited to, tubes, vials, capillary collection devices,

cannulas, and miniaturized etched, ablated or molded

flow paths.

A “housing” for the sampling system can further

include suitable electronics (e.g., microprocessor,

memory, display and other circuit components) and power

sources for operating the sampling system in an

automatic fashion.

A “monitoring system,” as used herein, refers to a

system useful for continually or continuously measuring
a physiological analyte present in a biological system.
Such a system typically includes, but is not limited to,

sampling means, sensing means, and a microprocessor

means 1in operative communication with the sampling means
and the sensing means.

The term “artificial,” as used herein, refers to an

aggregation of cells of monolayer thickness or greater

which are grown or cultured in vivo or in vitro, and
which function as a tissue of an organism but are not

actually derived, or excised, from a pre-existing source
or host.

The term “subject” encompasses any warm-blooded

animal, particularly including a member of the class

Mammalia such as, without limitation, humans and

nonhuman primates such as chimpanzees and other apes and

monkey species; farm animals such as cattle, sheep,
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pigs, goats and horses; domestic mammals such as dogs
and cats; laboratory animals including rodents such as
mice, rats and guinea pigs, and the like. The term does
not denote a particular age or sex. Thus, adult and
newborn subjects, as well as fetuses, whether male or
female, are intended to be covered.

As used herein, the term “continual measurement”
intends a series of two or more measurements obtained
from a particular biological system, which measurements
are obtained using a single device maintained in
operative contact with the biological system over the
time period in which the series of measurements is
obtained. The term thus includes continuous

measurements.

The term "transdermal," as used herein, includes
both transdermal and transmucosal techniques, i.e.,
extraction of a target analyte across Skin Oor mucosal
tissue. Aspects of the invention which are described

herein 1n the context of "transdermal," unless otherwise

specified, are meant to apply to both transdermal and

transmucosal techniques.

The term “transdermal extraction,” or
“transdermally extracted” intends any noninvasive, or at
least minimally invasive sampling method, which entails
extracting and/or transporting an analyte from beneath a
tissue surface across skin or mucosal tissue. The term
thus includes extraction of an analyte using
iontophoresis (reverse iontophoresis), electroosmosis,
sonophoresis, microdialysis, suction, and passive
diffusion. These methods can, of course, be coupled
with application of skin penetration enhancers or skin
permeability enhancing technique such as tape stripping

Or pricking with micro-needles. The term “transdermally

extracted” also encompasses extraction techniques which
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employ thermal poration, electroporation, microfine
lances, microfine canulas, subcutaneous implants or
insertions, and the like.

The term “iontophoresis” intends a method for
transporting substances across tissue by way of an
application of electrical energy to the tissue. In
conventional iontophoresis, a reservoir is provided at
the tissue surface to serve as a container of material
to be transported. Iontophoresis can be carried out
using standard methods known to those of skill in the
art, for example, by establishing an electrical
potential using a direct current (DC) between fixed
anode and cathode "“iontophoretic electrodes,”
alternating a direct current between anode and cathode

iontophoretic electrodes, or using a more complex

waveform such as applying a current with alternating
pclarity (AP) between iontophoretic electrodes (so that
each electrode 1s alternately an anode or a cathode).

The term “reverse iontophoresis” refers to the
movement of a substance from a biological fluid across a
membrane by way of an applied electric potential or
current. In reverse i1ontophoresis, a reservoir is
provided at the tissue surface to receive the extracted
material.

“Electroosmosis” refers to the movement of a
substance through a membrane by way of an electric
field-induced convective flow. The terms iontophoresis,
reverse i1ontophoresis, and electroosmosis, will be used
interchangeably herein to refer to movement of any
ionically charged or uncharged substance across a
membrane (e.g., an epithelial membrane) upon application

of an electric potential to the membrane through an

ionically conductive medium.

The term “"sensing device,” “sensing means,” or
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“"blosensor device” encompasses any device that can be

used to measure the concentration of an analyte, or
derivative thereof, of interest. Preferred sensing

devices for detecting blood analytes generally include

electrochemical devices and chemical devices. Examples
of electrochemical devices include the Clark electrode

system (see, e.g., Updike, et al., (1967) Nature
214:986-988), and other amperometric, coulometric, or
potentiometric electrochemical devices. Examples of
chemical devices include conventional enzyme-based
reactions as used in the Lifescan® glucose monitor
(Johnson and Johnson, New Brunswick, NJ) (see, e.g.,

U.S. Patent 4,935,346 to Phillips, et al.).

A "“biosensor” or “biosensor device” includes, but
is not limited to, a “sensor element” which includes,
but 1s not limited to, a “biosensor electrode” or
“sensing electrode” or “working electrode” which refers
to the electrode that is monitored to determine the
amount of electrical signal at a point in time or over a
given time period, which signal is then correlated with
the concentration of a chemical compound. The sensing
electrode comprises a reactive surface which converts
the analyte, or a derivative thereof, to electrical
signal. The reactive surface can be comprised of any
electrically conductive material such as, but not
limited to, platinum-group metals (including, platinum,
palladium, rhodium, ruthenium, osmium, and iridium),
nickel, copper, silver, and carbOn, as well as, oxides,
dioxides, combinations or alloys therecf. Some

catalytic materials, membranes, and fabrication

technologies -suitable for the construction of
amperometric blosensors were described by Newman, J.D.,

et al. (Analytical Chemistry 67(24), 4594-4599, 1995) .

The “sensor element” can include components in
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addition to a biosensor electrode, for example, it can
include a “reference electrode,” and a “counter
electrode.” -The term “reference electrode” is used
herein to mean an electrode that provides a reference
potential, e.g., a potential can be established between
a reference electrode and a wdrking electrode. The term
"counter electrode” is used herein to mean an electrode
1n an electrochemical circuit which acts as a current
source or sink to complete the electrochemical circuit.
Although 1t 1s not essential that a counter electrode be
employed where a reference electrode is included in the
circuit and the electrode is capable of performing the
function of a counter electrode, it is preferred to have
separate counter and reference electrodes because the
reference potential provided by the reference electrode
is most stable when it is at equilibrium. If the
reference electrode is required to act further as a
counter electrode, the current flowing through the
reference electrode may disturb this equilibrium.

Consequently, separate electrodes functioning as counter

and reference electrodes are most preferred.

In one embodiment, the “counter electrode” of the
“sensor element” comprises a “bimodal electrode.” The
term “"bimodal electrode” as used herein typically refers
to an electrode which is capable of functioning non-
simultaneously as, for example, both the counter
electrode (of the "“sensor element”) and the
iontophoretic electrode (of the “sampling means”).

The terms “reactive surface,” and “reactive face”
are used interchangeably herein to mean the surface of
the sensing electrode that: (1) is in contact with the
surface of an electrolyte containing material (e.g. gel)

which contains an analyte or through which an analyte,

or a derivative thereof, flows from a source thereof;
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(2) 1s comprised of a catalytic material (e.g., carbon,

platinum, palladium, rhodium, ruthenium, or nickel
and/or oxides, dioxides and combinations or alloys

thereof) or a material that provides sites for

electrochemical reaction; (3) converts a chemical signal
(e.g. hydrogen peroxide) into an electrical signal
(e.g., an electrical current); and (4) defines the
electrode surface area that, when composed of a reactive
material, 1s sufficient to drive the electrochemical
reaction at a rate sufficient to generate a detectable,
reproducibly measurable, electrical signal that is
correlatable with the amount of analyte present in the
electrolyte.

The term “collection reservoir” and “collection
insert” are used to describe any suitable containment
means for containing a sample extracted from a
biocological system. The reservoir can include a material
which 1s ionically conductive (e.g., water with ions
therein), wherein another material such as a sponge-like
material or hydrophilic polymer is used to kKeep the
water in place. Such collection reservoirs can be in
the form of a hydrogel (for example, in the shape of a
disk or pad). Other suitable collection reservoirs
include, but are not limited to, tubes, vials, capillary
collection devices, cannulas, and m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>