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REFERENCE ELECTRODE
Related Applications

[0001] This application claims priority to provisional patent application Serial No.
60/274,097 filed in the U.S. Patent Office on March 7, 2001, the entire contents of which 1is

incorporated by reference herein.

Field of the Invention

[0002] The invention relates generally to liquid junction reference electrodes and
methods of use thereof. In particular, the invention relates to miniature liquid junction reference
electrodes for use with an electrochemical sensor cartridge for measuring certain characteristics

of a fluid sample such as blood.

Backgrouﬂd of the Invention

[0003] It 1s often desirable in biomedical applications to analyze one or more physical
properties and/or constituents of small volume samples of a patient’s body fluid. For example,
samples of a patient’s whole blood are often analyzed and/or monitored to provide information
regarding blood analytes such as pH, pCO,, pO,, K*, Na", Ca™, CI", hematocrit and the like.
Information derived from analytes in a blood sample is compared to normal physiological
function and homeostasis profiles and may be used by a physician for diagnostic purposes,

patient monitoring and/or for the control of life support systems, for example.

[0004] Systems which employ electrochemical electrodes for detecting constituents of a
body fluid are well known 1n the art and are described, for example, in U.S. Patent Nos.
3,658,478; 5,387,329; 5,338,435; 4,734,184; 4,361,539 and 5,200,051, the entire contents of

- which are hereby expressly incorporated by reference. Typically, systems which provide blood

chemistry analysis are stand-alone machines or are adapted to be connected to an extracorporeal
shunt or an ex vivo blood source, e.g., a heart/lung machine used to sustain a patient during
surgery. Small test samples of flowing live ex vivo blood may be diverted off-line in real-time
from either the venous or arterial flow lines of the heart/lung machine directly into a chamber
and exposed to a bank of microelectrodes containing sensors which generate electrical signals

proportional to, or indicative of, chemical characteristics of the real time flowing blood sample.



10

15

20

25

30

CA 02439422 2003-08-25
WO 02/077641 __ PCT/US02/07069

-9
[0005] There have been efforts to miniaturize the sensors themselves and to fabricate
them by techniques recently i:nade available by developments in integrated circuit technology. In
this regard, integrated circuit technology allows sensors to be fabricated in a planar form,
whereby thin layers of materials are applied successively to a base dielectric substrate using
thick-film and/or thin film techniques. The manufacture of planar sensors can be significantly
automated to allow production in quantity and at lower cost. Planar sensors can be made smaller

and configured more closely together, reducing the fluid sample volume requirements.

[0006] Though various miniature electrochemical sensors and microsystems using such
sensors have been developed, the unavailability of a durable, stable and reliable miniature
reference electrode has restricted the use of miniature electrochemical sensors for industrial and
biomedical applications. The stability of a reference electrode in potentiometry is very important
tor the reliability and accuracy of the measurements. A potential error of only 1mV causes about
a 0.02 pH error in pH measurements and 4% or 8% concentration error, respectively, for mono-
and divalent ion measurements using ion-selective electrodes. Nevertheless, miniaturization has
been largely limited to the development of working and indicator electrodes and, in many cases,
commercial macro reference electrodes have been used in the absence of a reliable miniature

reference electrode.

[0007] There have been several attempts to make miniature reference electrodes, as
separate, independent units, as subcomponents in a multi-sensor structure, or integrated with
various miniature 1on-selective sensors. Typically, such systems use a thin film Ag/AgCl
electrode. The thin film Ag/AgCl electrode is based on a very high exchange-current density
reaction, 1.€., at low current densitie.s the electrode 1s not polarized and the potential at the
electrode/ electrolyte interface is only a function of CI” activity. However, several factors can
limit the durability of the Ag/AgCl element. Conventional macro liquid-junction Ag/AgCl
electrodes consist of a reservoir with a high activity of KCl, saturated with AgCl. Since AgCl
shows some degree of solubility in high CI activities, a thin film of AgCl can ultimately dissolve
depending on the temperature of the bridge electrolyte solution. In addition, the standard liquid
junction miniature electrodes do not provide an adequate contact surface or liquid junction
between a sample and the reference bridge electrolyte solution that completes the circuit for the

reference electrode. A need therefore exists for an improved miniature reference electrode.
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Summary of the Invention

[0008] In one aspect, the invention provides a miniature liquid junction reference
electrode which includes two components: a reference sensor and a connector. The reference
sensor houses a durable thick-film Ag/AgCl element composed of a silver (Ag) layer deposited
onto a support substrate and an AgCl layer formed onto the surface of the Ag layer by, e.g.,
electrochemical oxidation. In an embodiment, the reference sensor is connected to a bridge
electrolyte inlet and a bridge electrolyte channel through which a bridge electrolyte solution may
tlow. The connector channel houses a connector channel including a sample inlet channel and a
sample outflow channel through which a sample or calibration solution may flow. The
connector also has a bridge electrolyte well and a bridge electrolyte port to which the bridge
electrolyte channel is connected and through which the bridge electrolyte solution passes to

contact a sample or a calibration solution.

[0009] The reference sensor may be composed of a number of layers that are deposited
onto the support substrate, including: a silver (Ag) layer deposited on the support substrate, a
silver chloride (AgCl) layer formed on the Ag layer, a glaze layer deposited on part of the AgCl
layer, and a polymeric gasket placed on the glaze layer. The layers may be deposited by any

means but are preferably deposited by screen printing or vapor deposition.

[0010] The support substrate 1s made of, for example, a polymeric material and/or a
ceramic material. The polymeric material may, for example, be a flexible or hard polyvinyl
chloride, polyethylene, polycarbonate, polyacrylate and/or polyimide. The ceramic material may

be, for example, aluminum oxide and/or silicium dioxide.

[0011] The Ag layer may be at least about 1um, about 1 um to about 15 um or is
preferably about 15 pum thick.

[0012] The AgCl layer may be formed, for example, on the Ag layer by
electrodeposition. In an embodiment, the AgCl1 layer is formed on the Ag layer by treatment of
the Ag layer with a chloride electrolyte solution having a concentration of between 0.01 and 1.0
M with a current density of between about 0.0005 and about 0.5 mA/mm? for about 30 seconds
to about 20 minutes. The chloride electrolyte solution may be, for example, NaCl, KCl, or CaCl,,
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and may have a pH range between about pH 1 and about pH 7, between about pH 1 and about
pH 5 or between about pH 1 and about pH 2.

[0013] The glaze layer may be composed of, for example, alumina and/or silica and is

between 10 pm and 500 um and is at least about 10 um thick.

[0014] The polymeric gasket layer may be made of, for example, polyurethane, silicone
rubber, PVC, natural and/or synthetic rubber (e.g., viton®), or any other flexible material that
does not react with or dissolve in the bridge electrolyte solution. The polymeric gasket layer is

at least about 50 pum thick. In a preferred embodiment, the polymeric gasket layer is between

- about 50 um and about 700 um thick. The bridge electrolyte channel which connects to and

passes over the reference sensor is preferably, but not limited to, about 0.5 mm in diameter.

[0015] The connector channel 1s made of, for example, a polymeric or metallic material
that should not react with, or dissolve 1n, the bridge electrolyte solution. Suitable metallic
materials include stainless steel, aluminum and/or platinum. Suitable polymeric materials include
acrylic, plexiglas®, lexan®, polycarbonate, and/or PVC. The bridge electrolyte port of the
connector channel 1s preferably close to the referencé sensor, located at a distance range from
between about 2 mm to about 10 mm, between about 2 mm to about 15 mm, or between about 2
mm to about 30 mm from the reference electrode. The sample inlet channel of the connector is
preferably, but not limited to, about 1 mm in diameter. The sample outflow channel is
preferably, but not limited to, about 2 mm in diameter. The sample outflow channel and the
sample inlet channel of the connector channel are composed of one or more tubes that are
connected together and have a common lumen. For example, the sample inlet channel and
sample outflow channel may be a flexible tube, preferably, but not limited to, about 1 mm to
about 30 mm in diameter. In an embodiment, each of the sample outflow channel and sample

inlet channel are oriented at a tilt angle of about 90° to about 180° relative to the longitudinal

axis of the bridge electrolyte channel. This manner of tilting or bending the sample channel may

create a bridge electrolyte well above the bridge electrolyte port.

[0016] The bridge electrolyte port defines a hole which connects the bridge electrolyte
channel to the connector channel. The connector channel proximate to the bridge electrolyte port

is shaped to form a bridge electrolyte well capable of holding a volume of bridge electrolyte
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solution. The bridge electrolyte well may be, e.g., flat bottomed, round bottomed or cone

- shaped. In a preterred embodiment, the connector channel or bridge electrolyte well is shaped so

as to hold a volume of bridge electrolyte solution. The liquid junction formed in the bridge
electrolyte well between a sample and the bridge electrolyte solution has a surface area in the
range of about 1 mm? to about 10 mm* when the reference electrode is in use. When a sample is
passed (e.g., pumped) over the bridge electrolyte well which contains the bridge electrolyte
solution, a sample / bridge electrolyte solution liquid junction (i.e., interface) forms. In an

embodiment, the surface area of the liquid junction is at least about 0.05 mm? to about 10 mm?.

[0017] The bridge electrolyte solution used in the reference electrode is preferably KX Cl
saturated with AgCl, with a chloride 10n solution of about 0.1 M to about 0.5 M at the

temperature the solution is stored and used.

[0018] In another aspect the invention relates to methods for using a liquid junction
reference electrode, involving using the reference electrode for measuring one or more
electrolytes or enzymes in a sample. In an embodiment, the reference electrode is connected to
an electrode sensor cartridge for measuring one or more analytes. The methods of using the
reference electrode involves the following steps: providing a calibration solution or sample to a
sample inlet channel; providing a bridge electrolyte solution to the bridge electrolyte inlet;
providing a force to the sample or calibration solution and a force to the bridge electrolyte
solution so that each of them flows toward the bridge electrolyte port; forming a contact interface
or liquid junction 1n the bridge electrolyte well between the sample and the bridge electrolyte
solution; and taking a measurement after a period of time (e.g., when the readout value settles).
The force used to move the sample through the connector channel and the bridge electrolyte
solution through the bridge electrolyte channel may be caused by positive or negative pressure

by one or more peristaltic pumps.

Brief Description of the Drawings

[0019] The foregoing and other objects, features and advantages of the present invention
disclosed herein, as well as the invention itself, will be more fully understood from the following
description of preferred embodiments and claims, when read together with the accompanying

drawings, in which:
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[0020] Figure 1A 1llustrates a schematic cross sectional view of an embodiment of a

reference electrode 1 which the bridge electrolyte well is a flat bottom cup.

[0021] Figure 1B 1llustrates a side view of the reference electrode illustrated in Figure
1A.

[0022] Figure 1C illustrates an embodiment of the bridge electrolyte well of the

connector channel according to the invention.

[{0023] Figure 2A 1illustrates a schematic cross-sectional view of an embodiment of a

reference electrode in which the bridge electrolyte well is cone shaped.

[0024] Figure 2B illustrates a side view of the reference electrode illustrated in Figure
2A.

[0025] Figure 3 A 1illustrates a schematic cross-sectional view of an embodiment of a

reference electrode 1n which the bridge electrolyte well 1s formed by bending the sample inlet

channel and/or the sample outflow channel to a tilt angle of greater than about 90°.

10026] Figure 3B 1llustrates a side view of the reference electrode illustrated in Figure
3A.

[0027] Figure 4 1s a schematic view of the reference electrode being used with an

electrochemical sensor cartridge.

[0028] Figure 5 1s a schematic view of the reference electrode connected to a sensor

cartridge via a sample inlet channel, a pH/mV meter and a potentiostat, with optional connection

of the potentiostat to a platinum or gold electrode.

[0029] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis instead

generally being placed upon illustrating the principles of the invention.

Detailed Description of the Invention
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[0030] The present invention provides a reference electrode for use with a miniature
electrochemical sensor cartridge for measuring characteristics of fluid samples such as body
fluids, including, but not limited to, blood. The reference electrode is useful as a durable
reference source for measuring the unbound concentration or activity of blood gasés (such as,
e.g., oxygen and carbon dioxide), 1ons (such as, e.g., sodium, chloride, potassium, magnesium,
lithium, ammonium and calcium), blood pH and hematocrit. Alternative embodiments of the
invention may be adapted to measure factors such as glucose, lactate or other enzymes or blood

solutes.

Definitions

[0031] In order to more clearly and concisely point out and describe the subject matter of
the invention, the following definitions are provided for certain terms used in the following

description and claims.

[0032] As used herein, the term “electrode” refers to a component of an electrochemical
device that makes the interface between an external electrical conductor and the internal ionic
medium. The internal ionic medium 1s typically an agqueous solution with dissolved salts.
Electrodes are generally of three types, working or indicator electrodes, reference electrodes, and
counter electrodes. A working or indicator electrode measures a specific chemical species, such
as an 1on. When electrical potentials are measured by a working electrode, the method is termed
potentiometry. All ion-selective electrodes operate by potentiometry. When current is measured

by a working electrode, the method 1s termed amperometry. Oxygen measurement, for example,

1s carried out by amperometry. A counter electrode acts as a sink for current path.

[0033] A “reference electrode” according to the invention refers to the combination of a
reference sensor, through which bridge electrolyte solution passes and a connector, through

which a sample or calibration fluid flows. The reference sensor generally serves as an electrical

reference point in an electrochemical device against which electrical potentials are measured and

controlled.

[0034] As used herein, the term “sensor” or “electrochemical sensor” is a device that
responds to variations in the concentration of a given chemical species in a sample, such as a

body fluid sample. For ion-selective measurements, the sensor is normally used with a reference
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electrode containing a reference sensor. A reference sensor is a sensor that is used in a reference
electrode. In one embodiment, the reference sensor includes silver-silver chloride-potassium
chloride. Other types of reference sensors are mercury-mercurous chloride-potassium chloride

or silver-silver nitrate.

[0035] As used herein, the term “liquid junction” refers to the interface between the

bridge electrolyte solution and a sample or calibrating solution.

[0036] As used herein, the term “sample” refers to any fluid or solution which may be
tested using the reference electrode, including, for example, an aqueous solution, such as a
reference or calibrating solution, or a body fluid, such as blood, plasma, synovial fluid, and

urine.

[0037] As used herein, the term “calibration” refers to the process by which the response
characteristics of a sensor to a specific analyte are determined quantitatively. To calibrate a
sensor, the sensor 1s exposed to at least two reagent samples or calibrating solutions, each
reagent sample having a different, known concentration of an analyte. The responses (i.e.,
signals) measured by the sensor, relative to the concentrations of the analyte in the two different
reagent samples, serve as reference points for measurements of the analyte in samples having

unknown concentrations of the analyte.

[0038] The “support substrate” as used herein refers to the substrate of a sensor upon
which the vartous layers (such as, e.g., Ag, AgCl, glaze, gasket etc.) of the sensor are applied,

formed, or deposited.

10039} The “connector” as used herein refers to the component of the reference electrode
including a connector channel which includes a sample inlet channel] and a sample outflow
channel, the bridge electrolyte port to which the bridge electrolyte channel is joined and the

connector housing.

10040] The “tilt angle “of the sample inlet channel refers to the angle between the sample
inlet channel and the longitudinal axis of the bridge electrolyte channel. The “tilt angle” of the
sample outflow channel refers to the angle between the sample outflow channel and the

longitudinal axis of the bridge electrolyte channel.
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[0041] A “bridge electrolyte well” is the portion of the connector shaped to retain a

volume of the bridge electrolyte solution.

Assembly of the Reference Flectrode: The Reference Sensor

[0042] In one embodiment according to the invention, the reference electrode 23
llustrated in FIGS. 1A and FIG. 1B includes a reference sensor 1 and a connector 10. Referring
to FIG. 1A, the reference sensor 1 is the portion of the reference electrode 23 that is made up of a
support substrate 2, an Ag layer 3, AgCl layer 4, a glaze layer 5 and a gasket layer 6. A bridge
electrolyte inlet 7 1s a conduit that connects to the bridge electrolyte channel 8, through which
bridge electrolyte solution may flow. A bridge electrolyte channel 8 is a channel that connects
the bridge electrolyte inlet 7 to the bridge electrolyte port 11. To operate the reference electrode
23, a bridge electrolyte solution 1s pumped through the bridge electrolyte inlet 7, over the
Ag/AgCl layers 3, 4, through the bridge electrolyte channel 8, through the bridge electrolyte port
11 and into the bridge electrolyte well 15 where the bridge electrolyte solution contacts, e.g., a
calibration solution or sample in the bridge electrolyte well 15, creating a fluid junction or

intertace 14 between the bridge electrolyte solution and the sample.

[0043] In one embodiment, the support substrate 2 of the reference electrode 23 is made
of a polymeric material or a ceramic material or a combination thereof. The polymeric material
may be, for example, polyvinyl chloride, polyethylene, polycarbonate, polyacrylate, or
polyimide or a combination thereof. The ceramic material may be, for example, aluminum oxide

or silicium dioxide or a combination thereof.

10044] Referring still to FIGS. 1A and 1B, an Ag layer 3 1s deposited onto the support
substrate 2 by, e.g., screen printing or vapor deposition, according to art known methods. For
screen printing, the Ag particles may be combined with ceramic binding material and then screen
printed, followed by firing at high temperature (e.g., 700-800 °C), for example. For vapor
deposition, Ag metal may be evaporated and condensed onto the support substrate 2 under high

vacuum, for example.

[0045] In one embodiment according to the invention, referring still to FIGS. 1A and 1B,
the AgCl layer 4 of the reference electrode 23 is formed by electrodeposition of the Ag layer 3

with a chloride electrolyte solution having a concentration of between about 0.01 M and 1.0 M
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and a pH of about pH 1 to about pH 7 at a current density of 0.005 to 0.5 mA/mm?* for 30
seconds to 20 minutes. In a preferred embodiment, electrodeposition is performed with a
chloride electrolyte solution having a current density of the chloride electrolyte of about 0.05

mA/mm? for 6 minutes.

[0046] With continued reference to FIGS. 1A and 1B, the glaze layer 5 of the reference

electrode 23 may be composed of alumina and/or silica and is at least about 10 pum thick. The

glaze layer S is sized and shaped to cover any portion of the Ag layer 3 that is not covered with

an AgCl layer 4 and provides insulation of the Ag layer 3 which is not oxidized to form an AgCl
layer 4 (e.g., around the edges of the Ag layer 4). Referring still to FIGS. 1A and 1B, the glaze
layer S also forms the walls of a well 9 around the AgCl layer 4 as high as the thickness of the

glaze layer 5. The insulating glaze layer S 1s then covered with the gasket layer 6.

[0047} The gasket layer 6 1s preferably made of polyurethane, silicone rubber,
polyvinylchloride (PVC), viton®, natural or synthetic rubber, and/or any other flexible material

that does not react with, or dissolve in, the bridge electrolyte solution. The gasket layer 6 is at

least about 50 um thick. In a preferred embodiment, the gasket layer 6 is between about 50 um

and about 700 pm thick. The gasket layer 6 1s shaped to cover the glaze layer 5.

[0048] The bridge electrolyte inlet 7 provides a conduit for bridge electrolyte solution
which flows through the bridge electrolyte channel 8, passing over the reference sensor 1. In one
embodiment, referring to FIGS. 1A and 1B, the bridge electrolyte inlet 7 and bridge electrolyte

channel 8 are housed in an acrylic block 17.

The Connector

[0049] Referring to FIG. 1A, in general, the connector 10 has a connector channel 102
including a sample inlet channel 12 and a sample outflow channel 13 which leads to a waste
collection container (not shown), a bridge electrolyte port 11, a bridge electrolyte well 15 and a
connector housing 16. The bridge electrolyte channel 8 is connected to the connector 10 via the
bridge electrolyte port 11. The sample inlet channel 12 is a conduit for the flow of a fluid
sample such as blood or a calibration solution over the bridge electrolyte well 15, to the sample

outflow channel 13 and then to a waste container.
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[0050] In one embodiment of the invention, the connector 10 is formed in the shape of a
T as illustrated in FIG. 1A. In this embodiment, the sample inlet channel 12 and the sample
outflow channel 13 are essentially perpendicular (i.e., about 90°) to the longitudinal axis of the
bridge electrolyte channel 8. In this orientation, the tilt angle (b) of the sample inlet channel 12
relative to bridge electrolyte channel 8, and the tilt angle (a) of the sample outflow channel 13

relative to bridge electrolyte channel 8, is about 90°. The 90° tilt angle (a), (b) shown in Figure

1A i1s merely illustrative and any angle between about 90° and about 180° is contemplated by the
invention. For example, as illustrated in Figure 1C, the tilt angle (a) of the sample outflow

channel 13 may be 150° and tilt angle (b) of the sample inlet channel 12 may be 120°.

[0051] Several embodiments of the bridge electrolyte well 15 are show in Figures 1A,
2A and 3A. Referring to FIG. 1A, 1n one embodiment the bridge electrolyte well 15 can be
substantially flat-bottomed. Reterring to FIG. 2A, in another embodiment the bridge electrolyte
well 15 can be substantially cone-shaped. Referring to FIG. 3A, in yet other embodiment the
bridge electrolyte well 15 is formed at a bend in the connector channel 102 when the tilt angle
(a) of the sample inlet channel 12 and/or the tilt angle (b) of the sample outflow channel 13 is
greater than about 90° relative to the longitudinal axis of the bridge electrolyte channel 8. Any
upward bend of one or both of the sample .inlet channel 12 or sample outflow channel 13 which
creates a bridge electrolyte well 15 is contemplated. A bridge electrolyte well 15 is created in
the connector channel 102 just above the bridge electrolyte port 11 which can hold a volume of
bridge electrolyte solution. When a fluid sample or calibrating solution interfaces with the
bridge electrolyte solution in the bridge electrolyte well 15, a liquid junction 14 is created
between the sample or calibrating solution and the bridge electrolyte solution. In one
embodiment, the bridge electrolyte well 15 retains 10 ul to 500 ul of bridge electrolyte solution.
In a particular embodiment of the invention, the liquid junction 14 preferably has a surface area

in the range of about 0.5 mm? to about 10 mm?.

[0052] The connector 10 1s made of a material that does not react with, or dissolve 1n, the
bridge electrolyte solution used in the reference electrode 23. In one embodiment, the connector

10 is metallic and is made of, for example, stainless steel, aluminum and/or platinum. In another

embodiment, the connector 10 1s made of a polymeric material, for example, acrylic, plexiglas®,

lexan®, polycarbonate, and/or PVC.
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Operation of the Reference Electrode

[0053] In another aspect, the invention is a method for using a reference electrode 23 in a
sensor system for measuring an analyte in a fluid sample. Referring to Figure 1A, the bridge
electrolyte solution is introduced into the bridge electrolyte inlet 7, and passes over and comes
into contact with the reference sensor Ag/AgCl layers 3, 4, the fluid is pumped through the
bridge electrolyte channel 8, through the bridge electrolyte port 11 into the bridge electrolyte
well 15. When a fluid sample is introduced into the sample inlet channel 12, e.g., by positive
flow by peristaltic pump, it comes into contact with the bridge electrolyte solution in the bridge
electrolyte well 15, forming the liquid junction 14. The contact of sample with the bridge

electrolyte solution completes the circuit of the reference electrode 23.

The Sensor Cartridge

[0054] Referring to Figure 4, in a particular embodiment of the invention, the reference
electrode 23 is used in conjunction with at least one sensor 22, or a sensor cartridge 21
incorporating a plurality of sensors 22, connected by a cartridge inlet channel 20 adapted to
make electrical measurements on a sample introduced to the sensor cartridge 21. Preferred

sensor cartridges 21 are set forth in detail in U.S. Patent Nos. 4,734,184 and 6,123,820, which

are incorporated by reference herein. The sensor cartridge 21 may contain, for example,

electrochemical sensors (i.e., electrodes) 22 for measuring, e.g., pH, pCO,, pO;, Na', Ca™™, and
hematocrit, together with the reference electrode 23. Alternatively, the sensor cartridge 21 may
contain enzyme sensors 22. Temperature control may be achieved by employing a suitable
heating or cooling element e.g., a Peltier-effect device and thermistor to maintain the sensor

cartridge 21 at a desired temperature.

Sensor Cartridge — Reference Electrode Assembly

[0055] Referring to Figure 4, the sensor cartridge 21 and the reference electrode 23 and
the various channels leading in and out of the sensor cartridge 21 and reference electrode 23
(e.g., bridge electrolyte inlet 7, bridge electrolyte channel 8, sample inlet channel 12, sample
outflow channel 13, cartridge inlet channel 20) are assembled into a sensor cartridge-reference

electrode assembly 24 (“assembly 24”).
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[0056] FIG. 5 illustrates an embodiment of the invention in which a reference electrode
23 is connected to a sensor cartridge 21 via a sample inlet channel 12, a pH/mV meter 40 and a
potentiostat 44, with optional connection of the potentiostat 44 to a platinum or gold electrode
35, for use in obtaining potentiometric and amperometric measurements. For potentiometric
sensors (e.g., pH, Na', K7, etc.), one lead of a pH/mV meter 40, i.e., a first pH/mV meter input
lead 36, 1s connected to each potentiometric sensor 32, and the other lead of a pH/mV meter 40,
1.e., a second pH/mV meter input lead 38, is connected to the reference electrode 23. FIG. 5
provides an exemplary illustration of the first pH/mV meter input lead 36 of the pH/mV meter 40
connected to a pH sensor 32 and the second pH/mV meter input lead 38 of the pH/mV meter 40
connected to the reference electrode 23; however, additional pH/mV meter input leads 36, 38
may connect the pH/mV meter 40 with additional potentiometric sensors (e.g., for Ca™, Na', and
K™) 32 and the reference electrode 23. The pH/mV meter 40 measures the potential difference
between the potentiometric sensors 32 and the reference electrode 23. This potential difference

1S proportional to the concentration of the analyte in the sample or calibrating solution.

[0057] Referring still to FIG. 5, for amperometric sensors (i.e., working electrodes) 34
(e.g., pOy, glucosie, lactate, urea, pCO», etc.) in a two electrode type cell arrangement, one lead of
the so-called potentiostat 44, i.e., the working electrode connection 42, is connected to each
amperometric sensor 34, and the other lead of the potentiostat 44, 1.e., the reference electrode
connection 46, 1s connected to the reference electrode 23. FIG. 5 provides an exemplary
illustration of the working electrode connection 42 of the potentiostat 44 connected to a glucose
sensor 34 and the reference electrode connection 46 of the potentiostat 44 connected to the
reference electrode 23; however, additional potentiostat leads 42, 46 may connect the
potentiostat 44 with additional amperometric sensors 34 and the reference electrode 23. In the
case of a three-electrode type amperometric cell arrangement, a third lead of the potentiostat 44,
1.€., the counter electrode (CE) connection 48, is connected to a platinum or gold electrode 35 (as
illustrated with a hatched line in FIG. 5), which is in direct contact with the sample or calibrating
solution. The potentiostat 44 applies a predetermined potential between the sensors 34 and the
reference electrode 23. The current, flowing through the sensor 34 and measured by the
potentiostat 44 1s proportional to the concentration of the analyte in the sample or calibrating

solution.



CA 02439422 2003-08-25
WO 02/077641 PCT/US02/07069

- 14 -

[0058]  The details of sensors such as ion-selective electrodes and their manufacture for a
sensor cartridge as well as peristaltic pump systems employed are described in U.S. Patent Nos.
4,214,968, 4,734,184, 6,123,820 and the operation of microelectrodes is described in detail in
U.S.S.N. 60/170,136, the contents of all of which are incorporated by reference herein.

5 [0059] A sensor cartridge-reference electrode assembly 24 needs to be calibrated prior to
determining the concentration of an analyte in a sample. The sensors 22 of the sensor cartridge
21 may be calibrated with at least one aqueous solution having a known value for the
parameters to be measured by the assembly 24. Two calibrating solutions having different
known values for a particular analyte allows the system to be calibrated on a 2-point basis.

10 Referring to FIG. 4, for calibration of the assembly 24, a first peristaltic pump causes the first
calibrating solution to move (e.g., to be pulled) into the cartridge inlet channel 20 and to pass
through the sensor cartridge 21 over one or more sensors 22. A second peristaltic pump causes
bridge electrolyte solution to move (e.g., to be pushed) into the bridge electrolyte inlet 7, over

‘the reference sensor Ag/AgCl1 layers 3, 4 and into the bridge electrolyte channel 8. The bridge

15 electrolyte solution then moves through the bridge electrolyte channel 8 toward the connector

10, where 1t forms a liquid junction 14 with the first calibrating solution. In a particular

embodiment of the invention, the liquid junction 14 is formed between about 10 pl to about 500

ul of bridge electrolyte solution in the bridge electrolyte well 15 and about 10 pl to about 300 ul

of sample or a first calibration solution in the connector channel 102. After the liquid junction

20 14 has formed, the first peristaltic pump and the second peristaltic pump are stopped. After
about 20 to about 90 seconds, while the transient signals are stabilized for the sensors 22, a
measurement (e.g., a potential value) 1s obtained. The same procedure may be repeated using a
second calibrating solution. In one embodiment, a calibrating solution may be used to provide a
baseline reading for the assembly 24. A sample such as a blood sample is then measured using

25 a similar cycle. In one embodiment, after a sample 1s measured, a rinsing solution (e.g., a
calibration solution) may be used to clean the sensor cartridge 21, cartridge inlet channel 20,
sample inlet channel 12, sample outflow channel 13, bridge electrolyte well 15 and/or liquid
junction 14. After washing, the first calibrating solution 1s loaded into the sample inlet channel
20 of the sensor cartridge 21, the bridge electrolyte solution 1s refreshed by pumping fresh

30 bridge electrolyte soluﬁon through the bridge electrolyte inlet 7 and bridge electrolyte channel 8
into the bridge electrolyte well 15. The assembly 24 is then ready for the next sample.
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[0060] In one embodiment, during operation of the pump, the cartridge — reference
electrode assembly 24 receives a constant pulsating flow of the bridge electrolyte solution via
the bridge electrolyte inlet 7 and pulsating flows of either the blood sample or one of the two
calibrating solutions via the cartridge inlet channel 20. In an embodiment, during the time when
the sensor cartridge-reference electrode assembly 24 is ready for the next sample or calibration,
one of the calibration solutions (preferably the second calibrating solution) is in front of the
sensors so that a constant baseline calibration reading can be maintained over time and between

samples.

[0061] A microprocessor may control the activity of the pump to cause sequences of
fluid samples, calibrating solutions and rinsing solutions (e.g., the second calibration solution)
to be passed through the assembly 24 as is well known in the art. When the calibrating
solutions are passed through the assembly 24, the sensors 22 forming part of the assembly 24
make measurements of the parameters of the sample and the microprocessor stores these
electrical values. Based upon measurements made during the passage of the calibration
solutions through the sensor cartridge 24, and the known values of the measured parameters
contained within the calibrating solutions, the microprocessor may create a calibration curve for
each of the measured parameters so that when a sample is passed through the assembly 24 the
measurements made by the sensors 22 can be used to derive accurate measurements of the
parameters of interest. These measurements are stored and displayed by the microprocessor.
The microprocessor is suitably programmed to perform measurement, calculation, storage, and

control functions.

Blood Samples

[0062] Blood samples may be obtained by phlebotomy or are derived on a periodic basis
from an extracorporeal blood flow circuit connected to a patient during, for example, open heart
surgery. Blood samples may be introduced into the cartridge inlet channel 20 through other
automatic means, or manually (e.g., as by syringe). Blood samples may also be introduced as

discrete samples.
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Calibrating Solutions

[0063] In an embodiment, the sensor cartridge-reference electrode assembly 24 may be
calibrated with two calibrating solutions, e.g., calibrating solution A and calibrating solution B.
A preferred composition of calibrating solution A, prepared at 37°C and at atmospheric pressure

tonometered with 8% CO, - 92% N gas, is as follows:

—— S e Al radl? ray 2 P A b—- b A e A e

.:;&moun-t /1 wLitewl_~

.

sl ——

CB mpJound

R i N L A A P ek — —— T

Deionized water Filled up to 1 liter

MOPS (3-[N-morpholinopropanesulfonic

acid) Butfer

16.5g
Sodium MOPS Bufter 8.2¢
Sodium Sulfite 5.0g
Potassium Chloride 0.17¢g
Calcium Chloride 0.068¢g
Sodium Chloride 2.76¢g
Sodium Bicarbonate 1.26¢g
Proclin 1.015¢g
HCl 0.15¢
Brij (from a 25% solution as surfactant) 0.256¢g

[0064] This composition is effectively a blood facsimile and has the following

parameters to be measured by the assembly 24.

e —

pH pCO, (mmHg) O, (mmHg) Na (mmol/L) X (mmol/L) Ca (mmol/L)

A

6.908-6932 60.5-64.5 0 153.5-156.5 1.81-2.11 0.18-0.22

S—— A e—-i L —

— ——
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[0065] A preferred composition of calibration solution B, prepared at 37°C and at 700

mmHg absolute pressure tonometered with 21% 0,-4% CO,- 75% N gas, 1s as follows:

Compound Amount/ 1 Liter

Al — A~ —

Deionized water Filled up to 1 liter

MOPS (3[N-morpholinopropanesulfonic acid)

Buifer
6g
Sodium MOPS Buifer 18.75¢
Sodium sulfate 3.75¢g
Magnesium Acetate 1.07¢g
Potassium Chloride 0.527g
Calcium Chloride 0.535g
Sodium Chloride 0.13g
Sodium bicarbonate 1.932¢g
Prochin 1.023¢g
HCI 0.313g
Brij (from a 25% solution as surfactant) 0.256¢
[0066] This composition is effectively a blood facsimile and has the following
parameters to be measured by the assembly 24.
| pH pCO,(mmHg) O, (mmHg)  Na(mmoVL) K (mmol/i,) Ea (m;nOI/L;

i

7.385-7.415 35.0-37.0 190 -210 133 — 137 5.87—-6.27 1.90-2.04

e

——- ddullr
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[0067] The compositions of the two calibrating solutions are chosen so that for each of
the characteristics measured by the system, a pair of values are obtained that are spaced over the
range of permissible values that are measured by the assembly 24, providing a balanced 2-point

calibration for the assembly 24.

[0068] The calibration compositions are prepared by premixing all of the components,
with the exception of the calcium dihydrate salt; tonometering the solution with oxygen and CO,
mixed with nitrogen to produce the desired level of pH for the solution; adding the calcium
dihydrate salt; and finally retonometering the solution to adjust for any variation in the gas levels

which occurred during addition of the calcium dihydrate salt.

{0069] The compositions of calibrating solutions A and B are for illustrative purposes; it

1s contemplated that any desired calibrating solution may be used with the reference electrode 1.

Bridge Electrolyte Solution

[0070] The bridge electrolyte solution employed in the reference electrode 23, for
example, as illustrated in FIG. 1A, provides a liquid junction 14 with a sample or a calibration
solution and thereby isolates the reference electrode 23 from the varying electrochemical
potentials of the calibrating solution or the blood to establish an environment in the reference
electrode 23 that is independgnt of the 1onic activity of the sample or calibrating solution. The
bridge electrolyte solution is essentially a chloride solution (e.g., KCI) that is hypertonic relative

to the sample or calibrating solutions.

[0071] Since the bridge electrolyte solution joins the sample inlet channel 12 downstream
from the sensors 22, after the gas/electrolyte measurements have been made, it does not affect
those measurements in any way. The bridge electrolyte solution 1s under pumping force must
flow upward against gravity toward the bridge electrolyte well 15. Thus, when the pump stops,
the bridge electrolyte solution remains stationary in the bridge electrolyte well 15 of the
connector 10 and tends not to diffuse significantly into the calibrating solution or sample in the
sample inlet channel 12, preventing unwanted reverse passage or mixing of the sample or
calibrating solution into the reference sensor 1. It is important that the bridge electrolyte solution

be refreshed at intervals of between around 0 and about 60 minutes, optimally between about 5
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and about 15 minutes, since the samples and the bridge electrolyte solution mix somewhat at the

liquid junction 14.

[0072] In a preterred embodiment, the bridge electrolyte solution is a 0.1M KCl solution
which is initially saturated with AgCl. The bridge electrolyte solution may contain a surfactant
such as polyoxyl hydrogenated castor oil 25 (e.g., Arlatone G®) at a concentration of between
0.01% and 1.0 %. Other types of surfactants can also be used, such as, e.g., Brij 35 (70 ul/l of
solution), to minimize bubble formation. In an embodiment, the bridge electrolyte solution is
prepared at room temperature and then saturated with excess AgC1. The solution containing
suspended AgC1 particles is then packaged in a sealed flexible container with no head space.
This technique assures that the solution will remain saturated for AgC1 at any storage

temperature.

Enzyme Sensors

[0073] The above-described calibration and measurements using ion-sensors 22 is also
contemplated for enzyme sensors. Such enzyme sensors are useful for the analysis of solutes
other than Na*, K, CI', Ca", gases other than pO,, pCO,, hematocrit and pH. For example,
enzyme sensors are useful for analysis of glucose, or lactate, or other proteins in a body fluid

sample such as blood.

Equivalents

[0074] The invention may be embodied in other specific forms without departing form
the spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting on the invention described herein.
Scope of the invention is thus indicated by the appended claims rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.
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We Claim:
1. A reference electrode comprising:

(a) areference sensor;

(b) a bridge electrolyte channel in fluid communication with said reference sensor; and

(c) a connector channel connected to the bridge electrolyte channel via a bridge
electrolyte port, said connector channel comprising a sample inlet channel and a sample outflow
channel through which a sample may flow, and a bridge electrolyte well for retaining a volume
of a bridge electrolyte solution;

wherein said bridge electrolyte well is shaped to provide a liquid junction between the

sample and the bridge electrolyte solution.

2. The reference electrode of claim 1, wherein the liquid junction comprises a surface area

in the range of about 0.5 mm” to about 10 mm?®.

3. The reference electrode of claim 1, wherein said reference sensor comprises:
(a) a support substrate;
(b) a silver layer (Ag) deposited on said support substrate;
(¢) asilver chloride (AgCl) layer deposited on said Ag layer;
(d) a glaze layer deposited on at least part of said AgCl layer; and

(e) a gasket disposed on said glaze layer.

4, The reference electrode of claim 3, wherein said support substrate comprises a polymeric

material and/or a ceramic material.

5. The reference electrode of claim 4, wherein said polymeric material comprises polyvinyl

chloride (PVC), polyethylene, polycarbonate, polyacrylate and/or polyimide.

6. The reference electrode of claim 4, wherein said ceramic material comprises aluminum

oxide and/or silicium dioxide.

7. The reference electrode of claim 3, wherein one or more of said layers are screen printed

layers or vapor deposited layers.

8. The reference electrode of claim 3, wherein said Ag layer is at least about 1 pm to about

15 um thick.
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1 9. The reference electrode of claim 3, wherein said Ag layer is at least about 1um thick.
1 10.  The reference electrode of claim 3, wherein said AgCl layer is deposited on said Ag by
2 electrodeposition on said Ag with a chloride electrolyte solution of between about 0.01 M and
3 1.0 M at a current density of between about 0.005 and about 0.5 mA/mm?* for about 30 seconds

4  to about 20 minutes.

1 11.  Thereference electrode of claim 10, wherein said chloride electrolyte solution comprises

2 NaCl, KCI, and/or CaCl,.

1 12.  The reference electrode of claim 11, wherein said chloride electrolyte solution has a pH

2  range of about pH 1 to about pH 7, about pH 1 to about pH 5, or about pH 1 to pH 2.

1 13.  Thereference electrode of claim 3, wherein said glaze layer comprises alumina and/or

2 silica.

1 14.  The reference electrode of claim 13, wherein said glaze layer 1s at least about 10 um

2 thick.

1 15.  The reference electrode of claim 14, wherein said glaze layer has a thickness of between

2 about 10 pm and about 500 pm.

1 16.  The reference electrode of claim 3, wherein said gasket layer comprises polyurethane,

2 silicone rubber, PVC, viton®, natural rubber and/or synthetic rubber.

1 17.  Thereference electrode of claim 15, wherein said gasket 1s at least about 50 um thick.

1 18.  The reference electrode of claim 1, wherein said connector channel comprises a
2 polymeric or metallic material that does not react with, or dissolve in, said bridge electrolyte

3  solution.

1 19.  The reference electrode of claim 18, wherein said polymeric material 1s a molded or

2  machinable plastic.

1 20.  The reference electrode of claim 19, wherein said polymeric material comprises acrylic,

2 plexiglas®, lexan®, polycarbonate, and/or PVC.
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21.  The reference electrode of claim 18, wherein said metallic material comprises stainless

steel, aluminum and/or platinum.

22.  The reference electrode of claim 1, wherein said bridge electrolyte well 1s a round bottom
well.

23.  The reference electrode of claim 1, wherein said bridge electrolyte well is a flat bottom
well.

24.  The reference electrode of claim 1, wherein said bridge electrolyte well is a cone-shaped
well.

25.  The reference electrode of claim 1, wherein at least one of said sample outflow channel

and said sample inlet channel each form a tilt angle of about 90° to about 180° relative to the

longitudinal axis of the bridge electrolyte channel.

26. The reference electrode of claim 1, wherein said connector channel is located at a
distance range from the reference sensor of between about 2 mm to about 10 mm, between about

2 mm to about 15 mm, or between about 2 mm to about 30 mm.

27.  The reference electrode of claim 1, wherein said sample inlet channel is about 1 mm 1n
diameter.
28.  The reference electrode of claim 1, wherein said bridge electrolyte channel is about 0.5

mm 1n diameter.

29. The reference electrode of claim 27, wherein said bridge electrolyte channel is about 0.5

mm in diameter.

30.  The reference electrode of claim 1, wherein said sample outflow channel is about 2 mm
in diameter.
31.  The reference electrode of claim 27, wherein said sample outflow channel 1s about 2 mm

1n diameter.
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The reference electrode of claim 28, wherein said sample outflow channel is about 2 mm

The reference electrode of claim 1, wherein said sample outflow channel and said sample

inlet channel comprise a flexible tube that is about 1 mm to about 20 mm in diameter.

34,

The reference electrode of claim 1, wherein said bridge electrolyte solution comprises

KCl saturated with AgCl, with a chloride ion solution of about 0.1 M to about 0.5 M at the

temperature said solution is stored and used.

33.

(2)

(a)

(b)
()
(d)
()

(D

A method for using a liquid junction reference electrode, comprising the steps of:

providing a reference electrode comprising a reference sensor; a bridge electrolyte
channel 1n fluid communication with said reference sensor; and a connector
channel connected to the bridge electrolyte channel via a bridge electrolyte port,
said connector channel comprising a sample inlet channel and a sample outflow
channel through which a sample may flow, and a bridge electrolyte well for
retaining a volume of a bridge electrolyte solution; wherein said bridge electrolyte
well is shaped to provide a liquid junction between the sample and the bridge
electrolyte solution.

providing a calibrating solution or a sample to said sample inlet channel;
providing a bridge electrolyte solution to said bridge electrolyte inlet;

providing a force to said sample so that it flows toward said bridge electrolyte
port;

providing a force to said bridge electrolyte solution so that it flows toward said
bridge electrolyte port;

torming a liquid junction between said sample and said bridge electrolyte solution
at said bridge electrolyte well with a surface area in the range of about 1 mm? to
about 10 mm?; and

taking a measurement.
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