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DESCRIPTION

Field of Invention

[0001] The invention relates to electrochemical sensors for the analysis of agueous solutions. In particular, the
iInvention relates to the construction of unit-use reference electrodes for such sensors.

Background of the Invention

[0002] Prior-art electrochemical sensors typically consist of an electrochemical cell with two, sometimes three
electrodes. The first electrode 1s responsive to a chemical species in the test solution and is called the indicator
electrode. The second electrode called the reference electrode i1s typically non-responsive to changes in the
composition of the test solution. In polarography a third, current-injecting counter electrode is sometimes used.

[0003] As Is appreciated by those In the art, the performance of an electrochemical sensor as part of a chemistry
analyzer for quantitative measurement of chemicals in agueous solutions is determined by its dose-response
curve. For a linear sensor this can be uniguely determined by two coefficients: a slope and an intercept. For a
dose-response curve that i1s non-linear, three or more coefficients may be required. As Is also known In the art, a
sensor's coefficients vary over time if it 1Is used more than once. The coefficients also vary to some extent from
sensor to sensor because no two sensors can be manufactured identically. Therefore, a calibration is generally
required to uniquely determine a sensor's dose-response curve. In an automated chemistry analyzer the
calibration i1s provided by fluidic elements (calibration fluids, pumps, valves, conduits etc.) contained within the
analyzer. If a sensor I1s deployed as a reusable device, the chemistry analyzer's calibration fluidics often provides
for at least two calibration points and a wash solution. This 1S because the slope and intercept of the dose-
response curve can change through repeated uses. For a unit-use device no calibration would be required if the
slope and intercept were sufficiently reproducible from sensor to sensor during manufacture and storage. A
single calibrator would be required if either one of the coefficients was reproducible, the other not, and two
calibrators if neither coefficient was reproducible (more calibrators could be required for devices with non-linear
dose-response curves).

[0004] Often the goal of a manufacturer of chemistry analyzers is to produce sensors sufficiently cheaply so that
they can be deployed as unit-use devices, thus eliminating or simplifying the chemistry analyzer's often very
complex fluidics required for the washing and calibrating of multiple-use sensors. To this end, manufacturers
have investigated planar technologies for low cost sensor manufacture. Such planar technologies also purport to
provide appropriate control of the materials of construction and manufacturing processes to achieve device-to-
device reproducibility in high volume production.

[0005] Sensors made by planar technology have included both thick-film and thin-film micro-fabrication
technologies. Thick film processed devices such as plastic diagnostic strips are disclosed in U.S. Pat. No.

5,727,548 for example. Devices made by planar technology also include thick film processed planar substrates
as in hybrid circuit or printed circuit manufacture. U.S. Pat. Nos. 4,133,735, 4,225,410 for example disclose
devices with electrodes made by thick film fabrication processes such as plating, screenprinting, dispensing and
the like.

[0006] Micro-fabrication technology with its proven superior dimensional control also has been used to make
devices for unit-use applications. Micro-fabrication technology employs wafer-level processes such as
photolithography on silicon wafers. U.S. Pat. Nos. 4,062,750 4,933,048 and 5,063,081 disclose devices
containing electrodes made by thin-film micro-fabrication processes on silicon substrates.
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[0007] Regardless of which of the above variants of planar technology is being used, planar devices of the prior
art have been complex to manufacture and are therefore still relatively expensive.

[0008] To better appreciate the complexity of prior-art planar sensors, consider their typical components of
construction. A planar electrochemical sensor of the prior art i1Is a device consisting of one or more metal
conductor elements on a planar insulating substrate. One region of the metal conductor element 1s provided for
connection to an external measuring circuit. A planar electrode 1s formed in another region of the metal
conductor element. The planar electrode of such a prior-art electrochemical sensor consists typically of one or
more additional metal layers and metal salt over-layers over- coating the metal conductor element. Planar
electrodes are typically then coated with several additional functional layers as outlined below.

[6009] The planar electrode of the planar sensor is typically coated by an integral electrolyte medium. This
iIntegral electrolyte may be a liguid agueous solution or, more commonly, a solid hydrophilic layer such as a gel
material that acts like an agqueous electrolyte. In use of the planar sensor, the planar electrode region and its
iIntegral electrolyte over- layer is immmersed in an aqueous solution to be tested. Chemical species from the test
solution permeate into the integral electrolyte layer, dissolve and often react with other reagents contained within
the integral electrolyte layer. Components of the integral electrolyte layer undergo electrochemical reaction at
the electrode surface generating a current or a voltage. When the measured current or voltage of the sensor Is
selectively proportional to the concentration of a species Iin the test solution that 1s transported from the test
solution into the sensor there is the basis for an indicator electrode for that species. If the voltage i1s independent

of test solution composition there is the basis for a reference electrode. In prior-art electrochemical sensors it Is
generally required that chemical reagents within the integral electrolyte layer be at constant concentrations
during the time of the measurement.

[0010] It is generally required that chemicals contained within the test solution that are deleterious to the sensor
reactions be rejected from the integral electrolyte layer. As i1s known in the art such contaminants may affect
chemical reactions within the integral electrolyte layer, or they may themselves be electro-active and cause a
voltage or current that interferes with the measured voltage or current due to the species being analyzed.
Retention of reagent chemical and rejection of contaminants is often achieved by interposing one or more
materials between the integral electrolyte and the test solution. Transport of the sensed species from the test
solution Iinto the integral electrolyte layer takes place through the interposed materials by diffusion or through
holes or pores in those materials. In many cases of prior-art planar sensors it i1s also necessary to interpose an
additional semi-permeable layer between the electrode and the integral electrolyte layer. The purpose of this
electrode-modifying layer i1s to allow transport of the chemicals of the sensor reaction while rejecting
electroactive interferents or species that poison the electrode.

[0011] In summary, as described above, planar electrochemical sensors of the prior art including prior-art
reference electrodes generally consist of numerous elements. The resulting devices are complex to manufacture
and relatively costly. To further illustrate their complexity, the devices of the prior art addressed by the current

iInvention are described in more detail in the following section.

Potentiometric salt-bridge reference electrode prior art

[0012] Salt-bridge reference electrodes of the prior art consist of an electrode, usually silver - silver chloride
contacted by an integral reservoir of a concentrated aqueous solution of a salt with equi-mobile 1ons, typically
potassium chloride. The integral aqueous electrolyte reservoir is called the salt bridge. The electrolyte reservoir
contacts the test solution at a constrained-flow liquid junction. An ideal salt-bridge reference electrode of this
design has an essentially constant electrode potential and essentially zero response slope for the duration of its
use. As I1Is known In the art of reference electrodes, the total electrode potential i1s the sum of the potential
difference between the electrode and integral salt-bridge electrolyte and the liquid-junction potential difference
which i1s between the salt-bridge electrolyte and the test solution. The constant electrode potential of such prior-
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art reference electrodes 1s achieved firstly because the potential determining chloride concentration of the salt-
bridge electrolyte at the silver - silver chloride electrode surface remains essentially fixed for the duration of use.
This 1s achieved both because the rate of chloride efflux from the reservoir into the test solution is sufficiently
small because of the constrained-flow junction and because the electrolyte reservoir is sufficiently large.
Secondly, the response slope of such salt-bridge reference electrodes i1s also small when the liquid junction
potential difference i1s small as 1s the case when the salt-bridge electrolyte contains a concentrated salt with
anions and cations of nearly equal mobility, such as with the use of a concentrated potassium chloride

electrolyte.

[0013] Planar potentiometric salt-bridge reference electrodes of the prior art have used the same approach as
the classical salt-bridge reference electrode described above. U.S Pat. No. 4,592,824 describes a planar silver -
silver chloride electrode on a planar silicon substrate, and a silicon cover-plate including a micro-fabricated cavity
and porous region. The cavity becomes the integral salt-bridge reservoir when it i1s filled with concentrated
potassium chloride before use. The porous silicon element forms the region of the constrained-flow liquid
junction that contacts the test solution. Similarly, U.S. Pat. No. 4,682,602 describes a planar silver - silver
chloride electrode and a cover layer defining a cavity over the electrode. The cavity, when filled with electrolyte,
becomes the integral salt-bridge reservoir. There is a small aperture providing a flow-constraining liquid junction
contact to a test solution. U.S Pat. No. 5,385,659 describes a planar silver-silver chloride with a micro-fabricated,
elongated cavity in a cover plate. When the elongated cavity i1s filled with electrolyte it becomes the integral salt
bridge reservoir. The flow of electrolyte out of the salt-bridge 1s constrained because the cavity i1s elongated and
its opening i1s small. These and other prior-art planar reference electrodes with integral electrolyte cavities are
relatively complex assemblies and therefore costly. They must be filled with concentrated salt-bridge electrolyte
before use, or, If filled in the factory, they must be stored wet. Consequently, they are impractical for unit-use
applications.

[0014] U.S. Patent. No. 4,342,964 describes a fluidic cassette for blood measurement containing a dry-stored
silver - silver chloride electrode without an integral salt-bridge electrolyte over-layer and a spaced apart indicator
electrode. In use a calibrator solution i1s introduced over the pair of electrodes serving to calibrate the indicator
electrode prior to its subsequent exposure to the test solution. The calibrator solution also fills an empty cavity

region of the cassette over the silver - silver chloride electrode and remains there to form a liquid junction with
the test solution when it 1s subsequently introduced into the cassette. Thus, this patent teaches how to
automatically fill a reference electrode's salt-bridge reservoir without significantly adding to the complexity of the
reference electrode itself, because the device already requires a calibrator solution and the patent teaches that
the calibrator solution can be the same as the salt-bridge filling solution. However there 1s added fluidic
complexity and cost, and the significant limitation on this invention is that there is no single composition of the
calibrator solution that i1s satisfactory both to accurately calibrate the indicator electrode and provide for a low-
response liguid junction. For acceptable performance in blood it is known in the art that the salt-bridge electrolyte
should have a potassium chloride concentration of about 1M or even larger for the liguid junction potential
component of the reference electrode to be acceptably small and constant. Known calibrator solutions for blood

do not provide this concentration.

[0015] Janata in Solid State Chemical Sensors, Janata J. and Huber R.J. (eds.), Academic Press Inc., Orlando
1985, pp101-103, describes an ion-sensitive field effect reference electrode with an integral salt-bridge reservoir
formed by a hydrophilic gel layer coating the electrode. Sinsabaugh et al. in Proceedings, Symposium on
Electrochemical Sensors for Biomedical Applications, Vol. 86-14, Conan, K.N.L. (ed.), The Electrochemical
Society, Pennington, N.J. 1986, pp66-73, describe a planar reference electrode consisting of a silver - silver
chloride electrode over-coated by an integral salt-bridge reservoir formed by a latex membrane. In this device
there are In total three coating steps onto the conductor element and its support. The Janata and Sinsabaugh
devices were Intended for multi-use sensor applications utilizing a calibrator solution. In a typical measurement,
the reference electrode, with its salt-bridge reservoir over-layer, and a spaced-apart indicator electrode are first
immersed in a calibrator solution. The Integral reservoir equilibrates to the concentration of the calibrator
solution. When the electrode-pair is then immersed in a test solution, the indicator electrode responds rapidly
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but, because of its integral constrained-flow reservoir, the potential difference between the silver -silver chloride
and the salt-bridge electrolyte over-layer responds slowly. If the reservoir thickness is sufficient (several hundred
micrometers) the response is slow enough to constitute a constant potential over the time that the indicator
electrode responds (approximately 10s). During multiple uses, the composition of the salt-bridge gradually
approaches the con centration of the calibrator and test solutions in which it 1Is iImmersed. These reference
electrodes in multi-use application are once again limited in utility for accurate blood measurements because the
liquid junction component of the reference electrode potential is not sufficiently small or constant due to the salt-
bridge reservoir concentration being too low. Both these papers are silent on the use of their salt-bridge
reservoirs as dry-reagent formulations in unit-use reference electrodes. Both papers are silent on the
iIncorporation of redox chemicals into the salt-bridge reservoirs and the use of such in reference electrodes
constructed with salt-bridges coating metals. The Sinsabaugh paper is also silent on the water vapor transport
properties of their heterogeneous membrane formulation.

[0016] Because of the complexity of manufacture of reference electrodes containing integral fluid reservoirs and
because of the difficulty of their storage and preparation for use, a dry-reagent reference electrode i1s highly
desirable for unit-use applications. An integral dry-reagent salt-bridge reservoir that contains only dry salts must
first acquire water so that the salt-bridge reservoir can 'wet up' to its operational concentration. In all of the
above-mentioned prior-art devices the transport of species through the salt-bridge reservoir and from the salt
bridge to the contacting solution is through an electrolyte phase. Water influx for wet-up if the prior-art devices
were Inttially prepared in the dry state i1s through the same path as potassium chloride efflux. Thus, in a device
featuring a constrained flow salt-bridge design with a sizeable reservoir that is required to maintain constancy of
chloride concentration at the silver - silver chloride surface, the time for water uptake also will be large. Also, the
potassium chloride of the salt bridge electrolyte will escape from the reservoir into the solution while the reservoir
IS acquiring water from the solution for its wet-up. Therefore, reference electrodes with dry reagent reservoirs
according to the above prior have not been successfully deployed in unit-use applications.

[0017] The above wet-up problem was addressed in U.S. Pat. No. 4,933,048, which describes a dry-reagent
salt-bridge reference electrode made by planar micro-fabrication. In this device there iIs a first insulating layer on
a planar substrate that supports a conductor for connection to a measuring circuit. A second Iinsulating layer
covers the conductor except in a region that defines the electrode opening. There are films of silver, then silver
chloride formed over the conductor in the electrode region. A solid hydrophilic material containing potassium
chloride 1s formed over the silver chloride. This layer constitutes the integral salt-bridge reservoir. In this device,
the salt-bridge reservoir extends well beyond the silver-silver chloride electrode edge and is further coated by a
hydrophobic water vapor-permeable overlayer, except for a region of the salt bridge that is far removed from the
silver - silver chloride where the salt-bridge contacts the test fluid defining the liquid junction. This unit-use salt-
bridge reference electrode was designed to rapidly wet-up during use from its dry storage state, and to
essentially retain a constantly high concentration of potassium chloride in the integral salt-bridge reservoir for a
period after full wet-up and through the time of the measurement. These desired properties are obtained in the
device of the '048 patent by providing a short diffusion path for rapid water influx into the integral reservoir
through the water vapor-permeable over-layer and a long diffusion path for the potassium chloride in the salt-
bridge along the length of the integral reservoir. In use, water necessary for the proper function of the salt bridge
IS rapidly incorporated into the inttially dry potassium chloride layer within a few seconds by diffusion through the
gas permeable over-layer. The concentration of the internal salt-bridge electrolyte rapidly reaches a steady state
value after a wet-up period of a few seconds, which 1s maintained for a period sufficient to perform the
potentiometric measurement. However, this device is complex to manufacture, consisting of five layers on top of
the conductor element and its insulating support.

[0018] U.S. Pat. No. 4,431,508 describes a graphite reference electrode with a hydrophilic coating containing a
redox couple manufactured with non-planar conventional technology.

[0019] EP 1 193 495 A2 discloses a miniaturized multi-potentiometric sensor comprising a solid-state reference
electrode and a set of ion-selective electrodes. The polymeric membrane of the reference electrode comprises
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a) a porous polymer and a lipophilic polymer or b) a hydrophilic plasticizer and a lipophilic polymer.

[0020] EP 1 087 225 A2 relates to ion-selective electrodes comprising an internal reference electrode. The
iInternal reference electrode comprises a water-soluble salt dispersed in a polymer consisting essentially of from
60 to 99 percent by weight of a monomer having at least one carboxyl group or a salt thereof and from 1 to 40
percent by weight of a hydrophobic monomer.

[0021] US 3 926 764 discloses ion-selective electrodes and reference electrodes for potentiometric
measurements. The reference electrode comprises an electrochemically active redox system sensitive to ions In
solution. The reference electrode comprises a salt-bridge tablet of porous hydrophobizing material containing a
water-soluble compound which is able to dissociate and to liberate ionic species to which the redox system Is
sensitive. In a specific embodiment, the salt-bridge tablet is unified with the electrode body.

[0022] In summary, planar reference electrodes of the prior art consist of a silver - silver chloride electrode
contacting an integral salt-bridge electrolyte reservoir consisting of concentrated potassium chloride. These
devices are either manufactured with water already incorporated into the salt-bridge reservoir, or, are dry-
reagent devices with a gas permeable coating that facilitates water transport into the salt bridge. The salt bridge
makes connection to the test solution through a small, flow-constraining orifice or other flow limiting physical
constriction fabricated on the device in planar technology. The connection of the salt bridge to the test solution Is
at a point removed from the silver-silver chloride electrode, so that an integral reservoir of electrolyte I1s present
between the solution and the electrode.

[0023] Prior-art planar electrochemical sensors including planar salt-bridge reference electrodes require
numerous electrode materials and membrane coatings to achieve the desired functionality. Prior-art planar
electrochemical sensors, therefore, are still complicated and relatively expensive to produce. In addition to being
relatively costly, such devices generally still also require at least a single, in-use calibration fluid step to achieve a
performance equivalent to laboratory analyzers. Even sensor designs that use micro-fabrication technology (U.S.
Pat. Nos. 5,063,081 and 5,514,253 for example) with its high levels of dimensional precision have failed to
achieve the standard of performance (reproducible slope and intercept of the response) required for use without
a calibration

[0024] Thus there remains a significant need to provide planar electrochemical sensor devices for precise
qgquantitative analysis which are sufficiently simple in design and construction for use as cost-effective unit-use
devices.

Summary of the Invention

[0025] It i1s a specific object of the invention to provide a potentiometric unit-use salt-bridge reference electrodes
manufactured in planar technology.

[0026] It 1s an object of this invention to provide a potentiometric unit-use salt-bridge reference and indicator
electrodes for use with a single calibrator solution.

[0027] It 1s an object of this invention to provide unit-use salt-bridge reference and indicator electrodes for use
with a single calibrator solution, wherein the electrodes and calibrator are all contained within a single, unit-use
housing. This invention teaches such integral diagnostic devices. When used with a card read-out device the
iIntegral diagnostic device including an on-board calibrator and electrodes of this invention provide an analyzer
capable of delivering very inexpensive quantitative test results.

[0028] These objects are achieved in accordance with the invention by providing planar salt-bridge reference
electrodes as claimed in claims 1 to 6 and its use as claimed in claims 7 and 8. The electrodes are constructed
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with at least a single heterogeneocus membrane for supporting rapid gas and water vapor transport through a
hydrophobic gas permeable path and electrolyte transport through a hydrophilic path.

[0029] Heterogeneous membranes In accordance with the present invention are made of a formulation that
comprises an Intimate admixture of at least two component phases, a hydrophilic electrolyte-containing
compartment that supports non-volatile species transport and chemical reaction and a hydrophobic
compartment that supports gas and water vapor transport. Such a heterogeneous membrane in accordance with
the invention can be used as an element of a unit-use sensor of very simple construction.

[0030] Highly gas permeable polymers such as siloxanes, in particular poly-dimethyl siloxane or derivatives
thereof, are preferably used Iin the heterogeneocus membranes of the invention in intimate admixture with
hydrophilic components. The intimate admixture of the resultant heterogeneocus membrane comprises a gas and
water vapor transport path through the hydrophobic siloxane compartment and a tortuous transport path for
electrolyte salts through the hydrophilic compartment.

[0031] The invention teaches methods of preparation of heterogeneous membranes from aqueocus emulsions of
siloxanes.

[0032] In a preferred embodiment, an electrode of this invention includes a single conductor element for
connection to a measuring circuit which conductor is coated by a first, hydrophilic reservoir layer, which in turn Is
coated by a second, heterogeneous membrane layer. The heterogeneocus membrane provides the dual
electrolyte and gas-conducting properties required for proper device function. In this embodiment of the
iInvention, the first, hydrophilic layer is in contact with the electrode and constitutes an internal electrolyte that
contains the reagents required for the electrode reaction (a potential determining redox reagent, such as
potassium ferrocyanide, and a salt of equi-mobile ions such as potassium chloride), and the heterogeneous
membrane provides gas transport to the internal electrolyte through its hydrophobic compartment as well as

electrical contact between the internal electrolyte and the test solution by electrolyte transport through the
hydrophilic compartment. The hydrophilic compartment of the heterogeneous membrane forms the reference
electrode's liquid junction and it contains at least a salt of equi-mobile ions such as potassium chloride.

[0033] In another preferred embodiment, the electrode of this invention includes a single conductor element for
connection to a measuring circuit which conductor 1s coated with a heterogeneous membrane. The
heterogeneous membrane preferably provides within a single element the electrolyte reservoir and the dual
electrolyte and gas-conducting properties required for proper device function. This i1s in contrast to the multiple
elements contained Iin prior-art devices. In this preferred embodiment, the heterogeneous membrane's
hydrophilic compartment serves as the internal electrolyte reservoir and liquid junction. [t contains at least a
redox reagent and a salt of equi-mobile ions. The heterogeneous membrane's hydrophobic compartment
provides for rapid gas transport to the electrode surface. Thus this embodiment achieves in a single membrane
device a disposable salt-bridge reference electrode that can be manufactured at very low cost.

[0034] It 1s a further object of the invention to provide single membrane as well as dual membrane compositions
for use In salt-bridge reference electrodes. These compositions are achieved through the engineering of multiple
transport paths into heterogeneocus membrane materials.

[0035] It 1s yet another object of the invention to provide design principles for the achievement of the desired
transport properties of the heterogeneocus membrane.

[0036] It has been surprisingly discovered that the simplified sensor membrane manufacturing processes
according to this invention can be advantageously combined with low cost smart card-based electrode modules
disclosed in a copending patent application USSN 09/871,823. These substrates are low cost stamped
laminations of gold-coated copper with epoxy foils. The electrode material is gold in these modules. Thus, it I1s an
object of this invention to provide disposable sensors with membrane compositions and methods of construction
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suitable for fabrication on laminated foil electrodes.

[0037] It i1s still another object of the invention to provide electrode sensor arrays fabricated on an array of
contacts with a contacting material common to all of the electrodes in the array and with only a single membrane
per electrode in the array:.

[0038] It is an essential feature of conventional sensors that the integral internal electrolyte element iIs large
enough and sufficiently well isolated from the test solution that it behaves as a reservoir which immobilizes the
sensor's reagents within it. In conventional sensors, the reservoir's reagent composition thus remains essentially
fixed for the duration of a measurement (except in the first few seconds during wet-up of dry stored devices and
except of course for the chemical reaction involving the species to be analyzed whose compositional changes
constitute the sensor reaction), and contaminants from the test solution are excluded from and thus at low
concentration in this internal electrolyte reservoir. Indeed, it i1s most often the case that the composition of

reagents in the electrolyte reservoir element at the electrode surface remains fixed for numerous measurements
because these devices have been typically designed to be reusable. In some prior-art devices, the sensor's
iInternal electrolyte element i1s completely i1solated from the test solution by one or more layers that selectively
transport only the species to be analyzed. For example, prior-art dissolved carbon dioxide and oxygen sensors
consist of internal electrolyte elements covering the sensors' electrodes and a selectively gaspermeable but
electrolyte impermeable over-layer on top of that. In other prior-art devices where there is direct contact between
the internal electrolyte element and the test solution, the internal electrolyte adjacent the electrode i1s far
removed from the point of contact with the test solution.

[0039] In contrast, in the devices of the current invention, there 1s no provision for the complete isolation of the
electrode's internal electrolyte from the test solution. In the preferred embodiment, the reagent composition of
the electrolyte component of the heterogeneous membrane In close proximity to the electrode surface actually
changes with time during use of the device. For example, reagents diffuse out of the heterogeneous membrane
Into the test solution or contaminants permeate into the membrane from the test solution. Furthermore, the initial
amount of internal electrolyte within the heterogeneous membrane 1s often not sufficiently large to constitute a
reservoir maintaining a constant composition of the immobilized reagents during use. Surprisingly, even though
numerous elements that were necessary in prior-art devices have been omitted from the simplified devices of
this invention, the important characteristics defining quantitative sensing performance are retained. The
preferred devices can exhibit fast wet-up (important if the device 1s stored dry prior to use), at least reproducible
response Intercepts If they are polarographic devices and at least reproducible response slopes iIf they are
potentiometric devices, and sufficient freedom from interferences. Thus these very simple devices of the
iInvention can be incorporated into an analyzer requiring only a single in-use calibration fluid.

[0040] As discussed above, sensors with porous heterogeneocus membranes according to this invention will
iInevitably exhibit loss of reagents from the device into the test solution. Furthermore, some contaminants or
electrochemical interferents can permeate from the test solution Iinto the device. [t 1s surprising that
measurements can be made with devices of the invention in which chemical compositions of the reagents are
changing at the electrode surface, even after full wet-up of the device. Thus, it is the object of this invention to
teach heterogeneous membrane compositions and properties that are tolerant to these deleterious effects, and
to teach methods of measurement using electrodes incorporating heterogeneocus membranes that lose specific
contents into the test solution or acquire contaminants from the test solution during use. This invention further
teaches the range of acceptable transport properties of a heterogeneous membrane for electrochemical
sensing. In the preferred embodiment, it i1s required that the diffusion coefficient of water vapor should be at least
10 times faster than the diffusion coefficient of agueous electrolytes and other water soluble species, and
preferably greater than 50 times faster. More specifically, gas and water vapor diffusion preferably occurs at

faster than 5x10° cm? sec™! and electrolyte salt diffusion at less than 5 x 107 cm? sec™.

[0041] It 1s also surprising that the reproducible performance attributes of devices of the invention are robust to
variations of the devices' physical dimensions. The approach in accordance with this invention therefore allows a
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loosening of the specification on dimensional control and compositional precision and allows simpler
manufacturing processes and fewer materials and process steps.

Brief Description of the Drawings

[0042] Preferred embodiments of the invention will now be further described by way of example only and with
reference to the attached drawings, wherein

FIG. 1A 1s a principle schematic cross-section through an electrode in accordance with the invention,

FIGS. 1B and 1C are horizontal cross-sections of preferred embodiments of the device according to this
iInvention;

FIG. 2A 1s the simulated time to 95% wet-up of a heterogeneous membrane versus membrane thickness;
FIG. 2B is the simulated time to 95% wet-up of a heterogeneous membrane versus equilibrium water content;
FIGS. 3A and 3B are horizontal cross-sections of a prior-art planar salt-bridge reference electrodes;

FIG. 3C I1s a horizontal cross-section of a salt-bridge reference electrode according to one embodiment of this
invention;

FIG. 4 is a graph of experimental electrode voltage data versus time of reference electrodes accordingtothe
invention;

FIG. SA1s a graph of the simulated salt concentration at the inner membrane surface versus time for a reference
electrode according to this invention;

FIG. 5B 1s a graph of the simulated electrode voltage versus time of reference electrodes according to the
invention;

FIG. 6A I1s a graph of the experimental membrane resistance versus time for reference electrodes according to
the invention;

FIG. 6B 1s a graph of the simulated membrane resistance versus time of reference electrodes according to the
invention;

FIG. 7 1s a graph of the experimental reference electrode response (open squares) versus time and the
computed reference electrode response (solid and dashed lines) from the simulation;

FIG.8A Is a lower surface schematic view of a diagnostic card with integral fluidics and including electrodes
according to this invention;

FIG. 8B is a side-view schematic of the diagnostic card of FIG. 8A along the fluidic path AA';
FIG. 8C Is a side-view schematic of the diagnostic card of FIG. 8A along the fluidic path BA';

FIG. 9A I1s a side view schematic of the diagnostic card along fluidic path AA' and the card reader's mating
elements in the initial position;

FIG. 9B i1s a side view schematic of the diagnostic card along fluidic path AA' and the card reader's mating
elements as the card is lowered onto the mating surface;

FIG. 9C I1s a side view schematic of the diagnostic card along fluidic path AA' and the card reader's mating
elements when the card has fully contacted the mating surface; and

FIG. 10 1s a side view schematic of the diagnostic card along fluidic path BA"' and sample delivery from a syringe.
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Detailled Description of the Preferred Embodiments

[0043] In the most general construction as shown in Fig. 1A, electrodes in accordance with the invention include
a planar electric conductor 1. The planar conductor i1s coplanar with, and contacted by an insulator 2 with a
thoroughgoing aperture 3 defining an electrode region. A heterogeneous membrane 4 is constructed for direct
contact with an agqueous sample fluid, i1s located in the electrode region and extends through the aperture 3 for
electric contact with the conductor 1. The heterogenecus membrane comprises a hydrophobic gas permeable
compartment and a hydrophilic electrolyte permeable compartment.

Heterogeneous membrane electrodes

[0044] The heterogeneous membranes according to this invention are materials consisting of an intimate
admixture of two components. The first is a hydrophobic gas permeable material component, the second is a
hydrophilic electrolyte conducting component. In a preferred composition, the hydrophobic component IS In
excess by volume over the hydrophilic component. The essential transport property of the heterogeneous
membrane of the invention 1s that the membrane diffusion coefficient for gas through the hydrophobic
compartment (water vapor for wet-up) 1s significantly larger than the membrane diffusion coefficient of species
dissolved in the water (ions and neutral non-volatile molecules) contained within the hydrophilic compartment.
We have found that sensors can be made with adequate performance attributes when the ratio of these diffusion
coefficients 1s about 10, but preferably the ratio should be at least 50 and better still greater than 100.

[0045] Preferably the hydrophobic component of the admixture i1s a polymer of high vapor permeation rate. Such
polymers are well known In the art. Examples include polysiloxanes, poly-organo-phosphazenes, and poly-1
trimethylsilyl-1-propyne and poly-4-methyl-2-pentyne. The hydrophilic component of the admixture i1s a
hydrophilic compartment comprising some or all of the following: emulsifiers, hydrophilic polymer binder,
electrolyte salts and other optional dissolved components depending on the sensor. Hydrophilic polymers are
well known In the art. Examples include polyvinyl alcohols, poly-hydroxymethacrylates, poly-acrylamides, poly-
saccharides, cellulosic polymers and gelatins. Other optional constituents of the hydrophilic compartment include
cross-linkers, catalysts, redox agents, buffers and surfactants that will be incorporated into the membrane upon
preparation.

[0046] Heterogeneous membranes are prepared by casting from solutions and suspensions of the membrane
materials in volatilizable solvents. Membranes can be cast 1. from an aqueous casting-solution containing
dissolved hydrophilic components and the hydrophobic component either as a suspension of solid particles of
the hydrophobic polymer resin or as an emulsion of suspended liquid hydrophobic polymer or monomer. The

liquid suspension can be polymer resin dissolved in a hydrophobic solvent or it can be solvent-free liquid polymer
or monomer. Monomers or low molecular weight liquid precursors in the suspension can be cross-linked into a
solid hydrophobic polymer membrane upon casting if the hydrophobic polymer contains reactive groups that can
crosslink or by addition of appropriate cross-linking additives to the emulsion. 2: from a non-aqueous casting
solution containing dissolved hydrophobic polymer and the hydrophilic component dissolved in water in an
emulsion with the non-aqueous solvent.

[06047] In principle, any method of deposition of a coating from a volatilizable liquid is feasible. The membrane
might be cast onto a planar electrode using any of the methods known In the art such as dispensing through a
nozzle, transferring a drop onto the electrode from a solid tip, spin coating, dip coating, spray coating, screen
printing and the like. We have used primarily pin-transfer and nozzle dispensing techniques.
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[0048] The specific device dimensions and composition of the heterogeneocus membrane element will be
dependent on the type and function of the electrode of this invention.

[0049] Devices of this invention encompass sensors that function as potentiometric salt bridge reference
electrodes, but the design principles can also be extended to other sensor types such as potentiometric and
polarographic gas sensors and enzyme electrodes.

[0050] All of the various principal electrode types achievable with the heterogeneocus membrane technology of
the current invention are depicted in the preferred embodiment of the invention shown in FIG. 1B and an
alternative embodiment shown in FIG. 1C.

[6051] In these figures the specific compositions and dimensions of the elements will depend on the specific
electrode type. As will be apparent from the following detailed descriptions of each of the different electrode
types, the composition, structure and dimensions of the heterogeneous membranes determine the functional
properties of the respective electrode.

[0052] FIG. 1B depicts a first preferred embodiment which i1s a laminated foil electrode, while FIG. 1C depicts
another preferred embodiment, a coated insulating substrate electrode. Both figures illustrate a pair of
electrodes on a single substrate to show how multiple electrodes can be produced on a single substrate. It is
clearly contemplated in this invention that there could be numerous different combinations of electrodes on a
single substrate as determined by the test application. For example, a test device for blood gases (pH, dissolved
carbon dioxide and dissolved oxygen) would consist of an array of 4 electrodes on a substrate (indicator
electrodes for pH and the two dissolved gases and a common salt-bridge reference electrode). A glucose test
device would be an array of two electrodes on a substrate and so on.

[0053] The laminated foil embodiment of FIG.1B shown In cross-section includes an electrode module with a
pair of electrodes. As described in detall in co-pending U.S. patent application SN09/871,823. The electrode
module 5 includes an insulator foil 6 laminated with a conductor foil 7 and optional adhesive 6A therebetween.
Apertures 8A and 8B extended through the insulator and define the position of the two electrodes. Coatings SA
and 9B are applied over the apertures and extend thereinto with overlap onto the insulator. The coatings are in
electrical contact with the conductor foil 7.

[0054] The coated insulating substrate embodiment of an electrode module 10 1s shown In cross-section in FIG.
1C Including a pair of electrodes. A planar insulating substrate 11 supports two conductor films 12 coated by an
iInsulating over-layer 13. Apertures 14A and 14B extend through the insulating over-layer and define the
respective position of the two electrodes. Coatings 15A and 15B extend into the apertures, overlap onto the
iInsulating over-layer and make contact to the conductors 12.

[0055] Coatings 9A and 9B of FIG. 1B and 15A and 13B of FIG. 1C are heterogeneous membrane elements
according to this invention.

Heterogeneous membrane transport properties

[0056] Consideration of the membrane's transport properties i1s needed to better understand the design rules for
the selection of materials and composition of a heterogeneocus membrane according to this invention. To model
the transport properties of the heterogeneous membrane, one needs to know the transport properties of its
individual components and the nature of their admixture, particularly the relative volume of the hydrophobic and
hydrophilic components, the characteristic dimensions of the hydrophilic compartment's transport paths and the
tortuosity of the transport paths created when the two components are intimately admixed.

[0057] The tortuosity of a membrane's transport path describes the reduced rate of species diffusion relative to
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diffusion through a slab of pure material. In a heterogeneocus membrane of this invention the tortuosity can be
modeled by the increased path length for transport of a continuous path or by the reduced rate of particle
transport from isolated islands within a discontinuous path. Both such models of transport are well known in the

art of membrane transport.

[0058] A heterogeneous membrane of this invention i1s a slab of geometric area A and geometric thickness L
and volume V = AL which comprises a volume Vg of gas permeable polymer of the hydrophobic compartment

and V - Vg = Vy of a hydrophilic compartment.

[0059] The heterogeneous material has two transport paths through the thickness of the membrane. There Is a
first transport path for gas and water vapor through the hydrophobic polymer compartment. The hydrophobic

polymer is a material characterized by a gas solubility S moles cm™3 atm.”! and a gas diffusion coefficient Dg

cm? sec™!. When equilibrated with water at a temperature T there are SgP moles of water per cm® of the

hydrophobic compartment where P in atmospheres is the saturated vapor pressure of water at T. The
hydrophobic gas transport path is characterized by an effective area Ag, and an effective length Lg. The ratio Lg

/ L >1 characterizes a longer transport path for gaseous permeant than the geometric thickness. The ratio (Lg /

L)2 = T characterizes the tortuosity of the gas permeant path. For a heterogeneous membrane in which the
predominant volume component is the hydrophobic compartment, Vg / V > 0.5, the tortuosity will be in the range
1 < 15 < 2. The effective diffusion coefficient of gas through the gas permeable path of the heterogeneous
membrane is Dg \ given by Dgm = Dg / 1 where the effective diffusion coefficient relative to the membrane is
less than the diffusion coefficient in a slab of the pure hydrophobic polymer Dg by the tortuosity factor 1. The

preferred gas permeable material selected was poly-dimethyl siloxane (PDMS) and derivatives thereof.
Published data for gas solubility and diffusion coefficient for PDMS at room temperature is shown in the table

below.
TABLE 1

cas pomPsec!  |Smolescm
Water vapor RS R

Carbon dioxide 11 %10 6 x10°

I
(#V
D

-

Oxygen 2x107° 1.5x107°

[0060] A second transport path for electrolyte salts and non-volatile molecules is through the hydrophilic

compartment. The hydrophilic compartment is characterized by a solubility of water Sy moles cm™ atm.™!. When

equilibrated with water at a temperature T there are SHP moles of water per cm? of volume of the hydrophilic

compartment where P in atmospheres i1s the saturated vapor pressure of water at temperature T. The transport
path is characterized by an effective area Ay, and an effective length Ly. The ratio Ly / L >1 characterizes a

longer transport path than the geometric thickness. The ratio (Ly / L)2 = T4 characterizes the tortuosity of the

hydrophilic path. For a heterogeneous membrane in which the minority volume component 1s the hydrophilic
compartment (V4 / V < 0.5) the tortuosity can be large and dependenton the nature of the admixture of

hydrophobic and hydrophilic components. When the amount of hydrophilic component in the heterogeneous
membrane is large, the hydrophilic compartment comprises continuous connected conduction paths within the
heterogeneous membrane and 1y will be on the order of unity. When the amount of hydrophilic component in the

membrane 1s small, the hydrophilic compartment's paths are tortuous or even discontinucus and 1y will be large,
and when they are isolated, 1y approaches infinity and there is no hydrophilic conduction path through the

membrane.
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[0061] The hydrophilic compartment i1s further characterized by a model of water-containing micro-capillary
pores contained within a continuum hydrophilic matrix. The volume of agueous electrolyte in the hydrophilic
compartment 1S Vg and the volume of the dry other hydrophilic compartment's constituents Vy - VE. At

equilibrium Vg / Vy = SHP / 0.055, assuming 0.055 moles of water occupy 1 cm?. The electrolyte conduction path
within the hydrophilic compartment is characterized by an effective area Ag and an effective length Lg. The ratio

Le / Ly > 1 characterizes a longer transport path for electrolyte diffusant through the pores of the hydrophilic

compartment than the hydrophilic path length. The ratio (Lg / LH)2 = 1p characterizes the tortuosity of the

electrolyte pores relative to the hydrophilic path. Combining the tortuosity of the electrolyte path in the hydrophilic
matrix and the tortuosity of the hydrophilic matrix path within the heterogeneocus membrane gives the total

tortuosity of the electrolyte path with respect to the membrane as (Lg / L)? = 1p1y = 1g. It is well known in the art

of hydrophilic polymer gels that hp the tortuosity of the electrolyte path through the pores of a hydrophilic
polymer can be very large depending on the equilibrium water content of the hydrophilic polymer and the degree

of cross-linking of the matrix, so that typically 1 < 1p < 10000 when 0.01 < Ve / VH < 1. Consequently it is possible

to formulate hydrophilic matrixes where the equilibrium water content 1s of the order of a few percent of the
volume of the hydrophilic matrix and the diffusion coefficient of aqueous diffusants in the hydrophilic matrix i1s up
to 1000 times lower than the diffusion coefficient in water. (see for example Hydrogels in Medicine and
Pharmacy, CRC Press, N.A. Peppas ed., Vol 1 1986). The effective diffusion coefficient of a species dissolved In
the pore water of the hydrophilic compartment of a heterogeneous membrane is Dg \y given by Dgey = De / 1€

where the effective diffusion coefficient relative to the heterogeneous membrane i1s less than the diffusion
coefficient in a slab of pure aqueous electrolyte Dg by the tortuosity factor 1g. For diffusion of small molecules

through a hydrophilic polymer containing Vg / Vy volume fraction of water, the diffusion constant of a salt through

the hydrophilic compartment Dy Is less than the diffusion coefficient in water Dyy by a factor given by

Equation 1

4 _ 1 _ -4

Dy Tp
where N Is a constant close to unity (see for example H. Yasuda et al." Permeability of Solutes through Hydrated
Polymer Membranes" in Die Makromolekulare Chemie 118 (Nr. 2838), (1968) p19-35). The relative diffusion
coefficient factor is related to the previously defined tortuosity. The literature of hydrophilic polymers (of which
the two above examples are typical) provides numerous examples of chemical cross-linking methods to achieve

hydrophilic polymer matrixes with different equilibrium water uptake and different salt diffusion coefficients.

[0062] The transport of gas and water vapor through the heterogeneous membrane i1s primarily by diffusion
through the gas permeable compartment and then by partitioning between the gas permeable compartment and
the hydrophilic compartment within the membrane. The partitioning of water between the hydrophobic and
hydrophilic compartments' pores can be assumed to be an equilibrium process when the transport of water
across the hydrophobic / hydrophilic pore boundary i1s rapid compared to transport along the pore through the
thickness of the membrane. The characteristic distance of hydrophobic to hydrophilic pore transport is on the
order of the pore size of the admixture (on the order of 1 micrometer) which is small compared to the membrane
thickness (on the order of 100 micrometers). When transport of water from the hydrophobic compartment to the
hydrophilic compartment is slower, such as when the characteristic pore size of the heterogeneous admixture is
large, an additional time constant is introduced to the water absorption kinetics.

[0063] The transport of electrolyte i1s through the water-filled capillary pores within the hydrophilic compartment
only.

[0064] To better understand the required range of transport properties of the heterogeneous membranes of this
invention, we have performed simulations of the invented electrodes' response characteristics using a finite
difference numerical method. With this method we solved the equations describing the simultaneous transport of
the various species through the heterogeneous membrane. The results of this simulation are the species'
concentrations (water, ions other solutes and gases) within the membrane versus position and time. These
concentration values are then used to calculate the electrical responses of electrodes using heterogeneous
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membranes of this invention. These numerical simulations and the data from exemplar heterogeneocus

membrane electrodes made in accordance with this invention are presented below to teach how to best practice
the invention.

Diffusion of water into heterogeneous membranes

[0065] It is generally the case that prior to incorporation of water into a dry reagent electrochemical sensor 1.
The device exhibits significant noise. Absent water, the bulk membrane components of the device are not yet
sufficiently ion conducting, and their electrical resistance i1s large; 2. The electrode potentials and response
slopes of potentiometric electrodes including potentiometric reference electrodes are erratic and vary rapidly
over time. Prior to wet-up, electrochemical reactions at electrode interfaces are slow and the electrode potential
1S said not to be well poised; 3. Polarographic devices exhibit low electrode current and large capacitive transient
currents prior to wet-up. Consequently there 1s an initial time in which a dry reagent electrochemical sensor
should be immersed in an agueous solution during which time the device absorbs water prior to achieving its
functioning state as a sensor. This is called the wet-up time.

[0066] Wet-up of heterogeneocus membranes of this invention is by rapid water diffusion through the gas

permeable hydrophobic compartment and then by rapid partitioning between the gas permeable compartment
and the hydrophilic compartment within the heterogeneous membrane.

[0067] We have computed the wet up of heterogeneous membranes as follows: First we calculate the time and
position dependence of water diffusing into the membrane through the hydrophobic compartment. The

numerical solution of the transport equations used an initial condition of 1 x 107 moles cm™ corresponding to the

initial equilibrium water content of a hydrophobic polymer with water solubility 1 x 103 moles cm™3 atm.™ initially
stored in an ambient of 0.01 atmospheres of water vapor (corresponding to normal room air at 23°C and 40%
RH). The solubility and diffusion coefficient used in this calculation are those shown in Table 1 for PDMS which is
exemplar of a highly gas permeable polymer. The amount of water in the hydrophilic compartment is obtained by
computing the equilibrium partitioning between the hydrophobic and hydrophilic compartments (assuming a
value for the equilibrium water uptake of the hydrophilic compartment). The amount of water versus time at the
iInner membrane surface at the electrode i1s thus obtained. The time to 95% water uptake at the inner surface Is
then obtained from the computed time transient.

[0068] The calculated time to 95% wet-up for a number of heterogenecus membrane compositions and
thicknesses is shown in FIG. 2. The volume percent of water in the membrane given by Vg / V x 100% = Vg / Vy

X Vy / V x 100% i1s the product of the volume fraction of water in the hydrophilic component multiplied by the

volume fraction of the hydrophilic compartment in the heterogeneocus membrane. The wet-up time increases

linearly with the amount of water in the wetted-up membrane (FIG. 2A). The wet-up time increases as the
square of the membrane thickness (FIG 2B).

[0069] Typical membrane compositions according to this invention have 0.01 <V /V <0.1 and 0.01 < Vg / Vy <
0.1 so that 0.0001 < Vg/ V < 0.01. A typical membrane thickness i1s 0.01 cm, so that tgs of a typical

heterogeneous membrane is in the range 12 < tgg < 60 seconds when It contains a typical hydrophobic gas

permeable polymer whose water solubility is 1x 1073 moles cm™ atm.”! and diffusion coefficient is 1 x 107 cm?

sec’ !,

Potentiometric salt-bridge reference electrode with heterogeneous membrane

[0070] FIG. 3A and 3B show horizontal cross-sections of prior-art planar salt-bridge reference electrodes while
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Fig. 3C Illustrates a preferred horizontal section of a preferred saltbridge electrode of the invention. The device
20 depicted In FIG. 3A1s an extended salt bridge planar reference electrode of prior-art patent US 4,933,048, It
comprises a planar substrate 21, with a micro-fabricated conductor 22 contacting a micro-fabricated silver 24
and silver chloride 25 electrode through a hole in an insulator layer 23. A thin film hydrophilic matrix 26
containing potassium chloride i1s micro-fabricated to extend from the electrode to a remote region 28 where there
1S a liquid junction with the test solution. The hydrophilic matrix film is coated with a micro-fabricated water vapor
permeable insulating element 27. The device 30 depicted in FIG. 3B i1s another planar reference electrode of
prior-art patent US 4,592,824. |t comprises a planar silicon substrate 31, with a micro-fabricated silver 34 and
silver chloride 35 electrode on an insulator layer 33. There 1s a cavity etched into the silicon which is filled with
potassium chloride solution 36 and sealed with a glass cover 37. The integral electrolyte in the cavity makes a
liquid junction contact with the test solution through a porous region fabricated in the silicon substrate 38.

[0071] In their use, prior-art planar salt-bridge reference electrodes are immersed in the test solution. The
iIntegral reservoir of potassium chloride remains at a constant concentration over the silver-silver chloride
electrode, thus defining a constant electrode voltage. A salt-bridge electrically connects the silver-silver chloride
electrode region to the external test solution.

[0072] FIG. 3C shows a horizontal cross-section of a preferred embodiment of the present invention directed to
potentiometric salt-bridge reference electrodes.

[0073] The embodiment of FIG. 3C is remarkably simple when compared to the complex multi-layer devices of
the prior art discussed above. In this embodiment, the planar electrode is a metal only (no metal salt as in the
standard silver - silver chloride technology). The metal is the same as the metal contact material. The salt bridge
electrolyte 1s incorporated into a single layer membrane coating consisting of a heterogeneous composition. The
electrode module 40 shown In cross-section includes an insulating foil 41 laminated with a conducting metal foll
element 42 and optional intermediate adhesive 43. A punched passage 44 through the insulator foil 41
determines the location of the electrode. The heterogeneous membrane 45 consists of a hydrophobic polymeric
component that i1s water vapor permeable (but not permeable to electrolyte) and a hydrophilic, electrolyte
permeable component. The hydrophilic component consists of at least a concentrated salt of approximately
equl-mobile cations and anions (such as potassium chloride) and a redox active species that participates in an
oxidation-reduction reaction at the metal electrode. In a preferred embodiment of this device the electrode Is
gold, the heterogeneocus membrane consists of a siloxane hydrophobic polymer admixed with a hydrophilic
component that contains at least potassium chloride and potassium ferrocyanide. Additional components of the
hydrophilic compartment of the membrane are hydrophilic polymer binders such as polyvinyl alcohol, and
surfactants and pH buffers.

[0074] The hydrophobic water vapor permeable compartment of the heterogeneous membrane should be
present in sufficient quantity to achieve sufficient and rapid (typically less than 30 seconds) water uptake into the
initially substantially dry membrane. The definition of 'dry’ used in this disclosure is the absence of water to the
extent that the 'dry' hydrophilic compartment has the properties of a quasi-solid rather than a liguid electrolyte,
and further that the components of the membrane are chemically stable during shelf storage and do not
transport appreciably out of the membrane during storage. The initial condition of the dry membrane might be
such as results from storage in a normal 40% relative humidity environment and need not be dry as resulting
from a relatively anhydrous (low relative humidity) storage condition. We have stored all exemplar devices
described herein at nominal room temperature and humidity (40%+/-10% RH). In use there 1s an initial (typically
less than 30 seconds) rapid water uptake through the hydrophobic compartment upon immersion of the device
Into the test solution.

[0075] In the dry state, the water content of the hydrophilic compartment is relatively small and, in accordance
with equation 1, the tortuosity of its conduction paths is large. In consequence the electrical resistance also Is
large and the devices exhibit noise. The device does not operate as a stable reference electrode until it has
wetted-up.
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[0076] Because this device i1s intended for use with a potentiometric indicator electrode in a measurement
procedure that uses a single calibration fluid, the design specification of an optimally performing salt-bridge
reference electrode of the current invention does not require the reference electrode potential (which 1s the sum
of the potential at the electrode due to the potential determining reaction plus the liguid junction potential) to be
constant through the course of a measurement, nor constant from device to device. The optimally performing
device needs only to exhibit a low response slope to changes in the chemical composition of the test solution.
Therefore, it 1S not necessary that the concentrations of the electrode-potential-determining species (the redox
reagent in this example) at the inner boundary of the heterogeneous membrane remain constant during use,
only that the concentrations remain in sufficient excess over redox contaminants permeating in from the test
solution to constitute the potential determining electrode reaction. Nor is it necessary that the concentrations of
the various salt bridge electrolytes remain constant, only that they remain above a threshold concentration
consistent with a low liquid junction potential.

[0077] During and after wet-up there i1s continuous depletion of the heterogeneous membrane of those reagents
initially incorporated into its hydrophilic compartment (at least potassium chloride and a redox electrolyte) by out-
diffusion into the test solution. Thus, the concentration of these reagents in the heterogeneous membrane
decreases through the course of the measurement. The Initial quantities of reagents in the membrane, the
membrane thickness and the permeability of the membrane's hydrophilic compartment will determine the time to
deplete the reagents to a critical threshold concentration level. As will be shown below, so long as the salt
diffusion coefficient 1s sufficiently low, the membrane's concentration of potassium chloride stays above a
threshold concentration up to the time of the measurement (a typical measurement time being of the order of 10
to 200 seconds) the response slope of the reference electrode will be small. So long as the concentration of the
redox reagent remains at a level so that the redox reagent is the potential determining species, there will be no
electrode response to changing levels of electro-active contaminants in the test solution. The heterogeneous
membrane formulated with a low electrolyte diffusion coefficient also impedes the transport of redox
contaminants from the test solution to the electrode surface where they might compete as the potential

determining reactants.

[0078] To better understand the design rules for formulating the heterogeneous salt bridge membrane according
to this invention we present test data from a number of exemplar reference electrodes made in accordance with
this invention and compare their electrical characteristics to computed simulation data.

[6079] In the simulations the time transient concentration of water diffusing in, reagents diffusing out and
contaminants diffusing into the heterogeneous membrane's hydrophilic compartment was calculated using the
previously described finite difference solution of the diffusion equations. A further refinement of the numerical
simulation 1s the use of time and position variable salt diffusion coefficients in the membrane. This allows the
modeling of membrane transport during the wet-up period, during which time the porosity and tortuosity (and
thus the salt diffusion coefficients) of the hydrophilic path are changing. We have used the equation 1

relationship between membrane transport properties and water content.

Reference electrode examples:

[0080] Reference electrodes were fabricated on commercially available smart-card modules. They comprised an
epoxy foil body approximately 1cm x 1cm and 0.01 cm in thickness with one side laminated with a 0.0015 cm
copper which was plated with gold. The metal foill had been photo-formed into 8 contact pads in a geometry
specified by the [SO standard for smart card modules. There were seven 0.8mm diameter holes die-cut through
the epoxy foil in regions above the contact metal.

[0081] The modules were used for preparation of electrodes as received from the vendor. The reference
electrodes' heterogeneous membranes were printed by the pin-transfer printing technique. In this method a
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metal pin was immersed into the print solution to acquire a charge of print material. The pin with print material
was then transferred to the surface of the module in the region of a passage through the epoxy. The print charge
was deposited over the passage when the pin with its print material was brought into contact with the module
surface. The wet thickness of the print was about 200-500 micrometers and the diameter about 1Tmm to 1.2mm.
For testing purposes, we typically printed several electrodes per module with reference electrode membranes.
Printed modules were air-dried for about 10 minutes at room temperature then on a hot-plate at about 70C.
Membranes containing photo-cross-linkable PVA were then exposed to UV from a commercial dental lamp for 10
seconds. Modules were stored at room temperature (20-25C) and humidity (40-50%RH) prior to testing.

[0082] The print cocktall comprised an aqueous emulsion of siloxane with dissolved salts. The aqueous siloxane
emulsion was SM2059 obtained from General Electric. This is a reactive amine terminated siloxane emulsion
with cationic emulsifier. Weighed amounts of salts (and polyvinyl alcohol in some cocktails) were added to the as-
received siloxane emulsion in amounts shown in the table below. The polyvinyl alcohol was a photo-cross-
linkable formulation using stilbazonium functionalized polyvinyl alcohol (PVASBQ250 obtained from Esprix
Technologies).

TABLE 2

T U 3 . 3
Print i Slloxane/PVA PVA siloxane { KC| Potassium {NaHEPES{HHEPES
cocktail solids i§solids {milimole ferrocyanideg_micromole micromole

percentipercent ipergm {micromole §pergm per gm

il il il st il s i i i i i i i i i i i
s il st il st il s i i s i i i i i i i i i i i i i

‘g‘siloxane per gm ‘g‘siloxane siloxane
g siloxane g
PC020726-{ SM2059/PVASBQ250{ 20% | 80% | 0.9 35 1 7.0
1B
PC020729-{ SM2059/PVASBQ250{ 29% | 71% { 09 | 33 | 7.0 '
P ; ;
PC- {SM2059/PVA18-88 | 41% 50 { 10.0 10.0
020729-3 |
PC- | SM2059/PVASBQ250{ 20% 35, {70 7.0
020729-4 |
P : :
PC- | SM2059/PVASBQ250} 11% 18 | 35 35
020729-4/1
PC- | SM2059/PVASBQ250{ 20% 35, { 7.0 7.0
020802-1
PC- i SM2059/PVASBQ250{ 10% 18 { 35 3.5
020802-1/1}
PC- { SM2059 35 {1 70 7.0
020802-2 |
PC- | SM2059 100% { 1.19 35 1 70 7.0
021007-1
PC- { SM2059 100% { 0.3 87 I 17 1.7
021007-1/1

[0083] Reference electrode membranes cured to a firm elastomer, whose dry thickness was in the range 50 to
200 micrometers.

[0084] Electrodes were tested in a fluidic cell. The cell comprised a fluidic chamber for introduction of agqueous
fluids. The cell consisted of two spaced-apart planar surfaces, one being the electrode surface of the module for
test, the other a slab of polycarbonate. The surfaces were spaced apart by a silicone rubber gasket which
fluidically sealed the chamber. Fluids were introduced to the chamber through a first inlet pipe and removed
through a second outlet pipe each connected through the polycarbonate slab. The contact surface of the module
was contacted by a smart-card connector manufactured by Amphenol. There was a silver ground electrode In
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the inlet pipe and a commercial 3M KCI silver/silver chloride reference electrode (Microelectrodes Inc.) in the
outlet pipe. For potentiometric measurements, each of the reference electrodes on the array of smart-card
electrodes, and the in-line commercial reference electrode were connected to a high impedance source follower
amplifier and then to a PC through a data acquisition card. For current - voltage measurements a voltage was
applied to the In-line silver electrode and the smart-card electrodes were connected to current to voltage
converters and then to a PC through a data acquisition card.

[0085] The test solutions were various HEPES buffered agueous solutions containing sodium chloride and
sodium bicarbonate.

Example 1: Voltaqe transients durinqg wet-up:

[0086] The voltage versus time of a seven reference electrode array 1s shown in FIG. 4. This data 1s for an
electrode array printed with formulation PC 020802-1/1 described in Table 2.

[0087] The data in this graph shows the signature voltage versus time transient of electrodes in accordance with
this invention. There is a first rapid wet-up transient (0-30secs) during which the electrode can be noisy and the
voltage changes rapidly. This is followed by a plateau region in which the voltage changes more slowly and then
a slow voltage change as salts leak out of the membrane.

[0088] We performed a simulation on a heterogeneous membrane with Vi /V =0.01, Vg / V4 = 0.06 (giving Vg /
VV = 0.06% for the membrane's equilibrium water content), Dg= 1x 10 cm? sec’!, Sg = 1 x 10°3 moles cm™3

atm.”!. The initial salt loading In the membrane's hydrophilic compartment was potassium chloride at 1 x 1072

moles cm™3 and potassium ferrocyanide at 2 x 102 moles cm™. The electrode voltage versus time was
computed from the logarithm of the concentration of the potential determining 1on (ferrocyanide) at the electrode
surface.

[0089] The simulated salt concentration in the membrane at the electrode surface 1s shown in FIG. 3A, and the
electrode voltage versus time in FIG. 3B. This simulation shows the same signature voltage transient as we
observed experimentally. During the first 20 seconds there i1s an initial rapid decrease in potassium chloride and
potassium ferrocyanide concentration because of water uptake. This is followed by a slower decrease by salt
out-diffusion. The rate of decrease of the salt concentration increases with the salt diffusion coefficient which
Increases over time as the hydrophilic path acquires water according to equation 1. The terminal salt diffusion
coefficient is computed from the above equation knowing the terminal water content of the hydrophilic path. The

amount of salt out-diffusion for a given membrane increases as the membrane's salt diffusion coefficient. The
amount of external contaminant (salt AB at 100mM in the test solution) incorporated into the membrane also
Increases as the salt diffusion coefficient.

Example 2: Membrane resistance transients durinqg wet-up:

[0090] The data shown In FIG. 6A Is the experimental membrane resistance versus time for an array of three

electrodes with different thicknesses. These electrodes were printed with formulation PC021007-1 described In
TABLE 2.

[0091] The experimental data of FIG. 6A also are signature transients of electrodes of this invention. There Is a
period (0-30 seconds for 100 micrometer thickness membrane, 0-90 seconds for 200 micrometer membranes)
of wet-up during which the membrane resistance falls rapidly as water is acquired by the membrane's hydrophilic
compartment. A minimum resistance corresponds to a membrane that has acquired equilibrium water and still
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retains the salts at substantially the amount initially loaded into the membrane. Over extended time the salts leak
out and the membrane resistance increases again.

[0092] The membrane's bulk electrical resistance was simulated by computation of the transient salt
concentration profiles and the wet-up time-dependent salt diffusion coefficients. This computation 1S shown In

FIG. 6B. The simulation employed a water vapor diffusion coefficient of 1 x 10™° and a salt diffusion coefficient of

1 x 1077 cm? sec™!. The simulation shows the same signature resistance transient as the experimental data.

[0093] The above data and the simulations show that during wet up until a time at which there is substantially
complete water uptake the membrane's electrical resistance is large and quickly varying. Consequently, the
reference electrode does not exhibit useful performance until after substantial wet up.

Example 3: Reference electrode performance

[0094] The potentiometric salt-bridge reference electrode of the current invention i1s directed to unit-use
deployment with a single calibrator solution, primarily for in vitro blood analysis. In such an application the
measurement time is typically less than 300 seconds.

[0095] The graph of FIG. 7 shows the experimental data on reference electrode responses of the liquid junction
for a typical heterogeneocus membrane formulated for application. The test data are the averaged responses
taken from two modules each with seven reference electrodes. The heterogeneocus membranes were printed
using formulation PC-020802-2 from TABLE 2. In this formulation, the hydrophilic compartment comprises
emulsifier and salts only, I1.e there was no added polyvinyl alcohol binder. For the SM2059 series of formulations
we found the best behavior at lowest PVA content with the optimum performance when there was no PVA binder.

[0096] In these tests, we Introduced successively three different solutions into the flow cell. A first baseline
solution 1 was 91 mM NacCl, 9mM NaHepes and 11mM HHepes, A second solution 2A (which was the baseline
solution with 30mM of chloride replaced by 30mM bicarbonate) whose composition was 63mM NaCl, 30mM
NaHCO3, 7.5mM NaHepes and 12.5mM HHepes. A third solution 2B (which was the baseline solution with 30mM

additional NaCl) whose composition was 121 mM NaCl, 9mM NaHepes, 11mM HHepes. When the solution was
changed from solution 1 to 2A or 2B the change In electrode potential relative to the commercial reference
electrode was recorded, as well as the time that the change was made over a measurement period from
complete wet-up to about 300 seconds.

[0097] The data shows that the reference electrode response generally increased with the time of immersion In
test fluids, reaching +0.25mV (30mM bicarbonate addition) and - 0.25mV (30mM chloride addition) at 300
seconds.

[0098] We also have performed simulations of the liquid junction response. We have used the finite difference
diffusion model to calculate electrolyte concentrations versus time in the membrane. The potential difference
between the electrolyte at the membrane's inner boundary and the electrolyte in the test solution at the
membrane's outer boundary i1s the liquid junction potential which i1s calculated from Henderson's equation for
liquid junctions using the electrolyte concentrations obtained from the numerical solutions of the diffusion

equations. The Henderson equation, shown below, is well known in the art and described in many standard texts
on the subject (for example A.J. Bard and L.R. Faulkner, Electrochemical Methods, John Wiley & Sons, 1880).

ar > e @m-c (0)) G
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[0099] The concentrations of all ions of type 1 In the aqueous compartment of the heterogeneous membrane are
evaluated at the inner boundary Ci(L) at the electrode surface and at the outer boundary in contact with the

calibrator or test solution C;(0). zi and m; are the charge number and mobility of the it ion respectively. This

equation teaches that when there 1s a salt in the liquid junction at a dominant concentration and when the
mobility of the salt's cations and the salt's anions are similar in value, the liquid junction potential will be small
and independent of all other salt concentrations in the junction. Therefore, the industry standard salt-bridge
reference electrode uses a salt bridge composed of 3 or 4M potassium chloride whose ions are approximately
equi-mobile at a concentration which is close to the saturation solubility. The calculation of the liquid junction
potential of the invented heterogeneous membrane uses values of ion mobility in the membrane obtained from
the mobility within the membrane's aqueous capillary pores (typically same as in a pure aqueous electrolyte)
multiplied by the tortuosity factor. In a good liquid junction it IS necessary that there are no specific interactions
between the diffusing 1on and components of the hydrophilic compartment. Such interactions manifest
themselves as changes in the relative mobilities of ions from their values in a pure agueous electrolyte. For a
membrane to be an effective salt bridge matrix exhibiting a small liquid junction potential, the relative mobility of
potassium and chloride ions should be approximately the same as in the pure aqueous electrolyte, that is to say
they should be about equi-mobile.

[0100] In the simulation, the liquid junction potential i1s calculated when the device is first immersed in solution 1,
then immersed in a second test solution 2A or 2B with a different composition. The potential difference from
solution 1 to 2 represents the liguid junction response. The graph of FIG. 7 plots the calculated change of liquid-
junction potential in milivolts (DmV y-axis) versus time. As with the experimental data, the calculation also shows
an increase in liquid junction potential versus time and is in concordance with the gradual decrease overtime of
the potassium chloride concentration within the membrane.

[0101] The data and the simulation quantify the change of liquid-junction potential when the composition of the
dominant electrolyte ions in the test solution (sodium, chloride and bicarbonate when the test solution i1s blood)
are changed by 30ml/L around a mid point composition close to the composition of normal blood. A change of
30mM represents the 99% range of blood compositions of these ions around the normal blood composition. This
change represents the maximum compositional range over which the reference electrode's liguid junction
response should remain within a specified limit. When using a potentiometric indicator electrode in combination
with a salt-bridge reference electrode in the measurement of a univalent ion concentration, an error in the
measurement of +/-1% 1s incurred for every -/+0.25mV of the reference electrode's liguid junction error. To
achieve less than a specified 2% measurement error (typically required for the in-vitro blood analysis
application), the reference electrode's liquid junction should contribute no more than +/- .5mV of response.

[0102] The data shows that the exemplar reference electrodes can be used to 300 seconds and contribute less
than +/-0.25mV error. The corresponding simulation teaches a threshold for the depleted concentration of the
salt-bridge potassium chloride of 0.6mol/L at the point of measurement to achieve an error of less than 0.25 mV
relative to the response of the industry standard reference electrode with a 3 or 4 M potassium chloride liquid
junction. To achieve less than 1% error relative to the industry standard reference electrode the liguid junction
should contribute no more than 0.25mV. The threshold concentration of potassium chloride at 1% tolerance is
about 1M.

[0103] Other exemplar reference electrodes, for example ones with formulation PC-020802-1/1 show a larger
reference response of +/- 0.5 mV at 100 seconds rising to +/-1 mV after 200 seconds. These electrodes exceed
the 2% tolerance Iimit after 100 seconds and the measurement must be performed earlier than 100 seconds to
achieve the desired 2% tolerance. The simulation shows results consistent with more rapid salt depletion at a

diffusion coefficient of 3-5 x 10~/ cm? sec™!.

[0104] The design rule to determine the optimal time window in which to perform a potentiometric measurement
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can be now summarized as the time between which the membrane has substantially wet-up and the time at

which the membrane's potassium chloride has depleted to 1M (1% tolerance) to 0.6M (2% tolerance). This time
window will depend on the relative diffusion coefficients of water transport into and salt transport out of the
membrane.

[0105] The rate of diffusive influx and efflux of material from the membrane can be approximately understood in
terms of characteristic times. The characteristic time t, for a diffusive process scales with the thickness squared

divided by the diffusion coefficient: t. ~ L%/D. For water influx into a 0.01 cm thickness membrane at D=1 x 10>

cm? sec™], tc = 10 seconds and the time to 95 % completion 1s about -LN(0.05)tc = 30 seconds. For salt efflux
from a 0.01 cm thickness membrane at D = 1 x 107 cm? sec™ tc = 1000 seconds and the time to say 50%
depletion is about -LN(0.5)tc = 690 seconds. For salt efflux from a 0.01 cm thickness membrane at D = 5 x 107/
cm? sec], tc = 200 seconds, and the time to 50% depletion is about -LN(0.5)tc =138 seconds. For salt efflux

from a 0.01 cm thickness membrane at D =1 x 10°° cm? sec’!, tc = 100 seconds, and the time to 50% depletion
IS about -LN(0.5)tc = 69 seconds.

[0106] The heterogeneous membrane of the salt bridge reference electrode of this invention i1s marginally useful
when the ratio of water and salt diffusion is only about 10. If the nominal measurement time 1s established at 44
seconds for a nominal 0.01 cm thickness membrane the measurement time falls outside of the window when the
membrane thickness is instead 0.008 cm thick (nominal thickness minus 20%) or 0.012 cm (nominal thickness
plus 20%). Membranes should be printed at nominal thickness +/-20% / 3 = 7% coefficient of variation to be
consistently within specification. Such a membrane composition is thus not robust to variations in the membrane
thickness. When the ration of water to salt diffusion coefficient 1s 20, the required membrane thickness
specification 1S nominal +/- 36% / 3 = 12% CV. When the ratio i1s 100 the required membrane thickness
specification 1S nominal +/- 65% / 3 = 22% CV. These membranes are robust to variations in membrane
thickness.

[0107] We have preferred to fabricate salt bridge reference electrodes with a single heterogeneous membrane
coating step on a metal electrode. As shown above this requires the heterogeneous membrane to provide the
iInternal salt reservoir containing potassium chloride and redox reagent within its hydrophilic compartment. It i1s
clearly also feasible to make reference electrodes which are still significantly simpler to produce than prior-art
devices, but include two membranes coating the metal electrode. The first i1s an internal reservoir layer
comprising a hydrophilic compartment containing the reservoir salts. The second i1s a heterogeneous membrane
which has a water vapor permeable compartment and a hydrophilic compartment. The heterogeneocus
membrane's water vapor permeable compartment permits water vapor transport to allow wet-up of both the
iInternal hydrophilic layer and the heterogeneous membrane's hydrophilic compartment. The heterogeneocus
membrane's hydrophilic compartment permits transport of salts between the internal reservoir and the test
solution to establish the liquid junction.

Diagnostic Cards using Electrodes of this Invention

[0108] The electrodes of this invention are uniquely suitable for deployment in unit-use diagnostic devices with a
single calibrator solution. A unit-use diagnostic card has been configured in a single integral unit we call a
diagnostic test card. Diagnostic test cards with sensors and integral calibrators are well known Iin the art.

However, heretofore none have been made in as cost-effective manner as described here. We have disclosed
cost-effective diagnostic cards incorporating electrode modules in co-pending application USSN 09/871,823. We
describe herein in more detail a diagnostic card formatted for use with electrode modules and heterogeneous
membrane electrodes of this invention. The new card represents a far more cost-effective, integrated
measurement device than any device of the current art.
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[0109] FIG. 8A-8C shows a bottom plan view and two cross-sectional view schematics of a diagnostic card
iIncluding an electrode module with heterogeneocus membrane electrodes in accordance with the invention. The
schematic cross-section AA' of FIG. 8B i1s along the fluidic path from a calibrator chamber 220 through the
measurement cell 211 to a waste channel 241, and the other schematic cross-section BA' of FIG. 8C is along a
fluidic path from the sample entry port 251 through the measurement cell 211 to a waste channel 241.

[0110] Referring to FIGS. 8A-8C, the diagnostic card in the preferred embodiment is a credit-card sized molded
plastic housing 200 with an electrode module 203 embedded in the lower surface of the housing. The electrode
module 1s an array of electrodes comprising heterogeneous membranes of this invention. It has an epoxy foll
element 204 with die-cut throughgoing passages laminated with a gold plated copper foil that has been photo-
formed into eight electrode contact elements. Two contact elements 205 and 206 are shown In the side-view
schematic diagrams. Heterogeneous membranes 207 and 208 are shown contacting metal contacts 205 and
206 through the passages in the epoxy on the top surface of the module. Preferably, the dimensions of the
electrode module and its contact metals conform to |SO specifications established for electronic smart cards.
The housing 200 also contains molded features (grooves, trenches and holes) on both its upper (dotted lines In
the bottom view schematic) and lower (solid lines in the bottom view schematic) surfaces which, when sealed,
form fluidic channels and a sealed fluid reservoir. Seals are made to the lower and upper surface of the housing
by lamination with seal elements 201 and 202 and 223. Seal element 201 on the lower surface of the card Is a
die-cut adhesive coated polymer sheet. Seal element 202 on the upper surface is also a die-cut adhesive coated
sheet, chosen to be gas impermeable, somewhat mechanically rigid and transparent or semi-transparent.
Element 203 i1s a die-cut metal foil coated with polyvinylidene chloride for heat sealing.

[0111] There are two trenches on the lower surface of the plastic housing. When sealed by element 223 they
form a chamber 220 with a volume of about 150 micro-liters. A fill port 221 extends through the plastic housing
200 through which a calibrator solution 224 can be injected from the upper surface of the housing to fill the
chamber 220, with a vent port 222, also through the housing, providing for the venting of air from the chamber
220 during the filling process. The chamber filled with fluid iIs completely sealed when the ports 221 and 222 are
closed-off by seal element 202 [aminated to the upper surface of the housing.

[0112] There is a fluidic channel 210 connecting the calibrator chamber to the measurement cell 211 above the
module and then to a waste channel 241. A second fluidic channel 250 connects a sample inlet port 251 to the
measurement cell. A breakable seal 230 i1s provided in the channel between the measurement cell and the
calibrator chamber for selective opening of the calibrator chamber. This seal 230 includes a plug 234 fitted into
an aperture 233 through the housing 200 to permit sliding displacement of the plug within the housing aperture.
As will be described in more detail below, regions 231 and 232 of the seal between housing 200 and seal
element 202 in the vicinity of plug 234 are delaminated upon upwards movement of the plug 234.

[0113] The card is assembled as follows. The molded plastic housing 200 as received is first [aminated with the
electrode module 203 and calibrator chamber seal element 223. Calibrator fluid i1s injected through port 221 into
chamber 220. Heterogeneous membranes can be printed onto the module at this point in the assembly process
or they can also be printed prior to assembly of the module. Lamination of the card housing with upper seal
element 202 then lower seal element 201 completes the process. The upper seal element 202 includes a flap
portion 290 which allows partial lifting of the seal element from the housing 200.

[0114] In use, the card 1s Inserted into a card reader device comprising a planar mating element 280 with
various features as shown schematically in FIG. SA.

[0115] The card reader's card insertion orifice has a guide for aligning the features on the card with their
respective mating features on the card reader's mating element. The lower surface of the card i1s brought into
contact with the mating surface of the card reader. As the card is brought into contact with the mating surface,
the pin element 282 first contacts the card at the calibrator chamber outlet valve 230 (FIG. 9B). The pin pushes
plug 234 upwards. This lifts the semi-rigid laminate 202 causing de-lamination at seal points 231 and 232, thus
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fluidically opening the calibrator chamber. At the same time the electrode module 1s contacted by an electrode
module contacting arrangement including an array of eight contact pins also embedded in the mating surface of
the card reader. Two of the eight pins are shown In the side view schematic of FIG. 9A. Each has a contact end
283, 284 for making z-action contact to the contact elements 205, 206 on the lower surface of the electrode
module, and an end 285, 286 for contact to an electrical circuit measurement arrangement. At the same time,
the electrode module 1s also contacted by a heater block 287. The heater block 287 makes thermal contact with
the module on its lower surface directly under the measurement chamber. The heater block contains a heater
element and.a temperature measuring element each in intimate thermal contact with the block. Heater element
and temperature measuring element are also connected to the electrical circuit. As the card continues to be
lowered over the mating surface, the pin element 281 now engages the calibrator chamber 220 and compresses
it causing delivery of fluid out of the chamber along fluidic channel 210 to measurement chamber 211 (FIG. 9C).
After a calibration period, the card-reader prompts the user to supply sample fluid to the diagnostic card. The
user lifts flap 290 thereby detaching the seal element 202 from the housing 200 in the region of the sample port
251 and then engages a syringe containing sample to the luer-type fitting in the card's sample entry port 251.
The user delivers sample from the syringe to the measurement cell 211 along channel 250, thus displacing
calibrator out of chamber 211 to waste chamber 241. This 1s shown schematically in FIG. 10. The sample
iInjection step 1s continued until substantially all of the calibrator fluid i1s forced from the measurement cell 211,

which can be visually confirmed due to the transparent properties of the seal element 201, at least in the area
above the measurement cell. Measurement of the sample is carried out iImmediately after completion of the
sample injection.
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Patentkrav

1. Potentiometrisk referenceelektrode (40) til anvendelse 1 en elektrokemisk

analyse af en vandig prave der omfatter:
en elektrisk leder (42);
et isolerende lag (41) pa lederen (42), hvilket isolerende lag (41) har en
gennemgaende abning (44), der definerer et elektrodeomrade; og
et heterogent membranlag (45) pa det isolerende lag (41) i elektrodeom-
radet til direkte kontakt med praven og til elektrisk kontakt med lederen
(42) gennem abningen (44), hvilket heterogene membranlag (45) har
mindst et hydrofobt, gaspermeabelt rum, der Indeholder salte med
equimoblle ioner og et potentialebestemmende redoxreagens, og intimt
Iblandet derl mindst et hydrofilt ionledende elektrolytrum, hvilken leder
(42) er en af en raeekke af n metalliske ledere, og det isolerende lag (41)
har n gennemgaende abninger (44), der hver definerer et elektrodeom-
rade og er placeret over en af de metalliske ledere, og at det heterogene
membranlag (45) er et af henholdsvis n membranlag, der er | kontakt

med en af de n metalliske ledere.

2. Elektroden (40) som defineret | krav 1, hvor de relative maengder af de hydro-

file og hydrofobe rum varierer inden | membranen.

3. Elektroden (40) som defineret | krav 1, hvor den heterogene membran (45) er
| en | det veesentlige tar, inaktiv tilstand og kan omdannes til en opveedet, aktiv

tilstand ved udsaettelse for vand.

4. Elektroden (40) ifelge krav 3, hvor det hydrofobe rum | membranen er vand-

dampgennemtraengeligt.

5. Elektroden (40) ifelge krav 4, hvor det hydrofobe rum er egnet til at tilveje-
bringe vanddamptransport ved udseettelse af den heterogene membran (45) for

vand.
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2

6. Elektroden (40) ifalge krav 1, hvor det isolerende lag (41) er et lag af epoxy
eller fyldt epoxy.

7. Anvendelse af en elektrode (40) som defineret | krav 1 der omfatter trinnene:
at udsaette elektroden (40) for vand for at konvertere membranlaget (45) fra den
tarre, Inaktive tilstand til den opveedede, aktive tilstand, at udsaette membranla-
get (45) for provefluidet, og at male et elektrisk potentiale ved lederen (42),
mens koncentrationen af saltet i elektrolytfasen falder pa grund af diffusion der-
af Ind | prevefluidet, men stadigt er over en forudvalgt teerskelkoncentration, ved

hvilken referenceelektrodens responsheeldning overstiger en forudvalgt veerdi.

8. Anvendelsen som defineret i krav 7, hvor trinnet med maling udferes, mens
en koncentration af redoxkomponenten i membranlaget (45) falder pa grund af
diffusion deraf | prevefluidet og diffusion af forurenende stoffer fra pravefluidet
INd 1 membranlaget (45), men kun mens redoxkomponenten forbliver den poten-

tlale-bestemmende specie.
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DRAWINGS

Fig. 1A

——— Fig. 1B

Fig. 1C
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FIG. 10
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