















































US 7,166,208 B2

13

as well. FIG. 5 shows an apoenzyme electrochemical pro-
tease assay (such as a coagulation assay) constructed using
a porous electrode, microbead bound protease substrate
peptides capped with apoenzyme prosthetic groups, micro-
bead bound apoenzymes, and a soluble electron transport
mediator.

This porous electrode (1) contains regions of electron
transporting material (2), such as carbon or metal fibers,
arranged in an open but connected three dimensional mesh-
work configuration that allows electrical transport over the
length or width of the electrode, as well as multiple voids (3)
of various sizes, at least some of which are in fluid com-
munication with the outside surface of the electrode. Typi-
cally porous electrode (1) will be mounted on a carrier (4)
that lends mechanical support and protection to the elec-
trode. Electrical conducting traces (5) that allow electrical
communication between the porous electrode (1) and out-
side electrochemical detection equipment are also typically
present. Porous electrode (1) also contains a population of
protease (proteolytic enzyme) peptide substrate conjugated
microspheres (microbeads) (6) and apoenzyme conjugated
microspheres (20) within multiple voids (3). These micro-
spheres are typically micron or sub micron sized particles
with surface properties that enable proteins (such as peptides
and apoenzymes) to be tightly bound to the microbead
surface. The porous electrode typically has a pore size
distribution large enough to enable a large percentage of the
microbeads to penetrate a substantial distance into the
interior of the electrode, but enough electrode structural
material as to at least partially hinder the microbeads from
moving freely once the microbeads have penetrated into the
interior of the electrode.

Protease substrate conjugated microsphere (6) contains
peptides (7). These peptides, which are often formed by a
solid phase peptide synthesis process using the microsphere
(6) as the solid phase for the synthesis process, typically are
covalently attached to the microsphere (6) by a peptide
spacer group that is not itself a target for the assay protease
enzyme, but rather serves to make the peptide substrate
region more sterically accessible to the assay protease
analyte. These peptides (which may contain a spacer region,
a protease substrate region, and optionally another spacer
region are, in turned, capped by the assay’s apoenzyme
prosthetic group (8).

Apoenzyme conjugated microspheres (20) contain the
apoenzyme itself (21) tightly coupled to microsphere (20).
Typically, apoenzyme (21) will contain prosthetic binding
site (22) and the enzyme active site (23) which, in the
absence of the prosthetic group (8) will be in an inactive
state.

The porous electrode (1) will typically also contain other
reaction chemicals, such as the substrate (31) for the elec-
trochemically active enzyme, electron transport mediator
(32), apoenzyme stabilizing agents (such as trehalose), poly-
mers (used to modulate the movement of microbeads within
the porous electrode, as well as to modulate the flow of test
fluids applied to the porous electrode surface), buffers,
surfactants (used to encourage test fluid flow into multiple
voids (3) and appropriate protease initiators or coagulation
pathway initiators, such as thromboplastin and calcium for
a prothrombin time assay (not shown)).

When the test fluid (such as whole blood or plasma)
containing coagulation test analytes (28) is added to the
surface of porous electrode (1), it permeates into the mul-
tiple voids (3) carrying the various coagulation factors,
exemplified by protease (29) in an active or inactive form.
After coagulation factor (protease) (29) is converted to an
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active form (for coagulation assays, this is usually done by
coagulation initiators that are included in the test strip’s
reaction chemistry), protease (29) cleaves its peptide sub-
strate (7), liberating the bound prosthetic group (8). The now
liberated enzyme prosthetic groups (8) are now free to
diffuse throughout the multiple voids (3) of porous electrode
(1). Eventually, these liberated prosthetic groups (8) diffuse
(30) to the prosthetic binding region (22) of apoenzyme (21),
where they bind, causing apoenzyme (21) to now become a
fully active enzyme.

The net effect of this test analyte induced enzyme reac-
tivation is shown in the lower half of FIG. 5. Within the
interior of porous electrode (40), the cleaved protease sub-
strate peptide from the protease substrate (41) remains still
bound to the peptide microbeads (43). The prosthetic group
(44), has now bound to the prosthetic binding site and
apoenzyme (21) is now enzyme (45). Note that in this
configuration, enzyme (45) remains attached to former
apoenzyme microbead (20), now renamed enzyme micro-
bead (46).

Reactivated enzyme (45) then converts its substrate (50)
to a reaction product (51). This reaction liberates electrons
(52), which can flow, by way of electron transport mediator
(53) to the electron transporting zones (54) of porous
electrode (40). From here, the electrons may in turn pass into
electrical conduits or traces (55), where an outside electrical
measuring apparatus can then detect the reaction.

Typically, for both FIGS. 4 and 5, the apoenzyme will be
apoglucose oxidase, the prosthetic group is flavin-adenine
dinucleotide (FAD), the substrate is glucose and the product
is gluconolactone.

FIGS. 4 and 5 both show configurations in which the
apoenzyme is bound to a first bead population, and the
antibody (or peptide substrate) containing the ligand-bound
prosthetic group is bound to a second bead population, both
bead populations are embedded in a porous electrode, and
both populations are interspersed with a diffusible electron
transport mediator. Other configurations are also possible,
however.

There are a number of ways in which these two bead
populations can be embedded in a porous electrode, and the
optimal way may vary according to the specifics of the
assay. Although often the two bead populations may be
simply be intermixed, for sensitive assays, the background
signal caused by spontanecous apoenzyme reactivation
brought about by occasional direct bead-bead contact may
need to be reduced still further. This can be accomplished by
adding additional “spacer” (separation) beads to the mix, by
depositing the two bead populations in closely associated,
but spatially distinct, regions on the electrode surface, or
alternatively coated on different layers, one above the other.

Another alternative bead deposition pattern takes advan-
tage of lateral flow techniques. This configuration is par-
ticularly favored for ultra sensitive immunoassays, where
background signals due to stray interactions between the
apoenzyme and the prosthetic group should be totally mini-
mized. Here the immobilized antibody (either bound to
microbeads or some other immobile test component), which
in turn binds the ligand-prosthetic group, is placed upstream
from the apoenzyme. When a liquid sample is applied, it
flows (usually by capillary action) past a first region con-
taining the immobilized antibody. If the antigenic test
ligands are present, the test ligands displace the bound
prosthetic group ligands from the antibody. These displaced
prosthetic group ligands are carried, by the capillary trans-
port of the liquid sample, into a second region containing the
apoenzyme, electrode, an electron transport mediator, and an
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enzyme substrate. Here, as before, the prosthetic group
combines with the apoenzyme creating an active enzyme,
and the active enzyme converts the substrate to the product.
This produces electrons, which are carried by the electron
transport mediator to the electrode.

One drawback of electrochemical electrodes based upon
diffusible (soluble) electron transport mediators is low effi-
ciency. The diffusible mediator shuttles back and forth
between the enzyme and the electrode surface by a slow
process involving diffusion and random walk style Brown-
ian motion. By contrast, the work of Heller and others has
shown that much higher efficiency can be obtained if the
enzyme and electron transport mediator are both affixed to
the electrode surface, and electrons can flow directly
between the enzyme reaction center and the electrode by an
electron transport mediator that is continuously attached to
both the enzyme and the electrode surface. These techniques
are frequently referred to as “wired enzyme” technology.

FIG. 6 shows an alternate apoenzyme immunoassay con-
figuration which employs some of the “wired enzyme”
concepts of Heller et. al., and physical separation between
the apoenzyme and the prosthetic group, to improve assay
efficiency. In this configuration, a non-enzyme complexed
prosthetic group, such as FAD (1) is bound to an electrode
surface (2) by bridging means (3) that act to facilitate
electron transport. An apoenzyme (4) containing an active
site (5) and a prosthetic group binding site (6), and an
artificially coupled reagent-ligand group (antigenic group)
(9), is bound to an antibody (7). This in turn is bound to a
distant surface (8), such as a microbead or different location
on the enzyme electrode. Enzyme substrate (10) is also
present.

When antigenic test ligands (11) are added to the system,
they compete for binding between the antigenic reagent
ligand group (19) previously coupled to the apoenzyme (14),
breaking the bond between the antigenic reagent ligand
group (19) and the antibody (17). This allows apoenzyme
(14) to diffuse away (15) from sterically isolated bead or
surface (18), and towards electrode bound prosthetic group
(12).

The prosthetic group binding region (26) of Apoenzyme
(24) then binds to the electrode bound prosthetic group (21).
Apoenzyme (24) is reconstituted to an active enzyme (24)
configuration, and the active site (25) of enzyme (24)
changes from an inactive configuration to an active configu-
ration. Note that the ligand binding sites on nearby antibody
(27) bound to physically isolated bead or surface (28)
remain complexed with test ligand (20).

After enzyme activation is complete, now reconstituted
enzyme (34) converts the enzyme substrate (39) to its
reaction product (40), generating electrons (41) that transfer
to the electrode surface (32). This electron transfer occurs
through a direct link between the enzyme prosthetic group
and the enzyme surface.

Other “wired enzyme” configurations, in which a group
other than the prosthetic group binds the apoenzyme very
close to the electrode, are also possible. Two of these
configurations are shown in FIG. 7. In the top part of FIG.
7, the apoenzyme (1) is bound to an electrode surface (2) or
a surface associated hydrogel by a non-prosthetic group link
(3). As before, apoenzyme (1) contains prosthetic group
binding region (4) and an active site region (5). Typically,
enzyme (1) will be closely associated with hydrogel (6)
containing electron transport mediator groups (7).

As before, the proteolytic peptide enzyme substrate (9) is
anchored on microbeads (10) or other support that enables
the enzyme substrate to be physically separated from the
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apoenzyme (1) until the peptide protease substrate (9) is
cleaved by the appropriate protease (11). As before, the
protease peptide enzyme substrate (9) is capped with apoen-
zyme prosthetic group (12).

When proteolytic enzyme (protease) (11) cleaves the
substrate peptide (9), the prosthetic group (12) is liberated
and can diffuse (13) to and bind with the prosthetic group
binding region (4) of apoenzyme (1). Typically enzyme
substrate (14), as well as other reaction chemicals (coagu-
lation initiators, buffers, viscosity modifying polymers, and
apoenzyme stabilizing agents such as trehalose) are also
present.

After the prosthetic group has recombined with the apoen-
zyme, forming active enzyme (20), the active enzyme con-
verts its substrate (21) to the reaction product (22) producing
an electrochemical change. Electrons from this electro-
chemical change (24) are transferred to electron transport
mediators (25) bound to the hydrogel attached to the elec-
trode (26). These electron transport mediators (25) in turn
transfer (27) electrons to the electrode (26).

In an alternate configuration, the proteolytic enzyme
peptide substrate itself contains an electron transport media-
tor as well as an apoenzyme prosthetic group. This configu-
ration is seen in the lower half of FIG. 7.

In this configuration, the enzyme prosthetic group may be
coupled to one or more electron transport mediators by a
tether, and this tether in turn coupled to the protease sub-
strate peptide, and this peptide in turn attached to an anchor
group. After the protease substrate peptide is cleaved by the
coagulation protease, and the liberated prosthetic group-
electron transport mediator conjugate diffuses over to reac-
tivate the apoenzyme, these tethered electron transport
mediators can then extend the distance to which electrons
can easily be transported away from the now reconstituted
apoenzyme (enzyme). If this enzyme in turn is bound to an
electrode surface, then if the tethered electron transport
mediators are sufficiently long, they can transport electrons
between the enzyme’s reaction centers and the electrode
surface with an efficiency that is relatively high.

As shown in the lower half of FIG. 7, peptide protease
substrate groups (31) are again built up around micron sized
plastic microspheres (30) with free carboxyl terminal ends
using standard solid phase peptide synthesis techniques,
such as Fmoc solid phase peptide synthesis (Chan and White
editors, “Fmoc Solid Phase Peptide Synthesis, A practical
approach”, Oxford University Press, 2000). After the desired
spacer and protease substrate site are built up, the peptide
chains are then coupled to an electron transport mediator
(32), such as Pyrroloquinoline quinine (PQQ). They are in
turn coupled with an electrically active enzyme prosthetic
group (33), such as N°-(2-aminoethyl)-FAD, resulting in
microspheres coupled with chains of protease substrate,
electron transport mediators, and enzyme prosthetic groups
all arranged in a linear order.

In this configuration, the apoenzyme, such as apoglucose
oxidase (35) is bound to an electrode surface (36), by
non-prosthetic group linkage (37). This linkage may be a
covalent linkage such as a covalent crosslink, a hydrophobic
linkage, an electrostatic linkage, an antibody linkage or so
on. This apoenzyme will typically have a prosthetic group
binding region (38) and an enzyme active site (39), which,
in the apo state, will typically have an inactive conforma-
tion. The test will also contain excess substrate (40) for the
electrochemically active enzyme, as well as other chemicals
and cofactors needed to stimulate the desired coagulation
protease reaction (such as thromboplastin and calcium for a
prothrombin time test, etc.) (not shown).
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After the relevant protease has been generated (41)
(thrombin in the case of a prothrombin time test), detection
proceeds as follows. Protease (41) cleaves its corresponding
synthetic peptide substrate (31), liberating the chain that
contains the enzyme prosthetic group (33) and tethered
electron transport mediator (32) away from the support (30).

This liberated chain is then free to diffuse (42) and bind
to the prosthetic group binding site (38) of nearby electrode
bound enzyme (35). There the prosthetic group-tethered
electron transport mediator (32,33) reactivates the enzyme.

The reactivated enzyme (50) starts converting its substrate
(51) to product (52). Electrons flow through the prosthetic
group and through the tethered electron transport mediator
(53) to electrode surface (54).

It should be apparent that the general schemes shown in
FIGS. 6 and 7 apply to both immunochemical assays and
coagulation (protease) assays, and that with minor modifi-
cation, the scheme of FIG. 6 will work for a protease assay.
Likewise, with minor modification, the schemes of FIG. 7
will work for immunoassays.

FIG. 8 shows a diagram of one possible apoenzyme
electrochemical test strip. Here the test strip has a bottom
plastic support (1), a first conducting electrode (2), an
optional reference electrode (3) and a second conducting
electrode (4). The porous electrode configuration containing
the apoglucose oxidase, electron transport mediator, test
analyte detection moiety conjugate, and glucose (previously
shown in FIGS. 4 and 5) is shown as (5). This porous
electrode is put into electrical contact with electrodes (2, 3,
4) by a conducting adhesive.

In the case where the assay is a coagulation assay, such as
a prothrombin time test, the test strip additionally contains
a dry thromboplastin pellet (6). For other coagulation tests,
a different coagulation initiator may be used. For immu-
nochemical tests, pellet (6) may be omitted. For coagulation
assays, if the porous electrode is sufficiently coagulation
neutral (as defined in U.S. Pat. No. 5,580,744, the contents
of which are incorporated herein by reference), then the
thromboplastin (or other coagulation initiator) in pellet (6)
may be physically located inside porous electrode (5). In an
alternative configuration, which is particularly useful if the
porous electrode is not sufficiently coagulation neutral, the
thromboplastin pellet (6) may be located outside of porous
electrode (5). In this later configuration, the test strip con-
figuration may be optimized so as to allow the liquid sample
to hydrate the thromboplastin (or other coagulation initiator)
pellet (6) first, and then contact the porous electrode (5) after
a slight time delay that allows the coagulation process to
begin.

Plastic spacer (7) is present to separate the plastic sheet
(1) containing electrodes (2, 3, 4) from the top plastic
covering (8). Plastic spacer (7) has a “U” shaped opening
that creates a cavity (9). Cavity (9) is used both to hold the
pellet (6), as well as to receive the blood sample from the
patient. In practice, cavity (9) has a configuration such that
it can be totally filled with about 1-50 microliters of sample.

In some configurations, plastic layer (8) also holds a
reference electrode (10). In the operating configuration,
layers (1), (7) and (8) are laminated together to form a single
unitized structure electrically connected to the outside by
conductive paths (2, 3, 4 and 10), and in liquid communi-
cation with the outside through cavity (9).

For temperature sensitive tests, such as coagulation
assays, it is often advantageous to employ means to keep the
test strip at a constant temperature, such as 37° C., through-
out the reaction. This may be done by various heat transport
mechanisms. One simple means is to put the test strip into
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a cavity formed from a heat conductor made of a material
with good heat exchange properties (such as copper), and
employ electronic means to keep the heat sink at a constant
temperature. Here, the tip of the “U” shaped sample receiv-
ing end of'the test strip (6) sticks out slightly from the cavity
to facilitate sample application, but the electrode base of the
strip, as well as the back of the “U” shaped cavity remain
inside the heat sink cavity, and thus are warmed to a constant
temperature.

For high volume commercial applications, it may be
desirable to produce an extremely low cost reagent reader
(meter) with minimal onboard temperature regulation
means. In such cases, where a somewhat higher cost elec-
trochemical reagent test strip is acceptable, it may be advan-
tageous to embed a temperature sensor and/or electrical
heater directly into the reagent test strip itself. This can be
done, for example, by embedding a low-cost thermistor
and/or electrical resistance heater into or onto the plastic
support (for example elements (1) or (8) in FIG. 8) that also
holds the other test strip components. In this later configu-
ration, the reagent test strip reader (meter) need only contain
electrical means to read the thermistor and electrical means
to apply electrical energy to the heater onboard the test strip
itself, and thus the meter will have a simplified and lower
cost configuration.

Onboard controls: In some situations, it may be advanta-
geous to include multiple electrodes in a single test strip in
order to obtain both positive (high) and negative (low)
onboard controls for the reaction. For a coagulation test, the
positive (high) control can be obtained by using a control
electrode with an alternate peptide substrate that is not
sensitive to the particular protease used in the reaction.
Similarly a negative (low) control can be obtained by using
free FAD (or appropriate prosthetic group). Other control
chemistry is also possible.

For an immunochemical test, positive control (high) con-
trol can be obtained by using a control electrode with free
FAD (or appropriate prosthetic group), and a negative (low)
control can be obtained by using FAD linked to a different
antibody using a different ligand. Other control chemistry is
also possible.

EXPERIMENTAL

Preparation of Apoglucose Oxidase Conjugated Micro-
beads, Antibody Conjugated Microbeads, and Protease Sub-
strate Conjugated Microbeads:

Apoglucose oxidase conjugated microbeads: Apoglucose
oxidase can be prepared by a number of methods. One of the
more modern, and particularly favored, methods is accord-
ing to the methods of Heiss et. al. (Dip-and-read test strips
for the determination of trinitrotoluene (TNT) in drinking
water; Carola Heiss, Michael G. Weller, Reinhard Niessner:
Analytica Chimica Acta 396 (1999) 309-316). Briefly, The
FAD groups from Glucose oxidase (Aspergillus niger,
Sigma-Aldrich Corporation) can removed by dissolving the
Glucose oxidase in a CHAPS, 30% glycerol, HCL/glycine
buffer at pH 1.5. The apoglucose oxidase can then be
separated from the unbound FAD groups by gel chromatog-
raphy in Toyopearl HW-50 F columns in 30% glycerol, 70%
HCL/glycine buffer at pH 1.5. Residual FAD groups can be
removed by suspending the column eluate directly into a 38
mg/ml suspension of stirred charcoal, and then readjusting
the pH to 7.0 to avoid protein denaturation. Residual char-
coal is removed by centrifugation, and the supernatant
filtered through a 0.2 um polysulfone filter to remove
remaining aggregates.
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The apoglucose oxidase solution should then be imme-
diately desalted by running the supernatant through a Chem-
con spin-OUT™-6000 micro chromatography column
equilibrated in 0.1 M sodium phosphate buffer, pH 7.0. The
eluate from this column should then be immediately coupled
to 1.0 micron diameter carboxyl modified latex microbeads
(Bangs Labs) by carbodiimide coupling, following the mate-
rials and procedures contained in Polysciences PolyLink
Protein Coupling Kit #644. After coupling, reaction quench-
ing, and washing according to the Polysciences protocol, the
apoglucose coupled latex microbeads are spun down in a
microfuge, and resuspended in a 1.5M trehalose, 5 mg/ml
BSA, PBS buffer for storage. Ideally apoglucose oxidase
preparation and the bead coupling reaction should be done
on the same day to reduce the level of formation of
unwanted apoglucose oxidase aggregates.

Antibody conjugated microbeads: Monoclonal antibodies
against the target analyte of interest can usually be obtained
from many different commercial sources. These are typically
then put into 0.1 M phosphate buffer, pH 7.0 by dialysis or
microcolumn separation and suspended at a concentration of
about 1 mg protein per ml of buffer. These can then be
conjugated onto 1.0 micron COOH latex microspheres
(Bangs Labs) by carbodiimide coupling between the car-
boxyl groups on the surface of the microbead and the
primary amines on the protein of interest using the same
PolyLink-Protein Coupling Kit for COOH Microparticles
(PolySciences, Inc., Warrington Pa.) discussed previously.

Protease substrate conjugated microbeads: The protease
substrate peptide of interest (typically a thrombin substrate
peptide) is built up on small (micron diameter) resin micro-
beads using standard Fmoc solid phase peptide synthesis
techniques. (Fmoc Solid Phase Peptide Synthesis, A practi-
cal approach, W. Chan and P. White editors, Oxford Uni-
versity Press, New York, 2000). After the desired substrate
peptide, which usually will contain a spacer region both
before and after the actual substrate region itself to facilitate
steric access to enable the protease of interest to later cleave
the desired peptide, is constructed, the N terminal blocking
group is removed, and a FAD (or other apoenzyme pros-
thetic group) is placed on the N terminal end of the micro-
bead bound protease substrate peptide using the FAD-
peptide conjugation methods discussed below.

FAD-Peptide Conjugation Methods:

N6-aminohexyl-flavin adenine dinucleotide can be syn-
thesized according to the methods of Morris et. al. (Morris
DL, Ellis P B, Carrico R I, et al. Flavin adenine dinucleotide
as a label in homogeneous colorimetric immunoassays. Anal
Chem 53, 658-665 (1981).).

FAD can be coupled to peptides and proteins by the
methods of Schroeder et. al. (Schroeder H R, Dean C L,
Johnson P K, Morris D L, Hurtle R L.; Coupling amino-
hexyl-FAD to proteins with dimethyladipimidate. Clin.
Chem. 1985 September; 31(9): 1432-7; and Morris D L,
Buckler R T. Colorimetric immunoassays using flavin
adenine dinucleotide as label. Methods Enzymol. 1983; 92:
413-25.). Briefly N6-aminohexyl-flavin adenine dinucle-
otide is activated with dimethyladipimidate, run through a
Sephadex G-10 gel filtration column in 20 mM NaHCOj,
buffer to remove unbound imidate, and then incubated with
the target protein. If the target protein in question is a
protease substrate peptide bound to a microbead, after
conjugation, the now FAD conjugated protease substrate
peptide-microbead complex can then be washed by repeated
centrifugation and resuspension. If the target molecule in
question is a soluble protein antigen (such as the analyte for
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an immunoassay) the conjugated target proteins (reagent
antigens) can be purified by a second gel separation column
in Sephadex G-25 in 100 mM phosphate buffer, pH 7.0
(which separates the unbound FAD-imidate from the FAD
conjugated protein).

Porous Electrode Methods:

Porous carbon electrodes (Torayca Carbon paper TGP-H-
120) can be obtained from Toray Industries Corporation,
Japan, through a US distributor (FuelCellStore.com, Boul-
der Colo.). This material is a loose meshwork of connected
electrically conducting carbon fibers, and has a structure
similar to loose weave filter paper, with large (approximately
50 micron) holes and voids in-between the various thin and
interconnected carbon filaments. This material is produced
in various thicknesses. One exemplary grade (TGP-H-120)
is 0.37 mm thick, has an in-plane electrical resistance of
about 4.7 mega ohms per centimeter, is 78% porous, and has
a bulk density of 0.45 grams per cubic centimeter. It is
highly permeable, and allows passage of gas at a level of
(1500 ml gas*mm)/(cm**hour*mmAq). Thinner grades of
this material are also available, and may be appropriate
when use of lower volumes of analyte sample is desired. The
carbon paper is hydrophobic, and can be rendered hydro-
philic by various methods including plasma oxidation, or by
pre-treatment with appropriate surfactants such as an aque-
ous solution of 0.1 mg/ml tyloxapol (which is a gentle
surfactant that, in low concentrations, does not lyse red cell
membranes).

Note that other workers have found that the efficiency of
carbon paper electrodes can be improved by additionally
growing carbon nanotubes on the carbon paper base, or by
adding additional conducting microparticles to the carbon
paper base. Such methods are highly compatible with the
apoglucose oxidase reconstitution methods described in this
disclosure, as the nanotubes or conducting particles increase
the available electrode surface area, and thus increase elec-
tron transfer efficiency.

Electron transport mediator: Although, depending upon
the particular configuration, almost any type of electron
transport mediator may be used for the present invention,
methylene blue has certain advantages for the porous carbon
paper-microbead electrode configurations described here.
Methylene blue (Calbiochem Corporation, San Diego,
Calif) is an electron transport mediator with good solubility
in water, and thus is available in relatively high concentra-
tions in order to shuttle electrons over the comparatively
large (up to several microns) distance between the micro-
bead bound glucose oxidase, and the carbon electrode sur-
face of the porous Toray carbon paper electrode. Methylene
blue is also inexpensive, known to be compatible with
glucose biosensors, relatively non-toxic, and readily avail-
able.

Test Strip Production Methods:

For immunoassays, the antibody conjugated microspheres
can be bound to the FAD (or other prosthetic group) con-
jugated reagent antigen complex by incubating the micro-
spheres with the FAD conjugated reagent antigen for 30
minutes, followed by washing 3x by centrifugation and
resuspension before use to in order to remove unbound
FAD-reagent antigen conjugates.

All microspheres should be reconstituted (separately) in a
solution of about 1% microspheres, 50 mM phosphate buffer
pH 7.0, 0.1 M NaCl, 1.5 M trehalose (to stabilize the
apoglucose oxidase), 5 mg/ml protease free bovine serum
albumin, 10 mg/ml Polyvinyl alcohol, 0.1 mg/ml Methylene
blue, 0.1 mg/ml tyloxapol (to help disperse the micro-
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spheres, and also help improve solubility), 50 mM Glucose
(enzyme substrate for the reconstituted glucose oxidase).

To reduce the amount of microsphere aggregation, micro-
sphere solutions should be sonicated briefly, and then imme-
diately applied to the porous carbon paper using a low
volume micro airbrush, such as an Iwata HP-A airbrush.
Depending upon the specifics of the experiment, various
deposition patterns can be used. In one configuration, a first
coating of apoglucose oxidase microspheres is applied, the
carbon paper dried using a hot air dryer, and then a second
coating of antibody microspheres containing the bound
FAD-reagent antigen groups is then applied, immediately
followed by drying using a hot air dryer. In other configu-
rations, the separation between the apoglucose oxidase
microspheres and the antibody microspheres can be
increased by coating one side of the carbon paper with the
apoglucose oxidase microspheres, air drying, and then coat-
ing the other side of the carbon paper with the antibody
microspheres, followed by rapid air drying. In a third
configuration, unconjugated spacer microspheres may be
used. Here the apoglucose oxidase microspheres are applied
and air-dried. The spacer microspheres are then lightly
applied, and air-dried. Finally the antibody conjugated
microspheres (or peptide substrate microspheres are then
applied).

For immunoassays, no further test chemistry is required.
For coagulation assays, such as prothrombin time tests,
coagulation initiators such as thromboplastin and calcium
are required. If suitable coagulation neutral microbeads and
electron transport mediators are provided per the methods of
Zweig, (U.S. Pat. No. 5,580,744), then the thromboplastin
and calcium can be applied to the porous carbon matrix
itself, and all steps of the reaction proceed inside the
electrode matrix.

In some cases, such as when the porous electrode, throm-
bin substrate, apoenzyme, and electron transport mediators
are not entirely coagulation neutral, it may be advantageous
to begin at least the initial phases of the coagulation reaction
immediately outside the porous electrode, and allow the
coagulation proteases, such as thrombin, to diffuse into the
porous electrode, where they may then be detected. In this
later situation, the porous electrode will often be mounted on
one side of the test strip chamber, thromboplastin and
calcium placed in a different part of the test strip, and small
amounts of whole blood allowed to flow into the test strip
chamber by capillary action. The blood or plasma first
contacts the thromboplastin, starts the coagulation process,
and produces soluble coagulation factors, which then
migrate into the electrode where the reaction can be
detected.

After impregnation with the appropriate reaction chem-
istry, the carbon paper electrodes can then be affixed to
larger and more mechanically robust electrically conducting
surfaces, usually on plastic supports, suitable for relaying
the signal to appropriate instrumentation. These conductors
are typically vitreous carbon electrodes, carbon paste coated
plastic, and silver-silver chloride electrode coated plastic
supports. Binding to the porous electrode can be done using
various conducting adhesives, such as the conducting adhe-
sives used to adhere materials to electrodes for scanning
electron microscopy purposes, which are provide by Struc-
ture Probe, Inc (SPI), West Chester, Pa. This includes, SPI
Conductive Carbon Paint; SPI LEIT-C™ Conductive Car-
bon Cement and Thinner; and SPI Supplies® Brand Con-
ductive Double Sided Carbon Adhesive Tape.

Other electrically conducting traces and electrode com-
ponents are available from other vendors. For example,
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silver-carbon screen-printing paste C70709D14, and refer-
ence electrode silver-silver chloride polymer paste
C61003D7 may be obtained from Gwent Electronic Mate-
rials Ltd., Pontypool, UK. This reference silver/silver-chlo-
ride paste is a mixture of fine (roughly 10 micron sized)
silver and silver-chloride particles present in a roughly 60%
silver, 40% silver chloride ratio. These particles are held in
a polymeric binder support. The electrode formed from this
material acts as a standard silver chloride reference electrode
for the reaction.

The various plastic support layers, containing the transfer
electrodes, can then be laminated together with an additional
10 mil (0.254 mm) to 30 mil thick spacer layer to result in
a sandwich electrode with 10 mmx10 mm sized electrode
surface area, and an internal volume of about 10 ul to 30 ul.
This is shown in FIG. 8. Note that the electrodes on surfaces
(8) and (1) all face the interior of the cavity.

Both two electrode and three electrode (using a
Ag—Ag—Cl reference electrode) designs are possible with
this configuration. In general, three electrode designs incor-
porating a reference electrode, although more expensive and
difficult to produce, are preferred due to their higher sensi-
tivity and accuracy.

Electrochemical Sensing Methods

The electrochemical activity of the electrodes can be
assessed with a series of linearly variant patterns of potential
versus time sweeps (Cunningham, “Introduction to Biolana-
Iytical Sensors”, Wiley Interscience, 1998 p 207-259). One
low cost device that functions well, with an optional external
amplifier to bring up weak signals, is an IBM EC/225
Voltammetric Analyzer (IBM corporation). Because the
reconstituted apoenzyme electrodes generate a compara-
tively weak signal (relative to standard glucose electrodes),
more sensitive potentiostats, such as a Bioanalytical Sys-
tems L.C4B amperometric detector, with sensitivity to cur-
rent that extends down into the picoamp range, can also be
used. The offset voltages that are used typically vary accord-
ing to the choice of electron transport mediator, but typically
are about 0.5 V for methylene blue. The output from these
devices can then be either manually recorded, or stored in a
computer file as desired.

Experiment 1:

Immunochemistry experiment using antibody conjugated
beads and a porous electrode. This experiment exemplifies
the use of indirect “sandwich” immunoassays by construct-
ing an apoenzyme electrochemical immunoassay sensitive
to rabbit IgG.

To do this, 1-micron COOH microbeads should be con-
jugated with a first monoclonal antibody directed against
rabbit IgG, using previously described methods. A second
mouse monoclonal antibody, directed against a different
epitope on rabbit IgG, should be conjugated with FAD, again
using previously described methods.

The desired detection complex is somewhat like a sand-
wich with the bead-capture antibody (here the bead antibody
is a first anti-rabbit IgG antibody) forming the first layer, the
antigen (here rabbit IgG is used as the antigen) forming the
middle layer, and the FAD-conjugated anti-antigen antibody
(here a second anti-rabbit IgG antibody that binds to a
different epitope on rabbit IgG) forming the top layer. This
structure is built up in stages, and the beads are washed
in-between each stage. First the middle layer is added to the
first layer, and then the top layer is added to the middle layer
and lower layer.

Purified rabbit IgG should be suspended 0.1M Phosphate
buffered saline, pH 7.0, at a concentration of 0.1 mg/ml, and
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incubated with a 1% solution of the mouse-anti-rabbit IgG
conjugated microbeads for 1 hour, washed 3x in the same
buffer by repeated microcentrifugation, and then resus-
pended to the original 1% concentration.

To add the top layer to the sandwich, the FAD-conjugated
monoclonal mouse anti rabbit 1gG should then be added to
these washed microbeads to a final concentration of 0.2
mg/ml of antibody, and allowed to bind for 1 hour. The beads
should be washed 3x in phosphate buffer, and resuspended
in the 1.5M Trehalose buffer at a 1% suspension.

The net result is to create a sandwich structure of the type:
[Bead]-(Anti-rabbit 1gG)(rabbit IgG)(Anti-rabbit IgG)-FAD

in which the FAD-conjugated anti-rabbit IgG monoclonal
antibody binds to the rabbit IgG, which in turn binds to the
anti-rabbit IgG coupled to the beads.

These beads should be deposited using an airbrush on
porous Toray carbon paper electrodes, along with the apo-
glucose oxidase microbeads, as described previously. This
electrode then should be mounted on a solid support con-
taining leader electrodes using the conductive adhesives
described previously.

A plastic cover should be laminated on top of the porous
carbon electrode-support layer with a 10-30 mil thick plastic
spacer, creating a lower support, porous carbon electrode,
upper plastic support structure as shown in FIG. 8.

The test strip is attached to the electrochemistry measur-
ing apparatus. When challenged with 0.1 M Phosphate
buffered saline at pH 7.0 containing various amounts of
rabbit IgG, the liquid sample flows into the hollow chamber
by capillary action, where the rabbit IgG in the sample
displaces some of the bound FAD conjugated monoclonal
mouse anti rabbit IgG from the bound beads. These free
FAD-antibodies bind to the apoglucose oxidase in the neigh-
boring beads, creating active glucose oxidase. The resulting
electrochemical reaction can then be detected. This is done
by monitoring the change in current at a 0.5 v applied
potential. Typical results from this type of study are shown
in table 1 below.

TABLE 1

Immunochemical assay

Concentration of Reaction time

rabbit IgG 10 seconds 1 minute 2 minutes
0 ug/ml IgG 0 nA 9 nA 15 nA
1 ug/ml IgG 23 nA 97 nA 354 nA
10 ug/ml IgG 107 nA 1.2 uA 1.9 uA

The sensitivity of this assay to increasing levels of rabbit
IgG can be seen by the increasing amount of current as a
function of time and concentration of analyte (rabbit IgG) in
the applied sample.

Experiment 2:

Coagulation experiment using thrombin substrate micro-
beads and porous electrodes.

Depending upon the details of the coagulation assay or
protease assay in question, many different suitable FAD-
(substrate peptide)-Anchor configurations are possible. In
the specific example where the protease (proteolytic
enzyme) is thrombin, a FAD-(thrombin substrate)-anchor is
desired, and the anchor is chosen to be a solid phase peptide
synthesis bead, it will often be advantageous to include
amino acid leader sequences on either side of the thrombin
recognition and cleavage region. These leader sequences are
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designed to allow thrombin to get better steric access to the
substrate region, and minimize the interfering effects of both
the FAD and bead on the ability of thrombin to cleave the
thrombin substrate region.

Such leader groups should thus be designed to promote
steric access (allow the protease to physically reach the
desired substrate peptide), but otherwise not interfere with
the reaction. Although usually some experimentation (com-
puter modeling and/or direct synthesis of candidates) will be
required to find the optimum leader combination, such
leader sequences can typically be found by using the amino
acid sequence that naturally brackets the protease cleavage
site in the natural form of the protease substrate. For
example, in the case of a coagulation assay, where it is
desired to produce a thrombin substrate analogous to the
natural thrombin substrate region on human fibrinogen (see
Hughes et. al., Biochemistry 2004, 43, 52465255, table 1),
the thrombin substrate site can be the natural fibrinogen (P3,
P2, P1) sequence “G V R” (using the one letter amino acid
code), bracketed on the N terminal (P6, P5, P4) side by the
naturally occurring leader “E G G”, and bracketed on the C
terminal (P1', P2', P3') side by the naturally occurring leader
“G P R”. The resulting finished FAD-(peptide substrate)-
Anchor will then be:

[FAD]-(E G G)-GVR-(G P R)-[peptide synthesis bead]

The apoenzyme FAD prosthetic group is [FAD], the
thrombin cleavage (substrate) site is shown underlined (
GVR), and cleavage by thrombin produces the products:
[FAD]-(EGGGVR) and GPR-[peptide synthesis bead].

After thrombin cleavage, the FAD-peptide group is now
liberated from the peptide synthesis bead, and is now free to
diffuse over to nearby apoglucose oxidase apoenzymes and
create active glucose oxidase.

In this experiment, FAD-EGGGVRGPR-beads can be
created by Fmoc solid phase synthesis and FAD conjugation,
suspended in the same Trehalose buffer described previ-
ously, and deposited using an air brush on the same porous
Toray carbon paper electrodes along with the apoglucose
oxidase microbeads as described previously. This electrode
is then mounted on a solid support containing leader elec-
trodes using the conductive adhesives described previously.

In the example where a prothrombin time coagulation test
is desired, a coagulation initiator, such as a thromboplastin-
calcium solution, is made up and a small (approximately
10-30 ul drop) of this solution is applied to a plastic cover.
Suitable thromboplastin-calcium solutions include Dade-
Behring thromboplastin C plus, Dade Innovin, Biomerieux
Simplastin, and others. This thromboplastin solution is
allowed to dry, creating a plastic cover with a dried throm-
boplastin-calcium pellet attached. This plastic cover is then
laminated on top of the porous carbon electrode-support
layer with a 10-30 mil thick plastic spacer, creating a lower
support, porous carbon electrode, thromboplastin pellet,
upper plastic support structure as shown in FIG. 8.

In use, the test strip is normally maintained at a constant
physiological temperature, such as 37° C., in order to
improve test accuracy. The test strip is attached to the
electrochemistry measuring apparatus. When challenged
with plasma or whole blood, the sample flows into the
hollow chamber by capillary action, where it rehydrates the
dry thromboplastin, activating the prothrombin time coagu-
lation cascade. Thrombin, generated by the coagulation
cascade, migrates into the porous carbon electrode, where it
cleaves the FAD-(thrombin substrate)-bead complex, liber-
ating free FAD. This in turn reactivates the apoglucose
oxidase, and the resulting electrochemical reaction can be
detected. When used with a slow acting thromboplastin such
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as Dade Innovin, and the change in current at a 0.5 V applied
potential is monitored, results such as table II (below) can be
obtained.

TABLE 1I

Prothrombin time assay signal generation

Reaction time

Sample type 30 seconds 1 minute 2 minutes
INR 1 control 2 nA 31 nA 97 nA
plasma

INR 3 control 3 nA 3 nA 35 nA
plasma

Note that the INR 1 control plasma, which has a high level
of coagulation factors and reacts relatively quickly, produces
a significant signal by 1 minute of reaction. By contrast, the
INR 3 control plasma, which has a lower level of coagula-
tion factors and reacts much slower, takes 2 minutes to start
to produce an electrochemical signal that is significantly
above the background.

The invention claimed is:
1. An electrochemical detection device for detecting an
antigen in a liquid sample, said detection device comprising:

an electrode containing an apoenzyme or otherwise inac-
tive form of an electrochemically active enzyme that, in
the active form, would produce an electrochemical
change in said electrode in response to a substrate to the
electrically active enzyme;

an apoenzyme cofactor, prosthetic group, or other activa-
tion moiety that converts the inactive form of said
electrochemically active enzyme to an active form,

said cofactor or activation moiety being present in the
form of a complex that changes its structure due to
interactions with said antigen;

said complex additionally containing an antibody capable
of binding to said antigen;

said complex being incapable of activating the apoen-
zyme or otherwise inactive form of the electrochemi-
cally active enzyme in the absence of said antigen;

wherein said antigen induces changes in said complex,
enabling said cofactor, prosthetic group or said activa-
tion moiety to activate said apoenzyme or said inactive
form of an electrochemically active enzyme: resulting
in a detectable electrochemical change in said elec-
trode.
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2. The device of claim 1, in which the apoenzyme is
glucose oxidase, and the complex contains FAD as the
prosthetic group or activation moiety.

3. The device of claim 1, in which said complex is on a
solid surface that is spatially separated from the region of the
device where the apoenzyme or inactive form of the elec-
trically active enzyme is located.

4. The device of claim 1, in which the interaction between
the analyte, the complex, and the apoenzyme or inactive
form of the enzyme take place within a porous electrode.

5. The device of claim 1, in which said complex induced
changes in the activity of said enzyme is selected from the
group consisting of enzyme cofactor addition, prosthetic
group addition, allosteric regulator binding, covalent
enzyme modification, or proteolytic cleavage.

6. A method for detecting an antigen in a liquid sample,
said method comprising:

an electrode containing an apoenzyme or otherwise inac-

tive form of an electrochemically active enzyme that, in
the active form, would produce an electrochemical
change in said eclectrode in response to an enzyme
substrate to die electrically active enzyme;

an apoenzyme cofactor, prosthetic group or other activa-

tion moiety that converts the inactive form of said
electrochemically active enzyme to an active form:
said cofactor, prosthetic group or activation moiety being
present in the form of a complex that changes its
structure due to interactions with said antigen;

said complex additionally containing an antibody capable

of binding to said antigen;
said complex being incapable of activating the apoen-
zyme or otherwise inactive form of the electrochemi-
cally active enzyme in the absence of said antigen;

wherein said analyte induces changes in said complex,
enabling said cofactor, prosthetic group or said activa-
tion moiety to activate said apoenzyme or said inactive
form of an electrochemically active enzyme: resulting
in a detectable electrochemical change in said elec-
trode;

in which antigen is added to the electrode, the electro-

chemical status of the electrode is assessed, and the
relative amount of antigen present in the sample is
detected.



