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57 ABSTRACT

An electrochemical affinity assay system for detection of
ligand-ligand receptor binding.
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ELECTROCHEMICAL AFFINITY ASSAY

Background of Invention

[0001] Affinity assay systems are commonly used in clini-
cal and non-clinical situations to detect, monitor, or confirm
the identity, amount, or presence of a particular ligand.
Examples include immunoassays for the detection of an
antibody or antigen, such as enzyme linked immunoassay
(ELISA) or radioimmunoassay (RIA). Such affinity assays
confer specificity and sensitivity to the analysis of a par-
ticular ligand in a complex sample, such as blood or other
body fluid.

[0002] Conventional affinity assays employing conven-
tional labeling and detection techniques typically require
washing and/or separation steps. In addition, many affinity
assay systems require detection in a machine such as a
spectrophotometer or fluorimeter. These are not practical
when detection of the ligand in whole blood and other
strongly light absorbing or scattering biological fluids is
desired. Some conventional affinity assays, not requiring
such equipment, rely on visible color changes for detection
of ligand, which is also not practical in an opaque or colored
fluid such as blood. Furthermore, the commonly used detec-
tion compounds, of conventional assays, such as hydrogen
peroxide, are rapidly eliminated by protective enzymes
found in blood and other tissues, such as catalase.

[0003] An affinity assay providing sensitive, efficient, and
rapid detection of a ligand in a complex sample medium, and
particularly for detection in whole blood is needed. A
preferred assay would not require washing or separation
steps, sample removal to machinery for analysis, and most
preferably, would utilize only materials contained or gener-
ated in its probe, materials available in the biological fluids
analyzed or, if added, not rapidly decomposed by enzymes
in biological fluids. An affinity assay satisfying these criteria
would permit the production of affinity assay systems to
detect ligands in whole blood. Such an affinity assay system
is described in the instant invention.

Summary of Invention

[0004] The affinity assay system of the present invention
is based on the electrical connection of the third member,
upon its binding to the second member, when the second
member is located on or in the redox polymer film on the
detecting electrode. The connection of the detection marker
to the electrode is via the conducting redox polymer. The
affinity assay system of the invention is capable of detecting
and/or quantitating a variety of specific ligands, including
proteins and nucleic acids, without washing or separation
steps. The affinity assay system of the invention operates in
whole blood and in other unseparated biological fluids, such
as those of tissues and living cell cultures, without added
toxic or unstable agents.

[0005] The affinity assay system of the invention includes
an electrode coated with a conducting redox polymer, pref-
erably a redox hydrogel. The redox polymer has multiple
fast redox centers. The system has at least three members.
The first and second members and also the second and third
members are capable of conjugating with each other, and
therefore capable of binding with each other. The first
member of the ligand-ligand receptor pair is immobilized
within the redox polymer either through an affinity reaction
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or by covalent bonding. The second member of the ligand-
ligand receptor pair binds to the first. The third member is
labeled with an amplifying detection marker, such as a
peroxidase. Generation of the detection compound, the
substrate of the detection maker, is catalyzed by another
enzyme, such as choline oxidase. The enzyme that catalyzes
the generation of a detection compound is immobilized in
the redox polymer, but its reaction centers are preferably not
oxidized by oxidized redox centers of the polymer and are
not reduced by reduced redox centers of the polymer when
the electrode is poised at its operating potential.

[0006] In a preferred embodiment, the affinity assay sys-
tem includes an electrode coated with an electron conduct-
ing redox polymer in which a strongly binding member of a
bioconjugating couple, such as ss-DNA or ss-peptide DNA,
avidin, or streptoavidin and a substrate generating enzyme,
such as hydrogen peroxide-generating choline oxidase, are
immobilized. ("ss” means single-stranded.) The first mem-
ber of a ligand-ligand receptor pair is biotinylated or labeled
with DNA or peptide DNA, and bound to the redox polymer
via DNA hybridization or avidin-biotin coupling. The sec-
ond member is bound then to the first. The third member is
labeled with the detection marker horseradish peroxidase or
soybean peroxidase. Binding of the labeled third member to
the electrode via the second member results in electrical
contact between the peroxidase and the redox polymer,
causing the electrical connection of the reaction centers of
the peroxidase label to the electrode through the conducting
redox polymer. Such connection converts the film to a
catalyst for the electroreduction of the hydrogen peroxide
produced within the film by the immobilized substrate-
generating enzyme.

Brief Description of Drawings

[0007] Figurel (A and B) is a pair of schematic diagrams
showing the transduction of the concentration of a second
member of a ligand-ligand receptor pair, IgG, to a cathodic
current.

[0008] Figure 2 is a schematic diagram showing electron
transport on binding of the enzyme labeled third member in
an immunoassay of the invention.

[0009] Figure 3 is a diagram showing the structure of the
redox polymer PAH which forms an electron-conducting
hydrogel upon crosslinking.

[0010] Figure 4 is a graph showing the dependence of the
current density on the concentration of the second member
of the ligand-ligand receptor binding pair, IgG.

[0011] Figure 5 is a graph showing the dependence of the
current density on the ratio of the third member, HRP-
labeled anti-IgG to the second member, IgG at a fixed
concentration of IgG (86 ng/ml).

[0012] Figure 6 is a graph showing the dependence of the
current density on the loading of the first member, biotin-
labeled anti-rabbit IgG on the redox-polymer film on the
electrode at a fixed concentration of IgG (86 ng/ml).

[0013] Figure 7 is a graph showing the dependence of the
current density on the concentration of choline, the non-
toxic and stable precursor of the detection compound, H,O,.

Detailed Description

[0014] DefinitionsAs used herein, the following terms and
phrases have the definitions indicated:Redox Hydrogel: The
hydrated form of a crosslinked redox polymer.
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[0015] Substrate generating enzyme:An enzyme generat-
ing or producing the substrate of a detection marker, gen-
erally immobilized in the redox hydrogel. The detection
marker is usually an enzyme and is covalently bound to the
third member. An example of substrate generated by the
enzyme is H,0,. H,0, is generated, for example, by the
substrate generating enzyme choline oxidase, which cata-
lyzes the reaction of O, and choline. Substrate generating
enzymes that do not exchange electrons with the redox
polymer at the potential where the electrode is poised are
preferred. Electron exchange means transfer of electrons
from the enzyme to the redox hydrogel or from the redox
hydrogel to the enzyme.

[0016] Binding Agent: Amacromolecular binding agent of
a biomolecule. Examples of binding agents include avidin;
streptavidin; single stranded (ss) oligonucleotides; single
stranded DNA; and peptide oligonucleotides or peptide
DNA. The binding agent is immobilized in or on the redox
hydrogel.

[0017] First member of the ligand-ligand receptor pair: A
molecule binding to the binding agent and to the second
member of the pair; or a molecule bound to the redox
hydrogel and binding to the second member. The first and
third members are not identical. An example of a first
member is a biotinylated antigen.

[0018] Second member of the ligand-ligand receptor pair:
Binds to the first and third members. An example of a second
member is an antibody or an F(ab'), fragment of an antibody
against both the antigen of the first member and the antigen
of the third member. The electrochemical affinity assay of
this invention is usually of the second member.

[0019] Third member labeled with the Detection Marker:
Binds to the second member and is labeled with a detection
marker, which is preferably a catalyst, such as an enzyme,
and most preferably an oxidoreductase. An example of a
third member is a peroxidase-labeled antigen.

[0020] Detection Marker:A catalyst, usually an enzyme
and preferably an oxidoreductase, labeling the third member.
The detection marker can transfer electrons to or accept
electrons from the redox hydrogel on the electrode. In these
processes the detection marker is electrooxidized or elec-
troreduced. When electrooxidized, the detection marker can
oxidize a detection compound. When electroreduced, it can
reduce a detection compound.

[0021] Dertection Compound: A molecule or ion, or a
precursor of a molecule or ion, the electrooxidation or the
electroreduction of which produces the detected electro-
chemical signal, usually a current or potential. The detection
compound is electrooxidized or electroreduced in the redox
polymer film. An example of an electroreduced detection
compound is hydrogen peroxide.

[0022] As shown schematically in Figures 1A and 1B, an
affinity assay of the invention includes an electrode 10
coated with a redox polymer 12, preferably a redox hydro-
gel, in which the first member 14 is immobilized via a
binding agent 11 such as avidin. The binding agent 11 is
preferably covalently bound to the redox polymer 12.

[0023] In the assay of the invention, a second member 16
of the ligand-ligand receptor pair is conjugated with and
thereby bound to the first member 14; then the second
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member 16 is conjugated with and bound to the third
member 20. The third member 20 is labeled with a detection
marker 18. In a "sandwich” type immunoassay, the second
member is an antibody. It can, however, also be an antigen,
if the first and third members are non-identical antibodies to
the different regions of the second member antigen. The
redox hydrogel 12 further includes at least one substrate-
generating enzyme 22, meaning an enzyme generating the
detection compound. It is preferred, though not required,
that the reaction centers of the substrate generating enzyme
22 not be reduced by the reduced redox centers of the redox
polymer, nor oxidized by the oxidized redox centers of the
redox polymer, when the redox polymer film 12 is in contact
with the electrode 10 and the electrode is poised at its
operating potential. The detection compound is, preferably,
the substrate of the detection marker 18, which is preferably
an oxidoreductase. Binding of the first member 14 to the
second member 16, and of the second member 16 to the third
member 18, results in an increase in the current passing
through the electrode. The increase in current is caused by
the catalysis of the electrochemical reduction or oxidation
reaction of the detection compound in the combined pres-
ence of the detection marker 18 and the redox hydrogel 12
on the electrode. The increase in current correlates with the
binding of the second member 16 of the ligand pair, and
thereby with the amount of the second member 16 in a
sample. This preferred assay system does not require sepa-
ration or washing steps, permitting use of the assay system
in situ 1n biological fluids. The assay can be carried out in
colored and light-scattering media like blood and in media
where externally added detection compounds, like hydrogen
peroxide, rapidly decompose. In the instant assay hydrogen
peroxide is generated in the film on the electrode and is
available, at least in part, for electroreduction when the film
becomes electrocatalytic through the immobilization of the
detection marker, which is bound to the third member.

[0024] Figure 2 shows schematically the flow of electrons
in an affinity assay system of the invention. Choline oxidase,
a substrate generating enzyme 22, present in the redox
polymer 12, generates hydrogen peroxide in the redox
hydrogel 12. Binding of a peroxidase-labeled third member
20 to the immobilized second member 16 of a ligand-ligand
receptor pair enables peroxidase-catalyzed electroreduction
of hydrogen peroxide, a reaction where electrons flow from
the electrode 10 to the redox hydrogel 12; from the redox
hydrogel 12 to the peroxidase; and from the peroxidase to
hydrogen peroxide, the hydrogen peroxide being electrore-
duced to water.

[0025] The working electrode The working electrode 10 is
typically a thin film of conductive material disposed on an
insulating substrate. Suitable materials for the substrate
include, for example, insulating silicon, fused silicon diox-
ide, silicate glass, alumina, aluminosilicate ceramic, an
€poxy, an epoxy composite such as glass fiber reinforced
€poxy, polyester, polyimide, polyamide, or polycarbonate.

[0026] A variety of conductive materials can be used to
form the working electrode 10. Suitable materials include,
for example, carbon, conductive polymers, and metals.
Examples of useful metals include gold, platinum, palla-
dium, tantalum, tungsten, and their alloys, as well as metal-
lic compounds like titanium nitride, and ruthenium dioxide.
The preferred conductors do not corrode rapidly in aerated
aqueous 0.1 M NaCl near neutral pH when a potential of 0.2
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volts positive of the potential of the saturated calomel
electrode (SCE) is applied. The corrosion current density is
preferably less than 10*A cm™, and more preferably less
than 107A cm™.

[0027] Thin films of these materials can be formed by a
variety of methods including, for example, sputtering, reac-
tive sputtering, physical vapor deposition, plasma deposi-
tion, chemical vapor deposition, printing, and other coating
methods. Discrete conductive elements may be deposited to
form each of the working electrodes, for example, using a
patterned mask. Alternatively, a continuous conductive film
may be applied to the substrate and then the working
electrodes can be patterned from the film.

[0028] Patterning techniques for thin films of metal and
other materials are well known in the semiconductor art and
include photolithographic techniques. An exemplary tech-
nique includes depositing the thin film of conductive mate-
rial and then depositing a layer of a photoresist over the thin
film. Typical photoresists are chemicals, often organic com-
pounds, that are altered by exposure to light of a particular
wavelength or range of wavelengths. Exposure to light
makes the photoresist either more or less susceptible to
removal by chemical agents. After the layer of photoresist is
applied, the photoresist is exposed to light, or other electro-
magnetic radiation, through a mask. Alternatively, the pho-
toresist is patterned under a beam of charged particles, such
as electrons. The mask may be a positive or negative mask
depending on the nature of the photoresist. The mask
includes the desired pattern of working electrodes, which are
the electrodes on which the electrocatalytic reactions take
place when the detection marker and the redox hydrogel are
both present and immobilized on the electrode. Once
exposed, the portions of the photoresist and the thin film
between the working electrodes is selectively removed
using, for example, standard etching techniques (dry or wet),
to leave the isolated working electrodes of the array.

[0029] The working electrode 10 can have a variety of
shapes, including, for example, square, rectangular, circular,
ovoid, and the like. The working electrode may have dimen-
sion (e.g., length, width, or diameter) which can be 50 yum
or less. In some embodiments, the working electrodes are
three dimensional structures, and can have a surface area of
1 x 10™* cm” or less. Multiple electrodes may be used in an
array.

[0030] Counter and reference electrodes may be present in
the electrolytic solution off the surface of the substrate
containing the working electrode. Alternatively, the counter
and reference electrodes may be formed on the substrate
containing the working electrode, for example, located on
the same or a different surface as the working electrode. It
is not necessary for each working electrode to have a
dedicated counter electrode or reference electrode. The same
counter or reference electrode can serve multiple, or even
all, electrodes of an array. A single electrode, such as an
Ag/AgCl electrode, can serve as both counter and reference
electrode. Preferably the reference electrode is one that does
not leach ions and maintains a constant potential. The
reference electrode can be, for example, a silver wire or
structure, in contact with the electrolytic solution. The
surface of the silver wire or structure can be partially
oxidized to produce AgCl chemically, or electrochemically.
The Redox PolymerThe electrode is coated with a thin film
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of a redox polymer 12. The redox polymer 12 is deposited
on the electrode 10. When multiple working electrodes are
used, redox polymer 12 is not deposited on the substrate
between the electrodes 10, thus maintaining the electrical
isolation of the working electrodes of each other. Another
specific method whereby a redox polymer can be deposited,
exclusively on the electrode, is electrophoresis. This is a
preferred method for coating electrodes of an array when
their diameter is small, usually smaller than 50 gm.

[0031] Redox hydrogels are formed of the crosslinked
redox polymers upon their immersion in aqueous solutions.
The redox hydrogels provide for transport of electrons
between the electrode and the detection marker. One type of
redox polymer is a redox hydrogel which typically contains
at least 10% of water. Water soluble molecules usually
permeate through the redox hydrogel rapidly. Electron con-
duction in the redox hydrogel is believed to occur through
electron exchange between polymer segments that, being
tethered, do not leach out but are nevertheless mobile within
a limited, small radius.

[0032] In general, the redox polymer includes electrore-
ducible and electrooxidizable functions, termed redox cen-
ters. These have redox potentials that are a few hundred mV
above or below the redox potential of the standard calomel
electrode (SCE). Preferably, the redox centers of the poten-
tials of the polymers are not more reducing than about -400
mV and not more oxidizing than about 800 mV versus SCE,
and most preferably are not more reducing than about -150
mV and not more oxidizing than about +400 mV versus SCE
at neutral pH. The most preferred redox polymers have
osmium, ruthenium, or cobalt redox centers and a redox
potential ranging from about -150 mV to about +400 mV
versus SCE.

[0033] In general, redox polymers suitable for use in the
invention have bonds or charges that prevent, or substan-
tially reduce, the diffusional outflux or loss of the redox
species during the period of time in which the sample is
being analyzed. The bond between the redox species and the
polymer may be covalent, coordinative, or ionic. Useful
redox polymers and methods for producing them are
described in U.S. Patent Nos. 5,264,104; 5,356,786; 5,262,
035; 5,320,725; and 5,665,222, incorporated herein by ref-
erence. Although many organic or organometallic redox
centers can be incorporated in or bound to a polymer and
used in the system of the present invention, the preferred
redox species are transition metal complexes. The more
preferred transition metal complexes are osmium, ruthe-
nium, iron, and cobalt compounds or complexes. The most
preferred are osmium and ruthenium complexes.

[0034] One type redox polymer contains a redox species
covalently bound to a polymer. An example of such a
polymer is poly(vinylferrocene). Another type of redox
polymer contains an electrostatically bound redox species.
Typically, this type of redox polymer comprises a charged
polymer coupled to an oppositely charged redox species.
Examples of this type of redox polymer include a negatively
charged polymer such as Nafion® (DuPont) in which a
positively charged redox species, containing one or more of
osmium or ruthenium polypyridyl cations is distributed.
Another example of such a polymer is a polymer comprising
positively charged functions, such as quaternized poly(4-
vinyl pyridine) or poly(1-vinyl imidazole), and negatively
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charged redox species such as ferricyanide and ferrocyanide.
The redox polymer may consist of a highly charged redox
species, that itself may be polymeric and have multiple
redox centers and an oppositely charged polymer, the redox
polymer being bound electrostatically within.

[0035] In another embodiment of the invention, suitable
redox polymers include a redox species coordinatively
bound to a polymer. For example, the redox species may be
formed by complexing of osmium, ruthenium or cobalt ions
with 2, 2"-bipyridyl and also with poly(1-vinyl imidazole) or
poly(4-vinyl pyridine) or with a copolymer of either of
these.

[0036] The preferred redox species are complexes of tran-
sition metals, most preferably complexes of osmium, ruthe-
nium, or cobalt. The complexes comprise one or more
heterocyclic ligands, each ligand having two or more rings,
each ring with one or more nitrogen atoms, such as 2,2"-
bipyridine, 1,10-phenanthroline,2,2’,2°, or derivatives
thereof. More preferred complexes include osmium cations
complexed with two ligands, each ligand containing 2,2"-
bipyridine, 1,10-phenanthroline, or derivatives thereof, the
two ligands not necessarily being the same. In the preferred
complexes of osmium, ruthenium, or cobalt, three or more
of the coordination sites of the metal ion are nitrogen-
occupied, and the number of ligands ranges from 1 to 3. In
the most preferred complexes, five of the coordination sites
are nitrogen-occupied, and the number of ligands ranges
from 2 to 3.

[0037] The preferred redox species exchange electrons
rapidly with each other, in a process known as self-exchange
and also with the working electrode, so that the complexes
can be rapidly electrooxidized and electroreduced. While
they can be electrostatically held in the redox polymer, the
preferred redox species are coordinatively or covalently
bound to the polymer. Those of the preferred polymers that
bind the ions of the metal ion complex coordinatively have
nitrogen-containing heterocyclic rings, such as pyridine,
imidazole, or derivatives thereof. These bind, as ligands, to
the cations of the redox species.

[0038] Preferred polymers for complexation with redox
species, such as the osmium complexes, described above,
include polymers and copolymers of poly(1-vinyl imida-
zole) (referred to as "PVI"), poly(4-vinyl pyridine) (referred
to as "PVP"), and pyridinium-modified poly(acrylic acid).
Suitable copolymer substituents of poly(1-vinyl imidazole)
include acrylonitrile, acrylamide, acrylhydrazide, and sub-
stituted or quaternized N-vinyl imidazole. The osmium
complexes coordinatively bind with the imidazole and pyri-
dine groups of the polymer. In copolymers comprising
non-coordinating mers, or weakly coordinating ones, such as
acrylamide or acrylonitrile, and also strongly coordinating
mers such as N-vinyl-imidazole or 4-vinylpyridine, the ratio
of osmium complexes to imidazole and/or pyridine groups
ranges from 1:10 to 1:1, preferably from 1:2 t0 1:1, and more
preferably from 3:4 to 1:1. Also, the preferred ratio of the
number of complexed transition metal atoms and polymer-
ized vinyl functions ranges from about 1:2 to about 1:30, and
more preferably from about 1:5 to about 1:20.

[0039] Examples of other redox species include quinones
and species that in their oxidized state have quinoid struc-
tures, such as Nile blue and indophenol. The preferred
quinones and quinoids do not have hydrogen atoms in their
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six-membered rings.The redox polymer 12 also preferably
includes a binding agent 11 for binding the first member 14
of the ligand-ligand receptor pair. In a preferred embodiment
the binding agent 11 is avidin or streptavidin. It binds to the
biotinylated first member 14 thereby immobilizing the first
member 14 on the electrode.

[0040] The binding agent 11 is preferably covalently
bound to the polymer, for example by carbodiimide coupling
of carboxylate functions of avidin or streptavidin, to
hydrazide functions on the polymer. When the binding agent
11 is an oligonucleotide or DNA, carbodiimide and similar
coupling agents activate preferably a terminal phosphate
function of these molecules enabling their covalent binding
to hydrazide functions of the polymers like PAH of Figure
3.

[0041] Alternatively, the first member 14 can be bound
directly, preferably covalently, to the redox polymer by a
method such as carbodiimide coupling.

[0042] 1In one embodiment, the polymer is a copolymer of
PVI or PVP with polyacrylamide (it is referred to as "PAA")
in which Os(bpy), CI*** is coupled to the imidazole or
pyridine functions respectively. To form hydrazides in this
redox polymer, for subsequent covalent attachment of the
binding agent 11 or for attachment of first member 14, a
portion of the amide functions is converted to hydrazide
functions by reaction with hydrazine, according to known
processes. Typically, at least 5% of the amide groups are
converted, preferably, at least 10% of the groups are con-
verted, and more preferably, at least 20% of the groups are
converted. The ratio of hydrazide-modified amide groups to
unmodified amide groups of the resulting polymer is typi-
cally 1:1 to 1:20, and preferably 1:2 to 1:10. The ratio of PVI
or PVP to PAA is typically 5:1 to 1:15, preferably, 2:1 to
1:12, and, more preferably, 1:1 to 1:10. The PAA copolymer
in which part of the amides is converted to hydrazides is
termed PAH.

[0043] In another embodiment, the polymer is a modified
poly(acrylic acid). A portion of the carboxylic acid functions
of the poly(acrylic acid) are converted to pyridine or imi-
dazole carrying functions. These can be amides, such as
those formed with 4-(aminoalkyl)-pyridine, particularly
4-(2-aminoethyl)-pyridine, that can be covalently attached
through carbodiimide coupling. The pyridine and imidazole
groups can then be used for coordinative binding with the
osmium complexes. Typically, at least 2%, preferably, at
least 5%, and, more preferably, at least 10%, of the car-
boxylic acid functions are converted to functions with
pyridine or imidazole rings. At least a portion of the remain-
ing carboxylic acid groups are converted to hydrazide
groups for crosslinking redox polymer and for covalent
attachment of the binding agent or of the first member.
Typically, at least 2%, preferably, at least 5%, and, more
preferably, at least 10%, of the residual carboxylic acid
groups are converted to hydrazide groups.

[0044] A variety of methods may be used to immobilize a
redox polymer on an electrode surface. One method is
adsorptive immobilization. This method is particularly use-
ful for redox polymers with relatively high molecular
weights, for example, greater than about 10* daltons, pref-
erably greater than 10° daltons, and most preferably greater
than 10° daltons. The molecular weight of a polymer may be
increased, for example, by cross-linkingwith a di- or poly-
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functional cross-linking agent, such as those listed in the
Pierce catalog, 1994, pages T155-T167. Examples of func-
tions of cross-linking agents useful in the invention include
epoxy, aldehyde, N-hydroxysuccinimide, halogen, imidate,
thiol, and quinone functions. Examples of crosslinkers
include poly(ethylene glycol) diglycidyl ether and cyanuric
chloride, poly(ethylene glycol) diglycidyl ether (PEGDGE)
of 400 or 600 daltons being most preferred. Other cross-
linking agents may also be used.

[0045] In another embodiment, the redox polymer is
immobilized by covalent bonding to a functionalized elec-
trode surface. Carbon surfaces can be modified for covalent
attachment of a redox polymer, for example, by electrore-
duction of a diazonium salt or by oxidation with hydrogen
peroxide in the presence of divalent iron ions at a pH of less
than 6. As an illustration, reduction of a diazonium salt
formed upon diazotization of p-aminobenzoic acid modifies
a carbon surface with phenylcarboxylic acid groups. These
groups can then be activated by a carbodiimide, such as
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide ~ hydro-
chloride. The activated groups are then bound with a
hydrazide or amine-functionalized redox couple, such as, for
example, PAH, the polymer of Figure 3.

[0046] The preferred redox hydrogel 12 contains also
additional compounds that are useful in the affinity assay of
the invention. In particular, it contains the substrate gener-
ating enzyme 22. This enzyme catalyzes the generation of
the detection compound, which is the substrate of the
detection marker 18. The enzyme generates the detection
compound by reacting stable and preferably non-toxic
reagents. As a result of the internal generation of the
detection compound, within the film on the electrode, the
need for adding unstable or toxic agents to the analyzed fluid
is obviated. This enables the affinity assay of whole blood,
for example, where the detection compound, meaning the or
substrate of the detection marker of the third member, like
hydrogen peroxide, would rapidly decompose.

[0047] An example of a substrate generating enzyme that
may be immobilized in the redox polymer is choline oxi-
dase, which generates hydrogen peroxide in sifu within the
redox polymer film on the electrode. Hydrogen peroxide is
catalytically electroreduced when the peroxidase detection
marker of the third member is in contact with the redox
hydrogel. While in absence of either the peroxidase detec-
tion marker or the redox polymer, the film is not electro-
catalytic for H,0, reduction in the applied potential range
between 0.1 V (SCE) and + 04 V (SCE), the film is
electrocatalytic through this range when both the peroxidase
and the redox polymer are co-immobilized. The redox or
reaction centers of choline oxidase do not rapidly exchange
electrons with those of the redox hydrogel, so the presence
of the enzyme in the hydrogel and the presence of choline do
not change the signal, usually the current or potential.
Choline oxidase catalyzes the reaction of molecular oxygen
with choline, whereby hydrogen peroxide and betaine alde-
hyde are formed.

[0048] Ligand-Ligand Receptor PairA ligand-ligand
receptor pair, consisting of the first member and the second
member, includes any such pair known to bind with speci-
ficity. Such ligand-ligand receptor pairs are well known and
include the following: antigen-antibody; peptide, e.g.
growth factor-receptor; nucleic acid-nucleic acid binding
protein; complementary pairs of nucleic acids; and of pep-
tide nucleic acids and nucleic acids.
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[0049] When an antibody is used, it is possible to use a
fragment, such as an F(ab'), fragment. When a nucleic acid
sequence is used, an oligonucleotide of less than about 200
nucleotides is preferred.

[0050] The first member 14 of the ligand-ligand receptor
pair is immobilized on the electrode 10, by either covalent
attachment to the redox polymer 12, and more preferably ,
through non-covalent affinity binding with binding agent 11.

[0051] The second member 16 of the ligand-ligand recep-
tor pair binds the first member 14. Suitable reaction condi-
tions for such binding are known in the art and vary with the
nature of the particular pair used.

[0052] The third member and its detection markersThe
third member 20 and the second member 16 are also a ligand
receptor-ligand pair. Again, any such pair known to bind
with specificity can constitute the pair. Useful detection
markers are known, and include catalysts which accelerate
the oxidation or reduction, preferably the electrooxidation or
electroreduction by the electrooxidized or electroreduced
redox polymer, of the detection compound. The acceleration
of the electrochemical reaction results in an increase in the
current at the electrode, the charge flowing usually via the
redox polymer and the catalyst. When a third member 20 is
labeled with the detection marker 18 and when it binds to the
immobilized second member 16, the current generated at the
electrode is increased through electrocatalysis of a reaction
of the detection compound.

[0053] The preferred affinity assays of the invention are
rapid, specific, efficient, and operate with a high signal to
noise ratio, preferably greater than 10. The scheme of an
exemplary "sandwich” type immunoassay is shown in Fig-
ures 1A and 1B and is demonstrated below in Example 1. It
operates with a signal to noise ratio of about 15.

[0054] The preferred affinity assay of the invention can be
performed either with no additive to the biological fluid
analyzed or with adding only a non-toxic biochemical such
as choline. The assay can also be performed in an opaque,
colored or light-scattering medium, such as blood; and in the
preferred mode it requires no separation or washing steps.

[0055] Preferred Operation and Practice of the Assayln
the preferred mode of operation, the electrode 10 is coated
with the crosslinked redox polymer 12 containing the bind-
ing agent 11 and the substrate generating enzyme 22, both
covalently bound within the redox hydrogel 12. The first
member 14 is then bound to the redox polymer 12. This
completes the preparation of the electrode for the assay. The
electrode is then immersed in the fluid to be assayed for the
presence and/or amount and/or concentration of the second
member. It is preferred that during this immersion the fluid
be moving relative to the electrode, meaning that either the
electrode be moving, for example rotating, in the fluid, or
that the fluid be flowing when the electrode is stationary.
After, or simultaneously with, binding of the second member
16 to the electrode via the affinity reaction with the first
member 14, the electrode is exposed to the third member 20.
The electrode is poised at a potential where the electrocata-
lytic reduction or oxidation of the detection compound
proceeds, this electrode reaction being catalyzed when the
detection marker contacts the redox polymer 12, such con-
tact being made upon the binding of the third member 20 to
the second member 16.
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[0056] The detection marker of the third memberA variety
of catalysts can be used as the detection marker 18. Exem-
plary catalysts are enzymes that catalyze an electrochemical
reaction of a detection compound. A variety of enzymes are
useful including, for example, peroxidases for use with
hydrogen peroxide, glucose oxidase and glucose dehydro-
genase for use with glucose, and lactate oxidase and lactate
dehydrogenase for use with lactate. While in the case of
hydrogen peroxide the detection compound is catalytically
electroreduced and is internally generated in the film, in the
case of glucose or lactate, which are abundant in biological
fluids like blood, the detection marker is externally supplied.
Also, these detection compounds are catalytically elec-
trooxidized when both the glucose oxidase detection marker
or the lactate oxidase detection marker is immobilized in or
on the redox polymer film and the electrode is poised at a
potential between -0.3 V (SCE) and +0.7 V (SCE), prefer-
ably - 0.2 V(SCE) and + 0.5 V (SCE) and most preferably -
0.1 V (SCE) and + 0.3 V (SCE). Preferably, thermostable
enzymes (enzymes capable of operation for at least 1 hour
at 37° C) are used. Soybean peroxidase is one example of a
thermostable enzyme.

[0057] The Detection CompoundThe detection compound
is a substrate for the detection marker or a precursor of the
substrate of the detection member. For example, hydrogen
peroxide is a detection compound which is a substrate for the
detection marker, peroxidose. FxamplesThe invention may
be better understood by reference to the following examples,
which are not intended to limit the scope of the invention.

[0058] Example 1Electrochemical ELISAA non-competi-
tive, sandwich type ELISA was started by immobilizing the
redox polymer PAH onto a glassy carbon electrode. PAH
was made as described in de Lumley-Woodyear et al., 1995,
Anal. Chem. 67:1332-1338. The structure of the polymer is
shown in Figure 3.

[0059] Standard coatings were formed by mixing 2.5 parts
of polymer (5 mg/ml in water); 1.5 parts poly(ethylene
glycol 400 diglycidyl ether (PEGDGE) (0.5 mg/ml in water)
(technical grade, Polysciences, #08210); 1.0 parts choline
oxidase (20 mg/ml in 0.1M NaHCO,) (Sigma #C-5896); and
4 parts avidin (5 mg/ml in 0.1 M NaHCO;) (Sigma
#A-9390). A volume of 3 microliters of this solution was
applied to the 3 mm diameter glassy carbon electrode. The
films were permitted to cure and crosslink for 48 hours in a
humid atmosphere and then allowed to dry overnight in air
prior to testing.

[0060] The electrodes, containing avidin (binding agent)
and choline oxidase (substrate generating enzyme) immo-
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bilized within their redox polymer coating, were washed in
Dulbecco”s PBS for 15 minutes to rehydrate the polymer
hydrogel and to remove any non-covalently bound avidin or
choline oxidase. PBS, the pH 7.4 phosphate buffer solution,
was made with the sodium (0.008 M) and potassium (0.002
M) phosphate and with sodium (0.14 M) and potassium
(0.01 M) chlorides. The rehydrated electrodes were then
soaked in 5 ml PBS containing 9 micrograms of biotin-
labeled anti-rabbit IgG (first member of the ligand-ligand
receptor pair) for 30 minutes, followed by washing 10
minutes in PBS to remove any unbound biotin-anti-IgG.
This completed the preparation of the electrode for the assay
of rabbit IgG.

[0061] The completed electrodes were then placed in a test
cell containing 17.5 ml of 20 mM choline in PBS and a
potential of -70 mV vs SCE was applied. The electrodes
were rotated at 1000 rpm. A sample amount of IgG (second
member of the ligand-ligand receptor pair) was added, and
the mixture permitted to incubate for 30 minutes. At the end
of the incubation period, 6.0 micrograms of HRP-labeled
anti-rabbit IgG (third member, labeled with detection
marker) was added and the resulting increase in reduction
current was monitored. The currents were recorded 30
minutes after the addition of the HRP-labeled probe.

[0062] Figure 4 shows the dependence of the hydrogen
peroxide electroreduction current on the concentration of the
ligand, rabbit IgG. The current increased linearly, with the
rabbit IgG concentration over the 1-1000 ng/ml range. A
linear regression analysis of the data yielded an R2 value of
0.89 and a negative current at the intercept where the rabbit
IgG concentration was nil, suggesting that some rabbit IgG
was lost from the solution through adsorption on the
untreated wall of the Pyrex glass test cell.

[0063] To assess the dependence of the signal-to-noise
ratio on the concentration of the HRP-labeled anti-rabbit
IgG probe, the dependence on the current density on the
molar ratio of HRP labeled anti-rabbit IgG probe to the
ligand IgG was determined. As shown in Figure 5, in the
absence of ligand IgG there was very little noise associated
with non-specific binding of the HRP-labeled anti-rabbit
IgG probe. At a 4:1 ratio, the signal (specific binding) to
noise (non-specific binding) ratio was 15. The results of the
ensemble of control experiments, in which individual com-
ponents of the test system were deleted, are shown below in
Table 1.

TABLE 1
Electrode Constituents Antigen Antibodies
PEGDGE  Choline Rabbit  Biotin: HRP: Reagents  Signal
Polymer 400 Oxidase  Avidin 1gG Ab Ab Choline  pAfem?

+ + - + + + + + 0
+ + + - + + + + 0.12
+ + + + - + + + 0-0.1
+ + + + + - + + 0.17
+ + + + - + - + 0.03
+ + + + - - - + 0.03
- - - - + - + - 0
- - - - - - - + 0
+ + + + + + + + 1.03
+ + + + + + + 1.06
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[0064]

[0065] The residual current density, following deletion of
any of the essential components, was equal to or smaller
than the current density when the analyte itself (rabbit IgG)
was absent. In the presence of choline, but without any
immunoreagent, the current density was only 0.03 uA/cm?,
showing, as expected, that choline oxidase was so poorly
"wired”, if at all, that electroreduction of choline did not
interfere with the assay. When the avidin-containing redox
hydrogel was not activated with biotin-labeled anti-rabbit
IgG, the current density was 0.17 gA/cm?2, about one fifth of
that observed in a typical assay.

[0066] The dependence of the current density on the
biotin-labeled anti-rabbit IgG loading of the electrodes is
shown in Figure 6.

[0067] In aseparationless assay when the concentration of
the rabbit IgG, F(ab'), fragments was 86 mg/mL and the
concentration of the HRP-labeled anti-rabbit IgG was 344
mg/mL. (HRP is horseradish peroxidase), and with only
choline added to the test solution, a current density of 1.5 uA
cm™ was observed.

[0068] Varying the ionic strength of the test buffer influ-
enced the level of both the signal and the noise. Both signal
and noise decreased rapidly as salt content increased, with
the noise level dropping to essentially zero for salt concen-
trations of 0.2 M and above.

[0069] When the F(ab"), antibody fragments were
replaced with whole antibodies, the signal to noise ratio was
about 4:1 under identical conditions.

[0070] Study of the effect of the duration of the steps of (a)
the activation with biotin-labeled anti-rabbit IgG, (b) the
binding of IgG and (c) the binding of HRP-labeled anti-
rabbit IgG were examined when the concentrations of the
three reagents were, respectively, 1800 ng/ml, 86 ng/ml, and
344 ng/ml. The signal current reached its plateau after 15
minutes of incubation in the activation step. When the
incubation time was halved to 7.5 minutes, 75 % of the
current was retained. In the rabbit IgG exposure step, the
current plateau was reached in 15 minutes, and shortening of
the incubation period to 10 minutes resulted in only a 10%
reduction in current. For the final step of binding HRP
labeled anti-IgG, the current did not level off in 30 minutes,
but increased linearly with time, becoming easily measur-
able in about 5 minutes.

[0071] These data demonstrated a separationless electro-
chemical immunoassay system, requiring no washing steps,
nor toxic or unstable additives to the analyzed fluid. The
platform of the assay is a redox hydrogel that conducts
¢lectrons, in which avidin and choline oxidase are co-
immobilized. This hydrogel is permeable to large biological
molecules, including antibodies and enzyme labeled anti-
bodies. The choline oxidase in the gel catalyzes the reaction
of choline and oxygen, whereby betaine aldehyde and
hydrogen peroxide are produced within the sensing layer.
Hydrogen peroxide is electroreduced in this layer to water at
potentials negative of 400 mV (SCE) preferably between -70
mV (SCE) +150 mV (SCE), after components of the elec-
trocatalyst are assembled in the sandwich of the immunoas-
say. Once the platform of co-immobilized avidin and choline
oxidase in the electron conducting hydrogel is in place, the
probe is activated with the desired biotinylated immu-

Sep. 26, 2002

noreagent. If the assayed fluid contains the complementary
immunoreagent and if a peroxidase-tagged probe of the
immunoreagent is added, a cathodic current flows as a result
of the catalyzed electroreduction of the H,0,. The detection
limit of the assay is about 4 ng/ml for the IgG/anti-IgG
system, and the assay of a sample is completed within about
20 minutes or less.

[0072] The magnitude of the observed current densities, 2
uA/em?, was high enough to provide for miniaturization to
10 micrometer diameter electrodes, sufficient to assure that
mass transport and electron transport both be radial. Because
in microelectrodes, where electron transport between the
"wired” enzyme and the electrode is radial, the current
density is higher by a factor of 4= than in the semi-infinite
planar electrodes of the Example, it is estimated that the
current will be of about 20 picoamperes in the 10 microme-
ter diameter electrodes.

[0073] The present invention should not be considered
limited to the particular examples described above, but
rather should be understood to cover all aspects of the
invention as fairly set out in the attached claims. Various
modifications, equivalent processes, as well as numerous
structures to which the present invention may be applicable
will be readily apparent to those of skill in the art to which
the present invention is directed upon review of the instant
specification.

Claims

1. 18.A method for detecting a second member of a
ligand-ligand receptor pair in a sample; the method com-
prising: contacting the sample with an electrode having
immobilized thereon a first member of the ligand-ligand
receptor pair and with a third member that binds the second
member to form a first member-second member-third mem-
ber complex, the third member labeled with a detection
marker; wherein the detection marker-labeled first member-
second member-third member complex generates an elec-
trical signal when a potential is applied to the electrode; and
correlating the generated electrical signal with the presence
or amount of the second member in the sample.

2. 19.The method according to claim 18, wherein the first
member is immobilized in a redox polymer on the electrode.

3. 20.The method according to claim 18, wherein the
electrode further comprises an immobilized substrate gen-
erating enzyme, the substrate generating enzyme generating
a detection compound.

4. 21. The method according to claim 20, wherein the
substrate generating enzyme is immobilized in the redox
polymer.

5. 22.The method according to claim 20, wherein the
substrate generating enzyme comprises one or more reaction
centers, and wherein the reaction centers do not exchange
electrons with the electrode.

6. 23.The method according to claim 21, wherein the
substrate generating enzyme comprises one or more reaction
centers, and wherein the reaction centers do not exchange
electrons with the redox polymer.

7. 24.The method according to claim 20, wherein the
substrate generating enzyme comprises choline oxidase.

8. 25.The method according to claim 21, wherein the
substrate generating enzyme comprises choline oxidase.

9. 26.The method according to claim 18, wherein the first
member is immobilized in a film coating the electrode.
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10. 27. The method according to claim 26, wherein the
film comprises a binding agent that binds the first member.

11. 28.The method according to claim 18, wherein the first
member is non-covalently bound to a film coating the
electrode.

12. 29. The method according to claim 27, wherein the
binding agent covalently binds the first member.

13. 30.The method according to claim 27, wherein the
binding agent is avidin or streptavidin, and the first member
is biotinylated.

14. 31.The method according to claim 20, wherein the
detection compound comprises hydrogen peroxide.

15. 32.The method according to claim 18, wherein the
detection marker comprises peroxidase.

16. 33.The method according to claim 32, wherein the
peroxidase is horseradish peroxidase or soybean peroxidase.

17. 34.The method according to claim 18, wherein the
potential applied to the electrode is not more reducing than
-0.0V versus the saturated calomel electrode (SCE) and not
more oxidizing than +0.4V versus the saturated calomel
electrode (SCE).

18. 35.The method according to claim 18, wherein con-
tacting further comprises the step of rotating the electrode
within the sample.

19. 36.The method according to claim 18, wherein the
sample comprises blood.

20. 37.A method for detecting a second member of a
ligand-ligand receptor pair in a sample; the method com-
prising: contacting the sample with a sensor wherein the
sensor comprises; an electrode; a redox polymer film on the
electrode; a substrate generating enzyme on the electrode
that generates a detection compound; a first member of the
ligand-ligand receptor pair that binds the second member,
the first member on the electrode; and with a third member
that binds the second member, the third member labeled with
a detection marker that reacts with the detection compound
to form a first member-second member-third member com-
plex; wherein the detection marker-labeled first member-
second member-third member complex generates an elec-
trical signal in the presence of the detection compound when
a potential is applied to the electrode; and correlating the
generated electrical signal with the presence or amount of
the second member in the sample.
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21. 38.The method according to claim 37, wherein the
substrate generating enzyme comprises one or more reaction
centers, and wherein the reaction centers do not exchange
electrons with the redox polymer.

22. 39.The method according to claim 37, wherein the
substrate generating enzyme is choline oxidase.

23. 40.The method according to claim 37, wherein the
redox polymer film on the electrode further comprises a
binding agent that binds the first member.

24. 41.The method according to claim 40, wherein the
binding agent covalently binds the first member.

25. 42.The method according to claim 40, wherein the
binding agent non-covalently binds the first member.

26. 43.The method according to claim 40, wherein the
binding agent is avidin or streptavidin, and the first member
is biotinylated.

27. 44.The method according to claim 37, wherein the
detection compound is hydrogen peroxide.

28. 45.The method according to claim 44, wherein the
detection marker is peroxidase 46.The method according to
claim 45, wherein the peroxidase is horseradish peroxidase
or soybean peroxidase.

29. 47.The method according to claim 37, wherein poten-
tial applied to the electrode is not more reducing than -0.0V
versus the saturated calomel electrode (SCE) and not more
oxidizing than +0.4V versus the saturated calomel electrode
(SCE).

30. 48.The method according to claim 37, wherein the
contacting further comprises rotating the electrode within
the sample.

31. 49.The method according to claim 37, wherein the
sample comprises blood.

32. 50.The method according to claim 37, wherein the
first member of the ligand-ligand receptor pair is an antigen
and the second member of the ligand-ligand receptor pair is
an antibody.

33.51.The method according to claim 37 wherein the first
member of the ligand-ligand receptor pair is a growth factor
receptor and the second member of the ligand-ligand recep-
tor pair is a growth factor.

34.52.The method according to claim 37 wherein the first
member of the ligand-ligand receptor pair and the second
member of the ligand-ligand receptor pair are complemen-
tary strands of nucleic acid.
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