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(57) ABSTRACT 

A method of detecting tWo di?cerent target molecules 
through a single electrode is carried out by (a) providing a 
conductive oxidation-reduction reaction detection electrode; 
(b) contacting a sample suspected of containing a ?rst and 
second target molecule to the electrode under conditions in 
Which the ?rst and second target molecules are deposited on 
the electrode, Wherein the ?rst target molecule comprises a 
?rst label and the second target molecule comprises a second 
label; (0) contacting to the electrode a ?rst transition metal 
complex that oxidizes the ?rst preselected label in a ?rst 
oxidation-reduction reaction and a second transition metal 
complex that oxidiZes the ?rst and second labels in a second 
oxidation-reduction reaction, With the ?rst and second oxi 
dation-reduction reactions producing di?cerent detectable 
signals; (d) detecting the presence of the ?rst target molecule 
by detecting the ?rst oxidation-reduction reaction; and(e) 
detecting the presence of the second target molecule by 
detecting the second oxidation-reduction reaction. Devices 
for carrying out the method are also described. 
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METHODS FOR THE ELECTROCHEMICAL 
DETECTION OF MULTIPLE TARGET 

COMPOUNDS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application 60/324,377, ?led on Sep. 24, 2001, the 
disclosure of Which is incorporated herein by reference in its 
entirety. 

FIELD OF THE INVENTION 

[0002] The present invention concerns methods for the 
electrochemical detection of members of speci?c binding 
pairs. 

BACKGROUND OF THE INVENTION 

[0003] The detection of individual DNA sequences in 
heterogenous samples of DNA provides a basis for identi 
fying genes, DNA pro?ling, and novel approaches to DNA 
sequencing. One approach to DNA hybridization detection 
involves the use of surface bound DNA sequences Which can 
be assayed using an analytical response that indicates 
hybridiZation of the surface-bound oligomer to a sequence in 
the heterogeneous sample. These prior analytical methods 
generally involve laser-induced ?uorescence arising from a 
covalently attached label on the target DNA strand, Which 
methods are not sensitive to single-base mismatches in the 
surface-bound duplex. For example, US. Pat. Nos. 5,143, 
854 and 5,405,783 to Pirrung et al.; Fodor, et al., Nature 
364:555 (1993); Bains, AngeW. Chem. 107:356 (1995); and 
Noble, Analytical Chemistry 67(5):201A (1995) propose 
surfaces or “chips” for this application. In an alternate 
method, proposed by Hall, et al., Biochem. and Molec. Bio. 
Inter. 32(1):21 (1994), DNA hybridization is detected by an 
electrochemical method including observing the redox 
behavior of a single stranded DNA as compared to a double 
stranded DNA. This technique is also not sensitive to 
single-base mismatches in the DNA sample. 

[0004] US. Pat. Nos. 5,871,918 and 6,132,971 to Thorp et 
al. describe methods and apparatus for electrically detecting 
a target molecule by detecting a preselected base in an 
oxidation-reduction reaction. The methods and apparatus 
disclosed therein may be used in a variety of applications, 
including DNA sequencing, diagnostic assays, and quanti 
tative analysis. The methods can advantageously be imple 
mented in a variety of different assay formats and structures, 
including multi-Well plates, With a different assay carried out 
in each Well. HoWever, these references do not describe hoW 
to carry out multiple assays in a single Well. 

SUMMARY OF THE INVENTION 

[0005] A ?rst aspect of the present invention is a method 
of detecting tWo different target molecules through a single 
common electrode. In general, the method comprises the 
steps of: 

[0006] (a) providing a conductive oxidation-reduction 
reaction detection electrode; 

[0007] (b) contacting (e.g., by affinity binding, precipita 
tion, etc.) a sample to said electrode, (as discussed further 
beloW), said sample suspected of containing a ?rst and 
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second target molecule, under conditions in Which the ?rst 
and second target molecules are deposited on the electrode, 

[0008] Wherein the ?rst target molecule comprises a ?rst 
preselected label, the second target molecule comprises a 
second preselected label, and the ?rst and second preselected 
labels are different; 

[0009] (c) simultaneously contacting to the electrode (i) a 
?rst transition metal complex that oxidiZes the ?rst prese 
lected label in an oxidation-reduction reaction to cause a ?rst 
oxidation-reduction reaction betWeen the ?rst transition 
metal complex and the ?rst preselected label and (ii) a 
second transition metal complex that oxidiZes the ?rst and 
second preselected labels in an oxidation-reduction reaction 
to cause a second oxidation-reduction reaction betWeen the 
second transition metal complex and the second preselected 
label, from Which preselected labels there is electron transfer 
to the corresponding transition metal complexes resulting in 
regeneration of the reduced form of the corresponding 
transition metal complex as part of a catalytic cycle, With the 
?rst and second oxidation-reduction reactions producing 
different detectable signals; 

[0010] (d) detecting the presence of the ?rst target mol 
ecule by detecting the the ?rst oxidation-reduction reaction; 
and 

[0011] (e) detecting the presence of the second target 
molecule by detecting the second oxidation-reduction reac 
tion. 

[0012] The contacting step may be carried out by any 
suitable means, such as by sandWich assay, competitive 
assay, direct assay, competitive assay for immobiliZed target 
substance, or binding interaction assay, all of Which are 
discussed in greater detail in section H beloW. 

[0013] In one embodiment of the foregoing, the sample is 
suspected of containing a third target molecule; the third 
target molecule comprises a third preselected label that is 
different from the ?rst and second preselected labels; the 
contacting step (c) further comprises contacting to the 
electrode (iii) a third transition metal complex that oxidiZes 
the ?rst, second and third preselected labels in an oxidation 
reduction reaction to cause a third oxidation-reduction reac 
tion betWeen the third transition metal complex and the third 
preselected label, With the ?rst, second and third oxidation 
reduction reactions producing different detectable signals; 
and the method further comprising the step of: (f) detecting 
the presence of the third target molecule by detecting the 
third oxidation-reduction reaction. 

[0014] In another particular embodiment of the foregoing, 
the sample is suspected of containing a fourth target mol 
ecule; the fourth target molecule comprises a fourth prese 
lected label that is different from the ?rst, second and third 
preselected labels; the contacting step (c) further comprises 
contacting to the electrode (iv) a fourth transition metal 
complex that oxidiZes the ?rst, second, third and fourth 
preselected labels in an oxidation-reduction reaction to 
cause a fourth oxidation-reduction reaction betWeen the 
fourth transition metal complex and the fourth preselected 
label, With the ?rst, second, third and fourth oxidation 
reduction reactions producing different detectable signals; 
the method further comprising the step of: (g) detecting the 
presence of the fourth target molecule by detecting the 
fourth oxidation-reduction reaction. 
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[0015] A second aspect of the present invention is a 
microelectronic device useful for the electrochemical detec 
tion of at least tWo different members of at least tWo different 
binding pairs. The device comprises: 

[0016] (a) a microelectronic substrate; 

[0017] (b) a conductive oxidation-reduction detection 
electrode on the substrate; 

[0018] (c) a ?rst member of a ?rst speci?c binding pair 
(for example, a protein, peptide or oligonucleotide probe) 
immobilized on a non-conductive layer, Which ?rst member 
binds With a second member of the ?rst speci?c binding pair 
present in a sample, the ?rst member of the ?rst binding pair 
being adjacent (or suf?ciently close to) the detection elec 
trode so that an oxidation-reduction reaction occurring upon 
application of a potential to the detection electrode is 
detectable; and 
[0019] (d) a ?rst member of a second speci?c binding pair 
(for example, a protein, peptide or oligonucleotide probe) 
immobilized on a non-conductive layer that binds With a 
second member of the second speci?c binding pair present 
in a sample, the ?rst member of the second binding pair 
being adjacent the detection electrode so that an oxidation 
reduction reaction occurring upon application of a potential 
to the detection electrode is detectable; Wherein the ?rst 
member of the ?rst binding pair and the ?rst member of the 
second binding pair are different. 

[0020] In one particular embodiment of the foregoing, the 
device further comprises a ?rst member of a third speci?c 
binding pair (for example, a protein, peptide or oligonucle 
otide probe) immobilized on a non-conductive layer that 
binds With a second member of the third speci?c binding 
pair present in a sample, the ?rst member of the third binding 
pair being adjacent the detection electrode so that an oxi 
dation-reduction reaction occurring upon application of a 
potential to the detection electrode is detectable; Wherein the 
?rst member of the ?rst binding pair, the ?rst member of the 
second binding pair, and the ?rst member of the third 
binding pair are different. The device may further include a 
?rst member of a fourth binding pair adjacent the detection 
electrode in like manner as described With the other binding 
pairs. 

[0021] In certain embodiments of the foregoing, the 
microelectronic substrate comprises a sample container, 
Which comprises the conductive oxidation-reduction detec 
tion electrode and the immobilized ?rst member of the ?rst 
and second binding pair. 
[0022] In certain embodiments, the microelectronic sub 
strate comprises the sample container Which comprises a 
plurality of conductive oxidation-reduction detection elec 
trodes and a plurality of immobilized ?rst members of the 
?rst and second binding pairs. In certain embodiments the 
device further comprises a conductive reference electrode 
comprising a conducting metal. In certain embodiments the 
device further comprises a conductive auxiliary electrode 
comprising a conducting metal. In certain embodiments the 
oxidation-reduction reaction is detectable via an electrical 
connection from each conductive oxidation-reduction detec 
tion electrode. Thus in certain embodiments the device 
further comprises an oxidation-reduction reaction detector. 

[0023] A third aspect of the present invention is a method 
of detecting at least tWo different hybridization events 
through a common electrode, comprising the steps of: 
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[0024] (a) providing a device as described above; 

[0025] (b) contacting a sample suspected of containing the 
second member of the ?rst binding pair and the second 
member of the second binding pair; 

[0026] (c) simultaneously contacting to the substrate (i) a 
?rst transition metal complex that oxidizes the ?rst prese 
lected label in an oxidation-reduction reaction under condi 
tions that cause a ?rst oxidation-reduction reaction betWeen 
the ?rst transition metal complex and the ?rst preselected 
label and (ii) a second transition metal complex that oxidizes 
the ?rst and second preselected labels in an oxidation 
reduction reaction under conditions that cause a second 
oxidation-reduction reaction betWeen the second transition 
metal catalyst and the second preselected label, from Which 
preselected labels there is electron transfer to the transition 
metal complex, resulting in regeneration of the reduced form 
of the corresponding transition metal complex as part of a 
catalytic cycle, and With the ?rst and second oxidation 
reduction reactions producing different detectable signals; 

[0027] (d) detecting the presence of the second member of 
the ?rst binding pair from the detection of the ?rst oxidation 
reduction reaction; and 

[0028] (e) detecting the presence of the second member of 
the second binding pair from the detection of the second 
oxidation-reduction reaction. 

[0029] Examples of suitable transition metal complexes in 
the foregoing include, but are not limited to, Ru(bpy)32+, 
Ru(Me2-bpy)32+, Ru(Me2-phen)32+, Fe(bpy)32+, Fe(5-Cl 
phen)32+, Os(5-Cl-phen)32+, Os(bpy)32+, Os(Me2-bpy)32+ 
(full names of Which are given beloW), ferrocene, aminof 
errocene, and ReO2 (py)4l+. 

[0030] In the methods and apparatus herein, examples of 
suitable preselected labels for nucleic acids include but are 
not limited to adenine, guanine, and analogs thereof such as, 
8-oxoguanine, 8-oxoadenine, 7-deazaguanine, 7-deazaad 
enine. 

[0031] In some embodiments of the foregoing, the probe/ 
?rst member of the ?rst binding pair and probe/ ?rst member 
of the second binding pair are oligonucleotides. 

[0032] In some embodiments of the foregoing, the probe/ 
?rst member of the ?rst binding pair and the ?rst member of 
the second binding pair are peptides or proteins. 

[0033] In still other embodiments of the foregoing, the 
probe/ ?rst member of the ?rst binding pair is an oligonucle 
otide; and the probe/?rst member of the second binding pair 
is a protein or peptide. 

[0034] In certain embodiments of the foregoing, the target 
molecules/second member of the ?rst binding pair and the 
second member of the second binding pair are proteins or 
peptides. 

[0035] In other embodiments of the foregoing, the target 
molecules/second member of the ?rst binding pair and the 
second member of the second binding pair are oligonucle 
otides. 

[0036] In still other embodiments of the foregoing, the 
target molecule/ second member of the ?rst binding pair is a 
protein or peptide, and the target molecule/ second member 
of the second binding pair is an oligonucleotide. 
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[0037] In some embodiments of the invention, at least one 
of the second member of the ?rst binding pair and the second 
member of the second binding pair is a nucleic acid such as 
DNA or RNA. Such methods may further comprise the step 
of amplifying the nucleic acid prior to the contacting step. 

[0038] In certain embodiments of the foregoing, the elec 
trode is carried by a microelectronic substrate (e.g., silicon 
or glass). 

[0039] In certain embodiments of the foregoing, the elec 
trode comprises indium tin oxide. 

[0040] In certain embodiments of the foregoing, the 
detecting steps are carried out by multiple step chrono 
amperometry or cyclic voltametry. 

[0041] The foregoing and other objects and aspects of the 
present invention are explained in detail in the speci?cation 
set forth beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0042] FIG. 1A shoWs the strategy for simultaneous 
detection of multiple DNA sequences. Genes of interest are 
ampli?ed in the presence of modi?ed bases. The resulting 
PCR products are precipitated onto the ITO surface and 
detected by voltammetry of metal complexes Whose redox 
potentials match those of the modi?ed bases. 

[0043] FIG. 1B shoWs the structures of 7-deazaadenine 
and 7-deazaguanine. 

[0044] FIG. 2 shoWs a schematic representation of the 
strategy used to generate 330 and 1200 base pair PCR 
products using E. coli dacA gene as the template. Primer 
sequences: CAT GAA TAC CAT TTT TTC CGC TC (up; 
base pairs 242-264), CGG GTT ACC GGT GGC CCA T 
(mid; base pairs 554-572), and TTT AAC CAA ACC AGT 
GAT GGAACA TT (doWn, base pairs 1430-1455). Also are 
shoWn approximate positions of SmaI, ClaI, and NspI 
restriction sites. 

[0045] FIG. 3A shoWs the recognition sequences of 
restriction endonucleases SmaI, ClaI, and NspI. 

[0046] FIG. 3B shoWs the restriction digests of PCR 
product 1. Lanes: 1, (PX l74/HaeIII DNA ladder; 2, no 
restriction enzyme; 3, SmaI; 4, ClaI; 5, NspI. 

[0047] FIG. 3C shoWs the restriction digests of PCR 
product 2. Lanes: 1, (PX l74/HaeIII DNA ladder; 2, no 
restriction enzyme; 3, SmaI; 4, ClaI; 5, NspI. 

[0048] FIG. 3D shoWs the restriction digests of PCR 
product 4. Lanes: 1, (PX l74/HaeIII DNA ladder; 2, no 
restriction enzyme; 3, SmaI; 4, ClaI; 5, NspI. 

[0049] FIG. 3E shoWs the restriction digests of PCR 
product 6. Lanes: 1, (PX l74/HaeIII DNA ladder; 2, no 
restriction enzyme; 3, SmaI; 4, ClaI; 5, NspI. 

[0050] FIG. 4A shoWs cyclic voltammograms of 25 uM 
Fe(bpy)32+ and Ru(bpy)32+ on unmodi?ed and DNA-modi 
?ed ITO electrodes collected at 10 V/sec in 50 mM sodium 
phosphate, pH 7. ITO surface Was modi?ed With 750 pmol 
of PCR products 1, 2, or 3 (see Table l for nomenclature) 

[0051] FIG. 4B shoWs a histogram of average peak cur 
rents for the tWo metal complexes from three independent 
experiments. Error bars represent one standard deviation. 
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[0052] FIG. 5A shoWs cyclic voltammograms of 25 uM 
Ru(Me2bpy)32+ and Ru(bpy)32+ on ITO electrodes modi?ed 
With no DNA, or 750 pmol PCR products 7, or 8 (see Table 
l for nomenclature). Voltammograms Were taken at 10 V/ sec 
in 50 mM sodium phosphate, pH 7. 

[0053] FIG. 5B shoWs a histogram of average peak cur 
rents With one standard deviation for the tWo metal com 
plexes determined in three independent experiments. 

[0054] FIG. 6A shoWs cyclic voltammograms of 25 uM 
Fe(bpy)32+ and Ru(bpy)32+ on unmodi?ed and DNA-modi 
?ed ITO electrodes collected at 10 V/sec in 50 mM sodium 
phosphate, pH 7. ITO surface Was modi?ed With 750 pmol 
of PCR products 1, 4, or 5 (see Table l for nomenclature) 

[0055] FIG. 6B shoWs a histogram of average peak cur 
rents for the tWo metal complexes from three independent 
experiments. Error bars represent one standard deviation. 

[0056] FIG. 7A shoWs cyclic voltammograms of 25 uM 
Ru(Me2bpy)32+ and Ru(bpy)32+ on ITO electrodes modi?ed 
With no DNA, or 210 pmol PCR products 1, or 4 (see Table 
l for nomenclature). Voltammograms Were taken at 10 V/ sec 
in 50 mM sodium phosphate, pH 7. 

[0057] FIG. 7B shoWs a histogram of average peak cur 
rents With one standard deviation for the tWo metal com 
plexes determined in three independent experiments. 

[0058] FIG. 8A shoWs cyclic voltammograms of 25 uM 
Ru(Me2bpy)32+ and Ru(bpy)32+ on unmodi?ed and modi?ed 
ITO electrodes collected at 10 V/sec in 50 mM sodium 
phosphate, pH 7. Electrodes Were incubated for 4 hours With 
750 pmol PCR products 1, 4, or 6 (see Table l for nomen 
clature). 
[0059] FIG. 8B shoWs a histogram of average peak cur 
rents With one standard deviation for the tWo metal com 
plexes determined in three independent experiments. 

[0060] FIG. 9A shoWs representative cyclic voltammo 
grams of 25 uM Ru(Me2bpy)32+ and Ru(bpy)32+ on ITO 
electrodes modi?ed With no DNA or mixtures of PCR 
products. PCR product 8 Was co-immobilized With PCR 
product 1 or 4 at the same nucleotide quantity (750 pmol) 
(see Table l for PCR product nomenclature). Voltammo 
grams Were taken in 50 mM sodium phosphate, pH 7 at 10 
V/sec. 

[0061] FIG. 9B shoWs a histogram of the average peak 
currents With one standard deviation for the tWo metal 
complexes determined on three sets of electrodes. 

[0062] FIG. 10A shoWs representative cyclic voltammo 
grams of 25 uM Ru(Me2bpy)32+ and Ru(bpy)32+ on ITO 
electrodes modi?ed With no DNA or mixtures of PCR 
products. PCR product 8 Was co-immobilized With PCR 
product 1 or 4 at the same strand quantity (30 fmol) (see 
Table l for PCR product nomenclature). Voltammograms 
Were taken in 50 mM sodium phosphate, pH 7 at 10 V/sec. 

[0063] FIG. 10B shoWs a histogram of average peak 
currents With one standard deviation for the tWo metal 
complexes determined in three independent experiments. 

[0064] FIG. 11. The dotted line is for the-metal complexes 
alone. Dashed line is for single-stranded 1. Solid line is for 
l hybridized to its exact complement 2. Large dashed lines 
are for l hybridized to oligonucleotides 3-5, Which contain 
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1 or 2 bases that are mismatches to 8-oxo-adenine or 
8-oxo-guanine. All cyclic voltammograms Were collected at 
25 mV/s. 

[0065] FIG. 12. Second-order rate constants for the oxi 
dation of 8-oxo-adenine or 8-oxo-guanine in 1 as a function 
of base pairing in the complementary strands. The black bars 
are for 80G and the gray bars are for 8OA. Rate constants 
Were determined by digital simulation as described previ 
ously. Error bars are the standard deviations determined 
from three independent experiments. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0066] The terminology used in the description of the 
invention herein is for the purpose of describing particular 
embodiments only and is not intended to be limiting of the 
invention. As used in the description of the invention and the 
appended claims, the singular forms “a”, “an” and “the” are 
intended to include the plural forms as Well, unless the 
context clearly indicates otherWise. 

[0067] “Target molecule” as used herein refers to any type 
of molecule for Which detection may be desired, including 
but not limited to peptides, proteins, nucleic acids, polysac 
charides, lipids, lipoproteins, etc. 

[0068] “Binding pair” refers to a pair of molecules, one of 
Which may be a target molecule, Which members of said pair 
of molecules speci?cally and selectively bind to one another. 
Examples of suitable binding pairs include, but are not 
limited to: nucleic acid and nucleic acid; protein or peptide 
and nucleic acid; protein or peptide and protein or peptide; 
antigens and antibodies; receptors and ligands, haptens, or 
polysaccharides, etc. Members of binding pairs are some 
times also referred to as “binders” herein. 

[0069] The term “nucleic acid” as used herein refers to any 
nucleic acid, including both DNA and RNA. Nucleic acids 
of the present invention are typically polynucleic acids; that 
is, polymers of individual nucleotides that are covalently 
joined by 3', 5' phosphodiester bonds. 

[0070] The term “complementary nucleic acid” as used 
herein refers to any nucleic acid, including oligonucleotide 
probes, that speci?cally binds to another nucleic acid to form 
a hybridiZed nucleic acid. 

[0071] The phrase “determining the presence or absence 
of’ is intended to include both qualitatively determining and 
quantitatively determining the presence or absence of the 
detected event (e.g., DNA hybridiZation, RNA hybridiZa 
tion, detecting target nucleic acid, etc.). 

[0072] The terms “hybridized DNA” and “hybridized 
nucleic acid” refer to a single-stranded DNA Which is 
hybridiZed to form a double-stranded DNA or nucleic acid, 
or a double-stranded DNA or nucleic acid Which is hybrid 
iZed to form triple helix DNA or nucleic acid. 

[0073] The term “probe” as used herein refers to a mol 
ecule Which speci?cally binds to another molecule in a 
binding pair, Which probe molecule may be used to deter 
mine the presence or absence of the other molecule. Probes 
may be any member of a binding pair and include, for 
example, proteins, peptides, natural or synthetic nucleic 
acids such as DNA or RNA, etc. 
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[0074] The term “sample” as used herein refers to What is 
applied to or deposited on the electrode, Which sample may 
be derived or obtained from a single source, or derived or 
obtained from a plurality of sources. The term “deposited on 
the electrode” as used herein means, for example, that the 
sample may be deposited (a) on the surface of the electrode, 
or (b) on the nonconductive layer of the electrode, or (c) on 
a capture probe on (i) the surface of the electrode, or (ii) on 
the nonconductive layer, or (iii) adjacent the electrode and 
suf?ciently close thereto so that an oxidation reduction 
reaction occuring at the probe or at a target captured by that 
probe is detected at the adjacent electrode. 

[0075] The phrase “simultaneously contacting” as used 
herein means that complexes are present on or at a detection 
electrode at the same time, Whether they are added to the 
electrode simultaneously or sequentially. 

[0076] While the methods and apparatus of the present 
invention are sometimes explained With respect to DNA 
herein, this is for purposes of clarity, and it is to be 
understood that the methods and Apparatus of the instant 
invention may be applied to other nucleic acids such as 
RNA, and other targets or members of a speci?c binding pair 
such as protein. 

[0077] The present invention may be carried out utiliZing 
techniques described in, among other things, U.S. Pat. Nos. 
5,871,918 and 6,132,971 to Thorp et al., the disclosures of 
Which are to be incorporated by reference herein in their 
entirety. 
A. Labels 

[0078] In general, a label used to carry out the present 
invention is any compound, moiety or group that can be 
oxidiZed Within a suitable voltage range for implementing 
the present invention, such as a range of about 0 or 0.2 volts 
up to about 1.4 or 1.6. volts. For example, the labels utiliZed 
in the invention may be selected from the group consisting 
of preselected peptides and preselected nucleotide bases, 
and may be endogenous or exogenous labels. The labels do 
not include transition metal complexes, Which are used in 
the invention as mediators to transfer electrons to the 
conductive substrate. The labels have an oxidation potential 
approximately equal to or less than that of the transition 
metal mediator. 

[0079] When the target molecule is a nucleic acid, the 
label may be a preselected base on that nucleic acid. 
Examples of suitable preselected bases include but are not 
limited to guanine, adenine, 8-oxo-guanine, and 8-oxo 
adenine, 8-bromo-guanine, guanosine, xanthosine, Wyosine, 
pseudouridine, 6-mercaptoguanine, 8-mercaptoguanine, 
2-thioxanthine, 6-thioxanthine, 6-mercaptopurine, 2-amino 
6-carboxymethyl-mercaptopurine, 2-mercaptopurine, 
6-methoxypurine, 2-acetylamino-6-hydroxypurine, 6-meth 
ylthio-2-hydroxypurine, 2-dimethylamino-6-hydroxypu 
rine, 2-hydroxypurine, 2-aminopurine, 6-amino-2-dimethy 
lallyl-purine, 2-thioadenine, 8-bydroxyadenine, 
8-methoxyadenine, 5-aminocytosine, 5-aminouridine, and 
6-aminocytosine. Typically, the preselected base is selected 
from the group consisting of guanine, adenine, 8-oxo 
guanine, 8-oxo-adenine, 7-deaZaguanine, 7-deaZaadenine, 
5-aminocytosine, 5-aminouridine, and 6-aminocytosine 
With guanine being the currently preferred naturally occur 
ring preselected base and 7-deaZaguanine the currently 
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preferred synthetic preselected base. Preselected bases that 
are readily oxidized or reduced can be designed using 
theoretical methods described in Baik, M.-H. et al., J. Phys. 
Chem. B (2001), in press. 

[0080] The method of the invention may be used to 
electrochemically detect targets containing endogenous 
labels, for example, particular amino acids in proteins. 
Endogenous labels are moieties that are contained naturally 
Within any of the binding members of the assay. For the 
purposes of electrochemical protein detection, endogenous 
labels are oxidiZed or reduced in a catalytic reaction With a 
mediator. In the protein-detection system, these moieties 
include amino acids that are oxidiZed by catalytic mediated 
electrochemistry in the potential range of interest (600-1200 
mV) and at potentials beloW that required for the oxidation 
of Water. This includes cysteine, tyrosine, tryptophan, and 
histidine. Other amino acids are also oxidiZable but not 
under the assay conditions described here. 

[0081] Because amino acids oxidiZable in the potential 
range of 600-1200 mV are present in most protein molecules 
(and hence in target molecules), proteins can be directly 
detected by catalytic mediated electrochemistry. This is 
particularly true for large proteins and proteins rich in 
tryptophan or tyrosine. 

[0082] Exogenous labels are moieties that are added to 
binding members or targets by synthetic, arti?cial, natural, 
or other means. The role of exogenous labels is to impart 
electrochemical activity on a molecule that Would otherWise 
be electrochemically inactive or to increase the electro 
chemical activity of an already active molecule. Examples of 
exogenous labels used for mediated catalytic electrochemi 
cal detection include peptides, peptides With modi?ed amino 
acids, other proteinaceous electron donor and acceptor com 
pounds, and oligonucleotides containing preselected nucle 
otide bases that undergo oxidation-reduction by mediated 
electrochemistry. Other electron donor or acceptor com 
pounds that can be covalently attached to proteins may be 
used as labels for electrochemical detection of protein 
targets and other substances and Would be obvious to those 
skilled in the art. In particular, donor compounds that are 
oxidiZed at potentials approximately 20.6 V (vs. Ag/AgCl) 
are useful as labels because they can be oxidiZed by medi 
ated electrochemistry under conditions in Which there is no 
background signal from oxidation of nucleic acids or amino 
acids present in the assay. Examples of loW-potential labels 
are peptides containing the modi?ed amino acids 5-hydrox 
ytptophan; 3-aminotyrosine; and 3,4-dihydroxyphenylala 
nine. These modi?ed amino acids each have an oxidation 
potential approximately 20.47 V (vs. Ag/AgCl) and are 
Well-suited to react in a mediated catalytic oxidation-reduc 
tion reaction With the transition metal mediator, Os(Me2 
bpy)32+, Which has an oxidation-reduction potential of about 
0.47 V (vs. Ag/AgCl). 

[0083] A number of labels that have been previously 
described for detection of binding interactions are not Well 
suited for use herein and are not included in this application. 
For example, omitted as labels for mediated electrochemical 
detection are transition metal complexes and enZyme labels 
that require a substrate to generate electrochemical or optical 
signal through enZymatic catalysis. In the mediated catalytic 
electrochemical detection of the invention, the transition 
metal complex acts as a catalyst and not as a label. 
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B. Transition Metal Complex Mediators of Oxidation-Re 
duction Reactions 

[0084] A mediator used to carry out the present invention 
is any compound, typically a transition metal complex, that 
enables or makes possible electron transfer to a correspond 
ing label as described above. In general, a different mediator 
Will be used for each label, to Which a particular mediator 
corresponds. The mediator may be any molecule such as a 
cationic, anionic, non-ionic, or ZWitterionic molecule that is 
reactive With the electrochemical label at a unique oxidation 
potential to transfer electrons from the label to the electrode. 
It is important that the mediators used in the invention herein 
be selected to exhibit a reversible redox couple at about the 
same oxidation potential or higher than that observed for the 
label that is being detected. Thus, to use tyrosine or tryp 
tophan as the label, the mediator must have an oxidation 
potential of about 20.65 V or 20.8 V vs. Ag/AgCl, respec 
tively. Suitable mediators Would be Os(bpy)32+ and 
Fe(bpy)32+, respectively. Similarly, in order to use guanine 
as the label, the mediator must have an oxidation potential 
about 21.1 V vs. Ag/AgCl, and an appropriate mediator is 
Ru(bpy)32+. Other examples of suitable mediators for use in 
the methods of the present invention are transition metal 
complexes, including, for example, Ruthenium2+(2,2' 
bipyridine)3(“Ru(bpy)32+”); Ruthenium2+(4,4'-dimethyl-2, 
2'-bipyridine)3(“Ru(Me2-bpy)32+”); Ruthenium2+(5,6-dim 
ethyl-l , l O-phenanthroline)3 (“Ru(Me2-phen)32+”); Iron2+(2, 
2'-bipyridine)3(“Fe(bpy)32+”); Iron2+(4,4'-dimethyl-2,2' 
bipyridine)3(“Fe(Me2-bpy)32+”); Iron2+(5 
chlorophenanthroline)3(“Fe(5-Cl-phen)32+”); Iron2+(4,4' 
dimethyl-2,2'-bipyridine)(bipyridine)2(“Fe(Me2 
bpy)(bpy)22+”); Iron2+(4,4'-dimethyl-2,2' 
bipyridine/)2(bipy?dine)(“FBUVIBZ-bPy)2(bPy)2+”); 
Osmium2+(2,2'-bipyridine)3(“Os(bpY)32+”); Osmium2+(4, 
4'-dimethyl-2,2'-bipyridine)3(“Os(Me2-bpy)32+”); 
Osmium2+(5-chlorophenanthroline)3(“Os(5-Cl-phen)32+”); 
Osmium2+(4,4'-dimethyl-2,2' 
bipyridine)(bipyridine)2(“Os(Me2-bpy)(bpy)22+”); 
Osmium2+(4,4'-dimethyl-2,2' 
bipyridine)2(bipyridine)(“Os(Me2-bpy)2(bpy)2+”); diox 
orheniumll+phosphine; and dioxorheniuml+pyridine 
(“ReO2(py)4l+”). Some anionic complexes useful as media 
tors arer R11(bPy)(($O3)2-br>y)22‘ and Ru(bPy)((CO2)2 
bpy)22_ and some ZWitterionic complexes useful as media 
tors are R11(bPy)2(($O3)2-bPy) and Ru(bPy)2((C02)2-bPy) 
Where (SO3)2-bpy2_ is 4,4'-disulfonato-2,2'-bipyridine and 
(CO2)2-bpy2_ is 4,4'-dicarboxy-2,2'-bipyrdine. Derivatives 
of the ferrocene molecular are also excellent mediators. 
Suitable substituted derivatives of the pyridine, bipyridine 
and phenanthroline groups may also be employed in com 
plexes With any of the foregoing metals. Suitable substituted 
derivatives include but are not limited to 4-aminopyridine; 
4-dimethylpyridine; 4-acetylpyridine; 4-nitropyridine; 4,4' 
diamino-2,2'-bipyridine; 5,5'-diamino-2,2'-bipyridine; 6,6' 
diamino-2,2'-bipyridine; 5,5'-dimethyl-2,2'-bipyridine; 6,6' 
dimethyl-2,2'-bipyridine; 4,4'-diethylenediamine-2,2' 
bipyridine; 5,5'-diethylenediamine-2,2'-bipyridine; 6,6' 
diethylenediamine-2,2'-bipyridine; 4,4'-dihydroxyl-2,2' 
bipyridine; 5,5'-dihydroxyl-2,2'-bipyridine; 6,6'-dihydroxyl 
2,2'-bipyridine; 4,4',4"-triamino-2,2',2"-terpyrindine; 4,4', 
4"-triethylenediamine-2,2',2"-terpyridine; 4,4',4" 
trihydroxy-2,2',2"-terpyridine; 4,4',4"-trinitro-2,2',2" 
terpyridine; 4,4',4"-triphenyl-2,2',2"-terpyridine; 4,7 
diamino-l , l O-phenanthroline; 3 ,8-diamino-l ,10 
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phenanthroline; 4,7-diethylenediamine-1,10 
phenanthroline; 3,8-diethylenediamine-1,10 
phenanthroline; 4,7-dihydroxyl- 1 , 10-phenanthroline; 3 ,8 
dihydroxyl-1, 1 O-phenanthroline; 4,7-dinitro-1 ,10 
phenanthroline; 3 ,8 -dinitro -1 , 1 O-phenanthroline; 4 ,7 - 
diphenyl-1, 10-phenanthroline; 3, 8-diphenyl-1 ,10 
phenanthroline; 4,7-disperamine- 1 ,10-phenanthroline; 3 ,8 
disperamine-1,10-phenanthroline; dipyrido[3 ,2-a: 2',2'-c] 
phenaZine; 4,4'-dichloro -2,2'-bipyridine; 5 ,5'-dichloro -2,2' 
bipyridine; and 6,6'-dichloro -2,2'-bipyridine. 

C. Oxidation-Reduction Reaction. 

[0085] The mediator may be reacted With labels in or on 
the captured target, the surrogate target, or the binder under 
conditions su?icient to effect the oxidation-reduction reac 
tion of the mediator With the label via a catalytic reaction. 
The solution in Which the oxidation-reduction reaction takes 
place may be any suitable solution for solubiliZing the 
components of the assay and preferably comprises Water. 
Suitable conditions for permitting the oxidation-reduction 
reaction to occur Will be knoWn to those skilled in the art. 

D. Detection of Oxidation-Reduction Reactions 

[0086] The occurrence of the oxidation-reduction reaction 
of the invention may be detected according to any suitable 
means knoWn to those skilled in the art. For example, the 
occurrence of the oxidation-reduction reaction may be 
detected using a detection (Working) electrode to observe a 
change in the electrochemical signal, Which is indicative of 
the occurrence of the oxidation-reduction reaction. An elec 
trode suitable for the detection of labels in accordance With 
the methods described herein comprises a conductive sub 
strate having a Working surface thereon, and is sensitive to 
the transfer of electrons betWeen the mediator and the label. 
The conductive substrate may be a metallic substrate or a 
non-metallic substrate, including semiconductor substrates. 
Preferably the electrode is a tin-doped indium oxide (ITO) 
electrode, a tin-oxide or an indium oxide electrode. Alter 
natively, the electrode may be of gold, carbon ?ber, carbon 
paste, or glassy carbon. The suitability of a particular 
electrode material ultimately is dependent on the utility of 
that material With the selected label(s) and mediator(s) at 
their required redox potentials. The conductive substrate 
may take any physical form, such as an elongate shaped 
device having a Working surface formed on one end thereof, 
or a ?at sheet having the Working surface on one side 
thereof, for example in the Wells of a microtiter plate. 

[0087] In order to prepare the electrode for modi?cation 
With immobilized biological binding entities, the electrode is 
modi?ed With a suitable nonconductive layer. The noncon 
ductive layer may have one or more of a number of functions 
including providing covalent attachment of biomolecules, 
blocking of nonspeci?c binding to the electrode, and alloW 
ing electron transfer betWeen the mediator and the electrode 
and/ or the mediator and the label. The nonconductive layer 
may be one or more of the folloWing, for example: self 
assembled monolayers (e.g., U.S. Pat. No. 6,127,127); 
cross-linked polymer layers; alkyl silane layers; alkylphos 
phonate-, alkylphosphate-, carboxyalkane-, alkanethiol-, or 
alkylamine-based layers; polymer membranes (as in Us. 
Pat. No. 5,968,745) and/or one or more layers of biomol 
ecules such as proteins, antibodies, biotin-binding molecules 
(avidin, streptavidin, neutravidin), protein A, protein G, 
receptors, or oligonucleotides. In the case of a nonconduc 
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tive layer comprised of biomolecules, the nonconductive 
layer can serve as a capture layer for the binder, target 
protein, the surrogate target, or the af?nity ligand. For 
example, on an electrode designed to detect human chori 
onic gonadotropin (hCG), the nonconductive layer could be 
an anti-hCG capture antibody; on an electrode designed to 
detect a ligand, a receptor molecule could serve as the 
nonconductive layer. Alternatively, the nonconductive layer 
can be a biomolecule that binds the capture molecule such 
as protein A for a capture antibody or an antibody directed 
against the capture molecule (i.e. an anti-streptavidin anti 
body for a binding assay using streptavidin as the capture 
molecule or an anti-receptor antibody for a receptor-based 
assay). Regardless of the nature of the nonconductive layer, 
this layer Will ultimately be placed in contact With a solution 
containing the mediator prior to electrochemical detection. 

[0088] Generally, a reference electrode and an auxiliary 
electrode are also placed in contact With the mediator 
solution in conjunction With the detection electrode. Suitable 
reference electrodes are knoWn in the art and include, for 
example, silver/silver chloride (Ag/AgCl) electrodes, satu 
rated calomel electrodes (SCE), and silver pseudo reference 
electrodes. A suitable auxiliary electrode is a platinum 
electrode. 

[0089] The detection of the electrochemical signal pro 
duced by the catalytic oxidation-reduction of labels permits 
the determination of the presence or absence of speci?c 
substances in a sample. As used herein terms such as 
determining or detecting “the presence or absence” of a 
substance as used to describe the instant invention, also 
include quantitation of the amount of the substance. In the 
invention, the transition metal mediator is oxidiZed by an 
electrode. Then, the mediator is reduced by the label and 
then reoxidiZed at the electrode. Thus, there is electron 
transfer from the label to the transition metal mediator 
resulting in regeneration of the reduced form of the transi 
tion metal mediator as part of a catalytic cycle. The step of 
determining the presence or absence of target in a sample 
typically includes: (i) measuring the electrochemical signal 
generated by the oxidation-reduction reaction of the media 
tor at electrodes that are and are not capable of speci?cally 
binding the target, (ii) comparing the measured signal from 
the transition metal complex at both electrodes, and then (iii) 
determining Whether or not the electrochemical signal gen 
erated from the mediator at the electrode that is capable of 
binding the target is essentially the same as, greater than, or 
less than, the electrochemical signal generated from the 
mediator at the electrode that does not bind the target. The 
step of measuring the electrochemical signal may be carried 
out by any suitable means. For example, the difference in 
electrochemical signal may be determined by comparing the 
electrochemical signal (such as current or charge) from 
electrodes Which are and are not capable of binding the 
target at the same scan rate, mediator concentration, buffer 
condition, temperature, and/or electrochemical method. 

[0090] The electrochemical signal associated With the 
oxidation-reduction reaction may be measured by providing 
a suitable apparatus in electronic communication With the 
detection electrode. A suitable apparatus is a potentiostat 
capable of measuring the electronic signal that is generated 
so as to provide an indication of Whether or not a reaction 
has occurred betWeen the label and the mediator. The 
electronic signal may be characteristic of any electrochemi 
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cal method, including cyclic voltammetry, normal pulse 
voltammetry, chronoamperometry, and square-Wave volta 
mmetry, With chronoamperometry and cyclic voltammetry 
being the currently preferred forms. 

[0091] In cyclic voltammetry, the potential of the electro 
chemical system is varied linearly from an initial potential 
betWeen 0-800 mV to a ?nal potential betWeen 500-1600 
mV at a constant scan rate (0.01 mV/ s to 200 V/ s). When the 
?nal potential is reached, the scan direction is reversed and 
the same potential range is sWept again in the opposite 
direction. The preferred scan rate for Ru(bpy)32+ is 1-20 V/ s 
With a 0 mV initial potential and a 1400 mV ?nal potential. 
The current is collected at each potential and the data is 
plotted as a current versus potential scan. For loWer-poten 
tial mediators, such as Os(bpy)32+ and Os(Me2-bpy)32+, 
instead of scanning from betWeen 0-800 mV to betWeen 
500-1600 mV, it is preferable to scan from about betWeen 
0-100 mV to betWeen 300-1000 mV (vs. a Ag/AgCl refer 
ence electrode) because of the loWer redox potentials 
required to oxidiZe these mediators. 

[0092] In chronoamperometry as used in the invention 
herein, the electrochemical system is stepped from an initial 
potential betWeen 0 mV-800 mV directly to a ?nal potential 
betWeen 500-1600 mV and held there for some speci?ed 
period of time (50 us to 10 s) and the current is collected as 
a function of time. If desired, the potential can be stepped 
back to the initial potential, and the current can be collected 
at the initial potential as a function of time. The preferred 
potential step for Ru(bpy)32+ is from betWeen 0-800 mV to 
1300 mV (vs. Ag/AgCl) With a collection time of from 
50-1000 ms. For loWer potential mediators, such as 
Os(bpy)32+ and Os(Me2-bpy)32+, it is preferable to step from 
about 0-100 mV to 300-1000 mV (vs. Ag/AgCl). 

[0093] In chronocoulometry, a potential step is also 
applied. For use in the invention herein, starting at the initial 
potential (0 mV-800 mV), the electrochemical system is 
stepped directly to the ?nal potential (500 mV-1600 mV). 
The electrochemical system is held at the ?nal potential for 
some speci?ed period of time (50 us to 10 s) and the charge 
is collected as a function of time. Although not presently 
done, if desired, the potential can be stepped back to the 
initial potential and the charge can be collected at the initial 
potential as a function of time. 

[0094] The typical apparatus that Would be used for the 
invention herein, may, for example, include a sample con 
tainer for holding a ?uid sample; an electrode, as described 
above; and a potentiostat in electronic communication With 
the electrode surface. In addition, the apparatus preferably 
comprises a ?rst member of a binding pair, such as a capture 
antibody, attached to the electrode or to a nonconductive 
layer on the electrode surface. The invention may be used 
With a microelectronic device comprising a microelectronic 
substrate having ?rst and second opposing faces, a conduc 
tive electrode on the ?rst face, and an immobiliZed binder 
for the target substance on the second face su?iciently close 
to the ?rst face to permit detection of an oxidation-reduction 
reaction on the second face. The oxidation-reduction reac 
tion assay format may be in either: 1) a sandWich format 
Wherein a target substance, captured by the immobilized ?rst 
binder, is detected by a second labeled binder for the target 
substance, 2) a direct format Wherein the target substance is 
captured by the immobiliZed ?rst binder and is detected 
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directly through labels bound to the target, 3) a competitive 
format using a labeled target or labeled surrogate target 
Which competes With the target substance in the sample for 
binding to the immobiliZed binder, 4) a competitive format 
using a labeled binder and immobiliZed target substance 
With Which the target substance in the sample competes for 
binding of the labeled binder, or 5) a binding assay format 
using an immobiliZed ?rst binder, a second labeled binder, 
and a test sample Which may or may not affect the interac 
tion betWeen the tWo binders. 

E. Deconvolution of Signals. 

[0095] When a cyclic voltammogram of tWo mediators is 
obtained, tWo peak currents can be measured at the poten 
tials that correspond to each mediator. If the sample is 
suspected of containing one or both of tWo particular DNA 
sequences, then a preselected base is chosen for each 
sequence. The ?rst preselected base Will be oxidized at a 
higher potential than the second preselected base. For 
example, the ?rst preselected base may be 7-deaZaadenine. 
This base is oxidiZed by Ru(bpy)32+, so the ?rst mediator is 
Ru(bpy)32+. The second preselected base is then chosen to 
have a loWer potential than the ?rst preselected base. A 
second mediator is then chosen to have a loWer potential 
than the ?rst mediator, but one that is high enough to oxidiZe 
the second preselected base. For example, the second pre 
selected base in this case may, for example, be 7-deaZagua 
nine. A second mediator that oxidiZes 7-deaZaguanine but 
not 7-deaZaadenine Would be Ru(Me2bpy)32+. Because the 
potential of the second preselected base is loWer than that of 
the ?rst preselected base, the second preselected base Will 
also be oxidiZed by the ?rst mediator. Thus, the current from 
the ?rst mediator Will be increased by the presence of either 
the ?rst or second preselected base, While the current of the 
second mediator Will be increased by the presence of only 
the second preselected base. In the simplest analysis, if there 
is current enhancement for the second mediator, that is used 
to determine the quantity of the second preselected base. 
This quantity is then subtracted from the current enhance 
ment observed at the ?rst mediator. The remaining current 
enhancement for the ?rst mediator can be attributed to the 
presence of the ?rst preselected base. 

[0096] In practice, the contribution of the second prese 
lected base to the current for the ?rst mediator may be loWer 
than the contribution of the second preselected base to the 
current for the second mediator. This Will occur because if 
the second mediator is oxidiZed before the ?rst mediator in 
a voltammetric sWeep, some of the second preseleced base 
Will be oxidiZed before the ?rst mediator is oxidiZed, leaving 
less of the second preselected base to be oxidiZed by the ?rst 
mediator. This effect can be determined in standard calibra 
tion curves and used to assign current enhancements from 
the ?rst mediator to appropriate combinations of base con 
centrations. 

[0097] Deconvolution With signals from additional prese 
lected bases or labels (e.g., third, fourth) may be carried out 
in like manner as described above. 

F. Quantitating Target Binding. 

[0098] The herein-described method is particularly Well 
suited to the quantitative detection of nucleic acid and 
protein targets and other binding substances. In the case 
described in this section, the rate constant for oxidation of 
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labels associated With the bound target by the mediator can 
be determined from the cyclic voltammogram by digital 
simulation. Under most conditions, this reaction Will obey 
second-order kinetics, so the rate=k[mediator][label] Where 
k is the rate constant that is speci?c for the particular label, 
[mediator] is the concentration of the mediator, and [label] 
is the concentration of label. If k and [mediator] are knoWn, 
then the quantity of the label, and thus of the target, can be 
determined. In practice, a calibration curve for the current 
enhancements obtained With different quantities of standard 
solutions containing label is constructed so that the electro 
chemical signal enhancement observed for an electrode 
treated With a test sample can be used to obtain directly the 
quantity of label (and target) bound to the electrode. This 
quantity is then related directly to the quantity of target 
present in the test sample. 

G. Nucleic Acid Ampli?cation Methods 

[0099] Inasmuch as the processes of the present invention 
involve contacting the DNA sample to an oligonucleotide 
probe to produce a hybridiZed DNA, it may be desirable for 
certain applications to amplify the DNA prior to contacting 
With the probe. In addition, the ampli?cation process can be 
used to introduce synthetic preselected bases into the target, 
either by including one or more preselected bases in the 
primer(s) used in the ampli?cation process or by using a 
triphosphate of the preselected base in the ampli?cation 
mixture, i.e., by substituting 7-deaZaguanosine-5'-triphos 
phate for guanosine-5'-triphosphate in the ampli?cation 
reaction. 

[0100] Ampli?cation of a selected, or target, nucleic acid 
sequence may be carried out by any suitable means. See 
generally D. KWoh and T. KWoh, Am. Biotechnol. Lab. 8, 
14-25 (1990). Examples of suitable ampli?cation techniques 
include, but are not limited to, polymerase chain reaction 
(including, for RNA ampli?cation, reverse-transcriptase 
polymerase chain reaction), ligase chain reaction, strand 
displacement ampli?cation, transcription-based ampli?ca 
tion (see D. KWoh et al., Proc. Natl. Acad. Sci. USA 86, 
1173-1177 (1989)), self-sustained sequence replication (or 
“3SR”) (see I. Guatelli et al., Proc. Natl. Acad. Sci. USA 87, 
1874-1878 (1990)), the Q.beta. replicase system (see P. 
LiZardi et al., Biotechnology 6, 1197-1202 (1988)), nucleic 
acid sequence-based ampli?cation (or “NASBA”) (see R. 
LeWis, Genetic Engineering NeWs 12 (9), 1 (1992)), the 
repair chain reaction (or “RCR”) (see R. LeWis, supra), and 
boomerang DNA ampli?cation (or “BDA”) (see R. LeWis, 
supra). The bases incorporated into the ampli?cation prod 
uct may be natural or modi?ed bases (modi?ed before or 
after ampli?cation), and the bases may be selected to opti 
miZe subsequent electrochemical detection steps. Tech 
niques for ampli?cation are knoWn and described in, among 
other things, US. Pat Nos. 4,683,195; 4,683,202; 4,800,159; 
and 4,965,188; G. Walker et al., Proc. Natl. Acad. Sci. USA 
89, 392-396 (1992); G. Walker et al., Nucleic Acids Res. 20, 
1691-1696 (1992); R. Weiss, Science 254, 1292 (1991). 

H. Assay Formats 

[0101] The general methods of contacting a sample and 
then detecting of binding interaction in instant invention can 
be carried out in any suitable assay format, including but not 
limited to conventional sandWich assays, competitive 
assays, or assays With direct target detection. These assays 
may be based on immunological af?nity or on a?inities that 
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are based on receptor-ligand, protein-protein, nucleic acid 
nucleic acid, or nucleic acid-protein interactions. Cell recep 
tors for proteins Which can be used in the instant invention 
as binders include but are not limited to receptors for 
transport proteins (i.e., transferrin receptor) (Testa, U., et al., 
Cril. Rev. Oncog, 1993, 4, 241), receptors for hormone/ 
groWth factors (i.e., epidermal groWth factor, insulin, nerve 
groWth factor) (Ullrich, A. et al., Cell, 1990, 61 203; Baxter, 
R. C., Am. J. Physiol. Endocrinol. Melabol, 2000, 278, 
E967), and G-protein coupled receptors for hormones such 
as luteiniZing hormone, follicle-stimulating hormone, and 
thyroid stimulating hormone (Schoneberg, T., et at., Mol. 
Cell Endocrinolo, 1999, 151 181). Receptors of bacterial 
origin (Modun, B. 1., et al., Microbiology, 1998, 144 1005; 
Schryvers,A. B., et al., Adv. Exp. Med. Biol., 1998, 443 123) 
and viral origin (Bella, 1., et al., J. Slrucl. Biol, 1999, 128 69; 
Domingo, E., et al., I/irus Res., 1999, 62 169) may also be 
used in the instant invention. Extracellular matrix proteins 
(ECM) can be used to detect ECM-binding proteins (Naj 
jam, S., et al., Cylokine, 1997, 9 1013). DNA can be 
immobiliZed as a binding member for DNA-binding proteins 
such as transcription factors (activators, repressors, or regu 
lators) (McGoWn, L. B., et al., Anal. Chem., 1995, 67 663A). 
Mediated electrochemical detection of binding interactions 
may also be utiliZed to evaluate drug candidates for their 
effects on protein-protein and other biological interactions. 
As such, the technology described here provides a versatile 
binding assay for drug discovery Which can be applied to a 
variety of drug target-drug interactions. As used herein the 
term “target protein” includes proteins, glycoproteins, lipo 
proteins, protein fragments, polypeptides, glycoprotein frag 
ments and lipoprotein fragments. 

[0102] 1. SandWich. Brie?y, in the sandWich assay format, 
the procedure consists of modifying the electrode With the 
?rst member of the binding pair (i.e., antibody, receptor, or 
DNA), adding the sample, Which may or may not contain the 
target protein or target substance, then adding the second 
binding member, Washing to remove unbound reagents, and 
adding mediator. Electrochemical interrogation is per 
formed, and enhanced cyclic voltammetry or chronoamper 
ometry signal relative to a control indicates the presence of 
the target protein or target substance in the sample. 

[0103] In this format, the target in the sample is detected 
via capture by a solid-phase immobiliZed ?rst binder, such 
as an antibody, antibody fragment, receptor protein or DNA 
to form a target complex, folloWed by the binding of the 
captured target by a labeled second binder to form a 3-mem 
ber target complex. In a preferred embodiment, the second 
binder contains only endogenous labels (i.e., electrochemi 
cally active amino acids) and the presence of target in a 
sample is evident from the increased current generated by 
the target complex. In contrast, signi?cantly less current is 
generated With samples not containing the target since 
complex formation does not occur, and thus, current is 
generated only by any endogenous label in the solid phase 
immobilized binder alone. 

[0104] In a second preferred embodiment of the sandWich 
assay, the current generated by the ?rst preferred embodi 
ment is enhanced by the addition of a third binder that 
recogniZes the second binder on the target complex to create 
a 4-member complex. This is analogous to the use of 
secondary binders in classical immunoassays. The preferred 
mediator for the ?rst tWo embodiments (above) is 


















