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(57) ABSTRACT 

A method of detecting binding interactions and target mol 
ecules, such as proteins, protein fragments, recombinant 
proteins, recombinant protein fragments, extracellular 
matrix proteins, ligands, carbohydrates, steroids, hormones, 
drugs, drug candidates, immunoglobulins and receptors of 
eukaryotic, prokaryotic or viral origin, by mediated electro 
chemistry using labels that react With transition metal 
mediator complexes in a detectable catalytic redox reaction. 
These labels are attached directly to binders, target mol 
ecules, surrogate target molecules, or to af?nity ligands 
capable of binding to the target or to surrogate target 
molecules capable of competing With the target for binding 
to another binder. The labels can be naturally present 
(endogenous) in the binder, target or af?nity ligand, or 
constructed by the covalent attachment of the label to the 
binder, target, af?nity ligand or surrogate target (exogenous). 
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DETECTION OF BINDING REACTIONS USING 
LABELS DETECTED BY MEDIATED CATALYTIC 

ELECTROCHEMISTRY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation-in-part of application Ser. 
No. 09/603,217, ?led Jun. 26, 2000, Which is a divisional 
application of application Ser. No. 09/ 179,665, ?led Oct. 27, 
1998, now US. Pat. No. 6,132,971, Which is a divisional 
application of application Ser. No. 08/ 667,338, ?led Jun. 20, 
1996, now US. Pat. No. 5,871,918, Which is a continuation 
in-part of application Ser. No. 08/495,817, ?led Jun. 27, 
1995; and a continuation-in-part of application Ser. No. 
09/267,552 ?led Mar. 12, 1999, Which is a continuation-in 
part of application Ser. No. 08/667,338, ?led Jun. 20, 1996, 
now US. Pat. No. 5,871,918, Which is a continuation-in-part 
of application Ser. No. 08/495,817, ?led Jun. 27, 1995; each 
of Which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to the detection of 
biological substances through binding interactions and, in 
particular, to methods of detecting proteins and other sub 
stances by mediated catalytic electrochemistry. 

[0004] 2. Description of the Related Art 

[0005] For many reasons, researchers are interested in the 
detection of biological substances such as nucleic acids, 
proteins, and carbohydrates. Detection of such biomolecules 
can alloW for identi?cation and development of targets for 
drug discovery and gene expression analysis. The electro 
chemical detection of nucleic acids provides an alternative 
to ?uorescent and radiochemical detection techniques that 
potentially eliminates the need for labeling. 

[0006] The parent applications of the instant application, 
Whose entire speci?cations, draWings, and claims are spe 
ci?cally incorporated herein by reference, disclose, among 
other inventions, sequencing and methods of qualitatively 
and quantitatively detecting nucleic acid hybridiZation. Such 
inventions represent a major advance in the art and provide 
oxidation-reduction reactions that function in a catalytic 
manner Without the addition of an enZyme or ?uorescent 
label. These catalytic reactions are useful for determining 
the presence or absence of nucleic acids and provide for 
extremely accurate testing of biological samples. More 
speci?cally, catalytic oxidation has been found to be useful 
for quantitative detection of preselected nucleic acid bases 
(US. Pat. No. 5,871,918). The disclosures of each of the 
patents and publications referred to herein are incorporated 
herein by reference. 

[0007] The technology described in US. Pat. No. 5,871, 
918 utiliZes the discovery that nucleotide bases of DNA can 
be electrochemically oxidiZed using transition metal com 
plexes as mediators. In this system, the nucleotide bases 
function as an array of endogenous redox-active labels that 
alloW for ultrasensitive detection of DNA in conjunction 
With microelectrode methods. The detection reaction fol 
loWs a tWo-step mechanism involving reversible oxidation/ 
reduction of the mediator. First the mediator is oxidiZed by 
an electrode. Then, the mediator is reduced by the prese 
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lected nucleotide base and reoxidiZed at the electrode. In 
order for mediated oxidation of nucleic acids to proceed 
ef?ciently, the mediator and nucleotide base should have 
similar oxidation potentials. For example, catalytic oxida 
tion of guanine can be carried out using the mediator, 
ruthenium2+ (2,2‘bipyridine)3 (Ru(bpy)32+). In solution, 
Ru(bpy)32+ exhibits a reversible redox couple at 1.05 V (vs. 
Ag/AgCl reference), similar to the oxidation potential 
observed for guanine (about 1.1 V vs. Ag/AgCl). Thus, 
addition of guanine-containing DNA to a solution of 
Ru(bpy)32+ leads to catalytic enhancement in the electro 
chemical oxidation current via the folloWing reaction 
sequence: 

[0008] Where DNAOX represents a DNA molecule in Which 
guanine has undergone a one electron oxidation. 

[0009] The regeneration of reduced Ru(bpy)32+ by reac 
tion With guanine creates a catalytic cycle in Which the 
presence of DNA is detected by transfer of electrons from 
the preselected base to the electrode. The number of turn 
overs obtained in the catalytic cycle depends on the number 
of electrons in the preselected base that can be oxidiZed by 
the mediator and the number of preselected bases. In the 
case of guanine oxidation, Ru(bpy)32+ is capable of oxidiZ 
ing guanine by at least tWo electrons (Armistead, P. M. and 
Thorp, H. H., Anal. Chem. 2000, 72, 3764), and some 
reports suggest as many as 30 electrons obtained from 
guanine through overoxidation steps (Thorp, H. H., Trends 
Biotechnol. 1998, 16, 117). A typical DNA molecule Will 
contain on average about one guanine every four bases so 
even a small oligonucleotide Will have multiple guanines 
available for catalytic turnover of Ru(bpy)32+. As a result of 
these properties, detection of nucleic acids via mediated 
catalytic electrochemistry is an extremely sensitive method. 

[0010] Thus, in one embodiment of the prior invention, a 
nucleic acid sample is contacted With an oligonucleotide 
probe, Which possesses a sequence, at least a portion of 
Which is capable of binding to a knoWn portion of the 
sequence in the nucleic acid sample, to form a hybridiZed 
nucleic acid, after Which the hybridiZed nucleic acid is 
reacted With a suitable mediator, Which is capable of oxi 
diZing a preselected nucleic acid base in the hybridiZed 
nucleic acid sample in an oxidation-reduction reaction. 

[0011] The selection of mediator in this prior Work is 
dependent upon the particular preselected nucleotide base 
chosen, and is readily determinable by those skilled in the 
art. Particularly preferred mediators include transition metal 
complexes that are capable of participating in electron 
transfer With the preselected base such that the reduced form 
of the metal complex is regenerated, completing a catalytic 
cycle. An example of a suitable transition metal complex is 
Ru(bpy)32+; hoWever, the mediator or oxidiZing agent may 
be any molecule such as a cationic, anionic, non-ionic, or 
ZWitterionic molecule that is reactive With the preselected 
base at a unique oxidation potential to transfer electrons 
from the nucleic acid to the electrode. All that is required is 
that the mediator be reacted With the hybridiZed nucleic acid 
sample under conditions suf?cient to achieve the selective 
oxidation of the preselected base. 

[0012] The oxidation-reduction rate is detected, for 
example, With a detection electrode, and the electronic 
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signal may be detected by cyclic voltammetry or other 
means known in the art. HybridiZed DNA target contains 
guanine and is therefore more redox-active than the probe 
strand, Which preferably is either selected or designed to 
contain a minimal number of guanines. 

[0013] In US. Pat. No. 5,968,745 of Thorp et al., a 
polymer-electrode is provided that is useful for the electro 
chemical detection of a preselected base in a nucleic acid. 
The polymer-electrode comprises: (a) a substrate having a 
conductive Working surface; and (b) a polymer layer on the 
conductive Working surface. The polymer layer has a plu 
rality of micro?uidic reaction openings distributed through 
out the layer. An oligonucleotide probe is preferably bound 
to the polymer layer. 

[0014] Us. Pat. No. 6,127,127 provides a self-assembled 
phosphonate monolayer, Which in the preferred embodiment 
is a carboxy-alkyl phosphonate, on an ITO surface. The 
oligonucleotide probe is immobiliZed on an electrode sur 
face modi?ed by the self-assembled monolayer. The elec 
trode With the self-assembled monolayer is useful for the 
electrochemical detection of a preselected base in a nucleic 
acid and for determining the presence of a target nucleic acid 
in a sample, by contacting the self-assembled monolayer 
With the sample, so that the target nucleic acid and the 
oligonucleotide probe form a hybridiZed nucleic acid on the 
monolayer; reacting the hybridiZed nucleic acid With a 
transition metal complex capable of oxidiZing a preselected 
base in the hybridiZed nucleic acid in an oxidation-reduction 
reaction; detecting the oxidation-reduction reaction; and 
determining the presence or absence of the target nucleic 
acid from the detected oxidation-reduction reaction. 

[0015] In both the polymer-electrode and monolayer pat 
ents, determination of the presence of a target protein in a 
sample can also be achieved and comprises attaching a 
protein-binding substance to a polymer-electrode or self 
assembled monolayer on a conductive Working surface 
according to the invention; exposing the polymer-electrode 
or monolayer to the sample; exposing the polymer-electrode 
or monolayer to a second protein-binding substance that has 
been modi?ed to contain an oligonucleotide label; reacting 
the polymer-electrode or monolayer With a transition metal 
complex capable of oxidiZing a preselected base in the 
oligonucleotide label in an oxidation-reduction reaction; 
detecting the oxidation-reduction reaction; and determining 
the presence or absence of the target protein from the 
detected oxidation-reduction reaction. The. polymer-elec 
trode or monolayer may be brought into contact With the 
conductive Working surface of the substrate either before or 
after reacting the polmer-electrode or monolayer With the 
?rst protein binding substance. The target protein may be 
modi?ed to contain an oligonucleotide label as is knoWn in 
the art. 

[0016] Amino acids, such as tyrosine and tryptophan, have 
been detected by direct, unmediated electrochemistry (Bra 
bec, V. and Mornstein, V., Biochimica et Biophysica Acta, 
1980, 625, 43; Renaud, J. A. et al., Bioelectrochem, & 
Bioenergetics, 1980, 7, 395). HoWever, the levels of current 
obtained by direct, unmediated oxidation of amino acids are 
generally loW, on the order of a feW microamps for concen 
trated solutions of amino acids (100 pM). 

[0017] Oxidation potentials of several amino acids have 
been determined using thermodynamic and kinetic methods 
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(DeFilippis, M. R et al., Biochem., 1989, 28, 4857). The 
oxidation potential for tyrosine is about 0.6-0.73 V (vs. 
Ag/AgCl reference), and the oxidation potential for tryp 
tophan is about 0.6-0.85 V (vs. Ag/AgCl). Other amino acid 
oxidation potentials have been estimated for histidine (1.1 
1.4 V), cysteine (0.5-0.8 V), methionine (0.9-1.2 V), and 
cystine (1.1-1.2 V)(Brabec, V. and Mornstein, V., Bio 
chimica et BiophysicaActa, 1980, 625, 43; Renaud, J. A. et 
al., Bioelectrochem. & Bioenergetics, 1980, 7, 395), but the 
extent to Which these amino acids are oxidiZed depends on 
the electrode material. 

[0018] It has been observed that proteins can be adsorbed 
to electrodes at both negative and positive potentials through 
an electrostatic interaction When the protein net charge is 
opposite that of the electrode (Brabec, V. et al., Bioelectro 
chem. & Bioenergetics, 1981, 8, 451). Although the adsorp 
tion is initiated by an electrostatic interaction, it has been 
found that adsorption in this manner leads to the formation 
of a protein that is irreversibly adsorbed to the electrode 
surface. This phenomenon can interfere With electrochemi 
cal detection at electrodes because the adsorbed protein 
blocks the electrode surface. Thus, in attempts to detect 
protein in solution directly, Brabec et al. found that the 
adsorbed protein fouled the electrode surface so that fresh 
protein molecules could not teach the surface and interfered 
With protein detection at the electrode. Along these same 
lines, Elbicki et al. (Elbicki, J. et al., Biosensors, 1989, 4, 
251) have found that the removal of proteins from samples 
is necessary to protect electrode surfaces from fouling. 

[0019] Because of the loW sensitivity and poor selectivity 
of direct electrochemical detection of proteins, attempts 
have been made to use exogenous labels to facilitate this 
electrochemical detection. In one example, DiGleria et al. 
sought to convert a “redox-inactive” protein to a “redox 
active’ protein by adding an exogenous redox-active label to 
the enZyme [3-lactamase (DiGleria, K et al., FEBS Letters, 
1997, 400, 155). This approach involved engineering the 
enZyme to contain an unnatural cysteine residue and then 
modifying this residue With a thiol-reactive ferrocene com 
pound, N-(2-ferrocene-ethyl)maleimide. 

[0020] Previous Work With metal complexes and amino 
acids includes the study of one-electron oxidation of tryp 
tophan by ruthenium-DNA intercalator compounds (Wagen 
knecht, H.-A. et al.,]. Amer Chem. Soc., 2000, 122, 1). This 
process is not catalytic, hoWever, and Was initiated by light 
rather than by an applied electrochemical potential. Also, in 
this system, electron transfer betWeen tryptophan and the 
ruthenium complex Was found to be dependent on guanine 
as an intermediate. In another study, the one-electron oxi 
dation of a reference redox couple, osmium2+ (2,2‘-bipyri 
dine)3 (Os(bpy)3), Was used to determine the redox poten 
tials of tryptophan and tyrosine by pulse radiolysis 
(DeFilippis, M. R. et al. Biochem., 1989, 28, 4857), but in 
this case, Os(bpy)32+ acted as a reductant of an oxidiZed 
amino acid. Therefore, a tWo-step catalytic oxidation reac 
tion betWeen oxidiZed transition metal complex and the 
amino acid Was not present in this prior Work. 

[0021] Recently, Pikulski and Gorski have suggested the 
catalytic oxidation of disul?de bonds and the amino acid 
cystine by the iridium complex, Ir(H2O)2Cl2 (Pikulski, M. et 
al., Anal. Chem., 2000, 72, 2696). This chemistry has been 
utiliZed to create a How injection sensor for detecting 
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insulin, in Which the mediator is immobilized in an oxide 
layer on a glassy carbon electrode and the insulin is in 
solution. A related method has been proposed for detecting 
amino acids and peptides in solution at copper electrodes 
using catalytic electrochemistry (BraZill, S. A. et al., Anal. 
Chem, 2000, 72, 5542). Although not fully understood, the 
detection process is believed to involve amino acid oxida 
tion by Cu(III) in a conductive oxide or hydroxide layer that 
is formed under alkaline conditions. In both the Work of 
Pikulski et al. and BraZill et al., the metal complex is a solid 
phase mediator in the electrode to Which the analyte diffuses 
nonspeci?cally. Thus, the electrode is only capable of 
detecting analytes that come into direct contact With the 
electrode. The electrochemical detection utiliZed in the 
above methods is distinct from the mediated electrochemical 
detection methods of the instant invention Wherein there is 
a nonconductive layer and Wherein the mediator is a soluble, 
freely diffusible transition metal complex that is capable of 
oxidizing labels on binders that are bound to the electrode 
via biological binding interactions (antibody-protein, recep 
tor-ligand, DNA-protein, and protein-protein). 

[0022] A means of detecting protein binding has been 
disclosed in the PCT application of FoWlkes and Thorp 
using a soluble transition metal complex mediator and 
biomolecules labeled With transition metal complexes 
including Ru(bpy)32+ and OS(bpy)32+ (PCT/US98/02440). 
The basic mechanism of this detection scheme involves 
electron transfer from the label to an electrode via the 
soluble mediator. The electrochemical current enhancement 
obtained from the label is limited by the number of electrons 
in the label that can be oxidiZed by the soluble mediator so 
the oxidation of the mediator is limited to only one cycle per 
label for Ru(bpy)32+ and Os(bpy)32+. The method of 
FoWlkes and Thorp is distinctly different from the technol 
ogy described in this application in that the electrochemical 
label is a transition metal complex in FoWlkes and Thorp, 
Whereas the present invention provides a different label. 
When the electrochemical label is a transition metal com 
plex, the number of cycles of mediated electron transfer is 
generally limited to one per label. 

[0023] Measurement of a target protein Was ?rst achieved 
by YaloW and Berson (YaloW, R. S. and Berson, S. A., 
Nature, 1959, 184, 1648) using a competitive, radiolabeled 
ligand immunoassay (i.e., RIA) for the protein insulin. Since 
then numerous other labels have been employed in immu 
noassays such as enZymes, chemiluminescent and ?uores 
cent labels, metal atoms, transition metal complexes and 
particles (i.e., polystyrene, gold) to measure selected target 
proteins (Tijssen, P., In: Laboratory Techniques in Biochem 
istry and Molecular Biology, 1985, Vol. 15. Elsevier Science 
Publishers, NY. 549 p). More recently, numerous other 
types of macromolecules other than immunoglobulins such 
as cell receptors (Guyda, H. J.,J. Clin. Endocrinol. Metab, 
1975, 41, 953; Strosberg, A. D., et al., Curr. Opin. Biotech 
n0l., 1991, 2, 30), proteoglycans (Naj am, S., Cytokine, 1997, 
9, 1013), extracellular matrix proteins (Mould, A. P., Meth. 
Mol. Biol., 2000, 139, 295) and nucleic acids (McGoWn L. 
B., et al.,Anal. Chem, 1995, 67, 663A) have been used as 
af?nity binders in assays to detect target proteins. The instant 
invention to be described herein has the ability to utiliZe all 
the above molecular interactions to detect preselected target 
proteins as Well as other binding substances by using pep 
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tide/amino acid or oligonucleotide labels in assays With 
catalytic transition metal mediated electrochemical detec 
tion. 

[0024] Recently developed protein detection assay sys 
tems are commercially available from IGEN (Gaithersburg, 
Md.) and Luminex (Austin, Tex.). HoWever, each of these 
systems is readily distinguishable from the present invention 
since they are dependent upon the teachings of electro 
chemiluminescence (IGEN) or ?uorescent bead sorting 
(Luminex). 
[0025] It is an object of this invention to detect binding 
interactions. The detection methodology involves oxidation 
of labels using transition metal mediator complexes in a 
detectable catalytic redox reaction and applies generally to 
binding interactions of immunoglobulins, receptors, pro 
teins, and oligonucleotides With proteins, protein fragments, 
ligands, carbohydrates, drugs, drug candidates, steroids, 
hormones, and other substances. The labels are attached 
directly to the binders, target molecules, surrogate target 
molecules or to binders capable of binding targets or sur 
rogate target molecules that compete With the target for 
binding. The labels can be naturally attached in the target, 
surrogate target, or binder (i.e., endogenous) or constructed 
by the covalent attachment of the label to the target, binder, 
or surrogate target (i.e., exogenous). Preferred labels include 
peptides and oligonucleotides. Preferred types of binding 
af?nities to be utiliZed in the instant invention to detect 
target substances are based on antibody—antigen, receptor 
(eukaryotic, prokaryotic or viral)—ligand, DNA—protein, 
drug target—drug, and protein—protein interactions. 

[0026] It is a further object of this invention to use 
detected binding interactions betWeen speci?c biomolecules 
to determine their presence (or absence) in test samples, 
such as clinical samples, environmental samples, pharma 
ceutical samples and others. It is an additional object of this 
invention to determine the impact of speci?c drugs on the 
detected binding interactions betWeen biomolecules. 

[0027] Other objects and advantages Will be more fully 
apparent from the folloWing. disclosure and appended 
claims. 

SUMMARY OF THE INVENTION 

[0028] The invention herein provides a method of detect 
ing binding interactions and target molecules, such as pro 
teins, protein fragments, recombinant proteins, recombinant 
protein fragments, extracellular matrix proteins, ligands, 
carbohydrates, steroids, hormones, drugs, drug candidates, 
immunoglobulins and receptors of eukaryotic, prokaryotic 
or viral origin, by mediated electrochemistry using labels 
that react With transition metal mediator complexes in a 
detectable catalytic redox reaction. These labels are attached 
directly to binders, target molecules, surrogate target mol 
ecules, or to affinity ligands capable of binding to the target 
or to surrogate target molecules capable of competing With 
the target for binding to another binder. The labels can be 
naturally present (endogenous) in the binder, target or affin 
ity ligand, or constructed by the covalent attachment of the 
label to the binder, target, af?nity ligand or surrogate target 
(exogenous). The biological binding interactions detected 
With this technology include antibody-antigen, protein-pro 
tein, protein-nucleic acid, drug target-drug, and receptor 
ligand interactions. 
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[0029] Other objects and features of the inventions Will be 
more fully apparent from the following disclosure and 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIGS. 1A-1C. Electrochemical detection of amino 
acids in solution using mediated catalytic electrochemistry. 
Cyclic voltammograms (300 mV/s) Were collected of three 
different transition metal mediators (FIG. 1A: Ru(bpy)32+, 
FIG. 1B: Os(bpy)32+ and FIG. 1C: Os(Me2-bpy)32+) at a 
concentration of 20 pM in 50 mM phosphate buffer, pH 7.5 
in the presence of 100 pM tryptophan (— —), 100 82 M 
tyrosine ( . . . ), 100pM 5-hydroXytryptophan ( ), or no 
amino acid (- - -) 

[0031] FIGS. 2A-2B. Electrochemical detection of pas 
sively adsorbed mouse IgG (FIG. 2A), but not human IgG 
(FIG. 2B), by the increased current generated folloWing the 
sequential binding of tWo binders (i.e., antibodies). FolloW 
ing passive adsorption of either mouse or human IgG for 15 
hr, ITO electrodes Were blocked With 0.1% polyvinyl alco 
hol and Were treated With a goat anti-mouse IgG (15 pig/ml) 
that had been affinity isolated on a mouse IgG column and 
subsequently adsorbed With human IgG to remove any cross 
reactivity to human IgG. This antibody Was removed after a 
2 hr. S incubation, the ITO Washed With PBS and then 
eXposed to the second binder (rabbit anti-goat IgG at 15 
pig/ml) for an additional 2 hr. Increased current generated 
over that seen by the oxidation of the passively adsorbed 
mouse IgG alone and over that seen With adsorbed human 
IgG after sequential incubation With both soluble binders 
Was indicative of additional amino acid oxidation due to 
binding of both soluble binders When electrodes Were coated 
With mouse IgG. Current changes Were assessed using cyclic 
voltammetry (2.5 V/s) and the redoX mediator, Ru(bpy)32+, 
at 50 pM in 50 mM sodium phosphate, pH 7.0. Numbering 
of Treatment Sequences in FIG. 2. FIG. 2A: #1, PVA block 
only; #2, mouse IgG—>PVA block; #3, mouse IgG—>PVA 
block—>?rst binder; #4, mouse IgG—>PVA block—>?rst 
binderQsecond binder. FIG. 2B: #1, PVA block only; #2, 
human IgG—>PVA block; #3, human IgGQPVAblock—>?rst 
binder; #4, human IgG—>PVA blockQ?rst binder—>second 
binder. 

[0032] FIG. 3. Detection of human chorionic gonadotro 
pin (hCG) hormone using an oligonucleotide-labeled anti 
body and mediated catalytic electrochemistry. ITO elec 
trodes Were modi?ed by passively adsorbing 20 pig/ml rabbit 
anti-beta chain hCG IgG in 100 mM acetate buffer, pH 5.0, 
overnight, and Were blocked With 0.1% polyvinyl alcohol. 
The modi?ed electrodes Were treated With 0, 10, or 50 ng/ml 
hCG, Washed With phosphate buffered saline, and treated 
With 25 pig/ml goat anti-alpha chain hCG IgG labeled With 
?ve guanine-containing oligonucleotide labels per IgG in 
phosphate buffered saline. After Washing the electrodes, 
cyclic voltammograms (2.5 V/s) Were collected in the pres 
ence of 50 pM Ru(bpy)32+ in 50 mM phosphate buffer, pH 
7.0. Numbering of Treatment Sequences in FIG. 3. #1, PVA 
block only, #2, rabbit anti-beta chain hCG IgG—>PVA 
block—>no hCGQgoat anti-alpha chain hCG IgG labeled 
With oligonucleotide; #3, rabbit anti-beta chain hCG IgG—> 
PVA block—>50 ng/ml hCGQgoat anti-alpha chain hCG 
IgG; #4, rabbit anti-beta chain hCG IgG—>PVA block—>10 
ng/ml hCGQgoat anti-alpha chain hCG IgG labeled With 
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oligonucleotide; #5, rabbit anti-beta chain hCG IgG—>PVA 
block 50 ng/ml hCG goat anti-alpha chain hCG IgG labeled 
With oligonucleotide. 

[0033] FIG. 4A-4B. Detection of human chorionic gona 
dotropin (hCG) hormone using a peptide-labeled antibody 
and mediated catalytic electrochemistry. ITO electrodes 
Were modi?ed by passively adsorbing 20 pig/ml rabbit 
anti-beta chain hCG IgG in 100 mM acetate buffer, pH 5 .0, 
overnight, and Were blocked With 0.1% polyvinyl alcohol. 
The modi?ed electrodes Were treated With 100 ng/ml hCG, 
Washed With phosphate buffered saline, and treated With 30 
pig/ml goat anti-alpha chain hCG IgG labeled With ?ve 
tyrosine-containing peptide labels per IgG in phosphate 
buffered saline for 1.5 hr. After Washing the electrodes, 
cyclic voltammograms (2.5 V/s) Were collected in the pres 
ence of 50 pM Os(bpy)32+ in 50 mM phosphate buffer, pH 
7.0. Numbering of Treatment Sequences in FIG. 4. FIG. 
4A: #1, PVA block only, #2, rabbit anti-beta chain hCG 
IgG—>PVA block; #3, rabbit anti-beta chain hCG IgG—>PVA 
block—>no hCGQgoat anti-alpha chain hCG IgG labeled 
With peptide; #4, rabbit anti-beta chain hCG IgG—>PVA 
block 100 ng/ml hCG goat anti-alpha chain hCG IgG labeled 
With peptide. FIG. 4B: #1, PVA block only; #2, rabbit 
anti-beta chain hCG IgG—>PVA block; #3, rabbit anti-beta 
chain hCG IgGQPVA block—>no hCGQgoat anti-alpha 
chain hCG IgG; #4, rabbit anti-beta chain hCG IgG—>PVA 
blockQ100 ng/ml hCGQgoat anti-alpha chain hCG IgG. 

[0034] FIG. 5A-5C. Detection of an af?nity captured IgG 
labeled With a peptide containing the loW potential amino 
acid 5 -hydroXytryptophan. ITO electrodes Were modi?ed by 
passively adsorbing 20 pig/ml rabbit anti-goat IgG (Sigma 
Chemical) (FIG. 5A,C) or, as a control, 20 pig/ml non 
immune rabbit IgG (Sigma Chemical) (FIG. 5B) in 50 mM 
acetate buffer, pH 5, for 15 hr. All the ITO electrodes Were 
blocked With 0.1% polyvinyl alcohol. After Washing, elec 
trodes Were eXposed to 25 pig/ml peptide-labeled goat IgG 
(IgG-WOH) (FIG. 5A,B) or the same unlabeled IgG (FIG. 
5C). The peptide used for labeling Was prepared by The 
American Peptide Co., Inc., Sunnyvale, Calif. Cyclic vol 
tammograms (2.5 V/sec) Were collected in duplicate in the 
presence of 50 pm Os(Me2-bpy)32+ in 50 mM phosphate 
buffer. Numbering of Treatment Sequences in FIG. 5. FIG. 
5A: #1, PVA block only; #1, rabbit anti-goat IgG—>PVA 
block; #3, rabbit anti-goat IgGQPVAblock goat IgG-WOH; 
FIG. 5B: #1, PVA block only; #2rabbit IgG (non-im 
mune)—>PVA block; #3, rabbit IgG (non-immune)QPVA 
blockQgoat IgG-WOH; FIG. 5C: #1, PVA block only, #2, 
rabbit anti-goat IgG—>PVA block; #3, rabbit anti-goat IgG—> 
PVA blockQgoat IgG. 

[0035] FIG. 6. Competitive assay for detection of biotin 
(vitamin H) in a sample using biotin labeled With a peptide 
containing 5 -hydroXytryptophan. ITO electrodes Were modi 
?ed by passively adsorbing 20 pig/ml neutravidin in 100 mM 
acetate buffer, pH 5.0 overnight and Were blocked With 0.1% 
polyvinyl alcohol. The modi?ed electrodes Were treated 
With 1 pM biotin-peptide in phosphate buffered 
saline, 1 pM biotin-peptide plus 160 pM free biotin (- - -) in 
phosphate buffered saline, or phosphate buffered saline 
alone ( . . . After Washing the electrodes, cyclic voltam 
mograms (2.5 V/s) Were collected in the presence of 50 pM 
Os(Me2-bpy)32+ in 50 mM phosphate buffer, pH 7.3. The 
21-mer peptide label contained three 5-hydroXytryptophan 
residues. 
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DETAILED DESCRIPTION OF THE 
INVENTION AND PREFERRED 
EMBODIMENTS THEREOF 

[0036] The present invention provides a method of detect 
ing binding interactions by mediated electrochemistry using 
labels that react With transition metal mediator complexes in 
a detectable catalytic redox reaction. These labels are 
attached directly to binders, target molecules, surrogate 
targets, or af?nity binders capable of binding to the target or 
to surrogate targets. The labels can be naturally present 
(endogenous) in the binder, target or af?nity ligand, or 
constructed by the covalent attachment of the label to the 
binder, target, af?nity ligand or surrogate target (exogenous). 
In the present invention such exogenous labels may be 
oligonucleotides or peptides containing amino acids capable 
of being oxidiZed in an oxidation-reduction reaction. Most 
preferably, such a peptide label contains one or more amino 
acids capable of being oxidiZed in an oxidation-reduction 
reaction at approximately 206V, and the transition metal 
mediator is osmium2+(4,4‘-dimethyl-2,2‘-bipyridine)3. 

[0037] The biological binding interactions detected With 
this technology include but are not limited to antibody 
antigen, protein-protein, protein-nucleic acid, drug target 
drug, and receptor-ligand interactions. The binding interac 
tions can be detected in several formats including sandWich, 
competitive, and target-bound assays. The target substance 
can generally be any substance that one might Wish to detect, 
generally being selected from the group consisting of pro 
teins, protein fragments, ligands, carbohydrates, drugs, drug 
candidates and hormones. The speci?c target substance for 
a particular assay Will depend on the nature of that assay. 
Thus, for an assay geared to smaller molecules, such as for 
drugs or drug candidates, a competitive assay might be 
preferred, While for an assay geared to larger molecules, a 
sandWich assay might be preferred. 

[0038] As discussed in more detail beloW, the invention 
utiliZes an electrode comprising a conductive substrate 
modi?ed With a non-conductive layer, through Which non 
conductive layer a transition metal complex can transfer 
electrons to the conductive substrate. The electrode further 
comprises a member of a biological binding pair immobi 
liZed to the electrode, Which member of the biological 
binding pair is capable of speci?cally binding another spe 
ci?c biological binder. The nonconductive layer may be the 
immobiliZed binder or a separate non-conductive layer on 
Which the binder may be immobiliZed as is knoWn in the art. 
For some uses, the nonconductive layer may be selected 
from the group consisting of streptavidin, avidin, protein A, 
protein G, and antibodies. It may also be a silane molecule 
covalently attached to the conductive substrate, said silane 
molecule further being capable of forming a covalent bond 
With the binder. The nonconductive layer to Which the binder 
is immobiliZed may comprise one or more components. 

[0039] FolloWing is a summary of the various preferred 
embodiments of the invention, after Which is a detailed 
discussion of components of the invention. In particular, the 
invention herein includes a ?rst embodiment for a method of 
determining the presence or absence of a target substance in 
a test sample, comprising: 

[0040] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
layer having an immobiliZed ?rst binder capable of 
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binding the target substance and through Which layer 
a transition metal mediator can freely move to trans 

fer electrons to the conductive substrate; 

[0041] b) contacting the immobiliZed ?rst binder 
With the test sample to form a target complex if the 
target substance is present in the test sample; 

[0042] c) contacting the ?rst binder or the target 
complex, if present, With a second binder capable of 
binding the target substance and having an endog 
enous or exogenous label capable of being oxidiZed 
in an oxidation-reduction reaction; 

[0043] d) contacting the electrode, the immobiliZed 
?rst binder, and the target complex having the sec 
ond binder, if present, With a transition metal media 
tor that oxidiZes the label in an oxidation-reduction 
reaction betWeen the transition metal mediator and 
the label, from Which label there is electron transfer 
to the transition metal mediator resulting in regen 
eration of the reduced form of the transition metal 
mediator as part of a catalytic cycle; 

[0044] 
and 

e) detecting the oxidation-reduction reaction; 

[0045] f) determining the presence or absence of the 
target substance in the test sample from the detected 
oxidation-reduction reaction. 

[0046] The target substance in this embodiment of the 
invention is most preferably a protein. The immobiliZed ?rst 
binder is preferably selected from the group consisting of 
immunoglobulins, receptors, proteins, such as an extracel 
lular matrix protein, and oligonucleotides. The immobiliZed 
?rst binder may be either a synthetic or natural (e.g., of 
eukaryotic; prokaryotic or viral origin) molecule. The test 
sample and the second binder may be added to the immo 
biliZed ?rst binder simultaneously. 

[0047] In another embodiment of the invention herein, the 
invention is a method of determining the presence or 
absence of a target substance in a test sample, comprising: 

[0048] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
layer having an immobiliZed binder capable of bind 
ing the target substance and through Which layer a 
transition metal mediator can freely move to transfer 
electrons to the conductive substrate; 

[0049] b) contacting the immobiliZed binder With the 
test sample to form a target complex if the target 
substance is present in the test sample; 

[0050] c) contacting the immobiliZed binder With an 
endogenously or exogenously labeled substance 
capable of binding With the immobiliZed binder, such 
that binding of the labeled substance is inhibited if 
the target complex is present, and Wherein the label 
is capable of being oxidiZed in an oxidation-reduc 
tion reaction; 

[0051] d) contacting the electrode, the immobiliZed 
binder, the target substance, and the labeled sub 
stance, if present, With a transition metal mediator 
that oxidiZes the label in an oxidation-reduction 
reaction betWeen the transition metal mediator and 
the label, from Which label there is electron transfer 
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to the transition metal mediator resulting in regen 
eration of the reduced form of the transition metal 
mediator as part of a catalytic cycle; 

[0052] 
and 

e) detecting the oxidation-reduction reaction; 

[0053] f) determining the presence or absence of the 
target substance in the test sample from the detected 
oxidation-reduction reaction. 

[0054] This embodiment is a competitive assay Where the 
test sample and labeled substance may be added to the 
immobiliZed binder either sequentially or simultaneously. 
The labeled substance in this embodiment is preferably 
selected from the group consisting of proteins, protein 
fragments, recombinant proteins and recombinant protein 
fragments, ligands, carbohydrates, drugs, drug candidates, 
steroids and hormones. 

[0055] In a third embodiment of the invention, the inven 
tion is a method of determining the presence or absence of 
a target substance in a test sample, comprising: 

[0056] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
layer having an immobiliZed binder capable of bind 
ing the target substance and through Which layer a 
transition metal mediator can freely move to transfer 
electrons to the conductive substrate; 

[0057] b) contacting the immobiliZed binder With a 
surrogate target capable of binding With the immo 
biliZed binder to form a target complex, said surro 
gate target having an endogenous or eXogenous label 
capable of being oXidiZed in an oxidation-reduction 
reaction; 

[0058] c) contacting the target complex With the test 
sample, so that labeled surrogate target is displaced 
from the immobiliZed binder by the target substance, 
if the target substance is present in the test sample; 

[0059] d) contacting the electrode, the immobiliZed 
binder, and said surrogate target, if present, With a 
transition metal mediator that oXidiZes the label in an 
oxidation-reduction reaction betWeen the transition 
metal mediator and the label, from Which label there 
is electron transfer to the transition metal mediator 
resulting in regeneration of the reduced form of the 
transition metal mediator as part of a catalytic cycle; 

[0060] 
and 

e) detecting the oxidation-reduction reaction; 

[0061] f) determining the presence or absence of the 
target substance in the test sample from the detected 
oxidation-reduction reaction. 

[0062] This embodiment of the invention utiliZes a surro 
gate target having an endogenous or eXogenous label, and 
the surrogate target is preferably selected from the group 
consisting of proteins, protein fragments, recombinant pro 
teins and recombinant protein fragments, ligands, carbohy 
drates, drugs, drug candidates, steroids and hormones. 

[0063] In a fourth embodiment of the invention herein, the 
invention is a method of determining the presence or 
absence of a target substance in a test sample comprising: 

[0064] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
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layer having an immobiliZed target substance or an 
immobiliZed surrogate target substance, and through 
Which layer a transition metal mediator can freely 
move to transfer electrons to the conductive sub 

strate; 

[0065] b) contacting the immobiliZed target sub 
stance or immobiliZed surrogate target substance 
With the test sample and With an endogenously or 
eXogenously labeled binder that Will bind the target 
substance in the test sample such that the target 
substance in the test sample, if present, competes 
With the immobiliZed target substance or the immo 
biliZed surrogate target substance for the labeled 
binder, said label being capable of being oXidiZed in 
an oxidation-reduction reaction; 

[0066] c) contacting the electrode, the immobiliZed 
target substance or immobiliZed surrogate target 
substance, and the labeled binder, if present, With a 
transition metal mediator that oXidiZes the label in an 
oxidation-reduction reaction betWeen the transition 
metal mediator and the label, from Which label there 
is electron transfer to the transition metal mediator 
resulting in regeneration of the reduced form of the 
transition metal mediator as part of a catalytic cycle; 

[0067] d) detecting the oxidation-reduction reaction; 
and 

[0068] e) determining the presence or absence of 
target substance in the test sample from the detected 
oxidation-reduction reaction. 

[0069] The labeled binder and the test sample may be 
miXed prior to being added to the immobiliZed target sub 
stance or immobiliZed surrogate target substance. The non 
conductive layer may be the immobiliZed target substance or 
the immobiliZed surrogate target substance, or may com 
prise other molecules. 

[0070] In a ?fth embodiment of the invention herein, the 
invention is a method of determining the effect of a test 
sample on the binding interactions betWeen tWo binders that 
are members of a binding pair, said method comprising: 

[0071] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
layer having an immobiliZed ?rst binder and through 
Which layer a transition metal mediator can freely 
move to transfer electrons to the conductive sub 

strate; 

[0072] b) contacting the immobiliZed ?rst binder 
With the test sample; 

[0073] c) contacting the immobiliZed ?rst binder With 
an endogenously or eXogenously labeled second 
binder for said ?rst binder, said label being capable 
of being oXidiZed in an oxidation-reduction reaction; 

[0074] d) contacting the electrode, the immobiliZed 
?rst binder, and the labeled second binder, if present, 
With a transition metal mediator that oXidiZes the 
label in an oxidation-reduction reaction betWeen the 
transition metal mediator and the label, from Which 
label there is electron transfer to the transition metal 
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mediator resulting in regeneration of the reduced 
form of the transition metal mediator as part of a 
catalytic cycle; 

[007 5] 
and 

e) detecting the oxidation-reduction reaction; 

[0076] f) determining the effect of the test sample on 
the ability of the second binder to bind to the ?rst 
binder from the detected oxidation-reduction reac 
tion. 

[0077] In this embodiment, the test sample, the ?rst binder 
and the second binder may each be selected from the group 
consisting of proteins, protein fragments, recombinant pro 
teins, recombinant protein fragments, extracellular matrix 
proteins, ligands, carbohydrates, steroids, hormones, drugs, 
drug candidates, immunoglobulins, receptors of eukaryotic, 
prokaryotic or viral origin, and oligonucleotides. The test 
sample and labeled second binder may be added to the 
immobiliZed ?rst binder simultaneously or the labeled sec 
ond binder may be added to the immobiliZed ?rst binder 
before the addition of the test sample to determine the effect 
of the test sample on the binding interactions betWeen the 
?rst binder and the second binder. 

[0078] In a sixth embodiment of the method of the inven 
tion herein, the invention is a method of determining the 
presence or absence of a target protein in a test sample, said 
target protein having an endogenous label capable of being 
oxidiZed in an oxidation-reduction reaction, comprising: 

[0079] a) providing an electrode comprising a con 
ductive substrate modi?ed With a non-conductive 
layer having an immobiliZed binder capable of bind 
ing the target protein and through Which layer a 
transition metal mediator can freely move to transfer 
electrons to the conductive substrate; 

[0080] b) contacting the immobiliZed binder With the 
test sample to form a target complex if the target 
protein is present in the test sample; 

[0081] c) contacting the electrode, the immobiliZed 
binder and the target protein, if present, With a 
transition metal mediator that oxidiZes the label in an 
oxidation-reduction reaction betWeen the transition 
metal mediator and the label, from Which label there 
is electron transfer to the transition metal mediator 
resulting in regeneration of the reduced form of the 
transition metal mediator as part of a catalytic cycle; 

[0082] d) detecting the oxidation-reduction reaction; 
and 

[0083] e) determining the presence or absence of the 
target protein in the test sample from the detected 
oxidation-reduction reaction. 

[0084] In this embodiment, the target is a protein having 
an endogenous label. 

[0085] The invention herein further comprises a labeled 
member of a binding pair useful for mediated catalytic 
electrochemistry, Which comprises: 

[0086] a) a binder selected from the group consisting 
of proteins, protein fragments, recombinant proteins, 
recombinant protein fragments, extracellular matrix 
proteins, ligands, carbohydrates, steroids, hormones, 
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drugs, drug candidates, immunoglobulins, receptors 
of eukaryotic, prokaryotic or viral origin, and oligo 
nucleotides; and 

[0087] b) an exogenous peptide label containing one 
or more modi?ed amino acids capable of being 
oxidiZed in an oxidation-reduction reaction at poten 
tials beloW those of naturally occurring amino acids. 

[0088] The preferred binder in this member of a binding 
pair is an antibody. There are at least tWo modi?ed amino 
acids in the peptide label. In the preferred embodiment, the 
modi?ed amino acids in the peptide label are selected from 
derivatives of tyrosine and tryptophan, such as S-hydrox 
ytryptophan; 3-aminotyrosine; and 3,4-dihydroxyphenylala 
mne. 

[0089] A. Mediators and Oxidation-Reduction Reactions 

[0090] The mediator that is needed to enable electron 
transfer 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‘-bipy 
ridine)3 (“Ru(bpy)32+”); Ruthenium2+(4,4‘-dimethyl-2,2‘-bi 
pyridine)3 (“Ru(Me2-bpy)32+”); Ruthenium2+(5,6-dimethyl 
1,10-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(bipyridine)(“Fe(Me2-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+ 
(S-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+”); 
dioxorhenium1+phosphine; and dioxorhenium1+pyridine 
(“ReO2(py)41+”). Some anionic complexes useful as media 
tors Ru(bpy)((sO3)2-bpy>;- and Ru(bpy)((cO2)2 
bpy)22_ and some ZWitterionic complexes useful as media 
tors are R11(bPy)2(($O3)2-bpy) and R11(bpy)2((CO2)2-bpy) 
Where (SO3)2-bpy2_ is 4,4‘-disulfonato-2,2‘-bipyridine and 
(CO2)2-bpy2_ is 4,4‘-dicarboxy-2,2‘-bipyridine. Suitable 
substituted derivatives of the pyridine, bipyridine and 
phenanthroline groups may also be employed in complexes 
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 
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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“-terpyridine; 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-1,10 
phenanthroline; 3,8-diamino-1,10-phenanthroline; 4,7 
diethylenediamine-l,10-phenanthroline; 3,8 
diethylenediamine-l,10-phenanthroline; 4,7-dihydroxyl-1, 
10-phenanthroline; 3,8-dihydroxyl-1,10-phenanthroline; 
4,7-dinitro-1,10-phenanthroline; 3,8-dinitro-1,10-phenan 
throline; 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. 

[0091] B. Oxidation-Reduction Reaction. 

[0092] The mediator may be reacted With labels in or on 
the captured target, the surrogate target, or the binder under 
conditions sufficient 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. 

[0093] C. Detection of Oxidation-Reduction Reactions 
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 occur 
rence 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 occur 
rence of the oxidation-reduction reaction. An electrode suit 
able for the detection of labels in accordance With the 
methods described herein comprises a conductive substrate 
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. Pref 
erably 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 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 probe 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. 

[0094] 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 
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assembled monolayers (e.g., US. 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 
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. 

[0095] 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. 

[0096] 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: 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. 
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[0097] 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 
cal method, including cyclic voltammetry, normal pulse 
voltammetry, chronoamperometry, and square-Wave volta 
mmetry, With chronoamperometry and cyclic voltammetry 
being the currently preferred forms. 

[0098] 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. 

[0099] 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). 

[0100] 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. 

[0101] 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 
S above; and a potentiostat in electronic communication 
With the electrode surface. In addition, the apparatus pref 
erably comprises a ?rst member of a binding pair, such as a 
capture antibody, attached to the electrode or to a noncon 
ductive layer on the electrode surface. The invention may be 
used With a microelectronic device comprising a microelec 
tronic substrate having ?rst and second opposing faces, a 
conductive electrode on the ?rst face, and an immobiliZed 
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binder for the target substance on the second face suf?ciently 
close to the ?rst face to permit detection of an oxidation 
reduction reaction on the second face. The oxidation-reduc 
tion reaction assay format may be in either: 1) a sandWich 
format Wherein a target substance, captured by the immo 
biliZed ?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 directly through labels bound to the target, 3) a 
competitive format using a labeled target or labeled surro 
gate target Which competes With the target substance in the 
sample for binding to the immobiliZed binder, 4) a competi 
tive 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 interaction betWeen the tWo binders. 

[0102] D. Quantitating Target Binding. 

[0103] The herein-described method is particularly Well 
suited to the quantitative detection of protein targets and 
other binding substances. In the case described in this 
section, the rate constant for oxidation of 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 kinet 
ics, so the rate=k[mediator][label] Where k is the rate con 
stant that is speci?c for the particular label, [mediator] is the 
concentration of the mediator, and [label] is the concentra 
tion of label. If k and [mediator] are knoWn, then the 
quantity of the label, and thus of the target, can be deter 
mined. 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. 

[0104] E. Labels 

[0105] The labels utiliZed in the invention are selected 
from the group consisting of preselected peptides and pre 
selected nucleotide bases, and may be endogenous or exog 
enous 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. 

[0106] 1. Endogenous 

[0107] 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 
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histidine. Other amino acids are also oxidiZable but not 
under the assay conditions described here. 

[0108] 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. 

[0109] 2. Exogenous 

[0110] 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 
ytryptophan (Examples 1, 6, and 7); 3-aminotyrosine; and 
3,4-dihydroxyphenylalanine. 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-reduction reaction With the transition 
metal mediator, Os(Me2-bpy)32+, Which has an oxidation 
reduction potential of about 0.47 V (vs. Ag/AgCl). 

[0111] 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. 

[0112] F. Assay Formats 

[0113] The general method of detection of binding inter 
actions of the instant invention as described above can take 
any one of several formats, including conventional sandWich 
assays, competitive assays, or assays With direct target 
detection. These assays may be based on immunological 
af?nity or on af?nities that are based on receptor-ligand, 
protein-protein, or DNA-protein interactions. Cell receptors 
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., Crit. Rev. 
Onc0g., 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. 
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Physiol. Endocrinol. Metabol, 2000, 278, E967), and G-pro 
tein coupled receptors for hormones such as luteiniZing 
hormone, follicle-stimulating hormone, and thyroid stimu 
lating hormone (Schoneberg, T., et at., Mol. Cell Endocri 
n0l0., 1999, 151 181). Receptors of bacterial origin (Modun, 
B. J., et al.,Microbiology, 1998, 144-1005; Schryvers,A. B., 
et al.,Aa'v. Exp. Med. Biol, 1998, 443 123) and viral origin 
(Bella, 1., et al.,]. Struct. Biol, 1999, 128 69; Domingo, E., 
et al., Virus Res., 1999, 62 169) may also be used in the 
instant invention. Extracellular matrix proteins (ECM) can 
be used to detect ECM-binding proteins (Najjam, S., et al., 
Cytokine, 1997, 9 1013). DNA can be immobiliZed as a 
binding member for DNA-binding proteins such as tran 
scription factors (activators, repressors, or regulators) 
(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. 

[0114] 1. SandWich 

[0115] Brie?y, in the sandWich assay format, the proce 
dure 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. 

[0116] 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. 

[0117] 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 
Ru(bpy)3+2 Which has a potential of about 1.05 V or 
Os(bpy)3+2 Which has a potential of 0.65 V (vs. Ag/AgCl). 

[0118] In a third preferred embodiment of the sandWich 
assay format, the second or third binder is covalently labeled 
With labels such as oligonucleotides, proteins, peptides, or 
peptides containing modi?ed amino acids With loWer redox 
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potentials (approximately 20.6 V vs. AAgCl),. Mediators 
matched to these loWer potentials, such as Os(Me2-bpy)32+, 
are used With the loW potential labels. In addition, the second 
or third binder may be labeled With certain electron donor 
compounds that also have loW potentials. 

[0119] In the instant invention, an alternative to the above 
sequence steps for the method of detection is to mix the 
sample With the second binder prior to exposure of the 
mixture to the immobiliZed ?rst binder, such that the binding 
of the second binder occurs prior to binding of the target to 
the immobiliZed ?rst binder. 

[0120] 2. Competitive 

[0121] In the competitive assay format, the target com 
petes With a labeled target for binding to an immobiliZed 
binder. For example, the beta chain of the hormone, human 
chorionic gonadotropin (hCG), can be labeled With a peptide 
rich in tyrosine or an oligonucleotide containing guanine and 
shoWn to bind to rabbit antibody speci?c for the beta chain 
of hCG. The detection of hCG in a sample is possible by the 
competition of the hCG With the labeled beta chain for the 
beta chain-speci?c antibody. In this scenario, the electro 
chemical signal is high in the absence of target hCG, and the 
electrochemical signal decreases if target hCG competes 
With the labeled beta-chain for the immobiliZed hCG beta 
chain-speci?c antibody. In a similar manner, a labeled 
surrogate target bound to an immobiliZed binder may be 
displaced by target present in a test sample, resulting in a 
decrease in electrochemical signal. The competitive format 
is particularly suitable for detecting binding interactions of 
small molecules such as drugs, steroids and vitamins 
(Example 7). 

[0122] 3. Direct 

[0123] In the direct target detection assay, the steps are the 
same as for the sandWich assay except a labeled second 
binder is not added. The labeled second binder is not 
required in this case because the target protein has the 
property of being electrochemically active itself, and alloWs 
direct mediated electrochemical detection of the target. This 
approach can be used particularly for large proteins (i.e., 
Z 150 kD), such as antibodies or other globulins that contain 
many amino acids and thus are able to generate a signi?cant 
electrochemical current by themselves through a catalytic 
oxidation-reduction reaction With a mediator such as 

[0124] 4. Competitive Assay for ImmobiliZed Target Sub 
stance 

[0125] In this format, a target substance or surrogate target 
substance is immobiliZed on the electrode surface and 
exposed to the sample (Which may or may not contain the 
target substance) and a labeled binder (either endogenous or 
exogenous). As is normally used in this art, for example, in 
drug discovery, the surrogate target substance has a loWer 
binding af?nity than the target substance for the labeled 
binder. In this embodiment of the invention, the electro 
chemical signal is high in the absence of the target substance 
in the sample due to the binding of the labeled binder to the 
immobiliZed surrogate target substance, and the electro 
chemical signal decreases if target substance present in the 
sample competes With the immobiliZed surrogate target 
substance for binding of the labeled binder. 
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[0126] 5. Binding Interaction Assay 

[0127] In this format, a ?rst binder that is a member of a 
binding pair is immobiliZed on the electrode surface. The 
immobiliZed binder is exposed to a test sample and to a 
second binder that is a member of the binding pair in order 
to determine the effect of the test sample on the binding 
interaction betWeen the ?rst and second binders. The test 
sample may comprise a substance that facilitates, inhibits, or 
does not affect binding of the tWo binders. For example, the 
test sample could contain a drug candidate that prevents tWo 
proteins from binding to each other, or the test sample could 
contain a drug candidate that enhances the binding interac 
tion. Thus, this assay format can be used to screen potential 
drug compounds in order to determine the effect they have 
on a binding interaction. The mode of action by Which the 
test sample affects the binding interaction includes but is not 
limited to blocking or enhancing the binding of one of the 
binders and inducing a conformational change in the binding 
site. In contrast to the above assay formats Where the 
intention is to detect the presence or absence of a substance 
using catalytic mediated electrochemistry, the binding inter 
action assay format is designed to detect the effect of a 
substance on a binding interaction betWeen members of a 
binding pair using catalytic mediated electrochemistry. 

[0128] The features of the present invention Will be more 
clearly understood by reference to the folloWing examples, 
Which are not to be construed as limiting the invention. 

EXAMPLES 

Example 1 

Electrochemical Detection of Tyrosine, Tryptophan 
and S-Hydroxytryptophan in Solution Using 

Mediated Catalytic Oxidation 

[0129] The presence of tyrosine, tryptophan and S-hydrox 
ytryptophan Was determined in a solution using cyclic 
voltammetry at a scan rate of 300 mV/s (FIG. 1A-1C). The 
Working, reference and counter electrodes Were ITO, 
Ag/AgCl, and platinum Wire, respectively. The substrate 
(amino acid) concentration Was 100 pM, and the mediator 
concentration Was 20 pM With 50 mM sodium phosphate, 
pH 7.5 as the supporting electrolyte. The mediators used 
Were A) Ru(bpy)32+, B) Os(bpy)32+, and C) Os(Me2 
bpy)32+. A dramatic increase in the anodic (oxidative) cur 
rent from the mediator in the presence of substrate provides 
a quantitative measure of the amount of substrate in solution 
based on the catalytic current enhancement due to reaction 
betWeen the oxidiZed mediator and the substrate. The selec 
tive reactivity of the different mediators With the substrates 
(i.e., only S-hydroxytryptophan is detected by Os(Me2 
bpy)32+, both S-hydroxytryptophan and tyrosine are detected 
by Os(bpy)32+, and S-hydroxytryptophan, tyrosine, and tryp 
tophan are detected by Ru(bpy)32+) demonstrates the selec 
tivity of the mediated electrochemical detection technique. 

Example 2 

Attachment of an Exogenous Electrochemical Label 
to a Signal Molecule 

[0130] Electrochemical labels that contain a primary 
amine can be attached to other molecules that contain 
primary amines. An example of this method is the coupling 
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of a peptide or oligonucleotide modi?ed With an alkyl amine 
linker to lysine residues on an antibody using the heterobi 
functional crosslinkers, N-succinimidyl-S-acetylthioacetate 
(SATA) and sulfosuccinimidyl-4-(N-maleimidomethyl)cy 
clohexane-1-carboxylate (sulfo-SMCC)(both from Pierce 
Chemical Co., Rockford, 111.). Both of the crosslinkers 
contain an amino-reactive N-hydroxysuccinimide (NHS) 
ester; hoWever, SATA possesses a protected thiol, While 
SMCC has a thiol-reactive maleimide functionality. Thus, 
once the label is modi?ed With SATA and the antibody is 
modi?ed With SMCC, the label and antibody can be 
covalently coupled under conditions in Which the protected 
SATA thiol is liberated and reacts With the maleimide group 
of SMCC. Atypical coupling procedure is described in detail 
in the instruction provided by the manufacturer With these 
reagents. In the present application, a label containing one 
primary amine (such as a peptide or oligonucleotide With an 
amino terminus) and an antibody are separately reacted With 
a 20-fold excess of SATA and sulfo-SMCC, respectively, for 
2 hr at room temperature. Second, excess coupling reagent 
is removed from each reaction by gel ?ltration chromatog 
raphy With G-25 Sephadex resin (Sigma, St. Louis, Mo.). 
Typically, the ratio of crosslinker incorporation is 1:1 for the 
label and 3-8:1 for the antibody. Third, the modi?ed label 
and antibody are then reacted at a ratio of 10-20 SATA per 
SMCC for 2 hr at room temperature in the presence of 50 
mM hydroxylamine. Finally, the labeled antibody is sepa 
rated from the excess free label by gel ?ltration or successive 
Washes in a centrifugal concentration device. 

Example 3 

Detection of Passively Bound Protein (IgG) With 
TWo Soluble Binders—The First Binder Being 

Speci?c for the IgG and the Second Binder Being 
Speci?c for the First Binder 

[0131] Mouse IgG (mIgG) and human IgG (IgG) Were 
passively adsorbed to ITO overnight as folloWs: Fifty micro 
liters of a 50 pig/ml IgG solution in 50 mM sodium acetate 
buffer, pH 5, Was applied to 0.28 cm2 areas of ITO delineated 
in a 96-well microtiter plate format. The ITO microtiter 
Wells Were formed by fusing a piece of ITO coated glass to 
the bottom of a 96-well microtiter plate upper portion. 
Protein adsorption Was alloWed to proceed for 15 hr. This 
Was folloWed by treatment of ITO microtiter Wells With 200 
pl of 0.1% (W/v) 80% hydrolyZed polyvinyl alcohol (PVA) 
in 50 mM sodium acetate, pH 5.8 for 2 hr at room tempera 
ture to block any unreacted binding sites on the ITO surface 
and on the polystyrene microtiter plate upper portion. After 
Washing With PBS, the Wells Were treated for 2 hr With the 
?rst binder (goat anti-mouse IgG, 15 pig/ml, 100 
pl/Well)(Sigma Chemical). The goat anti-mouse IgG anti 
body had been af?nity isolated on a mIgG column and 
adsorbed With human IgG to remove any reactivity speci?c 
for hIgG. After Washing the ITO With PBS, the Wells Were 
treated for 2 hr With the second binder (rabbit anti-goat IgG, 
15 pg/ml)(Sigma Chemical). Washed Wells Were subse 
quently evaluated using cyclic voltammetry (2.5 V/sec) With 
50 pM Ru(bpy)3 as redox mediator (FIGS. 2A-2B). As 
shoWn in FIG. 2A, the addition of the ?rst binder to ITO 
With adsorbed mIgG resulted in a signi?cant current increase 
over that seen With adsorbed mIgG alone (FIG. 2A#3 versus 
#2), indicating that the ?rst binder Was binding the mIgG. A 
further current increase Was observed When incubation With 
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the ?rst binder Was folloWed by incubation With the second 
binder (FIG. 2A#4 versus #3. None of these increases Was 
observed When the same antibody combinations Were 
applied to ITO adsorbed With hIgG (FIG. 2B). 

Example 4 

Electrochemical Detection of Human Chorionic 
Gonadotropin (hCG) Antigen on an ITO Electrode 

in a SandWich Immunoassay Using a Signal 
Antibody Labeled With an Exogenous 

Oligonucleotide Label 

[0132] Electrochemical detection of hCG captured on the 
surface of an ITO electrode Was demonstrated using ITO 
modi?ed With a rabbit anti-beta chain hCG capture antibody 
(Biostride, Inc., RedWood City, Calif.)(FIG. 3). Capture 
antibody Was passively adsorbed onto ITO overnight from a 
solution of 20 pig/ml antibody in 50 M sodium acetate, pH 
5.0. The ITO Was then blocked With 0.1% (W/v) 80% 
hydrolyZed polyvinyl alcohol (PVA) in 50 mM sodium 
acetate, pH 5.8 for 2 hr at room temperature to reduce 
non-speci?c binding of the antigen and signal antibody. 
After blocking, the ITO Was Washed three times With 
phosphate buffered saline (PBS). The PVA-blocked, cap 
ture-antibody modi?ed ITO Was then treated With 0, 10, or 
50 ng/ml hCG (Sigma) in PBS. After 2 hr incubation, the 
ITO electrodes Were Washed three times With PBS and 
treated With labeled and unlabeled goat anti-alpha chain 
hCG antibody (Biostride, Inc.) at 25 Mg/ml in PBS. The label 
Was a nine guanine-containing oligonucleotide and Was 
present at a stoichiometry of ?ve labels per signal IgG 
molecule. The ITO electrodes Were then used to collect 
cyclic voltammograms in the presence of 50 pM Ru(bpy)32+ 
in 50 mM phosphate buffer, pH 7.0. The increased electro 
chemical signal from ITO exposed to hCG and the second 
labeled antibody (FIG. 3, #4 and #5) relative to ITO that Was 
exposed to no hCG (FIG. 3, #2) indicates the speci?c 
electrochemical detection of hCG. The increased signal 
from labeled (FIG. 3, #4 and #5) versus unlabeled (FIG. 3, 
#3) second antibody in the presence of hCG re?ects the 
signal enhancement obtained from the exogenous electro 
chemical label. 

Example 5 

Electrochemical Detection of Human Chorionic 
Gonadotropin (hCG) Antigen on an ITO Electrode 

in a SandWich Immunoassay Using a Signal 
Antibody Labeled With an Exogenous Peptide 

Label 

[0133] Electrochemical detection of hCG captured on the 
surface of an ITO electrode Was demonstrated using ITO 
modi?ed With a rabbit anti-beta chain hCG capture antibody 
(Biostride, Inc., RedWood City, Calif.)(FIG. 4). Capture 
antibody Was passively adsorbed onto ITO overnight from a 
solution of 20 pig/ml antibody in 50 mM sodium acetate, pH 
5.0. The ITO Was then blocked With 0.1% (W/v) 80% 
hydrolyZed polyvinyl alcohol (PVA) in 50 mM sodium 
acetate, pH 5.8 for 2 hr at room temperature to reduce 
non-speci?c binding of the antigen and signal antibody. 
After blocking, the ITO Was Washed three times With 
phosphate buffered saline (PBS). The PVA-blocked, cap 
ture-antibody modi?ed ITO Was then treated With 100 ng/ml 
hCG (Sigma) in PBS. After 2 hr incubation, the ITO 
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electrodes Were Washed three times With PBS and treated 
With labeled and unlabeled goat anti-alpha chain hCG anti 
body (Biostride, Inc.) at 30 pig/ml in PBS. The label Was a 
?ve tyrosine-containing peptide and Was present at a sto 
ichiometry of ?ve labels per signal IgG molecule. The ITO 
electrodes Were then used to collect cyclic voltammograms 
in the presence of 50 pM Os(bpy)32+ in 50 mM phosphate 
buffer, pH 7.0. The increased electrochemical signal from 
ITO exposed to hCG and peptide labeled antibody (FIG. 4A, 
#4) relative to ITO that Was exposed to no hCG (FIG. 4A, 
#3) indicates the speci?c electrochemical detection of hCG. 
The increased signal from labeled (FIG. 4A. #4) versus 
unlabeled (FIG. 4B, #4) second antibody re?ects the signal 
enhancement from the exogenous label. 

Example 6 

Electrochemical Detection of an IgG Labeled With 
an Exogenous Peptide Containing a Modi?ed LoW 
Potential Amino Acid (5-hydroxytryptophan) and 
Using the LoW Potential Mediator, Osmium2+(4,4‘ 

dimethyl-2,2‘-bipyridine)3(“Os(Me2-bpy)32+”) 
[0134] The exogenous peptide label Was a 21-mer con 
taining three 5-hydroxytryptophan residues. The peptide 
labeled goat IgG (IgG-WOH) Was captured With an affinity 
puri?ed rabbit anti-goat IgG (Sigma Chemical) that Was 
passively adsorbed on the ITO surface from a 50 mM 
sodium acetate buffer, pH 5. After adsorption (i.e., immo 
biliZation) of the capture IgG, the ITO Was blocked With 
0.1% (W/v) 80% hydrolyZed polyvinyl alcohol (PVA) 
(Sigma Chemical) in 50 mM sodium acetate, pH 5.8 for 2 hr 
at room temperature. ITO With capture IgG Was treated With 
the IgG-WOH at 25 pig/ml for 4 hr (FIG. 5A). The ITO 
electrode Was then used to collect the cyclic voltammograms 
in duplicate in the presence of 50 pm Os(Me2-bpy)32+ in 50 
mM phosphate buffer, pH 7. As controls, ITO electrodes 
With non-immune rabbit IgG as capture Were treated With 
IgG-WOH (FIG. 5B), and ITO electrodes With rabbit anti 
goat IgG as capture Were treated With unlabeled goat IgG 
(FIG. 5C). The increased electrochemical signal from ITO 
With rabbit anti-goat capture IgG exposed to IgG-WOH 
indicates electron transfer from the modi?ed amino acid to 
the Os(Me2-bpy)32+ mediator (FIG. 5A). Little or no 
increase in the electrochemical signal is seen When non 
immune rabbit IgG Was used instead of rabbit anti-goat IgG 
as capture (FIG. 5B) or When goat IgG Was not labeled With 
the modi?ed peptide (FIG. 5C). The use of this modi?ed 
loW potential amino acid as a label With the loW potential 
mediator, Os(Me2-bpy)32+, permits protein detection With 
very loW background signal from endogenous amino acids 
in the assay reagents or target proteins. 

Example 7 

Detection of Biotin (Vitamin H) in a Competitive 
Assay Using Labeled Biotin 

[0135] Electrochemical detection of biotin is demon 
strated using ITO modi?ed With neutravidin (Pierce Chemi 
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cal Co., Rockford, Ill.) and biotin labeled With a peptide 
containing 5-hydroxytryptophan (FIG. 6). Neutravidin Was 
passively adsorbed onto ITO overnight, from a solution of 
20 pig/ml neutravidin in 50 mM sodium acetate, pH 5.0. The 
ITO Was then blocked With 0.1% (W/v) 80% hydrolyZed 
polyvinyl alcohol (PVA) (Sigma Chemical) in 50 mM 
sodium acetate, pH 5.8 for 2 hr at room temperature to 
reduce non-speci?c binding. After blocking, the ITO Was 
Washed three times With phosphate buffered saline (PBS). 
The PVA-blocked, neutravidin-modi?ed ITO Was then 
treated With PBS only (untreated), 1 pM labeled biotin in 
PBS, or 1 pM labeled biotin plus 160 pM unlabeled biotin 
in PBS. After 2 hr incubation, the ITO electrodes Were 
Washed With PBS, blotted dry, and used to collect cyclic 
voltammograms (2.5 V/s) in the presence of 50 pM Os(Me2 
bpy)32+ in 50 mM phosphate buffer, pH 7.3. The results 
shoW a decrease in electrochemical signal from the sample 
containing unlabeled biotin indicating a decrease in the 
amount of labeled biotin bound on the surface of the ITO 
electrode due to the presence of unlabeled biotin in the 
sample. The 21-mer peptide label contained three 5-hydrox 
ytryptophan residues. 

[0136] While the invention has been described With ref 
erence to speci?c embodiments, it Will be appreciated that 
numerous variations, modi?cations, and embodiments are 
possible, and accordingly, all such variations, modi?cations, 
and embodiments are to be regarded as being Within the 
spirit and scope of the invention. 

1-112. (Canceled) 
113. A labeled member of a binding pair useful for 

mediated catalytic electrochemistry, comprising: 

a) a binder selected from the group consisting of proteins, 
protein fragments, recombinant proteins, recombinant 
protein fragments, extracellular matrix proteins, 
ligands, carbohydrates, steroids, hormones, drugs, drug 
candidates, immunoglobulins, receptors of eukaryotic, 
prokaryotic or viral origin, and oligonucleotides; and 

b) an exogenous peptide label containing one or more 
modi?ed amino acids capable of being oxidiZed in an 
oxidation-reduction reaction at potentials beloW those 
of naturally occurring amino acids. 

114. The labeled member of a binding pair of claim 113, 
Wherein the binder is an antibody. 

115. The labeled member of a binding pair of claim 113, 
Wherein there are at least tWo modi?ed amino acids in the 
peptide label. 

116. The labeled member of a binding pair of claim 113, 
Wherein the modi?ed amino acids in the peptide label are 
selected from the group consisting of derivatives of tyrosine 
and derivatives of tryptophan. 

117. The labeled member of a binding pair of claim 116, 
Wherein the modi?ed amino acids in the peptide label are 
selected from the group consisting of 5-hydroxytryptophan; 
3-aminotyrosine; and 3,4-dihydroxyphenylalanine. 

* * * * * 


