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[0004]  Several different approaches to amperometric electrochemical protein
detection assays have been developed. Generally, electrochemical protein detection
assays couple the detection of an analyte protein with enzyme-catalyzed electron
transfer to or from a substrate, and ultimately to a half-cell reaction of an
electrochemical cell. Since the enzyme catalyzed oxidation or reduction of substrate
is coupled with the redox reaction of the electrode, mdst assay methods involve either
delivering to the vicinity of the electrode the enzyme which catalyzes the electron
transter reaction, or conversely blocking such delivery, when the analyte protein is
present in solution. In the case of protein detection, the analyte protein may be

captured using an anti-analyte antibody.



[ 0005] Assays that rely on bl ocking the delivery of
the enzyne are often perfornmed conpetitively.
Typically, the enzyne used in the electron transfer
redox reaction is first conjugated to a conpetitor of
the analyte protein (often purified analyte protein)
prior to conducting the assay. An anti-anal yte
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the surface at which the various reagents are being added (usually the electrode

surface), typically after addition of each reagent such as analyte, competitor (or
competitor-enzyme), or anti-analyte antibody, adds to the complexity of the assay.
The washing steps are important to minimize non-specific binding of proteins to the

electrode, and to lower signal from competitor-enzyme which has been excluded from

the antibody due to the presence of the antibody.

[0008]  Separation-free competitive assays, which do not require the separation



[ 0008] Separation-free conpetitive assays, which do
not require the separation 3 steps, have been
devel oped for in-field use, in which the above
princi pl es have been adapted to a one-step process.
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immobilized anti-analyte antibody and a redox polymer, which acts as a mediator
between the electrode and the enzyme that is used in the assay. Sample is added, and
any analyte in the sample will bind to the anti-analyte antibody. Competitor-bound
enzyme is brought to the electrode surface through capture by anti-analyte antibody
which is not bound to analyte, at a concentration that it inversely proportional to the
amount of analyte already bound. Enzyme substrate is added and is reduced or

oxidized by the enzyme attached to the captured competitor. The redox polymer



which is not bound to analyte, at a concentration that
it inversely proportional to the anount of analyte
al ready bound. Enzynme substrate is added and is
reduced or oxidized by the enzyne attached to the
captured conpetitor. The redox polynmer 4 regenerates
the active site of the captured enzyne through
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there across, thereby inhibiting non-specific binding of protein molecules at the
electrode; immobilizing the capture molecule on the monolayer; adding a sample
confaining a target molecule to be captured by the capture molecule; adding a
detection molecule that specifically binds one of the capture molecule or the target
molecule, wherein the detection molecule is labelled with an enzyme capable of
oxidizing or reducing a substrate; adding a redox polymer that interacts with the
monolayer and that together with the monolayer forms a conductive path from the

enzyme to the electrode; adding the substrate to be oxidized or reduced by the

enzyme; and detecting current flow at the electrode.



oxi di zing or reducing a substrate; adding a redox
polynmer that interacts with the nonolayer and that
together with the rnonol ayer forns a conductive path
fromthe enzyne to the el ectrode; adding the
substrate to be oxidized or reduced by the enzynmne,;
and detecting current flow at the electrode. 5 [0014]
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an el ectrochem cal cell used in the present nethod;
[0019] Figure 2 is a schematic diagramof a nDdified
surface of an electrode on which the present nethod

BRECPOESCRIPTION OF THE DRAWINGS
[0017] Inthe figures, which illustrate, by way of example only, embodiments of

the present invention,

[0018]  Figare 1 is a schematic diagram of an electrochemical cell used in the

present method;

[0019]  Figure 2 is a schematic diagram of a modified surface of an electrode on

which the present method is performed;

[0020]  Figure 3 is a schematic diagram depicting the formation of an analyte

layer on the electrode surface,



[0020] Figure 3 is a schematic diagram depicting the
formati on of an analyte |ayer on the el ectrode
surface; 6 [0021] Figure 4 is a schematic di agram of
a redox polymer assenbled on the analyte |ayer on the
el ectrode surface to forma bitayer; [0022] Figure 5
is a schenatic“diagran1depicting t he conversi on of
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DETAILED DESCRIPTION

[0028]  There is presently provided an electrochemical assay method of detecting a
target molecule, including a protein, in a sample, which involves the use of a
protective monolayer and a redox polymer to form a bilayer immobilized on an
electrode. The monolayer protects the electrode from non-specific adherence of
protein reagents to the electrode while simultaneously providing a surface that can be
functionalized to immobilize a capture molecule and to interact with the redox
polymer. The electrode provides a conducting surface with which to monitor electron
transfer to or from a substrate, catalyzed by an enzyme, whereby the concentration of

enzyme, and thus the extent of electron transfer, is dependent on the concentration of
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Fi 2, a functionalized nonol ayer 20 of,k a nonol ayer
{0030 Electrode 10 may be composed of any elettrically conductlng materral,
including carbon paste, carbon fiber, graphite, glassy carbon, any metal commonly
used as an electrode such as gold, silver, copper, platinum or palladium, a metal oxide

such as indium tin oxide, or a conductive polymeric material, for example poly(3,4-

ethylenedioxythiophene) (PEDOT) or polyaniline.

[0031] Formation of bilayer 70 on surface 12 of electrode 10 is illustrated in
Figures 2-4. As illustrated in Figure 2, a functionalized monolayer 20 of a monolayer

component molecule 22 is formed on a surface 12 of electrode 10.
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[0035]  The portion of monolayer component molecule 22 in contact with
electrode 10 may have an electrode-reactive group that reacts with the electrode
surface 12, allowing for immobilization of the monolayer component molecule 22 on

the electrode surface 12. For example, if the electrode 10 is metal, such as gold, the
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should be such that any defects or pinholes that do exist are not large enough to
permit bulky pﬁ)tein molecules, particularly the enzyme used to catalyze electron
transfer, to access the surface 12 of electrode 10. Thus, when electrode surface 12 is
coated with 2 monolayer comprising monolayer component molecule 22, molecules in
a bulk solution which may be deposited on surface 12 cannot directly contact the
electrode surface, but instead interact with the functionalized surface of monolayer

20, since the functionalized monolayer 20 forms a protective layer on-electrode



transfer, to access the surface 12 of el ectrode 10.
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Capture anti body 24 may be inmobilized on the
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antibody 24 may be cross-linked to the end functional groups, using standard cross-
linking methods known in the art. Generally, a cross-linker will have two reactive
groups, which may be the same or different, and which ate available to react with the
end functional group on monolayer component molecule 22 and with groups within
capture antibody 24. For example, where the end functional group is a carboxylic
group, it may be cross-linked to amino groups in capture antibody 24 using standard

1 -ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS)



anti body 24 may be cross-linked to the end functiona
groups, using standard cross- |inking nethods known in
the art. Cenerally, a cross-linker will have two
reactive groups, which nmay be the sanme or different,
and which are available to readfl with the end

functlonal oup on nonol ayer conponent nol ecul e 22
a‘ﬁﬂt Rl M@k&@é@ex&pn it apl@lapitﬁl@rtbatahft nbddyd (ﬁ4mrrFoch|Ihzmg capture

the end. fu
SRR p1 NSl Pt RO B S Boelt PitRbadS ol ingos taree
gﬁ@wﬁ&m n capture anti body 24 using standard
1- et hyl - 3- (3-di nmet hyl am nopr opyl ) car bodi i m de/ N- hydr ox

&§$§C|n|n1de (EDC/NHS) 11 nethods. A skilled person
Olap p@é@iu@taémﬂoﬁ@x 24 tﬁelmmmwdafn funmtidyialized mgnolayer 20 at a

o ren 2 BAGGuA e MR Pl Flatiocssite B fuselona

re an

Q4O ht iGagu fa&@ Bﬁﬁlbﬁ%@%o@ﬂnélﬁs 'CHHQP:‘ ddif8dy 99 %H bﬁ a bulkier

functionalized nonol ayer 20 at a density Su
Pigictledhian m@@@ﬂaﬁ@rr@mmw@mtzmolp@xlammmmabthe lﬁ[tdof Captule

{1t
MR T TR T
o Heaod Bettvhérnad]mt BYEIcuRE BPORRNE NBbEG L RdditiBRAR Rlkilled

that the r capture antibody 24 to nonol ayer
REHFoRhie @d&ﬁ‘@lﬂ@lw he wacerdesion I@éﬁalzﬂ!umﬁemb@dy 24, and any

&belihker REDQY 1?1919@019% 8% Gpdite gﬂh@cﬁﬂg%i Jﬁoilug&ﬁn%glze({ monolayer 20

capture antibody 24
s@ids|to b@hlml sedetsy eal éamlﬂyy Tad;,;,lmsen tHn.egIc oaqﬁeﬂa:tahabbdmszs attached
crossl inker used to

TSR Wi undisuliptosn SE R raleT cmapeatmolecule 22,

sﬂffnﬁézﬁylﬁﬂaBQ engiQuA&idnal Q@b}:@ﬁé&a& sapd 5@ ERNFhdYionalized

Thug} even though capture antibody 24 is attached to
RSRGEY &Y ooy dpabably éoretﬁ%frqiqylﬁ@w@medgx oalyust 6fendbwyibed

vepmponent nol ecul e 22, sufficient avail able end

functi onal groups remain at the surface of

functional i zed nnnolag;r 20 to be avail able for
[98Er acPresrmonaliyes 20aErmediog e sueficad2 deslowaptiedantibody 24 is

for on.the .
1r§131|r091‘£{gg& QiQS’ }]e?ﬂgg B?‘S(?@L%%(? {NBE% gh %{zctro or capture and gt’ate%pon
obatmpie prEyinkbé. conflastael inl Riput Beale M%Qﬂj%l B01is GAPEYBR the

and ection. rotein 46, As illustrated
R Gr € iRt plolsger 2 Yk femogii e esptor
artlteey DOdecablired QIR ipShtBH AURGT 4 zh %‘B@hédz(?éiecftf&ﬂ%h rgf 48 Rirectly
with i mobilized capture antibody a captur
onp indigectly dabstled widhen eyviima 1akebs?.| Beg ek eblecthﬁ olnteamn ptihpdy 48
4 fyindirectly labelled with an enzyme
is qgﬂ#k %&f%ﬂm ¥ab|y, the detection antibody 48 is a
nnnoclonal ant i body.
[0042]  In the depicted embodiment, capture antibody 24 is an antibody that
recognizes target protein 46. Capture antibody 24 specifically binds the target protein
46, meaning with that it binds target protein 46 with greater affinity and selectivity

than it binds other proteins that may be in solution with target protein 46.

[0043]  Target protein 46 may be captured by contacting a sample containing

target protein 46 with capture antibody 24 immobilized on functionalized monolayer

20.

[0044]  The sample may be any sample in which it is desired to detect the presence
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mof%[:ul%fisf almrglfl églectz)liﬂg ?lilar% Steracts with another molecule through a specific
interaction, such as either half of a receptor/ligand pair which bind to each other
through a specific, non-covalent affinity interaction. For example, the affinity binding
molecule may be biotin, streptavidin, avidin, an ATP analogue, an ATP binding
domain, imidazole, digoxigenin or a 6-histidine peptide. A molecule that recognizes
the affinity binding molecule may then be attached to enzyme 50, so as to label
detection antibody 48 with enzyme 50 through the interaction with the affinity
binding group. Where such an affinity binding molecule, or the molecule that

recognizes it, is a protein, recombinant cloning techniques may be used to express an

enzyme as fusion protein with the molecule that recognizes the affinity binding
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[0050]  Analyte layer 30 is then layered with redox polymer 60 to form a bilayer
70, as shown in the schematic representation of the immobilized bilayer 70 in Figure

4,

[0051]  Redox polymer 60 comprises a polymer 62 complexed with a redox centre
64. The polymer 62 may be a conducting polymer, which is any polymer capable of
conducting an electron flow, including polyvinylpyridine, polysiloxane, polypyrrole,

polyquinone or polyvinylpyridine-co-acrylamide. For example, polyﬁler 62 may be a



[0049] Enzyne 50 may be, for exanple, an

oxi doreduct ase, glucose oxi dase, horse radish

per oxi dase, gl ucose-6-phosphat e-dehydr ogenase,
cat al ase, peroxi dase, inicroperoxidase, alkaline
phosphat ase, (3-gal actosi dase4 urease, (3-1actanase,
| actate oxidase or |accase. [0050] Analyte |layer 30
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centre 64 is chosen so that its redox potential is in a similar range as the enzyme

catalytic active site, or coenzyme of enzyme 50, to allow for electron transfer to

oceur.

[0054]  Polymer 62 is complexed at positions along its length with redox centre
64, for example by a covalent bond, an electrostatic interaction, or through forming a
coordination bond with a chelated ion complex, to form redox polymer 60. The redox
polymer 60 is capable of undergoing redox cycling reactions at each redox centre 64,
which cycling can be measured through electrically contacting polymer 62 with

electrode 10 and measuring current flow, as will be apparent to a skilled person.



by pol yner 62. Redox centre 64 therefore can cycle

bet ween oxi di zed and reduced states upon contacting
with a suitable electron acceptor or donor. In certain
enbodi nents, redox centre 64 may be qui none, fel
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g substrate 80 can be either oxidized or reduced
urea PEOFREYVIPSNIWTct 82 in a reaction catal yzed by enzyme

50. Thus, the substrate 80 possesses a first
[0058Xi dajjoandatioh@f sandates80¢ tiz\carjrae chivlyead yxdathdh ¢ro

reduction reaction is carried out in the bilayer by enzyme 50 to yield product 82.
Unon catalysing an electron transfer from or to the substrate 80, the catalytic active
site of enzyme 50, or a coenzyme of enzyme 50 then undergoes electron transfer with
the redox centres 64 in redox polymer 60, which together with monolayer 20 will
form a conductive path between the electrode 10 and the catalytic active site or
coenzyme through the polymer 62. Similarly, the polymer 62 is in contact with
monolayer 20, which can transfer electrons to and from the electrode surface 12,
either through conductance or tunneling of the electrons, thus allowing fof the

electrode 10 to zecycle the oxidation state of the redox cenire 64. The electron transfer



product 82 having a second oxidation state. [0057] The
specific identity of substrate 80 wll depend on which
enzyme 50 is used. For exanple, the substrate may be
gl ucose, hydrogen peroxi de, glucose-6- phosphate,
phenyl phosphat e, p-an nophenykphosphat e,

p- am nophenyl - (3-gal act osi de, urea or benzyl
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[0061] A potential difference is applied between electrodes 6 and 10 in order to

catalyze the eleciron transfer reactions at the respective electrodes.

[0062] Thus, detection of current flow between substrate 80 in solution 7 and the
electrode 10, by way of the catalytic active site of the enzyme, the redox centres of the
polymer and the contact of the polymer with the electrode, allows for the
amperometric measurement of the concentration of captured target protein 46.
Biasing source 8 applies a constant potential between reference electrodci 6 and

electrode 10, while substrate 80 is in solution 7. The applied potential is chosen to be



t hen subsequently becones reduced by accepting an
el ectron fromelectrode 10, which is transferred
across nonol ayer 20, resulting in current flow at

el ectrode 10. [0060] As nentioned above, the
reference electrode 6 wll al$p be in contact with
the solution 7 containing substrate 80 and which is
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reactions at the respective el ectrodes. [0062] Thus,
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Pr¥Phode. [0063] The current generated as a result of
el ectron transfer catal ysed by enzyne 50 will be
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are specificall y associated with captured target
protein 46. A skilled person wll understand how to
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moﬁtﬁﬁy%fti&(} Qxliagftl:%' Blod@d SR Hlit blocking agent that will not participate in

the redox reactions, is not electrically active, and which will have minimal affinity for

any of the reaction components. One such suitable blocking agent is bovine serum

albumin protein.

JO066]  For each of the above steps, the appropriate solution is added to the surface
12 of electrode 10 using a liquid cell, which may be a flow cell, as is known in the art,
or by pipetting directly onto surface 12, either manually or using an autor_nated

system. The liquid cell can form either a flow through liquid cell or a stand shll hiquid



correlate the I evel of detected current with detection
of a given concentration of protein. [0064] As w ||
be appreciated by a skilled person, surface 12 of
electrode 10 is rinsed between steps of formng the
bilayer 70 in the present net#®d and prior to
detecting the presence of target protein 46, in order
cdijo elimnate excess unreacted reagents. For exanple
surface 12 may be rinsed with blank buffer to renove
unbound capture anti body 24 and unreacted
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an eloEL %‘i’c@ﬂ!{ ?ecﬁllﬁgﬂ: bRl R caNRhARUtirectly between the elecirode and
the protein that is to be immobilized. Such immobilization methods can result in
random orientation of the protein on the electrode surface, providing sub-optimally
arranged protein for capturing of a target molecule from solution, or alternatively,
denaturation of the protein, which can also result in non-specific binding of other
protein reagents that are in solution. Furthermore, proteins typically are large, bulky

molecules and tend not to conduct or tunnel electrons very efficiently.

[0071]  Proteins can be advantageously immobilized on the monolayer in the
present method due to the monolayer which provides a functionalized surface at
which proteins can readily be immobilized in a controlled manner at a specific site in

the protein and at a concentration at which capture of a target molecule is optimized.



[0069] Simlarly, the detection nolecul e has been
descri bed above as an anti body. Although an anti body
is the preferred detection nolecule, since it allows
for a specific and sensitive %fthod of detection
However, it wll be appreciated that any nol ecul e
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[0075]  The above-described embodiment is a sandwich-type assay in which the
target molecule is immobilized and detected by a sandwich of the capture molecule
and the detection molecule. Within the dynamic range of the assay, the measured
current is directly proportional to the concentration of captured target molecule.
While such an assay format is typically preferred due to a higher Sensitivity and the

direct correlation between protein concentration and measured current, it will be



functionalized nonol ayer also assists in formng the
bi | ayer system by interaction with conpl enentary
functional groups on the redox polyner. [0073]
Conveniently, |abelling of the test sanpl e or
cross-1linking of the det ect i orf? anti body or enzyne is
not required. Moireover, the present assay has a broad
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However, as a skilled person will appreciate, the electrode surface 12 may be

t he

modified to have the functionalized monolayer 20 and immobilized capture antibody

24, and stored until obtaining the protein sample to be tested.

[0078]  In an alternate embodiment of device 90, if a competitive assay is to be
performed, the device 90 comprises the target protein 46 and the detection antibody
48, which is a competitor of target protein 46 and which is labelled with enzyme 50,

both bound to different distinct molecules of capture antibody 24 within analyte layer



concentration of enzyme that is incorporated into the
bil ayer, and the lower the <current will be. The
current flowthat is neasured is indirectly
proportional to the anobunt of _farget nolecule in the
sanple. [0076] A device 90, as? epicted in Figure 4,
is also contenpl ated. Device 90 conprises el ectrode
30 having surface 12, on which functionalized
nonol ayer 20 is |ocated. Capture antibody 24 is
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el ectrodes. Miultiple devices 90 may be forned in an
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[0083]  Alternatively, multiple electrodes 10 may be arranged in an array such that
each individual electrode has the same capture antibody 24 immeobilized on
functionalized monolayer 20. A different sample may then be contacted with each

respective electrode 10. In this way a large number of samples may be screened for a

particular protein.

[0084]  Kits or commercial packages for carrying out the described method are
also contemplated. The kit or commercial package contains an electrode 10 having a

partially formed analyte layer 30 of functionalized monolayer 20 and immobilized



capture antibody 24, for use in screening a nunber of
different sanples for the sane protein. [0080]
Alternatively, nultiple electrodes 10 can be arranged
into an array, partially prepaﬁfd as descri bed above,
for use with protein sanples onCée acquired. [0081]
Each el ectrode 10 nmay be located within a discrete
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[0087] EXPERIMENTAL

[0088]  Materials and Apparatus: unless otherwise stated, chemicals were obtained
from Sigma-Aldrich (St Louis, MO) and used without further purirﬁcation. The redox
polymers used in this study were poly(vinylimidazole-co-acrylamide) (PVIA-Os);
poly(vinylimidazole-co-acrylamido-2-methyl-1-propanesulfonic acid) (PVIAMP-Os),
oly(vinylimidazole-co-acrylic acid) (PVIAA-Os); poly(vinylpyridine-co-acrylamide)
(PVPA-0Os); and poly(vinylpyrridine-co-acrylic acid) (PVPAA-Os). Synf-hesis of the
redox polymers was described elsewhere (Gao ef al. (2002) Agnew Chem, Int. Ed. 41:



EXAMPLES [ 0086] The above net hod was perforned to
detect the venom protein (3-BuTx from Bungarus
mul tici nctus using a charged protective nonol ayer of

mer capt oundecanoi ¢ aci d sel f-asz_s?errbl ed on a gold
el ectrode via thiol chemstry capture nol ecul e
used was a nonocl onal anti body directed towards venom
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go‘icp seurbgtfra(?t[a ?n ?(? l’n?\(fi tl\%gA (mercapto-undecanoic acid) in absolute ethanol
overnight at room temperature. MUA solutions were freshly prepared before each
experiment. The electrodes were rinsed with Milli-Q water and activated with 100
mM of 1-ethyl-3(3-dimethyl-aminopropyl)-carbodiimide (EDC) and 40 mM of N-
hydroxysulfosuccinimide (NHS) in water. A patterned 1-mm thick adhesive
spacing/insulating layer with a screen-printed Ag/AgCl layer and a hydrophobic layer
were assembled on the top of the slide. The diameter of the individual sensor was 2.0

mm and that of the top hydrophobic pattern was 4 mm. Protein A-purified rabbit 1gG
antl-B-BuTx antibody (0.10 mg/mL in PBS) was applied on each of the individual



for this study. The biotinylation of mAbl5 was
perfornmed as described previously (Le et al. (2002)
JI mmunol Met hods. 260: 125-136). A-HRP was obt ai ned
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[0PB3] soRESUGITUAND DISEdSSION

[0093]  In aprevious method involving nucleic acids as the capture, target and
detection molecules, the thiol-containing capture nucleic acid was directly
immobilized on a gold electrode, and the monolayer was formed by assembling
monelayer component molecule around the DNA (Xie et al., Anal. Chem. (2004) 76:
1611-1617; Xie et al., Nucl. Ac. Res. (2004) 32(2): el5). The present method of
chemical coupling of the capture molecule to the surface of the monolayer, instead of

direct adsorption onto the bare electrode surface, has three distinct advantages: (1) it



[0091] Protein detection: 3-BuTx incubation and its
el ectrochem cal detection were carried out as

follows. The el ectrode was placed in a
noi sture-saturated environnental chanber. Aliquots of
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knoRAFSH iGWbALY Yo YRR ﬁletr!?nﬁ-sﬁaéﬂfiﬂgﬁdsmpuOIl of proteins (Steinitz, (2002)
M Anal. Biochem. 282: 232-238), and BSA blocked surfaces are currently used in

many protein assays.

[0095]  PVIA-Os, PVIAMP-Os, PVIAA-Os, PVPA-Os, and PVPAA-Os were first
tested for their ability to form stable bilayers. It was found that among these redox
polymers, PVPA-Os is the best in terms of stability of the bilayer and the amount of
redox polymer being immobilized on the biosensor surface. This is likely due to the

partial protonation of acrylamide moieties at pH 7.4, increasing the net positive



nol ecule is a protein. [0094] Formati on of
el ectroactivated bilayer: the fabrication of the
protein array for use in EEIA requires a series of

surface chem cal reactions. These steps are as
follows: (1) formation of a sel4t-assenbl ed nonol ayer

of MJUA, (2) reaction of the MJA nonolayer with
clelee MBe 14@% 1€ HerebytraigRivBRL 1of fo%'%ﬁ&?gﬁfth@ BHSyet, I'Which

arra and treatment of the unreacted sites on
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Voltaﬁémﬁraray sicreamoostrynanetingl abfow peidosel p@in;m@s apéihegeak-to-
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t he redox polymer, thereby relnforcgwg formation
—0.5V ande-0of Vayféfpahw hlﬁhlymtahh@@nfahé i ﬂ;maql elgoxost@isthilezer

on édqd tef%&;&[ )ﬂlg}:}e\ée cfe o’% ﬁ_}ﬁPm 1B ye? fet nd gpplegsé\bly alter the
electrochemistry of the redox polymer. Later experiments in substrate solution
showed that HRP in the bilayer retains its activity. Such results ascertain that the
osmium redox centres are in electrical contact with the electrode surface and
participate in reversible heterogeneous electron transfer. The total amount of bound
osmmium redox centres, 2.3-6.0x107*° mole/cm?, depending on the amount of B-BuTx
bound to the electrode, was estimated from the area under either the oxidation or the

reduction current peak corrected for the background current.

f0096]  Feasibility of protein detection: in the first feasibility study, B-BuTx



was used throughout. As expected, the MJA-anti body

nonol ayer al one inpedes electron transfer between the
gold el ectrode and the solution species. No detectable
current was observed when tested by cyclic voltametry
ina 0.50 MNa2SO solution @dntaining 2.5 nM
ferricyani de. However, since the redox polyner is
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the reduction current peak corrected for the .
amprieRgi SRS ity apaximphioadips maa giviivs sy fof pistein detgction.
detection: in the first feasibility study, (3-BuTx

[0098] The OS(bpy)2+ sites of the redox polymer overcoating effectively interact
with the HRP incorporated in the bilayer and serves to reset the enzyme upon
enzymatic reduction of H>O,. At the applied potential of 0.15 V, the thus oxidized
redox polymer is subsequently reduced, forming a substrate-recycling mechanism in

the bilayer, as described by the following equations:



27 standard solutions were tested on the protein
array. Upon application at room tenperature to the
nonol ayer with capture Ab on the el ectrode surface,
(3-BuTx in the solution masﬁﬁflectively bound by the
capture Ab and i nmmobilized i he vicinity of the
el ectrode surface. Repeated rinsings with PBS were
performed to renove eqggss (3-BuTx. A-HRP was

ofr. 2h the analyte la +aV|d|n
H*%eﬁggFﬂ%ﬁg durlng subsequent¥gncdt§FR%ﬁMHtr1the
second afti body and A-HRP solution. Typical cyclic
vol tammograi ns of the sensor reacted with (3-BuTx in
PBS (das H202 (solid curve)
are shown in Figure 7. Catalytlc cufrent was observed
in the JRr esence of H2OQ2 due to the presence of HRP in
Gs{bpiis’ayer. Bn a controt>exper 08 Y’B% failed t@)
capture any (3-BuTx and therefore A-HRP was not
incorporated in the analyte layer. ldentica
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sites of the redox polyner overcoatlng effectively
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serves to reset the enzyne upon enzynatlc reduction
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toxin concentrations were proportional to the reduction currents indicating that the

biosensor can be used for quantification purpose. Under optimal experimental
conditions, a dynamic range was found to be from 2.0 pg/mL to 10 ng/mL with a
detection limit of 1.0 pg/mL estimated based on 3-fold measurement of noise levels. It
was found that a practically constant current (saturation current) was observed at a -

BuTx concentration of 50-100 ng/mL. Higher detection limit, 10.0 pg/mL., was

observed when working with serum samples.

[00102] As can be understood by one skilled in the art, many modifications to



28 HRP H202 + Gs(bpY)22+ ~- H20 + Os(bpY)23+ (1) |
Gs(bpY)23+ + e --- Os(bpY)22+ (2) [0099] When the
reduction potential for Os3+ is sufficient, the
overall reaction rate and hence the senS|t|V|ty of
the systemis determ ned by &fuation (1), or in other
wor ds, by the apparent activity of HRP in the bilayer.
ihE@QéQ?ﬂa ryl @b&fnch@deRYIzH kPLlil%Hﬁﬁ%%’OXﬁb J?Me H@gnﬁ(ﬂ{ PEHIQ«Q is
di rect €l ectron-exchange
inganded foorepmpassetisach wiadhfpeatiomppthyi iig sctdpe arse;wﬁmqbbj/ yHEer
phas fabricated and its vol tammogram was neasured in
C@gé'containing H202. Conparison of the voltaznnetry
and anperonetry with that of an el ectrode that was not
treated by (3-BuTx showed no neasurabl e difference.
Furthernore, while H202 is catalytically
el ectroreduced already at a potential as positive as
0.30 V vs Ag/AgCl on the electrode with the redox
pol ynmer overcoating, electroreduction of H202 was not
observed on a gold el ectrode exposed to the HRP
solution or PVPA-Gs solution at potentials negative
of 0.20 V, ruling out the possibility that the
reducti on of hydrogen peroxide is catalyzed by
i mobi | i zed HRP or by PVPA-Os. [00101] Cali bration
curve for (3-BuTx: Figure 10 shows representative
anperonetric data obtained fromthe protein array
treated with solutions of increasing concentrations,
from10 pg/nL to 10 ng/nL. As the concentration of
(3-BuTx was increased, the H202 reduction current
i ncreased accordingly in anperonetry. The toxin
concentrations were proportional to the reduction
currents indicating that the biosensor can be used
for quantification purpose. Under optimal experinental
conditions, a dynam c range was found to be from2.0
pg/m. to 10 ng/mL with a detection limt of 1.0 pg/nL
esti mated based on 3-fold neasurenent of noise |evels.
It was found that a practically constant current
(saturation current) was observed at a 3- BuTx
concentration of 50-100 ng/nL. Hi gher detection limt,
10.0 pg/ L, was observed when working with serum
sanpl es. [00102] As can be understood by one skilled
in the art, many nodifications to 29



the exenpl ary enbodi nents descri bed herein are

possi bl e. The invention, rather, is intended to

enconpass all such nodification within its scope, as

defined by the clainms. 30 WHAT IS CLAIMED IS: 1. A

nmet hod of electrochem cally detecting a target

nol ecul e in a sanple, conprising: coating an

el ectrode with a nonol ayer capable of imobilizing a

capture nmolecule thereon apgd of transferring

el ectrons there across, thereby inhibiting

g z [ inding of protein nolecules at the
“ﬂgfggfgg%%$ﬁﬁ%§innnolayer havi ng at | east one surface

not in contact with the electrode; inmmobilizing the
[. capA wicthdinifetdelrecimitdlB dteckieg@stargatensivtflates saagdé,ng a

sanple containing a target nolecule to be captured by
comppdigapt ure nol ecul e; adding a detection nolecul e

that specifically binds one of the capture nol ecul e or

It h Q:oltallfi‘ﬁf,gﬁ{ c1BRl RE Wit a %ﬁ&%%)ﬁg 6:%125@)(1)(?@5 iﬁﬁﬂé&ﬁ‘ziﬁ%ﬁ gérﬁH{u% thSlecule

abelled wth an enzyne ca oxl1 di zi
thereedas aigrasSuig ¢ledtons duid agoss, theddx igobijing not-kgecific binding

i nt. t ith t d .t hat th ith .
of sl ROy DrHEOG LR Rr v Dt P e A ki
conta®t ¥R 1Rl B&ddogele; adding the substrate to be oxidized

or reduced by the enzynme; and detecting current flow

at the electrode. 2. The nethod of claim1, wherein
t hdmageabdlizipgthe peplateunelesye on thecdllqayt Giekysaes t he
target nol ecule and the detection nol ecul e conpri ses

an [ 3 ] Nod ' ' .

g S e
molpallecul e and the detection nol ecul e conprises a

conpetitor of the target nolecule. 4. The nethod of

any gne of cl.ainms,1 to 3 wherein the redox polyner has
g e iBh it e PRTEENE G SL TRl fpoltRie o
the ¥Whddd i@ ulD AabaYeihe UblcBidhmaR c IR ROBbAIRM Yvieha &€me capable of
~group on the nonolayer. 31 5. The nmethod of any one
oxi@ring bajedycing e GulBsHRi t her conprising rinsing the
el ectrode
adding a redox polymer that interacts with the monolayer and that together with the

monolayer forms a conductive path from the enzyme to the electrode;
adding the substrate to be oxidized or reduced by the enzyme; and
detecting current flow at the electrode.

2. The method of claim 1, wherein the detection molecule specifically binds to the

target molecule and the detection molecule comprises an antibody.

3. The method of claim 1, wherein the detection molecule specifically binds to the
capture molecule and the detection molecule comprises a competitor of the target

molecule.

4. The method of any one of claims 1 to 3 wherein the redox polymer has a charged
group which interacts electrostatically with the monolayer through an oppositely charged

group on the monolayer.



after each of said coating, said imobilizing, said
addi ng the sanple, said adding the detection nolecule
and said adding the redox polynmer. 6. The nethod of
any one of clainms 1 to 5 wherein the sanple is a crude
cell lysate, a partially purified cell lysate, a
ti ssue cul ture nedi um containi ng secreted proteins,
bl ood, serum cerebrospinal fluid, saliva or urine.
7. The nethod of any one of;glains 1 to 6 wherein the
capture nol ecul e conprises a protein, an antibody, a
no I j . ' . - .
R B R e g HAiRE BERl Rfrode
afterredcbails@id caatimgs k@il imaobdizing, frod addiez tie samplensaid adding the
cLeava?Ie s%gstf%%ﬁ.an | oque. 8. The nmethod of any one
detegfion molqeklepnd said adfiop MareffePeXMGet nol ecul e conpri ses
a protein, a peptide, a receptor, a receptor
6. TragmepdhofoMHE! Rk©fakifs | & 5 Wiianeh thaRahpRiibh tAKe cdll lysate, a
smal | nol ecul e; a hornmone or a non-cl eavabl e substrate
partgphlaipoglied cdl lysie, mgsshoeulbic angiugheondiinigk spqigted prajeigs, blood,
“wherein the ol aver . ¢ ri ses nercaptoundecanoic
Serulti g™ FBH%?%Q%QGﬁgﬁ%a%%ﬁﬁgic acid. 10. The nethod of
any one of clains 1 to 9 wherein in the enzyne
7. COS@fehﬁﬁﬁocﬁ@f anxind of edliind ases wikreoobe caxidtaselecliorsaprises a
radi sh peroxi dase, gl ucose-6-phosphate- dehydrogenase,
protgigy it aodpe Heneraa! a%@ﬂaﬁpaélr%@a%ﬁﬁgrawa% feggplor. & receptor
frag%ﬁts Qh%tigti%n i&iﬁbit&?h ?1%5@%0@&%9—:3, a nucleic acid, a hormone or a non-
ureése,( -l'act amase, | act at e oxi dase or |accase. 11.
cleaViide reishrod aphlogh@i m 10 wherein the substrate conprises
gl ucose, hydrogen peroxide, glucose-6-phosphate,

ph I sphate, p-am no | phosphate. p- r
5. B RSt os saP sl FpBfEL R L BB A kiso Piolesnesqmpripes a
prot&id, a pAaidees Repef, aatdepitgragiesl, ainBleit i, 4 lighiB b ithibitor, a

the el ectrode conprises carbon, a netal, a netal
smalymelecude, adhosmanriet 4 Re-gervpisrsubsting aalogue. 13, The

nmet hod of claim 12 wherein the el ectrode conpri ses

9. ;g{ 20, H e(r?ﬁ angf%'hp AR clafhd o 8 GhaRM e mBbBSSYc S RN,

, silver, cCopper, platinum palladium “indiumtin
mercagtaladecapoleycdl d-ret¢thyptemedd@xydihadghene) (PEDOT) or
polyaniline. 32 14. The nethod of any one of clains 1

to.13 rein the redox conpr.i ses i .Non:
10, BBt o e of o bl TR S B Ry fgSes o
oxidoBddustabe, af utovaha08e, Ritsdadisk pBRkRMse, @lUCosec®FRdPhatean
Fe conplex, or an Rh conplex as a redox centre. 15.

dehsKreganesch odalabe, pluixirase) npkropeionidasre alkadosplipsPiaiese, B-
gala((::t%gﬁgée? Sfc’ea e? lBYI\e{cl:tg%lafey [alctdaltenoeXidase or laccase.

11. The method of claim 10 wherein the substrate comprises glucose, hydrogen
peroxide, glucose-6-phosphate, phenylphosphate, p-aminophenylphosphate, p-

aminophenyl-B-galactoside, urea or benzyl penicillin.

12.  The method of any one of claims 1 to 11 wherein the electrode comprises carbon, a

metal, a metal oxide or a conductive polymeric material.

13.  The method of claim 12 wherein the electrode comprises carbon paste, carbon
fiber, graphite, glassy carbon, gold, silver, copper, platinum, palladium, indium tin oxide,

poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline.



pol ysi | oxane, pol ypyrrole, polyquinone or
pol yvi nyl pyri di ne-co-acryl am de. 16. A nethod of
provi di ng an el ectrochem cal cell for detecting a
target nolecule in a sanple, conprising: coating an
el ectrode wth a nonol ayer capable of inmobilizing a
capture nolecule thereon and of transferring
el ectrons there across, thereby inhibiting
non-specific binding of prejein nolecules at the
el ectrode, the nonol ayer having at |east one surface
14, nOtTHcr]netﬁg ty et ¢ ﬁnﬁs ekert fRdgIn th klg'oﬁ)n@ cBRﬁrises
ture nn &cule on e at east one surface;
quumpl fierrbcegne posna nge, Aol reetiny €2, - biipyﬁdiﬂahDhan’ﬂflﬁvdllhla: an Ru
ture nol cule iﬁ fifipahgy ding a detection
con Xo (oo ‘B‘rié“ 5¢ comBlegaptairid RTRETPE? 0% fenttear get
nDIecuIe wherein the detection nolecule is |abelled
15. W tfheaRetBOEZ Y BaibALARL& R the RM0L 'pélylﬁﬂai @bmp ARSI GRS Ipyridine,
substrate; and adding a redox polyner that interacts
polygiloranehgolymtsilayetyqamene hapoly Gesiphitdingicormerpamide.
nnnolayer forms a conductive path fromthe enzyne to
16. telhgcfellr jifee go%%gwlc}iz% af/'\eggt\{ (')c%%nuc% c&?fofi %Et@:tﬂ?ga ge% (r)nrorlreézale ina
sam@le, dogpiidiace of an electrode said nnnolayer capabl e
of inmobilizing a capture nol ecul e thereon and of
transferri el ectrons there across,. thereb
| nPBIEE e PR Sees TPenelig R Ofdiné’f‘ﬂi R f geiitgguolecule
ther®én %rﬂfeoﬁ Bl aledtRBs tlﬁpéqé&@s\éeﬂhell%ﬁy iiGbiahe h&@shectt®hinding
surface not 1ncontact wwth the el ectrode; a capture
of praitiacudleculesrad bhid dledderiht menelpydrdasingesh leasime auidace ngt in
t nDIe ul.e captured by the capture nol ecule; 33
con@cﬁ@ﬁ%@p ﬁB?ecule specifically bound to one of the
capture nDIecuIe or the target nolecule, wherein the
detiggidb@ivinDihe etpierd Boleallebh g avidabt @r serfagure capabl e
of oxidizing or reducing a substrate; and a redox

pol ymer, form ng an interaction MA t he nonol ayer and
t hé@pwgé@ﬁfégetm Reulg g%iiaipéwi“%%@%e wiﬁiﬁ@i ive
path fromthe enzyne to the el ectrode. 18. The device

gécﬂﬁgﬁlﬂﬂ)lﬂm% glibietis M6kt kP FH RS tHpRurk $nolecule or the
spe ifically bound by the target nolecule and the

targdieheletilorvimotiodld detesiop micdestleain lahstlEd v an pozymheapable of
7. whe ein the detection nolecule is

OX“gﬂgﬁpf gﬁ?‘%aBB 1§t he capture ol ecul e and the

detecti on nol ecul e conprises a conpetitor of the
t arag@ing a redox polymer that interacts with the monolayer and that together with the

monolayer forms a conductive path from the enzyme to the electrode.
17. A device for performing an electrochemical assay, comprising:

a monolayer formed on a surface of an electrode, said monolayer capable of
immobilizing a capture molecule thereon and of transferring electrons there across,
thereby inhibiting non-specific binding of protein molecules at the electrode, the

monolayer having at least one surface not in contact with the electrode;
a capture molecule immobilized on the at least one surface;

a target molecule captured by the capture molecule;



nol ecul e. 20. The device of any one of clainms 17 to 19
wherein the interaction formed between the redox
pol ymer and the nonol ayer is an el ectrostatic
interaction. 21. The device of any one of clains 17 to
20 wherein the capture nol ecul e conprises a protein,
an anti body, a nonoclonal antibody, an anti body
fragnent, a receptor, a receptor fragnment, a |igand,
an inhibitor, a small nolecyke, a nucleic acid, a
hor none or a non- cl eavabl e substrate anal ogue. 22.
The, gé%élétﬁ)ﬁ n%l J}‘%@ﬁicq{ly B&lﬂfdr[ﬁ Oglg of ﬁlc%!%m%ugl'e&ﬂé rc]lethe target
target no ecur ses a
moleetmlepwm gindhe é&lecptonnmﬂea@msmﬁhellad mith| agienzy@ne capadle of oxidizing
i nhibitor, a small nolecule, a hornone or
m‘ﬁmﬁﬁﬁi%ﬁgﬁ9ﬁﬁﬁglsubstrate anal ogue. 23. The device of
any one of clainms 17 to 22 wherein the nonol ayer
COMDFISL Poly IRl EARNRLAITRERNDE WA e Honolayer and that together with
mer capt ohexadecanoic acid. 24. The devicé of any one
the gfonglagentornya condzgtivheatk fnom the ehzynemipytheclegngsiei ses an
oxi dor educt ase, glucose oxi dase, horse radish
18. g:tr@r asegr%% oé’ rgioa)l(m whm n gsep c!%?ercgl)o(;ll 12)2%0%{601? F%%ﬁcsfedqlly bound by the
tar g@h@%[ﬁhaﬁaa&ﬁ& Il(e%et@ﬂbﬂﬁicﬂ&ulb&feﬁlpnses an antibody.
urease, f 3-1 act amase, | act at e oxi dase or | accase. 25.

The devi,ce of .claim 24 wherein the substrate
19.g1 dboseicesidiygely Wb@?@%h@éﬁteﬁloae%%l@ag ﬁﬁe%ﬂ%ﬁl@ ound by the

cap RP@{%E&HE?F%H eedetnf?;’n%mnmmw Ré?@@&ﬁpetﬁo@tﬁ” the target

am nophen act osi de, a or benzyl penicilTin.
mol2éule.The devi ce of any one of clainms 17 to 25 wherein
the el ectrode conprises carbon, a netal a net al

onduct i c.mte
20. e PRI o A S (TP i he SRR P Boreoy (Mg between
the bR QB yRRS bed tHah bkt Remh, elecBbaptié Inama@ioassy car bon,
gol d, S|Iver copper pl ati num pall adi um |nd|un1t|n

oxi de, poly 4- et h Ienedloxgthlophene (P
21. pol Viglericher pponeTHE B 1240 4 WARTFIHHE CapLiE R pomgrises

plot% %‘%@dd&y hﬁoﬁ@g&ﬁi RRGEYIIET AL AAPOHS BEgmBMt NAREptor, a receptor

rocene,

fragidend’ a-hgané,tdmyhhlﬁl,ttzl‘ abinpll maeands), 2 nueleicatchi, afvithesd @rgion-
Co conplex, an Fe conplex, or an Rh

d“@@ﬁﬁﬁ@%”&?zgaﬁgﬂ%x centre. 29. The device of claim28

wherei n the redox polyner conprises polyvinyl pyridine,

22. Pol Mg deRicane al(lj)U@iheydiB’dlaﬁﬁJs a7 tp2l yiatfenoe taet molecule comprises a

pol yvi nyl pyri di ne- co-acryl am de.
protein, a peptide, a receptor, a receptor fragment, a nucleic acid, a ligand, an inhibitor, a

small molecule, a hormone or a non-cleavable substrate analogue.

23.  The device of any one of claims 17 to 22 wherein the monolayer comprises

mercaptoundecanoic acid or mercaptohexadecanoic acid.

24.  The device of any one of claims 17 to 23 wherein in the enzyme comprises an
oxidoreductase, glucose oxidase, horse radish peroxidase, glucose-6-phosphate-
dehydrogenase, catalase, peroxidase, microperoxidase, alkaline phosphatase, [3-

galactosidase, urease, B-lactamase, lactate oxidase or laccase.

25.  The device of claim 24 wherein the substrate comprises glucose, hydrogen

peroxide, glucose-6-phosphate, phenylphosphate, p-aminophenylphosphate, p-
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aminophenyl-f-galactoside, urea or benzyl penicillin.

26. The device of any one of claims 17 to 25 wherein the electrode comprises carbon,

a metal, a metal oxide or a conductive polymeric material.

27.  The device of claim 26 wherein the electrode comprises carbon paste, carbon fiber,
graphite, glassy carbon, gold, silver, copper, platinum, palladium, indium tin oxide,

poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline.

28.  The device of any one of claims 17 to 27 wherein the redox polymer comprises
quinone, ferrocene, osmium (4,4’-dimethyl-2,2’-bipyridine),tetrathiafulvalene, an Ru

complex, a Co complex, an Fe complex, or an Rh complex as a redox centre.

29. The device of claim 28 wherein the redox polymer comprises polyvinylpyridine,

polysiloxane, polypyrrole, polyquinone or polyvinylpyridine-co-acrylamide.



