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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
transfer 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.



captured using an anti-anal yte anti body.[0005] Assays-

that rely on bl ocking the delivery of the enzyne are
wo@bdoen7g2es f or med conpetitively. Typically, theP€nggIme6/000010

used in the electron transfer redox reaction is first

conjugated to a conpetitor of the analyte protein

(often purified anal yte protein) prior to conducting
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reactiag offhstelentiode. t he above- descri bed conpetitive assays
require the separation of unbound protein reagents,
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ectrode surface), typically after addition_of each
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washing steps. For example, excess competitor enzyme that is not bound by anti-

analyte antibody can contribute to a falsely high signal in the assay. Such washing of
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



el ectrode, and to |ower signal from conpetitor-enzyne
whi ch has been excluded fromthe anti body due to the
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24) describe an “electrically wired” approach. An electrode is coated with

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



any analyte in the sanple will bind to the

anti-anal yte anti body. Conpetitor-bound enzyne is
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anti-anal yte anti body which is not bound to anal yte,
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detection assay with high sensitivity and | ow
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el ectrochemcally detecting a target nolecule in a

sanpl e, conprising: coating an electrode with a
SUMMARYeOR 373K BENMENKINI i zi ng a capture nol ecul e

thereon and of transferring electrons there across,
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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
containing 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.



detection nol ecul e that specifically binds one of the
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acconpanying figures. BRI EF DESCRI PTI ON OF THE
sPERAVENGSIIEOE ofjthe mveritorf ih goriaastiapnvith the acgempatyang fgures.

way of exanple only, enbodi nents of the present

invention, [0018] Figure 1 is a schematic di agram of

an el ectrochem cal cell used in the present nethod;

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]  In the figures, which illustrate, by way of example only, embodiments of

the present invention,

[0018] Figure 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 elecirode 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;



[0019] Figure 2 is a schematic diagramof a nodified
surface of an electrode on which the present nethod is
wpeeoborsred; [0020] Figure 3 is a schematic di apCEEG2006/000010
depicting the formati on of an analyte |layer on the

el ectrode surface; [0021] Figure 4 is a schematic
di agram of a redox pol yner assenbled on the anal yte

| ayer on the electrode surface tao forma bil ayer;
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the bilayer on the el ectrode surface; [0023] Figure 6
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out ernost curve, respectively); [0024] Figure 7 is a

cyclic voltamopgram obt ai ned using the present mnethod
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reSQf)C.UVF](.YQIZG] Figure 9 is a graph indicating the
anperonetric response of electrodes with varying
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ure 10 is a titration curve Indicating the
detectples peBince of tegispoteae-dn Togdeshdé hine,o sudrtyatagsolid line, with
concentrations of test protein b-BuTx (toxin).
Zoﬁﬁﬂﬂﬁﬁéb DESCRI PTI ON [0028] There is presently
provi ded an el ectrochem cal assay nethod of detecting
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whi ch involves the use of a protective nonol ayer and a
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el ectrode. The nonol ayer protects the electrode from
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with hattyirggean dmt{ ofestiiomadonteédng cedompobyinhdrzeanda capt ur e
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dependent on varying concentrations of test protein $-BuTx (toxin).

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



transfer to or froma substrate, catalyzed by an
enzyne, whereby the concentration of enzyne, and thus
wao b@eoxent of el ectron transfer, is dependentPONSGH®6/000010
concentration ofa target noleculein a sanple. [0029]
The nmethod may be enbodi ed7in an exenpl ary
el ectrochem cal cell 2, as depicted in Figure 1. A
redox reaction catalyzed by an enzyne that reduces or
atmggépﬂﬁygﬁjﬁagﬁ%gﬁrate i s detected using the
el ectrochem cal cell 2, which has a reference
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can flow between reference el ectrode 6. and morkhpg
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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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comprise two or more types of monolayer component molecules, one of which
possesses an end functional group that can interact with and immobilized the capture
molecule, and one of which possesses a different end functional group that is capable

of interacting with a complementary functional group on the redox polymer.

[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 motecule 22 on

the electrode surface 12. For example, if the electrode 10 is metal, such as gold, the
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penetrate the monolayer to contact the surface 12 of electrode 10. The monolayer
should be such that any defects or pinholes that do exist are not large enough to
permit bulky protein 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 a 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
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nonol ayer 20 via an interaction between capture
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functional groups on monolayer component molecule 22. Alternatively, capture

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 are 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)



covalently bind capture anti body 24 to the
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[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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described @bévedidr direct labelling thh enzyme S0. The ligand or affinity bmdmg
molecule is any molecule that interacts 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, polymer 62 may be a



state in order to be ready to engage in a subsequent

catal ytic reaction, by interaction with an oxidi zi ng
wo@rooseT2ed ng agent. [0049] Enzyme 50 may be, fRET/SG2006/000010

exanpl e, an oxi doreductase, glucose oxi dase, horse

radi sh peroxi dase, gl ucose-6-Jghosphat e-dehydr ogenase,

cat al ase, peroxi dase, m croperoxi dase, alkaline
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redox centre 64. The polyner 62 may be a conducting

pol Xmer, which is _any pol yner capabl e of conducti nt% ﬁq
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mayobpissa@ated nithg: fuhetidnehgtolip of sstijuset o thepondusiive pplyaer

bel ow. 052] Redo ol ynmer 60 has a functi
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nbodi ment, the functional gr ou& is a charged group
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lo&2HBBf 1Bdo:2folHMEPEN.0 group or a carboxylic group. Since
the charge on redox polyner 60 is opposite to that of

functionalized nonol ayer, the |ayering.of redo
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endBRYinEngd, Rliok RentrOed inag belquiiie feftots@Rssnblm (4,4 -dimethyl-
2,2’-bipyridine); or tetrathiafulvalene, or may be Ru, Co, Fe or Rh complexes. Redox
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

occur.

[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.



[ 0053] Redox centre 64 is a nolecule, ion or conplex,

i ncluding a chelated netal cation conplex, that
we@ziveoid224 a reversi bl e el ectrochem stry and whP€hSG206/000010

coordi nated by polynmer 62. Redox centre 64 therefore

can cycle between oxidi zed &rfd reduced states upon

contacting with a suitable el ectron acceptor or donor.
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enzymne to alTow for electron transfer to occur.
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polymer 60 is contacted with analyte layer 30,
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of capture target pratein 46, as shown in F|

phosigtst Pl TosHIBe. erizyRePsDYIPbo s Sd P rE R oRCRY “é%l@ct?@de
urea(qg)ggi}hgg%gigq el ectrode surface 12 in a buffer and

Ions suitable for enzyne 50 to catal yse
oxi dation or reduction of the substrate 80. As stated
[0058]ov eUpsusktitiat ef 8Dstcan 8®cheendyare-catalyzed oxidation or

reduction reaction is carried out in the bilayer by enzyme 50 to yield product 82.
Upon 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 for the

electrode 10 to recycle the oxidation state of the redox centre 64. The electron transfer



oxi di zed or reduced to form product 82 in a reaction

catal yzed by enzyne 50. Thus, the substrate 80
wpomsesees a first oxidation state, and i S CONRET/S@LHOR Y0010

enzyme 50 to product 82 having a second oxidation

state. [0057] The specific itentity of substrate 80

w Il depend on which enzyne 50 is used. For exanpl e,
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adj acent redox
[0061] A potential difference is applied between electrodes 6 and 10 in order to

catalyze the electron 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 electrode— 6 and

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



centre 64, which will in turn be oxidized as the first
redox centre 64 is reduced, and so on, until the | ast

wo edon7ent re i medi atel y adj acent to the nonoPEE8G2006/000010
oxi di zed and then subsequently becones reduced by
accepting an el ectron fromellédctrode 10, which is
transferred across nonol ayer 20, resulting in current

suth evtoadrivelageldcads trhBsfef BG6dn A8 chBmhd Shagt sddox @olyitee 60.
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oLEptres 64 of redox polyner 60, or at |least 50 nmV nore
p é%atlve than a reductive reaction of the redox
centres 64, depending on whether electrode 10 is
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concentration of captured target protein 46, allow ng
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[00BBHym By it wg 860 Pz < Bolgoyererityrpipetive
monolayer 20 may be blocked with an inert 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.

[0066]  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 automated

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



associated with captured target protein 46. A skilled

person will understand how to performa standard curve
waowaok/okszamwn concentrations of target protein 4BCESGZEH6/000010

to correlate the | evel of detected current with

detection of a given concentr&®ion of protein. [0064]

As will be appreciated by a skilled person, surface 12
celif el ectrode 10 is rinsed between steps of formng the

bilayer 70 in the present nethod and prior to
r.ot ei n 46,
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an E10&tr cﬁ?é@ﬁﬁl:ﬁly ﬁqﬁ[ré%taedlﬁmi@al PSRLb#IBirectly between the electrode 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.



a receptor, a receptor fragnent, a nucleic acid, a
ligand, an inhibitor, a small nolecule, a hornone or a
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dlagngg;s and treatment, environmental monitoring, forensic applications and

molecular biological research applications including proteomic approaches.

[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



m ni m zi ng denaturation of a protein capture nol ecul e,
and allows for optim zation of conditions for

weapbrs2ey the target nol ecule fromthe sanpl ePCT/SG2006/000010
solution. The functionalized nonol ayer al so assists in
form ng the bilayer systen1@9 interaction with
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the electrode surface 12 in advance of obtammg a partlcular sample to be tested.
However, as a skilled person will appreciate, the electrode surface 12 may be
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



t hereby preventing the enzynme from bei ng incorporated
into the analyte layer. In this way, the greater the

wa@prmants2ef target nolecule in the sanple, the POMRG2006/@00010

concentration of enzynme that is incorporated into the
bi l ayer, and the lower the &rrent will be. The
current flowthat is neasured is indirectly
30. proportional to the anmount of target nolecule in the
sanple. [0076] A device 90, as depicted in Figure 4,
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detect multiple proteins within a single sample at one time.

[0083]  Alternatively, multiple electrodes 10 may be arranged in an array such that
each individual electrode has the same capture antibody 24 immobilized 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



conprise a different capture anti body 24, for
detecting a nunber of different proteins
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detected in PBS and serum, respectively.

[0087] EXPERIMENTAL

[0088] Materials and Apparatus: unless otherwise stated, chemicals were obtained
from Sigma-Aldrich (St Louis, MO) and used without further purification. 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);
poly(vinylimidazole-co-acrylic acid) (PVIAA-Os); poly(vinylpyridine-co-acrylamide)
(PVPA-Os); and poly(vinylpyrridine-co-acrylic acid) (PVPAA-Os). Synfhesis of the
redox polymers was described elsewhere (Gao et al. (2002) Agnew Chem, Int. Ed. 41:
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after the cleaning step. Initial thiol adsorption was accomplished by immersing the
gold substrate in 10 mM MUA (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 IgG

anti-B-BuTx antibody (0.10 mg/mL in PBS) was applied on each of the individual
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t hree nonocl onal anti bodies, mAbl 5 showed the
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selected for this study. The biotinylation of mAbl 5
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[0092] RESULTS AND DISCUSSION

—

[0093] In a previous 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
monolayer component molecule around the DNA (Xie et al., dnal. Chem. (2004) 76:
1611-1617; Xie et al., Nucl. Ac. Res. (2004) 32(2): e15). 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: (i) it
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waaaoblo7828€d. [ 0091] Protein detection: b-BuTx PCT/SG2006/000010

i ncubation and its el ectrochem cal detection were
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compromise the accuracy of the momtormg of the protein binding events. BSA is well
known for its ability to resist the non-specific adsorption 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



el ectrode, and (iii) the surface coverage of the
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where the target nolecule is a protein. [0094]
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surface. This is likely due to
~0.2 V and +0.8 V, revealing a highly stable surface immobilized electrostatic bilayer

on gold electrode. The presence of HRP in the bilayer did not appreciably 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
osmium redox cenires, 2.3-6.0x10° mole/cm®, depending on the amount of $-BuTx
bound to the electrode, was estimated from the area under either the oxidation or the

reduction current peak corrected for the background current.

[0096]  Feasibility of protein detection: in the first feasibility study, -BuTx



partial protonation of acrylam de noieties at pH 7.4,

i ncreasing the net positivecharge of the redox
w@oiogies224 t hereby reinforcing the formation of P€T18G2006/000010

bi | ayer, which brings the osm umredox centres in the

proximty of A-HRP. Therefoé, PVPA-OGs was used

t hroughout. As expected, the MJA-anti body nonol ayer
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rates was very close to unit, show ng that the charge
transfer and counterion transfer within the film and
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participate in reversibl e heterogeneous el ectron
amperoragisit sensitivity, puithaldeasling was alpeyhased for protein detection.
[0098] The Os(bpy)** 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:



osm um redox centres, 2.3-6.Oxl O 10 nvol e/ cn?,

dependi ng on the anount of b-BuTx bound to the
webk@ehrsaede, was estinmated fromthe area under BCT/B&2006/000010

the oxidation or the reducti' on current peak corrected

for the background current. 8[ 0096] Feasibility of

protein detection: in the first feasibility study,

b- BuTxst andard sol uyjpen? were tested on the protein

M DS B capture A on Tl SIBIPPYIE surt acd!
b-BuTx%in the solution was selectively bound by the

capture Ab and inmobilized in the vicinity of the
el ectr Astngs with PBS were

performed to renove excess b-BuTx] A-HRP was

i ncorporated in the analyte layer via piotin-avidin
Os(hmydsact i"bneduri‘ﬁ‘g“ﬁm‘s?é‘ﬁent iPeliaon with t he(2)

second anti body and A-HRP solution. Typical cyclic

vol t ammograns of the sensor reacted with b-BuTx in PBS
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oxidation current increased wth increasing the anmount
peroxige iy eagpd wzed ivyimnobilized HBP ok boPY&ASe/ cm 2 and t hen

started to level off (Figure 9). It was found that
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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



with the HRP incorporated in the bilayer and serves to
reset the enzynme upon enzymatic reduction O H2Q2. At

wo bwoapsebd ed potential of 0.15 V5 the thus oxi BC®eGE2006/000010

redox polymer is subsequently reduced, formng a
substrate-recycling mechaniZmin the bilayer, as
descri bed by the follow ng equations: HRP H2Q2 +

the €81 R&‘g 3111%6‘(%1&’1’?693"‘de§§(ﬂ%935}1%1r3éie (pla)ssﬁ-?%( PRY Idertion’ 12@1161 is

Wien the reduction potential for

mten(ds&#o erogphfs a:ll sch ,quhf?eca@ve mathiin ite seipeoas defined Anthe

cla 1nés

hence the sensitivity of the systemis determ ned by
gquation (1), or in other words, by the apparent
activity of HRP in the bilayer. [00100] To test for
possi bl e catal ysis by HRP through direct

el ectron-exchange with the substrate el ectrode, a
sensor w thout applying the redox polynmer was
fabricated and its vol tamobgram was neasured in PBS
contai ning H2Q2. Conparison of the voltametry and
anperonetry with that of an el ectrode that was not
treated by b-BuTx showed no neasurabl e difference.
Furthernore, while H2OQ2 is catalytically

el ectrareduced already at a potential as positive as
0.30 V vs Ag/AgC on the electrode with the redox

pol ynmer overcoating, electroreduction OH20 was not
observed on a gold el ectrode exposed to the HRP
solution or PVPA-Os solution at potentials negative of
0.20 V, ruling out the possibility that the reduction
of hydrogen peroxide is catalyzed by inmobilized HRP
or by PVPA-Gs. [00101] Calibration curve for b-BuTx:
Figure 10 shows representative anperonetric data
obtained fromthe protein array treated with sol utions
of increasing concentrations, from10 pg/niL tol0
ng/niL. As the concentration of b-BuTx was increased,
the H O reduction current increased accordingly in
anperonetry. The toxin concentrations were
proportional to the reduction currents indicating that
t he bi osensor can be used for quantification purpose.
Under optimal experinmental



conditions, a dynam c range was found to be from2.0
pg/mL to 10 ng/nL with a detection limt of 1.0 pg/nL
wesibnoe2ed based on 3-fol d neasurenent of noi SECT/8G@BI06/000010
It was found that a practically constant current
(saturation current) was ob$¥rved at a b- BuTx
concentration of 50-100 ng/nL. Hi gher detection limt,

. g s observed when working with serum
Vﬂiégégfggéﬂkggﬁ@OZ] As can be understood by one skilled
in the art, many nodifications tothe exenplary

1. enhadétiedbseldessuheRe@diln deetingd B 3sdibdite infh&mple,
invention, rather, is Intended to enconpass all such
COmpRyHig-i cation within its scope, as defined by the
claims. WHAT IS CLAIMED IS: 1. A nethod of
el . ' . i . - i
C SELESIEIL AR YiASLasng: ARty IRl fe i
molepuln thaay@r arclagfatnefeafing elvmboink thermacrasss dgiebyanhiblteguog-

t.hereon and of transferring el ectrons there across,
Spemhﬁz’&f@b@g? PR FREFH ﬁa%%%gleFﬁrﬁgeéi ndi ng of protein
nol ecul es at the el ectrode; inmobilizing the capture

Mok R64HiB2i0H tﬂé"@lpfﬂ?@ﬁio?ééﬁfe?onaﬁé’hﬂﬁoﬁtyéénm e containi ng
a target nolecule to be captured by the capture

nol ecul e; adding a detection nol ecul e that
s PEding acsmple poRdaingRdaget mplecelgpe be eaptsreddyl the eapturhe
mole%ﬁ%get nol ecul e, wherein the detection nolecule is
abel l ed with an enzyne capabl e of oxidizing or
reduci ng a substrate; adding a redox polyner that
i mdémact detenitivh nidleculmthe! sppeficaliydbiniatnd alybe baytussi t h
tive path fro

t he nol ayer for.nms cond t enzyne
molequS phiBe Heit PalseCaulieat HoEretbalrtifeli § TiidtEo o
enzyB€ cAfRBICEbxYzihPOr BRIMYIAR a sAhddra@gt ecting current flow

at the electrode. 2. The nmethod of claim1l, wherein

the detection nolecule specifically binds to the
t FgBe afplecerlvnghiat misrersy with themppelaraiaad Hhringetes
: {Redy.. 3 ' rel e
with QR R R Ko P ARERE PR Bl Sleliomide (Rt ¢
mol ecul e and the detection nolecule conprises a
c efpiag itheorubsiate hebe exidieed noteduedddy the ehenerenfiod of
any one of clains 1 to 3 wherein the redox polyner has

A 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.

5. The method of any one of claims 1 to 4 further comprising rinsing the

electrode after each of said coating, said immobilizing, said adding the sample, said



charged group which interacts electrostatically with
t he nonol ayer through an oppositely charged group on
wo bmontsol ayer. 5. The net hod of any one of clBETEG2006/000010
4 further conprising rinsing the el ectrode after each
of said coating, sai d i nmob 1izing, sai d addi ng the

sanpl e, saida g t he, etect on | ecul e and said
addl&%lgﬁé tﬁl‘ﬂ@“l‘@g ddgg the, ELARXIRGERYF any one of
clains l1tob mherein the sanple is a crude cel
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lysats ea parfialbepwiiicskeilllasatd, ladissle akiiiamednm gantrining seCTtted
net of any one o lto 6 wherein the capture
protqiEy, Bfaecr e St age s Bt RN s boay, ' a

nmonocl onal anti body, an anti body fragnent, a receptor,

7. a TRSRRRE JfhagiBabS clainls 19RWwheBin th ciith@molacigeal |
nol ecul e, a nucleic acid, a hornone or a_non-cl eavabl e
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ahonnmbel anamcd:avablb sg@ndte aallogtﬂthl b| tor a smal |
nol ecul e, a hornobne or a non- cleavable substrate
n one

anal ogue. .9.. The net had qof f clai
8. whLrGRAboR ST ABhORS ale’ér}ﬁp lﬂﬁﬁﬁ B mefofREprises
a prof’éh'l e} ﬁ%{)tl&@ raQ@@é]ﬁJle% ?éi@ﬁt@f‘ﬁhéﬁn&ﬁ' Qnucjlgc atfia 'EEEIIHP dp of

any one of I'ms to 9 whérein in the enzyme
mhlbdgrrprsmésndnmd%u fdwmou@ pas Bon-glearbiesubgiratg gpaloges: se
radi sh perOX|dase gl ucose- 6- phosphat edehydr ogenase,

9. Caﬁ%l ﬁg‘tﬁbd 8?51%?(6 thec 11[qu 8 @%kpe%%g %%eemogé_)lgg%itcgﬁlggges

phos ase TN ase, urease,
anCMﬁGmahemQMIﬂﬁSelﬁkuhﬁ&h&&ﬁea&bknﬁhﬁ nmet hod of claim 10
wherei n the substrate conprises glucose, hydrogen

ucose hos hen hosphate, .
10. D B R AP pdy SUERERg! oS ga acbariss an
oxiddHERRLRE, AEIHEY bxiAa, Bbdsh id’&hsh]p%rox_f&k%e nahbad-ephapyatene
of clains 1 to 11 wherein the el ectrode conpri ses

dehydragtsons, catainse. a:!elo@dm,t micreperatedase, akamedhosphatase, B-
I Fo%ynerlc F'% is tThe nethgd of claim 12 wherein
galaciqqidasy, 9reass Pslag BT Jaate §¥i0a%F 44185 car bon fi ber,
graphite, glassy carbon, gold, S|Iver copper,

11. p"HIe'rﬂértHd)d Eﬁélhlﬁijl@%eteﬁﬂﬂhﬁ RubstiateBon8fises glucose, hydrogen
y(3, 4- ethylenedloxythlophene) ( PEDQT) = or
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amlnop%em%%alactogﬁ%e rG90% lpenzyl Pehic P’ i ses

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.

14. The method of any one of claims 1 to 13 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.



qui none, ferrocene, osm um

(4,4 -dinmethyl-2,2"-bipyridine)2 3 tetrathi af ul val ene,
waeore72ohpl ex, a Co conpl ex, an Fe conpl ex, OPCHBGHIN6/000010

conpl ex as a redox centre. 15,,The nethod of claim 14

wherei n the redox polyner coﬁ%rises pol yvi nyl pyri di ne,

i1 , I l e, | ' .
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it e of
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acrylarhidet rode with a nonol ayer capable of immobilizing a
capture nol ecul e thereon and of transferring el ectrons
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in a sdAfRRdIny#ishiey: t he capture nol ecul e thereon. 17. A
den .

evice for perform ng an el ectrochem cal assay,
conprising: a nonol ayer formed on a surface of an

ePedingadieclecitare wibrroinaydiyes spreblecbmmehibping o Lapigrea
r t he and, of tra reing..electrons

molecifihtley AR EFHRecr IRk EROH Aot sbisBh Ty PRETRENRG
specifif bipdiag i proteih egolt@desai tHehecbaetdandde; and a capture

nol ecul e 1 mMmobi lized on the nonol ayer. 18. The device

of claim 17 further conprising: a target nolecul e

c ppgbilig! Qh?ﬁ%ﬁW§6?§F£Rﬁ%¢@@H1e; a detection nol ecul e

specifically bound to one of the capture nolecule or
17.  t AQivREIEE pdiRIrREM & el¥WARIBERichNBsslebe/pliggl ecul e is

| abel l ed with an enzyne capabl e of oxi di zi ng or

reduci ng a substrate; and a redox polynmer form ng an
i hinepaEy pofarmpd Ao o Barfans o pa yleetradi spid aponadyyst panablgiath

t ] ' :
R R T i e R G
t dveoiethecby amhibwing eoh-epictiispiedingiof prdtyinboolecullyattthe
t%&get mol ecul e and the detection nol ecul e conpri ses
a ﬁplb 20. The device of claim 18 wherein the
detection nolecule is specifically bound by the
Cagipture nitdé@ddinemabitizéden thehemblayer.nol ecul e conpri ses
a conpetitor of the target nolecule.21. The device of
ne of. cl. ai 18 to 20 wherein the interaction
18. ¢ 195 ]t@ﬁcémg%rcfﬁﬁlpﬁ‘&“ﬁher and the nonol ayer is

an el ectrostatic interaction. 22. The device of any
an@rgt nol@uBcaptliré Pbytht capr@reahbietilg; capt ure nol ecul e

a detection molecule specifically bound to 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; and

a redox polymer forming an interaction with the monolayer and that together

with the monolayer forms a conductive path from the enzyme to the electrode.

19.  The device of claim 18 wherein the detection molecule is specifically bound

by the target molecule and the detection molecule comprises an antibody.

20.  The device of claim 18 wherein the detection molecule is specifically bound
by the capture molecule and the detection molecule comprises a competitor of the

target molecule.



conprises a protein, an antibody, a nonocl onal
anti body, an antibody fragnent, a receptor, a receptor
wo e@gese4 a |igand, an inhibitor, a small nolPCTYE€2006/000010
nucl ei c acid, a hornone or 2 non- cl eavabl e substrate
anal ogue. 23. The device of %ny one of clainms 18 to 22

nth tar ri.s a,protein,
L pefeic? g b on TRy 8 2D R ¢ e RedtechioR Bt
betws%ﬁltﬁ’e redok b@Bnths aﬁ@tﬂeﬁﬂé@lé}%{ is #h §8&IJstatR i REMEEon. &
hor none or a non-cl eavabl e substrate anal ogue. 24. The

device of any one of clains 17 to 23 wherein the

22, ndhsldayiee oF @misp@nescefsﬂwp ddpie 8Lderein dheccaptiremefecule
complIEKGABANEARAFAAY. £l fond s RIS D SR 1S

recepimglad@&giﬂ@wﬁ@&fi&m O 14208 earoxhibas s a dmmmorea@le Shnucleic acid,
per oxi dase glucose 6- phosphatedehydrogenase

a hormeie i asnon-gleaaRicsuburataanaleayer oxi dase, al kal i ne
phosphat ase, b- gal actosi dase, urease, b-l|actanase,

23, | ?ﬁ& alsicoxt zqgrscgle% claRES 2§ B 2@%&@?@&@%’ Jggtﬁir} < cxﬁ!z ai m 25

wherein t strate conprises glucose ogen
comprises @ pratein, g paptu@ea Eecpptos ;ahad:e@torpﬂ'@mdnnmtem &id, a

. h h b- t d
igandls lElncr Ul Bae e § hOHoss or fREhEA EEeSHMAF one

analogdk. cl aims 17 to 26 wherein the eI ectrode. conpri ses
carbon, a netal, a netal oxide or a conduct i ve
polynerlc naterlal 28. The device of claim 27 wherein
24.  thee Qvigarafsay ope abelpuess] TirBowhgraisrthe moaplsyer qontpsises
L ver, copper,
mema%FJﬁ'ﬁHén%rEU]w g lﬁ%%e?%m BeaclOdifhic fid o

pol y(3, 4- ethylenedloxythlophene) ( PEDQOT) or
25. pTiheycéﬂvidei af@ny 28¢ offtleingels we?40ifhemiyl inte aizyok abmpxiaes aho

ox1dorfz f'gg ﬁ%@ost he. r ed 9{15 radgﬁ'ﬂl[ﬁé?co upos%%—{a‘l osphate~
dehydid@npsé, Hati@ase, e@&xﬁ@és@' Iﬁfc‘f'd)pé%ﬁﬂﬁse ﬁﬁalfﬂé Presptagne, @ Co

conpl ex, an Fe conplex or an Rh conplex as a r'edox
galactasistase, ere@ge, Privetathayd, dactasé ogidasenordgcoaber ei n t he redox
pol ynmer conpri ses ponV|nyIpyr|d|ne pol ysi | oxane,

P@*e\’d%)é{ce %!fglal ISX)ﬂi%leln so Fﬁstaaete comprises glucose, hydrogen

YVi nylpyrl i"ne-coacr
per0x1de glucose-6-phosphate, phenylphosphate, p-aminophenylphosphate, p-

aminophenyl-B-galactoside, urea or benzyl penicillin.

27.  The device of any one of claims 17 to 26 wherein the electrode comprises

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

28.  The device of claim 27 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.

29.  The device of any one of claims 18 to 28 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.
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30.  The device of claim 29 wherein the redox polymer comprises
polyvinylpyridine, polysiloxane, polypyrrole, polyquinone or polyvinylpyridine-co-

acrylamide.



