WO 2009/148406PCT/SG20081000205 Immunoassay Technical Field The present invention relates
to an immunoassay. Background of the Invention 5It is clinically more desirable to develop low density
portable protein detection devices since the need for analyzing a large number of proteins in any one
patient is leS¥@BUdEE4Such portable devices would enable clinicians to B{EkEG2608(RSAKey proteins at
the point of care such as small clinical laboratories and doctors' offices. Unlike DNA assays, where
high specificities can easily be predetermined by simlple to chemical synthesis of the capture probe
oligonucleotides and high sensitivity can be realized by employing a polymerase chain reaction (PCR)

amplification step, the lack of a proteome-wiqﬁﬂmﬂwgggggn strategy has been one of the practical
bottlenecks to ultrasensitive protein assays Furthermore, to build a viable protein array one has to

e
choose a surface chemistry that will allow imm&shBE@bF#iths or protein capturing is bioaffinitive

agents to retain thejhstHcisahaadibiclogieatintegriigsoangylo devise an ultrasensitive and versatile
means of measuring the degree of pro iré%ndinﬁ{.i Amgﬂt?he ide variety of approaches, sandwich
FRYEF BN

immunoassays with optical detection a & \fﬁrﬂ) 8fin assays since they do not
require the analyzdd sachplealty badabditetdabitit gieatypsiow ifersamptaice pratatiodsientiahortens

assay time. T%@&&@%&ﬁgéyﬂ%‘ &&W&Q@?M@?ﬂ@&%@éﬁﬁﬁ%ﬁ ARGRg it the

introduction of enzyme-linked immunosorbant assay (ELISA) by Engvall and Perlman (Engvall, E.;
Periman, P. |rﬁh’ﬁﬂi’écﬁ%ﬁ‘hiQH?aPée?ﬂ?‘S?%‘?‘M*i‘hj’F‘ﬁgffa%hﬁé‘éé?ﬁéoa‘%‘?%?‘nﬁ%lf‘df?éf&ﬁﬁ‘b%‘ﬁ {ctnical
laboratory. Altineyaihopticakdetbcianmhayaipinbolyheseednjayed offickdSA, 25 electrochemical
transducers are m dvaptageous foy such assays-owing to their high &gﬁ{y di efe fsimplicity,
and high portabilit;iE %t%?h\@rqrf%g%? or gégﬁ&g@ﬁgﬁﬁ% %eagﬁrslgaﬁ{g{??ge%ggectro% erﬁ?ceﬁs ragthods are

superior. Bor eheimipi seisboit ndrticat s miehse alizerirrisetifridandnhighoRESIHEHYveEO e
interference fffyalibéeg% eelitopithes prisinssendiRtalalilescRiprpohamisalipnaassays (EIA)

have therefore been studied as an attractive alt rni%\:/.e to radif ssays, flugr rggctric gﬁr
colourometric HEEAReHidh PIpmBNHoRTEERY, Ehpisyh g%%%é?gﬁ% PREESES s have
several distinailaghensiiege proven ativey £ [Asflsncrs strhightferwiabiin esstandcattigh aenbarvity.
Traditionally. agelolmelied°Relan > Rt UiRRIHamahASE: 'HMAN- 0. SHaKeRiRipd solution
phase reaction for the formation of eléctroactive solution phase species. WO )

2009/148406 pimitivogsniagogstain their structural and biological integrities, and to devise an

ultrasensitive and versatile means of measuring the degree of protein binding. Among the
wide variety of approaches, sandwich immunoassays with optical detection are the most
dominant in protein assays since they do not require the analyzed sample to be labelled.
This greatly simplifies sample preparation and shortens assay time. The popularity of
20 sandwich immunoassay advanced greatly in the 1970s with the introduction of enzyme-
linked immunosorbant assay. (ELISA) by Engvall and Perlman (Engvall, E.; Periman, P.
Immunochemistry 1974, 8, 871-874). It has become a standard technology in clinical
laboratory.
Althongh optical detections have primarily been employed in ELISA,
s electrochemical transducers are more advantageous for such assays owing to their high
sensitivity, inherent simplicity, and high portability. Farthermore, for opaque or optically ‘
dense matrices electrochemical methods are superior. For example, electrochemical
measurements can be made on whole blood without interference from blood cells, other
proteins, and fat globules. Electrochemical immunoassays (EIA) have therefore been
3 studied as an attractive alternative to radioassays, fluorometric or colourometric assays.
Of the many proposed ElAs, those employing amperometric detections have several
distinct advantages over other ElAs, such as straightforwardness and high sensitivity.
Traditionally, amperometric detection is carried in solution phase, relying on enzyme-

mediated solution phase reaction for the formation of electroactive solution phase species.



2 Due to dilution effect, detection limits were usually at ng/mL levels, which are inferior to ELISAs with
the optical detections. To lower the detection limit of EIA, various amplification strategies, such as
substrate-recycling, the use of nanoparticulate tags, adoption of DNA amplification techniques,
including rolfR28¥Ed34aaplificationand 5 biobarcode-based PCR, interdiBfita{¥ P8 ctrode,
rnicrofluidic devices, and magnetic beads have been proposed to improve the performance of EIA. For
example, the biobarcode technology offers PCR-Iikezsensitivity for proteins.  Nonetheless, new
schemes, featuring improvements in simplicity, sensitivity or both and based on coupling the

biocatalytic amplification of enz ith. qgépé) éﬂaﬁ BI' Icqtion lﬂ@imda&f%ﬁ%?% are highly
desired for mée ?n{g(]) t 1% ?Sr%%%{g:g?\}%t%ygélelv:{n&gh%s of e{%ectr%i%er%%; e%eétion oggroteins.. O%ject of the

Invention  ELiSfie withedbofandcatcdatertianenfionles elisBeadgianion disbnef of Hilcesioineliorate

one or more offhemhaye disadyentades. 4t isuddwitbec9bingt tehat ieaifispaiiathicaishitdhe above
need. Summ%g of the I{J\g tion .I@ a first aé_ﬁgct of the invention.there i eprovi&ict-“.d_ an imripu_noassay
for detection G SARtoGicHT e FTRRIECAHM SRS RIS Ty T g’tfaczs BPP AT HIOAlihg an '
electrode contpoisirgde himdih§Gitimtadigiteedrnang ke grdappaacfividic seivigesounpl edemetiv :
electrically copdygtiye supstipts saidinglipg Anibesy heingsapable Gihindipg i hsibiotagical
species and said anchor group being capable of binding to a redox polymer; b) exposing the
electrode to aPiehaERpes ﬁ%ﬁﬁ@gﬁ&ﬁ%@ Qﬁréﬁkﬁr?ﬁ"cﬂg"g%@ﬁ?fé’lt@ﬁécies .S0 as to couple the biological
species, if present MvHathésalytewiguldnies (Rebbindneaatbad st dleciendevity expoging the
electrode to an gntibody-enzyme liquid comprising an antibody-enzyme species.. said; ...
antibody-enzyar??eng%S(:f?glieosn c%c}m]l}flén%gh% 88 é?:af!g%%n |B%?§aggga%€ee%ﬁﬁ%étév ltﬁle%%'l%%z}%gl species,
said detettiorammpliisationeimittong|eorswete drsx Bakyndesitie foepyneeting dhalpietliGanditviprises the

biological spegigsRR¥IGIeIRX RARKNaLU RIS 8itprHagRlectrode by means of the coupling of both the

detection antibody and the binding antibog%jtgctthgft%l%olgi‘?gktslggcies; :

If is the object of the present invention to substantially overcome or at least
ameliorate one or more of the above disadvantages. It is a further object to at least
15 partially satisfy the above need.
Summary of the invention
In a first aspect of the invention there is provided an immunoassay for detection of
a biological species, said immunoassay comprising the steps of:
a) providing an electrode comprising a binding antibody and an anchor group, each
20 being coupled to an electrically conducti{fe substrate, said binding antibody being
capable of binding to the biological species and said anchor group being capable
of binding to a redox polymer;
b) exposing the clectrode to an analyte liquid putatively containing the biological
species.so as to coupie.the biological species, if present in the analyte liquid, to the
25 binding antibody on the electrode;

" ¢) exposing the electrode to an antibody-enzyme liquid comprising an antibody-
enzyme species, said antibody-enzyme species comprising a detection antibody
capable of binding to the biological species, said detection antibody being coupled
to a-redox enzyme, whereby, if the analyte liquid comprises the biological species,

30 the redox enzyme couples to the electrode by means of the coupling of both the
detection antibody and the binding antibody to the biological species;
d) exposing the electrode to a polymer solution comprising the redox polymer and to

an enzyme substrate, whereby if the redox enzyme is coupled to the biological



d) exposing the electrode to a polymer solution comprising the redox polymer and to an enzyme
substrate, whereby if the redox enzyme is coupled to the biological WO
2009/148406PCT/SC2008/000205 3 species on the electrode the redox polymer is reduced and
couples to tRECHERGHEdPOUP on the electrode; and e) applying a voltage FéEeHep@elettrode and a
reference electrode and exposing the electrode_to an oxidisable species, whereby a magnitude of
an electric current Sbetween said electrode and a reference electrode is indicative of the presence or
absence of the biological species. The following options may be used in conjunction with the first

aspect, either individually or in,any suitable comhbinati . The r t% vgaa%}aﬁ between
step b) and step c) orbe \?vggrrghgtg% %Ogﬁ eogete%x B%%tﬁergﬁug%f)%foagﬁa@%p 59? or at gﬁy two of
these times, optionafiiper eads elegiensisitands, so as to remove species that are not coupled to the

electrode.  TheglegiHically LondiseivasHRSIrAleIRYRMPISR RraMetabsehstaind bepaaial may be

selected from the group consisting of gold, platinum and palladium and mixgures. of any two or all of
these. 15The bindin&%ﬁ%ﬂﬁ%@ﬁf&%‘é"b‘%ﬁﬁ{%ﬂ%cfﬁﬁ ??aé%aﬁl:?u?)g?%% erﬂé&ﬁg%‘f%cﬂ'ﬁ%ﬁ{e%ntaining

species. Fhe anchorgreem ey decoodpledtite thermetabbubsttate hydivwarsodftbethiobaoataining

species. The anchor groun We%qmgﬁ %Mgggc_iazole group. The antibody-enzyme species may
comprise a complexabetween a biotinylated 20 detection antibody and an avidin-redox enzyme
conjugate. The following options may be used in conjunction with the first aspect, -either

individually or in any suitable combination.
The electrode may be washed between step b) and step ¢) or between step c) and
16 step d) or between step d) and step e), or at any two of these times, optionally at each of
these times, 50 as 10 remove species that are not coupled to the electrode.

The electrically conductive substrate may comprise a metal substrate. The metal
may be selected from the group consisting of gold, platinum and palladium and mixtures
“of any two or all of these.

15 The binding antibody may be éoupled to the metal substrate by means of a thiol-
containing species. The anchor group may be coupled to the metal substrate by means of
a thiol-containing species.
The anchor group may comprise an imidazole group.
The antibody-enzyme species may comprise a complex between a biotinylated
20 detection antibody and an avidin-redox enzyme conjugate.

The redox polymer may comprise a bound transition metal. The transition metal
may be osmium. The osmium may be present as an [Os(4,4’-dimethyl-2,2°-
bipyridine);CI}** complex. The transition metal may be complexed to an imidazole group
in the polymer.

25 The polymer may comprise a poly(4-vinylimidazole-co-acrylamide).

The redox enzyme may be an enzyme to which the redox polymer may be used as
an artificial mediator. The enzyme substrate is a substrate for the redox enzyme. It may be
oxidisable by the redox enzyme. The redox polymer may be such that oxidation of the
enzyme substrate by the redox enzyme leads to reduction of the redox polymer. The redox

30  polymer may comprise a bound transition metal such that oxidation of the enzyme
substrate by the redox enzyme leads to reduction of the bound transition metal. The redox
enzyme may be for example glucose oxidase, and in this event the enzyme substrate may

be glucose.



The redox polymer may comprise a bound transition metal. The transition metal may be osmium. The
osmium may be present as an [0s(4,4'-dimethy1-2,2'- bipyridine)2C1]2+ complex. The transition metal
may be complexed to an imidazole group in the polymer. 25The polymer may comprise a
poly(4-vinylitidastdsgéacrylamide). The redox enzyme may be an erfgii&eg0wietihe redox
polymer may be used as an artificial mediator. The enzyme substrate is a substrate for the redox
enzyme. It may be oxidisable by the redox enzyme. The redox polymer may be such that oxidation of
the enzyme substrate by the redox enzyme leads to reduction of the redox polymer. The redox 30

polymer may comprise a baund transition metal such that.oxidation of the enz sub%ga by the
oo enyme leadd 6 PUHEIA CFE B ChBRT e B g R B e o e
glucose oxidaspscassd lirmaisbe vempeies Srrzymae buiblsttaceidhsedhangiercesel ysiyby a reduced form

2009/148406 R HSE#A0RQAN205 4 The oxidisable species may comprise ascorbic acid. It may be

an electrooxidisable species. It may be a species that may be electrooxidised under catalysis by a

reduced form of the TRIBX B8R AFEFeth G Sl te ARE R R arRsh GERFUPRE (ReY e Ac AR BR ctrode
may be a gonstainizd itatiagee i nohgdescfiakoliagd of abmut(0SY t1d abositAEMa¥ be seitatet thay be such
that the oxidisable species i idi mple e Toll in the n f. ced form
of the redox po )}%Sgafgﬁen%f)e%rc it%wsgf%r%ﬁe%é%@ é%lig& vﬁ‘l%aggéeg{%%)g%%g t%pné%f}t)ﬁéeg%%ﬁj?ga%fgd s{%%gies may

give rise to anfBfer@fctbarrednx by meh urdastry iBpRGsniirisédnvelaeringhs resisatiosed|dtric current
before o additieriRithespidisahie spesiesans Adast elestrc current after addition of the oxidisable

species. The abse of the bioloe%lécal sépecies may be indicated py the teei‘lst electric cur elgt being
about the same as the rEFEPERYE SR M c‘i?r%t’ﬁfse]'ﬁgaﬁ&%gerg 8%6i6 gﬁ%ﬁl %‘B'ée lest 0&9 be

indicated iy theldisireletttie cunidimteinpegiesatadtanteth eclefete nueTeie cafiecaddtitnT o€ the
immunoassay Jpay.sanieedetgaminiag.a 8?%5@915%%&%@8&&%@ higlogicalsppaies he.gnalyte

liquid from the test electric current and the reference electric’ current. The biological Species may be a
protein. Step &J41E§ SERTBHRET At erRng et thsdels g rlss it g Esmp A g aTasieh e

biological species may be indicated by the test electric current being greater than the
reference elccﬁic current. The immunoassay may comprise determining a concentration

15 of the biological species in the analyte liquid from the test electric current and the
reference electric current.

The biological species may be a protein.

Step a) may comprise preparing the electrode, said preparing comprising the steps
of:

20 al) providing an electrode precursor comprising a linking species coupled to the
electrically conductive substrate, said linking species comprising a binding group which
is capable of binding to the antibody and is capable of binding to the linking species;

aZ) coupling the antibody to the linking species; and

a3} coupling the anchor group to the linking species.

25 The binding group may be an activated ester.

Step al, above, may comprise coupling a thiol-containing species comprising a
carboxylic acid to the electrically conductive substrate, and reacting the carboxylic acid to
form the activated ester.

In an embodiment there is provided an immunoassay for detection of a biclogical

30 species, said immunoassay comprising the steps of:

a) providing an electrode comprising a binding antibody and an imidazole group,
each being coupled to a gold substrate, said binding antibody being capabie of

binding to the biological species;



of: 20al) providing an electrode precursor comprising a linking species coupled to the electrically
conductive substrate, said linking species comprising a binding group which is capable of binding to
the antibody and is capable of binding to the linking Sé)ecies; a2) coupling the antibody to the linking
species; and a3) coupling the anchor group to the linking species. 25The binding group may be an
activated ester.  Step al, above, may comprise coupling a thiol-containing species comprising a

carboxylic acid to #)e algsiigaily cprdugbive sHhsiaie, RRddashineihesarhpylicagiddadarm the

activated ester. In an embotdimegf t&[erg i? rO\fided.an .i€1munoas§1a)éff}%{ detection o%éﬁa biological
30species, said immunGaseay Compreng %elosf)gp%%ao?% SrdURITELR SEanUds LamBrgiig a binding
antibody and an imid&zelerg rotipodaehtbetiercodmled to a gold substrate, said binding antibody being
capable of binding:fo thedbiglogicalispesiesio %:R) RaNgheeleciiere in ananalyte lighid putatively

containing the biological species so as to couple the biological species, if present in the analyte liquid,
to the bindihg antibo 'S'ﬁ‘%ﬁe %|€6?F8’a&t%§ SHIBERY (RS 3RS B et EhipEHSEh A Fquid
comprising a complexoBjbgtiwewheachjotifiyiateddete tkionl antigotysathd &ivRyidin-ghacesetixidase

conjugate, whereby, if e anghdediguigicomprises thadiological species, the glucose oxidase couples

to the electrode; : : .
d} exposing the electrode to a polymer solution comprising a redox polymer

comprising poly(4-vinylimidazole-co-acrylamide) complexed to an [Os(4,4’-
10 dimethyl-2,2’-bipyridine),C1]*" complex and also exposing the electrode to
glucose, whereby if the glucose oxidase is coupled to the imadazole group on the
electrode the [Os(4,4’-dimethyl-2,2’-bipyridine),CI]** complex is reduced and
couples the polymer to the anchor group on the electrode; and
e} applying a voltage between the electrode and a reference electrode and exposing
15 the electrode to an oxidisable species, whereby a magnitude of an electric current
between said electrode and a reference electrode is indicative of the presence or
absence of the biological species.
In a second aspect of the invention there is provided an electrode for use in an
immunoassay for detection of a biological species, said electrode comprising a binding
20 antibody and an anchor group, each being coupled to an elecirically conductive substrate,
said binding antibody being capable of binding to the biological species and said anchor
group being capable of binding to a redox polymer.
The electrically conductive substrate may comprise a metal substrate. The metal
may be selected from the group consisting of gold, platinum and palladium and mixtures
25 of any two or all of these.
The binding antibody may .be coupled to the metal substrate by means of a thiol-
containing species. The anchor group may be coupled to the metal substrate by means of
a thiol-containing species.
The anchor group may comprise an imidazole group.
30 In an example there is provided an electrode for use in an immunoassay for
detection of a biological species, said electrode comprising a binding antibody and an
imidazole group, each being coupled fo a gold substrate by means of a thiol-containing

species, said binding antibody being capable of binding to the biological species.



d) exposing the electrode to a polymer solution comprising a redox polymer comprising
poly(4-vinylimidazole-co-acrylamide) complexed to an [0s(4,4'- 10 dimethy1-2,2'-bipyridine)2C1]2+
complex and also exposing the electrode to glucose, éNhereby if the glucose oxidase is coupled to the
imadazole group on the electrode the [0s(4,4'-dimethy1-2,2'-bipyridine)2C1]2- complex is reduced and
couples the polymer to the anchor group on the electrode; and e) applying a voltage between the

electrode and a refete@%se@&gege&ﬂ@emr@e&ét@%&et@de BARQHISgRIE SPReiSS, whereby
a magnitude of n el ctrlc c F ﬁﬁ% e d electrode and a reference electrode is indicative of the

presence or ab &J?&% © is poUndde Jiy AP bIRFE A OHPIREIESs provided
an electrode foum:@éemr@h: |rﬁqmusmassay fomdetestigniof ddiwlogical spbrikgjsdidpetéstrcde
comprising a bingings20AHRALY .20 A% 206H04,9504 @n%aeﬂopgtagpgeuet% It%%@t%ﬁttb%ty

conductive substrate said binding antibody bemg} able of binding to the bi ical species and said
anchor grotip b ﬁ‘iB’B%than@Wﬁ’?dﬁ‘f st &g Htﬂp gptibody Wé‘%éﬂ’f@éllﬁ? AduieiigFdubstrate
may comprise @m&%ﬁt%&&t@h&@u&m&d@&g@ﬁﬁ@@ﬂéﬁéﬂzgr@m thigpoligreansisting of gold,
platinum and palladign SRAJINIURS SrolANuMRATAL BLILRRE: 1o dRSRIIIIGRAMRAaY be

coupled to the metal substrate by means of a thiolcontaining species. The anchdr gfoup may be

coupled to the t%etat@ﬁseﬁatefbw%‘e%%ﬁa%wbeaﬁmm@ ‘élﬁtéeeel speelaredongsis day
comprise an wmdegmbergmepxs&!alrpaﬂ @@B‘tﬁlﬂd@eaest&ﬂﬁgvrdﬁﬁ arptetaatrm;eetemtﬁe Ralke
|mmunoassay for detect on a%fsgt bj (%IC% .SPe %sblszld el ctrgcq(es comp ecfﬁf blndlnl%antlbody and
an imidazole gr group, each bein coup do a old Substrate y méans o o1-con |n|n species,

said binding aritibédg peihgapune etqh@rd@t@m th@iﬁteltéﬂgmpé?sb@@@ eBetrighly disslodine also
provides an elegodg-acerrdingio thamesonrdaspastd Wwhelemdhgibindingiankedy phsgidrelectrode

is bound to the biological sge%es f]%Dhug it Qrowd S an electro for use | an |mmunoassa for
detection of a Biologicarspecies, Said el tPo%Ieec%)ﬁt)pr%eé ?ﬁ%ﬂh&“aaﬁt SO AR HRARor group,

each being coupleanted e Seddvtriesiliyl spekrctive subistiatensant bindirantibedy bémetound to the
biological ;5 antibody capable bound to the biological species, said detection antibody being coupled to

a redox enzyme.

The disclosure also provides an electrode according to the second aspect, wherein
the binding antibody of said electrode is bound to the biological species, an antibody-
enzyme species is coupled to the biological species, and a redox polymer is coupled to the

20 anchor group. Thus it provides an electrode for use in an immunoassay for detection of a
biological species, said electrode comprising a binding antibody and an anchor group,
each being coupled to an electrically conductive substrate, said binding antibody being
bound to the biological species and said anchor group being bound to a reduced form of a
redox polymer, wherein an antibody-enzyme species is coupled to the biological species,

25 said antibody-enzyme species comprising a detection antibody capable bound to the
biological species, said detection antibody being coupled to a redox enzyme., |

In a third aspect of the invention there is provided a process for making an
electrode for use in an immunoassay for detection of a biological species, said process
comprising:

30 1) providing an electrode precursor comprising a linking species coupled io the
electrically conductive substrate, said linking species comprising a binding group which
1s capable of coupling to a binding antibody and is capable of coupling to an anchor
group, said binding antibody being capable of binding to the biological species and said

anchor group being capable of binding to a redox polymer;



species and said anchor group being capable of binding to a redox polymer.  The disclosure also
provides an electrode according to the second aspect, wherein the binding antibody of said electrode
is bound to the biological species and an antibody-egzyme species is coupled to the biological
species. Thus it provides an electrode for use io in an immunoassay for detection of a biological
species, said electrode comprising a binding antibody and an anchor group, each being coupled to an

electrically conductivg suhsisaie isaidbingingantibadysheirg heund to the biological species and said

anchor group beingilc1 pactg)lg ufl bti 9;',,?1(?“%? aorlgedtc)ﬁpqlxkrlner, wherein an antibody-enzyme species is
coupled to the biological Species, sal anﬁboay(-)en%)}méngs Cies comprising a detection 15antibody

capable bound to thétticlogicabwpesiasusiaid o diadtionantbodsciseingoosipied dotarddox@nzyme.

The disclosure;glse preMidas amelralodeaceording.iothenecand aspeach Whsiein the hinding
antibody of said ele% rode is bound to the biological species, an antibody-enzyme species is coupled

to the biological*Spects& 41 EVEIBL SOTRAST 18 BRIl &He 20 anchor group. Thus it provides an
electrode for use in &namavampassaye for petédtion ofcastiofogioakispeciedesaidelectredam camprising a

binding antibody,afihanaBshask AR sBRADRING, oM ek B aRlesirigally conductive substrate, said

binding antibody being bound to the biological species and said anchor group being bound to a
reduced form of a rddlox PUIRIRER WREFEHFRNE MRRASHSEREYRE spubeelie wiliman Weredivlogical
species, 25saidmantibod yubnzamenspecits: conpiisiyycdeatedtion anithogdydcanable bound to the

biological gpecies, §§Jd d&ﬁ?p%%’?h%@ﬂﬁ&gi% t%e‘j&ga&%%pelgg {0.a.1 dox enzyme. In a third aspect of

the invention there is provided a process for making an electrode for use in an immunoassay for

detection of a bidlog’i’é%l §B\é@i‘@§,£§a"i‘acb?66§§§ BORfATITEROFBroviding an electrode precursor

comprising a linkingispeeirs eeuppeditorthe plestiicallyreansastivexsubsiratersaiddinidngaspecies

comprising a b{ndxilrggogsrgueo\{vgégh IS caf%%bl 01; (;)S)}l%gling to bindin% antibody and is capable of
0

: ¢ : . ; .
coupling to an anchor gr%’up, said bin mglgrﬁJ %?ﬁgsaéaﬁra%f‘gso *i%rdsﬁrﬁ*& to the biological species

and said anchor group béfglegpsame -aiasiasitg hoalieads walymésubFiesupling the antibody to the
linking spegies; andiij) cobplipghthenanGhRQxgrouR 0 éﬂﬁj}yn{'ﬁ”@iﬁp@,@@ﬁercaptocarboxylic to an
activated ester group (e.g. an sulfosuccimmide ester);
i1} coupling an antibody binding group to the activated ester group, said antibody
binding group being capable of binding to a binding antibody capable of binding to the
biological species; | | |
20 v}  coupling an imidazole group to the activated ester group; and

v)  binding the binding antibody to the antibody binding group.

In a fourth aspect of the invention, there is provided an electrode for use in an
immunoassay for detection of a biological species, said electrode being made by the process
of the third aspect. There is also provided the use of an electrode according to the second

25 aspect, or made according to the third aspect, for detection of a biological species. Thus, in a
fifth aspect, there is provided the use of an electrode as described herein for detection of a
biological species.

In ar example of the disclosure there is provided a kit for conducting an immunoassay,
said kit comprising:

30 e 2 first part comprising an electrode according to the second aspect of the invention;

s a second part comprising an antibody-enzyme species, optionally in selution; and

# g third part comprising a redox polymer, optionally in solution.



Step i may comprise coupling a thiol-containing species comprising a carboxylic acid to the electrically
conductive substrate, and reacting the carboxylic acid to form an activated 5 ester. The anchor group
may comprise an imidazole group.  In an exampleghere is provided a process for making an
electrode for use in an immunoassay for detection of a biological species, said process comprising:
i)coupling a thiol-containing species comprising a carboxylic acid to an electrically  conductive
substrate, and reactifg the: catboxylio acithgifernmamattivatedsesteny 1 Qineouplipgrienantibody to the
activated ester;, gnd ) GoURIING. NG, ANCORT ALQUR. 10 BRAGHYAIRE ARICLpe D ARONELEAMPIC there
is provided a process%or}fnaklng an electrode for use in an‘inununoassay for detection of a biological
species, said pFdeesshedmpiHamg sheotiomay biradsscrfstbapistarboxylic acid to a gold substrate;
15ii)converting the cpsbaxyigiaCiosg ok SRtk R £0EaTBaPHREADOXMIG QI dh ashvalieskaster group
(e.g. an sulfosuccinimide ester); , Hi) coupling an antibgdy binding groyp to the activated ester
group, said an%&?ﬁ%ﬁ?’ﬁé’ rgfr)doru%e eé%ﬁ“&%é%%%%?%ﬁﬁ%% 6a f%(%ﬂ%ﬁgéﬁ]tl no(gyac?’alglé)ﬁfgagf binding
to the biologicaspiésies; 20iv) coupling an imidazole group to the activated ester group; and v)binding

the binding antibodyito.thgRnubedysbinding, ehasP terd Ns2RH REPSStRE the vantian, there is
provided an electrode for use.in an immunaoassay for detection of a biological species, said electrode

being made by T Br8E8s BIARE A G AEE EThere is also provided the use of an electrode
according to the secondi28easpéctcormhagl® dscamdingaspehiecthireiaspectyfor detection of a biological
species. Thus, in a fifth,aspeehcibarsds favided the use of an electrode as described herein for
detection of a biological species. . In an example of the disclosure there is provided a kit for
conducting an immuhod<E5yessigitesmpiing: 30 a first part comprising an electrode according to
the second aspect of thestwentibelzctrical current; and

s 2 current measuring device;
wherein the three electrodes are coupled to the source of current so as to be able to set the
15 potential of the working electrode with respect to the reference electrode at a selected
value by passing a current between the electrode according to the second aspect and the
working electrode. |
The source of electrical current may be capable of applying a steady voltage. The
source of electrical current may comprise a potentiostat. The current measuring device
20 may comprise an ammeter. The current measuring device may be coupled to a calculating
device, e.g. a computer, for determining the presence, absence or concentration of a
biological species from a current measured by said measuring device,
Brief Description of the Drawings
A preferred embodiment of the present invention will now be described, by way of
25 an exémple only, with reference to the accompanying drawings wherein:
Figure 1 is a diagrammatic illustration of double-amplified electrochemical enzyme
IMMN0assay.
Figure 2 shows (A) Cyclic voltammograms of a complete electrode at 100 mV/s in
PBS (1) before and (3) after adding 5.0 mM AA to the PBS; (2) a control electrode after
3 adding 5.0 mM AA. (B) Corresponding amperometric responses of (1), (2), and (3).
Figure 3 shows graphs illustrating (A) Effect of PVIA-Os concentration on the
deposition of PVIA-Os; (B) Effect of AA concenfration on the oxidation current in

amperometry of (1) a complete electrode and (2) a control.



a second part comprising an antibody-enzyme species, optionally in solution; and a third part
comprising a redox polymer, optionally in solution. 8 The kit may also comprise instructions
describing how to perform the immunoassay. The immunoassay may be according to the first aspect
of the inventi¥® 208 4#dtfbody-enzyme species may be as described earlRFI/SGCLIRE(PRBNtion also
provides the kit as described herein when used for cgnducting an 5 immunoassay, or for determining
the presence, absence or concentration of a biological species.  In a fifth aspect of the invention
there is provided a system for conducting an immunoassay, said system comprising: an electrode

according to the s [ lon; elec :
?%@%ﬁ fsr)i%}a hYERAN; dee%ﬁ@&%fﬂ%&%%%gﬂ@?ﬁ%ﬁﬁos@/ﬁfﬁﬁe@e

electrode; and a so urrent; and a current measuring device; wherein the three

electrodes arédstiphetniherEnpstme s cesrenteelastegabhify Seisrhrriepirk ik of-thd working

electrode withggspect to the reference electrode at a selected value by passing a current between the

electrode according to the second aspect and the worki (ﬁr%gctr d The source of trical current
may be capable o%ﬁyﬁéﬁ“ﬁe%@%% g%‘é:. ?F%O%%eﬁré‘%g of e e%%iga caren %naév%é?n%%z%i% :
potentiostat. Theptusratvisadgeweinilddvide Y0 hynddripkistnasrtarhhse teHbrHor et Aidasuring
device may be goupled o & galculating device, e.g. a computer, for determining the presence,

absence or concentration of a biolggical species from a C#Jrrenf mea%ured by said measuring device.
Detailed Description of the Invention

The present invention relates to an improved immunoassay for detection of a
biological species. Biological species which may be detected by the immunoassay include

10 any species capéble of having two antibody species attached thereto simultancously.
These include proteins, whole cells, viruses, DNA, DNA fragments etc.

The immunoassay utilises an electrode comprising a binding antibody and an
anchor group. These are each coupled to an electrically conductive substrate. They may
be coupled to the same face, or same side, of the conductive substrate. They may be

15 coupled such that each binding antibody is near an anchor group, optionaily adjacent an
anchor group. They may be intersperséd on the conductive substrate. Once made, the
electrode may be stored prior to use. Suitable storage temperatures are below about 10°C,
of less than about 9, 8,7, 6 or 5°C, or about 0 to about 10°C, or about 0 to 5,0 t0 2, 2 to
10, 5to 10 or 3 to 5°C, e.g. about 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10°C. Thus the ¢lectrode

20 may be stable at the above temperatures. It may be stable at said temperature for at least
about 1 week, or at least about 2, 3, 4,5, 6, 7, 8, 9 or 10 weeks.

The substrate may comprise a metal substrate or may comprise a non-metallic
electrically conductive substrate to which the binding antibody and the anchor group can
be attached, either directlj or through a linking species. Suitable substrates include gold,

25 platinum and palladium and mixtures of any two or all of these. These substrates are
known to bind strongly to thiols and other sulphur species (thiocarboxylic acids,
disulfides eic.), which may therefore serve as a linking species. Where mention is made
herein to thiols, this also includes the corresponding thiocarboxylic acids, disuifides or
other sulphur species capable of binding to gold, platinum or palladium.

30 | The electrically conductive substrate may be laid down on a primary substrate,
which may be conductive, non-conductive (i.e. insulating) or semiconducting. A suitable
primary substrate is glass. The electrically conductive substrate may be laid down directly
on the primary substrate, or an adhesion layer may be interposed between the two. A

suitable adhesion layer for the above-mentioned metal substrates is titanium. The



Brief Description of the Drawings A preferred embodiment of the present invention will now be
described, by way of 25 an example only, with reference to the accompanying drawings wherein:
Figure 1 is a diagrammatic illustration of double-amplified electrochemical enzyme immunoassay.
Figure 2 sho¥fa Y{y/Eéfe voltammograms of a complete electrode at 10FENAHSFHFBEAT) before and
(3) after adding 5.0 mM AA to the PBS; (2) a control electrode after 30adding 5.0 mM AA. (B)
Corresponding amperometric responses of (1), (2), and (3). Figure 3 shows graphs illustrating (A)
Effect of PVIA-Os concentration on the deposition of PVIA-Os; (B) Effect of AA concentration on the

oxidation current in amperometey of (1 0 t e ) t
20001145406 P REIB%8 502 sa%g_“} Eigcﬁ%%lﬁsﬁ%%v%/ﬁsqg%g’aoi%ﬁrﬁ%?tﬁoe%?/\é%tmo% S ubation time
in glucose/PVIA-dtosbitieh eroame hisharenibaw }eéé@ﬁsg-é%.@%g‘m‘?t cEA: bdsdap®@htial: 0.15

V, 5.0 MM AAgick TG RSBINHRMBBELRMRIIE IssHiensashiftiepatdbh Thaceriigtiaarin 2.0 pi., 5
droplets. Poised potential: 0,15 V, 5.0 rlnM A%Pélnser - The cali rationicud'vg at IOY;/ concentraition end.
Detailed DescHBiBH DR RGeS eI SRS s 45 an mproved immunoassay for

detection of adkotogledsipeciedeBiotobieal spap@stivhickprtayits dateirtidetipy thie $AMSUABESSay
include to anysﬁ%%%%ﬂ&?'@i&%ﬁﬂ@&l grapiinpdy sesciesAtachsd thereiosimidianaausly. These

include proteins, viruses, DNA, DNA fragments etc. . = The immunoaiiﬁ utilises an

electrode confyNEREEN A EANESDAYRHdLASRIME RO HidePnAbaaPds af

electrically conguctivessubsisateiTheysmay backoupleshiat!’o, SENEACE Qrisanie Sice 2¢rtine
conductive suhstrate. They may be 15 coupled such that each bindi [ 9%' near an anchor
group, optionéﬁi’f%i(g‘jf‘a%‘ﬁe%f¥ é’ﬁea%%?h%r%?%%u‘b’&r%‘é%“rﬁ‘% eeiall %(rarosnp{gﬁs on tfge cor%hctive substrate.

Once made, the eldttmaehnagitsotaastay ftrionnealdhe SHEHBRS SEOWIEE tOmparitebEtale Pafow about

10C, or less thanapn %oﬁdgoa‘éeog]ﬁguae,a%%&w ROUIQGerR R RAKEELE0 1ByRriofdudnad O, 5 to 10
or3to 5C, e.g. about 0, 1, 2, 3,4,5,6,7,8,9o0r 10C. Thus the el ?trode .
Tormation, particularly in the event that the adheston layer 8 present) and the electrically

conductive substrate are both metallic. Suitable annealing conditions are about 200-300°C
for about 1 td 5 hours (in particular about 250°C for about 3 hours). In order to ensure the

15 cleanliness of the electrically conductive layer prior to attachment of subsequent species
thereto, the electrically conductive layer may be cleaned. This may use a cleaning agent,
e.g. an oxidising and/or acidic solution such as “piranha” solution. A cleaning agent
should be used that does not corrode or degrade the electrically conducting substrate or
the primary substrate or, if present, the adhesion layer. Following the cleaning, the

20 electrically conductive substrate should be carefully rinsed so as to remove the cleaning
agent from the electrically conductive substrate. This avoids interaction between the
cleaning agent and subsequent specieé that are applied thereto.

Suitable linking species include activated esters of mercaptocarboxylic acids, e.g.
of «,m-mercaptocarboxylic acids. The hydrocarbon chain (i.e. the chain connecting the

25 carboxylic acid group to the thiol group) of the mcrcaptoca.rboxylic acid may be straight
chain or branched chain. It may have a main chain of between 6 and 16 carbon atoms, or
6 to 10, 10 to 16 or 8 to 14 carbon atoms, e.g. about 6, 7, 8, 9, 10, 11, 12,13, 14, 1501 16
carbon atoms. The activated ester may be a sulfosuccinimide ester, or a njtrophenyi ester
or a pentafluorophenyl ester. ,

30 The linking species may be applied to the electrically conductive substrate by
exposing the electrically conductive substrate to a solution of the linking species in a
suitable solvent. Suitable solvents include lower alcohols such as ethanol, methanol,

_propenol or isopropancl. The solution may be about | to about 10mM in the linking
species, or about 1 to 5, 1 to 2, 2 to 10, 5 to 10 or 2 to 5mM. The solvent should be



20 may be stable at the above temperatures. It may be stable at said temperature for at least about 1
week, or at least about 2, 3,4, 5, 6, 7, 8, 9 or 10 weeks.  The substrate may comprise a metal
substrate or may comprise a non-metallic electrically conductive substrate to which the binding
antibody and¥fhatateHdPQroup can be attached, either directly or throughP& Tikiiss|gedies. Suitable
substrates include gold, 25 platinum and palladium and mixtures of any two or all of these. These
substrates are known to bind strongly to thiols and olfer sulphur species (thiocarboxylic acids,
disulfides etc.), which may therefore serve as a linking species. Where mention is made herein to
thiols, this alsq includes.the corr nding thiocarboxyli ' Isulfide I ecies
capable of bin%ﬁ%a}t% %Séig,s%%ﬁﬁ%grg %?%g%g %g Jf%% %b@'l%gr egfégléqtﬁ%glllﬁif %ﬁcﬁ%ﬁﬁ%} _s%ﬁob%é%?a?éﬁ] rf%art)y be laid
down on a prifarsedilpsinacd femcihasayiase ebmeltoECddHSEENHAEEVEE EXIsatAEnY
semiconducting A sitableRrnmarysubsliRladsialass. sohaislechicativyceniplivespubisiiatenay be

laid down directly on the primary substrate, or-an adhesion layer ma%}/t?[e irllte{p seﬁ bﬁ(/e&vdyeen the two.
A suitable adHOSERTRR Yo FIFES o%gﬂ‘é?ﬂ% o 'étfgfls?ﬂ:%t?ét%s is ﬁgn{?ﬁrr?%ﬁ‘hel own
2009/148406 RGT ABER)6SMIB0 205 k0t ahesioemaysturaobesido unite! abolace O seahtiseigobt about 1 to
5,110 2, 20 10,510,402 IDS6A HROATL ARG IcARBIN e L% 3B rohh, befouBd 7. 8,9

Y.

or |lOnm thick.’ It may for example be laid down by electron-beam evaporation. Thus the primary
substrate may?HASEIROEAROHAE I FA6 IKAIR SREGITSHA B SH GBI RSP ROBP L1 56 dB osition,
electron-beamigNapospiians $RHtiREAGRISeDItatibS efsant ailtéicsyitablerefethbly, eitlectedrectly or
on an adhesion Jayer. The electrically gonductive substrate may be, hout. out
200 thick. 3P SHGTED o0 00 otk et ar HOUTES 1 e St 2l B0 S, o
125, 150,14 75 wn2Gniatilactivaiay rsjsreJans areelbemrremnticherlbivisaales oritthe prteldsy

substrate. 10, gy, A AAANREEOKSI BRIRALI G ERYLAN SRS RSirBaRasURS BataHNUS

electrically conductive substrate, gptionally wit intervenﬁ%g adhesion Ia%/der) following fokmation,

particularly in HREARSSIFORAETHS adPrilisn 15PRVHF pTHSEHERIRY 1fE BT RARRESERautIve sthstrate

are both metatlisb&liitaidle.amresineg contitens-atyah20H300CHoprajydidathtaiinidarsih
particular about 250¢ for about.3 hours) dln.order tg gy(?% the i cleanlipgss of theglectsically
conductive Iay%?ﬁ%%et}glact%% &rlrl?gﬁ%bf s&lggsequent s}g{éci s thereto, the e?ectrically conductive layer

may be cléandudmpspipyussainideANAG apertophsnahasd araaduarenrbrali RS SfaftardtRh as

"piranha” solufignAdGleaningagenshaidd he.userdthauBrespeheamadatalysiegoregdhs atectrically
conducting substrate or the primary substrate or, if present, the adhesion layer. Following the cleaning,

the 20 electri®3f{Cehductive substrate should be carefully rinsed so as to remove the cleaning agent
from the electricallyfshaisg fersubistratith iscindieiprasiaraction betwberathdalagihnlakmgt and

subsequent species thataye APISshig Eivody SYIRRIAdINKINGSRRRIRS Nslus antivaiag asters of

mercaptocarboxylic acids, e.g. of a,m-mercaptocarboxylic acids. The hydrocarbon chain (jﬁ%the chain

( ) [ . . s y
connectirg thé‘%‘@ﬁlf’é%?é/f?é’ RS th ENRSAIROLE) S THE R RS SR ORISR Hidy be
straight chain gsitxianeledoehdisnut 10 o hbvet d dint Ghaimileddye twebou6e@id:d 6.6afiiniatbins, or 6 to

10, 1010 16 %%f‘%olél.@?r&ﬂ? 197001 4 B B 0loPioe 3 00.b04d Biatek dls kel aifyfrbgn atoms.

The activated ester may be a sulfosuiccinimide ester, or a nitrophenyl ester or aFgfntaﬂuoroE)henyl

ester. 30The l#ianglspb il niaiPbe-ahihed. t8-tte LI iO8H) E8nBue s dirstiate: B3 0-3
' 0.4,0.45,0.5, 0.6, 0.7, 0.8, 0.9 or Img/ml. The solution is commonly an aqueous solution,

25 - although the solvent may be any suitable solvent that does not denature the antibody. A
common solvent is PBS (phosphate buffered saline). This step generally does not result in
binding of an antibody molecule to every linking species on the electrode precursor.
Exposure of the antibody-reacted electrode precursor to an anchor group species therefore
couples the anchor group to at least some of the remaining unreacted sites. Suitable

36 anchor groupsrarﬁ: those which can couple to a redox polymer, in particular to the reduced
form of a redox polymer. The anchor group may be capaible of complexing with a
transition metal in the polymer, in particular to the reduced form of the transition metal.
Suitable anchor groups include imidazole groups, amines, pyridine groups, or other

nitrogen containing moieties. Thus suitable anchor group species comprise the anchor



exposing the electrically conductive substrate to a solution of the linking species in a suitable solvent.
Suitable solvents include lower alcohols such as ethanol, methanol, propenol or isopropanol. The
solution may be about 1 to about 1 OrnM in the linking species, or about 1to 5, 1 to 2, 2 to 10, 5to 10
or 2 to SmMWEhe8ule&44E should be WO 2009/148406PCT/SC2008/000298 /4% 08¢0 df dissolving
the linking species and is preferably miscible in water_so that it may be readily rinsed from the surface
of the electrode using water. The exposing commonly comprises immersing the electrode in the
solution, but may comprise spraying the solution on the electrode or flowing the solution over or past

the electrode. JiJs<0atie 403" dbiclrepdiby s WRIR R'POMLIEIRAIRTHE LG cala B meabyfaces,

such as gold, E!hat nt;;ﬂg%g unl1§. Thi f}gg a sg#s_tr%gzﬁgomprlgg oneﬁ%atlbefﬁe rr{;iepgalksq’ exposure

to a mercaptodagbo e 1] e IS peie g BH Bt EhrfYOr 8D APRRRAOh CBWEMSRIng

ol 2 carboxy acid ureton o 1o [k SpoL e 1o bt corwerted 0 an achvatee cotar. This
ma;y' be accon? ﬂghg:(gwa bty %e/\:/’rhoé %%ﬂk@ﬁé%ﬁ%%@%#&%na %réé%’éfi@épat?gn%@’irﬁ ?r@ bresence
of a catalyst casbicyydnt 0Sunitabi®.chtdllysid/tdrehgemslincdudd knodi: eslefiftodtibh, 1:2 and

catalysts/coreagentgsuch as casgagimides 1 BXAmRIes igCluds and 1:10, e.g. about 1:100, 1:90,
1-ethy1-3,(3-d|methylamlnopro%él)carbod||m|de and dicyclohexylcarbodiimide. Suijtab

h le

hyd roxyfunctidh%ﬁ »régﬁeh’éo'rrﬂé d AP f?ﬂyél%%ﬂeylé&ﬁoéﬂgeﬂ’fﬁn & (NLI é')@pl-i'f’l’tr}dﬁh Lol #nf
pentafluorophenaln Bhisreastiosighedasie conducted in water, in which case water soluble reagents and
catalysts/coreagents, are. preferred. . Following fermation. of th ecyrs v substrate
it the lnking o A, B L L S e
20 accomplistrdisyimpipimgstye Dinsithg bisitmen} ivesatats ancniterel spttondlprerarssenTié solution
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generally does not re ' antibody molecule to every [inkin%species on the electrode

inding of a ] )
precursots Exposura 5t e aambnrely readisd brésidad wirsdei sredudinafetor gotnePécied therefore

couples the anghay, grouRitRiatieastsomadithe yempiniap, unidaeied sBs «Sditalileaddanghor groups

are those which cquple to.a redox polymer,.in particular tq the reduced farm of a redax polymer.
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The anchor gr’gﬁﬁl e capable of complexing=with a transition meta e polymer, in particular to

the reduced fdragméntethensitiofntirsadbisditgbinttheddragoens ineludie Inidag dlet dhviied tamines,

pyridine groups,Oriiegit coptaiping-mgigties: (RES)Suile ANANAHBIRIE SRRGIERICOMPrise
the anchor WO 2009/148406PCT/SG2008/000205 1%;$g?roup couple tr$ a funcﬁal roug% capable of
reacting With ke f0sEogiand s P SuMRER TR F S Eain & AHiSIRGiohlF AMitRs%ies, such

as aminoalkyliraydee Gles. diyeardial hetpiee nianghobirdivp satoi teidg ifrggaritg diedudm gheneliectrode
surface may bg, aboyt:4; 499 ARsh Ak il AR HOBAD AR ArACART TS0k 168 and 1110,

1:100
entire or partial of the following: hinge region, CH1, CH2, and CH3 domains. Also

included are any combinations of variable region(s) and hinge ‘regio'n, CH1, CH2, and

25 CH3 domains. Antibodies may be monoclonal, polyclonal, chimeric, humanized, and
human monoclonal and polyclonal antibodies which specifically bind a marker. .

The anchor group is capable of binding to a Tedox polymer. It may be capable of

binding to a redox polymer on reduction of said redox polymer. It may be capable of

- binding to the redox polymer by complexing with a transition metal on said redox

30 polymer. It may be capable of binding the redox polymer to the substrate. It may be
incapable of binding to said redox polymer prior to reduction thereof. It may be capable

of binding to a reduced form of said redox polymer. It may be capable of selectively
binding to a reduced form of said redox polymer. The redox polymer may comprise a

complexed transition metal. The anchor group may be capable of complexing with the



5 and 1:20, 1:10 and 1:50, 1:50 and 1:1, 1:20 and 1:1, 1:10 and 1:1, 1:5 and I:1, 1:2 and 1:1, 1:50 and
1:5, 1:50 and 1:10, 1:20 and 1.5 or 1:20 and 1:10, e.g. about 1:100, 1:90, 1:80, 1:70, 1:60, 1:50, 1:40,
1:30, 1:20, 1:15, 1:10, 1:9, 1.8, 1:7, 1:6, 1:5, 1:4, 1:3, 1:2 or 1:1 on a molar or weight basis. The
binding antiBgdy ¥ ¢4Hable of binding to the biological species to be ass&fdF i/ Medmmunoassay.
Thus the biological species is an epitope, optionallyﬁn antigen, for the binding antibody. The binding
antibody may be capable of binding said biological species to the substrate. The binding antibody
should be capable of being coupled to the substrate, optionally by means of a linking species, without
loss of its abiljylo.selerivelcrHlsnithe-hislooiorl sRaRieS-SiHtable inkipassnacinsatssiescribed
above. 15 The term "antibody" as used herein includes IgG (including IgGl, 1g02, 1IgG3, and I1gG4), IgA
(including IgAE&48-1gA2), IgD, IgE, IgM, and IgY), and is intended to include whole antibodies,
including single-chaiRewthpigirintibreie manteantigembindiegi ftag plemtsrth dreof. ckridgen diirding

antibody fragments include, but are,ngt, limited.to, Fab, Eab! F(ah)2, Fd, si iR: EMs (scFv),
single-chain aSr’#%@ m‘%?‘ncﬁ%ilﬂ]ﬁd%l? % Hh'[&}g%r \?éE‘&%#’{‘/S"‘gng‘ Fgg%e%%%mgrigigégm %1% or VH
domain. The antitpbeicl maly tsepfrsptaas e SPMPI OPRIPTIAEGRNeBR ansolan fragipé#hde including

single-chain apiibadies, Way saMRIISe; the vayialkle-vesianis ilongmeitin Gaslinatemiih the entire or
partial of the following. hinge region, CHL CH2, and CH3 %c.)%aing. Aésot%c éjgd E}L%Ia}qugct%mbinations
of variable regriiES SR hiH JRerRTRwR &Y III}? nss nams Antibodies may be

JEmas,
monoclonal, pekyelarial ehismeid Heumanizedapbd prasasinintbe polumar andpiélytichadimetitiddies which

specifically bi@%qg%@a%%ghcgh,e rzgg&gj,gggwdﬁlgﬁf%k?@,ofg%ggg}gz@ﬁgre@@plmﬁlmay be

capable of binding OX pol r on reduction of said redox polymer. It may be capable of binding
to the redex pdRmimBidasibldihg wilPsdmbroN me@%ﬁf&%‘&&%@ﬁ&%ﬂ% Glbe
caf)able of .b"‘(@ﬁﬁgbﬁyﬁg‘? gﬁ@hﬁgﬁ@f@@%&iﬁﬁﬁ(ﬁf@lﬁd&ém?m%m@?@l@ﬁﬂpm ieriplsgior redox
olymer prior to reduction thereof. It may. be capable of hinding to a reduc id redox
golzmer.ﬁt mgﬁfﬂg%ﬁaﬁﬁ%ﬁéﬁ@fe e e&%ﬁe’%%?ﬁd?ng o 3%%858%‘&%%%85%?a%§%§§§%?§§1§}§r e redox
polymer may polymeisentecnptexber trzmgivepehierd complaxisacheyup inaynséabdpaprémpEomplexing
with the WO 20Q9/1484080GHIAS CROQRMR00R05 sk ssidusrr form aftaais dransition Thetakelpe anchor

group may comprise an imidazole group. , .The transition metal may, be osmium, rutheni platinum,
iron, or séme EHPRNS StAORIEHERIBIF FratsiHopRsRIREL ATl Sléowrgg ¥ Lé (B‘@(Ib Eyridine) 5
complex. It mayahediarpnicasinateropiek aciy prisinglaideashomaitathtarighthd. phligriabilerigand may

be a halide, e,g. Cl. In the event t iton. 1 ' REE“.!HW’ Toll osmium
may be the 3%?%%&1??:%%% ﬁgqe%{ls%?g %@%&Qfﬁﬁnﬁ %Lg;y be preseﬁ%@%ﬁ%ﬂﬁe@;&hgcﬁgﬁmum may
be present in e senpharasiomipduastaighssiviz polymyrdiap Gt pbrstEdLalERHINeTSE 12]C1,
(0s(bpy)2C12)e[Qsfidkreimettl pbfmet -pimbine)2 G2 bdQaternpyad) O s(4Aerciahmbivo-2,2 ' -bi

pyridine)2C12] C 1 (0s(dabpy)2), [0s(dimethylbipyridine)(terpyridine)C1X12. or (Os(h complex,
or some Other& iﬁlﬁf\‘ TraNits ﬁ?@%&m%y%géggncpég e%?ef'dg’raﬁl?rsn?&gal% e(ogfsré)otﬁ)@r%%ﬁkgpolymer,
or to some othbe geositiaapabik bivomptepiisg thidazalsigionnhdtanaiopeRranip & s dimisazaldyridine,

or some other, suitahle pitRIsNEANRIRIRAMP RN Ahegr e kmerBaRIS Al AafRINN G thRjransition

metal may be a terminal group (e.q. endgroup). It may be a non-terminal group. It may.be attached to
the main chai§RRREEpofy KLY mw@%&em&rgl@m@%haﬁ‘é@e ﬁ%ﬂ{%ﬂ%&’y %Bﬁ??ﬁér may be
a homopolymeg9fahiaay peiv dapiolyihanidtavayrbicaasidaigot wivain jpolanee-tbmay lemadanched
polymer. |t may e & fyperbranghed polymer, It may Be &isomael NSkl MAYBe pmigrsoluble
propanesulfonic acid), or a mixture of any two or more of these. The polymer, or the
bound transition metal thereof, in its reduced form may be capable of catalysing the
electrooxidation of the oxidisable species. In the present immunoassay, catalysis of
electrooxidation of the oxidisable species by the bound polymer (or by the bound
30 transition inetal thereof) on the electrode leads to a current flow if the biological species is
present. '
In the immunoassay of the invention, the electrode, comprising a binding antibody
' and an anchor group each coupled to the electrically conductive substrate, is exposed t0

an analyte liguid putatively containing the biological species. The exposing may comprise



20 polymer. It may comprise monomer units which comprise groups capable of complexing the
transition metal. It may comprise imidazole groups. It may comprise 4-vinylirnidazole monomer units. It
may comprise a polymer or copolymer of 4-vinylimidazole. It may comprise a
poly(4-vinyliffa¢8iédesacrylamide), (PVIA), poly(vinylpyridine-coacrylaffdé)G2008/666205
poly(vinylimidazole-co-acrylic acid), poly(vinylimidazole-co-acrylamido-2- 25 methyl- |
-propanesulfonie acid), poly(vinylpyridine-co-acrylanﬁio-Z-methyl-lpropanesuIfonic acid), or a mixture
of any two or more of these. The polymer, or the bound transition metal thereof, in its reduced form
may be capable of catalysing the electrooxidation of the oxidisab ies. In.t .
immunoassay?f:gétaégcfyg?gbafl[%?eo ?E%)?ﬁd}ét?glr?%%ﬁqg’c;&| SAbIE gla%eéﬁgg%%ﬁ:%h% é%eu%%l%ﬁ; megin&)r by the
bound 30 tradsiiospraing, tflevedng) ¢a tibedigsifooectcadntd B gleamedo@r iFARE BIBRGRED Shecies is
pfeshent- 'n&x?oﬁmgltgliﬁgéﬁﬁérfl Binfltklﬁg'r%ﬁﬁv&p, f?@e%@&fdogiﬁﬂ%n%@ﬂ%giE&NMiémleﬁly ar_lg an
anchor group each coupled to the electrically condyctive substrate, is expased to an analyte liqui
putatively confRHRE m&hﬁig}aﬁﬁ%@ﬂgef&.‘%ﬁ@ ES?%?%% ?ﬂ%‘i}eéo%?ﬁ‘?@%%ge analyte figund,

2009/148406 Rz T#RGRE CRIIRHAR05iN Latjkade fariiedigaoptisial o cbenpledely, antipmetsinbetheyelectrode

in the liquid, Passioa i, G, aNIBaRIC LiNGI LUdRYR! 9F RREYIRBIEATGREE 0RE Other

form of exposing. Sinc inding antibody is selected so that the biological species is an epitope of
the binding anBiseRly, iff the HeISi dhreglrstidaanllihanwaffrsted b6 e P amPaBhody will
couple the biolagicalrsResies terike binging Antibadiibiderebynsrtinbiisihgificebidiogieahspdcies on
the electrode. If the biplogical species is not present in the analyte liquigl, t ctrodg.will
unaffected. Tﬁgagx%cog?ﬁggtrjx%af BP0 éu |&%nf’t%g‘%tg‘% aé'ﬁeac, qb%n%ﬁﬁg‘%d#ﬂ’eaa%ﬁtl Sbgy’togthg é)l[glogical
species (ifopresemiledt enayebdddpntionst abioutss mighes? beurs|eustbabbbmigutes 190 wer.30, 40, 50

or 60 10 minuigs; OfMaK.08 for APRiHRIIBUEess ek 29101 Qr BN RI0UESIRsLbour, 5 to

45 minutes, 5 to 30 minutes, 5 to 15 minutes, 15 minutes to 2 hours, 30 minutes to 2 houts, | to 2

hours, 15 mind#&&std 1omoliPuEs ko BT iReSToFad 13 B RIS o8 3 ol FERues £ 35°%s, 30, 35,
40, 45, 50 or 55 MimMfe30.0r51 30,2351 40, U6, 0062 houtss osmiay.belfdr meré.tharbbosrsrThe

exposing is commonly at about r erature: 15 ' X Qaﬁggt&p an
antibody-enzy%%yllggu%lé lc}g)rlﬁptﬁglllng é’r‘#%?&%%xﬁg%z rﬁ(;gg;%gc%ﬁggﬁ%%ﬁgﬁy-e zymeespecies
comprisessa detectibheanlfisbadecapdbra ot ipihgito 2heBINOdicaNETBReidK| LA FUBREEHRM ahtibody
being coupledg;BuBdaGRgYip&ifer exdampiboalleRsRRXifases [himiadex euauneshaisble one to
which the redox polymer may be used as artificial mediatqr., Thus in the event that the biplogical 20
species was pf ?ﬁ‘? t%‘@%%%f}?t c?ﬂ'fgs?%ﬁﬁltﬁ’é?éﬁ’y \5/%85 ?ﬁ%?ﬁtd%ﬂiémé‘gbggyik?glg?eg?}l é%cgr{lot e
previous step,rtdexdeteptionfantvadyltsahegstedxidaire Blectedae ¢byymeaheudd tirecbiotogidagtentity) and

thereby the redox eRzyiBR if.L U/ IRhes alasied smarnd inrrphilisaddbecaonatine %ﬁ@%&@ﬂ antibody
may be the same as the binding antibody, or it may be different thereto, proyided that both of said
e apiieleorn

antibodie®areSBEpaEbISPESNiHRa ABYYE HeBdpRr heTFhy L E e Bep of
exposing mayhepiRkisRiakiensthpattrtioppiibally &0 opsitel\toinhmeisingdbdislentndeotntoe
antibody-enzyme liquid, in .g. spraying, flawing etc.) the ligui I Of past ecfrode or
some other for{;qrr‘:)fi S qé:ﬁ%o%?r@ T%lé? e%ﬁé%%ggr%gafleagxfornszaﬁfgigﬁt %irﬁg(t%vgﬁe({t%gbi%g%% &(;éft eé)antibody

to the biologicahmsbiiesd(thenessedtye Heisaldpeanbibadyanay be s anthefaadee antekastyaBbut 10, 15,

20, 25, 30, 40;;50,0 6 raiies: Qhdnay, Bsdorialoukd pIBUES ig@baiihediers-otahoi 2minutes to
1 hour, 5 to 45 minutes, 5 to 30 minutes, 5 to 15 mjnutes, 15 minutes, to 2 hourts 30 minutes to 2

hours, 1102 hotE I PBSHIRNEOTBIH Jr S $3%0 PRIRESA oTPS6'ES sbiifiiRS e’.eé.p%%trg,aﬁo, 15, 20,
25, 30, WO 2668fti48486RaEX/ SEHO0S/0H0RA5!H5 completely, immersing the electrode in the

antibody-enzyme liquid, passing (e.g. spraying, flowing etc.) the liquid over or past the
electrode or some other form of exposing. The exposing may be for sufficient time to
effect binding of the antibody to the biological species (if present). It may be for at least
30 about 5 minutes, or at least about 10, 15, 20, 25, 30, 40, 50 or 60 minutes, or may be for
about 5 minutes to about 2 hours, or about 5 minutes to 1 hour, 5 to 45 minutes, 5 to 30
minutes, 5 to 15 minutes, 15 minutes to 2 hours, 30 minutes to 2 hours, 1 to 2 hours, 15

minutes to 1 hour, 15 to 30 minutes or 30 to 60 minutes, e.g, about 5, 10, 15, 20, 25, 30,



35, 40, 45,50 or 55 minutes, or 1, 1.2, 1.4, 1.6, 1.8 or 2 hours, or may be for more than 2 hours. The
exposing is commonly at about room temperature.  The antibody-enzyme species comprises both
the detection antibody and redox enzyme, both being in a form in which they can perform their normal
function. A SVéaEmeHtmeans to form the antibody-enzyme species is BYTi86208afe0 208 din-biotin pair
or the streptavidin-biotin pair, which are well known to form stable complexes. Thus the antibody may
be biotinylated and the redox enzyme conjugated to Kidin or streptavidin. These two species may
then be coupled to form the antibody-enzyme species. Other means to couple the detection antibody

to redox enzy ay.also be used, for ex edor nz -antibo conijigates, a er-redox
enzyme conju%ggtéas’, %Sgri(l? ef-e?éJ plftétﬁsiy%2’@%1d%ét?e%?)&%m%ol%nsm%rﬁé}fhe gectrode \%li?;]en be
washed in orderums. B cvecaing ifremoed! aatibl OaRy BRPadEs. The electrode is then exposed to

a polymer solution gempgiRAsheredexpalinenapa {a thek nayraesuisatablidh ehiolegigal species
was present in 15 the analyte solution, the detecl(iig: antibody Wfii%havtzi heen COP:&%E‘?SJ[O the biological

species, whicKAHifn Batth SR IO BT SEY Th T SRR PSEE B FE SB WM then have
coupled ta thecelwetiefenviante detachenmititiyeinamthipeientsthe uedoﬁthnzymwﬂtbm@e the
enzyme substyate. . heaRiIeA et GHRIUPOMMELIA RaRtieuanesRgdimantiRduge the
transition metal on the tedox polymetr). On reduction of 20 the redox polymer, it is then capable of

coupling to thamihersernhp einslarkanstibc Triex SuaMmm ePREtRBet N aridst MisteRiRiitinvolves
reduction of thesbNEik0EpReIalesy thikp Ay resiple@dingoianlaks ehdbliganathaceienies Nistenables a

ligand, e.g. -an imidazole group, af the.anchoy group to,complex with the transition metal, leading to
coupling of thé“ﬁ%‘i%?e?‘i'&%ﬁégglggf%%{i %%E\‘?‘éﬁggée%‘%%n gpSlfgﬁybagfﬁve%gn%% g)]écet}r(o 8?Snd a
referenceelectrdeie enmittiveantdvitydeor eqtos cab tarsn wioks abisp eeiasigtiahenspade8aethe redox

polymer is preéfz‘%k%rb&lﬂ[ﬁ; @éggrgtgge surface (which indicates the presence of the biological species in
the original analyte solufion), oxidation of the oxidisable species will lead to current flow bet\geen the

electrode and the ré&feraReRy kendlarirofie b dmitube WRTHRS COrRiAes O3 TRYR 4N e BFH#f%Bresence
or absence of #hgnbiblegicahspesies. Thedkaltade is hemmpalydabaliddyinto atiotitOcbWpdsiapout 0.1 to
03,0.3100.5p10.2 10 0, &f\éaeg S RO '%SSu%s%*a%,Z%tgegbg'i% 'cgli%gcf]é I%‘Q Yo diimay be a

constant voltage. The oxi le species may be any suitable speci€s, commonly organic species,

which is capalthe ergsingexitise disydeiectismosniibRinervithbayakeapsnaplediiaghe IPiplegisd a

Ca[)boxylic aC;Qp%Eiéé{QE%QQﬁIM%Q;gBQg@%@&ﬁﬁ&?ﬂﬂ%&%ﬂm& Q@@mrbi@@%do@t_a@y&wrt]able
substrates which may pe electrooxidised under catalysis by the redox polymer according to the
present inventif i ‘?1?/?}?8%{? ﬁ%%t,rﬁlﬂﬁﬁ %ﬁg %ﬁg %%ré&‘%%&(%f%r{}?g% w?g?ﬁlltagé'ee? é’lfne
dinucleotide), éxbrdlaith addisintheliouctestisibstate, BEotherdnyaftee dreerodmmae wnspdinfahe

immunoassay iha elecoss il RE WiRSh AR RARKIGEEMGY B EEGC IRTaREFiIeh cullalis yashing

liquids include aqueous liquids such as water and PBS. The Washin%may comprise immersing the

electrodein tHESVASPRnBORGRRE: it dheBorAprile AbGAME it i A% MY IR URCER o Ps LEtHed%S ectrode. It
may compriseThtiderienen 2mbodinerB of 118s Peactikd) iwashis gediepion Hiehwashitttpliqnichl on

the polymer, leading to loss of a ligand therefrom. This enables a ligand, e.g. an imidazole
group, of the anchor groﬁp to complex with the transition metal, ieading to coupling of
the polymer to the electrode. ,

25 ~ A voltage is then applied between the electrode and a reference electrode and the
electrode is exposed to an oxidisable species. In the event that the redox polymer is
present on the electrode surface (which indicates the presence of the biological species in
the original analyte solution), oxidation of the oxidisable species will lead to current flow
between the electrode and the reference electrode. The magnitude of this current is

30 indicative of the presence or absence of the biological species. The voltage is commonly
about 0.1 to about 0.5V, or about 0.1 to 0.3, 0.3 to 0.5 or 0.2 to 0.4V, e.g. about (.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4, 0.45 or 0.5V. It may be a constant voltage. The oxidisable species
may be any suitable species, commonly organic species, which is capable of being

oxidised by the redox polymer under the applied voltage. It may be a carboxylic acid. It



10 should not contain the species to be removed, and should be preferably be capable of dissolving
said species. The electrode precursor may be washed after coupling the binding antibody thereto. It
may be washed after coupling the anchor group thereto. The electrode may be washed after exposure
to the analyl@a#itiéf#4#may be washed after exposure to the antibody-8RZAREMRENER may be
washed after coupling to the redox polymer. The is washing liquid used in each washing step may be
the same or may be different.  Commonly the immunoassay comprises measuring an electric current
before (reference) and after (test) addition of the oxidisable species between the electrode and a

reference electrode, Comrrlg]tcc)nIxi%g%%ekll.ee%tgr%%fy%%%&gsg,gjc'ﬁhﬂls‘;i%r}%eémggi&gégeu%%gent

invention is uS&q as the test elec ence electrode, e.g. Ag/AgC1, and a fo

counterelectroaielysig . lathaumdonreokiacsl secosting thaheupresth SRSHEM SRElde JNASFEISty

conducted in RRF-ASISHPROHRY RIRCaYiemA diernaiinanti @ refenaRceisukatide)AY AP HiRaiired
separately, e.g. in PBS containing no oxidisable species. A subsequent test current may then be
measured in BEERSAEHIRIR: 5iGdisable species. If the biological species was not present in the

analyte salution, théxemwitibe afiebowred®Suedoxtemslyef dhonnineuniassrydieasiaiodabadabove.
Consequently fhere, will be.no, caiglyic.axidatian ol fbe sxidisrbicsnaeiagtaiabsest bydbsupolymer.

As a result the current wﬂ%be the same In the présence or absence of the oxidig;l#fegigeci s. Thus if

no biological disetdesuraaspresarnhRRS A YasRERITEN IPRIRTE CEREORLE 8t Bectric
current being ahgihghr sae maythemgitrenceae deovasiitantidijdsivvtarlpgicigt:lebeqdredence of the
biological species will be indicated by the.test electri [ ' r Jef e electric
current, due tglﬁlfec%?(lﬂésﬁorﬁug%‘i%(&%‘d?ée?’lb% Ss?p%ﬁéé %:éﬁ@(?ggé}%%;@% g'ct?%%e glﬂﬁr?dﬂr&eﬁc?gx polymer.
The concentratiovibtietitioykbal spseisie sorbehempeddicand facraybp PrEERhingy Remhlthe test
electric curreny; e he dalelante etpeldicahite o B spmaREg b iiueasp hat eeasiidinge (o
currents, and WO 2009/14 406PCT/SGZOO§4§00205 17 comparing that differe ewliégua gealibration
curve obtaine#PiBAKHHHPBiBanRatETReEAE B?%@E%’gﬁgg?&%fﬁgpcoﬁﬁ%%tra fon in the analyte
solution may hexgdetewminatlafter Atpotirasertbitineblecisbehemicedayri wrrsbebaltidforpesdetection of

proteins is thegefore.d Qri,ngy%%{ it ' At eq@b&géﬂéﬁf&ﬁg%ﬁﬁﬂxg%%ﬁe&a&s%a%azm@- s

catalyzed depogiﬁgrll 8 2éltﬂre ox polymer and electrocatalytic oxidation of ascorbic acid by the
depositedsredvrspisighatidusrihineashineahing sknanas bs Bssameamal besiligreh. capture antibody
was covalently immohilizedh pniresalirmssaraale ddnprieey capiountecanakatiel (Miba) doelayer
coated gold elecfrode. After incubati ith a target protejn (antigen), th d g[g r%ge treated in
biotinylated d&%‘%ﬁ%’rﬁl%?ﬁt edﬁgﬁg%i\%?ﬂl}gqgé%sg%dgf gieesgg(%ﬂsg%a%tgs% t(}t{fgn. '{I; grea er, the
electrode wasreligpect inlentradpiedussonlicnieflpriye- Thstmidaussie-dbuaciasisriedp titig

imida7ole-complexed.With; [0stbmpy)R ald ts( b de U0 osriha additisn &f glucases se, edax polymer
was enzymatically reduced and depeosited on the electrode E%r‘ﬁgc_géla I]é%gend-exchan e with anchoring

sites. Théts dRPBLTERTESx Sofy nTeftEmb itEEe 881 8HPe | Iy FR LRV IRF RS ENTEHE oxidation
of ascorbic acignGanseguesiljudke daneB6traticoppbpingeiiecaulgtbe flemtfied wnapsrometTically.

This electrochemical immunoassay. gompined.ine speciisty ohfmraunalesisalreaaian wih the
sensitivity of tfe (?ual-an‘%p fied electrochemical gégtc‘ectlon. ]
subsequent test current may then be measured in PBS containing the oxidisable species. If
the biological species was not present in the analyte solution, there will be no bound
35 redox polymer on the electrode, as described above. Consequently there will be no
catalytic oxidation of the oxidisable species catalysed by the polymer. As a result the
current will be the same in the presence or absence of the oxidisable species. Thus if no
biological species was present in the analyte solution, this will be indicated by the test
electric current being about the same as the reference electric current. By similar logic,
30 the presence of the biological species will be indicated by the test electric current being
greater than the reference electric current, due to the oxidation of the oxidisable species
éata}ysed by the electrode bound redox polymer. The concentration of the biological
species in the analyte liquid may be determined from the test electric current and the

reference electric current. By comparing the difference between these two currents, and



20Advantages of the present invention include rapid and ultrasensitive detection of proteins. the
method is highlysensitive and no analyte protein labeling is needed. the redox polymer tag used in
the invention displays high reactivity. For example, the Os-containing redox polymer exhibits high
electron moBYify?¥Ad4§étsd kinetics, and 25effectively activates the enzynf& Tatel8849 Henhievable
detection limit of femtograms of protein for a cancer biomarker carcinoembryonic antigen. good
specificity, for example, it selectively and directly detelcts the analyte in the serum. 30 can be easily
integrated in a microelectromechanical system (MEMS) and fully automated Micro-Total Analysis

Sysiem (9-TAS), gy 6954 08 DAL RO el 8L YISO A AL PECKHIRonnd s Bresenty

described imrﬁunggrs%lg_y may have a lower detection s than about 10pg/m1 of the biological
species, or ledbahiplogisslismscizsithe rgenrien Byis BNsy e ooy Secksisemis82008/000205 18
a detection limit of a0pWfeiBve’ ecobhcinidall ihPuRodsfy’ f06he. GeRAidd. DfGpRotidd 1pg/m1l). It

may be capable of quantifying wijth acceptable a¢ccyracy cqncentrations.over a range of about | to

about 10,0000 CH 3?5%%%%5%3%&% SPOSEERe 0651 t%"?,lﬁﬁ%,‘%ész%oﬁ?%"gbo, 1to

200, 1 to %00, @tdyejGepedtun R, 68D x1edvinet GrE0H GBIy ic0nddai000fiastariBoac by 5,000,2 to

1,000 or 10 totﬂ[FOQf(z%ggé%'gpcﬁg?E)? escligtion pighe eI REEMD HliIRR SnalyRigC 9584 herein is
uble- |

an adaptation of a amplification scheme in"EIA to further enhance the sensi%\l/%b\]/ and lower the
detection limit CRRA&TEppREEPRY) of tRe syetersnthrotmaitizeion Was Herfdhessg@bitith & important

colon cancer higraaskrihde-atsi Aoy imanigan (6 bidetatiaseiofire divubdhbisyitly

(600 being 1o A AT B aR el ool oAb B L e o

polymer as anaiderycadigsidiorghewsigaitnscotenivesicalidopa hoprelisi sha SlepEodsnyaniently

detected ampegppagtrigally, MredRPatiRatY. the PesRY-SanSHNIY,8RMo-acrylamide) partially
imidazole-complexed with -‘{Os(bzﬁpy)zCI}Z+ (bmpy = 4,4’-dimethyl-2,2"-bipyridine).
Upon the addition of glucose, the redox polymer was enzymatically reduced and
deposited on the electrode surface via ligand-exchange with anchoring sites. The

15 . deposited redox polymer exhibited excellent electrocatalytic actiﬁty towards the

oxidation of ascorbic acid. Consequently, the concentration of protein could be qudntiﬁed
amperometrically. This electrochemical immunoassay combihed the specificity of the
immunological reaction with the sensitivity of the dual-amplified electrochemical
detection. '

20 Advantages of the present invention include

rapid and ultrasensitive detection of proteins.
s the method is highlysensitive and no analyte protein labeling is needed.
o the redox polymer tag used in the invention displays high reactivity. For example, the
Os-containing redox polymer exhibits high electron mobility and good kinetics, and
| 25 effectively activates the enzyme labels.
e an achievable detection limit of femtograms of protein for a cancer biomarker
carcinoembryonic antigen. _
e good specificity, for example, it selectively and directly detects the analyte in the
Serum. '
30 e can be easily integi"ated in a microelectromechanical system (MEMS) and fully
automated Micro-Total Analysis System (u-TAS).
s low cost and high ﬁotentiai of multiplexing and mass production.
The presently described immunoassay may have a lowef detection limit of less than

about 10pg/ml of the biological species, or less than about 5, 2, 1, 0.5, 0.2 or 0.1pg/ml (or



15 detection limit are markedly improved and are superior to the solution phase EIA. Detection limits
are comparable to the best optical and radioimmunoassays.  An ultrasensitive electrochemical
immunoassay for the detection of proteins is described herein. The assay involves utilizing
enzyme-catahfy & UESH ition of a redox polymer and electrocatalytic oxid4tioF3PH&¥EBic acid by the
deposited redox polymer, a 20 double amplification 1%heme to enhance analytical signals. Capture
antibody and redox polymer anchoring agent were covalently immobilized on a gold electrode coated
with a | 1-mercaptoundecanoic acid monolayer. After incubating with a target protein (antigen), the

electrode was,EHeRIMRIRICYIBRA fipisckon anshedy an auidik alness @ddase ganpugje solution.

Thereatfter, it was dippe an aqueous solution of a redox polymer. 25 Upon the addition of glucose,

the redox polydri@eEBniymastReamprbli Rbirarifies dleacerritRtl IS EWEe: CHERtEPRE Wehosited
redox polymen exhibits sxnelientplastiogispglialagtivihiongEnds sheexidatibsuot ascmic ogid.
Consequently, the conc tion of the. tar otein.coul ntified rometrically. -This
electrochemic%ﬂ | m?uW(ﬁgéé%y?ct&rglélgneis??f%g)t%%%é?ﬁg?t‘c;’f gf%%%ﬁ%%h%@%g@@@%%& igﬁ’\%)lﬂﬁ the
sensitivitysof ta€oudlSMnbife thdieofochenidfldtedtior) ThiDdppebitanbf the assay was

demonstrated with an impogagidl PeeaRpRidHAR MEtrefirRaaREYiinaEgen (CEA). As little as
femtograms of CEA (1.0 pg/mL) was successfully detected., WO %3} 9/14 406PCPSG2008/000205 19

GOx-catalyzed depdSffiesth AsdRR poIgfatar AL cARAT D ARREsae e dd fequires a
series of surfatetsireeniealcre detionsitiigsenstdpyareasitodaivs: (ih)ifoThatipplofhibelf-aSgembled
monolayer of MUA, (2) reactio h r Wi NS Q tachment of
antibody onto %Sge_:e elg?t%(c)i%glgn %S%?rge%%é%@gg%%@nﬁ@;?g? Igl%gs witégéplorﬁegéc%l?% ggtl’?/émer anchoring
agent, APY.  crciepmbrEomenditger dORUA i sefnigseibI SRS thddel PyuBdyaRtiviiata

obtained indicatggsaisingledpolrauaave sl Anpaatednn dng aelthelgotiadaiasteGngntibody is
covalently attaé:qug tL% tgrestszirjrq:qﬁ?er fog]gn'\é ecAtrg] ehs(l)llr?‘zc%rh;lr gu gequéntly utilizing the deposited
redox polymer as an electrocatalyst for the oxidation of ascorbic acid (AA), proteins may
be conveniently detected amperometrically. More importantly, the assay sensitivity and
15 detection limit are markedly improved and are superior to the solution phase EIA.
Detection limits are comparable to the best optical and radioimmunoassays.

An ultrasensitive electrochemical Jimmunoassay for the detection of protemns 18
described herein. The assay involves utilizing enzyme-catalyzed deposition of a redox
polymer and electrocatal.ytic oxidation of ascorbic acid by the deposited redox polymer, a

20 double amplification scheme to enhance analytical signals. Capture antibody and redox
polymer anchoring agent were covalently immobilized on a gold electrode coated with a
1 1-mercaptoundecanoic acid monolayer. After incubating with a target protein (antigen),
the electrode was treated in biotinylated detection antibody and avidin-glucose oxidase
conjugate solution. Thereafter, it was dipped in an aqueous solution of a redox polymer.

25 Upon the addition of glucose, the redox polymer is enzymatically reduced and deposited
on the electrode surface. The deposited redox polymer exhibits excellent electrocatalytic
activity towards the oxidation of ascorbic acid. Consequently, the concentration of the
target protein could be quantified amperometrically.

This electrochemical immunoassay combines the specificity of the immunological

36 reaction with the sensitivity of the double-amplified electrochemical detection. The
applicability of the assay was demonstrated with an important colon cancer biomarker,
carcinoembryonic antigen (CEA). As little as femtograms of CEA (1.0 pg/mL) was .
successfully detected.



tochemical coupling approach, instead direct physical adsorption, has three distinct advantages:
(i) it provides much better stability of the immobilized protein, (ii) it avoids the nonspecific adsorption of
protein onto the bare gold electrode, and (iii) the surface coverage of inAb can be manipulated

to optimize CBAIRMBALHIE 15protein binding.  In the final step of the eleBfrS3&TEBYEEHEN, the

unreacted sites of the electrode were utilized as anc£

é)ring points by reacting with API to create a
surface that is highly reactive to the deposition of the tedox polymer. QCM was first used to investigate

the immunoreaction and the redox polymer 20 deposition characteristics. Redox polymers comprising

[osmium(2,2'-bipyria@_%%@gdhége§mggmtgﬁgg DAt R ion HIMIEICINGISEFIC!,

(Os(clinbpy)2), [ osmium(4,4 ' mi no-2,2 ' -bipyrid ine)2C121C1 (Os(dabpy)2), or
(os(dimethylbispsdnirayR reanis i sejes Ao ISBOIHER) Ieartiramd st PERTAET BokeBies, namely,
poly(vinylimida7ole¢pfaehvkidhiced {EM ARl \dudpirieingen: £5 acrylamide),

poly(vinylimidazole-go-acrylic acid ) vinylimidazole-co- mido-2- methyl - 1 -propanesulfoni c
acid), and po | y(v iﬁ%g Fﬁ???{aﬁ]%i?&%q&@%%%%{- -%et%flefffq;ﬂr;&r{gé%nesulfonic acid) were tested for their
abilities tosform stalffd chepbsitsthshingrGhantabatiz et dutickoiddeRBS containing glucose and the
redox polymer. It was, ghsgrved.al Ryla-aerdhe Righeabesinmnalsnerinadipeamengst the

polymer backbones 30 studied. Only PVIA was s_ubsequeg{talﬁ/1 used for the preparation of various redox

polymers. A serioud®feCivanmpalpEshahtdiarl seirsss SRR BRI SRR A SHEr the
redox polymentgpeditadicnithikafBShdeatizd igotd efédiiddeasdontiad. ghhibdlesmitdeaie supnmarized
in Table I. As shown in Table 1.3 f CE c red. t { trgde with the
MADb-GOx con?dg%q%e%gréyuffoﬁor‘é%ﬁigg n agﬁeg\p%gg%(?r%ate §66%€1E§9v§1§& ?ﬁ&ﬁ&@l@& i d’é’é of
2009/148406 RETEE 20087000 2aRedncidssedn diads asied. FHRPicRbdIaefhegetistEsbut 70% of
the surface-bayngaEA.was actually reacted with the second antibody. It is not possible to attach

mMADb-GOXx to every captured CEA dlf_gi' to steri%lindriaﬁ%ce andt&ulk}i natture of the mAb-GOx conjugate.
The surface coverafé bPYRAR R RARE SATH K SRRV EE 18TRE s be about 1.0x10-12

mole/cm2 (geometritialtareadds. @@ conpaciighdssytiactel @i tnsovhkeacograd satiode. atbut 60% of
a random, densely packed GOx monalaver on.he electiodesiars: oA NiglGR sensitivity

and best reproduci.blﬁg/, gge MAD-GOx tagging process was optimized to ensure maximal GOx loading.
io Table 15 QORPEAtARABEer reaction to 10 ng/mL CEA mAb-GOx labeling, and after a
In the final step of the electrode fabrication, the unreacted sites of the electrode -

- were utilized'.a:s anchoring points by reacting with API to create a surface that is highly
reactive to the deposition of the redox polymer.

QCM was first used to investigate the immunoreaction and the redox polymer

20 deposition characteristics. Redox polymers comprising [osmium{(2,2’-bipyridine}>Cl>]Ci

" (Os(bpy).), [osmium(4,4’-dimethyl-2,2°-bipyridine),Clz]Cl, (Os(dmbpy),), [osmium(4,4’-

diamino-2,2-bipyridine);CL]Cl ' (Os(dabpy)a), or

[os(dimethylbipyridine)(terpyridine)CD]CL,  (Os(bpy)(tpy)) and different polymer

backbones, namely, poly(vinylimidazole-co-acrylamide) (PVIA), poly(vinylpyridine-co-

25 acrylamide), poly(vinylirrﬁda,zole«co—acrylic acid ), poly(vinylimidazole-co-acrylamido-2-

methyl-1-propanesulfonic  acid), and poly(vinylpyridine-co-acrylamido-2-methyi-1-

propanesﬂfdnic acid) were tested for their abilities to form stable deposits during GOx

catalyzed reduction in PBS containing ghucose and the redox polymer. It was observed

that PVIA gives the highest redox polymer loading amongst the polymer backbones

36 studied. Only PVIA was subsequently used for the preparation of various redox polymers.

A serious of QCM measurements were carried out after immunoreactions and after the

redox polymer deposition, with the BSA coated gold electrode as control. The results are

summarized in Table 1. As shown in Table 1, 35ng of CEA was captured. Treatment of

the electrode with the mAb-GOx conjugate solution resulted in an approximately 60ng
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increase in mass loading. This number represents about 70% of the surface-bound CEA
was actually reacted with the second antibody. It is not possible to attach mAb-GOx to
every captured CEA due to steric hindrance and bulky nature of the mAb-GOx conjugate.
The surface coverage of mAb-GOx loaded onto the electrode was found to be about
s 1.0x10™? mole/cm® (geometrical area 0.20 cm’, roughness factor 1.3). This value
corresponds to about 60% of a random, densely packed GOx monolayer on the -electrode
surface. To attain the highest sensitivity and best reproducibility, the mAb-GOx tagging

process was optimized to ensure maximal GOx loading.

1o Table 1. QCM Data of after reaction to 10 ng/mL CEA mAb-GOx labeling, and after a

30 min-incubation in 10 mg/mL redox polymer solution.

CEA mAb-GOx Redox polymer deposition
Redox polymer (10 ng/mL) (1.0 ng/mL) (10 mg/mL )
(10 mg/mL) A Am | AF  Am | Af  Am Loading

(Hz) (ng) | (Hz) (ng) | Hz) (pg)  (x10"mole/om’)

PVIA-Os(bpy) 39 35 | 65 58 | 7.6 68 1.6
PVIA-Os(dabpy), | 38 34 | 71 64 | 11 10 2.4
PVIA-Os(dmbpy) | 41 37 | 67 60 | 24 22 58
PVIA-Ostbpy)tpy) | 37 33 | 66 59 | ~00  ~0.0 0.0

As for the redox polymer deposition, it was found that only those containing at least
one labile ligand in the Os(bpy); moiety, such as inner-sphere chloride, are able to deposit
15 on the electrode. Redox polymers without halide, such as PVIA-complexed with
{Os(bpy)(ipy)]k}% were not deposited (Table 1). The characteristics of the films
deposited from aerated and de-aerated solutions were similar, suggesting neither oxygen
nor its reduction products affects the deposition of PVIA-Os from a 10 mg/mL solution.
Also, of the redox polymers studied, PVIA-Os was the best in terms of stability of the

20 deposit and the amount of redox polymer being deposited on the electrode surface.
It has been observed that the rate of ligand exchange is faster for weakly
coordinating ligands of Os(ID)/IIT) such as chloride than it is for strongly coordinating
ligands such as imidazole. Also, ligand exchange is much faster in Os(II) complexes than

in similar Os(II]) complexes, as the electrochemical reduction of Os(IIl)-bipyridine
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3935 3834 4137 3733 6558 7164 6760 6659 7.66.81.6 11102.4 24225.8 -0.0-0.0-0.0 As for the
redox polymer deposition, it was found that only those containing at least one labile ligand in the
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complexes often results in loss of halide and the replacement by other strong ligands, or

even by organic solvent such as acetonitrile when present, although the halide loss

appears to occur at a very slow rate for the osmium complexes and usually is not

noticeable on the cyclic voltammetry time scale. The deposition of the redox polymer

s appears to require éxchange of an halide of a polymer-bound complex of Os(IL)/III) by a

surface-bound ligand (anchoring agent). For example, the exchange of chloride of PVIA-

Os by the surface-bound imidazole ligand leads to deposition of the redox polymer.

Because protein surfaces are rich in lysine and arginine residues, it is likely that these also

are the chloride-exchanging functions, i.e. they may act as additional anchoring points.

10 The capture antibody on the electrode surface can therefore serve as an additional

anchoring point (multi-anchoring points) as their coordinating functions also exchange

inner sphere chloride of [Os(bpy),C1]"?*. Furthermore, in water-soluble polymers, having

multiple chloride-containing Os(II) complexes upon reduction and also having multiple

uncoordinated ligand functions, such as imidazoles or amines, exchange of chloride by

.15 ligand can crosslink the polymer, bringing ‘additional stability and further redox polymer

" to the surface.

There are two processes that may lead to the redox polymer deposition when the

electrode is immersed in the glucose/PVIA-Os solution. The first is deposition of PVIA-

Os upon. reduction by glucose, the second is déhydration of the polymer upon its

20  reduction. The oxidized and reduced redox polycations of the present work differ in their

reactivity and solubility, the more positively charged oxidized redox polymer being much

more soluble in water and less reactive than its reduced counterpart. Thus, it is thought

that the first stage of the deposition process involves chemisorption of the reduced
polymer on the electrode surface. Because the reduced redox polymer exchanges ligands '

25 and is not as hydrated as its oxidized counterpart, it spontaneously crosslinks. At the same

time, in the absence of substantial hydration the segmental mobility is insufficient to

allow extensive internal reorientation of the surface-bound film. Only those segments that

had appropriately oriented neighbouring pairs of free ligand and chloride are crosslinked.

It had been considered that the redox polymer deposition may be imtiated by

50 oxygen reduction, involving the reaction between the reduction product, hydrogen

peroxide, or the radical intermediates generated in the process of GOx catalyzed oxygen

reduction by glucose. Hydrogen peroxide was ruled out since adding small amounts of

hydrogen peroxide to the glucose/PVIA-Os solution showed no effect on the deposition

process at all. However, if the deposition is the result of the reaction between the redox



Is on the electrode. Redox polymers without halide, such as PVIA-complexed with [0s(bpy)(tpy)]2+5+
were not deposited (Table 1). The characteristics of the films deposited from aerated and de-aerated
solutions were similar, suggesting neither oxygen nor its reduction products affects the deposition of
PVIA-Os froff&248#48#8L solution. Also, of the redox polymers studied, PVIACHYRP482He best in
terms of stability of the 20 deposit and the amount of redox polymer being deposited on the electrode
surface. It has been observed that the rate of ligarid exchange is faster for weakly coordinating
ligands of Os(l)/Ill) such as chloride than it is for strongly coordinating ligands such as imidazole. Also,
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solution showed no effect on the dep osmon process at all. However, if the deposition’is the result of
the reaction b@fw relesgical specxes in the film did not appreciably alter the electrochemistry of

the redox polymer. Such results confirm that all of the osmium redox centers are allowed
25 to reach the electrode surface and proceed to reversible heterogeneous electron transfer.
The surface electroactive centers (I), measured by integrating either the reduction or the
oxidation current peak, gave a value of 5.8x107'° mol/cm?. Because the redox polymer
contains about one redox center per 10° daltons and because about 1.2 gem” is a
reasonable estimate of their density, the thickness of the deposited films is about 6 nm. At
30 low scan rates the two current peaks were almost mirrored each other, the separations of
their peaks (AEp) being < 20 mV, close to the theoretical vajue of 0 mV characteristic of
strongly adsorbed monolayers of monomeric redox couples. By contrast, in the much
thicker solvent-cast and chemically crosslinked films the current peaks of the reduction

and oxidation branches of the voltammograms are separated by >60 mV.



WO 2009/148406PCT/SC2008/000205 22 polymer and the radical intermediates generated in the
reduction of dissolved oxygen, the deposition of PVIA-Os should be substantially slowed down by
degassing the solution before introducing the electrode. Experiments showed that similar redox
polymer film% Q&€ dthed in an oxygen-free glucose/PVIA-Os solution” SHGFEEHY 4t oxygen
5reduction is not part of the polymer film formation pypcess. - Feasibility of protein detection. In the
first attempts of detecting protein utilizing the deposited redox polymer, CEA standard solutions were
tested on the working and the control electrode. Upon applying to the working electrode surface at

room temperature, GEA R tg AR HAS S HEVEDWBHNCbY-iisantibedy anddmeehiizsd on the io

electrode surface. Repeated rinsing with PBS gompletely washed off all the on_—ir%’nune reaction
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obtained earlier and confirmed that CEA was successfully detected with high specificity.

Moreover, due to partial protonation of the capture antibody at pH 7.4, some anti-
nonspecific adsorption ability is brought to the electrode since the redox polymer is
positively charged. ,

25 Optimization. Figure 3A illustrates the dependence of the amount of the deposited
redox polymer on the concentration of the PVIA-Os where a high enough glucose
concentration 25 mM was maintained throughout. As PVIA-Os concentration increased,
the signal rose rapidly and almost linearly at first, and then leveled off until 2 maximum
sensitivity was reached at 10 mg/mL (Figure 3A); It was observed that the amount of the

30 deposited redox polymer is practically independent of PVIA-Os concentration between 3
and 15 mg/mL. This suggests that the GOx-catalyzed reduction of PVIA-Os is at its
maximum rate without any appreciable depletion of the concentration of the oxidized
PVIA-Os, and that the PVIA-Os deposition rate is now solely determined by the amount
of the reduced redox polymer brought to the electrode surface, which in turn, is



To test for possible oxidation through direct electron-exchange with the substrate electrode, an
electrode without applying the redox polymer was fabricated and its voltamrnogram was measured in
PBS containing AA. Comparison of the voltarnrnetry with that of an electrode that was not treated by
CEA showed"RathEtEdable difference. Ic) Furthermore, while AA was cEtalyifeity/ éledooxidized
already at a potential as low as 0.15 V vs Ag/AgC1 aqn the electrode with the redox polymer film,
electrooxidation of AA was not observed at the contfol electrode exposed to the AA solution at
potentials <0.40V (Figure 2A trace 2), ruling out the possibility that the oxidation of AA is a direct
electrqn-excha@gm@aggg gldislactpdand BWhen the apmaleiesielecitade was immaspaddn PBS,
the oxidation current of AA in amperometry increased by 8.8 pA at 0.15 V upon adding 5.0 inM AA to
PBS (Figure 29ResaLasion i, PR RSB ’3‘@@5{7&%‘@@35&/&@ RAB R AR Figure 2B
trace 1). In andeleniiedhexpeiisttiobl conditbaxpesntent) 23 Tes BSAvtamigimbbikzstignithacelectrode

surface, negligible change of current was obsery ] It Eﬁﬁ Fi ce 2).
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reached at 10 mg/rnL (Figure 3A). It was observed that the amount of the 30 deposijted redox polymer
is practicaly ifgBfeRERREIEY ALOY eHednts ArbTpRRdshEe sraarshfgirivtiertrt €hggels that the
GOx-catalyzed¢@siighimnef. PMbAQ gt tisrrasximusssedtevititheutaiyzapprecedisrdapietioh of the
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the AA oxidation current was observed at the control electrode when high AA

concentration (10 mM) was employed, which significantly lower the signal-to-noise
15 ratio (figure 3B trace 2). '

) - To leverage the cumulative nature of the process for further improving the
sen'sit'ii'ity of the method, a series of amperometric tests were conducted. A plot of the AA
oxidation current at .different incubation times is shown in Figure 4. In all cases, an
immediate increase in the AA oxidation current in amperometry was observed due to the

20  presence of the redox polymer. The sensitivity was proportional to the incubation time
throughout, indicating that there was little activity loss of GOx during incubation.
However, there is a balance between high sensitivity and assay time. It was found that a
30 min-incubation period was sufficient to detect protein at femtogram levels.

Calibration curve for CEA. Utilizing this enzyme catalyzed deposition of the

s redox polymer and the electrocatalytic oxidation of AA by the redox polymer as the
signal amplification method for the detection of proteins, the current amperometry isr
primarily dependent on the amount (density) of the redox polymer (electrocatalyst)
deposited on the electrode surface when the substrate (AA) concentration 1s sufficiently

high. The more the @get protein molecules captured, the more the redox polymer

30 deposited, thus the higher the oxidation current. Since the ratio of the GOx tags to the
sample protein molecule is practically constant at high mAb-GOx conjugate
concentration, the amount of the capture antibody immobilized on the electrode and
immunoreaction efficiency determine the amount of GOx bound to the electrode. It has

been shown that under optimized experimental conditions, the redox polymer deposition



WO 2009/148406PCT/SG2008/000205 24 determined by the total amount of GOx at the electrode
surface, and thus by the concentration of sample protein in solution. At 25 mg/mL of PVIA-Os the
redox polymer deposited under identical conditions was about 2/3rd of that at 10 mgirnL, possibly due
to self-crossiitéM’atfitig individnal polymer chains before they had a cﬁgﬁ@é‘%B{’?g’Qﬁ%%ith 5 the
surface anchoring groups. The deposition rate incre ged with increasing glucose concentration and a
maximum was attained at concentrations >10 mM, Veéry high glucose concentrations, e.g. 0.10 M, had
very little additional beneficial effect.  As expected, the amperometric signal is strongly dependent

on the conceniralan, efchA.hAns Rdaliap peleRiebier s sficisetulbe.ayeral eacton

rate and I() hence the sensitivity of the system is determined by the apparent catalytic activity of the
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surface when Wp&%z 3 %ﬁlcoaﬁge%rﬁgfﬁﬁxsggﬁé%teﬁ y%lg%?%lﬁ%%?&ruer%l t‘g?aé)tb [S)%Vtee?}n
molecules capturedE hemaomttmrecok(sely msnB0 Qeppsitod , wiilistisechiymatital oiavesf current.

Since the fati%ﬁﬁﬁﬁng&?ﬁ@H&if@ dhesampeRiaeitpRlacue. s masticrlly.SeRRIAPrad gl mAb-GOX

conjugate concentration, the amount of the capture antibody immobilized on the electrode %?d
inununor&actiSTUSTRi B DR RN THE AR SO TEB Y BE R Ao RIFSBIASIBHE. TFASEEEH shown
that under optimajzeeldx pRfide Mtapeendiiohs, thesiedox @bijimessde positiorthe/Yé&uirements for
2009/148406PCT/SG%00 0%1205 25 15 3 sol g%g;f-gontrolled process, implying that the sample
protein molecgiéegté)efg Ure (I%gc %éﬂy?e ggrré)?ate% {0 the AA oxidation current and thus a simple and
straightforwar€ $idusipaisitionship between the oxidation current and protein concentration can be

expected. To constiyg! theeakiRbatianicu ity Klrmeasike ReMSpos e Aisiast Rilf06@AGRands
concentration to obtajn the@verﬁlge of the oxi al(%on curr?nt. Fi%fr{j f@y}?{\ﬁvs a[gpggslerrrét\;aérigi%l
amperontétric?i&ts Ra0 SR PG UL e SABIP IR s Blutis e of inGPBalind EoRcentrations of
CEA. As the cixpoetiaticmoht Eduems inchaasedptee Aildxidaditinrounanlyizedrdaséiaccbrdingly in

amperometry. Rder PRYINAL ABRIMA aHARE IRREAIKIER o1 A AR MRS IAALIQEHE: Lo 2.0 o
1000 pg/mL with a relative . . . -
redox couple and showed excelient catalytic activity towards electrochemical oxidation of

AA. It was demonstrated that the introduction of the double-amplification mechanism in
25 EIA offers new possibilities for much improved protein assay. While the concept of the
double-amplification has only been illustrated using CEA model analyte, it could be
easily extended to a wide range of proteins of clinical, biological and environmental
significance. Efforts to fabricate electrochemical protein arrays for multiplexing and
incorporate the array into a handheld electrochemical detector are currently underway.
30 Examples '

Materials and Reagents. Unless otherwise stated, chemicals were obtained from
Sigma-Aldrich (St Louis, MO) and used without further purification. The redox polymer
used in this study was poly(4-vinylimidazole-co-acrylamide) partially imidazole-
complexed with [Os(dmpy)g(?i}2+ (PVIA-Os). Synthesis of the redox polymer was



it) standard derivation of < 20% and a detection limit of 1.0 pg/mL estimated from 3-fold of noise. A
higher detection limit, 3.0 pg/mL, was observed when working with serum samples. It was found that a
practically constant current (saturation current) was observed at a CEA concentration of 10-20 ng/mL
Comparing With? &' gfismmatically catalyzed oxidation of phenolic compoBf#&aHissdsquent
detection of the oxidation product in 15 solution for the detection of proteins, the sensitivity of the
present assay is two orders of magnitude higher. In% actice, this sensitivity of the assay meets the
requirements for direct protein detection in real-world samples.-Conclusions The results showed that

thin fims of €0 RRUMELCORR g An a0 anckeuchangsable anen saherg shloride
complexes of Os(I1)/fil) can be irreversibly deposited from an agueous solution under mild conditions

catalyzed by Goxemsastaiotite e it LBy Fercoth &SRt F Y8 onfined
reversible redgxigouRls abskshewesh e xaellanb sarliic atbitidownartssetaatacbamiakkoxidation of

AA. It was demonstrated that the introdycti f.the dquble-amplification apism in. 25 .HA offers
new possibilitfeSfBFiach fpreveEd %%éir&a]%%%{ii. W??ﬁg egg}%ﬁp?@%ﬂﬁggu%ég;maﬁ%fié%tion has
only beersillustatedonsirgdEdy tods) eloaty GO ot Heuechoisddkaan diam® ARheiBOYARNGES! proteins
of clinical, biolggical, and epvisonmeniabsignificansrafbiionsdafapricalerclenimeshemicalipratein arrays

for multiplexing and incorporate the array into a handheld electrachemjcal detector are currently
underway. 30 sEHEHIeE 4 *Gpgansd-ANdReLYER iy hReE P%’F%iég &éte%éscﬁ%%ﬁ%%ﬂ Wére
obtained fromh$igsasidenohiBtdsenie. Vay/aiy disedvedthodirfiettiyb spiioiidativer. Fddedeed>0polymer
used in this study.was poly(4-vinylimidazolesco-ac ide {ally. imi QpRigRRLWED
[0s(dinpy)2C *%Hﬁ%'g-c Q) ?%A@s%%%ﬁgorﬁﬁﬁ%%gr%?%@%%% -
2009/148306 PEAHEFRO0BLO00 208 rerdeimaday 098 iprer &rTHE BRI ETRY MY PHARPERES as used

in the protein geiagtion. 1o demonsiaial theaophaphitecinitd kAinaesspsedantaesrdel

protein since rabbit polyclonal antibody.and morﬁx%l n??l a%st'bodigeb? %) thi%ggnc%r' bi&g}lasrg% re

commercially VA& ﬁséﬁ%e‘f‘rﬁﬁ‘é’ﬁfﬁa e%(j YABOU TBO T f)?’ﬁ andits & monoclonal

antibody (nAbatcIBHe GHGB Pswekeidinrghased dridass igmiagdthd Aol atisrebiainabiaEs Yeidormed

using a knowqa#nox%‘;ilg&%g@éﬁﬂ& he-MAD splyon was dialyzed overnight at 4 C against 0.10 M sodium
pH 8.3. 20

bicarbonate bufter, p.1 of biotin-Nhydroxysuccinirnide ester (2.0 mg/ml) dissolved in

dirnethyl Sulfoxide Wiestadedabricationailqu s ditingoripsglesinfisay? RarE42/ Mation at
100m temperafya 8n 251D VG SsecRbiuAcNas cepiiigbdms S00spiofalowintip Tékove any

e changes QB 11 G R AT B e ARy it hert Sered ST use.
Avidin-glucosevayiztatencemglgestarshcOxipugas ey mswibte Prsderainniog BN, CA
94010).' 15Ele\9mgqsf%b15;%?gm J@&pgg@w%wgiﬂg aleclipds. Rifitasimmiadhesiandayar of 25-50
Awas flr% eletc}:lter(égictl) %?Ig] fg}/tggg égﬁggcg? :[Lgea(lgll?)s‘fe%l:{gee. %ég%egh 05? %hmobilization, the gold
coated slide was thoroughly cleaned in a freshly-prepared piranha solution (98%
H>504/30% H>0, = 3/1. CAUTION: Piranha solution is a powerful oxidizing agent and
reacts violently with organic compounds.) and copiously rinsed with Milli-Q water
followed by 10 min sonication in absolute ethanol. The gold surface was then modified
25 imfnediately after the cleaning step. Initial thiol adsorption was accomplished by
immersing the gold substrate in an ethanolic solution of 2.0 mM 11-mercaptoundecanoic
acid (MUA) at room temperature. 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
30  spacingfinsulating layer was assembled on the top of the slide. The diameter of the
individual sensor was 2.0 mm. Aliquots of 0.10 mg/mL mAb in PBS were applied to the
electrodes and incubated for 3 h at room temperature. After rinsing with washing buffer

(PBS + 0.050% Tween-20), the unoccupied MUA sites were treated in 2.0 mM 13-

aminopropyl)-imidazole (API) in PBS overnight at room temperature. The array was



1000 A of gold. It was then annealed at 250C in air for 3 h. It was reported that gold evaporation on
glass produces large, flat crystallites, with a predominating (111) texture, which is a preferred
crystallographic texture for marcaptan self-assembly. Annealing of 20 the gold film further enhances
the (111) text§té8efSH8%antibody immobilization, the gold coated slide wWHsIAB8H8 S eaned in a
freshly-prepared piranha solution (98% H2504/30% H202= 3/1. CAUTION: Piranha solution is a
powerful oxidizing agent and reacts violently with organic compounds.) and copiously rinsed with
Milli-Q water followed by 10 min sonication in absolute ethanol. The gold surface was then modified 25

mmediately afigr e, ieaning. 5 Bilr ok Ligkadaobaiipa.as cRmBleRad R HIMET Ti8g4) e gold

substrate in an ethano 2.0 mM 11-mercaptoundecanoic acid (M1JA) at room
temperature. Fhiesslapbades were wdad SWRAAIlli-Q water and activated with 100 mM of

1-ethyl-3(3-dimethyt-agrnaprenybicabedimige ki Dapanes midrof Mriydrexy suffgsucoirmide

(NHS) in watey. A patterned 1- hick adhesive 30 cing/insulating Jayer was assembled on the
top of the Slidi’f‘%%laﬁsfﬁ%f’éillg Ionégéé S sé’%li‘é"?‘jv%%% . il‘l’vgé’o%/s? %‘?’5%%&%1%?%Ab in
PBS weresappligt hssthenetestrodtis. any)inCubtied-tbecg ddaisyeom conspéeaile Jamar-dagiagiwith
washing buffeg (RBG# 0 G-Sesnaadhe WppceupiadMill Sitesine g deaiasinum Gumb 1(3-

aminopropyl)-imidazole (API) in PBS overnight at room temperature The array was WO

2009/1.48406EF R CIeHaIo00B D5 3 AT et FIRPLEHRSS e ifren stored at 4 C until used. Bovine
serum albumin (BShgaoatechedentsadesdoe mlynsa dspositisnlwere Grmitmtelzntiauafilectysizhemical
experiments were carried oHt-HSiNG striment %gl@G electrochemi station
coupled with ﬁbﬁ%ﬁ%ﬁt@%@le %P é’ﬁ i’ﬁstrumgr{%té? %ustln, T?(%)'Iiﬁe%l tﬁfr%}é-%{eﬁ?ﬁﬁo%%%y@ém

consistedof afeguenaiidpspeasajoridiking eidimott Brmmsturena/pgied piféferte detfade, and a
platinum wire {6l el8aHdEmPIBR MVASHISRH B dimEMBRAKING asHlyifieter IMUMEROPERCtON and

d I iti jtored b t tal micrqbal ) cell (CH
strtments 1t ARSI A ETR G RO AT RE 3% Oh IeF ey PECHOR G A 2 B within
2.0 Hz in air oCera (eshtahdf A mitaiQubetpenystalsrescemtons tahpiayed wahOy odkperdattadts were
13.6-mm-diamgter 10- Mz Ak DRSMBe3:L rTadinmelahafld flealrles NOILaiRS,

purchased from Fortiming Corp. (Ashland, MA). Stable frequency responses were taken after washing
off unreadted HatEHER @T@Fgﬁn@% alupen et ofPr TR AR USRS FdnTelet RlEM6 electrode,

Is the same el@gieip vV Inebiasbrds e aldaathuiiriTunaRaARtig anssradaxdalimerndaposition. The
Sauerbrey equationzﬁ g?ﬁze@ éafui ' Jymass change at the crystal. Af _ 2f02(kpo-i2@ljivA(1)
where Af is the measure défity shift in hertz due to mass change, ft) the resonant frequency of
the fundamental modestst thfeisriistanagsuiad Sreasetendbilis bf bertgrtdue to mass change, fo the
resbnant frequency of the fundamental mode of the crystal, pi, the shear modulus of quartz
20 (2.95x10" dyne/em®), pq the density of the resonator ‘(2.6'5 g/cm®), Am the mass change
of the crystal and A electrode surface area. For the 10 MHz resonator used in this study,
Eqg. (1) predicts that a frequency change of 1.0 Hz corresponds to a mass change of 0.90
ng on the electrode _ . '
Protein detection. CEA incubation and its electrochemical detection were carried
25 out in five steps, as depicted in Figure 1. The electrode was placed in a moisture-saturated
environmental chamber. Aliquots of CEA solution (2.0 pl) were placed on the electrode
and incubated for 30 min. After washing for 10 min in a vigorously stirred PBS and
drying, biotinylated mAb/A-GOx (1/2, 5.0 p.L) was dispensed onto the electrode and
incubated for 10 min. The electrode was washed, dried and a glucose-redox polymer
30 mixture solution (10 uL) was applied onto the electrode and incubated for 30 min. The
catalytic response was evaluated by amperometry at a constant potential of 0.15 V in PBS
containing 5.0 mM AA. In the case of low CEA concentrations, smoothing was applied

after each measurement 10 remove random noises. All incubations and measurements



20 (2.95x101E dyne/cm2), pq the density of the resonator (2.65 g/cm3), Am the mass change of the
crystal and A electrode surface area. For the 10 1V1Hz resonator used in this study, Eq. (1) predicts
that a frequency change of 1.0 Hz corresponds to a mass change of 0.90 ng on the electrode Protein
detection. CER #eUbt#iti and its electrochemical detection were carried P25 S2fii¥R8 28 ps, as
depicted in Figure 1. The electrode was placed in a goisture-saturated environmental chamber.
Aliquots of CEA solution (2.0 uL) were placed on the"electrode and incubated for 30 min. After
washing for 10 min in a vigorously stirred PBS and drying, biotinylated mAb/A-GOx (1/2, 5.0 uL) was
dispensed ontgdfis 94&%%9%@39%5@ fahfor A9 soibilne sleaiede maswaad Srisdend a
glucose-redox p mer 30 mixture solution (10 uL) was applied onto the electrode and incubated for
30 min. The cita b’&ﬁ%‘é‘%ﬁ%@ erHtated by amperometry at a constant potential of 0.15 V in PBS
containing 5.0 itiM AA. In the case of low CEA concentrations, smoothing was applied after each
measurement to remove random noises. All incubations and measurements 28 were performed at
room temperature. All potentials reported in this work were referred to the Ag/AgCI reference
electrode. WO 20091148406PCPSC2008/000205 29 Claims: 1. An immunoassay for detection of
a biological species, said immunoassay comprising the steps of: a) providing an electrode comprising
a binding antibody and an anchor group, each 5 being coupled to an electrically conductive substrate,
said binding antibody being capable of binding to the biological species and said anchor group being
capable of binding to a redox polymer; b) exposing the electrode to an analyte liquid putatively
containing the biological species so as to couple the biological species, if present in the analyte liquid,
to the tobinding antibody on the electrode, ¢ exposing the electrode to an antibody-enzyme liquid
comprising an antibody-enzyme species, said antibody-enzyme species comprising a detection
antibody capable of binding to the biological species, said detection antibody being coupled to a redox
enzyme, whereby, if the analyte liquid comprises the biological species,



15the redox enzyme couples to the electrode by means of the coupling of both the detection antibody
and the binding antibody to the biological species; d) exposing the electrode to a polymer solution

comprising the redox polymer and to an enzyme substrate, whereby if the redox enz%/me is coupled to
the biologicaY SFBEIEE ¥ the electrode the redox polymer is reduced and*¢diifre& s theanchor

20group on the electrode; and e) applying a voltageﬂ,etween the electrode and a reference electrode
and exposing the electrode to an oxidisable species, whereby a magnitude of an electric current
between said electrode and a reference electrode is indicative of the presence or absence of the
biological spegiggso2. The immunoassay of claim | wherein the electrode is washed between step b)

and step c), between step c) and step d). and befween step d) and step €).50 as to remove species
that are not coupled to tH& SRIBHRHS Y b _.elﬁ‘fg(?ﬁw?# i’é%&éﬁ/g%pg%?% Sf)"gr%'ﬁnn%svxsl%rein the

electrically concuptiving thstteie comprises a metal substrate, said metal being selected from the

group consisting 30 gf ol Pl UL ARGIY BRLIIANIESOABKMARE AL SlgheRs: 4. The

immunoassay of rein the binding antibody andthe anchor grpu_ are ¢oupled to the metal

substrate by means bfiaasRPMsHG sl <pettcondustiys sUbsHAR S PeAY RO EREmS | to 4

wherein the anchor gipuBCeniERs @RHEHAZSIC s WO s2RD8IIHB 406D ELE EaB8/000205 30
6. The immunoassay fé.ag?l/_‘o?eaorf &I)aim(ﬁ 1 to 5 wherein the antibody-enzyme species comprises a
complex between a Bio fny ated GEEEBR }gﬁ%ody and an avidinglucose oxidase conjugate 7. The

immunoassay of Bhyespisiop theintectradegovnarely thigud oxipopcebMpHsdS Bipvgitdiransition
metal. 8. The inuyneasspysef claipl mybrisdie fEaRs!iepEIsiRldSIRSIANT: liquid, to the

10 binding antibody on the electrode;

¢) exposing the electrode to an antibody-enzyme liquid comprising an antibody-
enzyme species, said antibody-enzyme species comprising a detection antibody -
capable of binding to the biological species, said detection antibody being coupled
to a redox enzyme, whereby, if the analyte hqud co_mprises the biological species,

15 the redox enzyme couples to the electrode by means of the coupling of both the

' deteﬁtion antibody and the binding antibody to the biological species;
d) exposing the electrode to a polymer solution comprising the redox polymer and to
_ an enzyme substrate, whereby if the redox enzyme is coupled to the biological
species on the electrode the redox polymer is reduced and couples o the anchor

20 group on the electrode; and '

e) applying a voltage between the electrode and a reference electrode and exposing '
the electrode to an oxidisable species, whereby a magnitudc of an electric current
between said electrode and a reference electrode is indicative of the presence or
absence of the biological species.

25 2. The immunoassay of claim 1 wherein the electrode is washed between step b)
and step c), between step ¢) and step d) and between step d} and step €) so as to remove
species that are not coupled to the electrode.

3. The immunoassay of claim 1 or claim 2 wherein the electrically conductive
substrate comprises a metal substrate, said metal being selected from the group consiéting

30 of gold, platinum and palladium and mixtures of any two or all of these.

4.  The immunoassay of claim 3 wherein the binding antibody and the anchor
group are coupled to the metal substrate by means of a thicl-containing species.
5.  The immunoassay of any one of claims 1 to 4 wherein the anchor group

comprises an imidazole group.



9. The inununoassay of claim 8 wherein the osmium is present as an [0s(4,4'-
dimethy1-2,2'-bipyridine)2012+ complex. 10. The immunoassay of any one of claims 7 to 9
wherein the transition metal is 10 complexed to an imidazole group in the polymer.  11. The
immunoass&Y b4 8HE of claims 7 to 10 wherein the polymer comprisd&-d/SG2608/000205
poly(4-vinylimidazole-co-acrylarnide).  12. The immunoassay of any one of claims Ito 11 wherein the
redox enzyme is glucose oxidase and the enzyme substrate is glucose. 1513. The immunoassay of
any one of claims 1 to 12 wherein the oxidisable species comprises ascorbic acid.  14. The

immunoassay of any ongyaficlaims 140,13 Woerein thnmalinas Peturen HheaBeradeAne the

reference electrode is a constant voltage of about 0.1 to about 0.5V. _ 15. The immynoassay of any
one of claims JR§C1% ESRISHSRY BRGS0 B HEM S| dEtPRUCDFRIRBEIBTE AT of the
oxidisable spegiggsansiddesielagtie. current after addition of the oxidisable species.  16. The

immunoassay of clgim 15 wherein the absence of t?e biological species.is indi %ﬁl%ghe test electric
current being abou?thelsaé?nlgua{l%%_s?g}'eor%ee%ﬂgeogf:e% r?éalclﬂ?rgrlip a% ,erﬁg.%%%l?nnéu oassay of claim 15
wherein the presumisesef therbishgitanspeieles 25is indicated by the test electric current being greater

than the reference glectig CiitgiMoassalf ERSHMMANERAS SRY Rf6lak detsOlWiising. determining a
concentration of the biological species in analyte liquid from the test electric current and the
reference electric clrrentt® MMYRPaFRY ﬁ?: ﬁ’o%oévfﬁfﬁg}%ﬁf FREBERIREY 65 Tétfév Egr‘g}% the
biological spedigstﬁ@isza’pbmgﬁﬂine)ﬂﬂ]ZThaﬁpMUnoassay of any one of claims Ito 19 wherein step a)

comprises preparingyhereadt.aalY BrARPUAD SABHS D SALEER Be Milition metal i
2009/148406PCT/SG2008/000205
10 complexed to an imidazole group in the polymer.

11. The immunoassay of any one of claims 7 to 10 wherein the polymer
comprises a po1y(4-viﬂylimidazo1e-co-acrylamjde).

12. The immunoassay of any one of claims I to 11 wherein the redox enzyme is
ghicose oxidase and the enzyme substrate is glucose.

15 13. The immunoassay of any one of claims 1 to 12 wherein the oxidisable species
compﬁses ascorbic acid. ) '

14. The immunoassay of any one of claims 1 to 13 wherein the voltage between
.the electrode and the reference electrode is a constant voltage of about 0.1 to about 0.5V.

15, The immunoassay of any one of claims 1 to 14 comprising measuring a
20  reference electric current before addition of the oxidisable species and a test electric
current after addition of the oxidisable species.

16. The immunoassay of claim 15 wherein the absence of the biological species 1s
indicated by the test eleciric current being about the same as the reference ¢lectric current.

17. The immunoassay of claim 15 wherein the presence of the biological species

25 is indicated by the test electric current being greater than the reference electric current.

18. The immunoassay of claim 15 comprising determining a concentration of the
biological species in the analyte liquid from the test electric current and the reference
electric current.

19. The immunoassay of any one of claims 1 to 18 wherein the biological species

30 is a protein. ,
| 20. The immunoassay of any one of claims 1 to 19 wherein step a) comprises

preparing the elecirode, said preparing comprising the steps of:



31 al) providing an electrode precursor comprising a linking species coupled to the electrically
conductive substrate, said linking species comprising a binding group which is capable of binding to
the antibody and is capable of binding to the linking species; a2) coupling the antibody to the linking
species; andV928Y¥hi¥Mihg the anchor group to the linking species.  2FCHREffidRssay of claim
20 wherein the binding group is an activated ester. .. 22. The immunoassay of claim 21 wherein step
al comprises coupling a thiolcontaining species comprising a carboxylic acid to the electrically
conductive substrate, and reacting the carboxylic acid to form the activated ester. t023. An electrode

for use in an immupeassay fergeleclieRRE HRIAIAGICPRSIES . 1Ak Blagkade sapmRriing:a binding

antibody and an anchor group, each being coupled to an electrically conductive substrate, said binding
antibody beingl«ApeRlg wﬁ#ﬁ%%&%ﬁ@fﬁi%@%%%&?%%&%ﬁﬁ&ﬂ&%wb%i pable of
binding to a regleapROlERGInding 1@heTdmtiiRlagtindes ofelblean? Bindingatnttadiskénripetipconductive
substrate 1500mpr(|?s%e?s aortr;eltal bstrate, s id[hryﬁt&aljrﬁ)eingc%eesl;eg&gd from the group consisting of gold,

platinum and palladiim hE u?eagté Oa(lgﬁ/y(fwo or all orEhese. 25. The electrode of claim 24

wherein the binding3ntitowjinstherachesigerup suipalaking sregits the metal substrate by means of a

thiO'-COZr(l)taining _Sp%iesﬁ‘h%nnn%émﬂ%@ﬁ%tégﬂ@@m%ﬁn%%iﬁtﬁi@wﬂqs%ﬁ winegia &eranchor
group 20 comprises_an irnidazole group. 7. ocess for making an electrode for yse in an
immunoassay for detectio B??‘BTB?@@%&%{B%&Q@, %ﬁ?&e BSERS SSMBHERGO P EHW Srt(c?)'%/(l)l(fj'ing an
electrode precomsanitarmtsingomipnising spaties Hoapié thtthtrdeetocalivalbpdenvacubsetatbstrate, said

linking specie&ao&gﬁ%@eac%gg@gg@g%%@ggQ&@Rg&)[%tg{ coupling to a binding antibody and is
capable of coup mgzgo n anchor :
10

An electrode for use in an immunoassay for detection of a biological species,
said electrode comprising a binding antibody and an anchor group, each being coupled to
an electrically conductive substrate, said binding antibody being capable of binding to the
biological species and said anchor group being capable of binding to a redox polymer.

24, The electrode of claim 23 wherein the electrically conductive substrate
15 comprises a metal substrate, said metal being selected from the group consisting of gold,
. platinum and palladium and mixtures of any two or all of these.
25. The electrode of claim 24 wherein the binding antibody and the anchor group
are coupled to the metal substrate by means of a thiol-containing species.
| 26. The electrode of any one of claims 23 to 25 wherein the anchor group
20 domprises an imidazole group. |
27. A process for making an electrode for use in an immunoassay for detection of
a biological species, said process comprising:
i)  providing an electrode precursor comprising a linking species coupled to the
electrically conductive substrate, said linking species comprising a binding group which

25 is capable of coupling to a binding antibody and is capable of coupling to an anchor
group, said binding antibody being capable of binding to the biological species and said
anchor group being capable of binding to a redox polymer;

ii) coupling the antibody to the linking species; and
iti) coupling the anchor group to the linking species.

30 28. The process of claim 27 wherein step i comprises coupling a thiol-containing
species comprising a carboxylic acid to the electrically conductive substrate, and reacting
the carboxylic acid to form an activated ester. '

29, An electrode for use in an immunoassay for detection of a biological species,

said electrode being made by the process of claim 27 or claim 28.



group, said binding antibody being capable of binding to the biological species and said anchor group
being capable of binding to a redox polymer; i) coupling the antibody to the linking species; and
iii) coupling the anchor group to the linking species. 3028. The process of claim 27 wherein step i
comprises cBUpAMY/ &#P6l-containing species comprising a carboxylic acktittieteddesdeally
conductive substrate, and reacting the carboxylic acid to form an activated ester.  29. An electrode
for use in an immunoassay for detection of a biologiégﬂ species, said electrode being made by the
process of claim 27 or claim 28. 32 30. Use of an electrode according to any one of claims 23 to

26 or 29 for detectigﬁ' Ofﬁset:) io %gig@;éggg ie%%brding to any one of claims 23 to 26 or 29 for

detection of a biological species.



