ELECTROCHEM CAL METHOD OF DETECTI NG AN  ANALYTE CROSS- REFERENCE TO
RELATED APPLI CATI ON [0001] This application clains benefit and
priority fromU. S. provisional patent application No. 60/740, 675
filed on Novenber 30, 2005, the contents of which are incorporated
herein by reference. FIELD OF THE | NVENTI ON [ 0002] The present
invention relates generally to nethods for detecting and quantifying
an anal yte nolecule in a sanple, for exanple a peptide, a protein or

a nucleic acid, and ¢ )
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need for a niichperafedhe@diitgatiengeanal yte nolecules in a sanple, which
method is sensitive and sinple to use. There is a particular need for

such a net al | S sily and efficiently detecting
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an Ru(PD)2C1- anal yt | ecul e conpl ex: contacting the sanple wth a
wor ki ng el ecPWg%‘e%lfﬁ‘g?%?‘fallﬂ’i‘at%?%&?@%%ﬁﬂﬂ?ﬁwgsgle? face with a
capture nol ecul e di sposed thereon, to capture the Ru(PD)2Cl-analyte

nol ecul e cOBRIEXKGROVNDOFAARINVENEDNON'g a redox substrate with
t he captured Ru(PD)2Cl-anal yte nol ecul e conplex under conditions
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used in a wide range of fields, including clinical, environmental, agricultural and

biochemical fields. Currently, various techniques are available for the detection and
quantification of analyte molecules in a sample, including immunoassays for the
detection of proteins, PCR methods for the detection of nucleic acid molecules and

blotting techniques for the detection of smaller oligonucleotides.

[0004]  There exists a need for a method for detecting analyte molecules in a
sample, which method is sensitive and simple to use. There is a particular need for
' such a method that is capable of easily and efficiently detecting and/or quantifying

short nucleic acid molecules.

SUMMARY OF THE INVENTION

[0005]  In one aspect, there is provided a method of detecting an analyte molecule in
a sample, the method comprising: labelling the analyte molecule in the sample with
Ru(PD),Cl; to form an Ru(PD),Cl-analyte molecule complex; contacting the sample
with a working electrode, the working electrode having a surface with a capture

molecule disposed thereon, to capture the Ru(PD);Cl-analyte molecule complex from



and detecting current flow at the working el ectrode. [0006] O her
aspects and features of the present invention wll beconme apparent to
those of ordinary skill in the art upon review of the follow ng
description of specific enbodinments of the invention in conjunction
wi th the accompanying figures. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0007] In the figures, which illustrate, by way of exanple onIy,
enbodi nents of the present invention, [0008] F| ure 1l is

spect rum of K POPRCIRtactitgs wdonybtes: WiKkhe (’@Eﬂr? t(?PéaQ-anaéﬁamolecule
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Figure 2 depict hot ogr a an el ectrophoresis ge
ol i gonucl eot |aatééetecttuapur@at%@v piche waag edegtodsol y( U) 30 (I ane 1) ;
untreated poly(G 3o and poly(C) 3o (lane 2); poly(A)30 and poly(U) 30

i ncubated w g l{md@é( PR el aﬁ@ﬁﬁhfe@ﬂptﬁé kﬁit?mt/&ftloﬁ%imbé’bom@|a§15!1?en3)0
and pol y(G 30 pol y(C)30 incubated with Ru(PD)2Cl12 at roaom
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with their untreate erren ary |gonuc eotid anes 5-8
respectlvel¥ !0010 ghgure3|s a U-Vis spectrumof 3.3 M

pol y(A) 30 ( CRIPWION (IDJADE DRAWINGS and 3.3 M Pol y(A) 30
treated with 100 ttM Ru&PD)ZClZ (trace 3); [0011] Figure 4 depicts
vol t anmogr amOQ7150 Imibe iigeres wvhichriBiesrate) by viay ofivranatle onjy, qbogimentof fed
50 nM mir-92 (L& ﬁﬁelﬁi] all treated with Ru(PD)2Cl2, detected on

el ectrodes ¢ ate a capture probe conplenentary to the let-7b
sequence (su ortlgg el ectrolyte was PBS buffer, potential scan rate

100 nmV/ s); dnrel & a(r;agss eRsstrem oF By@p)@lmafegﬁﬁgaqtgtﬁ%(sgtpd lines)

oxi dat i on of aftd dedfeundMg lgmgﬁ@ﬁgtﬂgutgoglpgﬁérggm%daﬁwgl ectrode coated with
capture probe corrpl enentary to let-7b before (trace 1) and after
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1.0 mM hydr aﬁﬁd&fbd?@lyﬁ&km&?ﬂ IyaU)R @dak 13; Eﬁir@teﬁc}r}ow@ﬁo ﬁdcf@tﬂ(l)’lga (1428 2);N
the presence of 2C12 trace % )CuZC% 8' one
(trace 3) on Py apfrd pely Lpodpg 'ga%m Ru(PD),Cl; at room tempera re tor 30 min

(lane 3) and poly(G)3p and poly(C)se incubated with Ru(PD),Cl; at room temperature
for 30 min (lane 4); poly(A)so, poly(U)s0, poly(G)ao and poly(C)se incubated with
Ru(PD),Cl; at 80°C for 30 min and hybridized with their untreated complementary

oligenucleotides, (lanes 5-8 respectively);

[0010] Figure 3 is a UV-Vis spectrum of 3.3 uM poly(A)so (frace 1), 100 pM
Ru(PD),Cl; (trace 2) and 3.3 pM Poly(A)sp treated with 100 pM Ru(PD),Cl; (trace 3);

[0011]  Figure 4 depicts voltammograms of 50 oM let-7b (trace 1), 10 nM let-7b
(trace 2) and 50 nM mir-92 (trace 3), all treated with Ru(PD)2Cl,, detected on
electrodes coated with a capture probe complementary to the let-7b sequence

(supporting electrolyte was PBS buffer, potential scan rate 100 mV/s);

[0012] Figure 5 (A) depicts cyclic voltammograms of oxidation of 0.10 mM
hydrazine solution on an electrode coated with capture probe complementary to let-7b
before (trace 1) and after (trace 3) hybridization of 50 nM let-7b, and the hybridized



(supporting electrolyte PBS, potential scan rate 100 nV/s); and
[0013] Figure 6 (A) depicts anperonetric curves of 25 pMlet-7b
(trace 1), 25 pM let-7c (trace 2), and 25 pMmr-92 (trace 3)

hybri di zed to capture probe coated electrodes conplenentary to

l et-7b; (B) depicts calibration curves for mr-92 (trace 1), let-7b
(trace 2) and mir-320 (trace 3). DETAILED DESCRI PTION [0014] The

present invention relates to an el ectrochemn cal assay t hod for the
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t enper at ures f%h&\% nﬁ%ﬁr—éf&%r&c%% di nation of the rutheniumcentre
with a peptl protei n, nuclerc "acid nolecule or small nol ecul e,

provi ded t hat such a nol ecul e contains an imne functional group,
for exanpl eEDETABLER DESCRIRIIEOD: an adeni ne or guani ne base, or
can be detected or recognized using a nolecule that includes an imne
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the imne bbbk 195H Qne{]ﬁg Ho[e%&leg"ﬁaatsamb o 1 u‘% %1 @Sd h'tlﬁ%§ t%t-: aR@x t hat

t he rmleculet at conta I'mne group
wi t hst and hemtuvmglettmcathletlmgle@m%@hpemmr@ refays to 1el>Oa1?rvpn@thrplin6t he

Ru( PD) 2C12
(PD) 2CL2 COUMSK. \nd QrllfinfiO A0 ULhE ] decitlclifls B0 it

protein shou eat sensitive t 1""denature an
non- speci f i cabiys, abiick perur indistiding awétiendngmoteine atdauptides ewhiplpuxineni t h t he

RUPDIZCLZ. Ak ROk TP LTELORNLE RS AOCK R AR3PRlERE PR fle i1

Ru( PD) 2C12 conplée ana o
det ecti on of RU(RE)AHetb pind tminjim:ﬂmwobyl gietpe end tedunction as a redox medmtor to

allow for detection of analyte molecules.

[c015] The present invention takes advantage of the fact that the Ru(PD),Cl,
complex is stable under ambient conditions, but undergoes ligand exchange at elevated
temperatures, allowing for the coordination of the ruthenium centre with a peptide,
protein, nucleic acid molecule or small molecule, provided that such a molecule
contains an imine functional group, for example a histidine residue or an adenine or
guanine base, or can be detected or recognized using a molecule that includes an imine
functional group. Since complexation of the Ru(PD)2Cl; complex with the imine
functional group requires heat, it will be understood that the molecule that contains the
imine group should be able to withstand heating to the necessary temperature. For
example, if the Ru(PD),Cl, complex is to be complexed directly with a protein, the
protein should not be so heat sensitive that it will denature and non-specifically adhere

to surfaces when treated fo complex with the Ru(PD),Cls.



current generated by a redox reaction catal yzed by the ruthenium
centre. The rutheniumcentre catalyzes oxidation or reduction of a
redox substrate; electrons are then transferred between the

rut henium centre and a working el ectrode, which is connected through
acircuit to a detector that is able to nmeasure current flow Since
the concentration of Ru(PD)2Cl2 conplex is di rectly proportional to
the concentration of the anal yte nol ecu] e, h%lgresent nmet hod can be
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The present nethod allows for detection of short oligonucl eotides by
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signal so as"t | | ow very concentrati ons of
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for the detection or quantification of mcroRNA rml ecul es. M croRNAs
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anal ysi s myolféroglwle%%dé Beioo short, it cannot act as template for the annealing of primers. The
present method allows for detection of short oligonucleotides by capture from a sample
and combines amplification of the detection signal so as to allow for detection of very
small concentrations of the oligonucleotides. For example, oligonucleotides as short as
five nucleotides in length can be detected using the present method, although it will be
appreciated that the longer the oligonucleotide, the greater specificity of the method,

since there is greater risk of cross-reactivity when identification is based on a short

nucleotide sequence.

[0019]  The present method is particularly suited for the detection or quantification
of microRNA molecules. MicroRNAs (“miRNAs”) comprise a family of noncoding 18-
25 nucleotide RNAs.® Recent progress in miRNA research has shown that miRNAs

regulate a wide range of biological functions from cell proliferation to cancer



key to its physiological functions. Therefore, there is an urgent
need for a reliable and wultrasensitive nethod for m RNA expression
anal ysis. [0020] Northern blot is currently the nost commonly used
met hod in expression analysis of both mature and precursor m RNAs,
since it allows gene expression quantification and m RNA size
determ nation. 10,11,12, 113 However, northern blot suffers from
limted sensitivity gpd entails | aborious procedures, nmaking it a
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RT-PCR is restricted to the detection of m RNA precursors. 16 Al though
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profile of active mature m RNAs. M croRNA precursor$ have to un ergo
several proc é@gelﬁnwfseﬁséﬂﬁtﬁeyd eﬁeISIIabOBD@I Roefiedurps, ynalivg iihaeccumbeiseise  and

equating m R%tl{brd?gﬁr{%ﬁtﬂl%lnh&é’ﬁlaad Eegiemmature m RNAs coul d be

m sl eadi ng. ere rect qu |cat|on of the mature M RNAs is
nore desirable and reliable, [0022 In view of the extrerrely smal |

si ze of nmi RNAGO2T RIWSeR eandhecsefisalbyampliy p siagle putleip asid myleshirmpilions of

thensel ves %s?@ntﬂﬁﬁsﬁs a&yegefaqe%@ snﬁ%%ﬁbie}éxze 5?&31%5« BHan &L NEY ker s
proposed a ci splatin-based chem cal” I abel I ng E ocedure for m RNAs. 17

The m RNA wdiforiunetely) tge phoridensth Wdttﬁrqae@ﬁ%?ﬂ pstrender Rphrbesed tools
conj ugate thyQlghiR be&OQY oqltmhébﬁﬁ%QPﬂﬁné% toifa Jﬁél%ﬁlomnmﬂ\t%m pagLbier

direct |abeling procedure at was recen Khdevel oped by
Li ang et al. B§~J?$an¢9é¢pt¢ﬁtpzﬁb@siewgtn@CffﬂmBNAtmqwdrmA ough iRNA Aft er
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Feacti ng wi { BGusat ok dors T g, o 18 Seiig R Rk aRy
detected f| notrreleseive eyachiapressionipmiilviod actin getite BiRII46 MWQR;NQO nM
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forms, and equating miRNA precursor levels with the mature miRNAs could be
misleading. Therefore, direct quantification of the mature miRINAs is more desirable

and reliable.

[0022] In view of the extremely small size of miRNAs, a method that employs
directly labeling miRNAs themselves may be more advantageous. Recently, Babak and
co-workers proposed a cisplatin-based chemical labeling procedure for miRNAs.'” The
miRNA was directly labeled with a cisplatin—fluorophore conjugate through a
coordinative bond with G base in miRNA. Another direct labeling procedure at the 3’
end was recently developed by Liang e? al. 18 in which miRNAs were first tagged with
biotin. After the introduction of quantum dots to the hybridized miRNAs through
reacting with quantum dots—avidin conjugates, the miRNAs were detected
fluorescently with a dynamic range from 156 pM to 20 nM. Thomson et al. used T4
RNA ligase to couple the 3* end of miRNA to a fluorophore-tagged ribodinucleotide.®



The poor reliability and differential ligation efficiency of RNA

| i gase may conprom se the quality of the data. Nonethel ess, nost of
the direct ligation procedures do not offer sufficient sensitivity
for m RNA expression analysis. [0023] To further enhance the
sensitivity and | ower the detection limt, a chemcal anplification
schenme is enployed in the present nethod. It has been shown that the
sensitivity of anplified el ectrochem cal detection of nucleic acids
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condi tions. \iation &pfitecidiabe ndENA(,Wlthﬁw m‘dos pEivE ﬁmd:catahytﬁlﬂ&(l’{t)h@b enoiety.
ol ecul es ”ai‘hep I{x ?sqﬁb%gzgglg?%ﬁaﬁ' ik nd Al SO %%n%‘ue 'ree‘éte' >
| Cl

wi th hi gh spéeci re 1spre ent provi "a
nmet hod for dm@nmtimgoraimoamaﬂlymsulung %db@mmmlmmtrﬁsnsm dmtﬂimﬂ

conprises |la n U(PD)2Cl 2 co form an
Ru(PD) 201 - andr e il TEEBishy L ko Stalie Pikrses R viincat sl
conpl ex i s csnsiticited thd dsinyalowening therelsyt e tistedion it fohaRNA cegdbbuir(es)

nol ecul e di s&&sed on a surface of the working el ectrode, thus

all owing for“Capture of the Ru(PD)2CI-analyte nolecule conplex. A
redox substrate is contacted with the captured Ru(PD)2Cl-anal yte

mol ecul e conf®024] undles presonidiathasiisraphiatltrasensitivg, opn-odiodetiviecanday able to

reduction of deeIaﬁy ﬁ&&?éﬂ analyte molecule without requiring biological ligation. By employing

Ru(PD});Cl,, an analyte molecule can be directly labeled with redox and electrocatalytic
moieties under relatively mild conditions. When applied to detection of specific
miRNA, these molecules may be detected amperometrically at subpicomolar levels

with high specificity.

[0025]  Thus, there is presently provided a method for detecting an analyte molecule
in a sample. The method comptises labelling the sample with an Ru(PD),Cl, complex
to form an Ru(PD);Cl-analyte molecule complex. The Ru(PD),Cl-analyte molecule
complex is contacted with a working electrode that has a capture molecule disposed on
a surface of the working electrode, thus allowing for capture of the Ru(PD);Cl-analyte
molecule complex. A redox substrate is contacted with the captured Ru(PD),Ci-analyte

molecule complex under conditions that allow for oxidation or reduction of the redox



6 substrate. Current flowis then detected at the working el ectrode,
which is in circuit wth a counter electrode, a biasing source and a
device for neasuring current flow [0026] The sanple is any sanple
in which an analyte nolecule is desired to be detected, and may
conprise a biological sanple including a biological fluid, a tissue
culture or tissue culture supernatant, a prepared bi ochem cal sanple
including a prepped nucleic acid sanple such as a prepped RNA sanpl e
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ordi nary medh lﬁ"a,mt"iore B &I eheni cal group within a nol ecul e
defined by a bivalent NH group conbined with a bivalent nonacid
group, for dRER§H e Bheaalytsmaolennierroayche adp enlde noledule flRbB@psited /g | ous

enbodi nent s, I . ! . j . i,de:
oA R | el B8R (M € QOB L RSl Bt Bidby B BB o
above, the am&tu@®R)fhlcempler Hlimdndytendeculsietodredelighedidicrstly,titwill

| abel I i ng condj.tions.s . f LON: QfF !
with t hoo RuChEs R GGk Gl s L 8lesdil 85 b ARGA 0N A,
sui tabl e f orcentod, ewdhltes codrdinaticywithethhatiensenetre dess nbbinterfereavitl e
certain protglng, LUALTRY AE0AHAL SolAALPERL ARG RikRR. t enPerature

required to

[0029] A “functional group” is used herein in its ordinary meaning to refer to an
atom or group of atoms within a molecule that impart certain chemical or reactive
characteristics to the molecule. The term “imine” or “imine functional group” is used
herein in its ordinary meaning, to refer to a chemical group within a molecule defined
by a bivalent NH group combined with a bivalent nonacid group, for example a carbon-

nitrogen double bond.

[0030] In various embodiments, the analyte molecule comprises a protein, a
peptide, DNA, RNA including mRNA and microRNA, or a small molecule: As stated
above, the analyte molecule should be stable énough under the labelling conditions so
as to allow for detection once complexed with the Ru(PD),Cl, complex. Thus, the
present method may not be suitable for molecules that may be heat sensitive, for

example certain proteins that may denature upon heating to the temperature required to



7 conmplex with Ru(PD)2C12 conplex, so as not to be recognized by the
capture nolecule and/or to non-specifically adhere to surfaces. In
certain enbodi nents, the analyte nolecule is the let-7b m croRNA

[ 0031] In one enbodi nent, the anal yte nolecule is an RNA nol ecul e
conprising the sequence UGAGGUAGUAGGUUGUGUGEUU [SEQ ID NO 1]. In
anot her enbodi nent, the analyte nolecule is an RNA nol ecul e

consi sting essenti aI |y of the sequence of SEQID NO 1. In another
enbodi nent, tdeepleaTiRaFRREle apraples saas WX berptagnizkdbiibin sapiire ﬁgle@sle

t he sequence 1 = Con ;

e seauence flioSEh BdfReals 8%k CaT ik RBRRb oL ol

have additi onadledudeds thedst-7bmieoBNANt s beyond t hose descri bed provi ded
that such additional features or elenments do not materially affect

the ability Shoshine IWBhEGHIRhA: NELY AR ARNK FBBICEHIARE 2

capture nol ecu case ecul e
addi ti onal feahs M@C%UGmgAMU@BGH&GW[W By NO: W tiy al!dﬁltﬁl

bi ndi ng i nt elge%%hig{%npﬁl%\éﬁfﬁ o HAMME S AN ARLLR IR 41%%%’%%611&: ﬁ%of th

exanpl e, a el n consi sting essentl &citi ed
sequence nmay segrhedal SBRED NOoL. Inthotee embocdjmentf ihvenafn}fte motesula dcintRMéhal
am no acids, at e _or_bot h.ends of provi ded that the
addi ti onal aﬁlgor%%c'%%ccio IStlagOPthF TR B %Qﬁg gﬁff}l nterrupt or interfere
with the bindin between the peptide or protein and its target

mol ecul e, ei tIAG¥2]lanalyusistiog essentstin p® owbtcnsiahs essentiplly of s ubrdrhersitampsine,

a nuel ef e aci el feih Su090n) ShiAR ABARN Ay 8y RaBRECELLAL

nucl eoti de sequence may tontain one ive or

nucl eot i des atovided thot smba&dlmkfe@d}hres keclspets dd wd nedgadnaéecpho ehiiydf
the nucleic agld..qml tﬁ‘h‘xﬂc o&?s’%g%él}/!e nfo?&ﬁ%%&%%%p@%g n%'lé&glte}a%tﬁet&sér%ﬂa
anal yte or capture nolecu imtarly, a peptide, protern or

nucl ei ¢ aci d beolee is, the mejechle ngdyewaicalditipnaligelitdreed alintents tioatdo oot iterfee

be. appr oci at ST HEfactiOF e R D B U Bepl BtREper 1Y eple
under condit |poptsiefooproteatr@h$1stng esnidilyola fercifed bepeure miayrcentaigonet.iten,
ol coul e contiirs 48Rk ot AR R Rine s ¥PRE o prgf PonfRGherb
shoul d be st aibvéled tttau@;h addmtaml dmgibe béidadp 1o mdlitit, blosk, mdermpt mtisterferamith
the binding between the peptide or pretein and its target molecule, either analyte or
capture molecule. In a firther example, a nucleic acid molecule consisting essentially
of a specified nucleotide sequence may contain one, two, three, four, five or more
nucleotides at one or both ends of the specified sequence provided the nucleic acid
molecule can still recognize and bind to its target analyte or capture molecule.
Similarly, a peptide, protein or nucleic acid molecule may be chemically modified with

one or more functional groups provided that such chemical groups.

[0033] It will be appreciated that the analyte molecule should be stable enough
under conditions for labelling to allow for subsequent recognition and capture by the
capture molecule. For example, if the analyte molecule comprises a protein that is to be
labelled directly, it should be stable enough under labelling conditions to maintain any

structural features that may be required for capture of the analyte molecule by the



structural features that nay be required for capture of the anal yte
nol ecul e by the 8 capture nolecule. [0034] As well, it will be
appreci ated that where the anal yte nol ecul e conprises a double
stranded nucl eic acid, the sanple should be heated to a sufficient
tenperature to nelt the double stranded nucleic acid prior to

| abel l'ing, if subsequent capture by a capture nol ecul e invol ves
capture by a sequence that is conplenentary to at |least a portion of
one strand ofaptunemdiBuidé.e stranded nucleic acid. [0035] The anal yte
nol ecul e may be | abelled directly with the Ru(PD)2Cl 2 conpl ex,

wi t hout need@foga]cl s g% ak) qufﬁfbebplgreé}&@é hﬁ%@w % 6 Yhatyid FiBIELAIB %orE%H’@é £

The Ru(PD)2U onplex is sta under ent condi tions
under goes | i drabld soxuwled ngdeic wid thowtgle Shotgéh@iheami tet sfheietd temperature to

tenperatures, [ n At is
known t hat nan @aw bg%g%rrhg%dgnm lecfgsd rE{r hd }%%h@% gg{s}qug?rgghﬁﬁ?\%%?’ 0
imne sites ¢aptupd mniabﬂemlvefses&ﬁptﬁmrbymmhe&; thatus ¢vempilamentoniol 2 jees acan
selectively fo oor v i.stidyl imdazole

ni trogens onp"ﬁ{‘?ﬂ%f%ﬂgﬁéawg %ﬁ%ﬁmgﬁ%&?a%g\édﬁuf:{%mac i dazol e ring of

purine nucleotides28 The substitution of chloride by nucleic acids is
bel i eved t o [9638] mi Tl anaiytetrhaecutsf mayi gkt lpddigetly 0Bl Rﬂﬁlﬁié‘lzclnhen

el 10 1 abel L Sty Bhot el 16 SAMRN B SRANALAARLNS AL Moo TR CCul &
whi ch possesse e BnE Or more i M ne nctional groups, 1S C ed
with the RURRPP2CLZoepiesliestabichdhemibéeht tmrdltsmﬁ fbut:undmgom lrmnd exchange

promote |i gam?]% e%grq}gagfs a?elevategtﬁmperatl feg %gnwtit % agRg étlﬁg) S%E&é 'ﬁtggmll.élglx nf or

the inine fuft group int anal'yte resu
formati on of compRuxef D) iR Khovaithityiaay nothendunh eompimb&mdtdfwrecnmﬁbmﬂt@ t he

I be .h d .t t f bout 7
or about aoiE St o Sa i chot stiseeloy R RER s i Aot R
ana: yte m): e@uhﬂnﬁeesonnl@tmtgﬁlnlﬁaﬂ Iilnﬁigzdlmmega&mlmpnomland @:B@{jpj],tle _brh‘éle
te nol ecu abel |.ed..i ndi abel | i.ng.
oreure . FicaRahe ShpRe ratttes| TR hiensh ey ikl

functional dsebieys ts be ifndlitr th thacafcispladindl a coor di nati on bond with the
rutheniumcentre in the sane nanner as descri bed above for an

anal yte mol efgihg) ¢ s ALAR 188144 UifdSny, HASkh B Bbni lE Al e A2yHe! |

molecule, which possesses one or more imine functional groups, is contacted with the
Ru(PD),Cl, complex and heated for sufficient time to promote ligand exchange of a CI’
ion from the Ru(PD).Cl, complex for the imine functional group in the analyte
molecule, resulting in formation of 2 Ru(PD),Cl/analyte molecule complex. For
example, the sample may be heated to a temperature from about 70°C to about 90°C,

for about 30 to about 90 minutes.

[0037]  Alternatively, if the analyte molecule does not contain an imine functional
group, the analyte molecule may be labelled indirectly by use of a labelling molecule.
The labelling molecule will contain one or more imine functional groups so that it can
form a coordination bond with the ruthenium centre in the same manner as described
above for an analyte molecule that contains an imine functional group. As well, the
labelling molecule will recognize and bind the analyte molecule within the sample,

having greater affinity for the analyte molecule than for other molecules that may be



| abel i ng nol ecule will recognize and bind the anal yte nol ecul e
within the sanple, having greater affinity for the anal yte nol ecul e
than for other nolecules that may be 9 present in the sanple. It

will be appreciated that the |abelling nolecule should bind to the
anal yte nolecule in such a way so as not to interfere with capture of
the analyte nolecule by the capture nol ecul e di sposed on the working

el ectrode. [0038] The labelling nolecule may conprise a protein, a
peptide, a | prgsentin teensamaplet Itivaldhe anpreqigter dhag thedabs! vz mepilassle shatepiad &y
protein dongy [ LOe, ; . SHLE anal

cont ai ni ngrrg!rkllgl}mrﬁ %ﬁ’;&be%l? ?g%g Lg’rg%%%% nfg%égﬁeﬁ%wl%é@gﬁpl e \a/ucl)? )Gtrgre IS
| ar ge enoughmoletide By(hPBuRGE nobeonlp disgosathiyn the waslddgelediodect |y to the
sanple. Alternatively, the labelling my be done in a suitable

buffer in why ot : : alMisendral ecul e
are stable, ‘bo;@aafn X?%%iﬁﬁl%ﬁ@%%é%@%@hg%a I%(r}’ gﬁ%ﬁ?h’e sgg?n_il ein
t he buffer. 4mibedeapldeiy acidhindidi meteisor réteinisiofmiais orrmplisenvcpiideaotsal t
at a concentrati 0 t 1 . 2 M and may have a pH
from about 4% a%l'rﬁ@gl}@e @f%%ané?ﬁegg:fé%tlgﬁa?%ﬁlpbhosen will depend in

part on the nature of the sanple and the nature of the analyte
arid/ or capt [#089] nolféesemple[voluB]is lnfge eheughnthe fud hrilecamplexghay be
| abel | i ng no : ' r Wy HRCdoh® SLQLDP,
for exanple %d%%%!éfeecﬁgma@% %ﬁn rﬁﬁﬁ) e‘@her%ﬁ?ﬂg’? E? !ﬁg%lglgge%ﬁrml t?[1 P‘?%‘uri ne
bases, not ewsdfeyin whickebdil thetRudiytClgcouglesdnd| thevmetesneledue dsesthllbdilyl ed
with the Ru(PD)2 R?ﬁ . ggpﬁ' il RSl et N i esults
will depend Ilguﬁ‘%}&aor%geo% %%ﬁﬁglplr%}l{ u |%%1¥n£2%matrrar%¥én%1n%%glﬁﬂ%*e
i mne' functénatnaimantsp theduffer mdyeoneinecalt et ¢ @nbmtraficioidrh ebut FoyM to
exanple, mcro | abel L. i | Cf : of
i mne groupsabggl% @&%ﬁ%&aﬁégﬁﬁ%&gﬁg%@t g{gﬁ%@ﬁ%ﬁcﬁs% ?fg%%ggseﬁg‘?{ﬂ
preventi ng addpemghiepart de figinkypreodf theasbmbleiand) themetreod ¢ther anpliyty. antoneapers i t
has been foundlct:tfeat a given nolecule wll tend to be |abelled with a
consi stent dBASTEY of the Ru(PD)2Cl2 conplex, allowing for
standardi zati on and quantification using the present nethod. [0041]
As wel |, thel0RAPIPD) ECkrnalvtephasculioes sebplding mofecule consainigene denn|ong apige
exchange wt A= i i i . :
oross-1 i nki n%n%%%mpﬁv%%%ﬁé ﬁ%ﬁe@@acﬁﬂﬂ%cui%ﬂ&gdets lﬂﬁﬁtlple purine

bases, not every imine functional group will necessarily be labelled with the

Ru(PD),Cl; complex. The density of labelling which results will depend in part on the
distribution and arrangement of the imine functional groups in the molecule to be
labelled. For example, microRNAs may be labelled with an efficiency of about 30% of
imine groups being labelled, possibly due to steric hindrance preventing a higher
density of labelling from oceurring. However, it has been found that a given molecule
will tend to be labelled with a consistent density of the Ru(PD),Cl, complex, allowing

for standardization and quantification using the present method.

[0041]  As well, the Ru(PD),Cl, complex does not appear to undergo ligand
exchange with both Ru-Cl coordination bonds, meaning that cross-linking between two
analyte or labelling molecules or within the same analyte or labelling molecule does not
tend to be observed. Again, this is possibly due to steric constraints preventing

coordination of two imine fimctional groups by the same Ru centre.
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analyte or labelling nolecules or within the sane anal yte or

| abel i ng nol ecul e does not tend to be observed. Again, this is
possi bly due to steric constraints preventing coordination of two

i mne functional groups by the same Ru centre. 10 [0042] Once the
anal yte nolecule in the sanple is | abelled, the sanple is contacted
with a working el ectrode on which a capture nolecule is disposed. The
capture nolecule is a nolecule that recognizes and specifically

bi nds to t he[®4a] yt Bnsesheenalste molegpreinithe wawployis labelipd: the pantpdgie eprtacted
binding | Teansn b UBhidd BeiB Rl of hIQFPL@szWrg BIoBil8 id dhoBsed FUELBHAL © and
e i ghe

rreasurablefasmnt ean te nolecu affinity
for the anainyteeulmsIaemd¢0eletthamedogm12®tahéspeﬁtﬁbdb'lhlm t¢ thetah%ytsawtﬂcele The

t I I
cven when t e s d B G ST ARE ke OB BN R RS ©
indirectly, te@ei’élbbmdimeﬁu(aﬁﬁ)ﬂ‘ﬂi]ﬁ:/taﬂalayaiyze mellezalel aed hmmglexaff pmy)ibs]
Th t I t
e P UTe Rhole ERT25r Pl e mBRE Y s L
recept or, i’;msfﬂ»lﬂldlrémglyize)z[ndaalmcﬁﬂ’mﬁd anglgﬂeem]éoeie dven xlahem t_hmmwd _tmﬁntec,ulé hes
tur ecu ngl e _stranded .oligonuycl eat t
conpl ement ar e bl utie iRy bR o] Pl Bofre i o
aci d anal yt ecdii@cul e. I n one enbodi nent, the capture nolecule is a

single stranded oligonucleotide with a sequence conpl enmentary to
that of a m

hat Is to be detecte .
particul ar eﬁ?gmﬁm‘? capiyee ‘8%%5%"3?‘8&%‘3\“5’6‘11? P ’iogen}iap%ﬁ III%I RS e%aa%%iied
ol i gonucl eot Indledmgﬁ:wi RiNygaral smedigenciotideat l1gasxdmaspdpm1mmtmn§odw@rahe
sequence of th | n,one enbodi nent, 1h re
ol scut e conrmgefe IR ol fiadmenh SRR ERAR IR sl SRR © o
2]. In anot hatgomﬁﬂﬂaﬁ& Wwehh cmh;lﬂemaﬂmw@emmmaIsa;uems:nfstsmglestmmd ally
of the sequenc of , SE nbodi e the capture
nol ecul e con®{° Csac'@f %D&@%&%ﬁ%%ﬁr e"%@%rﬁ‘eﬁg %apffre T@ﬁéﬂﬁ 18 ‘Iﬁfégg
capture nol emah&dlo&igéhuﬁlaﬁﬁc&dmﬂﬂa @qBdneé exdepla@hentdne tonbutlolf B gniebRIA e &,
meani ng t hat re nol i oat d.on d
ot herw se ap’ﬁtblegﬁmt C{)‘ntﬂI‘FesaWB %@p%I?%Lﬁ?rF 2digiype ﬁ‘féapb“ﬁ’?éno g%d%?tl on
may i nvol ve ﬁﬂgl@étﬁﬁ&erd(?ﬁ'tg&idc&pnde comprising a sequence that is complementary to the
sequence of the let-7b microRNA. In one embodiment, the capture molecule comprises
the sequence AACCACACAACCTACTACCTCA [SEQ ID NO: 2]. In another

embodiment, the capture molecule consists essentially of the sequence of SEQ ID NO:

2. In another embodiment, the capture molecule consists of the sequence of SEQ ID
NO: 2.

[0044]  The capture molecule is disposed on a surface of the working electrode,
meaning that the capture molecule is coated on, immobilized on, or otherwise applied
to the working electrode surface. The disposition may involve an electrostatic,
hydrophobic, covalent or other chemical or physical interaction between the capture
molecule and the working electrode surface. For example, the capture molecule may be
chemically coupled to the electrode. Alternatively, the capture molecule may form a

monolayer on the surface of the electrode, for example through self-assembly.
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hydr ophobi ¢, coval ent or other chem cal or physical interaction

bet ween the capture nolecule and the working el ectrode surface. For
exanpl e, the capture nolecule may be chemcally coupled to the

el ectrode. Alternatively, the capture nolecule nay forma nonol ayer
on the surface of the electrode, for exanple through self-assenbly.
11 [0045] The capture nol ecul e shoul d be di sposed on the working

el ectrode surface at a density such that the capture nol ecul e can

readi |y recolifd8Ek afle tspiner mofeculmBoyid be divpesed on de wogsngeletiisresurfage t he
capture nol egul £ d: i | [ bLeAa be
di sposed on f&lﬁea%l\}\% I??%JH%F%&%%{ gﬂ(}s%%?e acéag tP%td ﬁg%gg#getagg) of ;%)egdtl}tm?%é .0
10- 12 nol / cnRolseulgr Buterampleif thb capturgmslexuld G an2ligpuplepiieothe cansere or

from about 6 - .l . ]
The 1 or m  woPbiead® BFL s S SR e SoAf foctods chrkch L2 Rl il £94°
capture nol E&Bhmei/is® oi gets.ed aban 8.578 2018 ndiatn® dhless, e fort alwdet.D X tHE
el ectrode invol v i ransfer wwth the Ru centre during
the redox re3{{dn? a%?gg\%g@?namkf%cwode may be conposed of any

el ectrically conducting material, including carbon paste, carbon
fiber, grapl®46] gFlasteyn Gearking clectrydeiesfas tocbnetentioge oswhich thegnpture

el ect rodg Suz(flgleﬁﬁe g%sﬁ?jﬁeﬁiajn%f%{eans tﬁfgwﬁgElectf%ldgEsit@éja%c?rrodepﬁ%]]@gci M ecfon
met al oxi de Such as i rumtin oxide, or a conductive polyneric
mat eri al , f orarefeamih erefol opfiBs durimp iyel redvardeasxivi. [Tihe plodineg) el¢dRBDHOT)yY by

pol yaniline. [0047] .The sanpl.e is, contacted.wtl r ul e
bn The sur f BTG EN SRR ot RubPRREh e e 3R Sy BT 6,
ti n}a fo fi Ici ga?hiﬁep%aa&jﬂ&rh:ﬂxp?nyrr&gt?m:{omhb I{Seﬁ asrw@lbagimdadlpesu_dm goldmgﬂvtef;e
anal yte nol ecul e. For exanple. i e_capture.nol e iS. | e
tranded ol | GORTYBGLTR BB i Ry R SUHS AT Bl B e RS,
from sol utimilymdrirenaaip/fe dxsmpld gpely (I, Dethiienatnxihivgheiep BB osur f ace
along with a(ﬂ;’)i table hybridization buffer, and the sanple is

i ncubat ed wi ¥Y¥HEcapture nolecule for sufficient tinme under mild
to stringent hybridization conditions to allow for recognition and
bi ndi ng of tl0843hal VhesampleiodNAcird watuiheecabipra heleadbmpil thersnfage 9f the -

o 9omiel 0t oML SR 58 4P sl FORRLE

recognize and bind the analyte molecule. For exampls, if the capture molecule is a

X

single stranded oligonucleotide for capturing a single stranded nucleic acid from
solution, the sample is added to the working electrode surface along with a suitable
hybridization buffer, and the sample is incubated with the capture molecule for
sufficient time under mild to stringent hybridization conditions to allow for recognition
and binding of the analyte microRINA molecule by the complementary oligonucleotide

capture molecule.

[0048]  For example, the sample may be incubated with the capture probe at a
temperature of about 30°C for about 60 minutes, in a hybridization buffer containing
phosphate buffered-saline (pH 8.0), consisting of 0.15 M NaCl and 20 mM NaCl.

[0049]  Once the Ru(PD),Cly/analyte molecule complex has been captured by the
capture molecule at the surface of the working electrode, the working electrode may

optionally be rinsed to remove excess sample or hybridization buffer, for example, 3 to
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tenperature of about 30C for about 60 minutes, in a hybridization
buffer containing phosphate buffered-saline (pH 8.0), consisting of
0.15 M NaCl and 20 nM NaCl. [0049] Once the Ru(PD)2Cl12/ anal yte

nol ecul e conpl ex has been captured by the capture nolecule at the
surface of the working el ectrode, the working el ectrode may
optionally be rinsed to rempve excess sanple or hybridization buffer,
for exanple, 3 to 12 5 tinmes with a suitable buffer. The rinsing

buf f er shoul @ties with aguitablsrbofe. dthe ripsingbuifer hfufde waul agmppriate pH and

conoent rat| OB ARl byl frhiBh 8 LEI® kel S LRl DGl glsgfact | on

bet ween the capture nolecule and {6 ol ec ter the
Ru( PD) 2C12/ abﬂwmhmpmmmelemdwidmalmsnmm captured by the capture
nol ecul e, a redox substrate is added to the working el ectrode surface

03 buffer B8gL AR AORAD)R15uad ARkGd QS0 Seb LA Aol BEHE! O

of the redox trate trate I's
mol ecul e t hatapiuge maballdb,et 1@dokabsmgteoxacklﬁtt@dh@workmgd:lweﬁetsyrfadwen Rhuffer

centre. If the d}gg&g@é{lé i 1§s s':l%{bﬁaofg O)Ei(?ﬁtlgg Dlol)éhlﬂ:l[ ﬁ“ gf t E,(hedog Ftﬁgns%g ent r e

will have are i's T'ess posi |ve
simlarly, wRependiee The mdmxs@stbm xsammcsletﬂmt ecapabdtuafdding wxidived &u

centre, it w tenti al at.l nr e, posi tive .t han
Che R cent riseboer By e R0 REHeRaleh Bl e oRRIFEA B B FusBpiist il e
that can be wiildive edadox potl&ﬁ:ﬂallfh@ds keys idsizivithag et Riecentie; dintilgl@xwhen the

reaction. In arti odi t., the redox, substrate | .

yaracine. | isoab bR R bo o B Bacngr © Rk b At bl fibis o
ascorbic acildore[pﬁﬁlﬁﬁe]thésthWRlulce:hﬁ:. appreci ated, the working el ectrode
will formpart of an electrochenical cell. An elect rochem' cal cel I

Cypical |y | noules 05K 1g SlSGhE 8dPn: AT AeGRURLSL,

Sk
t he case of ect rode sys %unctlons
as a refer enzteémedi hy:theddecenﬂrmlna reduxeeacidre dh ra(pdelcstylseiﬂmdtdmt the redox
el ect rochem c furt separ fer
el ectrode. [ equ'hy |0u cﬁg %ﬁ?reqq?gg}eéﬁg}eéﬁ Oé{% Eer‘ode may
be a Ag/ AgCl asccebxeetlﬂode, a hydrogen el ectrode, a calonel electrode, a
mercury/ mercury oxide electrode or a nercury/nercury sulfate

el ectrode. [0052]  As will be appreciated, the working electrode will form part of an

electrochemical cell. An electrochemical cell typically includes a working electrode
and a counter electrode. In the case of a two-electrode system, the counter electrode
functions as a reference electrode. In a three-electrode system the electrochemical cell

further comprises a separate reference electrode.

[0053] In various embodiments the reference electrode may be a Ag/AgCl
electrode, a hydrogen electrode, a calomel electrode, a mercury/mercury oxide

electrode or a mercury/mercury sulfate electrode.

[0054]  The electrodes within the electrochemical cell are connected in a circuit to a
biasing source, which provides the potential to the system. As well, a device for
measuring current, such as an amimeter, is connected in line. The electrodes are in
contact with a solution that contains a supporting electrolyte for neutralization of

charge build up in the solution at each of electrodes, as well as the redox substrate that

13



[ 0054] The electrodes within the electrochem cal cell are connected
inacircuit to a biasing source, which provides the potential to
the system As well, a device for neasuring current, such as an
anmeter, is connected in line. The electrodes are in contact with a
solution that contains a supporting electrolyte for neutralization of
charge build up in the solution at each of electrodes, as well as the
redox substrate that 13 is to be oxidized or reduced. In order to
initiate t heistteb,knxidi@d@r redngedalnmodes i indiate thl dey reantion, apoigepnli ed by

the bl asi ng SULAG 1, wAUEHE] BLISAD AN DRLRCE, OURLGlocn Bt T 00C

and the working S neasure ative to t

ref erence eélmtadam:hel thd W% elegpodeaivhigh istiraswgrbielabide pcherstarence

di fference |%C? dIeast 50 nV nore positive than the redox potenti al
of the Ru ceft¥8%%r at |east 50 nV nore negative than redox
potential of the Ru centre, depending on the analyte is being
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and as descri be es se erel n (6) to correlate
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[0057] Since the redox substrate, for example hydrazine, is in excess in the present
method, once a particular Ru centre has been reduced or oxidized through an
interaction with a redox substrate molecule, the Ru centre can be oxidized or reduced
by electron exchange with the electrode, resetting the Ru centre and making it available

for a subsequent round of redox reaction with another redox substrate molecule.

[0058]  Thus, the present method is sensitive and is able to detect very small
quantities of analyte molecule in a sample. For example, for detecting microRNAs in a
sample, the present method may have a detection range of about 1.0 to about 300 pM,
with a lower detection limit of about 0.5 pM in a 2.5 ul volume. This means that as
little as about 1.0 attomole of mictoRNA may be detected using the present method,
and that as little as about 50 ng of total RNA preparation may be required as a sample

to detect microRINAs.
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guantities of analyte nolecule in a sanple. For exanple, for
detecting mcroRNAs in a sanple, the present nethod nmay have a
detection range of about 1.0 to about 300 pM wth a | ower detection
limt of about 0.5 pMin a 2.5 | volunme. This neans that as little
as about 1.0 attonole of mi croRNA nay be detected using the present
method, and that as little as about 50 ng of total RNA preparation
may be required as a sanple to detect m croRNAs. 14 [0059] For each
of the abovelG58ps, Forractapfithaghoiastepssibe epnremiatespluben mey beladded torthe
surface of t I Ki r NG a4l Ly ' be a
low col |, adtrEPohOReRESlEass Wil Thof Slsbuifey ve MLFRITRY 0 e
surface of t keowwinkhiert, e tygtipetrihe, direaiyt dugr thersniaad bithoworkgigralectnde,

d ) he |iquid | | £ ' h h
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t echnol ogy t tadughlliqoidzelf ara smndisall igunid agll.on of el ectrodes, the above
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| ow det ecti oﬁﬂﬁoin t,f Oiezecgrf%ieetgc%n&ﬁ%y %]? Je@é)‘cﬁg %%rre ﬁ%%‘ggét%éﬁ?l%/&%d&’
sensi ti ve nethhabovefmaleideet badpsignedondk yirgedmaltée sthad] volunzes, Haapiple, whi ch

is applicable fqr u i oi.nt-of.-care.and in-fie . i ion
including dPSLEE® @ﬁ%’@ﬂ*&@?-éﬂ&%‘?l{lw&t °Veh Wr%ﬂ%&ﬁf@ﬁ%ﬁmﬁ?s’l ng,
for Ie nsi c_applye Fw%ér@ Rfethdt @ highBl sessiti@mdhddl Fgkteding e 8@AFE Mholecule in a
applications.

0061] . The present nethqds are |l ited for high
t hroughput pfatdss ¥l lﬁmg@akefor_ %aﬁwa?f@fﬁfm&%&r%“iy sRRlGA{onG fnclling
sanpl es. Thi §is@k&gihgHI6E MY Edlmdit, Biir A& AM] héniRAss, fren8Xipplidahearddo a
| ow-density array format of 50-10Q working el ectrodes. The advant ages

of | ow densi Bplegtiachiolpgicad Hseaath HPHGEA¥or arrays include: (i) nore
cost-effective than optical biosensor arrays; (ii) ultrasensitive
when coupl edfogétih elreejrewtahahyds ag; wdll suitdd fof Bigh throubhpeprocestiigland baiyng

turbidity- and |ight absorbing:tolerant gnd (iv). por | e, .rohust,
| ow cost an@ﬂéh%&??éﬂd?fﬁ%ﬁ‘ﬂ?@l gﬁ@@ﬂ’f"‘?@%‘s %ﬁ?ﬁg?‘?g?\‘fagmé}%ﬁgﬁﬁ% ‘%%‘Flgff i eld
tests and hepacasie tdislew-deRi§Alray itiMat df 30498 Wetkingeldtiglesy DhediRantages
processi ng of  sanpl es, the wor ibgcrgs el ectrode g@é be us i array

d.in a
of el ect 1 oot IONHFRIE S RARTIGY UPEEPF SRS e R0 oY FEGortsrve e

optical biosensor arrays; (ii) ultrasensitive when coupled with electrocatalysis; (iii)
rapid, direct, while being turbidity- and light absorbing-tolerant and (iv) portable,
robust, low-cost, and easy-to-handle electrical components suitable for field tests and

homecare use,

[0062] Thus, to assist in high volume processing of samples, the working electrode
may be used in an array of electrodes. Multiple working electrodes may be formed in
an array, for use in high throughput detection methods as described above. Each
working electrode in the array may comprise a different capture molecule, for detecting
a number of different analyte molecules simultaneously, Alternatively, each working
electrode in the atray may comprise the same capture molecule, for use in screening a

number of different samples for the same analyte molecule.

[0063] Each working electrode may be located within a discrete compartment, for

ease of applying the same or different sample to each surface of each working
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an array, for use in high throughput detection nethods as descri bed
above. Each working electrode in the array nmay conprise a different
capture nolecule, for detecting a nunber of different analyte

nol ecul es sinultaneously. Alternatively, each working electrode in
the array nmay conprise the same capture nol ecule, for use in
screening a nunber of different sanples for the sanme anal yte

nol ecul e. [0063] Each working el ectrode may be | ocated within a

di scret e conpesitodens terhatwelye@sbwoﬂmmmﬁcypcﬂﬂgcm the asaye soas tdichiftast @ nt

I d
ach wor ki mot e G B ATAEORI St o 18 R B AR

sol ution. Ansaaipﬂa]ﬂ&hc&dw&mgeiemtctala be used to appl y and renove fl ui ds
and sanple to each working electrode. [0064] A different capture

mol ecul e. for gﬁgh ct JIA. g‘erfg%a ttur%%m%cul@?&ld%{e tll% a%ty %ﬂvﬁé}%&e&léa”pl e

may be di spose n res e Wworking elec

el ectrode nawlthiharsamﬁe mam ﬂaadispzﬁed/wrt MSﬁmmmxngmpdceles Bk wpdcn@t ect
mul tipl e ana n a

T0065] ¢ or HiRg Ry G5t bE Fontistedsi et st R oe oSt Shgbee 1
an array sucholetiied wigtde B singld kanhdeigtlonsvimki ng el ectrode has the sane
capture nol ecul e disposed on its surface. A different sanple may

then be cont kel vhldh 8RS, FERRBSILYE, WBLIAAmLPLOSLE A ol Bkt

way a | arge réene
anal yt e nol etbed each Emmahll_:\&rk@@ eleﬁ:iodh/hasethe selnse capmfeeﬁdeanldrbmﬁe@@n its

stated, reag ob alndfr MO) and
ised it hout S HoP TSR roR Tty ey e e dhiine T o
RuCl 3 accor délagroti@ Ia this vay alangeammbemﬁdmnpleQmaﬁb@mmmEa pufidudared-

sal i ne (PBS “%Eé 1) 1con5|st| ng of 0.15 M NaCl and 20 mM phosphat e
buf fer, 8? Svashi ng and el ectrochem cal neasurenents. To

m ni m ze the effect of RNases on the stability of m RNAs, all

sol uti ons VEKAMPIALSd with di ethyl pyrocarbonate and surfaces were
decont am nated wi th RNASEZAPTM (Anmbi on, TX). Three human m RNAs,
nanely | et - 7i0p66) r - MatenicdisniinleS2Akbwise siated abazette demobaained framgBgma-

m RNAs. Aldrich (St Louis, MO) and used without further purification. Ru(PD),Cl, was
synthesized from RuCls according to a literature procedure.* A phosphate buffered-
saline (PBS, pH 8.0), consisting of 0.15 M NaCl and 20 mM phosphate buffer, was
used for washing and electrochemical measurements. To minimize the effect of RNases
on the stability of miRNAs, all solutions were treated with diethyl pyrocarbonate and
surfaces were decontaminated with RNASEZAP™ (Ambion, TX). Three human
miRNAs, namely let-7b, mir-92 and mir-320%° were selected as our target miRINAs.
Aldehyde-modified oligonucleotide capture probes used in this work were custom-
made by Invitrogen Corporation (Carlsbad, CA) and all other oligonucleotides of PCR
purity were custom-made by Proligo (Boulder, CO). Indium tin oxide (ITO) coated
glass slides were from Delta Technologies Limited (Stillwater, MN).

[0067] Apparatus: Electrochemical experiments were carried out using a CH
Instruments model 660A electrochemical workstation (CH Instruments, Austin, TX). A

conventional three-electrode system, consisting of an ITO working electrode, a nonleak
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Al dehyde-nodi fi ed ol i gonucl eoti de capture probes used in this work
were custom nade by Invitrogen Corporation (Carlsbad, CA) and all

ot her ol igonucl eotides of PCR purity were custom made by Proligo
(Boulder, CO. Indiumtin oxide (I TO coated glass slides were from
Delta Technologies Limted (Stillwater, MN). [0067] Apparatus:

El ectrochem cal experinents were carried out using a CH Instrunments
nodel 660A el ectrochem cal workstation §CH I nstrunents, Austin, TX).
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spectromet erMGBpéd@meieﬂ@’érklﬁMinb@Weﬂysle}lMA) UV=-Vis Spéi‘ﬂe%feaeomieé on a
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ot her wi Se St@tfm ouf 0853 tehleaturENAlelXddiawist Sateand Label ing: Total RNA
from human HeLa-60 cells were extracted using TRl zol reagent

| nvi t rogen, cor.din turer' S
ﬁecom"renged Wﬁgﬂ)cg’?%ﬁ\ﬁﬁoﬁﬁél% '?‘hi:‘olf g‘f‘%ﬂ TW\éfgmgﬁ &6 %%si ng
a Mont age spéefls W@legﬁiﬁacﬁéﬂlﬁﬁgdﬁﬂtﬁi&a@éﬂt (hvipogea, Caisbad, ﬁA)mn)ordlﬂ% ﬂllel
concentration was. detern ne g ro Y,
O Ty of 't Brmacps ootader riiosel. RGP RS TPRB TR ek ify' 2
| of 0.25 m\dsmg(aam)ﬁfgb&pinmo&nﬁmmqmdmman@bm@xmmoay Rees added to
5.0 1 of total RNAsqut (g Murewa i ncuhat ed. fo ff,}

"1 an 80C wetBFeIRgR MR deRBRIElbh VT Vis SPortiePhotomstte Sﬁh“r&“%da%f*%‘f ol
at -20C af t egnAdehs bidatn 8dchDr %ellaﬁéﬁng?’regcu%é(@@ ul $QPBhME G PDY.0Hen 0.10

preparation, hybridization and detection: The pretreatnent,
si | ani zat i onMatb. B héetpomiiffee v etsled tpt UpleofiotalfENA isehuiid. Themiitenwes t he

I TO el ectr Od'%cubm%d ?or%a—ﬁf rﬁ%‘ iff Ql% k(y Cdﬁa?éi-rbaﬂ%qd ggoiércﬂﬁl S hiRGRHAngIA Y of

i rmobi | i zed cap
was stored at —20°C after addltmn of 5.0 ul of 3.0 M KCI.

[0069] Electrode preparation, hybridization and detection: The pretreatment,
silanization and oligonucleotide capture probes immobilization of the ITO electrode
were as previously described.*® The surface density of immobilized capture probes was
6.0-8.5 x10"2 mol/cm®. The miRNA assay was carried out as follows; First, the
electrode was placed in a moisture saturated environmental chamber maintained at
30°C. A 2.5 pl aliquot of hybridization solution, containing the desired amount of
labeled miRNA, was uniformly spread onto the electrode, which was then rinsed
thoroughly with a blank hybridization solution at 30°C after a 60 minute hybridization
period. The hydrazine electro-oxidation current was measured amperometrically in
vigorously stirred PBS containing 5.0 mM hydrazine. At low miRNA concentrations,
smoothing was applied after each amperometric measurement to remove random noise

and electromagnetic interference.
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6.0-8.5 x10"12 nol/cnR2. The m RNA assay was carried out as follows:
First, the electrode was placed in a noisture saturated

envi ronnent al chanber nmaintained at 30C. A 2.5 1| aliquot of

hybri di zati on sol ution, containing the desired anmount of | abel ed

m RNA, was uniformy spread onto the el ectrode, which was then rinsed
t horoughly with a blank hybridization solution at 30C after a 60

m nute hybridization period. The hydrazine el ectro-oxidation current
was nmeasur ed[@FPkr oRigurd Caitlops:i n  vi gorously stirred PBS contai ni ng
5.0 mM hydrazine. At |ow m RNA concentrations, snoothing was applied
after each a Mol fe ITRAS Qi d
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Pol y(A) 30. [f6peéiivdt.gure 4. Vol t ammograns of Ru(PD)2C12 treated (1) 50
nM (2) 10 nMlet- 7b and (3) 50 nMmr-92 at el ectrodes

com ement e il SHEALDI SL55 BB APER b [ raemc

vol at mogr angadqh) 20101 RMPmy AT aZdand 308 ol @A) 6.apt ure probe coated
el ectrode before (1) and (3) after hybridization to its

conpl enent ar nM.J et-7 and (2) t i.di,zed t i n, bl ank
bo (o ool Dot 4 Soufngtiads b ARMMC LEs G) STRIOES 1b Il TS
el ect rode antb 4{nd)(3) 30 M &ir-J¥r eisdvaedaicofplbtheniyRol (eRD). BGpRortimneledtd)yte
Ru(PD) 2C12 %nggfe%nplételn;ll_a sgalnergt% r18611%V/s.

[0075] Figure5. (A) Cyclic volatmmograms of 0.10 mM hydrazine at (1) a

capture probe coated electrode before (1) and (3) after hybridization to its
complementary 50 nM let-7b, and (2) the hybridized electrode in blank PBS. (B) Cyclic
voltammograms of 1.0 mM hydrazine at (1) a blank ITO electrode and (2) in the
presence of 0.10 mM Ru(PD):Cls, and (3) Ru(PD),Cl, at a blank ITO electrode.
Supporting electrolyte PBS, potential scan rate 100 mV/s.

[0076] TFigure 6. (A) Amperometric curves of (1) 25 pM let-7b (2) 25 pM let-7c,
and (3) 25 pM mir-92 hybridized to capture probe coated electrodes complementary to
let-7b. (B) Calibration curves for (1) mir-92, (2) let-7 and (3) mir-320.

[0077] Results:

[0078]  Feasibility of direct labeling miRNA with Ru{PD),Cl,: A. direct proof of

the formation of nucleotide—Ru(PD),Cl, adduct would be mass spectrometry. Thus, we
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Supporting electrolyte PBS, potential scan rate 100 nmV/s. [0076]
Figure 6. (A) Anmperonetric curves of (1) 25 pMlet-7b (2) 25 pM
let-7c, and (3) 25 pMmr-92 hybridized to capture probe coated

el ectrodes conplenentary to let-7b. (B) Calibration curves for (1)
mr-92, (2) let-7 and (3) mr-320. [0077] Results: [0078] Feasibility
of direct labeling m RNA.with Ru(PD)2Cl12: A direct proof of the
formati on of nucl eotide-Ru(PD)2C12 adduct woul d be mass spectronetry.
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Mor eover, therigmt ecul ar clusters of doubl e- exchanged

Ru( PD) 2C12- nucl eoti de adducts were not observed even after prol onged

i ncubation a . Ladicating that RPD r .

nono- subst i ttﬁﬂﬁgﬁ uﬁggw%?%sesgl@eﬁ%? fh%(% 1%%%%%‘& iLHI;hlqg rﬁ%(agf/%%at (%}falﬁd'i t
has two ci s embidgewdthichipridab RugPRHCHr Mdeovdr) thamdeculdtvdustersadfidoullg- of
doubl e-1i gand exch i.S.,nmost. probaply due to, steric onstraints of
RUCPD) 2C15 ¢ eheraen AP D G R HEIR BOGr S st A B Eep P TROBARE. © e
previ ously obsgfareelat 90°G iifdi¢adihg thed IGPDYTL,GR08ESX 0fly 25bnbauliarioh gaded
exchange with the ste icaj ly nore hindered si_x-cg.ordi r]%%tﬁd .

oct ahedral r (e &R absApAteRs VPR thoug) IGRAsEY cingesrdingting lahiechlofife ¢ hat
it is for squgmes AhafabiliBl ol cHaRkeMBEs is Soefprétfiblycius f stdricn. 22
However, nono-substitution is a._desi Irii%i’l e feature . in devel ogi ng

chemical | i EREEYFAIHS BF RUBRCE hat gindgss thepinding ofmor fhap ang Rurige pasesasan,

excel | ent copbkyighsP¥RErvkdR similar ruthenium complexes.?? Double-ligand exchange with
the sterically more hindered six-coordinated octahedral ruthenium complexes is
evidentij much more difficult that it is for square-planar platinum complexes, such as
cisplatin. # However, mono-substitution is a desirable feature in developing chemical
ligation procedures for miRNA assays, since it offers an excellent control over the
ligation process and prevents from any possible “cross-linking” between miRINA.
molecules (intermolecular cross-linking) and between purine bases of the same miRNA
molecule (intramolecular cross-linking). It is expected that intermolecular cross-linking
would affect hybridization efficiency and intramolecular cross-linking would alter the

miRNA sequence by generating “loops” in the miRNA strand.

[0080]  As discussed above, mass spectrometric data clearly indicated that
Ru(PD);Cl; can be grafted onto nucleotides via ligand exchange under mild conditions.
However, the introduction of Ru(PD),Cl. onto oligonucleotides might severely affect

hybridization efficiency. To ensure that the 1abeled oligonucleotides retain their
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| igation process and prevents from any possible "cross-Iinking"
between m RNA nol ecul es (internol ecul ar cross-Iinking) and between
purine bases of the sane mi RNA nol ecul e (intranol ecul ar
cross-linking). It is expected that internolecular cross-1linking
woul d affect hybridization efficiency and intranol ecul ar
cross-linking would alter the m RNA sequence by generating "l oops”
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I albel( i ;13pol y(o‘h)saf agﬁdd@ adeptical %emm@ﬁihlcc'@hdlﬂ@hst i’l@l& dﬁ&fdna@wm@awm
(6] 0 an
F e rr%er at ur es § &Q}q@@@%ﬂ@ﬁ@?ﬂy 6%3%%“ %13’ Fﬂy( )C%HE tgatﬁ’l’"@ﬂnliaﬁf Bore

reactive t hapolm)%(aﬁa gay(rcgj |a§écéqﬁ£1] )éacﬁve alsbqtltmo@ér@werm@g #ldfpn. I n
contrast, the poly(U) 3o and (% 0 showed little
short reactlon times poly(G)so 1s shghtly more reactive than poly(A)so reflected by a
slightly slower migration. In contrast, the poly(U)sg and poly(C)sg showed little
difference from their untreated counterparts (lane 6 & 8), implying that the Ru(PD),Cly

did not bind to these oligonucleotides.

[0083] Quantitative analysis using ICP-MS showed that 28—32% of the G and A
bases in the oligonucleotides were successfully labeled. Later experiments showed this
labelling efficiency is sufficient for ultrasensitive miRNA assays. From the above data,
it is clear that the labeling efficiency is miRNA sequence-dependent since Ru(PD),Cl,
preferentially labels miRINAs with G and A basés in them with an efficiency of ~3 G%.

f0084]  Figure 3 illustrates the UV-Vis absorption spectra of the starting materials

and the labeled oligonucleotide, using poly(A) as an example. The spectrum of the
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difference fromtheir untreated counterparts (lane 6 & 8), inplying
that the Ru(PD)2Cl2 did not bind to these oligonucl eotides. [0083]
Quantitative analysis using | CP-M5 showed that 28-32% of the G and A
bases in the oligonucl eotides were successfully |abeled. Later
experinments showed this labelling efficiency is sufficient for
ultrasensitive m RNA assays. Fromthe above data, it is clear that
the labeling efficiency is m RNA sequence-dependent since Ru(PD)2C12
pref erent i al hueldotidreieforerlaiRpling shpwithGiypivel trnbitiseal thnhateresticlig t h an
efficiency of - . i gur lal r :
absorption s(]é)lclaggﬁ ‘?“Z&)%%‘ést% &%ﬂg? g¢ ?‘iHrqg}ggr'rlaetBetéaPe;f)'s%eg%a&{hﬁe%ﬁ?)égh 8

ol i gonucl eot indke,ot Less dhgrapiolisticAY tirSpadiradordpPB. coplexssfe Htexhibitaftwohe 20

nucl eoti de before | abel.i shows the typjcal transiti.on t he
het er ocycl i clntegg 1238%8 F@gﬁf EF@?“&‘“B%’&E*‘Q@B"’%W% ﬁ”g&iags_‘%ontsggt@ega‘ﬁ. The
spect rum of %@ﬁ@ﬁ@&é %ufllasin FFERIPE) BITHeGRS blo@ baHab Yt @fﬁgﬁm&’fﬁ{{—ﬁ? @U@@ﬁ& ra

for Ru-PD Co exes. 4 1t exhibited two intense Ba ds i n
regi on due t430+6@bmul ateduatol spipeniipevetl Ru(dnp-aRB(R*) owetsl-totligand elrpsge-transfer

transitions und..in free PD. 24, The t br i .
r egi ons 330-@@gcﬁ%agﬁﬁonsﬁg‘égrgéﬂgﬁ%é& easgxégliuén cggllgenl- a o%ggm}c%nde
Ru( d7c) 4PD( 3gsppareteisal supadpdsitpandihe hasigaide eahRi@D),Cl.MitiJonterrehshift + s

(Figure 3, trace 2). The spectrum of the | abel ed. oligonucleotide
appear ed as B &UHeFHbEP papegin (Frearad Spesodi HEs i elm?ifsﬁﬁf%@quf
sonme red shi = I.N = ' El 4 3).
This is Iiketlfh%/ 11§&gie}r;§fg}t@eég%£@a§gg§ei} & o a6 ?ﬁ‘é&gg gﬁlﬁg%g%.&%gor
puri ne gr oupthisdigemhelatiatte the ahbside of thg complex, legaik ponfirming e fofrgation phij s

| igand rel at} e I of the conpl ex, again confirmng the
formation ofﬂﬁ?ﬁgb&u@%@%gf@%}y(& adduct. [0085] Next, thernal
mel ting was conducted between 20C and 70C to evaluate the stability

of the hybrii@088k oNegohuoblonelinewas candiciedipevent 2Q%eand GRS Bravpinaie y
nucl eoti de S[%E Mﬁ%%@3%5§$zeﬁ%%g cleBid0G g{ri}gmfe B?&e%hﬂﬁ\ﬂeaﬁem

cool ed. down to roo erature” It was fo that the presegce of
Ru( PD) 2C1+ i muctehiddecdtrbgris s fiesd heatigiso 781G ayidithen sthedy adwildd domm t6 rwmdupl ex

when conpared to their u Ia(i I count er par ﬁT 1,.0C for..

ol y( Q) 30 artmeaestol bRy TR SRLF AfRERLbf I i s

contri bute tgighflshdes@bilighthe/dupraward cahpdbed th iheirahldbbied babekmes (AT, = -

ol i gonucl eotj des, i nc] udi n(? el ectrostatic ) ,
1.0°C for poly(G)sp and -2°C for poly(A)sp). Several factors may possibly contribute to
the slightly reduced stability of the labeled oligonucleotides, including electrostatic
interaction, steric hindrance and solvation. The introduction of cationic Ru(PD),CI" is
expected to stabilize the duplex by reducing net electrostatic repulsion between the two
strands; the presence of the bulky label and the aromatic ligands in the major groove
may reduce the stability of the duplex by repelling water molecules and bound small

cations. From the thermal melting experiments, it is evident that the most of

destabilization effect is compensated for by the electrostatic interaction.

[0086] Hybridization and Feasibility Study of miRNA Detection: Nucleic acid
assays with electrocatalytic labels have previously been reported.***! The labels give
greatly enhanced analytical signals to hybridized electrodes compared to non-

hybridized ones. The difference in amperometric currents is used for quantification
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interaction, steric hindrance and solvation. The introduction of
cationic Ru(PD)2Cl+ is expected to stabilize the duplex by reducing
net electrostatic repul sion between the two strands; the presence of
the bul ky | abel and the aromatic ligands in the najor groove may
reduce the stability of the duplex by repelling water nol ecul es and
bound small cations. Fromthe thermal nelting experinents, it is
evident that the nost of destabilization effect is conpensated for
by the el ectpuptsatihe sinitae may, RuBD).C 0 0@6 pvakiptediad . noitel elpctepgefalytic label
Feasibility Stu cid assays with

el ectrocat al %gfpgs)é ebaé’mlcaﬁlém%h?rg%/ef’%ﬁg Wenscé?)gported 30" 31 The

| abel s give greatly enhanced anal ytical signals to hybridized

el ectrodes cI9ABEL edinthe fishhybtigigetioditostsdielenieodes chhted with bentera peobin

anper onet ric, %n%&{oﬁetuﬁ,%l sred %nggé leE 2% !m if- %2 AT fe rle ta@r

simlar way,® + Was eva a nove roca
| abel for pm&oblt@mmpbﬂlmmlnmm&e aomptlﬂxnemms;ehtﬂﬁ wissselsr iRy 1213519@1;0 the
[0087] In the first

S
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and mr-92 (cﬁfaiibmnth@mmlafmnu-%mb cattyred diprimg hbtbaﬁmhzad:ibxz,éth@nninuﬂae
conpl enent ary Iet é was seggl bound tg ]té (ﬂha tﬁsobes and
becane flxed APRE S PRRTF S é”aséi‘Pef"i% 8‘??{’?(’&? Xt g% f any
(r)]f t he non- Oﬁ)ﬁmin[@ﬁﬁthteﬁlﬂacl%ﬁzra&a p%ﬂﬁ)hﬂ?bﬁﬁ&ﬁ@i-ldlﬂy cm@:ﬂiyg)o llﬁlhﬂ\ahécogb;c
ence mnute vota tr| of t r e It
was found t Hd r&?‘f’% 9{?%85‘\%} f%atﬁ‘l%?&i& ?E? ﬁﬂamaﬁ%gﬁ
buffer (pH &oﬁanoﬁ@mbamaier@tﬂe h@raibabaatd tbe @GR UPIRERAndDSt of t he

non-m RNA rel ated Ru PD)201 ake m.t he Iabelln ol t|o si nce
Chore. 1o || colRamsconte ot el C o AP BEjCs RSl

ol i gonucl eOtdf@?ﬁyHﬁdlzTaﬁﬁlt@h@%%ﬁlﬂ@l@ﬂd‘r@ﬂﬁwn@yﬂguﬁ 4V Yot drAvRY Y ams for
the el ectrodes after hybridi Zab[sl on. to shown in

t
Figure 4. No"9dBwrshE a“%’flisé’fﬁ% predpifer ?hridé@ﬂ%ﬁoém&é% &2 %‘Eﬁ(gé‘f‘?eelr)

hybri di zat i ofdk&ingitliat Gérifv @y li@leoh h@liAYion-rdliieh wadke Bgmie, there is
very little non- hybr| di zation-rel at ed uptake of mr-92. [0088] As

shovn L1 1T RB6R SRSk BuP i s R Aol e
observed ancnidugispéik-7b GliRNANG® parreoﬁvoﬂtemtnlewc@eaqu ovetd abeaked andtilepeak
concentrati Ocrllxrrgxflts laretdlrgc?tly propo?t&ollegll 0 the cEQ(%ntg:gtEolh%?iet—’fb in solution. The current
peaks near —0.10 V are due to the redox processes of the coordinated PD ligands and
those at 0.40 V to the redox process of the metal center.”* These results cleatly
demonstrated that the labeled miRNA selectively hybridizes with its complementary

capture probe on the electrode surface with very little cross-hybridization.

[0089] Consequently, the usage of Ru(PD),CI" as a redox active indicator for direct
detection of miRNA was evaluated. A detection limit of 2.0 nM and a dynamic range
up to 500 nM were obtained. The hybridization efficiency at the high end of the
dynamic range was evaluated electrochemically using the Ru(PD),;Cl; label on the
miRNA. The number of Ru(PD);Cl" molecules producing the observed current was
estimated from the charge under the first oxidation current peak. Since four electrons

are transferred per label, the observed current of 0.49 pA after hybridization to 560 nM
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peaks near -0.10 V are due to the redox processes of the coordinated
PD Iigands and those at 0.40 V to the redox process of the netal
center.24 These results clearly denonstrated that the | abel ed m RNA
selectively hybridizes with its conplenentary capture probe on the

el ectrode surface with very little cross-hybridization. [0089]
Consequent |y, the usage of Ru(PD)2C +as a redox active indicator for
direct detection of m RNA was eval uated. A detection |limt of 2.0 nM
and a dynani of thasguplempntery B0 miRNAeresultst tlereferd fromhled nipplraf@ptivgtandn

efficiency a e d

el ect rochem t(l:ablergRuLF%r} %‘S& é@@ﬂ/ﬁﬁﬁ%ﬁ% a‘r{]ﬁﬁuo XWE@

nunber of Rual?ﬁlcﬁﬁim aﬂﬁbneﬁdylm fRinade/be AIB%, kerrabsriingad ~20M 0 tikgenas
estimated fromthe charge under the first oxidatiop cyrrent peak,
Since four efdRNAdAde syp@eéwakgm%acwrﬁbée&e fhe vefes Bpadiaiieshie nt
of 0.49 pA ake®® hybridi zation to 500 nM 22 of t he conpl enent ary
target mRNA, resulted therefore from1.9 pnol of active and |abeled

Ru( PD) 2C1+. in Ru( PP) 2C1+/ RNA e r.at.i f-1/3, the
hybri di zat i oﬁ&g‘ﬁ: %%ﬁwe?t6W?%O%% %’g%/andégﬁr%@ﬁg‘ﬁ%ﬁ"ﬁ@ﬂe% 20%
of target meRNddVvoltR8mSREBNIynd hBPéBinetridhliyGh PBS ceammEabloento t he
values found in the |iterature. _21,30,32 (0090] In the second tests,

the el ect r od8¥IBERD Figusernd spwve Py BPlﬁa@rrﬁ%&r%wf\}e@#fézm%%hm{?%de before

vol tammet r i C@flgme 3AdARNSLRNMBLY fybakizidnTFiERe 520 &E@'E‘g' P&k BmpBidtl a
hydr azi ne. glre 5A shows cyclic vol tannograms of drazi ne at the

el ectrode bef"%‘?*’éﬂf{’%”f@‘ﬂl pithelybridizgd éle%;odaﬁablafl%%‘i'vs igplse P@Fezlaqd. (BiguEPdgur e
SA, trace 3) tradedt). conmparison, a voltamogram of the hybridized
el ectrode in bl ank PBS is also presented (Figure 5A trace 2). [0091]

Bot h el ectrodge howed otally irreversible oxidation ro ess for
hydr azi ne. gqff?ﬁ %ﬁ‘%{ %‘{ “feﬁ@t%lﬁﬁmr@vﬁgglﬁoﬁgﬁ%ﬂr AeSRF) for
hydrazi ne oxh@ahdisd) Befofe Hazemadloﬁ iinVdic bé’dkgﬁle}inﬂleﬁ )tf& Hgdiadiat bABation
overpotential and the presence of MD and aniqnic g}w onuclgotl de

capture prob&deyastShy, ek iug s oxuationeverpotential gad the aEssnsh of ¥kbdnge

bet ween the umgge bM%dﬂ%I&Jtﬁ@Ei};ﬁﬂ@f}@BQs Bﬁtﬂro@ﬁleﬁ@ubétintlﬁﬁiﬁmﬁﬁd§&Qcﬂrohhat

the presence of Ru(PD reatly reduced the _overpotenti al ﬂ?
hydr azi ne Oxpyazggqg%)etween the underlymg electrode and hydrazine. It can be seen that the

presence of Ru(PD),;Cl greatly reduced the overpotential of hydrazine oxidation,
shifting the E, value negatively by as much as 850 mV to -0.050 V.

[0092] To ensure that the enhanced current is indeed form the genuine catalytic
effect of Ru(PD),Cl, voltammetric tests were conducted in homogeneous Ru(PD)»Cla
solution. A cyclic voltammogram recorded with a blank ITO electrode in a .10 mM
solution of Ru(PD),Cl; is shown in Figure 5B. Several aspects of the voltammogram
are noteworthy. The first oxidation peak is much higher and sharper than other peaks,
mainly due to strong adsorption of Ru(PD),Cl,, a phenomenon previously studied by
Anson.*® The cathodic peak at -0.10 V, produced by the reduction of PD ligands in the
complex is much larger than peaks for the Ru(III)/Ru(il} processes ~0.30 V, because
four electrons are involved in the reduction of the two PD ligands coordinated to each
ruthenium center. The single cathodic peak, instead of two separated peaks, suggests

that the two PD Jigands in the complex interact with the metal center approximately
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shifting the Ep val ue negatively by as nuch as 850 nV to -0.050 V.
[0092] To ensure that the enhanced current is indeed formthe genuine
catalytic effect of Ru(PD)2Cl, voltammetric tests were conducted in
honogeneous Ru(PD)2Cl12 solution. A cyclic voltanmogram recorded with
a blank ITO electrode in a 0.10 mM solution of Ru(PD)2Cl2 is shown
in Figure 5B. Several aspects of the voltanmogram are noteworthy.
The first oxidation Eeak i's much higher and sharper than other peaks,
mai nly due t equstly arrtheddonags idtenct st liRaythDyiciaph otheiph aliarteaiiondox
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It is well do at the.direct oxidation, of dra2| fers
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vicinity of the PD red x otenﬁsl al. cr ases dramati cal

i ndi cating t¥4ke ¢Eoley eit%a %‘t&’e&féﬁly mﬁ&‘?asﬁﬁ@eé%? BERlehn of
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ef fect, hencge@iseatiydrdzing caas@tatbh SugpadtLhafthedleglotMytic effect is very
efficient the overall process is solely controlled by the diffusion of hydrazine to the

electrode surface.

[0094]  On the basis of the above voltammetric investigations, it seems highly likely
that better analytical characteristics can be achieved in amperometry. The feature of the
electrocatalysis that appears to be particularly promising is the extremely low potential
at which hydrazine oxidation takes place. Amperometric detection at significantly
lower operating potentials minimizes potential interferants and reduces the background
signal, yielding an improved signal/noise ratio and a lower detection limit. As
demonstrated in Figure 6, upon addition of 5.0 mM hydrazine to PBS, the oxidation
current in amperometry increased to 195 nA at 0.10 V at the electrode hybridized to 25
pM of the complementary target miRINA (Figure 6A trace 1), whereas the electrode
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transfer fromhydrazine to the electrode, which is attributed to the
i nprovenent in the reversibility of the electron transfer processes.
The fact that the current increases when increasing hydrazi ne
concentration suggests that the electrocatalytic effect is very
efficient the overall process is solely controlled by the diffusion
of hydrazine to the electrode surface. [0094] On the basis of the
above voltametric |nvesté$?t|ons it seems highly likely that

better anal ytwkigdized path aep-dabeled miRNA LAV %&ﬁilélwelﬂf%#"ﬁ’faﬁﬁélbbnet ry. The
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miRNAs with a (G+A) content from 30 to 80%, covering the entire range of (G+A)
content of known human miRNAs, were selected. Analyte solutions with different
concentrations of Ru(PD),Cl, labeled miRNAs , ranging from 0.10 to 1000 pM, were
tested. For the control experiments, non-complementary capture probes were used in

the sensor preparation.

[0097]  As depicted in Figure 6B, the dynamic range was 1.0 — 300 pM, with a
detection limit of 0.50 pM (1.0 attomole). Compared to previous chemical ligation-
based miRNA assays, the sensitivity of miRNA analysis was greatly improved by
adopting the multipie labeling and chemical amplification scheme of the present
method. In the earlier reported assays the ratio of label and target miRNA molecule
was fixed at 1:1. The amount of capture probes immobilized on the sensor surface and

hybridization efficiency determined the amount of target miRNA bound to the surface
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specificity and sensitivity. Therefore, each quantified result
represents the specific quantity of a single m RNA nenber and not
the conbined quantity of the entire famly. [0096] Calibration
curves for mRNAs: In this study, the three representative nm RNAs
with a (G+A) content from30 to 80% covering the entire range of
(GtA) content of known human m RNAs, were sel ected. Analyte
solutions with different concentrations of Ru(PD)2Cl2 | abel ed m RNAs
, ranging fr am Derglfy thoann@apofielsnere tested. For the control
experinments, non-conplenentary capture probes were used in the

sensor pre paBﬂ%@Bg n. HB%'Q\%? lin ﬂ&[@ddfchﬁg WRAPEHES I@'@Ls oh fa%l lé?ﬁ’im

range was ect on fTmt of
attonol e). ostmpég@atlx mcqgased/ theuabetloading atcordiggdy the ﬁorrm@réiwgmewe from

assays, the glg&ﬁ%tclltlal jid %I%fnf)m@g\ﬁc%mhyaﬁhﬁe&%e&ﬁﬁﬁwng ahdREQYiBH 1Y o of

adopting the nu 'em ca tion schene
t he present thnrmlmia asdapl wemesubaaﬂtlaﬂy imppedt B laicsi;bgss ratigevas gstingatesifto be

| abel and tar f

capture pr oblait mBH 8 d it Eai O A KRR otndaiSRiRghefle. |

efficiency d@h@reﬁca{i@dfttﬁmlaanmmmnmfncmaggbbr | Mm@ﬂmdamgcurmt surface

25 and thereb unt, o 009 ur net hod,

ol Cipl e FuC e BisR ot bSO R P RRA R B st

i ncreased t heonkaetiol, dﬁderrsgwn@@mﬂcﬁlbmghghl;t jsm;mﬁonab@nbmmmk@r nﬁgp@imse

from electrocat. |on ngcr ease

sensitivity @g%g‘ei%‘l% ﬂBﬁ rT "15“8? S?IH%CF%OWPS&%V QE‘P’%S nchiforthy that

subst anti al |melsd5ﬂ§i°c1®itﬁ‘p'er bIsi&&thabe\l'er,bﬁlRNH stjiiemco\@sl (S31) nmttmﬂdégandimt i n

the range of 1: : endi ng.on the sequence of .indi |du.

o ecul o THEBREH RO g R F g R Rebt5on RTE HOT R RS PORgy

m RNAs, the gad@s&viEd. EMhis is SRBSUIY tvd th Yheladt tﬁwﬁ&nsti\mﬂé ﬁiotteeemjomamhmﬂd.f or
the

all m RNAs. At the sa | ar oncentration, i, Vi houl d
be roughl y pPBED FENBHIIEN el fEpames gL g o Fn B R R HRE of hi s
trend was NOthe GHSETsuFEke] i wOLIH LIRNIPSE eXEIMeDy dlfﬁoumsmmmmm baged wign in
the sensitivity per base i f however, RNA se nce ﬁ EG{%
content depehtfEFes: S0 HG3RePENDE HECERY Y %FI AEPRF 1B
(G+A) cont en&on@eﬁwli1 W) rRk-39€ Rshdrk ﬁiah)doubdﬁﬁas@bx%ﬁir&cﬁﬂ that b Mirke2, patalabl y
due to the fact that G and A are not ltl¥ L % ugted

sensitivity for mir-320 was merely 35% g er than that of mir-

[0099]  Analysis of miRNA Extracted from HeLa cells: The assay was applied to

the analysis of the three miRNAs in total RNA extracted from Hel a cells to determine

the ability in quantifying miRNAs in real world samples. The results were normalized

to total RNA, as listed in Table 1. These results are in good agreement with Northern

blot analysis on the same sample and consistent with recently published data of miRNA

expression profiling,3>*%*7 The lowest amount of total RNA needed for successful

miRNA detections was found to be ~50 ng, corresponding to ~1000 HeLa cells. The

relative errors associated with miRNA assays on individual miRNAs were generally

less than 15% in the concentration range of 2.0 to 300 pM. Therefore, it allows us to

identify miRNAs that differ less than 2-fold in expression between two conditions. In

many cases the expressions of many of the most interesting miRNAs may only differ a

little between different conditions. The proposed procedure allows a greater accuracy in
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OM ng to steric hindrance and three-dinensional packing of the m RNA
nol ecul es on the sensor surface, it would likely be extrenely
difficult to |label G and A bases when in a cluster, so a |less

| abel ing efficiency woul d be expected. For exanple, the (G+-A)

content (78% in mr-320 is nore than doubl ed as conpared to that of
mr-92, but the sensitivity for mr-320 was nerely 35% hi gher than
that of mr-92. [0099] Analysis of m RNA Extracted from HeLa cel | s:
The assay vvaﬁleafﬂﬁﬁpﬁ@élotl@f diffprentiatiy ey pssedyniRis and reduceti tiamsd {94 t ot al
RNA extracte I

quant i fyi ng %p %f\ﬁls%:aﬁéar ge% \i/\lgardlhgog%lﬁ{t% El%at# mIlat’esu %@Eiﬁ%mﬁ 1T t| zed
to total RNAmethed pensalesckignificTatly reduce thpmentrcé*maltf@lm@mrw lg@@@rnple

agreenent wi gg{& aI ysis on the sane sanple and
consi st ent W%Eﬁl}%ﬁé%g y %Iug%ra% ied data of m RNA expression
profiling. 35 36'37 The | owest anmount of total RNA needed for
successful m RNA detections was found to be -50 ng, corresponding to
1000 Hela C’Eililsl Adysistof hARNME rﬂbﬂaDRHA&Sﬁmméd&tcmdPMLat fellsi RNA assays on
i ndi vi dual -mRNAsS—were—general essjthamr-15%t+r—the—concentratiof

range of 2.0 to 300 pM Ther efbt’éb it gllowsmusd% o identimir-3BRNAS
that differ less than 2- foI(dopr@RNMesm o(‘tebﬁpngNA)t WO GeupgtiptgiRINA) Ifn

many cases the exXPt esstofrs—of ||D|.i"|‘y' of—the—rpst—intereptd g r\l\bécs_ﬁfly
only di fferTIas mefhod | e bet BgeR68lkfiber ent| o@lidiltd I®ns. Tn@;SMOolﬁosEﬂ
procedur e EHtows—eagreater—accuracy +n26—thet+dentt+f{catton—of
differenti aIIJ¢I$heexlpiﬂ‘essed FISRNAB x AR 1 eddeid.2helOheed |O75:0EH 1¢ati dn
of sanpl es— T addirtiom~w ththe greatty inproved sensttivity, the
present nethod can also significantly reduce the anount of total RNA
required in a sanple frommcrograns to nanograns. Table 1. Analysis
of m RNAs i n[{lﬂdﬂﬂ;l RNA caxiiermdérsidod bxometdeillad Gahé &t Inedny Aodificatid®R to the

5. 7068 x 107089t SR b gun ol SEBHsNE TRt R o x
107 3.80.62 mtehﬂﬁi 10 erlcthpiss ol shdhindddba6y whAkindiaBcdpe, dd delfated b de daimene
skilled in the art, many nodifications to the exenplary enbodi nents

described h el_r(}%i1 iy ]ar eAﬂ%f?dn?én%‘ ref-gggd 1@0 e elrQ pu’lly rir?ctbrb%gated. b%( reference.

[00102]  Although various embodiments of the invention are disclosed herein,
many adaptations and modifications may be made within the scope of the invention in
accordance with the common general knowledge of those skilled in this art. Such
modifications include the substitution of known equivalents for any aspect of the
invention in order to achieve the same result in substantially the same way. All
technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art of this invention, unless defined

‘otherwise.
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i ntended to enconpass all such nodification within its scope, as
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fully incorporated by reference. [00102] Although various

enbodi ments of the invention are disclosed herein, nany adaptations
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VWHAT | S CLANYVERTIIS:.CIIAIMED®S:hod of detecting an analyte nolecule in a
sanple, the method conprising: |abelling the analyte nolecule in the

sanple with Ru(PD)2C 2,sp.that the . Ru(PD)2Cl2 u isgand
exchange to lfor etkﬁ‘% ?%%%Bﬁﬁ?ﬁagme{?ﬁ%@ﬁ%a% %g%sﬁ%dédﬁlt acting
t he sanpl e %ﬁlpﬁﬁn, rking el ectrode, the working electrode having a

surface with a capture nol ecul e di sposed thereon, to capture the
Ru( PD) 2C1- anal yte nol ecul e conpl ex fromthe sanple; contacting a

redox substrate mbh%tnglgﬁ %%%mm SElpSRRh RueDItIe S tha the onpl ex

under conditions 't or oxidation or reduction of the redox
substrate; and d&uéRid)@l uodergensiigiidowchange tecforme ek R IpErile. 2.
The net hod of cl aioel fc%lrﬁ[ lf'eg{[ conprising rinsing the electrode prior
to contacting t e FedoX dihstrate with the captured

Ru(PD) 2] "anal yte nol ecule conplex. 3. The nethod of claiml or
claim2 wherein the saml e conprises a.bial ogi.c sanpl ] e
culture, a tissuSOUAFREHe €Y {%ﬁﬁoﬁ%n%ﬁg%ﬁ%gﬂ Vgé’ﬁegg&esﬂéﬁ%ge,
a field sanple, agu@dewilysaipRromoRetledlposet finteon, DehptuteybeRw(PDERCl-The
met hod of claim3 wherein the biological sanmple conprises a

bi ol ogi cal fl ui @%ﬁ@ﬂ%@“}ﬁ'@ﬁ&@‘(ﬁ%%@ﬁéﬁ? al sanple conprises a
prepped nucleic acid sanple or a prepped protein sanple, 5. The

nmet hod of claim4 wherein the sanple conprises_a prepped RNA sanpl e.
contacting a redox substrrtagt)e with thg%aptured Ru(ﬁ))g&r-)analyte moleeuts

complex under conditions that allow for oxidation or reduction of the redox
substrate; and

detecting current flow at the working electrode.

. 2. The method of claim t forther comprising rinsing the electrode prior to
contacting the redox substrate with the captured Ru(PD);Cl-analyte molecule

complex.

3. The method of claim 1 or claim 2 wherein the sample comprises a biological
sample, a tissue culture, a tissue culture supernatant, a prepared biochemical sample, 2

field sample, a cell Tysate or a fraction of a cell lysate.

4. The method of claim 3 wherein the biological sample comprises a biological
fluid and the prepared biochemical sample comprises a prepped nucleic acid sample

or a prepped protein sample.
3. The method of clalm 4 wherein the sample comprisés a prepped RNA sample.

6. The method of any one of claims 1 fo S wherein the analyte molecule -

comprises a protein, a péptidc, DNA, RNA, microRNA. or a small molecule.
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6. The nethod of any one of clains | to 5 wherein the analyte

nol ecul e conprises a protein, a peptide, DNA, nRNA, m croRNA or a
smal |l nolecule. 32 7. The nethod of claim®6 wherein the anal yte
nolecule is a mcroRNA. 8. The nmethod of any one of clains 1 to 7
wherei n the capt whe ENRGFRIm 6 RIS BE afalPle Hoddclle ifa RERERNE, DNA,
RNA, an oligonucleotide, a ligand, a receptor, an antibody or a
smal |l nolecule. 9. The nethod of claim8 wherein the capture nol ecul e

conprises arf ol |T&6m?@}°é@fﬁ%omflcﬁﬁnﬁl %ﬁw@ﬁé@ﬂ&)‘?@?"é‘?@ﬁlﬁaﬂ? to the
sequence of il aMcin, 4 Jopifl tﬂi’ﬂﬂ & oIS AL, AR rdochy0

wherein the re 0X substrat ra2| he or ascor

met hod of arﬂpa@h@chrfomlsmﬁrmdecub 10 wherei n the working el ectrode
conpri ses carbon paste, carbon fiber, graphite, glassy carbon, gold,
silver, copper J gﬁ alod nducti ve
pol ymer. 12F§PThe lat %@H&?cﬂ?ﬁh%&%ﬁﬂmﬁgc bhg%hn%%g%gm e is indium
tin oxi de ardigtmsleotdmihyiig aseqpmky cenplementary to the sequence of a microRNA.

pol y( 3, 4- et hyl enedi oxyt hi ophene) (PEDOT) or polyaniline. 13. The

met hod of any on [ ule is
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12.  The method of claim 11 wherein the metal oxide is indium tin oxide and the
conductive polymer is poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline.

13.  The method of any one of claims 1 to 12 wherein the analyte molecule is
labelled directly with the Ru(PD),Cly complex.

14.  The method of any one of claims 1 to 12 wherein a labelling molecule is used
to label the analyte molecnle indirectly with the Ru(PD);Cl; complex.

15.  The method of claim 14 wherein the 1abelling molecule comprisés aprotein, a
peptide, a ligand, an antibody, & nucleic acid binding protein or protein domain or an

oligonucleotide.
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