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selectivity and sensitivity.

Biomarker analysis based on electronic readout has long been cited as a promising

20  approach that would enable a new family of chip-based devices with appropriate cost and
sensitivity for medical testing (Drummond et al., Nat. Biotechnol. 21:1192, Katz et al.,
Electroanalysis 15: 913). The sensitivity of electronic readout is in principle sufficient to
allow direct detection of small numbers of analyte molecules with simple instrumentation.
However, despite tremendous advances in this area as well as related fields working

25 towards new diagnostics (Clack et al., Nat. Biotechnol. 26:825, Geiss et al., Nat.
Biotechnol. 26 :317, Hahm et al., Nano Lett. 4 :51, Munge et al., Anal. Chem. 77 :4662,
Nicewarner-Pena et al., Science 294 :137, Park et al., Science 295 :1503, Sinensky et al.,

Nat. Nano. 2 :653, Steemers et al., Nat. Biotechnol. 18:91, Xiao et al., J. Am. Chem. Soc.
129:11896, Zhang et al., Nat. Nano. 1:214, Zhang et al., Anal. Chem. 76 :4093, Yi et al,,

30  Biosens. Bioelectron. 20:1320, Ke et al., Science 319:180, Armani et al., Science 317:783),
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20  significantly more challenging, as fabrication is typically labour-intensive, insufficiently
reproducible, and the currents obtained from such structures are typically difficult to

measure accurately.

The use of nanowire electrodes for ultrasensitive nucleic acids and protein detection

has been investigated (Gasparac et al. J Am Chem Soc 126:12270). The use of this electrode

25 platform enables the electrochemical detection of picomolar levels of analytes, a level of
sensitivity that is not possible using macroscale materials. Although it has been reported

that nanowires are able to detect attomolar levels of analytes, this actually corresponds to
picomolar levels when dealing with the volumes typically used for analysis. It has also been
demonstrated that nanoparticle-modified electrodes may exhibit several advantages over

30 conventional macroelectrodes such as enhancement of mass transport, catalysis, high

effective surface area and control over electrode microenvironment (Katz et al.
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ni ckel oxi dﬁlultip[g[bdjm}{lbl{] oxi de, titanium oxide, nitrogen-doped titanium
oxide (Ti OxNy); metal suicides (nickel suicide, platinumsuicide); netal

?l_rtF\ll);jes (tlbtanl(um n![t[)l de (gﬁm‘d‘g%h‘ﬁe{&%&g \Nr:l) o; tantalngm nit_tride
a car bon (nanot ubes, phous) or conbinations
of any of the above. NMEs of the abovedescribed materials are highly
conductive and frar daneshgpeag tio fvgl@ntidnt Itbaﬁlliésbﬁﬁloétﬁlcglred’lhm'bleélectﬁﬁésdsﬁNMEﬂ)

peptides). Preferre veahel in th e o0 t 0 about
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(e.g. 1@sm pfcRiied NMBs dfeadm{pel@ed of 4 hevle ange, @fg. gbaVpladindm®), p’&ll@diﬁm;l-ﬁllvié} crons;
and have nanoscal e nor phol ogy é‘e g._are nanostructured on | ength scal e of

about 1 to SHRIHD, BOWNH ARG dHbenim); plews ¢fmeblemgil y(qgagpwé’aﬂla%@ Bferbout
10 to about , 20, RANGER! &rddctinbMetyR&D B§. 30YpRbled(PPA); Bich-noble metals (e.g.

copper, nickel, aluminum, tin, titanium, indium, tungsten, platinum); metal oxides (e.g. zinc
oxide, tin oxide, nickel oxide, indium tin oxide, titanium oxide, nitrogen-doped titanium
20  oxide (TiOxNy); metal silicides (nickel silicide, platinum silicide); metal nitrides (titanium
nitride (TiN), tungsten nitride (WN) or tantalum nitride (TaN)), carbon (nanotubes, fibers,
graphene and amorphous) or combinations of any of the above. NMEs of the above-
described materials are highly conductive and form strong bonds with probes (e.g. nucleic
acids and peptides). Preferred NMEs have a height in the range of about 0.5 to about 100
25  microns (um), for example in the range of about 5 to about 20 microns (e.g. 10 microns) ; a
diameter in the range of about 1 to about 10 microns; and have nanoscale morphology (e.g.
are nanostructured on a length scale of about 1 to about 300 nanometers and more
preferably in the range of about 10 to about 20 nanometers). NMEs can be any of a variety
of shapes, including hemispherical, irregular (e.g. spiky), cyclical (wire-like) or fractal (e.g.
30  dendritic). The surface of an NME may be further coated with a material, which maintains

the electrode’s high conductivity, but facilitates binding with a probe. For example,



of shapes, including hem spherical, irregular (e.g. spiky), cyclical
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conductivity, but facilitates binding with a probe. For exanple, nitrogen
containing NMEs (e.g. TiN, WN or TaN) can bind wth an am ne functional
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the inventi mléafﬂ? Iofovids 4 1H<ﬁl@4tio§136f 9{6 PGSR BEhn@ Br FecSHBSTI R &mple.
Preferred subs tes are conprised a sem conductor material, such as
silicon, si Thecmobeqmay t@ludgerfnmﬁpnnmr@al(t Buthiclr ditholdeming; qathesniccasiditers and
st SETPRUR e Gnine | P, U RUBOD IR BE) UTh ARGHTBHLO AN, | th 4
phosphl ] |de ceramc, ass, plastic, polycarbonate or
ot her pol yrrtengmrdlrrabspacaratdoobis-smﬁndad]yndzﬁcfr stdg@ sitaoded. reSoirs polaT diwkernydouble
optionallylnc%ﬁ assi vation which is conprised of a nmaterial,
whi ch of f er ¥Ag de“P%é S BgkRg 2 Fr@{%;'g? %&%a smal| active surface area.
Exanpl es of appropriate materials include: silicon dioxide, silicon
nitride, nit rogeIn ddpeter sispact othe anverigor( Sraluddy p piurabiazr@ﬂ NM@ afrgyed egrt ai n
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20  silica, quartz, germanium, gallium arsenide, silicon carbide and 1nd1um compounds (e.g.

indium arsenide, indium, antimonide and indium phosphide), selenium sulfide, ceramic,
glass, plastic, polycarbonate or other polymer or combinations of any of the above.
Substrates may optionally include a passivation layer, which is comprised of a material,
which offers high resistance and maintains a small active surface area. Examples of
25  appropriate materials include: silicon dioxide, silicon nitride, nitrogen doped silicon oxide
(SiOxNy) or paralyene. In certain embodiments, the plurality of NMEs arrayed on the
substrate include probes in conjunction with monolayer spacers, which minimize probe
density, thereby maximizing complexation efficiency. Preferred monolayer spacers have an
affinity to metal and can be comprised, for example, of a thiol alcohol, such as
30  mercaptohexanol, alkanethiols, cysteine, cystamine, thiol-amines, aromatic thiols (e.g.

benzene thiol, dithiol), phosphonic acids or phosphinic acids.



density, thereby maxi m zing conpl exation efficiency. Preferred nonol ayer
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a nanost? uchufreyalsi engel g‘%t ﬁﬁdgl\gg ﬂ%es@P?b%ﬁpcabg\ge‘?aqoﬁcaé?n&’wéoﬁ 853@%?
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conpri si Ng: pghostructured microelectrodes. For example, the methods can comprise the steps of

providing a substrate and an electrically conductive lead on the substrate, the lead being
20 covered by an insulating layer; etching an aperture in the insulating layer to expose a
portion of the lead; and electrodepositing an electrically conductive material on the exposed

portion of the lead to form a nanostructured microelectrode as described above.

In another aspect, there is provided a biosensing cartridge comprising: a sample
chamber for containing a biological sample; a biosensing chamber for containing a

25 biosensing device as described above and carrying out a biosensing process.

In yet another aspect, there is provided a biosensing workstation comprising: a
cartridge holder for holding a biosensing cartridge as described above; an instrument tip for
accessing the biosensing cartridge; a selection mechanism for selecting a biosensing
process to be carried out; a processor adapted to carry out the biosensing process using the

30 biosensing cartridge and to determine results of the biosensing process from electronic



cartridge hol der for holding a biosensing cartridge as described above; an
instrunment tip for accessing the biosensing cartridge; a selection
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results of %hg bi osensi ng process. A further aspect features nethods for
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I
hi addition, can be manufactured using existing silicon CMOS foundry
f abri catld on mirweledndedn fesponsote thetbiomelegwlar SHmulys; andrdetgrmning B amepy &t i ons
thereof, such as el ect 1] r OSihbdsRidd QG figw- et al
| ayers from%ém@i%iaf gﬁfﬁ@P§$r§%ﬂ%&%a§ﬁgeﬁﬁgﬁhﬁlgégtcggggolfs NI\S/Es to be easily
i nt egr at ed iaghiastebd sferenge charpsfonatferenceguirentiflowt i es. | n addi ti on, NMVEs are
able to consistently attach to probe nol ecul es. Further, NVEsS pronote ready

accessibility of g(—%t m)lt%%u'ro ustsé%%hea%gqs rwol &l tlﬂra%ﬁittioﬂpihg Léla& btehat I's
rooe

S
conpl ementary to esq\lﬁ/lé'gfsflacheg)p I'ecul’'e enters 1nto proximty with
t hat probe, nlaybhétaied aking rexBting sititai @MQSpfonhdry rfaliricativm proosivres Somioptmédtalgh
probability. NVEs are further co tible wi.th the perf
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I mnc f...

el ect r odat af8PrFERion) ot SYRNE nFETaPY Pl Puttheds eeé%f?r(()){l;éas 0 ep?%téon or
hybri di zat i eRcteddepdsiticRlon® top-aRtalilag&rs &b 2CMBIStfageisy, aflowing tHermvan facmrsof

di scl osed herein will becone apparent fromthe fql |l owin tail
descri pti on NS torbgicasily Inipgratied PHSEXF DR TERQY mBF‘&%VRk‘%S' fh a%gltlon, B are
able to consistently attach to probe molecules. Further, NMEs promote ready accessibility
of target molecules such that, when a target molecule that is complementary to the NME-
20 attached probe molecule enters into proximity with that probe, hybridization or protein-to-
protein binding occurs with high probability. NMEs are further compatible with the

performance of electrocatalytic electrochemistry employed in the read-out of the

hybridization event.

Other features and advantages of the inventions disclosed herein will become

25  apparent from the following detailed description and claims.
BRIEF DESCRIPTION OF DRAWINGS

FIG. 1(A) is a schematic of an NME biosensing device; FIG. 1(B) is a schematic
cross-sectional view of an aperture for forming an NME; and FIG. 1(C) is a

schematic view of the formation of an NME in an aperture;

30 FIG. 2 is a schematic of an NME biosensing device;



FIG I (A is a schematic of an NME bi osensing device; FIG [I(B) is a
schemati c cross-sectional view of an aperture for formng an NVE; and FI G
| (C) is awechmmasi4c view of the formation of an NMVE i n aoTapeniwme2Fl G 2
is a schematic of an NME bi osensing device;FIG 3 is a schematic of an NME
w th probes, further show ng the presence of spacers in the probe nonol ayer
and bet ween t he EiGedtis adwhematict ¢feanpNdBie with|pEpbes, fartherShnwingaige rasencrvEs wi t h
i ncreasi ng degrees, of panostr.uct urlina: i steps involved in
the sensi ngSPRFerEFiaby PP e?@’éﬂ@'ﬁﬁ%@ﬂﬁg’?gﬁﬁ%ﬁ%ﬁ@é JEP@J@I"?"E a cross-sectional
view of an integrated circuit having an NME; FIG 7 is a circuit diagram of
a circuit that niEg. hereM imigehoNMRNFith MoGasi8g degrens of nangstrycaringn of a

bi osensi ng device having an array of NVEs; FIG 9 is an illustration of a
bi osensi ng devi havyi ' : ; - i: : X
illustration of @Gb?ggug%%t?gn%épgg@%ﬁegg@? © Séérrflgl ﬁ%loiéﬁeéﬁc ?esfﬁ gﬁagﬂﬁiﬂﬁ%nil\éME’
illustration of a biosensing workstation. DETAI LED DESCRI PTI ON OF THE

| NVENTI ON The pr§ehis aiiresstsoesional vikws efraniiaisgraigd eg¢uithev g e NMBr oel ect r odes
(NMVES), which may be used in a biosensing device, such as a biosensing
chip. NVEs FIG fy 5hOYGcRit 3GDBRIPSaCidhipMbaiiay e WBd RitRBPNMEB, devi ce

i ncorporating NMEs. In the exanple shown, the device is a chip having an
array of eight leads. In this exanple, the NVE is forned_on gold | eads that
taper to a wi dt hFI6F 855 am illpsyation ofiabiosensing devise Bavinkdr BRYSI NSt rate of Si
and Si Ch, although other suitable substrate materials nmay be used. On top
of the lead, an yrsYligdn iNGstlaBdEsS a BibkeRsiRSdePice having Siffd@pasMESd t O

el ectrically insulate and passivate the lead. An aperture, in this case a

500 nmhole, is created in the.insulating.layer to.expose a portion of the
lead. FIG IB isF]é}-éi)éfé‘S\?P"é’@@“ﬁf‘“"tsﬁénoﬁ‘d’iftai%l:?ﬁe%i‘ngtcf‘fgmggﬁi %where the aperture

is located, showi ng the | ayers of the device. Mst commonly known
phot ol i hogr aphyFicE ¢ by L¥dBEm TR YR Gation df abicgerfsing wtlesadtiong an aperture, such
as 100 nmto 1 mmdi ameter apertures. This is typically achievable in

exi sting fabrication faciliil ' j r eproduci bility.
G ven that only this e%té#ﬁ%&kpgﬁwéﬁbim%ﬁ

active, el ectrodeposition (Menke et al. Nature Mater. 2006, 5, 914-919) may
be used to grow @me present disclosure describes nanostructured microelectrodes (NMEs), which

may be used in a biosensing device, such as a biosensing chip.
NMEs

15 FIG. 1A shows a schematic diagram of an exemplary device incorporating NMEs.
In the example shown, the device is a chip having an array of eight leads. In this example,
the NME is formed on gold leads that taper to a width of 5 microns. The lead is provided on
a substrate of Si and SiOz2, although other suitable substrate materials may be used. On top
of the lead, an insulating layer, such as SiO2, is deposited to electrically insulate and

20  passivate the lead. An aperture, in this case a 500 nm hole, is created in the insulating layer

to expose a portion of the lead.

FIG. 1B is a side view of the portion of the chip where the aperture is located,
showing the layers of the device. Most commonly known photolithography techniques may
be suitable for creating an aperture, such as 100 nm to 1 pm diameter apertures. This is

25  typically achievable in existing fabrication facilities with high robustness and

reproducibility. Given that only this exposed surface is electrochemically active,



NME within this space. FIG 1Cis a cross-sectional schematic of an exanple
of NME deposition, using Pd for the NME. This process will be described in
great er depanloisisow. Reference is now made to FIG 2, waraa2edsnni2i2
illustrates the formation of an NME on a chip. As in FIG IA small

el ectrodes are provided in situ on a chip, with the position and el ectri cal
cont act i ng etettrédeposiins(Mimke pea. FivoteoMueh @GOG PHOE4AP19). maAsbe wseditqgamow an, t hi s
chipis anaﬁ%]faol.gg. mf{J ti pl exed passive chip. On a silicon substrate, a ~350
nmthick g MBS SPASET t er ned, using conventional phot ol i t hogr aphy
techni ques, to connect eight 5-mmw de Au |leads to |arge netal pads for
connection to oFfG.difl is aicnsssectomd] atliconatic 8f g exawple-of NME idepngition] ysingdidCh

| ayer i s depaosi d patter.ned .to.create - . enings (e.g., by

et chi ng) a?gﬁtﬁ%&gﬂid%gﬁpg%gﬁ Vgp%? fes ﬁe lrelgrcfgt,é&galgﬁ%%ge a section of the

|l ead. A nmetal NME is then plated in this opening using el ectrodeposition.
The NMESmay conpefesmcdlishbemede teBliid ovhiviealsmillestiatds she fSomation pbmpNAEE af NVES

have been forneq as [, ows | t hqugh vari.ation r €. DOSSK| ' il be
descri bed iarfli‘a’r gét“b’r“ffgéf"afrflé‘b%?%f& e NBHaRd R ol %@&?‘%’?@%é‘%&osi ted
in an agueQustrizal dohiatihgto ftieaNMIER gefmedpharblithizdralBicatin A Oin Figvreo 1, thiCckpusi ng DC
potential amperapetry at. -250 nM for 15.s . Hem spherical . P, S W.th
nanoscal e raBLiggf‘PHje’%‘g{tWEF‘%d BEpus© 18d81‘ﬁ Sif‘r‘oadﬁ%%t& gS%ﬂ P%ﬁhlﬁlgﬁlf}lgﬁ?ﬁeﬁés 5 v
of H2PdCK gaferfled u_é\(hg)Eoddgtioﬂﬁlgihgtomogﬁblﬁﬂkélﬁlﬁq@ﬂm@b@ﬂiEétre}ghaB-ulememﬁ for
300 s . Snmooth hem spherical Pd NMEs were fabricated in the sane sgl ution

at 0 mMOf orleadgo slarge pgetRivpadswor ccopngsHon 49 di-sip Angyymgnigtien, 2 RGeSy 0. 01
M | t i : ) e cre. ~! ngs g
solution 19%135@%%0?&9epga%%§g§%d%ﬁerﬂm felte 45@0%%%%};1 F% 8% ggn wer e

fabricated I atinum containing 5 nmM sol ution of 1 0.5 M
H2SO4 at - kGhingVatithe erBl0d each of theEA® leads, torkpassraghdicngy thedeadn A regstit¥NElied by
varyi ng the, netal.sal.t ale ratl and concentration of the
supporti ngedé?nepé%?%llnﬁl 15?8%%&(%%{%%;6?@ 8 (})%tlpot?ﬁ on potential and duration. FIG
3 is a schematic of an NME with probes with spacers in the probe nonol ayer
and bet ween t he Tok @BME oue camgriger diferent/conihentiive alatesialsuSerencremplesiohiNMESR net al

cat o0 620 25 BBl Y FBRTTIRLGGH LRl B OB GOk i, and 2
convent i onagreaméreietalildsbdaovmanm‘md Ifmad] PANMEe eferei depbsited in an aqueous solution
containing 5 mM of H2PdCls and 0.5 M of HCIO4 using DC potential amperametry at -250
mV for 15 s. Hemispherical Pd NMEs with nanoscale roughness were deposited in an
aqueous solution containing 5 mM of H2PdCls and 0.5 M of HCI using DC potential
20  amperametry at -100 mV for 300 s. Smooth hemispherical Pd NMEs were fabricated in the
same solution at 0 mV for 300 s. Au NMEs were fabricated in a gold bath containing 0.01
M solution of HAuCls and 0.5 M H2SO4 at -100mV for 40 seconds. Pt NMEs were
fabricated in a platinum bath containing 5 mM solution of H2PtCls and 0.5 M H2S04at -100
mV for 500 s. NME size and morphology can be controlled by varying the metal salt

25  concentration, type and concentration of the supporting electrolyte, and electrodeposition

potential and duration.

FIG. 3 is a schematic of an NME with probes with spacers in the probe monolayer
and between the electrode and probe. A chemical solution containing a metal cation can be
brought into communication with the surface of the NME and a reference electrode. The

30 reference electrode may be an NME or a conventional electrode on same lead. An electrical

bias can be provided between the NME and the reference electrode. The chemical solution



bi as can be provi ded between the NVE and the reference el ectrode. The

chem cal solutioncan then be renoved and the el ectrodes washed. A sol ution
cont ai ni nyotzhw/qsabe nol ecul e can then be brought into eomaarzd@avizm wth
the surface of the NME. The probe nol ecul e nay be nodified or
functionalized so that it binds to the surface of the NVE. For exanple, the
probe nol ecanlteenntmyreievediand theorertrpdes dvashetdh Aasdlition| contaimingghe probe awkoy | at e
group. NVEs w th i.ncreasing nanest.ructurin re .sh i n. Fl 4.

Choxpect eaty e e feSf i ARG Sl e e, T b rolertls 1y of
extrenel y sapbd hodifind spfaectionalizedise thaeit bmtls wdaes surfaed b the DMji | Bor bxaapid)ed
nanoscal e fractal structure right): qr hem spheres wi th nanoscal e
oughnose PR MPTechR Sy F St ipBien vilte P ohs Rt IE, as a
supporting electrolyte with an applied potential of O nV. The center

struct uf es wer eNMES owittadecrstising tdobst@stusing WP Ghdwm gn eFISC 4. ol WhekpdotddlyM t h an
applied potential of -10Q0 mV.. The structure aqn the right was made wth HC O
as a suppoldiPHY eP’gc‘Tl?c(W’ FROSIARY  SNAHOBS | Lé]ﬁzo"ffgt Eatagi] ng exiBafpelySmag scal e
bar on t hendnhigphefica 8hidrESQM0aS (Icd); highly biah@ss naHob@ il istﬂiihﬁ@st(ﬁghtl;@r_e S
illustrates steps involved in the sensing of specific sequences (Lapierre
et al., AnbBgmisRhsEWithogagassale reughness (¢ratset The S.tr,uctBreofEh@ﬁﬂ%t s maderwih

Tom ins etyal ag 2 SEARARE RLBOBAMith Bn bidiRd HoRARA G gﬁ%vi\lgﬁg & dulibrifes

modi fied with thiol-derivatized probe sequences, ien target sequences
are hyHti dweredlsomrase yritisllas aofupperting elegjenlyte butt widhan apphisdipeteriialief 110 an

el ectrocat g r . VAT i iC
anplificat I|§)lolvyntﬂh§rs gal %f"ﬁf‘%‘i% |t1?vggtsirﬁig(ﬁﬁ%18ﬁg§e%s%§ﬁ \§/u|pp é/lﬂ%{%g%g%(?kg%h%gﬁeds of
el ectrons #wjied petantial fof 0R0evdh Thie oralé deubmthec Hgpt eratspomdsatvenym ditless
approach u$tﬁglrwri18%ried raterdel ies on the primary el ectron acceptor Ru(NH3)6 3+,
which is e ¢

ectrostatical | y attracted to the el ectrode surfaces at |evels
that are correlated with the anount of bound nucl eic acid. The inclusion of
Fe(CN) 3- duri ngGef dbistrasesrtaps oavolveed adthel sensiog v spetific sagyemes Hiapietaet &u( 11 1)

substrate, ;a PeF_ ) oSREcies, | ven easi er. reduce, . but it IS
el ect rgbtst a‘fl’faza " g{){;ﬁzﬁeg\ aﬁg%’ﬁ? £ éf’e?z&c: ermdsgrey g%?@hlﬁmglﬂf 7t ﬂﬁ’dé?ﬁncf@s
chem cal rgHu@H) dn thie Eafple) . PATNMEsTRich fitht irsodifieio whthbehidldetvatingdl gds not
require the sanple be processed in_any.way,. The bi osensing device my be
br ovi dod | FUHERS GPmSP EETORUCTEtiCHY A DRI on TG PaseHe O AB PEest FCPeRhi p. |
general , afansfaded @O0 AR alldchbcatdtricNVportR sy fia CERctfdeRE i tpRowidds 'El@Ronic
electrically conductive lead that is covered by an insulating |ayer. The
i nsul ati ngam]gy'@pthpagr gain, facilitating high-sensitivity readouf: hundreds of electrons may result
20  from each biomolecular complexation event. The approach used herein relies on the

primary electron acceptor Ru(NH3)6 3+, which is electrostatically attracted to the electrode

surfaces at levels that are correlated with the amount of bound nucleic acid. The inclusion

of Fe(CN)s 3- during electrochemical readout serves to regenerate the Ru(Ill) substrate, as

the Fe(Ill) species is even easier to reduce, but it is electrostatically repelled from the

25  electrode and thus only undergoes chemical reduction by Ru(II). This method is also label-

free and does not require the sample to be processed in any way.

The biosensing device may be provided in the form of a chip, such as an integrated
circuit (IC) chip. In general, an IC incorporating the NME may have a substrate with an
electrically conductive lead that is covered by an insulating layer. The insulating layer has

30  an aperture that exposes a portion of the lead, and the NME is provided at the exposed
portion of the lead. The NME is responsive to a biomolecular stimulus. In particular, the

NME may be functionalized with probe molecules that undergo a hybridization reaction



an aperture that exposes a portion of the lead, and the NMVE is provided at
t he exposed portion of the lead. The NVE is responsive to a bionol ecul ar
sti mul us.wOropamss4cul ar, the NVE may be functionalized wcricAzn@me12mel ecul es
that undergo a hybridi zation reactionwith a target bionolecule (e.g., a
nucl eic acid sequence), resulting in a charge generated at the NVE. The IC
al so has awithartgrgettionalgmle @.g9.2, nualetaaoBiciequenca)y resultieg iney opprge igensrated ati cal
conmuni cat i,0 i th.t ead to,staore thi en . I i.Ggal
usage, thet}’lﬁwfr‘?raa-h%geeaisﬁg%a&? fares SLorp @e'g?’oar g%’%%gﬁogv(\)n% Q?}{; a?ftgry& ﬁ}rpgte?tglﬁﬁor an
i nt egr at i ovorpAthicdionavith thdleactoatogethistgonaateduterget Hmtypicahmsagm HedNNMRaemybe

i ndi cative_of the tBrese%}a}. ang]{lor am)gntt. of the tt ar get ebj ”ﬁld%ﬁuclh%f eThe
stored chaPy&ReES? B LBRIFIAT 2 500 ¥B° AR AYCHRUTLRETPS NG %7 218, or
may be di sploavesel( Batdime WhilauWgkh & ifdigitivalof thepdsaiceaadpnaaaint of te tatgetect
readi ng of the charge stored after the integration period. Such an |IC may
be manuf acP t“§i ng conmon | C manuf acturing equi pnent, allowing this
device to be easily manufactured and to be | ess costly than other forns of

bi osensi ng mi crogd ®etd Be% mahe FRinfhicaled tdks &inpibiig bevidefosmabis cadyay
commonly used_in | C manuf acturi_n,g. For exanpl e, the subsa.r atq? }Er}r?/ be made
from silicondisglaud (. ghrpugh adigighdisplay spmpengnt) sf%rngﬁcF readigg |of it ¥ har&Ceni de,
or other ngfeliiafbsihE tHidofitohyerdtied for 1Cs. The substrates or supports can
i ncorporate conductive material to serve as an el ectrode. Conductive

supports with a gold surface may al so_be used. The supports usual Ig/
conpri 48 a fl at SYohl e i ymay be grBufagiyred using fopmongi(y mRpyfpeiuing GIRTACY:he

probes or RBy{@inDehis AEALS RIR iR hnd fAct@BRRRX (TR RkY cdsh§ tBANGhd! 8 ofThe
support can be an el ectrode, or can be attached to an el ectrode. The | ead

may be naddicsénsing miggoelegayodss. [[he pateyials mpadanaydie thess akready wammoplyysedinlead
materials. T AYE N I LSt a 4:e] d-

transi stor "KEE%@I%I Fudé i %Ja}ﬁggf 31;1)ete S@?ﬁ%t?: olﬁgyc Ri‘éﬁ@e Iﬁ:%l'?'sglgﬁdal’ (’él-ﬁ{lrgzge(‘gtlalssf’l i con
channel FETeramdas, slidai paiphire,tgalinsgi asenidej eraithed imagerialspunetlypsedifor [ ctlieon
transi stors ,and p-n-p_bipol ar.junction t.ransi S, T y ovi ded
Wt h, ﬁﬁnersg%s atieg °6r5%8?(hesr$/ﬁnslec%ly§)%{see r%dgag% %F%%%lr %’cgﬁﬁ % F% glgﬁoia?on in
chem cal amnélctiet supparts witimarpeld saface mayialsh bé hed NNie. supiprirs usejly @emmpsde al n

charge geneyation.in_the NVE. Reference is.,now nade t |G 6. This.figure
sh owg ag cr g’%&{plzél&rt) is‘brﬁacs,f ora?ﬁNFeiaﬂtaes&P%leg 40 whlch%)e prgges or p(%o Ee mterrogatecfI ir&in ' Y
approximately the same plane. The support can be an electrode, or can be attached to an

electrode.

20 The lead may be made of Au, Al, W, TiN, polysilicon or other commonly used lead
materials. The IC may include a transistor, such as a field-effect transistor (FET) including
n-type silicon channel FETs and p-type silicon channel FETs, or a bipolar transistor

including n-p-n bipolar junction transistors and p-n-p bipolar junction transistors.

The IC may be provided with, immersed in or otherwise exposed to an
25  electrocatalytic solution in chemical and electrical communication with the NME. This may

assist in charge generation in the NME.

Reference is now made to FIG. 6. This figure shows a cross-section of an integrated

circuit suited to sensing the presence of biomolecules in a biological sample. The substrate

(1) is a conventional semiconductor device substrate such as silicon. The channel of a

30 transistor (2), a gate oxide (3), and a polysilicon gate electrode (4) are shown to illustrate

the use of conventional CMOS electronics to form the integrated circuit’s transistors. A

10



circuit suited to sensing the presence of bionolecules in a biological
sanple. The substrate (1) is a conventional sem conductor device substrate
such as swbi2eov2ssihe channel of a transistor (2), a gatecosdateos(d)2izand a
polysilicon gate electrode (4) are shown to illustrate the use of
conventional CMOS electronics to formthe integrated circuit's transistors.
Aret al  ( 5) mietl (8 éclused tccamtaatthe girte e@aﬂr@leeAe)assi\(aden oAdqE3 sépartds dire vlidode ( 6)

separates the el aw 0 f f the
chip aboveEr 152‘59?"@2%4 rrgr?%l Sur ?°7)°ft€he %il n%bg)?gnogr?nec%s&prfﬁ%{\g}l ﬁ%géﬁl ective
pat hs for eﬂledﬁténcmaiectco;ﬁmude csatebm pathavden elebteicalr eomsmeticatioh ayegweeanthet he t op

el ectrode(s bst an I op sur het er o gneous

combi nati o a‘Ef‘I‘St‘Ir YE 8% it ‘Héép (ega)cgg‘i?és éﬁ@iﬂl%dﬁtﬁg{ PR aﬁg %) © the
figure k| H@t&ﬂ’o@érﬂ&usadbnfﬂhﬁtléﬂ-gﬂtopélé&tkdﬂled(g)Bndfb@ iSuBGihg aderiall Q). Tex figiee usi ng
t he met hods_ descri bed _above. The figure ill ustrates {2 be %ﬁﬁgl ecul.es (11)
such as t hillwstratesas WAESH)presided on ghg f‘d"s““f’%tforéf‘@n?}F ) %&’@ gseribedent

hybri di zat h%e%ﬁekﬁ@m{xm ?Jb\‘, bl ARu1eEPI 1?§1il:|hea§ thifDte@iRAEd ARRIAANdsI C
solution (12 tic read-out of

may be eng é’tﬁ provi de ca
hybri di zat fheh ami dlsplmé t offisieat hylery,h?(amr) with| ‘é’@tﬂqu’&%Fa%é‘tréfﬁtm@P@leér an

conveyed, t a us, f AME«( 10)
t hr ough thgf&ej? Hﬁyﬁ@ Oh!é:ton}tl\gpzt)sh%?s) b% ({}ﬁﬂ(lg%ég 33 Igé‘hhé)?cg{aﬁ gct ronfl(c
circui tipy hjiatdizaten dith thebieamleculeefld). @wqabpmmaMQ ceweﬁdeanwcumtm ng a

NME 1 ¢ ak kB Bt bt SIS ool S fibenid Soltfe ) B

bl asi ng of (e dﬂmbﬁt}fewmtrblﬁﬂalkduﬁ@dhﬁlv&ldes béegthat i on of the current fI ow ng
through the NVE into a charge store havi ng a knovvn char ge- storage capacity;

read- out of thevltaeont , ecti.on o

char ge- st ore or RRIFEST SRV P gtto\?ﬁ(zégﬁg V%g%"“ t<§1a tflozgarrlg)f/amoqleg Bes and
el ect rodes tha$ nfay e wded! wiith th&&sﬁl@MWEoin ﬂnshe)ghip}e mlwl ditcpit exagydpravidayhec hi p.
The co of .the ex II‘CUIt re.n i bed. .A bj svoltagels
provi dé g ‘t?“Bngagmc%onFy‘%P 28 © W&p(‘,%beo'?n%'ioﬁ@ ﬁ‘g@i@é infggiafign Ptaﬂlj W apout
0.1 - 2.8 YowfhgbihAsugh @hd NOLE Wb ASdRatgs sﬂfr@mﬁﬁgaa&mm&hsﬁg%@&g% Cbhﬂ)afm&}r
drain; a typical choice may be in the range_ of about 0.1 - A bi as

vol t age Vbrepriost pt thgivaligeeaqn thp ghgrgesapren apfbselegtion, of H‘SICh?:‘I%'is@ée ?Faly}NHFeofan

adj ust abl elﬁ’t@ﬂ%éf%&ll@ﬁ%%@anﬁéﬁ@i’dﬁal afay/ofiiflesand e}écna-&@ s?rgﬂaéd MIhd FBRRt G € Vsrc
which may typically be in the range of about 1. V. The col umm

vol t age Vceihighlympléipieredaieay chinge of about 1.5 V - 0.5 V. Tinming control
signals include that for row select (e.g., range

20 The components of the example circuit are now described. A bias voltage is

provided at Vbias; a typical choice of bias may be in the range of about 0.1 - 2.8 V. A bias
voltage VbiasD is provided at the source-follower drain; a typical choice may be in the range
of about 0.1 - 2.8 V. A bias voltage Vbviask is provided at the reset node; a typical choice may
be an adjustable value between about -2 V and 2.8 V. The signal voltages are Vsrc which
25  may typically be in the range of about 1.5 - 2.5 V. The column voltage Vcol may be in the
range of about 1.5 V - 0.5 V. Timing control signals include that for row select (e.g., range
may be about 0-2.8 V) and for reset (e.g., range may be about 0-4 V). The transistors may
be the reset transistor Tr(Reset), the read-out buffer transistor TR(source-follower), and the

row-select transistor TR(row-select).

30 The above biases, signal voltages and timing control signals are examples only and
other values may be used. These biases, voltages and signals may be selected or adjusted to

suit certain applications or manufacturing conditions, as is commonly known in the art. In
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may be about 0-2.8 V) and for reset (e.g., range may be about 0-4 V). The
transistors may be the reset transistor Tr(Reset), the read-out buffer
transi st oWOBR(0sss4¢e- f ol | ower), and the row sel ect tran®CIAN2009/001212
TR(row sel ect). The above bi ases, signal voltages and tim ng control
signals are exanples only and ot her values may be used. These bi ases,
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solution. This results in voltage difference between the
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current flow ng} may be typically dependent on the anount of hybridization

on the probgbs ﬁ@lop@ﬁélllq @@‘?P fungtionglized NME,tthas l%ﬁhﬁ eerant pay bpindicativecefithe e of
t he anount a%ouh%fgfr%ctrtﬁlﬁ%et@@t&?ﬁ} gd\Ryethe NVE. The operation of the exanple

circuit is now desc I'n order to capture the current flow ng, Lense,
the reset transistor is turned on by setting the node 'reset’' high enough
(e.g., W to 4vThospentiomyf e eramplegeireait ismowhdescréiedr Heoplanty ewpturedit at or

\(;IO:’ fg_lgte 2‘Zuaf}g¥f8ﬁ%g nlcs{ame th@ rés\%\'ﬁtrﬁ'{]{s)or qg)tt)l}erné?it Olpggesle&l}lévé%lé bo&?‘ﬁgggg{]}géfyt 0 a
rail: e.g.,endug\e.gThp $o 143 Whneh ney bt tfpbl@em o@fuhep ¢hlarg -pumpse régubapercation i s
conpl et ed, Nognelfn%np%owg i e zsoo‘ﬁa% node N iR be c arég rt: :a}e\%ol%é agagllggf Wvé

Tr (Reset) (af) ol n rge injection an
f eedt hr ougk(n@fef@oﬂﬁch/\mhjr bempmllyl@:deo ilhb sumlyvrhbecgmm anﬁsl mahe fbgetr])(hﬁke, to

drop b roxj.mately 300. mV. Ther ef after the 'r tion the
ot nal 15 oTBie ey hoReiniod Th e ORBEO-TIo4eES H ks BF yo 2B R P} o
time, the atsnsiest THRERY (). andsigg k6 dﬂ@’@@ﬁkﬁ&iﬁbn afd b&}@sw@&atpaaﬁveaﬁ@dtm@dgl{l

V src-V b asR) . Wth VbnsR being able to b e set arbitrarily to an

vol t age | e\Féﬁectﬁ Malcause npde bl, ggw ‘%eﬁ@n% @ flasting, Bedentq diop by rpeesimaely

adj usted. The FHGERR! afle? SRS el SEHRANOE Shed N3RS LblfagE IRRE 4t %B&eelﬁtls t he
Vsrc node ( 11) and its voltage l'evel drops at a rate decﬁgndent on the

val ue of t Hepjeaimatily 26 Ve digatbisttime dheagunent benerflonking] is) depgndget on ghe Ydlieed | owi ng
| sense ﬁu ri ??llédh&e ysrc- 1as£)| %ﬂ’; VHER béaﬁé %]C ?0 ﬁcp ?&'aﬁ‘ﬂlﬁaﬁlytt(? gﬁ)abbl&%e tléVIg‘F the

resulting integra
from -2V to 2.8V, the applied potential difference may be adjusted. The current Isense

discharges the parasitic capacitance at the Vsienode (11) and its voltage level drops at a rate
dependent on the value of the parasitic capacitance at Vsrc (node 11) as well as the flowing
Lsense during the integration time. After a specific integration time, the resulting integrated
25 voltage at node 11 will be read out through transistors TR(source-follower) and TR(row-

select), the source follower buffer transistor and the row-select transistor, by setting the

node SEL (8) to a high level (2.8V).

The charge store that is discharged at node 11 may comprise parasitic capacitance of

one or more of the transistors that are in electrical communication with the electrode of the

30  pixel region at Vsc (node 11). The electrode at Vs (node 11) may be in electrical
communication with the gate of a transistor, such as Tr(source-follower) 2, which provides

a parasitic capacitance. In one example embodiment, the charge store may be provided at
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voltage at node 11 will be read out through transistors TR(source-foll ower)
and TR(rowsel ect), the source follower buffer transistor and the row sel ect
transi st owp 2bw/@ei4vi ng t he node SEL (8) to a high | evel PCZi@\H09/00E2char ge
store that is discharged at node 11 nay conprise parasitic capacitance of
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general |y ifingtipaalizad gNMEY meayobe formed: én aliffeetofapaddbons Bnyeeianyef stibsuned
t herei n. Ths%nﬁ&%@cg&rssuﬁog%aw%séar fabﬁfnﬂpﬁé iRk eth MWaRIERYte Rendoaniie e

different |ayers above the regions of the sem conductor substrate used to
f orm t ht0 t r podaity 06 the. bidsrmapnbeatavenserhand therbardsine papacitanee oY samiayybegthatghd bi as

may be reversed d 1 he par.asjlti i l.ance at Vsrc may be charged
i nst ead of %‘th%%"gf;&bséaar%eﬁr‘%%ﬁ‘ggt‘ﬁé‘ﬁf’%%?‘g"g‘ S{l?(gn period. Reference is now nade

to FIG 8, which shows a top view of an exanple IC that has a nultipl exed
array of indivi dRedérenceatabvemadeasb &G bhich sheors oiepviewed anEmplElC that has

i ndi vidual |y addressabl i tei.S..m x c [ | N .dugl |y
el ectricall % ac glé)ge%( E(g algdﬁlc hOft le%l%?ﬁag&cagalr%%asﬁ@go E“%@@%Zﬁx‘éagﬁ%dr aﬁlédg:!sby ach
NVE nmay be indididueity atidryssabdesitirie dueahin thahiesche XN Ingny bd éndivEisllsir deceicalyed i n

a rowcolum fashion. .There are n r,ows and ol u for a total .of . mx n

ndepentint SERG: Sk {HoHe SEFE B SRt PR A i bO iy 5,

may not be mefesdamy tHivetiapte, HRWNIGL UrearRgeld BiSs ro-Edlithi faghiotro Mayterare hen

| arge total nunbers of NMES are desired on engw\%se Igevi ce, ity%g/iflae nor e
or

efficient tBYERRAM SHERRS 19T 4 tlRtdn FehiofeRTa dhers Wege on Bis

i ndependent ;6@ §Gblubfhaf NME &R #t Maf A6dbe NMEessiy tolave EoRf/dblumnl i dsesEBYcuRSy.
efficiently achieved using the circuitry illustrated in FIG, 7. In this

approach, tHewevwarden daectetahpuabers ofiNYREEare desitsd on p siggledgvice, it may be more

20  efficient to array them in a two-dimensional grid or similar, and thus independent electrical
access to each NME may be useful. This may be efficiently achieved using the circuitry
illustrated in FIG. 7. In this approach, the charge associated with the current flowing
through each NME is integrated into a charge storage, such as a capacitor; and a voltage
proportional to the stored charge may be read out for the NME in a particular row by setting

25  the node SEL (8) to a high level and monitoring the voltage on that column Veol.

The figure illustrates that, for each column, there may exist a time-dependent signal

(whose time-dependence may be determined by the clocking of the row-address circuitry)
which, in some embodiments, may be fed, in cases with the aid of electronic buffering or
amplification, into an analog-to-digital converter. The analog-to-digital converter may

30  accept signals having a pre-determined voltage swing (such as 0-1 V, typically) and, for
each input channel, may carry out a quantization operation in which a digital representation

of the analog level in that signal is estimated. The output of the A/D converter is a digital
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through each NME is integrated into a charge storage, such as a capacitor;
and a voltage proportional to the stored charge may be read out for the NME
in a partwoubmvo2ssan by setting the node SEL (8) to a hi ghTiGazeds /a2
nonitoring the voltage on that columm Vcoi. The figure illustrates that,
for each colum, there may exist a tine-dependent signal (whose
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The anal 0g- tepreséntiition lof cajuesial data RiRyneats coptspendims fer dxamplegtoadifferentdebler mi ned
vol t age swi such -1V, typically) and, for each input channel, may
carry out aﬁ'aﬁtg(ﬁ’f‘ﬁzzegmﬁs)bperati on in which a digital representation of the
anal og level in that signal is estimted. The output of the A/D converter
is a dightal str cRaferatniedhinoomidaneFIGa?, ahdvahg dmee( aejagent NNIES alphga peglatdvel

W res, each. correspondi t o significant fiqure in t bi.nar.
repr esent at I"'oh®BHEMR OI}/@?U@?} g%ﬂ'iﬂ’ggig% Pléla%l’(fsﬁ?sﬂ& %51.05 TR fi??érdyed above.
r epr esent at Thdide GlireS NME hileateadl atiag ahredr@iffesent @bluampgniingnd fj€2. Exafigire, to

di fferent probefunctiognaljzed NVES). Referepnce is now made to FIG 9,
showi ng t hr BESTAESAWAY CNN/JI%"“&F’%Y’\@‘ ésléqchtﬁlﬂée BengeR Ao ME§ur ati on that may
be provided on a biosensing device or |IC as descri bed above. These three

NVEs are read usNM@sH)raae Bilifrhar enfunetidhalivesd bpth, withtthe sanelclassaf pidbes (d.¢.gur e
illustrates a nunber of features with respect .to the differe anpng
NVEs. NVEs Bjolivmefiopglized RN pbotthssapeises OB HE SRR TR iR A FIRALE of
probes (e. gfuntimlifedWath SRdAr Eetts B have ifferéh @ars@ HuBNIQTITEY tHE etinkdigr ent .
That is, each NVE may be functionalized with simlar probes that have

di fferent telegfedeFipmpd &l a8 response p dlifésreninspaueness gEesrRidashEsymRIAGnESf+i are
response t O%;Qey. fIr%u‘ﬁﬂtﬂ%eslﬁg HEREERNLABizk o BRabRR TR sth g W SfRmoRdcidY withil SUm
the use of different functionalizations enables sensing of bionolecules

wi thin a si aghgleclass byt Hoving hdifferant sequiérice.confrmaionuerferctiosaditf.or mat i on, or
functionality. NMES Ey, Ey+i, and Ey+2 are shown having different

mor phol ggi es ancires .2 ¢ di,ff LRV HHE SR Trolt HAPRAHUCIdr Whes AS

di scussgg above, |fs?éjr’§ﬁ]€1’qn€cggﬁélaoégalg es and?l%r s?rzet.s ﬂgy pérlovélgerbot]ii

di fferent | amddifferoft dégreerafinemostracteringi As disewsseddporeerilidferenhgemhologiegiandéwt i ng
of target n?llzeescllflll ? ?ﬁ)rov%é bt Ui RQLA RS N‘vﬁ'ae o ML gfﬂieie%{ Aaniil rrﬁ%‘é%olg' es
and/ or degrees of anostructuring onto one device, It may”be pos le to
expand t he dsteaing cofr tarpge neflecules.gBy ismuestingaNMitsshavinat differenb encgphodeibsusi ng
a single de\a{li1

cﬁoer' delg?eeg uoqﬂ nanostructuring onto one device, it may be possible to expand the
20  dynamic range of target concentrations that may be sensed using a single device. In sum,
the use of different NME morphologies, sizes and/or nanostructurings may enable sensing
of a wider range of concentrations of a given target species than would otherwise be

achieved if only one morphology/nanostructuring were provided on a biosensing device.

NMEs Eij+1 and Eij+2 are also depicted as being functionalized using different

25  classes of probe molecules. For example, Eij+1 may be functionalized using a nucleic acid
such as PNA, and Eij+2 may be functionalized using antibodies which attach to the
electrode. In sum, the use of different classes of probe molecules may enable sensing of
different classes of target biomolecules, for example ranging from DNA to RNA to micro-

RNA to proteins, using a single biosensing device.

30
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the use of different NME norphol ogi es, sizes and/or nanostructurings may
enabl e sensing of a wi der range of concentrations of a given target species
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of different classes of target |orm ecul es, f'or exanple ranging from DNA
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descri bed above may ncor porate B} osens| ng cart Qich a
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cartridge nmay be reusable, or may be disposable. A di sposabl e cartridge may

mnimze the ri of cross nta tion.bet The c rtr:dge may
e used i n a bi ok eI B B U TRICT T SR TeAPs G TEaE " he
bi osensi ng pitaEe bosercEPRORE Toftipoiiddes Wothk Sodkstation my ihdledeudenptealigices,

hol ders, instrunent tips such as BI pettoi's fo man at| 0 é@PPe sanpl e,

a sanpl &0 dBSEFRETE Lips BW?‘nﬁdﬂPeétor & J1aappiagen f'éf‘m EIETHFRYOR t est

to be carri gdd@bta schRtis BetHafBinClof beddtiny a k& td Ma@ﬁ’édldh@, dnhectremibldispla9f a
bi osensing test and a processor for managi ng these conponents and carrying

out the sel &ztisgicpting: the mrdisyel asbigsanging ey gl @ RIosssiohelor gnangging dhesat
cartridges gfy, ment L HE cér?ylﬂg outt @ sQEctePfeSk - THN @ oMRHGT Ahl ABIM R Kuifibdr QN

random access e cartridges - that Is, independent tests nmay be run at
any tine ondéfqunt:amrtdlgchg@ one tithe (s®r lestatmess): ﬁhevm)@qtat@paﬂayoﬁlormganﬁme

di sposable t f t tation
t hat co%s P n?és tgpﬁr%gccf&l%%nt é%xtmswnltd#%%egﬁ %gtst“f]ag ?tgaglgtgrrﬁ%son ag?spos
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crossconta nat on b t est.ed atio eral, a
bi osensi ng roflyl PR rﬁﬁ Eis}%nﬁ ﬂ?ﬁ% ?%?esé?\tgr%gcrt C?%?Ct%tﬁ% i BIR g a\nﬁéeaggﬁ%l eto
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descri bed

contamination between samples tested in the workstation.

20 In general, a biosensing cartridge may have a first chamber for containing the
sample to be tested, and a second chamber containing the biosensing device as described
above. There may be addition chambers to perform other actions on the sample, such as
purification, and/or subdivision (e.g., through chemical, mechanical or vibrational means).
Some processing and disruption of the sample may be carried out in the first chamber itself.

25  The sample may be introduced from the first to the second chamber for detection by the
biosensing device in the second chamber. There may be pre-set time interval from
activation of the device or start of the test to the introduction of the sample into the second
chamber. This time interval may allow the biosensing device to be suitably biased or
otherwise readied for the test. The charge or current flow generated in the biosensing device

30  may be measured after an integration period, as described above.
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above. There may be addition chanbers to performother actions on the
sanpl e, such as purification, and/or subdivision (e.g., through chem cal,
mechani cavoanioizbd4at i onal neans). Some processi ng and dipsTuionoafi2t he
sanple may be carried out in the first chanber itself. The sanple may be
introduced fromthe first to the second chanber for detection by the
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cont ai ni ng the réagents suitable to carry out the biosensing operation and
t ai | or edi0 t ochambenphast thregl capsubasobie enméhining amagbmg tpageafl erd)prss castaining an

bi osensing e Subel N 3lendl. Lhigihe AP LS, RATPI o B3] One

capsul e, for accessi ng th puritying c harber capsul es
- two cont aelmtroghamwasmx mgntalemg@nalyteaﬁm thﬁiaoxcMMgaquengns‘mmdnoﬁp bayf er.

The bi osensin .1 hr - each nt.ai ni.n

el ectroche %‘F fp“hg Se“c“S‘ﬁtEa P’ A7 jghE a ﬁu% ‘éls‘“ B0 FHY %“ ARG e‘a“é’“ F¥e

i nstrunment é)tampﬂﬁa)‘heh&psumrthfeﬂn@&mh&nﬂbd:raﬂldy}Comﬁm@dghs blﬁ'ﬁﬁud)rﬁalmlng clantlea] to
carry o t e b| osensi n erati ol For ex aps on the sarrpl e
Charber |y SCBRET CE e & BETERY g PP POAP b PRy

urea or for ﬂﬁmagﬁﬂes coRBinGRARSHsE HufétQnd Hﬁ eRitioh by ffetOn S RMERGMd a8 butTery ﬁlchWO
capsul es containing a wash buffer_ and the elution buffer may be a standard

buf fer, suchs &§ coManpgAeaiayels gl sodinm. sblaride 3 tapeiti the cansplsy ?fﬂ@e higgensing s

sal t; the C ARabLRa P BordtdIf rlio@ $6§38EMNBoRINNESs rIB¥niGRAHeRdrRing, FHOK ydnRRURH €T
groups such as rutheni um hexam ne, Terricyanide and a buf fer cont ai ni ng

sodi um phosb!*féftréontélhmélspdjemaﬁmsm&nwrlﬂ%anql magresium: he sanple is first
extracted fromthe sanple chanber through its single capsule. The sanple is

then inggoduced jntsg, thbSamplkiif Wil GxGRMIEEm WSHRplE hirbranbEsh vhimgle

capsule. The sample is then introduced into the purifying chamber, where it is washed twice

as the instrument tip is introduced through the two washing capsules and the elution buffer
is introduced. Through this process, the sample may be prepared for biosensing by the
biosensing device. For example, in the case of a nucleic acid sample, the process in the
25  purifying chamber may isolate the RNA or DNA in the sample. The purified sample is then
introduced into the biosensing chamber, through each electrochemical capsule. The
biosensing device in the biosensing chamber may then detect any target biomolecules
present in the sample, and the generated current or charge may be measured. Where the
cartridge is used in a workstation, the processor in the workstation may read this generated
30 current or charge and determine the presence of the target biomolecule based on this

reading.
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usi ng uni qu'@oﬁ’a?m%@%%ssp%‘?/PHISEFSBrno%'é‘EhWQ,r Fetionggey besannggled 4o 4 B

sel ecti on nEGLOARLS BivideD sidhiad aRHBEPNGkAatlAUER f&ﬂ'fe@ﬁﬁhl%‘i@%ﬁ'deﬁﬁ&h&ﬂ"ﬁlay
sel ection of a partlcul’ar test to be carried out. There is also a waste

cont ai ner s thiugiba siinelysemsyworss Thesverkvigtioamazy hsyelatielpiedb e adoppariels. The
processor rﬁ@%y gojpiected to an external conputing

devi ce, sucLS&q%woﬁégfgrﬁs ?@ﬁea fo;Elg urther analysis. This connection
may be through a wirel ess network. The workstation may be relatively small
(e.g., ¥ footpriMethedsofUsex 1 ft), allowi ng conveni ence and ease of use.
Met hods of Use I\/bt hods for using NVEs and devices conprising the sane is

now descri bed. ?{dsci%r 'ﬁﬁ}{ kNMEsf ond H’&ﬁjceWthhpﬁJ?ﬁg MvEaakieagy desimbba. onal i zed
wi th a probe rml ecu or t robe nol ecul e be bound to the NME when

preparing tdeyicgandydes prwdedsz@th h & Mikalfeady fugctt eBivahadprobsrmeleqle, ppthe
exanpl e by | ﬁr% dﬁg e@lﬁeﬁltg%% h@ﬁﬁt@ hthE m&g&g&eﬁngmgee 1&%&%9 ThebAkdist | Me

i nterval . |on ere nmm _ erence el ectrode, which
may or may thet blageddor WkHor exampbrtiyeedtingian kletthasatelytic repodertant waitmgrapdeiner but

not in nt act he, sanp rrent ow.or vol rated
over this it e bhro B NNE T SRk vt na¥elinat SG A, BhEE AR
nmeasur ed anfhay acied@dME, 1t1Iaentuc&fwemmm:ﬁeqmomalyncTﬂepoerk/Euu ®t idwntaemmh;thd to a

sanple of interest, and the current flow or har ner. t
e { nt er v DS BP9t o 5o s RS o B AP dar Aage BE e cur ed.

By NME and the reference electrode may be measured and recorded as the reference point. The

NME is then exposed to a sample of interest, and the current flow or charge generated over
20 a certain time interval (also referred to as the integration period) may be measured. By
comparing the difference in current flow or charge between the exposure time interval and
the biasing time interval, the concentration, binding and/or amount of target biomolecule in

the sample may be determined.

Devices comprising NMEs, as described herein, may be used in conjunction with

25  appropriate probes to detect the presence or absence of particular biomarkers in a sample.
A "sample" or “biological sample” as herein refers to any natural (e.g. plant, animal, algal,
bacterial or viral) or synthetic material containing DNA, RNA and/or proteins, including, for
example, clinical samples, such as tissues, cell cultures or fluids isolated from an individual
(including without limitation blood, plasma, serum, cerebrospinal fluid, lymph, tears, urine,

30 saliva, mucus, synovial fluid, cerebrospinal fluid and tissue sections) environment (e.g.,
water, food or air samples). Biological samples may be further processed via a variety of

means, including lysis (electrical, mechanical and chemical), electrophoresis, enzymatic
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conparing the difference in current flow or charge between the exposure
time interval and the biasing tine interval, the concentration, binding
and/ or amworioafRsi4ar get bi onol ecul e in the sanpl e may becusts2novaoexi2

Devi ces conprising NVEs, as described herein, nmay be used in conjunction
W th appropriate probes to detect the presence or absence of particul ar

bi omar ker s idigeaiomarrMoet offen, slzempingple bas Bd@ha’cmgifadaﬁomaamWrganim e rthe termef er s

to any natuga % ant ni_nal bact.er.i aI Qr VI synt heti c
mat eri al con ?1310 malgsa , Cﬁ?\lﬂ%%ﬁe FioP celrl % retfs?luéa anglvaet VRS, ! ovglh]?é%l(a Pyal?
clini cal saf’rppleﬂly, stlﬁhlogiSaltshmﬁlﬂ'GWill cmtalm @ik, thut s tetrn cfni alscd&felr sodoateelthldrr om an

i ndi vi dual (i ncl n ou tat on bl o seru

cer ebr ospi n§1 logie atg‘l’%n?}gh 3 8%{}%6’ lulgr fraetions %lfol?qe%flo %lbv(gugr “g%oél bjplogica]; g,
cer ebr ospi Ngdmlé' Uﬂuﬁhcﬁ:ﬁéfelfslt& 8 WedRas Tsﬂldhrh‘é)a mRféhi BN el (BwBich av\@z&ism haod or
air sanples Bi ol ogi npl es may be further processed via a varigty of
means, i ncl QEEONfopagate v@%@w@ewl Y copamoRents: SHeh ahertesy gt nucleic acid

el ect rophorme%ulegnzynatl cdi gestion. Mst often, the sarrpl e has been
removed froman organi sm but the t erm " bi ol ogi cal sanpl e" can al so refer

to cells or tissue analyzed i wi t hout renoval . Typically, a
"bi ol ogi cal sanpfEbesPy vse&sﬂ&t&? HISfe@'i qeécn%séjwﬁfén%yeberﬁoe&ﬁseﬂ fgulgicgridg g

non-cel I ul am bh&!laaléeﬁﬂ pmteerrbﬂs, t&thcfﬁua&cnm celgl l& abohucRad 1aefas (RNAR! ood,
saliva, or urine. "A biol O%I cal sanp further refers to a nedium Such as

a nutri dAt Beaxyrbanuclgis| adidy IANAG tpr zm Wnthgwphaaclb@e& for spaprie.cdl peptiiech

contains ce o(?;ﬁg ne S ‘%]ﬁ n ) | es.
Probes for hlééeiélgm e’ ﬁgtﬁgnc?{ﬁg@g %rll)qgf( l\%ﬁlpgged %gﬁg%%m?lﬁ)se eéﬁgk}%ﬁﬁcl eic
acids. A" nunﬂtsellﬁedchydpqpnddzsefhtheeﬂansdebu'rﬂvoswaﬂ BbQBCdUﬂ(dd (oe phosphodiedderangc| ei ¢
acid (RNA), hdl‘(aagﬁ 6:{1?3%?6“ch blpcﬁn go a 1a§ e{ IBMOIE ag’ Oq.régmog tentglrsyes%a%engff‘(gn%uélh 9,

for exanple € nuc aci ich PSR
conpri sed obnd\ex Dew@rtypes ef hlydn)leag Ibgadsnesusiiyi theoukh ndnﬁpleﬂammg p)tmeqﬁmng,atsbamy t han

deoxyri e or bose l.in 0S | ester ellnk bl e
0 o g 185 1 fugh O Fen ot Sormatell A MeG S AE AR R AETe or
nore types @fe,CAl6G] Cabr Dosrdmodiisdi ah Ibiisek 7-Aeghguasdhes iy3ind) dtchas @nakdr ng,

usual |y through h drogen bond formation. As used herein, a nucleic acid
probe may i MRy emnaddifion; the bases iny a pyobe; capyrbeioms bypai firkage Gthep by 2

(7-deazag UaBQ&Bﬂ@dﬂesteg Q§ddn§‘o 108 &s i} AR nONnRHER witkyBlidizatioR. IPFMIYeiuBdbrstddae
bases in a e can be jOIned by a |inkage othef than a phosphodi ester

bond, so | ofy s Pk skiBel Het att thair prebes WRY Hoind) i seawaness. lapkingyicomplsts

under st ggd complementarity with the probe sequence depending upon the stringency of the

hybridization conditions. By assaying for the presence or absence of the probe, one can

detect the presence or absence of the select sequence or subsequence. Methods for detecting

target nucleic acids using nucleic acid probes are described, for example, in U.S. Patent No.

7,361,470 entitled “Electrocatalytic Nucleic Acid Hybridization Detection.” and US
25  2005/0084881 of the same name.

"Hybridization" refers to any process by which a strand of nucleic acid binds with a
complementary strand through base pairing. "Hybridization conditions" refer to standard
conditions under which nucleic acid molecules are used to identify similar nucleic acid
molecules. Such standard conditions are disclosed, for example, in Sambrook et al.,

30  Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Labs Press, 1989. Sambrook
et al., ibid., is incorporated by reference herein in its entirety (see specifically, pages 9.31-

9.62). In addition, formulae to calculate the appropriate hybridization and wash conditions to
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by one of skill in the art that probes may bind target sequences | acking
conplete conplenentarity with the probe sequence dependi ng upon the

st ri ngencyoabiodesshybri di zati on condi ti ons. By assayi ngPCorCAzh@/gorEa3ence or
absence of the probe, one can detect the presence or absence of the sel ect
sequence or subsequence. Methods for detecting target nucleic acids using
nucl ei ¢ aci achmve bladridizatiche pemiiliing, virping estepmgss eof innistupteh Hamueleotidss are
7,361,470 eptitled."El ectrocata U [ C ri-di nvek&st 1 on.
and US 2005?’68@%@8@[ ex?m?lﬁemsa?%enlyotrﬁlggrte %}@ ﬁn )319 4%’2 13§ %@risggt 0 an&\[ﬁ
process by whdlclibid, &t ineorpbraitd by eéfedencealerain i ndsntvmnthandmmmhgamntpéaswfstrand

h h b b f dar
condi i one. e et b ide oy APnERStPed on SGhullams SoRARFRYney 1 ar

nucl ei ¢ gci gybAalAG6H @nditiShdhd Highneaipenoy 0y Biidikaios camlcdllg scl osed, for
exanple, in Sanbrook et al., Ml ecular C oni ng A Laboratory Manual Col d
Spring Harbor L s Press ook et |ncor or%;)ed by

ref erence her ei nt 3ROMES e@h?qg?’gqty&f é’é%beslﬁ élcl?elpfgea “1°9’P“f)°é‘g%"s ?(5

addi tion, fanidlaRsté fakial(Ed antiblypdf ©ableab ®idayb ot dthéﬁ\tlt»eolﬁteﬁiadWVKHih
conditions toachieve hybridizati on per m tting varying degH;ees of mat ch
of nucl eot i Bie@arker tagget &¢-BTEEEPIOT §F ligadns Qm"i Nndikton ithe,presenggyghithenny)

Bi ochem . 1881320 fec2fdr inMBE SeRIE) Q&Ietﬁéds’foﬂ Rk ting | h&l}‘t&%ﬁ@}fe &Cbrga\{oteln

reference herein in its entirety. Non-limting exanples of hybridization
condi ti dfs Pprebesuare demmbsﬂ,rfongémgle hy Beteraptiopel pafent apalication VO @ 084805
stringency ke ybph di zati on
condi tions. Wé}‘f@g%@%@%ﬂg@ﬂﬁkﬁ %%ﬁ%%]éé%gc%wﬂgg‘gu fbd conprised of,
for exanple, 4-40 am no acids) or proteins (e.qg. antlbody) that is able to
bi nd to or ot herRiobes mat melade a dincHongl slogpde- ke thieladigdel, graing, carhoxin #sid)or
19and) 10 BLOYIAR@ AL S B0 NME. L o GREMAR. Qhnudil Bkt 4AfksOLuchegept of
in the sanple h or detecting analytes using peptide or protein
probes are thegitudiipédpacérsy doskizrsphmled and/ont englastranded repans polyddpkensadouble WO
2007/ 09 S2006/ 0. 1 {71 | ed " et hod for Electrocatal ytic

Pr ot ei n%%e t&?ﬁgrcﬁ]y %%Fs%snsgl hnkelsnag?tpgb ﬁa Uhct i onal group (e.g., thiol,
dithiol, am ne, carboxylic acid) that facilitates binding with an NVE.
Probes may al so Asdésaiivedoiboes, thiceanfaceesanosmetureast th@h@fﬂﬁ oy rbalcostpaledy and
doubl e- stranded and/

n st.ran 0 T.li r ou
stranded duBl® eﬁce%'f fflnﬂgﬂ?yn e, ef}% BE% &Vice %aw %xtshe&\&zgr %IBE)Q e t?e e, the
surface nanggtinflGdndé &f Qlirfich tahddirucray drethe Oj&tebl@dd eﬁﬂipleﬁd}«dfor nucleic ac1ds was

investigated. Two different types of NMEs were compared - a more finely nanostructured
20 NME obtained with a low deposition potential was compared to a more coarsely textured

one obtained with a higher deposition potential.

While concentrations as low as 1 pM could be detected with the more finely
nanostructured NME obtained with a low deposition potential, the detection limit was
increased to 10 pM for the more coarsely textured one obtained with a higher deposition

25  potential.. These results demonstrate that increased nanostructuring contribute to more
sensitive biosensing capabilities in an electrode platform. This analysis revealed that the
more finely structured NMEs showed greater responsiveness to sub-nM concentrations of

target sequences.

The 10 aM sensitivity observed here with the disclosed NMEs and electrocataytic
30 reporter system provides a low detection limit for a label- and PCR-free sensor; the

detection limit corresponds to the detection of < 100 copies of the target sequence. While
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may influence the sensitivity and/or efficiency of a device having the NMVE
In Exanple 1, the influence of surface nanostructure on the detection

ef fi ci encyoforo/mssazei ¢ aci ds was i nvestigated. Two di ff ecemA2bgpmes21of NVES
were conpared - a nore finely nanostructured NVE obtained with a | ow
deposition potential was conpared to a nore coarsely textured one obtained
wi th a hi ghéte mepasintitart 6pd0ehtomds. of Wirgtteseqenceeims batri athseved plewigusly withpM
could be detected wth the nore.finely nanqstruct ur NVE oft gi n with a
ow depos! ¢ FRHTGBERTelecOp b Rikadtialh Pt E e o6, 20C8ALE o,

t he nore coar seby, Niesvtamice Pend& abScainbe2bani 37 hPak bt ajihBdierdte POS11603) 1Sinensky

potential.. The resul t nstrate that. incr : anostruct ur i
contribute Fbaqw@gé QB %?€%W§e%§f tc%fﬁ%fﬁ?’i"?‘ﬁ%@?’gﬁoa?ialel‘]gé{”r !8'8%”
platforms TRhE 1202l 85| hirpvetal.eNat Wako. tINB 4 Bhahgf dtAR] ¥ndl Chigi. MoeidoNVER
showed greater responsiveness_ to sub-nM concentr tigg)ia%f t arget 1seqeuences.
The 10 aM séHslPisdviaviFe JBRUAGhBFRURMERt PhE HIREIES PPURRS™4hgingle-stcp

el ectrocat ayt,jG,¢r eporter system provides a | ow detection |imt for a |abel-
and PCR-free sensor; the detection limt corresponds to the detection of <

100 copies of the target sequence. Wil ethe neasurenent of 60-1000 copies
of target sequenBemPi&?2desabesss &fguliplsrsdotietrpdaplptipra) descabfirdn) to

detectors expiltdaAq phidl dficarsdr®RnaAt nylifially- LRI anbMIRGR eRErofk signaABile.
Chem 77 :4662, Ni cewar ner-Peng et al raSq(i‘%en(fe_ 294: 137, Park_ et al

Sci ence 1995 sysEBRemMbBETRARQIRY I elegtrodes nith rapgsealytis reagaus to ahisusp e gpnde
Nat . Bi ot eclyoudlthe nhitifleked Halgés @lcarRbr.biomhrkeAtingnaiexpebeice and gActitAIPBHormZhang et
al., Nat. Nano. 1:214, Zhang et al., Anal. Chem 76:4093), the disclosed
devi ce provides this Sur. t on.a P d pl atform wit i -step
readout. Exanpl eﬁﬁa“&Pég? e ergﬁg'eeusgfo f E ﬁgjf]{)?ag?%%é%Poe%eeé:grrnécéo\éhg)lk’a(fnfe%? &7111% as
descri bed heiosi ¢halléngingidectidntaigen.d Ekctparieteadifut cimizesRNA profiitds @ffsrsiamapid,

clinically-relevant sanple Si electronic signals. The system conmbi nes
manot ext ut oY Pt et e dveay g & sTRlfoir Regiig shi BUSS aihon

| ong- st aBdi Mg M@edfor tarfee amplifidapbexed anal ysis of cancer bi omarkers using an
i nexpensi ve and practical platform Exanple 3 describes the use of an NME

based chip to detect mcroRNA . one of the no hal | engi det.ecti on
targets. Electr oﬁﬁg""rgg]élbeo?ff’v‘g‘fd ?ﬁa{}ng’FeRE& ‘ﬁ'i"‘(‘)tfe‘? %Oeée a‘?tf"g’t"g ogg?‘éfﬁ fgom g‘frs’hi ghly
accurate, npiHRPshplicatidhs MEeY by/p@siSR YoM NMIIHvRS, WHith MRE Givbive dSEEing MNes,

w t hout the need for target aniol ificatiaon. .
RNA and/or proteins. Examples include profiling of breast cancer genes (e.g., by detecting

RNA markers); profiling of leukemia-related genes (e.g., by detecting RNA markers);
20  profiling of cytochrome P450 mutations that affect drug metabolism (e.g. Warfarin) (e.g.,
by detecting DNA and RNA markers); profiling of mutations associated with genetic
disease (e.g. Cystic fibrosis) (e.g., by detecting DNA markers); detection and typing of
viruses (e.g. HPV and HIV) (e.g., by detecting DNA and RNA markers); detection of
cancer-related proteins using an electrochemical immunoassay format (e.g. prostate specific
25 antigen (PSA)) (e.g., by detecting protein markers); and detection of micro RNAs to
identify cancer. Biosensing devices incorporating these NMEs may be adapted to detect for
these other biomolecules by binding suitable probes to the NME and/or by selecting a

suitable electrocatalytic reaction to be sensed, as commonly known in the art.

It would be understood by a person skilled in the art that variations are possible

30  without departing from the present disclosure. All examples and embodiments described are
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Al t hough the provided exanples are directed to the detection of cancer

bi omar kers, other applications nmay be possible for the NME device, which
may i nvolwe 2dmimesisrng DNA, RNA and/ or proteins. Exanpl epcCrra2oedeomiofil i ng
of breast cancer genes (e.g., by detecting RNA markers); profiling of

| eukem a-rel ated genes (e.g., by detecting RNA markers); profiling of

cyt ochr orre proBidednitrathe qusposh af ikhfsfratadn chlugandearabwt iigendeé .tg.beVidmiting.i All

: k d
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mar kers); detection and typing of viruses (e.g. HPV and H V) (e g., by

det ecti ng DNA anExariple haPueme)ters fatManufactutihg MEer - r el at ed protei ns using
an el ectrochem cal i munoassay fornmat (e.g. prostate specific antigen
(PS) (€. 9., DYdGhahhhl, P QuEiuled Asleaéémdé%é?ﬁLe%'levrzes@gatemh%rtﬂnBNAs to
identify cancer. Biosensing devices Incorporatin be adapt ed
to detecf f d@pendwseoﬁﬂlh eluecttndepmiteouﬂhestnn‘yurdm qfdhengd ANMEsdiping qdﬂc@rb@o:slt@dt he
NVE and/ or wé sel ecl Idna% afg ltllon 1m e*le%troe(i’l e%le}/ec{rod s";‘t(l:c;[nI eg(ner%n(%ense grensed
as comonl y "KJUHICRCAR& THpeHon P \/\5 FeBePUNdE ST BT DY Fson SKitled in
the art thaperﬁﬁme(aht oIe avVeusp@sa b N @l ztshmppordeg)arebnrcngtef rltdmtrd@mrqssr eaent

di scl osure. X |_e nt d eprovi ded. for the

pur pose of fqnln %forrgglg (%2)%]3") QRD&LE@ F?ﬁ‘f r ?(E) %“‘it?rfﬁ i 1?16ver%f3|
references gmhkieRtTd.3Nah ehdhaghds GY) £ Wdi’&&fs@@é(ﬁ'faﬁajaﬁbf 50@& HePAGecirbddshei
entiret Exanple 1. Paranmeters for Manufacturin In this exarrpl e, Pd

was used0 asVsK tw&@m%&@ et o pmn diamgter apd eights Tge ﬁﬁé‘ ¥isHBdwse ABdn &dhof t he
el ect r odepogidrkPdbpolitiéh %ésqyﬁlem&%xrﬁimémp%lmth@%érn& AhRGhitRIRRRRES, ed
were nonitored as a function of "time. Tiine- Pendent el ectrodeposi ti on
exper i ment s Wiishaaydndiestethef naeleatipp@cenys preferrgtiallysat thethoundasy ef thpnertingg
electrolyte. Pd structures were forned for (a) 25, (b) 50, (c) 125, (d)
250, and (e) 5004gotherAbktfilaBI@ paramStet Mgt Mﬁ}eﬁlﬂ%ﬁcg tlﬁ:Vfﬁ{aﬁ&Rlcﬁ'r@@fﬁtB@NMEﬁs 1.3
nm and hei ghts of 0.5 nm were observed and after 500 s the Pd el ectrodes
wer e typi cafieyleppsitionanigntal mrerificaliyathe siae angarfaes merpholagieofdhelNMas maybgct ur es
made wi i C ek ons t he
conter o ¢ Painflta BERAS, by GRS kBl A phofheR, (R R R o
preferenti abdltyhlatunt grewﬂmunlmlamjae gfowttthef mpwﬂalu:s,ehe #gendgaton gfonotrpattickds) and
paraneter t i.nfl t fin ructure o t he
deposi tion S@E?%Lg?tlon %?tgls Tﬁhyﬁacﬁlé LGS AP Ssou? ol no’llﬁegfl%%?urgf t he
NVES may beelecmidépdsitmd dfméthis anthayed bemddéltdysteds dat tb stalyeoffiranvhingremd

ner al | r n non | i brjium
generatly O?rzslcetalvgercc)i proc%ss%gkﬂlellr}p, I{Ial“tlure 1997, 390, 145-148). It is generally believed that

20  the morphology of crystals heavily depends on the “distance” of their formation conditions
from the thermodynamic equilibrium: near-equilibrium conditions lead to polyhedral
crystals surrounded with thermodynamically stable crystal faces, but increase of this
“distance” makes the growing fronts of crystals with flat surfaces instable to form dendrites
(Fukami et al. J. Phys. Chem. C 2007, 111, 1150-1160). In the case of electrodeposition of

25  metals, such “distance” may be tuned continuously and reversibly by simply changing the
deposition potential and more negative potential can exert higher driving force and thus
increase the “distance” from the equilibrium for electrocrystallization. Thus,
electrodeposition may be controlled spatially and kinetically to produce arrayed NMEs with

varied well-defined morphologies.

30 Pd structures were formed at (a) 0 mV, (b) -100 mV, (c) -250 mV, and (d) -400 mV
for 250s with the use of 0.5 M HCI as supporting electrolyte. More negative deposition
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grow h such as the growm h of snowfl akes, the aggregation of soot particles,
and the solidification of netals. Such fractal structures are al so obtained
by nonequwbiz2bro/azss4el ect rodeposition of nmetals and used asTraxdeds/wystens for
the study of branching and fractal growh processes (Fleury, Nature 1997,
390, 145-148). It is generally believed that the norphol ogy of crystals
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"distance” payhtbe 2tsupmy TNhindteatisihy odfthed v ahsimbulaygesigare! of wdipnmiaig t he
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3 MM RU(NH R)8rdctuE thale £2400 S8dicRANORBNE! Reredbwd thaP&kpb@bEbabd dPthemV/ s.

As expected, steady-state voltammograns are observed for each el ectrode,
consi st ent wize A theenigiogleeizndal indigatingrisat shesdigfontimstyetfdby plegierde stoggture may

el ectroggs jeaq 1o poor electrical connectivity and loss of working area.

Thus, moderate deposition potentials appear to provide the most pronounced
nanotexturing while maintaining the integrity of the resultant NME, as small nanoparticles
are formed on the surface of the microelectrodes. It appears that providing too large of a
driving potential for the deposition reaction accelerates the kinetics to a point where metal

25  nanoparticles are formed without strong connectivity to the core of the NME.

NME morphology may also be controlled via electrolyte effects. Pd NMEs were
formed at -100 mV for 250s using (a) 0.5M H2S04 and (b) 0.5M HClO4 as the supporting
electrolyte. These structures were formed under the same conditions as described above,
where HC1 was used as a supporting electrolyte. The structures formed in H2SO4and HC1O4

30  were significantly larger than those formed in HCI, and interestingly, all three displayed
different types of nanostructuring. NMEs made in HCIO4 showed the finest

nanostructuring, with features as small as 10-20 nm present. In HC], the electrode was more
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made using deposition potentials of 0, -100, or -250 nV, the currents
observed are wellcorrelated with the size of the electrode. That is, the
greater twedicnreidser of the NMVE (i.e., formed at a | ar gecTazbosswdi212
potential), the greater the response current observed. However, for
structures made at -400 nmV, currents observed were | ower than expected
based on t heomspaze and the henogincha@igees oo de, ordembifd:@(lilmqmetmhrsesheamtsmmnignui ty

of the electro e St poor connect i vi ty and
oss of wor REnEhaPEhin TGS, ke eefhe Ba8pne Fh sleEf e Bt hinagd
provide t hemliEDSIheslardb@éNz&foﬁd mmc& et t]i’el NBIBMbipholoBy Miai alsoge chietrdllad egri ty
of the resultant NME, as nano rticles are formed on the surface of
the nicroel 4G desupparti "é’ et‘ﬁa %W‘HIFPR;T‘ 1°Bo 1 arge of a driving
potential for the deposition reaction accel erates the kinetics to a point
where negal nanopgidalig) @8 d@ﬁ@tfccﬁtﬂﬁ&drewifbmthldtNMErdep@dC@ﬂﬂﬁ&ioh&'iiibl)s dtﬂintghe

core of the NME, NME norphol ogy ma so be contr.oll ed. VI el ectrol yte
effects. PdMRVHactys,iacl P%‘P&ﬁ%f‘calttra“?%@%ﬁv ‘Tl?ﬁt“’g%%‘tlﬁ% F‘ﬁ 05:e§§/f}1912%@ and

(b) 0.5M HCI{3% e?&:tﬁ)5\?{)0&téﬁpﬁfdtthéqﬂ)pﬁécﬁﬁdtérﬁkydtﬂlngHé@ﬁ&ie& sﬁti!ﬁlt Vh&RS pMBhetedsor med
under the sane conditions as descri bed above, where HCO was used as a

supporting etedeadilyicprieollatrigeFasteresaplar i may be edirabls teipatyel Hiecropesnimationeand
signi fi cant 197 BcdiaBRAivoR «§ Elmin 398! ThE LS GSrABIYs sifible LT ee
di spl ayed dwltl ?’gﬁlt% tayt%g%guo naﬁostgﬁglt Srl ng. R IVES rradell n HCL O48$s} gv?/ed t he
f| nest Anost ¢antrolmsulmgg, as\pitity of dtreagests asshlslnﬁintplzaby dgainmgthacopeeigeaierial | n

t he el d the s
or der of 10%ﬁ pote ale lt:nél resegs?c{rﬁg(r%ttﬁ)ds ereadll %g\rlgtgotﬂg ? a‘P{ttﬁlgg fé’wﬁﬁé%ﬁc wher e
t he parti cl éssuffwigar fos corgrolling tked mtamdd@mhatogybﬁmgmfsultmmo nm These
observati ons indicate that t he NME nor phol ogy may al so be controlled by
varyi ng the suppgrt.i ctr | ect rod Y Iy,
the dendritic stﬁ ﬂ?& 5?“ é}ﬁﬁ&o erf)’%ta{ oL ?loc'(%t)g‘% |'%)lﬁléh -I;ﬂS&%
manuf act ur e Usingc Mditiplexed Naaostruhired Miofoeletieodd Intdgr stdéd Oiicuiti on sol ut| on,
choice of the netal to be el ectrodeposited, and the applied potenti al
during electrode ters are readily control |l able. For
exanpl eqslt nmay %%M@%S@E@ﬁl@% the concentration and purity of the
reagents used in electrodeposition to within 5% The choice of netal is
sinple to contr oChmsfabningioasTbmhipww@é fabhieatedeaiglenCanaidgn Rhothnics Fabpicationy
obtaining t corl;,e ent| al, .du ecty ode Qsi.i.ion may
be readily ?%ﬂtte? al 18 50? o f\?ﬁr? et %sz“éﬁ? W e ¢ ek #’a rgout?+ ?rfznlae Wn silicon
control | i ng didkklesA 360 andgdlid lapéro Bai¢pasited thth’e&hipl usingteldsivén-beam ass1sted gold

evaporation. The gold film was patterned using standard photolithography and a lift-off

20  process. A 500 nm layer of insulating silicon dioxide was deposited using chemical vapor
deposition. 500 nm apertures were imprinted on the electrodes using standard
photolithography, and 2 mm x 2 mm bond pads were exposed using standard
photolithography.

Fabrication of nanostructured microelectrodes. Chips were cleaned by rinsing in

25  acetone, IPA, and DI water for 30 s and dried with a flow of nitrogen. All electrodeposition

was performed at room temperature with a Bioanalytical Systems Epsilon potentiostat with

a three-electrode system featuring an Ag/AgCl reference electrode and a platinum wire

auxiliary electrode. 500 nm apertures on the fabricated electrodes were used as the working

electrode and were contacted using the exposed bond pads. Platinum NMEs were fabricated

30 in a platinum bath containing 5 mM solution of H2PtCl6 and 0.5 M HC10O4 at -250 mV for
10 s using DC potential amperometry.

23



Example 2. Direct Profiling of Prostate Cancer Bi omarkers in Tunor Tissue
Using a Miultipl exed Nanostructured M croel ectrode Integrated Grcuit

MATERI ALSVONDIOMETFHODS Chi p fabrication. The chips were fPabrdaetsadiabr t he
Canadi an Photoni cs Fabrication Center. 3" silicon wafers were passivated
using a thick layer of thermally grown silicon dioxide. A 350 nmgold |ayer
was deposited onPteperationmndspurificatiaxc bf oligdneelotiks. All eghthaicblgvaptotddson.

pr ocoss. A B0 APPAVEr PR o AT HAPERT | O ol B Lo VAG Hegoend aftisi ng

chem cal Va@@llheld:e@@Sﬂehlbmn ekpdinttitsaPey PUIBHe W fisidnmpsbe(PNA).aNH2-0§s-Gly-

xposed usi Al Lehara G PRR B PRI v AT e Hho et s " ©

m croel egtr 8%5 (PNER): PHMEYEGELEPG A AT AN OSTRECE G(:@eirmﬁt EQ ap vl
water for 30 s and dried with a flow of nitro el ectrodeposi ti on was

e for mad o) Beori SIRscY LEPB bigbt FENASNBEHET S S heATA 4 6 EHE ATRICA
pot enti ost aly HRED (SEED NECH) 8 ﬁye%ﬁﬁmxfleﬁupksmm@ AGAINA abas.ence

el ectrode and a platinumwre aux?fl ary ‘el ectrode. 500 nm apertures on the
fabricated At 8deeCherCALNEd (3T ARE (SE@RD@@D e esar BHEVAAMRRYSE RISAt act ed

bt h_cont ai BERY S AT COLET Arar GOPTLR Ty dSEONPIOT) Sed T3 BROT™

S usi ng1DC pdisenirpe): FXpAr dndt CRAPGERarAaGC aCT BdI3PUiSER datNOn6pfSeq. T4

ol i gonucl eot i des ol_j i ified
by reversedgmgwlﬂﬁr@&%%a qt)o%WEi&f?Yﬁfgigﬁqm&w& used
in experi m3(ﬂll@ontﬁ%@tlddﬂwere-rqmﬁtlthﬂeﬂ bif uﬁh@ﬂn@ﬁ&bﬂ)aﬁdgl%léo MH2ndya - doefficieAtEA AGG
CTT CCT GCC GCG CT-CONH2 (SEQ ID. NO. 1), %‘P Type | fusion probe
(PNA):  NH2- egleuleipd usenges hEmA iR ddng. C%@n@%r Plemms/ lgednplZqD. 2), Seq.
P3. Type VI fusion probe (PNA): NH2-Cys-dy-ATA AGG CIT CTG AGT TCA

AA- CONH2 ( SEQ | Dviydificaion &NME'ElwnthPNA [erl)esTNBafﬁSBn ERGihidg s00mNANKolagsdget ) :
5' AGC GCG GCA GGA AGC _CTIT AT3' % n% T2 (WL, TMPRSS2 DNA
target) 155" paglended RNAGES ot Sfélumphomte (PHEQ a8 RenMsyodiugpehlongds wagr ERG

DNA tar get) heatedlde80dA for GoMhiftels. AGkitsble arfidudit of RERM MOMGyasthen 26d toliftake
(nonconpl ementary DNA target): 5 TTT TTT TTT TTT TIT TTT TT3' (SEQ I D NO.
7). the final MCH concentration of 100 nM. 0.5-10 uL (depending on the degree of

multiplexing) of this mixture was deposited on the NMEs in a dark humidity chamber
overnight at 4°C. The NMEs were rinsed in 25 mM sodium phosphate (pH 7), and 25 mM

20  NaCl buffer before measurement.

Electrochemical measurements. Electrochemical signals were measured in

solutions containing 10 ygM Ru(NH3)6 3+, 25 mM sodium phosphate (pH 7), 25 mM
sodium chloride, and 4 mM Fe(CN)6 3-. Differential pulse voltammetry (DPV) signals
before and after hybridization were measured using a potential step of 5 mV, pulse

25  amplitude of 50 mV, pulse width of 50 ms, and a pulse period of 100 ms. Cyclic
voltammetry signals before and after hybridization were collected with a scan rate of 100
mV/s. Limiting reductive current (I) was quantified by subtracting the background at 0 mV

from the cathodic current at -300 mV in a cyclic voltammetry signal. Signal changes
corresponding to hybridization were calculated as follows: Al = (Ids-Iss)/Iss x 100% (ss =

30  before hybridization, ds = after hybridization).
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A i gonucl eotides were quantitated by measuring absorbance at 260 nm and
ext. coefficients cal cul ated using:

htt p: / / wwioi2dtodnas4cont anal yzer/ Appl i cati ons/ A i goAnal yzeck/cAvbaobizat i on of
NMEs with PNA probes. A solution containing 500 nMthiolated single
stranded PNA, 25 nmM sodi um phosphate (pH 7), and 25 nmM sodi um chl ori de was
heat ed at 500C fHybridizationutpgetocdl. sHytradidagom madutionof typBalipVl ddukdiveds tirhen

added to make the final oncent r.at i 100,nM, O . 5-1 dependi ng
on the degr &8l ??p‘inga:%(g)’mo?%of%aée ﬁ’?&? i!raé' ggn%p]g%gt %d&hﬂéﬁshgerﬁll\/Es in
a dark hum thcttyatezhsg BIR€r inGumidity@himisedr iddark foh 60 MlzReswnt &/efd wWisshel dxendiRelffM

sodi um phosQV NaCl buffer before measurenent.

hat e H.7), and 25
El ect rochem étgfb“ﬁ% §W%ﬂ%‘ﬁ’i°gl.‘en?£? ealsSheni cal signals were neasured in
solutions containing 10 mM Ru(NH3) 6 3+, 25 mM sodi um phosphate (pH 7), 25
mM sodi usn chl or i Kelatian df MRNA.Pete GNJISA S wereRixtrh@e® fibhakll Pidbsadvatiéa Rk Y

(DPV) signals before _ a ter ridi zatjion were neasured using a

pot enti al sfaé’i?tf‘?ffw%h H\?qg%’g{’%ags H‘%\B} hﬁ'ﬂ%ta%? (@altﬁ_%?n)pﬁwgéymaéﬂw@?e ®PCcHs, and
a pul se periigde OfampR9 Were OM@inb® fysth! AGKEL ploshtddalis elRka 8ndnaht gk
hybri di zati gn were collected with a scan rate of 100 nv/s. Limting

reductive chPPReFIVE FymaadisgisaNethpike dhefesauimes dered alg 88 Heunsihwaproghdisae 0 nv
fromthe caihodicd s BRI T coflecfirfiiil bFmK R AR Woke AR £y ST ONal

changes corresponding to hybridization were calcula _
(1 ds-1s$§/ | NenoDrepdda- 1409 of Thedasr Eistey BeientificailiSen), Al of thedhsien sequences were

hybri di zat i Q%r%gﬂa;ﬁfw Jols] dﬁéﬁts?ﬂ%?ﬁcin Hybri di zation solutions typically
S

cont ai ned target sequences I'n odi um phosphate (pH 7), and 25 niM
NaCl . El ectrodes were incubated at 37C in hum dity chanber in dark for 60
m nut es and wer eKingtit artasurements \of DN Avihiybrithiadticar atoNMIise PNAeGtq A-nedifedl

anal ysis. | ti . . The H‘RNAS re cted.fromcell lines and
patient ti sgglie]%s‘l’av%lpggspa\r/ﬁ t Iﬁs 9?%%&5)/ LA smsr?&Wr%e&? "R’ntersf‘? A2t Sr‘% Bh). Two
typi cal prosinsiging 40 pdf RoQNEE)E 3s41pIM Fe(@N)6 3q108i INEDNIAr @ipet Q6.6 2 7), 25k ]
prostategctom.es collected fyromt ive Human Tissue Network. The
tissue ggs Mﬁ%ﬁugtp?l?g%@eﬁﬁ]ﬁi{), ?Wﬁin%fmﬁgﬁaiaﬁ?tfie%%mggfce ?’e%g‘PE?rW?FRNA
extraction. oﬁhﬁe&&m@wﬂﬂ)écﬁéﬁo%]S&l%ed@ﬁ%\eﬁt@-%@t rfOied a@ﬁszur_ed by NanoDrop
ND- 1000 of Therno Fisher Scientific (USA). | of the fusion sequences

were confirnmed %&i?gﬁpﬁfﬂ@&ﬁ§§xbﬁs€quemi ng.

We sought to generate a nanomaterial-based platform for ultrasensitive bioanalysis

that is i) highly robust and straightforward to fabricate; ii) multiplexed and scalable; and iii)

20  sensitive and specific when presented with heterogeneous biological samples. To satisfy
requirements i) and ii) we required a means of achieving reproducible placement of each
individual sensing element using a scalable protocol. To address requirement iii), we sought

to incorporate nanoscale features into our sensing array. The production of arrayed
nanostructured sensing elements, however, can be labor-intensive and prone to low

25  reproducibility. Electron-beam lithography provides the needed control over nanoscale
features and their placement; however, it is a serial technique not presently suited to low-

cost, high-volume chip production. Our approach was instead to use cost-effective
conventional photolithography to position and address our electrodes; and then find a
means to bring about, with a high degree of reproducibility, the nanostructuring of these

30  microelectrodes.
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Kinetic measurenents of DNA hybridization at NVEsS. PNA (seq. 2)-nodified
NVEs were prepared as descri bed above. Rinsed NMEs were inmmersed in a
sol uti on worrbawmssag 10 nM Ru(NH3)6 3+, 4 mM Fe(CN) 6 3-, pLO@A®NAILIAr get
(seq.4 to 7), 25 nM sodi um phosphate (pH 7), and 25 mM NaCl . The

el ectrocatal ytic CV signals were obtained as descri bed above
measur enent s~ wer ¥epgenpitaetsd an frfold aeltipeodicinp bunpttennessians &Oéﬂﬂjﬁ?r to

generate a QBANOHRIAM LY tPGSRE RhabiRH- meOAu leJnteg afsIhed td Ya@géoheanamésm t hat
is i) highly robust and straightforward fabricate; ii) mnul tlgl exed and

scal abl e; amguldi $e)rvesemsxt@m%leccamt85 (=8 Wla% ﬂ%medﬁppﬁi@é@ﬁtaedasm\’@tmgh y&rageneous
bi ol ogi cal g%&keﬂﬁgu @%ﬁﬁieyv&tﬁ%bongma Bret) oy Aledd dr YEn P MY APQifs Teans

of achieving repro acenent IVI sensi ng enent
using a §caﬁhbﬁeep@nngsammd creércﬂ mddrvessmdleqmalrtenelates fqr |C9r;tr01\led sl(mggmwm)of

o oy o e RS O VE Biediuieh Aalhhu oo RN 0 Bosi M B BERERR, O
and prone t apdriavés &y fodndihhd wd tviyre aBlee@telgolatebleaamd ofttheoghagiuytupss by wd@mg he
needed control  over nanoscal e featur and he|r | ace . however
aserial tee*&ﬁeaeﬁén%temgr@%ew ngﬁg ??atw BG\EE zrz%?rgoﬁn’eﬁomﬁe:fg? the |
producti on MiGBERRES repite (<16 uf A0ndeP chrRidtidne ShabHl d Méta Y¥&fdn, gHaa
photol it hogruaph;/ to position Gand gddress our el ect roﬁs ang&?hen find a

means t d0br is¥répcaoefifhe mygreaieciogdas Gisplut vigh fevela mapnsngimng yith fgagire sizes
nanost ruct ug, g %}B&%y E@f%o”ﬁﬁr oghget £t91gﬁl§esv\§isﬁ9ﬂ:§t fuat Bkr@kcBodP behavior,

mul tiplexed chip terning a 350 nmthick gold layer on a silicon chip
to create eiyfibitibg tow wepatativesunenteanddtighadidadststaty platsayeurrental pads t hat woul d
serve as external contacts. SiQ2 was then deposited as a passivating | ayer

and patterned t o634 nAREHLNERothiiiked A0 ALALAUENRAS) flnctilif) Sl each

of the Au wires ese openings were created to I ndi VI
tenpl at es f efide bivsensbrscwe mhaslifadd hemwith dﬁolwamysmtrdaﬂmglpesamdeNlﬁé rprebsed

pal | adi el.ectro n [ t h t Ltures. W
Pouns 1 “MEEHECIOR 4 Bk BT SRE MR ol Bl P BB SRS
varyi ng t he oflejoesising @ssayd arg. is Wmﬂmdy ada/antagepuabi dedtrocleandal lassaysri&calisamtet er

of the structures to t | tram cro trod aggilgl % 8h)n

condi t 1 ons. GBI g el kR T BB 1 B iR AL S ey BRaiEh Sio an

m croel ect r eRegicalissphRwe@nipldyed bn blewaicat@fyua @d’p@ﬁérrsly@téxﬁrprébgousw dehelfa@ﬂthyr e

sizes of approxjmately 20 nm_ These_ struyctures di s %/ed i dea

mi cr oel ect r SHel2PIRQTH- 0(,Laplerre M. A. et al., Anal. Chem. 2003, 6327-6333). ThlS reporter

20  system relies on the accumulation of Ru(NH3)63+ at electrode surfaces when polyanionic

species like nucleic acids bind, and the catalysis of the reduction of Ru(IIl) via the inclusion
of Fe(CN)63-, which regenerates Ru(IIl) and allows multiple reductions per metal center.
When PNA-modified NMEs were challenged with a complementary sequence, detectable
signal changes could be clearly detected through the femtomolar concentration range.

25  Negligible signal changes were observed with completely non-complementary sequences.

The cancer biomarkers selected for analysis on this platform are a group of gene
fusions specific to prostate cancer. These fusions, resulting from a chromosomal
translocation that joins the ERG and TMPRSS2 genes, were recently discovered and appear
in at least 50% of prostate tumours. Furthermore, there are ~ 20 sequence types that feature

30 different fusion sites, and the exact type of fusion present in a tumour appears to correlate
with its aggressiveness and metastatic potential. These sequences are therefore not only

promising diagnostic markers, but are also factors with prognostic value.
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exhibiting | ow capacitive currents and hi gh steady-state plateau currents .
In order to nake these nanostructured m croel ectrodes (NVES) functional as
nucl ei ¢ awodsiomizesiensors, we nodified them w th thiol at edTppbésdeiaec! ei c
acids (PNA) probes. The use of PNA as a probe nol ecul e has been shown
previously to increase the sensitivity of biosensing assays and is
particularly advﬁmrdatgﬂm'ms whethel the NMIE bmsbrsabuldsl’wagimiﬂa@cms@sﬁdn preuiose s
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of Fe(CN)63-( Eiv\/m)ghnr ggfgner%t gs (I:?urmﬁ) ﬁillgnd al | ows%rrkfjl tl‘% ee?(gdddct |)ons per
metal cent ecOMpiRISH TACORMRMEnEEY 1Wé? alse psyeyednget W+ With aclolbpiizaan ary
sequence, dehRCHOR) MinhdD ke cé}gﬁ@%&%%r@%&%rm qﬁtﬁﬁy%qm})iah@m t he
fem onol ar concentration range | i gi bl e signal changes were observed

wi th conpl ettt white @mhéweqntsmnyl pgseviesessen Witk tha AVERSEE daraetk Ehes EBGI ect ed
for 2nalys! Sl blfadec! @I BLE: A BEOURaRl, GRACHLL SRS AR HeC bt
prostate canc ese fusions, res rom a chronosomal translocation
t hat j oilfs tchﬁp]Eﬁ@ltanyckequ‘éRRSSQS pehigible. WserTEMtPRSSZmdrgetdbmslsm/éue@dn@n@fdppear

ypes that  PadE draRir e Pufe! PR TR B soeid, Wb RGN

present in a&idddA®Othe paﬁmﬁaifshetIﬁomlbezeécﬁﬁtehe/\tﬁdhem&ﬁda@gfemuhIMSfac@Me
nmetastatic potential. These sequences are therefore nqot o om si ng
ook ulb

di agnost i ¢ $Hfaeent signa] Jevels;obseryedindigate grak thyimast prcesy g5 B§l¢%r ni ne
whet her t he opVk 680 HRbMireAtesl ril1&slds VIR bERARIoh WSthIR: H6H BEASHEsr Jrems t he

w | d-type sequences that woul d be hal f-conpl enentary, a sensor nodified
with a pPobecquengsiiemefiicenty to the splice site of the Type Il fusion was
challenged wwth: (1) the fusion target (seq. Tl), (2) the sequence
correspondi ng t o} REteMhihd wth¥t9€r tﬁ%@ﬁ%&aﬁ@xﬂ@f the @Fffere-ﬁziarge?snl‘éqlﬁéh the RficBoence

corresponding to the wild-ty ggne (seq. T3). A conpletely
non- conpl emsrnee ym@mtlpd)mgm@l}’a‘leﬁgi geapeaie resdqpt, the plectyyeatalytic ﬁggmm #eteat i on

time of 00 MdMib&T s habfiey Sranahak WHEARE SNERPonRAR Vel rhreldion Wd ¥

conpl enentary target e a nuch Tower signal change was seen
TMPRSS2 t ar gis¢ of thheigh®Gis wrygést, pith digndganteuerend thangeeebssivgh aiithmPamgetesand

that Obsz%r V%ivemhte Qotgl%-rgglﬂ%%%l)g rﬂgv%\%rr Ythe signals for the half-complementary and non-
complementary sequences fall noticeably; with 20-50% of the 2-minute signal vanishing by

60 minutes. It appears that for sequences that are not fully complementary, some non-
specific binding occurs in the first few minutes of exposure of the NME sensor to the target
solution, but these complexes do not remain stable and do not remain immobilized on the
25 electrode. Thus, while non-complementary sequences can be discriminated from
complementary sequences with short hybridization times, longer times increase the

differential signal changes, and thus the degree of specificity.

The performance of these nanostructured microelectrodes as nucleic acids detectors

indicated that the patterned structures were indeed sensitive and specific when used under

30 appropriate hybridization conditions. We therefore sought to prove that multiplexed chip-
based NMEs could be used to assay cancer biomarkers presented in heterogeneous

biological samples. To explore this capability, cell extracts and tumour samples from
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sequence was negligible. The TMPRS S2 target binds to the portion of the
probe | ocated at the end of the sequence not attached to the el ectrode,

whi | e t hewBR@o@syet binds to the portion of the probe IPoratacdisanizibe end
tethered to the el ectrode surface. The different signal |evels observed
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whet her the sensitivity and specificity of the system was robust enough for
clinical testing,, To .deternj.ne whether coul et ect prostate-cancer
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conpl ementary to the _
samples that would allow the detection of the three most common types of prostate-cancer

20  gene fusions: type I, type III, and type VI. Different clinical outcomes are associated with
these sequences, with type III fusions being the most common but correlating with low
cancer recurrence rates, whereas type I and VI fusions are correlated with aggressive
cancers with high levels of recurrence. It is therefore of great interest to be able to
differentiate these fusions in tumours, and a method that would permit their presence or

25 absence to be assessed quickly and straightforwardly would be of value in their further

study and validation as diagnostic biomarkers.

Probes complementary to each of the three fusions were deposited on their
respective electrodes on NME chips, and 5 different mRNA samples were profiled for the
presence of different gene fusions in a multiplexed format. Three cell lines were tested:

30 VCap (type III positive),28 NCI-H660 (type III and VI positive)30, and DU145 (fusion
negative).28 In addition, two tumour samples (tissues collected by radical prostatectomies)

were tested, one that was positive for the type I fusion, and one that was positive for the
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fusion (seq. Pl), while |large signal increases were observed in the
presence of 10 ng NnRNA fromthe cell line that does contain the type II1
fusion. Iwoaddovszan, the nodification of NMES with a prebe/@anplemEat ary to
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In sum, the new multiplexed electrode platform we describe here is the first to read

directly a panel of cancer biomarkers in clinically-relevant samples using electronic signals.

The array enabling these measurements features microelectrodes that possess controllable

and versatile nanotexturing essential for sensitivity. The system combines these

25 nanotextured electrodes with rapid catalytic readout to achieve a long-standing goal: the

multiplexed analysis of cancer biomarkers using an inexpensive and practical platform.

Example 3. Direct, Electronic MicroRNA Detection Reveals Differential

Expression Profiles in 30 Minutes.

29



NME decreased in the following order: I " " |1l > VI. In the patient sanple
containing the type Il fusion, the electronic signals again pointed to the
correct iwernmiwogsa? the fusion with probe 111 " " | > ViPCTAhes®/oexnlts,
and those obtained with DU145, VCaP, and H660 cellul ar RNA, where

el ectronic profiling correctly called the absence or presence of gene

fusi ons, indi cat MAHERIANCANE METH@DSDbl e to profil e these inportant

bi omarkers in conplex sanples and to di stinguish biomarker profiles
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m cr oel &8t r Byt figm ByeBressM W fperon (Hpntevildg dly et RNA e@d RINGtsequenges 4ep
essential f bl ¥ . . | hese nanot ext ur ed
el ectrodes Smﬁ?‘ﬁ?@zgl%mcgr%ééﬁd%ﬁgﬁér%gg%ﬁé){ﬁgd@gﬁ?%ve a | ong-standi ng goal :

the multipl exed anal é,s@i s of cancer bionmarkers using an inexpensive and
practical pl atf oGP fkuigsfien. The chipewere fabriseted efithe Canadiap Rkptomes Edhricatipn

Reveals Diff ta»aliy: I | iy I

VETHODS Nt ST er o) HRETS ooft f8leihss SpliH, SEnbBliydin alin
chlori de (99i®id® A 330 masgilditayérewas depesitedien (H@3Mp, usingctlqearbh-helinuassiste )gold
chl ori de(99. 9+%_.wer ur sed fram Sigma- Al drich rada Ltd ((Cakyille,
0 per ai oFy ol Forbhis MR s AT IRe ided Ao RABOS Y S il b
ACS grade) \pescessoAt 50 nadlaferorhikRtiagksitibet divkide N depbbited) \BingEhéibalolapgroner s
wer e obtained fromBi gsynthesis Inc (Lewisville, TX) with HPLC purified
grade. PNA %‘Bﬁ’?na@@@s%@ VPEPEH e WPrfed; onnhsy rﬁleﬁﬂgﬁ?es using " standard

photolithography, and 2 mm x 2 mm bond pads were exposed using standard

photolithography.

20 Fabrication of nanostructured microelectrodes. Chips were cleaned by rinsing in
acetone, IPA, and DI water for 30 s and dried with a flow of nitrogen. All electrodeposition
was performed at room temperature with a Bioanalytical Systems Epsilon potentiostat with
a three-electrode system featuring an Ag/AgCl reference electrode and a platinum wire
auxiliary electrode. 500 nm apertures on the fabricated electrodes were used as the working

25  electrode and were contacted using the exposed bond pads. A 2 mm portion of the chip was
immersed into the plating bath containing 5 mM palladium (II) chloride and 0.5 M
perchloric acid, and incubated for about 5 min prior to electroplating. The bond pads were
kept free from solution. Pd NMEs were fabricated using DC potential amperometry at an
applied potential of -100 mV for 6 s.

30 Modification of NMEs with PNA probes. Single-stranded thiolated PNA probes
were dissolved in a buffer solution (pH 7) containing 25 mM sodium phosphate and 25 mM
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Gy acts as a spacer, while Cys provides free thiol for immobilization on
the el ectrode surface. Synthetic mcroRNAs (5 end phosphoryl ated and HPLC
puri fi ed)woenw/mbisai ned from Eurof ne MAG Oper on (Hunt sviPCIrasA26d9)00124k1  PNA
and RNA sequences are shown in table Sl provided in the supporting
information. Chip fabrication. The chips were fabricated at the Canadi an
Phot oni cs Fabdimmahloode @arvoecentr@tiongif|SD¢ oM. thé srlgionoyas theadeatvdbtei®oGSomid a
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m cr oel ect r BFREMeERdSP ScVErE % ‘gif Y Tipsedl yythy the abeyeobdter splution hefors

wat er for B%eas@&ﬁlelﬁy iRe niiitifledd’ &HQWHRENYI SRR e{ﬁ% lﬁdlﬁam@dﬁﬂ%&aﬁ)leon was
performed at roomtenperature with a Bi oanal yti cal stens Epsil

pot ent i ost ateadf WEreAsednr ee- el ect rode system featuring an Ag/ Agd ref erence
el ectrode and a platinumw re auxiliary electrode. 500 nm apertures on the

fabricated el ect TedREhyKiAzatRAd }@%&ﬁ&dﬁ%iﬁh&% c%lnﬁﬁﬂe& Qslfoud BEh MR Rioh OB act ed
usi ng the exposed bond pads. A 2 F{grtl on of the ch ICB was i mrersed into

the pl atlPng esthincormid TR BhosIasaP H@W(ZISIH)M&WB{? RMbisgvage Hohated
perchloric ggindo and)fltge}g&%mqn PR7ROGHL pofTil) Mol 5P 36 1AL IOPHGE kR0 The

bond pads were kept fromso ut| on. S were r| cat ed using
pot enti al armp@lpblh'eqdrmolz@tm@lmldqsm hmdmtveﬂtmmbt roélecuiﬁonleﬁmwaﬁhsn cooled

Modi ficatio Lran t.hi ol at ed PNA probes
Qn@&agﬂmxgx\gopﬁ}/ %bg fgrl?)%% ea 7@01?00% idh ana

were dissolved In a S0l u contar ni ngyag nv sodi um
phosphat e and 25 mvsodi um chl ori de at a concentration of 500 nM The
sol uti on was t heBlehtrachethical 1BGO@ einents] Elaviroahemecal mehakdmenti werel peefotnind PNA

1o o0 05 BBl Ot O R DS ROE B L0
a chip di sphayiRgNHRA)NWES md1 Beg(CN)6BA LS mM sodaym phésphate (FHNI7D) Iahbl\zsrxﬂble
overni gt at Phb SRk IR EmERIaVT Pt PRGBSI and Al DRy P RS auesh «
t he above buyblfiidns a0k bdah@dte BET@ @V/s. Differential pulse voltammetry (DPV) was performed
at a potential step of 5 mV, pulse amplitude of 50 mV, pulse width of 50 ms and a pulse
20  period of 100 ms. Cyclic voltammetry signals before and after hybridization were collected
with a scan rate of 100 mV/s. Limiting reductive current (I) was quantified by subtracting
the background at 0 mV from the cathodic current at -300 mV in a cyclic voltammetry
signal. Signal changes corresponding to hybridization were calculated as follows: Al = (Ids-
Iss)/Iss x 100 (ss = before hybridization, ds = after hybridization). The detection limit was
25  determined as the first concentration where background (noncomplementary Al) subtracted
signal was 2 times higher than the standard deviation of 10 fM non-complementary control

sample.

SEM Imaging. HITACHI S-3400 SEM (Hitachi High Technologies America, Inc.,
Pleasanton, CA) was employed to study the morphology and dimension of the electroplated
30 NMEs. The chip was affixed on a stainless steel SEM stub using doublesided adhesive

black carbon tape. The SEM image was acquired using the secondary electron mode at 20
kv.
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measurenents. For nultiplexed experinments, chips with eight individually
addressabl e | eads were used. Target hybridization. Hybridization solutions
cont ai nedwoaniogss4sconcentrati ons of targets in 25 nmM sodcumAazhmoate (pH
7.0) and 25 mM NaCl. Pd NVEs were incubated with 10 nL of target solution
at 37Cin a humdity chanber for 30 mins to allow the i mobilized probe
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f

at 20 kP RNBeadan®,DpiveisalfRIR plaster YKy &2 ¢ M ReiMsR® Probeak- 4N frsard dsimer Tot a

RNA was ext gaf e rE&H?&e%inler'THé%ac%ﬁshvé?& {ny@dlﬁéthB:%éAW*éll%}e at 959 fpapi ty of
sanpl es was assessed RT- PCR anal ysis of the endogenous control RNU44
é%té 460 axplesiof P3° %ﬁo

usi ng Appl i @inugis sallpsie t Horepndagndig0°Cliat kmimieay i ncl udes a
reverse transcription (RT) step using the

Cloning and expression of pre-miRNA-21. cDNA was produced by reverse

transcribing 500 ng total RNA from FaDu cells using High-Capacity cDNA Reverse

20  Transcription Kit (Applied Biosystems) according to manufacturer ’s instructions. 50 ng of
cDNA were used as template for PCR amplification of the premiRNA-21 stem loop with 1

pM of the primers MIR-F (CCT ACC ATC GTG ACA TCT CCA TGG) and MIR-R (ATG

AGA ACA TTG GAT ATG GAT GGT). The conditions for the PCR were: 95°C for 2 min,
followed by 40 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, and a final

25  extension step at 72°C for 10 min. The PCR product was gel purified (Gel extraction kit,
Qiagen) and cloned in pCR4-TOPO vector (invitrogen). Colonies were picked and grown in

LB medium. Plasmid DNA was purified with Plasmid Mini Kit (Qiagen), and checked for

the correct product, orientation, and absence of undesired mutations with sequencing
(ACGT corporation). Plasmid DNA was digested with Notl which does not generate 3’

30 protruding ends that produce high background vector RNA during in vitro transcription. 1
pg of linearized plasmid DNA was used as a template for in vitro transcription with
AmpliScribeTM T3 High Yield Transcription Kit (Epicentre Biotechnologies). After the

completion of reverse transcription, DNase I was added to digest the template DNA and
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TagMan(r) M croRNA Reverse Transcription Kit (Applied Biosystens, CA, USA)
wherein a stem oop RT prinmer specifically hybridizes to a mr nolecule and
i s then rwoenpe2ss4anscri bed with a Miulti Scribe reverse Prcarenigppwee.
Briefly, the reverse transcription mx includes 50 nM stem | oop RT priners,
I x RT buffer, 0.25 nM each of dNTPs, 3.33 UnL MiltiScribe reverse

transcri pt aR&NA vzndpt@iﬂl:ﬁ vathPureiNak dicmoo MiﬂbTotaleTéwaﬁﬁmﬁmdﬁc(m\zinom t hen

[ f 30 t t 16C
30 minut es. erpapie oFRNA 48R AR ES Ra TR {050 W0 R o oduct <

wer e subsequently arrpl ified wth sequence-specific priners (hsa-mr-21
primer 4373090, RESURIS-AND DISCGUPSIONS 4373093 from Applied Bi osystens)
using the Appli ed Bi osystens 7900 HT Real -Tine PCR system The 10 nL PCR

m x contains 0. "‘lrrlglg;l;/ogédog nﬁ\?lo?ixad' ng_\g%ﬂ((({ }oruxﬁlcg(ﬁf}@%:\ﬁrgfgﬁgw&% @/roullxl X,

0.2 mM TagMan(r) pro ward priner Verse primner.
The reachi orfmtmueth@ ¢ongerbeanice of |arra3ab88d1am.ﬂydls plut veukdt augbent§ the p])@feﬂbf]lsllogs

fol | oned by 4 ¢l es. 950C.f or 15 .seconds oni ng
and expressit on mﬁrwnh tfhﬁﬁﬁ?eﬂonacmtm reﬁ‘?l%ﬁ%g%fa%ffn?lL@glrogléthsfgﬁgéif bi ng
500 ng tot alo“RNBurfdlamm EﬁdibRNAh | Givesithgy ddngénticaglafthdrysceddblbaddavaetheds are
Transcri pti on i.,ed Bios acco cturer ' s

i nstructi ond ﬁ‘eﬂé)y S‘EI‘N& W‘r"és@gﬁ zgiony maﬁ?rn@;nggg% o eGHEY forsPEefei-on of

the prem RNAouhll fbiRnech@abesW it sithplNh@funteRQtSH, I WBhste Cﬁnﬁeﬁ @E:-Epéggéhﬁﬁg GIG
ACA TCT CCA TG and MR R (ATG AGA ACA TTG GAT ATG

condi ti dfs F‘BPIOYWIWWQ‘.’“%C for 2 min, followed by 40 cycl es of 95C
for 1 mn, 55Cfor 1 mn, and 72C for 1 mn, and a final extension step at

72C for 10 min. ﬂih&d&@B 6\aGHIE tplatfdEm & eléwohi‘cl BRIREEA d8%EHARCh irtifibled
Q agen) and cloned in 4- TOPO vector (invitrogen). Colonies were E‘c ked

and grown i AP B’aﬁ@EﬁpﬁﬁW thot featred TnpleskEede petfart Eengralid by osdiibographni T
(Q agen), apglyGheaiad uglﬁé asitRof ALfeP S 2 BRI p aQt'éﬁﬁW‘?id \9?5 dé%ﬂgtemqﬁce of

undesi red nut atl ons W th sequencing (ACGI cor poration
di gest ed wi sWiaRpte piatviderr wblsiplenest sejoideads endextemalt ontictigAdayis of 18® wmsoduce

hi gh bagkgr Vet r i

i hear  dod s R o e ALl el e MRSEE) B P Bt e PRaln R on
wi th Anpl i S60Q iml'dfmefﬁﬂapdnghs Yieed @eﬂ'edamsme epd ofdackKiehd (dpipogngald® To generate

Bi ot echnol o ion of reverse transcription, se I

was added tgroguéggt mfcl%ekfcgﬂ%eis 'Béh aMARNACHRdenosigds i1 gthe pRerEfrsel
Mcro to M eiectiodtpdsitichiAtdpuwas enpareb@d téiprodubd Highlyo@@Btructured mlcroelectrodes

(NMEs). Previous studies have indicated that nanostructured sensing elements can present
20  biomolecular probes more efficiently than bulk materials and facilitate surface
complexation reactions, but this advantage has never been exploited for direct biological

profiling.

To test the electronic chip for sensitivity and specificity in microRNA detection, Pd

NMEs were modified with PNA probes and exposed to RNA for hybridization.

25  Complexation was assayed using a redox reporter system, previously shown to exhibit
femtomolar sensitivity when used in conjunction with nanostructured electrodes and PNA
probes. (R. Gasparac, et. al., J. Am. Chem. Soc. 2004, 126, 12270; Z. Fang, S. O. Kelley,
Anal. Chem. 2009, 81, 612; M. A. Lapierre, et al., Anal. Chem. 2003, 75, 6327; M.A.
Lapierre-Devlin, et al., Nano Lett. 2005, 5, 1051). This reporter system relies on the

30 accumulation of Ru(IIl) when nucleic acids hybridize at an electrode surface, and the

signals obtained from this reporter are amplified by the inclusion of ferricyanide, which can
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Concentration of RNA was determ ned by reading the absorbance at 260 nm
RESULTS AND DI SCUSSI ONS W endeavored to devel op a new nethod for m croRNA
profili ngvohato/oasss’rd feature the conveni ence of array-basesaan@iopsiiz, but
woul d augnment the power of such multiplexing with the exceptional
sensitivity required to assay small biological sanples for | ow abundance

m cr oRNAs. @egeeerate Rat(IID cheresliyoaftek ith kelectrecherenalerethasion Tizttivms of theeniR-21

i nsufficient I%uﬁsens' tive,to ni t.or ha{lbri di z%tﬁi on of small nurrbersngf1

mol ecul es t 8°SiPFad owedbgﬁtﬁggmg? oenal SGANRSE SN ﬁosfl?ﬁifoem Rlemenay SRRt on,
we i nstead pequeted when apipticeontaindig @npfloyetl eMedftthe tirget meedexpbsed|ta tior der

to provide a platfo or,.electronjc mcr detection nul ti pl exed chip
was prepar e(ffhﬁ)hbﬁfedf g@t‘%r S SATEP rt8318 %@%’}Il@‘?sr?ebgﬂ‘érf)@tf’%apwlple' The Sery

phot ol i t Bogmaghgvel Thiensiflityis wenipasied byph Ngitad 8ydainéORnyed Ny’ sbubdsiehe and a
pattern of gold was_deposited on its surface tq provide a nmultiplexed set
of |eads andesiwr phmictghNAst dus Aradeoflis grerigd pifens theelpss pbuanss elofiett t he
gold to passityrh&sthe nmetal, and then in the final fabrication step, 500
nanonmet er apertures were opened on the end of each |lead to expose gold. To
gener ate protrudilitg wheidraddiionlostaging sateriadr mrogdisaldy demandad o mieedNAn t he
apertures. et [ 1S 4 e

anost 1 uct ur e e SRRAT rHh0 FuEfec B ARCRZRE s BOBEE MARY | ha
nanost r uét uraedirgtely sdistgpgeisiede Seend.aseqperes eppendagasolikecthbser fopnd e snatwre evs.
efficiently than bul k erials and facil{tate r e conmpl exati.on

eact i ons,” Bieora DiilTAT myl B A my B e R B st e SRR R becn

bi ol ogi cal pifahedei rquirchentse Ve tilnvestidaedt fishitiee epdcificitgrofs thasaskayv ifdry matuee

specificity i.n m croRNA detection d S re nodjfied with P robes
2 exposen TEOBNA FOPGoI G UaEtSc A tS Db Sy R g
redox repor telip WwasSdxpdted 6 Solutiuus kyntsihiagmithed texhulledgtt, @otislentaided @rcuisbvi t Yy

when used in conjupction wth npanostructured el ecirodes and PNA probhes. (R
Gaspar ac? edormpt miR;21, opfhe stgh n@o% agﬁe-i%?e&lﬁ%? mR-ZEseryencs; Ths

orteFod
Kel | ey, AnalgionfhéRined0RP theShirpRlpteculdor Sruchd® bffrbRheEbacRiround\Reéls, WHiRM
2003, 75, 6327; MA. Lapierre-Devlin, et al., Nano Lett. 2005, 5, 1051).

Thi s report épbustsignahehepgq was dreryedeformetyrumifctlon of Ru(111) when nucleic
acids hybridize g @Oah?it(%cweog‘ﬁsiﬁﬂw BF he ﬁ&gctfolﬂeapproach to point mutations by

monitoring the response of probe-modified sensing elements to two closely related

20  sequences, miR-26a and miR-26b. Probes complementary to each sequence were arrayed

on the chip, and the response of these elements to the complementary sequences was

monitored. The signal obtained when miR-26a was introduced was approximately 4 times

for the fully matched miR-26a probe over the mismatched miR-26b probe, and similarly,

the signal obtained when miR-26b was introduced was approximately 4.5 —fold higher for

25  the fully matched miR-26b probe over its mismatched counterpart probe. These results

indicate that this multiplexed chip can successfully discriminate closely related microRNA
sequences.

Deriving a “fingerprint” of microRNA expression from cell lines representing a

particular tumour type relative to normal cells has been previously shown to be a powerful

30 approach to identify microRNAs that can serve as biomarkers in patients. Having

confirmed the specificity and sensitivity of the chip towards microRNA targets, we then

tested it using RNA samples extracted from human normal cells and those derived from

human head and neck squamous cancer cell lines grown in culture. For example, total
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signals obtained fromthis reporter are anplified by the inclusion of
ferricyani de, which canregenerate Ru(lll) chemcally after its

el ect r ochwoizoslo2saducti on. Titrations of the m R 21 seqkemaA28dvmnoexi2
det ect abl e signal changes relative to non-conpl enentary control sequences
when solutions containing as little as 10 aMof the target were exposed to
the chi p- baRE4 divEsged Thinsthe dumes pypapbatyogedD sqrameey bassepkaDuiall bid ersk a of
sanpl e. The very eve of se Vit d
dynamic r anré’em r% %hei 12ce I3ime e o%?tﬁ& ot et)‘/leng ?S%ﬁ&g %Hécrggﬁﬁ%ggdit ﬂg@lg
tradeof f i saprebd tc&mblgnm thmiRt R05abupaiiiveeignél Wztseﬂa&mmdqu&msdsﬂe dsMbngr uci al

addi ti onal in eri re s i,call

det ecti on. ‘?feéﬁ‘f‘ G%E‘V?dsé tﬁ%?ﬁﬁ‘eﬁag Il? ﬁ@8’§1¥al ea{rt‘fi#ldlr ?Hf %b({;n%spr% 8% one
base - nustsigal aﬁﬁgg@iﬂeh;ytdiz(ﬁﬂg dfguuzshmlsmaeamat tﬁqu&me@p@@@wﬁa@msl i ke
those found In mature vs. precursor mg¢ {%ﬁg&ﬁ be dj crlmnated We

sought to cRAIYDENEEEGEF prgygf @rﬁ%}ftcwalegbe ¢ FRuGRri P

investigated fingl pldiedSRRCAifbreht MicRIRNALS nAR DA Yanf GRiRIFSUER] mcpfneﬁwa a
sequences. This mes conducted by anal yzi ng si gnal changes observed when the

chip was exyogeldRNa, RYUh4 isnaedef ttal RN eammesr Werrapleyier threg¢jffarent head
doubl e- st r ajy g%gck %&rﬁbﬁssc%cﬁi géjl_f‘i‘ir{%E afl &raﬂ'qlr_?_le e gﬁ 11§é Qgéhé hﬁ&@él%&&o&@ﬂ-g er,

si ngl e-stran ture m sequence tal ned

hai r pi nlGr emuhczsortotsltRMAtsannBleamlnmamBHAbla@wgd dromdndrexeledral, emlwliabceilsr dbust

si gnal change e v d.for 1. Vv, e n ivity
of the deteCPFER" é%@? ojzifc V?ls asdu rﬁegr?ﬁ'tt ?aegtmcgé%caq r%%p%ﬁ‘ée I%Ie %d §§rs%8%se of
pr obe- nodi f toeatl R&N Sanige eklﬁﬂﬁht(ﬁa 'rsmsingal@hans eioyhfmélvaﬂed csmglvamamasf prﬁbeR— 26a

and m R-26b. Probes co nta 0 gach sequence vve ed o

Chi b and BB EOREE! Brolk R R e s THE ot S Sutaies was
noni tored. sifffiGangp aievaa&i ﬁ' tH@Ehn‘dé’t&i&ll Mk, 2aRed)ale leVéli @ﬂmeednwmm were
approximately 4 tine e fully mtched m R 26a probe over _t he

m smat ched i¥igedsehe m%wal%rf@#m efrlpyrls 1n the capegh sell lnse slativg b RomRak- 26b

was intr Oduﬁ)@lﬂelm%el?@%@)ﬂvgﬁéx%te\ésﬂn of tHed ehrittORas cf)lﬁfnn%@‘%lsﬁlglc]oﬁvéﬁﬁBWEd
m R-26b probe over its m smatched counterpart probe. These results indicate

that this naHapiitetivxBeRecpsuparrion deiemadtion) yBod suRi i rﬁatiemtlﬂ Yoehgyerkeent ed
el 11 nes FERPEERotsPREd 1 idaich FCRRHEL biban fad Thd haE N R Caeh Ot ol s
has been prmdlcml ngmﬁqamt potefil forphese miicio-RNAs to serve as diagnostic biomarkers
20  for this malignancy.
In conclusion, the microRNA detection chip described here offers the sensitivity and
specificity for the analysis of a novel class of nucleic acids biomarkers representing one of
the most challenging detection targets. Electronic readout of microRNA profiles offers a
rapid - yet highly accurate - method to directly assay RNA samples for specific sequences,
25 and the lack of labeling or amplification renders this approach to be extremely

straightforward and efficient, features not attainable with other PCR or hybridization-based

approaches.
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approach to identify m croRNAs that can serve as biomarkers in patients.
Havi ng confirmed the specificity and sensitivity of the chip towards

m cr oRNA wargmi®ss«ie then tested it using RNA sanpl es erCraced/odrxen human
normal cells and those derived from human head and neck squanobus cancer

cell lines growmn in culture. For exanple, total RNA extracted fromthe human
hypophar yngeal squanous cancer FaDu cell line and a normal oral epithelial
cell Iine was titrated onto a nanostructured m croel ectrode displaying a

probe conplenmentary to mR -205. A positive signal was obtained with as
little as 5 ng of ORMAM8erived fromthe FaDu cells, while normal epithelial
cells did not produce any signal change with up to 20 ng of RNA. This

i ndi cates that tha. si gimnostregpensierodattmwé&sponds to a uni que mar ker present
at significantly higher levels in the cancer cell lines. W profiled two
different mcroRNAs, npRuddodRfoddioReidaP1, vl ifbshpribdacdr ddmebrial £RRbd Ol RNA,
RNU-44 in a panel of total RNA sanples. W eppl qyed three different head
and neck squaffetidhec FRMwerongiging of:j 4 pedle Mgy, %"oﬂggﬁgd oRE “?eéaipaoﬁ"élgucfi?g t he

m cr oel ect 50d@olghdra heal bkiés e nieat dlicidRNAngA ipidescatbed aita combinoioRdiany ob| at ed
from nor mal o;h%Isanclaepi thelial cells. As expected, RNU -44 |evels, as judged
by the el ectrochemcal response neasured for each total RNA sanpl e exposed

to a sensing elenment npdified with a conplenentary probe, r i ned const ant
inall four cell I} nesT.he%%?QFé‘i‘?deﬁf‘#-“?i’%% IR hoigk ’%ﬁgbﬁﬁgeé’?%l’@jgot h
si gni fi cant | y teedbent atoasiciois. t he cancer cell lines. |Indeed, the |evels of
these m croRNAs were judged to be present at> 100-fold higher levels in the

cancer cell lines 4 el afyscrbdck i oNQLiREBI wiRRIn helehddl ofGRI dafostrddie is in
over - expressi on of these targets was confirned using conventi onal

quantitatiie Perengsfababisgbuf 3§ "remeFiati on). Both niR -21 and ni R-205
have been previously observed to be elevated in primary human head and neck

squanous car ci nones, | Tidindatdlaageda o¢lamilf whszait the lsngiinof thd nahestrudtireisén

m cr o- RNAs tot@@;nggofg&ugioa}g5}53§ttjoqlarghlgtg§_r kers for this malignancy. In
concl usion, the mcroRNA detection chip described here offers the

sensitivity and s%eci fjrhci '{n}/crofefggtm%peo{a({?%lnﬁ s, of. nav.el lecckra s.of nucleic

i
. . wnercl microc e has, an
aci ds bi omarkers represénting one o 3 TrodPreha T eNgrng det ect i on

targets. El eceproninatedamuin tefrangt cfab®NAtogbot 1Q misropf. f ers a rapid - yet

hi ghly accurate - nethod to directly assay RNA sanples for specific
sequences,15and t he. | ackieaficrbetlo@dde B4 1 avpteinftheGRhdstuR ufed N Gheky Sr frdttal appr oach
to be extrenely straightforward and efficient, features not attainable with

other PCR or hybr ini Zafﬂe%érp@éﬁaie of claim 1 which further comprises is a probe selected

from the group consisting of: thiolated probe molecules, nucleic acids, peptide nucleic
acids, locked nucleic acids, or phosphorodiamidate morpholino oligomers terminated with
thiols, nucleic acids, peptide nucleic acids, locked nucleic acids, or phosphorodiamidate
20  morpholino oligomers terminated with amines, nucleic acids, peptid e nucleic acids, locked
nucleic acids, or phosphorodiamidate morpholino oligomers terminated with carboxylates,
proteins or peptides functionalized with suitable tethering molecules and antibodies

functionalized with suitable tethering molecules.

9. A biosensing device comprising a substrate; an electrically conductive lead

25 on the substrate; an insulating layer covering the lead, the insulating layer having an
aperture exposing a portion of the lead; and a mnanostructured microelectrode, the
microelectrode being in electrical communication with the ¢xposed portion of the lead, the

microelectrode being adapted to generate a charge in response to a biomolecular stimulus.
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approaches. CLAIMS: 1 A nanostructured m croel ectrode 2 The m croel ectrode
of claim1, which is conppsed of a material selected fromthe group

consi sti myoahio/@ssaehl e netal, an alloy of a noble netal pca/@anguwoiiing
polyner, a netal oxide, a metal sihcide, a netal nitride, carbon or a

conbi nati on of any of the sanme.. 3. The m croelectrode of claim1, which is
of a height in the range of about 0 5 to about 100 mcrons. 4. The

m croel ectrode of claim1l wherein the |ength of the nanostructure is in the
range of about 1 to about 300 nanoneters 5 The m croel ectrode of claiml,
wherein the | engt H0of THeebiosensing Wevicetafclin 8, Vheraithie lead gemmPesabBeterial 0 t o

about 20 nanoR@LeH $rof the ERRp BInSiEREbL AL Q0@ TR, &k pdiyditon. Wher ei n the
m croel ectrode has an approxi mate dianeter in the range of about 1to about

10_ mcrons 7 The niléCI‘ e%?o&gnglgé?egi]cce 810 in@,%her%ﬂe%ﬁ@t\ﬁ%@&nﬂ%??ﬁlﬁt%ﬁ ure I'S
spiky or fractal. 8 The mcroelectrode of claim1l which further conprises
i s a probe selsdeteddiay g s1o1@ YWrotipe ebridicen jsHiga ofuarts glagh strekitep gyivan

mol ecul es, NUGkEiid, @6rhESum,P8Rdoh ABbIYCINGIuR SipBiinds, | ORKeH 1Had, Sleamatgi ds, or
phosphor odi ami Plat e gprg)hol i no ol igoners term na%ed ¥\j8t q) thiols, nucleic
aci ds, pepti d@a{FciobicHOURE gl othe T Of GePEpaRons of ¥ o8¢ 298 Kfs phor odi ani dat e
mor pholino oligoners termnated with am nes, nucleic acids, peptid e

nucl ei ¢ aci ds, |ocRed Higdiasgnsingdqvigs of ghim Shwkertifothe BFwating BY s iyROMPEBL i no

ol i gomers ter gk paL\ch Wid-Bd fah BRROLFERSstinf bOLifdoR FioRile, BARNInIRSR, ditdpeh i onal i zed
with suitable tet h_?ri ngi nol ecul es and .ant i b?di eF f%ncti onahzed wth

sui t abl e t et h&PPef §lFRSIOEIds, prelparylenor sprafinaions ot 9% 0f B2 %8%imosi ng a substrat e;
an electrically conductive | ead on the substrate; an insulating |ayer
covepng th¥ | ead, Bhe Thedigsersingdevica peslaimdy Whgicim e ApsEnte BrernaRpodTHe a
portion of theihR@dn 13regLorIBIIOR0 hitGs 4bo@do pinCr o€l ect rode, the

m croel ectrode being in electrical comrunication with the exposed portion

of the | ead, the m,cro 2 t ( QRRE te ge in
response to a bi o_rrlél ecﬁl}egbﬁ({;sér??'%%%%(sﬁ%g’ %ﬂ%esg?m ng_é gecvz}r esq%?greqﬁ?ai m 9,
wher ei n t he | ekefriesbepgmusisaion with the ldadfor Seringchases fForohs miswelgrgdp WBB#BI st i ng
of - Au, A, WiheldhNge 81 the RRI:3Sdtdrdg QDthe end of an integration period is indicative of the

15  biomolecular stimulus.

15.  The biosensing device of claim 9, further comprising a display component

for displaying a charge stored in the charge storage.
16.  The biosensing device of claim 9, further comprising a transistor.

17.  The biosensing device of claim 16 wherein the transistor is a field-effect

20  transistor (FET).

18.  The biosensing device of claim 17 wherein the FET is selected from the

group consisting of* an n-type silicon channel, and a p-type silicon channel.

19.  The biosensing device of claim 16 wherein the transistor is a bipolar

transistor.

25 20.  The biosensing device of claim 19, wherein the bipolar transistor is selected
from the group consisting of: an n-p-n bipolar junction transistor, and a p-n-p bipolar

Jjunction transistor.
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11 The bi osensing device of claim9, wherein the substrate conppses a
material selected fromthe group consisting of silicon, silica, quartz,

gl ass, sapphlwree2syal | i um arseni de, gernmani um silicon cachiaeposodiaim
conpounds, selenium sulfide, ceramc, plastic, polycarbonate and ot her

pol ymer or conbi nations of any of the above,. 12 The bi osensi ng device of
claim9 wherein the insulating layer is conprised of a matenal sel ected
fromthe group consisting of silicon dioxide, silicon nitride, nitrogen
doped silicon oxide, and paryl ene or conbinations of any of the above 13
The bi osensi ng deVlce Bfe tidsensing Yevieghdraddim % henppiog 2urwalita st kedsagol oxi mat e
di amete in the,yiang&pQliveahigdlieckOd. NMm to about 10 m 14 The bi osensing device
of claim9, further conppsing a charge storage in electrical comrunication
with the lead for sto charge . fromthe m croel.ec [ ei he charge
on the charge storzg'ge a bﬁ%eens‘g%gle i r‘%cr%a"lnnzmeﬁ)?l §ﬁs|“§natt?)e§$?%(ﬁwlﬁ§m?ﬁ |b %:ati ve of
t he bi onol eculmmiece¢sipryldedon thmitiededypdssensi ng devi ce of claim9, further
conpnsing a display conmponent for displaying a charge stored in the charge
storage. 16 The bizdsensienipsaeig GLicobf i 0y Wilreid the inld@kle @O ateirdvifled

transi stor 17.The bi osensin evigce .of .claim16. rej he transistor is a
field-effect €rans| |ayslflrgreac?’lfﬁ%gefg?&ﬁggl‘g(?ug@eeﬁ%l %néc\gpez{??eégbl%f claim 17 wherein

the FET is selected fromthe group consisting of an n-type silicon channel,
and a p-type silicdn chdisthed fof gnappfactising & bipsinpins deyise-cthe BFhY OMRTISI®: wher ei n
t he transi st Oproviling alBuRahta ind dnaMSirisil lcondQctilé) @ad b0 he Ribistige, GR\Uéad®eiag Cl ai m

19, wherein the bi q)ol ar. transistor .is selected fron&ltt.he [quR consi sting of
. covered an. insu aﬁlin layet; etching ai apefture in the imsulating” layer.10 'expose a
an n-p-n bi pol ar jUHCPI On t Pamsi’s or; anaea.p-n-p_ BIpot & URet T on

transi st or 01, pditien b thsleadls indgpledieadinositing a eohdcvinegnategialmprthesixpegedpogtionofll i ty of

| eads, each hgyhfd FomtSReGhvBdRiStae§et rode. 22. The bi osensi ng device
of claim21, conprising at least two different probe nol ecul es provided on

t .he m croel ectr Od%é: Zﬁie.n-lcliagxgd Qll c?asm? 92? {vﬁlegeir(lj &g %lgc%roge];)oscl:tlnglc@np%’ses conef‘rc) 1|ng the
m croel ectrodes ar'é provVi
an applied potential in order to achieve a desired dendritic structure.

26.  The method of claim 25, wherein the applied potential is in the range of
15 about 0 mV to about -250 mV.

27.  The method of claim 24, wherein the electrodepositing is performed for a

time duration in the range of about 25 s to about 500 s.

28.  The method of claim 24, wherein the electrodepositing is performed using an

electrolyte selected from the group consisting of: H2S04, HCl, and HCIOa4.

20 29. The method of claim 24, wherein the etched region is defined
photolithographically.

30. The method of claim 24 further comprising functionalizing the
microrlectrode by binding a probe molecule for a target biomolecule to the surface of the

microelectrode.

25 31.  The method of claim 30, wherein the probe molecule is functionalized with a

thiol, amine or carboxylate group.
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in an array, and each mcroelectrode is individually electronically

accessi ble. 24. A nethod for manufacturing a biosensing device, the nethod
conpri si Yo 2proo2ssdi’ng a substrate and an el ectrical ly cenawismoiaad on
the substrate, the | ead being covered by an insulating |ayer; etching an
aperture in the insulating |ayer to expose a portion of the |ead; and

el ectrodepositing a conductive material on the exposed portion of the |ead
to forma nanostructured mcroel ectrode . 25. The nethod of claim 24
wherein the el ectrodepositing conprises controlling an applied potential in
order to achi eve &2dest methodehdarivingcous prhiesensing press Uving anenefersfd cl ai m 25,
wher ei n the appldeReloROIARLR IS in the range of about O nV to about -250
nVvV. 27. The nmethod of claim24, wherein the el ectrodepositing is perfornmed
for a tinme duratiqgn i he .\ .0f,about 25 s to about 500 s . 28. The
met hod of claim Zﬁfwl\f\iﬁé&h(g?#lct%ﬁg&aé egét rodepositing is performed using an
electrolyte selected fromthe group consisting of: H2SO4, HO, and HO O t.
29. The nethod of bt‘?f’%tﬁ‘?‘?ﬁfoe]ﬁﬂ‘iréfleerfﬂﬁ“"fﬁoe@ré%fﬁcé leg®8¥on is defined

photol i t hographi cally. 30. The nethod of claim 24 further conprising
functional Bzi ng t hsamiingraotieteaestchasgieor bferticnieiinag flawdeypw thomiseelPdodor a
target bionol ecul g,4 @ LRRnGWIERAE Of the microelectrode. 31. The nethod of
cl aim 30, wherein the probe nolecule is functionalized with a thiol, am ne

or carboxyl ate gr%)%'si?’zthcéicroctcr%r%ﬁctgf peRLENP QS @ biosensing process
usi ng a nanostruct redt m Croel ectrode conprising:’ providing the device of

claim9; biasing the mcraoelectrode relative to a reference el ectrode;
measuring a ref er SFEUIREHEEe 8 cupe Pk gengraied ot B figreeliirade MASRARSE e

m croel ectrode andhetbivmmoleafles@mae; #bect r ode; exposing the mcroel ectrode to
a bionol ecul ar stinmulus; neasuring a charge or current flow generated at

the mcroelpect r odgedkmifigs BRNGRouhiOofl BEmBLAMP!sBHMbAbresthl Y| dRparBf dhe
measured charge or measured current flow against the reference charge or reference

current flow.

33. A biosensing cartridge comprising: a sample chamber for containing a
biological sample; a biosensing chamber for containing a biosensing device in accordance

15  withclaim 9.

34,  The cartridge of claim 33 wherein the biosensing chamber is adapted to

subdivide the biological sample through chemical, mechanical or vibrational means.

35.  The cartridge of claim 33 which further comprises a purifying chamber for

purifying or isolating the sample.

20 36.  The cartridge of claim 33 which further comprises a lid having capsules, the

capsules containing reagents for carrying out the biosensing process.
37.  The cartridge of claim 33 which is disposable.

38. A biosensing workstation comprising: a cartridge holder for holding a
biosensing cartridge in accordance with claim 33; an instrument tip for accessing the
25  biosensing cartridge; a sclection mechanism for selecting a biosensing process to be carried

out; a processor adapted to carry out the biosensing process using the biosensing cartridge
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determ ni ng the anmount of bionol ecul ar stinulus present by conparing the
nmeasured charge or neasured current flow against the reference charge or

r ef er encewounroanss4f7l ow. 33. A biosensing cartridge conpPCIiaagooaosaepl e
chanber for containing a biological sanple; a biosensing chanber for
containing a biosensing device in accordance with claim9. 34. The
cartridge of claim 33 wherein the biosensing chanber is adapted to
subdi vi de the biol ogical sanple through chem cal, nechanical or vibrationa
means. 35. The cartridge of claim33 which further conprises a purifying
chanmber for pumdftydatagmioe resdiolofithe higseniieg menp| feom GG ronfthegnely genefaggd drowf ¢l ai m
33 whi ch furt hgLnicQRRHI 88 Re@ add hisPRY hoPEs RS te &SultsloPBe GidkSie@RHc&ONt Al Ni Ng
reagents for carrying out %he bi osensi ng process. 37. The cartridge of

claim 33 which is dispqgsabl e. 38 . A biosensi Wor ion rising: a
cartridge hol der f%? hgﬁﬁrﬁgﬁ%P%?%égﬁgﬁﬁbﬂgﬁr Pfsdga?%§g%€g%@gﬁgggvﬁth
cl ai m 33; an i feshaldirgerplurdlityrf bosensiearesideesg t he bi osensing cartridge; a
sel ection nechanismfor selecting a biosensing process to be carried out; a
processor aglapted 4@ Camé yorRddtioh bflah 85 ehGeinte pEOBRASipisdigosablie bi osensi ng
cartridgeand to determ ne results of the biosensing process fromelectronic
signal s generated f omp0&,RkQRANG din 08N ihthQUBmpARE Avsl SR &Madk br
di splaying the results of the biosensing process. 39. The workstation of
cl ai m 37, wher @tiqyely ileptdyipgthabipsensingcartridesof  cartri dge hol ders for hol ding a
plurality of biosensing cartridges. 40. The workstation of claim 37,
wherei n the instruAnt The poikstadios poshin 87, fddher Toreprising lesvatei damlsf forl ai m 37,
further Conpr'&h&%ﬂ%“Qgép&ﬁgﬁﬁ&ﬁﬁgﬁﬁmééﬂgﬂ&Q&QUe|y identifying the

ge. . r

bi osensing cartri The workstation of claim37, further conprising a

43, The worlst ati oftof 10 4RI oGiBP T ERS GO KA BHFL: CABSBre of
Wi rel ess commuenmgahicgion thhmglughirdesswervalless net wor K.

40

SUBSTITUTE SHEET (RULE 26)



