NANOSTRUCTUFtED MICROELECTRODES AND BIOSENSING DEVICES INCORPORATING THE
SAME RELATED APPLICATION This application claims priority to U.S. Provisional Application
No. 61/093,667, 5filed on September 5, 2008, entitled Nanostructured Microelectrodes and Biosensing
Devices Incé’?f)’o?roéﬂ%s?ﬁ% Same, which is incorporated by reference here‘fﬁ?fﬁw(gﬁﬁll@fﬁ
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tools, helped to spearhead this revolution, enabling the discovery and the initial
development of assays for patient testing (Morris et al., Curr. Opin. Oncol. 19:547)}.
However, spreading the reach of the genomics revolution to the patient bedside demands
15 cost effective tools for individual biomarker profiling assessed relative to a posited disease
state. Specifically, tools enabling routine patient care preferably would be simpler, more
portable, and less expensive tﬁan PCR-based methods, yet should retain a high degree of

selectivity and sensitivity.

Riomarker 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 14662,
Nicewarner-Pena et al., Science 294 :137, Park et al,, Science 295 :1503, Sinensky et al,,

Nat. Nano. 2 :653, Steemers ef al., Naf. 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 14093, Yi et al,,

30  Biosens. Bivelectron. 20:1320, Ke et al., Science 319:180, Armani et al., Science 317:783),



current multiplexed chips have yet to achieve direct electronic detection of biomarkers in cellular and
clinical samples. The challenges that have limited the implementation of such devices primarily stem
from the difficulty of obtaining very low detection limits in the presence of high background noise levels
present WheW‘eg/ %fﬁologlcal samples are 5assayed, and the challenﬁ‘é%é %%Qﬁ?r{‘ﬁ multiplexed
systems that are highly sensitive and specific. =~ The miniaturization of electrochemical systems
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Chem. Int. Ed, 8068¢32, 1268-1288). Indeed, such electrodes have become well-established tools in a
wide range of analytical applications (Bard, Electrochemical Methods: Fundamentals and Applications
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nanowire electrodes, however, is non-trivial. Boron doped diamond microelectrodes modified by
electrodeposm&Rﬂ?ﬁﬁﬂﬁ(ﬁﬁﬁaﬂ%’éﬂ‘fﬂ%§ﬂ%}ﬁéﬁrﬁ £814R BRI P aRIBY of As(l) at

levels below 1 York, 2001), Reimers, Chem. Rev. 2007, 107, 590-600, Zosic, Handbook of
electrochemistry (Elsevier, 2007)). Working with nanoscale electrodes, however, is

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 ulirasensitive 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 atfomolar levels of analytes, this actually corresponds to
picomolar levels when dealing with the volumes typically used for analysis. It has also been
demonstrated that nanopariicle-modified electrodes may exhibit several advantages over

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

effective surface area and control over electrode microenvironment (Kaiz et al



5ppb (Hrapovic et al. Anal. Chem. 2007, 79, 500-507). However, this type of electrode cannot be
incorporated into an array-based format for multiplexed experiments. The analysis of panels of
nucleic acid or protein biomarkers offers valuable diagnostic and prognostic infoimation for clinical
decision making. Existing methods that offer the specificity and sensitivity to profile clinical samples
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SUMMARY

In a first aspect, there is provided a nanostructured microelectrode adapted to
generate a charge in response to a biomolecular stimulus, wherein said nanostructure is

15 spiky, fractal, or of nanoscale roughness.

In one aspect, the disclosure features nanostructured microelectrodes (NMEs).
NMEs are electrodes, which are nanotextured and thus have an increased surface area.
Preferred NMEs are comprised of a noble metal, {e.g. gold, platinum, palladium, silver,
osmium, indium, rhodium, ruthenium); alloys of noble metals (e.g. gold-palladium, silver-
20 platinum, etc.); conducting polymers (e.g. polypyrole (PPY)); non-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
oxide (TiOxNy); metal silicides (nickel silicide, platinum silicide); metal nitrides (titanium
nitride (TiN), tungsten nitride (WN) or tantalum nitride (TaN)), carbon (nanotubes, fibers,
25  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 i the range of about 0.5 to about 100
microns (pm), 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.

30 are nanostructured on a length scale of about 1 tc about 300 nanometers and more



30are 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. dendritic). The surface of an
NME may be further coated with a material, which maintains the electrode's high conductivity, but

facilitates bipdigg MR OReFArBXaMIe, NBEORN £AREBIRING NIES(R & TiNn VY P1EAR can

bind with an amine functional group of the probe. Similarly, silicon/silica chemistry as part of the NME

can bind witif shanandrstulisg e thiesi e theeprbBdeis sibtner djsati viie-Hisdissdrectabitites an
NNIE associgtadyith ararabe,do ang Nembediment theiohedsanyclicasid gith sihenueleic

acid (RNA), deoxyribonucleic acid (DNA) or analog thereof, including, for example, a peptide nucleic
acid (PNA) hehRipcEodtam$igtp Hévemprsdacditaise bindHse thih-qyeiRBeuniEonkREBIF peptides
rather than deoxyribose or ribose, peptide nucleic acids, locked nucleic acids, or phosphorodiamidate
morpholino oligomers. Under appropriate conditions, the probe can 10 hybridize to a complementary
nucleic acid to provide an indication of the presence of the nucleic acid in the sample. In another
embodiment, the probe is a peptide or protein (e.g. antibody) that is able to bind to or otherwise
interact with a biomarker target (e.g. receptor or ligand) to provide an indication of the presence of the
ligand or receptor in the sample. The probe may include a functional group (e.g., thiol, dithiol, amine,
carboxylic acid) that 15 facilitates binding with an NME. Probes may also contain other features, such
as longitudinal spacers, double-stranded and/or single-stranded regions, polyT linkers, double
stranded duplexes as rigid linkers and PEG spacers. In a further aspect, the disclosure features a
plurality of NMEs arrayed on a substrate Preferred substrates are comprised of a semiconductor
material, such as silicon, 20 silica, quartz, geimanium, gallium arsenide, silicon carbide and indium
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 30mercaptohexanol, alkanethiols, cysteine, cystamine, thiol-amines, aromatic thiols

(e.g.
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benzene thiol, dithiol), phosphonic acids or phosphinic acids. Another aspect features biosensing
devices, such as integrated circuits, comprising, for example, a substrate; an electrically conductive
lead on the substrate; an insulating or passivation layer covering the lead, the insulating layer having
an aperture exposing a portion of the lead; and a nanostructured microelectrode in electrical

communicatinn,witho3Hhis.SxPRasenerion:ef telsad,top micserieaiiods Reing Adentadite.ggperate a

charge in response to a biomolecular stimulus (e.g. nucleic acid hybridization or protein-to-protein
binding. In &5Bori@bapesniiadye HispailEd & HsatgPaeiédhsoiishay: kinstipdthatsilepan

electrically gonduetive Jaag 0f thestebstrate;  an insulating layer covering the lead, the insulating
layer having an aperture exposing a portion of the lead, a nanostructured microelectrode adapted

by means of an electrocatalytic repgb%er_ S)(stem g;) enerate a charge. in response to a bjomolecular
stimulus; 15at least'dHE BrEBEPRINESSIPIER PG A MICYDefseeraded s 2 Praherelh Wifid
microelectregehislim eleciricakeoaananicationsith(Hie exesadieartiem qiiNe leadolnstitinaasiaer
aspect, the disclosure features methods for manufacturing NMEs. The use of electrodeposition to grow
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of substances. NMEs may be prepared on a bios&eé]‘nsing device, such as a chip-based format, such
that a serie§"8FN B nfdde SRS sindI@PEHp 1o Bt rﬁﬁ‘ﬁiaexlé)& erPRdfie. THISNME

system maysbghpaplicubaibriisek hanphweisatiosalemwing aiiusting o se el fasaMmeiersbinchuding:
the 10 hybridize to a complementary nucleic acid to provide an indication of the presence of the
nucleic acid in the sample. In another embodiment, the probe is a peptide or protein (e.g.
antibody) that is able to bind to or otherwise interact with a biomarker target (e.g. receptor
or ligand) to provide an indication of the presence of the ligand or receptor in the sample.
The probe may include a functional group (e.g., thiol, dithiol, amine, carboxylic acid) that
15  facilitates binding with an NME. Probes may also contain other features, such as

longitudinal spacers, double-stranded and/or single-stranded regions, polyT linkers, double

stranded duplexes as rigid linkers and PEG spacers.

In a further aspect, the disclosure features a plurality of NMEs arrayed on a
substrate. Preferred substrates are comprised of a semiconductor material, such as silicon,
20 silica, quartz, germanium, gallium arsenide, silicon carbide and indium 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.



25microscale control of the NME size and shape, the nanoscale control of NME nanotexturing, and
selection of the NME material. Yet another aspect features methods for manufacturing biosensing
devices having nanostructured microelectrodes. For example, the methods can comprise the steps of
providing a substrate and an electrically conductive lead on the substrate, the lead being 30 covered

by an insulating layettrishigaaTaRaHy MJsHim ingelating iaveiofxpasedaRedien @hibadpad, and
electrodepositing an electrically conductive material on the exposed portion of the lead to form a

nanostructdREERIRIIEICcHESE S daselesBiraboranductivy leaging g apbstitfe 3 SroUHERELMmethod
for manufagiuing @ Rioseasing davicedhe.methodcomprsINgier hRFAMARODSubstralpRng an

electrically conductive lead on the substrate, the lead being covered by an insulating layer; 5etching an

aperture in PRE R @i faJe Y SBesEEBRTEHICTAR fe5ade iy clectERa FOREPBLIRHEPE &fductive

materia) ongdhe.gxpaseadrapionrahihr e amh o iasrs Ac0abas Rt ampiaraciesieade.a chatfeanother
aspect, there is provided a biosensing cartridge comprising: a sample chamber for containing, a

biological SEFRSIBS: BidsBINEHG EHAMBER T Ciheai AR 175 iSRRG G I e PaR B dbhove
and carryingigg%gbiosensing process. In a fourth aspect, there is provided a biosensing cartridge
comprising: a sample chamber for containing a biological sample; and a biosensing chamber for

containing a biosensing devjce as defined abov.g. (Iin )get another.aspect, there is provided a biosensing
workstation comp 1,3 gecon aspect, there 1s provided a’biosensing dévice compnsing:

a substrate;
10 an electrically conductive lead on the substrate;
an insulating layer covering the lead, the insulating layer having an aperture exposing a
portion of the lead,

a nanostructured microelectrode adapted by means of an electrocatalytic reporter system
to generate a charge in response to a biomolecular stimulus;

15 at least one probe molecule attached to said microelectrode; and

wherein said microelectrode is in electrical communication with the exposed portion of
the lead.

In still another aspect, the disclosure features methods for manufacturing NMEs.
The use of electrodeposition to grow nanostructured microelectrodes from an NME seed
20  allows the sizes and morphologies of these structures to be finely controlled, and versatile
fabrication of electrodes composed of one or a variety of substances. NMEs may be
prepared on a biosensing device, such as a chip-based format, such that a series of NMEs
may be made on a single chip to enable multiplexed experiments. This NME system may be
particularly useful and versatile, allowing adjusting of several parameters, including: the
25  microscale control of the NME size and shape, the nanoscale control of NME

nanotexturing, and selection of the NME material.

Yet another aspect features methods for manufacturing biosensing devices having
nanostructured microelectrodes. For example, the methods can comprise the steps of
providing a substrate and an electrically conductive lead on the substrate, the lead being

30 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.



15 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 biosensing cartridge
and to determine results of the biosensing process from electronic signals generated from the
biosensing cartridgg,and p.dizala ot displaying Hﬁéﬁ%ﬁ'%@&%@&ﬁﬁﬂ%@%i@%@ﬁ% dpaclifth
aspect, theﬁésn%%gpgd a bigsensing workstation comprising: a cartridge holder for holding a

. . 0O S11LE. . . . . . .
biosensing cartridge as define above; 5an instrument tip for accessing the biosensing cartridge; a
%ﬂ@ﬂ to

selection mechaniBAYSH&e SRR Al Kb AR FIGHGRRESIE BisEuhent Qi the subpraitedhiosd

carry out theosiasehsing madeissaisirag;the biosensing cartridge and to determine results of the
biosenging processdrens elesionieSionRlmeenamtied #an dashiosensing saiHgas; and 10a display
for displaying the rgsys ot N6 RiosenSINA RIOSESS oA\ fherRSPSSL Satgs Metheds for garmying
out a biosensing proces L}Jslng obe containing nanostructured mic erI[ectrodes incorporatedainto a
device as ARV BT microelectrode relative to a reference electrode; measuring a
reference charge or reference currenjt flow between, the microelectrode and the reference electrode;

exposing 15 the mMicAISIBEE GTR°RY 4 H5E5ii®IBEUHI S i BIGE RS §hyBREMSRISADRERESN & TR acid
probe with glcammplefaenéantinigleic asiclof tindinghleiwearipeptidepiaberang acbngiiggartner
presen biological sample); e or,. current ?%enerated at the microelectrode in

in measuring a ch low
eamonle I BB O U SD A e I G L O I ARTSGular stimuls prosont

by comparing the measured charge or measured current flow 20against the reference charge or

reference current flow fourthregpsixtithaspsqirdhelel is iprovitecaanetherdcofmparsiyigg out a biosensing

process using a nanostrtllct%red mir%roelecttrode com risingl: é)rov'ld_in% &he device as defined above;
a sample chamber for containing a biciegical sample; a

a biosensing chamber for containing a biosensing device as defined above.

In yet another aspect, there is provided a biosensing workstation comprising: a

15 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

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

5a



biasing the microelectrode relative to a reference electrode; 25measuring a reference charge or
reference current flow between the microelectrode and the reference electrode; exposing the
microelectrode to a biomolecular stimulus; measuring a charge or current flow generated at the
microelectrode in response to the biomolecular stimulus; and 30determining the amount of bimolecular

stimulus preseRidy-AemRAr A NE MRASWER.CHRIEEA! gﬂﬁ%aﬁg%u%%raﬁéiﬂwyﬂ%féﬁ@&mt@&rence
Ork Wi

charge or reference current flow. NMEs are versatile, robust and easy to w th. In addition,
they can béhﬁ&ﬁ%ﬁ%@ﬂ@&?f@@ﬁ“g existing silicon CMOS foundry fabrication procedures for top-metal
fabrication, or simple extrapolations thereof, such as electroless deposition or electrodeposition onto

top-metal layers frpm &@MSdoundeyis plowing s sransiaciuie aiod\Misrieife easily integrated
into existing manu‘,:];act £]e) fﬁ‘c‘}iﬁg?% n (gg%l i%%i%%%ﬁﬁ%%ﬁﬁ?gﬁa?%ﬁ@&Qﬂééfetta‘:h to probe
0

molecules. Further, N promote ready accessibility 6f targetmolecules such that, when a target
molecule that is cAfhPIERNBHEHR thaMHAE HTIaSEPSBIE FBIEEER enters into proximity with that

probe, hybrid@zatimse?epﬁoteinem;ammirf@imdﬁmimge@wﬁmm@h@feﬁsabmmwdﬁﬁﬁsﬂge further
s e e i
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10sensing carindge; an
10 a display for displaying the results of the biosensing process.

A further aspect features methods for carrying out a biosensing process using probe
containing nanostructured microelectrodes incorporated into a device as described above;
biasing the microelectrode relative to a reference electrode; measuring a reference charge
or reference current flow between the microelectrode and the reference electrode; exposing

15  the microelectrode to a biomolecular stimulus (e.g hybridization between a nucleic acid
probe with a complementary nucleic acid or binding between a peptide probe and a binding
partner present in a biological sample); measuring a charge or current flow generated at the

microelectrode in response to the biomolecular stimulus; and determining the amount of
biomolecular stimulus present by comparing the measured charge or measured current flow

20  against the reference charge or reference current flow.

In a sixth aspect, there is provided a method of carrying out a biosensing process
using a nanostructured microelectrode comprising:

providing the device as defined above;

biasing the microelectrode relative to a reference electrode;

25 measuring a reference charge or reference current flow between the microelectrode and

the reference electrode;

exposing the microelectrode to a biomolecular stimulus;

measuring a charge or current flow generated at the microelectrode in response to the
biomolecular stimulus; and

30 determining the amount of biomolecular stimulus present by comparing the measured
charge or measured current flow against the reference charge or reference current flow.



15FIG. 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 foiniation of an NME
in an aperture; FIG. 2 is a schematic of an NME biosensing device; WO
2010/025547PCT/CA2009/001212 FIG. 3 is a schematic of an NME with probes, further showing the

presence of spacagfRdheLroke.menclaver and hatyesnWiselgairodeand dheRrakey Fi. Beare

SEM images of NMEs with increasing degrees of nanostructuring; FIG. 5 illustrates steps involved in

the sensingtspedifiedaquenesstingnyiieNVESFonsliy Jabrssdion aoretvienior Spimegtated
circuit havingal NME: GIG s#igi@ citeniinarm aha-eHeuitibat may HecusedwitiegsNME: &G. 8 is

an illustration of a biosensing device having an array of NMEs; FIG. 9 is an illustration of a biosensing

device haviigadifeeaetiNmm Rairier- 1o hxandmatie HKRdorndra plesensity sawddusf 10F1G.
11'is agchemafic {Jutaliny ofa.RIeseRRNGNANSIMIAT acturing facilities. In addition, NMEs are
able to consistently attach to probe molecules. Further, NMEs promote ready accessibility
of target molecules such that, when a target molecule that 1s complementary to the NME-
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
10 performance of electrocatalytic electrochemistry employed in the read-out of the

hybridization event.

Other features and advantages of the disclosure herein will become apparent from

the following detailed description and claims.
BRIEF DESCRIPTION OF DRAWINGS

15 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;

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

ba



DETAILED DESCRIPTION OF THE INVENTION The present disclosure describes nanostructured
microelectrodes (NMEs), which may be used in a biosensing device, such as a biosensing chip. NMEs
15FIG. IA shows a schematic diagram of an exemplary device incorporating NMEs. In the example
shown, the €92 9%Hip having an array of eight leads. In this examplEGHENMENL I med on gold
leads that taper to a width of 5 microns. The lead is provided on a substrate of Si and Si02, although

other suitable substragggnaterialgaaydersgoNien (o ofthes/aashaniosHating ayanssuah as Si02, is

deposited to electrically insulate and 20 passivate the lead. An aperture, in this case a 500 rim hole, is
created in the iﬁ%iﬂ%fﬁH@%Wé?%%%ﬁ%@@%%‘?ﬁ%@f%éﬁfé’g&le angf@. PIRPRa a side view of the portion
of the chip where the aperture is located, showing the layers of the device. Most commonly known
photolithography techigubareidiMbiaagsetiv¥Eiscrahfgearingsiarsre oS BRIPHRIABEEM to 1 itm
diameter apertures. This is 25typically achievable in existing fabrication facilities with high robustness
and reproducibility. Gilén 3lithtsoatss Hiepscxpusedis tifacesisgalbamroditengealysasingan Bddirodeposition
(Menke et al. Nature Mater 2006, 5, 914-919) may be used to prow an NME within this space. FIG.
IC is a cross-sectionatrsheatiesnisaaniexaripedhiibptedasitanhausiggPeN®; the NME. This
process will be described in greater detail below. 5SReference is now made to FIG. 2, which also

illustrates the formatigRcfae NMEiH2:5hiBr Asiéuf tka: +Ay senallelgsitadesare provided in situ on a
chip, with the position and electrical contacting of the NivlEs defined photolithographically. As in Figure

L, this chip is an 840'%1@%'[{9";1%?195%%&%\6%ggi&e%ﬂlg@ljﬁg'ﬂaw&@ﬁa}%ﬁmﬂn thick gold layer is

patterned, using conventional photolithography techniques, to connect €ight 5-itm-wide Au

FIG. 9 is an illustration of a biosensing device having different NMEs;
FIG. 10 is a schematic illustration of a biosensing cartridge; and
10 FIG. 11 is a schematic illustration of a biosensing workstation.
DETAILED DESCRIPTION OF THE INVENTION

The 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 SiOz, aithough 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 commonty known photolithography techniques may
be suitable for creating an aperture, such as 160 nm to 1 pum 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,



10 leads to large metal pads for connection to off-chip instrumentation. A pinhole-free insulating Si02
layer is deposited and patterned to create -500 ran openings (e.g., by etching) at the end of each of
the Au leads, to expose a section of the lead. A metal NME is then plated in this opening using
eIectrodepo%Yﬁb?ﬂi%"egﬁK/lE may comprise different conductive materials?%gﬁ@%{ég’m&?és of NMEs 15
have been formed as follows, although variations are possible and will be described in greater detalil

below: Branchgg fracial R NMESWEr s deRnste . anmIyeotsnolution soMainingswaM of
112PdC14 and 0.5 M of EIC104 using DC potential amperametry at -250 mV for 15 s. Hemispherical

Pd NMEs With%o%}&fét?&f@f‘ﬁ?ess were deposited in an aqueous solution containing 5 mM of
H2PdC14 and 0.5 M of HCI using DC potential 20 amperametry at -100 mV for 300 s. Smooth
hemispherical Pd NMES Weie Famieststonirgrenmte Yot aof M5 560 LoR RAFES were

fabricated in a gptaehatircomaring -0 1Y aeliieniotdAiQ@iaailnel®s M H2S04 at -100mV for 40
seconds. Pt NMEs were fabricated in a platinum bath containing 5 mM solution of H2PtClo and 0.5 M

H2S04 at 5100 mV fgr. 500 5. NME size anddmorpaaipaxcanhesony eliami vanirghenmetal salt 25

concentration, type and_concentration of the supporting%e ectrolyte, aﬂ.d ele&t{%degosition dpotential and

duration. FIG. 85818 SeHR St Sr NI TRATR BroBeL R PE e ithE BB RonoIay

monolayer and
between the elgetrockt amncqinbst. the didhsidafisal phohigbrgeaphiglly Metial Katisrl ghis Barorought into

communication,yuth {36, HIRGS LG N 290 Atpleise,sleciioss HhaAd igfarapeeieloctiode

may be an NME or a conventional electrode on same lead. An electrical bias can be provided between

the NME and tRe'eied ctiRg SpevrinmamhoteHbnaaabs St6HuRIEal SRBRCRESHEFhOUEY e tRe electrodes
washed. Agsolution eertaging:tlefiebmolerutacan tigohe brouglhintoncompivinikafien with the
surface of the NME. The probe molecule. difieq or. functiopali t if. hings to the
surface of the Wf@?l%fsg%ar%ﬁref Sth%%%%@%ﬁ%?@%}ﬁg ‘Fh?%? ggc%%ncggﬁﬁgg %ﬁ%%adtghgl(’ilg gmine, or

carboxylate gretghiraNa s witlefinere abihe Malsadtrteipreg arecippifing s AmesHddEdtedly,

variation of eleggggmgi%%mgéq@QM@mm extremely smooth hemispherical
microelectrodes (left); highly branched nanoscale fractal structures (right); or hemispheres with

nanoscale r(.)thnes%%eleﬁﬁ)m;%p%o%ﬁfﬁ@ﬁ?f@&ﬁp@olﬁ?xc‘ﬁ@érﬁé%ﬁiwié@dfé@x%@é%@mg electrolyte
with an applied potential of 0 mV. The center structures . , , .
15  have been formed as follows, although variations are possible and will be described in

greater detail below: Branched fractal Pd NMEs were deposited 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 1n an
aqucous solution containing 5 mM of H2PdCl and 0.5 M of HCl 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 goid bath containing 0.01
M solution of HAuCk and 0.5 M H2804 at -100mV for 40 seconds. Pt NMEs were
fabricated in a platinum bath containing 5 mM solution of H2PtCls and 0.5 M H2504 at -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

36 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



10 were also made with HCI as a supporting electrolyte but with an applied potential of -100 mV. The
structure on the right was made with HC104 as a supporting electrolyte and an applied potential of

-250 mV. The scale bar on the figure corresponds to 5 Am unless otherwise indicated. FIG. 5
illustrates st&fﬁ%ﬁ’\%ﬁr‘éﬁd"in the sensing of specific sequences (Lapierre tal/C£30%AR% 2B hem.
75:6327, Ratilainen et al., Biochemistry 39:7781, Tomlins et al., Science 310:644) In this example, Pd

NMEs are firetmasii wilhaiahseid aliaiarohs seoucsim aniiiag igRiesayames are
y ridized. e presence (0] e target iIs en tran ce Sin n ectrocatalytuic repor er SyS em.
Elootrooataly ST 50 B EISR Bl SRR 0t e e R e LS RESE B e huncheds

of _electrons mgyr’amﬂb@ﬁﬂ&nfmtih@bﬂd@kedmﬁt bmmmrg;haﬁmfae@/eﬁthémél‘ép@wnyked herein
relies on the pEMALKSIGHINR AGCHRBLRIONESC 3 « WSS RIgc kasiaisalyalisacted to the

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

Fe(CN)6 % during ochemical readout serve%It}o reﬁggns%ate meﬁg(u‘}) bstrat?, as the Fe(111)

species is even easier o rgaucg}cﬁeﬁﬁ?%snéfleoé%% atica y repe\ﬁjelzdl from’the 2 élfé(gﬁ%gleyand thus only

undergoes chesmigiyed{ictlsptiogerasiipnT vendicanb dakonied |apsithre efarmtgmesiynoinreefhire the

sample to be RERGEIREEIMARYaYodED AR SENSINGHenisamaYRerRrayidad dndheifanmef a chip,
such as an integrated circuit§C) chip. Ing%gegerfl, an 1C_incorporatin t£e ME ma%/ have a substrate
with an electritIN RSEHUEIN STERGHRAPIEESTL ISR EY a ﬁ§ﬂ?§ﬁ'l‘f ?gv F PR LSRN ayer has 30

an aperture thdCexpesuprapogtiderofiihie Jeticsramplibé PerdiEisd pi OvidédTat thmtexposedgsortion of the
lead. Tha NME,dx rasPangiveiir Adigmal SRR L PAFHEUIRT NG NMERRY£§ Jyinctionalized

with probe molecules that undergo a hybridization reaction with a target biomolecule (e.g., a nucleic
acid sequence ' re RIS %%!? é‘@éﬁ%@@%ﬁﬂ%%ﬁ ReSvePaTEBerieEobrad eborage (e.g., a
capacitor or adpatietyatantid cific2dCarWimini catilenbaritbntiie: | adkdccatespditis gehenratedlaharge. In
typical usage, jae NME may.pe exposed to a sample for a known time duration or an integration
period, and the charge 5stored over that time would then be indicative of the presence and/or amount

of the target FIG. § illustrates steps involved in the sensing of specific sequences (Lapierre et al.,

15 Anal Chem. 75.6327, Ratilainen et al,, Biochemistry 397781, Tomlns et al., Science
310:644) In this example, Pd NMEs are furst modified with thiol-derivatized probe
sequences, and then target sequences are hybridized. The presence of the target is then
transduced using an electrocatalytic reporter system. Electrocatalysis provides electronic
amplification, or gain, facilitating high-sensitivity readout: hundreds of electrons may result

20 from each biomolecular complexation event. The approach used herein relies on the
primary electron acceptor Ru(NHz)s 3+, which is electrostatically atiracted 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(II) substrate, as
the Fe(lIl) species is even easier to reduce, but it is electrostatically repelled from the

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

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



biomolecule.  The stored charge may be communicated to a computing device for analysis, or may
be displayed (e.g., through a digital display component) for direct reading of the charge stored after the
integration period. 10Such an IC may be manufactured using common IC manufacturin%equipment,

allowing this'Heoldd e e easily manufactured and to be less costly than Sthe 8 E" 3t iosensing
microelectrodes. The materials used may be those already commonly used in IC manufacturing. For

example, the SURsIraleMayRE-MRAR. foMeilice B.1d Uafiendinsestaigmicehailicacsapphige, gallium
arsenide, or other materials currently used for ICs. The 15 substrates or sypports can incorporate
conductive maP&rEME: s%écagl?nhg%e?:t? e ERREntive gucﬁﬁaé:rlggrwﬁha é) ﬂg&d‘pfg)sﬂ1 rfeg%cemr%agy also be
used. The suppors.uusattly eshipeibedadisotpbinaspeaidd cbares. dnlbasrhusase theMEVKERh the probes

or p to be integogalad Aie JR.ANN WM BIRS Samai AR TRessHRRGERAN A A8 elagkode, or can
be attached to an electrode. 20The lead may be made of Au, Al, W agﬁol@l&?ciﬂeor other commonly
C or

, TN,
used lead natePEEs O syt HEPE NLRTSE YR %rgsﬁnﬁeéﬁﬂ{%ﬂle FEnSisto? (BT including

n-type silicon dhamield=Ts and p-type silicon channel FETSs, 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 otherpisaupasest R3b2bopiRcHosatalylicaaulinndebémialrideiratrical

communication wijth the Q/IE. his may,assist.in.charge gengration in.the NME I%%f rence is now
th
made to FIG. ?#f‘f’l%lt??’ﬁﬁ,\rl e'§h(%i\:‘/rv':smé%z:?o%l 1%(130 i }%fc annn gﬁﬁaﬁ%ﬁ%ﬁ%ﬁ%&gt}jﬁeo to esgnsm%wﬁg the
presence of bismelefietabemadrisiogieabéample. The substrate (1) is a conventional semiconductor
device substrate such as silicon. The channel of a 30transistor (2), a gate oxide (3), and a polysilicon

gate electmde (4) are&bmwndoﬂihystmte&h&um:&ﬁmﬂngvmﬂmnaIICM@:&%B’&rxgnéqsinmﬁatm the
integrated Circufs HaNBIRtErs. AL InHBtIRFQNIAE! 19.00ts alestindeds Baasiyation oxide

(6) separates {he silicon transistor levels elow from the top surface of the chip above, A series of
metal vials (7) biosensing microelectrodes. The materials used may be those already commonly used in IC

manufacturing. For example, the substrate may be made from silicon, quartz, glass,
ceramics, silica, sapphire, gallium arsenide, or other materials currently used for iCs. The
15 substrates or supports can incorporate conductive material to serve as an electrode.
Conductive supports with a gold surface may also be used. The supports usually comprise a
flat (planar) surface, or at least a struciure in which the probes or p to be interrogated are in
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 iniegrated

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



and interconnects provide selective paths for electrical communication between the transistor layer
and the top electrode(s).A substantially planar top surface is a 5Sheterogeneous combination of top
electrodes (9) and top insulating material (8). The figure illustrates an NMEP%% grovided on the
electrode, fo gfgm‘ﬁ%ﬁﬁ%ing the methods described above. The figure ints g E)%jgglezﬁiomolecules
(11) such as thiol-terminated nucleic acids that are displayed for efficient hybridization with

oty T et (1 B nca o aotenale s conveyed

catalytic read-out o ridization with the biomolecules (11). Electrical potentials.are.conveyed,

and currents fIRAREHOSHE TORHRY ﬂgi%ﬁ%swg?ﬁetﬁé%ﬁl\ﬁ%p&%{vﬁrc%a%l?ﬁé%grfée&?i‘c’g}sc Atacts 9) (7)
(5) (4) down tartteimtectnonits cirouitly thistiesidebhéerealtrricaRefmmpeeation o tEdets FIG. 7,

showing a cirqif, diagramept 4R examplesiadidbnt maysheusesdiyiihibe digclasrdNME. In this
example, the circuit may provide the 1 folloy%gf%functions: hiasing of theﬁg oé)e;%tg\?vaﬁtionalized NME;
integration of tHETEREAEHERMRTARPB GG PR FAeREiofes o TR FEvLatpe HAL ig S arge-storage

capacity; readinutatthe YIRS prrdhiddhartje dtotedariocr selegtionsofgtie wiethyl-dtsmbot NME of
interest when g te-HITERsORRl ARk BIERROMLIA dasRiMARdRdhEapIRKLOf a highly

multiplexed array chip. e com%(l)C ents of the example circuit are now described. A bias voltage is

provided at ViShes e t§isRiarech SiE e SrisPREG RSN il SATRIEPEBHY: B8t T FR DAL voltage
Wimp is provided:althe,seuksarfiolowen dram; getypipdedoine piayidee tatheitangd-ofahdut 0.1 - 2.8
V. A bias volt Vbmslt is provided at.the re de: a typical.choice may b dj ble value
between };1%03{%5 é‘r‘?&“z“.ﬂ%/? %béﬂgfgﬁﬁgﬁsso@géé@ﬁg%%ﬁaﬁ@ﬁ o5 ?ﬁg‘)f/é%ﬁfsc%%y%lﬁ%?rﬁhe range of

about 1.5 - 2.5vwahéncohantmusoktferbivieSom ale BEVIE (h) réryetohasingies spupas\@iniing control

signals incIud?ﬁggM&glgg&(@,g} cHRREe aY-88:a80Mf: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) ;apd e [OWL3SIGEE YARRISY rsﬁﬁﬁﬁ%%'éﬁéﬁﬁthi%ﬁ’m%@Jﬁ%ﬁ:ﬁ@éﬁ%ﬁég nal

voltages and timing control signals are examples only and other va u%s_ may be used. These biases,
voltages and steptiansyrheyusel seidtesgdiclessd B i SHRR PR GHFBI S8y ARXfaHEiring
conditiongsas {s1reRHN AyHKAOWthENS 8. ffobe-functionalized NME; integration of the current

flowing through the NME into a charge store having a known charge-storage capacity;
read-out of the voltage on the charge-store; and selection of the charge-store or NME of
interest when a two-dimensional array of stores and electrodes is provided in the context of

a highly multiplexed array chip.

20 The components of the example circuit are now described. A bias voltage is
provided at Vvias; 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 Vbiask 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 Vec which

25  may typically be in the range of about 1.5 - 2.5 V. The column voltage Veot 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 certatn applications or manufacturing conditions, as is commeonly known in the art. In

11



this example, the probe-functionalized NME may include a NME functionalized using a thiolated
nucleic acid probe, for example a probe as described above. Vue is applied to the probe-functionalized
electrode and VinasR is applied to a second electrode, which may be a NME or ar%/ other common

electrode, in S P mmunication with the electrocatalytic 5 solutiont THigY84 H%iﬁp\/oltage

difference between the probe-functionalized electrode and the electrocatalytic solution. A current may

thus flow as a gensRAkKGROF 1S patabtial-diTRIgRGE. hRiataQUNAS citisartAiovangirgay be typically
dependent on the. a ounf Ofath ridi E<=51t'%on on the pro e-fune%tiorLI%rl]'z d NI\[UE that i Hﬁteo %Jerrent may be

indicative of th lg%tgulﬁ'tl%?l%argetp{ﬁus detee %y PRERIES LD eaooﬁ’eefatfdﬁsdaf) e examniple circuit is

now describedpithofietimapiriedhedteankMtdowinmplixetose setnadalestirdh sibiok isaubsed on by

setting the n 00!1@]\'4’9%‘%‘%:13?9&&%%&@&&%&?%@{@%@&?hdﬁlﬁ%ﬁ@aﬂ&%&ﬁﬂ R0 QReRiRAhRrge-pump or
regulator circuit as.commonly known in the art) so that node 11 will be charged to a voltage equal to

vbms (node 6)KHCH sy BE GO AMP8E (TR S PITPalPePE 0% R ioMLA HEHSEHhase. 15
Once this 'reseticogeratiamigicovipliete . Nodatomaayhbe Set tas @ asdgrenoffdhehiresatttahsistor
Tr(Reset (1). g Sone QAtaGRESHRR TS A Al E0aclv e pasibropon elisginuil cause node

11, now becoming a floating node, to drop by approximately 300'mV. Therefore after the 'reset’
operation the dBRIIFEGaYeRjaRaRetaAtEed YMIs Hi5pid e tomsyrarntiratime §ife current
'sense flowing ismcependert onddesmittger2Osmplied (i.e., Vsrc-VtaasR). With Vbiasa being able to
be set arbitrarily to any voltage level from -2V to 2.8V, the applied potential difference may be

adjusted. jghe currentizefpe.dischargesihaataeiic fapasiancaal the el RPdgikd)mnd its voltage
level drops at a rate dependent on the value of the foarasitic capacitance at WC (node 11) as well as

the flowing 'sefSBBuARY e TitegPatiot HrHa AT S YRRt GF RS e Sthd FEE UItEY integrated
25 voltage at nodeghX gl bretoeid whicthnoydie thamsiks tor siFf{pchince-fottopvaricgnidtdR {rovtselect), the

source followey buffen SranRIRIOh anA.dhey Qase RellansIRtes J¥-5&i1nY 1RedGuaGk (8).[0 a high
level (2.8V). The char%e store that is_discharged at node 11 maé/ comprise parasitic capacitance of

one or more of 98t} raznBe Sriqpllg st dache SBRRK dRfc Stfordvith The &dkertsaet BRfe 30 pixel
region at Vsrc (hedahlsl xeddre@lactradia abhisiecednodd:ls1mayalehetin dlgctsicamcolhfiurieation with the

gate of a transi (sgurcerfollowe hich.provi rasitic.capacitance, In one
example embo %r%gr%'{iﬁgﬁgﬂgﬁr 'sftgoﬁ—ég %a%b%%%%%%ga? ﬁ%%%tgﬁ%%gr%gflc%‘ﬁ%%éﬁogg%acitance
between the g&l&#hddiratsemers dburew fsrolmerairsdnsnadesbudes forl snveryimathy Wharasitic
capacitance behweandhesouree andrsidosirianohthe reeel transistanafe(Reset: holhaseare parasitic
capacitances between the stryctures on.the semicondyctor substrate, (e.qg., the paly, n-well and
cubatiate) on WL HA A B T B R, T e e B P P e
parasitic GépacimtiegsimayheVimsthe Wahgéret dboatablo e hetoradinulyrioraxyesitagsieiithe range of

about 0.5 to 3 femfabarads ovams ransesHhsHmrd thalgin nTherconiastsitoriie Arpkefimetionalized
NME may be formed in gjfferent la&/ers above the regions of the s,;ergi%ond ct?r substrate used to form
the transistors. T EFESRORETEENEBRHIERE ME'S0 BRI OF e S Rty B VR BLRT AR the

parasitic capacitaraéetovshe mby bétbhprgedirsteaithufedisbthatysld dlrmsgvtibaintegilatidrg period.
Reference is noy.Mmade; @i SaihichShows 240eiMew a0 eRmPaR edhalhas g myltiplexed

array of individually-addressable probe-functionalized NMES. BI\{ individually addressable, it is meant
that each M Evm% ﬂ?&ﬁ/i]du‘éﬂ@ Eéqéatﬂ é)étxltwhrough transistors TR(source-follower} and TR{row-

select), the source follower buffer transistor and the row-select iransistor, 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

ong or more of the transistors that are in electrical communication with the elecirode of the

30 pixel region at Vae (node 11). The electrode at Vs (node 11) may be in eclectrical
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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15 accessed, such that the current or charge generated by each NME may be individually measured.
In this example, the NMEs are arrayed in a row-column fashion. There are n rows and m columns for a

total of mx n indeé)endent NMEs. If there were only a single row or column of NNIE, then it may not be
necessary MR YERTE0lumn address circuitry. However, when large totd HEABEYLSFRMES are
desired on a single device, it may be more 20 efficient to array them in a two-dimensional grid or

similar, and thys.iagiepandent slacHcakpraass toefreh NME A Reaisefuhe KRisdnambecefficiently
achieved using the_circuitry illustr, {ed irbeFIG. 7. In this approach, the ght%re%e ztahssociated vg'th the
current flowing TAVSEIGh XSRS TT orafBd iAtB P ERR R SAS PR a's EABERifS

a8’ cApacifor; and a
voltage proportiobstilate ¢ffi theteretitcinsitye. xR detréadtoet for thadiiv Eapicitpeesdeiuesovibby setting 25

the node SEL (&) {9.2:Dighe vehdmesitanashe yotagssn dhatcaldmmmad) The fiews illustrates

that, for each column, there may exist a time-dependent signal (whose time-dependence may be
determined by the €i5Ekilg d¥ifle $BRRIAr AL dRrdT WP BRSBTS fiEnRE A be fed, in
cases with the sdghoifzalestnoyibdnfibenggr dnlplificatideminterals analog-tondigitalctnwenter. The

analog-to-digital,conyestenmay. 30, aaeepLsignals, havisd. AR fideierripedhueliagasRvipgdsuch as 0-1

V, typically) and, for each input channel, may carry out a quantization operation in which a digital
representation %‘Pﬂﬁénéhé%g%é@%l wrthaesiyrasds Bsdiffsied. rrevahiieothastitrciviiter is a
digital steam whiglsamkinesopadal elismdefgm nadtipleshaislleh witeseaath aabwdapandihg to a
DRSS AR LTSS 205 SR 09, (51 o2 LR
representation B &eguentialdata sleménts correspon%ﬁng, or xampﬁg, to different 8
probefunctionalpeadNitishaaRe ferredednrarianeiad FIG. 9, showing three adjacent NMEs along a
single row, in a configuration that may be provided on a biosensing device or IC as described above.

These three NMEs arRefeanke simgvthnededifdiers, sbhasheysja fopanchjeRanléxanfigel8 Haudtrates a
number of fea“éreﬁqﬁ‘{iﬂ;ié?e%o eﬁ&? “8? qqmﬂgﬁ?-a@agﬁgowMﬁﬁbe—ﬁmctionalized NMEs, By
individually addressable, it is meant that each NME may be individually electrically
15  accessed, such that the current or charge generated by each NME may be mdividually
measured. In this example, the NMEs are arrayed in a row-column fashion. There are n
rows and m columns for a total of m x n independent NMEs. If there were only a single
row or column of NME, then it may not be necessary to have row/column address circuitry.
However, when large total numbers of NMEs are desired on a single device, 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 sefting
25  the node SEL (8) to a high level and monitoring the voltage on that column Vel

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 eleétronic 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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NMEs Et0 and E1J+1 may be functionalized both with the same class of probes (e.g. 10
thiolfunctionalized PNA), but the sequences may be different. That is, each NME may be
functionalized with similar probes that have different target biomolecules. In this example, electrodes
ElJ and E+1V4P 55 ¥e to different sequences present in the sample Jider4tE i ¢um, the use
of different functionalizations enables sensing of biomolecules within a single class, but having a
different sequengcg MR BaHiBROpimNctianalty, MaNMEsBiidiisaad EideRaraishoyn having
different morphologies and/or sizes, and different degrees of na oséructﬂg%. A,f discuss%d above,
different morphSRBYHEEh ABHET 18 <oy b%@fﬁ’é%‘(?{hogfﬁ%fyé‘ﬁeﬁ?rﬁ SFHLIEETEAT End FHerent
dynamic rangessiresetgcting oftemget nirticdenesiBypinanmpbratifig R svilifadiffeperbe-
morphologies aﬂgé%gaq;gggmsﬂanostructuring 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 NIYIE morpholaciess 1365 A04(00 PROCAULEIINR Ak apRiGsensing ehautslp! range of
concentrations of a given ?arge species than Woiﬁg othérwise be achieved if 0 ly one ’
morphology/naiibsteoehaagomdre grex htcrioidedio sdneinrsiaeedcam Es B desmleitbovare also
depicted as beingefdngtionalizad msingdiffaremed idrasrsolprabe molesdles Fonexample, EI0+1
may be functionglized using a nugleic acid.such as PNA, and EiJ+2 ma unctionalized using
antibodies which"SttA%ER %8‘%%@%%&%“&8? mlasltljﬁsw?etﬁeﬁ; u%seedgj?gﬁ?ec?%fw ¢ %Iﬁis}%f probe molecules may
enable sensing of different classes of target biomolecules, for example ranging from DNA to RNA to
micro-RNA to proteindEng e Biesbndmerigndizet Boh st sy SARR]Rhe Wdrkstation
The biosensingthietfiae thmdsd Mded o ve: Regyche:ineor herdiftctdmt CThabissexnbihfVEaradye. Such a
cartridge may CRUAMEAT R IRhRAMRE MRsRse ReaUI AR ARHIRIANEN 4 BRI AR Dased

nucleic acid purification, as well as a chamber for the biosensing 5 device. The cartridge may be

self-contained, fycERawhFle af fbce ssarespantfeind s acaBFeah BEFSANNE e oripRlccHithitige. The

cartridge may beugusatie, ol MRy hatisnosabipniigispasalinccasiitgemammiinizeithe risk of
cross-contamination betwe%n am Iesdiffmgpg% Cu%géle?%% may }gnugie‘% ‘%lﬁignlgigsensmg workstation for

coordinating anasé%ﬁirey?rllagssodftt g 2flsenslng process. Componerits of the Workstation may include

sample holders, 10 instrument rips such as pipettors for manipulation of the sample, a sample

identificatidn module, X¥Eltiol e tMhRish o sLuEhmg g?’ﬁiﬁo’é‘?fﬁpﬁg’@i%ﬂng] "eYe&Efronic display
for indicating thenbéifisnf Rdiesefsingstestuing. a piacessodnforantiffagingthpisdogampdients and
carrying out the geieclesl IEiR HBVBHIANAR M el a:ny mackAtAHIRIRGR HHgesiRt one time
(e.g., ten or mores. The'workstation may allow random _ ] _

detecting of target molecules. By incorporating NMEs having different morphologies

and/or degrees of 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 nanosiructurings may enable sensing
of a wider range of concentrations of a given farget species than would otherwise be

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

NMEs FEij+t and Eij are also depicted as being functionalized using different

25  classes of probe molecules. For example, Eij+t may be functionalized using a nucleic acid
such as PNA, and Eip2 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-

RINA to proteins, using a single biosensing device.

30
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15 access to the cathidges - that is, independent tests may be run at any time on any cartridge in the
workstation. The workstation may have disposable instrument tips, which would be the only part of the
workstation that comes into direct contact with the sample and reagents. Disposable tips, together with
disposable éXﬂﬁaﬁ’éQ&F?ﬁ%\y minimize the risk of cross-contamination betwe Cé%f’rqafgg sted in the
workstation. 20In general, a biosensing cartridge may have a first chamber for containing the sample
to be tested, and a segondehanmBRIceRPRIRgitRenbiosensing device as described above. There may
be addition chambers to perform other actions on the sample, such as purification, and/or subdivision

(e.9., through chemicg), BREHARIE AV IDIARNALMEANS) AP WE RIIEBAIIAGANY distuption of the

sample may be carried out in the first chamber itself. 25 The saerIe ma trodyced from the first

y be i
to the second cHARAESr FF LR EERIRCI)Ah e BRIL ShERRY a 0% SA R T RE S S R EH M BEF A48re may be
pre-set time inteniatfioo beti/atiot niclbe saviparificatont of tedl test thahbeimfrothediiorewiithe sample
Into the secondahatnhgt JisIng el aleavalandbehinsRnanadeviee o s wighly biased or

otherwise readied for the test. The charge or current flow generated in the biosensing device 30may

be measured afraireiHctrbef Pisfetndse JBRHEEassRvEDe reusblaatemas be HERHYSIé to FIG. 10,
showing an example:pkahigsgnsingtantigga.and thersiepamaiiisingnittreancarigtge. In this example,
the cartridge has three chambers, a sample chamber containing the sample, a purifying chamber for
purifying the sample, gd.aBigseRING IRELETVIRIBLARS HIRSANHTS As-ehav idRisgrample, the lid
of the cartridge 5 is provided with capsules containing reagents for each chamber, and through which
an instrument tRhiBS HESHHEBEEP P ATRILTHS YaFidgE T BY S8 OB ﬁéﬂ?%’ﬁé% "Eontaining
the reagenis stitsibiertot ¢ ywwiitaheipitssndngagedation dritktsilopbd tosthplpadivifarsmobes and/or
target biomolecylegof I, DIORCARING feYiRE ?e%e&g%qgst'fbtﬁu%mml%ba&amﬂ%?&mber has

one capsule, for accessing the sample. The purifying 10 chamber has three capsules - two containing
a washing reag&¥t, nfiere SEnieshiEgohrr RIeRsASISHISE 1978 BioRRRRSHNG (PmBmeigs H5fee capsules -
each containing:anpeleatsasliemisal gnistchataiRing asady B fevibeatiaseagingdeiembdhe instrument
tip may be insetiedl seausiiialy It SRCh-GaReY el SRSLR FRUY QKLIRGPIRRPRRIG RRRIRION. For
example, the capsule on the amp?e chamt eFmay contain a lysis buffer containing chemical 15
denaturants (e.8ccestdn B Rorfriderideiatie upruda IREsRE RN EHARISMAE AEVEERV0 capsules
containing a waghihuffekanshiheirlwisrdaubic manapsbedmsstantandiauiion schmstoneutpRsaining low
levels of sodium, chloride and tris salt; the capsules on the biosensing chamber may contain redox
reporter grouprsq%g PASH Eglr?ihvr(ﬁ Steaf?gﬁﬁlﬁaz,c g‘r?f’c‘f}é’nﬂﬁhgcéﬁ(gﬁgq Uﬁgrgtl;eosﬁafg n?naéigs%aﬁ?ﬂ%f' phosphate,
chloride and md¥jsesibin. theintessthethwidardisheseb i sedsifigrstetidy ominivizsaip sk hinesessthrough its

single capsule. Jlag,Samplg derihen dntaducsddMentheopukiiying chamber, where it is washed twice as
the instrument tip is introduced through the two washing capsules and the elution buffer is introduced.

Through thjs process,;th X ple ! ; Si bigsens] vice. For
example, :?i&the case cla § nuc éi% gg%y ?%%gﬂﬁégg &rgbh%gq mt&,“’mg 9?& Qﬁﬁ%ﬂg #E

ga , process in the 25 purifying chamber'may isolate the
RNA or DNA in thepiain e io5ee sigifiedceatpranetfonttios tedd s et rdketistaerebedmber,
through each elgsgveciipemicad capsuiiichhenbinsansingriemietin toedhiosensingghanaheranay then
detect any target hiomolecules present.in the sample, and the generated current or.charge may be
measured. Where Ceq‘}lcoékr‘t?fl g%I |Ssut?is%I {?ﬁl e\%’b?}}xsoiga%?lo%e ]§a§rglg§'lsasn(§%§|ﬂo{h‘g J\%r ng%arﬁ?)arl?s nay read this
generated 30 clhraaroressigenddiuptemnfribethrmplesenbe wné qulah b chastiier Begdkd on this

reading. 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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Reference is now made to FIG. 11, showing an example of a biosensing workstation. This work station
includes a bar code reader, allowing identification of samples using unique bar codes provided on
each cartridge. The workstation has a selection mechanism, in this example a touch screen that allows
the selectior?v(ﬂ a)%%'ﬁ?ﬂf’ar test to be 5 carried out. There is also a wast ggﬁ‘féﬁ?@?’ﬂgpd%posing any
wastes generated by the biosensing process. The processor of the workstation may be connected to
zn eﬁternﬁl ComDUtinQ&&E&@;&lﬁQ &ﬁ%@thfmww%ﬂéﬁﬂﬁ%\,afﬂéxlfddﬁﬁl@E;F(@%hﬁﬁéﬁsfiﬁ@i&ﬁﬂﬂﬁfdion rr}a;y

e through a wireless netwark. The workstatjon e relatively sm .g.,a footprint of 1.5 x 1 ft),
allowing conveﬁflélntg% 74 ‘é%élgénﬁf lllf\é;lea. e%ﬁo{ng}({)sf t‘[ﬁ%nélpqe’ t%ﬁ%@éefg?gu%‘fﬁa ﬁ%ﬁé@%ﬁd devices
comprising the sawnls fhandvr dexfeniieihAstianiea muifine srevibdonitrifiosibrsamadpdanctionalized

with a probe MeigeiigsPf R AseReIRIsEKISMaYAaawd tadbeNMEMheNPIRPaHRRghe device for
use. The device is then biased for use, for example b?é dding an elﬁctroc%tt lytic r%%%%\}er and waiting

a certain 15 tint® RioXHded 1A GRREURS (S UG ESA%TER (R8P B R VBPSF AR THSEED Hieh may or
may not be an Kiimimicoptaey vbithithetalethriocdialitheeponided it botselfommtaivedvidirehdy sample.

The current flow Q. yaliege, blas.deGIAIRC 0 B indmedDienlaasn i NMR.and the reference

electrode may be measured and recorded as the reference point. The NME is then exposed to a
sample of inter@&TSH #abed Ak BTes Piamelyeulis il i bievarng e vesrra M h B0 (aso
referred to as thesdntdgraitonameaat)jniay e measyted, By ecmpmg niethargilée i@rcputifdogrent flow or

charge befyeen it eX RS Ui MEINEY Rl £RG R RIAP RAHMe ISR AR S, COBERRIRNOR, Dinding
and/or amount of target biomolec fe In the sample may be determi ed. Devices comprising NMEs, as
described hereiffuiigay Béftiscthth biossoridEorhambrn S heisristesplebes it betertiRdhrasence or
absence of partigidteschigmarkaischy@isampiayAs srampisoenshipoRgical Banmpleimsheseinyefers to any
natural (e.g. pl%nt, anlimciall alg?agh]li)acteri%l or viqal)1 or %(nthetic mattﬁlréafjligggt%nin DN%, l!RINA and/or

. . e Inserted sedu 1 each capsyle, in order 10 ca O S QO i1 O
proteins, including, 76 exaﬁwp €, chinical san?p\lesi, such as tissues, cel cultures gr ffulas isolated from

an individual (ireferdivhy théteroseliirmitoanmbctiaphesmeay semiain 2devie brdspasataivies (pampraltears, urine,

30 saliva, 'P|§UC)U&éﬁbl(ﬂaﬂaldefgﬂ%fa%ﬁ%ﬁﬁﬁéé)i@@ @abguiﬁsyd@ &_ﬁ@&i@ﬂsgnfgwi{mﬁhﬁ% \_/vatcler, food
or air samples). Biological samples may be further processed yia a variety o ns, including lysis
(electrical, mechEhERTEFF f@aﬁ)‘,’%‘é@ 3@8%@%‘? gﬁﬂﬁ?ﬁ?’én}% %ﬁSﬁfl?{%}(?s%‘gfféﬁuﬂ)i’e sample

has been removedrk omntainiog ganismejsoittdeterhishiclogidas sampletaparealsothetersngells or tissue
analyzed in Vivy |6, IOULIEM VR ToRIGa Vo Bp QIR AICAkRAMPI G Wl GO RS, Bty the term

can also refer to non-cellular biological material, such as non-cellular fractions of blood, saliva, or
urine. "A biologRtBHEeEEtRpBIRIE MALFRAPRE TRT RS BREPSE W nutrient broth or gel in which an
organism has been propagated, which contains cellular components, such as proteins or nucleic acid

molecules20 Probeslforsgs&qvidne ihdeahesestabBerNiiEsamRly Hunbenphesghotnsierlc acids. A
"nucleic acid prehgukefaisdmpiouciRic iasid @it tROpIEIGHE arichbB N ere 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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10 deoxyribonucleic acid (DNA) or an analog thereof, including, for example, a peptide nucleic acid
(PNA), which contains a backbone comprised of N-(2-aminoethyl)-glycine units linked by peptides
rather than deoxyribose or ribose linked by phosphodiesterase linkages) capable of binding to a target
nucleic acid%Pégmﬁféméntary sequence through one or more types of cﬁgﬁ%ﬁoﬂ%’ﬂ%&lﬂsuaﬂy
through complementary base pairing, usually 15 through hydrogen bond formation. As used herein, a

nucleic acid probe mayzngludenatiali®. . GcC.10r lheninodifiedMphasess(hideazaguanosine,
inosine, etc.) or on sugar moiety. In addition th(ieﬁ bases mogeprol%iercaaﬂ % 0|ri1c%d .gnk(z)atge other

than a phosphSHESEIBord s S 8hGALR TR e T F/Bridizaton Tt wil ba uhderstood by

one of skill in thermitthainprotes hayodidiarded sequbrensdackihg cokita bo aspifsiémentarity with
the probe sequgnss Aepending Lo thesirogencnakibe hiridizatian copslilians. bty @ssaying for the

presence or absence of the probe, one can detect the presence or absence of the egyec sequence or

subsequente. Rﬁﬁﬁ%&gtfoﬁ’aﬁ’té%ﬁ#ﬁ ErStn C O s UBRYIRUMEI A58 SrRBRSERY d&%cribed, for
example, in U.Sickattnt poceés3Thedpdentitied thdeetnbsatihytivaM lrel eimieckdd-ybaidizdgiosl Detection.”

and US 25 2005/000465%, 0LING SAUNG R ELAHZ P ARIEESQLAN BICGSSS bt  trand

of nucleic acid binds with a complementary strand through base pairing. "Hybridization conditions"
refer to standaf SoaeRlGsEreeRRIER Hicrseksiarppiondsedatrsly suatécigeAdRPERANST nucleic

acid molecules; Suohsgtanslaiig conditions aie disclosad, for example, in Sambrook et al., 30 Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Labs Press, 1989. Sambrook et al., ibid., is

incorporatgg by refergpgg Aeretndn its entirety (see specifically, pages 9.31- 9.62). In addition,
formulae to calculate the appropriate hybridization and wash conditions to achieve hybridization

permitting varying de%gégggiégﬁtﬁ@{%ge&U%% %ﬁ&l%ﬁg’ﬁ%dsafﬁé exapplasindNginkoth et al.,

1984, Anal. Biochem nkoth et al., 1bid.,’ Is iInCorporated by reference herein in its
entirety. Non-liritiisg Bxuhspresidedhybhche AR berdiibmstineatia it srinbe mjervs T Bstion
conditions, moggseiensitngenay & vduidiationvondilianscpachRigh sivibgenayehYheidizaian conditions.
then biased for use, for example by adding an electrocatalytic reporter and waiting a certain
15  time interval. In addition to the NME, there may be a reference electrode, which may or
may not be an NME, in contact with the electrocatalytic reporter but not in contact with the
sample. The current flow or voltage bias generated over this time inferval between the
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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In another embodiment, the probe is a peptide (comprised of, for example, 4-40 amino acids) or
proteins (e.g. antibody) that is able to bind to or otherwise interact with a biomarker target (e.g.

receptor or {gand) to Qrovide an indication of the presence of the ligand or receptor in the sample.
Methods for'48t&Efig aalytes using peptide or protein 10 probes are de¥chsed tdPEample in
International patent application WO 2007/094805 (PCT/US2006/013771) entitled "Method for

Electrocatalyticci?é@é@éﬂ.D%&%atieﬁaﬁ, thd ERRRE MALIREIWIEALRRONA! SHAHRHE G HiOlelithiol, amine,
carboxylic acid) that facilitates binding with an NME. Probes may also contain gther features, such as

longitudinal spad&EaL SRR afARe i saHERS MRiFR b 25 FANE SUARIGTO s V¥ 1y iR IETE §BBH: 15stranded
duplexes as rigititiivkysadivibPEIGIspaplrswill cisattesdibead hbove, dreabanfeleeinarmostiuiture of the

NME may be copifolle.-aadimayniyentedifsaastviseod@r siicieneyfia devgr.pang the

NME. In Example 1, the influence of surface nanostructure on the detection efficiency for nucleic acids
was investigatett™plfo MRSty 2 BPRESGherbacBifisa Bt 47 Yilish Rersetittitted 20 NME
obtained with ates gepagitid) phidntattuas elinkpaseddmenmotectoar pelgitexturectiveatitained with
a higher deposi;[ril%peg%gntial. 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_coars Ily texttljtrfgleongt olgtcgine wmglghyeg de%osjtion 5 gloetentlgL.. These
rioute to g

besg use scribed ay be comorised of nucleic aci A
results demonstrate tlil)gf Inc %asedvnanos ucturing con more SgnSI Ive bDlosensing capabllltles

in an electrode platfonkicThisdanalysis méveatedathatcibie mode fnel\e subotuetsd: NdiEs(Bh@ied greater
responsivenessyiQ . SHRBTAMERNSERIFHONS £ 13T 9IS WSO Sncluding] st 12aMiSensitiwit observed

here with the disclosed NMEs and electrocataytic 3Qreporter system Sorowdes a low detection limit for
a label- and PCRIER &b the Atk SRoRiRm M RRTRsoRIERE e b ML EaH e By od di5ies of the
target sequencemnit¢Hilketheymepsdre manat da601d0OHEwepies tidar feksbtugnoephatidseencachieved

previously with glectr ' rs.e it] Iti-s i > ehal., Anal.
Chem. 77 :4662&%%&%2%%?_%%%%}%(%% .?OSCIG %feq%éi%}ﬁéﬁée%ﬁ?%ﬁe%?gﬁg u%}g%n%gg E?Sinenslcy

et al., Nat. Nan6"® Op5mretmsse shemica! Rpadspistaln fspugh oympicmenisnabasc paiiRe. GRSIY. 5 Soc.
129:11896; Zhaggh@thakydbbabn NamDiokiddids, Zanedeteadin Analc16h end. pibsd 089)inheidisaieaed device
provides this measurement on a chip-based platform with single-step readout Example 2 describes
ot Of o MU OO I b e ROt AE O L i Aophieh b Beoer
biomarkers in clirfiatly frekddtitns dhsplesessing afedworie SiyneikedThe a linkage other than a

phosphodiester bond, so long as it does not interfere with hybridization. It will be understood

by one of skill in the art that probes may bind target sequences lacking complete
20 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 entttled “Electrocatalytic Nucleic Acid Hybridization Detection.” and US
25 2005/008488!1 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 o 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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10system combines 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 describes the use of an NME based chip to detect microRNA, one of the most challenging
detection tary& " ERbhic readout of microRNA profiles offers a rapid, VeEHigh¥ ALt ate, method
to directly assay RNA samples for specific sequences without 15the need for target amplification.

Although the proyided gygmpaRAreSiiRaiRd Jo{he delastionof sanrtbiematkess: fiherapplications
may be possible for the NME device, which may involve detecting, DNA R!\#}% %(%/ r pr t%l}:ls.
Examples inclufiStier srpreierrdieakyhakd (&% W??e{;é%fﬂ‘?ﬁl R #0d7 s}‘%?%ﬁ g of
leukemia-relatee genbgi(esgindeypdated tiygdRibAcmbrieer s, RO qtotitingNofidiptdoig eraeplab0f mutations
that affect drugymetahlisim (i HRIIRIE Fin g AR RNk SER,AIGiing of

mutations associated with genetic disease (e.g. Cystic fibrosis) (e.g., by detecting DNA markers);
detection afd typhiiiBricR rEEitions aobRjel SRR OBt eRECRRDNA and RNA markers);
detection of cancer-related proteins using an electrochemical immunoassay format (e.g. prostate
specific 25 antigen (PBAYfhey crilyodicentiftiy probeiis i aeiids) {emeptiae ofoPotHmerts.-RNRs to identify

cancer. Biosensing deviegsincamaratinaness NMES may:be:adaptedir.deiesidalihese other
biomolecules by binding suitable probes to the NME and/o, b?\g secgacting gfﬁ]ﬂtable elecy%%atalytic

reaction to be sERSEHCE LN HBNTH RREWH | gpyprovide f&158 GhaE RISE8 By a Person skilled
in the art that vaniatibosreceppossithies8hipkdth ddttbieis ot dgtérting theipiesenigdisptus wreprAidiexamples

and embodmentsidescribed AteL1RYIgaMLIRE HeHRRASEPHllLRA%e.00 v d@TFJeakiatended to

be limiting. All references mentioned herein are hereby incorporated by reference in their entirety.
Example 1. PartireEr28f Riarnirhettifiedy NMriked fardiiecqcaabiis PRl d&diys an electrode

material. To investigate the time- 5 dependence of the electrodeposition, the structures of the Pd
NMESs being electroddlselsitatiax éreudioniforeibes ardunctien Giainiehpiraninspesibeniieletdodeposition

experiments weggPGHAKe haldO % M Vap'SingeD- PiVbH Gl S B0 RRAHING Blackalie, Rdstuictures

were formed for, (a).25, % ) 50,#?0) 125, (d) 250, a%fi (e) 500 s. After 50 s, structures with average
diameters of 1.310;5*%%5"&?? ?ﬁ%?fj s %@%%g??%%tﬁél Bs %\gﬁeed?“aaﬁ'aeéif%? B0k ]%%Pﬁgeresl’e%%g]c?es 10 were
typically 8 mn astchiighdupleclienaetanidilickéreigidt P Bhemsmsler structures made with shorter deposition
times typically exhibited depressions in the center of the microelectrodes, which may indicate that

nucleation occurs prefeseiatialbe@bbbechmundemy-ofdhetapeaititd the NMEOthsT eatkelidbicjparameter
that may influenge, e, inal stuctue. 81 e MR Al I SRRoeR.ARERYShEP o isalfyadhe size and
surface morpho on of the S may be
the influence of surface nanostructure on the detection efficiency for nucleic acids was
investigated. Two different types of NMEs were compared - a more finely nanostructured
20 NME obtained with a low deposition potential was compared 10 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
mereased 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 io 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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15 controlled in this way. Dendritic fractals are phenomena generally observed in non-equilibrium
growth such as the growth of snowflakes, the aggregation of soot particles, and the solidification of
metals. Such fractal structures are also obtained by nonequilibrium electrodeposition of metals and
used as mo&‘é‘?%%‘i@?ﬁ?f’or the study of branching and fractal growth progggégézag?émﬁf?l\lature 1997,
390, 145-148). It is generally believed that 20 the morphology of crystals heavily depends on the
"distance” of thejk fesmatinR £ Yr6ia0s RPts theemedyiamis Sl REH . NEALSHNIIRFHM
conditions lead to polyhedral crystals surrounded with the modgaggmﬁlggstatbée ryft faces, but
increase of this® FIREHER A SRR KR EIIRG THONEBLRR LIS SEH0RR AR LG FE R Mtab&o form
dendrites (Fukalii- 4462 NicRwyssrTrentt @. 200704 1% 1315021k 60}, Fritreczie: Biélémeoseposition of

25 metals, such.; diStRncemay Be:iunedeRNHRKOMSlY s sRyerailly, By.31@RlY, shandingihe
deposition potential and more negative potential can exert higher driving force and thus increase the

"distance" from3fe &l Arolfstianzatioh’ THAge &l sBEh Sdifin 19iAY Bk Bntrolled
spatially and kirigiitaby tegce duceiduy ayisdnidhdirenwith ora s edhipvbHselb it tbmorpthoiogiles:t<30Pd
structures Wererggémﬁd at (a) 0 my, (b) -100 mV, (c) -250 mV, and (d) -400 mV for 250s with the use of
0.5 M HC1 as supporting electrolyte. More negative deposition potentials were found to typically lead
to larger, but less compact, microstructures. At a deposition potential of 0 mV, g cake-shaped structure
o1 3.5 prn ciameter ar 8 Bt HEHELIAE SAAH R TS e BT B8 e 10 100
mV, a rougher rtiferistaadipentvabcatstainevitivat nciicibor ¢ievgesimups asferdeeigeidignatidhe 5 pm and
5 height = 25 pest RenbaroiRXbWIRG:-O blaiRas iviaNpie gutlaiagainrgaie ahvery sualadgnpparticles.
when a more neaRUKe, RRIABIALShyae 0 i as ARl AenddlicIAsiAlmIRIpsiiGe was

obtained and its diameter and height were found to further increase 11 and 6 pm, respectively. If the

potential was increased fur e.g..to -400 my), t jcroelectrode structur came FF re open and
the structure is no Ion%%?mc?[){%%rn%g%s?ﬂi&e hugee\é)‘é roc ertl)”lal‘gggl%ghgv%%? of the Pd NMES !(g))ermed as a

function of potentiet ehakeagindidaitryioytdiccto | tlntiraip @yt dhpiardtto et affrespwaie of the
NMEs was mony rﬁgm@ fesatitionpptaining.Sy ML RRMHING B¢ BnehAR Msesitimyphasphate, at a
S

scan rate of 100 mV/s, As expecteg steady-state voltammograms are observed for each electrode,
consistent brith tHETALBEREEE ARURSAIRE of the electrodes. For the electrodes 15 made using
deposition potentials of 0, -100, or -250 mV, the currents observed are well-correlated with the size of

the electrode. That is, Aoyebherpmeeidsd srateplet e faoied dodherdpirrtmo terargebiapptist potential),
the greater the iRBROREECELSEE M teai Ve iblHoMRYENIDISiBdctRh MmadevalvelQikedhg Duents

observed were g ) sRssicabsed anhe sl it mibRsleeade Incieoing gt he

discontinuity of efectrode structure Pnay to poor electrical corinectivi loss of working

area.  Thus, Mdderagkeehaspiding olelmbrmiistideProvies -ty rigetprofdlhdativenotexturing

while mainginingdhgninieasiv.eidne rasulkanidibd s mnadhnonepssliciesareviermed @xthe surface
of the microelectro%es. It aq&s rs th rovidiggf
[

haioviding 100 large of 2 diing potential for the depositon

reaction accelerate& & Hn B oMW aea Bnanoparticles are A strong
connectivity to thsesrdead. thpshiVibrosis) {(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 elecirocatalytic 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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NME morphology may also be controlled via electrolyte effects. Pd NMEs were formed at -100 mV for
250s using (a) 0.5M 1-12S04 and (b) 0.5M I-IC104 as the supporting electrolyte. These structures
were formed under the same conditions as described above, where HCI was used as a supporting
electrolyte. THR &S formed in MSG:land HC104 30were significanﬂﬁéﬁ@%‘%oﬂ@ﬁzﬂ”lose formed in
HC1, and interestingly, all three displayed different types of nanostructuring.NMEs made in HC104

showed the fingstRanORIFURLUENG Wik feRtuRS RSN A5 ArdONBAREESS B IRditad, Hie electrode
was more compact, and the nan structu?lr\}}r% was on the qrder F%f 100,ri-%,The_coarsest

nanostructuring AR SBEEGIR PEH AW RECTEMER O ISHISAET AR T5Y ST¥LiRde were larger than

200 rim. These observations indicate that the NME morphology may also be controlled by varying the
supporting electrolyteEréaol-cfestuapbiridiraasieing NHEYendritic structures for the NME
depend on the conditions during manufacture, including concentrations of the electrodeposition
solution, choice of thdnribinftenimee R trosl epobnedn sivditpde appticd- pdiemigsegath e lderodeposition.

These paraénet@égeﬁ&@neg%@%@M@Hé\wsﬁ&gm@@m&@esmmﬁymmymk%ta&%y@wa@d
concentration and purity of the reagents used in electrodeposition t&within 5%. The choice of metal is

simple 10 to cofiPoPeEHarY AsaURtdBr thaPEaGBKERPIGH LATHNTeBY ST ARTEBFBR 8T8 ct material.
The potential dprifgretdcitodep asitiosinpdysoki réadliny sumeoiied decivitlyin. a Févwwtrnadijreshieheis sufficient

for controlling thg Sizeand) gpﬁﬁpp%Q%?sgng&%g?@&b\l%g& Affexample.gqiteghbrafiing of Prostate

Cancer Biomarkers in Tumor Tissue Using a Multiplexed Nauastructured Microelectrode Integrated
Circuit 15MATERIRHSSRAD ME TRIOEIEMS of ERigTTie abRs cFnerd AfsS Wb el lteardtsthe
Canadian Rhotentiestypadhatitipmn @ensepninsiinasayafiersevyereThassivide duusimgsanidelkatayer of
thermally grown,silicon dioxide.. A 350 .nm.gold.| S} h ' ' lectron-beam
assisted gold e\%%lj(t)ega%l ﬁélﬁleuéngf lr%ﬂ\}vygcg{%gﬁégé%ﬁ 5%%?5 %tgﬁrglgggr}% ‘é%%%ﬁ%é‘%g%ﬁ? gsr’ld a lift-off

20 process, A 50Uyt esteiaa BerRepiamens R rdacRd v aiibe aendamel thictptEli s apor

deposition. 500 nm apertures were imprinted on the electrodes using standard photolithography, and 2
mm x 2 mm bond padsmbee wxpobedcusingstatidarcapirdtatitbo traiiin sFadwieatiomne dfviBnostructured

microelECtrodesthg&%iﬁ@{ﬁo%ﬁﬁm%pé{ﬂmﬁw&%ize and surface morphology of the NMEs may be
15  controlled in this way. Dendritic fractals are phenomena generally observed in non-
equilibrium growth such as the growth of snowflakes, the aggregation of soot particles, and

the solidification of metals. Such fractal structures are also obtained by nonequilibrium
electrodeposition of metals and used as model systems for the study of branching and
fractal growth processes (Fleury, Nature 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 thermodynmamic equilibrium: near-equilibrium conditions lead to poiyhedral
crystals swrounded 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 pofential can exert higher driving force and thus
mcrease the “distance” from the equilibrivm  for  electrocrystallization.  Thas,
electrodeposition may be contrelled spatially and kinetically to produce arrayed NMEs with

varied well-defined morphologies.

30 Pd structures were formed at (a) 0 mV, (b) -100 mV, (¢) -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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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/AgC1 reference electrode and a platinum wire auxiliary
electrode. SM%{E@W@S on the fabricated electrodes were used as tﬁ@%ﬁ?ﬂ?&@&ﬂode and
were contacted using the exposed bond pads. Platinum NMEs were fabricated 30 in a platinum bath

containing t5 |T|§o§4§é&ﬂi@@&%_%ﬁ&%&@y§{%ﬁl@t;féﬁ F?&Q&,%?ﬂé@ %%ﬁ(ﬁét,l&%:@t&ﬂg&_' 6. QQIt@ntt_i(?
amperometry. reparation and purification of qligonucleqtides. All synthetic qligonucleotides were
stringently purifisBeBeR el ShALY HPEES %e%oﬁ%wma ??r%%eé“g?ba%tﬁé?%&ec%quﬁr%%%%ere used in
experiments. Segs Ribikipeé |Whesiothqprafmdid® NN 229Gy scBiygkd AN COMOE TeGEGIEICG

CT-CONH2 (SEQ IRNGud)wsiebied  HRE {5100 Brptobe SENANH2AEHSG - TG GAA TAA CCT
GCC GCG CT-CONH2 (SEQ ID NO. 2), Seq. P3. Type VI fusion probe gPNA): N 12-%%;} ly-ATA

AGO CTT éTchaight TER AmicHBRmpsrring QbF%d db47 HeFyBe 18 SYTERBision DNA
target): 5’AGC Gdnép#3iclés. Clibn A GlorE e fafe3p ¢S HiQ! I 196D, i), Sevapbldd)\ValdiddiR SBAADNA target):

SACC 0 oA LA A AR RN I3 VT RGO BALaGe): STCA

TAT CAA GGAAGC CTT ATS' ID NO. 6, Seq. T4 (néncomplementary DNA ta%;qet 511 T TTT
TTT Tn. TTT TERTTIMSEDINIRO. ) toRfuseiicevatdeciaied fuahtrdfet 1 ridhsYihd™bsorbance

at 260 run and gxtrspetiisie sisealcutoiad BM®pen and the structure is no longer continuous.
http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/. Modification of NMEs with PNA probes. A

solution coptaining 508, Mhiglatas:45SiRals. SuRRRas Ris:255aM sogiumaRosphatadaH 7). and

25 mM sodium chloride was heated at 500C for 10 minutes. A sujtable amount of 10 rnM MCH was

then added to nTEREMEHRRFKAEHY Tmnpatiol of L6 AR ErE! AT RAss &R BH e egree of
multiplexing) of itusitidiie whsicepasitathon the! BRMEE R & dal0.08iividitgiohahisphaoyetright at 4C.

The NMEs werg fjpogd (0 250t 2odLialiesphals (kle". AN 20 bl b hefore

measurement. ~ Electro emical measurements. Electrochemicarl signals were measured in
solutions contaibisgore: SRRTRHN Fihelmmizossnir sharmoph oE pisatis(pries) Eon havledintss chioride,
and 4 mM fe(ChN)8eIniRdiffepential pulsaiMeitlammENy (DBX) siunals hefere andrafteibysidization
were measured usi otential step, of V, e, 25 amplitude, of 50.mYV, Is%%g' th of 50 ms,
and a pulse perfod %%ﬁ)%lé%s% e §/Z§igp&gitgr%}]{loedtgﬁatﬁ%l@Bé'%g?éﬂgﬁ% da??t%?tﬁr %?n%?zatlon weére collected

y
with a scan ratefonEg@aVezet ipilind redodhetiaugrene(hoisspausfinEatnPsutdabomg e

background at Qgnirirmdhe.gathofic st eitkalis IR Ner QYRUEE tuaitapRRiNbSigNal. tignal
changes corresponding to hybridization were calculated as follows: Al = (Ids-Iss)/Iss x 100% (ss =
30before hybridf’izgtl%{r};gfélén lz‘jéﬁgﬁ?yﬁ’ril&f\iz\{% 55" at t%ﬁg’ﬁ?%'i%%‘ﬁg’nopro?o%‘%???@ebgr%&%’f?oiﬁagoIutions
typically cofftaines! targst skequieslcesier 26 inaviddosti ohwptkispirate (pH 7), and 25 inM NaCl. Electrodes
were incubated at 37C in humidity chamber in dark for 60 minutes and were washed extensively with
buffer before electroclmamicalodnatySigposition potentials appear to provide the most pronounced

nanotexturing while maintaining the integrity of the resultant NME, as small nanoparticies
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 H2804 and (b) 0.5M HCIO4 as the supporting
electrolyte. These structures were formed under the same conditions as described above,
where HCI was used as a supporting electrolyte. The structures formed in H28Os and HCIO4

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

nanostructuring, with features as small as 10-20 nm present. In HCI, the electrode was more
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5lsolation of MRNA, The mRNAs were extracted from cell lines and patient tissue samples with the
Dynabeads mRNA Direct Kit (Invitrogen). Two typical prostate cancer tissue samples were obtained
from radical prostatectomies collected by from the Cooperative Human Tissue Network. The tissue
was stored ﬁgﬁwﬁ?ﬁ?ﬁumor-rich tissue was selected for mRNA extractiér THEEHEE trations of
MRNA targets were measured by 10 NanoDrop ND-1000 of Thermo Fisher Scientific (USA). All of the

fusion sequencgswate 6eMMadRYRTEECR aRthdbret SEMERSINGe coaliibBlinsnaRRHIGMENtS Of
DNA hybridization at NMEs. PNA (seg. 2)-modified NMEs were prepared as d%scrlbtggn%ggve. Rinsed

NMEs were imiH&t B HFS BIa0h B8R RIHS SV TS fac SICH MRIES (CTe55 fM DNA
target (seq.4 tonf), 2hedb shidraendisninghvespihatehip MY, andpBelepiinNaCIsT he edsttidahialytic CV
signals were ongjﬂg\%tﬁgSQgg&{mggl&%}iﬁe AlMmeasuresmentsayere performed at 37C. RESULTS AND

DISCUSSIONS e sought to generate a nanomaterial-based platform for ultrasensitive

bioanalysis that is ) highly.febst and stralaifennard (o fabeale. biipiexcd Apd soalable: and i)
20 sensitive and specific' w én presen?ea wi Pmetgerogeneous biclogical samples. To satisty
requirements i) mmch iy s, regiuitied cometns ot aé e vingrserotitieniapianchnisn Aftbaekdividual

sensing element, ysingd A &R, RIABRpIRAGALRSS taaul eaRE#hsWeSTHERtJRReRIOrate
nanoscale features into our sensing array.ﬂ'gﬂe rodu?}tio(ip of a%ga ed nap%structured .sens(ipg
il b

elements, howeVereadily Se bR nENR FBRG 16 S BB TR oR-Beam
lithography provigkits tfi¢haeadedscsadrl duarodepsiital e feithimédaiitettsiicplefonete it shamieever, it is a
serial techpique NOLRKGSERI §%§9&%§QN¥-&9§M%&9M§H@&@§)M a8 cQHEARREACh was

instead to use cost-effective conventional pho oIithograp’hé/ to position and address our electrodes; and

then find a meahkeeeliy AWtk S\RrPLePREITEyrE 8T BYSanERNRTy© (kBB riRighof these 30
micro electrodeg suffiidatdenaifctBakan: Siiolchdnittighelogst ahip bayspatteddifig a 350 nm thick gold layer
on a silicon chip to create eight 5-um-wide Au wires attached to large metal pads that would serve as

external contacts. SiOg Wasihen BeeasiAfi RSP RSSHALNCaIRVYE BRNAPRIIRTHCH IR G qalsuapertures
with 500 nm diameters at the end of each of the Au wires. 5 These o&grlgﬁ%s,were created to serve as
h

individual templHfiRee MRS Rl NP ERE! MLl st FRteeR tH¥ed palladium
electrodeposition to deposit metal in the patterned apertures. We found that we were able to regulate
the size of the nanostMJ&EFEEALY AN HREREPSsition time. We were readily able to confine the
diameter of the structures to the ultramicroelectrode regime (<10 u). Under conditions enabling rapid
metal deposition, the {hipufidhcestiohtIdasicrsetest fobles Wil dycdeasiighRbatenist Habrisstroicturing, with
feature sizes of agproximatel, 20,k Thespaivacduramdisniaved.idest microsleghade drlavior,

exhibiting low capacitive currents and high steady-state Plateau currents . _
dioxide. A 350 nm gold layer was deposited on the chip using electron-beam assisted 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/ApCl 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 HCIO4 at -250 mV for
10 s using DC potential amperometry.
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In order to make these nanostructured microelecfrodes (NMEs) functional as nucleic acids biosensors,
we modified them with thiolated peptide-nucleic acids (PNA) probes. 15 The use of PNA as a probe
molecule has been shown previously to increase the sensitivity of biosensing assays and is particularly
advantageof&1i8 & tsthemical assays because it produces lowered bddkbfotiitPdiitdhts. To
transduce nucleic acids hybridization into an electrical signal, we employed an electrocatalytic reporter

system previously deyglonediby ok [phoRRIERE (e ARISHEM el -« ARRKC DEMRAO0RD-

6327-6333). This reporter 20 system relies on the accumulation of Ru(NH3)63+ at electrode surfaces
when polyanionit®€p&tiReenly Rutfise d¥idevsiareeHE thral) s BIgMNe TS BRI via the
inclusion of Fe(@Weswﬁehmgem@ammﬂJ@m.dem fmﬂﬂmﬁ)memgxrrg}mt}me]w-penter.
When PNA-mo 'ffﬁd&ﬁ}%ﬁ%ﬁgc{ft nged Mkéﬁﬁ?’&%@%t%@ﬁ%&ﬂ%. crafle,gignal

changes could ecle%%y rough the femtomolar concentration range. 25 Negligible signal

changes were dBEEEY Wit ESrpietslf-Aoneeinpletrientafif-SebliéntdL ONFHSESHEE NSiomarkers
selected for anglysisqop3this Rl atfrsloa e HEaRoNgR ey USIoNSTIP_ G oIV PRIaAGTarTE!. These

fusions, resulting fr hramo translocation that joi G and TMPRSS 1es, were
recently discovgéaa %{gp %Egzr ?rlsat e'agst gﬁ%%algf EFB%?aIte W&?ﬁéﬁh@?ﬁ%‘ér&%aéﬂgﬁ -20
sequence types thaide{ir&8o GfdrdmTSidridite SSHAIRIMN e dadiagJe OMUIMTRESZdM M a tumour

appears 10 correlaiewath §e agatessivenes e and Meastalie poeniiadheseceauqReesrie therefore
not only promising diagnostic markers. but are also factors Wlt&ﬁro nostic value. To_determine

whether th&'N BGFY Ol Qistim it HeHe fildtorrddqhencdsHdnPHEwifd05i68 sEuences

that would be héibeamplemnetatarPNa segsdr TAATEHNIN & PICBEICORpEFgStpyItbNke Bplice site of
the Type Il fusiganchalended sl he dsloRPIORkASR o ed 2h Binsauange ayresponding
to the wild-type TMPRSS2 gene 5 (seq. T2), and (3) a sequence corresponding to the wild-type ERG
gene (seq. T3). AledpfdetEg: Rm-Compsidantar/ cohfe appdicrdens(SdigpAnalsed’- T4). With a
hybridization time of 60 minutes, large signal increases were observed with the fully complementary
target, while a much |Sdssifitgtien oh NigEswith 86k mitbeshd TNRRSSatme 607 neERGakd get

produced 35 evghJRWei=IgNaasgRvaRdthabREREIVIE) 1he NRM GLeRMRIgmRRIaR Sequence
was negligible. Theﬁ%MPRﬁSZ target binds to, the portion of the probe located at the end of the

sequence not altERFEH 8T & ILEIPERE SR ERE PRTHRGLY tdlas amanst iRprobe located
at the end tethefied fmdhe€lEctrogersutfacex{ TH® différéni-digndl |Geptndbgemrethéndigate that the most

accessible side g {5.plple e ieh AbLe i RGP BINGIAeREL Pl il waraation with
the more buried part of the 15sequence is inefficient. To determine whether the hébrldlzatlon of

the different tarGEEEF8ATEdth GBS HTfIE MRS & per Bt sPirampesrtle @i Ak *Mdout, the

electrocatalytic Sigriisivesefononianieenaha variety of intervals within the window originally tested.
Interestingly, the rise of the signals is very fast, with significant current changes observed within 2

minutes. 20 Over the igigkaRuainee Redosh-RUSVEEIHR SRR farthe halieomplamantary and
non-complementar){. sequences fall noticea(bgla{?with 20-50% of the 2-minute s[&c[;ﬁg'lzvanishin by 60

minutes. It appeSPeipt F8PRERE KL S HE AL Kot Tl CBMpTETHER BR) SR8 spetifitbinding
occurs in the firstdewn mobturtds eheXpoddrés@INhe NMEffensnl o ifrevtdrget sojuflaifly beipthbse

complexes do nptgremaln stable andideaetyemainimoebilized andne.2glesiedg T g, while

non-complementar¥_ sequences can be discriminated from comp ementa%se uences with short
hybridizatidn tinf8% 1Bt titfle® thoPaiE e diffei il BgralriinBelantl Hlisihedelfee of

specificity. 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. Sigmal 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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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 biom‘gﬂ(@i’@ﬂ?@%ﬂnted in heterogeneous biological samples. To e%ﬁ%@ﬁg%}%}&%ility, cell

extracts and tumour samples from prostate cancer patients were assessed to determine whether the

sensitivity and specifigify ghthRisySigmrvas ropbsiienemohdielnicgbiastintontaifél defgimine
whether we could detect, prgstate-cancer associateg ene fusjons using.the NME c%?, we first

analyzed mRNASHEEISEE i T0 SPOURERTOIAF CBH e dnd darBA AN D UHFE e iner cell line
is type Il fusiorirpusitedet ARt tehlatidityshasion melgatifce 6K mappreodibkeesigaddirengpsinccurred

when 10 ng of mENAFPmdhe Selllingihak Igﬁlf;sig)is sequence were incubated with a NME displaying

a probe complementary to the type Il fusion (seqg. P1), while large signal increases were observed in

the presencge of 10 n NA f Il line that does contain the t HI fusion. In addition, the
modifcation of 10 NI IS cLit SN AALS 05 SO Ert e s PR ot yield o
significant signatwites foditibe RrpbaadampleATREgelde (bryispase) e bpne matiaeeterechighly

specific. Theseyggults:ang:sionificaniaseficianeyittharuseQisampieiladagbangdhe fptal time
required for an%égsis less than ]‘I‘S ho sévsiﬁn' 'cantlé/ improve élpo%#g;ﬂertgetection 1gnethods like
fluorescence in S BB Rh (BTEH) S s G0 ERER G 21 89158 Thiitnard Bh HERESR L IE NME chip
is the direct, muttipheleettdivalpSiy Hfcatpateil. dheanwenitmakErliNA ddesctvpatientwadiples. To test
the perforrnanCﬁa%gwpoheﬂq%ﬁe?@wﬁméh@pﬁ&eﬁgﬁa(man@hv&?@l@f&%}ﬁé%m&%é@mples

collected from cell lines and clinical tumor samples for a series of gene fusions. We obtained a group
of samples thattWStHECA RS The RetBE ABRELTHEFP8e most common types of prostate-cancer 20 gene
fusions: type I, type lll, and type VI. Different clinical outcomes are associated with these sequences,
with type 11l fusions b&ingtdnenersurements eh BYACEYbeidiraganigt SNERADEN eeuriénmusifiaés, whereas

type | and VI fusions aF&Lorslatadyvithaagressive qansar Nwith Righ 18vals:0f eCKIieIN6s, It is

therefore of great interest to be abl ifferentiate these fusj in_tumours, and a method that would
permit their pre&eHEEH é%”%&? t% é’é‘s‘?ﬁ%@iﬁ: 1yf§§§]§{:%%f%ﬁ% 8\l Be of value in

their furtheisstudhyasdiivalighbtsphaas @ dgnostit IonMrKets. The electrocatalytic CV signals were

obtained as described above. All measurements were perfonﬁed at 37°C.
RESULTS AND DISCUSSIONS

We sought to generate 2 nanomaterial-based platform for ultrasensitive bioanalysis

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

20 sensitive and specific when presented with heterogeneous biological samples. To satisfy
requirements 1} and i1} 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 manoscale features into our sensing array. The production of arrayed
nanostructured sensing elements, however, can be labor-intensive and prome fo low

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

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

30  microelectrodes.
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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 Il positive),28 NCI-H660 (type Il and
VI positive) 3 S B45 (fusion negative).28 In addition, two tumour sdnples2ie&Edollected by
radical prostatectomies) were tested, one that was positive for the type | fusion, and one that was

positive for the type |Wﬁ&ﬁ§h@ﬁ:&@ﬂﬁ£f6ﬂdﬁ%§%ﬂu@&ﬂ@ﬂ@|ﬂ@ﬂﬂ@%dﬂlﬁ@ﬁﬂ&g’tﬁ@l@ﬂﬁxperiments

took less than ZErlloug1 x(?Orrltdc wggea g‘éjﬁ? 9% rgf&pd?l}lﬁ S %a)éﬁ lag&thle eéeI%%rt%l:heJm&a S|gnals
collected at NMES4is aying Faifterent , We ascer ained fuse enes present in

each sample. F#oeidastike a$n%ﬁ§®éti@ﬁ@§ﬁn§p@cﬁ%d¥ﬂh@%@éeﬂ% 5 MF@W%& wpfieedby
sequencing), thﬁaﬁ%ﬁw/ LIRS Qhaarvedial sachwnhsmediied ngdﬁﬁaﬁﬁﬁg Hhttiﬂécé)”OWing

order: | >>>> Il > VI. In the patient sa pIe containi elllf S|on th nic als again
pointed o the CONEE TN AR e DAL T CLBR I OF SR CGESN Hose
obtained with Diitd8rnivi@aR, Wiedhelo6GCpiliddniR K Acndepreittadtr depogirofitix gnaberpattbynedlled the

absence or presgnee Qf 109606 QRS RAiEAIE 1ahiNMESHIPSane ARIRIARIRD gmportant
biomarkers in complex samples and to distinguish biomarker profiles associated with different clinical
outcomes.  THE ERARERTh MGt SRR MirdILIHE6ITy SharatE KEdhsifE™ard I diust, it is also

practical and smll@dﬂﬁ:ﬁél&:m@me@imbt& falyicatioe mﬁﬂimdammﬁgeammmahtem&ﬁ tee

production %f pro eaceso %qncl:pl u¥s) clﬂs pame pf t%ht ograpk |&utegrqrrllologﬁhe%agﬂ\évldespread use
in consumer electronics MIGroc |p rlcatloﬁ and on@ simple, mexpenswé instrumentation is needed

for readout. MicebfRpReS AN 0 Bftlired lﬁéieaﬁﬁﬁ?ﬁﬁfécﬂﬁﬁEWsi,dﬁ@ Hyistrsizations dghdeperformed

and read out in gRibEg I6RCHPRMRESAlhRIS)GIRMIRAP aeR MR abttesiive alternative to PCR-based
methods that are 20sensitive but difficult to automate in a clinical setting. In sum, the new

multplexed electrode platiar e deasdheare o iesL10 1504 diaely abane) of raner

biomarkers in clinically-relevant samples using electronic signals. The array enabling these
measurements RSk PASFRIER ectRotiedhep gt didleRtl Grapfe-Bprdeifo eids AP ARHORES ERing
essential fas sermitivigy off] Pﬂeﬁsysbepfobembnm&me&eeaahmmewseﬁtelmteadae&a/\sﬁhsnaptsi catalytic

readout o achieys AdantANING 02l ihe I Bered Aneleln sl eaneinPlRIAER Do on

inexpensive an practlc |rect ectronic MicroRNA Detgctlon Eésevea Is
Differential Expi&8di6ps Iﬂ’?ﬁﬁré% hqcé@rmm@éeenm?pewm@@emeem BEPfdpisidization into an

electrical signal, we employed an electrocatalytic reporter system previously developed by
our laboratory. {Lapierre, M. A, et al., Anal. Chem. 2003, 75, 6327-6333).  This 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(TIl) via the inclusion
of Fe(CN)63-, which regenerates Ru{lll} and allows mul{iple 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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Materials. 6-mercapto-1-hexanol (97% MCH), hexaamine ruthenium chloride (99.9+%), potassium
ferricyanide (99%), and palladium (Il) chloride(99.9+%) were purchased from Sigma-Aldrich Canada
Ltd (Oakville, Ollzzld. perchloric acid (70%), acetone 5 (ACS grade) and isopropy! alcohol (IPA, ACS
grade) werebBEIHEY RS EMD (Gibbstown, NJ). Thiolated PNA oIigomé)%T(I;%Iyé"rzé’'}3@f)a{i%1 d from
Biosynthesis Inc (Lewisville, TX) with HPLC purified grade. PNA probes a Cys-Gly dipeptide at their

N-terminus. Gly acts ag 3-aRa%&! HRe GysnavayidesftesdhioifatimmeobilicationDadasmelectrode
surface. Synthetic microRNAs (5' end phosphorﬁgi %d nd HPLC purifieog were Jdo obtained from

Eurofins MWG EFB5R TGRS AfEUReys R Sien GORBISTTERRES &S SROMATASABTE S provided in
the supporting ipfaenatipiement@hip b sohdtiosite Piche s We fesfabricated ntvd @dinddldhePhotonics

Fabrication Ce%ﬁoé'éégéww ﬁ,rs%fy%&@ Rasshatasiusignhicklavan efihanallysgraue silicon

dioxide. A 350 nm gold Tayer was deposited on the chip using electron-beam assistec%%old 15

evaporatior? ThEGoilFNAS Fateirace FSRERAnting g tiomiitieyrapRy #8califttoffrdtess. A 500
nna layer of insulaikgsilisanddiopidesas depodites: ubkingsshedhicad vapoidape itaitiaiormu
e mera o RBIEE SRS Sicelreden aing.Standashehola WhAskRbRM, A0 MINAS mm bond

pads were exposed using standard photolithography. 20Fabrication of nanostructured
microelectrodestEEipehile retien RIEPD § EL g IEc 65, Tith, tth B Rvate F8pt3dhs R dried with a
flow of nitrogen Adkelgeinadapasitiorivasperiasrae daineo e Mper abikevadthyaiBiganakical Systems
Epsilon potentiostat with a three-electrode system. featuri Ag/AgCL reference .electrode and a
platinum Wﬁe aﬁ)?mglfi/mg?&?rSﬁaél.egffowﬁﬁnngskv‘eﬁlttbﬁ?éiﬁgnwggfgaglnct:%g %goé ecszt?r%eg‘ée \(/>vrt1é(r)é1 ﬁ}stgla as the
working 25 electnotielaratbdwd thecmdtaltersemsienydnet estpadsd dosbn digsargde . AvRilnite S&Gdargst the chip
was immersed igiathe RlaRARAREOBaIING R RaUAS ALY ehirids-ansk QubeMepershloric acid,

and incubated for about 5 min prior to electroplating. The bond pads were kept free from solution. Pd

NMEs were fabrEHEat §&ra) B shesitiet DipUrdREtRy ROsPESSHiRl HoteHtar 8108 PiFfor 6 s.
30Modification abNdbndiiboRNA (prgheslSinglevitahgedithidiatedhiRMAmprobesdvene digsolved in a

buffer soluﬁign (F%Q&qmﬁé%grﬁs mM sodium phosphate and 25 mM sodium chloride at a
concentration of 500

W. The solution was then heated at 500C for 10 minutes to fully dissolve the PNA
molecules. A suitable amount of 10 rgghM I\%é:w ]\5\1/1 then Eegg% make the final %I;] ﬁl%n&entratlon of

100 nM. 10 'IL of this miX ﬁtlggnvflréesvahwcﬁw eHOSREa SR & ¢ ffp |sr|§fétytfir§ "PdRMEs using a manual

micropipettor. ThigRNRepiied sidintn teveled chipivasatoah ihealsatedeinlvid adadis gty chamber
overnight at 40G, Jhe:R1obe-Madified Bd-NMEIHe - \anuswsly; sinsgr with the.akanapuler solution

before measurements. For multiplexed experiments, chips with eight individually addressable leads
were used. Targ&erBRiERalsHS KR AL ¥BH B S S AP RSEY o\’i@é’ﬂt?a%l‘%e%f

20  Qver the total 60-minute period, however, the 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 heferogeneous

biological samples. To explore this capability, cell extracts and tumour samples from
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10 targets in 25 mM sodium phosphate (pH 7.0) and 25 mM NaCl. Pd NMEs were incubated with 10
gL of target solution at 37C in a humidity chamber for 30 mins to allow the immobilized probe
molecules to hybridize with target molecules. The chip was then cooled and washed vigorously with
buffer beforgvﬁgéoé%’&ﬁ%ghemical analysis. Electrochemical measurements. B1actP8hEHical
measurements were performed 15 with an electrochemical analyzer (BASi, West Lafayette, USA) in a

solution containing:40 SMRUME IR s M GUGGSwREBMSesFRNasPGRIEHRK 7.0) and 25

mM NacCl. Cyclic voltammetry (CV) was conducted before and after the addition of target solutions at a
scan rate of 1085 S ETHERRAPY HTERED SRR SIB®BV) 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 beféremmpearhsthsy ifsud daltrerE talferranamde sl tatisint 986V /s.
Limiting reductiyg surestif) Wwassnamnifaddrnsubiiaet fainesdackgiounddat S:niiadsowcdre cathodic
current at -300 mY | yelic voltammetry signal . Signal changes coyresponding to hybridization were
calculated gs foﬁ?élvégg %ﬁ‘:ﬁ\%é‘i‘é‘éﬁ’f@éﬂj’ \ébg ‘. é%%?g %‘i/sahn izagt%g%?elsgeé 15#%%% ny?)eéé%zvgﬁon). The

detection limit WasapEreeteerpignatichengrs fivstresshebertriiog W nER b dokg vl (insrikitstémentary Al)
subtracted signalwasi&tmesighesthandherstandapt sy aiirpoioh vhaesycemelgmeantary control
sample. SEM Imaging. HITACHI 5-3400 SEM (Hitachi High T.ecgnolo ies At‘ erica}f&qg,
Pleasanton, CAJHESSshpidy &8s R g B f‘)%ejfloatﬁagfﬁ%gﬁ S OT (5 ete ¥ dpiated 30 NMEs.
The chip was affixediencellsiaintbssdstaet @M twbypsiih fdsoh|dsidédtadhésiveclifekicardion tape.
The SEM irgagenyas aefuibeddaing e s6aPRAAMKEIGE FRRL MRS #)28ik¥: vield ROMAR¥fFaction for

PCR analyses and amplification protocol. Total RNA was extracted from cell'lines with mirVana kit
(Ambion). The isanty"obseasiplesiiak asamaee dhsydracton Rithe fsd il sk digontrol
RNU44 using Agpligid. Birsysiems Tegitalfig)micy eRMMAnédssashe This assapinclodes antbiherse

transcription (RT) step. using.the 5 TagMana] MicroR ever ipti [ Rlied
Biosystems, CAE, S?A%‘?Nﬁgrlerﬁ(f a{% étglr% S(')ligaﬁﬁsp%%e?gp%a%ia%ﬁﬁﬂﬁéggsgt%fjaé kﬁnéﬁ%cule and is
then reverse trafeiatiseaoimislivrilnsesraceisisehibriterionddS Bl semendi@rse transcription mix
includes 50 nM stem-loop RT primers, Ix RT buffer, 0.25 mM each of dNTPs, 3.33 U/AL MultiScribe
reverse trarfscriptase, Tandif2BeUippLidridase ithhibidE. chiveiy HeAdireea otidhiplvasd dhyels ifcubated in an
Applied Blosvstgma P Ihamesyeler oAl MinMES: aldfes 3Rrainuies Aldafand Binkties at 85C

and then held at 4C. The RT products were subsequently amplified with sequence-specific primers
(hsa-mir-21 prirfiefesPs8onRRa THaRARIDS b AREESFSY BeRFA ¢ SRR A pHEP I selletsh S tsing the
Applied BiosystemsidQ0adthiRkaatkiksiedpRsdystemridkhe hAMPGER Wikobediadns dag &L RT

product 1xé 15 Taghans UheISRERMENETHie A2 ANTANARC IoNe i AW gpvard prmer

and 0.7 AM reverse primer. The reactions were incubated in a 384-we 95C for 10 minutes

followed by%0 apereiorostrol 1508dBearh PR o Bifisrentatiming. ety dnasesgied ok of

pre-m1laNA-21 4elNAWRSR QHHCEPDIT EYEsHE BEASHIbING S BB EBNd-HaswdDskcells using

High-Capacity Cc[gnl\clzér I?e:%\égg%ge 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
275  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 I 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 | fusion, and one that was positive for the
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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 AM 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 CORAREAETEY the PCR were: 95C for 2 min, followed by 40 C%ﬁ:gé%ﬁg@@%i min, 55C for
1 min, and 72C for 1 min, and a final 25 extension step at 72C for 10 min. The PCR product was gel

purified (Gel extfaciion.kit, QagamARch¢lQReehib R R4ndORE MRGHICLRY HIRgeBinfeABIRS Were

picked and grown in LB medium. Plasmig DNA was purified with Plasmid Mini Kit (Qjagen), and
checked for the'ESriEe: HrSdTce Srfg‘h‘fgf%r?fﬂé'nhoa%sgggﬁﬂl d’e?ﬁa&z%f oS V\%he%lc

sequencing
(ACGT corporatigmls Rtdlsnted £ NN Visadisglgested ffwitntivotbeshichadeseinat Hendguitty 3F 3Ggsrotruding

ends that produge high. hackaraund yestorRNA GG IR aNS eI aBndiAgkahlingarized plasmid

DNA was used as a template for in vitro transcription with AmpliScribeTM T3 High Yield Transcription
Kit (Epicentte BTSTERHADIGEIRE. WrsAHTRCES SO OR B Lbranet ei® BREEPPHEE added to
digest the temphiateEabtAesindl in the following order: 1 >>>> III > VI. In the patient sample containing

the type 1T fusion, the electronic signals again pointed to the correct identity of the fusion
with probe [ >>>> ] > VI, These results, and those obtained with DU145, VCaP, and
H660 cellular RNA, where electronic profiling correctly called the absence or presence of
10 gene fusions, indicate that NME chips are able to profile these important biomarkers in
complex samples and to distinguish biomarker profiles associated with different clinical

outcomes.

The detection platform described here is not only specific, sensitive, and robust, it is

also practical and scalable. The reproducible fabrication method we chose is amenable to

15  the production of probe-modified chips using the same photolithographic technologies in
widespread use in consumer electronics microchip fabrication; and only simple,
inexpensive instrumentation is needed for readout. Microfluidics are not required for
automated analysis, as hybridization can be performed and read out in a single reaction
vessel. This system represents an attractive alternative to PCR-based methods that are

20 sensitive but difficult to automate in a clinical setting.

In sum, the new multiplexed electrode platform we describe here is the first to read

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

The array enabling these measurements features microelectrodes that possess controflable

and versatile nanotexturing essential for semsitivity. 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.
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RNA was purified with PureLink Micro to Midi Total RNA Purification Kit (Invitrogen). Concentration of
RNA was determined by reading the absorbance at 260 nm. RESULTS AND DISCUSSIONS We
endeavored to develop a new method for microRNA profiling that would 5 feature the convenience of
array-based"gﬁa’zwg,z%ﬁz would augment the power of such multiplexing W%%@O%g%%ﬂéﬁ%nal
sensitivity required to assay small biological samples for low abundance microRNAs. Given that
conventional fluorescevigarsedsnatbods arpapsufficiently sensitive to monitor hybridization of small
numbers of molecules to surface - bound probe sequences with simple instrumentation, we instead

pursued an approach Mzt 4ARMpIAKRIRICCHARIGTe@FOU M H)IN RELER IR PFYICR.& Platfpim for
electronic microRNA d§tection, a multiplexed ch{f W?%%repare_d that featured an electrode pattern
& JEthoPa el

generated by pH&tolithtg R Fhi EEHE IS [ E8n War&P'qeABAgE " ng % pattern of
gold was deposﬂad}mmﬂﬁsmrﬁgmammmhdhradmWMBeOMJeaﬂhImiﬂae_ﬂé?ﬂ%!)mﬂtmﬁ_s. A layer
of SI0 was 35 depasitgden ton Alheapidigesabale be mel) addnanndieine dapcation

step, 500 nanometer apertures were opened on the end of edch lead to expose gold. To generate

protruding micofETRbsEYEs, il athintatedad Ve cHberspsssitB e theEgbfines Bipwahess ok position

step was engingeesdstalipy attyceidi giry pnositugkdse ¢ NACsaiectr oges (NMesidP e viesstudies have

indicated that n@nostructlgred sensingS elemeql can pres t%o b{'ﬁnﬂlecular robes mor%efficiently
ierminus y. acis as 8 acer, whijc S Proviges. irec inlo T imfiobilizafion on the

than bulk materials and faclitate surface complexation reactions, but this acvantagennas néever been

exploited for dirstecBisioepcErprovitheicToiceaiife EleenbrheshimyieedandiihranalSyb oifitity in
microRNA geteclignnddd:biMEsotsiamarigdonitiRNAtRIoligs anthexpasediio RNAnfes lybridization.

25 Complexatio was.aﬁﬁl%gg usin&; g.retgox regorter. s%(stem, previously shown to exhibit femtomolar
sensitivity when“0288 Th 2o RunERS I With RarEeitE I EE 8 odes and PNA probes. (R. Gasparac,

et. al., J. Am. Chem. Soc. 2004, 126, 12270; Z. Fang, S. 0. Kelley, Anal. Chem. 2009, 81, 612; M. A.
Lapierre, et al., Anal. @Mg%%@ops%ghﬂgwﬂgz fabricated at the Canadian Photonics Fabrication

Center. 3” silicon wafers were passivated using a thick layer of thermally grown silicon

dioxide. A 350 nm gold layer was deposited on the chip using electron-beam assisted gold
I35  evaporation. The gold film was patterned using standard photolithography and a lft-off
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.

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-clectrode system featuning an Ap/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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Lapierre-Devlin, et al., Nano Lett, 2005, 5, 1051). This reporter system relies on the 30 accumulation
of Ru(lll) when nucleic acids hybridize at an electrode surface, and the signals obtained from this
reporter are amglifiedaFy the inclusion of ferricyanide, which can regenerate RuéeEgr chemically after its

b
electrochemfE3HYUER3A. Titrations of the miR-21 sequence showed defdctint gé(ﬁéﬂ:zhanges

relative to non-complementary control sequences when solutions containing as little as 10 aM of the

target were expgsfehierhiadipakasestiis o ThissorrespondsnieLaunoleastes aicmigraliter of
sample. The very.5 high leyel of sensitivity is a¢co nied by a limited.dynamic e of only 102, but
for the detectior{x cl)rfur%”le%rooﬁ Adsl,sst%livset%rhaegfg) %0?%0321 g gsll’\l/léargy & %Wteﬁgg% Z%cké[%?fﬂ%%‘q’sg'%’equences.
Two crucial additidesbiosepksinbe dhidEieapenifitatp it adtidd in-michoRNKude feastipnckiirst, closely

related sequencg: o-sf#éthf@thmf)%{ﬁ%@é%ﬂ@ﬁsﬂgqs&mmﬁ&%wﬁﬁx distingwishrfle Second,
S,

sequence appendages like those found in mature vs. precursor. microR muyst be discriminated.
We sought to ch&fk 58%5’1%39&%Hﬁ%ﬁ”éﬁ‘@ﬂ’%ﬂﬁ’égéjﬁrg&ﬁﬂ%ﬁE@f‘.“Wé%%%éfiéﬁq‘ir?i‘?he

specificity of thevabsayoitified dtd S MiicraRN A segqudn casedT ishwixs donel boféd byhaivalyziiog signal
changes observed when.the ghinya @M%ﬁ&%&éﬁ!&ﬁﬁﬂ&%ﬂﬁ@%{g flRes g MidREg.

double-stranded, precursor 15 form of miR-21, or the significantly shorter, singlé-stranded, mature
miR-21 sequen&@ITHE&H#§HL obtained for the hairpin precursor structure approached background
levels, while a robust signal change was observed for mature miR-21. We evaluated the sensitivity
of the detection approagreed pdiridizastenioHsidirdancrinboticoatisd sersiup ropeceratidfie dfsensing

elements t@otwq&m@hé ES'&M&#@@EM?BE&&@QR:@%?QF? MR | @b-plarnmﬁ %Pemfélﬂ%%{ékﬁry to each
sequence were arra n the chip, and the response of these elements to the complementary
sequences was%t%rgflﬁoVeEdf’Pr—lﬁéggtigsﬁ%ﬁ“SBt%ti r?fa%\?vlﬁe%?}’i‘ﬂﬁq%5%2%&65’&@@%‘&3@8& mately 4
times for the fullymeidized priRR-26kqmiche bylsidize wiils i hedaniles2Ble phgbeasahehsionikarly, the
signal obtained yhen MIRZORMAS A dMGad MRSIRRRIMAIENM 4msgld higher for 25 the fully

matched miR-26b probe over its mismatched counterpart probe. Thesé results indicate that this

multiplexed chip can s#llcc sg{llég}{c%iscriminate c{os %cg%lgged.mfcroRNA seqguences. B’%ggéng a
R

e . . C1FD ?xeasurexﬂef 5. eniical measurements were L?e% .
fingerprint" of micro expression from cell linés répresenting a particular tumour type relative to

normal cell’ hasvben peetrshenioshavelyzer K845 dVestiatayette, USA) in a solution containing 10
mM Ru(NH3)6 3+, 4 mM Fe(CN)6 3-, 25 mM sodium phosphate (pH 7.0) and 25 mM

NaCl. Cyclic voltammetry (CV) was conducted before and after the addition of target
solutions at a scan rate of 100 mV/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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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 (rjlecl%s uamous cancer
cell lines grawm%zi?f(gﬂﬁ?ﬁ?é For example, total RNA extracted from the hhaft ﬁ%gﬁgﬁ geal
squamous cancer FaDu cell line and a normal oral epithelial cell line was titrated onto a

nanostructured microglectieaa disPRYIPOR HEARSCANPIeMaRaNLIoPMIR 0Tt ROsivasSsignal was
obtained with as Iittleg%sTS nc% ﬁ.RNA.%erix;gd fr myg&e Fa ungeells hile normal e ithee!isgéd:ells did not

produce any 5SYRSICENERGEWith Gp 16 20mG of OFRRL FE ity of s _gf‘g\?r]as_l fesponse
conesponds toley UNIGRERMarkesiprebdht andigemfioampping RINIEe ssinghéppiindcPiosiFitmss. We

profiled two diffeiont@icRRNAS, AUy 2handay Riddihs anel alanrinalidhrRoiic) BNWENU-44 in 2
panel of total RNA samples. We employed three different he e%énd neck slggamous ancer cell lines,

: ad
and compated TASVEEE MRS BNA K FRRETD A RISFERR B SOPRIHEEEISIENRNA  SAYIEEFERtive to RNA
isolated from norseatlosal Rpithdhat celisfiddletpybotizts RN M evkisilasjddgetidoy tverse

electrochemica, [espROSE MEARHIRE. I SRR RN S BRI SXROSEAI sehsiRtalament

modified with a complementary probe, remained constant in all four cell lines. However, miR-21 and
miR-205 signaldsidre HbEYHsmHeaniy davsted Rhatincbr taMisesd ohdNaEs A Ivds of these
microRNAs wereukis jxitlg ed dadrapiasanic pand 005 fold Rphey ispeisinTthechpriatesiblines relative to

the norma] epithelial cells. .The over-expressign of targets was canfirmed using. entional
it BB B D S e

observed to bereleged! i frmamingaiatt Hede ardl heekbsliuaimbis daeciRdnpardusiglicwing a
significant potegfigtdesdiesppnieoRNAIRRe MR @S HiggRestichiamarkaima0iorihis, aalignancy.

In conclusion, the mjcroRNA detecti hip descrihed here offers the sensitjyity and spegcificity for the
analysis of a nOVETHTEAE BRI LBl PRSP LR S B OF T S CPRTebing
detection targetél HRealtiomic PERd eystemt.nTioroRNA FORIestoffensmydlhd #LeRRignddustcirate - method

to directly pssay RNAsampesioscpasiicsequances 3aandhiedaek 0f labeling.e amplification
renders this approach to be extremely straightforward and efficient, features not attainable with other
PCR or hybridifﬁﬁgﬂ-ﬁ%@aeﬁﬁﬁ%ﬁlg@? reactions were incubated in a 384-well plate at 95°C for 10

minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.

Cloning and expression of pre-miRNA-2I. ¢cDNA was produced by reverse

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

20  Transcription Kit (Applied Biosystems) according to manufacturer ’s instructions. 50 ng of
c¢DNA 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 Nofl which does not generate 3°

30  protruding ends that produce high background vector RNA during in vifro 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). Afier the

completion of reverse transcription, DNase 1 was added to digest the template DNA and
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36 CLAIMS: 1. A nanostructured microelectrode adapted to generate a charge in response to a
biomolecular stimulus, wherein said nanostructure is spiky, fractal, or of nanoscale roughness. 2.
The microelectrode of claim 1, which is comprised of a material selected from the group consisting of.
a noble metgi;ogtﬁlg/ﬁé?ﬁ a noble metal, a conducting polymer, a metal ogggé?%z}lﬂ%?gfgﬁcide, a metal
nitride, carbon or a combination of any of the same. 3. The microelectrode of claim 1, which is of a

height in the rapga Gfa3RuECEeARRLLIARAMBIE RNMidi Tdl FieAGroRIBeH ade@fveldigan]. wherein the
length of the na‘,gostn%rctture iﬁlyf\&le ra{rl}ge of %E)%t 1o atggu 300 nan(t)[%% ters. 5. The
microelectrode of Claim 1, Wherein the e%ngr%le e frarfostrd fﬁ%&?ﬁﬁ 2 ﬂgﬁge of about 10 to about
20 nanometers. 6. The microelectrode of claim 1, wherein the m croelectrode has an approximate

diameter in the range®Ffel? L XPBGUBFHRDns. 7. The microelectrode of claim 1, further

comprising a probe selected from the group consisting of thiolated probe molecules, nucleic acids,
peptide nucleic acids WeckuigavorEitoadssigopraphes phethedidntidaitsoiisfp moiiiop emyersiderminated

with thiols; auclgigacigls, eptide.oueleieacids.doskedinusiein atids. 8L RSP PoRdigmidate
morpholino oligomeggﬁ%rgé[%gt d with amines; nucleic aCi%f peptide nucleic acids, locked nucleic

acids, or phospHBIg: S FRFBMRBRLRSINGRS TeTA R arta TR Bl B SABRIESIRGS or peptides

functionalized wth gunabtedemeldﬂglml@@vﬂesthandoamibmdbésﬂumcttmaﬁbmdmmoﬂtabfe tethering
molecules 8. AipseRSING.ARNICE G HBRISIAGH ARSI ASmAN AIRHICAIEREAUCTYGiaRd On the

substrate; an insulating layer covering the lead, the insulating layer having an aperture exposing a
portion of the 1629474 PrMEIBEIFGERANE T R JRIELR G ARt YR hRUENS bt fPRIRAR JBakalytic
reporter syistenetpigentshteraichaidgentn response to a biomolecular stimulus;

In order to provide a platform for electronic microRNA detection, a multiplexed
chip was prepared that featured an electrode pattern generated by photolithography. This
chip was made using a silicon wafer as a base, and a pattern of gold was deposited on its
surface to provide a multiplexed set of leads and external contacts. A layer of SiO was

15 deposited on top of the gold to passivate the metal, and then in the final fabrication step,
500 nanometer apertures were opened on the end of each lead to expose gold. To generate
protruding micorelectrodes, palladium was electrodeposited in the apertures. The
electrodeposition step was engineered to produce highly nanostructured microelectrodes
(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(Ill} 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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at least one probe molecule attached to said microelectrode; and 37 wherein said microelectrode
is in electrical communication with the exposed portion of the lead. 9. The biosensing device of
claim 8, wherein the lead comprises a material selected from the group consisting of- Au, Al, W, TiN,
and ponsiIié@ﬁ.zmm?@fﬂrhe biosensing device of claim 8, wherein the sdibdtté %jﬂ%ﬂges a material
selected from the group consisting of silicon, silica, quartz, glass, sapphire, gallium arsenide,

germanium, silico EarRideiniHEmRAMPARHS tRleshim skl idrcasiamittblasiichpiyrarbonate and
other polymer or combin%[ion%gé arg%ﬁlf the at}ovg. 1][.t.Thetbioser_15ig%1devi(%§ of cla,tirn] 8 wherein
the insulating IaY8PTE&oMRHEL S MRS TR sl I8H 15 the Srotp CORSISING of sificon dioxide,

silicon nitride, niepgeredopet sllitonsoxitieiningcep ifftersel Bradbriiratioes stwirRsstdeabove. 12.

The biosensing device.ahedin SnwherRinihe apetiushakapRRREpxieAlT diametanindhe range of
about 100 nm to about 10 pm. 13. The bigsensing device of claim 8, further gogrpépérisin a charge
(6]

storage in electAtEIEEHHh SRR S AT ImBAREE O LR RAR s e phi 38e, wherein
the charge on tldetahiangefstokagiNat thénsnuldéeth integratibryiveniobeidand idativencd e thissnolecular
stimulus. 14, T.he. hiosensing device of claim 8, further comprising a display component for
displaying a charde stored in the charge storage. = 15. The biosensing device of claim 8, further
comprising a transistof¥e creri PRARBEeFREIEURE SrerRriacnds@rndrd PamiseBRe a
field-effect transisktithEfi}st, closkh: Trecniospnrsiag deferaf Blain 46 whereibtae- Mhiktiseselected
from the group consisting,of.an n:t silican channel, and a p-type silicon.channel, 18. The
biosensinglcgevi?:ceclg]él gll ?‘rﬁls{lg%lﬁ}é%geﬁ? %nfgl’asnegluset%creisapg) %}g%cﬁ%sr)gﬂaengfgtsgr.oung Wature 48

precursor microRNAs, must be discriminated. We sought to challenge our system with each

of these requirements. We investigated first the specificity of the assay for mature
microRNA sequences. This was conducted by analyzing signal changes observed when the
chip was exposed to solutions containing either the full-length, double-stranded, precursor
15  form of miR-21, or the significantly shorter, single-stranded, mature miR-21 sequence. The
signal obtained for the hairpin precursor structure approached background levels, while a
robust signal change was observed for mature miR-21.
We evaluated the sensitivity of the detection approach 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 complemeniary 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-26)b 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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19. The biosensing device of claim 18, wherein the bipolar transistor is selected from the group
consisting of an n-p-n bipolar junction transistor, and a p-n-p bipolar junction transistor. 20. The b
osensing device of claim 8, comprising a plurality of leads, each having a respective microelectrode.
21. The bios‘gﬁs%ﬂ]é”&zéséf‘cge of claim 20, comprising at least two different p]Fgg/e ﬁfgi}é"@ﬂféyprovided on
the microelectrodes. 38 22. The biosensing device of claim 8, wherein the microelectrodes are

provided in an ANAYeaRd:QPEOINMEEORIREH A poishinghyidU sty placlonieal Bapecassible and a23. A
method for manufacturing a biosensing device, the method comprising: rovidi substrate and
an electrically 5‘8%11}{&?%% étge %ncnfhﬁeﬂxgﬁt‘)vg rgfgtﬁr%gqtgfdl %Ié(i?lg %oveéirégdcﬁvlgﬁg%égu%gﬁ%él Pﬁyer; etching
an aperture in theréhegtatinegmenertts exBog8% goptsitvssigealasas, dtpined wikcerddipasiting a
conductive matgrighandthe @xpesedopitinnaithergadsiemioupiddnanasisustured prigieslagirode.

24. The method of claim 23 wherein the eIectrR 0Siting comprises co troIIin%/an a%g)lfiﬁd potential in
order to achieviEHERAEA IR ERIR SRRl FENA- TRIE IRICRYES ARTECOT FIAIAT B SR RBFSIRNE applied
potential is in thearemge: ofasieo ptBem Wt togalivantip 5 erievels id@heMancaethidahest claim 23, wherein the

electrodepositing is perormach ol ARG AUEALRR AN &RDGSA] ARRWSS SIARPAGAE 5. 27.

The method of claim 23, wherein the electrodepositing is performed using an electrolyte selected from
the group consi'é’ﬁﬁ@l ngﬁ’Wﬁ@?%ﬁ%m@ RNA samples. We employed three differerit head

and neck squamous cancer cell lines, and compared the response of the microelectrode chip
10  to these total RNA samples relative to RNA isolated from normal oral epithelial cells. As
expected, RNU -44 levels, as judged by the electrochemical response measured for each
total RNA sample exposed to a sensing element modified with a complementary probe,
remained constant in all four cell lines. However, miR-21 and miR-205 signals were both
significantly elevated in the cancer cell lines. Indeed, the levels of these microRNAs were
15  judged to be present at> 100-fold higher levels in the cancer cell lines relative to the normal
epithelial cells. The over-expression of these targets was confirmed using conventional
guantitative PCR (see supporting information}. Both miR -21 and miR-205 have been
previously observed to be elevated in primary human head and neck squamous carcinomas,
indicating a significant potential for these micro-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 - vet 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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28. The method of claim 23, wherein the etched region is defined photolithographically. 29. The
method of claim 23 further comprising functionalizing the microelectrode by binding a probe molecule
for a target biomolecule to the surface of the microelectrode. 30. The method of claim 29, wherein
the probe molecule is functionalized with a thiol, aggine or carboxylate group. 31. A method of
carrying out a biosensing process using a nanostructured microelectrode comprising: providing the
device of claim 8; biasing the microelectrode relative to a reference electrode; = measuring a
reference charge or reference current flow between the microelectrode and the reference electrode;
exposingfhgpigroelectrode to a b molecular stimulus; ~ measuring a charge or current flow
generated at the microelectrode in response to the biomolecular stimulus; and  deteimining the
amount of biomolecular stimulus present by comparing the measured charge or measured current flow
against the reference charge or reference current flow. 39 32. A biosensing cartridge comprising:

a sample chamber fopGoRRIRIREAPIAlCAIERLEAIMIBHABE to generate a charge in response to a

biomolecular stimulus, wherein said nanostructure is spiky, fractal, or of nanoscale roughness.

2, The microelectrode of claim 1, which is comprised of a material selected from the
group consisting of. a noble metal, an alloy of a noble metal, a conducting polymer, a metal
oxide, a metal silicide, a metal nitride, carbon or a combination of any of the same.

3. The microelectrode of claim 1, which is of a height in the range of about 0 5 to
about 100 microns.

4, The microelectrode of claim 1 wherein the length of the nanostructure is in the
range of about 1 to about 300 nanometers.

5. The microelectrode of claim 1, wherein the length of the nanostructure is in the
range of about 10 to about 20 nanometers.

6. The microelectrode of claim 1, wherein the microelectrode has an approximate
diameter in the range of about 1 to about 10 microns.

7. The microelectrode of claim 1, further comprising 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 morpholino oligomers
terminated with amines; nucleic acids, peptide 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

8. A biosensing device comprising:

a substrate;

an electrically conductive lead on the substrate;

an insulating layer covering the lead, the insulating layer having an aperture exposing a
portion of the lead,

a nanostructured microelectrode adapted by means of an electrocatalytic reporter system
to generate a charge in response to a biomolecular stimulus;

at least one probe molecule attached to said microelectrode; and



a biosensing chamber for containing a biosensing device in accordance th claim 9. 33. The
cartridge of claim 32 wherein the biosensing chamber is adapted to subdivide the biological sample
through chemical, mechanical or vibrational means. 34. The cartridge of claim 32 which further
comprises a purifying chamber for purifying or isolgting the sample. 35. The cartridge of claim 32
which further comprises a lid having capsules, the capsules containing reagents for carrying out the
biosensing process. 36. The cartridge of claim 32 which is disposable. 37. A biosensing

workstation copipising: 3 Rdes alRron DG A.NIRRRERINY GAHIATE, N ageptdanca ith claim
33;ani striur%ent tip for accessing the biosensing cartridge; a selection mechanism for selecting a
biosens % 5% cess to be carried out; a processor adapted to carry out the biosensing process

using the biosensing fﬁlrt{)ildge and éo deteg%ierlle rgsugs of tqle P%g&ggr%?gsgsg%(t:ﬁg% lgﬁmefeﬁ%lrgnic

e
. . Ef‘ obensmr% EVICE O m W ergln
signals generdted from the bioSersing iar Isplay for displaying results o

1e; and a dis
biosensiFypRscEsap consiging ol Hiata t@ﬁ?’?%ﬂﬁﬁ%‘?ein there is a plurality of cartridge
holders for holding a plurality of biosensing. cartrigges. . 39. The workstation of claim 37, wherein
the Instrumentil 1s BB QSRS SOL e S B B BRI PG RV par coe
reader fSIERHTGUERPIRBISHRG tHE Bibs eASTHEPBafitibRy aluartz £1ASTHEnRDIKs SIBHOPEEICS7, further
comprisésanastesditamirebl: Sshvamrngneasts prdauss sfidehechiodendiprocess.

polycarbonate and other polymer or combinations of any of the above.

11. The biosensing device of claim 8 wherein the insulating layer is comprised of a
material selected from the group consisting of silicon dioxide, silicon nitride, nitrogen doped
silicon oxide, and parylene or combinations of any of the above.

12. The biosensing device of claim 8, wherein the aperture has an approximate
diameter in the range of about 100 nm to about 10 ym.

13.  The biosensing device of claim 8, further comprising a charge storage in electrical
communication with the lead for storing charge from the microelectrode, wherein the charge on
the charge storage at the end of an integration period is indicative of the biomolecular stimulus.

14.  The biosensing device of claim 8, further comprising a display component for
displaying a charge stored in the charge storage.

15.  The biosensing device of claim 8, further comprising a transistor.

16.  The biosensing device of claim 15 wherein the transistor is a field-effect transistor
(FET).

17. The biosensing device of claim 16 wherein the FET is selected from the group

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

18. The biosensing device of claim 15 wherein the transistor is a bipolar transistor.

19.  The biosensing device of claim 18, wherein the bipolar transistor is selected from
the group consisting of an n-p-n bipolar junction transistor, and a p-n-p bipolar junction
transistor.

20.  The biosensing device of claim 8, comprising a plurality of leads, each having a
respective microelectrode.

21, The biosensing device of claim 20, comprising at least two different probe
molecules provided on the microelectrodes.



42. The workstation of claim 37, wherein the workstation is capable of wireless communication through
a wireless network.

38

22.  The biosensing device of claim 8, wherein the microelectrodes are provided in an
array, and each microelectrode is individually electronically accessible.

23. A method for manufacturing a biosensing device, the method comprising:

providing a substrate and an electrically conductive lead on the substrate, the lead being
covered by an insulating laver;

etching an aperture in the insulating layer to expose a portion of the lead; and

electrodepositing a conductive material on the exposed portion of the lead to form a
nanostructured microelectrode.

24.  The method of claim 23 wherein the electrodepositing comprises controlling an
applied potential in order to achieve a desired dendritic structure.

25, The method of claim 24, wherein the applied potential is in the range of about 0
mV to about -250 mV.

26. The method of claim 23, wherein the electrodepositing is performed for a time
duration in the range of about 25 s to about 500 s.

27. The method of claim 23, wherein the electrodepositing is performed using an
electrolyte selected from the group consisting of: HaSQy, HCL, and HCIO,.

28.  The method of claim 23, wherein the etched region is defined
photolithographically.

29.  The method of claim 23 further comprising functionalizing the microelectrode by
binding a probe molecule for a target biomolecule to the surface of the microelectrode.

30. The method of claim 29, wherein the probe molecule is functionalized with a
thiol, amine or carboxylate group.

31. A method of carrying out a biosensing process using a nanostructured
microelectrode comprising:

providing the device of claim §;
biasing the microelectrode relative to a reference electrode;

measuring a reference charge or reference current flow between the microelectrode and
the reference electrode;

exposing the microelectrode to a biomolecular stimulus;

measuring a charge or current flow generated at the microelectrode in response to the
biomolecular stiulus; and

determining the amount of biomolecular stimulus present by comparing the measured
charge or measured current flow against the reference charge or reference current flow.
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32. A biosensing cartridge comprising:
a sample chamber for containing a biological sample; and

a biosensing chamber for containing a biosensing device in accordance with claim 9.

33. The cartridge of claim 32 wherein the biosensing chamber 1s adapted to subdivide
the biological sample through chemical, mechanical or vibrational means.

34.  The cartridge of claim 32 which further comprises a purifying chamber for
purifying or isolating the sample.

35.  The cartridge of claim 32 which further comprises a lid having capsules, the
capsules containing reagents for carrying out the biosensing process.

36.  The cartridge of claim 32 which is disposable.

37. A biosensing workstation comprising:

a cartridge holder for holding a biosensing cartridge in accordance with claim 33;
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 biosensing cartridge and
to determine results of the biosensing process from electronic signals generated from the
biosensing cartridge; and

a display for displaying the results of the biosensing process.

38.  The workstation of claim 37, wherein there is a plurality of cartridge holders for
holding a plurality of biosensing cartridges.

39.  The workstation of claim 37, wherein the instrument tip is disposable.

40,  The workstation of claim 37, further comprising a bar code reader for uniquely
identifying the biosensing cartridge.

41,  The workstation of claim 37, further comprising a waste chamber for containing
waste products from the biosensing process.

42,  The workstation of ¢laim 37, wherein the workstation is capable of wireless
communication through a wireless network.



