WO 2006/081270 PCT/US2006/002550 ELECTROKINETIC CONCENTRATION DEVICE AND
METHODS OF USE THEREOF 5 FIELD OF THE INVENTION This invention provides devices and
methods of use thereof in concentrating a charged species of interest in solution. This invention
provides a concentration device, which is based on electrokinetic trapping of a charged species of
interest, which @388 #her isolated and analyzed. 10 BACKGROUND BEFHRMHRYRNTION One of
the major challenges of proteomics is the sheer complexity of biomolecule samples, such as blood
serum or cell extract. Typical blood samples could contain more than 10,000 different protein species,

with concentrations varyin%%ﬁmﬂ%ﬁn el ﬁ%ﬁm%f proteins, as well as their

huge concentration ranges, POSES a rormidablé T allenge preparation in proteomics.

Conventional protein analysis techies BdEY! K8nal separation steps and mass

spectrometry (MS), fall short because of the I|m|ted separatlon peak capacity (up to -3000) and,.

dynagnlc range of detection (-1Q4). %ﬂ&lywiﬂ@ﬂﬁ% lysis systems (so- -called ?TAS) hold
arious biomo

promise for automated biomolecule processing ecule 20 separation and purification
steps, as WelHBEEHEIPRIEPYie (6T SR ad MBS 1R ARCHOE N PRIGRRIATREE AT RERSENIp,
dem0nstrawfgm%firofscma@ﬂjtuﬁﬁsfaﬁtﬁm@fﬁﬂi&l&ﬁﬂﬁ&%ﬂ&fh@éﬁb@&@ﬁ@@%ﬂﬁ@ﬂﬁ@@Bm microfluidic

integration 81 E\g&ﬂq{@gq{]t se argtlon ste S |rétc?eg1 1‘%1' églmen o!ral s%gafru on dev%cg has been
demonstrated. However, r%p %mlcro eparation an sam eprocessmg d&Vites su fers from the

critical issud@fésnple volume 25 mlsmatch |V|ICI’Of|UIdIC devices are very efficient in handling and
progessing IpL-InL of sample flmigdexrlaen un hoiroieT wievsanpies are available or handled in a liquid

volume Iarg@r It:gafg I% rqj re rg%cro basephtase aratlon echnlglées ortenlana%?e only a small

fraction of aval mplss. wh hity fimifs e over f’agtectlon sensitivity.\In"proteomics,
this probler’ﬁp@@ﬁé&@%éﬁéﬁﬂogﬂtﬁélf@iﬁaﬂﬁammmsﬁm@gmlmgommmﬂm (@ABRines and

biomarkersa@f&e)naﬁ@:cnégseﬁ&%|y“iﬁhtr@e§ﬁe%%ﬁsﬁraﬁi%§g (M- PVoFaR9R): eﬁgmet;@ge iguaR signal

amplification techn uch as merase chain reaction %;5 R) for p tein tldes. What is
needed is afpn efficie §§ﬁ%%ﬁéa%6€1%énttr% %uﬁﬁlc%cegﬁat%%r feaP € Sr%ﬁ%ﬂ g% nEe
15 for sample preparation in proteomics,

Conventional protein analysis technigues, based on multidimensional separation steps and
mags spectrometry (MS), fall short becanse of the limited separation peak capacity (up to
~3000) and. dynamic range of detection (~10%). Microfluidic biomolecule analysis systems (so-

_ called uTAS) hold promise for antomated biomolecule processing. Various biomolecule

20 separation and purification steps, as well as chemical reaction and amplification has been
miniaturized on a microchip, demonstrating orders of magnitude faster sample separation and
processing. In addition, microfluidic integration of two different separation sieps into a
multidimensional separation device has been demonstrated. However, most microfluidic
separation and sample processing devices suffers from the critical issue of sample volume

25 mismatch, Microftuidic devices are very efficient in handling and processing ipL~lnL of
sample fluids, but most biomolecule samples are available or handied in a liguid volume larger
than Ipl. Therefore, microchip-based separation techniques often analyze only a smafl
fraction of available samples, which significantly limits the overall detection sensiiivity, In
proteomics, this problem is exacerbated by the fact that information-rich signaling molecules

30 {cytokines and biomarkers, e.g.) are present only in trace concentraiions (nM~pM range), and
there is no signal amplification technique such as polymerase chain reaction (PCR) for

proteins and peptides.

What is needed is an efficient sample concentrator, which can take typical sample volume of
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1 microliters or more and concentrate molecules into a smaller volume so that it can be separated and
detected. much more sensitively. Several strategies are currently available to provide sample
preconcentration. in liquid, including field-amplified sample stacking (FAS), isotachophoresis(ITP),
electrok i nefic trapping, mi.cellar electrokinetic sweeping, chromatographic preconcentration, and
membrane preconcentration. Many of these techniques are originally developed for capillary
electrophoresis, and require special buffer arrangements and / or reagents. Efficiency of
chromatograipico Biges filty tiens- bas g seaboircamtienides telehnisuebedepénds shtitwé hysophobicity and
the size of thejataet melasules EHegirekinelissioaping:can hedses fae anywgirraesdibigmelecuie
species, but gen ral[% requires nano torouls’l.chgr%eg-s lect]jév? memhrapes f%theg&g?ﬁ . Overall,
the demonstrated CoNCRRtFATOHTARESHIE 18 1HE % %H%nﬁr %gﬁaé oh 8Bfe limited to
-1000, and thssiahpioationdd the otegrétedinidresystemsisdifficut] chikokongtiriogs eqpergtional
constraints SUgh a8 RAIRN ANt MateHalsd Sauneme peecbIMMAR YWVaky Uil YENTHRN One

aspect of the present invention pr \{idesla concentrating devjce comprisj g t least one
icrochannel AP BAEL bAE HARBLHA AR 40 A E TS dRCLIERHTE TR SR HARGERSPIel a unit to
induce an eIQ@rdkﬁnet@agnﬁre@’éi@e@ﬂ@cﬂimﬁﬁ@@hmi@mbrfﬂ{ﬂm:alnfmdeét _pmmdutt@ﬁhuﬁug_h which a
liquid compriging; &,sPagiesRiintaresinsar-PRiMade iR Rassrwhearein: saitbmictochannah iglinked to

said nanochannel, and said conduit is linked to™ said microchannel. in one embodiment, the

introduction BERPIGSEICBMSTTSIRGAI SHEERS BPMEATESE FPEATS QUL ROCHRNY RIS RARRONER ction of
said electric flelgdin<daicvnanochamnsebalie psaichmicrechiatinelcneonuentratescsaidspécies of interest

within said migraghanel, 15 0ptherAMPAHRRIL NG MEANS 1o5dIdMEINGANGIRCHIGIg\dip the

nanochannel, or in said microchanmel, or combination thereof, is a voltage supply. In one
embodiment A& ek AREOY S 3D GEIEEA 840 1 CAFRYS SPBRIEIE sapstraints such as reagents and

materials requirements.

SUMMARY OF THE INVENTION
One aspect of the present invention provides a concenirating device comprising:
at Jeast one microchannel;
at least one nanochanmel;
a unit to induce an electric field in said nanochannel;
a unit to induce an electrokinetic or pressure driven flow in said
microchannel;
and a conduit, through which a liquid comprising a species of interest
can be made to pass;
wherein said microchannel is linked to said nanochannel, and said conduit is linked to

said microchannel.

In one embodiment, the mtroduction of a liquud comprising a species of interest in said device
and independent induction of said electric field in said nanochannel and in said microchannel,

concentrates said species of interest within said microchannel.

in another embodiment, the means for inducing an electric field in the nanochannel, or in said

microchannel, or combination thereof, is a voltage supply. In one embodiment, the voltage
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applied is between 50mV and 500 V. In one embodiment, the voltage supply applies equal voltage to
the anodic and cathodic side of the microchannel, or in another embodiment, the voltage supply
applies greater voltage to the anodic side of said microchannel, as compared to the cathodic side. 5 In
one embodint&éhgHed&iideh of the microchannel is between | - 100 m, andif&nstereesshodiment, the
depth of the microchannel is between 0.5 - 50 gm. In another embodiment, the width of the
nanocharupelits bebareesm I0B0EhdaFEh im’_am@t&%r@ﬁgb@dj&}gnhetm@ggggﬁﬁﬁysajgﬁggg&gﬂannel is
between ggt%gjeog g(%tigﬁ&%&eﬁ ]b%th% poe.em otglfi:mentb tpa%g rface of the microchannél has been
functionalized to reduce or en%ance adsorption o s%cfspeglégroﬁﬁf@@%? tgeaireskde. In another
embodim&Htash &l aRRiET SratrarrdEsaimSlcandlis sitedcithméhdebebnfunctiordlized to enhance
or reducehthethaisatian efficiency of the device. In another embodiment, external gate potential is
applied 15 to the substrate of the device, to enhance or reduce the operation efficiency of the device.
In another embodiment, the device is comprised of a transparent material. In another embodiment,
the transparShtSRatEiRATs Byradddilebhalmideehaiicols hitriden quartf®BUsad lin anether

embodimenmtetheede vieaiipEainirthie Bsenaaliens¥siam Okin another smbediment, 20 a detection
system, %é% otot%% embo iment,s%ntanalysis s§stem oy in angther embodiment, a combination

thereof. In'another emboaIMent, A% TERTER W BoUHIBRS 4h O EmBriEptH e da fertivfer
embodinféit nfrecheEidsdsimers 88 midkipiamiceschannels, nanochannels or combinations thereof. In
ong@mbodiment, the microchannels, nanochannels or combinations 25 thereof are arranged with a
particula&rg%omaetr which it[%eone emb#dér#enf[, caomprises perpendicular orientation of the

t10 0

oda SR AR EaHATE BTG h 8% BT SRerieraligahve rrBFpISvides for a

microchannels wit resﬁ%tb
method GRE¥e e o5 peidieswianteTastin: alisuidsetmprisingmusineaseymsanitbe invention.
30 In onewermizadiceRintinMVERinG: RIQYIdES.A micrefluidic, pump;comprsing a o‘%er‘éi%%e of this

invention, which.in orgfe embo igl:?ent has a liquid flow speed of between 10 m/sec an 10 mmisec. 3

R S SR IRV GGt Gaer e Brab e AYANIRY i apbisies of

O
An alternate I3alspec
15 to the substrate of the device, to enhance or reduce the operation efficiency of the device. In

another embodiment, the device is comprised of & transparent material. In another embodiment,

the transparent material is pyrex, silicon dioxide, silicon nitride, quartz or SU-8.

In another embodiment, the device is coupled to a separation system, or in another embodiment,
20 a detection system, or in another embodiment, an analysis system or in another embodiment, a

combimation thereof. In another embodiment, the device is coupled to an illumination source.

In another embodiment, the device comprises multiple microchannels, nanochannels or
combinations thereof. In one embodiment, the microchannels, nanochannels or combinations
25  thereof are aranged with a particular geometry, which in one embodiment, comprises

perpendicular orientation of the microchanmels with respect to said nanochannels.

In one embodiment, the fnvention provides for a method of concentrating a species of interest m
a liguid, comprising using a device of the invention,

30
In one embodiment, this invention provides a microfluidic pump comprising a device of this
invention, which in one embodiment has z lignid flow speed of between 10 um/sec and 10

mm/sec.



interest in a species of interest in a liquid, the method comprising the steps of: introducing liquid from a
source into a concentrating device, wherein said liquid comprises a species of interest 5 and wherein
said device comprises a microchannel linked to a nanochannel; inducing an electric field in said
nanochannel whereby ion depletion occurs in a region wherein said microchannel is linked to said
nanochannel, and a space charge layer is 10 formed within said microchannel, which provides an
energy harrier to said species of interest; and inducing liquid flow in said microchannel 15 In one
embodimentthéidtonteiasphet wb Ssmutispa T SRian GIREICEHh BRSOt STBRHBESIHBEESH O is

induced in the microchannel viainduction of ap,eleckic tiglgiRthemiggehatmel. In another

embodimenil,nﬁli RS pressure driven. 20 In one embodiment, equal voltage is applied to the anodic

and cathodic side of the.microchannel, . ofin apo, dim voltage is applied to the
4Okdthanothgrermbediment. greater voltage is app

anodic side of the microgﬁﬁﬁ%ﬁ CGmRied 19 pe-cathogic;side sinearpther embodiment, a space

chargeﬁlayer is generate&mmge@igﬁmﬁg%g{@ggp Appiyinggrenietioltage to the anodic side of

said microchannel. 25 Inongzgrkedinent, the liquid is a solution. In another embodiment, the liquid is

a suspension, which, in.another e i t.l Rhgmogenate . 6ell extract or blood sample. In
one embodiment the Spﬁﬁém@ﬁ%%ﬁ%%@%%@%ﬁ%@mﬁmﬁ nucleic acids, viral
particles, or combinatiorgggrgpgaﬁpﬂ&%gﬂb%rgeg@haéwemgﬁhﬁglveﬁuither comprises the step of
subjegting the species ofjpigmestitancapilanyeleatiophorgsis Ipondtenbodiment, the method further
comprises the step of releagingde gpetiessofinttresteioamdhe device. In another embodiment, the

method is utilized to detﬁ;ﬁh&%@lﬁﬁﬁqﬁ%% inferast whensaid species is present in said liquid at a

concentration, which is below a limit of detection. 35 A further aspect of the present invention provides
a method for controlling liquid flow in a System, 4

15
Iz one embodiment, the flow is electroosmotic, and in another embodiment, the eleciroosmotic

fiow is induced in the microchannel via induction of an electric field in the microchanmal, In

anothér embodiment, the flow is pressure driven.

20  In one embodiment, equal voltage is applied to the anodic and cathodic side of the microchannel,
or in another embodimen, greater voltage is 2pplied o the znodic side of the microchannel, as
compared 1o the cathodic side. In another embodiment, a space charge layer is generated in the

microchannel prior to applying greater voltage to the anodic side of said microchannel.

25 Tn one embodiment, the Houid is a soiution. In another embodiment, the liquid is a suspension,
which, in another embodiment is an organ homogenate, cell exiract or blood sample, In one
embodiment, the species of interest comprises proteins, polypepfides, nucleic acids, viral

particles, or combinstions thereof.

30  In one embodiment, the method further comprises the step of subjecting the species of interest
to capillary electrophoresis. In one embodiment, the method further comprises the step of
releasing the species of muerest from the device. In another embodiment, the method 1s utilized
‘to detect said species of interest when said species is present in said liquid at a concentratior,

which is below a Iimit of detection.

A firrther aspect of the present invention provides a method for controlling hiquid flow in a
system,



WO 2006/081270 PCT/US2006/002550 the method comprising: applying said liquid from a source to
a pumping device in said system, wherein said device comprises a microchannel linked to a
nanochannel and said liquid comprises a 5 charged species or an amphoteric species; inducing an
electric field W@ aids@tyehannel whereby ion depletion occurs in a regioreeheseinsgadamicrochannel
is linked to said nanochannel, and a space charge layer is formed within said microchannel, which
provides ap rﬁé?h%ﬁ%&){;@ﬁﬁ@?r for said species of interest; and inducing an electric field in said
microchannel whereby electroosmotic flow is induced in said microchannel, said flow further

introducing said liquidepaigisaidideider aog saidHow isrenraliadry the strength of said electric field.
15 BRIEF DESCRIPT@INGET MR AMMI B6GIE: kiguesds sohemoakizally depicts embodiments of a
protein concentration iawiteo(A) ramod@ramibadinveidt dfithé leopgutsef the device. (B) Schematic
diagram showing an ShisggRIREH ST e pbrEdibeneitsegion in (A). The orientation of the
nanochannel (1-10) withutegpectiadhefishicroghanarkiindl) hslpyiaa Applying respective voltages
causes the formation dsfpibfortreqopindpre gégiv vA@randideplaticsegian (1-50), as indicated in the
drawing, ultimately fdéthtdtifvgsaiéaroesnrotc flodv{ BB offtedifiemithe sample reservoir (1-30). ET
spegifies the 25 elect?@é}@ﬁelﬁlgl?liéﬂqamﬂ@%n Hepstetipie vsgozwhile the E" specifies the cross
nandfilter electrical fighg &L RATHES CRIGEGIESIRF BBt embodiment of the protein concentration
device. A nanofluidiciofraimgeh 20l icdinivettsstivornricrdfiitic whanbels (2-20). Electric fields are 30
applied to the device SyResrisiotive Bléathodbs (280ascbmwh shiblecules are conveyed into the
device from the sam@éig@%iﬁ@ﬂ%‘?&ssﬁééﬁ%é‘}t@ﬂ@r é9ritainads with buffer in contact with the
micyochannels (2-50); &te 3% i ¢ Bighrsreehanattalisdefids an embodiment of the

mechanism of concentration of the 35 charged species in the device. (A) No concentration
polarization effect is observed when a small

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 schematically depicts embodiments of a protein concentration device. (A) An
20 embodiment of the layout of the device. (B) Schematic diagram showing an enlargement of the

dotted boxed region in (A). The orientation of the nanochammel (1-16) with respect to the

microchannel (3-20) is shown, Apélying respective voltages causes the formation of the

trapping region {(1-40) and depletion region (3-30), as indicated in the drawing, ultimately

facilitating electroosmotic flow (EOF) of fiuid from the sample reservoir (-3}, Er specifies the
25  elecwical field applied across the ion depletion region, while the E, specifies the cross nanofilter

electrical field.

Figure 2 schematically depicts an embodiment of the protein concentration device. A
nanofluidic channel (2-18), connects two microfiuidic chanmels (2-20). Flectric fields are
30 applied to the device, by means of the electrodes (2-38), as shown. Molecules are conveyed into
the device from the sample reservoir (2-40), as described. Other containers with buffer in

contact with the microchannels (2-30), are as indicated.

Figure 3 schematically depicts an embodiment of the mechanism of concentration of the
35 charged species in the device. (A) No concentration polarization effect is observed when a small
electrical field is applied across the nanofiiter (E,). (B) As the F, increases, the transport of ions

becomes diffusion-limited and generates the ion-depletion zone. However, the region maintains



electrical field is applied across the nanofilter (En). (B) As the E. increases, the transport of ions
becomes diffusion-limited and generates the ion-depletion zone. However, the region maintains 5 WO
2006/081276 PCT/U'S2006/002550 electroneutrality. (C) Once a strong field (E") is applied, the
nanochanneWfiPERNBIGG%an induced space charge layer, where electron@aFalRgeis/meisonger
maintained. (D) By applying an additional field (Er) along the microfluidic channel in the anodic side

(from Vs tg¥hearnaplinepnalectrekinatisdowr(saleg flectreosmosis.of 6 seaonsbiing) is induced,
which 5 results in fast accug%ulatl n of |omoIeEaléJes in front of the mducedbgace charge layer. Figure

4 is a fluoPEEEa B G A B RS B ST B S R H e R R RN EAY SR B L SRR ffon occurs
near the reddivifilter figlé (&eg@mm@mmmmmummg dfcaanioditaki@3 kb6 MR soliton, after 50

rains of sgmple coliectigHReHRC aﬁwe&k&%ggmgd%f%ﬁe%@ﬁﬁ@@ﬂﬁ;%%&&\é%ﬂ line, while

nanofilter is drawn by a solid block (40nni deep )f(B Channel fluorescence signal profile at the initial
concentrdiSH{3BER ERBUBGESh P OmRigTes Boitf Roiie ot enrearinms ifrescence signal
profile at the concentration of 0.33M GFP, which is barely detectable by the CCD detection setup. (D)

The fluorasgeace si0pahasalle;of (HeE0MpRIRR SERN 1REANANTE (i 2(A) Thg goncentraton

of the plug 1s much higher 15 than that of (C). Figure 5 demonstrates the stabilit and efficiency of one
embodlmé?ﬁCB?tfﬁfé"Héi?Fégs GS?IAthﬂd@F’é’sﬁé@ﬁc@qrﬁﬁﬁﬁ &R ARt aRelcRIRERY A8BiH/ GFP sample
into the toSrMcidRuidicichafineiOhtiwe efnhadieddtiexios. By Eh&anﬁag&ﬁ&k@maﬁ&reanp‘;ylng Vs =10V,

VD 5 V. agh 30 YRIF%H20:Y 18125, Q‘ﬁm(&htl & '@&%«?é@kﬁ%ﬁg@é W'éh [ same

potential values at the réservoirs. D plot of local concentration o e co cte GFP plug,
starting erMth@‘“f%W%%ﬁﬂ%@ t’-ﬁr"é‘é Wﬁ@é%&%ﬁ@ﬁ%G@ SPH’é“?%sébl?B {iew for 33fM
GFP experisnentida i iChhmuSiavienshdQizialbemcanatonashieyesr withinA@rpjnutes. 25

Flaure © dameotales dsieass. qf seliaiarligmelagiesali sphemmatic.diaing stiows the

voltages applied to the reservoir e concentra Ing a ease capl l%lry e?ectrophore5|s)
steps, (BYFrepcenteos FER & fﬁ%%ﬁé EREnAEIWASoFeRisEB B, the ol BudiEBer across the

filterAriggeinehiher p@pping phenomena. As a result, the detector arranged downstream reads only the
dark noise from the CCD array. The signal showing from 0 to 30 sec 30 comes from 33pM GFP
solution exiting between the detector and nanofilter (about 10mm). To show each step in greater

detail, th HatRralgBAsT M ehivaabIEY Usedeifiieratrt ofsespioyent of the device. (A) A

flnorescence image taken directly after loading a 33 pM GFP sample into the top microfluidic
channel of the embodied device. (B) The image taken after applying Vg=I10 V, Vp =5 V, and
20 Var=Vpe=0 V for 25 mins, (C) The image taken after 100 mins with the same potential values at
the reservoirs. (1) The plot of local concentration of the coliected GFP plug, starting from dilute
GFP solutions with three different concenwations. (H) The close-up view for 33fM GEFP

experiment in (D). This shows at least 107 fold concentration achieved within 40 minutes.

25 Figure 6 demonstrates release of collected biomolecules. (A} A schematic drawing shows the
voltages applied to the reservoirs during the concentrating and release (capillary
electrophoresis) steps. (B) From O to 250 sec, the waste channel was grounded, and a voltage is
applied across the filter triggering the trapping phenomena. As a result, the detector arranged
downstream reads only the dark noise from the CCD array. The signal showing from 0 to 30 sec

30 comes from 33pM GFP solution exiting between the detector and nanofilter (about 10mmy). To
show each step in greater detail, the neutral density filter was not used. Therefore, the pM level
GFP sample is in the detectable range. After 250 seconds, the waste channel was floated to
telease the collected molecules in the top channel. (C) Collection and release of fluorescently-

labeied peptide sample. An extremely sharp sample plug is formed (with more than 1000-foid
6



GFP sample is in the detectable range. After 250 seconds, the waste channel was floated to release
the collected molecules in the top channel. (C) Collection and release of fluorescently- labeled peptide
sample. An extremely sharp sample plug is formed (with more than 1000-fold 6 WO 2006/081270
PCT/1JS2008/0698%8% 1 pieconcentration in 500 sec), which saturates the ECTUARAFWG2Ed. (D)
Capillary electrophoresis separation of two different proteins, co-collected for 5 ruins and released

(launche@edbAthin B EBGRIPTHMN bl fad WEBNHONEDRYLAton fLovigdes.iq one

embodlmengta%con ent@&n}g?gew e and mcﬁthogs,f of use thereof, 5 OI?:}concentratlng a species of

. € on ot two (= Toeins, co-collected Tor 5 mins and reléase 3 . :
Interest. fqnpone embodimen inverition proviaes a concenqra]tlng %51388}11prlsmg: a micro

channel; a nanochannel; fiF3 4HiHB PRSCRETHECOF TEl8 ANSEN M channel; a unit to induce an

electrolcimpiiRERISS srAgdeE Ve Brllmidsals missachanng) R asonduildserghnahieh a liquid
comgrisirilgcanscgeci s of interes} can be made to pass; 15 wherein the microchannel is linked to the

nanochanne(i, and he ESRaUt & ke to the microchannel. The concentrating device, which is
referred to as a "concentrator”, in another embodiment, comprises at least one microchannel and at

least one nangchamRst-ORe BREGCIDRRILDE SR SANGERLAIRE IS iRsmed.using the technology of
microfabrication and nanofabrication, for formation of the respective channels. Microfabrication

technology, or microtecherotbgynet: MEMS, in one embodiment, applies the tools and processes of
semiconductor fabricatighhtatheiformation of, for example, physical 25 structures. Microfabrication

technology allows onﬂemilrilt 0neé%lr&l/bodi %[i]t, toc!o‘recisely designﬁ{eatures (e.g., wells, channels) with

dimensions in the range of < M%?ec ecaf}eéneﬁ]tﬁﬂgl’éai%o ips made, in other embodiments, of
- Lol =) FC OKINEUC Or %‘essare VeI TiOW ]tnt .

silicon, glass, or plastics. Such technology may be used to construct the microchannels of the .

concentrator, in one &ftbBivfEAR g0 AR another embodiment, NEMS or nanotechnology is used to

construct the nanochassfis:ofidegcancenitaien dBxanpRimhodiment, the nanochannels can be

fabncated Wlth nanOI:rlgglr‘.lerS]% can be made to pass,;

i3 wherein the microchannel is linked to the nanochannel, and the conduit is linked to the

microchannel,

The concentrating device, which is referred to as a “comcentrator”, in another embodiment,
corprises at least one microchannel and at least one nanochammel. In one embodiment, the
20 concentrator is formed using the technology of microfabrication and nanofabrication, for

formation of the respective channels.

Micrefabrication teéhnoiogi’ or microtechnology or MEMS, in one embodiment, applies the
tools and processes of semiconductor fabrication to the formation of, for example, physical
25 structures. Microfabrication technology allows one, in one embodiment, to precisely design
features {(e.g., wells, channels) with dimensions in the range of <1 mm to several centimeters on
chips made, in other embodiments, of silicon, glass, or plastics. Such technology may be used

to construct the microchannels of the concentrator, in one embodiment.

30 In another embodiment, NEMS or nanotechnology is used to construct the nanochannels of the
concentrator. In one embodiment, the nanochanmels can be fabricated with nanoimprint
lithography (NIL), as described in Z. N. Yu, P. Deshpande, W. Wu, J. Wang and 8. Y. Chou,
Appl. Phys. Lett. 77 (7), 927 (2000); S. Y. Chou, P. R. Krauss, and P. J. Renstrom, Appl. Phys.
Lett. 67 (21), 3114 (1995); Stephen Y. Chon, Peter R. Krauss and Preston I. Renstrom, Science
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lithography (NIL), as described in Z. N. Yu, P. Deshpande, W. Wu, J. Wang and S. Y. Chou, Appi.
Phys. Lett. 77 (7), 927 (2000); S. Y. Chou, P. R. Krauss, and P. S. Renstrom, Appl. Phys. Lett. 67
(21), 3114 (1995); Stephen Y. Chou, Peter R. Krauss and Preston J. Renstrom, Science 7 WO
2006/081270"FERMAPB0S/002550 272, 85 (1996) and U.S. Pat. No. 5,7 72908 Hesévsshtcorporated
herein, in their entirety, by reference. In one embodiment, the nanochannels and/or microchannels
can be fopmectby swaimvist hogrehyaiateriRiencslitiagianhi.self assembled gogplymer pattern
transfer, s%p coating, electro .beatm lithography, focused 1on beam mijlling, photolithography, reactive
5 ion-etching. wet-Stching. Prasiis i fERg CREI ARUSH JPHESBEHEN, B A ofPBEdntYevaporation,
sputter da@peitiprinalidiamenhin tterierther didfo gitamatilidyscathied canvintionatametheds: can be used
to form the:panashannalsAndier MIGREHANREISINBNS &M Mﬁg%&&%ﬁgﬂ%@%ﬂ%@é@@nd

micrgchannels are formed as exemplified 10 hereinbelow in Example 1 escribed in J. Han,
H. G Craight5d™s: VAT T80 $e RATTe Ah#5es1 £5345 (18055) SfePLittanclpfie? Cieiihead,
Science 28&010R6- 19282000} insrciny inodipaiatedHuty’hersiminyvesierertecdivanemmbodiment, a
series of feaciiue.ianetshingsaresonduaisthAltemuhichnangshannel.s 15 are patterned with

standard lithography tools. In one embodiment, the etchings are conducted with a particular geometry,
which, in another embodiment, determines the interface between the microchannels, and/or
nanochadmetselremedbntboditeentretbhingls, wihickcreslentivts mierdchrsinels, aeenperfermed parallel
to the plagg-inhisieichings foribe nanaehennels werecsrsaigtl.in pogiher.embodiment, additional

etching, such as, for example, and in one 20 embodiment, KOH etching was Used, to produce
additiona}Etﬁf&%@éﬁrﬂﬂ%&:&ﬂ@e{nﬁé{‘@ﬁsﬁbf?%@??&?é@?ﬁﬁe?%r Yttty 108 gestas. In another
embodimentetectddalyismatipnretiheconcentrator is conducted. In one embodiment, such
insulation is accomplished via nitride stripping and thermal oxidation of the 25 concentrator. In another
embodiment, a surface of the concentrator, which in another embodiment is the bottom surface, may

be affixedt8% SOSHMEN A SRISE foeastivmiste cichinh SEnePRIRBEEI A Wiy Resoolaneelsn one
embbdimeaptiensdfenmandedditheepsingoaonienb epding-esh Mewesidd skQagiemiodiment,

construcia, gl g GARGERIAI0T b2 ALATRISSM BY Melhods KIown 10,05 sdligg in the art, or
adaptation of such metfiods, stich as; for example those described in
~ microchammels, and/or nanochannels. In one embodiment, etchings, which create the

microchannels, are performed parallel to the plane in which etchings for the nanochannels were
created. In another embodiment, additional etching, such as, for example, and in one
20 embodiment, KOH etching was used, to produce additional structures in the concentrator, such

as, for example, for creating loading holes.

In another embodiment, electrical insulation of the -concentrator is condncted. In ome

embodiment, such insulation is accomplished via nitride stripping and thermal oxidation of the

-2
o

concentrator. In another embodiment, a2 surface of the concentrator, which in another
embodiment is the bottom surface, may be affixed to a substrate, such as, for example, and in
one embodiment, a Pyrex wafer. In one embodiment, the wafer may be affixed using anodic

bonding techniques.

30 In one embodiment, construction of the concentrator may be accomplished by methods known
to one skilled in the art, or adaptation of such methods, such as, for exampie those desciibed in

United States Patent No. §,753,200, fully incorporated herein by reference.

In one embodiment, the fabrication may use a shaped sacrificial layer, which is sandwiched

8



United States Patent No. 6,753,200, fully incorporated herein by reference. In one embodiment, the
fabrication may use a shaped sacrificial layer, which is sandwiched 8 WO 2006/081270
PCT/1JTS2006/002550 between permanent floor and ceiling layers, with the shape of the sacrificial
layer defining"® WG §ap. When the sacrificial layer is removed, the wBEifi§ i ¥eEdmes a fluid
channel having the desired configuration. This approach, in one embodiment, allows a precise
definition beftiee peightewiddvend shaine Rfdnterinn working: satesaoridlid ehannelsainthe structure
ofa 5 f'“l&#&&&g@%ﬁ Mgns%grgg&iﬁcg ’ Is ifsorr_ il d ﬁf‘tﬁ‘esuéjrﬂgz%t%aisﬁ%@%ﬁgsd l}}/m% %Hgg%gle lithographic
process, for_example, and is covered by a celling ﬁ;lyer. 'P’hereé?ffér}? e SHeriicia layer may be
removed Witihedhf dedrd preBsentivn daisrigrseiih  SafptReptieeshdivreenmeifiolsipitiaceiling layers

which 10 dotia anking@apsavhieh shay-he ueed asshos: channelsmandishambersderdlhe concentrator.
In sych N v'%%v.the vertical dimension, or height, of a working gap is determined by the thickness of

|
the sacrif|C|aifaye%Cﬁlm, which is made with precise chemical vapor deposition (CVD) techniques, and
accordingly, this dimension can be very small. 15 In order to provide access to the sacrificial layer

containedrin taersislactayerfarithnetehingusetion Jpiehys Mserhio:remaya iesaifical layer, one or

more access holes may be cut thraugh.the ceiling Jayer, with the wet etch removing the sacrificial
layer through these ﬁ%%gér%%%?(t?%lkringéli{/aﬁﬁcrﬁé%e%ﬂgg glcétl"’iﬁ?? fr{ﬁ%f/\%%errél&&' i g’géegéot%v &Ahe sacrificial
layer andtiét eheteictlictrly deavingovelordealiovenirecehvrsptocfedrimnthecsdmgrifiptal falyieh a significant

20 dtstanﬁﬁnka%g@&tl]hg;ggm mﬁw&h%@%m%hm@wnaﬁ%é@%%ﬂg&%@ﬁ%&q? which
compose t nisne evice. e combination o aterjals, whic may, be use I SuCnh a process Is
e e ﬂ%ﬁ ?&3 [ﬁfa)‘?ég YUt SRR 8?35%385%%6 ?%'ﬁ SSrespectively.

polysilicon and SHicsn Ritride. SR Hiite]
Extremelgfhiiefh seesificiel delitidsicamibe shraidred hitbrésasichohitdnssuchemsitionsEN®embodiments,

potassiu%MMQ%dMi@gg@mmgﬁ%Mlﬂ@Q@)sﬁmn 25 another embodiment, tetramethyl
ammonium hydroxide (TMAH). The access holes cut in the top layer may be covered, in another

embodiment. For this purpose, a sealing layer of silicon dioxide may be deposited on top of the ceiling
lay 8 fill in Hherdscdegsdvalescerssl tthibeasiditiond | ity filmdapdriprbvides-agdodtseajcanginst leakage

or 30 evaRsROR LU0 1HeNRYIRE GaR:FSIN2 S YDARCHNIAHE S JBRIGRRAt AL, ebodiments,

which yiekola Igvtvhdegree of film conformality, such as very low temperature oxide (VLTO)
througn the ceiling layer, with the wet efch removing the sacrificial ayer through these holes.

An extremely high eich selectivity may be required between the sacrificial layer and the

dielectric layers in order to allow the etch to proceed in the sacrificial layer a significant
26 distance laterally from the access holes without consuming tbe floor and ceiling layers which

compose the finished device. One combination of materials, which may be used for such a

process is polysilicon and silicon nitride, for the sacrificial layer and for the floor and ceiling

iayers, respectively. Extremely hiph etch selectivities can be obtained with basic solutions such

as, in some embodiments, potassium hydroxide (KOH), sodium hydroxide (NaOH), or in
25 another embodiment, tetramethyl ammonium hydroxide (TMA).

The access holes cut in the top layer may be covered, in another embodiment. For this
purpose, a sealing layer of silicon dioxide may be deposited on top of the ceiling lay to fill in the
access holes, and this additiopal thin film layer provides a good sea! against leakage or

30  evaporation of fluids in the working gap. SiG2 CVD techniques, represent other embodiments,
which yield a low degree of film conformality, such as very low temperature oxide (VLTO)
deposition, form a reliable seal without excessive Ioss of device area due to clogging near the
access holes. If desired, the access holes may be drilled through the bottom layer, instead of or

in addition to the holes in the ceiling layer, and later resealed by depositing a layer of silicon
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deposition, form a reliable seal without excessive loss of device area due to clogging near the access
holes. If desired, the access holes may be drilled through the bottom layer, instead of or in addition to
the holes in the ceiling layer, and later resealed by depositing a layer of silicon 9 WO 2006/081270
PCT/US2006/6b28568 Hitiide. For example, in some embodiments, chemP&al/VaHHH/#Ed8sition (CVD)
may be used to deposit the device materials, including permanent wall materials, which are usually a
dielectric éiatéeial 5 such as silicon nitride or silicon dioxide, and nonpermanent sacrificial layer
materials, such as amorphous silicon or polysilicon. In one embodiment, the microchannel and
nanochannel are oriented perpendicularly, with 10 respect to each other. In one embodiment, the term
"perpend I &FABP % Bl sERd EaPa Aindete Fhets e h veHefeRRsiioN GRERhaAn &k hetd goadea®d angle with

respect tarhe-largitaeing] meﬁaﬁg@amae&mnﬁateﬁa@omcm@m@ﬁe@w99@@&% n8h&:0 angle of +/-

10, or in ther embadiment, at a 90 angle +/- 20. 15 In one em Ic‘lllment an. interface region is
construct%‘eé:cgl e S he: Conao RS FIHS RORESH RS SPYE Bhis invention.

Connects the microch. heIf Hanocnannet
In one eﬂ%&hﬁéﬁ%ﬂ@ﬁﬁ&bﬂ@ﬁ%ﬁment I|thography (DGL) is used to form a gradient interface
between the microchannels and nanochannels of this invention. In one embodiment, the gradient
interface region may regulate flow through the concentrator, or in another embodiment, regulate the
space charge layer 20 formed in the microchannel, which, in another embodiment, may be reflected in
the stren§thcst ellsdineeidiberircaribeneticmbodimentni e ltsigeate papehticgeripratétthe space

chayge |%§§edﬂtﬂ”@dﬁ1tﬁﬁ@§h%%| e%@&l@xéﬁnmﬂ&%&@@?@ﬂ Rigriaceaieds-fanmed of lateral
spatial gradlent structure One I(ior e}r{jowl cross section of a value from the micron to the

nanometer ?engf%nscafé n an ?ﬁ%legVéf SFIRTEIPAD8 BRsidinatEY BF a vertical
sloped gradibeit @nﬂ%@uré%ﬁq’ramﬂneﬁ@nﬁwmmm;the gAfientistrefctirel Canopravidethath a lateral
and vertigal-gragdiantin ope.pmhodiment, the concentrating device may be fabricated by diffraction

gradient 30 lithography, by forming a nanochannel or nanochannels on a substrate, forming a
microchannel or microchannels on the substrate and forming a gradient interface area between them.
Thé Sgradiepsirrmbiincate ancaetie forgied, iincomeranab odiivie ntydaycusig raibietkinglmask positioned
above a piRigmAskARY LRRAIANESIS HIIRA ARBIOIHOMARM.AHR RI98ALING Hogking mask
lithography (DGL) is used to form a gradient interface between the microchannels and
- manocbanneis of this invention. In one embodiment, the gradient interface region may regulate
flow through the concemtrator, or in another embodiment, regulate the space charge layer
20 formed in the microchanne!, which, in another embodiment, may be reflected in the strength of

electric field, or in another embodiment, the voltage needed to generate the space charge layer '

in the microcharmel.

_ in one embodiment, the gradient interface area is formed of lateral spatial gradient structures
25  for narrowing the cross section of a value from the micron to the nanometer length scale. In
another embodiment, the gradient interface area is formed of a vertical sloped gradient structure.

In another embodiment, the gradient structure can provide both a lateral and vertical gradient.

In one embodiment, the concentrating device may be fabricated by diffraction gradient

30  lithography, by forming a nanochannel or nanochanneis on a substrate, forming a microchannel
or microchanmels on the substrate and forming a gradient interface area between them. The
gradient interface area can be formed, in one embodiment, by using a blocking mask positioned

above a photo mask and/or photoresist during photolithography, The edge of the biocking mask

provides diffraction to cast a gradient light intensity on the photoresist.
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provides diffraction to cast a gradient light intensity on the photoresist. 10 WO 2006/081270
PCT/US2006/002550 In one embodiment, a concentrator may comprise a plurality of channels,
including a plurality of microchannels, or a plurality of nanochannels, or a combination thereof. In one
embodiment V& HHr&EE" a plurality of channels refers to more than two GHEHEIOWIFFaNother
embodiment, 5 more than 5, or, in other embodiments, more than 10, 96, 100, 384, 1,000, 1,536,
10,000, 100,000 or 1,000,000 channels. In one embodiment, the width of the microchannel is between
| - 100 pm, or in another embodiment, between |. and%SiQ?. or jn.anot egn%m(?odimu?nt, pbetween 20 and

50m, or it SB S e o RS e S et e DB SR a nlr’%r 8}! ARE SAIABE dm i Between 50
and 1001dmi¢rodnereinbodinheniiiied Hepthacfitheoricwnbianiel iketvofwdepnd Snbs@menm, or in another

embodimgpt,hetveen 0.k a0eBRan gt IravathesemhodinanhRawesn Aand Lasdaphdr, another
embodiment, between 10 and 25m, oy, in another embaodiment t&etvg1 engﬁ an% SOgam. 5 In another
Fli-atiother &ibBaim

embBdimBE tRERA o P A RAERAR SR 6EEh 50 nt, between 1
and 15m,106,00@motl 0 Shthddimeént, between 10 and 25m, or in another embodiment, between 15
and 40m, or in another embodiment, between 25 and 50m. In another embodiment, the depth of said
nanochannel is between 20 - 100 nanometers, or in another embodiment, between 20 and 50

nanomet&tsOi FTRPHIE: b B it I THERANOE S 0 REF 78 h dnom et e ointafsther
embodimentebetwecn8eand &bl ndpometénsaostheanatiodiment bedirrent) betivEemb@and 100

nangmetgrs,ln. Qﬁsoﬂm@%&s@m&n@%e%%ﬁg{rg}% &&9@%&%&&,@@9@%@%@@@ jgyre 1. The

nanochannel (1-10), which is 5-50 um wide and 40 nm deep is oriented perpendicular to the 25
microchaln @I PAECRFRr < &Rt PO S A PROBREL BRF TG0 gt wAdE ™R PS5 ERGep. In another
aspect ofefhscitivent] dapthenchf centaiar furthenchmprsesiatdaadtonensamplel ieservai in fluid

communiggion With e nisashannker sistoshannsit.ltbs amhodiment dspietedip Figure 1, the

sample reservoir is proximal to the microchannel (1-30). In another 30 embodiment, the sample
reservoir is capable of releasing a fluid or liquid comprising a species of interest. In one embodiment,
the Sampig rpseEYQifnisoGRmRE cled WwaltheMmicr eehanaeidisneansn Of aciinchlitomibiehahey have the

dimensiopsof the Migashann gl .ol sHay Gomplise e HAYIRRLINEHACS AP andSgercribgd. 11
another embodiment, between 15 and 40um, or in another embodiment, between 235 and 50um.
In another embodiment, the depth of said panochannel is between 20 - 100 nanometers, of in
another embodiment, between 20 and 50 nanometers, or in another embodiment, betwean 20
20 and 75 nanomsters, or in anotber embodiment, between 30 and 75 nanometers or in another

embodiment, between 50 and 100 nanometers.

In one embodiment, the concenirator is constructed as diagrammed in Figmre 1. The
nanochannel (3-18), which is 5-50 um wide and 40 nm deep is oriented perpendicularly to the

25  microchannel (1-16), where the microchannel is between 10-20 ym wide and 1.5 pm deep.

In another aspect of the invention, the concenirator further comprises at least one sample
reservoir in fluid communication with the microchammel or microchannels. In the smbodiment
depicted in Figure 1, the sample reservoir is proximal to the microchamnel (1-38}. In another
30  embodiment, the sample reservoir is capable of releasing a finid or liguid comprising a species
of interest. In one embodiment, the sample reservoir is connected o the microchannel by means
of a conduit, which may bave the dimensions of the microchannel, or may coinprise a gradient

interface area, as described.
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WO 2006/081270 PCT/US2006/002550 In one embodiment, the introduction of a liquid comprising a
species of interest in the device and independent. induction of an electric field in the nanochannei and
in the microchannel, concentrates the species of interest within the microchannel. 5 In one
embodiment WRES8EHTtator makes use of flat nanofluidic filters filled witChufferosotation as an
ion-selective membrane to generate ion-depletion regions for electrokinetic trapping, as exemplified

hereinbelows inonaemhedimenhdbrdeyice colsats.shargadplerylss slicientr basause of a

nonlinear i0 electroosmotjc flowﬁqm ch stronger than normal electroosrnotic flow) generated in the
microchanrief, F@ﬁ“&%&v‘é“?ﬂﬁ%" % Reeirtio et R ther e ARty SRe VB GRATATGh flow
speed, anddecagszsheaperyy Wanteesforidiiohtonnaleeubed. is generated by the induced space
charge layer in the microchannel, at regions of apposition to the nanochannels. 15 In one embodiment,
two epaEate electric fields are applied to the concentrator and controlled independently, as shown in

Figure 1B TRE HEGIRHRE A ofRARE B HRRSERY J¥ aararciiidisniliem &l o E?d extended
space chsrlggdaysr thabtragsdaire aniaricmn ate gates:tl e -tepigandiakfivit itthelsniotafisidic channel

(ET). in theaaodic side-generatesgiggiroosmotic flow, which draws molecules into the trapped
region (1-45%from the reservoir. 20 In one embodiment, the space charge region is further stabilized

by manipulating buffer conditions in the devices of the invention, for example, as depicted in Figure 7,
and as déscribethifuftherhéreirbiziowslkrwrembadinens Hiecgeicecompusesbyimesa series of

twoy iCTOEHANIEISs 3R PANAFIed Y. BANOCHANNELAGSOLIng 9, 1his embadiment, gver a course

25 of time, ion depletion in the top microchannel leads to ion enrichmen iﬁ?%?bot_tom_ microchannel,
thus the BURSFESRTe MFifTOf 4 tHE B rigReiarEdh dime s creBRlE SHMPIpYEIBREY conduction
of the sefiaratiprdractbs:aBie providigg aiowabconcanthieny fe seatr356 361 iae dhigaesperiods, in
one embgdimept . oncantingally, '1%6% ther embodiment, by electroosmaosis, or in another
embodim%gyﬁt, by [r)g?es%re ﬁivencflow%gfh%rfb er {r}?l%pt%% %O#nggl(,&l%ﬁafﬁ:s ael}?glét is mitigated, according
to this embodiment. In another embodiment of the invention, preconcentration of the material may be

entiancethbyenositohiag, nanofigidiccchanneliern potpsidesolitheoniciesbannet andiaduid
conmun i, ) e ISR AR 5 SRV o e Pl Sepltop itaton
jon-depletion region and extended space charge layer that traps the anionic molecules. The
tangential field in the microfluidic channei {ET), in the anodic side, generates electroosmotic
flow, which draws molecules into the trapped region (1-48) from the reservoir.
20 _
In one embodiment, the space charge region is further stabilized by manipulating buffer
conditions in the devices of the iﬁ_}vention, for example, as depicted in Figare 7, and as described
further hereinbelow. In one embodiment, the device comprises two or a series of two
microchannels, each connected by a nanochannel. According to this emboditment, over a course
25  of time, ijon depletion in the top microchanmel leads to ion enrichment in the bottom
microchannel, thus the buffer concentration in the bottom microfinidic channel increases with
prolonged conduction of the separation process. By providing a lower concentration buffer, at
prescribed time periods, in one embodiment, or continually, in another embodiment, by
electroosmosis, or in another embodiment, by pressure driven flow, in the lower microchannel,
30  this effect is mitigated, according to this embodiment. _
In another embodiment of the invention, preconcentration of the material may be enhanced by
positioning nanofluidic channels on both sides of the microchanne! and in fluid communication
with the microchanmel as shown, for example, in Figure 8. Ion depletion initiation at the

interface between the microchannel and the nanochannel, is enhanced by positioning the
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12 WO 2006/081270 PCT/US2006/002550 nanochannels on either side of the microchannel, and in
some embodiments, a more stable space charge region is produced. In one embodiment, the flow
may be pressure-driven, and may be accomplished by any means 5 well known to one skilled in the
art. In anotheV 8 i8&8fiéht, the flow may be a hybrid of pressure-driven arir@leseiinsiic flow. In
one embodiment, the phrases "pressure-driven flow" refers to flow that is driven by a pressure source

external testhetehmsined segment shiughebismayeh fiovsiscdivarias.dQ crarasird fa.flow that is
generate%grr;%l%gaqﬂt&% %%%QQS(:&I segment in question by the application of an electric field through that
channel segient, w is referred to herein, in one embodiment, as "electrokinetically driven flow."
Examples of pressure sources include negative and positive pressure sources or pumps external 15
to the channak segamAbn GHER0 RN CLING.RICRHOKIRRHCRIGRSINS RUMNS FydnPHARS that
generate ‘%ﬁﬁ%‘é&?ﬁ% %Ine&cgg]lfégetlcgly driven flow in. %gﬁ%%ﬁchmnel that is separate from the
charinel segment in question. provided such BUTHIE dre-sxiaitarts toercnankel ©ifin question
(see, U.SPEsiNGsc8 Dizerobingt® 191,067, each of which is incorporated herein by reference in its
entirety for all purposes). 20 In one embodiment, the term "electrok inetic flow" refers to the movement
of fluid or.fluid, %oggg.materi | under ap agglied electric field. Electrokinetic flow generally
encompassSaona or Bath SeRbEtshnBrase gy R Foteliment tehdbgel SseerREtHough the
medium GEdieiiet inowticexieisatlisp dse dhamweltgscetetimabmesis; emh thewelkctiseally griven

movemenrbatiig:25 dsikidic, daglusing:alof iﬁ%%QQE&@S%MC&@QQ&%%@E%{E@%H{@ to in terms
of electroi neticiflow;ni([ \{H\gllc%e%a%)r ciated that what is envisioned is the full spectrum of
electrokiretid 6w ot pe dEmtRRA oF EuB SRERM e SHhisR iy eiestfophdrge nisveRent of
species, aprddumiinalityctiddtrosshyoticatyfidriven movement of material, e. g., in the case of
uncharged material, and all of the ranges and ratios of the two types of electrokinetic movement 30
that fall bgtwe n these extremes. In one embodiment, reference to the term "liquid flow" may

encompas e aR o ATST e CLrREF RS RESHIA G ORI SFSHE SPHIFEH ST BVFBRIgH e pssage,
coriduit, thérmdlaondcrgssat isurfastrSucihidihardetatisiesdnehssleavithait imitatiopdhedlow rate, flow

volume, Bferate pressure by electrokinetically driven flow in a pumping channel that is separate from
the cha:_cmcl segment in question, provided such pumps are external to the channel segment in
guestion (see, U.S. Pat. Nos. 6,012,902 and 6,171,067, each of which is incorporated herein by

reference in its entirety for all purposes).

In one embodiment, the term “electrokinetic flow” refers to the movement of fluid or fluid
borne material under an applied electric field. Electrokinetic flow generally encompasses one or
both of electrophoresis, e.g., the movement of charged species through the medium or fluid in
which it is disposed, as well as electroosmosis, e.g., the electrically driven movement of the

25 bulk fluid, including all of its components. Accordingly, when referred to in terms of
electrokinetic fiow, it will be appreciated that what is envisioned is the full spectrum of
electrokinetic flow from predominantly or substantially completely electrophoretic movement
of species, to predominantly eleciroosmotically driven movement of material, ¢. g., in the case of
uncharged material, and all of the ranges and ratios of the two types of electrokinetic movement

30 that fall between these extremes.

In one embodiment, reference to the term “liquid flow” may encompass any or all of the
characteristics of flow of flwid or other material through a passage, conduit, channel or across a

surface. Such characteristics include without Hmitation the fiow rate, flow volume, the
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13 WO 2006/081270 PCT/US2006/002550 conformation and accompanying dispersion profile of the
flowing fluid or other material, as well as other more generalized characteristics of flow, e.g., laminar
flow, creeping flow, turbulent flow, etc. 5 In one embodiment, hybrid flow may comprise
pressure-bas&& rePaPIELTAe liquid sample into the channel network, followWRseE i 2escarakimetic
movement of materials, or in another embodiment, electrokinetic movement of the liquid followed by

pressurerixem Ao o apeambadimegihe elesticlield mayike indusedinthergspegtive channels
by applying,, 10 voltage from a voltage supply. to the.device. In gne.embodiment voltage is applied by
way of tf?é‘g%lgﬁeoﬁ%}g%%of%tg%laegggﬁ% 5%%}%&33&%@%&%@ BFEPpIyTY SFrateéttTeld across at

least sonteripfiehiefielantiels in at least one direction. Electrode metal contacts can be integrated using
standard integrated circuit fabrication technology to be in contact with at least one microchannel, or in

anotper ﬁfrgbodimenfgi at Iegsz%?&ﬁ nanochanne], or in another embodiment, a 15 combination thereof,
and drientd S SEERATIE e PRI H A TR HOHET 8 SEF et A A TS ath e I EhTAEARS Wi ect current
(DC), or Bethehyppes offiedds daldved iplietkcEhdeldctndesesn de mmadsof alnostrathgmetal, and in

one embodne Rt ARPHSEHED AR MEIRIRYEER: dRARIEES, oRdelneddingpaths. In one

embodiment, at least one end of one electrode is in contact with buffer solution in the reservoir. 20 In
another embodiment, the concentrator may contain at least two pairs of electrodes, each providing an
electric fieldvin cifferénedir éctidrsrinieht raiedinient] fielteconpacis<anbelsdedtoingependently

moglate dhediestion andampliudenohieelertis lekisiain e eutodent e the space

charge layer, or in another embodiment, move macromolecules at 25 desired speed or direction, or in

another HRBGFTMER: °4 B drAHiABtBARIE e RS aPaRth BtRPRINRARE Ghrabeliakpessis®between 50mv
and 500 Madrnsane ehibodinmeit ithe lvaitage ditgopby. dfiphesie guallvaltege toxthe anaditeand cathodic

side ol thyciarhalniel Akl ARGNSRSIART ARG ¥8R0G.SHAR ARRHSR Waalgrvoliage (o the

anodic side of said 30 microchannel, as compare side. In‘one embodiment, the
voltage SBISFHATES 0¥ SrArURst REPUBGREALIRIEATHBSPBROTEEY 6 IHravie e UBRFEda oltage. The
eletfricaksobicaimajidennyisatrredtelacticityseapable dfe-grner atiagithe:te siteghveliage. For

examplecﬁﬁ%n?'@\?&i,cﬂe%?%ﬁ%n ,eoflk}ailﬁor%%g t&%ﬁ? S5 %e applied. The electrodes can be
made of almost any metal, and in one embodiment, comprise thin Al/An metal layers deposited
on defined line paths. In one embodiment, at least one end of one electrode is in contact with
buffer solution in the reservoir.
20 _

In an'ather embodiment, the concentrator may contain at least two pairs of electrodes, each
providing an electric field in different directions. In one embodiment, field contacts can be used
to independently modulate the direction and amplitudes of the electric fields to, in one
embodiment, orient the space charge layer, or in another embodiment, move macromolecules at

25 desired speed or direction, or in another embodiment, a combination thereof.

In one embodiment, the voltage applied is between 50mV and 500 V. In one embodiment, the
voltage supply applies equal voltage to the anodic and cathodic side of the microchanzel, or in
another embodiment, the voltage supply applies greater voltage to the anodic side of said

30 microchannel, as compared to the cathodic side.

In one embodiment, the voltage supply may be any electrical source, which may be used to
provide the desired voltage. The electrical source may be any source of electricity capable of

generating the desired voltage. For example, the electrical source may be a pizoelectrical source,
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14 WO 2006/081270 PCT/US2006/002550 a battery, or a device powered by household current. In
one embodiment, a pizoelectrical discharge from a gas igniter may be used. In one embodiment, the
electrokinetic trapping in the device and sample collection can occur 5 over a course of minutes, or in
another emb&dattEar be maintained for several hours. In one embodiariissenoeriFation over a
course of time results in concentration factors as high as 106-108, and in another embodiment, may
be even highgéryponoptinizationaf hewandisensempleyedduting:theconceniation. such as by
modifyin%f.tsrégairnte#face betwe%n the bmicr%channel and nanochannel, voltage applied, salt
concentration of t é“ﬂcﬁﬁ%s, %ﬁ B the iﬁsﬁq'uid, or combination thereof. In another embodiment, the
concentrator further comprises at least one waste reservoir in fluid communication with the

microchagngle BiERShRANGLS ARIGRRBANELNAPEAAMALS BN ERNCARAIRLAN QNG embodiment
u

the \g/aste reservoir is ?a )able of receiving a fluid. 15 In one embodiment, the surface of the

micrdchanfie iRy e AT HaRL 80 TS V0 O BT BAM A A Do dUErBiRsS S1tAey b ofinterest to the

surface omthegmmisemtatoncinanotverentbudine ntpethvudu facencértheioa feehannaisandlor

minOCha!U“Q'OQ,azﬁl@@@Enﬂiﬂ&t@ﬁ@@ﬁgn@rﬁﬁhﬁé‘g%ﬁ%%ﬁ%“%&h%p?ﬂﬁ&@t@&?o%f%i%ﬁ%ﬁgntshe device. In
i

another embodiment, external gate potential is 20 applied to the substrate of the device, to enhance or
reduce e BISEFASH R CHER S BT ARyiS B N2 n Bh SROSHREBRI then P §Te e IER SR offprised of a
transparentivedtenal. incamotirdrnesh bodipe ahpite trahspakent-anateatlis fiyiex, siticanigioxide, silicon
nitride, alakiz aF S48 inAnether embodiment, the concentrator is adapted such that analysis of a
species of interest 25 may be conducted, in one embodiment, in the concentrator, or in another
embodiment, downstream of the concentrator. In one embodiment, analysis downstream of the
concentratenotbfe srimdaneoy dtofdhenenschithte dosperiaxirm: the devicesandiplacagaent in an
appropriglneiingJarate e s.ahi analher albadinent, constiuclion,ha.conduibiiom the
concentrator which relays the concentrated material to an appropriate setting Tor analysis. In one 30
embodinTeRTETER a HaRFSI ERESS REHh o BasH e BB la At sl icietn bodiment, a data
processor. In one embodiment, the signal can be a photon, electrical currentlimpedance
measureggal ghGOARAS SRS BIIENR. iR 0.hS U dertand. al Ine cqncentiating device of this
invention may be useful in various analytical systems, | cFuc'illng loanalysis mierosys ems,

adsorption of the species of interest fo the surface of the concentrator. In another embodiment,

the surface of the nanochannel and/or microchanne! has been functionalized to enhance or
reduce the operation efficiency of the device, In another embodiment, external gate potential is
20 applied to the substrate of the device, to enhance or reduce the operation efficiency of the
device. In another embodiment, the device is comprised of a transparent material. In another

embodiment, the transparent material is pyrex, silicon diexide, silicon nitride, quartz or SU-8.

In another embodiment, the concentrator is adapted such that analysis of a species of interest
25 may be conducted, in one embodiment, in the concemirator, or in another embodiment,
downstream of the concentrator. In one embodiment, analysis downstream of the concentrator
refers to removal of the concentrated species from the device, and placement in an appropriate
setting for analysis, or in another embodiment, constraction of a conduit from the concentrator
which relays the concenfrated material to an appropriate sefting for analysis. In one
30  embodiment, such analysis may comprise signal acquisition, and in another embodiment, a data
processor. In ope embodiment, the signal can be a photon, electrical current/impedance
measurement or change in measurements. It is to be understood that the concentrating device of
this invention may be useful in various analytical systems, including bioanalysis IMiCrosystems,

due to its simplicity, performance, robustness, and integrabilty to other separation and detection

15



due to its simplicity, performance, robustness, and integrabilty to other separation and detection 15
WO 2006/081270 PCT/US2006/002550 systems, and any integration of the device into such a system
is to be considered as part of this invention. In another embodiment, the concentrator, or in another
embodimentXRe¢diiéiannel or 5 microchannels are capable of being i Es20VtMQS50
two-dimensional detector. Imaging of the concentrator, or parts thereof, may be accomplished by

prese”ti”%&Ie‘iﬂs?a%‘d%?'ﬁqégﬁﬂ%t%rﬁ%rdéﬁ@e%ﬁl@ﬁ&%%%&&ﬁﬁ@%%@ DalSiHEag I same

embodiments, optical elements for the collection of light from the microchannels. 10 In another
embodim&HEEHE-device is coupled to a separation system, or in another embodiment, a detection
system, or in another embodiment, an analysis system or in another embodiment, a combination

thereof. I, apother embadimenihe:feves s coupleddaanluminalion eyt ane bodiment,
the concentrator may be disposable, and in another embodiment, may be 15 individually packaged,
and th an@ﬁﬁ@F’éﬁ%‘Eﬁéj oakie 8 Pamipresvia iy Tapacifpariensb Stviahdrmsing Alifcsamples. In

one embeginentthecoatentiaty aantaensaserbingg sritaiiag hlﬁﬂsimgitaﬂ@bpgswlaéﬂﬁ, to provide a
convenieq g commey dalhireagy.callidos.oreasse g ns emedinguh e gangentrator wil
have suitable features onorin't € housing for inseriing, guiding, and aligning the device, such that,
for exampRiegion widieobpinrowiemsiaartitent is aligned with a reservoir in.another device, which is
to be coupled to the concentrator. For example, the concentrator may be equipped with insertion
slotg Gk nh8. SORARionRISel L aMer Sdapialions [ohad amatan.ef his.sepggnuaton
process via a device 0 fhis Invention. ng'_lRe conceﬁ?rra‘or ay beé so adapted, in one embodiment,
for high tiarésigfiiontssgiesering: enothien mibosinepled SRIFAS VB USSR HBReEIIES dpplications,

as will be.appragistad-oroneaakilleckimtiugmed, I-anRei@mbadimant heaicensepl adeicks connected to
electrodes, which are connected to an 30 electric potential generator, which may, in another

embodiment be connected with metal contacts. Suitable metal contacts can be external contact
patches thatcan ¢rebedimmsté totmnisstasmay Seaifmeinanihg/etetwiceRerimp MAYaSother

embedimgatikaneshedimentofiie-piaseniisyenian henencRmtalis3 garsobeolarger system,
16 individual fluid samples. In one smbodiment, the concentrator can be encased in a suitable
housing, such as plastic, to provide a convenient and cbmmerciaﬁy—ready cartridge or cassette.
In one embodiment, the concentrator will have suitable features on or in the housing for
inserting, guiding, and aligning the device, such that, for example, a2 sample loading
20 compartment is aligned with a reservoir in another device, which is to be coupled to the
concentrator, For example, the concentrator may be equipped with inserfion slots, tracks, or a
combination thereof, or other adaptations for automation of the concentrafion procass via a

- device of this invention.

25  The concentrator may be so adapted, in one embodiment, for high throughput scresning of
multiple samples, such as will be vseful in proteomics applications, as will be appreciated by

one skilled in the ast.

In one embodiment, the concentrator is connected to electrodes, which are comnected to an
30 electric potential generator, which may, in apcther embodiment be connected with metal
contacts. Suitable metal contacts can be external contact patches that can be comnected to an

external scanningfimaging/electric-field tuner, in another embodiment.

in one embodiment of the present invention, the concentrator is a part of a larger system,

16



WO 2006/081270 PCT/US2006/002550 which includes an apparatus to excite molecules inside the
channels and detect and collect the resulting signals. In one embodiment, a laser beam may be
focused upon the sample plug, using a focusing lens, in another embodiment. The generated light
signal from tReOrAEl&8EIgY inside the microchannels may be collected by fecusiagleaiiession lens, and,
in another embodiment, 5 reflected off a dichroic mirror/band pass filter into optical path, which may, in

another QIRRSHENRIL bEfBH NG 8 GER (RYKaR.GAHBLABMERI CA AR N AQEL grubodiment, an

exciting light source could be passed through a dichroic mirror/band pass filter box an

focusing/SOTEEHTEER e 85 STPATEMGH: SRS beiearil SO saiomeb i camalo Rissnpoents and
devices cafraisodienssadckintive systdimio.dalectaptical signalensuebasdigirtwaneras, PMTs

(photomulipligt bbestiandl DAl dae.hgiadientes) i naner.eoaedinent,the system may
|

further inclyde a data processor. In one embodiment, the data processor can be Used to process the
signals frSMPEE D, fo BHTGiariAage el thrss 18epipEnaRited Spdeicdishteravdisplagetherone
embodimentpdimeedaiz frotess@Cai-bae angliydeithedigitadrinage to provide characterization
information, such as size statistics, histograms, karyotypes, mapping, diagnostics information and
display the information in suitable form for data readout. 20 In one embodiment, the device is further

modified o e ARRYSESIE dhetiiRa et soureTrRIRG &F IPsied tivisie 2 divirpiconisrerlistiment, the
microchamnefiscoateddniitusingleoizasie sitrtediomn waasgiorthe canepnitaterkmplegles will be
ranged. agapiing [a4dnemethadr LN IINERNANLALOIING 10 4LP SeRECt, 0, eaye, such as, a
protease, may come into contact with concentratey protelns, ang (ﬁbesgt eém. ACcO Iﬁ to this

aspect tHERRENHOR P mubpleniderodmddiotdonrdanriaipbpsoditssdin, for example, a sample

comprising a plurality of cellular polypeptides is concentrated in the microchannel, to obtain a plurality

of substantjal ifi lypeptides. The palypeptide is exposed to a protease immobilized within the
microc:hanr%%l%}éﬁJ é’l gé%%ﬁ%%%ﬁ%%sﬁ&%%%%ﬁ%egﬂﬁ gln |§ﬁ5§’ a%%%f’ fﬂ%‘gﬁ%%]e%ﬁc?é{ﬁfﬁé%% producing

digestion Bré8HLesHEMadS, 196 Wigesshthroiuels frray, 51 8Rbtver digiddimenti3Bethen be

trarf)sdermmfaamVﬁpﬁ@ﬁmcsg@@pﬁj%%@wﬁwﬁs%&,tﬁﬁmaep?%@@@%,aggadaﬁﬁlﬁaq%aer e
embodi rom there, the separated.digestiop products may be conveyed to a peptide analysis
modulefﬁffﬁ%fi gr%?ﬁgea%c?dpg{é‘aﬁ%er?% cg? eg ?j?gé%% P8 GeEE rftyiBe 8‘&%?ﬁ‘?in£‘8t%ﬁn%ssembled to

generate TR nBERFiRBlSERATEpR iAo nfedively thaipioptidécnralysisblmbduléyrthe peptide
may be caaveyesito an interfacing module, which in turn, may perform one

20 In one embodiment, the device is further modified to contain an active agent in the
microchannel. For example, and in one embodiment, the microchannel is coated with an .
enzyme at a region whersin the concentrated molecuies will be rapped, according to the
methods of this invention. According to this aspect, the enzyme, such as, 2 protease, may come
into contact with concentrated proteins, and digest them. According to this aspect, the invention

25 provides a method for proteome analysis, wherein, for example, a sample comprising a plurality
of cellular polypeptides is concentrated in the microchannel, to obtain a plurality of substantially
purified polypeptides. The polypeptide is exposed to a protease immobilized within the
microchannel, wnder conditions sufficient to substantially digest the polypeptide, thereby
producing digestion products or peptides. The digestion prodncis inay, in another embodiment,

30 then be transported to 2 downstream separation module where they are separated, aﬁd iﬁ another
embodiment, from there, the separated digestion products may be conveved to a peptide
analysis module. The amino acid sequences of the digestion products may be determined and
assembled to generate a sequence of the polypeptide. Prior to delivery to a peptide analysis

module, the peptide may be conveyed to an imterfacing module, which in turn, may perform one

17



17 WO 2006/081270 PCT/TTS2006/002550 or more additional steps of separating, concentrating,
and or focusing. In other embodiments, the proteases include, but are not limited to: peptidases, such
as aminopeptidases, carboxypeptidases, and endopeptidases (e.g, trypsin, chymotrypsin, 5
thermolysin, BrEopsiginase Lys C, endoproteinase GluC, endoproteinaserArges@ndograteinase
AspN). Aminopeptidases and carboxypeptidases are useful in characterizing post-translational
modificati I in Combinations of proteases also can be used. In one
embodimé%r?ﬁ%%:eg%gr%%%gggtgpgr% %E%ﬁ%e ’8?1%{?%%58 %ﬁr@’eo?r%lor%%ﬁﬁ'zed onto the microchannel surface
using adsorptive or covalent methods. In some embodiments, examples of covalent 10 immobilization
include ditechieevaisiiiatiach menbeithePiinase 1@ asuHace Wil ligandseHel ag.glytaraldehyde,
isothiocy%%%tlg ea%%a%san%gg}gxbr%ng %.S!n other e bod'uyents, the proteases mag1 be attached using
binding paHnerach spaciicaly ract with the NSRS Which BTt SPRYERME molecules
which arditiewiseRcadaupRiens e prowesesitasy Cosyatelony)ciBistghaismetyimstude the
following:aytostatindeapaineva plosphanateicashoxynaptid ase A RIRNStepiaYid e
riboflavinériicp?%laggg tgirggciing grgtsein, antigeeiigl tlbog%gbi%dinﬁé)airs, or combinations thereof. In one
embodiment the Steps of Concentrating polyBRBAIEE SBBIRE AT HleH &R pfBdifing digestion
products camladimeny:zihg piigesstioangrodoibts toateter ginép omirbieglenoeth Bicaribempbrformed in
parallel aggfsaritesalivalyoieha GvesarRmRIRHFAVIHINGA:-PLRIRmE MaRakie: calldemphich the
poIXBeptides ere obtainlggé g.roteome maps from multiple different cells can be compared to identify
y

FRUR P SR RIS Y T Ph ALK TERHY A iR CbHE R A E AR S SRS 8 may be

differentié‘i‘i‘ﬂl/rl gxlpresse
subjecteds@vardishydatnoditsycehdtivhs2ovexttactede. flomtheartotedoamce shanithtthe proteome map

thus genesated reflestinasliferartial pralein2Rexassion as.a \eake e alatus ehibe cell. In

certain erbq]k;c?diments of the present invention, the_concentrator may contain an apparatus for

transportiy cORCETIrarAL MSIACHRS NHLTh et ARemiEl TRt S Rl AR (e B3t & 80T B Bimbodiment,
this inverftiodis oviesaniarisly trcfiliestine thebistaipalie,of heinglstatedsmatigasiio,000
consentralogiable falia ssatRbSERRNN A0 B ARtk cRRPAIAIAN efilcigney may be

determined by using labeled proteins or polypeptides, introduced into thé concentrator in known ratios

and detetfREHARED AESHrated 18

In one embodiment, the steps of concentrating polypeptides obtained from a given cell,
producing digestion products, and analyzing digestion products to determine protein seguence,

20 can be performed in paraliel and/or iteratively for a given sample, providing a protecme map of
the cell from which the polypeptides were obtained. Proteome maps from multiple different

cells can be compared to identify differentially expressed polypeptides in these cells, and in

other embodiments, the cells may be subjected to various treatments, conditions, or exiracted

from various sources, with the proteome map thus generated reflecting differential protein

[
tn

expression as a result of the status of the cell,

In certain embodiments of the present invention, the concentrator may contain an apparatus

for transporting concentrates from the microchannels into the waste reservoirs.

30 In one embodiment, this invention provides an array architecture that is capable of being scaled

to at least 10,000 concentrators, suitable for a real-world screen.

In one embodiment, concentration efficiency may be determined by using labeied proteins or

polypeptides, introduced into the concentrator in known ratios and detecting the concentrated

18



WO 2006/081270 PCT/US20061002550 labeled protein or polypeptides, such as exemplified
hereinbelow. Signal intensity can be determined as a function of time, over background noise. In one
embodiment, the concentrators of this invention may be under controlled 5 physicochemical
parameters, wiichomsy00mprise temperature, pH, salt concentration, or @aoushimatiorsthereof. In
one embodiment, the nanochannel may be replaced by a charged gel or random nanoporous
mate”"’."’Mﬂ%ferc?g}&éé&r%?dg&é%%ﬁﬁﬂég Shppedds Iﬁ”h%edﬂ%@éiﬁ%ﬁ%? materal dn.gne gmpodiment, 10
according to this aspect of the ihvention, the ¢ha ecfge or nanoporods material’may have a similar
pore size"AEEREITY 30 HE A SO PHREPRFVEINIBR 2al%pace charge layer may be generated in the
charged gel or random nanoporous material, similar to that formed in the nanochannel as described
and exerplfiee! herein, wherelp an.electie, fieldis induged.jn the, nanoporgus chagg.gel or charged
material, similar to that induced in the nanochannel. 15 1n one erﬁbgdlmentl,lt e Invention provides for
a methoPBISESRRERIFakiBY 2IssEci SEish iR cSrprist NUREEBmprBinglusimgeaEéoheodfthe invention.
In one embai et bisoinvention provides a microfluidic pump comprising a device of this 20
invention, which in one embodiment has a liquid flow speed of between 10 m/sec and 10 mmisec. In
one embodiment, this invention provides a method of concentrating a species of interest in a liquid,

the methBd8s §iprRsibrHh it @pBOshaB! D da chplpdiiLia frergedastcs IAMéQcEMeRsIvEting device,

wherein saigtigUich&em PRERSIARE Gie $:abdAdeies tha Rehwirbainlnaidd e cacamplisaRs@ microchannel

lin toa nanocpannel' induc_jrglgean electrig field in aiq nanochannel Whereib% ion 30 depletion
. accorGing to ihis a‘sHecto xnve[;]luon e C a.r%e %e Or Jaano Orous maiesia éiy have a
occurs in a region wherein said microchanriel is”lInkédt0 said nanochannel, and-a space charge layer

is forme#imiighinosaisirnicroetaiing iowhicisprovitfelainvendegy Haprier thaeztdaspesies bé interest; and
inducing igdighdlow imsaichapiereahanRghodPranoporous material, similar to that formed in the
nanochannel as described and exemplified herein, wherein an electric field is induced in the
nanoporous charged gel or charged material, similar to that induced in the nanochannel,
15
In one embodiment, the invention provides for a method of concentrating a species of interest in

a liquid, comprising using a device of the invention,

In one embodiment, this invention provides a microfiuidic pump comprising a device of this
20 invention, which in one embodiment has a liguid flow speed of between 10 pm/sec and 10

mm/sec,

In one embodiment, this invention provides & method of concentrating a species of interest in a

liguid, the method comprising the steps of:

25 introducing liguid from a source into a concentrating
device, wherein said liguid comprises a species of interest
and wherein said device comprises a microchanne! Iinked
to a nanochannel;

inducing an eleciric field in said nancchannel whereby ion

30 depletion occurs in a region whersin said microchannel is
linked to said nanochannel, and a space charge layer is
formed within said microchanoel, which provides an
energy barrier to said species of imterest; and

inducing liquid flow in said microchannel
35
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19 WO 2006/081270 PCT/US2006/002550 In one embodiment, the flow is electroosmotic, and in
another embodiment, the electroosmotic flow is induced in the microchannel via induction of an
electric field in the microchannel. In another embodiment, the flow is pressure driven. 5 In one
embodiment, wdthimsthsa thin nanofluidic channel, perm-selective portion of aress@eiszsaused by the
counterions within the Debye layer cannot be ignored, compared with the total ion current through the
nanochannel, therefore, more counterions (from the Debye layer) than co- ions migrate across the
nanochannel when an electric field is applied resulting in a net transfer 10 of charges (counterions)
from the dicHfcegibRtinatebaliiiuie ShrECaHPECcBMCENPRITT Biefinstbrla SR 2). According
to this aspgret Bfithiedavariie uiebcHaplation iheatthemanabstisiciehnnnet thiskens:the Debye layer,
causing itgng%ﬁeglggbgld?r% s{iq@f&a‘l’py }Qsth% %nofluidic channel, speeding up the concentration
polarization e ?ect, and above a certain: threshold En value, as described further hereinbelow, results
in eleéctroosmosis with second 15 order kinetics. According to this aspect of the invention, counterion
depletion fram thevbaneiligie:shasmeh RAccIeatemal ap-axtendedspagenchiasedayesn bulk
solution V\chisgdtl%e ﬁic(.;:rot(l:hal(r)mevlv. re er&és c%-{'ac‘)rg:rmiil r%g Qiin {ghi re ion. én otg%nemg?diment,
controlling%e electric Telde (En e\ , to"balance eTWo forces ?éem(‘)”ﬁ reﬁutl%loﬁoﬁom the space
charge lage¥ss. thightih i venechrobsnibtis fiowiieshrehaiveceT oI skadibes Myerintarfaee, which is

where anigpiG:speriasef interasiritntiaprad.2ad sollecteds aseardiag.ienhis aspacdefthe invention.
In one emhodiment, equal _vogagre is %@pﬂe to the ancgﬂic and %atho ic side of the microchannel, 25
or in anotRer & es(‘)éﬁ%al\l fla?s atervo ag“él?sigﬁ’f)(fieeég to the anodic Side 8Fth ?ﬁ?g%gﬁ%?flnel, as
comparedertizetioniédicEighee . ahowrdingnobbidinpatt & Spatweitangéotagenidiqgarerdbed in the
microchanpelRiies aRRIYinsereaier valiagete thaanodic Sk@@ts@:f aaid micEachapngl 4o one
embodiment, the liquid is a solugion. In another embodiment, the liquid is a suspension, 30 which, in
another IBHTRIE TS GFEAR ool RS Bett Bk PR B B0t Bam e, WPUné Efbdiment, the
species oftmserebEooraiprises rotéied poiyp bgtitésion aliciadit sjedrabspasiiclesh eeworhbinations
thergof. In.Qne.srRediment, the species of interest is a protein, nucleic acid, virus or viral particle
found in, or secreted from a cell, and in another embodiment, is found in very low quantities, such that
it represents less than 10 % of the protein extracted

According to this aspect of the invention, counterion depietion from the nanofluidic channel,

and creation of an extended space charge layer in bulk solution within the microchannel
prevents co-ion migration in this region. In one embodiment, controlling the electric fields (En
20 and ET), to balance the two forces (anion repulsion from the space charge layer vs. nonlinear
electroosmotic flow from the ﬁservoir}, stabilizes the interface, which is where anionic species

of interest are frapped and collected, according to this aspect of the invention.

In one embodiment, equal voltage is applied to the ancdic and cathodic side of the microchannel,
25 or in another embodiment, greater voliage is applied to the anodic side of the microchamel, as
compared o the cathodic side. In another embodiment, 2 space charge layer is generated in the

microchannel prior to applying greater voltage to the anodic side of said microchannel.

In one embodiment, the liquid is a solution. In another embodiment, the liquid is & suspension,
30 which, in another embodiment is an organ homogenate, cell extract or blood sample. In one
embodiment, the species of inlerest comprises proteins, polypeptides, nucleic acids, viral
particies, or combinations theteof. In one embodiment, the species of interest is a protein,
nucleic acid, virus or viral particle found in, or secreted from a cell, and in ancther embodiment,

is found in very low quantities, such that it represents less than 10 % of the protein extracted

20



20 WO 2006/081270 PCT/US2006/062550 form a protein extract of the cell. In one embodiment, the
methods of this invention and the devices of this invention enable collection of molecules from a
relatively large (-IpL or larger) sample volume, and their 5 concentration into a small (IpL-1nL) volume.
Such concenwatamaapte can then, in other embodiments, be efficiently sonted:aspasated or
detected by various microfluidic systems, without sacrificing the overall detection sensitivity caused by
the smalltsam le ¥o|ur}r&g &ao??ei:té’elf’f microfluidic biomolecule sorting / detection systems. 10 In one

. T e . . . .. . . - .
embodlmeont, fife methods an concentrating devices of this invention allow for significantly increased

signal intensity of a molecules, and subsequent just detection, which, in another embodiment, allows

for more aggresshmpeiecylar somiag aneieriseaval Aihighuahndanes Molasyiesssuch as proteins,
from asan{;ﬁ)égﬁ(\)/gitgputo e% ific%'régntge ggtti%ga ilit of_ nﬁlec les in minyte concentration, such'as
minor pro%elns or peprﬂ 6815 Th arothar embod n]t*,J & adiEEs forahd Mtfiods 6f Concentration of

this ihverrivecsiizisie e asealf Soketalomikbelifrr ctectinmted iseitpe stUNMeabiontin, for
example)eWiigkhwas H@%fﬁ@l@ﬁigles&wﬁlqébﬁa%m&p@é@d@a%g anchamalllnteragl valume of

conventional microfluidic .channels, Therefore, in,another empodiment, the devices for.and methods of
oot S S AT R, IR BTG LSRR PAET T RIS T Himy provide an

ideal platfbrrvfatuidie giemedsnicrosyaté dneftiohipmenicer detection, environmental analysis, and
chemical-biological agent detection. In one embodiment, the method further comprises the step of
releasing_the species. of interest 25 from the device. |n one embodiment, the method further

conBrise 1985 BB 8¢ &iiBie A JHHE S SBfe & BrTETu EPCiesnSly BIR SISt 8 C Pillary
electrophogedisaisia tertmiguégthbintiiesothensiectiophoretibseatere obrdaledate sviaeid/or the

electroosggtie:lowsof SRS sPaleapllaR:Pes 0. sepasals.SamRle A0 cerpanents. Typically a

fused silica capillary of 100 gm inner diameter or less js filled with a buffer solution containing an
electrolyt%}?"ég%ﬁeewalfﬁllﬁse BEiRA AT B BRI SREE R rK TR o SRe s et GPh buffer
electrolytewkspbtentminveltagess pliacetheh aneiodthetbuier pepseeyoirs and a second potential voltage
is pjaced in the other buffer reservoir. Positively and negatively charged species will migrate in

opposite directions through the capillary under the
another embediment, the devices for and methods of concentration of this invention enable

the use of several non-labeling detection technigues (UV absorption, for exampie), which was
not possible due to the short path length and small internal volume of conventional microfiuidic
channels. Therefore, in another embodiment, the devices Yor and methods of concentration of
20 this invention, which combine concentration and molecular sorting may provide an ideal
platform for mtegrated microsystems for biomarker detection, environmenta! analysis, and

chemical-biological agent detection.

In one embodiment, the method further comprises the step of releasing the species of interest
25  from the device. In ope embodiment, the method further comprises the step of subjecting the

species of interest to capillary electrophoresis.

Capillary electrophoresis is a technique that utilizes the electrophoretic nature of molecules
and/or the electroosmotic flow of samples in small capillary tubes to separate sample
30  components. Typically a fused silica capillary of 100 pm inner diameter or less is filled with a
buffer solution containing an electrolyte. Each end of the capiliary is placed in 2 separate fluidic
reservoir containing a buffer elecirolyte. A potential voltage is placed in one of the buffer
reservoirs and a second potential voltage is placed in the other buffer reservoir. Positively and

negatively charged species will migrate in opposite directions through the capillary under the
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21 WO 2006/081270 PCT/US2006/002550 influence of the electric field established by the two
potential voltages applied to the buffer reservoirs. The electroosmotic now and the electrophoretic
mobility of each component of a fluid will determine the overall migration for each fluidic component.
The fluid flowngrafibe/ssesulting from electroosmotic flow is flat due to the regugtiemi/digitonal drag
along the walls 5 of the separation channel. The observed mobility is the sum of the electroosmotic

and elecipptiietic obliies candihe pRseedYsloc s e symal ins eleqiposmatic and -
the invention, a Cagl arg}pe ectropnoresis system Is

electrophoretic velocities. In one embodiment

nucromatsiEesL  BneraraevnoEc e g dhp stewtoriiosisameeiliin 9, the: comasheritiig device
describedifiarein dMathpdsef srewmaschiningocapiianele chppbriesishsysienmeniagrvices are well

/mown in_th art nd are described, for lei U.%.]P.at.N ..6,27 é%89; § Pat. No. 6,271,021;
Effonha Sy i oppgse e How b adle s Beehcinn s Inchipnal ek Wt e Wl g o507

Jacebsorietl. semgetion ndiample nhhe @hst0/Rd ToRilin ds) deolsson ¢t Hte KigHopsiticChrin. 15 66:

1114-11 bectiopine-a0eaimeat e sapilanalosiiephqresis seRAIRNSBERVIdRAisample which may

“then be gl%gdof(%{ pe%%th@uLuDeé-MS and/or ESI-MS/MS-based protein analyses (see, e.g., Feng et at,
2000, Journgi the Amencan Society For Mass Spectrometry 11: 94-99; Koziel, New Orleans, 20 La.
2000; Khandurina et al., 1999, Analytical Chemistry 71: 1815-1819. In other embodiments,

downstrear sppasationHayise sevbichdpayaiRieiRee sthdpercanceitiatar aftbisdnention include,
butisre ngttgnéliggd.ct:o, mi.cglo, high performance Irirf#:id z%hromatggr%)hé? columns, for example,
reverse-phase, Ton-exchande” AAd Attty o RiAe I8 £ T HE IR FE4Ts SR tHE G act
configurdetiast afygererkinteiepdastelavimiphoeres eptptecddownsivears ofdhdroncentrating device
3re to geﬂf@laﬁig_@&e%ea&%ﬁéé‘: taisdnyen &i%l,Uaﬁmlci%g%h@@%}ﬁ@&%ﬂ%%ﬁ%&%}é@ﬁ?@z;tO _(Sjuitah_ )
esire ication. In on odiment, a_maodule for separation of the concentrated peptides whic
& positiok e IS b b T i Aot et S cte 10 o ST el and a
capillary #8tweerrsprece ads! 884nhich. Gresleeirid Field 1i3; appliachbidrectran 964 ohal séjpawation medium
in the cagilany sygtam and the injection of the sample to be tested (e.g., a sample band comprising

peptides and/or partially digested polypeptides) into the separation medium can be carried out with

the aid of pumps and
In one embodiment, the capillary electrophosesis separations provide & sample which may then

be used for both MAIDI-MS and/or ESI-MS/MS-based protein analyses (see, e.g., Feng et al.,
2000, Joumnai of the American Society For Mass Spectrometry 11: 94-99; Koziel, New Orleans,
20 La. 2000; Khandurina et al., 1999, Analytical Chemistry 71; 1815-1819.

in other embodiments, downstream separation devices, which may interface with the
concentrator of this invention include, but are not limited to, micro high performance liguid
chromatographic columns, for example, reverse-phase, ion-exchange, and affinity columns.
25
It 1s to be understood that the exact configuration of any systems, devices, etc. which are
covpled downstream of the concentrating device are to be considered as part of this invention,
and that the configuration may be varied, to svit a desired application. In one embodiment, a
module for separation of the comcentrated peptides which is positioned downstream of the
30 concentrating device comprises a separation medinm and a capillary between the ends of which
an electric field is applied. The transport of a separation medium in the capillary system and the
injection of the sample to be tested (e.g., a saruple band comprising peptides and/or partialiy
digested polypeptides) into the separation medium can be carried out with the aid of pumps and

valves, or in another embodiment, via electric fields applied to various points of the capillary.
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valves, or in another embodiment, via electric fields applied to various points of the capillary. 22 WO
2006/081270 PCT/US2006/002550 In another embodiment, the method is utilized to detect said
species of interest when said species is present in said liquid at a concentration, which is below a limit
of detection. ¥asmxesaplified hereinbelow (Figure 3), a solution of 33 pM gragrsbsirassent protein
(GFP) loaded into the device, when monitored by fluorescence microscopy, was below the limit of
detection. Concentration of the solution as described enabled detection of the 33 pM GFP, and that of
even more dilute GFP protein solutions of 33fM, when monitored over approximately 3 hours, with
concentrafibrivtiacorbuines, 108mtind\editiligeth onisternbadineni:sconaentationespaerd is rapid. As
exemplifieghheseinbrlow it QZfalgscancaniaion sl he SERSWIIARVAS;aghieved within an hour.
Since the approximate volume of concentrated plug is about 0.5 pLHz--.Sm X ﬁé’m x 20m), then the
concentrating device pumped sample liquid volume as large as 1L through the channel and trapped
the GFP withixarptHid\iohembel Giv@ietihe Boncehtiatiofi HinsvOfrto4iseedmihisexperment, the
average samile iflguhsReedShakid B6:AS-DIAL) 3R JRIRISES .20 &é‘g&%@%&%&mgat -thgsﬁlpvent'on

provides adr?ethod or controlling liquid flow in“a system, the method comprising: 20 applying said
liquid front & S00PcE PBAT TR hetileit 2 Serihad Arabier Astrrdanrligindd edhipesd
microcharth@| ofinkedriora dianoCiannetandisaiddigiiddompesemaiicbatged:sprsiareran amphoteric

species; i%gﬁ[%ﬂgﬁ%%gﬁg}ﬁhﬁﬂ%ﬂﬁpg%@@ﬁ%gﬁhereby ilon 25 depletion occurs in a region

Whegﬁjn said microchannel is linked to said nanochannel, and a space charge layer is formed within
said ‘microchannel, which provides an energy barrier for said species of interest; and inducing an
electric fichl msaigimitrechannetmissabyps30 lestiaosmoticdlaw:izdngdseaddn saighirigiochannel,
said flow {uslherinipdheioe sAUiauicRoSAdLA SR And.521d lovps ontsolied by he strength of
of concentrated plug is about 0.5 pL (~1.5um x 20pm x 20um), then the concentrating device
pumped sample hiquid volume as large as 1ul through the channel and trapped the GFP within
15 that volume. Given the concentration timme of ~10" sec in this experiment, the average sample

flow speed should be as high as imm/sec.

In another embodiment, this invention provides a method for controlling liquid flow in a2 system,
the method comprising:
20 applying said Hquid from a source to a pumping device in
said system, wherein said device comprises a microchannel

Imked to a nanochanmel and said lignid comprises a
charged species or an amphoteric species;

inducing an electric field in said nanochannel whereby ion

25 depletion occurs in a region wherein said microchannel is
linked to said nanochannel, and a space charge layer is
formed within said microchannel, which provides an
energy barrier for said species of interest; and

inducing an electric field in said microchannel whereby
30 electroosmotic flow is induced in said microchannel, said
flow further infroducing said liquid into said device and
said flow is controlled by the strength of said electric field.
Controliing liquid flow has numerous application in 2 wide range of fields, as will be
35 appreciated by one skilled in the art. In one embodiment, the methods of controlling liquid
flow, and/or the methods of concentrating 2 species of interest may be useful in biosensor
devices. In one embodiment, control of Iiquid flow is essential in biosensors, wherein flow and
mixing of a sample and various reactants to and from reservoirs in a microfluidic system is
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Controlling liquid flow has numerous application in a wide range of fields, as will be 35 appreciated by
one skilled in the art. In one embodiment, the methods of controlling liquid flow, and/or the methods of
concentrating a species of interest may be useful in biosensor devices. In one embodiment, control of
liquid flow is Bg3ew@alsrzviosensors, wherein flow and mixing of a samplerand varneus:k8actants to
and from reseryoirs in a microfluidic system is 23 WO 2006/081270 PCT/1JS2006/002550 required,

In anotherrggﬁgggirﬁgﬁéﬁ&n&%ﬂe})ﬂtﬁgq of a minute a%t#%/ of a species of interest for detection is a
critical element of & biosensor device. | B HE BB g BT SRR Aoy EPatiss paRieAY useful in
detecting GRjENEMS hcaistbplemespoie diatenswhdreire ddtectionmidtimentganismeisathesvise difficult.

5 In other ginbadimenisuyariaus:anplisalinns.ob the.oetaedsHf Q?ﬁep%@&yﬁ&%&ﬁh%n?%f&epossib'e

without deviating}{r.om the, né[sf?gtlinvention. For the method of controlling fluid flow, for example,

multiple m?é‘%(%anlﬁé)fg%véﬁ e 58 Beposited such that fluid flow is directed to a central reservoir, to

whichPadditional microchannels may be connected. According to this 10 aspect, the fluid once within

the reservmrméyemgg&%ﬂﬁ!n%goggﬂ%ﬂﬁ&ggﬂsb& E}érﬂgﬁﬁc}@6?H&@‘b&%?%%%@@ﬁ%%%%}&%{&maﬂne|S to
e

another resetkvoirr cgonn,ectgrd thereto, for further manipulation. It can be appreciated that the pumping
method of the presentimantiom wBIRENith (aiSud & pbs ithedo inenralies iiiér favy Biwlogical fluids.
15 By wayesieranpiinitersoncemreitingaarie pundging adethadsef fheipriesent dpvasdion allow for

high-throughiput rebelis-agsaying sysiems pdiesiininteriace with the deviges of the present

Vi
invention, and to cogcentrate a species of interest, and/or and pump liquid. Various modes of carrying

out the inVERTEN T &'E8 s BITE F Y S B W MlinDiTebe dBie b S Grive ol Mimged iFausbarticularly
pointing otittaxchuistnofiypiclaimingthe subjectanattdr cothieledsiegartedasdhadyention. 25
EXAMPLES. Materals. icenEabrigation. 30 Fabrication techni ues were as
described (f] Hg%ﬂﬁﬁ%r%ggg%&%%%gﬁgi%% %ﬁ.,%ﬁ??ﬁfﬁ- Vve %%J&?f‘ ¥ ¥én, H. G.
Craighead’ Spidnpivdine Yass2e0 belesnsbivitivo

15 By way of example, the concentrating and pumping methods of the present invention aliow for
high-throughput robotic assaying systems to directly interface with the devices of the present

mvention, and to concentrate a species of interest, and/or and pump liquid.

Various modes of carrying out the invention are conteraplated as being within the scope of
20 the foliowing claims particularly pointing out and distinctly claiming the subject matter, which

is regarded as the invention.

EXAMPLES
Materials and Methods:

Device Fabrication:

30 Fabrication techniques were as described ( J. Han, F. G Craighead, J. Vac. Sci, Tech}ml.,rA .
17, 2142-2147 (1999); J. Han, H. G. Craighead, Science 288, 1026-1029 (2000)). Two
Teactive ion etchings were used. After patterning the 5-20 pm wide manochannels with
standard lithography tools, the fist reactive ion etching (RIE) etching was conducted for about

10 sec to etch 40 nm nanochannel, while the second etching created two paraliel 1.5 um
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reactive ion etchings were used. After patterning the 5-20 pm wide nanochannels with standard
lithography tools, the fist reactive ion etching (RIE) etching was conducted for about 10 sec to etch 40
nm nanochannel, while the second etching created two parallel 1.5 Fun 24 WO 2006/081270
PCT/US20064a926560s microfluidic channels across the nanofilter. Nanofiltecswiues depita between 30
and 70 nm were fabricated to demonstrate the effects of buffer concentration and channel depth. After

completing RIEre .&gcgéhKOI—l etchin wagalﬁ?ed to etch through the loading holes. Thermal oxidation
was conducted foffowing ;Fllrfflr‘?cisea(él‘"t?ff)%ki’ﬁd1 TEF prioRTE e rape e clertibeirssmSIand A0 Fe bottom of

the device werstHerribeedi el deithnaiiprére wiifers usibyfstansardranadiedonding teshnigues.
Bioanoleculecasigaaen Resngralion- AfmiPRasnhale:llgLLbasic. oty Phosphate) at pH
er .

9.1 was mainl dused, 10 su Cﬁ}lemented with 10 sM EDTA to prevent bac grow uccessful
R e i CBRARIGREBREH Wik, OrNigh Jsphrite Berier as well.

pre-concentr
Condftions dhstiBiiviM Fitd Beacetatke bisffier, and thie TREbuUfem (B0 )wirienitheuhaigaificant
preconcentrgm%ﬁgg&g]écﬂg&{ggponditions of 10mM phosphate buffer, no polarization effect was
observed in channels with a depth greater than 50mn, probably due to the low pH (which suppressed
surface ionization) or too high buffer ionic strength (where the nanofilter becomes less permselective
due to sméflerdbebimiehgtizen? prigatetenes and dyes used included rGFP (BD bioscience, Palo Alto,

CA), FITC-BRA (i ich ' FITC-Ovalbumin lecular Probes, Eugene, OR),
FITC-BSA (Siglrgﬁzit%:'I1 riﬁl%qg% E(ljﬁlffé]_ &ig%)’sf%%%h ye?gcfsgp}wag? I tn%ll\fulIO Sgt(f L‘gﬁ?swgi I\]iﬁffg’Orange
(Motébular PYBRERCRIGG &AL BRMIFATAND BpNAqsekbgratihDiugkasbie poleswereadabeled with

YOYO-1 intersaladingsayes (Melectdaionsoblas sugens: 2Bpbudoliewing 25 reanuiaciuger's
instruction. Als H2-GCEHH-C (SE X | 4,08) peptide molecules were synthesized
at the Biopﬁ#yr%le\%lspl;%agégra%ﬁ%t%%gﬁnaagg(g%:%u?é%?s?ﬁg%ﬁuﬁgg cREBIOoEY SRy TasEistvith a
thiol-conjugBtfRePERAE P  sHowing procedure: HPLC purified peptide sample was first 30
reconstituted to a 10mM peptide concentrated solution (0.1 M pH 7.4 phosphate buffer) as a stock

solution, th luted.to 1mM. T iluted stock solution was mixed at a 1 to 1 ratio
Ufio eﬁ]nger condrtions o 1011%% ghosﬁlatetbuilxger, no polarization effect was observed in channels
with a depth greater than 50nm, probably due to the low pH {which suppressed surface

lonization) or too high buffer ionic strength (where the nanofilter becomes less permselective
due to smalier Debye length),

20 Molecules and dyes used included rGFP (BD bioscience, Palo Alto, CA), FITC-BSA (Sigma-
Aldrich, St. Louis, MO}, FITC-Ovalbumin {Molecuiar Probes, Eugenék OR), FITC-BSA
(Sigma-Aldrich, St. Louis, MO), FITC dye (Sigma-Aldrich, St. Louis, MO), Mito Orange
(Molecular Probes, Eugene, OR), and lambda-DNA (500 pg/ml). DNA molecnies were
labeled with YOYO-1 intercalating dyes (Molecular Probles, Eugene, OR) by following

25 manufacturer’s instruction.

Also, NH-GCEHH-COOH (SEQ ID NO: 1) (pl 4.08) peptide molecules were synthesized at
the Bicfpolymers Laboratory at the Massachusetts Institute of Technology and labeled with a
thicl-conjugating dye by the following procedure: HPLC purified peptide sample was first
30 reconstituted to a 10mM peptide concentrated solution (0.1 M pH 7.4 phosphate buffer) as a
stock solution, then diluted to 1mM. The diluted stock solution was mixed at a 1 to 1 ratio
with 10mM TCEP (Molecular Probes, BEugene, OR) and 5-TMRIA dye (Molecular Probes,
Eugene, OR). The reaction was allowed to proceed at 4 °C for 24 hours, shielded from

exposure o light, following which, non-reacted dyes were terminated by adding 100mM 2-
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with 10mM TCEP (Molecular Probes, Eugene, OR) and 5-TMRIA dye (Molecular Probes, Eugene,
OR). The reaction was allowed to proceed at 4 C for 24 hours, shielded from exposure to light,
following which, non-reacted dyes were terminated by adding 100mM 2- 25 Mercaptoethanol
(Sigma-Aldrich, St. Louis, MO), and dialyzed out, using a mini-dialysis kit with | kDa cut-off
(Amersharn Bioscience, Piscataway, NJ). Optical detection setup All the experiments were conducted
on an inverted microscope (I1X-71) with fluorescence excitation light source attached. A
thermoelectrically cooled CCD camera (Cooke Co., Auburn Hill, MI) was used for fluorescence
imaging. SedtrsritedtishiranesavldsighalyzedibyMPL.ayd 3 BiiRehaetytitsg Faitfadjaial Wthome-made
voltage divider wapalsachipdistitiie diferentc potentials tereservoirs. The built in 100W mercury
lamp was used as a light source, and a neutral density filter is used to reduce the light intensity and to

increase the dynamic range of detection. Quantification of molecular concentration Quantification of
the moleddtsrdaisewsritratiesiyin the channel is depicted in Figure X. Since the device can generate

sample plugg, Tt'ﬂ@b%&éﬁﬁ%&stKl»%@%@d@&@d/dﬁsﬁﬂ:f@ér%tﬁ%i‘a%o%m}d“ﬂ ) Sensity, filtepwhich allowed for
at least 12% transnlll)ﬁllon %‘F@;‘JS (32ND12§ was ﬁsed with 70% NA a erture (50% transmission)
Tt

oxaaL fight SERPEESIFER Iy SENRE S 87 §9namifeFange of the

to decreasé exeita
detector wasiindtBasescsarhite fher mwflmagum;@am;wgswﬁsm&m @Iaanetéﬂsmmfllled with 3.3M

and 0.33M GFRselwieas anskiivaresceatsignal fimuhe saluions:inhe.coangisere measured.

The camera shutt r.was opene onlgédung%vepenodlcal exposures ( -Isec to minimize photobleaching

TH% VelERY REHeUpeife BidiRg 6% B %lﬁ?‘“%ﬁf‘% and following

of the colleBld oIS UTEEY K or
each experimsiat datipsiieré expbseddeattadeht foreasmrod ofitime suficientidic campletely quench
residual flupigsegnce due to the non-specific binding of the fluorescent protein to the wall, in addition
to use of freshly fabricated and filled devices, to eliminate carryover effects. Pre-concentration in
coated channel In order to prevent the adsorption of samples on untreated silica surfaces, a standard
polyacrydiwidgitoatimg( Bektjele apdc@iraimatogr. 347, 191-198 (1985)) was applied. The device was

coated W'”‘Q%aﬁﬁ‘f‘i&@&h%&‘ﬁ&lé’%f%&%ﬁﬁ&%@%%ﬁe@ﬂaﬂﬁ&%&ﬁx&E‘&'mi%‘hrg ﬂ.egi’nce the

device can generate sample plugs that saturate the CCD array used for detection, a neutral
density filter, which allowed for at least 12% transmission (Olympus (32ND12)) was used
with 70% NA aperture (50% transmission) to decrease excitation light intensity. By
decreasing light intensity to 0.6%, the dynamic range of the detector was increased, while the

rate of photobieaching was reduced.

Channeis were filled with 3.3pM and 0.33uM GFP solutions, and fluorescent signal from the
solutions in the channels were measured. The camera shutier was opened only during

periodical exposures (~Isec) to minimize photobleaching of the collected molecules

In order to prevent non-specific binding of proteins, prior to and following each experiment,
chips were exposed to a laser, for a period of time sufficient to completely quench residual
fluorescence due to the non-specific binding of the fluorescent protein to the wall, in addition

to use of freshly fabricated and filled devices, to eliminate carrvover effects.

Pre-concentration in coated channel
In order to prevent the adsorption of samples on untreated silica surfaces, a standard
polyacryamide coating ( 8. Hjerten, J. Chromatogr. 347, 191-198 (1983)) was applied. The
device was coated with 3-(trimethoxysilyl)propyl methacrylate as an adhesion promoter, Then,

5% polyacrylamide solution was mixed with 0.2% VA-086 photoinitiator (WAKQ, Richmond,
26



5%polyacrylamide solution was mixed with 0.2% VA-086 photoinitiator (WAKO. Richmond, 26 WO
2006/081270 PCT/US2006/002550 VA) and exposed under a UV-lamp from 5 minutes, to initiate
polymerization. After the coating, there was no noticeable level of adsorption to the device. Even
though the petyaaryesnide coating process was expected to decrease surfagerpeieniiakand surface
charge density, similar charge polarization and sample trapping pattern was observed (albeit with a 5
lower efficiency l%ly a ng a_hi er |n otentia he | wer e f|C|enc wasg pvercome b
adopting aﬁ%:é/éﬁ vv% S%cll #3%0?%2%2&%1 ﬁrgcg%%uentratlon wit %yersezgg? er%:%n itions Toy
demonstrateaties.adgptability st mmbi@dqwblﬁ%r@ﬁ?ﬂﬁgﬁ@r’@oﬁmtléﬁgcﬂouﬁ@ﬂ Tooeshcdatrations at

different phb&éa%)yﬁmmgﬁ%&@w@@@e@ﬂﬂ@@f&s@@@-ﬁﬁ@p&may@@s@&@daamme operation

of the device was alsp tested using an extr tsolutlon that_comes d|r gﬂioo crylamlde gel
slice, after &St ??‘aé%oﬁo %%Zafé&fb% PR ZAEBRE S et s |58¥" Simlifating using
biosampledatieeeificirom Qela;eibfetgcﬂdmhesmmhem‘é@ a”bqﬁouymeﬁmmmmﬁ@y%g@arch
enV|ronme@§saé59§ng>éH@§gr;g§glgggg} sataingddno proteins, but small amounts of salts and small
molecules may have been present in the gel from the sample or electrophoresis buffer (Tris, glycine,
Sodium dodecy! sulfate, glycerol, Dithiothreitol, possible keratin contaminants), from staining
(Coomaskiecdakeeiraiad oith divettvabugidn ctimfitamnd alkylation steps (Tris(2--carbox)-ethyl)-phosphine

hydrochlorige, jadgageiamide W”&@iﬁér%ﬂﬁée)mﬂaﬁf@%@ﬁ@%iﬁ?epycmgO%Mﬁﬁ 20
performed on the trypsmlzatlon solution (60gL; 10 ng/L O%)_sm and/or ;?/psm peptides in ammonium

bicAPbonatSBEARTAIRM hifG SRy ARE hdet AR 0P B A PR ™ T Bt action
solution wagecoledtaetarntheanesntratelths teispead\ade Extrdction witlexgerticalionnbg performed
sequentiallylysing: 2001 6f,100 1M, AR LICEAIbANAIS Akt uBioase IRIAATFA) in water,

twice 0.1% TFA in 50:50 water to acetonitrile. Each 25 time the extracted solution was collected and

pooled witHHREERHN 1B S oRFFEFASHAPARR pFEEBARS ST an B CER R HEE HoWiPTd &broximately
10L in the spersht@e=skh@ntithidevb@mplex spligibnrarasnise ceasmah sanmpersufie Tiey eaxdding labeled

GFxmoleqyles oG PIERREERUAHIAR SRS ﬁ%@&%ﬁ SRMPIR SOMLARyAS diluigd with 10mM
phosphate buffer (1:9 ratio) and loaded into the channel.
present in the gel from the sample or electrophoresis buffer (Tris, glycine, Sodium dodecyl

sulfate, glycerol, Dithiothreitol, possible keratin contaminants), from staining (Coomassie
biue), and/or from the reduction and alkylation steps (Tris(2-carboxy-ethyD-phosphine
' hydrochloride, iodoacetamide, ammonium bicarbonate). The extraction by somication was
20 performed on the frypsinization solution (60uL; 10 ng/uL. trypsin and/or trypsin peptides in
ammonivm bicarbonate buffér) following enzyme inactivation with 20 uLL of 20% formic acid.
This extraction solution was collected and concentrated in the speedvac. Extraction with
sonication was performed sequentially using 200uL of 100 mM ammonium biocarbonate,
0.1% trifluoroacetic acid (TFA) in water, twice 0.1% TFA in 50:50 water 10 acetonitrile, Each
25 time the extracted solution was collected and pooled with the extracted sclution from the
preceding step and concentrated down to approximately 10uL in the speedvac. Then, this
compiex solution was wsed as a ‘sample buffer’ by adding labeled GFP molecules. For the
preconcentration step, this simulated sampie solution was diluted with 10mM phosphate buffer
(1:9 ratio) and loaded into the channel.
30

EXAMPLE 1

Concentration of Charged Species Via Electroosmosis and Electrokinetic Trapping
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EXAMPLE J Concentration of Charged Species Via Electroosmosis and Electrokinetic Trapping 27
WO 2006/081270 PCT/US2006/002550 Biomolecules are efficiently concentrated in a device, which
provides for a nonlinear electroosmotic flow (much stronger than normal electroosmotic flow)
generated inw&b@anel 2of the device, conveying biomolecules to a "trappgrregion doisaca high flow
speed, in combination with an energy barrier for the molecules generated by an induced space charge

5 layer in th%%e\é (;:eill'ﬁl'she&r cor 1{Jj]lrk]tagon of these two phenomena results in a rapid concentration of

charged biomoleauies. foF example. proteHvait JoftdedshitnishnierotiaiercharAmbpes the device,

without any pesisiesinpardlors Grudagimis: upatonéO6a4O8dnidsnconentahent0 pe.ambadiment of the

device is schematicale depicieddrofitbie A6 a0d B-Q6 91many %ﬁltgiﬂigﬁ‘?{%ﬂg%%éha””e's (1-10),
els (1-20).

typically less thgn 50nm in thickness, connect at least'two™ microfluidic chann Tvo separate

electric field S BrE 4R S4BT E AV &5 &P B (Rl FRRsRSTRiRSNRY 2 SISPRAN TP F RETRe 113. The
field i the narmfluithe EhiannBig Esinsinasaddiigeneratphancinend eplatian segiencandexiended space

charge layex{hakyaps anianis-bismolesyies, 4 anasniabigld inducedin (e miciolyidic.channe

(ET), in the F?lnodi(; sidef 15 generates an electroosmotic flow, conveying molecules irom the reservoir
(1-30) into tHE YFESHEdPRYIGHY ARABS AEtFE e G a BRIt dvid iscsesnsistigneally depicted in

Figure 2. A nanofluidic channel (2-10), connects two microfluidic channels (2-20). Electric fields are

applied to the20:deNikentd WeaBsl H16:Alecliogsda:a0, fsshown, The fleld in ne anofluidic

cha%el (E").is used to generate an ion-depletion r and exter spacec arger %@I@? that traps
aniotlic biofBISERRLIGC ehgasiti A il TRICREE ISR (hemierer i disckhraneanE ) atidetisetwnodic side,
generates anieleitidosrhotielflqiv2epriveyingpaateeltes raanthers A reseik(2:4@)dinto a

trapped regiR Bl RIGEGhARNEL Jg@l&iﬁh@g%}?ﬁgelﬁwggf?&?%i% the sample suspended or 25

solubilized in the fluid. Other containers witr er in contact with the microchannels aredepicted in
the figure (2:58) WHBFREERARRITIT R SoRIaB R FerErvand seestcdtioss taremibaietens asidéscribed
herein. Thetievide-uay beafgbrinatbdd singstandarehrhaiplitheamahy@ndteastivesiogiching 30
techgiques, as.described. The thickness and uniformity of the nanofluidic channel structure was
checked byf?ggnging el%?ct‘{g)n m@?ro%ﬁﬁzvﬁhfog‘ﬁ?]tﬁge ?]a%r{l;caet?o% I@cﬁﬁiéﬁ@%@é&?ﬁ%&dﬁt@eﬁe

apped region (1-46).

Another embodiment of the device is schematically depicted in Figure 2. A nanofluidic
channel (2-10), comnects two microfluidic chanmels (2-20). Blectric fields are applied to the
20 device,- by means of the siectrodes (2-38), as shown. The field in the nanofluidic channel (Epn)
is used to gemerate an ion-depletion region and extended space charge layer that traps anionic
biomolecules. A tangential field induced in the microfinidic channel (Er), in the apodic side,
generates an electroosmotic flow, conveying molecules from the sampie reservoir (2-40) into a
trapped region in the microchannel. The sample reservoir contains the sample suspended or
25 solubilized in the flnid. Other containers with buffer in contact with the microchannels are
depicted in the figure (2-50), where some function as waste reservoirs, collection means, ete.,

as described herein,

The device may be fabricated using standard photolithography and reactive ion etching
30 techniques, as described, The thickness and uniformity of the nanofiuidic channel structure
was checked by scanning electron micrograph, and the fabrication fechnique used, produced
nanofluidic channel as thin as 20nm, without significant deformation or coliapsing of the

channel (data not shown).
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nanofluidic channel as thin as 20nm, without significant deformation or collapsing of the channel (data
not shown). 28 WO 20061081270 PCT/US2006/002550 Nanofluidic channels (-50nm in thickness)
can support perm-selective ion current similar to what occurs in ion-exchange membranes. Within

such a thin namoftwikecivannel, perm- selective portion of ion currents, capised:wihenegynterions
within the Debye layer cannot be ignored, compared with the total ion current through the

nanochann%a'lll'h refore, more 5 %oun_teric_)ns (from the Debye layer) than co-ions will migrate across
the nanochanneﬁwlgljtécnC RSt GrdTe g igBe R mRe T Ry IrrcrEEe A ARt imdfsrof charges
(counterions)frorecctive Emodiesidege thentathadisvside, aor thepvesalfionicunesmragionwill be
decreased qaithgCathodicside duerto @aﬁ?%?&%t'& npolarization effect (Figure 3B). 10 lon depletion
- (caused by concedntration polar_izatior:{near the nano%ﬁfpﬁecsamne wi I%Srﬁé %q.al)ﬁé ﬁlézf)o)}ce% c;rayer thicker
and overlap MSFE siGHMREERTIR ths SRbiidrRersnBELSEhiER wilodasd uphasiesnawmration
polarfzation sAistres ¢ertaithtireishalyd) watie-the 0N KFAASROI-ACIESSANR ICRABNSLENISTS a new,
non-linear regime elRClQkinelcR: of the.seepnd kind), which has heen previously reparted in
ion-exchange mem,branes%tkﬁlgegimj '(Flégmfés Ig)l}l tgfaal?rsr%rfgncsaééés %%%ttee}(‘(? ?F%%ﬁmfﬁe nanofluidic

channel, anFafPedfertRl Snfadefis bis1apd b nteel dreleamrioniatoubid kedsywiltbentrmed in the
bulk solutioratiesiibyidithindtheomiarafividieiehanneldithigigases Mithin this induced electrical double
layer, electroneutrality is locally broken (these charges are screening the fixed surface charges within
the nanochannel), and co-ions (biomolecules) are prohibited from this region because of its 20

negafive po{%ﬁﬁl’%}?ﬂa@a}ﬁsﬁé’bw Selerzativhdiree thenubitd uiticl semeowill gekerate a strong
electfro”osmmhbz}zc_ﬁwa%;en ﬁcl@ﬂg]cgﬁlgadzfayﬁm@E ; ﬁgﬁ@&ﬁlﬁ?tﬂﬁtﬁiﬁ{ﬁ@ﬁﬁﬁc@@ﬂ%ﬁé, (&ﬁ@ﬁ'( r¢,D). B)ll _
carefully coptrolli e ric fie .an one can ba the two forces (anion repulsion
from the spgg:ée8 Zglgc%rcgg%ﬂ}gg%?ﬁ%n ﬁécénr' eﬁe%%?oao%erﬁ%‘ |ct€f8\%&§oeﬁ‘i BT 08 0B ERDlizing the
interface. TATEShiBs FIkENE fEre a6 Metbioraolesine Sednarnkippisd efitticcetientddnd) oritinear

electroosmatic et hasvdkow vetReity iwiieh ishadae NHaesrhucton:{o @C%%E@?Pigiﬁe-r% of the
30

factah, s Soma G e L R AR CORISLTD) e Vet SR b Ehrges).
Others usin@n@ﬁ%@&pmbﬁgﬁéeb@ﬁgg,@gnmnmmh@e bulk sohition nearby, within the
microfluidic channel in this case. Within this induced electrical double layer, electroneutrality
is locally broken (these charges are screening the fixed surface charges within the
nanochannel), and co-ions (biomolecules) are prohibited from this region because of its

20 negative potential just as in the Debye layer.

Such an induced mobile ion layer could generate =z strong electroosmotic flow when a
tangential component of electric field (Br) is applied (Figure 3D). By carefully controlling the
electric fields (B, and Er), one can balance the two forces (anion repulsion from the space
25 charge layer vs. nonlinear electroosmotic flow from the reservoir), stabilizing the interface.

This interface is where anionic biomolecules are trapped and collected.

Nonlinear electroosmotic flow has a fiow velocity, which is a nonfinear function {(in this case
~ErE,) of the electric field. Much stronger electroosmotic flow velocity can be generated
30 (typicalty 10~100 times faster), as compared to normal electroosmotic flow (caused by the |
surface Debye layer charges). Others using charged membrane beads, demonstrated the
generation of electroosmosis of the second kind, however such fiow produced sirong but
uncontrollable flow vortices near the membrane, which were nsed for a fast mixing., The

extended space charge layer is at an unstable, non-equilibrium state, providing chaotic or
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generation of electroosmostis of the second kind, however such flow produced strong but
uncontrollable flow vortices near the membrane, which were used for a fast mixing. The extended
space charge layer is at an unstable, non-equilibrium state, providing chaotic or 29 WO 2006/081270
PCT/US20064@026605 aseillatory ion transport behavior in such systems. remnisagsozgyevious
reports, electroosmosis here was well-controlled, due to the stability of the solid-state nanofluidic
charge-selectiv .which also contributed to the 5 efficiency of concentration.

8 itnterface generﬁltﬁd,
EXAMPLE ZProtein CBREEREHSANVAY Bl&RHo8E sis and Electrokinetic Trapping 10 Figure 4

demonstrates a procedure used for the quantification of the molecular concentration in the channel.

The embodigddevicecn asnemicsample Agsthal saale Iie.GEP Aay wised ipr dgtection, and

thus neutral density filters may be used. The concentration of collected GFP protein plugs was
estimated bﬁﬁwﬁ’&éﬁﬁﬂ% TroHSie Seusealighn RERPtREThoRIEh SR fhe cARFRER BHannels filled
with 3.3M anrtfiGi88NeGeRegututions, allowed for little 15 detection of the 0.33M GFP solution (Figure
4C). The two intensity levels were compared with local intensity level after preconcentration of the
molecules (Figure 4D). Figure 5 demonstrates the stability and performance of the embodied device.
In Figure 5 (A-C), a solution of 33pM GFP (§reedtitBréscent protein) was loaded into the sample

reservoir, and 20 theteaulkingeinaptied VicoBdo:nesksienaimpritaadeby Tieigssence microscopy.
Protein concentration was stably maintained for an extended period of time (several hours), which
allowed for concentration of factors of more than a million. Figure 5 D and 5E demonstrate

condéntraticFi EEB s R SRR dPntn et Sratiam et IbevneisHis asartieicourse of
approximateiy BehunselCoircentiatiandstpeateing a-dhesarHro dieg dexicaui fastors el 106-108
were achieved, fhegolisstianspeet degisasrdamhen e pudcareaniation was, High oM
probably due to the excessive non-specific bin Ing of t & protein on {he channel “sarface.
ConcentratiGh s e RS Basssirard dvisesrutniyn frorsece sigsehtramcheinseasisigved 30 within

an hour. Sinte thenagpratimait alvmesef theuconsentrsiesptuerisabsH0 Aipked-foPMie20m X 20m),
this ygeans Hé?e&@}?%d %11 i d.a sample liquid. volume as |arge as IL through the channel
and trapped the GFP&vﬁt |€1 tﬁg\%ﬁg}rﬁ%@ﬁgﬁ% J‘S)u ghs tWO Intensity I%VS?S were compare

with local intensity level after preconcentration of the molecules (Figure 4D).

Figure 5 demonstrates the stability and performance of the embodied device. In Figure 5 (A-C),
a solution: of 33pM GFP (green finorescent protein) was loaded into the sample reservoir, and

20 the resulting trapped protein peaks were monitored by fiuorescence microscopy. Protein
concentration was stably maintained for an extended period of time (several hours), which
allowed for concentration of factors of more than a miilion. Figure 5 D and 5E demonstrate
concentration of dilute GFP protein solutions of 33nM, 33pM, and 33fM monitored over a
course of approximately 3 hours. Concentration of proteins in the embodied device, by factors

25 of 10°~10® were achieved. The collection speed decreased when the plng concentration was
high {~1uM), probably due to the excessive non-specific binding of the protein on the channel
surface,

Concentration speed in the embodied device was high. 10’-fold concentration was achieved
30 within an hour. Since the approximate volume of the concentrated plug is about 0.5 plL.
(~1.5pm x 20um x 20um), this means the embodied device pumped a sample liguid volume
as large as lul through the chamnel and trapped the GFP within that volume. Given the
concentration time of ~10* sec in this experiment, the average sample flow speed should be as

high as imm/sec, a value not obtainable with normal eiectroosmotic flow (first order), which
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concentration time of -104 sec in this experiment, the average sample flow speed should be as high
as Imm/sec, a value not obtainable with normal electroosmotic flow (first order), which 30 WO
2006/081270 PCT/US2006/002550 only generates up to 10-100m/sec with the field used in this
experiment (WOWesikiTte fast collection (and fast sample fluid pumpingpcarubsanly:esxplained by
the occurrence of electroosmosis with second order kinetics. Induced space charges are generated
within the microchannel by the field (E.), and the tangential field (ET) mobilizes these induced space 5

charges towRify B58=cHERsRie FstPOBmYsehatBiche gl PredBus strrdmmithis4per A8t &ty traps the
molecules bedirlsepumpsihessanpladiquidiens eticiantlynin addiiod bysampleveenseniration, the
embodied deylge, may, senye asa mictoflydic pumiplng deylce. WhIEH is. MuEhmPLe fligignt than
electroosmoefleé(%a%sc roldnetic pumping, and simpler to i p?emen than electrokinetic pumping. 10
Other conditigpsdvanshiediterisie rible cahifcorearvatispld Sy R Eash sened iBdime Sicfude varying
the iopirc]: str?]ﬁﬂgw{&mcgm&raﬂﬁa@- M@l@g&h@m&%etﬁ%&ﬁﬁﬁ@l@ﬂﬁy figis ipapgoyedanen the ionic
strength of the buffer i creased, it can be operated even at IQmM phasphate buffer condition, 15
Varying the tﬁaé’ﬁ‘o%?ﬁigll%ec el&ﬁn%?ﬁu% Nesy, aﬁé)aé?al% %?‘?i‘ﬁ??’ sef%e%?ﬁla?ﬁ%ér?%g?n%%o&t?gﬁ%ﬁf evaluated
as well (datzorstsision) thn germdied, devieasiag vaisofiuidiciendnidd] tekriesdevicinybidely

proportional jgthe.buftendpnicriiengitrradiiedfanihesperstinpisd, the ambediedindamesa: 20 Further,

varying the size and numher of the nanofilters in a given device affect the concentration efficiency of
the device, &Ef‘é‘t%cqfi’f-?&‘rgﬁ{“@%&%81%|d distributions in the system. 25 The embodied device was
testéd for its ability to concentrate proteins (Fiagure 4), synthesized peptide (Figure 5), fluorescent

dye, and. flugfigscentisads i selen Hair HekshawnkFinther, deviasaparation wamiested when
the device surface was coated with oléacrﬁl mide polymer i% prevent non-s ecg’ﬁ'c. binding of the
é%w‘b‘ii

biomolecule¥ P8I Ca 8 niBREtat t Wi %c &SR EEHREERANER"SpRd varying as
a function ofitipecdifferbat dondifiosizngth of the buffer is decreased, it can be operated even at 10mM

phosphate buffer condition.

15
Varying the nanofluidic channel thickness, and or buffer ionic strength or composition was
evaluated as well (data not shown). In general, increasing nanofividic channel thiclmess, is
inversely proportional io the buffer ionic strength required for the operation of the embodied
device,

20
Further, varying the size and number of the nanofilters in a given device affect the '
concentration efficiency of the device, due to different electrical fleld distributions in the

system.

25 The embodied device was tested for its ability i0 concentrate proteins (Figure 4), synthesized
peptide (Figure 5), fluorescent dye, and fluorescent beads in solution (data not shown). Purther,
device operation was tested when the device surface was coated with polyacrylamide polymer
to prevent mon-specific binding of the biomolecules. In all cases, molecular trapping was
accomplished, with concentration speed varying as a function of the different conditions

30 applied.

This clearly demonstrates the flexibility and adaptability of the device toward further
integration. Evern a complex solution directly from the in-gel digestion of gel electrophoresis

(whick has high-ionic strength and contains some organic solvents) can be used, after being
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30 applied. This clearly demonstrates the flexibility and adaptability of the device toward further
integration. Even a complex solution directly from the in-gel digestion of gel electrophoresis (which
has high-ionic strength and contains some organic solvents) can be used, after being 31 WO .
2006/08127 O/RCiHe/&20M6/002550 diluted in the phosphate buffer of IOnmidrAkkimmpensup the
possibility of using samples directly from gel electrophoresis or other conventional purification
techniques (using high ionic strength buffers) in the preconcentration device. 5 E LE3 Analysis of
Proteins Coé&ieg aife i/ Rh eithteabeiisn sis WimME | Setrohmaeticu thep pris PG| ©Eulsinerappiieg in the
embodied deviegi¢arohedrapebofhbysiersoving Bonthibuifen Foliondsxprstad:te ng.establish the
ionic balancclamq_lsé soorgtgb%&%g gellldtis tlgerpoeng off. t\I/Vh(gn 10 the field is turned off, the collected peak is
instantly dispersesgeflclf’a out twice l%ﬁg orlglr%frﬁe% Width, but there is no further dispersion observed.
Therefore, the molecular plug generated by the embodied device can be easily manipulated either by
electric field (electrophoresis) or pressure-ditsegniieyr kigure 6 demonstrates capillary electrophoresis

of two protein cies collected by the emhaqdied device. The resylts indicate effective coupling of the
R A o S R S R

electrophoresis. EXAMPLE4 Manipulation of Buffer Conditions Increases Stability of Space Charge

Region Itis pogsiRigdo fusther slakilizee-anReRChAIaR egiandey upadiRvialing bulfes,ganditions 20
in the devices.of. the invention (Figur 2 In one_embodiment, a device comprising two or a series of

[ ne,
two microchSHASIE & B8 ﬁ%‘é&ﬁ%& B3 MG EHERTT ARELREING Y5t “ERARSETERE over a
course of tintks, fioid deplstio niintee toplenict pellaisrist i Qlilpadsito nuemichinentgng fzeitom
microchannelifé: 20 #hius the butier eapseiaietinthedoitomymicspimidicichannel ingreases with

prolonged conduction of the segaration process. In one 25 embodiment, the section closest to the
nanochannePE7230P IR ariEh! ?’,3igea??é’(l,?e’a‘.amﬂﬁ\a{%§fthﬁ’iebfi)ﬁ1%“éﬂ'§cﬁ?ﬁ?y($?ﬁ8pﬁ%8ﬁhfEfic channel
may weakerr@rerstaididepigon indhedopachaapiBbmaierespiibritis @ossibiediowses to provide

a source of aJuueh ANGRNLEANRANOTINEDlETAhRraRaUbedAMe PEHATR,INORE empgdinent, or
continually, in another embodiment, by electroosmosis, or in another embodiment, by pressure driven
flow: device and downstream analysis tools, in this case, free solution capillary electrophoresis.

EXAMPLE 4
Manipulation of Buffer Conditions Increases Stability of Space Charge Region

It is possible to further stabilize the space charge region by manipulating buffer conditions

20 in the devices of the invention (Figure 7). In one embodiment, a device comprising two or a
series of two microchannels are each conmected by a nanochannel. | According to this
embodiment, over a course of time, ion depletion in & top microchannel (7-10) leads to ion
enrichment in & bottom microchanmel (7-20), thus the buffer concentration in the bottom
microftuidic channel increases with prolonged conduction of the separation process. In one

25 embodiment, the section closest to the nanochannel (7-30), in particular, is affected. With time,
the ion selectivity of the nanofiuidic channel may weaken and unstable depletion in the top
channel may result. It is possible, however, to provide a source of a lower concentration of the
buffer, at prescribed time periods, in one embodiment, or continually, in another embodiment,
by electroosmesis, or in another embodiment, by pressure driven flow.

30 EXAMPLE 5
Specific Orientation of the Channels Can Increase Stability of the Space Charge Region
In another embodiment of the invention, precencentration of the mmaterial may be enhanced by
positioning nanofluidic channels (8-10) on both sides of the microchanmel (8-20), and in fiuid

communication with the microchannel (Figure 8). Because ion depletion initiates at the
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30 EXAMPLE 5 Specific Orientation of the Channels Can Increase Stability of the Space Charge
Region In another embodiment of the invention, preconcentration of the material may be enhanced by
positioning nanofluidic channels (8-10) on both sides of the microchannel (8-20), and in fluid
communicatisrOowitsAise2nticrochannel (Figure 8). Because ion depletion inpi{ates mbshe232 WO
2006/081270 PCT/US2006/002550 interface between the microchannel and the nanochannel, when

only one ngnochannel is present ad;ﬁiceqt todthtg microchannel, jon de&jetrilonngplgct ext?nd across the
entire lengtSPATE TREFEHURT CEREANEP DTS SeParatish &andra ™ s'Shown iR FIguré s,
positioning oksaarwranielhomeitvbimsideiof daplaniorochizeriald almasiio efistidemgridodibee complete

ion S deplelin :30)..a0thiN Seme SPRAGMERSEMOra Shle:SRARR EBAgRERMAR, 1§ 15 33 WO
2006/081270 PCT/US2006/002550 What is clajmed is: 1. A [%g)ncentratin device comprising: at
i

least one mIEPSEHERRSIOn SRS SN PREERGIARRE A1TNI (oAU AR BId IR iARaid
nanothannetpletionitet6ih dudéanmelectroftiratic Dmpressbiesgareehafiowegosaid microchannel; and a
conduit, through which a liquid comprising a species of interest can be made to pass; wherein said
microchannel is linked to said nanochannel, and said conduit is linked to said microchannel. 2. The
device of claim 1, whereby upon introduction of a liquid 15 comprising a species of interest in said
device and independent induction of said electric field in said nanochannel and in said microchannel,
saidl8pecies of interest is concentrated within said
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microchannel. 3. The device of claim 1, wherein said means for inducing an electric 20 field in said
nanochannel, or in said microchannel, or combination thereof, is a voltage supply. 4. The device of
claim 3, wherein said voltage applied by said voltage supply is between 50mV and 500 V. 5. The
device of clawwo3pswherem said voltage supply applies equal 25 voltage tethemgpadigeassd cathodic
side of said microchannei. 6. The device of claim 3, wherein said voltage supply applies greater
voltage to_the anqdjc side of said microchannel, as compared to the cathodic side. 7. The device of
claim 1, WHEPLHE LGRS of said microchannel is 30 between 1- 100 m. 8. The device of claim 1,
wherein the depth of said microchannel is between 0.5 - 50 m. 9. The device of claim 1, wherein the

width of said ngnochaniglis: hewesn.d B, 84 WO 2006/081270 PCTIUS2006/002550 10. The
device of claim 1, wherein the depth of said nanochannel is between 20 - 100 nanometers. 11. The

device of claim 1, wherein thaessitasen@ithemécrochannel has been functionalized to reduce or

enhance adsorption of said %E)ecées 5. of irﬁter%st to said surface. 12. The device of claim 1, wherein
: 8 grie naNoCnas

the surface of the nanochannefm_a?lr(iﬁor‘mlcroc annel has been functionalized to enhance or reduce
the operation efficiency 8f the #avide, I3dUrhe Be\iESHF cllf 1 Mvheigin an external gate potential is
applied 10 to the substrate™3FYRERice, to enhance or reduce the operation efficiency of the device.

14. The device of claim 1, iHEFEIR CARFHIR FERaRA T O P HERSERA & or combination thereof, are
formed in said device by a lithoguaplyrdmnochannel; and

¢ a conduit, through which 2 liguid comprising a
species of interest can be made to pass;
wherein said microchanne! is linked to said nanochannel, and said condnit is
linked to said microchannel.
2. The device of claim 1, whereby upon intreduction of a liquid
15 comprising a species of interest in said device and independent
induction of said electric field in said nanochanmel and in said
microchannel, said species of interest is concentrated within said
microchannel. '
3, The device of claim 1, wherein said means for inducing an electric
20 field in said nanochammel, or in said microchannel, or combination
thereof, is a voltage supply.
4. The device of claim 3, wheremn said voltage applied by said voltage
supply is between 50mV and 500 V.
5. - The device of claim 3, wherein said voltage supply applies equal
25 voltage to the anodic and cathodic side of said microchannel.
6. The device of claim 3, whesein said voltage supply applies greater
voltage to the anodic side of said microchannel, as compared to the

cathodic side.

7. The device of claim 1, wherein the width of said microchannel is
30 between 1 - 100 pm.
8. . The device of claim 1, wherein the depth of said microchaunne! is

between 0.5 — 50 pm.
g, The device of claim 1, whersin the width of said nanechannel is

between 1pm-50um.
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etching processes. 15 15. The device of claim 1, wherein said device is comprised of a transparent

- material. 16. The device of claim 13, wherein said transparent material is pyrex, silicon dioxide, silicon
nitride, quartz or SU-8. 17. The device of claim 1, wherein said device is coated with a low- 20
autofluorescent maéasiad74L8. The device of claim 1, wherein said device iss¢quplesdaasseparation
system, detection system, analysis system or combination thereof. 19. The device of claim 1, wherein
said device is coupled to an 25 illumination source. 20. The device of claim 1, wherein said device

comprises multipe micto&fdfhafsClaihdchdsrdtsth eenibiiaitishaamsisonelis The device of claim 20,
wherein said multiple saieeeeBRNEIS ndaapeRannels or combinations thereof are arranged with a

particular 30 ge et%ezgév'ilége tdﬁVjce;O@l ,%Ie%ir.rﬂ %% évrrf]erei %%i%geo%gtr%i omprises perpendicular
orientation of said micfochanners w?’ffr{lre’spec{3 10'said Ranochannels. 23 FH& device of claim 22,
wherein each microcHaheristifREERfdOMRsues YW Oh2BEIE8IRTD PGTHUS2066/002550
nanoghannels, which greuerientedpatpanslicularly with respect to said microchannel. 24. The device of
claim 20, wherei saidﬂ()jeev[cceégorp%iise firs}t1 and %Fsec nd ngctli]ochannel each linked to a
nanochannel, whérein a gsvémpcie i tBaded T e b #fe o SisPehsi S 48HHton in said first
microchannel and a |IcWépcaFEesiranirhaf betn botaedizel spensiote or sedution is loaded in said

second microchannelygopA-Auereftididic PsmR gamprising the device of claim 1. 26. The pump of claim
25, wherein Saidi?.ume‘hgad%v&}cg%?ic Q%V%,S'gggrgin an external gate potential 18 applied
10 to the substrate of the device, to enhance or reduce the operation
efficiency of the device,

14, The device of claim 1, wherein said microchannel or nanochanne! or
combination thereof, are formed in said device by a lithography and
etching processes.

15 15.  The device of claim 1, wherein said device is comprised of a
transparent material.

16.  The device of claim 13, wherein said transparent material is pyrex,
silicon dioxide, silicon nitride, quartz or SU-8.

17.  The device of claim 1, wherein said device is coated with a low-

20 ~ autoflnorescent material.

18.  The device of claim I, wherein said device is coupled to 2
separation system, detection system, analysis system or combination
thereof.

19.  The device of claim 1, wherein said device is coupled to ap

Z5 iflumination source.

20, The device of claim I, wherein said device comprises muitiple
microchannels, nanochannels or combinations thereof,

21.  The device of claim 20, wherein said multiple microchannels,
nanochannels or combinations thereof are arranged with a particular

30 geomeiry,

22.  The device of claim 21, wherein said geometry comprises
perpendicular orientation of said microchannels with respect to said
nanochannels.

23.  The device of claim 22, wherein sach microchannel is linked to two
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10 of between 10 Pin/sec and 10 mm/sec. 27. A method comprising the use of the device of claim | in
concentrating a species of interest in a liquid. 28. A method of concentrating a species of interest in a
liquid, the method comprising the steps of: 15 . introducing liquid from a source into a concentrating

device, whergin saighdigietig comprises a species of interest and wherein sgighd@VWaR oLBprises a
microchannel linked to a nanochannel; (r) inducing an electric field in said nanochannel 20 whereby

ion depletion occurs in a region wherein said microchannel is linked to said nanochannel, and a
space charge layer is fERerSEDRRITEiT 2ricrisersnprepepdifeteprovitie seapedriergy barrier to said
species of interest; angh@Sipeuenadiquid flow in said microchannel 29. The method of claim 28,

wherein said rov%is el%gtr80§mot}c.1§1% E'J}e ethod_gfdclaim 29, Wher%msai electroosmotic flow is
30 induced in said mictochannelVianaaction of an elecine fisidin said inicfoéhannel, 31. The method
of claim 28, wherein sagcbfidwriisierdesinie daiveinkg (T he nwettiadnel, cidimeB awherein steps are

carriegl out cyclically. %%nﬂi@%s@%ﬁ'&@iﬁ)fa%%f@r&ﬁsw teln ah glastricifilegkisiinduced in said 35
nanochannel, said microchannel o%@combination thereof. 34. The method of claim 33, wherein said

electric field induced iFSARF 5o cishnef: oPHS AR RTRTBEA NNl SBF cBRSH4tion 36 WO
2006/081270 PCT/US26p8/90255@ therenkddedia apphdemgd oliagehtarsaid nanochannel,

microchannel, ongombinalipmthererin3 eodfiamethod Al laipl g8 wherein at least one microchannel

is linked to at least one nanochannel, and is oriented perpendicular,lgl with
26,  The pump of claim 25, wherein said pump has a liquid flow speed

10 of between 10 um/fsec and 10 mm/sec,
27. A method comprising the use of the device of claim [ in
concentrating a species of interest in a liquid.
28. A method of concentrating a species of interest in a liquid, the
method comprising the steps of: ‘
15 e introducing liguid from a source into a
concentrating device, wherein said liquid comprises

a species of inferest and whersin said device
comiprises a microchannel linked to a nanochannei;

e inducing an electric field in said nanochannel
20 whereby ion depletion occurs in a region wherein
said microchamme! is linked to said nanochannel,
and a space charge layer is formed within said
microchannel, which provides an energy barrier to
said species of interest; and

25 = inducing liquid flow in said microchannel

29, The method of claim 28, wherein said flow is electroosmotic.

30. The method of claim 29, wherein said electroosmotic flow is
30 induced in said microchannel vie induction of an electric field in

said microchannel.

31.  The method of claim 28, wherein said flow Is pressure driven.

32.  The method of claim 28, wherein steps are carried out cyclically.

33.  'The method of ciaim 28, wherein an electric filed is induced in said
35 nanochannel, said microchannel, or a combination thereof.

34.  The method of claim 33, wherein said electric field induced in said

nanochannel, or in said microchannel, or combination
36



5 respect to said nanochannel. 36. The method of claim 35, wherein each microchannel is linked to
two nanochannels, which are oriented perpendicularly with respect to said microchannel. 37. The
method of claim 28, wherein a first and a second microchannel 10 are each linked to a nanochannel,
wherein a sawplgvigtaaded in a buffered suspension or solution in said first-icrachHaRRE and a
lower concentration of said buffered suspension or solution is loaded in said second microchannel.
38. The method of claim 28, wherein said voltage is between 50mV and 15 500 V. 34. The method of
claim 28, wherein eqi it Ege3 SRR I et AERRRARRRREh B Y 'said microchannel. 40.
The method of claim 28;onibaraionghesstsr voltage is applied to the anodic side of said mierochannel,
as compared tosg?ren ;?B%%Qé&&&do%‘ 1Atk 5513&3%%1%&%&8'%&&%%%@%1&6pace charge layer is

generated in sal ochannel prior to applying said greater voltage to said anodic side of said
microchannel. 42. Th® ielfiStBE IR BBIGh BRIt RPN SPOSIHAF ottnnel is between 1 - 100
am. 25 43. The methesebclaiai@ansderedn the the depth of said microchannel is between 0.5 - 50

m. 44. The methpd of.¢laim 28, wherein the width of sai Lis, hetween 1m-50m. 45. The
method of claime%& vflfﬁgr%}i%t%t%%o e%%ﬁnoégs’a}v %glﬁo%%gr%}%ﬁé%%%ﬂgg%%e%ﬁ%{g{ 100 nanometers. 46.
The method of claim 2% FRerbinge shirdcacoripashRIFERRFErh I b EERfinctionalized to reduce or
enhance adsorption af sailmspesies:ef interest to said surface. 47. The method of claim 28, wherein

the surface of ti}g‘na%%hnq&gg& 0%?:131&.{92%9 \Q'Qé(r)e%} %?i?sf a%g—/aus go%%%cgggggnel

10

are each hinked to a nanochannel, wherein a sample is loaded in a
buffered suspension or solution in said first microchanne] and a
lower concentration of said buffered suspension or solution is

loaded in said second microchannel,

38.  The method of claim 28, wherein said voltage is between 30mV and
15 500V,

39, The method of claim 28, wherein equal voltage is applied to the
anodic and cathodic side of said microchanmel.

40. The method of claim 28, wherein greater voltage is applied to the
anodic side of said microchannel, as compared o the cathodic side.

20 4]. The method of claim 40, wherein a space charge layer is generated
in said microchanne! prior to applying said greater voltage to said
anodic side of said microchannel.

42.  The method of claim 28, whersin the width of said miczrochannel is
between I — 100 nm.

25 43,  The method of claim 28, wherein the the depth of said microchannel
is between 0.5 ~ 50 pm.

44, The method of claim 28, wherein the width of said nanochannel is
between 1um-50um.

45,  The method of claim 28, wherein the depth of said napochannel is

30 between 20 ~ 100 nanometers.

46.  The method of claim 28, wherein the surface of the microchannel
has been functionalized to reduce or enhance adsorption of said
species of inferest to said surface.

47.  The method of claim 28, wherzin the surface of the nanochannel
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and/or microchannel has been functionalized to enhance or reduce the operation efficiency of the
device. 48. The method of claim 28, wherein an external gate potential is applied to the substrate of
the device, to enhance or reduce the 5 operation efficiency of the device. 49. The method of claim 28,

wherein saidwuicr@shannel or nanochannel or combination thereof, are fopngedssaig-dayice by a
lithography and etching processes. 10 50. The method of claim 28, wherein said liquid is a
suspension or solution.51. The meth g of claim 5Q, w?ﬁer in said suspension is an organ
homogenate, cell extragg{% 5rrﬁf580 sa_r%Pp & g?“?ﬁléc%% 5%?0?&%‘58,I\/5ﬁaeur°§’m said species of
interest comprises 159 roEiienghlyiseptidedededsic acids, viral particles, or combinations thereof.
53. The methodsgf claif 2&udaeseipigaiddevigerdmcamprisediofA arakarent material. 54. The

method of claim 28, whe&g'n,sa'd tra,i?s ?re?tﬁ%a#erial is pyrex, 20 silicon djoxide, silicon nitride,
quartz or SU-8. 55. THE tethod bretaii 28" WietBii salt BRAARESISCEAHES With a low- autofluorescent

matetial. 56. The metPrsthodcrifiric28y wiibsekrvisaid device is coupled to a separation system,

detection system, analysiscESIQMLALE IR HINAUAN R IRR5a0kET oTheBelhRd of claim 28, wherein
said device is coupled to an, iIIumir#‘atiotg source. 58. The method of claim 28, further comprising the

step of subjecting said SHRLREG} RFETEs R OapfithR, Wa PSR oFeLit P88 The method of claim 28,
further comprising thérstejsiofg@hoasireg. said species of interest from said device. 60. The method of
claim 28, wherein said method is utilized to detect said species of interest when said species is
pre?gnt in said gguid at '

‘The method of claim 28, wherein said Hquid is a suspension or

solution.
51, The method of claim 50. wherein said suspension is an organ
homogenate, cell extract or blood sample.
52.  The method of claim 28, wherein said species of interest comprises
15 proteins, polypeptides, nucleic acids, viral particles, or combinations
thereof,
33.  The method of claim 28, wherein.said device is comprised of a
fransparent material,
54.  The method of claim 28, wherein said transparent material is pyrex,
20 silicon dioxide, silicon nitride, gnartz or SU-8.
55. The method of claim 28, wherein said device is coated with a low-
autofluorescent material.
56. The method of claim 28, wherein said device is coupled to a
separation system, detection system, analysis system or combination
25 thereof.
57.  The method of claim 28, wherein said device is coupled to an
illumination source.
58, The method of claim 28, further comprising the step of subjecting
said species of interest to capillary electrophoresis.
30 58.  The method of claim 28, further comprising the step of releasing
said species of interest from said device.
60.  The method of claim 28, wherein said method is utilized to detect
said species of interest when said species is present in said Hquid at

a concentration which is below a limit of detection,
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a concentration which is below a limit of detection. 38 WO 2006/081270 PCTIUS2006/002550 61. A
method for controlling liquid flow in a system, the method comprising: (r) applying said liquid from a
source to a pumping device in said system, wherein said device 5 comprises a microchannel linked to

a nanochanmgloamessichliquid comprises a charged species or an amphatetig;speeirsi4s) inducing,
an electric field in said nanochannel whereby ion depletion occurs in a region wherein 10 said

microchannel |sg nke(lto %éa gfganoch Ieg} ace har mfg r ds formed within said

I CONUo 1110' ?
microchannel, which provides an‘energy or said peéles of Interest; and w inducing an electric

field in said microchasebrisBavhereby electroosmotlc flow is induced in said microchannel, said flow

further introducing said liquid into said device and said flow is controlled by the strength of said
electric field. 20 62. The fefRBYBE S ?Edvﬁ%‘i‘e?nsﬁ‘l"f%l RtAPHEIRGS induced in said nanochannel,

said microchannel, or a comt n%%?:oﬁ’th%t‘ fsyéf % ¥o 2, wherein said electric field
mduégd in said nanochann dcﬁaiﬁ ﬁaﬁgna&ﬁ ol g{n%%ia%ﬁgi fg%%pgﬁhereof is via applying voltage

to said nanochannel, microchay n%ﬁ |nat|on 25 ereof 64. The method of claim 61, wherein
said voltage is between 50mV and 500 V. 6 T method, of clai 1 wherein equal voltage is
applied to the anodic and c %&Ee‘ s?ae‘%‘?cé%\?d ﬁ‘?érd&h%%ne{laﬁﬁ The method of claim 61, wherein

It . lied t ion deplénon oCccurs In & Yeglon w.
gre%ﬁr voltage Is applied (o he nncrouhannei is linked o said nanochannel

and a space charge layer is formed within said
microchannel, which provides an energy barrier for
said species of interest; and

¢ inducing an electric field in said microchannel
15 whereby electroosmotic flow is induced in said
microchannel, said flow further introduncing said
liguid inte said device and said flow is controlled by
the strength of said electric field.

2G 62.  The method of claim 61, wherein an eleciric field is induced in said
nanochannel, said microchannel, or a combination thercof,

63.  The method of claim 62, wherein said electric field induced in said
nanochannel, or in said microchannel, or combination thereof, is via
applying voltage to said nanochannel, microchannel, or combination

23 thereof.

64,  The method of claim 61, wherein said voltage is between S0mV and
500V,

65.  The method of claim 61, wherein egual voltage is applied to the
anodic and éathodic side of said microchannel.

30 66. The method of claim 61, wherein greater voltage is applied to the
anadic side of said microchannel, as compared to the cathodic side.

67.  The method of claim 66, wherein a space charge layer is generated
in said microchannel prior to applying said greater voltage to said
anodic side of said microchannel.

35 68.  The method of claim 61, wherein the width of said microchannel is
between 1 - 100 pm. '

69.  The method of claim 61, wherein the depth of said microchannel is

between 0.5 — 50 nm.

3%



anodic side of said microchannel, as compared to the cathodic side. 67, The method of claim 66,
wherein a space charge layer is generated in said microchannel prior to applying said greater voltage
to said anodic side of said microchannel. 35 68. The method of claim 61, wherein the width of said
microchannetis edweenol - 100 m. 69. The method of claim 61, wherein ghe gepnis of said
microchannel is between 0.5 - 50 m. 39 WO 2006/081270 PCT/U82006/002550 70. The method of
claim 61, wherein the width of.s nochan eI is between Im-5 method of claim 61,
wherein the deptrzéof s\gﬁl nan[gc 3%??:—:- is égﬂ 96 W%‘ﬁé rﬁ@{% a%l % The method of claim
61, wherein said electfFssprbiefoRmas a rate of between 500 m/sec to Irnrnisec. 40

71. The method of claim 61, wherein the depth of said nanochannel is
between 20 — 100 nancmeters.
5 72.  The method of claim 61, wherein said electroosmotic flow has a rate

of between 500 pm/sec to Imm/sec.
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