25 JAN 2006 | NANOCHANNEL ARRAYS AND THEI R PREPARATI ON AND USE FOR HI GH
THROUGHPUT MACROMOLECULAR ANALYSI S RELATED APPLI CATI ONS 5 Thi s patent

application clains the benefit of priority to U. S. Provisi t
Appl i cation No. 60/307,666, filed on July 25, 2001. DARPA BN

VDA972- 00 1-0031 supported work that led to portions of the inventions
descri bed herein. Accordingly, the U S Governnent may have rights in these
i nventions. BACKGROUND 10 The present invention relates to a nanochannel
array. The present invention also relates to a nethod of preparing

nanochannel NANG@RANNIEL ARFEEYS ANDVEAETIR PREIRATIGN ANT OSEVORTHIGHI ¢ chi ps

cont ai ni ng nanochannelrgRGREHPUTNHARTROAGLEMWEAR ORAfNSPsrel ates to a
system sui tabl e for high throughput analysis of macronol ecul es. The present

invention also relates to a nethod of analyzing at |east one nacronol ecul e
by using a _nanochannel 15 array. In the newWy energing field of

bi onanot ecm‘ﬁgﬁ) %&?#WKP%I | nanofluidic structures, such as

channel s, need to be fabricated and usedas ar,raés for the manipulation and

anal ysi s of bi orfBishelsnbaprlicainn sleimsihe benglitnf Frigntydo &S FromgsienalBrigaty| e

resol ut i on.agplicathiN 60h67,666) Bledioh Sul9 2513001 CHASS ASEFnt RiAberVBAIPE 06 hannel s
shoul d be on the order of the 20 croSs sectional area of el ongated

bi onol ecul dsQ03it sepported worthajlerkle peRtions efshe pyensignadescrivedriorein.ers, to provide
el ongat ed (Aeccgrdingll)}, %33.8. SN AGH ha 'n%‘ﬂgﬂﬁgb ﬁ%setilﬂ% n%ﬁ‘s?hbe i ndi vi dual Iy

i sol ated, yet anal'yzed sinultaneously byt ndr eds ousands, or even
mllions. Ig A uynb IS also desirable that the Iength of the channels
shoul d be I'ong enough to accommopdate the | ongest of macronol ecul es, such as

an enti {¢ ¢ hr omgho Pﬁ:serg tﬁlﬁ%&%i%@totﬁeﬂaﬂ&ﬁmﬁl 9&8’3 ﬁ'hgﬁge%elqt e tlo%is%r S | ong

(e.g., chronosone of uman genome having 250 h I on base pairs). The
present i nveatestoxn meliodofprepanngpanockaanel witgys. e prasontdeveneen afrogiatesie h

bl d._thei. i bl i L t al.,
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and rel i ablAFPOSBREE IO PRP %15)%1 SFB ALt PR RaRYReleqy)e Dy using & nanochanne

15 array.

In the newly emerging field of bionanotechnology, extremely small nanofluidic
structures, such as channels, need to be fabricated and usedas arrays for the manipulation
and analysis of biomolecules such as DNA and proteins at single molecule resolution. In
principle, the size of the cross sectional area of channels should be on the order of the

20 cross sectional area of elongated biomolecules, i.e., on the order of 1 to 100 square
nanometers, to provide elongated (e.g., linear, unfolded) biomolecules that can be
individually isolated, yet analyzed simultaneously by the hundreds, thousands, or even
millions. Likewise, it is also desirable that the length of the channels should be long
enough to accommodate the longest of macromolecules, such as an entire chromosome,

25 which can be on the order of 10 centimeters long (e.g., chromosome ! of the human
genome having 250 million base pairs). The present inventors and others have recently
been concerned about such problemns and their possible solutions, as reported in: O.
Bakajin, et al., Anal. Chem. 73 (24), 6053 (2001), J. O. Tegenfeldt, et al., Phys. Rev. Lett.
86 (7), 1378 (2001), J. Han et al.,Science 288, 1026 (2000), and S. R. Quake et al.,

30 Science 290 (5496), 1536 (2000).

It is important to effictently and reliably construct arrays of many thousands, or

even millions of channels in an array for the simultaneous isolation and analysis of up to



even mllions of channels in an array for the sinultaneous isolation and
anal ysis of up to 25 JAN 2006 2 thousands or mllions of individual
macronol ecul es. Such large arrays of isolated macronol eculzgs‘“ﬁogbgﬁ
principle, be analyzed with presently avail abl e two-di mensional area
detectors, such as charge-coupl ed devices (CCDs). Together w th autonated
dat a- processing collection and i nrage apal ysis software, the sinultaneous
characterization of up 5 to thousands or mllions of macronol ecul es woul d be
an extrenely powerful tool for macronol ecular analysis, such as popul ation

di St i DUt i Qfh,aRk ¥5hiuiols JTRSE ABR REUORIISLES. sucilEl £8l,sGPIBARGLI on, and DNA
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di mensi onal qualities: d}"i t he channel s shou| d have a 20 sufficiently small
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of macr omol,GeibleSSid fb AL calr) outSNH Hahis IFAMRRNE o oo lingll ONgat ed and
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feat ure Wwodl'd" perm T onb &s to be anal yzed with techniques that
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heretofore unavailable. Accordingly, there is an urgent need to provide nanochannel
arrays having at least three key dimensional qualities: (1) the channels should have a

20 sufficiently small dimension to elongate and isolate macromolecules; (2) the channels
should have a sufficiently long dimension to permit the instanraneous observation of the
entire elongated macromolecule; and (3) a high number of channels should be provided to
permit the simultaneous observation of a high number of macromolecules. In addition, it
would be desirable for the elongated and isclated macromolecules to remain indefinitely in

25 such a state at ambient conditions even after the field which is used to transport the
macromolecules into the channels (e.g., electnc field) is tumed off. This feature would
permit the macromolecules to be analyzed with techniques that require times longer than
the residence time of the macromolecule under the influence of the field. This feature

. would also permit the analysis of macromolecules without having to subject them to a
30 field.

Methods for analyzing macromolecules (e.g., polymers) have been previously

disclosed, however none uses a nanochannel array having the three key dimensional



30 field. Methods for anal yzi ng macronol ecul es (e.g., polyners) have been
previously disclosed, however none uses a nanochannel array having the
three key dinensional 25 JAN 2006 3 qualities as described spkR20bsS:
Patent No. 5,867,266 discloses a mcro optical system having a & urality of
coplanar mcron-to-mllinmeter scale sanple channels prepared using

phot ol i t hography and an artificial gel material conprising a nultiplicity of
pillar structures in each mcron-to-mllineter w de sanple channel. The

| arge channel width nakes this 5 system unsuitable as a nanochannel array.
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nanomnet er - sca eatures over large substrate surface areas at |ow cost.

(S. Y. Chou et ahys AL renfdi¥eSthe p8blem oF frdvidlde suRdtié ndnbeRatheidRdysthat afe  Chou et
al ., Science 272, 85 (1996)) Current sealing techniques such as wafer
bondi ng useful in a variety of macromolecular analysis. Methods for analyzing macromolecules

(e.g., polymers) by isolating them in a narrow channel have been previously disclosed,
however none uses a nanochannel array having the three key dimensional qualities as
20 described supra, primarily because, until now, fabrication techniques for constructing such

a nanochannel array were not available.

In creating ultra-small nanofluidic structures, e.g. for single biomolecule analysis,
at least two problems need to be solved: reduction of size and creation of sealed fluidic
channels. As r_eported by one of the present inventors, NIL is a paraliei high-throughput

25 technique that makes it possible to create nanometer-scale features over large substrate
surface areas at low cost. (S. Y. Chou et al. . App/. Phys. Lerz. 67 (21), 3114 (1995) and S.
Y. Chou et al., Science 272, 85 (1996)) Current sealing techniques such as wafer bonding
(M. Syiernstrom et al., J. Micromech. and Microeng. 8 (1), 33 (1998)), and soft elastomer
. sealing (H. P. Chou et al., Proc. Nat. Acad. Sci. USA 96 (1), 11 (1999), are suitable for
30 relatively large planar surfaces and provide an effective seal. Wafer bonding requires an
absolutely defect free and flat surface, and elastomer sealing suffers from clogging due to

soft material intrusion into the channels. Within extremely smail confining structures,



(M Stjenmstromet al., J. Mcronech. and Mcroeng. 8 (1), 33 (1998)), and
soft elastoner sealing (H P. Chou et al.,Proc. Nat. Acad. Sci. USA 96 (1),
11 (1999), are suitable for 30 relatively large planar surfgacgsnapfgprovide
an effective seal. Wafer bonding requires an absolutely defect free and
flat surface, and el astoner sealing suffers fromclogging due to soft
material intrusion into the channels. Within extremely small confining
structures, 25 JAN 2006 4 biol ogi cal sanples are al so nuch nore sensitive to
i ssues such as hydrophobicity and the honogeneity of the material

const ruct i mgylddieal Edmpiel die 816 Matre SRRSO YssHRGLIPREH atREONLIELES thiST NY
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(D. Bhusari et al., J. Mcroel ectromech. Syst. 10 (3), 400 (2001)) have
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deposition techni are.used to pre nanochannel . arrays havi ng hundreds
of thousafitf mﬁgl"ﬂ’ﬁgﬁf Y5 26 iR 'i“?tle‘gﬂs g’ﬁ:ﬁ’é@éﬁ“&’h&ﬁﬂ%ﬁ"@" ﬁ&\?g‘ﬁﬁs't he desiredkey
di nensi ons acr?\gs th&dﬁ.\‘jrfa e of q.silgcon waf eh suaﬁs%]rat@. 15 I n one
aspect of the praSERIEARGEM MG PreseRidPEriyLacy  Be g hBONGIN%l arrays

i ncl udi Mg @asdehimreEarh@y buigbRk fpd peefatrhing hiph tidbagipel @adromblaeulaminelykial of t he

surface, said_ channels hayi a trench w dth of ss than about 150
nanorreters%?ﬁ‘é“&"‘??’éﬁ‘&?%fé’ﬁ’( ﬂgbf"an?“é‘ggmt'ﬁg%’%ﬁ@ﬁo‘ﬂ’é‘t@?’éﬁ"“&?‘cl east some of
t he channelggpdagtionGechitiqiEsiné edd iy prepat hit@chaiBéiakaid havingagieds such channel s
at |l east substantially enclosed. 20 In a further aspect of the present

i nventi on, havsHGaL Beredhadrariliny ersaerdrimnels haying thedesiredkgy dispepsigls  whi ch

i ncl ude t hg.SteMs s@facPbPY siflbiOvaAeSHbgtateat € having a surface; formng a
plurality of channels in the naterial of the surface; and depositing a

seal i ngjs mat er i @l ofspdtothe!prakdnt vektion AR QkSprbAdSI KaTBLRhnd A8y ural ity of
channel s to render such channels at |east substantially enclosed, the

subst ant i alinejudinga siae bayingrtlerahyaf ghangels i the graterialpidhhsusface.68d t han 150
nanonet er s :afigheR hhiiGH s treAt@RLBQ 1ds888n hBRRP 1 4P PanBRBRIEIA 2 rench depth of

less than 200 nanometers; at least some of the channels being surmounted by sealing

material to render such channels at least substantially enclosed.

20 In a further aspect of the present invention, methods of preparing nanochanne}
arrays are disclosed, which include the steps of: providing a substrate having a surface;
forming a plurality of channels in the material of the surface; and depositing a sealing
material on the plurality of channels to surmount the plurality of channels to render such
channels at'lcast substantially enclosed, the substantially enclosed channels having a

25 trench width of less than 150 nanometers and a trench depth of less than 200 nanometers.

In another aspect of the invention, there are provided nanofluidic chips including:
a) nanochannel array, including: a substrate having a surface; a plurality of parallel
channels in the material of the surface, said channels having a trench width of less than
about 150 nanometers and a trench depth of less than 200 nanometers; at least some of the
30 channels being surmounted by sealing material to render such channels at least

substantially enclosed; at least some of the channels are capable of admitting a ﬂl:lid; b) at



I n anot her aspect of the invention, there are provided nanofluidic chips

i ncludi ng: a) nanochannel array, including: a substrate having a surface; a
plurality of parallel channels in the material of the surfgLgsNSdog
channel s having a trench width of |ess than about 150 nanoneters and a
trench depth of less than 200 nanoneters; at |east sone of the 30 channels
bei ng surnmounted by sealing nmaterial toSrender such channels at | east
substantially encl osed; at |east sonme of the channels are capabl e of
admtting a fluid; b) at 25 JAN 2006 5 | east one sanple reservoir in fluid

comuni cat i1edst v dAmple reRADEr 1ﬁ)ﬂ&1d®i)mhﬁﬁlc6ﬂ'lﬂfmﬂ{ &.leaSB0r of HRAkEhelsLERT VOI 1
capabl e of releasing a fl ui and c)_at |east one waste reservoir n fluid

conmruni cat i S8APIRiTEssTR4r cRpabig o dfaﬂéasﬁ’fg g fjpad; cangdir a4 lsast eng Wasigre sV R0 iu)

capabl e of dgmintdafish with di 16stoneD kR KfineBNQL D@L st P@éﬁbl@f}f Fc@éﬁmg
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exenpl ary enf¥bédi nents, these include: A) a nanofluidic chip, including: a)
nanochannel array, i ncl udi ng: a substrate having a surface, a plurality of
par al | el S channell® Y¢tgnathes cmbpdimen) of giis imyentions thereare pravidedsyatemsifer havi ng a
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processor. |n_.another st, one
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provi di ng aunﬂmi‘allylemticsed;fat hast bmcofubl chghnedy calpabiocfmifmeﬂngarﬂuay andighudi ng: a
surface having a it ar a | el . chann. eri al t he
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nanonet er s sapgdlededeh@iChpabiifheledsingashuid; haid BQUangededoer s; at | east one of
the channels being surnmounted by sealing material to render such channel s

at | east subst ant bidthey e@Bodimentpmettiodsatl ahzﬂ%ﬁg A& staine nieroedastiR] a3e capabl e of

admtting a fl reservoir fluid communi cati on
with at! 79 eé@fcr@ﬁ‘gw(l}fc;"tfﬁ"ee’@ ?Fn E“%eg’ﬁ p§3ﬂﬁ7°é‘qr"égs"e’?"\988‘r“d'°(f fabl e of

rel easi ng andlhdihg ao;mbahamhagnay lﬁ@ﬂﬁﬁg @ RErfAT8 GEANDE PRHle) offatilidihBghelshe at
| east one sanple reservoir at |east one fluid, said fluid conprising

at | east orBthedBerabPEde F‘érfacf rsé‘ﬂé'fﬁ't‘ﬂnﬂs hgvipRa trgpeh) wigiyot dgse then @PRMHDPRcul e i nt o
the at | easfain@f@ecRANDEEnch depth of less than 200 nanometers; at least one of the channels

being surmounted by sealing material to render such channels at least substantially

20  enclosed; at least one of the channels capable of admitting a fluid; b) at least one sample
reservoir in fluid communication with at least one of the channels, said sample reservoir
capable of releasing a fluid containing at least one macromolecule; providing the at least
one sample reservoir with at least one fluid, said fluid comprising at least one
macromolecule; transporting the at least one macromolecule into the at least one channel

25 to elongate said at least one macromolecule; detecting at least one signal transmitted from
the at least one elongated macromolecule; and correlating the detected signal to at least

one property of the at least one macromolecule.

Cartridges including a nanofluidic chip in accordance with this invention are also
disclosed herein. Such cartridges are capable of being inserted into, used with and
30 removed from a system such as those shown herein. Cartridges useful with analytical
systemns other than the systems of the present invention are also comprehended by this

invention.



25 to elongate said at | east one macronol ecul e; detecting at |east one
signal transmtted from the at |east one el ongated macronol ecul e; and
correlating the detected signal to at |east one property ofsjAR 2:ahg! east
one macronol ecule. Cartridges including a nanofluidic chip in accordance
with this invention are also disclosed herein. Such cartridges are capable
of being inserted into, used with and 30 renpved froma system such as those
shown herein. Cartridges useful with analytical systens other than the
systens of the present invention are al so conprehended by this invention.
25 JAN 200BRFFVESCRESIIONOFCTHED RARVINRSN NGS Fig. 1 illustrates a
cross-section of a nanochannel array having substantially encl osed

channel s. [Fig).]1 iBuitlatey sicfo3s-s8tion efaxssocdanied omaytavingabaiianynelclaed ay havi ng
conpletely enclpsed 5 channels and having sealing material deposited in the
channel s. Iﬁ?’@‘?"eg is a scanning el ectron m crograph of a nanochannel array
havi ng par all (;IiBI i near channel s. and gpen channe|l] ends, Fig. 4 illustrates a

schematic &f8 & Hpealsa crossseqioliatangrhanad! pray exingcrmpletsly enciased channel s.

Fig. 5 id!| ¢aidRls@ad AandRbling dhterig epositddinfhedbhafifeld S @ scanning el ectron
m crograph of the substrate used in Exanple 4 prior to sealing with silicon

di oxi de. Fipgg. 362 kéanding eROIMIEicEdgfphoP B nBRdehABE IRy Bhvih g Barlid Biaki@nnel array
of Exanple 4 obtained after sealing the substrate with silicon dioxide.

Fig. 6c ischanfeldnd ApFtehariet §1¥sni crograph (top view) of the nanochannel
array of Exanple 15 5. Fig. 6d is a scanning electron mcrograph (top view)

of the nandémdniiestrates ¢ schegrteebapypeess for depagiung sealige spatsriahintofge eba@s!if-on

m crograph of the substrate used in Exanple 1 prior to sealing with silicon
di oxi de. 2@ igidgllusmgtes @ nanafluidie,¢ iy el ectron ni crograph of the nanochannel
array of Exanple | obtained after sealing . the nanochannel array in 7a with
si |i conl®i &%& &8 Is gcgnning elpeirog nugrograph gt e g‘B’FF‘Hﬁ usRddp EGPEPIR 4PFOF e substrat e
used in Exaphlg witi¥ili@h dicRide.

Fig. 6b is a scanning electron micrograph of the nanochannel array of Example 4 obtained

after sealing the substrate with silicon dioxide.

Fig. 6¢ is a scanning electron micrograph (top view) of the nanochannel array of Example

15 5.

Fig. 6d is a scanning electron micrograph (top view) of the nanochannel array of Example
4,

Fig. 7a is a scanning electron micrograph of the substrate used in Example 1 prior to

sealing with silicon dioxide.

20  Fig. 7b is a scanning electron micrograph of the nanochannel array of Example 1 obtained

after sealing the nanochannel array in 7a with silicon dioxide.

Fig. 7c is a scanning electron micrograph of the substrate used in Example 2 prior to

sealing with silicon dioxide.

Fig. 7d is a scanning electron micrograph of the nanochannel array of Example 2 obtained

25 afier sealing the nanochannel array of 7¢ with silicon dioxide.

Fig. 7e is a scanning electronmicrograph of the substrate used in Example 3 prior to

sputtering with silicon dioxide.

Fig. 7f is a scanning electron micrograph of the nanochannel array of Example 3 obtained

after sputtering the nanochannel array in 7e with silicon dioxide.



sealing with silicon dioxide. Fig. 7d is a scanning electron m crograph of

t he nanochannel array of Exanple 2 obtained 25 after sealing the
nanochannel array of 7c with silicon dioxide. Fig. 7e is a I3

el ectronm crograph of the substrate used in Exanple 3 prior to spu?tering
with silicon dioxide. Fig. 7f is a scanning el ectron m crograph of the
nanochannel array of Exanple 3 obtained?7 after sputtering the nanochannel
array in 7e with silicon dioxide. 25 JAN 2006 7 Fig. 8a illustrates a seal ed
channel having a nanoslit in an opaque |ayer across the bottom of a

channel . Firjg. &hlliskhies b satcdshannsBalving aclrsitiein aapidig 14/ cnadieshd bddman opaque
| ayer acro;g tge Sﬁaling | ayer, which is oriented perpendicular to the |ong
axis of a fad&EHdfihel . 5 Fig. 9a shows scanning el ectron mcrographs of the

substrate g;ef%,ﬁnd bott%%% ﬁnd of the Eealed nanqgchannel array (right)
used in Exdripl% Hustrales g sea channefhavingaianoshi Wi aRopagyedsyer AgoeEs $elitthe 48.5
kb | anmbda phagaxiee deiied Wpeaticulapiddhel bRy kis Ik RRsdRnggNome (| onger) of
Exanpl e 14. Inset: Plot of genone size versus rmacronol ecul ar contour

length. 40 i ®a sﬁ&v§ﬁﬁﬁi;ﬁngaeléb&|&ﬁﬁh&6€\_ﬁf3hs%lfHﬁ)@u&ltﬂ?ﬂé' (1eA MR8 W3 dm PArANGAtHeNd,
separating, and displaying &i Rlura ity of DNA macronol ecules ranging in

si ze from Berlghnangchpopeippay (Heht) uses in Exgmple dfes a system for anal yzing

macr onol ecul es_using a nanofl uyidi¢c chip. One aspect of the present invention
enconpassed & Rdhbe mm&btawﬁgvﬂwae%ﬁ&p they}8,3 Kl jampdayphags gemsreshaig) are

subst ant i al oy 168&b 95 SHage PoncrittMhebr o EGiTEe 4. Thi® Bl PANAGRAGRE @l ay 100

has a surface 102 that contains a plurality of channels 104 in the nmaterial
of the surfraascom@érulariqenteuidengtl. s 104 have a wall 110, and a channel center
112. The distance between the wall surfaces 110 inside a channel 104 that
are per pendiigficahows a paspeisnrcd apgy yimaltangenshetlonzannge seppping and displagieds t he

trench Wt % PRAACL SmdRAIA SheiiHh JRURLAA I @ 19661 No material 108
st Cc Su

t hat rende annel s 104 at | eas stantially 20 enclosed. In one

enbodi ment ;b he iGARIREH Sk fopahd) ﬁ%rgggmﬁamhe%tu%ga%mfﬁch@ad will

typically have no sealing materia ~directly above the channel center
112, providing he RP@PoNthel predelf insERlonNBcsBiaREds Al ndnBciidifel RAY Rl ing EE
openi ng may have a variety of shapes. . o
plurality of channels that are substantially enclosed. As shown in Figure 1, the
15  nanochannel array 100 has a surface 102 that contains a plurality of channels 104 in the
material of the surface 106. The channels 104 have a wall 110, and a channe] center 112.
The distance between the wall surfaces 110 inside a channel 104 that are perpendicularly
opposite to the channel center 112 is defined as the trench width. The channels 104 are
surmounted by a sealing material 108 that renders the channels 104 at least substantially

20 enclosed.

In one embodiment, the channels 104 will not be completely enclosed and will
typically have no sealing material 108 directly above the channel center 112, providing an
opening in the sealing material to the channel. The opening may have a vanety of shapes.
The size of the opening is defined as the minimum distance spanning the opening above

25 the channel center 112. In such embodiments, the size of the opening is less than the
trench width, and is typically less than 1/2 of the trench width, more typically less than 1/3
of the trench width, and most typically less than 1/4 of the trench width. In other
embodiments the channels can be completely enclosed, having sealing matenial completely
covering the top of the channel and having no opening in the sealing material. In certain

30 embodiments of the present invention, sealing material 108 can extend over the walls 110

and the bottom of the channels 104, as shown in Figure 2. In such embodiments, the



The size of the opening is defined as the m ni mrum di stance spanni ng the
openi ng above 25 the channel center 112. In such enbodi nents, the size of
the opening is less than the trench width, and is typical hg jg$seddran 1/2
of the trench width, nore typically less than 1/3 of the trench width, and
nost typically less than 1/4 of the trench wdth. In other enbodinents the
channel s can be conpletely enclosed, hawing sealing material conpletely
covering the top of the channel and having no opening in the sealing
material. In certain 30 enbodi nents of the present invention, sealing

material 1@8n,aPRidaxlREnQVEY tht iRl ESmld0 suddeds H?ﬁ\e@% &me@firé%hﬁw@shﬁnnel S
104, as shown in Figure 2. In such enbodi nents, the 25  JAN 20 8 trench

wi dth is defliegragitogie w#lls ldi*st ance fromthe surfaces forned by the sealing
material adjacent to the walls 114. In the present invention, the trench
width is typicaln the|peesenttin¥gntionothe aeaghevisits is tymsplly tegpthenllp) rzpersetethan 100
nanonet er s K06, 100Hafcthbrs) 83V NABe o -. 1
nanoneters@o?% gc}ri{l"tﬁglien eﬁ)pdi rarlen'; s rtshazl treﬂ@ﬁé\aﬁ%aﬁﬁ?sa gut%r’l??)’%nsé%gineters.
In the S5pré$§eatometaranin eamtain ¢iebodimagntshtheitigndh widthais abard f n2namgters.amul they pi cal |y

L east O pMlahlchie, RESRRCH LN L0 Yoo SOR0ELS AL Al o2

subst ant i aP y encl osed. east su ant i ose neans that the

channel s are co e NG 0 .t eal i terial
that s smai | or ML ReRS HERRAFRe SaBNELAAl cRPER AR OB A IR

encl osed chensnatislyamdlapEhinmegss. thah alren chaintihatre acmpewlypteinty enavosad have a
trench depth that s defined a e distance,he en the surface of the
solid mat ePPHI"™&I" {hﬁéczﬁgﬁgt% er(')‘?1ﬁ t%‘ e® &t ﬁ‘ﬁgt arbé}lao\ﬁkf\l\?ﬁa‘:h YA R P 112 to
t he sealo ngomplety aklosddamentchand bpemiads. center 112. Enbodi ments in  which the

channel s havi ng an opening have a trench depth defined as the distance from
the 15 surface Qharnkle tislared comglaeelyadnclated hwwe atenclindedth thae ichefinae las ke ow t he

channel center to the osi.tiopn .of the eni.n ere the enjng si.ze i s
neasur ed. fsmt"ﬁeegﬁff%?ﬁ th‘g Syrtase oh e Sf’h‘gHm?eg‘ﬁgmr}g%%‘fogh‘){/\ﬁﬁ‘éfgy“&einl?ﬁ%?‘ﬁmﬁ
di stance caparel d¥RRs UINEE thd&alindMaRASl abb@the thdnhél cepeni 17y ErhBodikientofe t hat

is closest to the boteﬁom of the chapnel 104. In teréle ‘gresen,t i nvention, the
trench deptthighehs gheanelshayingqg qppRIng pave @rtrerridepdndetinges the fisence iemheanch

depth i t Vpiegeldf Yhel S68 nfafdfd] t7the BHRonRBHhERASEY ISR eYchki@®h cdi@no R0 nNm
125 rim 100 nm 75 nm 50 nm and 25 run. In certain enbodi nents the trench

depth is abetitomsf thhepepimgckhcrathn opsRRaTFRe Mmeatued. tIf Sifcapeniephps meredhan east 2
nm typically position where a2 minimum distance can be measured then the position of the opening

is the one that is closest to the bottom of the channel 104.

In the present invention, the trench depth is less than 200 nm. In certain

20 embodiments, the trench depth is typically less than 175 nm, and more typically less than
150 nm, 125 nm, 100 nm, 75 nm, 50 nm, and 25 nm. In certain embodiments the trench
depth is about 15 nm. In certain embodiments the trench depth is at least 2 nm, typically

at least 5 nm, and more typically at least 10 nm.

In the present invention, the nanochanne] arrays can be formed in a substrate, such
25 as a silicon wafer substrate, using a variety of fabncation methods as described below. In
one embodiment, the nanochannel array has a plurality of parallel linear channels across

the surface of substrate as illustrated by the scanning electron micrograph in Figure 3.

In certain embodiments, the nanochannel arrays have at least one end of at least
one of the channels can be n fluid communication with at least one reservoir. In these
30 embodiments, at least one channel i1s connected directly with at least one reservoir.

Alternatively, at least one channel can be connected with at least one reservoir via an



at least 5 nm and nore typically at least 10 rim In the present invention,
t he nanochannel arrays can be fornmed in a substrate, such 25 as a silicon

waf er substrate, using a variety of fabrication nethods as gleggii bel ow.
I n one enbodi nent, the nanochannel array has a plurality of parallel |inear
channel s across the surface of substrate as illustrated by the scanning

el ectron mcrograph in Figure 3. In cerstain enbodi nents, the nanochannel
arrays have at |east one end of at |east one of the channels can be in
fluid communication with at |east one reservoir. In these 30 enbodi ments, at

| east one ﬂn@fmkcd@ GRS B ed i @6dnhdneMa dhael hf@ggawh "HRRABE, WP bbth

Al'ternatively, at |east ‘one channel can be connec east one
reservoir \Lqrgprahﬁnza@ogmmwé o ? AhaspeldpsevErRg “Slthraallfgﬁtm@rrei?Weﬂa an

mcrochanngjteré g'ﬁ@ﬁ;ﬁlﬁ\/bmmﬁoﬁmﬂﬁn height, or both larger than about a
mcron), or a ann connected w tfﬁy | east one reservoir via an

i nter connect i ngmn@e?am ér{nﬁfduﬁé’ntsma@ QR Moaénderorfégpu i tﬁg'i:f:zﬁ'llnas sppgppgRnt s, at

| east two ends of some of the channels are in conmuni cati on vvlth at
| east orfe resmpRicitionyGHrabHeast@ne Frserypinaereman td the chaasads. dmbheek emebriidéments, | east

two ends of, BRRy@lnds 2 EHANE Shdidlls O RALACER by RS o ej%en%dlrﬁe%%%a Jpese

channel s can be connec rec y wth at reservorr n certain
enmbodi nent san et cohsa s dnmnlyoh&rmééast@amsbaorronnect ed with at | east one
reservoir via a conmon interconnecting straight or curved m crochannel .

Al ternatively, hﬁceﬁ@inlwﬁmﬂhﬂm athleash bf & clzanelb earcnermot@elt with bt Bbstloeast one
reservoir via von’rr(t:)n nm 2reonn. 1ct |Stp Q%PQ I8 chwmc gnﬁ%"’l‘larl array. In
certain er‘rf)SElwﬂ‘én o e T esent ¥ nven e narll’oc'H: AYEMAhas a
pl ural itoy m‘astchamnmhmetshaatn zhe ecunnea‘tddumdthcmmmm oat | reserveit lviata kemmsibn One
sanpl e reservoir comon t sone of the channels. By "a plurality

of channel é“erf‘gmﬁ%%tna?ﬁ?r‘lgf ?Wg}?r ?WH %% hannel s, typically nmore than 5, and

t I t han, 1 000, 10,000 apd 100,000 chanpels. |
certai 1 enbod) rnF A ABEIETE f dEoprsrs Maean Y SHTHRETFLATANE B { ne

channel s i plukdigy bAciR@hanaat a:armat}md tdrmuiibaion | wittahti least ohe ehinglo@éssrvean be as
| arge as the nunber of chagr’l‘els% gt are on ]t he S“gg’@ﬁir ate. In a certain
enbodi ment §OMAER thihleash SIS oL fhe FRpTEls By Se Pl IR 9bC t EBGAHOPHARAI | el
|i near shapaekianhay,icigcally Redrt @hincs, ind Ofen 2bidM9 ke tHahe opesd, adbe; i toyobei ng
defined as the distance between the mddle of two adj acent  channel s.
and 100,000 channels. In certain embodiments, one sample resefvoir can be provided for
all of the channels in the nanochannel array, thus the plurality of channels can be as large
as the number of channels that are on the substrate. In a certain embodiments, 100 mm
diameter substrates can have about 500,000 parallel linear channels having a periodicity of
20 200 nm, the periodicity being defined as the distance between the middle of two adjacent

channels.

In certain embodiments, the plurality of channels can be connected directly with at
least one reservoir. The connections can be a common interconnecting straight or curved
microchannel. In other embodiments, a plurality of channels can be connected with at

25 least one reservoir via a common interconnecting nanopillar or micropillar array.

In certain embodiments of the present invenfion, the nanonanochannel array
contains a plurality of channels that are in fluid communication with at least one waste
reservoir. Although the plurality of channels is typically connected directly with at least
one waste reservoir, more than one waste reservoir can also be provided. It should be

30 appreciated that the waste reservoir can be used as a sample collection reservoir.

Accordingly, multiple sample collection reservoirs can also be provided on nanochannel



In certain enbodi nents, the plurality of channels can be connected directly
with at |east one reservoir. The connections can be a conmon

i nterconnecting straight or curved mcrochannel. In other xnphodboghts, a
plurality of channels can be connected with at 25 |east one reservoir via a
common i nterconnecting nanopillar or mcropillar array. In certain

enbodi ments of the present invention, tlle nanonanochannel array contains a
plurality of channels that are in fluid conmunication with at | east one
waste reservoir. Although the plurality of channels is typically connected
directly watrhysatInltgas emboditenBsi glufalisesfMdhfinelsvah ®e cBiftc @B Svikea ti€ast &wer VoI r
can al so be provided. It should be 30 appreciated that the maste reservoir

can be used"33§ é?s%r&?ff)l"éa (?oICP'@E’tOPoW‘CF‘é’élé?C\V‘Bﬁrmalg)lbé’ér%‘lrﬁijll JUCTRERANPY| 3 sanpl e

col I ecti onje@pBEd/ Rirfick. ClaRevAb&Q PBraRfO¥ SREANINCAAROLHABNE] wiiR 2 As2OR6 10
arrays. In these enbodi nents, a plurality of channels can be connected with

at | east OMESICVRESTVI MEBRGOPHRGN HIEEORNESHAEEATODINERT crypRoatlar #rEpYst r ai ght or
curved mcrochannel as described earlier. Likewise, a plurality of channels
can be cdonnect efn ggriain gmbpdiments gricthe \presert MmEeiegothe REngchaneed ATl has a

i nter Conne?fu'r{lﬂy BABRRKL ﬁ{at e sﬂbﬁin@i&llg( bélr&llér:'h%m}?thleg;hﬁ% %‘f@h%?.@ﬁ%erm”t s of

the present invention, the nanochannel "array has a plurafity channel s
that are salbbtaamliyazhltl}ﬁ piencalf the| surfpae ofithectubstrage. pl ural ity of channels are
substantially in the plane of the surface of the substrate. In certain
enbodi nents of Ineeripinesdadimentsai thequesentiaventipw dhronanethaarel ayray ean cworimai n

li near Chapﬁgalrs }{ahh%ar L2 PRinSeld” e aﬁ]a%Q&”Ehaﬁﬁéé‘ NGLS a&hﬁbs%ﬁﬂg not

substantially no i nt erconnect e certain e od| men ends of
t he charinelirseraomectapabl e of admitting a macronolecule in a fluid. By being
capable of admtting nmacronol ecul e neans that the channels have at |east
one opening | argecemugmbprbrrpeﬁsmhe tride qfaths apenngls arenweprdervif exsinlitting ahi | e a

variety of O?o@:% edileth 3 {5 %%ﬁrgtctﬁéﬂlecéﬁ &&h&hﬂg*}?:ﬁpo‘?ﬁdi R &Qzﬂxst}ﬁat Reated at

the 15 endd he chann ace o materi a
t hr ough opehanngis have 4t east omeabcmqg lameenm@h to et thgﬁassa”getoﬁe nﬁea:lmom;uhfat erial

can be proyided by. subsequent _npdification,of e nanochan S as
provi ded bm%.a T/#e e?’ts%ﬁ% e A nr‘ﬁ??ﬁeg %P’cnlllﬂ?'esuﬁﬁ SBEHPES B g’ﬁt P%aﬁe ?‘ﬂg
nanocharmekndyr sAthe chminalsnsr orcihanmehee shiae sﬁil'ﬁxgoﬂzpéﬂiﬂl&hlﬁﬁgﬂ bpdRsRerihithg a

macr onol ecul e across .their .| engt The 20 nanochann s can be fitted
with a var F‘é’?‘f}go‘f‘atﬁﬁ‘ﬂ‘po BRTEES g‘ Eifef m%ﬂiart |88 Pm"“{egyby subsequent

modification of the nanochanne! arrays as provided beiow.

In certain embodiments of the present invention, the nanochannel array contains

channels that are capable of transporting a macromolecule across their length. The

20 nanochannel arrays can be fitted with a variety of components to affect macromoiecular
transport, examples of which include pressure or vacuum gradient drop across the

channels, electroosmosis, and electrokinesis.

While not being bound to a particular theory, it 1s believed that macromolecules

typically have a non-linear, three<dimensional conformation in space (e.g., linear polymers

25 have a random coil conformation in their natural state).  Accordingly, it is
thermodynamically unfavorable for macromolecules to spontaneously elongate and enter
channels directly from the environment due to the large free energy needed to reduce
entropy. For example, a 169 kilobase T4 phage double stranded genomic DNA chains will
form a Gaussian coil of radius of gyration Rg= (Lp/6) * = 700 nm in free solution, where

30 L is its calculated contour length and p is the persistence length of about50 nm.



transport, exanples of which include pressure or vacuum gradi ent drop across
the channels, electroosnosis, and el ectrokinesis. Wile not being bound to
a particular theory, it is believed that macronol ecul es ty?gjﬁﬁﬂihogave a
non-|inear, three-dinensional conformation in space (e.g., li1near polyners
25 have a randomcoil conformation in their natural state). Accordingly, it
is thernodynam cally unfavorable for nmcronol ecul es to spontaneously

el ongate and enter channels directly fromthe environnent due to the |arge
free energy needed to reduce entropy. For exanple, a 169 kil obase T4 phage

doubl e stranded jgenesm embbifimenal e nhdchannbOEM A fOLSEBHABhMRLL cBfableaghi US Of
gyration Rg = (Lp/6) " = 700 nmin free solution, where 30 L is its
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JAN 2006 1%4%&&&%@ 9 irLAPGH ARG S, t IR h RANRER A Eve ggffrﬁe/gsl AP spdatg@wh

channel s capable o transporting at |east one macronbl ecul e across the
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ends of t nacronol ecu n certaln enbod nents, ed t hat
such channetsridltsomhesneent pEthe Imasiadidksulkntb pmreardf ode pirdrsion along wheesuafacgh t 0

restrict the nov t of. the cromplecules to primarily one direction al ong
t he surface‘)%tll‘ffsuﬁﬁrg%up%%ffrra glty 8¢ rhé?nee}saaﬁ? 9531?1!5 Corgﬁﬁtﬁel s are not
i nterconnected. In certafierr}ecpg invention,

ferred enbodi mnents of the present
the nanochannel "Af¥RY B'E cap“g?ﬁd(rlam%ﬁs ?@?\grﬁ%er“ 1”38813{1’ 'F%é{g OCRHEEIFTBAE v er
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t he chanpel s rmts.the biopolyners to enter and ve | o t he channel s
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of nmacronol ecul es, such as bjopol yners k@xtgg i nside of the _channels. In

t n

ot her enbodtifferft sNONSHICHIBE (3860t p% Aes¢thEd RbJNEYFREPE oiPF agdhesir aPhhs

channel s IpaceaR@Bues Ouck Espdyhérfdo Ble thef@sdf 1 @antefsol ded bi opol yner across
the length of said channels. While not being bound by a particular theory,

when t he di MensiipBheOémBidatnentd) #E BleferRt Sha MR85 bhinet Ak BSEontdhd cHaRRIsspat i al
conformati on of the macronol ecules, there is at least a partial anmpunt of

el ongat } dn BPInOf FHEFRSRNBeEUIBE PRF LRIOIMEA difRaNgner\irassst e lerfthetisiaths of
the channel$aHe. abhilehfor R %ﬂﬂrbﬁ paflcoMt tR8nPheh SEEBESkisRgbh arRf 20

macr onol ecul es, such as 50 nmfor t he macronol ecul es can be sufficiently
channels are apparently larger than the spatial conformation of the macromolecuies, there
is at least a partial amount of elongation of the macromolecules in the channels. When the
dimensions of the channels are at the same order or below the persistence length of
20 macromolecules, such as 50 nm for DNA the macromolecules can be sufficiently
elongated in an unfolded fashion inside the channels. When the dimensions of the channels
fall in between the above-mentioned two scenarios, macromolecules can be partially
elongated in these channels. In this case, the macromolecules can be folded, tangled, or
both folded and tangled. While it is envisaged that any macromolecule can be transported
25 in an unfolded fashion in the channels of the nanochannel array of the present invention, &
variety of suitable unfolded macromolecules inciude RNA, DNA, denatured unfolded
peptide chains, self-assembled chemical polymers, and co-polymer chains, and other

biopolymers, and combinations thereof.

In one preferred embodiment, the channel structures of the nanochannel arrays can
30 be formed from linearly adjacent channel walls that span the substrate surface. In other
embodiments, the channels can be formed from pillar structures, self-assemblied polymer

structures, stacked membrane layers, and nanobeads (particlesinside the channels).



el ongated in an unfol ded fashion inside the channels. Wen the di nensions of
the channels fall in between the above-nentioned two scenari os,
macronol ecul es can be partially elongated in these channelss jA20bb¢ S case

t he macronol ecul es can be fol ded, tangled, or both folded and tangl ed.
VWiile it is envisaged that any macronol ecul e can be transported 25 in an
unfol ded fashion in the channels of thd2nanochannel array of the present
invention, a variety of suitable unfol ded macronol ecul es include RNA, DNA,
denat ured unfol ded peptide chains, self-assenbled chem cal polyners, and

co- pol yner chai Mge saifdte ahdierial obitepmdnpbihfel ags 64Hé Ratte@Tom BRER0Eny | N one
preferred enbodi nent, the channel structures of the nanochannel arrays can
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mat eri al cagushenes bpticalle dpdagt \Wesdiial Ir@e:swéoaﬁvetomaé eéauxag madiehial. e Sp@ikdllyg | ayer,
it can _be situated |n5|ge 1t he %Pannels it situated on top of the

t

seal i ng! aPBRUEImalEal §an RORBIRNY Bifeb foepsifess agn ?énsﬂﬁosiﬂ%lgyeap 4Gt
material tBatsiGAed hsidtepoThiadispf dnlRYSfiuated onPBP Dfth€sealing hater@rpdi ment
Alumnumis preferred. For. certain enbodinents, It is
combination of these. While almost any opaque material that can be deposited as a layer is
possible in this embodiment, Aluminum is preferred. For certain embodiments, it is
desirable that the opaque layer thickmesses are less than about 50nm thick. For
20 embodiments containing nanoslits useful for carrying out near-field imaging of the
contents of the channels, it is desirable to prepare slits smaller than 50 nm that are etched
through the deposited opaque layer but not through the transparent sealing matenal for
maintaining the integrity of the adjacent (underneath) channel. Without being bound by a
particular theory, the optically opaque layer functions as a blocking mask for high-
25 resolution near-field excitation. Without being bound to a particular theory, aluminum is
particularly preferred as an opaque layer because it has the highest known skin depth of
any material at the given wavelength of the excitation light source rendering the smallest
thickness of the blocking layer, hence the shortest distance between the slits and the

. possible target molecules in channels.

30 In certain embodiments of the present invention, the nanochannel array has at least
one near field slit feature above at least one channel. Such slits should be fabricated as

close (less than about 30 nm) to the channel as possible without compromising the



desirabl e that the opaque |ayer thicknesses are |ess than about 50nmt hi ck.
For 20 enbodi nents containing nanoslits useful for carrying out near-field
i magi ng of the contents of the channels, it is desirable tg PAIQ%P@ slits
smaller than 50 rimthat are etched through t he deposited opaque [ayer but
not through the transparent sealing material for mai'ntaining the integrity
of the adjacent (underneath) channel. WBthout being bound by a particular
theory, the optically opaque |layer functions as a bl ocking mask for high 25
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conpr om si REcibiigg the cHAMNeiR006 13 integrity of the adjacent sealed channels.
The thin wall of sealing material between slit opening and channels could

be created by FihRe FahdchitheLirrd8NMso0 ik @nARlyChdvelseSIRRARA D Rdjabdht 3o fr t her
preferred enbodi nent, the nanochannel array contains sealing materi al

adj acent t shanssl saBrvRsTIabotle S coybadimeat. st weling materabeanpiedideddel tierchc hannel
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al so prtd emémbsameyutfme tlt@éatprtlﬁ@ chanmels ivader AlnaléBmm inotrankle width andideepgral |
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width. This I's particu vant ageous for preparing nano arrays
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evapor a i nt. source

terial. In.E-beam ..
evapor aH or‘\j t’é Bgf {hﬁ 8p°‘°’“'§'g aﬁen(?la'lsl cryf"&frogmg‘i‘?“?'}%ﬁlat“ﬂ%“@ chgp%sbtf?ﬂar ed to
t he size ofthd hibssaep wiedand spéteﬁcamgtel The dimnaélStalls lputtiabjﬂ blatk tHeedegeqithsn t i ng
material is._very narrow ve.a no nlfor ition the_ substrate
o el fed B e ARl 8 B0 faa el e et S e 80 g Bty
deposi ti on walls near the upper portion of the channel wall. Beyond a critical depth no deposition

will occur as long as the substrate is tilted.

20 An alternative and preferred method to provide sealing material in the channels is
sputter deposition. In sputter deposition, the sealing matenial is deposited at all angles, so
the instant growth rate at any point on the surface depends on the percentage of the total
target area within its line of sight, as is outlined in Figure 4. Without being bound to a
particular theory, sealing material from a large target source 130 thai is in close proximity

25 to the substrate surface, can travel along a variety of trajectories (122, 124, 126, 127) and
be deposited at different positions in the channeis. Sputtering is typically used because of
the divergent nature of the matenal beam, thus resulting in the faster deposition of target
material at the top part of the channels instead of at the bottom of the channels i.e.,

. surmounting the channel). In time, the sealing matenal near the top of the channels

30 eventually completely encloses the channel, which prevents further deposition of sealing

material into the channel. In one embodiment, the resultant sealing material in the channel

results in a profile 128. Suitable sputtering systems are known in the art. A particularly



of sealing material (like a shadow), and nost of the material is be
deposited on the channel walls near the upper portion of the channel wall.
Beyond a critical depth no deposition wll occur as |long as jA{IppsStrate
is tilted. 20 An alternative and preferred nethod to provide sealing
material in the channels is sputter deposition. In sputter deposition, the
sealing material is deposited at all amgles, so the instant growh rate at
any point on the surface depends on the percentage of the total target area
withinits line of sight, as is outlined in Figure 4. Wthout being bound to
a parti cubuiableBp@rtering Seatm hgs RO HinRBi0Y @ffefsduddedfhit Rp@eidesSRigh 6&rfakd0 t hat
isin close proximty 25 to th ubstrate surface, can travel along a
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into the channe .l n one enbodi nent, the resultant seéaling mar“' a ei n the
channel rksgthtod thnckrnpalofsi greataraBan Sgentidies (sphitand everggeytet das Sams 1énown i n
the art. Acrgarntdizg%_rprl y 25 JAN 2006 14 suitable sputtering systemhas a 200
nm Si 02 t*arg’e‘ﬂf source which provides high surface coverage and uniformty
across 100 mm sinksbthert aspect hEthe eregerh snvehtidritbere isgrnelsd ofmethhd ohpraparingrnel

array n have a wi de ra .. Th ngat hs .qf the chanpel s. gan al so .be the
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is desirable that .he channels are at least 1L.mllineter | onger. More
typically, plPF‘?&:’W |°£n‘§'f”w‘° 1§ RV aﬁtniﬁa? F@’%‘P%"Q{%F"‘S&Fﬁﬁ Cf'g‘gglﬁ isﬁggﬁ’es( cn,
and even gr@adifihg blpurality @Mthakhels pRYeraiplhal aGidrHodivitABO1(IetansdB LG lor Gdss,t he
present invention there s Er ovided a nmethod of preparing a .10 nanochannel
array, whi ¥Rchnean,gePrevideds bX pintegierometnn lihograghy, rand; papogpprih JHIRETPY n { he

mat eri gls Ofechdigues Whiek Bre0discdossdl RS LA PRIentNE. LERORISE tHe EompRAdikdgurBseri al to
surnount the plurali tépof channel s to provide at |east substantially

encl osed cHhhighdy @compmyted byreferenceherein nfih gessribrd fagiers Ypriges Wprsrti &aterises er abl y

have a per | QAieCisty (Pfrep?O s BRARVRIES Mirali§ P chanbls C Buitie f6stRiQMvhésst by
interferonetric |ithography and nanoi npri nt Ilthograph{
semiconductors, dielectrics, polymers, selfassembled biofilm, membranes, metals, alloy,

and ceramics.

20 The sealing material is preferably deposited to surmount the plurality of channels
to render such channels at least substantially enclosed, the substantially enclosed channels
having a trench width of less than 150 nanometers and a trench depth of less than 200
nanometers. By “surmount” is meant that the sealing material is preferentially deposited
towards the top of the channels compared to the bottom of the channels, resulting in

25 substantially enclosed channels, which is described above and in Figure 4.

In certain embodiments of the present invention, the sealing matenial can be
deposited using any of a vanety of methods, including chemical vapor deposition, spin
coating, film lamination, and thermo-evaporation. Preferably, the sealing matenal is

deposited using electron-beam evaporation or sputtering.

10 In certain embodiments of the present invention, sealing material is deposited on
substrate surfaces by a sputtering process at gas pressures typically less than about 20

mTorr, more typically less than 10 mTorr, and even more typically less than 5 mTorr.



15 techni ques, which are disclosed in U S Patent No. 5,772,905,.the

conpl ete disclosure of which is incorporated by reference herein.

described earlier, various types of materials can be used 395 Rﬁ%ﬁgée
surfaces having a plurality of channels. Suitable substrates i nclu

sem conductors, dielectrics, polynmers, self-assenbled biofilm nenbranes,
metals, alloy, and ceramcs. 20 The sdaling material is preferably
deposited to surnount the plurality of channels to render such channels at
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can reach & narkdr 0 chnthel @ehsigart of the sidewalls of the trenches,
causing relatively faster deposition of sealing naterial at the bot t om and

si dewal | s conpard &@ dntboliigent Sitadding b6t the £1HBE Bf the PreSent invention, at least one
reservoir is provided to be in fluid communication with at least one end of at least one of

20 the channels. Channels can be fabnicated on the substrate using nanoimprinting and
interconnécting structures of pillar amrays.  Reservoirs can be defined using
photolithography and subsequently pattern transferred to the substrate using Reactive lon

etching (RIE) chemical etching or FIB milling directly to create reservoirs in fluid
commumication with the channels. Auxiliary structures, such as microchannels, for

25 connecting the reservoirs to the channels can also be provided using these methods.

Typical depth of the reservoirs and auxiliary structures is typically at least several

hundreds of nanometers, preferably at least several micrometers deep.

In certain embodiments, it is desirable to provide an additional sealing step. A

suitable additional sealing step includes application of a planar surface substrate to the top

30 of the sealing matenial. Alternatively, reservoirs can be formed on the sealing planar
substrate. Auxiliary fluid communicating structures larger than about a micron can also be

formed to connect to larger sample reservoir. A variety of schemes to connect reservoirs



subsequently |l eads to smaller channel (trench) dinensions. The aspect ratio
of the trenches being sealed also affects the geonetry of the final 15

seal ed void space. The higher the depth to width ratio, thQ% $8K 26! | ng
material will be deposited near the bottomof the trench. The [ower the
depth to width ratio, the smaller and narrower the channel dinensions. In
one enbodi nent of carrying out the nethéd of the present invention, at |east
one reservoir is provided to be in fluid communication with at | east one
end of at |east one of 20 the channels. Channels can be fabricated on the
substrat e iSitiRg cRainels guni bY efgsianed: at Nkt CORRRBLIE Lkt bdIGtdiRE & fRid | ar
arrays. Reservoirs, can be def%ned using photolithography and subsequently
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structures 1s typic | east several anoneters, preferably
at | east sbeﬁr%QOOrﬁemt @3¢ Prepadqd. in| ﬂuvmwxmmxﬁent &asti 100i sspdmtsi r abl e

to provide d step. A suitable additional sealing step
i ncl udes ap]b“f'@g’tdlr%ag&mﬁ?ﬁa&eg? surface substrate to the top 30 of the
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with at | ea}setnnas $ewad abechotiathnedssthar0l0Bkanbratkts ahd d’ﬁ&rﬁth\ﬂapthSes%rtEarp[(m/i ded in

fluid conmuni cati on_wi th .east 10 separate annels; or.at |east 96
reservoir s“%ﬂ“@‘eteﬁ? ot H'ésde‘?%% Jf’?’mtdaéﬁfﬁﬂrﬁc’m %lptlp’?\nsf’ mg;mteipl is ggpasiisshr at e

channel s; QE§in@iputePEdpofiéh (5 prRSRI¥AIngSnArR] Bdjdthti80hd thahhell wail GRd@HAN ccat | on
w th at Ieast SPOO separate channels; or at |east 5000 reservoirs are

provi ded i ATV e ilie at i on with at |east 100 separate channels; or
conbi nat i ons thereof In a preferred enbodi nent of the present invention,
the netlfod of prapHE g scHwe maRoR HsRAuRom PRrapsterssiscalsq pEd Quberesy M | i near

channel ar gay.hSWREE 6Ethe ehaiRds. NGh@dRRS5HieH! 'pﬁ:x'aﬁl)ftef'socaﬁfbclv%ﬁéd {h@ABvidd Yefiin f or med
by nanoinprint |ithography. In this enbodi ment, the |inear
widths of typically less than 100 nanometers. As more material is deposited, trench widths
can be narrowed to less than 75 nanometers, and even less than: 50 nanometers, 25
nanometers, and 15 nanometers. Trench widths of about 10 nm can also be provided by the
20 methods of the present invention. Typically, the resulting trench widths after deposition
will be greater than 2 nm, and more typically greater than 5§ nanometers. Trench depths of
less than 175, 150, 125, 100, 75, 50, and 25 nm can also be provided by the methods of the
present invention. Trench depths of about 15 nm can also be provided. Typically, the

trench depths will be at least § nm, and more typically at least 10 nm.

25 In another embodiment of the present invention, the method may also include the
step of providing at least one near field slit feature above at least one channel. In this step,
the sealing material is typically transparent, such as silicon dioxide, to permit
spectroscopic detection of fluorescently labeled macromolecules, such as DNA, inside the
channels. This permits the use of optical methods, such as near-field optical imaging, to

30 analyze macromolecules in the channels. Nanochannel arrays suitable for near-field

optical analysis can be modified to have nanoslits. As described above, the nanoslit above



channel s have a trench width I ess than 100 nanoneters and a trench depth

| ess than 100 nanoneters. In this enbodinent, at |east a portion of the
sealing material is deposited using sputter deposition to ﬁeallng
mat eri al adjacent to the channel wall material to narrowt e trenc wi dt h
15 Varying the sealing material deposition paraneters is' also used to
narrow the trench width of the channel;s. The deposition paraneters can be
varied to provide trench w dths of typically |less than 100 nanoneters. As
nore material is deposited, trench widths can be narrowed to |l ess than 75
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can be modi¥ abrication net rovi nanosl it
in the opacqueosiesthichge.mat erial. Suitable fabrication net hods for removi ng
material fromsmall areas include & beam|lithography and Focus |on Beam

mlling. E-beamlhiohtrombadunyntiof i present gention, a portion of the sealing material can

be deposited inside the channels to form at least one of: an insulating layer, a conducting
layer, a hydrophilic layer, a hydrophobic layer, or combinations thereof. In this

embodiment, the layer thickness is typically less than half of the trench width.

20 In one embodiment, the dimensions, geometry, composition, or combinations
thereof, of the sealing matenal adjacent to the walls 114 can be modified and manipulated
for corresponding samples being analyzed in the channels. In a particular embodiment, it
is desirable to alter the surface properties of the sealing material adjacent to the wall 114
This is carried out by treating at least some of the channels with a surfacemodifying agent

25  to alter the surfaces intenor to said channels,

In one embodiment, surface-modifying agents are deposited in the channeis tc

improve the transport of macromolecules into and through the channels. Surface

. modifying agents are particularly useful where the internal dimensions (trench depth.
trench height, or both) are less than about 50 nm. Surface-modifying agents canalso

30 reduce or increase hydrophobicity of the surfaces interior to said channels. Nanochanne

arrays made according to the present invention can be contacted with solutions containing



10 lithography of ebeamresists followed by devel opnent and reactive ion
etching. Focus lon Beam (FIB) mlling is preferably used, as it requires
fewer steps than E-beamlithography. FIB uses a beam of engrgeliggsons such
as Glliumions to sputter naterial away and is capable of resolution down
to 20 nmand can etch down many microns in principle. FIBis preferred as
it enables one to inage the mlled aregagi mediately after FIB mlling the

15 nanoslit structure. In one enbodi mrent of the present invention, a portion
of the sealing material can be deposited inside the channels to form at
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solution, surfaceé non-specific binding saturation, and anti-protein

sticki ng atenspsrtedynisl 4nd atoing thegpharpefsr essure differential, such as 5 vacuum
can be used to assist the treatnment of the channels. Application of vacuum
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bound t o aof the substrate. As described herein, the channels are at least substantially enclosed by
controlling the deposition of the sealing matenal. In one embodiment, the channels are
substantially open at the edges, which are readily provided by cleaving or cutting the

20 substrate to reveal the interior portion of the channels.

In one embodiment, the deposition of the sealing material completely encloses the
plurality of channels. In this embodiment, the sealing layer is at least as thick as the atoms
of the sealing material. Typically, the sealing matenial surmountng the plurality of
channels is less than 500 nanometers thick. In certain embodiments, the sealing material

25 surmounting the plurality of channels can be less than: 100 nm, 50 nm, 25 nm, 10 nm, and
5 nm thick. Typically the sealing material surmounting the plurality of channels is at least
1 nanometer thick, and more typically at least 2 nm thick. In certain embodiments of the
present invention, a step of removing a portion of the sealing material is used to reduce the
thickness of the sealing material above at least one channel. Sealing material can be
30 removed by a variety of etching and ebeam deposition methods as further described

herein.



particular theory, the electroosnosis effect is usually due to ionized
acidic groups 10 immobilized to the matrix (e.g., attached to the wall)

i nducing positively charged counter ions in the buffer thajgs yASQrapg towards
t he negative el ectrodes, causing a bulk flowof |Iliquid that mgrates in the
direction opposite to that of the negatively charged DNA. Accordingly,
reduci ng el ectroosnosis effects hel ps csarged macronol ecul es to be
transported into and along the channels. 15 In one enbodi ment of the present
i nvention, the channels can be at |east substantially enclosed on the
surface of the sybshratgeand Bdpsianhbaliol, RRER AByLEea SHR8RIdIOnig Ie:
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t hi ck, andaﬁﬂﬁgitypically at least 2 rimthick. In certain enbodi nents of

the present invention, tep of .renmoving a .portion of fhe sealing materi al
is used!fo redul® e e’."??ﬂ?@ﬁ‘ﬁﬁgi thgsPrespat 'g&i‘F’ ?rg‘herrﬂf‘ udic GHR\FRNEINS Phast one
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chip that jipclHdess® RGAGPINTRE 3bhAYnfichNRitR RS8R ohd\eNtht QlannBES er ri ng
to Figure 5, the nanofluidic chip 200 has a nanochannel array 100, a

substrate [picalindhe sanoflpishy ship 420tigs at kasid| @SPIMIFSHRIOTe A BRriefaRploter
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and auxiliary waste ports ing flurd sanple. Thé reservoirs are in
fluid comnmmhefhtidiophipi t h at | east one of the channels, so that the sanple
reservoirs are capable of releasing a fluid into the channels, and the
wast e reservoi r Fommee ¢mpedsrasnai¢cular analysis, it is preferred that the nanofluidic chip

provides at least a portion of the nanochannel array capable of being imaged with a two-
dimensional detector. Imaging of the array is provided by presenting the sealing material
20 face of the nanochannel array to suitable apparatus for the collection of emitted signals,
such as optical elements for the collection of light from the nanochannel array. In this
embodiment, the nanofluidic chip i1s capable of transporting a plurality of elongated

macromolecules from a sample reservoir and across the channels.

In certain embodiments of the present invention, the nanofluidic chip contains an

25 apparatus for transporting macromolecules from the sample reservoirs, through the
channels, and into the waste reservoirs. A suitable apparatus includes at least one pair of
electrodes capabie of applying an electric field across at least some of the channels 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 sample and at least one

30 collection/waste reservoir to establish directional electric field. Altemating current (AC),
direct current (DC), or both types of fields can be applied. The electrodes can be made of
almost any metal, and are typically thin Al /Au metal layers deposited on defined line



receiving a fluid fromthe channels. Typically the fluids contain

macr onol ecul es for analysis. 10 In certain enbodi nents of the present
invention, the nanofluidic chip contains at [|east one sanplIARBHHOIr 1S
formed in the surface of the substrate. Steps to form reservoirs in
nanochannel array substrates are provided above. In this enbodi nent, at

| east one waste reservoir in fluid commgni cation with at | east one of the
channels. Typically, the nanofluidic chip contains at |east 1 sanple
reservoir. A variety of other 15 enbodi nents include at |east 96 reservoirs,
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each provi | ng a ectric fie er ent ectl ons
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reservorr. re\:/é;’e;['v%xrs in the nanofluidic chip; and a data processor, The various components of the

systern 300 are connected together, and the general principles of operation are illustrated

in Figure 10.

20 The nanofluidic chip 200 used in the system is typically disposable, individually
packaged, and having a sample loading capacity of 1-50,000 individual fluid samples. The
nanofluidic chip typically has at least one interconnecting sample delivery microchannel to
provide fluid samples into the channels, as well as sample loading openings and a
reservoir, or sample loading openings and plates connected with a sealing mechanism,

25 such as an O-ring. Metal contacts for connecting the electrodes 202 and an electric
potential generator 216 are also provided in the nanofluidic chips. Suitable metal contacts
can be external contact patches that can be connected to an external

scanning/imaging/electric-field tuner.

The nanofluidic chip is preferably encased in a suitable housing, such as plastic, to
30 provide a convenient and commercially-ready cartridge or cassette. Typically the

nanofluidic cartridges will have suitable features on or in the housing for inserting,



| east two sets of independent electrodes, field contacts can be used to

i ndependently nodul ate the direction and anplitudes of the electric fields
to nmove nmacronol ecul es at desired speed or directions. In %gghgﬁﬂgﬁspect of
the present invention, there is provided a system (Figure 10, 0) that
is suitable for carrying out macronol ecul ar analysis. In the present
invention, the systemincludes a nanofbuidic chip as described herein, and
an apparatus for detecting at |east one signal transmtted fromone or nore
fluids in the nanochannel array of the nanofluidic chip. In various
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| east one o OW ng: a transporting apparatus to transport a fluid
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In another embodiment of the present invention, the system includes a data
processor. The data processor can be used to process the signals from the CCD to project
the digital image of the nanochannel array on a display 212. The data processor can also
20 analyze the digital image to provide characterization information, such as macromolecular
size statistics, histograms, karyotypes, mapping, diagnostics information and display the

information in suitable form for data readout 214.

In another aspect of the present invention, there is provided a method of analyzing

at least one macromolecule. In this invention, the analysis includes the steps of providing

25 a nanofluidic chip according to the present invention, providing the at least one sample
reservoir with at least one fluid, said flud comprising at least one macromolecule;
transporting the at least one macromolecule into the at least one channel to elongate said at

least one macromolecule; detecting at least one signal transmitted from the at least one
elongated macromolecule; and correlating the detected signal to at least one property of

30 the at least one macromolecule.



5 as polynmers, and materials found in nature (e.g., materials derived from
plants, animals, and other life forms). Such fluid sanples can be nanaged,
| oaded, and injected using automated or manual sanple | oadjfngaRPPgEat us of
the present invention. In one enbodi nent of the present invention, the
systemincludes an apparatus to excite the macronol ecul es inside the
channel s and detect and collect the realting signals. 10 A suitable
apparatus is illustrated in Figure 10: a | aser beam 204 is focused using a
focusing I'ens 206 to a spot on the nanochannel array 100. The generated

l'ight signal fr gmynd disbodBRdn®bDhe preb@s invBRioclEhé AR HeBINBRN Zifg 0t shown) s
collected by a collection lens 208, and reflected off a dichroic mrror 218
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systemto detect optical signals, such digital caneras

( phot orul t ifNA gan intmadussy mt@n@osalrame!(amssﬂtymmcﬁ'm odi odes. I n anot her
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pr esent |n\smmeuOJNATchlelbeeﬁmhermmwdsdjtramtemhm anti-axiBhy#idng anatudkagst one

nacronDL cule. In this invention, the analysis includes the steps of
provi di ?@ﬂﬁ'nanofluidic chip according to the present invention,

provi ding the at |east reservoir wt | east one fluid, said
fluid conpri si ng" age Ef"ébf %‘i%%&%%l"é&’mf’a the Wg’ﬁaﬁf)‘?'i I %he at | east one
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buffer solution or a buffer solution containi n? macr onol ecul es.

Maconol ecul<8ip anddRnpSriprhY iy HRIFTEOTRRFNE MNPLOEhRANGIh ¢ pcsemelpguesAasRICMN nel
arrays by eh&ghiel Gefble®Ind end of the macromolecule enters the channels; they are substantially

fully elongated when completely inside the channels. The fluorescent signals can be
excited by the appropriate excitation sources and emission signalscan be collected via

20  imaging camera or detectors, in a linear scanning mode or CCD image integration. The
signals collected can be analyzed by data processing software and user-defined major
parameters (intensity/photons, major axis, minor axis, background signal)can be recorded

and measured.

The length of a single DNA can be detected/reported and intensity profile can be
25 plotted. In various embodiments of the present invention, the method of analyzing a
macromolecule includes correlating the detected signal to at least one of the following
properties: length, conformation, and chemical composition. Various macromolecules
that can be analyzed this way include, biopolymers such as a protein, a polypeptide, and a
nucleic acid such as RNA or DNA For DNA nucleic acids, the detected signals can be
30 correlated to the base pair sequence of said DNA.



5 Various macronol ecul es can be anal yzed using the present nethod. For

anal yzing DNA typical process conditions include providing dilute sol uti ons
of DNA which are stained at a ratio of 4:1 to 10:1 base paigcﬁ@é?

suitabl e dye. Suitable dye stains include TOTO- 1, BOBO 1 %/bl ecul ar
Probes, Eugene, Oregon). Solutions of stained DNA can be further diluted
and treated with an anti-oxidant and am anti-sticking 10 agent. In one
enbodi ment of the present invention, the nethod of analyzing a

macr onol ecul e i ncludes the sizing of one DNA. One DNA macronol ecul e can be
extracted from s 'Cliﬁ?c!a? cBfdehronS Qprtﬁ‘e n%é%aﬁéuﬁgt r % 089 will be one

sui tabl ytransporte e.g., in a polynerize el) to avoid breakage. 15
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pl otted. |mictads, c0smersaqdi mmnt smpdndtlidenploggent i nvention, the nethod of
anal yzing a nmacronol ecul e includes correlating the detected signal to at
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conposition. Vari cronol ec t hat can, be anal yzed this way include,
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per m, nore typically at |east one picogram per nl, even nore typically
at | eadb owesenhaﬁ@gﬁ%m per m. Concentrations wll typ| cal |y be less than 5
m crogranms per milliliter

In one embodiment of the present invention, the methods can be used to analyze
one or more of the following: restriction fragment length polymorphism, a chromosome,

and single nucleotide polymorphism.

The following abbreviations are used herein: “nm” is nanometer, “mTorr” is milli

20  Torr.
GENERAL PROCEDURES

After NIL and etching, non-uniform deposttion of sealing material was provided by
e-beam evaporation with a tiited sampie wafer at various angies or sputier deposition
using a large source target. This step was used to bothreduce the trench width and seal the

25 channels.

Generally, 100-340 nm of SiO, was deposited onto the patterned substrate.
Effective sealing was achieved with vanious deposition conditions that were tested. At gas
pressure of 30 mTorr, RF power of ~900 W, and DC bias of 1400 V, a deposition rate of
~9 nm/min was achieved. At lower pressure of 5 mTorr, the deposition rate was increased
30 to an estimated 17 nm/min. Sealing matenal was deposited on the pattemned substrate by

sputtering at 5 mTorr.



5 and nore typically less than 0.5 mcrograns per mlliliter. In one

enbodi nent of the present invention, the nethod of analyzing a

macronol ecul e neasures the | ength of macronol ecul es havi ng g9y gNopgat ed

| ength of greater than 150 nanoneters, and typically greater than 500
nanoneters, 1 mcron, 10 mcrons, 100 mcrons, 1 mm 1 cm and 10 cm | ong.
10 DNA havi ng greater than 10 base pairg can al so be anal yzed using the
present nethods. Typically, the nunber of base pairs neasured can be
greater than 100 base pairs, greater than 1,000 base pairs, greater than
10, 000 base pairs, greater than 20, pQANpRSEs Pairs, greater than 40,000 base

pairs, and greater than 80,000 base pairs. DNA having nore than 1 mllion,
10 million, andyexendddingildd R, DASGRA Sr520. ' e 15
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sealing materi al ravi ded by .e-beam evaporation with a tilted sanple
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Example 2: A patterned substrate having a 65 nm trench width and about 100 nm trench
15 height prior to sputtering formed a nanochannel array having a 17 nm trench width, a 68
nm trench height, and a channel seal thickness of about 350 nm. Sputtering gas pressure

was 5 mTorr.

Example 3: A patterned substrate having a 50 nm trench width and about 80 nm trench
depth prior to sputtering formed a nanochannel array having a 10 nm trench width, 51 nm
20 trench height, and a channel seal thickness of 350 nm. Sputtering gas pressure was 5

mTorr.

Example 4: A substrate contaimng a two-dimensional array of pillars was made using a
two-step NIL process with the channe! meld rotated 90° between the imprinting steps
(Figure 6a). The pillar array structure is subsequently completely sealed with silicon
25 dioxide using a 29 minute deposition tme. The seal thickness was about 500 nm. A
profile view of the channel is depicted in Figure 6b and a top view of the completely

sealed nanochannel array is depicted in Figure 6d.

Example 5: Example 4 was repeated except the sputter deposition time was17 minutes to
provide a nanochannel array that is not completely sealed. A top view scanning electron

30 micrograph of this nanochannel array s provided in Figure 6d. The seal thickness was
300 nm.



were prepared by cleaving the substrate and i maged by Scanning El ectronic

M croscope 5 (SEM. Results are as follows and shows that the trench w dths
are narrowed by the deposition of the sealing nmateri al usiﬂg gRH%hﬁring:
Exanple 1: A 100 mmsilicon substrate was provided having a pfura 'ty of
parallel linear channels that had an 85 nmtrench width and a 200 nmtrench
hei ght (Figure 7a). This substrate wagssputtered at a gas pressure of 5
mlrorr according to the general procedures 10 given above. After sputtering,
the channels had a 52 nmtrench width, a 186 run trench height, and a seal
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nanoslit is provided in a channel prepared wth a silicon dioxide sealing

material f & redugeths wepch ytidth and beighttjlegsthany 5i0nm and g nan. sespectively ckinide s
gr eat er ¢ han,ahaMly LGy providing shallow tangential deposition angles.

Example 8: This example provides a nanochanne!l array using an e-beam technique. A
substrate is provided as in Example 1. Silicon dioxide is deposited by an e-beam (thermo)
evaporator (Temescal BJD-1800) onto the substrate. The substrate i1s placed at vanious
angles incident to the depositing beam from the silicon dioxide source target; the

20 deposition rate is set to about 3 nm/minute and 150 nm of sealing matenal is deposited in

about 50 minutes.

Example 9: In this example, a nanochannel array i1s contacted with a surface-modifying
agent. A nanochannel array made according to Example 1 is submerged in a surface-
modifying agents solutions containing polyethylene glycol inside a vacuum chamber

25 ovemight to facilitate wetting and treatment of the channels and degas the air bubbles that

might be trapped inside the channels.

Example 10: This example shows the preparation of a nanochannel array having a metal

sealing material. An e-beam (thermo) evaporator (Temescal BJD-1800) was used to

deposit Chromium (Cr) onto a nanochannel array chip (trench width 80 nm, trench depth
30 80 nm, Si02/Si substrate). The substrate was placed at various angles to the incident

depositing beam from the source target, the deposition rate was set at 2.0-3.6 nm/minute,



net is nodified by using FIB to create a nanoslit having a thicknessless
than 100 rim Figure 8 shows a schematic of how the deposited sealing
material on a nanochannel array 5 is first mlled away usings FAR 2opem t he
sealing material situated above the seal ed channels. Subsequently, aI um num
is deposited to create an opaque | ayer to provide optical contrast at the
slit. Exanple 7: This exanple shows howgp nanochannel array can be prepared
froma substrate having a plurality channels |larger than 150 ran w de by
150 net deep. A substrate 10 is prepared by photolithography techniques to
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The nanochanne! array was spin- coated with a photoresust and imaged with a photomask to

provide regions on opposite ends of the nanochannel array. The exposed areas were
etched using reactive ion etching to expose the channel ends and to provide a micron-deep
reservoir about a millimeter wide on the opposite ends of the channels at the edge of the

20 substrate.

Example 14: This example describes how to fill a nanefluidic chip with a fluid containing
DNA macromolecules to analyze the DNA. A cylindrical-shaped plastic sample-delivery
tube of 2 mm diameter was placed in fluid communiéation with one of the reservoirs of the
nanochannel array of Example 13. The delivery tube is connected to an external sample

25 delivery/collection device, which is in turn connected to a pressure /vacuum generating
apparatus. The channels are wetted using capillary action with a buffer solution. A buffer
solution containing stained lambda phage macromolecules (lambda DNA) were introduced
into the nanochanne] array by electnc field (at 1-50 V/cm); the solution concentration was
5 microgram/mL and the lambda DNA was stained at a ratio of 10:1 base pair/dye with the

30 dye TOTO-1 (Molecuiar Probes, Eugene, Oregon). This solution of stained DNA was
diluted to 0.1-0.5microgram/mL into 0.5xTBE (tris-boroacetate buffer at pH 7.0)



substantially closed. Exanple 11: This exanple shows the process of adding
an optically opaque |layer to a nanochannel array. A nanochannel array made
according to Exanple 3 is placed 5 perpendicular to the incﬁgsgﬁﬁﬂﬁgositing
beam to provide an opaque |ayer less than 50 rim thick. An alu m sour ce
target is selected for depositing on top of the SiQ2 sealing material above
t he seal ed channel s. The deposition rabe was set at 2.0-3.6 nm m nute.
Exanpl e 12: This exanpl e describes the steps needed to provide a near-field
slit in a nanochannel array. FIB was used to m |l narrow slits |ess than 50
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control | ed stickirgxqgeste t he underlying thin SiQ2 sealing material above the
nanochannel array. Exanple 13: This exanple describes how to provide a

sanpl e r es@wmple 1 Phnaaoflndinobiparde kecardingtothxapplvi2diavingwdamdel ui di ¢ chip. A
nanochannely, 3t s B0l £ 96 frh Wad Bt H5s HINaL) iGEER S BAROCLA RS Mmade
according to general procedures o anpl®e 1.7 The nanochannel array was

spi n- codt edomiihingatapied gemeast HINAavedirawrtig d2N Avntakromofdeoles iras the ichannpls exithd e

regi ons on opposite, ends of th ochanne r The o} reas were

et ched usi 4§ \;‘étgﬁfﬁ%l?eq%%gﬁnae%ﬁ%?ng 00&% S%Qa%?%%%hﬁeq"%ﬁézgg%}g’)to provi de
a mcron- degp: stdifsewNoihe dgbDOTOA and BOB®BaEspattilelyoMHihwlRAS kthpe€nds of the
channel s at_the eqdge of the 20 su [ . Exanple_ 14; This exanpl e descri bes
now Co. 110N RahoR wiloreArh e Bﬁt’%ﬁgﬁP'&P!&B}stoaliMidﬁ‘g'mhmﬁﬁﬁ&? #ibl ecul es
to anal yze ghjagntahido. 18 604 lidkekrdcBadmiab aRads ph agl dickif 2 aRine: Aik¥eEMipst ube of 2
nm di anmeter was placed in fluid comruni cation with one of the reservoirs of
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a pressure /vacuum generatin appar atus. The channels are wetted using
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image plotted against their genome size, (R2 is 0.999596). Fig. 9¢ shows an array of
fluorescently-labeled genomic DNA molecules aligned and stretched in the channels with
the size ranging from 10kb to 194 kb. This shows that millions of center-meter long
20 parallel channels could be fabricated over the whole wafer. Accordingly, the entire length

of genomic DNA molecules can be stretched and analyzed.

Example 15: Example 14 is repeated, but with a 96 multiple reservoir system. A
nanofluidic chip made according to Example 12 is modified with a photomask to provide
96 sampie reservoirs, cach reservoir connected to 1000 channels along one edge of the 100
25 mm substrate. 96 different DNA samples are delivered and injected using capillary fibers
connected to the sample reservoirs. 96 collection reservoirs are connected to the

corresponding ends of the channels to collect the DNA samples.

Example 16. This example describes a system used for carrying out analysis of
macromolecules. The system contains an automated 96-capillary auto-injection sample

30 loader to deliver 96 macromolecular fluid samples into the delivery ports of a nanofluidic
cartridge. The nanofluidic cartridge is a nanofluidic chip encased by a plastic

polycarbonate housing, having delivery ports and collection ports for connection to



containing 0.1 Mof an anti-oxidant and 0.1% of a |linear polyacrylam de used
as an anti- sticking agent. Exanple 14: A nanofluidic chip made according to
Exanpl e 12, having channel dinmensions of 100 nm x 100 nm ¥3IJAN ko@g usi ng
capillary action with a buffer solution 5 containing stained genomc DNA to
draw t he DNA nmacronol ecules into the channels with an electric field.
Bacteria phage DNA nol ecul es Lanbda (4835 kb) and T4 (168.9kb) were stained
with the dye TOTO-1 and BOBO 3 respectively. This solution of stained DNA
was diluted to 0.5 sglnL into 0.5 X TBE contai ni ng O. IMdithi othreatol as an

anti- oxid an 1 e use i.cki ng
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macr onol ecul ar, fl uhg algﬁl es into the delivery ports of a nanofluidic
cartri dge. MERSHERBIEILPIANS cartridge is a nanofluidic chip encased by a

plastic pol ycambgialee abusbnthe fies¢htnBiveliohy Biede ROProsidadd440! A agiti@ge ports
for connection to
comprising at least one nanofluidic chip, said cartridge capable of being inserted and
20 removed from a system for carrying out macromolecular analysis, said at least one
nanofluidic chip comprising at least one nanonanochannel array, said nanonanochannel
array comprising
a surface having a plurality of channels in the material of the surface, said channels
having a trench width of less than about 150 nanometers and a trench deph of less than
25 200 nanometers;
at Jeast some of the channels being surmounted by sealing material to render such

channels at ieast substantially enclosed.



25 JAN 2006 28 mcrocapillary tubing, and enbedded netal contacts for
connection to electrodes on the nanofluidic chip. The cartridge can be
inserted in a cartridge holder, which is integrated wth an a |aser
excitation source and suitable optical conponents to providedheneygstation
of and collection of optical signals emanating fromsanple fluids wthin the
nanochannel 5 arrays of the nanofl uidic28hip. The signal
detection/col |l ection apparatus is a cooled CCD digital canmera. Signals from
the digital canera are analyzed by a data processor using N H imge

anal ysi s sofwenaragm: and di splayed on a nonitor. Exanple 17: This exanple
describes h M/tO use he igstenlof Exanpl e 16 to size one DNA

macr onol ecul'e F50"PHYPE i s Iysed to extract its entire genomic

10 contents (DNA)suwatcbhmngm ﬁrufﬂht}lﬁ'fcﬁazﬁxfelsan BiefrhRenap ot tHE LiRhc@nRGidchahidRd W th
fluorescent dyes. The sanp | oader is inserted into the delivery ports of

the cartri dQé‘”&S\é tepshewtdth Pﬁl@smﬁv abayht 80 pnemeferang. 2 trerehedeptdrafdersdnagy e
activated h HEM& macronol ecul es are transported into the nanochanne
array, mhere t econe el ongated. The fluorescent stains on the DNA are
excited by the ea(tdﬁasastimogtb@mb@nelahdng Bermourtad &y beting ingealabtoaneadet Such

col |l ected us n signals coll ected, analyzed and recorded
for intensr ﬁggﬁgﬁp05|J%%ﬁﬁggenﬁaﬁgata processor. The | engt h. of a single

DNA is detected and intensity proflle is plotted. In another aspect of the

present inventio ther rOV|d 44 A C risin | east
one nanof | ufdi c ﬁlﬁ OIS n(‘?fg'lcar 5ge (]:[apael.r) e 1[33?5 gﬁ“? ﬁggﬁe&}ﬁ oggd’?tﬂf
removed for oahaamslysehﬁmuid)afommmqanmgwmmht laacammadeemu{ ar analysis, said at

| east one nanofluidic chip conprising at | east one nanonanochannel array,
sai d nanonanochannel array conprising a surface having a plurality of

channel s i n3the TR¢ Qhnczharthkl gy SLERACE, whdtkid KIUARAG Bf ah®MbtNgnee bF @fech

wi dth of |ess than about 150 nanoneters and a trench deph of less than 25
200 manomnet ehapnelsereip fuid cCOPMUNELtIMKIIGSSIAISs bei ng surnount ed by seal i ng

material to render such channels at |east substantially enclosed. 25 JAN

2006 29 ve Clalm
4, The nanochannel array of claim 1 wherem the plurality of channels is in fluid

comrmunicatton with at least one sample reservoir common to at least some of the

channels.

5. The nanochannel array of claim 4 wherein the plurality of channels is in fluid

20 communication with at least one waste reservoir.
6. The nanochannel array of claim 1 wherein the channels are substantially parallel.

7. The nanochannel array of claim 1 wherein the ends of the channels are capable of

25 admitting a macromolecule in a fluid.

8. The nanochanne! array of claim 1 wherein the channels are capable of transporting

a macromolecule across their length.

30 5. The nanochanne! array of claim 1 wherein the channels are capable of transporting
at least one macromolecule across the length of said channels, said macromolecule being

in an elongated form,



1. A nanochannel array conprising a surface having a plurality of channels
in the material of the surface, said channels having a trench wdth of |ess
t han about 150 nanoneters and a trench depth of less than 5 200 nanoneters;
at | east sone of .the channels being surnounted by sealing magganNa2odco render
such channels at |east substantially enclosed. 2. The nanochannel array of
claiml| wherein at |east one end of at }kast one of the 10 channels is in
fluid conmuni cation with at | east one reservoir. 3. The nanochannel array of
claim| whefein both ends of at- | east sone of the channels are in fluid
communi cati@n WiTHe nagsinnel arsay dfoladm ITWierdintechameilarasapayle of tradspoming
wherein the plurality of channels is in Lg#%d communi cation with at | east
one sanpl e 3 &aghangIOPCIFSHAFPSS 1t lenath gt sa RS-t he channels. 5. The
nanochannel array of claim4 wherein the plurality of channels is in fluid
20 comunication wth at | east one waste reservoir. 6. The nanochannel array
of claim | Wherdihs piechamaginaryy ffecligbsiOaritherwin yheyghanrels are7 camble of
nanochangel | el : are capabl e of
25 adm (1 T e o B PRt L of el ai m i
wherein the channels are capable of transporting a macronol ecul e across
their length 3 f ] rel he channel s
are capableﬂ%f 3?%%5%%???%&9&23@P§gg?6gﬁéf%égf%ﬁgﬁ%%ﬂﬁgg§§?§§%m?he | engt h of
sai d channel s, said nmacronol ecule being in an elongated form 25 JAN 2006
30 10. ' Thg nangchannel array qf clai.m,1 wherein the channel re capabl e
of transporting t“ap‘écgwe{)ﬂﬁbqqﬁbaérf‘aI(?*e”\‘heéec‘,?§’§ "R eéhsgi‘%“rg?ﬁg‘gplbc}%ﬁannel s.
11. TheimanRghannel array of claim 10 wherein the channels are capabl e of
transporting at | east one unfol ded bi opol ynmer across the |length of said
channel s. 12. The nanochannel array of claim 10 wherein the biopolyner is a
nucl ei ¢ acigy 13me ThRoNARRE AP A5ikRY Wherbih ahdMirkRchVASAR1iE 18d3€thih Qpo!l yer

is an unfol ded nucleic 10 acid.
nanometers.

15 15, The nanochannel array of claim 1 wherein the trench width is less than 75

nanometers.

16. The .nanochannel array of claim 1 wherein the trench width is less than 50
nanometers.

20
17. The nanochannel armray of claim | wherein the trench width is less than 25

nanomefers.

18. The nanochannel array of claim 1 wherein the trench width is less than 15

25 nanometers.
19. The nanochannel array of claim 1 wherein the trench width is about 10 nanometers.

20.  The nanochannel array of claim 1 wherein the trench width is greater than 5

30 nanometers.

21.  The nanochannel array of claim | wherein the trench width is greaer than 2

nanometers.



14. The nanochannel array of claim| wherein the trench width is |ess than
100 nanoneters. 15 15. The nanochannel array of claim| wherein the trench
width is |l ess than 75 nanoneters. 16. The. nanochannel array of claim1l
wherein the trench width is |ess than 50 nanoneters. 20 17. gﬁﬁ@ghannel
array of claim1 wherein the trench width is less than 25 nanone ers
The nanochannel array of claiml wherei lthe trench wwdth is I ess than 15
25 nanoneters. 19. The nanochannel array of claim1l wherein the trench width
i s about 10 nanoneters. 20. The-nanochannel array of claiml wherein the
trench width is greater than 5 30 nanoneters. 21 The nanochannel array of
claiml wherein the trench wdth |s greater than nanonet ers. 25 JAN 2006
31 22. The r&nocHaRMErodRing agry Af fl4m I whisrer it Hé"‘thr e5Relh 15588 Khans 1T ess
than 175 nangp®h&ts. 5 23. The nanochannel array of claim 1l wherein the
trench depth is less than 125 nanoneters. 24. The nanochannel arjyay of
claim1 wherein the trench depth is less than 75 nanoneters. 10 25. The
nanochanngl -arr ay-.of ' r.ei h
nanomnet erg 226. ﬁg nr?gél%l%ﬁﬂaeklr?\gﬁﬁ é)?rcre;as}ltnof “;]{eal mbﬁ]éjm/ﬁ;ééﬁe?%t% E“'Z%ts% Eﬁag'h epth is
| ess t han 25andeteranoneters. 27. The nanochannel array of claiml wherein
the trench depth is about 15 nanoneters. 28. The nanochannel array of claim
1 wherein the trench depth is greater than 5 20 nanoneters.

24, The nanochannel array of claim 1 wherein the trench depth is less than 75

nanometers.
10
25. The nanochannel array of claim 1 wherein the trench depth is less than 50

nanometers.

26.  The nanochannel array of claim 1 wherein the trench depth is less than 25

15 nanometers.
27. The nanochannel array of claim 1 wherein the trench depth is about 15 nanometers.

28. The nanochannel array of claim 1 wherein the trench depth is greater than 5

20 nanometers.

29.  The nanochannel amray of claim 1 wherein the trench depth is greater than 2
nanometers.

25 30.  The nanochannel array of claim 1 wherein the at least a portion of the channels are
pillar structures.
31. The nanochanne! array of claim 1 wherein the channel period is less than about 200
nm.

30
32. The nanochannel amray of claim 1 wherein the material of the surface 1s a film

adjacently supported by a second substrate.



29. The nanochannel array of claiml wherein the trench depth is greater
than 2 nanoneters. 25 30. The nanochannel array of claim| wherein the at

| east a portion of the channels are pillar structures. 31. The nanochannel
array of claiml| wherein the channel period is |ess than abgsiya0fosun. 30
32. The nanochannel array of claim1l wherein the material of the surface is
a film adjacently supported by a secongk substrate. 25 JAN 2006 32 33. The
nanochannel array of claiml wherein the substrate material is a conducting
material. 34. The nanochannel- array of claim1 wherein the substrate

nmaterial isS3f Seffe-naaOdhdie) bRty FREISI &lwheddn thENRbAAROARRBEL 2Ednaycidk claim
| wherein the substrate material is a non- conducting material. 10 36. The

nanochannel materigly of claim | further conprising at |east one optically
opaque |ayer adjacent to the sealing material. 37. The nanochannel array of
claiml further conprising at | east one near field slit above at |east one
channel . 15388. Theenamaclmohednamely of clain df whkminmthe fubstrdtermatemgirissa ngmseal i ng
mat eri al _adj agcent to. a ,channel bottom 39. The nanochannel array of claim!l
further éorf{ﬂ”fq‘é‘ﬂ%"?ée&a}'ng material adjacent to a 20 channel wall. 40. The
nanochannel array of claim| wherein the dinensions of the sealing materi al
are such that Av;{_lwinsq’ngreat r than 0|’.equal to AW'. 25 41. The nanochannel
| AR 2

array of cla'm PHANPH 2R G Fla8R T HEhersin it subsiateg material 1§ Bafen 1
mllinmeter. cfducnhBtatanchannel array of claiml| wherein the length of the
channel s is greater than 1 centineter.

10 36.  The nanochannel array of claim 1 further comprising at least one optically opaque

layer adjacent to the sealing material.

37.  The nanochanne! array of claim 1 further comprising at least one near field siii
above at least one channel.

15 _
38.  The nanochannel array of claim | further comprising sealing material adjacent to a

channel bottom.

39.  The nanochannel array of claim 1 further comprising sealing material adjacent to a

20 channel wall.

40.  The nanochannel array of claim 1 wherein the dimensions of the sealing material

are such that Aw’ is greater than or equal to Aw”.

25 41.  The nanochannel array of claim | wherein the length of the channels is greater than

1 millimeter.

42. The nanochannel array of claim | wherein the length of the channels is greater than
] centimeter.

30
43,  The nanochanne! array of claim 1 wherein the length of the channels is greater than

5 centimeters.



30 43. The nanochannel array of claim1 wherein the |length of the channels
is greater than 5 centineters. 25 JAN 2006 33 44. The nanochannel array of
claiml wherein the length of the channels is greater than 15 centineters.

45. The nanochannel array of claiml wherein the |ength of tﬁ?;ﬁb%ﬂﬂgls is
greater than 5 25 centineters. 46. The nanochannel array of d{ain1 wher ein

the substrate is a flexible filmnateri ak.

2
Pl

44,  The nanochannel array of claim ] wherein the length of the channels is greater than

15 centimeteys.

45.  The nanochannel array of claim 1 wherein the length of the channels is greater than

5 25 centimeters.

46.  The nanochannel array of claim | wherein the substrate is a flexible film materal.



