Office de la Proprieté Canadian CA 2658122 C 2014/09/02

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 658 1 22
Findustie Canada Industry Ganada 1A BREVET GANALIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2007/07/19 (51) Cl.Int./Int.Cl. BO7L 3/00(2006.01),
(87) Date publication PCT/PCT Publication Date: 2008/07/03 BE1C 1/00(2000.01), GOTN 277447 (2000.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2014/09/02 CAO. HAN. US:
(85) Entree phase nationale/National Entry: 2009/01/16 DESHPANDE, PARIKSHIT A., US:
(86) N° demande PCT/PCT Application No.: US 2007/016408 AUSTIN, MICHAEL D., US;
o o BOYCE-JACINO, MICHAEL, US
(87) N publication PCT/PCT Publication No.: 2008/079169 o
L o (73) Proprietaire/Owner:
(30) Priorites/Priorities: 2006/07/19 (US60/831 ,772), BIONANO GENON”CS, |NC, US

2007/03/28 (US60/908,584); 2007/03/28 (US60/908,582)

(74) Agent: GOWLING LAFLEUR HENDERSON LLP

(54) Titre : RESEAUX DE DISPOSITIF DE NANOBUSES: LEUR PREPARATION ET UTILISATION DANS L'ANALYSE
MACROMOLECULAIRE
(54) Title: NANONOZZLE DEVICE ARRAYS: THEIR PREPARATION AND USE FOR MACROMOLECULAR ANALYSIS

Measurement

Device Data Acquisition

Outlet
reservoliy

Linearized DNA

nanochannel constriction

(57) Abréegée/Abstract:
Constricted nanochannel devices suitable for use In analysis of macromolecular structure, including DNA sequencing, are
disclosed. Also disclosed are methods for fabricating such devices and for analyzing macromolecules using such devices.

ane
SR
I OONIRS -
-~ h -

AN

. 2 o
I_l \‘
SR e
NG AR e A

* . _
( l ana dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




woO 2008/079169 A3 I M D0 A0 000 DR A O R0

CA 02658122 2009-01-16

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization {4

International Bureau

(43) International Publication Date
3 July 2008 (03.07.2008)

(51) International Patent Classification:
BOIL 3/00 (2006.01) B81C 1/00 (2006.01)
GOIN 27/447 (2006.01)

(21) International Application Number:
PCT/US2007/016408

(22) International Filing Date: 19 July 2007 (19.07.2007)

(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

60/831,772 19 July 2006 (19.07.2006) US
60/908,582 28 March 2007 (28.03.2007) US
60/908,584 28 March 2007 (28.03.2007) US

(71) Applicant (for all designated States except US): BIO-
NANOMATRIX, LLC [US/US]; 3624 Market Street, Se,
Philadelphia, PA 19104 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): CAQO, Han
[CN/US]; 2001 Hamilton Street, Suite 2123, Philadelphia,
PA 19130 (US). DESHPANDE, Parikshit, A. [CA/US];
101 Lassen Court, Apt. 4, Princeton, NJ 08540 (US).
AUSTIN, Michael, D. [CA/US]; 911 South Bodine
Street, Philadelphia, PA 19147 (US). BOYCE-JACINO,
Michael [US/US]; 2 Clark Court, Titusville, NJ 08560
(US).

(10) International Publication Number

WO 2008/079169 A3

(74) Agents: CALDWELL, John, W. et al.; Woodcock
Washburn LLP, Cira Centre, 12th Floor, 2929 Arch Street,
Philadelphia, PA 19104-2891 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EL, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
/M, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, ELE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BE, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

(88) Date of publication of the international search report:
2 October 2008

(54) Title: NANONOZZLE DEVICE ARRAYS: THEIR PREPARATION AND USE FOR MACROMOLECULAR ANALYSIS

Measurement

Device

Data Acquisition

Outlet
reservoir

Linearized DNA

74

constriction

nanochannel

(87) Abstract: Constricted nanochannel devices suitable
for use in analysis of macromolecular structure, including
DNA sequencing, are disclosed. Also disclosed are meth-
ods for fabricating such devices and for analyzing macro-
molecules using such devices.



CA 02658122 2013-09-26

NANONOZZLE DEVICE ARRAYS: THEIR PREPARATION AND USE FOR
MACROMOLECULAR ANALYSIS

FIELD OF THE INVENTION
[0002] The present invention pertains to the field of nanoscale devices. The present
invention also pertains to the field of macromolecular sequencing, particularly the field of DNA

sequencing and characterization.

BACKGROUND OF THE INVENTION

[0004]) Biomolecules such as DNA or RNA are long molecules composec:l of
nucleotides, the sequence of which is directly related to the genomic and post-genomic gene
expression information of an organism. In most cases, the mutation or rearrangernefnt of the
nucleotide sequences during an individual’s life span can lead to disease states suci1 as genetic
abnormalities or cell malignancy. In other cases, the small amount of sequence differences
among each individual reflects the diversity of the genetic makeup of the populatian. Because of
these differences in genetic sequence, certain individuals respond differently to en\ifironmental

stimuli and signals, including drug treatments. For example, some patients experie}nce positive

response to certain compounds while others experience no effects or even adverse %ide effects.
[000S] The fields of population genomics, medical genomics and phannaicogenomics
studying genetic diversity and medical pharmacological implications require exten$ivc
sequencing coverage and large sample numbers. The sequencing knowledge geneﬁated would be
especially valuable for the health care and pharmaceutical industry. Cancer genorrﬁcs and
diagnostics study genomic instability events leading to tumorigenesis. All these fields would
benefit from technologies enabling fast determination of the linear sequence of biopolymer
molecules such as nucleic acids, or epigenetic biomarkers such as methylation pattérns along the

-1 -
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blopolymers. There is a long felt need to use very little amount of sample, even as little as a
single cell. This would greatly advance the ability to monitor the cellular state and understand
the genesis and progress of diseases such as the malignant stage of a cancer cell.

[0006] Most genome or epigenome analysis technologies remain too expensive for
general analysis of large genomic regions for a large population. In order to achieve the goal of
reducing the genomic analysis cost by at least four orders of magnitude, the so-called “$1000
genome’’ milestone, new technologies for molecular analysis methods are needed. See “The
Quest for the $1,000 Human Genome,” by Nicholas Wade, The New York Times, July 18, 2006.

[0007] One technology developed for fast sequencing involves the use of a nanoscale
pore through which DNA is threaded. Historically, the “nanopore’ concept used a biological
molecular device to produce ionic current signatures when RNA and DNA strands are driven
through the pore by an applied voltage. Biological systems, however, are sensitive to pH,
temperature and electric fields. Further, biological molecules are not readily integrated with the
semiconductor processes required for sensitive on-chip electronics.

[0008] Many efforts have been since focused on designing and fabricating artificial
nanopores 1n solid state materials. These methods, however, which are capable of producing
only pores in membranes are not capable of producing longer channels needed to achieve true
single-molecule sequencing of long biological polymers such as DNA or RNA.

[0009] Accordingly, there is a need in the field for devices capable of yielding sequence

and other information for long biological polymers such as DNA or RNA.

SUMMARY OF THE INVENTION

[0010] In meeting the described challenges, in a first aspect the present invention
provides methods for characterizing one or more features of a macromolecule, comprising
linearizing a macromolecule residing at least in part within a nanochannel, at least a portion of
the nanochannel being capable of physically constraining at least a portion of the macromolecule
SO as to maintain in linear form that portion of the macromolecule, and the ﬁanochannel
comprising at least one constriction; transporting at least a portion of the macromolecule within
at least a portion of the nanochannel such that at least a portion of the macromolecule passes
through the constriction; monitoring at least one signal arising in connection with the
macromolecule passing through the constriction; and correlating the at least one signal to one or
more teatures of the macromolecule.

[0011] In a second aspect, the present invention provides devices for analyzing a

linearized macromolecule, comprising two or more fluid reservoirs; and a nanochannel
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comprising a constriction, the nanochannel placing the at least two fluid reservoirs in fluid
communication with one another.

[0012] Further provided are methods for transporting a macromolecule, comprising
providing at least two fluid reservoirs; providing an at least partially linearized macromolecule,
at least a portion of the macromolecule residing in a nanochannel, the nanochannel placing the at
least two reservoirs in fluid communication with one another, the nanochannel comprising a
constriction; and applying a gradient to the macromolecule, the gradient giving rise to at least a
portion of the linearized macromolecule being transported within at least a portion of the
nanochannel.

[0013] Additionally provided are methods for fabricating a constricted nanochannel,
comprising providing a nanochannel; the nanochannel having an internal diameter in the range of
from about 0.5 nm to about 1000 nm, and the nanochannel having a length of at least about 10
nm; reducing the internal diameter of the nanochannel either at a location within the
nanochannel, at a location proximate to the end of the nanochannel, or both, so as to give rise to
a constriction within or adjacent to the nanochannel, the constriction having an internal diameter
in fluidic communication with the nanochannel, the nanochannel being capable of maintaining a
linearized macromolecule in its linearized form, and the reduced internal diameter being capable
of permitting the passage of at least a portion of a linearized macromolecule.

[0014] Also disclosed are methods for linearizing a macromolecule, comprising placing
a macromolecule in a nanochannel, at least a portion of the nanochannel being capable of
physically constraining at least a portion of the macromolecule so as to maintain in linear form
that portion of the macromolecule.

[0015] The general description and the following detailed description are exemplary
and explanatory only and are not restrictive of the invention, as defined in the appended claims.
Other aspects of the present invention will be apparent to those skilled in the art in view of the

detailed description of the invention as provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] The summary, as well as the following detailed description, is further
understood when read in conjunction with the appended drawings. For the purpose of
tllustrating the invention, there are shown in the drawings exemplary embodiments of the
invention; however, the invention is not limited to the specific methods, compositions, and
devices disclosed. In addition, the drawings are not necessarily drawn to scale. In the drawings:
[0017] FIG. 1a is a schematic view of a DNA sequencer showing linearized double-

stranded DNA passing through a nanochannel into an outlet reservoir, where a measurement
-3 -
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device detects physical, chemical, electrical, or other changes in the outlet reservoir or within the
nanochannel related to the passage of the DNA;

[0018] FIG. 1b depicts a DNA molecule flowing through a nanonozzle constriction at
the end of a nanochannel;

[0019] FIG. 1c depicts the data evolved from the passage of the DNA through the
constricted nanochannel:

[0020] FIG. 2a is a schematic view of a DNA sequencer showing linearized single-
stranded DNA passing through a nanochannel into an outlet reservoir, where a measurement
device detects any physical, chemical, electrical, or other changes in the outlet reservoir or
within the nanochannel related to the passage of the DNA;

[0021] FIG. 2b depicts single-stranded DNA molecule flowing through a nanonozzle
constriction at the end of a nanochannel:

[0022] FIG. 2¢ depicts the data evolved as individual nucleotides of the single-stranded
DNA pass through the constriction of the nanochannel,

[0023] FIG. 3a is a schematic view of a DNA sequencer showing linearized,
methylated double-stranded DNA passing through a nanochannel into an outlet reservoir, where
a measurement device detects any physical, chemical, electrical, or other changes in the outlet
reservoilr or within the nanochannel related to the passage of the DNA;

[0024] FIG. 3b depicts the methylated double-stranded DN A molecule flowing throﬁgh
a nanonozzle constriction at the end of a nanochannel;

[0025] FIG. 3¢ depicts the data evolved as individual nucleotides of the methylated
double-stranded DNA pass through the constriction of the nanochannel;

[0026] FIG. 4 depicts an representative embodiment of an enclosed nanochannel in
communication with a reservoir, the nanochannel having a constriction of cross-sectional area
smaller than remainder of nanochannel, and macromolecules being linearized within the
nanochannel and features of interest on the molecule being detected as they pass through the
constriction;

[0027] FIG. 5 depicts an enclosed nanochannel in communication with a second
nanochannel via a constriction of cross-sectional area smaller than both nanochannels,
macromolecules are linearized within the nanochannel and features of interest on the molecule
are detected as they pass through the constriction;

[0028] FIG. 6a depicts the preparation of a constriction at the end of a nanochannel by
additive material deposition, and FIG 6b is a scanning electron micrograph of an embodiment of

such a constriction at the end of a nanochannel;
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[0029] FIG. 7 depicts a representative fabrication of a constriction at the end of a
nanochannel by (FIG. 7a) deposition of material at the end of the nanochannel resulting in
complete sealing of the channel; (FIG. 7b) self-terminating opening of the constriction using an
acid etchant terminated by exposure to a neutralizing strong base; and (FIG. 7¢) the final
nanonozzle device after the etchant and neutralizer are removed;

[0030] FIG. 8 depicts an representative fabrication of a constriction at the end of a
nanochannel using sacrificial material: (FIG. 8a) a sacrificial macromolecule is placed into the
nanochannel and allowed to partially exit into the reservoir; (FIG. 8b) the fluid is removed and
material 1s deposited around the sacrificial molecule; and (FIG. 8c) the sacrificial molecule is
removed leaving a constriction at the end of the nanochannel; and

[0031] FIG. 9 presents a series of three scanning electron micrographs that describes
the gradual reduction in size of a channel opening using additive deposition of material: (FIG.
9a) additive deposition of silicon oxide on an open nanochannel of initial width and height of
about 150 nm leads to an enclosed nanochannel of about 50 nm diameter, (FIG. 9b) variation of
the deposition of parameters leads to smaller enclosed channels, and (FIG. 9¢) by extension, a

sub-10 nm opening can be created.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Terms

[003%] As used herein, the term “substantially linear” means that the conformation of at
least a portion of a long molecule, such as, but not limited to, a polynucleic acid comprising 200
nucleic acids linked together, does not loop back on itself or does not containing any sharp bends
or curves greater than about 360 degrees.

[0033] As used herein, the term “nanochannel” means a conduit, channel, pipe, duct, or
other similar structure having at least one nanoscale dimension.

[0034] The present invention may be understood more readily by reference to the
tollowing detailed description taken in connection with the accompanying figures and examples,
which form a part of this disclosure. It is to be understood that this invention is not limited to the
specific devices, methods, applications, conditions or parameters described and/or shown herein,
and that the terminology used herein is for the purpose of describing particular embodiments by
way of example only and is not intended to be limiting of the claimed invention. Also, as used in
the specification including the appended claims, the singular forms “a,” “an,” and “the” include
the plural, and reterence to a particular numerical value includes at least that particular value,

unless the context clearly dictates otherwise. The term “plurality”, as used herein, means more

than one. When a range of values is expressed, another embodiment includes from the one
-5 -
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particular value and/or to the other particular value. Similarly, when values are expressed as
approximations, by use of the antecedent * about,” it will be understood that the particular value
forms another embodiment. All ranges are inclusive and combinable.

[003S] Itis to be appreciated that certain features of the invention which are, for clarity,
described herein in the context of separate embodiments, may also be provided in combination in
a single embodiment. Conversely, various features of the invention that are, for brevity,
described in the context of a single embodiment, may also be provided separately or in any
subcombination. Further, reference to values stated in ranges include each and every value
within that range,

[0036] In one aspect, the present invention provides methods for characterizing one or
more features of a macromolecule. These methods include linearizing a macromoiecule residing
at least in part within a nahochannel, at least a portion of the nanochannel being cdpable of
physically constraining at least a portion of the macromolecule so as to maintain in linear form
that portion of the macromolecule.

[0037] Suitable nanochannels have a diameter of less than about twice thd;a radius of
gyration of the macromolecule in its extended form. A nanochannel of such dimeﬂlsion is known
to begin to exert entropic confinement of the freely extended, fluctuating macromc%lecule coils so
as to extend and elongate the coils. Suitable nanochannels can be prepared according to the
methods described in Nanochannel Arrays And Their Preparation And Use For Hi Igh-Throu ghput

Macromolecular Analysis, U.S. Patent 7,670,770.
[0038] Suitable nanochannels include at least one constriction. Such constrictions

function to locally reduce the effective inner diameter of the nanochannel. Constrictions can be
sized so as to permit the passage of linearized macromolecules. :

[0039] The methods also include the step of transporting at least a portiorﬁ of the
macromolecule within at least a portion of the nanochannel such that at least a poriion of the
macromolecule passes through the constriction. This is shown in, for example, FICS. 1b, 2b,
and 3b, in which DNA is shown passing through a nanochannel constriction. Con'fstrictions can
be made, for example by depositing material at the end of a nanochannel to seal ofif the
nanochannel, and then etching away a portion of the deposited material until a poré much
narrower than the nanochannel is produced. This is further illustrated in FIGS. 6 tp 9.

[0040] Where a comparatively long macromolecule is to be analyzed, theé end of the

macromolecule is delivered into one end of the nanochannel. This is accomplisheé by, for
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example, gradient structures, that assist such delivery into a nanochannel; suitable gradient
structures are described in U.S. Pat. No. 7,217,562, to Cao, et al.

[0041] The methods also include monitoring at least one signal arising in connection
with the macromolecule passing through the constriction; and correlating the at least one signal
to one or more features of the macromolecule. This is depicted in FIGS. 1a, 2a, and 3a, which
depict a schematic of monitoring a signal arising in connection with the passage of a
macromolecule through a constriction in a nanochannel. Suitable signals include, for example,
electric charge signals, optical signals, electromagnetic signals, magnetic signals, or any
combination thereof. Electrical signals can be monitored using, for example, any of a variety of
commercially available current meters and amplifiers. For example, suitable signal monitoring
equipment 1s capable of applying a constant voltage in the range of from about a nanovolt, or a
microvolt, or a millivolt, or even a volt or more across electrodes in contact with liquid within
the reservoirs and nanochannel segment. Suitable monitoring equipment is also capable of
measuring current between the electrodes many times persecond. Suitable equipment will have a
bandwidth of at least about 100 Hertz (**Hz”, cycles per second), or about 1 kilohertz (“kHz"), or
about 10 kHz, or about 100 kHz, or about 1 megahertz (“MHz”), or even about 10 megahertz.
Accordingly, current can be made once measurements are variations on the order of the
nanosecond, or the microsecond, or even on the millisecond scale. Current amplitude can be
from pico seconds ...Translocation speed of a SDNA can be around 40 bases per microsecond
through a typical “patch clamp amplifier”. Best machine today can sample once every
microseconds. Axopatch 200B, Molecular Devices (www.moleculardevices.com), having a
bandwidth of 100 KHz, is capable of 100,000 current measurements per second, or equivalent to
10 microseconds per current measurement of a change in the current between the electrodes
connected to the two waste reservoirs.

[0042] Macromolecules suitable for the present method include polynucleotides,
polynucleosides, natural and synthetic polymers, natural and synthetic copolymers, dendrimers,
surfactants, lipids, natural and synthetic carbohydrates, natural and synthetic polypeptides,
natural and synthetic proteins, or any combination thereof. DNA is considered a particularly
suitable macromolecule that can be analyzed according to the methods as discussed elsewhere
herein.

[0043] A macromolecule analyzed according to the methods as provided herein
typically resides within a fluid. Suitable fluids include water, buffers, cell media, and the like.

Suitable fluids can also be electrolytic, acidic, or basic.
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[0044] Transporting the macromolecule is accomplished by exposing the
macromolecule to a gradient, the gradient suitably applied along the flow direction of a suitable
nanochannel. Suitable gradients include an electroosmotic field, an electrophoretic field,
capillary tlow, a magnetic field, an electric field, a radioactive field, a mechanical force, an
electroosmotic force, an electrophoretic force, an electrokinetic force, a temperature gradient, a
pressure gradient, a surface property gradient, a gradient of hydrophobicity, a capillary flow, or
any combination thereof. An electric field is a particularly suitable gradient.

[0045] The gradient may be temporally constant, spatially constant, or any combination
thereot. The gradient may also vary in space and time as needed. In some embodiments,
varying the gradient enables the transportation of the macromolecule in both forward and reverse
directions. In some embodiments, varying the gradient permits the same portion of the
macromolecule to be passed through the constriction multiple times.

[0046] Varying the gradient also enables the user to advance the macromolecule
quickly through the constriction until a region of particular interest on the macromolecule is
reached, 1n a manner analogous to fast-forwarding a cassette tape to a desired selection. Once
the region of interest 1s reached, the gradient may be varied so as to pass the region of interest
through the constriction at a lower speed. The gradient may also be reversed to effect a reverse
movement of the macromolecule through the restriction. This would be analogous to rewinding
the cassette tape to a desired position. Accordingly, “play”, “fast forward” , “rewind”, “pause”
and “stop” functions can arise by controlling the magnitude and polarity of the gradient between
the reservoirs.

[0047] Suitable signals that can be detected include a visual signal, an infrared signal,
an ultraviolet signal, a radioactive signal, a magnetic signal, an electrical signal, an
electromagnetic signal, or any combination thereof. Electrical signals are considered preferable
for the reason that they are easily monitored, but other signals may be effectively monitored.

[0048] The macromolecule may include one or more labels; suitable labels include
electron spin resonance molecule, a fluorescent molecule, a chemilumenescent molecule, an
1sotope, a radiosotope, an enzyme substrate, a biotin molecule, an avidin molecule, an electrical
charge-transferring molecule, a semiconductor nanocrystal, a semiconductor nanoparticle, a
colloid gold nanocrystal, a ligand, a microbead, a magnetic bead, a paramagnetic particle, a
quantum dot, a chromogenic substrate, an atfinity molecule, a protein, a peptide, a nucleic acid, a
carbohydrate, an antigen, a hapten, an antibody, an antibody fragment, a lipid, a polymer, an
electrically charged particle, a modified nucleotide, a chemical functional group, a chemical

moiety, or any combination thereof. In some embodiments, the label is a chemical moiety such
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as a methyl group. This 1s shown in non-limiting fashion at FIG. 3b, which depicts a DNA
strand labeled with several methyl groups and the detection of those methyl groups as indicative
of the presence of one or more particular features of the labeled DNA.

[0049] Signals are, in some embodiments, inherently emitted by the macromolecule.
Such inherently emitted signals include magnetic signals or radioactive signals, where the
macromolecule or portions of the macromolecule are magnetic or radioactive. Where the signal
1s inherently emitted by the macromolecule, it may not also be necessary to illuminate the
macromolecule so as to elicit a detectable signal.

[0050] In other embodiments, the signal is generated by i1lluminating the molecule.
IITumination 1includes exposing at least a portion of the macromolecule to visible light, ultraviolet
light, intrared light, x-rays, gamma rays, electromagnetic radiation, radio waves, radioactive
particles, or any combination thereof. Suitable illumination devices include coherent and
incoherent sources of light which can illuminate, excite, or even scatter from the macromolecule.
UV, VIS, IR light sources can be used, such as lasers and other light surfaces.

[0051] Features of macromolecules detected by the disclosed methods include the size
of the macromolecule, the molecular composition of the macromolecule, the molecular sequence
of the macromolecule, an electrical property of one or more molecules of the macromolecule, a
chemical property of one or more molecules of the macromolecule, a radioactive property of one
or more molecules of the macromolecule, a magnetic property of one or more molecules of the
macromolecule, or any combination thereof.

[0052] As discussed elsewhere herein, macromolecules are, in some embodiments,
labeled. Accordingly, a feature of such macromolecule is the location of one or more labels of
the macromolecule.

[0053] The molecular composition of a molecule is also characterized by the instant
methods. The molecular composition includes the position of one or more molecules of the
macromolecule, DNA polymorphisms, DNA copy number polymorphisms, amplifications within
DNA, deletions within DNA, translocations within DNA, inversions of particular loci within
DNA, the location of a methyl group within the macromolecule, or any combination thereof.
Polymorphisms are, in some embodiments, detected by observing the presence of a labeled probe
that 1s complementary only to that polymorphism.

[0054] The detection of binding sites between a drug and the macromolecule,
macromolecule-drug complexes, DNA repairing sites, DNA binding sites, DNA cleaving sites,

S1RNA binding sites, anti-sense binding sites, transcription factor binding sites, regulatory factor
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binding sites, restriction enzyme binding sites, restriction enzyme cleaving sites, or any
combination thereof are all included within the present invention.

[0055] As discussed elsewhere herein, such features are determined by interrogating the
macromolecule for the presence of one or more probes complementary to the features of interest.
The methods are shown schematically in FIGS. 1c¢ 2¢, and 3¢, each of which depicts the
monitoring of a signal arising in connection with the passage of the macromolecule through the
nanochannel constriction. In some embodiments, two or more probes are used to determine twao
or more features of a given macromolecule.

[0056] Certain embodiments of the device include a plurality of nanochannels. Such
arrays of nanochannels are useful in efficiently characterizing multiple features of a single
macromolecule or multiple features of multiple macromolecules. It will be apparent to one
having ordinary skill in the art that labels complementary to certain features can be chosen and
then applied to a given macromolecule that is then characterized to determine whether such
features are present on that given macromolecule.

[0057] Also disclosed are devices for analyzing a linearized macromolecule. Suitable
devices include two or more fluid reservoirs and a nanochannel comprising a constriction and the
nanochannel placing the at least two fluid reservoirs in fluid communication with one another.
As described elsewhere herein, suitable nanochannels are capable of physically constraining at
least a portion of macromolecule so as to maintain that portion in linear form.

Suitable devices with reservoirs can be made using standard silicon photolithographic

and etching techniques. Nanochannel length can also be controlled using such techniques.
Reservoirs and associated microfluidic regions, including the microfluidic interfacing regions,
can be sealed using a standard wafer (Si wafer - Si wafer) bonding techniques, such as thermal
pbonding, adhesive bonding of a transparent lid (e.g., quartz, glass, or plastic).

[0058] The constriction suitably resides at one end of the nanochannel. In some
embodiments, however, the constriction resides within the nanochannel. The ultimhte location
of the constriction will depend on the user’s needs. Constrictions inside a nanochanignel can be
made as follows: using a sacrificial material as a filler as described further herein (é_eg, €.8.
Example 7 discussed further below). '

[0059] Suitable nanochannels have a length in the range of at least about 10 nm, or at

least about 15 nm, or at least about 20 nm, at least about 30 nm, at least about 50 nm, or even at

- 10 -



CA 02658122 2009-01-16
WO 2008/079169 PCT/US2007/016408

least about 100 nm, at least about 500 nm, or at least about 1000 nm. In some embodiments, the
nanochannel comprises a length at least equal to about the length of the linearized
macromolecule.

[0060] Suitable nanochannels also have an effective inner diameter in the range of from
about 0.5 nm to about 1000 nm, or in the range of from about 10 nm to about 500 nm, or in the
range of from about 100 nm to about 300 nm, or in the range of from about 150 nm to about 250
nm. Nanochannel effective inner diameters can also be at least about 15 nm, or at least about 20
nm, or at least about 30 nm, or at least about 40 nm, or at least about 50 nm, or at least about 60
nm, or at least about 70 nm, or at least about 80 nm, or at least about 90 nm, or at least about 100
nm. As discussed, the nanochannel comprises an effective inner diameter capable of maintaining
the macromolecule in linearized form.

[0061] The terms “effective inner diameter” and “inner diameter’’ are used
interchangeably unless indicated otherwise. The term “effective inner diameter” refers not only
to nanochannels having a circular cross-sectional area, but also to nanochannels having non-
circularly shaped cross sectional areas. For example, the “effective inner diameter’” can be
determined by assuming the nanochannel has a circular cross section, and forcing the actual
cross sectional area ot the nanochannel to be effectively calculated in terms of the area of a circle
having an effective inner diameter: Cross Sectional Area of Nanochannel = pi x (effective inner
diameter / 2)°. Accordingly, the ettective inner diameter of a nanochannel can be determined as:

Effective Inner Diameter = 2[(Cross Sectional Area of Nanochannel)/ pi] 1z

[0062] Constrictions suitably have an effective inner diameter or effective dimension
permitting molecular transport in the range of from about 0.5 nm to about 100 nm, or in the
range of from about 1 to about 80 nm, or in the range of from about 5 to about 50 nm, or in the
range of from about 8 nm to about 30 nm, or in the range of from about 10 nm to about 15 nm.
Suitable constrictions have an effective inner diameter capable of maintaining a linearized
macromolecule passing across the constriction in linearized form. The effective inner diameter or
dimension can be controlled by controlling the etching conditions, or by controlling the size of
the sacrificial material within the constriction region.

[0063] The disclosed devices also include a gradient, such gradients suitably existing
along at least a portion of the nanochannel. Suitable gradients include an electroosmotic field, an
electrophoretic field, capillary flow, a magnetic field, an electric field, a radioactive field, a
mechanical force, an electroosmotic force, an electrophoretic force, an electrokinetic force, a
temperature gradient, a pressure gradient, a surface property gradient, a capillary flow, or any

combination thereof.
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[0064] In some embodiments, the gradient is capable of linearizing at least a portion of
a macromolecule residing within at least a portion of the nanochannel. In preferred
embodiments, however, the gradient is capable of transporting at least a portion of a
macromolecule located within the nanochannel along at least a portion of the nanochannel.

[0065] The devices suitably include a gradient generator capable of supplying the
described gradient. Suitable generators include a voltage source, a magnet, an acoustic source, a
pressure sburce, or any combination thereof.

[0066] The gradient generator is suitably capable of applying a constant gradient. The
gradient generator 1s also, in some embodiments, capable of applying a variable gradient. The
examples set forth elsewhere herein provide additional detail. It will be apparent to one having
ordinary skill in the art that the intensity and variability of the gradient will be chosen according
to the user’s needs.

[0067] The two or more fluid reservoirs of the device comprise the same fluid in some
embodiments. In other embodiments, the two or more fluid reservoirs comprise different tluids.
In some embodiments, the different fluids may be used to themselves provide the gradient used
to transport the macromolecule within the nanochannel — fluids of differing 1onic strength or
other property may be chosen to provide such a gradient. Suitable fluids include butfers, acids,
bases, electrolytes, cell media, surfactants, and the like.

[0068] The devices also include a detector capable of detecting a signal arising from at
least a portion of the linearized macromolecule passing through the constriction. Suitable
detectors include a charge coupled device (CCD) detection system, a complementary metal-
oxide semiconductor (CMOS) detection system, a photodiode detection system, a photo-
multiplying tube detection system, a scintillation detection system, a photon counting detection
system, an electron spin resonance detection system, a fluorescent detection system, a photon
detection system, an electrical detection system, a photographic film detection system, a
chemiluminescent detection system, an enzyme detection system, an atomic force microscopy
(AFM) detection system, a scanniﬁg tunneling microscopy (STM) detection system, a scanning
electron microscopy (SEM) detection system, an optical detection system, a nuclear magnetic
resonance (NMR) detection system, a near field detection system, a total internal reflection
(TIRF) detection system, a patch clamp detection system, an electrical current detection system,
an electrical amplification detection system, a resistance measurement system, a capacitive
detection system, and the like.

[0069] Suitable detectors are capable of monitoring one or more locations within one or

more of the fluid reservoirs, or, in other embodiments, are capable of monitoring a location
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within the nanochannel, or even a location proximate to an end of the nanochannel. It will be
apparent to the user that employing one or more detectors capable of detecting different signals
at different locations would enable characterization of multiple features of a given
macromolecule.

[0070] In some embodiments, the devices include an illuminator. Illuminators suitable
include a laser, a source of visible light, a source of radioactive particles, a magnet; a source of
ultraviolet light, a source of infrared light, or any combination thereof. The illuminator is used,
in some embodiments, to excite a portion of the macromolecule within the nanochannel. As a
non-limiting example, a source of light of a certain wavelength is used to excite fluorescent

labels residing at certain, specific locations on the macromolecule so as to elicit the presence of

such labels.

[0071] The devices also suitably include a data processor. In some embodiments, the
devices includea data recorder. Such processors are used to manipulate and correlate large data
sets.

[0072] One embodiment of the disclosed devices is shown in FIG. 4, which depicts a
nanochannel constricted at one end proximate to a reservoir and a detector monitoring a signal
arising out of a reservoir into which a macromolecule is linearly transported. Another
embodiment is shown in FIG. §, in which a constriction connects two nanochannels, In FIG. §,
it is seen that the detector monitors one or more signals evolved across the constricted
nanochannel assembly.

[0073] As discussed elsewhere herein, where a comparatively long macromolecule is to
be analyzed, one end of the macromolecule is first transpported into one end of the nanochannel.
As discussed, this may be accomplished by, for example, gradient structures, that assist such

delivery; suitable gradient structures are described in U.S. Pat. No. 7,217,562, to Cao, et al.
[0074] Also disclosed are methods for transporting a macromolecule. Such methods

include providing at least two fluid reservoirs and providing an at least partially lineanzed
macromolecule at least a portion of the macromolecule residing in a nanochannel. As discussed
eisewhere herein, the macromolecule may be linearized by confinement in a suitably-
dimensioned nanochannel having an inner diameter of less than about twice the radius of
gyration of the linearized macromolecule.

[0075] Suitable nanochannels place the reservoirs in fluid communication with one

another. Suitable nanochannels, as described elsewhere herein, also include a constriction. The

dimensions of suitable constrictions are described elsewhere herein.
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[0076] The methods also include the application of a gradient to the macromolecule.
The gradient suitably gives rise to at least a portion of the linearized macromolecule being
transported within at least a portion of the nanochannel. Suitable gradients include an
electroosmotic field, an electrophoretic field, capillary flow, a magnetic field, an electric field, a
radioactive field, a mechanical force, an electroosmotic force, an electrophoretic force, an
electrokinetic force, a temperature gradient, a pressure gradient, a surface property gradient, a
capillary flow, or any combination thereof. The gradient may suitably by constant or vary,
depending on the needs of the user.

[0077] The reservoirs are generally larger in volume than that of the nanochannel
segments. The reservoirs can be of almost any shape and size. For example, a reservoir may be
circular, spherical, rectangular, or any combination thereof. The size of a reservoir will be
dictated by the user’s needs and may vary.

[0078] The nanochannels of the disclosed method have a length of greater than about
10 nm, or greater than about 12 nm, or greatér than about 14 nm, or greater than about 16nm, or
greater than about 18 nm, or greater than about 20 nm, or greater than about 25 nm, or greater
than about 30 nm, or greater than about 35 nm, or greater than about 40 nm, or greater than about
45 nm. In some embodiments, the nanochannels have a length of greater than about 100 nm or
even greater than about 500 nm. Suitable nanochannels can also be greater than about 1 micron
in length, or greater than about 10 microns, or greater than about 100 microns, or greater than
about 1 mm, or even greater than about 10 mm in length. In some embodiments, the length of
the nanochannel is chosen to exceed about the length of the linearized macromolecule.

[0079] Further disclosed are methods for fabricating constricted nanochannels. These
methods first include providing a nanochannel. Suitable nanochannels have an effective internal
diameter in the range of from about 0.5 nm to about 1000 nm, or in the range of from about 1 nm
to about 500 nm, or in the range of from about 5 nm to about 100 nm, or in the range of from
about 10 nm to about 15 nm. Nanochannel effective inner diameters can also be at least about 15
nm, or at least about 20 nm, or at least about 30 nm, or at least about 40 nm, or at least about 50
nm, or at least about 60 nm, or at least about 70 nm, or at least about 80 nm, or at least about 90
nm, or at least about 100 nm.

[0080] The methods also include the step of reducing the effective internal diameter of
the nanochannel either at a location within the nanochannel, at a location proximate to the end of
the nanochannel, or both, so as to give rise to a constriction within or adjacent to the

nanochannel, the constriction having an internal diameter in fluidic communication with the

nanochannel. Sample constrictions are shown in FIG. 1b, FIG. 4, FIG. §, and FIG. 6. Suitable
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nanochannels are capable of maintaining a linearized macromolecule 1n its linearized form; as
discussed elsewhere herein, this is suitably accomplished by using nanochannel segments of
suitable dimensions so as to physically constrain the macromolecule to maintain the ‘
macromolecule in substantially linear form. The reduced internal diameter ot the constricted
nanochannel is suitably capable of permitting the passage of at least a portion of a linearized
macromolecule.

[0081] In one embodiment, the internal diameter of the nanochannel 1s reduced so as to
form the constriction by additively depositing one or more materials within, or exterior to, the
nanochannel. This 1s suitably accomplished by sputtering, spraying, physical vapor deposition,
chemical vapor deposition, or any combination thereof. In some embodiments, the additive
deposition ceases before the nanochannel is completely occluded. This is depicted in FIGS. 6a
and 6b, where the deposition of additive material proximate to one end of a nanochannel is
shown, the deposition ceasing before the nanochannel is completely occluded. Such a
nanochannel is also shown in FIG. 9, in which the reduction 1n effective inner diameter 1s seen
as the end of the nanochannel (FIG. 9a) is reduced by varied deposition (FIGS. 9b and 9c¢) of
additive material.

[0082] In other embodiments of the invention, the additive deposition ceases after the
nanochannel i1s completely occluded. In these embodiments, the methods include the step of re-
opening the sealed nanochannel by removing at least a portion of the deposited additive material.
This is suitably accomplished by etching. The etching process entails contacting one side of
deposited additive material with an first species capable of etching the deposited additive
material and contacting the other side of the deposited additive material with a second species
capable of retarding the etching activity of the etch species upon contact with the first species. In
some embodiments, the second species is capable of halting the etching activity of the etch
species upon contact with the first species. This is depicted in FI1G. 7a, where sealing material 1s
applied at one end of a nanochannel and then, FIG. 7b, etched away by a strongly basic solution,
the etching ceasing, FIG. 7¢, when the basic solution etches through the sealing material and is
neutralized by the strong acid residing on the opposite side of the sealing material. As will be
apparent to those having ordinary skill in the art, the conditions in the nanochannel, the relative
amounts of the first and second species, and other operating parameters will be adjusted so as to
achieve the desired diameter. |

[0083] In still other embodiments, reducing the internal diameter of the nanochannel
includes several steps: (FIG. 8a) placing a sacrificial material within the nanochannel, (FIG. 8b)

depositing additive material proximate to the sacrificial material so as to fully occlude the
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-nanochannel, and (FIG. 8c¢) selectively removing at least a portion of the sacrificial material
while leaving essentially intact the proximate additive material so as to give rise to a reduced
internal diameter of the nanochannel of the dimension of the removed sacrificial material. It will
be apparent to those having ordinary skill in the art that this aspect of the present invention is
useful for tfabricating voids having a variety of dimensions within nanoscale and larger channels
or within other structures. DNA and carbon nanotubes are both considered suitable sacrificial
materials. Other materials that may be selectively dissolved or etched away will be apparent to
those having ordinary skill in the art.

[0084] The present invention also provides methods for linearizing macromolecules so
as to constrain the degrees of freedom of the macromolecules from three dimensions to
essentially one dimension. These methods include placing a macromolecule in a nanochannel, at
least a portion of the nanochannel being capable of physically constraining at least a portion of
the macromolecule so as to maintain in linear form that portion of the macromolecule.

[0085] The nanochannels suitably include a constriction. Suitable dimensions for
constrictions are described elsewhere herein.

[0086] The methods also include, in some embodiments, applying a gradient to the
macromolecule, such that at least a portion of the macromolecule passes, linearly, through the
nanochannel constriction. Suitable gradients include an electroosmotic field, an electrophoretic
field, capillary tlow, a magnetic field, an electric field, a radioactive field, a mechanical force, an
electroosmotic force, an electrophoretic force, an electrokinetic force, a temperature gradient, a
pressure gradient, a surface property gradient, a capillary flow, or any combination thereot.

[0087] The microchannels of the disclosed methods suitable place two or more fluid
reservolrs 1n tfluid communication with one another.

[0088] The nanochannels suitable include an internal diameter of less than about two
times the radius of gyration of the linear conformation of the macromolecule. Nanochannels
suttably have lengths of at least about 10 nm, of at least about 50 nm, of at least about 100 nm, of
at least about 500 nm. Suitable inner diameters for nanochannels are in the range of from about
0.5 nm to about 1000 nm, or in the range of from about 5 nm to about 200 nm, or in the range of

from about 50 nm to about 100 nm.
EXAMPLES AND OTHER ILLUSTRATIVE EMBODIMENTS
[0089] The following are non-limiting examples and illustrative embodiments, and do

not necessarily restrict the scope of the invention.
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[0090] General Procedures. Deposition of filling material was provided by sputtering,
CVD, e-beam evaporation with a tilted sample wafer at various angles. This step was used to
both reduce the nanochannel openings and create a tapered nozzle at the end of the channels.

[0091] Typically, to fabricate enclosed nanochannels, 100-340 nm of 510, was
deposited onto the channel openings. Effective sealing was achieved with various 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 to an estimated 17 nm/min. Filling material was deposited on the
nanochannel opening by sputtering at S mTorr. Further details about making nanochannel arrays
and devices can be found in U.S. Patent Application Pub. Nos. US 2004-0033515 Al and US
2004-0197843 Al.

[0092] Example 1: A silicon substrate was provided having a plurality of parallel
linear channels having a 150 nm trench width and a 150 nm trench height. These channel
openings are sputtered at a gas pressure of 5 mTorr according to the general procedures given
above. The sputter deposition time was 10-25 minutes to provide a nanochannel array that can
either be partially sealed or completely sealed.

[0093] Example 2: This example provides an enclosed nanochannel array using an e-
beam deposition technique. A substrate can be provided as in Example 1. Silicon dioxide can
be deposited by an e-beam (thermo) evaporator (Temescal BJD-1800) onto the substrate. The
substrate can be placed at various angles incident to the depositing beam from the silicon dioxide
source target; the deposition rate can be set to about 3 nm/minute and 150 nm of sealing material
can be deposited in about 50 minutes. The angle of the incident depositing beam of sealing
material can be varied to reduce the channel width and height to less than 150 nm and 150 nm,
respectively, and to substantially seal the channels by providing shallow tangential deposition
angles.

[0094] Example 3: In this example, a nanochannel array can be contacted with a
surface-modifying agent. A nanochannel array made according to Example 1 can be submerged
in solution to facilitate wetting and reduce non-specific binding. The solution can contain
polyethelyene glycol silane in toluene at concentrations ranging from 0.1 — 100 mM and remains
in contact with the nanochannel array from about 1 hour to about 24 hours. Subsequent washing
in ethanol and water is used to remove ungrafted material,

[0095] Example 4: This example describes a sample reservoir with a nanochannel
array for a nanofluidic chip. A nanochannel array having 100 nm wide, 100 nm deep

nanochannels was made according to general procedures of Example 1. The nanochannel array
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was spin-coated with a photoresist such as AZ-5214E and patterned by photolithography with a
photomask using a Karl Suss MA6 Aligner to provide regions on opposite ends of the channel
array for preparing the reservoirs. The exposed areas were etched using reactive ion etching in a
Plasma-Therm 720SLR using a combination of CF4 and O, at a pressure of SmTorr and RF
power of 100W with an etch rate of 20 nm/min to expose the nanochannel ends and to provide a
micron-deep reservoir about a millimeter wide on the opposite ends of the channels at the edge
of the substrate.

[0096] Example S: This example describes filling a nanofluidic chip with a fluid
containing DNA macromolecules to analyze DNA. A cylindrical-shaped plastic sample-delivery
tube of 2 mm diameter was placed in fluid communication with one of the reservoirs of the
nanochannel array of Example 3. The delivery tube can be connected to an external sample
delivery/collection device, which can be in turn connected to a pressure /vaccum generating
apparatus. The nanochannels are wetted using capillary action with a buffer solution. A butfer
solution containing stained for example lambda phage macromolecules (lambda DNA) were
introduced into the nanochannel array by electric field (at 1-50 V/cm); the solution concentration
was 0.05-5 microgram/mL and the lambda DNA was stained at a ratio of 10:1 base pair/dye
with TOTO-1 dye (Molecular Probes, Eugene, Oregon). This solution of stained DNA was
diluted to 0.01-0.05microgram/mL into O.5xTBE (tris-boroacetate buffer at pH 7.0) containing
0.IM of an anti-oxidant and 0.1% of a linear polyacrylamide used as an anti-sticking agent.

[0097] Example 6: This example describes the fabrication of a nanozzle at end of
nanochannel using acid etching. Fabrication of the nanozzle device begins with a completed
silicon nanochannel having enclosed nanochannels as provided in Example 1. Creation of the
nanopore proceeds by sputter coating a thin layer of chromium over the exposed end of the
channel. Sputter coating using a Temescal system can be controlled with sub-nm precision with
deposition amounts of 5 - 200 nm at a rate of 0.01 — 1 nm/sec or until the end of the nanochannel
is completely covered with chromium. A wet-etch process can then be employed to open a sub-
10 nm pore 1n the chromium. A dilute chromium etchant such as Cr’’ can be flowed into the
channel using capillary forces or other forms of pumping. Dilution can range from 1X to
10,000X. Because Cr’’ is a highly selective acid etchant, it will preferentially react with the
chromium at the end of the channel rather than the silicon channels themselves. To stop the etch
once a pore has opened, the area outside the channel will be filled with a highly concentrated
base solution (such as sodium hydroxide) that will rapidly neutralize the weak acid upon break-
through. After subsequent washing of the device, the result will be a nanoscale nozzle at the end

of a nanochannel.
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[0098] Example 7: This example describes how to fabricate a nanonozzle chip using a
sacrificial macromolecule. A nanofluidic chip with input/output fluid reservoirs connected by
nanochannels i1s used to linearize double strand DNA (FIG. 8a). In this example, long fragments
of DNA, approximately 1-10 Mbp in length, uniformly stained with YOYO-1 is preferable. The
concentration of the DNA should be around 0.5 micrograms/mL, with the dye stained to a ratio
of 10:1 base pair/dye. The buffer solution is composed of 0.5x TBE (tris-boroacetate buffer at
pH 7.0) containing 0.1M of an anti-oxidant and 0.1% of a linear polyacrylamide used as an anti-
sticking agent. Using the nanofuidic chip and procedure described previously (Cao 2002), the
solution of sacrificial DNA molecules are flowed into the nanochannels of the chip, where they
exit the nanochannels at the outlet reservoir. Using a fluorescent imaging microscope, the exit of
the DNA molecules i1s observed in real time, and their movement controlled by applying an
electric field across the reservoirs (1-50 V/cm). With such a scheme, a desired DNA fragment’s
position can be suspended having only partially exited the nanochannel. The nanochannel chip
1S then dried at 50°C 1n vacuum environment removing any residual buffer solution, so that the
DNA fragment of interest remains partially inside the nanochannel. Interaction between the
nanochannel surface and the DNA fragment, such as through van der Waals bonding, maintains
the fragment’s position in the channel during the drying process.

[0099] After the nanochannel chip has been dried, a material such as silicon dioxide is
deposited over the surface of the chip (FIG. 8b) such that the entrance to the nanochannel
becomes blocked, and the DNA fragment enclosed. The rate of material deposition and the
temperature of the deposition must be carefully chosen such that the DNA fragment is not
damaged during this process. Evaporating material at 0.2 A/s or less on a sample kept at —160°C
using a cooling stage has been shown to protect small organic molecules from damage (Austin
2003). In order to obtain uniform coverage around the nanochannel to properly form a
nanonozzle, the stage is rotated and tilted during the evaporation process. To completely close a
nanochannel of 80 nm 1n diameter, approximately 200 nm of silicon dioxide material should be
evaporated.

[0100] Example 8. Operation of a Device - Electrical measurement for
Sequenceing single-stranded nucleic acid: A voltage bias is applied across a nanochannel
device having a constriction (either nanogate or nanozzle) approximately 1.5 nm inner diameter
placed at one end of the nanochannel, the nanochannel being about 200 microns in length, for a
single strand nucleic acid for sequencing using electrodes (can be copper, silver, titanium,
platinum, gold, or aluminum) contacting reservoirs at each end of the nanochannel, the reservoirs

having dimensions of about 5 — 100 microns in diameter and 1-2 microns deep. The electrodes
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are deposited 1nto the reservoirs and lead lines leading to outside the fluidic region for
connection to a current monitor. A voltage range of 100 mV — 100V can be used. Biological
butter (TE, TBE, TAE) 1s placed in each reservoir, capillary action and a pressure differential
aids 1in wetting the nanofluidic device using a suitable fluidic delivery pump or syringe. A
nucleic acid sample (e.g., 100 base sDNA and up, at least 1000 bases, or 10000 bases, or 100000
bases, or 1 million, or even 10 million, or even 100 million, up to chromosomal length) in buffer
solution (1 nanoliter up to about 100 microliters) is delivered to one or both of the reservoirs. A
gradient 1s applied to aid in the t'ranlsport of one or more polynucleic acid molecules into the
nanochannel in into the constriction. A field i1s applied, specifically in this example, a controlled
voltage gradient to apply a current from oné reservoir, throght theé nanochannel, through the
constriction with the polynulceic acid residing within the constriction, and into the second
reservoir. The electrical current flowing through this system is detected and amplified using an
Axopatch 200B (Molecular Devices) patch clamp amplifier. Typical measured currents range
from about 100 fA to about 1 uA with fluctuations approximatley hundreds of picoamps as the
DNA moves through the constriction. Labels attached to the single strand DNA can produce
additional current fluctuations of magnitude smaller than that created by the DNA itself. For the
case of measurements with a spatial resolution of a single base, typical translocation speed is
such that the measurement system can register a minimum of 1 measurement per base. In the
case of the Axopatch 200B with 100kHz bandwidth, the maximum translocation speed is 100
kB/sec, assuming 50% stretching of the DNA molecule in the nanochannel. This gives rise to a
translocation speed of the DNA through the construction to be about 0.015 nm/microsec. The
measure current differences are measured and corrélated to a seet of calibration standards to give
rise to the sequence of the DNA sample.

[0101] A sample table tabulating suitable cross-sectional dimensions for the analysis of

various target molecules 1s shown below:
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Target Molecule Analvzed

Minimum cCross-
sectional dimension of
Constriction (nm)

ss-DNA ] 1.5
ss-DNA + complementary strands 2
1 ds-DNA with nick, gap or lesion 2
| ds-DNA 2
ds-DNA + moiety (eg. Methyl group, labeling group) 2.1
ds-DNA + small compound 2.5
ds-DNA + 3rd strand probe 3.5
ds-DNA + biotin S
’ ds-DNA + protein bound factors (eg. Transcription factors) 4-15
| ds-DNA + bead (eg. Quantum dot, magnetic beads) 10-50
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What is claimed is:

1. A method for characterizing one or more features of a macromolecule,

comprising:

linearizing a macromolecule residing at least in part within a nanochannel, at least a
portion of the nanochannel being capable of physically constraining at least a portion of the
macromolecule so as to maintain in linear form that portion of the macromolecule, and the
nanochannel comprising at least one constriction, wherein the nanochannel has an cifective mner
diameter between about 10 nm to about 500 nm and a length of at least about 500 nm, and
wherein the discrete constriction has an effective inner diameter that is no more% than about 40%
of the effective inner diameter of the nanochannel;

transporting at least a portion of the macromolecule within at least a portion of the
nanochannel such that at least a portion of the macromolecule passes through the constriction;

monitoring at least one signal arising in connection with the macromolecule passing
through the constriction; and

correlating the at least one signal to one or more features of the macromoiecule.

2. The method of claim 1, wherein the macromolecule comprises a pblynucleotide, a
polynucleoside, a polymer, a copolymer, a dendrimer, a surfactant, a lipid, a carbohydrate, a

polypeptide, a protein, or any combination thereof.

3. The method of claim 1, wherein the macromolecule resides within a fluid.

4. The method of claim 1, wherein the transporting comprises exposing thé macromolecule

to a gradient.

5. The method of claim 4, wherein the gradient comprises an electrooSmotic field, an
electrophoretic field, a magnetic field, an electric field, an electromagnetic field, a flow field, a
radioactive field, a mechanical force, an electroosmotic force, an electropHoretic force, an
electrokinetic force, a temperature gradient, a pressure gradient, a surface property gradient, a

capillary flow, or any combination thereof.
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6. The method of claim 4, wherein the gradient 1s constant.

7. The method of claim 4, wherein the gradient varies.

8. The method of claim 1, wherein the signal comprises a visual signal, an infrared signal,
an ultraviolet signal, a radioactive signal, a magnetic signal, an electrical signal, an

electromagnetic signal, or any combination thereof.
9. The method of claim 1, wherein the macromolecule comprises one or more labels.

10. The method of claim 9, wherein the one or more labels comprise an electron spin
resonance molecule, a fluorescent molecule, a chemiluinescent molecule, a radiosotope, and
enzyme substrate, a biotin molecule, an avidin molecule, an electrical charged transterring
molecule, a semiconductor nanocrystal, a semiconductor nanoparticle, a colloid éold nanocrystal,
a ligand, a microbead, a magnetic bead, a paramagnetic particle, a quantum dof, a chromogenic
substrate, an affinity molecule, a protein, a peptide, a nucleic acid, a carbohydréte, an antigen, a
hapten, an antibody, an antibody fragment, a lipid, a polymer, an electrically i:harged particle,

modified nucleotide, or any combination thereof.

11. The method of claim 8, wherein the signal is inherently emitted by the macromolecule.
12. The method of claim 8, wherein the signal is generated by illuminating the molecule.

13. The method of claim 12, wherein the illuminating comprises exposing at least a portion
of the macromolecule to visible light, ultraviolet light, infrared light, x-raj?s, gamma rays,

electromagnetic radiation, radio waves, radioactive particles, or any combination thereof.

14. The method of claim 8, wherein a feature of the macromolecule comprises the size of the
macromolecule, the molecular composition of the macromolecule, the molecular sequence of the

macromolecule, an electrical property of one or more molecules of the Macromolecule, a
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chemical property of one or more molecules of the macromolecule, a radioactive property of one
or more molecules of the macromolecule, a magnetic property of one or more molecules of the

macromolecule, or any combination thereof.

15. The method of claim 9, wherein a feature of the macromolecule comprises the location of

one or more labels of the macromolecule.

16. The method of claim 14, wherein the molecular composition of the macromolecule
comprises the position of one or more molecules of the macromolecule, DNA;polymorphisms,
DNA copy number polymorphisms, amplifications within DNA, deletions within DNA,
translocations within DNA, inversions of particular loci within DNA, the location of a methyl

group within the macromolecule, or any combination thereof.

17. The method of claim 15, further comprising the detection of binding sites between a drug
and the macromolecule, macromolecule-drug complexes, DNA repairing sites, DNA binding
sites, DNA cleaving sites, siRNA binding sites, anti-sense binding sites, transcription factor
binding sites, regulatory factor binding sites, restriction enzyme binding sites, restriction enzyme

cleaving sites, or any combination thereof.

18. A device for analyzing a linearized macromolecule, comprising:

two or more fluid reservoirs; and

a nanochannel comprising a constriction, wherein the nanochannel has an effective inner
diameter between about 10 nm to about 500 nm and a length of at least about 500 nm, and
wherein the discrete constriction has an effective inner diameter that is no more than about 40%
of the eftective inner diameter of the nanochannel, the nanochannel placing the at least two fluid
reservoirs in fluid communication with one another, and

at least a portion of the nanochannel or a portion of the constriction being capable of
physically constraining at least a portion of a macromolecule so as to maintain in substantially

linear form that portion of the macromolecule.

19. The device of claim 18, wherein the constriction resides at one end of the nanochannel.
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20. The device of claim 18, wherein the constriction resides within the nanochannel.

21. The device of claim 18, wherein the nanochannel comprises a length at least equal to the

length of the linearized macromolecule.

22. The device of claim 18, wherein the nanochannel comprises an effective inner diameter

in the range of from about 100 nm to about 300 nm.

23. The device of claim 18, wherein the nanochannel comprises an etfective inner diameter

in the range of from about 150 nm to about 250 nm.

24. The device of claim 18, wherein the nanochannel comprises an effectivfe inner diameter
capable of physically constraining at least a portion of a macromolecule so aséto maintain that

portion 1n linearized form.

25. The device of claim 18, wherein the constriction comprises an effective inner diameter in

the range of from about 0.5 nm to about 100 nm.

26. The device of claim 18, wherein the constriction comprises an etfective inner diameter 1n

the range of from about 10 nm to about 50 nm.

27. The device of claim 18, wherein the constriction comprises an etfective inner diameter
capable of maintaining a linearized macromolecule passing across the constriction in linearized

form.

28. The device of claim 18, wherein the device further comprises a gradient. :

29. The device of claim 28, wherein the gradient comprises an electrooSmotic field, an
electrophoretic field, capillary flow, a magnetic field, an electric field, a radioactive field, a

mechanical force, an electroosmotic force, an electrophoretic force, an electrokinetic force, a
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temperature gradient, a pressure gradient, a surface property gradient, a capillary flow, or any

combination thereof.

30. The device of claim 28, wherein the gradient is capable of linearizing at least a portion of

a macromolecule residing within at least a portion of the nanochannel.

31. The device of claim 28, wherein the gradient is capable of transporting at least a portion

of a macromolecule located within the nanochannel along at least a portion of the nanochannel.
32. The device of claim 28, further comprising a gradient generator.

33. The device of claim 32, wherein the gradient generator comprises a voltage source, a

magnet, an acoustic source, a pressure source, or any combination thereof.

34. The device of claim 28, wherein the gradient generator is capable of applying a constant

gradient.

35. The device of claim 28, wherein the gradient generator is capable of apf)lying a variable

gradient.
36. The device of claim 18, wherein the two or more fluid reservoirs comprise the same fluid.

37. The device of claim 18, wherein the two or more fluid reservoirs coécmprise different

fluads.

38. The device of claim 18, further comprising a detector capable of detecting a signal arising

from at least a portion of the linearized macromolecule passing through the constriction.

39. The device of claim 38, wherein the detector comprises a charge coupled device (CCD)
detection system, a complementary metal-oxide semiconductor (CMOS) detection system, a

photodiode detection system, a photo-multplying tube detection system, a scintillation detection
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system, a photon counting detection system, an electron spin resonance detection system, a
fluorescent detection system, a photon detection system, an electrical detection system, a
photographic film detection system, a chemiluminescent detection system, an enzyme detection
system, an atomic force microscopy (AFM) detection system, a scanning tunneling microscopy
(STM) detection system, a scanning electron microscopy (SEM) detection system, an optical
detection system, a nuclear magnetic resonance (NMR) detection system, a near field detection
system, a total internal reflection (TIRF) detection system, a patch clamp detection system, an
electrical current detection system, an electrical amplification detection system, a resistance

measurement system, a capacitive detection system, or any combination thereof.

40. The device of claim 38, wherein the detector is capable of monitoring one or more

locations within one or more of the fluid reservoirs.

41. The device of claim 38, wherein the detector is capable of monitoring a location within

the nanochannel.

42. The device of claim 38, wherein the detector is capable of monitoring a location

proximate to an end of the nanochannel.
43. The device of claim 18, further comprising an illuminator.

44. The device of claim 43, wherein the illuminator comprises a laser, a source of visible
light, a source of radioactive particles, a magnet, a source of ultraviolet light, a sburce of infrared

light, or any combination thereof.

45. The device of claim 18, further comprising a data processor.

46. A method for transporting a macromolecule, comprising:

providing at least two fluid reservoirs;

providing an at least partially linearized macromolecule, at least a portion of the

macromolecule residing in a nanochannel, the nanochannel placing the at least two reservoirs in
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fluid communication with one another, the nanochannel comprising a constriction, wherein the
nanochannel has an effective inner diameter between about 10 nm to about 500 nm and a length
of at least about 500 nm, and wherein the discrete constriction has an effective inner diameter
that 1s no more than about 40% of the effective inner diameter of the nanochannel; and

applying a gradient to the macromolecule, the gradient giving rise to at least a portion of

the linearized macromolecule being transported within at least a portion of the nanochannel.

477. The method of claim 46, wherein the nanochannel comprises a length greater than about

the length of the linearized macromolecule.

48. The method of claim 46, wherein the gradient comprises an electroosmotic field, an
electrophoretic field, capillary flow, a magnetic field, an electric field, a radioactive field, a
mechanical force, an electroosmotic force, an electrophoretic force, an electrokinetic force, a
temperature gradient, a pressure gradient, a surface property gradient, a capilléry flow, or any

combination thereof.
49. The method of claim 48, wherein the gradient is constant.
50. The method of claim 48, wherein the gradient varies.

51. A method for fabricating a constricted nanochannel, comprising:
providing a nanochannel, the nanochannel having an internal diameter in the range of
from 10 nm to about 500 nm, and the nanochannel having a length of at least abogut 500 nm;
reducing the internal diameter of the nanochannel either at a location within the
nanochannel, at a location proximate to the end of the nanochannel, or both, so as to give rise to
a constriction within or adjacent to the nanochannel, the constriction having an internal diameter
in fluidic communication with the nanochannel, the nanochannel being capable of maintaining a

linearized macromolecule in its linearized form, and the reduced internal diameter being capable

of permitting the passage of at least a portion of a linearized macromolecule, wherein the discrete
constriction has an effective inner diameter that is no more than about 40% of the effective inner

diameter of the nanochannel.
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52. The method of claim 51, wherein the internal diameter of the nanochannel 1s reduced by

additively depositing one or more materials within, or exterior to, the nanochannel.

>3. The method of claim 52, wherein the additive deposition comprises sputtering, spraying,

physical vapor deposition, chemical vapor deposition, or any combination thereof.

54. The method of claim 52, wherein the additive deposition ceases before the nanochannel is

completely occluded.

55. The method of claim 52, wherein the additive deposition ceases after the nanochannel is

completely occluded.

56. The method of claim 55, further comprising the step of re-oper,iling the sealed

nanochannel by removing at least a portion of the deposited additive material.

57. The method of claim 56, wherein the removing is accomplished by etchiﬂg.

58. The method of claim 57, wherein the etching comprises contacting one $ide of deposited

additive material with an first species capable of etching the deposited additive Irélaterial.

59. The method of claim 58, further comprising contacting the other side bf the deposited

additive material with a second species capable of retarding the etching activity of the etch

species upon contact with the first species.

60. The method of claim 58, further comprising contacting the other side of the deposited
additive material with a second species capable of halting the etching activity of the etch species

upon contact with the first species.
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61. The method of claim 59, further comprising adjusting the conditions in the nanochannel,
the relative amounts of the first and second species, or any combination thereof, so as to achieve

the desired reduced internal diameter.

62. The method of claim 51, wherein affecting the internal diameter of the nanochannel
comprises the steps of
(a) placing a sacrificial material within the nanochannel,
(b) depositing additive material proximate to the sacrificial material so as to tully occlude
the nanochannel, and '
(c) selectively removing at least a portion of the sacrificial material so as to give rise to a
reduced internal diameter of the nanochannel of the dimension of the removed sacrificial

material.

63. A method for linearizing a macromolecule, comprising:
placing a macromolecule in a nanochannel, wherein the nanocham‘imel comprises a
constriction being capable of physically constraining at least a portion of the macromolecule so
as to maintain in linear form that portion of the macromolecule, wherein the naﬁochannel has an
effective inner diameter between about 10 nm to about 500 nm and a length of ait least about 500
nm, and wherein the discrete constriction has an effective inner diameter that 1s no more than

about 40% of the effective inner diameter of the nanochannel.

64. The method of claim 63, further comprising applying a gradient to the macromolecule,
such that at least a portion of the macromolecule passes, linearly, through the nanochannel

constriction.

65. The method of claim 64, wherein the gradient comprises an electroosmotic field, an
electrophoretic field, capillary flow, a magnetic field, an electric field, a radioactive field, a
mechanical force, an electroosmotic force, an electrophoretic force, an electrbkinetic force, a
temperature gradient, a pressure gradient, a surtace property gradient, a capillary flow, or any

combination thereof.
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66. The method of claim 63, wherein the nanochannel places two or more fluid reservoirs 1n

fluid communication with one another.

67. The method of claim 63, wherein the nanochannel comprises an internal diameter of less

than about two times the radius of gyration of the linear conformation of the macromolecule.

68. The method of claim 63, wherein the nanochannel comprises an inner diameter in the

range of from about 50 nm to about 100 nm.

69. A device for analyzing a polynucleotide macromolecule, comprising:
two or more fluid reservoirs; and
a nanochannel having an effective inner diameter between about 10 nm to about 500 nm

and a length of at least about 100 nm;

a discrete constriction in or at a terminal end of the nanochannel, having an eftective
inner diameter that is no more than about 40% of the effective inner diameter of the

nanochannel, wherein the nanochannel and the constriction are located in the fluid pathway

between the reservoirs; and

a sensor associated with the device located to detect a signal from at least a portion of the

polynucleotide macromolecule as it passes through the constriction.
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