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(57) ABSTRACT 

Disclosed are methods and compositions for isothermal 
ampli?cation of nucleic acids in a microfabricated substrate. 
Methods and compositions for the analysis of isothermally 
ampli?ed nucleic acids in a microfabricated substrate are 
disclosed as Well. The microfabricated substrates and iso 
thermal ampli?cation and detection methods provided are 
envisioned for use in various diagnostic methods, particu (21) Appl. No.: 10/113,238 
larly those connected With diseases characterized by altered 

1 e : pr. , gene sequences or gene expression. 22 F1 d A 1 2002 ' 

I I . 
n I n ‘ 

l I 
r ‘ "I 

l l 

I I‘ l I m a 

- H 
I l l 
I l I I w I 

n a I ' : 

; g 1 . 
I l l I . 

I ' I I I 

s l 

A : e : c : D - E - 
I I l I l 

1 l 



Patent Application Publication Nov. 21, 2002 Sheet 1 0f 7 US 2002/0172969 A1 

LU 
- a Q I n - - - - 

my é 

-.-..---- 

H .OE 



Patent Application Publication Nov. 21, 2002 Sheet 2 0f 7 US 2002/0172969 A1 

FIG. 2A FIG. 2B 



Patent Application Publication Nov. 21, 2002 Sheet 3 0f 7 US 2002/0172969 A1 

ii) 

“13-13 

FIQL 1% i‘ 



Patent Application Publication Nov. 21, 2002 Sheet 4 0f 7 US 2002/0172969 A1 

1 
?-0 (DO 
/ / 

FIG. 3B 



Patent Application Publication Nov. 21, 2002 Sheet 5 0f 7 US 2002/0172969 A1 

[I] 



Patent Application Publication Nov. 21, 2002 Sheet 6 0f 7 US 2002/0172969 A1 

mu .UHHH 

\Om/ 
/ 

11/4 

OMTIIV 7////F 

Q2 



Patent Application Publication Nov. 21, 2002 Sheet 7 0f 7 US 2002/0172969 A1 

MMMMMM 
V+ 

FIG. 5 



US 2002/0172969 A1 

CHIP-BASED ISOTHERMAL AMPLIFICATION 
DEVICES AND METHODS 

[0001] The present application claims the priority of co 
pending US. Provisional Patent Application Ser. No. 
60/031,590, ?led Nov. 20, 1996, the entire disclosure of 
Which is incorporated herein by reference Without dis 
claimer. 

[0002] The government oWns rights in the present inven 
tion pursuant to grant number R01-HG01044 from the 
National Institutes of Health. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to the ?eld 
of molecular biology, and relates to methods for amplifying 
nucleic acid target sequences in microfabricated devices. It 
particularly relates to isothermal methods for amplifying 
nucleic acid targets in microfabricated devices. The present 
invention also relates to methods of detecting and analyZing 
nucleic acids in microfabricated devices. 

[0005] 2. Description of Related Art 

[0006] In vitro nucleic acid ampli?cation techniques have 
provided poWerful tools for detection and analysis of small 
amounts of nucleic acids. The eXtreme sensitivity of such 
methods has lead to their development in the ?elds of 
diagnosis of infectious and genetic diseases, isolation of 
genes for analysis, and detection of speci?c nucleic acids as 
in forensic medicine. 

[0007] Nucleic acid ampli?cation techniques may be 
grouped according to the temperature requirements of the 
procedure. Certain nucleic acid ampli?cation methods, such 
as the polymerase chain reaction (PCRTM—Saiki et al., 
1985), ligase chain reaction (LCR—Wu et al., 1989; Bar 
ringer et al., 1990; Barony, 1991), transcription-based ampli 
?cation (KWoh et al., 1989) and restriction ampli?cation 
(US. Pat. No. 5,102,784), require temperature cycling of the 
reaction betWeen high denaturing temperatures and some 
What loWer polymeriZation temperatures. In contrast, meth 
ods such as self-sustained sequence replication (3SR; Gua 
telli et al., 1990), the QB replicase system (LiZardi et al., 
1988), and Strand Displacement Ampli?cation (SDA— 
Walker et al., 1992a, 1992b; US. Pat. No. 5,455,166) are 
isothermal reactions that are conducted at a constant tem 
perature, Which is typically much loWer than the reaction 
temperatures of temperature cycling ampli?cation methods. 

[0008] The SDA reaction initially developed Was con 
ducted at a constant temperature betWeen about 37° C. and 
42° C. (US. Pat. No. 5,455,166). This Was because the eXo 
“klenow DNA polymerase and the restriction endonuclease 
(e.g., HindII) are mesophilic enZymes that are thermolabile 
(temperature sensitive) at temperatures above this range. 
The enZymes that drive the ampli?cation are therefore 
inactivated as the reaction temperature is increased. 

[0009] Methods for isothermal Strand Displacement 
Ampli?cation, Which may be performed in a higher tem 
perature range than conventional SDA (about 50° C. to 70° 
C., “thermophilic SDA”), Were later developed. Thermo 
philic SDA is described in European Patent Application No. 
0 684 315 and employs thermophilic restriction endonu 
cleases that nick the hemimodi?ed restriction endonuclease 
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recognition/cleavage site at high temperature and thermo 
philic polymerases that eXtend from the nick and displace 
the doWnstream strand in the same temperature range. 

[0010] Photolithographic micromachining of silicon has 
been used to construct high-throughput integrated ?uidic 
systems for a variety of chemical analyses. This technology 
is of particular interest for the development of devices for 
analysis of nucleic acids, as in their conventional formats 
such analyses are typically labor- and material-intensive. 
Ideally, all of the processing steps of the ampli?cation 
reaction Would be conducted on the microfabricated device 
to produce a completely integrated nucleic acid analysis 
system for liquid transfer, miXing, reaction and detection 
that requires minimal operator intervention. 

[0011] Silicon and glass devices are economically attrac 
tive because the associated micromachining methods are, 
essentially, photographic reproduction techniques. Silicon 
structures are processed using batch fabrication and litho 
graphic techniques. These processes resemble those of print 
ing Where many features may be printed at the same time. 
These processes permit the simultaneous fabrication of 
thousands of parts in parallel, thus reducing system costs 
enormously. Today, silicon fabrication techniques are avail 
able to simultaneously fabricate micrometer and submi 
crometer structures on large-area Wafers (100 cm2), yielding 
millions of devices per Wafer and may be used to process 
either silicon or glass substrates. 

[0012] These characteristics have led to the proposal of 
silicon and glass as a candidate technology for the construc 
tion of high-throughput DNA analysis devices (Woolley and 
Mathies, 1994; Northrup et al., 1993; Effenhauser et al., 
1994). As mechanical materials, both silicon and glass have 
Well-known fabrication characteristics (Petersen, 1982). 
Microfabricated devices for biochemical and ?uidic 
manipulation are undergoing development in many labora 
tories around the World (Ramsey et al., 1995; McIntyre 
1996). Over the past 10 years, a number of micro?uidic 
devices have been developed that alloW the construction of 
miniaturiZed “chemical reactors.” Individual components of 
the system such as pumps (Esashi et al., 1989; Zengerle et 
al, 1992; Matsumoto and Colgate, 1990; Folta et al., 1992); 
valves (Esashi et al., 1989, Ohnstein et al., 1990; Smits, 
1990); ?uid channels (Pfahler et al., 1990); chromatographic 
and liquid electrophoresis separation systems (Terry et al., 
1979; Harrison et al., 1992b-g; ManZ et al., 1991; ManZ et 
al., 1992) are available. Although an objective of several 
research groups, complete silicon-fabricated nucleic acids 
analysis systems are still at the earliest stages of develop 
ment. 

[0013] Other components that have been microfabricated 
Which are applicable to nucleic acid analysis include ele 
ments for gel electrophoresis (Zeineh and Zeineh, 1990; 
Heller and Tullis, 1992; Effenhauser et al., 1994; Woolley 
and Mathies, 1994, 1995; Webster et al., 1996); capillary 
electrophoresis (ManZ et al., 1992, 1995; Effenhauser et al., 
1993; Fan and Harrison, 1994; Jacobsen et al., 1994a; 
1994b; Jacobson and Ramsey, 1995; Ocvirk et al., 1995; von 
Heeren et al., 1996); synthetic oligonucleotide arrays (Fodor 
et al., 1993; Schena et al., 1995; Hacia et al., 1996); 
continuous ?oW pumps (Lintel, 1988; Esashi et al., 1989; 
Matsumoto and Colgate, 1990; NakagaWa et al., 1990; 
Pfahler et al., 1990; Smits, 1990; Wilding et al., 1994; 
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Olsson et a1., 1995); discrete drop pumps (Burns et a1., 
1996); enzymatic reaction chambers (Northrup et a1., 1994; 
Wilding et al., 1994b; Cheng et a1., 1996); optical/radiation 
detectors (Belau et a1., 1983; Wouters and van Sprakelaar, 
1993; Webster et a1., 1996); and multicomponent systems 
(Harrison et a1., 1992, 1995; Northrup et al. 1994; Jacobsob 
and Ramsey 1996). 

[0014] To date, a number of devices have been microma 
chined, including pumps and valves (Gravensen et a1., 1993; 
ManZ et a1., 1994; Colgate and Matsumoto, 1990, Sam 
mnorco et al, 1996); reaction chambers (Woolley and 
Mathies, 1994; Wilding et a1., 1994); and separation and 
detection systems (Weber and May, 1989, Northrup et a1., 
1993, Harrison et a1., 1993; ManZ et a1., 1992; Jacobson et 
a1., 1994; Schooneva1d et a1., 1991; Van den Berg and 
Bergveld, 1995; Woolley et a1., 1995). Some of these have 
been recently integrated together to build pharmaceutical 
drug closing systems (Lammerink et a1., 1993; Miyake et al, 
1993) and other microchemical systems (NakagaWa et a1., 
1990; WashiZu, 1992; Van den Berg and Bergveld, 1995). 
One device is an integrated glass system combining DNA 
restriction enZyme digestion and capillary electrophoresis 
(Jacobson and Ramsey 1996). An alternative format using 
high-density arrays of synthesiZed oligodeoXynucleotides 
has been demonstrated as a DNA sequence detector (Fodor 
et a1., 1993; Hacia et a1., 1996). 

[0015] Nucleic acid targets have been successfully ampli 
?ed by the PCRTM on such microfabricated devices, often 
referred to as “chips” (US. Pat. No. 5,498,392; Woolley et 
a1., 1996; Shoffner et a1., 1995; Cheng et a1., 1996; Wilding 
et a1., 1994; US. Pat. Nos. 5,589,136; 5,639,423; 5,587,128, 
5,451,500) and LCR (Cheng et a1., 1996; Us. Pat. No. 
5,589,136). Evaporation due to repeated eXposure to high 
temperatures during thermocycling is a problem. Evapora 
tion during PCRTM has been controlled by immersing the 
channel in oil such that the open ends are covered, but this 
makes recovery of the ampli?ed sample dif?cult. 

SUMMARY OF THE INVENTION 

[0016] The present invention overcomes the foregoing 
evaporation and recovery draWbacks, and other de?ciencies 
inherent in the prior art, by providing compositions and 
methods for use in the isothermal ampli?cation of nucleic 
acids in microfabricated devices. In contrast to the dif?cul 
ties previously perceived to eXist and the prejudices in the 
art, the inventors found isothermal ampli?cation of nucleic 
acids using microfabricated devices or “chips” to be sur 
prisingly effective. In fact, the chip-based isothermal ampli 
?cation of the present invention Was discovered to be 
ef?cient at previously untested loW temperatures, despite 
potentially negative effects of surface chemistry and other 
proposed problems, such as stagnant temperature gradients, 
reduced diffusion and miXing, and inhibition of enZyme 
activity. 

[0017] The invention thus generally provides an appara 
tus, system, device or chip, or a plurality thereof, With 
isothermally regulated reaction chambers, methods of con 
structing single-chip and multiple-chip analytical systems, 
and methods for using such devices, chips and systems in the 
isothermal ampli?cation of nucleic acids. The invention also 
provides for the analysis of the ampli?cation products using, 
e.g., sequencing, gel separation, and/or detection of the 
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ampli?cation products in microfabricated devices. Further 
methods of the invention therefore include laboratory meth 
ods connected With nucleic acid analysis and clinical meth 
ods connected With the diagnosis and prognosis of disease 
states. 

[0018] First provided by the invention are devices, chips, 
Wafers or an analytical apparatus or system(s), generally of 
a microfabricated or micromachined type, for use in the 
isothermal ampli?cation of selected nucleic acids. Certain 
preferred devices utiliZe the silicon chip or silicon Wafer 
formats. In preferred embodiments, the devices of the 
present invention are “microdevices”, preferably de?ning 
micromachined structures for use With nanoliter volumes. 

[0019] The apparati, devices or chips of the invention 
generally comprise a microfabricated substrate or housing 
de?ning at least a ?rst transport channel, or microdroplet 
transport channel, operably connected to at least a ?rst 
reaction chamber, and at least a ?rst means for isothermally 
regulating the temperature of the reaction chamber. 

[0020] The “means for isothermally regulating the tem 
perature of the reaction chamber” may be an element, such 
as a particular resistor, combination of resistors, feed-back 
temperature detector, and/or circuitry for temperature con 
trol, that has not been previously used in conjunction With a 
microfabricated device or chip for use in nucleic acid 
ampli?cation. More preferably, the “means” for isother 
mally regulating the temperature of the reaction chamber 
Will be a “programmable means”. That is, a series of 
executable and controlled steps, preferably in the form of a 
computer program, the implementation of Which results in 
the control of the temperature of the reaction chamber Within 
narroW limits, such that the temperature is “substantially 
constant”. These computer microprocessor or programmable 
means, although readily prepared by those of skill in the art, 
have not previously been proposed for use in combination 
With a microfabricated nucleic acid ampli?cation device. 

[0021] The microfabricated substrate of the device, chip or 
system is generally constructed so that application of a ?uid 
in one or more transport channels Will result in the ?uid 
being conveyed at least to the reaction chamber. Accord 
ingly, the microfabricated substrate inherently has a “How 
directed fabrication”. The ?oW-directed fabrication or con 
struction may be based upon gravitational attraction, thermal 
gradients, gas or liquid pressure differences, differences in 
hydrophobic and hydrophilic surface structures, electroWet 
ting, and/or differences in the dielectric constant betWeen 
reagent ?uids applied to the substrate and the air or sur 
rounding media. The manner in Which a directional ?oW 
capability is provided to the substrate is not critical to the 
invention, so long as the substrate, device or system ulti 
mately alloWs for the controlled manipulation of liquids or 
?uids applied thereto, and effective merging and miXing 
Where appropriate. 
[0022] In the conteXt of this invention, a “reaction” or 
“ampli?cation” generally refers to reactions involving 
nucleic acid biomolecules, such as RNA and DNA. “Nucleic 
acid ampli?cation” generally refers to the process of increas 
ing the concentration of nucleic acid, and in particular, the 
concentration of a selected nucleic acid and/or a de?ned 
piece of a selected nucleic acid. “Ampli?ed or ampli?cation 
products” or “amplicons” generally de?ne the products 
resulting from execution of a nucleic acid ampli?cation 
reaction. 
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[0023] As used herein, the term “an isothermal ampli? 
cation reaction” refers to a nucleic acid ampli?cation reac 
tion that is conducted at a substantially constant tempera 
ture. It Will be understood that this de?nition by no means 
excludes certain, preferably small, variations in temperature 
but is rather used to differentiate the isothermal ampli?ca 
tion techniques from other ampli?cation techniques knoWn 
in the art that basically rely on “cycling temperatures” in 
order to generate the ampli?ed products. Thus, the present 
invention is distinguished from PCR, Which ?mdamentally 
rests on the temperature cycling phenomenon. 

[0024] It Will be further understood that although the 
isothermal ampli?cation reactions of the present invention 
Will generally be conducted at a substantially constant 
temperature, the overall execution of the ampli?cation, 
diagnostic or prognostic methods of the invention may 
nonetheless require certain steps to be conducted at different 
temperatures. For example, moving ?uids or microdroplets 
through the different channels or chambers de?ned on the 
microfabricated substrate, and/or merging and mixing 
samples and reagents, may involve alterations in tempera 
ture, e.g., as may be achieved via the use of de?ned heating 
elements. 

[0025] The microfabricated substrate or housing of the 
invention may be fabricated from any one of a number of 
suitable materials. The materials Will preferably be of the 
type that can be manipulated to de?ne the channels, reaction 
chambers and other components necessary for conducting 
the ampli?cation methods, and yet Will be stable enough to 
permit repeated use in such methods once the de?ning 
components have been etched or otherWise imparted onto 
the substrate. Certain preferred examples include, but are not 
limited to, silicon, quartZ and glass. 

[0026] The transport channels or “microdroplet transport 
channels” de?ned in the substrate are generally pathWays, 
Whether straight, curved, single, multiple, in a netWork, etc., 
through Which liquids, ?uids and/or gases may be passively 
or actively transported. The channels are generally etched 
into the silicon, quartZ, glass or other supporting substrate. 
The present invention requires the presence of at least a ?rst 
channel that ?mctions to alloW the transport of a ?uid 
sample into the reaction chamber. It Will be understood that 
such a channel need not be of a signi?cant minimum length, 
and that the term “channel” therefore refers to a ?uid 
conveying section in functional terms, rather than to de?n 
ing a structure that is necessarily long and pipe-like. 

[0027] The one or more channels in the substrate connect 
the various components, ie., keep components “in commu 
nication” and more particularly, “in ?uidic communication” 
and still more particularly, “in liquid communication.” Such 
components include, but are not limited to, gas-intake chan 
nels and gas vents. In certain other aspects of the invention 
“microdroplet transport channels” may refer to channels 
con?gured (in microns) so as to accommodate “microdrop 
lets.” 

[0028] While it is not intended that the present invention 
be limited by precise dimensions of the channels or precise 
volumes for microdroplets, illustrative ranges for channels 
may be betWeen 0.5 and SO/pm in depth (preferably betWeen 
5 and 20 pm) and betWeen 20 and 1000/pm in Width 
(preferably 500mm), and the volume of the microdroplets 
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may range (calculated from their lengths) betWeen approxi 
mately 0.01 and 100 nanoliters (more typically betWeen ten 
and ?fty). 

[0029] The ?rst microdroplet transport channel may be 
operably or functionally connected to, or in liquid commu 
nication With, at least a second microdroplet transport chan 
nel. First and second channels may operatively interact prior 
to connection With at least a ?rst isothermally regulated 
reaction chamber. This Would be the ?rst meaning of “con 
nective channels”. HoWever, other operative connections are 
envisioned, and separate transport channels that function to 
deliver ?uids to a common reaction chamber are still “inter 
active transport channels” in the context of the present 
invention in that they convey their contents to a common 
destination. 

[0030] The present invention is not limited to the number 
of transport channels or other ?uid-conveying means that 
may be provided in the substrate. The number and con?gu 
ration of such channels Will generally be dictated by the 
number of reaction chambers and other components pro 
vided on the substrate and/or the interaction of various 
individual chip elements to form a coordinated system. 

[0031] At least one isothermally regulated reaction cham 
ber is an important element of the present invention. As used 
herein, an “isothermally regulated reaction chamber” is a 
chamber, preferably one de?ning a microvolume receptacle, 
the temperature of Which chamber may be regulated in order 
to keep it substantially constant. The “substantially con 
stant” temperature may be controlled Within a feW degrees, 
or Within a single degree, or in certain embodiments, Within 
a feW tenths of a degree. 

[0032] The means for isothermally regulating the reaction 
chamber may include, but are not limited to, resistors in 
contact With or in proximity to the reaction chamber, tem 
perature detectors, resistive temperature detectors, dielectric 
sensors, or diodes and/or circuitry for temperature control. 
As discussed, the isothermal regulation means Will prefer 
ably be a programmable means. The actual means of con 
veying the heat Will preferably be a sheet resistively heated 
(rather than a Wire), although polysilicon and doped poly 
silicon and diaphragm-type heaters may also be used in the 
reaction chamber. 

[0033] In certain embodiments of the present invention, 
the microfabricated substrate further de?nes at least a ?rst 
entry port operably or functionally connected to, or in liquid 
communication With, at least a ?rst microdroplet transport 
channel. Any one of a variety of entry valves or ports may 
be used to control application of the sample or samples. 

[0034] In embodiments Where the microfabricated sub 
strate further de?nes at least a second microdroplet transport 
channel, at least a second entry port may be provided in 
operable or functional connection, or in liquid communica 
tion With the second microdroplet transport channel. The 
invention is not limited to the number of transport channels, 
nor to the number of entry ports, either in terms of ports per 
channel or the total number of entry ports. 

[0035] “Exit ports” or “sample collection points” are also 
envisioned, Which are generally positioned at a doWnstream 
How site from the reaction chamber. 

[0036] In certain aspects of the invention, the microfab 
ricated substrate Will further comprise a ?oW-directing 
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means system in order to facilitate that directed manipula 
tion of ?uids around the substrate. The term “?oW-directing 
means system” is intended to refer to one or more modi? 
cations of the substrate or other components used in func 
tional association With the substrate that act to control, or 
further control, the transport, merging and/or mixing of 
?uids or microdroplets betWeen the components etched onto 
the underlying substrate. 

[0037] Certain preferred ?oW-directing means systems are 
those that employ a surface-tension-gradient mechanism in 
Which discrete droplets are differentially heated and pro 
pelled through etched channels. A series of heating elements 
may thus be arrayed along the one or more microdroplet 
transport channels. Such resistive heaters may be located 
slightly beneath the channels. In certain aspects of the 
invention, the heating elements are comprised of aluminum, 
although one or more or a combination of other suitable 
resistive metals or materials may be employed, such as 
platinum, gold, etc. 

[0038] In certain aspects of the invention, “heating ele 
ment” may refer to an element that is capable of at least 
partially liquefying a meltable material. Ameltable material 
is “associated With” a heating element When it is in prox 
imity to the heating element such that the heating element 
can at least partially melt the meltable material. The prox 
imity necessary Will depend on the melting characteristics of 
the meltable material as Well as the heating capacity of the 
heating element. The heating element may or may not be 
encompassed Within the same substrate as the meltable 
material. 

[0039] Other ?uid-directing means systems for use in the 
invention are those that comprise a gas source in ?uid 
communication With the one or more transport channels and 
other components, such that application of differential gas 
pressure gradients result in the controlled ?oW of gases or 
liquids through the micromachined device. 

[0040] Differences in hydrophobic and hydrophilic sur 
face structures may also be employed to control the ?oW or 
transport of ?uids through the de?ned channels and etched 
components. In such embodiments, the transport channels 
and/or components may comprise or may be manipulated to 
comprise one or more hydrophobic regions. The channels 
and components may also be treated With a hydrophilicity 
enhancing compound or compounds prior to addition of one 
or more of the biological samples or ampli?cation reaction 
reagents. 

[0041] “Hydrophilicity-enhancing compounds” are gener 
ally those compounds or preparations that enhance the 
hydrophilicity (Water af?nity) of a component, such as a 
transport channel. “Hydrophilicity-enhancing compound” is 
thus a functional term, rather than a structural de?nition. For 
example, Rain-XTM anti-fog is a commercially available 
reagent containing glycols and siloxanes in ethyl alcohol. 
The fact that Rain-XTM anti-fog renders a glass or silicon 
surface more hydrophilic is more important than the 
reagent’s particular formula. 

[0042] In certain aspects of the invention “hydrophobic 
reagents” are used to make “hydrophobic coatings” and 
create “hydrophobic regions” (more Water repellent) in 
channels. It Will be understood that the present invention is 
not limited to particular hydrophobic reagents. In one 
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embodiment, the present invention contemplates hydropho 
bic polymer molecules that may be grafted chemically to the 
silicon oxide surface. Such polymer molecules include, but 
are not limited to, polydimethylsiloxane. In another embodi 
ment, the present invention contemplates the use of silanes 
to make hydrophobic coatings, including but not limited to 
halogenated silanes and alkylsilanes. The invention is not 
limited to particular silanes; the selection of the silane is 
only limited in a functional sense, i.e., that it render the 
surface hydrophobic. 

[0043] In one embodiment, n-octadecyltrichlorosilane 
(OTS) is used as a hydrophobic reagent. In another embodi 
ment, octadecyldimethylchlorosilane is employed. In yet 
another embodiment, the invention contemplates 1H, 1H, 
2H, 2H-per?uorodecyltricholorosilane (FDTS, 
C1OH4F17SiCl3) as a hydrophobic reagent. In still other 
embodiments, ?uoroalkyl-, aminoalkyl-, phenyl-, vinyl-, bis 
silyl ethane- and 3-methacryloxypropyltrimethoxysilane 
(MAOP) are contemplated as hydrophobic reagents. Such 
reagents (or mixtures thereof) are useful for making hydro 
phobic coatings, and more preferably, useful for making 
regions of a channel hydrophobic (as distinct from coating 
the entire channel). 

[0044] This invention is not limited to particular dimen 
sions for the hydrophobic regions of the channels or com 
ponents. HoWever, While a variety of dimensions are pos 
sible, it is generally preferred that the regions have a Width 
of betWeen approximately 10 and 1000 pm (or greater if 
desired), and more preferably betWeen approximately 100 
and 500 pm. 

[0045] A surface (such as a channel surface) is “hydro 
phobic” When it displays advancing contact angles for Water 
greater than approximately 70°. In one embodiment, the 
treated channel surfaces of the present invention display 
advancing contact angles for Water betWeen approximately 
90° and approximately 130°. In another embodiment, the 
treated microchannels have regions displaying advancing 
contact angles for Water greater than approximately 130°. 

[0046] In certain aspects of the invention, a “liquid-abut 
ting hydrophobic region” may refer to a hydrophobic region 
Within a channel Which has caused liquid (e.g., aqueous 
liquid) to stop or be blocked from further movement doWn 
the channel, said stopping or blocking being due to the 
hydrophobicity of the region, said stopped or blocked liquid 
positioned immediately adjacent to said hydrophobic region. 

[0047] Other ?oW-controlling or ?oW-directing means 
systems contemplated for use in the present invention are 
those that rely on the phenomenon of electroWetting, and/or 
differences in the dielectric constant betWeen the reagent 
?uids and air. ElectroWetting may be described as the initial 
intake of ?uid from a reservoir into a channel, electroWetting 
(or heating) may also be used to break the channel droplet 
from contact With the reservoir. Valve sealed by a movable 
diaphragm and/or meltable solder can also be used to control 
?uid ?oW. 

[0048] Any one of a variety of pumps, both external and 
internal pumps, may be used in order to control the ?oW of 
?uids in the context of this invention. In certain aspects of 
the invention a “bubble pump” may be used as a ?oW 
directing means. Abubble pump operates as folloWs: ?uid is 
introduced into a channel that comprises one or more 
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electrodes positioned such that they Will be in contact With 
a liquid sample placed in the channel. TWo electrodes may 
be employed and a potential may be applied betWeen the tWo 
electrodes. At both ends of the electrodes, hydrolysis takes 
place and a bubble is generated. The gas bubble continues to 
groW as the electrodes continue pumping electrical charges 
to the ?uid. The expanded bubble creates a pressure differ 
ential betWeen the tWo sides of the liquid drop Which 
eventually is large enough to push the liquid forWard and 
move it through the polymer channel. 

[0049] When coupled With a capillary valve, a bubble 
pump can actuate an effective quantity of ?uidic samples 
along the channel. The capillary valve is a narroW section of 
a channel. In operation, the ?uidic sample is ?rst injected 
into an inlet reservoir. As soon as the ?uid is loaded, it moves 
in the channel by capillary force. The ?uid then passes the 
narroW section of the channel but stops at the edge Where the 
channel Widens again. After the ?uidic sample is loaded, a 
potential is applied betWeen tWo electrodes. At both ends of 
the electrodes, hydrolysis occurs and bubble is generated. 
The bubble keeps groWing as the electrodes continue pump 
ing electrical charges to the ?uid. The expanding bubble then 
creates a pressure differential betWeen the tWo sides of the 
liquid drop, Which eventually large enough to push the liquid 
forWard. 

[0050] The combination of bubble pump and capillary 
valve does not require any moving parts and is easy to 
fabricate. In addition, the device produces a Well-controlled 
?uid motion, Which depends on the bubble pressure. The 
bubble pressure is controlled by the amount of charges 
pumped by the electrodes. The poWer consumption of the 
device is also minimiZed by this method. 

[0051] In certain aspects of the invention, the ?oW-direct 
ing means is separated from at least the ?rst microdroplet 
transport channel by a liquid barrier. “Liquid barrier” or 
“moisture barrier” refers to any structure or treatment pro 
cess on existing structures that prevents short circuits and/or 
damage to electronic elements (e.g., prevents the destruction 
of the aluminum heating elements). In one embodiment, the 
liquid barrier may comprise a ?rst silicon oxide layer, a 
silicon nitride layer and a second silicon oxide layer. 

[0052] Further preferred aspects of the invention are those 
Wherein the microfabricated substrate further de?nes, or is 
operably associated With, a nucleic acid analysis component 
operably connected to or in liquid communication With the 
isothermally regulated reaction chamber. The operative con 
nection betWeen the nucleic acid analysis component and the 
reaction chamber is such that the ampli?ed nucleic acid 
products generated by the isothermal ampli?cation reaction 
can be analyZed by the nucleic acid analysis component. The 
overall analytical method thus requires that the ampli?ed 
products are conveyed or otherWise transported from the 
isothermally regulated reaction chamber to the nucleic acid 
analysis component in a manner effective to alloW their 
subsequent analysis, separation, detection, or such like. 

[0053] Any one of a variety of nucleic acid separation and 
analytical components may be used as part of the devices or 
systems of the present invention. Ampli?cation product 
separation means include those for use in separation meth 
ods based upon chromatographic separation, including 
adsorption, partition, ion-exchange and molecular sieve, and 
techniques using column, paper, thin-layer and gas chroma 
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tography. Gel electrophoresis, liquid capillary electrophore 
sis, e. g., in glass, fused silica, coated and rectangular column 
format, polyacrylamide gel-?lled capillary columns are par 
ticularly contemplated. Gel electrophoresis channels and/or 
capillary gel electrophoresis channels may thus be etched 
into the substrate. 

[0054] The use of a miniature electrophoresis stage for 
macromolecule DNA separation is also contemplated. Using 
such a system can accomplish large savings of time and 
funds by a reduction in sample siZe, an increase in process 
ing system speed of the system, a increase in the number of 
samples handled through massive parallelism and batch 
fabrication techniques. 

[0055] In certain embodiments, the present invention Will 
comprises a nucleic acid detection means operably con 
nected to, or in electrical communication With, the nucleic 
acid analysis component. Visualization means particularly 
envisioned include those using ethidium bromide/UV and 
radio or ?uorometrically-labeled nucleotides, including anti 
body and biotin bound probes. The nucleic acid detection 
means may thus include, but is not limited to, a diode 
detection device With suitable ?lters for detection of radio 
active decay, ?uorescence, visible and nonvisible light 
Wavelengths, and/or electromagnetic ?eld changes. 

[0056] The nucleic acid detection means may be a DNA 
sensor means, e.g., one that detects a radiolabel or a ?uo 
rescent label. Such DNA sensor means may be p-n-type 
diffusion diodes or p-n-type diffusion diodes combined With 
a Wavelength ?lter and an excitation source. Silicon radia 
tion/?uorescence detectors, photodiodes, silicon diffused 
diode detectors, and other silicon fabricated radiation detec 
tors are also contemplated. 

[0057] The control circuitry for preferable use in the 
device may be “on Wafer control circuitry” or “off Wafer 
control circuitry”, the latter preferably for use in non-glass 
devices. In addition to the isothermal temperature controls, 
the control circuitry employed may include sample siZe and 
?oW control circuits; timing circuits; electrophoretic sepa 
ration bias, data detection and transmission control circuits; 
and one or more sequencer/timers to control the overall 
operation. 

[0058] Thus the instant devices are contemplated for use 
in conducting a diagnostic test on a nucleic acid sample. 
Additionally, the present devices are contemplated for use in 
conducting a diagnostic or prognostic test on a biological 
sample suspected of containing a selected nucleic acid. 
Therefore, the present invention provides for the use of the 
instant devices in the manufacture of a kit or system for the 
ampli?cation of nucleic acids. In certain aspects, the inven 
tion provides for the use of the present devices in the 
manufacture of a kit or system for the diagnosis or prognosis 
of a disease. 

[0059] Any one or more of the isothermal ampli?cation 
devices or chips of the present invention may be formulated 
or packaged With biological reagents effective to permit an 
isothermal nucleic acid ampli?cation reaction. In such 
aspects, the combined reagents and devices may be consid 
ered as “isothermal nucleic acid ampli?cation kits”. “Bio 
logical reagents effective to permit an isothermal nucleic 
acid ampli?cation reaction” are exempli?ed by polymerases, 
nucleotides, buffers, solvents, nucleases, endonucleases, 
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primers, target nucleic acids including DNA and/or RNA, 
salts, and other suitable chemical or biological components. 

[0060] The kits may thus be de?ned as comprising, in 
suitable container means at least a ?rst microfabricated 
substrate de?ning at least a ?rst channel, the at least a ?rst 
channel connected to an isothermally regulated reaction 
chamber, and reagents effective to permit an isothermal 
ampli?cation reaction. 

[0061] In such kits, the ?rst microfabricated substrate may 
further de?ne a nucleic acid analysis component operably 
connected to said isothermally regulated reaction chamber 
and, optionally, a nucleic acid detection means operably 
connected to the nucleic acid analysis component. 

[0062] The biological reagents effective for use in the 
ampli?cation reactions may be provided or packaged in any 
suitable form, preferably aliquoted into suitable quantities. 
In certain preferred aspects, such reagents Will be provided 
in a dry or lyophiliZed formulation. The provision of 
reagents, preferably in a lyophiliZed form, applies to both 
kits, in Which the reagents are generally separately pack 
aged, and integral devices, in Which the lyophiliZed reagents 
may be pre-fabricated into one or more etched components 
on the substrate. 

[0063] In certain other embodiments, an effective amount 
of the amplifying reagents may be provided in a separate 
cartridge that is interchangeably connected to the device, 
chip or system. Such replaceable cartridges or reservoirs 
may be provided in the same overall container means as the 
device, chip or system or may be purchased separately as 
distinct items. Different replaceable cartridges may be pro 
vided for conducting the various different isothermal ampli 
?cation reactions that are knoWn in the art. A number of 
reagent formulations may be packaged together for alterna 
tive use according to the needs of the end user. 

[0064] Diagnostic systems are also provided by the 
present invention, comprising at least a ?rst microfabricated 
substrate de?ning at least a ?rst channel that is connected to 
at least a ?rst isothermally regulated reaction chamber; 
Wherein the diagnostic system further comprises a nucleic 
acid analysis component and a nucleic acid detection means 
in operable association With the reaction chamber of the 
microfabricated substrate. 

[0065] The diagnostic systems may also comprise, in 
operable association, at least a second microfabricated sub 
strate de?ning at least a second channel that is connected to 
at least a second isothermally regulated reaction chamber. 
Third, fourth, ?fth, tenth, 20th, 50th, 100th, 500th and 
1000th microfabricated substrates may also be provided, as 
is the meaning of “a plurality of microfabricated substrates”. 

[0066] The diagnostic systems may variously have at least 
a ?rst and at least a second microfabricated substrate, or a 
plurality thereof, that are operably connected in series to a 
single nucleic acid analysis component and nucleic acid 
detection means. The diagnostic systems may alternatively 
comprise at least a ?rst and at least a second microfabricated 
substrate, or a plurality thereof, that are operably connected 
in parallel to at least tWo distinct nucleic acid analysis 
components and nucleic acid detection means, or a plurality 
of such components. 

[0067] In such kit and system embodiments, liquid han 
dling, electrophoresis, and detector components may be 
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coupled into an integrated format. DNA samples may move 
directly betWeen sample processing, siZe-separation, and 
product detection. The components are controlled by elec 
tronic circuitry, fabricated on the same silicon Wafer. 

[0068] Accordingly, an integrated DNA sample process 
ing design may be arrayed as multiple parallel units on a 
single silicon Wafer. The number of parallel DNAprocessing 
units per Wafer may be maXimiZed, and circuitry used for 
overall control. A large number of simultaneous isothermal 
ampli?cation reactions (up to 1000 per Wafer) may be 
performed on such systems. 

[0069] Methods of making devices for use in isothermal 
nucleic acid ampli?cation are provided by the invention, 
Which generally comprise preparing at least a ?rst micro 
fabricated device, chip or Wafer de?ning at least a ?rst 
channel that is operably connected to an isothermally regu 
lated reaction chamber, preferably isothermally regulated by 
a programmable means. 

[0070] Amethod of making a nucleic acid diagnostic kit is 
also provided, Which generally comprises preparing at least 
a ?rst microfabricated device, chip or Wafer de?ning at least 
a ?rst channel that is operably connected to an isothermally 
regulated reaction chamber, and combining the microfabri 
cated device With biological reagents effective for use in an 
isothermal ampli?cation reaction. The combination may be 
With lyophiliZed reagents, Which may further be disposed in 
the device as an integral component. 

[0071] Methods of making a nucleic acid diagnostic sys 
tem are further provided, comprising preparing at least a ?rst 
microfabricated substrate de?ning, in a series of operable 
associations, at least a ?rst channel, an isothermally regu 
lated reaction chamber, a nucleic acid analysis component 
and a nucleic acid analysis detection means. 

[0072] Multi-component nucleic acid diagnostic systems 
may also be manufactured by the methods of the present 
invention. To make a multi-component nucleic acid diag 
nostic system, a plurality of microfabricated substrates, 
nucleic acid analysis and detection means are operably 
combined, preferably in an interactive array or arrays. 
Controlling electronic circuitry and programmable regulat 
ing means are preferably provided. Multiple parallel unit 
arrays on single silicon Wafers are particularly preferred. 

[0073] Important aspects of the present invention are 
methods for the isothermal ampli?cation of selected nucleic 
acids or portions thereof, Which methods generally comprise 
providing or introducing a microdroplet sample comprising 
or suspected of comprising the selected nucleic acid, and 
reagents effective to permit an isothermal ampli?cation 
reaction, to at least a ?rst microfabricated substrate With an 
isothermally regulated reaction chamber, as generally 
de?ned hereinabove, and conducting an isothermally regu 
lated ampli?cation reaction to amplify the selected nucleic 
acid or a portion thereof. 

[0074] As used herein, the terms “providing” or “intro 
ducing” mean that the sample or samples are provided or 
introduced into the one or more microfabricated substrates 
in a manner effective to begin their conveyance, transpor 
tation or general movement to the isothermally regulated 
reaction chamber. As described hereinabove, a number of 
particular ?oW-directing means systems may be employed in 
order to convey the sample or samples to the reaction 



US 2002/0172969 A1 

chamber. Where differential heating is employed as the sole 
transport means, or as part of the overall transport means, an 
important aspect of the invention is that any samples that 
comprise enZymes for use in the isothermally regulated 
nucleic acid ampli?cation reaction are “thermotransported” 
at a temperature beloW the critical temperature of the poly 
merase enZyme. Preferably, all samples Will be transported 
at temperatures that are beloW the critical ranges for sub 
stantial inactivation of the enZymes for use in the isothermal 
ampli?cation reaction. It is a surprising feature of the 
invention that heat-conveying temperatures effective to 
transport samples into the reaction chamber can be 
employed that are far enough beloW the denaturation and/or 
inactivation temperatures of the enZymes necessary to cata 
lyZe the isothermal nucleic acid ampli?cations. The inven 
tion may thus be characteriZed as including a method step of 
conveying said sample and/or said reagents from an initial 
contact point on the microfabricated substrate to the isother 
mally regulated reaction chamber at a “transportingly effec 
tive temperature” that does not signi?cantly denature the 
selected ampli?cation enZyme or otherWise signi?cantly 
impair or reduce its catalytic ampli?cation activity. 

[0075] The isothermal ampli?cation reactions of the 
invention are also conducted at temperatures effective and 
by means effective to result in productive mixing of the one 
or more samples and ampli?cation reagents. “Effective 
mixing” is a functional term, most readily characteriZed by 
the operative execution of the ampli?cation reaction such 
that ampli?ed products may be detected. If desired, one or 
more samples containing nucleic acids and/or ampli?cation 
reagents may ?rst be “merged” prior to mixing. 

[0076] In certain de?nitional terms, “merging” is distinct 
from “mixing.” When a ?rst and second microdroplet is 
merged to create a merged microdroplet, the liquid may or 
may not be mixed. 

[0077] In any event, irrespective of the degree of prior 
sample association, the isothermal ampli?cation reaction as 
a Whole must be conducted under conditions effective to 
adequately mix the substrates and other components of the 
reaction. Prior to the present invention, it Was generally 
believed in the art that effective mixing could not be 
achieved at the temperatures preferred for use in the present 
isothermal ampli?cation reactions. Only the endeavors of 
the present inventors, conducted despite the prejudices in the 
prior art, resulted in the discovery that effective mixing 
could be achieved. Effective mixing is achievable despite the 
viscosity of the samples and/or reagent formulations used, 
and the particular biological components employed in con 
nection With the isothermal ampli?cation enZyme solutions 
and/or suspensions. 
[0078] Those of ordinary skill in the art Will be able to 
vary the application of the samples and reagents and the 
manner of transporting such components to the reaction 
chamber, in addition to varying the particular details of the 
ampli?cation reaction, in order to ensure that a degree of 
mixing suf?cient to result in ampli?ed products is achieved. 
Moreover, the degree of mixing in a merged microdroplet 
may be enhanced by a variety of techniques provided by the 
present invention, including but not limited to, reversing the 
How direction of the merged microdroplet (as discussed 
herein beloW). 
[0079] Although not in any Way being limited by the 
folloWing guidance, the temperature differential believed to 
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be effective in conveying microdroplet samples along a 
microfabricated device in accordance With the present 
invention should generally be a temperature differential of at 
least about 10° C. Preferably, temperature differentials of at 
least about 11° C., 12° C., 13° C., 14° C., 15° C., 16° C., 17° 
C., 18° C., 19° C., 20° C, about 25° C, about 30° C., about 
35° C. or even up to about 40° C. or above may be 
advantageously used in conveying microdroplet samples 
along a micromachined device or substrate. It Will be 
understood that each of the foregoing effective conveying 
temperature differentials must be analyZed in connection 
With the preferred operating temperatures for any one or 
more particular amplifying enZyme, and that the tempera 
tures chosen must be beloW the temperature at Which the 
enZyme denatures or otherWise becomes signi?cantly 
impaired in its catalytic activity. In general, it is believed that 
temperature differences of greater than about 30° C. Will be 
preferred for creating microdroplet motion or movement. In 
certain other embodiments, temperature differentials of 
about 40° C. Will be effective, and these temperature gradi 
ents can be readily generated by a number of means, 
particularly by the use of a series of temperature sensors 
arrayed along the entire length of the one or more conveying 
channels etched into the substrate. 

[0080] Although an understanding of the mechanisms of 
action underlying the surprising operability of the present 
invention is not necessary in order to carry out the claimed 
ampli?cation methods, the inventors further point out that 
circulation patterns generated in the drop during motion aid 
in mixing the liquid sample. Studies using metal elements as 
both heaters and temperature sensors demonstrate that a 
temperature differential of 20-40° C. across the drop is 
suf?cient to provide forWard motion in transport channels. 

[0081] Thus for only small temperature differences across 
the drop (on the order of 10° C.) velocities on the order of 
1 cm/s may be obtained. This velocity is more than suf?cient 
for transporting liquid drops in MIDAT and other chip based 
systems. 

[0082] Those of ordinary skill in the art Will further 
understand that other physical components of the chip 
fabrication Will impact the temperatures effective to trans 
port microdroplets. By Way of example only, in studies using 
glass capillaries, it has been found that there is a minimum 
temperature difference required to move the droplet. For 
instance, if the advancing angle is 36° and the receding angle 
is 29° (With the front of the droplet being 25° C.), then the 
back of the droplet Would need to be heated to ~60° C. for 
a 1 mm long droplet in a 20 mm high channel. This is just 
one example situation. 

[0083] The use of channel geometry and de?ned chip 
fabrications that necessitate higher transport temperatures 
Will naturally be combined With the use of enZymes that are 
functional at higher isothermal ampli?cation temperatures. 
The choice of enZyme and transport temperatures Will be 
routine to those of ordinary skill in the art, With a number of 
possibilities being readily available. By Way of example 
only, methods for isothermal SDA are available in Which 
temperatures of betWeen about 50° C. and about 70° C. are 
used in conjunction With a thermophilic ampli?cation 
enZyme. Accordingly, temperatures of about 30° C., about 
35° C., about 40° C., about 45° C., about 50° C., about 55° 
C, about 60° C., about 65° C., about 70° C, or even up to 
about 75° C. also may be employed. 
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[0084] However, the calculations of the present inventors 
indicated that about a 35° C. difference betWeen the front 
and back of a droplet Will be suf?cient to initiate droplet 
motion in a system With advancing angles of 36° and 
receding angles of 29° in a 20 mm high channel. Further 
studies of effective transport shoWed that the resulting 
temperature difference Was ~40° C. betWeen the front and 
back of the droplet, thus corroborating the initial determi 
nation of the requirements. 

[0085] This shoWs that the range of transporting tempera 
tures and the variety of enZymes for use in the invention 
eXtends to encompass each of the enZymes knoWn to be 
suitable for use in isothermal ampli?cations. For example, 
3SR and Qbeta-replicase are knoWn to function at 37° C., 
Which can be used as part of the effective conveying 
temperature. Classical SDA reactions can also be conducted 
at a constant temperature betWeen about 37° C. and 42° C., 
the preferred range identi?ed in US. Pat. No. 5,455,166 
(incorporated herein by reference). 
[0086] US. Pat. No. 5,455,166 is also incorporated herein 
by reference for the purposes of exemplifying the level of 
skill in the art regarding the selection of each component 
necessary for the isothermal ampli?cation reaction. For 
eXample, this patent eXplains that, in addition to the DNA 
polymerases, the restriction endonucleases necessary to 
carry out the reaction are also mesophilic enZymes that are 
thermolabile at temperatures generally above the 37-42° C. 
advised for use in the reaction. All such considerations Will 
be readily employed by those of skill in the art as they select 
the reagents necessary for use in the present isothermal 
ampli?cation reactions. 

[0087] In terms of the isothermal ampli?cation reaction 
itself, rather than the transporting, merging and/or mixing 
steps, those of ordinary skill in the art Will instantly appre 
ciate appropriate temperatures for use in connection With the 
selected polymerase, replicase or other ampli?cation sys 
tem. By Way of eXample only, isothermal ampli?cation 
reactions involving 3SR and Qbeta-replicase may be con 
ducted at or about 37° C. Standard SDA isothermal ampli 
?cation reactions may be conducted at a constant tempera 
ture betWeen about 37° C. and 42° C. (including 38° C., 39° 
C., 40° C. and 41° C.), Whereas isothermal SDA using a 
thermophilic enZyme may be performed at a higher tem 
perature range than conventional SDA, anyWhere betWeen 
about 50° C. and about 70° C. 

[0088] Any effective temperature that Will support the 
desired enZymatic activity, even if sub-optimal, may be 
employed in the isothermal ampli?cation reactions of this 
invention. Accordingly, the isothermal ampli?cations may 
be conducted at any substantially constant and effective 
temperature, including at about 20° C., 21° C., 22° C., 23° 
C., 24° C., 25° C., 26° C., 27° C., 28° C., 29° C., 30° C., 31° 
C., 32° C., 33° C., 34° C., 35° C., 36° C., 37° C., 38° C., 39° 
C., 40° C., 41° C., 42° C., 43° C., 44° C., 45° C., 46° C., 47° 
C., 48° C., 49° C., 50° C., 51° C., 52° C., 53° C., 54° C., 55° 
C., 56° C., 57° C., 58° C., 59° C., 60° C., 61° C., 62° C., 63° 
C., 64° C., 65° C., 66° C., 67° C., 68° C., 69° C., 70° C., 71° 
C., 72° C., 73° C., 74° C., 75° C., and the like. 

[0089] It Will be understood that the overall isothermal 
ampli?cation reaction is carried out in a manner effective to 
result in at least detectable amounts of ampli?ed products. 
“At least detectable amounts of ampli?ed products” refers to 
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a yield of ampli?ed nucleic acid products that can be 
detected by currently available nucleic acid detection means. 
Optical methods using ef?cient ?uorophores can detect 
atto-molar concentrations (corresponding to ~105 DNA mol 
ecules) migrating in capillary channels of 8x50 mm internal 
cross section (Woolley and Mathies, 1994; incorporated 
herein by reference). Reactions for synthesiZing such DNA 
quantities can reasonably occur in 10 pl. An integrated 
system designed for picoliter volumes may require channel 
dimensions on the order of 10 pm2><100 pm (cross section>< 
length). 
[0090] In contrast to the negative beliefs in the prior art, 
the present invention has provided methods for target ampli 
?cation ef?ciency surprisingly equivalent to conventional 
SDA reactions, but conducted on a DNA chip. Ampli?ca 
tions of almost a million-fold have already been achieved. 
This demonstrated that the physical changes in the envirom 
ent on the DNA chip, including silicon contact, temperature 
gradients, surface interactions and other potential inhibitors, 
did not adversely affect the ampli?cation reaction. 

[0091] In certain preferred embodiments, it is believed 
that the isothermal ampli?cation reactions of the present 
invention Will be conducted such that the sample nucleic 
acids are ampli?ed at least about 100-fold, 200-fold, 300 
fold, 400-fold, 500-fold, 1000-fold, 2000-fold, 5000-fold, 
10,000-fold, 50,000-fold, 100,000-fold, 200,000-fold, 300, 
000-fold, 400,000-fold, 500,000-fold, 600,000-fold, 700, 
000-fold, 800,000-fold, 900,000-fold, or so, up to and 
including at least about 1,000,000-fold, 2,000,000-fold or 
so. 

[0092] The simplicity of sample provision to microfabri 
cated devices is another surprising feature of the present 
isothermal ampli?cation methods. The samples may be 
provided in any “silicon-compatible formulation”. Prior to 
the present invention, it Was not knoWn Whether the various 
isothermal polymerases and replicases Would be operative in 
contact With the fabricating structures of a microdevice, 
particularly the preferred silicon formulations. The diligent 
studies of the present inventors have shoWn that the present 
isothermal ampli?cation methods function in a “silicon 
compatible manner”, and the methods of the invention are 
intended to be carried out in such effective manners. 

[0093] The provision of the sample to the microfabricated 
or micromachined devices or systems is not believed to be 
critical, so long as the samples are later capable of being 
conveyed along the appropriate channels. Sample sources 
include, but are not limited to, continuous streams of liquid 
as Well as static sources (such as liquid in a reservoir). In a 
preferred embodiment, the source of liquid microdroplets 
comprises liquid in a microchannel from Which microdrop 
lets of a discrete siZe are split off. As described above, in 
certain preferred embodiments, the reagents for use in the 
isothermal reaction Will already be comprised Within a 
pre-fabricated microdevice. In such embodiments, lyo 
philiZed reagents may be rendered active by contact With the 
nucleic acid-containing sample, or alternatively, they may be 
separately contacted With another ?uid sample, such as a 
buffer. 

[0094] The samples comprising the nucleic acids for appli 
cation in the present isothermal ampli?cation methods may 
be “laboratory samples” for use in any one of a variety of 
molecular biological embodiments. Such samples may also 
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be “biological or clinical samples”, in Which case the 
samples Will generally be obtained from or otherwise 
derived from an animal or human subject. 

[0095] In any event, Where the samples used are “micro 
droplet samples”, this term generally refers to the micro 
droplet themselves and samples from Which microdroplets 
may be made. 

[0096] Whether the sample is a laboratory, biological or 
clinical sample, the purity of the nucleic acids Within the 
sample may vary Widely. The purity of the sample is 
controlled only by the need to have a minimum purity 
necessary for successful execution of the isothermal ampli 
?cation reaction. In certain embodiments, the sample Will 
have been subjected to a substantial degree of extraction or 
puri?cation prior to use in the present invention, although 
this is not necessary in all embodiments. 

[0097] In terms of the biological samples, these may be 
obtained from a variety of biological ?uids, including blood, 
plasma, urine, sputum, semen, and ?uids obtained from 
homogeniZed tissues. It is not believed to be necessary to 
limit the presence of other biological components, such as 
proteins and lipids, from the samples for use in the inven 
tion, although this may be desired in certain embodiments 
and is Within the level of skill of the ordinary artisan. 

[0098] In common With the sample preparation, the purity 
of the reactants provided to the device and the makeup of the 
device itself require some degree of biocompatability in 
order to achieve the desired reaction. That is to say, that the 
isothermal ampli?cation reaction should not be substantially 
inhibited or prevented by any components present Within the 
biological sample, contaminants Within the reactants or by 
the characteristics or nature of the device components, 
including the silicon fabricants. 

[0099] It Will be understood that the particular compo 
nents, amounts of components and/or reactants and the 
particular conditions of the reaction may be modi?ed in 
order to optimiZe the isothermal ampli?cation reaction itself. 
All such variations and modi?cations are routinely investi 
gated in this ?eld of study. By Way of example only, one may 
vary the concentration of any of the components or the 
samples, the temperature, pH or ionic makeup of the buffers, 
and generally vary any other parameter of the ampli?cation 
reaction. 

[0100] It Will be understood that the execution of the 
ampli?cation reaction, including the application of the 
samples and the movement, mixing and distribution of the 
samples prior to the actual isothermal ampli?cation step, 
may also require certain optimiZations. All such variations 
and optimiZations Will be routine to those skilled in this ?eld 
of study. 

[0101] All liquid distributions and manipulations may be 
performed entirely Within a handling system formed as 
channels in micromachined silicon. Sensors may monitor 
the temperature and location of liquid in the channels. The 
manipulation of reagents includes the movement, merging, 
mixture, and temperature control of the reagents to alloW 
nucleic acid ampli?cation under isothermal reaction condi 
tions. 

[0102] In certain aspects of the present invention, the 
isothermal ampli?cation methods and the reagents provided 
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for use in the methods Will be based upon the strand 
displacement ampli?cation reaction. Self-sustained 
sequence replication ampli?cation reactions and/or QB rep 
licase ampli?cation reactions may also be used. 

[0103] A preferred technique is the Strand Displacement 
Ampli?cation (SDA). The SDA reaction may be conducted 
at a substantially constant temperature betWeen about 37° C. 
and about 42° C., or at any other effective temperature, as 
exempli?ed herein by 52° C. It Was previously believed that 
the loW temperature requirement for SDA Would prevent its 
use in connection With ampli?cation on microchip devices. 
HoWever, the inventors discovered that the potential prob 
lems of stagnant temperature gradients and reduced diffu 
sion and sample mixing do not actually impact the ef?ciency 
of the SDA reaction in such microvolume embodiments. 

[0104] Thermophilic SDA may also be employed, as 
described in published European Patent Application No. 0 
684 315 (incorporated herein by reference). This technique 
employs thermophilic restriction endonucleases Which nick 
the hemimodi?ed restriction endonuclease recognition/ 
cleavage site at high temperature and thermophilic poly 
merases Which extend from the nick and displacing the 
doWnstream strand in the same temperature range. At 
increased temperature, the ampli?cation reaction has 
improved speci?city and ef?ciency, reduced nonspeci?c 
background ampli?cation, and potentially improved yields 
of ampli?cation products. 

[0105] In terms of ampli?ed product analysis, DNA 
samples may be size-fractionated on an electrophoresis 
system built Within or attached or connected to the silicon 
substrate. Electrophoresed DNA products may be visualiZed 
by radioactivity or ?uorescence detectors fabricated directly 
in the silicon Wafer. 

[0106] In certain aspects of the invention, the ampli?ed 
nucleic acid is detected by means of a detectable label 
incorporated into the ampli?ed selected nucleic acid by the 
isothermal ampli?cation reaction. In other aspects, it is 
detected by means of a labeled probe. The label may 
variously be a radioisotopic, enZymatic or ?uorescent label. 

[0107] The present invention further provides methods for 
detecting the presence of a selected nucleic acid, comprising 
introducing a sample suspected of containing the selected 
nucleic acid, and reagents effective to permit an isothermal 
ampli?cation reaction, into a microfabricated substrate 
de?ning at least a ?rst channel, the at least a ?rst channel 
connected to an isothermally regulated reaction chamber, 
conducting an isothermally regulated ampli?cation reaction 
to amplify the selected nucleic acid, and detecting the 
presence of the ampli?ed selected nucleic acid, Wherein the 
presence of the ampli?ed selected nucleic acid con?rms the 
presence of the selected nucleic acid in the sample. 

[0108] The sample may be obtained or derived from an 
animal or patient having or suspected of having a disease. It 
Will be understood that in certain aspects of the present 
diagnostic and/or prognostic methods, the presence of the 
ultimate ampli?ed selected nucleic acid Will be indicative of 
the disease state being analyZed. In alternative embodi 
ments, it is the absence of ampli?ed nucleic acid products 
that is indicative of a disease state. In either embodiment, the 
present invention is ideally suited for the ampli?cation of 
nucleic acids of de?ned sequence, having a de?ned 
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sequence element, or including a potential point mutation, as 
each of the foregoing variants may be distinguished by 
analyzing the ampli?ed products resulting from execution of 
the presently claimed methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0109] FIG. 1. Example of an integrated DNA analysis 
system, represented schematically. The individual compo 
nents of the system are injection entry ports (A), liquid 
pumping channels (B), thermally (i.e., isothermally) con 
trolled reaction chamber (C), electrophoresis channel (D), 
and DNA band migration detector Each component 
Would have associated sensors, control circuitry, and exter 
nal connections. 

[0110] FIG. 2A and FIG. 2B. A tWo-part approach to 
construction of a silicon device of the present invention, and 
a silicon substrate comprising a plurality of devices. FIG. 
2A shoWs one embodiment of a single micro?uidic device. 
FIG. 2B shoWs one aspect of a silicon device comprising a 
plurality of micro?uidic device modules. 

[0111] FIG. 3A and FIG. 3B. A schematic of one embodi 
ment of a device to split a nanoliter-volume liquid sample 
and move it using gas from a gas source. FIG. 3A shoWs the 
liquid sample prior to splitting. FIG. 3B shoWs the liquid 
sample after splitting off a microdroplet of length L. The 
hatched regions represent the hydrophobic regions. 

[0112] FIG. 4A and FIG. 4B. Aschematic of one embodi 
ment of a device of the present invention to split, move and 
stop microdroplets using internal gas pressure generation. 
FIG. 4A shoWs a liquid sample prior to splitting. FIG. 4B 
shoWs the liquid sample after splitting off a microdroplet of 
length L. The hatched regions represent the hydrophobic 
regions. 
[0113] FIG. 5. Schematic draWing shoWing the principle 
of thermally induced drop motion in a closed channel. The 
case of a single aqueous drop in a hydrophilic channel is 
presented, Where V is an applied voltage, Patrn is atmospheric 
pressure, P2 is the receding-edge internal pressure, P2 is the 
advancing-edge internal pressure, and 0 is the contact angle 
of the liquid-gas-solid interface. The contact angle Will 
depend on the surface characteristics of the channel and the 
constituents of the drop, With a hydrophilic interaction 
giving 0 betWeen 0° and 90°, and a hydrophobic surface 
giving 0 betWeen 90° and 180°. Surface treatments can also 
reduce contact angle hysteresis and, therefore, reduce the 
temperature difference necessary for drop motion. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0114] I. Design of Microscale Devices for Isothermal 
Ampli?cation Reactions 

[0115] The ampli?cation of nucleic acids provides a con 
venient Way to diagnose a variety of disease states. HoW 
ever, prior to the present invention, it Was unknoWn Whether 
the movement, mixing, and merging of viscous microvol 
ume ?uids at loWer temperature to conduct isothermal 
ampli?cation reactions Was possible in a microfabricated 
environment. Isothermal ampli?cation reactions employ 
reaction schemes and enZymes Which are very different from 
PCRTM, and it is unknoWn Whether or not the enZymology 
of isothermal ampli?cation reactions is compatible With chip 
hardWare and materials. 
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[0116] Speci?cally, the only enZyme necessary for 
PCRTM ampli?cation of DNA targets is a thermostable 
DNA polymerase. Isothermal DNA ampli?cation reactions 
employ additional enZymes With different biological activi 
ties because heat is not used to denature double-stranded 
nucleic acids. In addition to a DNA polymerase, 3SR 
requires an enZyme With RNase H activity and an RNA 
polymerase. The SDA reaction requires several very speci?c 
enZymatic activities Which are not necessary for PCRTM in 
order to successfully amplify a target sequence. In addition 
to synthesiZing a neW DNA strand, the DNA polymerase in 
SDA must lack 5‘-3‘ exonuclease activity, either naturally or 
by inactivation, incorporate the modi?ed nucleotides 
required by SDA (otthio-dNTPs or other modi?ed dNTPs), 
and displace a doWnstream single strand from a double 
stranded molecule starting at a single stranded nick. In 
addition, the restriction endonuclease in SDA must nick (i.e., 
cleave a single strand of) its double stranded recognition/ 
cleavage site When the recognition/cleavage site is hemimo 
di?ed and dissociate from its recognition/cleavage site rap 
idly enough to alloW the polymerase to bind and amplify the 
target ef?ciently. The restriction endonuclease must exhibit 
these activities under reaction conditions Which are compat 
ible With the activities required of the polymerase. 

[0117] It Was not previously knoWn if the enZymatic 
activities required for such isothermal ampli?cation reac 
tions Would be inhibited by interaction With the surfaces of 
silicon microfabricated analysis devices or by inhibitors 
present in the devices (e.g., residual chemicals from micro 
fabrication). In addition, the change in surface-to-volume 
ratio Which accompanies taking an enZymatic reaction 
developed in a test tube to the microchannel of a silicon 
microfabricated device may have unpredictable effects, as 
changes in the diffusion properties of the reactants in the 
channel may interfere With the ampli?cation reaction. In 
particular for SDA, the interaction of the derivatiZed dNTPs 
With the microdevice environment, the effect of the envi 
ronment on nicking activity by the restriction endonuclease 
and strand-displacing activity by the polymerase Were not 
knoWn. It is knoWn that liquid movement in a closed 
channel, Which is a convenient means for bringing compo 
nents of the ampli?cation reaction into contact, is affected by 
the contact angle of the liquid-gas-solid interface Within the 
channel. Changes in the composition of the liquid in the 
channel change the surface tension and therefore the contact 
angle, affecting liquid movement. The contact angle is 
reduced and liquid movement is facilitated by more hydro 
philic liquids such as the reaction buffers conventionally 
used in PCRTM. 

[0118] Certain isothermal ampli?cation reactions, such as 
SDA, employ hydrophobic components such as glycerol and 
BSA, Which may unpredictably affect the surface tension 
properties of the liquid and the ability to move it Within the 
channels of microfabricated devices, particularly When ther 
mocapillary pumps are used. The need to increase the 
amount of heat to move the liquid aliquot With a thermocap 
illary pump could be incompatible With the temperature 
requirements of the enZymes and the isothermal ampli?ca 
tion reaction. 

[0119] LoWering the temperature of the ampli?cation 
reaction may also have unpredictable effects. The tempera 
ture of the reaction in the microfabricated device is typically 
controlled from one side of the chip, setting up a temperature 
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gradient across the channel. The temperature conditions of 
isothermal ampli?cation reactions Would also be expected to 
alter the interactions of the reactants With the silicon or glass 
surfaces of the channel. Because isothermal ampli?cation is 
conducted at constant, loWer temperatures, the temperature 
gradient Which is produced reaches equilibrium and 
becomes stagnant. In contrast, the temperature gradient in 
higher temperature reactions With thermocycling is not 
stagnant. Temperature ?uctuations during PCRTM ampli? 
cation serve to minimiZe the gradient effect, improve diffu 
sion of reactants and facilitate mixing. 

[0120] Mixing of reactants in the channels and chambers 
of the DNA chip is of particular concern in isothermal 
ampli?cation reactions, as mixing of reactants initiates the 
ampli?cation reaction. This is not the case in PCRTM, as all 
reactants required for ampli?cation are present together in 
the reaction mix. PCRTM ampli?cation of double-stranded 
targets does not begin until temperature cycling is started 
because until that time no single-stranded target is available 
to amplify. This is not the case in isothermal ampli?cation 
reactions. Because strand separation is an enZymatic process 
in isothermal ampli?cation, at least one of the enZyme 
reactants (usually the polymerase) is Withheld until it is 
desired to begin the reaction. If the isothermal ampli?cation 
reaction starts With a heat-denaturation step and the enZymes 
employed are not thermostable, all of the enZymes for 
ampli?cation are typically Withheld until the target-contain 
ing sample is cooled to the appropriate reaction temperature. 
The sample containing the enZyme or enZymes must be 
mixed With the remaining reagents in order for ampli?cation 
to begin. 

[0121] To control initiation of the isothermal ampli?cation 
reaction and provide an integrated nucleic acid analysis 
system, it is therefore highly desirable to keep the compo 
nents separate on the microfabricated device and bring them 
together to initiate ampli?cation. This requires, hoWever, 
that mixing of the tWo components in the channel be 
adequate at the loWer temperatures of isothermal ampli?ca 
tion, and this mixing may be negatively affected due to 
temperature-related decreases in diffusion and changes in 
surface chemistry. The components of the ampli?cation 
reaction itself may also have negative effects on mixing 
Within the channel. Many ampli?cation reactions contain 
reagents such as glycerol and bovine serum albumin Which 
increase viscosity and could reduce mixing. The viscosity 
increasing effects of these reagents is increased at loWer 
temperatures. It Was therefore unknoWn Whether or not there 
Would be adequate mixing, diffusion and temperature regu 
lation to produce isothermal ampli?cation on a silicon 
microfabricated device. 

[0122] In certain aspects, the present invention relates to 
movement of microdroplets through microchannels, and 
more particularly, compositions, devices and methods to 
control microdroplet siZe and movement. The present inven 
tion involves microfabrication of microscale devices and 
reactions in microscale devices, and in particular, movement 
of biological samples in microdroplets through microchan 
nels to, for example, initiate biological reactions, particu 
larly isothermal ampli?cation of nucleic acids. 

[0123] Although there are many formats, materials, and 
siZe scales for constructing integrated ?uidic systems, the 
present invention contemplates silicon microfabricated 
devices as a cost-effective solution. 
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[0124] The present invention contemplates microscale 
devices, comprising microdroplet transport channels, reac 
tion regions (e.g., chambers), electrophoresis modules, and 
radiation detectors. In a preferred embodiment, these ele 
ments are microfabricated from silicon and glass substrates. 
The various components are linked (i.e. in liquid commu 
nication) using a surface-tension-gradient mechanism in 
Which discrete droplets are differentially heated and pro 
pelled through etched channels. Electronic components are 
fabricated on the same substrate material, alloWing sensors 
and controlling circuitry to be incorporated in the same 
device. Since all of the components are made using con 
ventional photolithographic techniques, multi-component 
devices can be readily assembled into complex, integrated 
systems. 

[0125] Continuous ?oW liquid transport has been 
described using a micro?uidic device developed With silicon 
(Pfahler et al., 1990). Pumps have also been described, using 
external forces to create ?oW, based on micromachining of 
silicon (Van Lintel et al., 1988). The present invention 
employs discrete droplet transport in silicon using internal 
forces or external forces (i.e., external forces created by 
pumps). 

[0126] As a mechanical building material, silicon has 
Well-knoWn fabrication characteristics. The economic 
attraction of silicon devices is that their associated micro 
machining technologies are, essentially, photographic repro 
duction techniques. In these processes, transparent templates 
or masks containing opaque designs are used to photode?ne 
objects on the surface of the silicon substrate. The patterns 
on the templates are generated With computer-aided design 
programs and can delineate structures With line-Widths of 
less than one micron. Once a template is generated, it may 
be used almost inde?nitely to produce identical replicate 
structures. Consequently, even extremely complex micro 
machines may be reproduced in mass quantities and at loW 
incremental unit cost—provided that all of the components 
are compatible With the silicon micromachining process. 
While other substrates, such as glass or quartZ, can use 
photolithographic methods to construct microfabricated 
analysis devices, only silicon gives the added advantage of 
alloWing a large variety of electronic components to be 
fabricated Within the same structure. 

[0127] In one embodiment, the present invention contem 
plates silicon micromachined components in an integrated 
analysis system, including the elements identi?ed schemati 
cally in FIG. 1. In this proposed format, sample and reagent 
are injected into the device through entry ports (FIG. 1-A) 
and they are transported as discrete droplets through chan 
nels (FIG. 1-B) to a reaction chamber, such as an isother 
mally controlled reactor Where mixing and reactions, such as 
isothermal nucleic acid ampli?cation reactions (SDA, 
QB-replicase, etc), restriction enZyme digestion, ligation, 
phosphorylation, dephosphorylation, sequencing or other 
enzymatic or chemical reaction knoWn to those of skill in the 
art occur (FIG. 1-C). The biochemical products are then 
moved by the same method to an electrophoresis module 
(FIG. 1-D) Where migration data is collected by a detector 
(FIG. 1-E) and transmitted to a recording instrument. 
Importantly, the ?uidic and electronic components are 
designed to be fully compatible in function and construction 
With the biological reactions and reagents. 
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[0128] A. TWo-Part Approach to Construction 

[0129] Most of the devices of the invention are hybrid 
micromechanical devices (tWo substrates bonded together). 
The purpose of using this method is to allow the fabrication 
of micromechanical devices out of a variety of materials 
(silicon, glass, fused silica, quartz, etc.). The devices have 
chamber volumes that are easily handled (sample loading, 
component analysis, etc.) and chamber Walls that are trans 
parent (sample loading, ?uorescent detection, etc.). The 
hybrid system also gives ?exibility in choosing materials in 
one section of the unit Without affecting other pans of that 
same unit. 

[0130] The invention may comprise tWo separate Wafers 
of either the same or different materials, including but, not 
limited to, silicon, glass, or quartZ are micromachined inde 
pendently. The pieces are then bonded together using a 
variety-of techniques (polyimide, UV-curing cements, 
anodic bonding, etc.). For transparency, a glass or quartZ 
Wafer is usually used on one side of the hybrid. In general, 
the sensors, heaters, and other electronic components may 
be patterned onto one Wafer and etch channels into the other. 
The electronic components may use 5 pm Wire Width over 
channel regions so that, if the glass Wafer has the electronic 
components patterned on it, the contents of the channels may 
be seen. 

[0131] FIG. 2A shoWs a tWo-part approach to construc 
tion. Microchannels (100) are made in the silicon substrate 
(200) and the structure is bonded to a glass substrate (300). 
The tWo-part channel construction technique requires align 
ment and bonding processes but is amenable to a variety of 
substrates and channel pro?les. In other Words, for manu 
facturing purposes, the tWo-part approach alloWs for cus 
tomiZing one piece (ie., the silicon With channels and 
reaction formats) and bonding With a standardiZed (non 
customiZed) second piece, e.g., containing standard electri 
cal pads (400). 
[0132] Hundreds or thousands of copies of a particular 
component can be made simultaneously across the entire 
silicon Wafer surface (FIG. 2B; for example, but not limited 
to, a Wafer that is 0.5 mm thick and 100 mm in diameter). 
The components are made by sequential deposition, ion 
implantation, or etching of thin layer materials in de?ned 
patterns. Materials that are commonly used include silicon 
oxide, silicon nitride, and various metals and alloys. 

[0133] The technology of silicon fabrication is essentially 
a photolithographic method for making machines. Once a 
“template” or “stencil” pattern has been prepared, additional 
copies of the machines are replicated at minimal cost and 
effort. The density of components is limited by line-Width 
considerations and the designing abilities of the engineers. 
Complete devices are made in batches and can often exceed 
thousands of replicates per fabrication run. Additionally, 
silicon fabrication has bene?ted from massive industrial 
commitment over the past 20 years. The characteristics of 
the fabrication steps are knoWn and have been incorporated 
into intelligent design softWare or computer-aided design 
and manufacturing packages (CAD/CAM). 

[0134] B. Channel Design and Construction 

[0135] In silicon micromachining, a technique to form 
closed channels involves etching an open trough on the 
surface of a substrate and then bonding a second, unetched 

Nov. 21, 2002 

substrate over the open channel. There are a Wide variety of 
isotropic and anisotropic etch reagents, either liquid or 
gaseous, that can produce channels With Well-de?ned side 
Walls and uniform etch depths. Since the paths of the 
channels are de?ned by the photo-process mask, the com 
plexity of channel patterns on the device is virtually unlim 
ited. Controlled etching can also produce sample entry holes 
that pass completely through the substrate, resulting in entry 
ports on the outside surface of the device connected to 
channel structures. 

[0136] The present invention contemplates a variety of 
silicon-based, microdroplet transport channel-containing 
devices. In one embodiment, the device comprises: a hous 
ing comprised of silicon, a microdroplet transport channel 
etched in the silicon, a microdroplet receiving means in 
liquid communication With a reaction region via said trans 
port channels, and a liquid barrier disposed betWeen the 
transport channels and a microdroplet ?oW-directing means. 
In one embodiment, the device is assembled in tWo parts. 
First, the channels are etched in any number of con?gura 
tions. Second, this piece is bonded With a silicon-based chip 
containing the electronics. This alloWs for both customiZa 
tion (in the ?rst piece) and standardiZation (in the second 
piece). 
[0137] In certain aspects of the invention “conveying” 
may refer to causing to be moved through, as in the case 
Where a microdroplet is conveyed through a transport chan 
nel to a particular point, such as a reaction region. Convey 
ing may be accomplished via a ?oW-directing means. 

[0138] The present invention also contemplates devices 
and methods for the sealing of channels With meltable 
material. In one embodiment, the device comprises a melt 
able material disposed Within a substrate and associated With 
a heating element. 

[0139] In one embodiment, the present invention contem 
plates a method comprising providing a device having a 
meltable material disposed Within a substrate and associated 
With a heating element, and heating the meltable material 
With the heating element such that the meltable material at 
least partially lique?es and such that the substrate is not 
damaged. The method may further comprise alloWing the 
lique?ed meltable material to cool. While the present inven 
tion is not limited by the siZe of the channel, in one 
embodiment the substrate further comprises a microdroplet 
channel disposed in the substrate, the meltable material is 
disposed Within the microdroplet channel. 

[0140] In another embodiment, the present invention con 
templates a method for restricting ?uid How in a channel 
comprising providing a device comprising a meltable mate 
rial disposed Within a substrate, the meltable material asso 
ciated With a heating element; and a diaphragm positioned 
such that, When extended, it touches the meltable material, 
extending the diaphragm such that it touches the meltable 
material, and heating the meltable material With the heating 
element such that the meltable material at least partially 
lique?es and such that the substrate is not damaged. In one 
embodiment the method further comprises alloWing the 
meltable material to cool. While the present invention is not 
limited by the siZe of the channel, in one embodiment, the 
substrate further comprises a microdroplet channel disposed 
in the substrate, the meltable material disposed Within the 
microdroplet channel. 
















































































