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MICROFLUIDIC MATRIX LOCALIZATION 
APPARATUS AND METHODS 

BACKGROUND OF THE INVENTION 

[0001] Manipulating ?uidic reagents and assessing the 
results of reagent interactions are central to chemical and 
biological science. Manipulations include mixing ?uidic 
reagents, assaying products resulting from such mixtures, 
and separation or puri?cation of products or reagents and the 
like. Assessing the results of reagent interactions can include 
autoradiography, spectroscopy, microscopy, photography, 
mass spectrometry, nuclear magnetic resonance and many 
other techniques for observing and recording the results of 
mixing reagents. A single experiment may involve literally 
hundreds of ?uidic manipulations, product separations, 
result recording processes and data compilation and inte 
gration steps. Fluidic manipulations are performed using a 
Wide variety of laboratory equipment, including various 
?uid heating devices, ?uidic mixing devices, centrifugation 
equipment, molecule puri?cation apparatus, chromato 
graphic machinery, gel electrophoretic equipment and the 
like. The effects of mixing ?uidic reagents are typically 
assessed by additional equipment relating to detection, visu 
aliZation or recording of an event to be assayed, such as 
spectrophotometers, autoradiographic equipment, micro 
scopes, gel scanners, computers and the like. 

[0002] Because analysis of even simple chemical, bio 
chemical, or biological phenomena requires many different 
types of laboratory equipment, the modern laboratory is 
complex, large and expensive. In addition, because so many 
different types of equipment are used in even conceptually 
simple experiments such as DNA synthesis or sequencing, it 
has not generally been practical to integrate different types 
of equipment to improve automation. The need for a labo 
ratory Worker to physically perform many aspects of labo 
ratory science imposes sharp limits on the number of experi 
ments Which a laboratory can perform, and increases the 
undesirable exposure of laboratory Workers to toxic or 
radioactive reagents. 

[0003] One particularly labor intensive biochemical series 
of laboratory ?uidic manipulations is nucleic acid synthesis 
and analysis. Avariety of in vitro ampli?cation methods for 
biochemical synthesis of nucleic acids are available, such as 
the polymerase chain reaction (PCR). See, Mullis et al., 
(1987) US. Pat. No. 4,683,202 and PCR ProtocolsA Guide 
to Methods and Applications (Innis et al. eds, Academic 
Press Inc. San Diego, Calif. (1990) (Innis). PCR methods 
typically require the use of specialiZed machinery for per 
forming thermocycling reactions to perform DNA synthesis, 
folloWed by the use of specialiZed machinery for electro 
phoretic analysis of synthesiZed DNA. For a description of 
nucleic acid manipulation methods and apparatus see Sam 
brook et al. (1989) Molecular Cloning—A Laboratory 
Manual (2nd ed.) Vol. 1-3, Cold Spring Harbor Laboratory, 
Cold Spring Harbor Press, NY, (Sambrook); and Current 
Protocols in Molecular Biology, F. M. Ausubel et al., eds., 
Current Protocols, a joint venture betWeen Greene Publish 
ing Associates, Inc. and John Wiley & Sons, Inc., (1997, 
supplement 37) (Ausubel). 
[0004] Another particularly important and labor intensive 
biochemical series of laboratory ?uidic manipulations Which 
are typically performed on nucleic acids Which are made 
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recombinantly or synthetically is nucleic acid sequencing. 
Ef?cient DNA sequencing technology is central to the 
development of the biotechnology industry and basic bio 
logical research. Improvements in the ef?ciency and speed 
of DNA sequencing are needed to keep pace With the 
demands for DNA sequence information. The Human 
Genome Project, for example, has set a goal of dramatically 
increasing the efficiency, cost-effectiveness and throughput 
of DNA sequencing techniques. See, e.g., Collins, and Galas 
(1993) Science 262:43-46. 

[0005] Most DNA sequencing today is carried out by 
chain termination methods of DNA sequencing. The most 
popular chain termination methods of DNA sequencing are 
variants of the dideoxynucleotide mediated chain termina 
tion method of Sanger. See, Sanger et al. (1977) Proc. Nat. 
Acad. Sci., USA 74:5463-5467. For a simple introduction to 
dideoxy sequencing, see, Ausubel or Sambrook, supra. Four 
color sequencing is described in US. Pat. No. 5,171,534. 
Thousands of laboratories employ dideoxynucleotide chain 
termination techniques. Commercial kits containing the 
reagents most typically used for these methods of DNA 
sequencing are available and Widely used. 

[0006] In addition to the Sanger methods of chain termi 
nation, neW PCR exonuclease digestion methods have also 
been proposed for DNA sequencing. Direct sequencing of 
PCR generated amplicons by selectively incorporating bor 
onated nuclease resistant nucleotides into the amplicons 
during PCR and digestion of the amplicons With a nuclease 
to produce siZed template fragments has been proposed 
(Porter et al. (1997) Nucleic Acids Research 25(8):1611 
1617). In the methods, 4 PCR reactions on a template are 
performed, in each of Which one of the nucleotide triphos 
phates in the PCR reaction mixture is partially substituted 
With a 2‘deoxynucleoside 5‘-C[P-borano]-triphosphate. The 
boronated nucleotide is stocastically incorporated into PCR 
products at varying positions along the PCR amplicon in a 
nested set of PCR fragments of the, template. An exonu 
clease Which is blocked by incorporated boronated nucle 
otides is used to cleave the PCR amplicons. The cleaved 
amplicons are then separated by siZe using polyacrylamide 
gel electrophoresis, providing the sequence of the amplicon. 
An advantage of this method is that it requires feWer 
biochemical manipulations than performing standard 
Sanger-style sequencing of PCR amplicons. 

[0007] Other sequencing methods Which reduce the num 
ber of steps necessary for template preparation and primer 
selection have been developed. One proposed variation on 
sequencing technology involves the use of modular primers 
for use in PCR and DNA sequencing. For example, 
Ulanovsky and co-Workers have described the mechanism of 
the modular primer effect (Beskin et al. (1995) NucleicAcids 
Research 23(15):2881-2885) in Which short primers of 5-6 
nucleotides can speci?cally prime a template-dependent 
polymerase enZyme for template dependent nucleic acid 
synthesis. A modi?ed version of the use of the modular 
primer strategy, in Which small nucleotide primers are 
speci?cally elongated for use in PCR to amplify and 
sequence template nucleic acids has also been described. 
The procedure is referred to as DNA sequencing using 
differential extension With nucleotide subsets (DENS). See, 
Raja et al. (1997) Nucleic Acids Research 25(4):800-805. 

[0008] Improvements in methods for generating sequenc 
ing templates have also been developed. DNA sequencing 
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typically involves three steps: i) making suitable templates 
for the regions to be sequenced (i.e., by synthesizing or 
cloning the nucleic acid to be sequenced); ii) running 
sequencing reactions for electrophoresis, and iii) assessing 
the results of the reaction. The latter steps are sometimes 
automated by use of large and very expensive Workstations 
and autosequencers. The ?rst step often requires careful 
experimental design and laborious DNA manipulation such 
as the construction of nested deletion mutants. See, Griffm, 
H. G. and Grif?n, A. M. (1993) DNA sequencing protocols, 
Humana Press, NeW Jersey. Alternatively, random “shot 
gun” sequencing methods, are sometimes used to make 
templates, in Which randomly selected sub clones, Which 
may or may not have overlapping sequence information, are 
randomly sequenced. The sequences of the sub clones are 
compiled to produce an ordered sequence. This procedure 
eliminates complicated DNA manipulations; hoWever, the 
method is inherently inef?cient because many recombinant 
clones must be sequenced due to the random nature of the 
procedure. Because of the labor intensive nature of sequenc 
ing, the repetitive sequencing of many individual clones 
dramatically reduces the throughput of these sequencing 
systems. 

[0009] Recently, HagiWara and Curtis (1996) Nucleic 
Acids Research 24(12):2460-2461 developed a “long dis 
tance sequencer” PCR protocol for generating overlapping 
nucleic acids from very large clones to facilitate sequencing, 
and methods of amplifying and tagging the overlapping 
nucleic acids into suitable sequencing templates. The meth 
ods can be used in conjunction With shotgun sequencing 
techniques to improve the ef?ciency of shotgun methods. 

[0010] In an attempt to increase laboratory throughput and 
to decrease exposure of laboratory Workers to reagents, 
various strategies have been performed. For example, 
robotic introduction of ?uids onto microtiter plates is com 
monly performed to speed mixing of reagents and to 
enhance experimental throughput. More recently, micros 
cale devices for high throughput mixing and assaying of 
small ?uid volumes have been developed. For example, US. 
Ser. No. 08/761,575 entitled “High Throughput Screening 
Assay Systems in Microscale Fluidic Devices” by Parce et 
al. provides pioneering technology related to microscale 
?uidic devices, especially including electrokinetic devices. 
The devices are generally suitable for assays relating to the 
interaction of biological and chemical species, including 
enZymes and substrates, ligands and ligand binders, recep 
tors and ligands, antibodies and antibody ligands, as Well as 
many other assays. Because the devices provide the ability 
to mix ?uidic reagents and assay mixing results in a single 
continuous process, and because minute amounts of reagents 
can be assayed, these microscale devices represent a funda 
mental advance for laboratory science. Pioneering integrated 
systems for nucleic acid sequencing utiliZing micro?uidic 
?uid manipulation are described in, e.g., provisional patent 
application U.S. Ser. No. 60/068,311, entitled “Closed Loop 
Biochemical Analyzer” by Knapp, ?led Dec 19, 1997 and 
“Closed Loop Biochemical AnalyZers” by Knapp et al. US. 
Ser. No. (attorney docket number 017646 
0003100US) ?led Apr. 3, 1998. 

[0011] In the electrokinetic microscale devices and sys 
tems provided by Parce et al. and Knapp above, an appro 
priate ?uid is ?oWed into a microchannel etched in a 
substrate having functional groups present at the surface. 
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The groups ioniZe When the surface is contacted With an 
aqueous solution. For example, Where the surface of the 
channel includes hydroxyl functional groups at the surface, 
e.g., as in glass substrates, protons can leave the surface of 
the channel and enter the ?uid. Under such conditions, the 
surface possesses a net negative charge, Whereas the ?uid 
Will possess an excess of protons, or positive charge, par 
ticularly localiZed near the interface betWeen the channel 
surface and the ?uid. By applying an electric ?eld along the 
length of the channel, cations Will ?oW toWard the negative 
electrode. Movement of the sheath of positively charged 
species in the ?uid pulls the solvent With them. 

[0012] Although improvements in robotic manipulation of 
?uidic reagents and miniaturiZation of laboratory equipment 
have been made, and although particular biochemical pro 
cesses such as DNA ampli?cation and sequencing are very 
Well developed, there still exists a need for additional 
techniques and apparatus for mixing and assaying ?uidic 
reagents, for integration of such systems and for reduction of 
the number of manipulations required to perform biochemi 
cal manipulations such as DNA sequencing. Ideally, these 
neW apparatus Would be useful With, and compatible to, 
established biochemical protocols. This invention provides 
these and many other features. 

SUMMARY OF THE INVENTION 

[0013] The present invention provides multi-phasic 
micro?uidic apparatus Which are suitable for performing 
?uidic mixing folloWed by separation of mixing products. 
These apparatus have ?uid mixing regions such as microf 
luidic channels and ?uidly connected product separation 
regions, e.g., microchannels comprising a sieving matrix 
such as a separations gel. Thus, mixing reactions, including, 
e.g., PCR, can be performed in a ?rst ?uidic phase, folloWed 
by a separation reaction in a second ?uidic separations 
phase. The ?uid connection regions are typically unvalved, 
and/or electrically gated and optionally comprise electrical 
control elements. 

[0014] Several techniques for making multi-phasic 
micro?uidic apparatus are also provided. In one embodi 
ment, a ?rst phase such as a gel, is selectively cross-linked 
at regions of a microchanel Where gel is desired (eg by 
photopolymeriZing the gel in place). In other embodiments, 
pressure (negative or positive) is used to force one ?uidic 
phase into a speci?ed portion of a microchannel. Different 
?uidic phases are optionally loaded electrokinetically. Other 
techniques are also shoWn. 

[0015] In operation, components are typically made or 
puri?ed in a ?rst phase (e.g., a PCR ampli?cation mixture, 
DNA sequencing reaction, binding reaction, enZyme reac 
tion, or the like) and separated in a second phase such as a 
sieving matrix. In a preferred embodiment, products pro 
duced in the ?rst phase are electrically loaded on the second 
phase, Where the components initially stack and then sepa 
rate as they electrophorese through the second phase. 

[0016] In addition, it is surprisingly discovered that the 
PCR reaction can be performed in the presence of a variety 
of sieving matrices, including: agarose, linear polyacryla 
mide, methylcellulose, polyethylene oxide and hydroxy 
ethyl cellulose and that resulting PCR products are separable 
in the micro?uidic devices herein. Accordingly, elegant chip 
designs for performing PCR in micro?uidic chips are shoWn 
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for mixing PCR reaction components and sieving matrixes, 
performing thermocycling reactions and separating resulting 
PCR products in micro?uidic channels. 

BRIEF SUMMARY OF THE FIGURES 

[0017] FIG. 1 is a schematic draWing of the “12 A” chip. 

[0018] FIG. 2 is a schematic draWing of a microchannel 
for joule heating. 

[0019] FIG. 3 is a schematic draWing of the 12Achip and 
a graph of PCR product separation. 

[0020] FIG. 4 shoWs tWo graphs of data from PCR of 
CFTR from Whole blood. 

[0021] FIG. 5 is a graph of data from PCR ampli?cation 
of puri?ed WBCs. 

[0022] FIG. 6 is a graph of data from PCR ampli?cation 
of electrophoresed WBCs. 

[0023] FIG. 7 is a graph of data from PCR ampli?cation 
of electrophoresed WBCs and PCR ampli?cation of puri?ed 
WBCs. 

[0024] FIG. 8 is a graph of HLA PCR With 0.5% meth 
ylcellulose. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] Many laboratory ?uidic operations are highly cum 
bersome, requiring many steps and a high labor input. This 
high labor input makes the ef?ciency of the modern labo 
ratory relatively loW compared to many manufacturing or 
service industries. Accordingly, extensive attempts to 
improve ef?ciency for laboratory ?uidic operations have 
been made, utiliZing robotics and miniaturiZation. Most 
recently, micro?uidic operations using electrokinetic 
micro?uidic apparatus have revolutioniZed laboratory 
operations. See, e.g., International Patent Application No. 
WO 96/04547 to Ramsey et al., as Well as US. Ser. No. 
08/761,575 by Parce et al. US. Ser. No. 08/845,754 to 
DubroW et al. US. Ser. No. 60/068311, by Knapp and US. 
Pat. No. 08/835,101 by Knapp et al. 

[0026] The invention provides apparatus and related kits, 
methods of making the apparatus and kits and methods of 
using the apparatus and kits. These apparatus and related 
methods provide multi-phasic micro?uidic apparatus suit 
able for performing integrated ?uidic operations. Using the 
apparatus and methods, it is possible to perform many or all 
of the ?uidic operations needed for an experiment or diag 
nostic procedure in an integrated fashion in a single appa 
ratus. The present invention provides apparatus, systems and 
methods for dramatically increasing the speed and simplicity 
of screening, manipulating and assessing ?uidic reagents, 
reagent mixtures, reaction products (including the products 
of DNA sequencing reactions) and the like. The invention 
provides integrated systems for performing a variety of 
chemical, biochemical and biological experiments and other 
?uidic operations, including PCR, DNA sequencing, inte 
grated or sequential screening of chemical or biological 
libraries, and the like. Although the micro?uidic systems of 
the invention are generally described in terms of the per 
formance of chemical, biochemical or biological reactions 
separations, incubations and the like, it Will be understood 
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that, as ?uidic systems having general applicability, these 
systems can have a Wide variety of different uses, e.g., as 
metering or dispensing systems in both biological and 
nonbiological applications. 
[0027] Making Multi-Phasic Micro?uidic Apparatus 

[0028] The apparatus of the invention are typically “multi 
phasic,” although uni-phasic embodiments, particularly for 
PCR ampli?cation, are also contemplated. The phrase 
“multi-phasic” is intended to indicate a micro?uidic appa 
ratus Which includes microchannels, microchambers, 
microWells or the like, Where there are at least tWo different 
?uidic phases present in the apparatus. For example, in one 
embodiment, crossing microchannels comprise different ?u 
idic phases. For example, a ?rst ?uidic phase (e.g., a 
biological or chemical reaction mixture) in a ?rst micro 
channel can cross a second microchannel comprising a 

second ?uidic phase (e.g., a sieving matrix) adapted to 
analyZing components of the ?rst ?uidic phase. 

[0029] An example simple apparatus of the invention is 
provided by FIG. 1. Fluidic reaction channel 101 and ?uidic 
separations channel 103 are ?lled With separation matrix 105 
Which can be any separations matrix as described more fully 
beloW, including a polyacrylamide gel or solution. Separa 
tion matrix 105 is replaced in ?uidic channel 101, e.g., by 
?oWing buffer 107 into separation channel 101 under pres 
sure, thereby forcing separation matrix 105 out of channel 
101. Avariety of variations on this apparatus are discussed 
herein. 

[0030] Making Micro?uidic Substrates 

[0031] The micro?uidic devices of the invention typically 
comprise a substrate or body having micro?uidic channels, 
chambers, Wells or the like disposed therein, e. g., as depicted 
in FIG. 1. In the apparatus of the invention, at least tWo 
different ?uid phases are also disposed Within the substrate, 
e.g., in a plurality of reaction channels. 

[0032] Manufacturing of microscale elements into the 
surface of substrates is generally carried out by any number 
of microfabrication techniques that are knoWn in the art. For 
example, lithographic techniques are employed in fabricat 
ing, e.g., glass, quartZ or silicon substrates, using methods 
Well knoWn in the semiconductor manufacturing industries 
such as photolithographic etching, plasma etching or Wet 
chemical etching. See, Sorab K. Ghandi, VLSI Principles: 
Silicon and GalliumArsenide, N.Y., Wiley (see, esp. Chapter 
10). Alternatively, micromachining methods such as laser 
drilling, air abrasion, micromilling and the like are 
employed. Similarly, for polymeric substrates, Well knoWn 
manufacturing techniques are used. These techniques 
include injection molding or stamp molding methods Where 
large numbers of substrates are produced using, e.g., rolling 
stamps to produce large sheets of microscale substrates or 
polymer microcasting techniques Where the substrate is 
polymeriZed Within a micromachined mold. Polymeric sub 
strates are further described in Provisional Patent Applica 
tion Serial No. 60/015,498, ?led Apr. 16, 1996 (Attorney 
Docket No. 017646-002600), and US. Ser. No. 08/843,212, 
?led Apr.14, 1997. 

[0033] In addition to micromachining methods, printing 
methods are also used to fabricate chambers channels and 
other micro?uidic elements on a solid substrate. Such meth 
ods are taught in detail in US. Ser. No. 08/987,803 by Colin 
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Kennedy, Attorney Docket Number 017646-004400, ?led 
Dec. 10, 1997 entitled “Fabrication of Micro?uidic Circuits 
by Printing Techniques.” In brief, printing methods such as 
ink-jet printing, laser printing or other printing methods are 
used to print the outlines of a micro?uidic element on a 
substrate, and a cover layer is ?xed over the printed outline 
to provide a closed micro?uidic element. 

[0034] The substrates of the invention optionally include a 
planar element Which overlays the channeled portion of the 
substrate, enclosing and ?uidly sealing the various channels, 
Wells and other micro?uidic elements. Attaching the planar 
cover element is achieved by a variety of means, including, 
e.g., thermal bonding, adhesives or, in the case of certain 
substrates, e.g., glass, or semi-rigid and non-rigid polymeric 
substrates, a natural adhesion betWeen the tWo components. 
The planar cover element can additionally be provided With 
access ports and/or reservoirs for introducing the various 
?uid elements needed for a particular screen, and for intro 
ducing electrodes for electrokinetic movement. 

[0035] Typically, an individual micro?uidic device Will 
have an overall siZe that is fairly small. Generally, the 
devices Will have a square or rectangular shape, but the 
speci?c shape of the device can be easily varied to accom 
modate the users needs. While the siZe of the device is 
generally dictated by the number of operations performed 
Within a single device, such devices Will typically be from 
about 1 to about 20 cm across, and from about 0.01 to about 
1.0 cm thick. In a preferred aspect, the devices include glass 
substrates With channels or other micro?uidic elements 
fabricated therein or thereon. These substrates are typically 
easy to produce, making them potentially disposable. 

[0036] Although microfabricated ?uid pumping and valv 
ing systems are readily employed in the devices of the 
invention, the cost and compleXity associated With their 
manufacture and operation can generally prohibit their use 
in mass-produced and potentially disposable devices as are 
envisioned by the present invention. The devices of the 
invention Will typically include an electroosmotic ?uid 
direction system. Such ?uid direction systems combine the 
elegance of a ?uid direction system devoid of moving parts, 
With an ease of manufacturing, ?uid control and disposabil 
ity. Examples of particularly preferred electroosmotic ?uid 
direction systems include, e.g., those described in Interna 
tional Patent Application No. WO 96/04547 to Ramsey et 
al., as Well as US. Ser. No. 08/761,575 by Parce et al. and 
US. Ser. No. 08/845,754 by DubroW et al. 

[0037] In brief, these ?uidic control systems typically 
include electrodes disposed Within reservoirs that are placed 
in ?uid connection With the channels fabricated into the 
surface of the substrate. The materials stored in the reser 
voirs are transported through the channel system delivering 
appropriate volumes of the various materials to one or more 
regions on the substrate in order to carry out a desired 
screening assay. 

[0038] Material transport and direction is accomplished 
through electrokinesis, e.g., electroosmosis or electrophore 
sis. As used herein, “electrokinetic material transport sys 
tems” or “electrokinetic devices” include systems Which 
transport and direct materials Within an interconnected chan 
nel and/or chamber containing structure, through the appli 
cation of electrical ?elds to the materials, thereby causing 
material movement through and among the channel and/or 
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chambers, i.e., cations Will move toWard the negative elec 
trode, While anions Will move toWard the positive electrode. 
Such electrokinetic material transport and direction systems 
include those systems that rely upon the electrophoretic 
mobility of charged species Within the electric ?eld applied 
to the structure. Such systems are more particularly referred 
to as electrophoretic material transport systems. Other elec 
trokinetic material direction and transport systems rely upon 
the electroosmotic How of ?uid and material Within a 
channel or chamber structure Which results from the appli 
cation of an electric ?eld across such structures. 

[0039] In brief, When an appropriate ?uid is placed in a 
channel or other ?uid conduit having functional groups 
present at the surface, those groups can ioniZe. For eXample, 
Where the surface of the channel includes hydroXyl func 
tional groups at the surface, protons can leave the surface of 
the channel and enter the ?uid. Under such conditions, the 
surface Will possess a net negative charge, Whereas the ?uid 
Will possess an eXcess of protons or positive charge, par 
ticularly localiZed near the interface betWeen the channel 
surface and the ?uid. By applying an electric ?eld along the 
length of the channel, cations Will ?oW toWard the negative 
electrode. Movement of the positively charged species in the 
?uid pulls the solvent With them. An electrokinetic device 
moves components by applying an electric ?eld to the 
components, typically in a micro?uidic channel. By apply 
ing an electric ?eld along the length of the channel, cations 
Will ?oW toWard a negative electrode, While anions Will ?oW 
toWards a positive electrode. Movement of charged species 
in the ?uid pulls the solvent With the ?uid. The steady state 
velocity of this ?uid movement is generally given by the 
equation: 

[0040] Where v is the solvent velocity, 6 is the dielectric 
constant of the ?uid, E is the Zeta potential of the surface, E 
is the electric ?eld strength, and 72 is the solvent viscosity. 
The solvent velocity is, therefore, directly proportional to 
the surface potential. 

[0041] To provide appropriate electric ?elds, the system 
generally includes a voltage controller that is capable of 
applying selectable voltage levels, simultaneously, to each 
of the reservoirs, including ground. Such a voltage controller 
can be implemented using multiple voltage dividers and 
multiple relays to obtain the selectable voltage levels. Alter 
natively, multiple, independent voltage sources are used. 
The voltage controller is electrically connected to each of 
the reservoirs via an electrode positioned or fabricated 
Within each of the plurality of reservoirs. In one embodi 
ment, multiple electrodes are positioned to provide for 
sWitching of the electric ?eld direction in a microchannel, 
thereby causing the analytes to travel a longer distance than 
the physical length of the microchannel. Use of electroki 
netic transport to control material movement in intercon 
nected channel structures Was described in WO 96/04547 to 
Ramsey, Which is incorporated by reference. 

[0042] Substrate materials are also selected to produce 
channels having a desired surface charge. In the case of glass 
substrates, the etched channels Will possess a net negative 
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charge resulting from the ionized hydroxyls naturally 
present at the surface. Alternatively, surface modi?cations 
are employed to provide an appropriate surface charge, e.g., 
coatings, derivatiZation, e.g., silanation, or impregnation of 
the surface to provide appropriately charged groups on the 
surface. Examples of such treatments are described in, e.g., 
Provisional Patent Application Serial No. 60/015,498, ?led 
Apr. 16, 1996 (Attorney Docket No. 017646-002600). See 
also, Attorney Docket Number 17646-002610, ?led Apr. 14, 
1997. 

[0043] Modulating voltages are then concomitantly 
applied to the various reservoirs to affect a desired ?uid ?oW 
characteristic, e.g., continuous or discontinuous (e.g., a 
regularly pulsed ?eld causing the How to oscillate direction 
of travel) How of receptor/enZyme, ligand/substrate toWard 
the Waste reservoir With the periodic introduction of test 
compounds. Particularly, modulation of the voltages applied 
at the various reservoirs can move and direct ?uid ?oW 
through the interconnected channel structure of the device in 
a controlled manner to effect the ?uid ?oW for the desired 
screening assay and apparatus. 

[0044] While a number of devices for carrying out par 
ticular methods according to the invention are described in 
substantial detail herein, it Will be recogniZed that the 
speci?c con?guration of these devices Will generally vary 
depending upon the type of manipulation or reaction to be 
performed. The small scale, integratability and self-con 
tained nature of these devices alloWs for virtually any 
reaction orientation to be realiZed Within the context of the 
microlaboratory system. 
[0045] Because the micro?uidic devices of the invention 
preferably employ electroosmotic ?uid direction systems, 
and are substantially sealed to the outside environment, 
excepting reagent, buffer or sample ports, they are capable 
of performing ?uidic operations While maintaining precise 
control of the amounts of different ?uids to be delivered to 
the different regions of the substrate. 

[0046] Adding Multiple Phases to Micro?uidic Substrates 
One aspect of the invention is the placement of different 
?uidic phases in different regions of a micro?uidic substrate. 
For example, it is advantageous to provide a micro?uidic 
substrate With reaction components in one region and siev 
ing matrix in other portions for the separation of reaction 
components. Accordingly, one aspect of the invention is the 
selective placement of ?uidic phases in selected channels or 
channel regions of a micro?uidic substrate. These materials 
(or precursors of the materials, e.g., monomers to be poly 
meriZed in subsequent steps as discussed beloW) are loaded 
into micro?uidic components by electrokinesis or by pres 
suriZed pumping. 

[0047] A Wide variety of sieving and molecular partition 
matrixes are available, and can be used in the multi-phasic 
apparatus of the invention. For example, a variety of sieving 
matrixes, partition matrixes and the like are available from 
Supelco, Inc. (Bellefonte, Pa.; see, 1997 Suppleco cata 
logue). Common matrixes Which are useful in the present 
invention include those generally used in loW pressure liquid 
chromatography, gel electrophoresis and other liquid phase 
separations; matrix materials designed primarily for non 
liquid phase chromatography are also useful in certain 
contexts, as the materials often retain separatory character 
istics When suspended in ?uids. For a discussion of electro 
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phoresis see, e.g., Weiss (1995) Ion Chromatography VCH 
Publishers Inc.; Baker (1995) Capillary Electrophoresis 
John Wiley and Sons; Kuhn (1993) Capillary Electrophore 
sis: Principles and Practice Springer Verlag; Righetti (1996) 
Capillary Electrophoresis inAnalytical Biotechnology CRC 
Press; Hill (1992) Detectors for Capillary Chromatography 
John Wiley and Sons; Gel Filtration: Principles and Meth 
ods (5th Edition) Pharmacia; Gooding and Regnier (1990) 
HPLC of Biological Macromolecules: Methods and Appli 
cations (Chrom. Sci. Series, volume 51) Marcel Dekker and 
Scott (1995) Techniques and Practices of Chromatography 
Marcel Dekker, Inc. 

[0048] Commercially available loW pressure liquid chro 
matography media include, e.g., non-ionic macroreticular 
and macroporous resins Which adsorb and release compo 
nents based upon hydrophilic or hydrophobic interactions 
such as Amberchrom resins (highly cross-linked styrene/ 
divinylbenZene copolymers suitable for separation of pep 
tides, proteins, nucleic acids, antibiotics, phytopharmaco 
logicals, and vitamins); the related Amberlite XAD series 
resins (polyaromatics and acrylic esters) and amberchroms 
(polyaromatic and polymethacrylates) (manufactured by 
Rohm and Haas, available through Suppleco); Diaion (pol 
yaromatic or polymethacrylic beads); DoWex (polyaromat 
ics or substituted hydrophilic functionaliZed polyaromatics) 
(manufactured by DoW Chemical, available through 
Suppleco); Duolite (phenol-formaldehyde With methanolic 
functionality), MCI GEL sephabeads, supelite DAX-8 
(acrylic ester) and Supplepak (polyaromatic) (all of the 
preceding materials are available from Suppleco). For a 
description of uses for Amberlite and Duolite resins, see, 
Amberlite/Duolite Anion Exchange Resins (Avaliable from 
Suppleco, Cat No. T412141). Gel ?ltration chromatography 
matrixes are also suitable, including sephacryl, sephadex, 
sepharose, superdex, superose, toyopearl, agarose, cellulose, 
dextrans, mixed bead resins, polystyrene, nuclear resins, 
DEAE cellulose, BenZyl DEA cellulose, TEAE cellulose, 
and the like (Suppleco). 

[0049] Gel electrophoresis media include silica gels such 
as Davisil Silica, E. Merck Silica Gel, Sigma-Aldrich Silica 
Gel (all available from Suppleco) in addition to a Wide range 
of silica gels available for various purposes as described in 
the Aldrich catalogue/handbook (Aldrich Chemical Com 
pany (MilWaukee, Wis.)). Preferred gel materials include 
agarose based gels, various forms of acrylamide based gels 
(reagents available from, e.g., Suppleco, SIGMA, Aldrich, 
SIGMA-Aldrich and many other sources) colloidial solu 
tions such as protein colloids (gelatins) and hydrated 
starches. Various forms of gels are discussed further beloW. 

[0050] A variety of af?nity media for puri?cation and 
separation of molecular components are also available, 
including a variety of modi?ed silica gels available from 
SIGMA, Aldrich and SIGMA-Aldrich, as Well as Suppleco, 
such as acrylic beads, agarose beads, cellulose, sepharose, 
sepharose CL, toyopearl or the like chemically linked to an 
af?nity ligand such as a biological molecule. AWide variety 
of activated matrixes, amino acid resins, avidin and biotin 
resins, carbohydrate resins, dye resins, glutathione resins, 
hydrophobic resins, immunochemical resins, lectin resins, 
nucleotide/coenZyme resins, nucleic acid resins, and spe 
cialty resins are available, e.g., from Suppleco, SIGMA, 
Aldrich or the like. See also, Hermanson et al. (1992) 
Immobilized A?inity Ligand Techniques Academic Press. 
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[0051] Other media commonly used in chromatography 
are also adaptable to the present invention, including acti 
vated aluminas, carbopacks, carbosieves, carboWaxes, chro 
mosils, DEGS, Dexsil, Durapak, Molecular Sieve, OV 
phases, pourous silica, chromosorb series packs, HayeSep 
series, Porapak series, SE-30, Silica Gel, SP-1000, SP-1200, 
SP-2100, SP-2250, SP-2300, SP2401, Tenax, TCEP, supel 
cosil LC-18-S and LC-18-T, Methacrylate/DVBm, polyvi 
nylalcohols, napthylureas, non-polar methyl silicone, meth 
ylpolysiloxane, poly (ethylene glycol) biscyanopropyl 
polysiloxane and the like. 

[0052] Several methods of providing ?uidic regions in 
selected regions of a channel, or selected channels are 
provided. In a ?rst aspect, multiple micro?uidic regions are 
?lled With a ?rst ?uid such as an unpolymeriZed solution 
that, upon polymeriZation, forms a sieving matrix. Elements 
of the micro?uidic device such as micro?uidic channels are 
?lled With the ?rst ?uid by forcing the ?uid into the channel 
under pressure, or by moving the ?uid into the channel 
electrokinetically. In one embodiment, the ?rst ?uid poly 
meriZes upon exposure to light (i.e., the ?uid comprises a 
“photopolymeriZable” polymer). The ?uid is then selec 
tively exposed to light (e.g., using photomasking tech 
niques) in those regions Where a polymeriZed gel is desired. 
UnpolymeriZed ?uid is then optionally Washed out of the 
unselected regions of the micro?uidic device, or into a Waste 
reservoir using electrokinetic ?oW or pressure. 

[0053] A Wide variety of free-radically polymeriZable 
monomers photopolymeriZe to form gels, or can be made 
photopolymeriZeable by the addition of, e.g., energy transfer 
dyes. For example, free-radically polymeriZable monomers 
can be selected from acrylate, methacrylate and vinyl ester 
functionaliZed materials. They can be monomers and/or 
oligomers such as (meth)acrylates (meth)acrylamides, acry 
lamides, vinyl pyrrolidone and aZalactones. Such monomers 
include mono-, di-, or poly-acrylates and methacrylates such 
as methyl acrylate, methyl methacrylate, ethyl acrylate, 
isopropyl methacrylate, isooctyl acrylate, isobornyl acrylate, 
isobornyl methacrylate, acrylic acid, n-hexyl acrylate, 
stearyl acrylate, allyl acrylate, glycerol diacrylate, glycerol 
triacrylate, ethylene glycol diacrylate, diethyleneglycol dia 
crylate, triethyleneglycol dimethacrylate, 1,6-hexanediol 
diacrylate, 1,3-propanediol diacrylate, 1,3-propanediol 
dimethacrylate, trimethanol triacrylate, 1,2,4-butanetriol tri 
methylacrylate, 1,4-cyclohexanediol diacrylate, pentaeryth 
ritol triacrylate, pentaerythritol tetraacrylate, pentaerythritol 
tetramethacrylate, sorbitol hexacrylate, bis[1-(2-acryloxy)] 
p-ethoxyphenyl-dimethylmethane, bis[1-(3-acryloxy-2-hy 
droxy)]-propoxyphenyl dimethylmethane, tris-hydroxyethyl 
isocyanurate trimethacrylate; the bis-acrylates and bis-meth 
acrylates of polyethylene glycols of molecular Weight 200 
500, copolymeriZable mixtures of acrylated monomers, 
acrylated oligomers, PEG diacrylates, etc. Strongly polar 
monomers such as acrylic acid, acrylamide, itaconic acid, 
hydroxyalkyl acrylates, or substituted acrylamides or mod 
erately polar monomers such as N-vinyl-2-pyrrolidone, 
N-vinyl caprolactam, and acrylonitrile are useful. 

[0054] Proteins such as gelatin, collagen, elastin, Zein, and 
albumin, Whether produced from natural or recombinant 
sources, Which are made free-radical polymeriZation by the 
addition of carbon-carbon double or triple bond-containing 
moieties, including acrylate, diacrylate, methacrylate, 
ethacrylate, 2-phenyl acrylate, 2-chloro acrylate, 2-bromo 
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acrylate, itaconate, oliogoacrylate, dimethacrylate, oligo 
methacrylate, acrylamide, methacrylamide, styrene groups, 
and other biologically acceptable photopolymeriZable 
groups, can also be used to form sieving matrixes. 

[0055] Dye-sensitized polymeriZation is Well knoWn in the 
chemical literature. For example, light from an argon ion 
laser (514 nm), in the presence of an xanthin dye and an 
electron donor, such as triethanolamine, to catalyZe initia 
tion, serves to induce a free radical polymeriZation of acrylic 
groups in a reaction mixture (Neckers, et al., (1989) Polym. 
Materials Sci. Eng, 60:15; Fouassier, et al., (1991) Makro 
mol. Chem, 192:245-260). After absorbing laser light, the 
dye is excited to a triplet state. The triplet state reacts With 
a tertiary amine such as the triethanolamine, producing a 
free radical Which initiates a polymeriZation reaction. Poly 
meriZation is extremely rapid and is dependent on the 
functionality of the composition, its concentration, light 
intensity, and the concentration of dye and, e.g., amine. 

[0056] Dyes can be used Which absorb light having a 
frequency betWeen 320 nm and 900 nm, can form free 
radicals, are Water soluble, etc. There are a large number of 
photosensitive dyes that can be used to optically initiate 
polymeriZation, such as ethyl eosin, eosin Y, ?uorescein, 
2,2-dimethoxy-2-phenyl acetophenone, 2-methoxy,2-phe 
nylacetophenone, camphorquinone, rose bengal, methylene 
blue, erythrosin, phloxime, thionine, ribo?avin, methylene 
green, acridine orange, xanthine dye, and thioxanthine dyes. 

[0057] Cocatalysts useful With photoinitiating dyes are 
typically nitrogen based compounds capable of stimulating 
a free radical reaction. Primary, secondary, tertiary or qua 
ternary amines are suitable cocatalysts, as are nitrogen atom 
containing electron-rich molecules. Cocatalysts include tri 
ethanolamine, triethylamine, ethanolamine, N-methyl 
diethanolamine, N,N-dimethyl benZylamine, dibenZyl 
amine, N-benZyl ethanolamine, N-isopropyl benZylamine, 
tetramethyl ethylenediamine, potassium persulfate, tetram 
ethyl ethylenediamine, lysine, ornithine, histidine and argi 
nine. Examples of the dye/photoinitiator system include 
ethyl eosin With an amine, eosin Y With an amine, 2,2 
dimethoxy-2-phenoxyacetophenone, 2-methoxy-2-phe 
noxyacetophenone, camphorquinone With an amine, and 
rose bengal With an amine. 

[0058] In some cases, dye may absorb light and initiate 
polymeriZation, Without any additional initiator such as the 
amine. In these cases, only the dye and a monomer need be 
present to initiate polymeriZation upon exposure to light. 
The generation of free radicals is terminated When the laser 
light is removed. Some photoinitiators, such as 2,2 
dimethoxy-2-phenylacetophenone, do not require any aux 
iliary amine to induce photopolymeriZation; in these cases, 
the presence of dye, monomer and an appropriate Wave 
length light is suf?cient for photopolymeriZation. 
[0059] Preferred light sources include various lamps and 
lasers such as those Which have a Wavelength of about 
320-800 nm. This light can be provided by any appropriate 
source able to generate the desired radiation, such as a 
mercury lamp, longWave UV lamp, He-Ne laser, an argon 
ion laser, etc. In a preferred embodiment, a UV source is 
used to polymeriZe a UV photopolymeriZeable gel. Simi 
larly, the light source used is typically selected based upon 
the chemistry Which is to be affected by the source. 

[0060] Similarly, a variety of gels can be selectively 
polymeriZed by exposure to heat. As described herein, 
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selective heat control using applied current is easily per 
formed in the micro?uidic apparatus of the invention, pro 
viding for simpli?ed control of gel polymeriZation through 
thermal processes. Examples include initiation by thermal 
initiators, Which form free radicals at moderate tempera 
tures, such as benZoyl peroxide, With or Without triethano 
lamine, potassium persulfate, With or Without tetramethyl 
ethylenediamine, and ammonium persulfate With sodium 
bisul?te. 

[0061] For either the thermal or photopolymeriZation 
methods herein, monomer is pumped, e.g., in aqueous 
buffer, into a channel or channel region using electroosmotic 
?oW, or using a pressure gradient. After selective exposure 
to light or heat, as appropriate, unpolymeriZed materials are 
removed, typically using electroosmotic ?oW, but optionally 
using a pressure gradient, from regions Where monomer 
material is undesirable. 

[0062] In another embodiment, the ?rst ?uid is polymer 
iZed by selectively exposing certain channel regions to an 
activator or cross-linker. For example, Where the ?uid is 
polyacrylamide, the activator/cross linker can be TEMED 
and APS. In this embodiment, the reagents are placed into a 
Well and electrokinetically loaded into selected channel 
regions of a micro?uidic substrate. After selective exposure 
to activator/cross linker as appropriate, unpolymeriZed 
materials are removed from regions Where monomer mate 
rial is undesirable, typically using electroosmotic ?oW (but 
optionally using a pressure gradient). Often the material Will 
be shunted to one or more Waste buffer Where the material 

is optionally removed, e.g., by pipetting or electropipeting 
the material out of the Well. 

[0063] In another embodiment, a sieving matrix is depos 
ited throughout a channel or channels of a micro?uidic 
device in a form Which is subject to electroosmosis (i.e., the 
matrix moves electrokinetically in the channel). The matrix 
is then selectively replaced by a second ?uidic phase (e.g., 
a buffer) in selected regions of a channel by electrokineti 
cally loading the buffer in the selected region. 

[0064] In an additional embodiment, a ?rst ?uidic phase is 
loaded into multiple channels of a micro?uidic device and 
polymeriZed in place. Selective components Which solubi 
liZe the polymeriZed gel are then loaded (e.g., electrokineti 
cally or under pressure) into channel regions Where poly 
meriZed product is not desired. The selected components 
dissolve the polymeriZed gel. Example of solubiliZation 
compounds include acids, bases and other chemicals. In one 
preferred embodiment, at least tWo compounds are used to 
dissolve polymeriZed products, Where both products need to 
be present to dissolve the polymer. This provides for ?ne 
control of dissolution, e.g., Where each chemical is under 
separate electrokinetic control. An example of such a chemi 
cal pair is DTT(N,N‘-bis(acrylol)cystamine or (1,2-dihy 
droxyethylene-bis-acrylamide) [DHEBA] and sodium 
periodiate or calcium alginate+EDTA or TCEP-HCL and 
N,N‘-bis(acryloyl)cystamine. Avariety of such materials are 
knoWn. 

[0065] Micro?uidic Apparatus Applications—PCR and in 
vitro Ampli?cation 

[0066] The multi-phasic apparatus of the invention are 
particularly useful for performing experimental or diagnos 
tic procedures Which combine ?uid mixing and product 
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separatory aspects. For example, in a ?rst ?uidic phase, 
reactions such as PCR are performed, folloWed by separa 
tion in a sieving matrix in different channel region. Bench 
scale in vitro ampli?cation techniques suitable for amplify 
ing sequences to provide a nucleic acid e.g., as a diagnostic 
indicator for the presence of the sequence, or for subsequent 
analysis, sequencing or subcloning are knoWn. 

[0067] In brief, the most common form of in vitro ampli 
?cation, i.e., PCR ampli?cation, generally involves the use 
of one strand of the target nucleic acid sequence as a 
template for producing a large number of complements to 
that sequence. As used herein, the phrase “target nucleic acid 
sequence” generally refers to a nucleic acid sequence, or 
portion of a nucleic acid sequence that is the subject of a 
particular ?uidic operation, e.g., analysis, ampli?cation, 
identi?cation or the like. Generally, tWo primer sequences 
complementary to different ends of a segment of the comple 
mentary strands of the target sequence hybridiZe With their 
respective strands of the target sequence, and in the presence 
of polymerase enZymes and nucleoside triphosphates, the 
primers are extended along the target sequence through the 
action of the polymerase enZyme (in asymmetric PCR 
protocols, a single primer is used). The extensions are 
melted from the target sequence by raising the temperature 
of the reaction mixture, and the process is repeated, this time 
With the additional copies of the target sequence synthesiZed 
in the preceding steps. PCR ampli?cation typically involves 
repeated cycles of denaturation, hybridiZation and extension 
reactions to produce suf?cient amounts of the target nucleic 
acid, all of Which are carried out at different temperatures. 
Typically, melting of the strands, or heat denaturation, 
involves temperatures ranging from about 90° C. to 100° C. 
for times ranging from seconds to minutes. The temperature 
is then cycled doWn, e.g., to betWeen about 40° C. and 65° 
C. for annealing, and then cycled up to betWeen about 70° 
C. and 85° C. for extension of the primers along the target 
strand. 

[0068] Examples of techniques suf?cient to direct persons 
of skill through in vitro ampli?cation methods at benchtop 
scales, including the polymerase chain reaction (PCR) the 
ligase chain reaction (LCR), QB-replicase ampli?cation and 
other RNA polymerase mediated techniques (e.g., NASBA) 
are found in Berger, Sambrook, and Ausubel, as Well as 
Mullis et al., (1987) Us. Pat. No. 4,683,202; PCR Protocols 
A Guide to Methods and Applications (Innis et al. eds) 
Academic Press Inc. San Diego, Calif. (1990) (Innis); Arn 
heim & Levinson (Oct. 1, 1990) C&EN 36-47; The Journal 
OfNIHResearch (1991) 3, 81-94; (KWoh et al. (1989) Proc. 
Natl. Acad. Sci. USA 86, 1173; Guatelli et al. (1990) Proc. 
Natl. Acad. Sci. USA 87, 1874; Lomell et al. (1989) J. Clin. 
Chem 35, 1826; Landegren et al., (1988) Science 241, 
1077-1080; Van Brunt (1990) Biotechnology 8, 291-294; 
Wu and Wallace, (1989) Gene 4, 560; Barringer et al. (1990) 
Gene 89, 117, and Sooknanan and Malek (1995) Biotech 
nology 13: 563-564. Improved methods of cloning in vitro 
ampli?ed nucleic acids are described in Wallace et al., US. 
Pat. No. 5,426,039. Improved methods of amplifying large 
nucleic acids by PCR are summariZed in Cheng et al. (1994) 
Nature 369: 684-685 and the references therein, in Which 
PCR amplicons of up to 40 kb are generated. One of skill 
Will appreciate that essentially any RNA can be converted 
into a double stranded DNA suitable for restriction diges 
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tion, PCR expansion and sequencing using reverse tran 
scriptase and a polymerase. See, Ausbel, Sambrook and 
Berger, all supra. 

[0069] The use of PCR for amplifying nucleic acids is 
ubiquitous in molecular biology for the ampli?cation and 
detection of nucleic acids. PCR technologies are Well-suited 
to forensic analysis, paternity testing, maternity testing, 
infectious disease diagnosis (e.g., detection of a nucleic acid 
from a pathogenic organism such as a virus, e.g., HIV, 
HTLV, herpes virus, etc.), cancer diagnosis (e.g., for the 
detection of oncogenic gene products such as p53 nucleic 
acids, Her 2 nucleic acids, etc.). Use of PCR for these 
techniques is Well knoWn and adaptable to use With the 
present invention. 

[0070] In one aspect, PCR or other thermal reaction 
reagents (e.g., LCR reagents) such as thermostable poly 
merase, DNA template, primers, nucleotides and buffers are 
mixed in a microchannel or chamber, With the entire microf 
luidic substrate (e.g., a LABCHIPTM from Caliper Technolo 
gies) being subject to repeated cycles of heating and cooling, 
e.g., on a thermocycler or by sWitching betWeen a hot plate 
and a heat sink. 

[0071] In a second more preferred embodiment, variations 
in channel thickness and/or voltage are used selectively to 
heat selected regions of a channel Which contain a PCR 
reaction. PCR ampli?cation is particularly Well suited to this 
use in the apparatus, methods and systems of the invention. 
Thermocycling ampli?cation methods, including PCR and 
LCR, are conveniently performed in microscale devices, 
making iterative ?uidic operations involving PCR Well 
suited to use in methods and devices of the present invention 
(see also, US. Pat. Nos. 5,498,392 and 5,587,128 to Will 
ingham et al.). Accordingly, in one preferred embodiment, 
generation of amplicons such as sequencing templates using 
PCR, or direct sequencing of nucleic acids by PCR (e.g., 
using nuclease digestion as described supra) is performed 
With the integrated systems and devices of the invention. 

[0072] Thermocycling in microscale devices, including 
thermocycling by joule heating is described in co-pending 
application U.S. Ser. No. 60/056058, attorney docket num 
ber 017646-003800 entitled “ELECTRICAL CURRENT 
FOR CONTROLLING FLUID TEMPERATURES IN 
MICROCHANNELS” ?led Sep. 2, 1997 by Calvin ChoW, 
Anne R. Kopf-Sill and J. Wallace Parce; in 08/977,528, ?led 
Nov. 25, 1997; provisional patent application U.S. Ser. No. 
60/068,311, entitled “Closed Loop Biochemical Analyzer” 
by Knapp, ?led Dec. 19, 1997 and in CLOSED-LOOP 
BIOCHEMICAL ANALYZERS, attorney docket number 
017646-003100 ?led Apr. 3, 1998. In brief, energy is pro 
vided to heat ?uids, e.g., samples, analytes, buffers and 
reagents, in desired locations of the substrates in an ef?cient 
manner by application of electric current to ?uids in micro 
channels. Thus, the present invention optionally uses poWer 
sources that pass electrical current through a ?rst ?uidic 
phase in a ?rst channel region for heating purposes, as Well 
as for material transport. In exemplary embodiments, the 
?uid of the ?rst ?uidic phase passes through a channel of a 
desired cross-section (e.g., diameter) to enhance thermal 
transfer of energy from the current to the ?uid. The channels 
can be formed on almost any type of substrate material such 
as, for example, amorphous materials (e.g., glass, plastic, 
silicon), composites, multi-layered materials, combinations 
thereof, and the like. 
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[0073] In general, electric current passing through the 
?uid in a channel produces heat by dissipating energy 
through the electrical resistance of the ?uid. PoWer dissi 
pates as the current passes through the ?uid and goes into the 
?uid as energy as a function of time to heat the ?uid. The 
folloWing mathematical expression generally describes a 
relationship betWeen poWer, electrical current, and ?uid 
resistance: 

POWER=I2R 

[0074] Where 

[0075] POWER=poWer dissipated in ?uid, 

[0076] 
[0077] R=electric resistance of ?uid. The above 

equation provides a relationship betWeen poWer dis 
sipated (“POWER”) to current (“I”) and resistance 
(“R”). In some of the embodiments, Which are 
directed toWard moving ?uid in channels, e.g., to 
provide mixing, electrophoretic separation, or the 
like, a portion of the poWer goes into kinetic energy 
of moving the ?uid through the channel. HoWever, it 
is also possible to use a selected portion of the poWer 
to controllably heat ?uid in a channel or selected 
channel regions. A channel region suitable for heat 
ing is often narroWer or smaller in cross-section than 
other channel regions in the channel structure, as a 
smaller cross-section provides higher resistance in 
the ?uid, Which increases the temperature of the ?uid 
as electric current passes through. Alternatively, the 
electric current is increased across the length of the 
channel by increased voltage, Which also increases 
the amount of poWer dissipated into the ?uid to 
correspondingly increase ?uid temperature. 

I=electric current passing through ?uid; and 

[0078] To selectively control the temperature of ?uid at a 
region of the channel, a poWer supply applies voltage and/or 
current in one of many Ways. For instance, a poWer supply 
can apply direct current (i.e., DC) or alternating current 
(AC), Which passes through the channel and into a channel 
region Which is smaller in cross-section, thereby heating 
?uid in the region. This current is selectively adjusted in 
magnitude to complement any voltage or electric ?eld that 
is applied to move ?uid in and out of the region. AC current, 
voltage, and/or frequency can be adjusted, for example, to 
heat the ?uid Without substantially moving the ?uid. Alter 
natively, a poWer supply can apply a pulse or impulse of 
current and/or voltage, Which passes through the channel 
and into a channel region to heat ?uid in the region. This 
pulse is selectively adjusted to complement any voltage or 
electric ?eld that is applied to move ?uid in and out of the 
region. Pulse Width, shape, and/or intensity can be adjusted, 
for example, to heat the ?uid substantially Without moving 
the ?uid or to heat the ?uid While moving the ?uid. Still 
further, the poWer supply can apply any combination of DC, 
AC, and pulse, depending upon the application. In practice, 
direct application of electric current to ?uids in the micro 
channels of the invention results in extremely rapid and 
easily controlled changes in temperature. 

[0079] A controller or computer such as a personal com 
puter monitors the temperature of the ?uid in the region of 
the channel Where the ?uid is heated. The controller or 
computer receives current and voltage information from, for 
example, the poWer supply and identi?es or detects tem 



US 2002/0123133 A1 

perature of ?uid in the region of the channel. Depending 
upon the desired temperature of ?uid in the region, the 
controller or computer adjusts voltage and/or current to meet 
the desired ?uid temperature. The controller or computer 
also can be set to be “current controlled” or “voltage 
controlled” or “poWer controlled” depending upon the appli 
cation. 

[0080] The region Which is heated can be a “coil” Which 
is optionally in a planar arrangement. Transfer of heat from 
the coil to a reaction channel through a substrate material is 
used to heat the reaction channel. Alternatively, the coil itself 
is optionally the reaction channel. 

[0081] A voltage is applied betWeen regions of the coil to 
direct current through the ?uid for heating purposes. In 
particular, a poWer supply provides a voltage differential 
betWeen regions of the coil. Current ?oWs betWeen the 
regions and traverses a plurality of coils or coil loops (Which 
can be planar), Which are de?ned by a substrate. Shape and 
siZe of the coils can in?uence an ability of current to heat the 
?uid in the coil. As current traverses through the ?uid, 
energy is transferred to the ?uid for heating purposes. 
Cooling coils can also be used. As a cooling coil, a ?uid 
traverses from region to region in the coil, Which can be 
placed to permit heat transfer through a substrate from a 
sample. The cooling ?uid can be a variety of substances 
including liquids and gases. As merely an example, the 
cooling ?uid includes aqueous solutions, liquid or gaseous 
nitrogen, and others. The cooling ?uid can be moved 
betWeen regions using any of the techniques described 
herein, and others. Further details are found in ChoW et al., 
supra. 

[0082] The introduction of electrical current into ?uid 
causes heat (this procedure is referred to as “Joule heating”). 
In the examples of ?uid movement herein Where thermal 
effects are not desired, the heating effect is minimal because, 
at the small currents employed, heat is rapidly dissipated 
into the chip itself. By substantially increasing the current 
across the channel, rapid temperature changes are induced 
that can be monitored by conductivity. At the same time, the 
?uid can be kept static in the channel by using alternating 
instead of direct current. Because nanoliter volumes of ?uid 
have tiny thermal mass, transitions betWeen temperatures 
can be extremely short. Oscillations betWeen any tWo tem 
peratures above 0° C. and beloW 100° C. in 100 milliseconds 
have been performed. 

[0083] Joule heating in microchannels is an example of 
hoW benchtop methods can be dramatically improved in the 
formats provided herein. PCR takes hours to perform cur 
rently, primarily because it takes a long time for conven 
tional heating blocks to oscillate betWeen temperatures. In 
addition, reagent cost is an obstacle to massive experimen 
tation. Both these parameters are altered by orders of mag 
nitude in the LabChipTM format. 

[0084] In one aspect, PCR reaction conditions are con 
trolled as a function of channel geometry. Microfabrication 
methods permit the manufacture of channels that have 
precise variations in cross sectional area. Since the channel 
resistance is inversely proportional to the cross sectional 
area, the temperature varies With the Width and depth of the 
channel for a given ?oW of current. As ?uid moves through 
a structure of varying cross sectional area, its temperature 
Will change, depending on the dimensions of the channel at 
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any given point. The amount of time it experiences a given 
temperature Will be determined by the velocity of the ?uid 
?oW, and the length of channel With those dimensions. This 
concept is illustrated in FIG. 2. Nucleic acids of typical 
lengths have a loW diffusion coefficient (about 10'7 
cm/sec2). Thus over the time frame necessary to affect 
ampli?cation, DNA Will only diffuse a feW hundred microns. 
In a given channel, reactions of a feW nanoliters Will occupy 
a feW millimeters. Thus in devices of convenient length (a 
feW centimeters), many PCR reactions can be performed 
concurrently yielding neW ampli?cation products every feW 
seconds per channel. In parallel formats, hundreds of sepa 
rate reactions can be performed simultaneously. Because of 
its simplicity, throughput and convenience, this ampli?ca 
tion unit is a preferred feature of many assays herein. 

[0085] In FIG. 2, ampli?cation reactions are performed 
concurrently in series using biased alternating current to heat 
the ?uid inside the channel and move material through it. 
The time for each step of the reaction is controlled by 
determining the speed of movement and the length of 
channel having particular Widths. How can be reversed to 
alloW a single small channel region to be used for many 
separate ampli?cations. 

[0086] As depicted, several samples are run simulta 
neously in channel 210. Sample 215 is in narroW channel 
region 220; in operation, this region is heated to, e.g., 95° C. 
(hot enough to denature nucleic acids present in sample 215, 
but cool enough that thermostable reagents such as Taq DNA 
polymerase are relatively stable due to the relative siZe of 
region 220 and the applied current. Concurrently, Wide 
channel region 230 is heated, e.g., to 60° C. (cool enough for 
binding of primers in sample 225 and initiation of poly 
merase extension), due to the relative siZe of region 230 and 
the applied current. Concurrently, intermediate channel 
region 235 is heated, e.g., to 72° C. (hot enough to prevent 
unWanted non-speci?c primer-target nucleic acid interac 
tions in sample 240 and cool enough to permit continued 
polymerase extension), due to the relative siZe of region 235 
and the applied current. This process can be concurrently 
carried out With a plurality of additional channel regions 
such as narroW region 245, Wide region 250 and interme 
diate region 255, With samples 260, 265 and 270. 

[0087] Where possible, direct detection of ampli?ed prod 
ucts can be employed. For example, differentially labeled 
competitive probe hybridiZation is used for single nucleotide 
discrimination. Alternatively, molecular beacons or single 
nucleotide polymerase extension can be employed. Homo 
geneous detection by ?uorescence polariZation spectroscopy 
can also be utiliZed (?uorescence polariZation has been used 
to distinguish betWeen labeled small molecules free in 
solution or bound to protein receptors). 

[0088] PCR Chips 

[0089] One aspect of the present invention is the surpris 
ing discovery that PCR can be performed in the presence of 
sieving matrix, and that the products of the PCR reaction are 
separable in the matrix in a micro?udic channel (see also, 
the examples beloW). 

[0090] Accordingly, in one aspect, the invention provides 
neW method of performing PCR. In the methods, compo 
nents of a PCR reaction mixture (i.e., the molecules Which 
participate in a PCR reaction, such as PCR extension prim 
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ers, nucleotide triphosphates, thermostable enzymes, ions 
and buffer components such as Mg++, template DNAs, etc.) 
are mixed With a sieving matrix to provide a PCR sieving 
matrix mixture. The resulting mixture is then repetitively 
thermocycled as described supra to produce one or more 
PCR products. 

[0091] In preferred embodiments, the components of the 
PCR reaction mixture are mixed With the sieving matrix in 
a micro?uidic channel, e.g., a channel on a LABCHIPTM. 
The apparatus can include one or more additional channels 
crossing the micro?uidic channel and optionally includes 
?uid (or joule heating) means such as an electrokinetic 
controller. Detection regions in the channels, and corre 
sponding detectors are also useful. The PCR products are 
typically electrophoresed through the channels to achieve 
product separation. 
[0092] It Will be appreciated that separations chips com 
prising a single matrix separations phase are produced as 
described above, thus, for this embodiment, multiple ?uidic 
phases in the apparatus are not necessary. HoWever, addi 
tional ?uidic phases can be placed in additional channels or 
channel regions in ?uid communication With a channel 
region comprising the PCR sieving mixture for electro 
phoretic or electroosmotic movement of the PCR compo 
nents or products in the chips. For example, in some aspects 
a PCR reaction product is selected for further manipulations 
such as cloning, sequencing or the like, all of Which are 
performed in PCR chips (see also, U.S. Ser. No. 60/068,311, 
entitled “Closed Loop Biochemical Analyzer” by Knapp, 
?led Dec. 12, 1997 and “Closed Loop Biochemical AnalyZ 
ers” by Knapp et al. US. Ser. No. (attorney docket 
number 017646-0003100US) ?led Apr. 3, 1998). 
[0093] Micro?uidic Applications—DNA 
Sequencing 
[0094] The multiphasic devices and methods of the 
present invention are also particularly applicable to nucleic 
acid sequencing. It Will be appreciated that DNA sequencing 
reactions can be run in a ?rst ?uid phase of the apparatus, 
With separatory steps being performed in a sieving matrix. 

Apparatus 

[0095] The integrated systems of the invention are useful 
for sequencing a Wide variety of nucleic acid constructs. 
Essentially any DNA template can be sequenced, With the 
selection of the nucleic acid to be sequenced depending 
upon the construct in hand by the sequencer. Thus, an initial 
step in the methods of the invention is the selection or 
production of a template nucleic acid to be sequenced. 

[0096] Many methods of making recombinant ribo and 
deoxyribo nucleic acids, including recombinant plasmids, 
recombinant lambda phage, cosmids, yeast arti?cial chro 
mosomes (YACs), P1 arti?cial chromosomes, Bacterial Arti 
?cial Chromosomes (BACs), and the like are knoWn. The 
sequencing of large nucleic acid templates is advantageously 
performed by the present methods, systems and apparatus, 
because an entire nucleic acid can be sequenced by primer 
Walking along the length of the template in several rapid 
cycles of sequencing. 

[0097] Examples of appropriate cloning techniques for 
making nucleic acids, and instructions suf?cient to direct 
persons of skill through most standard cloning and other 
template preparation exercises are found in Berger and 
Kimmel, Guide to Molecular Cloning Techniques, Methods 
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in Enzymology volume 152 Academic Press, Inc., San 
Diego, Calif. (Berger); Sambrook et al. (1989) Molecular 
Cloning—A Laboratory Manual (2nd ed.) Vol. 1-3, Cold 
Spring Harbor Laboratory, Cold Spring Harbor Press, NY, 
(Sambrook); and Current Protocols in M olecularBiology, F. 
M. Ausubel et al., eds., Current Protocols, a joint venture 
betWeen Greene Publishing Associates, Inc. and John Wiley 
& Sons, Inc., (1997, supplement 37) (Ausubel). Basic pro 
cedures for cloning and other aspects of molecular biology 
and underlying theoretical considerations are also found in 
LeWin (1995) Genes V Oxford University Press Inc., NY 
(LeWin); and Watson et al. (1992) RecombinantDNA Second 
Edition Scienti?c American Books, NY. Product informa 
tion from manufacturers of biological reagents and experi 
mental equipment also provide information useful in knoWn 
biological methods. Such manufacturers include the Sigma 
Chemical Company (Saint Louis, Mo.); NeW England 
Biolabs (Beverly, Mass.); R&D systems (Minneapolis, 
Minn.); Pharmacia LKB Biotechnology (PiscataWay, N.J.); 
CLONTECH Laboratories, Inc. (Palo Alto, Calif.); Chem 
Genes Corp., (Waltham Mass.) Aldrich Chemical Company 
(MilWaukee, Wis.); Glen Research, Inc. (Sterling, Va.); 
GIBCO BRL Life Technologies, Inc. (Gaithersberg, Md.); 
Fluka Chemica-Biochemika Analytika (Fluka Chemie AG, 
Buchs, SWitZerland); Invitrogen (San Diego, Calif.); Perkin 
Elmer (Foster City, Calif.); and Strategene; as Well as many 
other commercial sources knoWn to one of skill. 

[0098] In one aspect, the generation of large nucleic acids 
is useful in practicing the invention. It Will be appreciated 
that such templates are particularly useful in some aspects 
Where the methods and devices of the invention are used to 
sequence large regions of DNA, e.g., for genomics types of 
applications. An introduction to large clones such as YACs, 
BACs, PACs and MACs as arti?cial chromosomes is pro 
vided by Monaco and Larin (1994) Trends Biotechnol 12 
(7): 280-286. 
[0099] The construction of nucleic acid libraries of tem 
plate nucleic acids is described in the above references. 
YACs and YAC libraries are further described in Burke et al. 
(1987) Science 236:806-812. Gridded libraries of YACs are 
described in Anand et al. (1989) Nucleic Acids Res. 17, 
3425-3433, and Anand et al. (1990) NucleicAcids Res. Riley 
(1990) 18:1951-1956 NucleicAcids Res. 18(10): 2887-2890 
and the references therein describe cloning of YACs and the 
use of vectorettes in conjunction With YACs. See also, 
Ausubel, chapter 13. Cosmid cloning is also Well knoWn. 
See, e.g., Ausubel, chapter 1.10.11 (supplement 13) and the 
references therein. See also, Ish-HoroWitZ and Burke (1981) 
Nucleic Acids Res. 9:2989-2998; Murray (1983) Phage 
Lambda and Molecular Cloning in Lambda II (Hendrix et 
al., eds) 395-432 Cold Spring Harbor Laboratory, NY; 
Frischauf et al. (1983) J. Mol. Biol. 170:827-842; and, Dunn 
and Blattner (1987) Nucleic Acids Res. 15:2677-2698, and 
the references cited therein. Construction of BAC and P1 
libraries is Well knoWn; see, e.g., AshWorth et al. (1995) 
Anal Biochem 224 (2): 564-571; Wang et al. (1994) Genom 
ics 24(3): 527-534; Kim et al. (1994) Genomics 22(2): 
336-9; Rouquier et al. (1994) Anal Biochem 217(2): 205-9; 
ShiZuya et al. (1992) Proc Natl Acad Sci U S A 89(18): 
8794-7; Kim et al. (1994) Genomics 22 (2): 336-9; Woo et 
al. (1994) Nucleic Acids Res 22(23): 4922-31; Wang et al. 
(1995) Plant (3): 525-33; Cai (1995) Genomics 29 (2): 
413-25; Schmitt et al. (1996) Genomics 1996 33(1): 9-20; 
Kim et al. (1996) Genomics 34(2): 213-8; Kim et al. (1996) 
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Pr0c NatlAcaa' Sci USA (13): 6297-301; Pusch et al. (1996) 
Gene 183(1-2): 29-33; and, Wang et al. (1996) Genome Res 
6(7): 612-9. In general, Where the desired goal of a sequenc 
ing project is the sequencing of a genome or expression 
pro?le of an organism, a library of the organism’s cDNA or 
genomic DNA is made according to standard procedures 
described, e.g., in the references above. Individual clones are 
isolated and sequenced, and overlapping sequence informa 
tion is ordered to provide the sequence of the organism. See 
also, Tomb et al. (1997) Nature 539-547 describing the 
Whole genome random sequencing and assembly of the 
complete genomic sequence of Helicobacter pylori; Fleis 
chmann et al. (1995) Science 269:496-512 describing Whole 
genome random sequencing and assembly of the complete 
Haemophilus in?uenzae genome; Fraser et al. (1995) Sci 
ence 270:397-403 describing Whole genome random 
sequencing and assembly of the complete Mycoplasma 
genitalium genome and Bult et al. (1996) Science 273:1058 
1073 describing Whole genome random sequencing and 
assembly of the complete Methanococcus jannaschii 
genome. 

[0100] The nucleic acids sequenced by this invention, 
Whether RNA, cDNA, genomic DNA, or a hybrid of the 
various combinations, are isolated from biological sources 
or synthesiZed in vitro. The nucleic acids of the invention are 
present in transformed or transfected Whole cells, in trans 
formed or transfected cell lysates, or in a partially puri?ed 
or substantially pure form. 

[0101] In a preferred aspect, the invention provides a 
multi-phasic “closed loop” device for determining the entire 
sequence of an unknown DNA molecule of interest by 
iteratively sequencing sub regions of the molecule of interest 
and compiling the subsequence information. Closed loop 
sequencing strategies are described in provisional patent 
application U.S. Ser. No. 60/068,311, entitled “Closed Loop 
Biochemical Analyzer” by Knapp, ?led Dec. 12, 1997 and 
“Closed Loop Biochemical Analyzers” by Knapp et al. US. 
Ser. No. (attorney docket number 017646 
0003100US) ?led Apr. 3, 1998. 

[0102] In brief, oligonucleotide primers are chosen from a 
pool of possible sequencing primers upon determination of 
an initial portion of the DNA sequence. With iterative 
utiliZation of this strategy, it is possible to primer Walk 
through an entire sequence Without synthesiZing neW prim 
ers. A template nucleic acid is selected and introduced into 
a reaction channel in a micro?uidic (generally electroos 
motic) device of the invention. The template is optionally 
ampli?ed, e. g., by introducing PCR or LCR reagents into the 
channel and performing cycles of heating and cooling on the 
template. Alternatively, e.g., Where the source of template is 
from an abundant sequence such as a cloned nucleic acid, 
further ampli?cation can be unnecessary. In addition to 
ampli?cation procedures, a PCR nuclease chain termination 
procedure can also be used for direct sequencing in the 
methods of the invention. Porter et al. (1997) NucleicAcia's 
Research 25(8):1611-1617 describe the biochemistry of 
PCR chain termination methods. 

[0103] Sequencing reagents are added to the template 
nucleic acid and a sequencing reaction is performed appro 
priate to the particular reaction in use. Many appropriate 
reactions are knoWn, With the Sanger dideoxy chain termi 
nation method being the most common. See, Sanger et al. 
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(1977) Proc. Nat. Acad. Sci., USA 74:5463-5467. The primer 
used to prime synthesis is typically selected from a pre 
synthesiZed set of nucleic acid primers, preferably a set 
including many or all of the primers for a particular primer 
length. In a preferred aspect, modular primers are used. For 
modular primer strategies, see, Beskin et al. (1995) Nucleic 
Acids Research 23(15):2881-2885). A modi?ed version of 
the use of the modular primer strategy, in Which small 
nucleotide primers are speci?cally elongated for use in PCR 
to amplify and sequence template nucleic acids has also 
been described. The procedure is referred to as DNA 
sequencing using differential extension With nucleotide sub 
sets (DENS). See, Raja et al. (1997) NucleicAcia's Research 
25(4):800-805. 
[0104] After the sequencing reaction is run, the products 
are separated by siZe and/or charge in an analysis region of 
the micro?uidic device Which comprises a second ?uidic 
phase adapted for separation of nucleic acids, such as a 
sieving matrix as discussed above. As discussed herein, the 
devices of the invention can be used to electrophoretically 
separate macromolecules by siZe and/or charge. The sepa 
rated products are detected, often as they pass a detector 
(nucleic acids are typically labeled With radioactive nucle 
otides or ?uorophores; accordingly appropriate detectors 
include spectrophotometers, ?uorescent detectors, micro 
scopes (e.g., for ?uorescent microscopy) and scintillation 
counting devices). Detection of siZe separated products is 
used to compile sequence information for the region being 
sequenced. A computer is typically used to select a second 
primer from the pre-synthesiZed primer set Which hybridiZes 
to the sequenced region, and the process is iteratively 
repeated With the second primer, leading to sequencing of a 
second region, selection of a third primer hybridiZing to the 
second region, etc. 

[0105] Selecting and Making Primers for Sequencing and 
PCR 

[0106] Oligonucleotides for use as primers or probes, e.g., 
in sequencing or PCR or non-thermal ampli?cation reactions 
in micro?uidic apparatus are typically synthesiZed chemi 
cally according to the solid phase phosphoramidite triester 
method described by Beaucage and Caruthers (1981), Tet 
rahedron Letts, 22(20):1859-1862, e.g., using an automated 
synthesiZer, as described in Needham-VanDevanter et al. 
(1984) Nucleic Acids Res., 12:6159-6168. Oligonucleotides 
can also be custom made and ordered from a variety of 
commercial sources knoWn to persons of skill. Puri?cation 
of oligonucleotides, Where necessary, is typically performed 
by either native acrylamide gel electrophoresis or by anion 
exchange HPLC as described in Pearson and Regnier (1983) 
J. Chrom. 255:137-149. The sequence of the synthetic 
oligonucleotides can be veri?ed using the chemical degra 
dation method of Maxam and Gilbert (1980) in Grossman 
and Moldave (eds.) Academic Press, NeW York, Methods in 
Enymology 65:499-560. 

[0107] While primers can hybridiZe to any of a number of 
sequences, selecting optimal primers is typically done using 
computer assisted consideration of available sequences and 
excluding potential primers Which do not have desired 
hybridiZation characteristics, and/or including potential 
primers Which meet selected hybridiZation characteristics. 
This is done by determining all possible nucleic acid prim 
ers, or a subset of all possible primers With selected hybrid 
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iZation properties (e.g., those With a selected length, G:C 
ratio, uniqueness in the given sequence, etc.) based upon the 
knoWn sequence. The selection of the hybridization proper 
ties of the primer is dependent on the desired hybridization 
and discrimination properties of the primer. In general, the 
longer the primer, the higher the melting temperature. In 
addition, it is more dif?cult to generate a set of primers 
Which includes all possible oligonucleotides for a given 
length, as the required number of primers increases expo 
nentially. For example, all possible 3-mers requires 43 
primers, all possible 4-mers requires 44 primers, all possible 
5-mers requires 45 primers, all possible 6-mers requires 46 
primers, etc. Standard sequencing primers are often in the 
range of 15-20 nucleotides in length, Which Would require 
sets of 415 to 420 nucleotides, or 1.1><109 to 1.1><1012 primers. 

[0108] While it is possible to make such large sets of 
primers using combinatorial chemical techniques, the asso 
ciated problems of storing and retrieving billions or even 
trillions of primers make these primer sets less desirable. 
Instead, smaller sets of primers used in a modular fashion 
are desirable. 

[0109] For example, Ulanovsky and co-Workers have 
described the mechanism of the modular primer effect 
(Beskin et al. (1995) Nucleic Acids Research 23(15):2881 
2885) in Which short primers of 5-6 nucleotides can spe 
ci?cally prime a template-dependent polymerase enZyme 
When 2-3 contiguously annealing, but unligated, primers are 
used in a polymerase dependent reaction such as a sequenc 
ing reaction. Polymerase enZymes are preferentially 
engaged by longer primers, Whether modular or conven 
tional, accounting for the increased speci?city of modular 
primers. Because it is possible to synthesiZe easily all 
possible primers With 5-6 nucleotides (i.e., 45 to 46 or 1024 
to 4096 primers), it is possible to generate and utiliZe a 
universal set of nucleotide primers, thereby eliminating the 
need to synthesiZe particular primers to extend nucleotide 
sequencing reactions of nucleotide templates. In an alterna 
tive embodiment, a ligase enZyme is used to ligate primers 
Which hybridiZe to adjacent portions of a template, thereby 
providing a longer primer. 

[0110] A modi?ed version of the use of the modular 
primer strategy, in Which small nucleotide primers are 
speci?cally elongated for use in PCR to amplify and 
sequence template nucleic acids has also been described. 
The procedure is referred to as DNA sequencing using 
differential extension With nucleotide subsets (DENS). See, 
Raja et al. (1997) Nucleic Acids Research 25(4):800-805. 
Thus, Whether standard Sanger-style sequencing or direct 
PCR sequencing using boronated nucleotides and a nuclease 
(see, Porter et al. 1997, supra.) are desired, small sets of 
short primers are suf?cient for use in sequencing and PCR 
and are desirable. 

[0111] It is expected that one of skill is thoroughly familiar 
With the theory and practice of nucleic acid hybridiZation 
and primer selection. Gait, ed. Oligonucleotide Synthesis: A 
Practical Approach, IRL Press, Oxford (1984); W. H. A. 
Kuijpers NucleicAcids Research 18(17), 5197 (1994); K. L. 
Dueholm J. Org. Chem. 59, 5767-5773 (1994); S. AgraWal 
(ed.) Methods in Molecular Biology, volume 20; and Tij ssen 
(1993) Laboratory Techniques in biochemistry and molecu 
lar biology—hybridization with nucleic acid probes, e.g., 
part I chapter 2 “overvieW of principles of hybridiZation and 
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the strategy of nucleic acid probe assays”, Elsevier, NeW 
York provide a basic guide to nucleic acid hybridiZation. 
Innis supra provides an overvieW of primer selection. 

[0112] One of skill Will recogniZe that the 3‘ end of an 
ampli?cation primer is more important for PCR than the 5‘ 
end. Investigators have reported PCR products Where only a 
feW nucleotides at the 3‘ end of an ampli?cation primer Were 
complementary to a DNA to be ampli?ed. In this regard, 
nucleotides at the 5‘ end of a primer can incorporate struc 
tural features unrelated to the target nucleic acid; for 
instance, in one embodiment, a sequencing primer hybrid 
iZation site (or a complement to such as primer, depending 
on the application) is incorporated into the ampli?cation 
primer, Where the sequencing primer is derived from a 
primer used in a standard sequencing kit, such as one using 
a biotinylated or dye-labeled universal M13 or SP6 primer. 
These structural features are referred to as constant primer 
regions. The primers are typically selected so that there is no 
complementarity betWeen any knoWn target sequence and 
any constant primer region. One of skill Will appreciate that 
constant regions in primer sequences are optional. 

[0113] The primers are selected so that no secondary 
structure forms Within the primer. Self-complementary 
primers have poor hybridiZation properties, because the 
complementary portions of the primers self hybridiZe (i.e., 
form hairpin structures). Modular primers are selected to 
have minimal cross-hybridiZation, thereby preventing com 
petition betWeen individual primers and a template nucleic 
acid and preventing duplex formation of the primers in 
solution, and possible concatenation of the primers during 
PCR. If there is more than one constant region in the primer, 
the constant regions of the primer are selected so that they 
do not self-hybridiZe or form hairpin structures. 

[0114] One of skill Will recogniZe that there are a variety 
of possible Ways of performing the above selection steps, 
and that variations on the steps are appropriate. Most typi 
cally, selection steps are performed using simple computer 
programs to perform the selection as outlined above; hoW 
ever, all of the steps are optionally performed manually. One 
available computer program for primer selection is the 
MacVectorTM program from Kodak. An alternate program is 
the MFOLD program (Genetics Computer Group, Madison 
Wis.) Which predicts secondary structure of, e.g., single 
stranded nucleic acids. In addition to programs for primer 
selection, one of skill can easily design simple programs for 
any or all of the preferred selection steps. 

[0115] 
Systems 

Integrated Multiphasic Micro?uidic Apparatus and 

[0116] Multiphasic analysis systems are provided, for 
example for performing nucleic acids-based diagnostic and 
sequencing applications, e.g., in a reference laboratory set 
ting. The system typically has several components: a multi 
phasic micro?uidic specimen and reagent handling system; 
an “operating system” for processing integrated micro?uidic 
experimentation steps; application-speci?c analysis devices 
(optionally referred in this application e.g., as “LabChipsTM” 
(LabChipTM is a trademark of Caliper Technologies, Corp., 
Palo Alto Calif.); a label detection system, and multiple 
softWare components that alloW the user to interact With the 
system, and run processing steps, interpret data, and report 
results. 

[0117] The micro?uidic apparatus of the invention typi 
cally comprise a substrate in Which ?uidic reagents, mix 














