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(57) ABSTRACT 

Micro?uidic devices for performing integrated reaction and 
separation operations. The devices comprise a planar sub 
strate having a ?rst surface with an integrated channel 
network disposed therein. The reaction region in the inte 
grated microscale channel network has a mixture of at least 
?rst and second reactants located therein, wherein the miX 
ture interacts to produce one or more products. The reaction 
region is con?gured to maintain contact between the ?rst 
and second reactants contained within it. The device also 
includes a separation region in the integrated channel net 
work, where the separation region is con?gured to separate 
the ?rst reactant from the product, when the ?rst reactant and 
product are ?owing through the separation region. 
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MICROFLUIDIC DEVICES, SYSTEMS AND 
METHODS FOR PERFORMING INTEGRATED 

REACTIONS AND SEPARATIONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is related to US. Ser. No. 
60/108,628, ?led Nov. 16, 1998 and U.S. Ser. No. 09/093, 
489 ?led Jun. 8, 1998. 

BACKGROUND OF THE INVENTION 

[0002] In the analysis of biological and chemical systems, 
a number of advantages are realiZed by the process of 
miniaturiZation. For example, by miniaturiZing analytical 
and synthetic processes, one obtains advantages in: (1) 
reagent volumes, Where reagents are rare and/or expensive 
to produce or purchase; (2) reaction times, Where mixing or 
thermal modulation of reactants is a rate limiting parameter; 
and (3) integration, alloWing one to combine multiple pre 
parative and analytical/synthetic operations in a single 
bench-top unit. 

[0003] Despite the advantages to be obtained through 
miniaturiZed laboratory systems, or micro?uidic systems, 
early attempts at developing such systems suffered from a 
number of problems. Of particular note Was the inability of 
early systems to control and direct ?uid movement through 
micro?uidic channels and chambers in order to mix, react 
and separate reaction components for analysis. Speci?cally, 
many of the early micro?uidic systems utiliZed microme 
chanical ?uid direction system, e.g., microfabricated pumps, 
valves and the like, Which Were expensive to fabricate and 
required complex control systems to be properly operated. 
Many of these systems also suffered from dead volumes 
associated With the mechanical elements, Which prevented 
adequate ?uid control substantially beloW the microliter or 
100 nanoliter range. Pneumatic systems Were also developed 
to move ?uids through micro?uidic channels, Which systems 
Were simpler to operate. Again, hoWever, these systems 
lacked suf?cient controllability to move small, precise 
amounts of ?uids. 

[0004] Pioneering developments in controlled electroki 
netic material transport have subsequently alloWed for the 
precise control and manipulation of extremely small 
amounts of ?uids and other materials Within interconnected 
channel structures, Without the need for mechanical valves 
and pumps. See Published International Patent Application 
No. WO 96/04547, to Ramsey. In brief, by concomitantly 
controlling electric ?elds in a number of intersecting chan 
nels, one can dictate the direction of ?oW of materials and/or 
?uids at an unvalved intersection. 

[0005] These advances in material transport and direction 
Within micro?uidic channel netWorks have provided the 
ability to perform large numbers of different types of opera 
tions Within such netWorks. See, e.g., commonly oWned 
Published International Application No. 98/00231 to Parce 
et al., and Published International Application No.98/00705, 
describing the use of such systems in performing high 
throughput screening operations. 
[0006] Despite the Wide-ranging utility and relative sim 
plicity of these advances, in some cases, it may be desirable 
to provide simpler solutions to material transport needs 
Within a micro?uidic system. The present invention meets 
these and other needs. 
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[0007] In particular, the present invention provides mate 
rial direction methods and systems that take advantage of 
certain ?oW properties of the materials, in conjunction With 
novel structures, to controllably direct material ?oW through 
an integrated micro?uidic channel structure. 

SUMMARY OF THE INVENTION 

[0008] In a ?rst aspect, this invention provides a microf 
luidic device for performing integrated reaction and sepa 
ration operations. The device comprises a body structure 
having an integrated microscale channel netWork disposed 
therein. The reaction region Within the integrated microscale 
channel netWork has a mixture of at least ?rst and second 
reactants disposed in and ?oWing through the reaction 
region, Wherein the mixture interacts to produce one or more 
products. The reaction region is con?gured to maintain 
contact betWeen the ?rst and second reactants ?oWing 
therethrough. The device also includes a separation region in 
the integrated channel netWork, Where the separation region 
is in ?uid communication With the reaction region and is 
con?gured to separate the ?rst reactant from the one or more 
products ?oWing therethrough. 

[0009] The invention also provides a device for perform 
ing integrated reaction and separation operations. The 
device comprises a planar substrate having a ?rst channel 
disposed in the substrate containing at least ?rst and second 
?uid regions. The ?rst ?uid region has an ionic concentra 
tion higher than an ionic concentration of the second ?uid 
region, and the ?rst and second ?uid regions communicates 
at a ?rst ?uid interface. Second and third channels are 
disposed in the substrate, the second channel intersects and 
connects the ?rst and third channels at intermediate points 
along a length of the ?rst and third channels, respectively. 
The device also includes an electrokinetic material transport 
system for applying a voltage gradient along a length of the 
?rst channel, but not the second channel Which electroki 
netically moves the ?rst ?uid interface past the intermediate 
point of the ?rst channel and forces at least a portion of the 
?rst ?uid regions through the second channel into the third 
channel. 

[0010] This invention also provides methods of perform 
ing integrated reaction and separation operations Which 
include providing a micro?uidic device comprising a body 
structure having a reaction channel and a separation channel 
disposed therein, the reaction channel and separation chan 
nel being in ?uid communication. At least ?rst and second 
reactants ?oW through the reaction channel in a ?rst ?uid 
region. The ?rst and second reactants interact to form at least 
a ?rst product Within the ?rst ?uid region. The step of 
transporting through the ?rst channel is carried out under 
conditions for maintaining the ?rst and second reactants and 
products substantially Within the ?rst ?uid region. At least a 
portion of the ?rst ?uid region is directed to the separation 
channel, Which is con?gured to separate the product from at 
least one of the ?rst and second reactants. The portion is then 
transported along the separation channel to separate the 
product from at least the ?rst reactant. 

[0011] The invention also provides methods of directing 
?uid transport in a microscale channel netWork comprising 
a micro?uidic device having at least ?rst and second inter 
secting channels disposed therein, the ?rst channel being 
intersected by the second channel at an intermediate point. 
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First and second ?uid regions are introduced into the ?rst 
channel, Wherein the ?rst and second ?uid regions are in 
communication at a ?rst ?uid interface, and Wherein the ?rst 
?uid region has a higher conductivity than the second ?uid 
region. An electric ?eld is applied across a length of the ?rst 
channel, but not across the second channel, to electroos 
motically transport the ?rst and second ?uid regions through 
the ?rst channel past the intermediate point, Whereby a 
portion of the ?rst ?uid is forced into the second channel. 

[0012] The invention also provides methods of transport 
ing materials in an integrated micro?uidic channel netWork 
comprising a ?rst microscale channel that is intersected at an 
intermediate point by a second channel. First and second 
?uid regions are introduced serially into the ?rst channel and 
are in communication at a ?rst ?uid interface. Amotive force 
is applied to the ?rst and second ?uid regions to move the 
?rst and second ?uid regions past the intermediate point. 
The ?rst and second ?uid regions have different ?oW rates 
or inherent velocities under said motive force. The different 
inherent velocities produce a pressure differential at the ?rst 
interface that results in a portion of the ?rst material being 
injected into the second channel. 

[0013] The invention also provides methods of performing 
integrated reaction and separation operations in a micro?u 
idic system, comprising a micro?uidic device With a body, 
a reaction channel, and a separation channel disposed 
therein. The reaction channel is in ?uid communication With 
the separation channel. At least ?rst and second reactants are 
transported through the ?rst region. The ?rst and second 
reactants are maintained substantially together to alloW 
reactants to interact to form at least a ?rst product in the ?rst 
miXture. The ?rst mixture, including the product, is trans 
ported to the second region Wherein the product is separated 
from at least one of the reactants. 

[0014] The invention also provides methods of performing 
integrated reaction and separation operations in a micro?u 
idic system, comprising a micro?uidic device having at least 
?rst and second channel regions disposed therein, the ?rst 
and second channel regions are connected by a ?rst con 
necting channel. First reactants are introduced into the ?rst 
channel region, the ?rst reactants being contained Within a 
?rst material region having a ?rst ionic concentration. The 
?rst region is bounded by second regions having a second 
ionic concentration, the second ionic concentration is loWer 
than the ?rst ionic concentration. The ?rst and second 
material regions are transported past an intersection of the 
?rst channel region and the ?rst connecting channel, 
Whereby at least a portion of the ?rst material region is 
diverted through the connecting channel and into the second 
channel region. 

[0015] In related aspects, the present invention also pro 
vides micro?uidic devices for analyZing electrokinetic 
mobility shifts of analytes, Where the device includes a body 
structure having a ?rst micro?uidic channel portion disposed 
therein, Where the ?rst channel portion has substantially no 
electrical ?eld applied across its length. A second microf 
luidic channel portion is also included, but Where the second 
channel portion has an electrical ?eld applied across its 
length. The second channel portion being ?uidly connected 
to the ?rst channel portion. The device also includes a 
pressure source in communication With at least one of the 
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?rst channel portion and the second channel portion for 
moving a material through the ?rst channel portion into the 
second channel portion. 

[0016] Relatedly, the present invention also provides 
methods of analyZing materials using the described devices. 
In particular, the methods of the invention analyZe an effect 
of a ?rst analyte on a second analyte. The methods steps 
include contacting the ?rst analyte With the second analyte 
in a ?rst micro?uidic channel portion having substantially 
no electric ?eld applied across its length. At least a portion 
of the ?rst analyte and second analyte is transported to a 
second channel portion that is in ?uid communication With 
the ?rst channel portion and Which has an electric ?eld 
applied across its length. A change in the electrokinetic 
mobility of the second analyte, if any, is measured in the 
second channel portion, Where a change in the electrokinetic 
mobility of the second analyte is indicative of an effect of the 
?rst analyte on the second analyte. 

[0017] Similarly provided are methods of analyZing an 
electrokinetic mobility shift in a ?rst analyte, Which methods 
comprise ?oWing the ?rst analyte through a ?rst microscale 
channel portion having substantially no electrical ?eld 
applied across it. The ?rst analyte is then introduced into a 
second micro?uidic channel portion. An electric ?eld is then 
applied across a length of the second micro?uidic channel 
portion but not across the length of the ?rst micro?uidic 
channel portion. Finally, an electrokinetic mobility of the 
?rst analyte is measured under the electric ?eld applied in 
the second channel portion. 

BRIEF DESCRIPTION OF THE FIGURES 

[0018] FIG. 1 schematically illustrates an eXample of a 
micro?uidic device incorporating a layered body structure. 

[0019] FIG. 2 schematically illustrates a control system 
for electrokinetically moving materials Within a micro?uidic 
device. 

[0020] FIG. 3 illustrates an eXample of an embodiment of 
a micro?uidic device of the present invention for performing 
integrated reaction and separation operations. FIG. 3A 
illustrates the elements of the device itself, While FIGS. 
3B-3C illustrate the operation of the device in transporting, 
reacting and separating reaction components Within the 
device of FIG. 3A. FIG. 3D illustrates an alternate con 
?guration for the device shoWn in FIG. 3A, and FIG. 3E 
illustrates a close-up vieW of an intersection in a device of 
the invention Which incorporates conductivity measuring 
capabilities at the intersection for controlling injection of 
reaction mixtures into separation channels. 

[0021] FIG. 4 illustrates one alternate embodiment of a 
micro?uidic device according to the present invention for 
performing integrated reaction and separation operations. 
FIG. 4A illustrates the elements of the device itself, While 
FIG. 4B illustrates the operation of the device in transport 
ing, reacting and separating reaction components Within the 
device of FIG. 4A. 

[0022] FIG. 5 is a schematic illustration of the pressure 
pro?le across ?uid regions of differing ionic concentration 
When being transported through a microscale channel by 
electrokinetic forces. 

[0023] FIG. 6 illustrates an alternate device for perform 
ing a contained reaction operation folloWed by a separation 
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operations in a continuous ?oW mode. FIG. 6A schemati 
cally illustrates the structure of the device itself, While FIG. 
6B schematically illustrates the operation of the device. 

[0024] FIG. 7 illustrates a micro?uidic device channel 
layout used in performing integrated operations Where the 
?rst portion of the operation requires containment of reac 
tants While the second portion requires their separation. 

[0025] FIG. 8 illustrates the ?uorescence signal of 
rhodamine B and ?uorescein monitored at various locations 
along the main channel during the continuous ?oW mode 
operation using the device shoWn in FIG. 7. 

[0026] FIG. 9 illustrates the ?uorescence signal of 
rhodamine B and Fluorescein monitored at various locations 
along the main channel and separation channel during the 
injection mode operation using the device shoWn in FIG. 7. 

[0027] FIG. 10 schematically illustrates alternate devices 
for carrying out integrated reaction and separation opera 
tions. FIG. 10a illustrates an integrated colinear channel for 
performing reactions and separations under pressure and 
electrokinetic ?oW, While FIG. 10b illustrates an alternate 
device Which includes a separate but connected channel in 
Which electrokinetic separations are carried out. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0028] 
[0029] A. Desirability for Integration 

I. General 

[0030] In chemical and biochemical analyses, a number of 
useful analytical operations require processes that include 
tWo or more operational steps. For example, many opera 
tions require that a sample material undergo some prepara 
tive reaction(s) prior to the ultimate analytical operation. 
Alternatively, some analytical operations require multiple 
different process steps in the ultimate analytical operation. 
As a speci?c eXample, a large number of operations require 
a reaction step and a separation step, Which depending upon 
the analytical operation, may be in either order. Such opera 
tions are easily carried out Where one is operating at the 
bench scale, e. g., utiliZing reagent volumes Well in eXcess of 
5 or 10 pl, permitting the use of conventional ?uid handling 
equipment and technology. 

[0031] HoWever, When operating in the micro?uidic 
range, e.g., on the submicroliter to nanoliter level, conven 
tional ?uid handling technologies fail. Speci?cally, conven 
tional ?uidic systems, e.g., pipettors, tubing, pumps, valves, 
injectors, and the like, are incapable of transporting, dis 
pensing and/or measuring reagent volumes in the submicro 
liter, nanoliter or picoliter range. While micro?uidic tech 
nology provides potential avenues for addressing many of 
these issues, early proposals in micro?uidics lacked the 
speci?c control to optimiZe such systems. For eXample, a 
great deal of micro?uidic technology to date has been 
developed using mechanical ?uid and material transport 
systems, e.g., microfabricated pumps and valves, pneumatic 
or hydraulic systems, acoustic systems, and the like. These 
technologies all suffer from problems of inaccurate ?uid 
control, as Well as excessive volume requirements, e.g., in 
pump and valve dead volumes. Failing in this regard, such 
systems are largely inadequate for performing multiple 
integrated operations on micro?uidic scale ?uid or reagent 
volumes. 
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[0032] The present invention, on the other hand, provides 
micro?uidic systems that have precise ?uidic control at the 
submicroliter, nanoliter and even picoliter range. Such con 
trol permits the ready integration of multiple operations 
Within a single micro?uidic device, and more particularly, 
the integration of a reaction operation and a separation 
operation, Within a single device. Further, micro?uidic sys 
tems of the present invention, that incorporate such control 
also offer advantages of automatability, loW cost and high or 
ultra-high-throughput. 

[0033] In a particular aspect, the micro?uidic devices and 
systems of the invention include microscale or micro?uidic 
channel netWorks that comprise a reaction region and a 
separation region. These tWo regions are connected to alloW 
the controlled movement of material from one region to the 
other. As noted above, this is made simpler by precise 
control of material transport Within the channel netWork. In 
particularly preferred aspects, material transport is carried 
out using a controlled electrokinetic material transport sys 
tem. In alternate preferred aspects, combined pressure-based 
and electrokinetic transport systems are used. 

[0034] As used herein, the term “micro?uidic” generally 
refers to one or more ?uid passages, chambers or conduits 

Which have at least one internal cross-sectional dimension, 
e.g., depth, Width, length, diameter, etc., that is less than 500 
pm, and typically betWeen about 0.1 pm and about 500 pm. 
In the devices of the present invention, the microscale 
channels or chambers preferably have at least one cross 
sectional dimension betWeen about 0.1 pm and 200 pm, 
more preferably betWeen about 0.1 pm and 100 pm, and 
often betWeen about 1 pm and 20 pm. Accordingly, the 
micro?uidic devices or systems prepared in accordance With 
the present invention typically include at least one micros 
cale channel, usually at least tWo intersecting microscale 
channels, and often, three or more intersecting channels 
disposed Within a single body structure. Channel intersec 
tions may eXist in a number of formats, including cross 
intersections, “T” intersections, or any number of other 
structures Whereby tWo channels are in ?uid communica 
tion. 

[0035] The micro?uidic devices of the present invention 
typically employ a body structure that has the integrated 
micro?uidic channel netWork disposed therein. In preferred 
aspects, the body structure of the micro?uidic devices 
described herein typically comprises an aggregation of tWo 
or more separate layers Which When appropriately mated or 
joined together, form the micro?uidic device of the inven 
tion, e.g., containing the channels and/or chambers 
described herein. Typically, the micro?uidic devices 
described herein Will comprise a top portion, a bottom 
portion, and an interior portion, Wherein the interior portion 
substantially de?nes the channels and chambers of the 
device. 

[0036] FIG. 1 illustrates a general eXample of a tWo-layer 
body structure 10, for a micro?uidic device. In preferred 
aspects, the bottom portion of the device 12 comprises a 
solid substrate that is substantially planar in structure, and 
Which has at least one substantially ?at upper surface 14. A 
variety of substrate materials may be employed as the 
bottom portion. Typically, because the devices are micro 
fabricated, substrate materials Will be selected based upon 
their compatibility With knoWn microfabrication techniques, 




































