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(57) ABSTRACT 

The present invention generally provides rnicro?uidic 
devices and systems that utiliZe electrokinetic rnaterial trans 
port systems to selectively control and direct the transport of 
materials through and among complex arrangements of 
integrated, interconnected rnicroscale channels disposed 
Within integrated body structures. 
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MICROFLUIDIC SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to Provisional 
Application No. 60/031,406, ?led Nov. 19, 1996, Which is 
hereby incorporated herein by reference in its entirety for all 
purposes. 

BACKGROUND OF THE INVENTION 

[0002] In the electronics industry, manufacturers and 
developers have sought to increase product performance, 
speed and capacity, as Well as the pro?ts derived therefrom, 
through miniaturiZation. Likewise, the pharmaceutical, bio 
technology and related industries have sought similar ben 
e?ts through miniaturiZation and automation of operations 
and processes performed in those industries. Performance of 
more and more operations in less and less space has thus 
become of primary interest in these industries. Space, there 
fore, While perhaps not the ?nal frontier, remains an area that 
invites substantial exploitation. 

[0003] To achieve this miniaturiZation the biotechnology 
and pharmaceutical industries have recently applied some of 
the same technologies Which proved effective in the elec 
tronics industry, such as photolithography, Wet chemical 
etching, laser ablation, etc., to the microfabrication of ?uidic 
devices for use in chemical and biological applications. For 
example, as early as 1979, researchers reported the fabrica 
tion of a miniature gas chromatograph on a silicon Wafer 
(discussed in ManZ et al., Adv. in Chromatog. (1993) 33:1 
66, citing Terry et al., IEEE Trans. Electron. Devices (1979) 
ED-26:1880). These fabrication technologies have since 
been applied to the production of more complex devices for 
a Wider variety of applications. 

[0004] There have been additional reports of microfabri 
cation of ?uidic devices in these solid substrates for a variety 
of uses. The most prominent of uses for this technology has 
been in the area of microcapillary electrophoresis. Micro 
capillary electrophoresis typically involves the introduction 
of a macromolecule containing sample, e. g., nucleic acids or 
proteins, into one end of a capillary tube that also contains 
a separation medium such as agarose, polyacrylamide or the 
like. A potential is applied across the capillary to draW the 
sample through the channel, separating the macromolecules 
in the sample based upon their relative motility in the 
separation medium, Which can vary by the siZe or charge on 
the macromolecules. While these methods typically 
employed fused silica capillaries for the performance of 
electrophoretic methods, in more recent efforts, the fused 
silica capillary has been replaced by an etched channel in a 
solid planar substrate. A covering substrate provides the last 
Wall of the capillary. Early discussions of the use of planar 
chip technology for fabrication of micro?uidic devices are 
provided in ManZ et al., Trends in Anal. Chem. (1990) 
10(5):144-149 and ManZ et al., Adv. in Chromatog. (1993) 
3311-66, Which describe the fabrication of ?uidic devices 
and particularly microcapillary devices, in silicon and glass 
substrates. 

[0005] The transport and direction of materials, e.g., ?u 
ids, samples, analytes, buffers and reagents, Within micro 
fabricated devices has generally been carried out by: (1) the 
incorporation of mechanical micropumps and valves Within 
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the device (see, Published U.K. Patent Application No. 2 
248 891, Published European Patent Application No. 568 
902, US. Pat. Nos. 5,271,724, 5,277,556 and 5,171,132); (2) 
the use of electric ?elds to move a ?uid containing charged 
elements through the device (see, e.g., Published European 
Patent Application No. 376 611, Harrison et al.,Anal. Chem. 
(1992) 64:1926-1932, ManZ et al. J. Chromatog. (1992) 
593:253-258, US. Pat. No. 5,126,022 to Soane); (3) the use 
of acoustic energy to move ?uid samples Within devices by 
the effects of acoustic means (see, Published PCT Applica 
tion No. 94/05414 to Northrup and White); or (4) the 
application of external pressure to move ?uids Within the 
device (see, e.g., US. Pat. No. 5,304,487 to Wilding et al.). 

[0006] As micro?uidic systems become more complex, 
the ability to accurately control and direct the ?uid ?oW 
Within these systems becomes more and more dif?cult. It 
Would therefore be desirable to provide improved microf 
luidic devices or systems that take into account the problems 
associated With these complex micro?uidic systems. The 
present invention meets these and a variety of other needs. 

SUMMARY OF THE INVENTION 

[0007] The present invention is generally directed to 
micro?uidic systems and methods for use in performing a 
plurality of parallel operations Within a single micro?uidic 
system. Such parallel analyses may be performed on a single 
sample material, or upon multiple sample materials. 

[0008] In one aspect, the present invention provides a 
micro?uidic device, that comprises a body structure, Which 
includes a plurality of integrated microscale channels dis 
posed therein. The plurality of integrated microscale chan 
nels include at least a ?rst transverse channel, and at least 
?rst and second side channels disposed on a ?rst side of the 
transverse channel. Each of the ?rst and second side chan 
nels have ?rst and second ends, Where the ?rst ends intersect 
the transverse channel, and the second ends are in electrical 
communication With at least a ?rst electrode. Also included 
are at least third and fourth side channels disposed on a 
second side of the transverse channel. Each of the third and 
fourth side channels similarly have ?rst and second ends, 
Where the ?rst ends intersect the transverse channel, and the 
second ends are in electrical communication With at least a 
second electrode. The side channels are provided Whereby 
the electrical current path betWeen the ?rst electrode and the 
transverse channel through the ?rst side channel provides 
substantially equal resistance to a resistance betWeen the 
?rst electrode and the transverse channel through the second 
side channel. 

[0009] The micro?uidic devices described herein are gen 
erally useful for providing for controlled material transport 
Within a large number of integrated channels, With a mini 
mum of control nodes. For example, in a related aspect, the 
present invention provides a micro?uidic device for con 
trollably transporting material among a plurality of inter 
secting microscale channels. The device comprises a body 
structure having a channel netWork disposed therein. The 
channel netWork comprises a plurality of intersecting 
microscale channels, Which include n channel intersections, 
and x unintersected channel termini, Wherein n is greater 
than or equal to x, provided that x is at least 2 and n is at least 
3. An electrical poWer supply is also included to supply a 
separate electrical potential to each of the unintersected 
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termini, or electrical control nodes, of the plurality of 
microscale channels, Whereby the electrical potential sup 
plied at each of the X unintersected channel termini controls 
material transport at the n intersections. In preferred aspects, 
the poWer supply utiliZes a controlled current at multiple 
electrodes to affect material transport. Examples of such 
poWer supplies are described in detail in US. application 
Ser. No. 08/678,436, and International Patent Application 
No. PCT US97/ 12930, incorporated herein by reference. 

[0010] In an additional related aspect, the present inven 
tion provides a micro?uidic system, Which includes a 
micro?uidic device as described above. In particular, the 
system includes a micro?uidic device that comprises a body 
structure having a plurality of integrated channels disposed 
in the body structure, the plurality of integrated channels. 
The integrated channels include at least a ?rst transverse 
channel, and at least ?rst and second side channels disposed 
on a ?rst side of the transverse channel. Each of the ?rst and 
second side channels have ?rst and second ends, Where the 
?rst ends intersect the transverse channel, and the second 
ends are in ?uid communication With at least a ?rst source 
of ?rst material. Also included in the integrated channels are 
at least third and fourth side channels disposed on a second 
side of the transverse channel. Each of the third and fourth 
channels have ?rst and second ends, Where the ?rst ends are 
in ?uid communication With the transverse channel, and the 
second ends are in ?uid communication With a Waste res 
ervoir. The system also includes a material transport system 
for transporting a second material into the transverse chan 
nel, and for transporting portions of the second material into 
the third and fourth channels. The transport is affected by 
directing a How of ?rst material from the ?rst source, 
through the ?rst and second channels into the transverse 
channel. 

[0011] The present invention also provides methods of 
transporting materials in a serial to parallel material trans 
port operation. In particular, the present invention provides 
a method of directing one or more materials serially intro 
duced into a microscale channel, into a plurality of parallel 
channels ?uidly connected to the microscale channel. The 
method comprises providing a micro?uidic device having at 
least a ?rst microscale transverse channel, at least ?rst and 
second microscale side channels intersecting a ?rst side of 
the transverse channel, at least third and fourth microscale 
side channels intersecting a second side of the transverse 
channel. One or more materials are serially introduced into 
the ?rst transverse channel. At least a portion of the one or 
more materials are then directed into the at least third and 
fourth channels by directing material into the transverse 
channel from the ?rst and second channels. 

[0012] In a further aspect, the present invention provides 
a method of controllably transporting a material among a 
plurality of interconnected microscale channels. The method 
comprises providing a micro?uidic device having a body 
structure that includes a channel netWork disposed therein. 
The channel netWork includes a plurality of intersecting 
microscale channels, Which comprise n channels and X 
unintersected channel termini, Wherein X is less than or equal 
to n, and provided that X is at least 2 and n is at least 3. A 
separate selected electrical potential is applied to each of the 
X reservoirs, Whereupon material is controllably moved at 
and through the n intersections. 
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BRIEF DESCRIPTION OF THE FIGURES 

[0013] FIG. 1 schematically illustrates an eXample of 
multi-layer construction of a typical micro?uidic device. 

[0014] FIG. 2 schematically illustrates conversion of 
materials in a serial orientation in a single microscale 
channel into a parallel orientation in a number of microscale 
channels. FIGS. 2A-2D illustrate alternate applications of 
serial to parallel conversion of sample ?uids using the 
micro?uidic devices employing the chip layouts or designs 
of the present invention. 

[0015] FIG. 3 illustrates an embodiment of a channel 
layout in a micro?uidic device for directing ?uids or 
samples serially introduced into the device into a number of 
parallel channels. 

[0016] FIG. 4 illustrates a micro?uidic device incorporat 
ing an alternate channel layout for directing materials, ?uids 
or samples serially introduced into the micro?uidic device 
into a plurality of parallel channels. 

[0017] FIG. 5 illustrates a micro?uidic device incorporat 
ing another alternate channel layout for directing materials, 
?uids or samples serially introduced into the micro?uidic 
device into a large number of parallel channels. 

[0018] FIG. 6 is a photograph shoWing the injection of 
separate ?uorescent material plugs (light area) into multiple 
parallel channels, as schematically illustrated in FIG. 1A, in 
a micro?uidic device employing the geometry shoWn in 
FIG. 3. 

[0019] FIG. 7 shoWs siZe based separation of nucleic acid 
fragments in ?ve parallel, interconnected channels Within a 
single micro?uidic device. 

[0020] FIGS. 8 is a schematic illustration of a device for 
use in performing multiple electrophoretic separations, in 
parallel, of a sample or samples introduced into the device, 
serially. 
[0021] FIGS. 9A-C schematically illustrates a process and 
device structure for converting a sample serially introduced 
into a channel, into a plurality of parallel channels inter 
secting the ?rst channel. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] The present invention generally provides microf 
luidic devices and systems that utiliZe electrokinetic material 
transport systems to selectively control and direct the trans 
port of materials through and among compleX arrangements 
of integrated, interconnected microscale channels disposed 
Within integrated body structures. 

[0023] As used herein, the term “microscale” or “micro 
fabricated” generally refers to structural elements or features 
of a device Which have at least one fabricated dimension in 
the range of from about 0.1 pm to about 500 pm. Thus, a 
device referred to as being microfabricated or microscale 
Will include at least one structural element or feature having 
such a dimension. When used to describe a ?uidic element, 
such as a passage, chamber or conduit, the terms “micros 
cale,”“microfabricated” or “micro?uidic” generally refer 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, 
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and typically between about 0.1 urn and about 500 urn. In the 
devices of the present invention, the rnicroscale channels or 
chambers preferably have at least one cross-sectional dimen 
sion betWeen about 0.1 urn and 200 urn, more preferably 
betWeen about 0.1 urn and 100 urn, and often betWeen about 
0.1 urn and 20 urn. Accordingly, the rnicro?uidic devices or 
systems prepared in accordance With the present invention 
typically include at least one rnicroscale channel, usually at 
least tWo intersecting rnicroscale channels, and often, three 
or more intersecting channels disposed Within a single body 
structure. Channel intersections may exist in a number of 
formats, including cross intersections, “T” intersections, or 
any number of other structures Whereby tWo channels are in 
?uid communication. 

[0024] The body structure of the rnicro?uidic devices 
described herein typically comprises an aggregation of tWo 
or more separate layers Which When appropriately rnated or 
joined together, form the rnicro?uidic device of the inven 
tion, e.g., containing the channels and/or charnbers 
described herein. Typically, the rnicro?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. 

[0025] In preferred aspects, the rnicro?uidic devices 
include rnulti-layer body structures in Which the rnicroscale 
channels are disposed, one example of Which is illustrated in 
FIG. 1. 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 rnicro 
fabricated, substrate materials will be selected based upon 
their compatibility With knoWn rnicrofabrication techniques, 
e.g., photolithography, Wet chemical etching, laser ablation, 
air abrasion techniques, LIGA rnethods, injection molding, 
ernbossing, and other techniques. The substrate materials are 
also generally selected for their compatibility With the full 
range of conditions to Which the rnicro?uidic devices may 
be exposed, including extremes of pH, temperature, salt 
concentration, and application of electric ?elds. Accord 
ingly, in some preferred aspects, the substrate material may 
include rnaterials normally associated With the serniconduc 
tor industry in Which such rnicrofabrication techniques are 
regularly ernployed, including, e.g., silica based substrates, 
such as glass, quartZ, silicon or polysilicon, as Well as other 
substrate materials, such as gallium arsenide and the like. In 
the case of serniconductive materials, it Will often be desir 
able to provide an insulating coating or layer, e.g., silicon 
oxide, over the substrate material, and particularly in those 
applications Where electric ?elds are to be applied to the 
device or its contents. The production of rnicro?uidic 
devices according to the present invention, uses for such 
devices, methods of operating such devices, and peripheral 
devices for use With such rnicro?uidic devices, are generally 
described in US. patent application Ser. Nos. 08/691,632, 
08/683,080, 08/671,987, 08/678,436 and provisional US. 
Patent Application Serial No. 60/015,498, each of Which is 
hereby incorporated herein by reference in its entirety for all 
purposes. 

[0026] In additional preferred aspects, the substrate mate 
rials cornprise polymeric materials, e.g., plastics, such as 
polyrnethylrnethacrylate (PMMA), polycarbonate, polytet 
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ra?uoroethylene (TEFLONTM), polyvinylchloride (PVC), 
polydirnethylsiloxane (PDMS), polysulfone, and the like. 
Such polyrneric substrates are readily manufactured using 
available rnicrofabrication techniques, as described above, 
or from rnicrofabricated rnasters, using Well knoWn rnolding 
techniques, such as injection molding, ernbossing or starnp 
ing, or by polyrneriZing the polymeric precursor material 
within the mold (See US. Pat. No. 5,512,131). Such poly 
rneric substrate materials are preferred for their ease of 
manufacture, loW cost and disposability, as Well as their 
general inertness to most extreme reaction conditions. 
Again, these polymeric materials often include treated sur 
faces, e.g., derivatiZed or coated surfaces, to enhance their 
utility in the rnicro?uidic system, or may be selected so as 
to provide an appropriate surface charge, e.g., provide 
enhanced ?uid direction, e.g., as described in US. patent 
application Ser. No. 08/843,212, ?led Apr. 14, 1997 (Attor 
ney Docket No. 17646-002610), and Which is incorporated 
herein by reference in its entirety for all purposes. 

[0027] The channels and/or chambers of the rnicro?uidic 
devices are typically fabricated into the upper surface of the 
bottom substrate or portion 12, as rnicroscale grooves or 
indentations 16, using the above described rnicrofabrication 
techniques. The top portion or substrate 18 also comprises a 
?rst planar surface 20, and a second surface 22 opposite the 
?rst planar surface 20. In the rnicro?uidic devices prepared 
in accordance With the methods described herein, the top 
portion also includes a plurality of apertures, holes or ports 
24 disposed therethrough, e.g., from the ?rst planar surface 
20 to the second surface 22 opposite the ?rst planar surface. 

[0028] The ?rst planar surface 20 of the top substrate 18 
is then rnated, e.g., placed into contact With, and bonded to 
the planar surface 14 of the bottom substrate 12, covering 
and sealing the grooves and/or indentations 16 in the surface 
of the bottom substrate, to form the channels and/or charn 
bers (i.e., the interior portion) of the device at the interface 
of these two components. The holes 24 in the top portion of 
the device are oriented such that they are in communication 
With at least one of the channels and/or charnbers formed in 
the interior portion of the device from the grooves or 
indentations in the bottom substrate. In the completed 
device, these holes function as reservoirs for facilitating 
?uid or material introduction into the channels or chambers 
of the interior portion of the device, as Well as providing 
ports at Which electrodes may be placed into contact With 
?uids Within the device, alloWing application of electric 
?elds along the channels of the device to control and direct 
?uid transport Within the device. 

[0029] In many embodiments, the rnicro?uidic devices 
Will include an optical detection WindoW disposed across 
one or more channels and/or chambers of the device. Optical 
detection WindoWs are typically transparent such that they 
are capable of transmitting an optical signal from the chan 
nel/charnber over Which they are disposed. Optical detection 
WindoWs rnay merely be a region of a transparent cover 
layer, e.g., Where the cover layer is glass or quartZ, or a 
transparent polymer material, e.g., PMMA, polycarbonate, 
etc. Alternatively, Where opaque substrates are used in 
manufacturing the devices, transparent detection WindoWs 
fabricated from the above materials may be separately 
rnanufactured into the device. 

[0030] These devices may be used in a variety of appli 
cations, including, e.g., the performance of high throughput 
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screening assays in drug discovery, immunoassays, diagnos 
tics, genetic analysis, and the like. As such, the devices 
described herein, Will often include multiple sample intro 
duction ports or reservoirs, for the parallel or serial intro 
duction and analysis of multiple samples. Alternatively, 
these devices may be coupled to a sample introduction port, 
e.g., a pipettor, Which serially introduces multiple samples 
into the device for analysis. Examples of such sample 
introduction systems are described in e.g., US. patent appli 
cation Ser. Nos. 08/761,575 and 08/760,446 (Attorney 
Docket Nos. 17646-000410 and 17646-000510, respec 
tively) each of Which Was ?led on Dec. 6, 1996, and is 
hereby incorporated by reference in its entirety for all 
purposes. 

[0031] As noted previously, the devices, methods and 
systems described herein, employ electrokinetic material 
transport systems, and preferably, controlled electrokinetic 
material transport systems to controllably direct materials 
among the various channels contained Within the device. As 
used herein, “electrokinetic material transport systems” 
include systems Which transport and direct materials Within 
an interconnected channel and/or chamber containing struc 
ture, through the application of electrical ?elds to the 
materials, thereby causing material movement through and 
among the channel and/or chambers. 

[0032] Such electrokinetic material transport and direction 
systems include those systems that rely upon the electro 
phoretic 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 electrokinetic material direction and transport systems 
rely upon the electroosmotic How of ?uid and material 
Within a channel or chamber structure, Which results from 
the application of an electric ?eld across such structures. In 
brief, When a ?uid is placed into a channel Which has a 
surface bearing charged functional groups, e.g., hydroXyl 
groups in etched glass channels or glass microcapillaries, 
those groups can ioniZe. In the case of hydroXyl functional 
groups, this ioniZation, e.g., at neutral pH, results in the 
release of protons from the surface and into the ?uid, 
creating a concentration of protons at near the ?uid/surface 
interface, or a positively charged sheath surrounding the 
bulk ?uid in the channel. Application of a voltage gradient 
across the length of the channel, Will cause the proton sheath 
to move in the direction of the voltage drop, i.e., toWard the 
negative electrode. 

[0033] “Controlled electrokinetic material transport and 
direction,” as used herein, refers to electrokinetic systems as 
described above, Which employ active control of the volt 
ages applied at multiple, i.e., more than tWo, electrodes. 
Rephrased, such controlled electrokinetic systems concomi 
tantly regulate voltage gradients applied across at least tWo 
intersecting channels. Controlled electrokinetic material 
transport is described in Published PCT Application No. WO 
96/04547, to Ramsey, Which is incorporated herein by 
reference in its entirety for all purposes. In particular, the 
preferred micro?uidic devices and systems described herein, 
include a body structure Which includes at least tWo inter 
secting channels or ?uid conduits, e.g., interconnected, 
enclosed chambers, Which channels include at least three 
unintersected termini. The intersection of tWo channels 
refers to a point at Which tWo or more channels are in ?uid 

communication With each other, and encompasses “T” inter 
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sections, cross intersections, “Wagon Wheel” intersections of 
multiple channels, or any other channel geometry Where tWo 
or more channels are in such ?uid communication. An 
unintersected terminus of a channel is a point at Which a 
channel terminates not as a result of that channel’s inter 
section With another channel, e.g., a “T” intersection. In 
preferred aspects, the devices Will include at least three 
intersecting channels having at least four unintersected 
termini. In a basic cross channel structure, Where a single 
horiZontal channel is intersected and crossed by a single 
vertical channel, controlled electrokinetic material transport 
operates to controllably direct material ?oW through the 
intersection, by providing constraining ?oWs from the other 
channels at the intersection. For example, assuming one Was 
desirous of transporting a ?rst material through the horiZon 
tal channel, e.g., from left to right, across the intersection 
With the vertical channel. Simple electrokinetic material 
How of this material across the intersection could be accom 
plished by applying a voltage gradient across the length of 
the horiZontal channel, i.e., applying a ?rst voltage to the left 
terminus of this channel, and a second, loWer voltage to the 
right terminus of this channel, or by grounding the right 
terminus. HoWever, this type of material ?oW through the 
intersection Would result in a substantial amount of diffusion 
at the intersection, resulting from both the natural diffusive 
properties of the material being transported in the medium 
used, as Well as convective effects at the intersection. 

[0034] In controlled electrokinetic material transport, the 
material being transported across the intersection is con 
strained by loW level How from the side channels, e.g., the 
top and bottom channels. This controlled material transport 
at the intersections is accomplished by applying a slight 
voltage gradient along the path of material ?oW, e.g., from 
the top and bottom termini of the vertical channel, toWard 
the right terminus. The result is a “pinching” of the material 
?oW at the intersection, Which prevents the diffusion of the 
material into the vertical channel. The pinched volume of 
material at the intersection may then be injected into the 
vertical channel by applying a voltage gradient across the 
length of the vertical channel, i.e., from the top terminus to 
the bottom terminus. In order to avoid any bleeding over of 
material from the horiZontal channel during this injection, a 
loW level of How is directed back into the side channels, 
resulting in a “pull back” of the material from the intersec 
tion. 

[0035] In addition to pinched injection schemes, con 
trolled electrokinetic material transport is readily utiliZed to 
create virtual valves, Which include no mechanical or mov 
ing parts. Speci?cally, With reference to the cross intersec 
tion described above, How of material from one channel 
segment to another, e.g., the left arm to the right arm of the 
horiZontal channel, can be ef?ciently regulated, stopped and 
reinitiated, by a controlled ?oW from the vertical channel, 
e.g., from the bottom arm to the top arm of the vertical 
channel. Speci?cally, in the ‘off’ mode, the material is 
transported from the left arm, through the intersection and 
into the top arm by applying a voltage gradient across the 
left and top termini. Aconstraining How is directed from the 
bottom arm to the top arm by applying a similar voltage 
gradient along this path (from the bottom terminus to the top 
terminus). Metered amounts of material are then dispensed 
from the left arm into the right arm of the horiZontal channel 
by sWitching the applied voltage gradient from left to top, to 
left to right. The amount of time and the voltage gradient 


















