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DEVICES, SYSTEMS AND METHODS FOR TIME 
DOMAIN MULTIPLEXING OF REAGENTS 

BACKGROUND OF THE INVENTION 

0001. The biological and chemical sciences, much like 
the electronics industry, have Sought to gain advantages of 
cost, Speed and convenience through miniaturization. The 
field of microfluidicS has gained Substantial attention as a 
potential Solution to the problems of miniaturization in these 
areas, where fluid handling capabilities are often the main 
barrier to Substantial miniaturization. 

0002 For example, U.S. Pat. Nos. 5,304.487, 5,498,392, 
5,635,358, 5,637.469 and 5,726,026, all describe devices 
that include mesoscale flow Systems for carrying out a large 
number of different types of chemical, and biochemical 
reactions and analyses. 
0003) Published international patent application No. WO 
96/04547 to Ramsey describes microfluidic devices that 
incorporate electrokinetic means for moving fluids or other 
materials through interconnected microScale channel net 
WorkS. Such Systems utilize electric fields applied along the 
length of the various channels, typically via electrodes 
placed at the termini of the channels, to controllably move 
materials through the channels by one or both of electrooS 
mosis and electrophoresis. By modulating the electric fields 
in interSecting channels, one can effectively control the flow 
of material at interSections. This creates a combination 
pumping/valving System that requires no moving parts to 
function. The solid state nature of this material transport 
System allows for Simplicity of fabricating microfluidic 
devices, as well as Simplified and more accurate control of 
fluid flow. 

0004 Published international patent application No. 
98/00231 describes the use of microfluidic systems in per 
forming high throughput Screening of large libraries of test 
compounds, e.g., pharmaceutical candidates, diagnostic 
Samples, and the like. By performing these analyses microf 
luidically, one gains Substantial advantages of throughput, 
reagent consumption, and automatability. 

0005. Despite the above-described advances in the field 
of microfluidics, there still exist a number of areas where 
this technology could be improved. For example, while 
electrokinetic material transport Systems provide myriad 
benefits in the microScale movement, mixing and aliquoting 
of fluids, the application of electric fields can have detri 
mental effects in Some instances. For example, in the case of 
charged reagents, electric fields can cause electrophoretic 
biasing of material volumes, e.g., highly charged materials 
moving at the front or back of a fluid volume. Solutions to 
these problems have been previously described, See, e.g., 
U.S. Pat. No. 5,779,868. Alternatively, where one is desirous 
of transporting cellular material, elevated electric fields can, 
in Some cases result in a perforation or electroporation, of 
the cells, which may affect there ultimate use in the System. 
0006. In addition to these difficulties of electrokinetic 
Systems, microfluidic Systems, as a whole, have largely been 
developed as relatively complex Systems, requiring either 
complex electrical control Systems or complex pump and 
Valve Systems, for accurately directing material into desired 
locations. Accordingly, it would be generally desirable to 
provide microfluidic Systems that utilize simplified transport 
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Systems, but that are also useful for carrying out important 
chemical and/or biochemical reactions and other analyses. 
The present invention meets these and a variety of other 
needs. 

SUMMARY OF THE INVENTION 

0007. In a first aspect, the present invention provides a 
microfluidic device for performing a plurality of Successive 
reactions on at least a first reagent, comprising a body 
Structure. A first reaction Zone is disposed within the body 
Structure and is fluidly connected to a Source of the at least 
first reagent. Sources of a Second and third reagent are in 
fluid connection to the first reaction Zone. The fluid connec 
tions between the Second and third reagent Sources and the 
reaction Zone are configured to deliver a third reagent from 
the third reagent Source to the first reaction Zone Subsequent 
to delivery of a Second reagent from the Second reagent 
Source to the reaction Zone. 

0008. The present invention also provides a microfluidic 
device, comprising a reaction Zone and Sources of first and 
Second reagents. A first fluid path connects the first reagent 
Source to the reaction Zone and is configured to deliver first 
reagent to the reaction Zone under a driving force at a first 
time point. A Second fluid path connects the Second reagent 
Source to the reaction Zone and is configured to deliver the 
Second reagent to the reaction Zone under the driving force 
at a Second time point, the Second time point being Subse 
quent to the first time point. 

0009. A further aspect of the present invention is a 
method of performing Successive reactions in a microfluidic 
device. A microfluidic device is provided which comprises 
a reaction Zone disposed within the microfluidic device. The 
reaction Zone is in fluid communication with a Source of first 
reagent, a Source of Second reagent and a Source of third 
reagent. The fluid connection between the Second and third 
reagent Sources and the reaction one is configured to deliver 
the Second reagent to the reaction Zone prior to the third 
reagent. A driving force is applied to at least one of the 
reaction Zone, the first reagent Source, the Second reagent 
Source and the third reagent Source to flow the first reagent 
through the reaction Zone, introduce the Second reagent into 
the reaction Zone causing a first reaction between the first 
reagent and the Second reagent, and Subsequently introduce 
the third reagent into the reaction Zone to cause a reaction 
between the first reagent and the third reagent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 FIGS. 1A and 1B illustrate a microfluidic device 
for performing Serial, iterative reactions within a microScale 
channel network, according to the present invention. 

0011 FIG. 2 illustrates an alternate device geometry for 
performing a plurality of iterative reactions within a microS 
cale channel network. 

0012 FIG. 3 is a schematic illustration of a complete 
System for performing iterative reactions within a microf 
luidic device. 

0013 FIGS. 4A and 4B illustrate an exemplary com 
puter System and architecture, respectively, for use in con 
junction with the devices, Systems and methods of the 
present invention. 
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0.014 FIG. 5 is a schematic illustration of a multi 
wavelength fluorescent detection System 
0.015 FIG. 6 is a plot of fluorescence versus time of a 
model cellular System for assaying calcium flux using a 
fluorescent intracellular calcium indicator. 

0016 FIG. 7 illustrates a dose response curve generated 
from the data shown in FIG. 6. 

0017 FIG. 8 illustrates a repeat of the experiment shown 
in FIG. 6, under slightly different assay conditions. 
0.018 FIG. 9 illustrates a dose response curve generated 
from the data shown in FIG. 7. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0019) 
0020. The present invention generally provides microf 
luidic devices, Systems, kits and methods of using Same, for 
carrying out simplified microfluidic analyses. In brief, the 
devices and Systems of the invention carry out time depen 
dent addition of reagents to a reaction Zone from Source of 
those reagents through the Structural configuration of the 
channels that carry those reagents to the reaction Zone. This 
is a drastically different approach from previous Systems, 
which relied upon modulation of forces driving material 
movement as a method for regulating Such time dependent 
material movement. Restated, instead of turning on pumps 
and valves at Specific times to regulate when and how much 
of a particular reagent was added to a reaction, the present 
invention typically relies, at least in part, on the Structural 
characteristics of the channels carrying those reagents to 
regulate the timing and amount of reagent additions to 
reactions. 

I. Generally 

0021. The devices and systems of the present invention 
offer benefits of greater Simplicity over previously described 
Systems which used complex networks of pumps and valves, 
or electrical controlling Systems to Selectively move mate 
rials through channels in a microfluidic device. By config 
uring reagent addition channels appropriately, a single driv 
ing force can be applied over the whole System, which yields 
precise time-dependent addition of the reagents to a central 
reaction channel. 

0022. For example, where a plurality of reagent sources 
are fluidly connected to a reaction Zone via appropriate 
connector channels, one can pull a vacuum on the reaction 
Zone which will draw the reagents into the reaction Zone. 
The amount of time required for a particular reagent to reach 
the reaction Zone via a given channel is dependent upon the 
driving force applied to the reagent, e.g., the applied 
Vacuum, as well as the Structural characteristics of the 
channel connecting the reagent Source with the reaction 
Zone. These structural characteristics include the resistance 
of the channel to fluid flow, which is typically a function of 
the cross-sectional area and aspect ratio of the channel, as 
well as the length of the channel. Accordingly, by adjusting 
either of these characteristics of the connecting channel, one 
can adjust the amount of time required for a given reagent 
to reach the reaction Zone from its respective Source and/or 
the rate at which the reagent flows into the reaction Zone. 
Additional reagent Sources are then optionally connected to 
the reaction Zone by appropriate connector channels, which 
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connector channels can be configured to introduce reagents 
into the reaction Zone at the Same, or predetermined different 
times from the first reagent. 
0023. By “hardwiring” the timing of reagent additions 
and/or the Volumetric rate of reagent additions into the 
channels of the device, one can employ a single, constant 
driving force to move the materials through the channels of 
the device, which allows for much simpler systems for 
performing a large number of different reactions and/or 
analyses. 

0024 
0025 AS generally described above, in a first aspect, the 
present invention provides microfluidic devices for perform 
ing a plurality of Successive reactions and/or reagent addi 
tions to at least one other reagent. AS described herein, 
microfluidic devices of the invention typically comprise a 
network of microScale or microfabricated channels all dis 
posed within an integrated body Structure. 

II. Devices 

0026. 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 um to about 500 u. 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 fluidic element, 
Such as a passage, chamber or conduit, the terms “microS 
cale,”“microfabricated” or “microfluidic' generally refer to 
one or more fluid 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 um, 
and typically between about 0.1 um and about 500 um. In the 
devices of the present invention, the microScale channels or 
chambers preferably have at least one cross-sectional dimen 
sion between about 0.1 um and 200 um, more preferably 
between about 0.1 um and 100 um, and often between about 
0.1 um and 50 lum. Accordingly, the microfluidic devices or 
Systems prepared in accordance with the present invention 
typically include at least one microScale channel, usually at 
least two interSecting microScale channel Segments, and 
often, three or more interSecting channel Segments 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 fluid communication. 

0027. The body structures of the devices which integrate 
various microfluidic channels, chambers or other elements, 
as described herein, may be fabricated from a number of 
individual parts, which when connected form the integrated 
microfluidic devices described herein. For example, the 
body Structure can be fabricated from a number of Separate 
capillary elements, microScale chambers, and the like, all of 
which are connected together to define an integrated body 
Structure. Alternatively and in preferred aspects, the inte 
grated body Structure is fabricated from two or more Sub 
Strate layers which are mated together to define a body 
Structure having the channel and chamber networks of the 
devices within. In particular, a desired channel network is 
laid out upon a typically planar Surface of at least one of the 
two Substrate layers as a Series of grooves or indentations in 
that Surface. A Second Substrate layer is overlaid and bonded 
to the first Substrate layer, covering and Sealing the grooves, 
to define the channels within the interior of the device. In 



US 2002/0019059 A1 

order to provide fluid and/or control access to the channels 
of the device, a Series of ports or reservoirs is typically 
provided in at least one of the Substrate layers, which ports 
or reservoirs are in fluid communication with the various 
channels of the device. 

0028. A variety of different Substrate materials may be 
used to fabricate the devices of the invention, including 
Silica-based Substrates, i.e., glass, quartz, fused Silica, Silicon 
and the like, polymeric Substrates, i.e., acrylics (e.g., poly 
methylmethacrylate) polycarbonate, polypropylene, poly 
Styrene, and the like. Examples of preferred polymeric 
Substrates are described in commonly owned published 
international patent application No. WO 98/46438 which is 
incorporated herein by reference for all purposes. Silica 
based Substrates are generally amenable to microfabrication 
techniques that are well known in the art including, e.g., 
photolithographic techniques, wet chemical etching, reac 
tive ion etching (RIE) and the like. Fabrication of polymeric 
Substrates is generally carried out using known polymer 
fabrication methods, e.g., injection molding, embossing, or 
the like. In particular, master molds or Stamps are optionally 
created from Solid Substrates, Such as glass, Silicon, nickel 
electroforms, and the like, using well known microfabrica 
tion techniques. These techniques include photolithography 
followed by wet chemical etching, LIGA methods, laser 
ablation, thin film deposition technologies, chemical vapor 
deposition, and the like. These masters are then used to 
injection mold, cast or emboss the channel Structures in the 
planar Surface of the first Substrate Surface. In particularly 
preferred aspects, the channel or chamber Structures are 
embossed in the planar Surface of the first Substrate. Meth 
ods of fabricating and bonding polymeric Substrates are 
described in commonly owned U.S. patent application Ser. 
No. 09/073,710, filed May 6, 1998, and incorporated herein 
by reference in its entirety for all purposes. 
0029. In preferred aspects, the microfluidic devices of the 
invention typically include a reaction Zone disposed within 
the overall body structure of the device. The reaction Zone 
is optionally a channel, channel portion or chamber that is 
disposed within the body structure, and which receives the 
various reagents, materials, test compounds or the like, 
which are the Subject of the desired analysis. Although 
preferably used for fluid based reactions and analyses, it will 
be readily appreciated that the reaction Zone can optionally 
include immobilized reagents disposed therein, e.g., immo 
bilized on the Surface of the channel or upon a Solid Support 
disposed within that channel. In preferred aspects, the reac 
tion Zone is a channel portion that is fluidly connected at a 
first end to a Source of at least a first reagent. The Second end 
of the reaction channel portion is typically fluidly connected 
to a port disposed in the body Structure, which port may 
function as an access port and/or a waste fluid reservoir, e.g., 
where reactants may collect following the desired reaction/ 
analysis. The reaction Zone typically comprises at least one 
croSS-Sectional dimension that is in the range of from about 
0.1 um to about 1 mm, e.g., is of microScale dimensions. Of 
course, these dimensions will typically vary depending upon 
the application for which the overall device is to be used. For 
example, for flowing fluid based reactions/analyses, reaction 
channel cross-sectional dimensions will typically range 
between about 1 and about 200 um, and preferably will fall 
in the range between about 5 and about 100 um. For cell 
baseS reactions/analyses, channel dimensions are typically 
larger to permit passage of the cells, without clogging of the 
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channels. In these cases, reaction channel dimensions are 
typically in the range of from about 10 um to about 200 um, 
depending upon the cell types that are to be analyzed, e.g., 
Smaller bacterial cells VS. larger mammalian, plant or fungal 
cells. 

0030. As noted above, the first reaction Zone is optionally 
fluidly connected, e.g., at a first end, to a Source of a first 
reagent. In Screening applications, e.g., analyses to deter 
mine whether a particular material or treatment has an effect 
on a particular System, the first reagent typically comprises 
one or more components of a biological or biochemical 
System against which other reagents are going to be 
Screened. AS used herein, the phrase “biochemical System” 
generally refers to a chemical interaction that involves 
molecules of the type generally found within living organ 
isms. Such interactions include the full range of catabolic 
and anabolic reactions which occur in living Systems includ 
ing enzymatic, binding, Signaling and other reactions. Fur 
ther, biochemical Systems, as defined herein, will also 
include model Systems which are mimetic of a particular 
biochemical interaction. Examples of biochemical Systems 
of particular interest for use in the devices and Systems 
described herein include, e.g., receptor-ligand interactions, 
enzyme-Substrate interactions, cellular signaling pathways, 
transport reactions involving model barrier Systems (e.g., 
cells or membrane fractions), and a variety of other general 
Systems. Cellular or organismal viability or activity may also 
be Screened using the methods and apparatuses of the 
present invention. 

0031. In order to provide methods and devices for screen 
ing compounds for effects on biochemical Systems, the 
present invention generally incorporates as the first regent at 
least a part of a model in vitro System which mimics a given 
biochemical system in vivo for which effector compounds 
are desired. The range of Systems against which compounds 
can be Screened and for which effector compounds are 
desired, is extensive. For example, compounds are Screened 
for effects in blocking, slowing or otherwise inhibiting key 
events associated with biochemical Systems whose effect is 
undesirable. For example, test compounds may be Screened 
for their ability to block Systems that are responsible, at least 
in part, for the onset of disease or for the occurrence of 
particular Symptoms of diseases, including, e.g., hereditary 
diseases, genetic disorders, cancers, bacterial or viral infec 
tions and the like. 

0032 Compounds that show promising results in screen 
ing assay methods are then typically Subjected to further 
testing to identify effective pharmacological agents for the 
treatment of disease or Symptoms of a disease. 
0033 Alternatively, compounds can be screened for their 
ability to Stimulate, enhance or otherwise induce biochemi 
cal Systems whose function is believed to be desirable, e.g., 
to remedy existing deficiencies in a patient. 

0034. Once a model system is selected, batteries of test 
compounds can then be applied against these model Sys 
tems. By identifying those test compounds that have an 
effect on the particular biochemical System, in vitro, one can 
identify potential effectors of that system, in vivo. 

0035) In their simplest forms, the biochemical system 
models employed in the methods and apparatuses of the 
present invention will Screen for an effect of a test compound 
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on an interaction between two components of a biochemical 
System, e.g., receptor-ligand interaction, enzyme-SubStrate 
interaction, and the like. In this form, the biochemical 
System model will typically include the two normally inter 
acting components of the System for which an effector is 
Sought, e.g., the receptor and its ligand, the enzyme and its 
Substrate, or the antibody and its antigen. 
0036) Determining whether a test compound has an effect 
on this interaction then involves contacting the System with 
the test compound and assaying for the functioning of the 
System, e.g., receptor-ligand binding or Substrate turnover. 
The assayed function is then compared to a control, e.g., the 
Same reaction in the absence of the test compound or in the 
presence of a known effector. 
0037 Although described in terms of two-component 
biochemical Systems, the methods and apparatuses may also 
be used to Screen for effectors of much more complex 
Systems where the result or end product of the System is 
known and assayable at Some level, e.g., enzymatic path 
ways, cell Signaling pathways and the like. Alternatively, the 
methods and apparatuses described herein may be used to 
Screen for compounds that interact with a single component 
of a biochemical System, e.g., compounds that Specifically 
bind to a particular biochemical compound, e.g., a receptor, 
ligand, enzyme, nucleic acid, Structural macromolecule, etc. 
0.038 Biochemical system models may be entirely fluid 
based, or may include Solid phase components, i.e., bead 
bound components, which are flowed through the channels 
of the devices descried herein, or alternatively, are retained 
within a particular region of the device, e.g., the reaction 
ZOC. 

0.039 Biochemical system models may also be embodied 
in whole cell Systems. For example, where one is Seeking to 
Screen test compounds for an effect on a cellular response, 
whole cells are typically utilized. Cell systems that may be 
used with the methods, devices and Systems of the invention 
include, e.g., mammalian cells, fungal cells, bacterial cells, 
yeast cells, insect cells, and the like. Modified cell Systems 
may also be employed in the Screening Systems encom 
passed herein, e.g., cells which express non-native receptors, 
pathways or other elements. For example, chimeric reporter 
Systems may be employed as indicators of an effect of a test 
compound on a particular biochemical System. Chimeric 
reporter Systems typically incorporate a heterogenous 
reporter System integrated into a signaling pathway, which 
Signals the binding of a receptor to its ligand. For example, 
a receptor may be fused to a heterologous protein, e.g., an 
enzyme whose activity is readily assayable. Activation of 
the receptor by ligand binding then activates the heterolo 
gous protein, which then allows for detection. Thus, the 
Surrogate reporter System produces an event or signal, which 
is readily detectable, thereby providing an assay for recep 
tor/ligand binding. Examples of Such chimeric reporter 
Systems have been previously described in the art. 
0040 Alternatively or additionally, cells may be used in 
conjunction with function specific indicator compounds or 
labels, e.g., which Signal a particular cellular function, Such 
as ion regulation or transport, viability and/or apoptosis, and 
the like. 

0041 Examples of indicators of cellular transport func 
tions, i.e., ion flux, and intracellular pH regulation, are 
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particularly useful in accordance with the cellular Systems 
described herein. In particular, cellular transport channels 
have been generally shown to be responsive to important 
cellular events, e.g., receptor mediated cell activation, and 
the like. For example, G-protein coupled receptors have 
been shown to directly or indirectly activate or inactivate ion 
channels in the plasma membrane or endoSomal membranes 
of cells, thereby altering their ion permeability and thus 
effecting the excitability of the membrane and intracellular 
ion concentrations. See, Hille, Ionic Channels of Excitable 
Membranes, Sinauer Assoc. (1984). 
0042. In accordance with this aspect of the present inven 
tion, therefore, the indicator of cellular function comprises 
an indicator of the level of a particular intracellular Species. 
In particularly preferred aspects, the intracellular species is 
an ionic species, such as Ca", Na', K", Cl, or H" (e.g., for 
pH measurements). A variety of intracellular indicator com 
pounds are commercially available for these ionic Species 
(e.g., from Molecular Probes, Eugene Oreg.). For example, 
commonly used calcium indicators include analogs of 
BAPTA (1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tet 
raacetic acid), Such as Fura-2, Fluo-2 and Indo-1, which 
produce Shifts in the fluorescent excitation or emission 
maxima upon binding calcium, and Fluo-3 and Calcium 
Green-2, which produce increases in fluorescence intensity 
upon binding calcium. See also, U.S. Pat. No. 5,516,911. 
Sodium and potassium sensitive dyes include SBFI and 
PBFI, respectively (also commercially available from 
Molecular Probes). Examples of commercially available 
chloride sensitive indicators include 6-methoxy-N-(sulfo 
propyl)guinolinium (SPO), N-(sulfopropyl) acridinium 
(SPA), N-(6-methoxyquinolyl)acetic acid, and N-(6-meth 
oxyquinolyl)acetoethyl ester (Molecular Probes, Inc.), all of 
which are generally quenched in the presence of chloride 
ions. Similarly, intracellular pH indicators are equally appli 
cable to the Systems described herein, including, e.g., 
SNARFL, SNARF, BCECF, and HPTS indicators, available 
from Molecular Probes, Inc. 
0043. A variety of other detection/labeling mechanisms 
are also available for detecting binding of one molecule, 
e.g., a ligand or antibody, to another molecule, e.g., a cell 
Surface receptor. For example, a number of labeling mate 
rials change their fluorescent properties upon binding to 
hydrophobic Sites on proteins, e.g., cell Surface proteins. 
Such labels include, e.g., 8-amino-naphthalene Sulfonate 
(ANS), 2-p-toluidinylnaphthalene-6-sulfonate (TNS) and 
the like. Alternatively, detectable enzyme labels are utilized 
that cause precipitation of fluorescent products on Solid 
phases, i.e., cell Surfaces are optionally used as function 
indicators of binding. For example, alkaline phosphatase 
Substrates that yield fluorescent precipitates are optionally 
employed in conjunction with alkaline phosphatase conju 
gates of cell binding components. Such Substrates are gen 
erally available from Molecular Probes, Inc., and are 
described in, e.g., U.S. Pat. No. 5,316,906, U.S. Pat. No. 
5,443,986. 
0044) Viability indicative dyes are generally commer 
cially available. For example, fluorogenic esterase Sub 
strates, Such as calcein AM, BCECF AM and fluorescein 
diacetate, can be loaded into adherent or nonadherent cells, 
and are suitable indicators of cell viability. Specifically, 
these esterase Substrates measure both esterase activity, 
which is required to activate the fluorescence of the dye, as 
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well as cell-membrane integrity, which retains the fluores 
cent materials intracellularly. Other suitable viability indi 
cators include polyfluorinated fluorescein derivatives (i.e., 
DFFDA, TFFDA, HFFDA and BrTFFDA), polar nucleic 
acid based dyes (i.e., SYTOX GreenTM), dimeric and mono 
meric cyanine dyes (i.e., TOTOTM and TO-PROTM series 
dyes from Molecular Probes), ethidium and propidium dyes 
(i.e., ethidium bromide, ethidium homodimer and propidium 
iodide). 
004.5 The use of both function indicators and reference 
indicators in cell-based assay Systems is described in detail 
in copending commonly owned U.S. patent application Ser. 
No. 09/104,519, filed Jun. 25, 1998 and incorporated herein 
by reference. 
0.046 Additionally, where one is screening for bioavail 
ability, e.g., transport, biological barriers may be included. 
The term “biological barriers' generally refers to cellular or 
membranous layers within biological Systems, or Synthetic 
models thereof. Examples of Such biological barriers include 
the epithelial and endothelial layers, e.g. Vascular endothelia 
and the like. 

0047 Biological responses are often triggered and/or 
controlled by the binding of a receptor to its ligand. For 
example, interaction of growth factors, i.e., EGF, FGF, 
PDGF, etc., with their receptors stimulates a wide variety of 
biological responses including, e.g., cell proliferation and 
differentiation, activation of mediating enzymes, Stimulation 
of messenger turnover, alterations in ion fluxes, activation of 
enzymes, changes in cell Shape and the alteration in genetic 
expression levels. Accordingly, control of the interaction of 
the receptor and its ligand may offer control of the biological 
responses caused by that interaction. 
0.048. Accordingly, in one aspect, the present invention 
will be useful in Screening for compounds that have an effect 
on an interaction between a receptor molecule and its 
ligands. AS used herein, the term “receptor generally refers 
to one member of a pair of compounds that Specifically 
recognize and bind to each other. The other member of the 
pair is termed a “ligand.” Thus, a receptor/ligand pair may 
include a typical protein receptor, usually membrane asso 
ciated, and its natural ligand, e.g., another protein or Small 
molecule. Receptor/ligand pairs may also include antibody/ 
antigen binding pairs, complementary nucleic acids, nucleic 
acid associating proteins and their nucleic acid ligands. A 
large number of Specifically associating biochemical com 
pounds are well known in the art and can be utilized in 
practicing the present invention. 
0049. A similar, and perhaps overlapping, set of bio 
chemical Systems includes the interactions between 
enzymes and their Substrates. The term “enzyme” as used 
herein, generally refers to a protein which acts as a catalyst 
to induce a chemical change in other compounds or "Sub 
Strates. 

0050 Typically, effectors of an enzyme’s activity toward 
its Substrate are Screened by contacting the enzyme with a 
Substrate in the presence and absence of the compound to be 
Screened and under conditions optimal for detecting changes 
in the enzyme’s activity. After a set time for reaction, the 
mixture is assayed for the presence of reaction products or 
a decrease in the amount of Substrate. The amount of 
Substrate that has been catalyzed is them compared to a 
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control, i.e., enzyme contacted with Substrate in the absence 
of test compound or presence of a known effector. AS above, 
a compound that reduces the enzymes activity toward its 
substrate is termed an “inhibitor,” whereas a compound that 
accentuates that activity is termed an “inducer.” 
0051 AS used herein, the term “test compound” refers to 
a compound, mixture of compounds, or material that is to be 
Screened for an ability to affect a particular biochemical 
System. Test compounds may include a wide variety of 
different compounds, including chemical compounds, mix 
tures of chemical compounds, e.g., polysaccharides, Small 
organic or inorganic molecules, biological macromolecules, 
e.g., peptides, proteins, nucleic acids, extracts made from 
biological materials. Such as bacteria, plants, fungi, or animal 
cells or tissues, naturally occurring or Synthetic composi 
tions. The largest collections, or “libraries” of test com 
pounds are typically generated using combinatorial chem 
istry techniques, which produce large numbers of related 
chemical compounds. In accordance with the present inven 
tion, test compounds are typically placed into reservoirs 
within the device from which they are transported into the 
main reaction Zone. However, in certain aspects, test com 
pounds, biochemical System components, or other compo 
nents of a given analysis may be external to the device itself, 
and accessed by an external Sampling element, e.g., a 
pipettor or electropipettor channel, e.g., as described in U.S. 
Pat. No. 5,779,868. 
0052 Accordingly, in preferred aspects, the first reagent 
Source typically comprises one or more components of a 
biochemical System, e.g., enzyme and Substrate combina 
tions, receptor-ligand pairs, complementary nucleic acid 
Sequences, cellular Suspensions, or the like. In particularly 
preferred aspects, the first reagent Source has disposed 
therein a Suspension of cells that are to be Screened against 
other reagents or test compounds to identify and/or quantify 
an effect of those other reagents upon the functions of the 
cells in that Suspension. In optional alternative aspects, the 
first reagent may comprise a first reagent in a Synthesis 
process that is to be performed within the device, e.g., a 
chemical precursor. 
0053. In order to be able to detect and quantify the results 
of a particular reaction or other combination of reagents, it 
is generally desirable that the reaction of interest have a 
detectable signal associated with it. In particularly preferred 
aspects, one or more of the interacting components and/or 
the product of the interaction of those components will 
produce an optically detectable signal. Examples of Such 
reactions include chromogenic reactions, luminescent reac 
tions, fluorogenic reactions, and the like. These detectable 
labels and reactions incorporating them are described in 
substantial detail in Published International Patent Applica 
tion No. 98/00231, which is incorporated herein by refer 
ence in its entirety for all purposes. Additional optically 
detectable reactions include those whose products and Sub 
Strates are fluorescent but which fluorescence can be sepa 
rately quantified whether it is from the Substrate or the 
product, e.g., in mobility shift assays (See, e.g., Published 
International Application No. WO 98/56956), where the 
mobility of the product differs from that of the Substrate, 
fluorescence polarization assays, where the binding of a 
ligand to a receptor Significantly alters the Spin rate of the 
complex over the Separate components, giving rise to a shift 
in the level of fluorescence polarization. 
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0054. In addition to detectable labels associated with the 
particular reaction that is being analyzed, in Some cases, it 
is desirable to incorporate a background label or labels into 
the reagent Sources to indicate the time and/or concentration 
at which materials form these Sources are introduced into the 
reaction channel and/or pass the detection point. In particu 
lar, by monitoring the relative rate at which different back 
ground labels from different reagent Sources pass the detec 
tion Zone, one can back calculate the rate of flow of reagents 
along the reaction channel from the applied driving force 
and configuration, e.g., croSS-Section and length, of the 
channel Segments. Background labels are typically distin 
guishable from the main reaction Signal, e.g., based upon 
their emission or excitation spectra, if fluorescent, color, if 
chromophoric, or based upon different detectable principles, 
e.g., ionic Strength or the like. A variety of labeling materials 
and methods are known in the art. 

0.055 Additional reagents used in the reaction/analysis, 
e.g., test compounds, buffers, indicators or the like, are 
delivered into the reaction Zone from their respective reagent 
Sources. These Sources are optionally external or integral to 
the body Structure of the device. For example, in Some 
aspects, Separate reservoirs of reagents are provided apart 
from the overall body structure of the device, but with 
appropriate fluid connections, e.g., tubing, pipettorS or other 
fluid transfer means, to the channels of the device. However, 
in preferred aspects, the additional reagent Sources are 
integral to the body Structure of the device, e.g., incorpo 
rated into or otherwise attached to the body structure. For 
example, Such Sources are often provided as ports or reser 
voirs disposed in the body Structure and positioned at the end 
of connecting channels, which provide fluid connection 
between these reservoirs and the reaction Zone. 

0056. One or more connecting channels, which intersect 
the reaction Zone are typically provided within the body 
Structure of the device to deliver the various other reagents 
to the reaction Zone, whether the reagent Sources are integral 
to or Separate from that body Structure. In the case of 
multiple reagent Sources, the connecting channels are 
optionally provided interSecting with the reaction Zone at a 
Single point, either through the convergence of the connect 
ing channels at that point or by the connection of these 
connecting channels to a common channel which intersects 
the reaction channel at this point. Alternatively, the connect 
ing channels interSect the reaction Zone at two or more 
Separate points on the reaction channel. The precise con 
figuration of the fluid connection between the connecting 
channel and the reaction Zone typically depends upon the 
particular application for which he microfluidic device is to 
be used. For example, where one is attempting to individu 
ally analyze the effects of multiple different reagents or 
dilutions of the Same reagent Successively and cumulatively 
introduced to the reaction Zone, a Single interSection point is 
preferred, e.g., in performing dose response analyses. Alter 
natively, where one is performing an iterative reaction on the 
first reagent where one is primarily concerned with the 
ultimate effect of multiple reagents on the first reagent, 
which reagents must be separately and iteratively combined, 
e.g., where one reaction proceeds from the product of a 
preceding reaction, then Separate interSection points are 
often preferred. In either event, the introduction of the 
additional reagents to the reaction Zone is typically desired 
to be time dependent. Thus, although generally described for 
the purposes of performing Screening assays and the like, it 
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will be readily appreciated that the devices, Systems and 
methods described herein are useful in performing a number 
of different types of iterative, time-dependent reactions for 
a variety of purposes, Such as Synthetic reaction S, where 
chemical precursors are flowed through a reaction channel 
while being iteratively reacted with different reagents at 
different times to Synthesize a desired end product. 

0057. As noted above, in accordance with certain aspects 
of the present invention, either time or Volume controlled 
reagent additions to a particular region of the microfluidic 
device, e.g., the reaction Zone, are carried out by configuring 
the reagent delivery channels to affect Such controlled 
delivery. In particular, the rate at which material flows 
through a particular microfluidic channel is defined by a 
number of factors, including the force applied to drive the 
material through the channel, the flow resistance of the 
channel, and the distance that material must travel through 
the channel. The latter two characteristics are typically 
dependent upon one or both of the length and cross-sectional 
dimensions of the channel through which the material is 
forced. By controlling at least one of these channel charac 
teristics, one can effectively control the time required for the 
material to move through the channel and/or the Volumetric 
rate at which material flows through that channel. For 
example, where the connecting channel between a first 
reagent Source and the reaction Zone is shorter than the 
connecting charnel between the Second reagent Source and 
the reaction Zone, under the same pressure level, the first 
reagent will reach the reaction Zone first just by Virtue of the 
longer distance that the Second reagent must travel. In 
addition, the longer channel will have a greater level of flow 
resistance, further Slowing the Second reagent relative to the 
first. 

0058 Similarly, where the connecting channels are the 
Same length, but the Second channel has a significantly 
Smaller cross-sectional area, again, it will take the Second 
reagent longer to reach the reaction channel than the first 
reagent. Further, the rate at which the Second reagent flows 
into the reaction channel will also be reduced. Additionally, 
the differential pressure-based flow of fluids in two channels 
having different cross-sectional areas is further amplified in 
those channels having an aspect ratio (width:depth) that is 
greater than about 5, where one is varying the narrower 
dimension, e.g., depth, between the two channels. In par 
ticular, in these situations, the pressure-based Volumetric 
flow rate of fluids is reduced by the cube of the reduction in 
channel depth, while the linear velocity of fluid through the 
channel is reduced by the Square of that reduction. For 
example, in a pressure based System, where the Second 
channel is one tenth as deep as the first channel, the 
volumetric flow in that second channel will be reduced 1000 
fold over the first channel under the same applied pressure. 
AS a result, one can vary he amount of material transported 
through a channel (volumetric flow) as well as the amount 
of time required for fluid to traverse a channel (linear 
Velocity) by varying the channel's depth. 

0059) Other control methods are optionally used in con 
junction with controlling the connecting channel resistance 
and/or dimensions, e.g., controlling pressure differentials 
acroSS the overall System or individual connecting channels, 
applying Secondary driving forces to the channels to slow or 
Speed up flow relative to other channels, and the like. 
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0060. As noted, configuration of channels to deliver 
reagents to a common reaction Zone at different times or at 
different rates may be accomplished optionally by a number 
of methods. First, one can simply lengthen or shorten the 
channel, Such that a Second reagent requires more time, and 
encounters greater Viscous drag than a first reagent in 
reaching the reaction Zone, and thus reaches the reaction 
Zone later. Alternatively, one can Simply vary the croSS 
Sectional area of the channel, e.g., width and/or depth, to 
alter that channel's resistance, thereby varying one or both 
of the timing and amount of reagent addition to the reaction 
Zone. Other methods are also available for effectively vary 
ing a channel's resistance to flow, including the inclusion of 
Solid or Semi-Solid matrices within the channel which matri 
ces occupy channel Space, thereby increasing flow resis 
tance, the inclusion of pressure resistors at inlet ports to 
channels, and the like. 
0061 An example of an integrated microfluidic device 
according to the present invention is Schematically illus 
trated in FIG. 1A. As shown, the device 100 includes a body 
Structure 102 in which is disposed a main reaction Zone or 
channel 104 that connects a first reagent source 106 with a 
port/waste reservoir 108, also disposed in the body structure. 
A plurality of additional reagent sources 110, 112, 114 and 
116 are also disposed within the body structure 102 and 
fluidly connected to the reaction channel 104 via separate 
connector channels (120, 122, 124 and 126 respectively). As 
shown, the various reagent Sources comprise reservoirs that 
are disposed in the body structure 102 of the device 100 and 
in fluid communication with their respective connector 
channels. 

0.062 AS is apparent from FIG. 1A, the connector chan 
nels 120, 122,124 and 126 are each configured to deliver the 
reagents from their respective reservoirs to the reaction Zone 
104, at different times or at different rates. In the case of the 
System shown, this is accomplished by providing each of the 
connecting channels 120, 122, 124 and 126 with increasing 
channel lengths, and/or decreasing cross-sectional areas 
respectively. The result of this configuration is that under the 
Same applied driving force, e.g. applying a negative pressure 
to the reaction channel 104, it will take proportionally longer 
for the reagent in reagent Source 112 to reach the reaction 
Zone than for the reagent in reagent Source 110. Similarly, 
the reagent in reagent Source 114 will take longer to reach 
the reaction Zone than the reagent in reagent Source 112, 
with the reagent in reagent Source 116 taking the most time 
to reach the reaction Zone 104. 

0.063 A detector or detection system is typically disposed 
adjacent to the detection window in order to detect the result 
of the reactions carried out within the reaction Zone. Often, 
a microfluidic system will employ multiple different detec 
tion Systems for monitoring the output of the System, e.g., 
detecting multiple characteristics of a single reaction Zone or 
detecting the same or different characteristics from a plu 
rality of reaction Zones operating in parallel. Examples of 
detection Systems include optical Sensors, temperature Sen 
Sors, pressure Sensors, pH Sensors, conductivity Sensors, and 
the like. Each of these types of Sensors can be readily 
incorporated into the microfluidic Systems described herein. 
In these Systems, Such detectors are placed either within or 
adjacent to the microfluidic device or one or more channels, 
chambers or conduits of the device, Such that the detector is 
within Sensory communication with the device, channel, or 

Feb. 14, 2002 

chamber. The phrase “within sensory communication” of a 
particular region or element, as used herein, generally refers 
to the placement of the detector in a position Such that the 
detector is capable of detecting the property of the microf 
luidic device, a portion of the microfluidic device, or the 
contents of a portion of the microfluidic device, for which 
that detector was intended. For example, a pH Sensor placed 
in Sensory communication with a microScale channel is 
capable of determining the pH of a fluid disposed in that 
channel. Similarly, a temperature Sensor placed in Sensory 
communication with the body of a microfluidic device is 
capable of determining the temperature of the device itself. 
0064 Particularly preferred detection systems include 
optical detection Systems for detecting an optical property of 
a material within the channels and/or chambers of the 
microfluidic devices that are incorporated into the microf 
luidic Systems described herein. Such optical detection 
Systems are typically placed adjacent a microScale channel 
of a microfluidic device, and are in Sensory communication 
with the channel via an optical detection window that is 
disposed acroSS the channel or chamber of the device. 
Optical detection Systems include Systems that are capable 
of measuring the light emitted from material within the 
channel, the transmissivity or absorbance of the material, as 
well as the materials spectral characteristics. In preferred 
aspects, the detector measures an amount of light emitted 
from the material, Such as a fluorescent or chemiluminescent 
material. AS Such, the detection System will typically include 
collection optics for gathering a light based signal transmit 
ted through the detection window, and transmitting that 
Signal to an appropriate light detector. Microscope objec 
tives of varying power, field diameter, and focal length may 
be readily utilized as at least a portion of this optical train. 
The light detectors may be photodiodes, avalanche photo 
diodes, photomultiplier tubes, diode arrays, or in Some 
cases, imaging Systems, Such as charged coupled devices 
(CCDS) and the like. In preferred aspects, photodiodes are 
utilized, at least in part, as the light detectors. The detection 
System is typically coupled to the computer (described in 
greater detail below), via an AD/DA converter, for trans 
mitting detected light data to the computer for analysis, 
Storage and data manipulation. 

0065. In the case of fluorescent materials, the detector 
will typically include a light Source, which produces light at 
an appropriate wavelength or wavelengths for activating the 
fluorescent material, as well as optics for directing the light 
Source through the detection window to the material con 
tained in the channel or chamber. The light Source may be 
any number of light Sources that provides the appropriate 
wavelength, including lasers, laser diodes and LEDS. In 
certain aspects, multi-wavelength detection Schemes are 
employed, which employ detectable labels that either excite 
or emit at different wavelengths, thus allowing their Separate 
detection within a single detection Zone, Simultaneously. AS 
a result, one or more light Sources are typically employed, 
which produce the necessary wavelengths for exciting these 
detectable labels. Other light sources may be required for 
other detection Systems. For example, broad band light 
Sources are typically used in light Scattering/transmissivity 
detection Schemes, and the like. Typically, light Selection 
parameters are well known to those of Skill in the art. 
0066 An example of a multiwavelength detection system 
is illustrated in FIG. 5. As shown, detector 200 optionally 
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includes one or more different detectors, and is Selected to 
detect both the reference and function labels present in the 
cells. For example, in the case of cells that include reference 
and function labels that are fluorescent, the detector typi 
cally includes a dual wavelength fluorescent detector. A 
Schematic illustration of Such a detector is shown in FIG. 6. 
As shown, the detector 200 includes a light source 502. 
Appropriate light Sources may vary depending upon the type 
of detection being employed. For example, in Some cases 
broad spectrum illumination is desirable while in other 
cases, a more narrow Spectrum illumination is desired. 
Typically, the light Source is a coherent light Source, Such as 
a laser, or laser diode, although other light Sources, Such as 
LEDs, lamps or other available light Sources are also option 
ally employed. In the case of a fluorescent detector, excita 
tion light, e.g., light of appropriate wavelength to excite both 
reference and function labels, from the light source 502 is 
directed at the analysis channel 104, e.g., disposed in 
microfluidic device 100, via an optical train that includes 
optional lens 504, beam splitters 506 and 508 and objective 
lens 510. Upon excitation of both the reference and function 
labels present in channel 514, e.g., associated with cells in 
the channel, the emitted fluorescence is gathered through the 
objective lens 510 and passed through beam splitter 508. A 
portion of the emitted fluorescence is passed through a 
narrow band pass filter 516 which passes light having a 
wavelength approximately equal to the excitation maximum 
(the emitted fluorescence) of one of the two labels, while 
filtering out the other label's fluorescence, as well as any 
background excitation light. Another portion of the emitted 
fluorescence is passed onto beam splitter 506 which directs 
the fluorescence through narrow band pass filter 520, which 
passes light having the wavelength approximately equal to 
the emission maximum of the other label group. One or 
more of beam splitters 508 and 506 are optionally substi 
tuted with dichroic mirrors for Separating the label fluores 
cence and/or any reflected excitation light. Detectors 518 
and 522 are typically operably coupled to a computer which 
records the level of detected light as a function of time from 
the beginning of the assay. 
0067. The detector may exist as a separate unit, but is 
preferably integrated with the controller System, into a 
Single instrument. Integration of these functions into a single 
unit facilitates connection of these instruments with the 
computer (described below), by permitting the use of few or 
a single communication port(s) for transmitting information 
between the controller, the detector and the computer. 
0068 An alternate channel configuration for the devices 
of the invention is illustrated in FIG. 2. The device shown 
is particularly Suited for performing Successive reactions on 
a particular first reagent, e.g., where the action of one 
reagent is dependent upon the action of a previously intro 
duced reagent. Examples of Such reactions include, e.g., 
methods of Sequencing nucleic acids by incorporation, e.g., 
as described in U.S. Pat. No. 4,863,849 to Malemede, U.S. 
Pat. No. 4,971,903 to Hyman, and the like. 
0069. As shown, the device 100 again includes a main 
reaction Zone 104 that connects a first reagent source 206 to 
a waste reservoir/port 208. A plurality of additional reagent 
Sources 210-216 are again provided within the integrated 
body structure of the device 100. These reagent sources are 
connected to the reaction channel Via connecting channels 
220-226, respectively. Unlike the device shown in FIG. 1A, 
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however, the connecting channels of the device of FIG. 2 
each interSect the reaction Zone 104 at a different point along 
that reaction Zone or channel, e.g., interSections 232a, 232b, 
232c and 232d, respectively. A detection window 230 is also 
typically provided through which detectable signals from the 
assay of interest may be monitored. 

0070 The devices of the present invention are optionally 
included as a portion of a kit for performing a desired 
analysis. Typically, Such kits include one or more microf 
luidic devices as described herein, as well as appropriate 
Volumes of the first, Second, third, fourth and other reagents 
that are to be used in that analyses. These reagents are 
typically appropriately formulated for the analysis to be 
performed. The kits also typically include appropriate 
instructions for their use. The various components of the kits 
are then typically packaged in a Single packaging unit for 
ease of use and Supply. 

0071. The devices of the present invention are typically 
utilized in conjunction with instrumentation to control the 
operation of and receive data from the microfluidic devices. 
AS Such, the instrumentation typically includes a detector or 
detection system as Substantially described above. The 
instrumentation also typically includes a material transport 
System, which drives and controls the movement of material 
through the channels of the device. For example, in certain 
aspects, the instrumentation optionally includes pressure or 
Vacuum Sources, which are used to move fluids or other 
materials through the channels of the device. Alternative 
preSSure-based Systems include, e.g., the use of a wicking 
material placed into contact with a waste well. The wicking 
of material from the waste well permits capillary forces in 
the waste well to uniformly draw material into the waste 
well from the channel network, and/or eliminates any hydro 
Static back-pressure from building up in the waste well. 

0072. In the case of applied vacuum or pressure, the 
instrumentation also typically includes a vacuum or preSSure 
port that is configured to interface with a complementary 
port on the microfluidic device, e.g., a vacuum port at waste 
reservoir/port 108/208 of FIGS. 1 and 2. Alternatively, or 
additionally, the instrumentation includes electrical control 
Systems that are used to impart electrokinetic forces to the 
materials within the channels of the microfluidic devices, 
e.g., via electrodes placed in contact with fluids in the 
reagent Sources and waste reservoirs. The use of electroki 
netic material transport Systems has been described in detail 
in, e.g., U.S. Pat. No. 5,842,787, which is incorporated 
herein by reference in its entirety for all purposes. In the case 
of Systems described herein, electrokinetic forces are 
applied to impart material movement Similar to that 
imparted by preSSure-based Systems. For example, by apply 
ing a single Voltage at all of the different reagent wells, and 
a single current at the waste well/port, one can create 
potential gradients acroSS the channels of the System to 
impart fluid flow (See, e.g., U.S. Pat. No. 5,800,690, incor 
porated herein by reference). Further, by configuring the 
reagent channel dimensions appropriately, one can dictate 
the timing and/or amount of reagent addition to the reaction 
Zone, without having to vary the applied electrical fields. 
0073. An example of an overall system including the 
microfluidic devices of the present invention as well as 
appropriate ancillary equipment is illustrated in FIG. 3. AS 
shown, the Overall System includes a microfluidic device 
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100, a detection system 200 disposed in sensory communi 
cation with the reaction channel of the device 100, a 
computer 300 operably coupled to the detector 200, and an 
optional material transport system 400 that is operably 
coupled to at least one channel and/or reservoir of the device 
100, for affecting the movement of fluids or other materials 
through the device. AS noted above, material transport 
System 400 is optionally a vacuum/preSSure Source that 
applies a pressure differential acroSS the channels of the 
device to force/draw materials through those channels. This 
is typically accomplished by coupling the vacuum or pres 
Sure Source to at least one reservoir of the device, e.g., waste 
well 108 as shown, via an appropriate vacuum or preSSure 
coupling between the vacuum or pressure Source and the at 
least one reservoir/port, shown as connection 402. For 
example vacuum/pressure line having a fitted coupler at one 
end, e.g., having an appropriate gasket or O-ring, is placed 
into or over the desired reservoir to provide a Sealed pressure 
connection between the reservoir and the vacuum or pres 
SUC SOUCC. 

0.074 Alternatively, material transport system 400 com 
prises an electrokinetic material transport System, as 
described above, which is operably coupled to the at least 
two reservoirs, and preferably a plurality of the reservoirs of 
the device 100, via appropriate electrical leads/electrodes 
that are placed into contact with fluids disposed within the 
reservoirs. In Such cases, the material transport System 
typically comprises at least one, and preferably, two or more 
power Supplies that are separately controllable or are respon 
Sive to one another, e.g., as described in commonly owned 
U.S. Pat. No. 5,800,690. 
0075 Computer 300 is illustrated in greater detail in 
FIGS. 4A and 4B. In particular, FIG. 4A illustrates an 
example of a computer System that may be used to execute 
Software for use in practicing the methods of the invention 
or in conjunction with the devices and/or Systems of the 
invention. Computer system 300 typically includes a display 
302, screen 304, cabinet 306, keyboard 308, and mouse 310. 
Mouse 310 may have one or more buttons for interacting 
with a graphical user interface (GUI). Cabinet 306 typically 
houses a CD-ROM drive 312, system memory and a hard 
drive (see FIG. 4B) which may be utilized to store and 
retrieve Software programs incorporating computer code 
that implements the methods of the invention and/or controls 
the operation of the devices and Systems of the invention, 
data for use with the invention, and the like. Although 
CD-ROM 314 is shown as an exemplary computer readable 
Storage medium, other computer readable Storage media, 
including floppy disk, tape, flash memory, System memory, 
and hard drive(s) may be used. Additionally, a data signal 
embodied in a carrier wave (e.g., in a network, e.g., internet, 
intranet, and the like) may be the computer readable storage 
medium. 

0.076 FIG. 4B schematically illustrates a block diagram 
of the computer system 300, described above. As in FIG. 
4A, computer system 300 includes monitor or display 302, 
keyboard 308, and mouse 310. Computer system 300 also 
typically includes Subsystems. Such as a central processor 
316, system memory 318, fixed storage 320 (e.g., hard drive) 
removable storage 322 (e.g., CD-ROM drive) display 
adapter 324, Sound card 326, speakers 328 and network 
interface 330. Other computer systems available for use with 
the invention may include fewer or additional Subsystems. 
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For example, another computer System optionally includes 
more than one processor 314. 
0077. The system bus architecture of computer system 
300 is illustrated by arrows 332. However, these arrows are 
illustrative of any interconnection Scheme Serving to link the 
Subsystems. For example, a local bus could be utilized to 
connect the central processor to the System memory and 
display adapter. Computer system 300 shown in FIG. 4A is 
but an example of a computer System Suitable for use with 
the invention. Other computer architectures having different 
configurations of Subsystems may also be utilized, including 
embedded Systems, Such as on-board processors on the 
controller detector instrumentation, and “internet appliance' 
architectures, where the System is connected to the main 
processor via an internet hook-up. 
0078. The computer system typically includes appropri 
ate Software for receiving user instructions, either in the 
form of user input into Set parameter fields, e.g., in a GUI, 
or in the form of preprogrammed instructions, e.g., prepro 
grammed for a variety of different Specific operations. The 
Software then converts these instructions to appropriate 
language for instructing the operation of the optional mate 
rial transport System, and/or for controlling, manipulating, 
Storing etc., the data received from the detection System. In 
particular, the computer typically receives the data from the 
detector, interprets the data, and either provides it in one or 
more user understood or convenient formats, e.g., plots of 
raw data, calculated dose response curves, enzyme kinetics 
constants, and the like, or uses the data to initiate further 
controller instructions in accordance with the programming, 
e.g., controlling flow rates, applied temperatures, reagent 
concentrations, etc. 

0079 III. Methods 
0080. In addition to the microfluidic devices and systems 
described above, the present invention also provides meth 
ods of using the devices and Systems in performing iterative 
or Successive reactions on a first reagent material. Typically, 
these methods utilize the microfluidic devices as described 
above, which comprises a reaction Zone disposed within the 
microfluidic device. The reaction Zone is in fluid commu 
nication with a Source of first reagent, a Source of Second 
reagent and a Source of third reagent. The fluid connection 
between the Second and third reagent Sources and the 
reaction one is typically configured to deliver the Second 
reagent to the reaction Zone prior to the third reagent. 
0081. As noted above, a driving force is applied to at least 
one of the reaction Zone, the first reagent Source, the Second 
reagent Source and the third reagent Source. The application 
of the driving force causes the first reagent to move through 
the reaction Zone, and introduce the Second reagent into the 
reaction Zone, thereby causing a first reaction between the 
first reagent and the Second reagent. The driving force 
Subsequently causes the introduction of the third reagent into 
the reaction Zone to cause a reaction between one of the first 
reagent, the Second reagent or a product thereof, and the 
third reagent. 
0082 Typically the driving force is selected from any of 
those described above, including pressure and/or vacuum, 
electrokinetic forces, centripetal forces, e.g., when the 
device is configured in a rotor orientation. However, in 
particularly preferred aspects, the driving force comprises at 
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least in part, the application of a vacuum at the waste 
reservoir/port of the device. Application of the vacuum 
draws the first, Second and third reagents toward, into and 
through the reaction Zone. Because the channels connecting 
the reagent Sources and the reaction Zone are appropriately 
configured, the reagents will be introduced into the reaction 
Zone in an appropriate order. 
0.083. The devices of the invention are particularly useful 
in generating dose response curves for a particular effector 
of a biochemical system. In brief, and with reference to FIG. 
1A, above the overall system is generally filled with an 
appropriate buffer System, e.g., by placing the buffer into 
waste reservoir 108 and allowing it to wick through the 
channels out to the various reagent Sources/reservoirs. The 
components of a biochemical System, e.g., a cellular SuS 
pension, are placed into reagent Source 106. A first, rela 
tively low concentration of the effector material or test 
compound is placed into reagent Source 110. The next higher 
concentration of the effector material is placed into reagent 
Source 112, a higher Still concentration of the material is 
placed into reagent Source 114, and the highest relative 
concentration of the effector material is placed into reagent 
Source 116. Application of a single driving force on each of 
the channels then causes the material in each of the reagent 
Sources to move toward the reaction Zone Substantially at the 
Same Volumetric rate. Examples of Such Single driving 
forces optionally include, e.g., a negative pressure applied 
through the reaction Zone 104, e.g., applied via at least waste 
reservoir 108, or alternatively, a constant and equivalent 
positive pressure applied to each of the reagent Sources 
106-116. 

0084. In some cases, the negative pressure applied to the 
reaction Zone 104 is applied via both waste reservoir 108 and 
reagent Source 106. Specifically, where flow resistance is not 
Substantial between these reservoirs, e.g., is Substantially 
less than that in the connecting channels 120-126, applica 
tion of a Single negative preSSure to waste reservoir 108 
would only draw the reagents from source 106. However, by 
applying a first vacuum to the waste reservoir 108 and a 
Second, lesser vacuum to the reagent Source 106, one can 
modulate the flow of the reagent from source 106 to reser 
voir 108, while still applying an optimal pressure differential 
between the reaction Zone 104 and the reagent Sources 
110-116, which are all maintained, e.g., at ambient pressure. 
This is but one example of the pressure/vacuum modulations 
that may be accomplished in accordance with the methods 
and Systems of the present invention. 
0085 Although described for purposes of exemplifica 
tion as a Single driving force, it will be appreciated that 
combinations of driving forces may be used to provide even 
greater variability and controllability to the movement of 
materials within the devices described herein. For example, 
a single vacuum may be applied at the waste reservoir/port, 
while differing positive preSSures, or differing pressure resis 
tances may be applied at the reagent Sources, to vary the flow 
rates of materials flowing from those reagent Sources. Pres 
Sure resistance at the Separate reagent Sources is optionally 
Supplied through the use of barriers provided over the 
Sources, which barriers have different levels of permeability, 
for the different sources. Examples of such barriers include 
porous plugs, filter membranes, and the like. 
0.086 Because the connecting channels 120-126 are of 
different lengths, the reagent from each Source will reach the 
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reaction Zone at a different time under the same applied 
driving force. AS Such, the lowest concentration of the 
effector material, e.g., from Source 110, reaches the reaction 
Zone first, and the biochemical System components exposed 
to that concentration of effector material move through the 
reaction Zone and past the detection window 130, where the 
results of the particular concentration of effector material are 
detected and quantified. AS will be appreciated, reaction or 
incubation time for a given assay prior to detection is at least 
partially dictated by the position of detection point 130 
along the reaction channel 104. Specifically, the further 
detection window 130 is from intersection 132, the longer 
the biochemical System components are exposed to the test 
compounds prior to detection. Thus, one can obtain different 
incubation times by varying the location of the detection 
point 130. Similarly, one can obtain multiple data points 
relating to different incubation times by including multiple 
detection points along reaction channel 104, e.g., providing 
a time-course for the reaction. A variety of channel configu 
rations may also be employed to facilitate Such multiple 
detection points, including, for example, Serpentine chan 
nels, coiled channels, and even straight channels. FIG. 1B 
illustrates the use of a serpentine portion 104a of reaction 
channel 104. By using the serpentine channel portion 104a, 
a single Scanning detection System may be used to Scan the 
entire detection window 130, covering adjacent portions or 
loops of the Serpentine channel. Although shown as includ 
ing equal sized loops or “Switchbacks', Serpentine channel 
portion 104a optionally includes loops of increasing length 
in the direction of flow, and preferably of logarithmically 
increasing lengths. This permits obtaining greater Sampling 
numbers at early time points when biochemical System 
responses to Stimuli more rapid, and fewer Sampling num 
bers at later time points, where these responses have slowed. 
0087. A variety of scanning detection systems for detect 
ing from multiple points in a reaction channel have been 
previously described, e.g., galvo Scanners or oscillating laser 
induced fluorescent detectors, array detectors, e.g., CCD 
cameras, and the like. In the case of the Serpentine channel 
segment 104a shown in FIG. 1B, each scanned portion or 
loop of the Serpentine channel, e.g., those Segments within 
detection window 130, represents a different time point in 
exposure of the biochemical System components to the test 
compound. Data obtained from each of these points in the 
reaction channel 104/104a thus represents the assayed activ 
ity at different points following an assayed event, e.g., 
introduction of a test compound. 
0088. Because of the longer connector channel, the next 
higher concentration of effector material, e.g., from Source 
112, reaches the reaction Zone short period later and interacts 
with the biochemical System components. Of course this 
Subsequent reaction mixture also includes the more dilute 
reagent from reagent Source 110, which continues to flow 
into the reaction Zone from reagent source 110. However, the 
level of dilution from this prior reagent addition is easily 
calculated and taken into account when ultimately analyzing 
the dose response curve. The effect of the higher concen 
tration of the effector material is then detected and quantified 
at the detection window. This is repeated when the reagent 
concentration from reagent Source 114 reaches the reaction 
Zone 104, until finally, the highest concentration of the 
effector material, e.g., from Source 116, reaches the reaction 
channel and interacts with the biochemical System compo 
nents, flows along the reaction Zone, and past the detection 
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window where it is detected and quantified. The Single 
interSection point of the four reagent channels with the 
reaction Zone, e.g., interSection 132, allows the first reagent 
to be exposed to the different concentrations of the effector 
material for the same period of time prior to the detection of 
the effect of that material on the first reagent. 
0089. By then plotting out the effect of the increasing 
concentration of effector material on the components of the 
biochemical System, one can generate a dose response curve 
for that effector material. An example of the use of these 
Systems in preparing dose response curves is described in 
greater detail in Example 1, below. 

IV. EXAMPLES 

0090 The device shown in FIG. 1A was used to test the 
dose response of a human monocytic leukemia cell line that 
carried the Gq coupled P2u purinergic receptor (THP-1), as 
a model calcium flux assay. Briefly, a phospholipase C/IP3/ 
calcium Signal transduction pathway is activated when the 
receptor binds to its ligand UTP. When the cells are pre 
loaded with a calcium Sensitive indicator, i.e., Fluo-3 or 
Fluo-4 (available from Molecular Probes, Eugene, Oreg.). 
The transient increase in intracellular calcium is then 
detected as a fluorescent Signal. 
0.091 In the present example, THP-1 cells were pre 
loaded with Fluo-3 or Fluo-4, as well as a nucleic acid stain 
(Syto-62 from Molecular Probes). The cells were washed 
and resuspended in Cell Buffer (1.56 ml HBSS, 0.94 ml 33% 
Ficoll,5ul HEPES (1 M stock), 25ul 100x PBC, 25ul 10% 
BSA, and 0.546 ml OPTI-Prep (65% stock)) and added to 
reservoir 106. Different concentrations of UTP in Cell 
Buffer (100, 300, 1000 and 3000 nM, respectively) were 
then added to reagent reservoirs 110-116. Flow of cells and 
reagents was initiated by placing a wicking material into the 
waste well, Specifically, two wetted glass fiber filter discs, 
cut to the dimensions of the waste well and stacked into well 
108. A fluorescent detector employing a blue LED as an 
excitation Source was focused at a point 130 in the reaction 
channel 104, 3 mm from the intersection 132 of the reaction 
channel 104 and the various connecting channels 120-126 
and 134 (“the cell-drug intersection”). The system had a 
flow rate of 0.2 mm sec., which resulted in detection of 
cellular response 15 Seconds after initial exposure to the 
UTP solutions. The configuration of the connecting channels 
120-126 with differing lengths sequentially exposed the cells 
to increasing concentrations of UTP, e.g., 100 nM, 300 nM, 
1000 nM and 3000 nM. 

0092. In order to monitor the stepwise increase of each 
UTP reagent Solution, an additional marker Solution, 
BODIPY-arginine, was added to the reagent reservoirs 110 
116. The raw data from the assay are shown in FIG. 6. As 
can be seen, the baseline for the detected response (upper 
data set) increases in a stepwise fashion, as a result of the 
added BODIPY-arginine dye. In addition, the signals from 
each cell, the peaks increase discernibly in size with each 
stepwise addition of the UTP reagent. FIG. 7 illustrates a 
dose response curve calculated from the data shown in FIG. 
6. Briefly, the slope of calcium signal (response) vs. Syto 62 
signal (cell number) was calculated for each UTP concen 
tration. That slope was then plotted against the logUTP to 
obtain the dose response curve shown in FIG. 7. The assay 
was repeated using Cell Buffer containing 15% Ficoll. The 
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raw data from this experiment are shown in FIG.8 with the 
dose response curve shown in FIG. 9. 
0093. As can be seen from FIGS. 6 through 9, the 
methods and devices described in the present application 
provide an effective and Simple method of performing 
iterative reaction operations in microfluidic Systems, Such as 
the determination of a dose response curve, as exemplified 
herein. 

0094. Unless otherwise specifically noted, all concentra 
tion values provided herein refer to the concentration of a 
given component as that component was added to a mixture 
or Solution independent of any conversion, dissociation, 
reaction of that component to a alter the component or 
transform that component into one or more different Species 
once added to the mixture or Solution. In addition, any order 
that is given to method and/or proceSS Steps described herein 
is primarily for ease of description and does not limit Such 
methods and/or processes to the order of Steps as described, 
unless an order of Steps is plainly clear from the express text 
or from the context of the description. 
0095 All publications and patent applications are herein 
incorporated by reference to the same extent as if each 
individual publication or patent application was specifically 
and individually indicated to be incorporated by reference. 
Although the present invention has been described in Some 
detail by way of illustration and example for purposes of 
clarity and understanding, it will be apparent that certain 
changes and modifications may be practiced within the 
Scope of the appended claims. 
What is claimed is: 

1. A device for performing a plurality of Successive 
reactions on at least a first reagent, comprising: 

a body Structure; 
a first reaction Zone disposed within the body Structure, 

the first reaction Zone being fluidly connected to a 
Source of the at least first reagent; 

a Source of a Second reagent in fluid connection to the first 
reaction Zone, 

a Source of a third reagent in fluid connection to the first 
reaction Zone, 

wherein the fluid connections between the Second and 
third reagent Sources and the reaction Zone are config 
ured to deliver a third reagent from the third reagent 
Source to the first reaction Zone Subsequent to delivery 
of a Second reagent from the Second reagent Source to 
the reaction Zone. 

2. The device of claim 1, wherein the fluid connections 
between the Second and third reagent Sources and the 
reaction Zone are configured to deliver a third reagent from 
the third reagent Source to the first reaction Zone Subsequent 
to delivery of a Second reagent from the Second reagent 
Source to the reaction Zone, when Subjected to a same 
applied driving force. 

3. The device of claim 1, wherein the fluid connection 
between the Second reagent Source and the reaction Zone, 
and the third reagent Source and reaction Zone comprise first 
and Second connector channels, respectively, wherein the 
Second channel is longer than the first connector channel. 

4. The device of claim 1, wherein the fluid connection 
between the Second reagent Source and the reaction Zone, 
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and the third reagent Source and reaction Zone comprise first 
and Second connector channels, respectively, wherein the 
Second channel comprises a larger cross-sectional area than 
the first connector channel. 

5. The device of claim 1, wherein the fluid connection 
between the Second reagent Source and the reaction Zone, a 
ind the third reagent Source and reaction Zone comprise first 
and Second connector channels, respectively, wherein the 
Second channel comprises a greater fluidic resistance than 
the first connector channel. 

6. The device of claim 1, wherein the fluid connection 
between the Second reagent Source and the reaction Zone, 
and the third reagent Source and reaction Zone comprise first 
and Second connector channels, respectively, wherein the 
Second channel comprises one or more of a Smaller croSS 
Sectional area and greater length than first channel to deliver 
a third reagent from the third reagent Source to the first 
reaction Source Subsequent to delivery of the Second reagent 
from the Second reagent Source to the reaction Zone. 

7. The device of claim 1, wherein the first and second 
reagents comprise first and Second dilutions of a same 
reagent. 

8. The device of claim 7, wherein the first reagent 
comprises a lower concentration of the same reagent than 
the Second reagent. 

9. The device of claim 1, further comprising a source of 
at least a fourth reagent in fluid connection with the reaction 
ZOC. 

10. The device of claim 9, wherein the fluid connection 
between the fourth reagent Source and the reaction Zone is 
configured to deliver a fourth reagent from the fourth 
reagent Source to the reaction Zone, Subsequent to the third 
reagent 

11. The device of claim 10, wherein the fluid connection 
between the fourth reagent Source and the reaction Zone 
comprises a third connector channel, wherein the third 
connector channel is longer than the Second connector 
channel. 

12. The device of claim 10, wherein the fluid connection 
between the fourth reagent Source and the reaction Zone 
comprises a third connector channel, wherein the third 
connector channel comprises a greater cross-sectional area 
than the Second connector channel. 

13. The device of claim 10, wherein the fluid connection 
between the fourth reagent Source and the reaction Zone 
comprises a third connector channel, wherein the third 
connector channel comprises a greater fluidic resistance than 
the Second connector channel. 

14. The device of claim 1, wherein: 
the reaction Zone comprises a first channel region, the first 

channel region having first and Second ends, the first 
end being fluidly connected to the Source of first 
reagent, and the Second end being fluidly connected to 
a port disposed in the body Structure; and 

the fluid connection between the third reagent Source and 
the reaction channel is disposed between the fluid 
connection between the Second reagent Source and the 
reaction channel and the port. 

15. The device of claim 14, wherein the port is configured 
to receive a vacuum Source, for applying a vacuum to the 
port and first reaction channel, whereby the first, Second and 
third reagents are drawn into and through the reaction 
channel. 
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16. The device of claim 1, wherein the first reagent 
comprises at least a first component of a biochemical 
System. 

17. The device of claim 16, wherein the at least first 
component of a biochemical System comprises cells. 

18. The device of claim 16, wherein the at least first 
component of a biochemical System comprises complemen 
tary members of a Specific binding pair. 

19. The device of claim 18, wherein the specific binding 
pair is Selected from a ligands and its receptor, an antibody 
and its antigen, and complementary Single Stranded nucleic 
acid Sequences. 

20. The device of claim 16, wherein the at least first 
component of a biochemical System comprises an enzyme 
and its Substrate. 

21. The device of claim 1, wherein at least one of the 
reaction Zone and fluid connections between the Second and 
third reagent Sources and the reaction Zone comprise at least 
one microScale croSS-Sectional dimension. 

22. A kit, comprising: 
the device of claim 1, 

a volume of at least the first reagent; 
and packaging for containing the microfluidic device and 

the Volume of first reagent. 
23. A System, comprising: 

the device of claim 1; and 
a material transport System for transporting the first 

reagent through the reaction Zone and for transporting 
the Second reagent and third reagent from the Second 
and third reagentSources, respectively, into the reaction 
ZOC. 

24. The system of claim 23, wherein the material transport 
System comprises a vacuum Source fluidly connected to the 
reaction Zone. 

25. The system of claim 23, wherein the material transport 
System comprises an electrical controller operably coupled 
to the device of claim 1, for applying a Voltage gradient 
between the Second and third reagent Sources and the 
reaction Zone. 

26. A device, comprising: 

a reaction Zone; 

a Source of first reagent; 
a Source of Second reagent; 
a first fluid path connecting the first reagent Source to the 

reaction Zone, the first fluid path configured to deliver 
first reagent to the reaction Zone under a driving force 
at a first time point; and 

a Second fluid path connecting the Second reagent Source 
to the reaction Zone, the Second fluid path configured to 
deliver the Second reagent to the reaction Zone under 
the driving force at a Second time point, the Second time 
point being Subsequent to the first time point. 

27. The device of claim 26, wherein at least a portion of 
the first fluid path comprises at least a portion of the Second 
fluid path. 

28. The device of claim 26, further comprising a port 
disposed in the microfluidic device, the port being fluidly 
connected to the reaction Zone. 
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29. The device of claim 28, wherein the port is configured 
to receive a pressure Source for applying a preSSure differ 
ential between the first and Second reagent Sources and the 
reaction Zone, the pressure differential comprising the driv 
ing force. 

30. The device of claim 29, wherein the pressure source 
comprises a vacuum Source. 

31. The device of claim 28, wherein each of the Source of 
first reagent, Source of Second reagent, and the port is 
configured to receive an electrode disposed therein, the 
electrode being in contact with a fluid disposed in the port, 
the electrodes providing a potential gradient between the 
first and Second reagent Sources and the port. 

32. The device of claim 26, wherein the reaction Zone 
comprises a first reaction channel having first and Second 
ends, the device further comprising a Source of a third 
reagent fluidly connected to the first end of the reaction 
channel, and a port fluidly connected to the Second end of the 
first reaction channel. 

33. The device of claim 32, wherein the first and second 
reagent Sources are in fluid connection with the reaction 
channel at a Single point along the reaction channel. 

34. The device of claim 32, wherein the first and second 
reagent Sources are in fluid communication with the reaction 
channel at first and Second points along the reaction channel, 
respectively. 

35. The device of claim 28, wherein at least one of the 
reaction Zone, the first fluid path and the Second fluid path 
comprise a channel having at least one microScale croSS 
Sectional dimension. 

36. A method of performing, Successive reactions in a 
microfluidic device, comprising: 

providing a device which comprises a reaction Zone 
disposed within the microfluidic device, wherein the 
reaction Zone is in fluid communication with a Source 
of first reagent, a Source of Second reagent and a Source 
of third reagent, the fluid connection between the 
Second and third reagent Sources and the reaction one 
being configured to deliver the Second reagent to the 
reaction Zone prior to the third reagent; 

applying a driving force to at least one of the reaction 
Zone, the first reagent Source, the Second reagent Source 
and the third reagent Source to flow the first reagent 
through the reaction Zone, introduce the Second reagent 
into the reaction Zone causing a first reaction between 
the first reagent and the Second reagent, and Subse 
quently introduce the third reagent into the reaction 
Zone to cause a reaction between the first reagent and 
the third reagent. 

37. A method of performing, Successive reactions in a 
microfluidic device, comprising: 

providing a device which comprises a reaction Zone 
disposed within the microfluidic device, wherein the 
reaction Zone is in fluid communication with a Source 
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of first reagent, a Source of Second reagent and a Source 
of third reagent, the fluid connection between the 
Second and third reagent Sources and the reaction one 
being configured to deliver the Second reagent to the 
reaction Zone prior to the third reagent; 

applying a driving force to at least one of the reaction 
Zone, the first reagent Source, the Second reagent Source 
and the third reagent Source to flow the first reagent 
through the reaction Zone, introduce the Second reagent 
into the reaction Zone causing a first reaction between 
the first reagent and the Second reagent to produce a 
first product, and Subsequently introduce the third 
reagent into the reaction Zone to cause a reaction 
between the first product and the third reagent. 

38. A method of determining a dose response of a first 
reagent on a biochemical System, comprising: 

providing a device that comprises a body Structure, a first 
reaction Zone disposed within the body Structure, the 
first reaction Zone being fluidly connected to a first 
reagent Source, a Second reagent Source and a third 
reagent Source, the first reagent Source comprising a 
first reagent, the Second reagent Source comprising a 
Second reagent at a first concentration and the third 
reagent Source comprising the Second reagent at a 
Second concentration greater than the first concentra 
tion, wherein the fluid connection between the Second 
reagent Source and the reaction Zone and the third 
reagent Source and the reaction Zone are configured to 
deliver the Second concentration to the reaction Zone 
Subsequent to delivering the first concentration of the 
Second reagent to the reaction Zone; 

detecting an effect of each of the first concentration of the 
Second reagent and the Second concentration of the 
Second reagent on the first reagent within the reaction 
Zone; and 

generating a dose response curve from the detected effect. 
39. A microfluidic system comprising: 
a microfluidic device that comprises a body Structure 

having at least a first reaction channel disposed therein, 
the reaction channel being in fluid communication with 
a Source of at least a first component of a biochemical 
System; and 

a detection System for detecting a reaction at a plurality of 
different points along the reaction channel. 

40. The microfluidic system of claim 39, wherein the 
reaction channel comprises a Serpentine channel portion, 
and the detection System Scans acroSS adjacent portions of 
the Serpentine channel portion. 

41. The microfluidic system of claim 39, wherein the first 
reaction channel is also in fluid communication with a 
plurality of Sources of test compounds. 
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