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(7) ABSTRACT

Reactor systems that include a reaction receptacle that
includes a plurality of reservoirs disposed in the surface of
a substrate. The reactor system also typically includes a
temperature control element having at least a first heat
exchanger thermally coupled to it. The heat exchanger is, in
turn, disposed within the at least one of the reservoirs
whereby the heat exchanger transfers heat to or from a fluid
disposed within the reservoir, which heat is conducted to or
from the temperature control element.
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INTEGRATED DEVICES AND SYSTEMS FOR
PERFORMING TEMPERATURE
CONTROLLED REACTIONS AND
ANALYSES

BACKGROUND OF THE INVENTION

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.

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.

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.

Published international patent application No. 98/00231
describes the use of microfluidic systems in performing high
throughput screening of large libraries of test compounds,
e.g., pharmaceutical candidates, diagnostic samples, and the
like. By performing these analyses microfluidically, one
gains substantial advantages of throughput, reagent
consumption, and automatability.

Another advantage of microfluidic systems is to provide
the ability to integrate large numbers of different operations
in a single “lab-on-chip” device, for performing both
upstream and downstream processing of reactants for analy-
sis and/or synthesis. For example, International Patent
Application No. PCT/US98/17910, filed Aug. 27, 1998,
describes devices and systems that elegantly control and
monitor temperature within microfluidic systems by apply-
ing electric currents to fluids to generate heat therein, as well
as measure solution conductivity as a measure of fluid
temperature.

Despite the substantial advantages made in the field of
microfluidics, improvements are always desirable which
allow more simplistic integration of analytical and synthetic
operations. The present invention meets these and a variety
of other needs.

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a reactor
system. The reactor system comprises a reactor element with
a plurality of reservoirs disposed in a surface of a substrate,
a heating element, and at least a first heat exchanger dis-
posed within at least one of the plurality of reservoirs. The
heat exchanger is in thermal communication with the heat-
ing element.
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Another aspect of the present invention is a method of
performing temperature dependent reactions. The method
comprises providing a reactor system which is composed of
a plurality of reservoirs disposed in a body structure. The
reservoirs are fluidly connected to a microscale channel
network disposed in an interior portion of the body structure.
A temperature control element, and a heat exchanger ther-
mally coupled with the temperature control element are also
included. The heat exchanger is inserted into the reservoir.
A first reactant is placed into at least one of the reservoirs.
The temperature within the reservoirs is controlled by modu-
lating a temperature. The at least one reactant is transported
from the at least first reservoir into the microscale channel
network.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A-1C schematically illustrate a temperature con-
trolled reactor system of the present invention from a
perspective view (FIG. 1A) and a side view (FIG. 1B). FIG.
1C illustrates the insertion of the heat exchanger portion of
the system into the reservoirs of the reaction receptacle.

FIG. 2 schematically illustrates an alternate embodiment
of the systems of the invention in which the heat exchangers
also function as electrodes for driving material transport in
an interconnected channel structure within the reaction
receptacle.

FIG. 3 schematically illustrates a system similar to that
shown in FIG. 1, but employing heat exchanger arrays.

FIG. 4 shows the channel layout of a reaction receptacle/
microfluidic device for carrying out temperature dependent
reactions followed by analysis of the products of that
reaction.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention generally provides novel systems
for carrying out integrated reactions and analyses where
those reactions and/or analyses require accurate temperature
control. Further, by carrying out these operations in the
microfluidic regime, such operations have increased
throughput with decreased reagent requirements.

In a first aspect, the present invention provides a reactor
system that includes a reaction receptacle that includes a
plurality of reservoirs disposed in the surface of a substrate.
The reactor system also typically includes a temperature
control element having at least a first heat exchanger ther-
mally coupled to it. The heat exchanger is, in turn, disposed
within the at least one of the reservoirs whereby the heat
exchanger transfers heat to or from a fluid disposed within
the reservoir, which heat is conducted to or from the
temperature control element.

As noted above, the reaction receptacle portion of the
present invention typically includes a plurality of fluid
reservoirs disposed in the surface of a single substrate, in
order to permit the performance of a number of different
reactions simultaneously, or over time, without the need for
a number of different receptacles. The reservoirs described
herein generally have relatively small volumes to permit
very small reaction volumes. For example, preferred reser-
voirs typically have a fluid capacity of less than or equal to
about 200 ul, generally, less than or equal to about 100 gl.
In order to provide such volumes, the reservoirs are typically
from about 1 mm to about 10 mm deep and between about
0.2 mm and 10 mm in cross-section, e.g., diameter or on an
edge. For example, in particularly preferred aspects, reser-
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voirs are circular having a diameter of between about 0.2
mm and about 5 mm, and a depth between about 1 mm and
about 10 mm.

The substrate in which the reservoirs are disposed is
typically planar in structure and is fabricated from a material
that is substantially inert with respect to the reactions being
carried out in the reservoirs. Preferred substrate materials
include, e.g., silica-based substrates, such as glass, quartz,
fused silica, silicon, and the like, polymeric substrates, ¢.g.,
polystyrene, polypropylene, acrylic polymers, e.g.,
polymethylmethacrylate, polycarbonate,
polytetrafluoroethylene, polyvinylchloride,
polydimethylsiloxane, polysulfone, polystyrene,
polymethylpentene, polypropylene, polyethylene, polyviny-
lidine fluoride, and acrylonitrile-butadiene-styrene copoly-
mer.

Also as noted above, in preferred aspects, the reaction
receptacle has integrated within it, the capability to carry out
one or more additional analytical or other operations. This is
carried out by the incorporation within the substrate/reaction
receptacle of at least a first microfluidic channel network
linking one or more of the plurality of reservoirs disposed in
the substrate.

Typically, substrates containing both reservoirs and inte-
grated channel networks are fabricated from at least two
different substrate layers, where one layer includes a plu-
rality of apertures disposed through it which correspond to
the reservoirs when the substrate layers are mated together
to form the assembled reaction receptacle. The channel
network is typically defined between the two substrate layers
as a series of grooves either fabricated into a surface of one
or both of the substrate layers, or is defined by an additional
layer applied to or disposed upon the surface of one or both
of the substrate layers. When the substrate layers are mated
together, the grooves fabricated into the surface are sealed to
define a plurality of fluid conduits or channels. These
channels are positioned such that they will be in fluid
communication with one or more of the apertures disposed
through one or both of the substrate layers, when the
substrate layers are mated together. In the finished product,
this results in a plurality of reservoirs disposed in the surface
of the assembled substrate, where the reservoirs are in fluid
communication with the channel network disposed within
the interior of the assembled substrate.

Typically, the channel network may include any of a
number of different channel geometries, depending upon the
operation that is to be carried out by the overall system. For
example, published International Patent Application No.
WO 98/49548 describes microfluidic devices that include
preferred channel geometries for performing separation
analysis of multiple samples along a single separation
channel, by individually transporting those samples from
separate, integrated reservoirs into the separation channel,
and electrophoresing the samples down that channel. Pub-
lished International Patent Application No. WO 98/00231,
on the other hand describes channel geometries that are
useful in performing high throughput screening operations.
Each of these published applications is hereby incorporated
herein by reference.

In particularly preferred aspects, the channel networks
include at least two intersecting microscale channels dis-
posed within the interior of the substrate. As used herein, the
term “microscale” or “microfabricated” 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 um. Thus, a device referred to as being
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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,
channel, chamber or conduit, the terms “microscale,”
“microfabricated” or “microfluidic” generally refer to one or
more fluid passages, channels, chambers or conduits which
have at least one internal cross-sectional dimension, e.g.,
depth, width, length, diameter, etc., that is less than 500 gm,
and typically between about 0.1 um and about 500 gm. 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 gm and 100 gm, and often between about
0.1 gum and 20 gm. 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 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
fluid communication.

The reactor systems described herein also typically
include a temperature control element that is in thermal
communication with the reservoirs and preferably, in ther-
mal communication with fluid disposed within those reser-
voirs. As used herein, the phrase “within thermal commu-
nication” refers to a connection between the reservoirs and
preferably a fluid within the reservoirs, and the temperature
control element, which allows for the efficient transfer of
heat between the reservoirs (or fluid) and the temperature
control element.

In simple embodiments, the temperature control element
comprises a heating element, such as a resistive heater,
which can be adjusted to any of a number of preselected
temperatures above ambient temperature. Such simple heat-
ing elements are well known in the art, and are useful in
those reactions/operations that require or benefit from
elevated temperatures, e.g., above ambient.

In certain aspects, however, additional temperature con-
trol is desirable, e.g., where a reaction benefits from tem-
peratures below ambient, or requires a number of different
reaction temperatures over time for optimal performance.
For example, often, reactions may require a varying tem-
perature profile over time, to optimize for a number of
different reactions during that time. Examples of these
reactions include thermal cycling reactions, e.g., for per-
forming nucleic acid amplification reactions, and the like. In
such cases, thermoelectric temperature control elements,
e.g., peltier heaters/coolers are preferred as the temperature
control elements.

In accordance with the present invention, one or more
heat exchangers are is also used to translate a requisite level
of heat between the reservoirs of the reaction receptacle and
the temperature control element. In particular, one or more
heat exchangers is typically provided in thermal communi-
cation with the temperature control element, and positioned
such that the heat exchanger is disposed in, or is insertable
into one or more of the reservoirs, either separately, or
simultaneously, so that the heat exchanger is also in thermal
communication with a fluid in the reservoir(s).

Heat exchangers can comprise any of a variety of ther-
mally conductive materials, including thermally conductive
metals, i.e., copper, aluminum, platinum, and the like. In
particularly preferred aspects, the heat exchanger comprises
a material that is substantially inert to the conditions of the



US 6,171,850 B1

5

reaction that is to be performed. As such, aluminum, copper,
platinum and ceramic heat exchangers are typically
preferred, but other efficient heat exchanging materials can
also be used, such as high-carbon polymer materials.

The systems described herein, in addition to benefiting
from integratability and automatability, also provide benefits
in terms of providing for rapid adjustment of fluid tempera-
tures. Specifically, because the reservoirs have relatively
small volumes, e.g., 200 ul or less, and the heat exchangers
have efficient thermal transfer properties as a result of their
structures and materials, fluids within the reservoirs can be
heated substantially faster than in systems employing exter-
nal temperature control sources, e.g., test tubes placed in
heating blocks, water baths, thermal cyclers, and the like. In
particular, typical heating systems require several minutes to
heat materials to 100° C., in standard test tubes, microfuge
tubes and the like. For microfluidic devices and fluids
contained in the reservoirs of such devices, one would
expect similar, or even longer temperature transition times.
Specifically, where a the temperature of a microfluidic
device reservoir is controlled by placing the entire device on
a heating element, the relatively large amount of substrate as
compared to the reservoir volume makes changes in tem-
perature for the reservoir much slower.

The heat exchangers are generally coupled to a surface of
the temperature control element, and are shaped or config-
ured so that at least a portion of the heat exchanger fits
within the typically narrow dimensions of the reservoirs.
Thus, the portion of the heat exchanger that inserts into the
reservoir will typically comprise dimensions that are similar
to, but smaller than the dimensions of the reservoirs. For
example, in the case of the preferred reservoir dimensions
described above, it will be appreciated that the dimensions
of the heat exchanger portions will be from about 0.1 to
about 8 mm wide, and between about 0.5 mm and 8 mm
deep. As used herein, the dimensions provided for the
portions of the heat exchangers denote the boundaries of the
space occupied by the heat exchanger portion, rather than
providing an absolute measure of the structure, mass or
shape of the heat exchanger. For example, where a heat
exchanger comprises, ¢.g., a lattice or coil of thermally
conductive material, the boundary dimensions of that lattice
or coil fit within the above described criteria. One of the
goals of these structures is to provide rapid, uniform tem-
perature control across the full volume of a particular
[ESEIVoir.

In order to optimize thermal transfer between fluid placed
into the reservoirs and the heat exchangers, and
consequently, the temperature control element, the heat
exchangers are typically provided with a relatively large
surface areas. This is generally accomplished by providing
the heat exchanger with a structure that increases the surface
area across which thermal transfer may occur. Such struc-
tures may include heat exchangers that are open cylinders
which insert into the fluid reservoir of the device and provide
both inside and outside surfaces of the cylinder for thermal
transfer. Optionally, the heat exchangers may include addi-
tional structural elements to enhance thermal transfer,
including, e.g., fins, spines, ribs or the like. Alternative
structures may also be employed which provide such
enhanced surface areas, including, e.g., coiled structures
and/or sintered structures fabricated from thermally conduc-
tive materials, e.g., metals, ceramics, and thermally conduc-
tive polymers, as well as randomly formed structures, e.g.,
crumpled wires, etc. All of these types of structures have
enhanced surface areas for thermal transfer.

In addition to there increased surface arcas, these struc-
tures are readily fabricated so that their boundaries are
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similar to, but slightly less than the dimensions of the
reservoirs into which they fit, as described above. By
dimensioning the heat exchangers in this way, one can
optimize temperature control within the reaction reservoir
by minimizing the distance between any portion of the fluid
and a portion of the heat exchanger, thereby minimizing
temperature gradients through the reservoir. In microscale
systems, this is particularly important as the substrate in
which the reservoirs are disposed will function as a heat
sink, rapidly cooling fluid within the reservoirs, and par-
ticularly near the walls of the reservoirs. Larger distances
between the heat exchanger and the walls will result in more
substantial temperature gradients within the reservoirs,
resulting in some fluids being either too warm or too cool.

In the case of systems that include temperature control in
multiple reservoirs, the heat exchanger portions of the
overall system may be fabricated separately and thermally
linked to the temperature control element, e.g., as shown in
FIGS. 1A-1C. However, in some preferred aspects, the heat
exchanger portions that contact multiple different reservoirs
are part of a single heat exchanger array that is fabricated as
a single unit and thermally linked to the temperature control
element as a single unit. An example of an integrated heat
exchanger array for controlling temperature in multiple
reservoirs is shown in FIG. 3. In particular, the system 300,
again includes the reaction receptacle 102 having a plurality
of reservoirs 104 disposed in its upper surface 106. In the
system shown in FIG. 3, however, the thermal transfer
structures 312 that insert into each of several reservoirs
contacting the fluid therein, are attached to and preferably
fabricated as a single component with each other as an array
of heat exchangers 314. One or more of these arrays 314 is
then thermally coupled to the temperature control element
108. Of course, the heat exchanger array can be configured
to insert into any number of reservoirs simultaneously.
Further, in the case of electrokinetic material transport
systems, arrays can be configured to contact only a group of
reservoirs that will be under the same applied electric fields
for a given operation, again allowing their use as electrodes.
Specifically, where multiple electrodes are under the same
applied electric potentials during the entire operation, they
can also be bridged by a common heat exchanger/electrode.

In some cases, the desired reactions are performed as a
prelude to an additional analytical step. For example, often
it is desirable to subject reaction components to a subsequent
analytical operation or reaction. For example, reaction prod-
ucts may be subjected to a separation analysis to determine
if a desired component was produced in the reaction.
Alternatively, reaction products may be combined with
further reactants, which may have interfered with the pre-
vious step of the reaction. Accordingly, in preferred aspects,
the reservoirs in which the desired reactions are carried out
are disposed at termini of a channel network that is disposed
within the substrate or body structure, as described above.
Subsequent operations on a given sample may then be
performed at different locations within the reaction
receptacle, e.g., another reservoir or one or more channels
coupled to the reservoirs, by transporting the sample mate-
rial from the reservoir to the other location, through the
interconnected channel network.

Movement of material from the reservoirs, through the
channels can be accomplished by a number of means,
including, e.g., application of pressure differentials and/or
electric fields across channels, to drive material movement
through those channels. Pressure differentials may be
applied across channels, by simply elevating or lowering the
pressure at one terminus of a given channel relative to
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another terminus of that channel. For example, one can
apply a vacuum at one end of a channel to draw fluid or other
materials through that channel. Alternatively, one may apply
a positive pressure to a sample reservoir at one end of a
channel to push that sample into and through the connected
channel. Alternatively, microfabricated pumps and valves
may be incorporated into the channel network to drive and
direct material movement.

In some preferred aspects, material is moved through the
channels of the system through the controlled application of
electric fields across the lengths of different channel seg-
ments. This type of material transport is referred to herein as
“electrokinetic material transport.” As used herein, “electro-
kinetic material transport systems” include systems which
transport and direct materials within an interconnected chan-
nel and/or chamber containing structure, through the appli-
cation of electrical fields to the materials, thereby causing
material movement through and among the channel and/or
chambers, i.e., cations will move toward the negative
electrode, while anions will move toward the positive elec-
trode.

Such electrokinetic material transport and direction sys-
tems include those systems that rely upon the electrophoretic
mobility of charged species within the electric field applied
to the structure. Such systems are more particularly referred
to as electrophoretic material transport systems. Other elec-
trokinetic material direction and transport systems rely upon
the electroosmotic flow of fluid and material within a
channel or chamber structure which results from the appli-
cation of an electric field across such structures. In brief,
when a fluid 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 fluid, creating a
concentration of protons at near the fluid/surface interface,
or a positively charged sheath surrounding the bulk fluid 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.

“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 microfluidic devices and systems described herein,
include a body structure which includes at least two inter-
secting channels or fluid 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 fluid
communication with each other, and encompasses “T”
intersections, cross intersections, “wagon wheel” intersec-
tions of multiple channels, or any other channel geometry
where two or more channels are in such fluid communica-
tion. An unintersected terminus of a channel is a point at
which a channel terminates not as a result of that channel’s
intersection 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
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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 flow through the
intersection, by providing constraining flows from the other
channels at the intersection. For example, assuming one was
desirous of transporting a first material through the horizon-
tal channel, e.g., from left to right, across the intersection
with the vertical channel. Simple electrokinetic material
flow 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 first voltage to the left
terminus of this channel, and a second, lower voltage to the
right terminus of this channel, or by allowing the right
terminus to float (applying no voltage). However, this type
of material flow 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.

In controlled electrokinetic material transport, the mate-
rial being transported across the intersection is constrained
by low level flow from the side channels, e.g., the top and
bottom channels. This is accomplished by applying a slight
voltage gradient along the path of material flow, e.g., from
the top or bottom termini of the vertical channel, toward the
right terminus. The result is a “pinching” of the material flow
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 flow is directed back into the side channels,
resulting in a “pull back” of the material from the intersec-
tion.

In addition to pinched injection schemes, controlled elec-
trokinetic material transport is readily utilized to create
virtual valves which include no mechanical or moving parts.
Specifically, with reference to the cross intersection
described above, flow of material from one channel segment
to another, e.g., the left arm to the right arm of the horizontal
channel, can be efficiently regulated, stopped and reinitiated,
by a controlled flow from the vertical channel, e.g., from the
bottom arm to the top arm of the vertical channel.
Specifically, 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. A constraining flow 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 applied
dictates the amount of material that will be dispensed in this
manner.

Although described for the purposes of illustration with
respect to a four way, cross intersection, these controlled
electrokinetic material transport systems can be readily
adapted for more complex interconnected channel networks,
e.g., arrays of interconnected parallel channels.

In the case of electrically driven material movement, it is
generally preferred to provide electrodes in contact with the
channels of the device to deliver potential gradients across
the length of the channels. This, in turn, is typically accom-
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plished by placing electrodes into contact with fluid dis-
posed within the reservoirs at the termini of these channels.

In particularly preferred aspects, the heat exchangers are
fabricated from a material that is both thermally and elec-
trically conductive, so that they can function as both a heat
exchanger and an electrode, when placed into a fluid filled
reservoir. The electrodes/heat exchangers are then separately
and operably coupled to an electrical controller which
controls the application of electric potentials to the
electrodes/heat exchangers to drive material movement
through the channels in a controlled manner. Coupling of the
electrodes/heat exchangers to the electrical controller is
generally accomplished in a manner so as not to interfere
with he thermal transfer between the heat exchanger portion
and the temperature control element. For example, electrical
leads may be patterned on the surface of the temperature
control element and in contact with the heat exchanger/
electrode. Alternatively, wires may be disposed through the
temperature control element to provide electrical coupling
between the electrodes/heat exchangers and the electrical
controller.

In alternate aspects, electrodes may be separate from the
heat exchangers and electrically connected to a reservoir via
a separate fluid filled port and salt bridge configuration that
is connected to the reservoir, e.g., as described in Published
International Application No. WO 98/00231, which is incor-
porated herein by reference. In particular, the heat exchanger
is inserted into a sample material containing reservoir, while
the electrode is placed into an adjacent well that is ionically
linked to the sample reservoir via a salt bridge, or other
connection having reduced fluid permeability.

One example of an overall reactor system in accordance
with the present invention is illustrated in FIGS. 1A, 1B and
1C. As shown, the overall system 100 includes a reaction
receptacle 102 that includes a plurality of reservoirs 104
extending down from the upper surface 106 of the receptacle
102. The system also includes a temperature control element
108, which, as shown, comprises an electrically controlled
temperature control element, e.g., a resistive heater or peltier
device, that is operably coupled to a temperature controller
110 which provides electric current to the temperature
control element 108 and optionally receives feedback
signals, to change and control the temperature of element
108. The system further includes a plurality of heat exchang-
ers 112, which are in thermal communication with the
temperature control element 108, and are positioned so that
they can be inserted into separate reservoirs 104 in the
receptacle 102, to allow efficient thermal transfer between
material, e.g., fluid, in the reservoirs 104 and the temperature
control element 108. A side view of these elements is shown
in FIG. 1B. FIG. 1C illustrates the insertion of the heat
exchangers 112 into the reservoirs 104.

Although illustrated as a plurality of separate heat
exchangers, it will be appreciated that the heat exchangers
may be provided as arrays of connected heat exchangers
where circumstances permit. For example, where reservoirs
need not be electrically or thermally isolated from one
another, metallic heat exchanger arrays can be fabricated
that extend simultaneously into multiple reservoirs. Where it
is desirable for reservoirs to be electrically isolated from one
another, e.g., where materials are electrokinetically trans-
ported through a channel network coupled to the reservoirs,
then individual heat exchangers are preferred, but non
electrically conductive heat exchanger arrays are also useful.

FIG. 2A illustrates a side view of a system of the present
invention in which the heat exchangers also function as
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electrodes to drive the movement of material within the
system. In particular, as shown, the system 200 again
includes a receptacle 202 which comprises a plurality of
reservoirs 204 extending from the upper surface 206f the
receptacle 202. As shown, however, the receptacle 202 also
includes a channel network 216 disposed within the interior
of the receptacle 202, and which connects the reservoirs 204
of the receptacle 202. FIG. 2B illustrates an exemplary
receptacle 202 containing an integrated channel network 216
from a perspective view.

The heat exchangers 212 are again in thermal communi-
cation with the temperature control element 208, but are also
in electrical communication with an electrical controller 220
which is capable of delivering varying voltages and/or
currents to each of the separate heat exchangers causing
them to function as heat exchangers/electrodes. Examples of
electrical controllers for use in driving material movement
are described in U.S. Pat. No. 5,800,690, which is incorpo-
rated herein by reference. In optional aspects, a single
electrical controller is used to control the application of
current and/or voltage to each of the electrodes, as well as
providing the electrical current that controls the temperature
control element.

Examples of such instruments are described in Published
International Application No. WO 98/05424. Briefly, these
instruments typically include a base unit, which optionally
houses the control elements for the instrument, e.g., electri-
cal power supplies, optical detection systems, and the like.
The base unit typically includes a nesting site or well that is
configured to receive the reactor element, e.g., the microf-
luidic device. The base unit also typically includes an
element for interfacing with the reactor element, e.g., a
“reactor element interface component,” for imparting energy
to the reactor element, e.g., thermal, light, electrical energy
or the like. In the case of the thermal control aspects of the
present invention, the interface component typically
includes at least one heat exchanger that is in thermal
communication with a heating element, as described herein.
The heat exchanger is typically positioned or configured on
the interface component such that it can be easily inserted
into at least one reservoir of the reactor element thereby
contacting a fluid disposed therein. The interface element
may comprise any number of optional structures, including,
e.g., a clamshell structure which rotatably closes over the
nesting site and reactor element to bring the heat exchanger
into contact with the fluid filled reservoir. Other such struc-
tures include, e.g., press-like structures which uniformly
lower over the nesting site, and will be readily apparent to
one of ordinary skill in the art upon reading this disclosure.

As noted previously, the devices and systems of the
present invention are typically employed where one wishes
to perform a temperature dependent reaction within a par-
ticularly limited volume, e.g., less than 100 ul. These
devices and systems are particularly useful where one fur-
ther wishes to perform additional operations on the materials
that are subjected to the temperature dependent reactions. In
one aspect, the devices and systems of the invention are
particularly suited for performing integrated nucleic acid
analyses which require a temperature dependent reaction
prior to an analysis step. For example, where one wishes to
determine whether a given sample contains a nucleic acid
sequence of interest, the sample is typically subjected to an
amplification reaction to select and amplify the nucleic acid
sequence of interest, if present. This is generally followed by
a characterization of the amplified products by, e.g., an
electrophoretic separation and detection, or specific hybrid-
ization reaction, e.g., to an oligonucleotide array, to identify
whether the nucleic acid of interest is present.
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With reference to the microfluidic device/reaction recep-
tacle shown in FIG. 4, and in the case of the systems of the
present invention, this simply requires the placement of the
sample material into a reservoir of the device 400, ¢.g.,
reservoir 402. In addition to the sample materials, appropri-
ate amplification reagents are also typically added to the
reservoir, e.g., anti-parallel primers that are complementary
to the nucleic acid sequence of interest, nucleic acid poly-
merase enzyme, i.e. taq polymerase, klenow, etc., as well as
appropriate buffers and salts, e.g., MgCl,. The reaction
mixture is then subjected to an appropriate thermal cycling
profile by virtue of the temperature control element and heat
exchangers placed into the reservoirs to amplify the
sequence of interest using for example the polymerase chain
reaction (PCR). Specifically, the temperature control ele-
ment heats the contents of the reservoir to, e.g., 95° C,, to
melt apart double stranded nucleic acids. The mixture is then
cooled to, e.g., 45° C,, to allow annealing of the primer
sequences to the template sequence of interest. The mixture
is then heated to, e.g., 70-80° C., to allow the polymerase to
extend the primer sequences along the template sequence of
interest. This cycling is repeated a number of times, e.g.,
30-50 times, resulting in a geometric production of copies
of the sequence of interest.

Once the amplification reaction is complete, a portion of
the amplified product is transported out of the reservoir 402
via channel 4024, into loading channel 434, and across the
intersection 446 of channel 434 and channel 444, into
channel 436. As noted above, this material transport is
accomplished by applying a gradient in the electrical poten-
tial along the path of desired material movement, e.g., by
applying a current between reservoir 402 and reservoir 430.
Once the material has crossed the intersection 446, the
potential gradient is then applied along channel 444 to inject
that portion of the material at the intersection 446 into
channel 444. Incorporation of an appropriate separation
matrix causes nucleic acids of different molecular weight to
migrate at different speeds, allowing their separation. Incor-
poration of a fluorescent label into the amplified product
during amplification, then allows detection of that product.
Because the reaction receptacle/microfluidic device includes
multiple reservoirs connected to the channel network, e.g.,
reservoirs 402-424, multiple samples may be analyzed in
series. Specifically, thermal cycling is carried out simulta-
neously in each of the different reservoirs 402—424. Follow-
ing amplification, each sample is, in turn, injected into the
main separation channel 444 of the device, substantially as
described above, for separation analysis. Further, while each
sample is being analyzed, the next sample is preloaded up to
a point adjacent to the injection intersection 446. In
particular, while the sample from reservoir 402 is separating
in channel 444, the next sample, e.g., from reservoir 410, is
transported through channel 410g into channel 434 and then
into channel 438, without crossing the separation channel
444. Once separation of the first sample is completed, the
next sample, which is already to the point adjacent to the
main channel is simply shunted across the intersection 446
and injected into the main separation channel. The use of this
preload function is described in detail in Published Interna-
tional Patent Application No. WO 98/49548, previously
incorporated herein by reference.

In a similar manner, the devices and systems described
herein are also particularly suited to a variety of other
applications, including SDS capillary gel electrophoresis
(SDS-CGE) for the characterization of proteins and other
polyamino acids. In particular, prior to analysis, protein
samples typically require denaturatioin in the presence of
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detergent at elevated temperatures, e.g., 100° C. Use of the
device shown in FIG. 4 for this application has been
described in, e.g., copending U.S. patent application Ser. No.
09/243,149, filed Feb. 2, 1999, now abandoned, and incor-
porated herein by reference. In accordance with the present
invention, sample denaturation is readily carried out within
the reservoirs of the receptacle/microfluidic device using the
temperature control systems described above. Sample dena-
turation is then followed by an analytical separation within
the main reaction channel 444.

Additional reactions that are temperature dependent, e.g.
requiring elevated or reduced temperatures are also gener-
ally performed using the systems described herein.

All publications and patent applications are herein incor-
porated by reference to the same extent as if each individual
publication or patent application was specifically and indi-
vidually 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, 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 reactor system, comprising:

a reactor element comprising a plurality of reservoirs

disposed in a surface of a substrate;

a heating element; and

at least a first heat exchanger disposed within at least one

of the plurality of reservoirs, the heat exchanger being
in thermal communication with the heating element,
wherein the heat exchanger comprises a plurality of fins.

2. The reactor system of claim 1, wherein the heat
exchanger is electrically conductive and is operably coupled
to an electrical power supply.

3. The reactor system of claim 1, further comprising an
array of a plurality of heat exchangers in thermal commu-
nication with the heating element, each of the plurality of
heat exchangers disposed in a separate reservoir.

4. The reactor system of claim 1, wherein the at least first
heat exchanger is disposed on a solid frame that is remov-
ably positioned over the reactor element to insert the heat
exchanger into the at least one of the plurality of reservoirs.

5. The reactor system of claim 4, wherein the frame is
rotatably positioned over reactor element to rotate the heat
exchanger into and out of the at least one of the plurality of
ESEIVOITS.

6. The reactor system of claim 1, wherein each of the
plurality of reservoirs is in fluid communication with a
channel network disposed within an interior region of the
reactor element.

7. The reactor system of claim 1, wherein the heating
element further comprises a cooling element.

8. A reactor system, comprising:

a reactor element comprising a plurality of reservoirs

disposed in a surface of a substrate;

a heating element; and

at least a first heat exchanger disposed within at least one

of the plurality of reservoirs, the heat exchanger being
in thermal communication with the heating element,
wherein the heat exchanger comprises a coil.

9. The reactor system of claim 8, wherein the heat
exchanger is electrically conductive and is operably coupled
to an electrical power supply.

10. The reactor system of claim 8, further comprising an
array of a plurality of heat exchangers in thermal commu-
nication with the heating element, each of the plurality of
heat exchangers disposed in a separate reservoir.
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11. The reactor system of claim 8, wherein the at least first
heat exchanger is disposed on a solid frame that is remov-
ably positioned over the reactor element to insert the heat
exchanger into the at least one of the plurality of reservoirs.

12. The reactor system of claim 11, wherein the frame is
rotatably positioned over reactor element to rotate the heat
exchanger into and out of the at least one of the plurality of
[ESEIVOITrs.

13. The reactor system of claim 8, wherein each of the
plurality of reservoirs is in fluid communication with a
channel network disposed within an interior region of the
reactor element.

14. The reactor system of claim 8, wherein the heating
element further comprises a cooling element.

15. A reactor system, comprising:

a reactor element comprising a plurality of reservoirs
disposed in a surface of a substrate;

a heating element; and

at least a first heat exchanger disposed within at least one
of the plurality of reservoirs, the heat exchanger being
in thermal communication with the heating element,

wherein the heat exchanger comprises a scintered metal

element.

16. The reactor system of claim 15, wherein the heat
exchanger is electrically conductive and is operably coupled
to an electrical power supply.

17. The reactor system of claim 15, further comprising an
array of a plurality of heat exchangers in thermal commu-
nication with the heating element, each of the plurality of
heat exchangers disposed in a separate reservoir.

18. The reactor system of claim 15, wherein the at least
first heat exchanger is disposed on a solid frame that is
removably positioned over the reactor element to insert the
heat exchanger into the at least one of the plurality of
[ESEIVOITrs.

19. The reactor system of claim 18, wherein the frame is
rotatably positioned over reactor element to rotate the heat
exchanger into and out of the at least one of the plurality of
[ESEIVOITrs.
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20. The reactor system of claim 15, wherein each of the
plurality of reservoirs is in fluid communication with a
channel network disposed within an interior region of the
reactor element.

21. The reactor system of claim 15, wherein the heating
element further comprises a cooling element.

22. A reactor system, comprising:

a reactor element comprising a plurality of reservoirs
disposed in a surface of a substrate;

a heating element; and

at least a first heat exchanger disposed within at least one
of the plurality of reservoirs, the heat exchanger being
in thermal communication with the heating element,

wherein the heat exchanger comprises a randomly com-

pressed wire.

23. The reactor system of claim 22, wherein the heat
exchanger is electrically conductive and is operably coupled
to an electrical power supply.

24. The reactor system of claim 22, further comprising an
array of a plurality of heat exchangers in thermal commu-
nication with the heating element, each of the plurality of
heat exchangers disposed in a separate reservoir.

25. The reactor system of claim 22, wherein the at least
first heat exchanger is disposed on a solid frame that is
removably positioned over the reactor element to insert the
heat exchanger into the at least one of the plurality of
ESEIVOITS.

26. The reactor system of claim 25, wherein the frame is
rotatably positioned over reactor element to rotate the heat
exchanger into and out of the at least one of the plurality of
ESEIVOITS.

27. The reactor system of claim 22, wherein each of the
plurality of reservoirs is in fluid communication with a
channel network disposed within an interior region of the
reactor element.

28. The reactor system of claim 22, wherein the heating
element further comprises a cooling element.

#* #* #* #* #*





