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METHOD AND APPARATUS FOR 
CONCENTRATING MOLECULES 

FIELD OF INVENTION 

0001. The invention relates generally to a method and 
apparatus for continuous separation or concentration of pro 
teins (or other biological molecules) from aqueous solutions 
in a flow-through configuration. 

BACKGROUND OF THE INVENTION 

0002. In analytical chemistry, electrophoresis refers to 
methods that use electric fields to manipulate and separate 
charged molecules in Solution. Capillary electrophoresis 
(CE) refers to a family of “traditional techniques where the 
sample is loaded into a capillary and its components are 
separated into bands along the axial direction. The separation 
arises whenever components of the sample have unique elec 
trophoretic mobility. These bands can be detected, for 
example, by a fixed optical system as they flow past. The 
apparatus may be relatively simple since high Voltage elec 
trodes at each end of the capillary serve to not only separate 
the sample but also to inject the sample into the capillary by 
taking advantage of electroosmotic flow. The art of CE 
involves identifying appropriate parameters, buffers, and 
additives for each specific analyte to maximize separation and 
resolution between bands 
0003. The limits of resolution in CE are partly determined 
by diffusion of separated analyte into the surrounding buffer, 
which broadens the bands. Two methods of countering this 
effect are called focusing and Stacking. The object of stacking 
is to compress the sample molecules into a narrow band, prior 
to performing the separation, so that differences in mobility 
are made more distinct. One kind of stacking is achieved by 
using electrophoresis to drive molecules against an interface 
between two solutions of differing conductivity. If the sample 
is in a low-conductivity buffer, electric field strength across it 
will be high, and electrophoretic velocity will be high. When 
the sample ions reach a transition to a high-conductivity 
buffer, electric field strength will drop, as will their velocity, 
and they will collect at the interface. However, this technique 
is limited to batch processing. A need exists in the art for a 
method and apparatus for continuously separating or concen 
trating molecules using stacking. So-called “free flow elec 
trophoresis is another technique known in the art that per 
mits continuous separations, but it is not conventionally used 
with Stacking. 

SUMMARY OF THE INVENTION 

0004. The invention addresses the deficiencies in the prior 
art by using a free flow electrophoresis configuration in con 
junction with discontinuous buffers to achieve bulk concen 
tration of molecules. 
0005. In one aspect, the invention relates to a device for 
separating or concentrating molecules. The device includes a 
microfabricated flow channel having an upstream end and a 
downstream end. At the upstream end, the channel includes 
two input ports. One input port introduces into the channel a 
low-conductivity fluid stream containing a target molecule 
and potentially other molecules. The other input port intro 
duces into the flow channel a high-conductivity fluid stream. 
The channel includes three outlet ports. One outlet port 
receives most of the low-conductivity fluid stream. A second 
output port receives most of the high-conductivity fluid 
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stream. A third output port is located around the center of the 
end of the channel. This port receives a mix of both fluid 
streams. The device also includes a pair of electrodes, one on 
each side of the channel. When voltage is applied, the elec 
trodes will create an electric field across the channel. 
0006. In one embodiment, an electrode interface includes 
an opening in the channel adjacent to a fluid stream. The 
opening is separated from a reservoir by an ion-permeable 
barrier, which permits ions to pass but does not permit bulk 
fluid flow. The reservoir interfaces with an external electrode. 
The external electrode can be electrically connected to an 
external power source for applying a Voltage of various 
polarities and magnitudes to the electrode. When Voltage is 
applied to both electrodes, an electric field forms across the 
width of the channel. 
0007. In one embodiment, the device is molded into a 
substrate. In another embodiment, the device is etched into a 
substrate. 
0008. In one embodiment, the device is approximately 5 
mm wide, 10um to 100 um deep, and about 2.3 cm to about 
5 cm long. 
0009. In one embodiment, the device includes a third input 
port at the upstream end. In Such an embodiment, the sample 
fluid and the low-conductivity buffer are introduced from 
separate input ports. 
0010. In another aspect, the invention relates to a device 
for separating or concentrating molecules. The device 
includes a channel, two input ports, and three output ports, 
like the device described above. In addition, the device also 
includes integrated electrodes. The electrodes are positioned 
proximate to the channel. 
0011. In one embodiment, the electrodes are separated 
from the channel by ion-permeable barriers. 
0012. In one embodiment, the ion-permeable barriers are 
comprised of arrays of Smaller channels. 
0013. In one embodiment, the device includes a power 
Source for applying Voltage to the electrodes and controls for 
controlling the strength and polarity of Voltage applied to the 
electrodes. 
0014. In another aspect, the invention relates to a method 
for separating or concentrating molecules. The method 
includes selecting the pH of the low-conductivity buffer so 
that the charge of the target molecule is non-Zero, flowing the 
low-conductivity buffer, with sample, and the high-conduc 
tivity buffer through the channel in laminar flow, applying an 
electric field with appropriate polarity and strength to cause 
the target molecule to accumulate at the interface between the 
two fluids, and collecting portions of both fluid streams at the 
interface between the two fluids at the end of the channel. 

BRIEF DESCRIPTION OF THE FIGURES 

0015 The foregoing discussion will be understood more 
readily from the following detailed description of the inven 
tion with reference to the following drawings. 
0016 FIG. 1 is a schematic diagram of a device for con 
centrating molecules into an output stream with a higher 
concentration than the input stream. 
0017 FIG. 2 is a schematic diagram illustrating the trajec 
tory of a molecule in the invention subject to pressure driven 
flow and a transverse electric field. 
0018 FIG. 3 is a top view of an illustrative embodiment of 
the device with external electrodes. 
0019 FIG. 4 is a cross-section view of the device illus 
trated in FIG. 3. 
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0020 FIG. 5 is a drawing illustrating a top view of an 
illustrative embodiment of the device with integrated elec 
trodes separated from the channel by ion-permeable barriers. 
0021 FIG. 6 is a drawing illustrating a close-up view of 
the ion-permeable barrier comprised of an array of channel 
0022 FIG. 7 depicts a set of Charge V. pH curves for an 
illustrative set of molecules. 
0023 FIG. 8A is a schematic diagram of a device, accord 
ing to an illustrative embodiment of the invention, to concen 
trate target molecules into the fluid stream collected by the 
target output port. 
0024 FIG. 8B is a flowchart showing a method for con 
centrating target molecules from a fluid stream using a micro 
fabricated molecule concentrating device, according to an 
illustrative embodiment of the invention. 
0025 FIG. 9A is a schematic diagram illustrating the use 
of a device, according to an illustrative embodiment of the 
invention, to separate negatively charged interferents in a first 
stage and to separate out positively charged interferents in a 
second stage, such that the fluid stream collected by the first 
output port of the second stage contains fewer interferents. 
0026 FIG.9B is flowchart showing a method for separat 
ing other components in the sample (“interferents') from 
target molecules using a microfabricated molecule concen 
trating device, according to an illustrative embodiment of the 
invention. 

DESCRIPTION OF CERTAIN ILLUSTRATIVE 
EMBODIMENTS 

0027 FIG. 1 depicts a schematic diagram of a device for 
concentrating molecules into an output stream with a higher 
concentration than the input stream. The device 100 includes 
a sample input port 102, a buffer input port 104, a flow 
channel 106, a pair of electrodes 108, a sample output port 
110, a buffer output port 112, and a target output port 114. 
0028. The input ports 102 and 104 are positioned to intro 
duce two fluid streams into the flow channel in laminar flow. 
The sample input port 102 introduces a fluid stream having a 
target molecule in it 116. The buffer input port 104 introduces 
a fluid stream 118 having a conductivity that is substantially 
different than the fluid stream 116 introduced through the 
sample input port 102. 
0029. The width and depth of the flow channel 106 are 
selected to allow the fluid streams from the two inputs 102 and 
104 to be in laminar flow through the flow channel 106. For 
example, the flow channel may be 0.5 mm to 5 mm wide and 
10 um to 100 um deep. The length of the channel 106 is 
selected to be sufficiently long to allow the target molecules to 
have sufficient time to travel from one wall 120 of the flow 
channel to about the interface 122 between the two fluids. For 
example, in various embodiments the channel is between 
about 2.3 cm long to about 5 cm long, though shorter or longer 
flow channels may also be suitable. 
0030. The pair of electrodes 108 are separated from the 
flow channel 106 by a pair of electrode interfaces 124. Each 
electrode interface 124 includes an ion-permeable barrier that 
permits the flow of electrical current between the electrodes 
108 as ion transport across the barrier without permitting bulk 
fluid flow. By applying voltage to the electrodes 108, an 
electric field is established transverse to the flow channel 106. 
0031. As the fluids 116 and 118 flow through the flow 
channel 106, the electric field causes molecules to move 
towards the interface 122 of the two fluid streams. The polar 
ity of the field is selected based upon the charge of the target 
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molecule. The polarity is selected to cause the target molecule 
to move towards the interface 122 of the two fluid streams. 
The strength of the electric field is selected based upon the 
charge of the target molecule and the flow rate of the fluid 
streams through the flow channel 106. For example, in vari 
ous embodiments, the field strength is between about 200 
V/cm to about 1000 V/cm. 
0032. Preferably, the electrode interface 124 includes an 
array of channels, as described further in FIG. 6. In other 
embodiments, the electrode interface 124 includes hydrody 
namic resistance channels, gels polymerized in situ, packed 
bed materials that are themselves loaded through microfluidic 
delivery, covered electrodes where steady fluid flow removes 
gas bubbles, or insulated electrodes where flow rates are 
Sufficient to Sweep away screening charges. 
0033. In one embodiment, the electrode interfaces 124 
electrically couple the flow channel 106 to electrodes inte 
grated into the device. For example, the electrode may be 
formed on the substrate on which the channel is formed. In 
other embodiments, the electrode interfaces 124 electrically 
couple the flow channel 106 to external electrodes, as 
described further in FIG. 3. 

0034. Because of the difference in conductivities between 
the two fluids 116 and 118, the electric field across the first 
fluid stream 116 is higher than the electric field across the 
second fluid stream 118. Once molecules from the first fluid 
stream 116 traverse the interface 122 between the first fluid 
stream 116 and the second fluid stream 118, they experience 
the weaker electric field of the second fluid stream 118. 
Because the electric field is weaker, the velocity of a molecule 
slows, resulting in an accumulation of molecules at about the 
interface 122 between the two fluids 116 and 118. 

0035. At the downstream end of the channel 106 are a 
sample output port 110, a buffer output port 112, and a target 
output port 114. The sample output port 110 collects most of 
the first fluid stream 116. The buffer output port collects most 
of the second fluid stream 118. The target output port 114 is 
located at about the interface 122 between the two fluid 
streams 116 and 118. As the fluids flow down the flow channel 
106, the molecules accumulate at the interface 122 between 
the two fluids. Because the target output port 114 is positioned 
at about that interface 122, when the fluids 116 and 118 reach 
the end of the channel, the fluid containing those molecules 
continues flowing into the target output port 114. The target 
output port 114 therefore collects the target molecules from 
the first fluid 116. It is sized, however, to collect a smaller 
Volume of fluid than the fluid streams 116 and 118 than the 
output ports. The increased concentration of target molecules 
in the fluid collected at the target output port is higher than in 
the first fluid stream 116. 

0036 FIG. 2 depicts the trajectory of a molecule 202 in a 
channel 204 of a molecule concentrator device subject to 
pressure driven flow and a transverse electric field according 
to an illustrative embodiment of the invention. A sample 
molecule enters the channel 204 in a first fluid stream of 
width, w, The molecule 202 has a velocity of v, the fluid 
velocity, in the z-direction and a velocity of V, the electro 
phoretic velocity, in the x-direction due to the electric field. 
As the molecule 202 travels along the length of the channel 
204, it moves towards the interface 206 between the two 
fluids. The molecule's 202 transverse velocity will diminish 
as it crosses the fluid interface 206 from the low conductivity 
buffer 208 to the high conductivity buffer 210. As a result, the 
molecule 202 stays at about the fluid interface 206 where, 
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when it reaches the end of the channel, it flows out through the 
target output port 212 of width, W. 
0037. To achieve a desired concentration factor, K, the 
target output port 212, at the end of the flow channel 204, has 
a width less than the flow channel 204, while sample output 
port 214 and buffer output port 216 maintain constant flow 
Velocity. Assuming the outlet channel 212 is positioned to 
capture 100% of the target molecules, the ratio of inlet chan 
nel width, w, to the target output port 212 width gives the 
concentration factor of the device 

0038. The length of the channel 204 is then determined by 
the electric field and the fluid velocity. In the worst-case 
scenario, a molecule entering at the inlet wall 220 must 
traverse the entire inlet width, w, in order to be captured at 
the target output port 212. The channel 204 length, L, can be 
determined by the distance that a molecule travels in the 
Z-direction while traversing the inlet width, W. 

L-VA, VE to 
0039 where v. is the electrophoretic velocity of the 
molecule in the low conductivity buffer. 
0040. In the ideal case, the width of the target output port 
212, w, can be similarly determined by considering the 
trajectory of a molecule that enters the channel 204 at around 
the fluid interface 206. 

0041 where v is the electrophoretic velocity of the 
molecule in the high conductivity buffer. 
0042. From the above three equations, the concentration 
factor, K, can be reduced to the ratio of conductivities of the 
two buffers. 

0043. Therefore, to achieve the desired concentration fac 
tor, K, the buffers are selected based on their conductivities 
(o): 

Kideai-Ohioia 

0044 FIG.3 depicts a top view of an illustrative embodi 
ment of a molecule concentration device 300 with external 
electrodes. In the above described embodiment 100, the 
device was formed with integrated electrodes 108. However, 
a similar device can be formed without electrodes being inte 
grated onto the same Substrate as the channel. Such a device 
would be less expensive to manufacture and would therefore 
be better suited to applications where a disposable device 
would provide an advantage. 
0045. The device 300 includes a sample input port 302, a 
buffer input port 304, and a high-conductivity buffer input 
306. The device 300 also includes a flow channel 308, a pair 
of electrode interfaces 310, a sample output port 312, a buffer 
output port 314, and a target output port 316. 
0046. The sample enters through the sample input port 
302. The buffer fluid enters from the buffer input port 3.04. 
The combined fluid stream then flows in laminar flow with a 
second fluid stream introduced through the high-conductivity 
buffer input 306. A pair of external platinum wire electrodes 
318 are wetted in buffer reservoirs 320 positioned on either 
side of the flow channel 308. The buffer reservoirs 320 are in 
fluid and electrical communication with the flow channel 308 
through an ion-permeable membrane 310. Such as a cast gel 
or porous glass. The external electrodes 318 generate an 
electric field transverse to the flow channel 308. 
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0047. The sample output port 312 and the buffer output 
port 314 carry away the bulk of the first and second buffer 
fluid streams. The target output port 316 carries away a por 
tion of both fluid streams containing a higher concentration of 
molecules than the sample. 
0048 FIG. 4 depicts a cross-section view of FIG.3, across 
the flow channel 308 at the wire electrodes 318. Visible in the 
cross-section view are a glass Substrate 402, the flow channel 
308, a pair of electrode interfaces 310, a pair of buffer reser 
voirs 320, and a pair of platinum wire electrodes 318. Also 
outlined in FIG. 4 is a sample flow region 404 within the flow 
channel 308, depicting the approximate position of a sample 
fluid flow in the flow channel in a three-input device. 
0049. While in FIG. 4 the flow channel is formed PDMS 
deposited on the glass substrate 402, in other embodiments 
the flow channel 308 and substrate 400 are formed from a 
single Substrate. Such as a parylene Substrate. 
0050 FIG.5 depicts a CAD drawing illustrating atop view 
of an illustrative embodiment of a molecule concentration 
device 500, according to an illustrative embodiment of the 
invention. The device 500 includes a sample input port 508, a 
buffer input port 510, a channel 504, a pair of integrated 
electrodes 502, a pair of ion-permeable barriers 506, a sample 
output port 512, a buffer output port 514, and a target output 
port 516. The integrated electrodes 502 are separated from the 
channel 504 by the ion-permeable barriers 506. 
0051. In one embodiment, the input ports 508 and 510 are 
1200m in diameter and 2.5 mm wide at the channel 504. The 
flow channel 504 is 2.3 cm long and 10 um high. The ion 
permeable barriers 506 are 1800 um long, 6 um wide, and 
composed of 420 channels along the length of the main flow 
channel 504. The target output channel 516 width is 250 um. 
The bond pads 518 for interfacing with the integrated elec 
trodes are 3640 um long by 1190 um wide. The bond pads 518 
provide an interface to an external power source. 
0.052 FIG. 6 is a CAD drawing illustrating a close-up view 
600 of one of the ion-permeable barrier 506 of the device 500 
depicted in FIG. 5, according to an illustrative embodiment of 
the invention. The ion-permeable barrier 506 is formed from 
an array of channels 604. The channels 604 create an effective 
barrier to separate the electrode reservoirs 606 from the flow 
channel 608. Preferably, the width of the channels 604 form 
ing the ion-permeable barrier 506 is 5um or less. 
0053 FIG. 7 is a chart 700 depicting a set of Charge v. pH 
curves for an illustrative set of molecules. As indicated in the 
chart 700, the magnitude and polarity of a molecule's charge 
changes depending on the pH of the fluid containing the target 
molecule. In an illustrative embodiment of the invention, the 
pH of a first fluid stream can be selected such that a target 
molecule has a negative or positive polarity. The pH of the 
first fluid stream can be further selected to change the mag 
nitude of the target molecule's charge. If the pH of the first 
fluid stream is selected Such that the target molecule has Zero 
charge, the target molecule is said to beat its isoelectric point. 
When the target molecule is at its isoelectric point, it has a low 
electrophoretic velocity and therefore responds weakly to the 
electric field across the channel. 
0054 FIG. 8A depicts the operation of a device, according 
to the illustrative embodiment of the invention described in 
FIG. 1, for concentrating target molecules 816 into a fluid 
stream collected at the target output port 818. The depiction 
illustrates the illustrative embodiment of the device described 
in FIG.1 performing the method described further in FIG.8B. 
The depiction illustrates a sample input port 810, a buffer 
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input port 812, a flow channel 814, a sample output port 820, 
a buffer output port 822, and a target output port 818. 
0055 FIG. 8B is a flowchart showing a method for con 
centrating target molecules from a fluid stream using a micro 
fabricated molecule concentrating device, according to an 
illustrative embodiment of the invention. The concentration 
process includes selecting an appropriate pH for the sample 
buffer (step 802), flowing two fluid streams through a channel 
(step 804), applying an electric field across the channel trans 
verse to the direction of fluid flow (step 806), and collecting a 
fluid stream at the end of the channel consisting of a high 
concentration of target molecules (step 808). 
0056. More specifically, the pH of the sample buffer is 
selected such that the target molecules 816 will have some 
non-Zero charge (step 802), whether positive or negative. 
Without some amount of charge, the target molecules 816 
will have a low electrophoretic mobility and will therefore not 
move towards the fluid interface 813 with a sufficient elec 
trophoretic velocity in response to the electric field. Thus, the 
magnitude of the charge must be above a lower limit, below 
which the electrophoretic velocity is insufficient to move the 
target molecule to the fluid interface 813 before reaching the 
end of the channel 814. However, the magnitude of the charge 
can also be too large. In that case, the electrophoretic velocity 
of the target molecule does not decrease Sufficiently upon 
reaching the fluid interface 813, allowing the target molecule 
to continue to move towards the wall of the channel 815. 
These molecules would be collected by a waste outlet 822 
rather than the target output port 818. The upper and lower 
limits will be different for different types of target molecules. 
Ideally, the pH of the sample buffer fluid is selected such that 
the electrophoretic Velocity of a target molecule is large 
enough for the target molecule to reach the fluid interface 813 
before reaching the end of the channel 814, but not so large 
that the molecule travels beyond the target output port 818 by 
the time it reaches the end of the channel 814. 

0057. Once an appropriate pH for the sample buffer is 
selected (step 802), two buffers are simultaneously flowed 
through the channel such that they establish laminar flow 
within the channel (step 804). The sample buffer (i.e., the 
buffer containing the target molecule) has a low conductivity. 
The other buffer has a high conductivity. Because the flows 
are laminar, the mixing between the two fluid streams is 
minimal. Absent an external force, the molecules in the first 
fluid stream remain largely in the first fluid stream. Once the 
flows are laminar, an external force is applied in the form of an 
electric field. The polarity and magnitude of the electric field 
are chosen such that the field will cause the target molecules 
816 to move towards the fluid interface 813. Once the polarity 
and magnitude of the desired field are selected, Voltage is 
applied to the electrodes (step 806). 
0058 As the fluid streams flow through the channel, the 
target molecules move laterally across the channel in 
response to the electric field. As they flow through the channel 
814, the high-conductivity buffer and the low-conductivity 
buffer diffuse into each other. Therefore the conductivity of 
the fluid Surrounding a target molecule becomes higher near 
the fluid interface 813. As the conductivity of the surrounding 
fluid becomes higher, the electric field becomes weaker and 
the electrophoretic velocity of the target molecule becomes 
slower. Therefore, around the fluid interface 813, the target 
molecules 816 lose velocity and begin to accumulate at about 
the fluid interface 813. 
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0059. At the end of the channel 814, the fluid streams exit 
through three output ports 818 and 820 and 822. The target 
output port 818, positioned at about the fluid interface 813, 
collects portions of both fluid streams and the target mol 
ecules 816 that have accumulated at about the fluid interface 
813 (step 808). The first output port 820 collects the sample 
buffer, which contains a Substantially reduced concentration 
of the target molecules 816. The second output port collects 
the high-conductivity buffer 822. The fluid stream collected 
by the target output port 818 can then be collected or routed 
for further separation, concentration, or analysis. 
0060 FIG.9A depicts the operation of a device, according 
to the illustrative embodiment of the invention described in 
FIG. 1, for separating negatively charged interferents 922 in a 
first stage and separating positively interferents 926 in a sec 
ond stage, such that the fluid stream collected by the first 
output port 940 of the second stage contains most of the target 
molecules 924 in the sample fluid stream 916 but fewer of the 
interferents 922 and 926. The figure illustrates two devices, 
according to the illustrative embodiment described in FIG. 1, 
performing the method described further in FIG.9B. FIG.9A 
illustrates a first stage 944 and a second stage 946. The first 
stage 944 includes a sample input port 916, a low-conductiv 
ity buffer input port 917, a high-conductivity buffer input port 
918, a flow channel 921, a sample output port 930, a high 
conductivity buffer output port 932, and a target output port 
928. The second stage 946 includes a sample input port 934, 
a low-conductivity buffer input port 935, a high-conductivity 
buffer input port 936, a flow channel 937, a sample output port 
940, a high-conductivity buffer output port 942, and a target 
output port 938. 
0061 FIG.9B is flowchart showing a method for separat 
ing interferents from target molecules using a microfabri 
cated molecule concentrating device, according to an illus 
trative embodiment of the invention. The separation process 
includes selecting an appropriate pH for the sample buffer 
(step 902), flowing two fluid streams through a channel (step 
904), applying an electric field across the channel transverse 
to the direction of fluid flow (step 906), collecting a fluid 
stream at the end of the channel (step 908), flowing that fluid 
stream through a second stage (step 910) having an electric 
field of opposite polarity (step 912), and collecting a fluid 
stream at the end of the channel consisting of target molecules 
and fewer interferents (step 914). 
0062 More specifically, the pH of the sample buffer is 
selected (step 902) such that the target molecule is at its 
isoelectric point. At its isoelectric point, the target molecule 
has zero charge. Because the target molecules 924 have Zero 
charge, their distribution within the first fluid stream is largely 
unaffected by the electric field. However, with the sample 
buffer at the selected pH, interferents within the sample will 
have a positive or negative charge. 
0063. In a first stage, two fluid streams are flowed through 
the channel 921 (step 904), as described for FIG. 8 above. A 
first polarity and magnitude are chosen for the electric field. 
The polarity of the electric field can be either positive or 
negative since, in the second stage, the polarity will be 
reversed and the fluid streams will be flowed through a chan 
nel 937 under the influence of the opposite electric field. 
Voltage is applied to the electrodes. At the end of the channel 
921, the target output port 928 collects interferents of one 
polarity 922, while the target molecules 924 and interferents 
of the opposite polarity 926 are collected by the first waste 
outlet 930 and routed to a second stage 946. 
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0064. The second stage is a second device 946, according 
to an illustrative embodiment of the invention. The fluid 
Stream from the first waste outlet 930 of the first device 944 
enters the sample input port 934 of the second stage 946. For 
the second stage, the polarity of the electric field is the oppo 
site of the polarity of the electric field of the first device 944. 
Again, two fluid streams are flowed through the channel 937 
of the second stage, as described for FIG. 8 above. At the end 
of the channel 937, the target output port 938 collects inter 
ferents of an opposite polarity 926 from the interferents col 
lected by the target output port 928 of the first stage 944. The 
first waste outlet 940 collects the sample buffer containing the 
target molecules and fewer interferents. The second waste 
outlet 942 collects the high-conductivity buffer. 
0065. A continuous microfluidic protein concentrator 
would have applications in fieldable, rapid response instru 
ments for clinical diagnostics, pathogen/toxin detection, and 
environmental monitoring. In these systems it would enhance 
overall sensitivity, reduce system size and make a critical 
contribution to the vision of automated “droplet in answer 
out' instruments. These applications are not limited to liquid 
samples, since many strategies for air, soil, or food sampling 
involve first dissolving or Suspending the sample in liquid 
before performing the analysis. 
0066. Currently sample preparation for microsensors typi 
cally involves a series of batch processes on multiple bench 
top instruments. In addition to reducing the size of equipment 
required to make a measurement, the invention offers the 
advantage of continuous operation, as opposed to batch pro 
cesses such as centrifugation. This feature is essential for 
automated continuous monitoring. 
0067. A microfluidic scale is appropriate and advanta 
geous to this design. Preliminary calculations suggest that a 
concentration factor of at least 20 is feasible in a 5 cm chan 
nel, and that higher factors can be readily obtained by using a 
series of concentrators. Sample throughput for a single con 
centrator 0.5 cm wide is estimated to be on the order of 30 
uL/min. Therefore, an array of devices on a board measuring 
approximately 0.5x10x10 cm could potentially process 1 ml 
of sample in under 2 minutes, delivering the captured protein 
in a volume of less than 3 microliters. 
0068. The invention may be embodied in other specific 
forms without departing form the spirit or essential charac 
teristics thereof. The foregoing embodiments are therefore to 
be considered in all respects illustrative, rather than limiting 
of the invention. 

What is claimed: 
1. A device for separating molecules contained in a first 

fluid comprising: 
a) a channel having an upstream end and a downstream 

end, the channel comprising a first inlet at the upstream 
end to introduce a first fluid containing molecules into 
the channel at a first concentration; 

b) a second inlet to the channel at the upstream end to 
introduce a second fluid into the channel in laminar flow 
with the first fluid; 

c) a first electrode interface associated with the first fluid 
along a first linear portion of the channel; 

d) a second electrode interface associated with the second 
fluid along a second linear portion of the channel; 

e) a first outlet at the downstream end for receiving said first 
fluid; 

f) a second outlet at the downstream end for receiving said 
second fluid; and 
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g) a third outlet at the downstream end positioned at about 
the interface between the first fluid and the second fluid 
for receiving an output stream with a concentration of 
molecules greater than the first concentration. 

2. The device of claim 1 where the first electrode interface 
is an opening in the channel in fluid communication with the 
first fluid flow. 

3. The device of claim 1 where the second electrode inter 
face is an opening in the channel in fluid communication with 
the second fluid flow. 

4. The device of claim 2 where the first opening is separated 
from a first electrode reservoir by a first ion-permeable bar 
1. 

5. The device of claim 3 where the second opening is 
separated from a second electrode reservoir by a second ion 
permeable barrier. 

6. The device of claim 4 where the first electrode reservoir 
interfaces with a first external electrode. 

7. The device of claim 5 wherein the second electrode 
reservoir interfaces with a second external electrode. 

8. The device of claim 7 comprising a power source for 
applying a Voltage to the electrodes. 

9. The device of claim 7 comprising a control for changing 
the polarity of the electric field. 

10. The device of claim 7 comprising a control for chang 
ing the strength of the electric field. 

11. The device of claim 7 wherein the electrodes generate 
an electric field across the channel transverse to a length of the 
channel. 

12. The device of claim 11 wherein the electric field is 
Sufficient to cause at least a portion of the molecules in the 
first fluid to move towards the second fluid. 

13. The device of claim 12 where the movement of the 
molecules in the first fluid towards the second fluid results in 
an accumulation of the molecules at the interface. 

14. The device of claim 1 wherein the channel is molded in 
a Substrate. 

15. The device of claim 1 wherein the channel is etched into 
a Substrate. 

16. The device of claim 1 where the width of the channel is 
approximately 0.5 mm to 5 mm. 

17. The device of claim 1 where the depth of the channel is 
from about 10 um to about 100 um. 

18. The device of claim 1 where the length of the channel 
is from about 2.3 cm to about 5 cm. 

19. The device of claim 1 where the width of the third outlet 
is determined by the following formula: (width of channel)/ 
(2*desired concentration factor) 

20. The device of claim 1 comprising a third input port 
placed at the upstream end to introduce a buffer solution into 
the first fluid stream. 

21. The device of claim 1 where the device contains flow 
ing streams of first and second fluids. 

22. The device of claim 1 where the electrophoretic mobil 
ity of a target molecule in the first fluid is substantially dif 
ferent from its electrophoretic mobility in the second fluid. 

23. The device of claim 1 where the conductivity of the first 
fluid is substantially different from the conductivity of the 
second fluid. 

24. The device of claim 1 where the solubility of a target 
molecule in the first fluid is substantially different from its 
solubility in the second fluid. 

25. A device for separating molecules contained in a first 
fluid comprising: 
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a) a channel having an upstream end and a downstream 
end, the channel comprising a first inlet at the upstream 
end to introduce the first fluid containing molecules into 
the channel; 

b) a second inlet to the channel at the upstream end to 
introduce a second fluid into the channel in laminar flow 
with the first fluid; 

c) a pair of electrodes positioned proximate to the channel 
for applying a Voltage to produce an electric field across 
the channel transverse to a length of the channel; 

d) a first outlet at the downstream end for receiving said 
first fluid; 

e) a second outlet at the downstream end for receiving said 
second fluid; and 

f) a third outlet at the downstream end positioned at about 
the interface between the first fluid and the second fluid 
for receiving an output stream with a concentration of 
molecules greater than the first concentration. 

26. The device of claim 25 where a first ion-permeable 
barrier separates a first electrode from the channel and a 
second ion-permeable barrier separates a second electrode 
from the channel. 

27. The device of claim 26 where the ion-permeable bar 
riers form opposite walls of the channel. 

28. The device of claim 26 where the first and second 
ion-permeable barriers are comprised of first and second 
arrays of channels. 

29. The device of claim 25 comprising a power source for 
applying a Voltage to the electrodes. 

30. The device of claim 25 comprising a control for chang 
ing the polarity of the electric field. 

31. The device of claim 25 comprising a control for chang 
ing the strength of the electric field. 

32. The device of claim 25 wherein the electrodes generate 
an electric field across the channel transverse to a length of the 
channel. 

33. The device of claim 25 wherein the electric field is 
Sufficient to cause at least a portion of the molecules in the 
first fluid to move towards the second fluid. 

34. The device of claim 25 where the movement of the 
molecules in the first fluid towards the second fluid results in 
an accumulation of the molecules at the interface. 

35. The device of claim 25 wherein the channel is molded 
in a Substrate. 

36. The device of claim 25 where the channel is etched in 
a Substrate. 

37. The device of claim 25 where the width of the channel 
is approximately 0.5-5 mm. 

38. The device of claim 25 where the depth of the channel 
is from about 10 um to about 100 um. 

39. The device of claim 25 where the length of the channel 
is from about 2.3 cm to about 5 cm. 
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40. The device of claim 25 where the width of the third 
outlet is determined by the following formula: (width of 
channel)/(2* desired concentration factor) 

41. The device of claim 25 also comprising a third inlet 
placed at the upstream end to introduce a buffer solution into 
the first fluid stream. 

42. The device of claim 25 where the device contains 
flowing streams of first and second fluids. 

43. The device of claim 25 where the electrophoretic 
mobility of a target molecule in the first fluid is substantially 
different from its electrophoretic mobility in the second fluid. 

44. The device of claim 25 where the conductivity of the 
first fluid is substantially different from the conductivity of 
the second fluid. 

45. The device of claim 25 where the solubility of a target 
molecule in the first fluid is substantially different from its 
solubility in the second fluid. 

46. A method for separating molecules from a fluid com 
prising: 

flowing a first fluid into a channel, the first fluid having a 
first conductivity; 

simultaneously flowing a second fluid into the channel in 
laminar flow with the first fluid, the second fluid having 
a second conductivity substantially different from the 
first conductivity; 

applying an electric field transverse to a length of the 
channel, whereby at least a portion of molecules in the 
first fluid are caused to migrate towards the second fluid; 

flowing a portion of the first fluid from the channel through 
a first outlet placed to receive the first fluid; 

flowing a portion of the second fluid from the channel 
through a second outlet placed to receive the second 
fluid; and 

flowing a portion of both fluids containing a greater con 
centration of molecules than the first fluid through a 
third outlet placed at about the interface between the first 
fluid and the second fluid. 

47. The method of claim 46 where the pH of the first fluid 
is selected to be either higher or lower than the isoelectric 
point of the target molecule. 

48. The method of claim 46 where the voltage applied is 
from about 200 to about 1000 V/cm 

49. The method of claim 46 where the first conductivity is 
below about 20 mS/cm. 

50. The method of claim 46 where the second conductivity 
is from about 10 to about 1000 times that of the first conduc 
tivity. 

51. The method of claim 46 comprising accumulating mol 
ecules at about the interface between the first fluid and the 
second fluid. 

52. The method of claim 46 where the flow rate of the first 
fluid and the second fluid through the channel is from about 
0.001 to 1 mL/min. 


