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(57) ABSTRACT 

A microchip apparatus and method provide fluidic manipu 
lations for a variety of applications, including Sample injec 
tion for microchip liquid chromatography. The microchip 
fabricated using Standard photolithographic procedures 
chemical wet etching, with the Substrate and cover plate 
joined using direct bonding. Capillary electrophoresis is 
performed in channels formed in the Substrate. Injections are 
made by electro-OSmotically pumping Sample through the 
injection channel that crosses the Separation channel, fol 
lowed by a Switching of the potentials to force a plug into the 
Separation channel. 
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APPARATUS AND METHOD FOR PERFORMING 
MICROFLUIDIC MANIPULATIONS FOR 

CHEMICAL ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 09/909,638, filed Jul. 20, 2001, which is a 
continuation of U.S. application Ser. No. 09/300,060, filed 
Apr. 27, 1999, now U.S. Pat. No. 6,342,142, issued Dec. 29, 
2002, which is a continuation of U.S. application Ser. No. 
08/283,769, filed Aug. 1, 1994, now U.S. Pat. No. 6,001, 
229, issued Dec. 14, 1999, the disclosures of which are 
hereby incorporated by reference. 
0002 This invention was made with Government support 
under contract DE-AC05-840R21400 awarded by the U.S. 
Department of Energy to Martin Marietta Energy Systems, 
Inc. and the Government has certain rights in this invention. 

FIELD OF THE INVENTION 

0003. The present invention relates generally to minia 
ture instrumentation for chemical analysis and chemical 
Sensing and, more specifically, to electrically controlled 
manipulations of fluids and capillaries in micromachine 
channels. These manipulations can be used in a variety of 
applications, including the electrically controlled manipula 
tion of fluid for capillary electrophoresis, liquid chromatog 
raphy, and flow injection analysis. 

BACKGROUND OF THE INVENTION 

0004 Capillary electrophoresis has become a popular 
technique for Separating charged molecular species in Solu 
tion. The technique is performed in Small capillary tubes to 
reduce band broadening effects due to thermal convection 
and hence improve resolving power. 
0005 The small tubes imply that minute volumes of 
materials, on the order of picoliters, must be handled to 
inject the Sample into the Separation capillary tube. 
0006 Current techniques for injection include electromi 
gration and Siphoning of Sample from a container into a 
continuous Separation tube. Both of these techniques Suffer 
from relatively poor reproducibility, and electromigration 
additionally suffers from electrophoretic mobility-based 
bias. For both Sampling techniques the input end of the 
analysis capillary tube must be transferred from a buffer 
reservoir to a reservoir holding the Sample. Thus, a mechani 
cal manipulation is involved. For the Siphoning injection, the 
sample reservoir is raised above the buffer reservoir holding 
the exit end of the capillary for a fixed length of time. 
0007 An electromigration injection is effected by apply 
ing an appropriately polarized electric potential across the 
capillary tube for a given duration while the entrance end of 
the capillary is in the Sample reservoir. This can lead to 
Sampling bias because a disproportionately larger quantity 
of the Species with higher electrophoretic mobilities migrate 
into the tube. The capillary is removed from the sample 
reservoir and replaced into the entrance buffer reservoir after 
the injection duration for both techniques. 
0008 U.S. Pat. No. 4,908,112 to Pace describes a micro 
machined Structure that includes a channel for the Separation 
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and a separate channel that meets the Separation channel in 
a T-interSection and contains electrodes to produce elec 
trooSmotic flow for injection of Sample into the Separation 
channel. 

0009 U.S. Pat. No. 5,141,621 to Zare et al. discloses a 
capillary electrophoresis method and apparatus which 
applies a potential at two buffer reservoirs located at oppo 
Site ends of a capillary column. Samples are introduced 
without the need to disengage the electyric field, due to the 
fact that the injector is grounded. 

0010 U.S. Pat. No. 5,110,431 to Moring describes a 
crossing flow pattern using conventional capillary tubing 
with minimal resolution loSS for the purpose of post column 
introduction of reactive Substances to aid in detection. 

0011 U.S. Pat. No. 5,092,973 to Zare et al. describes a 
capillary with rectangular, geometry, which certain Specified 
advantages in a capillary electrophoresis technique. 

0012 U.S. Pat. No. 5,073,239 to Hjerten discloses the use 
of two capillaries to deliver Sample by electroendoSmotic 
flow into a closed container whose major exit is through the 
Separating column. 

0013 A continuing need exists for methods and appara 
tuses which lead to improved electrophoretic resolution and 
improved injection Stability. 

SUMMARY OF THE INVENTION 

0014. An object of the present invention is to provide a 
miniaturized injection method and apparatus in which it is 
not required to perform any mechanical manipulations with 
the capillary tube. 

0015. Another object of the present invention is to pro 
vide a miniaturized injection method and apparatus which 
utilizes electrooSmottic pumping similar to electromigration 
techniques, but without the advent of Sampling bias. 

0016 Yet another object of the present invention is to 
provide a miniaturized injection method and apparatus 
capable of achieving improvements in reproducibility of 
injections. 

0017 Still another object of the present invention is to 
provide a miniaturized injection method and apparatus 
which uses electrostatic forces to Spatially shape the injec 
tion plug, making it Small in Spatial extent and Stable with 
time. 

0018. Another object of the invention is to provide a 
reagent mixing apparatus and method for electrooSmotically 
driven devices which allow virtually any wet chemical 
experiment now performed at the bench, in test tubes and 
beakers, to be conducted on a chip under electronic control. 

0019. These and other objects of the invention are met by 
providing a method of controlling fluid flow in an intercon 
nected channel Structure having at least three ports, which 
includes actively controlling the electric potential at the at 
least three ports to create differences in potential Sufficient to 
cause fluid to move through the interconnected channel 
Structure in a controlled manner. The aforementioned 
objects are further met by providing an apparatus for effect 
ing the method. 
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0020. In another aspect of the invention, an injection 
apparatus is provided for microchip liquid chromatography 
and other situations, which includes a body having a first 
channel extending between an analyte reservoir and an 
analyte waste reservoir and a Second channel extending 
between a first buffer reservoir and a buffer waste reservoir, 
the first and Second channels crossing to form a first fluid 
communicating interSection, and means for moving analyte, 
in Sequence, and at first, through the first channel into the 
interSection, and then from the interSection into the Second 
channel. 

0021. Other objects, advantages and salient features of 
the invention will become apparent from the following 
detailed description, which taken in conjunction with the 
annexed drawings, discloses preferred embodiments of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0022 FIG. 1 is a schematic top view of a microchip 
according to a first preferred embodiment of a microchip 
according to the present invention; 

0023 FIG. 2 is an enlarged, vertical sectional view of a 
channel, taken along line II-II of FIG. 1; 

0024 FIG. 3(a) is a schematic view of the intersection 
area of the microchip of FIG. 1, prior to analyte injection; 

0025 FIG. 3(b) is an actual CCD fluorescence image 
taken of the same area depicted in FIG.3(a), after injection 
in the pinched mode, 

0026 FIG. 3(c) is an actual photomicrograph taken of 
the same area depicted in FIG. 3(a), after injection in the 
floating mode, 

0.027 FIG. 4 shows integrated fluorescence plotted ver 
SuS time for pinched and floating injections, 

0028 FIG. 5(a) is a schematic view of a CCD camera 
view of the intersection area of the microchip of FIG. 1, 
prior to analyte injection; 

0029 FIG.5(b) is a CCD fluorescence image taken of the 
same area depicted in FIG. 5(a), after injection in the 
pinched mode, 

0030 FIGS. 5(c)-5(e) are CCD fluorescence images 
taken of the same area depicted in FIG. 3(a), Sequentially 
showing a plug of analyte moving away from the channel 
interSection at 1, 2, and 3 Seconds, respectively, after Switch 
ing to the run mode, 
0031 FIG. 6 are electropherograms at (a) 3.3 cm, (b) 9.9 
cm, and (c) 16.5 cm from the point of injection for 
rhodamine B (less retained) and Sulforhodamine (more 
retained); 
0.032 FIG. 7 is a plot of the efficiency data generated 
from the electropherograms of FIG. 6, showing variation of 
the plate number with channel length for rhodamine B 
(Square with plus) and Sulforhodamine (Square with dot) 
with best linear fit (solid lines) for each analyte; 
0.033 FIG. 8 is a schematic top view of a microchip 
according to a Second preferred embodiment of a microchip 
according to the present invention; 
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0034 FIG. 9 is a CCD image of “sample loading mode 
for rhodamine B (shaded area); 
0035 FIG. 10(a) is an electropherogram of rhodamine B 
and fluorescein with a separation field strength of 1.5 kV/cm 
and a separation length of 0.9 mm; 
0.036 FIG.10(b) is an electropherogram of rhodamine B 
and fluorescein with a separation field strength of 1.5 kV/cm 
and a separation length of 1.6 mm; 
0037 FIG. 10(c) is an electropherogram of rhodamine B 
and fluorescein with a separation field strength of 1.5 kV/cm 
and a separation length of 11.1 mm; 
0038 FIG. 11 is a graph showing variation of the number 
of plates per unit time as a function of the electric field 
Strength for rhodamine B at Separations lengths of 1.6 mm 
(circle) and 11.1 mm (Square) and for fluorescein at sepa 
ration lengths of 1.6 mm (diamond) and 11.1 mm (triangle); 
0039 FIG. 12 is a schematic, top view of a microchip 
according to another embodiment of the present invention; 
0040 FIG. 13 is an enlarged view of the intersection 
region of FIG. 12; 
0041 FIG. 14 is a schematic, top view of a microchip 
according to another embodiment of the present invention; 
0042 FIG. 15 is an enlarged view of the intersection 
region of FIG. 14; 
0043 FIG. 16 is a schematic, top plan view of a micro 
chip according to the FIG. 14 embodiment, additionally 
including a reagent reservoir and reaction channel; 

0044 FIG. 17 is a schematic view of the embodiment of 
FIG. 16, showing applied voltages; 
004.5 FIG. 18 are CCD images of a plug of analyte 
moving through the intersection of the FIG. 16 embodi 
ment, 

0046 FIG. 19 show two electropherograms producing 
using the FIG. 16 embodiment; 
0047 FIG. 20 is a schematic view of another preferred 
embodiment of the present invention; 
0048 FIG. 21 is a schematic view of the apparatus of 
FIG. 20, showing Sequential applications of Voltages to 
effect desired fluidic manipulations, and 
0049 FIG. 22 is a graph showing the different voltages 
applied to effect the fluidic manipulations of FIG. 21. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0050 Referring to FIG. 1, a microchip 20 includes a base 
member 22 which is approximately two inches by one inch 
piece of microscope slide (Corning, Inc. i2947). A channel 
pattern 24 is formed in one planar Surface 26 of the base 
member 22 using Standard photolitographic procedures fol 
lowed by chemical wet etching. 
0051. The channel pattern 24 is transferred onto the slide 
or base member 22 with a positive photoresist (Shipley 
1811) and an e-beam written chrome mask (Institute of 
Advanced Manufacturing Sciences, Inc.). The pattern is 
chemically etched using HF/NHF solution. 
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0.052 After forming the channel pattern 24, a cover plate 
28 is then bonded to the base member 22 using a direct 
bonding technique whereby the base member 22 and the 
cover plate 28 surfaces are first hydrolyzed in a dilute 
NHOH/H.O. solution and then joined. The assembly is then 
annealed at about 500 C. in order to insure proper adhesion 
of the cover plate 28 to the base member 22. 

0.053 Following bonding of the, cover plate 28, cylindri 
cal plastic reservoirs 30, 32,34 and 36, having open opposite 
axial ends, are affixed to the base member 22, with portions 
of the cover plate Sandwiched therebetween, with epoxy or 
other Suitable means. Electrical contact is made by placing 
platinum electrodes 38, 40, 42, and 44 in reservoirs 30, 32, 
34, and 36, respectively. The electrodes are connected to a 
power source (PS) 37 which applies a desired potential to 
Select ones of the electrodes, in a manner to be described 
more fully below. 

0.054 The channel pattern 24 has four distinct channel 
portions. Each channel portion has an accompanying reser 
voir mounted above the terminus of each channel portion, 
and all four interSect at one end in a four way interSection 46. 
The opposite ends of each Section provide termini that 
extend just beyond the peripheral edge of the cover plate 28. 

0.055 A first channel portion 48 runs from the reservoir 
30 to the four-way intersection 46. A second channel portion 
50 runs from the reservoir 32 to the four-way intersection 46. 
A third channel portion 52 runs from the reservoir 34 to the 
intersection 46, and a fourth channel portion 54 runs from 
the reservoir 44 to the intersection 46. 

0056. In one particularly preferred embodiment, the 
enclosed length (that which is covered by the cover plate 28) 
of channel extending from reservoir 30 to reservoir 34 is 19 
mm, while the length of channel portion 50 is 6.4 mm and 
channel portion 54 is 171 mm. The turn radius of section 54, 
which Serves as a separation column, is 0.16 mm. 

0057 The cross section of the channel 54 is shown in 
FIG. 2. The other channels would have the same shape. The 
dimensions give the channel 54 a trapezoidal shape. In one 
specific application, the channel 54 has a depth “d” of 10 
lum, an upper width “w 1 of 90 um, and a lower width “w2” 
of 70 um. The trapezoidal cross section is due to “under 
cutting” by the chemical etching process at the edge of the 
photoresist. 

0.058 Electrophoresis experiments were conducted using 
the microchip 20 of FIG. 1, and employing methodology 
according to the present invention. Chip dynamics were 
analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas 
of the chip and a photomultiplier tube (PMT) tracked single 
point events. The CCD (Princeton Instruments, Inc. 
TE/CCD-512TKM) camera was mounted on a stereo micro 
scope (Nikon SMZ-U), and the chip 20 was illuminated 
using an argon ion laser (514.5 nm, Coherent Innova 90) 
operating at 3 W with the beam expanded to a circular spot 
s2 cm in diameter. The point detection Scheme employed a 
helium-neon laser (543 nm, PMS Electro-optics LHGP 
0051) with an electrometer (Keithley 617) to monitor 
response of the PMT (Oriel 77340). The power supply or 
supplies 37 (Spellman CZE 1000R) for electrophoresis were 
operated between 0 and +4.4 kV relative to ground. 
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General Operation 

0059 Referring again to FIG. 1, the chip 20 can be 
operated in either an “inject” mode or a “run” mode. 
Reservoir 30 is supplied with an analyte and reservoir 32 
with buffer. Reservoir 34 acts as an analyte waste reservoir, 
and reservoir 36 acts as a waste reservoir. 

0060. In the inject mode, at least two types of sample 
introduction are possible. In the first, known as a “floating 
injection, a potential is applied to reservoir 30 with reservoir 
34 grounded. At the same time, reservoirs 32 and 36 are 
floating, meaning that they are neither coupled to the power 
Source, nor grounded. 

0061 The second inject mode is the "pinched” mode, 
which is preferred, wherein potentials are applied to reser 
voirs 30, 32, and 36, with reservoir 34 grounded in order to 
control the injection plug shape. 

0062. In the “run” mode, the potential is applied to 
reservoir 32 with reservoir 36 grounded and with reservoirs 
30 and 34 at approximately half of the potential of reservoir 
32. 

0063. The analytes used for diagnostic experiments were 
rhodamine B and Sulforhodamine 101 (Exciton Chemical 
Co., Inc.) at 60 uM for the CCD images and 6 uM for the 
point detection. A sodium tetraborate buffer (50 mM, pH 
9.2) was the mobile phase in all experiments. 

0064. The two modes of injection were tested for the 
Sample introduction into the Separation column, channel 
portion 54. The analyte was placed in reservoir 30, and in 
both injection schemes is “pumped” in the direction of 
reservoir 34, a waste reservoir. CCD images of the two types 
of injections are depicted in FIGS. 3(a)-3(c). FIG. 3(a) 
shows the interSection 46, as well as the end portions of 
channel portions 48, 50, 52 and 54. Throughout the speci 
fication, various embodiments are described wherein reser 
voirs are in communication with end portions of correspond 
ing channel Segments. These end portions act as "ports' 
through which material moves between the reservoirs to the 
various channel Segments. 

0065. The CCD image of FIG.3(b) is of injection in the 
pinched mode, just prior to being Switched to the run mode. 
In the pinched mode, analyte (shown as white against the 
dark background) is pumped electrophoretically and elec 
troosmotically from reservoir 30 to 34 (left to right) with 
mobile phase from reservoir 32 (top) and reservoir 36 
(bottom) travelling toward reservoir 34 (right). The voltages 
applied to reservoirs 30, 32, 34, and 36 were 90%, 90%, 0, 
and 100%, respectively, of the power Supply output which 
correspond to electric field strengths in the corresponding 
channels of 270, 400, 690 and 20 V/cm, respectively. 
Consequently, the analyte in the injection croSS or interSec 
tion 46 has a trapezoidal shape and is spatially constricted in 
channel portion 52 by this flow pattern. 

0066 FIG. 3(c) shows a floating mode injection. The 
analyte is pumped from reservoir 30 to 34 as in the pinched 
injection except no potential is applied to reservoirs 32 and 
36. By not controlling the flow of mobile phase in channel 
portions 50 and 54, the analyte is free to flow into these 
channels through eddy flow resulting in a more diffuse 
injection plug. 
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0067. When comparing the pinched and floating injec 
tions, the pinched injection is Superior in two areas: temporal 
stability and plug length. When two or more analytes with 
vastly different mobilities are to be analyzed, an injection 
with temporal stability Insures that equal volumes of the 
faster and slower moving analytes are introduced into the 
Separation column or channel 54. A Smaller plug length leads 
to a higher Separation efficiency and, consequently, to a 
greater component capacity for a given instrument. 
0068 To determine the temporal stability of each mode, 
a series of CCD fluorescent images were collected at 1.5 
Second intervals Starting just prior to the analyte reaching the 
injection interSection 46. An estimate of the amount of 
analyte that is injected was determined by integrating the 
fluorescence in the intersection 46 and channels 50 and 54. 
This fluorescence is plotted versus time in FIG. 4. 
0069. For the pinched injection, a stability of 1% relative 
standard deviation (RSD) is observed, which is comparable 
to the stability of the illuminating laser. For the floating 
injection, the amount of analyte to be injected into the 
column or channel portion 54 increases with time because of 
the flow anisotropy. For a 30 second injection, the volume of 
the injection plug is ca. 90 pil and Stable for the pinched 
injection verSuS ca. 300 pland continuously increasing with 
time for a floating injection. 
0070. By monitoring the separation channel at a point 0.9 
cm from the intersection 46, the reproducibility for the 
pinched injection mode was tested by integrating the area of 
the band profile following introduction into the separation 
channel 54. For six injections with a duration of 40 seconds, 
the reproducibility for the pinched injection is 0.7% RSD. 
Most of this measured instability is from the optical mea 
Surement System. The pinched injection has a higher repro 
ducibility because of the temporal stability. With electroni 
cally controlled Voltage Switching, the RSD is expected to 
improve for both schemes. 
0071. The injection plug width and, ultimately, the reso 
lution between analytes depends largely on both the flow 
pattern of the analyte and the dimensions of the injection 
cross or intersection 46. For this column, the width of the 
channel at the top is 90 um, but a channel width of 10 tim 
is feasible which would lead to a decrease in the volume of 
the injection plug from 90 pil down to 1 p with a pinched 
injection. 

Separations 
0.072 After the sample or analyte has been pumped into 
the intersection 46 of the microchip 20, the voltages are 
manually switched from the inject to the run mode of 
operation. FIGS. 5(a)-5(e) illustrate a separation of 
rhodamine B (less retained) and Sulforhodamine (more 
retained) using the following conditions: E=400 V/cm, 
E=150 V/cm, buffer 50 mM sodium tetraborate at pH 9.2. 
The CCD images demonstrate the Separation process at 1 
second intervals, with FIG. 5(a) showing a schematic of the 
section of the chip imaged, and with FIGS. 5(b)-5(e) show 
ing the Separation unfold. 
0073 FIG. 5(b) again shows the pinched injection with 
the applied voltages at reservoirs 30, 32, and 36 equal. FIGS. 
5(c)-5(e) shows the plug moving away from the intersection 
at 1, 2, and 3 Seconds, respectively, after Switching to the run 
mode. 
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0074. In FIG. 5(c), the injection plug is migrating around 
a 90° turn, and band distortion is visible due to the inner 
portion of the plug travelling less distance than the outer 
portion. By FIG. 5(d), the analytes have separated into 
distinct bands, which are distorted in the shape of a paral 
lelogram. In FIG. 5(e), the bands are well separated and 
have attained a more rectangular shape, i.e., collapsing of 
the parallelogram, due to radial diffusion, an additional 
contribution to efficiency loSS. 
0075) When the switch is made from the inject mode to 
the run mode, a clean break of the injection plug from the 
analyte Stream is mandatory to avoid tailing. This is 
achieved by pumping the mobile phase from channel 50 into 
channels 48, 52, and 54 simultaneously by maintaining the 
potential at the intersection 46 below the potential of reser 
voir 32 and above the potentials of reservoirs 30, 34, and 36. 
0076. The experiments described herein, the intersection 
46 was maintained at 66% of the potential of reservoir 32 
during the run mode. This provided sufficient flow of the 
analyte back away from the injection interSection 46 down 
channels 48 and 52 without decreasing the field strength in 
the Separation channel 54 significantly. 
0077. This three way flow is demonstrated in FIGS. 
5(c)-5(e) as the analytes in channels 48 and 52 (left and 
right, respectively) move further away from the intersection 
with time. Three way flow permits well-defined, reproduc 
ible injections with minimal bleed of the analyte into the 
Separation channel 54. 
0078 FIG. 6 are electropherograms at (a) 3.3 cm, (b) 9.9 
cm, and (c) 16.5 cm from the point of injection for 
rhodamine B (less retained) and Sulforhodamine (more 
retained). These were taken using the following conditions: 
injection type was pinched, E=500V/cm, E=170V/cm, lin 

buffer=50 mM sodium tetraborate at pH 9.2. 
0079. To obtain electropherograms in the conventional 
manner, Single point detection with the helium-neon laser 
was used at different locations down the axis of the Sepa 
ration channel 54. The efficiency at ten evenly spaced 
positions was monitored, each constituting a Separate 
experiment. FIG. 6 depicts Selected electropherograms at 
3.3, 9.9, and 16.5 cm from the point of injection. The 
efficiency data are plotted in FIG. 7 (conditions for FIG. 7 
were the same as for FIG. 6). 
0080. At 16.5 cm from the point of injection, the effi 
ciencies of rhodamine B and Sulforhodamine are 38, 100 and 
29,000 plates, respectively. Efficiencies of this magnitude 
are Sufficient for many Separation applications. The linearity 
of the data provides information about the uniformity and 
quality of the channel down the length of the column. If a 
defect in the channel, e.g. a large pit, was present, a sharp 
decrease in the efficiency would result, however, none was 
detected. 

0081. As a further demonstration of the utility of this 
injection Scheme, a modified embodiment was tested. Refer 
ring to FIG. 8, the Same, but primed, reference numerals are 
used to refer to structure similar to that found in FIG. 1. The 
only significant difference is that instead of a Serpentine 
channel 54 for Separations, a Straight channel 54 is used. A 
variety of tests, according to the aforementioned techniques, 
were performed, but with higher electric field Strengths used 
over Shorter distances to achieve high Speed Separations. A 
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spatially well defined small volume, s100 p., injection is 
required to perform these types of analyses. 

0082 The sample was loaded into the injection cross via 
a frontal electropherogram, and once the front of the slowest 
analyte passes through the injection croSS or interSection 46', 
the sample is ready to be analyzed. In FIG. 9, a CCD image 
(the area of which is denoted by the broken line square) 
displays the flow pattern of the analyte 56 (shaded area) and 
the buffer (white area) through the region of the injection 
intersection 46. 

0.083. By pinching the flow of the analyte, the volume of 
the analyte plug is stable over time. The Slight asymmetry of 
the plug shape is due to the different electric field Strengths 
in the buffer channel 50 (470 V/cm) and the separation 
channel 54 (100 V/cm), for 1.0 kV applied to the buffer, the 
analyte and the waste reservoirs, and with the analyte waste 
reservoir grounded. However, the different field strengths do 
not influence the Stability of the injection plug. Ideally, when 
the analyte plug is injected into the Separation column, only 
the analyte in the injection croSS or interSection 46 would 
migrate into the Separation channel 54. 

0084. From FIG. 9, the volume of the injection plug in 
the injection croSS is approximately 120 p with a plug 
length of 130 lim. A portion of the analyte in the analyte 
channel and the analyte waste channel is drawn into the 
Separation column. Following the Switch to the Separation 
mode, the Volume of the injection plug is approximately 250 
pI with a plug length of 208 um. These dimensions are 
estimated from a series of CCD images taken immediately 
after the Switch is made to the Separation mode. 
0085 One particular advantage to the planar microchip 
20 of the present invention is that with laser induced 
fluorescence the point of detection can be placed anywhere 
along the Separation column. The electropherograms are 
detected at Separation lengths of 0.9. mm, 1.6 mm and 11.1 
mm from the injection intersection 46. The 1.6 mm and 11.1 
mm Separation lengths were used over a range of electric 
field strengths from 0.06 to 1.5 kV/cm, and the separations 
had baseline resolution over this range. At an electric field 
strength of 1.5 kV/cm, the analytes, rhodamine B and 
fluorescein, are resolved in less than 150 ms for the 0.9 mm 
separation length, as shown in FIG. 10(a), in less than 260 
ms for the 1.6 mm separation length, as shown in FIG. 
10(b), and in less than 1.6 seconds for the 11.1 mm sepa 
ration length, as shown in FIG. 10(c). 
0.086 Due to the trapezoidal geometry of the channels, 
the upper corners make it difficult to cut the Sample plug 
away exactly when the potentials are Switched from the 
Sample loading mode to the Separation mode. Thus, the 
injection plug has a slight tail associated with it, and this 
effect probably accounts for the tailing observed in the 
Separated peaks. 

0.087 An important measure of the utility of a separation 
System is the number of plates generated per unit time, as 
given by the formula 

0088 where N is the number of theoretical plates, t is the 
Separation time, L is the length of the Separation column, and 
H is the height equivalent to a theoretical plate. The plate 
height, H, can be written as 
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0089 where A is the sum of the contributions from the 
injection plug length and the detector path length, B is equal 
to 2D, where D, is the diffusion coefficient for the analyte 
in the buffer, and u is the linear velocity of the analyte. 
0090 Combining the two equations above and substitut 
ing u=uE where u is the effective electrophoretic mobility of 
the analyte and E is the electric field Strength, the plates per 
unit time can be expressed as a function of the electric field 
Strength: 

0091 At low electric field strengths when axial diffusion 
is the dominant form of band dispersion, the term AuE is 
Small relative to B and consequently, the number of plates 
per Second increases with the Square of the electric field 
Strength. 

0092. As the electric field strength increases, the plate 
height approaches a constant value, and the plates per unit 
time increases linearly with the electric field Strength 
because B is Small relative to AuE. It is thus advantageous 
to have A as Small as possible, a benefit of the pinched 
injection Scheme. 

0093. In FIG. 11, the number of plates per second for the 
1.6 mm and 11.1 mm Separation lengths are plotted verSuS 
the electric field strength. The number of plates per Second 
quickly becomes a linear function of the electric field 
Strength, because the plate height approaches a constant 
value. The symbols in FIG. 11 represent the experimental 
data collected for the two analytes at the 1.6 mm and 11.1 
mm Separation lengths. The lines are calculated using the 
previously-Stated equation and the coefficients are experi 
mentally determined. A slight deviation is Seen between the 
experimental data and the calculated numbers for rhodamine 
B at the 11.1 mm Separation length. This is primarily due to 
experimental error. 

0094. There are situations where it may not be desirable 
to reverse the flow in the Separation channel as described 
above for the "pinched” and “floating” injection schemes. 
Examples of Such cases might be the injection of a new 
Sample plug before the preceding plug has been completely 
eluted or the use of a post-column reactor where reagent is 
continuously being injected into the end of the Separation 
column. In the latter case, it would in general not be 
desirable to have the reagent flowing back up into the 
Separation channel. 

0.095 FIG. 12 illustrates a microchip 60 having six 
different ports or channels 62, 64, 66, 68, 70, and 72 
respectively connected to six different reservoirs 74,76, 78, 
80, 82, and 84. The microchip 60 is similar to microchips 20 
and 20' described previously, in that an injection croSS or 
intersection 86 is provided. In the FIG. 12 embodiment, a 
Second intersection 88 and two additional buffer reservoirs 
80 and 84 are also provided. 
0096 AS in the previous embodiments, reservoir 76 
contains Separating buffer, reservoir 74 contains the Sample 
to be analyzed (the “analyte"), and reservoirs 78 and 82 are 
waste reservoirs. InterSection 86 is operated in the pinched 
mode as in the previous embodiments. The lower interSec 
tion 88, in fluid communication with reservoirs 80 and 84, 
are used to make up additional flow So that a continuous 
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buffer stream can be directed down towards the waste 
reservoir 82 and, when needed, upwards toward the injection 
intersection 86. Reservoir 84 and attached channel 72 are not 
necessary, although they improve performance by reducing 
band broadening as a plug passes the lower interSection 88. 
In all cases, the flow from reservoir 84 will be symmetric 
with that from reservoir 80. 

0097 FIG. 13 is an enlarged view of the two intersec 
tions 86 and 88. The different types of arrows show the flow 
directions at given instances in time for injection of a plug 
of Sample into the Sparation channel. The Solid arrows Show 
the initial flow pattern where Sample is electrooSmotically 
pumped into the upper intersection 86 and "pinched” by 
flow from reservoirs 76 and 80 toward this same intersec 
tion. Flow away from this intersection is carried to the 
sample waste reservoir 78. The sample is also flowing from 
the reservoir 74 to the waste reservoir 78. Under these 
conditions, flow from reservoir 80 (and reservoir 84) is also 
going down the Separation channel 70 to the waste reservoir 
82. 

0098. A plug of sample is injected by Switching to the 
flow profile shown by the short dashed arrows. Buffer flows 
down from reservoir 76 to the upper intersection 86 and 
towards reservoirs 74, 78 and 82. This flow profile also 
pushes a plug of Sample toward waste reservoir 82 into the 
separation channel 70 as described before. 
0099] This flow profile is held for a sufficient length of 
time So as to move the Sample plug past the lower interSec 
tion. The flow of buffer from reservoirs 80 and 84 should be 
low as indicated by the short arrow and into the Separation 
channel 70 to minimize distortion. 

0100. The distance between the upper and lower inter 
sections 86 and 88, respectively, should be as Small as 
possible to minimize plug distortion and criticality of timing 
in the Switching between the two flow conditions. Electrodes 
for Sensing the electric potential might also be placed at the 
lower interSection and in the channel 68 to assist in adjusting 
the electric potentials for proper flow control. Accurate flow 
control at the lower intersection 88 may be necessary to 
prevent unacceptable band broadening. 

0101. After the sample plug passes the lower intersection, 
the potentials are Switched back to the initial conditions to 
give the original flow profile as shown with the long dashed 
arrows. This flow pattern will allow buffer flow into the 
Separation channel 70 while Sample is again being trans 
ported to the plug forming region in the upper interSection 
86. This injection scheme will allow more rapid injections to 
be made and may be very important for Samples that are 
Slow to migrate or if it takes a long time to achieve a 
homogeneous Sample at the upper interSection 86 Such as 
with entangled polymer Solutions. 

0102) A different approach to injection can be taken with 
a four leg or croSS-type injector. It also provides a continu 
ous unidirectional flow of fluid through the Separation 
channel. This injection Scheme only requires that the Voltage 
be changed or removed from one (or two) reservoirs and 
allows the Separation channel waste reservoir to remain at 
ground potential. This will allow injection and Separation to 
be performed with a single polarity power Supply. Referring 
to FIG. 14, a microchip 90 includes a buffer reservoir 92, a 
sample reservoir 94, a sample waste reservoir 96, and a 
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separation channel waste reservoir 98. An intersection 100 is 
formed at the confluence of buffer channel 102, sample 
channel 104, sample waste channel 105, and the separation 
channel 106. 

0103) An enlarged view of the intersection 100 is shown 
in FIG. 15. The directional arrows indicate the time 
sequence of the flow profiles at the intersection 100. The 
solid arrows show the initial flow pattern. Voltages at the 
various reservoirs are adjusted to obtain the described flow 
patterns. The initial flow pattern brings buffer from reservoir 
92 at a sufficient rate such that all sample is pushed toward 
the sample waste reservoir 96. Under these conditions, the 
flow towards reservoir 98 is pure buffer. 
0104. In general, the potential distribution will be such 
that the highest potential is at reservoir 92, a slightly lower 
potential at reservoir 94 and yet a lower potential at reservoir 
96, with reservoir 98 being grounded. To make an injection 
of sample, the potential at reservoir 96 can be switched to a 
higher value or the potentials at reservoirs 92 and 96, or 96 
only, can be floated momentarily to provide the flow shown 
by the short dashed arrows in FIG. 15. 
0105 Under these conditions, the primary flow will be 
from the sample reservoir 92 down towards the separation 
channel waste reservoir 98. The flow from reservoirs 92 and 
96 will be small and in practice in either direction. This 
condition is held only long enough to pump a Sample plug 
into the Separation channel. After Sufficient time for Sample 
injection, the Voltage distribution is Switched back to the 
original values eliminating Sample from flowing toward the 
separation channel 106. After sufficient time for sample 
injection, the Voltage distribution is Switched back to the 
original values, thus eliminating Sample from flowing 
toward the separation channel 106. 
0106 The type of sample injector described with respect 
to FIGS. 14 and 15 show electrophoretic mobility based 
bias as do conventional electrooSmotic injections. In addi 
tion, this injection approach is time dependent unlike the 
pinched injection approach described above. Nonetheless, 
this approach has simplicity in Voltage Switching require 
ments and fabrication. 

0107 The “four port” configuration of FIG. 14 provides 
continuous unidirectional flow through the Separation chan 
nel 106. A schematic view of the microchip 90 is shown in 
FIG. 16. The four-port pattern of channels is disposed on a 
glass Substrate 108 and glass cover slip 110, as in the 
previously described embodiments. 
0.108 Sample channel 104 is in one embodiment 2.7 mm 
in length from the sample reservoir 94 to the intersection 
100, while sample waste channel 105 is 6.5 mm, and buffer 
channel 102 is 7.0 mm. The separation channel 106 is 
modified to be only 7.0 mm in length, due to the addition of 
a reagent reservoir 112 which has a reagent channel 114 that 
connects to the Separation channel 106 at a mixing tee 116. 
Thus, the length of the separation channel 106 is measured 
from the intersection 100 to the mixing tee 116. 
0109) The channel 118 extending from the mixing tee 116 
to the waste reservoir 98 is the reaction column or channel, 
and in the illustrated embodiment this channel is 10.8 mm in 
length. The length of channel 114 is 11.6 mm. 
0110 Because the Substrate 108 is glass and the channels 
are chemically wet etched, an isotropic etch occurs, i.e., the 
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glass etches uniformly in all directions, and the resulting 
channel geometry is trapezoidal. The channel croSS Section 
of the illustrated embodiment has dimensions of 5.2 um in 
depth, 57 um in width at the top and 45 um in width at the 
bottom. 

0111 While glass is a preferred material, other similar 
materials may be used, Such as fused silica, crystalline 
quartz, and Silicon (if Surface treated to alter its resistivity). 
0112 Column performance and separations using the 
FIG. 16 embodiment were monitored on-microchip via 
fluorescence using an argon ion laser (351.1 nm, 50 mW, 
Coherent Innova 90) for excitation. The fluorescence signal 
was collected with a photomultiplier tube (PMT, Oriel 
77340) for point detection and a charge coupled device 
(CCD, Princeton Instruments, Inc. TE/CCD-512TKM) for 
imaging a region of the microchip 90. The compounds used 
for testing the apparatus were rhodamine B (Exciton Chemi 
cal Co., Inc.) arginine, glycine, threonine and o-phthaldial 
dehyde (Sigma Chemical Co.). A sodium tetraborate buffer 
(20 mM, pH 9.2) with 2% (v/v) methanol and 0.5% (v/v) 
B-mercaptoethanol was the buffer in all tests. The concen 
trations of the amino acid, OPA and rhodamine B solutions 
were 2 mM, 3.7 mM, and 50 uM, respectively. Several run 
conditions were utilized. 

0113 To inject a small aliquot of sample, the potentials at 
the buffer and analyte waste reservoir are simply floated for 
a short period of time (s100ms) allowing sample to migrate 
down the separation column 106 as in an WP injection. To 
break off the injection plug, the potentials at the buffer 
reservoir 92 and the sample (or analyze) waste reservoir 96 
are re-applied. A shortfall of this method is that the com 
position of the injected plug has an D bias whereby the faster 
migrating compounds are introduced preferentially into the 
Separation column 106 over slower migrating compounds. 

0114. The schematic view in FIG. 17 demonstrates one 
example when 1 kV is applied to the entire system. With this 
Voltage configuration, the electric field Strengths in the 
Separation column (E) and the reaction column (E.) are 
200 and 425 V/cm, respectively. This allows the combining 
of 1 part Separation effluent with 1.125 parts reagent at the 
mixing tee 116. A Sample introduction System Such as this, 
with or without post-column reaction, allows a very rapid 
cycle time for multiple analyses. 
0115) In FIG. 18, a sequential view of a plug of analyze 
moving through the intersection of the FIG. 16 embodiment 
can be seen by CCD, using the potentials illustrated in FIG. 
17. The analyte being pumped through the microchip 90 was 
rhodamine B (shaded area), and the orientation of the CCD 
images of the injection cross is the same as in FIGS. 12 and 
17. The first image, (A), shows the analyte being pumped 
through the injection croSS or interSection toward the Sample 
waste reservoir 96 prior to the injection. The Second image, 
(B), catches the analyte plug being broken away from the 
analyte Stream and being injected into the Separation col 
umn. The third image, (C), depicts the analyte plug moving 
away from the injection croSS after an injection plug has 
been completely introduced into the Separation column. The 
potentials at the buffer and analyze waste reservoirs were 
floated for 100 ms while the sample moved into the sepa 
ration column. By the time of the (C) sequence, the leading/ 
Separation mode has resumed, and a clean injection plug 
with a length of 142 um has been introduced into-the 
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Separation column. AS Seen below, the gated injector con 
tributes to only a minor fraction of the total plate height. The 
injection plug length is a function of the time of the injection 
and the electric field strength in the column. The shape of the 
injected plug is skewed slightly because of the directionality 
of the cleaving buffer flow. However, for a given injection 
period, the reproducibility of the amount injected, deter 
mined by integrating the peak area, is it RSD for a Series of 
10 replicate injections. 

0116. The electropherograms (A) and (B) in FIG. 19 
demonstrate the Separation of two pairs of amino acids. The 
Voltage configuration is the same as in FIG. 17, except the 
total applied Voltage is 4 kV which corresponds to an electric 
field strength of 800 V/cm in the separation column (E) 
and 1,700 V/cm in the reaction column (E). The injection 
times were 100 ms for the tests which correspond to esti 
mated injection plug lengths of 384, 245, and 225 um for 
arginine, glycine and threonine, respectively. The injection 
volumes of 102, 65, and 60 pil correspond to 200, 130, and 
120 fmol injected for arginine, glycine and threonine, 
respectively. The point of detection is 6.5 mm downstream 
from the mixing tee which gives a total column length of 
13.5 mm for the Separation and reaction. 

0117 The reaction rates of the amino acids with the OPA 
are moderately fast, but not fast enough on the time Scale of 
these experiments. An increase in the band distortion is 
observed because the mobilities of the derivatized com 
pounds are different from the pure amino acids. Until the 
reaction is complete, the Zones of unreacted and reacted 
amino acid will move at different Velocities causing a 
broadening of the analyze Zone. As evidenced in FIG. 19, 
glycine has the greatest discrepancy in electrophoretic 
mobilities between the derivatized and un-derivatized amino 
acid. To ensure that the excessive band broadening was not 
a function of the retention time, threonine was also tested. 
Threonine has a slightly longer retention time than the 
glycine; however, the broadening is not as extensive as for 
glycine. 

0118. The present invention can be used to mix different 
fluids contained in different ports or reservoirs. This could 
be used for a liquid chromatography Separation experiment 
followed by post-column labeling reactions in which differ 
ent chemical Solutions of a given Volume are pumped into 
the primary Separation channel and other reagents or Solu 
tions can be injected or pumped into the Stream at different 
times to be mixed in precise and known concentrations. To 
execute this process, it is necessary to accurately control and 
manipulate Solutions in the various channels. 

0119) The use of electroosmotic flow on microminiatur 
ized planar liquid phase Separation devices, described above, 
is a viable approach for Sample manipulation and as a 
pumping mechanism for liquid chromatography. The present 
invention also entails the use of electrooSmotic flow to mix 
various fluids in a controlled and reproducible fashion. 
When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material, functional groups at 
the Surface of the tube can ionize. In the case of tubing 
materials that are terminated in hydroxyl groups, protons 
will leave the Surface and enter an aqueous Solvent. Under 
Such conditions the Surface will have a net negative charge 
and the solvent will have an excess of positive charges. With 
the application of an electric field acroSS the tube, the exceSS 
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cations in Solution will be attracted to the cathode, or 
negative electrode. The movement of these positive charges 
through the tube will drag the solvent with them. The steady 
State Velocity is given by equation 1, 

exx E 

0120 where v is the solvent velocity, e is the dielectric 
constant of the fluid, S is the Zeta potential of the Surface, E 
is the electric field Strength, and m is the Solvent Viscosity. 
From equation 1 it is obvious that the fluid flow velocity or 
flow rate can be controlled through the electric field Strength. 
Thus, electroosmosis can be used as a programmable pump 
ing mechanism. 

0121 FIG. 20 shows a six port device that could take 
advantage of this novel mixing Scheme. Particular features 
attached to the different ports represent Solvent reservoirs. 
This device could potentially be used for a liquid chroma 
tography Separation experiment followed by post-column 
labeling reactions. On such a device, reservoirs 120 and 122 
would contain Solvents to be used in a liquid chromatogra 
phy Solvent programming type of Separation. 

0122) The channel 124 connected to waste reservoir 
126,and to the two arms 128 and 130 of reservoirs 120 and 
122,is the primary Separation channel, i.e., where the liquid 
chromatography experiment would take place. The inter 
secting channel 132 connecting reservoirs 134 and 136 is 
used to make an injection into the liquid chromatography or 
separation channel 124. Finally, reservoir 138 and its chan 
nel 140 attached to the separation channel 124 is for adding 
a reagent, which is added in proportions to render the Species 
Separated in the Separation channel detectable. 

0123 To execute this process, it is necessary to accu 
rately control and manipulate Solutions in the various chan 
nels. The embodiments described above took very small 
volumes of solution (s100 pl) from reservoir 134 and 
accurately injected them into the Separation channel Struc 
ture. 

0.124 For these various scenarios, a given volume of 
Solution needs to be transferred from one channel to another. 
For example, Solvent programming for liquid chromatogra 
phy or reagent addition for post-column labeling reactions 
requires that Streams of Solutions be mixed in precise and 
known concentrations. 

0.125 The mixing of various solvents in known propor 
tions can be done according to the present invention by 
controlling potentials which ultimately control electrooS 
motic flows as indicated in equation 1. According to equa 
tion 1 the electric field strength needs to be known to 
determine the linear Velocity of the Solvent. In general, in 
these types of fluidic manipulations a known potential or 
Voltage is applied to a given reservoir. The field Strength can 
be calculated from the applied Voltage and the characteris 
tics of the channel. In addition, the resistance or conductance 
of the fluid in the channels must also be known. The 
resistance of a channel is given by equation 2 where R is the 
resistance, p is the resistivity, L is the length of the channel, 
and A is the cross-sectional area. 
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0.126 Fluids are usually characterized by conductance 
which is just the reciprocal of the resistance as shown in 
equation 3. In equation 3, K is the electrical conductance, K 
is the conductivity, A is the cross-sectional area, and L is the 
length as above. 

0127. Using ohms law and equations 2 and 3 we can write 
the field Strength in a given channel, i, in terms of the Voltage 
drop acroSS that channel divided by its length which is equal 
to the current, I through channel i times the resistivity of that 
channel divided by the cross-sectional area as shown in 
equation 4. 

I 
A; KiAi 

0128. Thus, if the channel is both dimensionally and 
electrically characterized, the Voltage drop across the chan 
nel or the current through the channel can be used to 
determine the solvent velocity or flow rate through that 
channel as expressed in equation 5. 

VoI, xFlow 

0129. Obviously the conductivity, K or the resistivity, p, 
will depend upon the characteristics of the Solution which 
could vary from channel to channel. In many CE applica 
tions the characteristics of the buffer will dominate the 
electrical characteristics of the fluid, and thus the conduc 
tance will be constant. In the case of liquid chromatography 
where Solvent programming is performed, the electrical 
characteristics of the two mobile phases could differ con 
siderably if a buffer is not used. During a Solvent program 
ming run where the mole fraction of the mixture is changing, 
the conductivity of the mixture may change in a nonlinear 
fashion but it will change monotonically from the conduc 
tivity of the one neat solvent to the other. The actual 
variation of the conductance with mole fraction depends on 
the dissociation constant of the Solvent in addition to the 
conductivity of the individual ions. 

0.130. As described above, the device shown schemati 
cally in FIG. 20 could be used for performing gradient 
elution liquid chromatography with post-column labeling 
for detection purposes, for example. In order to carry out 
Such a task using electrooSmotic manipulation of fluids, a 
voltage control 140 must be used to control the electric 
potentials applied to each of the Solvent reservoirs. It may 
also be desirable to monitor potentials at given positions, for 
example at channel croSS Sections, So that there is additional 
information for intelligent control of the various reservoir 
potentials and thus fluid flow. These control Signals and 
electrical connections are denoted by the symbols S1, S2 and 
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S3 and the corresponding broken lines. The Voltage control 
ler box shown in FIG. 20 is programmed to change the 
Voltages as a function of time to carry out various taskS. 
0131 FIG. 21 shows the fluid flow requirements for 
carrying out the tasks involved in a liquid chromatography 
experiment as mentioned above. The arrows in the figures 
show the direction and relative magnitude of the flow in the 
channels. The first task, inject “a”, is an injection of a 
Volume of Sample from reservoir 4 into the Separation 
channel. To execute a pinched injection it is necessary to 
transport the Sample from reservoir 4 across the interSection 
to reservoir 5. In addition, to confine the Sample Volume, 
fluid flow from the separation channel and the solvent 
reservoirs must flow towards the intersection as shown. The 
flow from reservoir 1 is much larger than that from reservoir 
2 because these are the initial conditions for a gradient 
elution experiment. 
0.132. It is also desirable to prevent the reagent in reser 
voir 6 from entering the Separation channel, thus, a Small 
flow of buffer directed toward the reagent channel is desir 
able and this flow should be as near to zero as possible. After 
a representative Sample is presented at the injection inter 
Section, the Separation can proceed. In “b' the Start of a run 
(separation), solvent from reservoirs 1 and 2 flows down the 
Separation channel and also towards reservoirs 4 and 5 to 
make a clean injection of Sample into the Separation column. 
0.133 Appropriate flow of reagent from reservoir 6 is also 
directed towards the Separation channel. The initial condi 
tion as shown in “b” is with a large mole fraction of solvent 
1 and a Small fraction of Solvent 2. The Voltages applied to 
reservoirs 1 and 2 are changed as a function of time So that 
the proportions of Solvents 1 and 2 are changed from a 
dominance of solvent 1 to mostly solvent 2. This is seen in 
“c”. The latter monotonic change in applied Voltage effects 
the gradient elution liquid chromatography experiment. AS 
the isolated components pass the reagent addition channel, 
appropriate reaction can take place between this reagent and 
the isolated material to form a detectable Species. 
0134 FIG. 22 shows how the voltages to the various 
reservoirs are changed for a hypothetical experiment. The 
Voltages shown in this diagram are only to indicate relative 
magnitudes and not absolute Voltages. In the injection mode 
of operation Static Voltages are applied to the various res 
ervoirs. Solvent flow from all reservoirs except reservoir 6 
is towards the sample waste reservoir 5. Thus, reservoir 5 is 
at the lowest potential and all the other reservoirs are at 
higher potential. The potential at reservoir 6 should be 
sufficiently below that of reservoir 3 to provide only a slight 
flow towards reservoir 6. The voltage at reservoir 2 should 
be Sufficiently great in magnitude to provide a net flow 
towards the injection intersection, but the flow should be a 
low magnitude. 

0135) In moving to the run (start) mode, the potentials are 
readjusted as indicated in FIG.22. The flow now is such that 
the solvent from reservoirs 1 and 2 is moving down the 
Separation channel towards reservoir 3. There is also a slight 
flow of solvent away from the injection cross towards 
reservoirs 4 and 5 and an appropriate flow of reagent from 
reservoir 6 into the separation channel. Reservoir 3 now 
needs to be at the minimum potential and reservoir 1 at the 
maximum potential. All other potentials are adjusted to 
provide the fluid flow directions and magnitudes as indicated 
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in FIG. 21 at “b”. Also as shown in FIG. 423 the voltages 
applied to the Solvent reservoirs 1 and 2 are monotonically 
changed to move from the conditions of a large mole 
fraction of Solvent 1 to a large mole fraction of Solvent 2. 
0.136. At the end of the solvent programming run, the 
device is now ready to Switch back to the inject condition to 
load another sample. The voltage variations shown in FIG. 
22 are only to be illustrative of what might be done to 
provide the various fluid flows in FIG. 21. In an actual 
experiment Some to the various Voltages may well differ in 
relative magnitude. 

0.137 For capillary separation systems, the small detec 
tion Volumes can limit the number of detection Schemes 
which can be used to extract information. Fluorescence 
detection remains one of the most Sensitive detection tech 
niques for capillary electrophoresis. When incorporating 
fluorescence detection into a System that does not have 
naturally fluorescing analytes, derivatization of the analyze 
must occur either pre- or post-Separation. When the fluo 
rescent “tag” is short lived or the separation is hindered by 
pre-separation derivatization, post-column addition of 
derivatizing reagent becomes the method of choice. A vari 
ety of post-column reactors have been demonstrated for 
capillary electrophoresis. However, the ability to construct a 
post-column reactor with extremely low volume connec 
tions to minimize band distortion has been difficult. The 
present invention takes the approach of fabricating a micro 
chip device for electrophoretic Separations with post-column 
and reaction column can be coupled in a single monolithic 
device enabling extremely low volume exchanges between 
individual column functions. This microfabrication 
approach is a part of the continuing effort toward microma 
chining of miniaturized instrumentation of chemical Sepa 
rations which includes devices for gas chromatography, 
liquid chromatography, and capillary electrophoresis. 

0138. The microchip for the FIG. 20 embodiment was 
fabricated using Standard photolithographic, wet chemical 
etching, and bonding techniques. A photomask was fabri 
cated by Sputtering chrome (50 nm) onto a glass slide and 
ablating the column design into the chrome film via a 
CAD/CAM laser ablation system (Resonetics, Inc.). The 
column design was then transferred onto the Substrates using 
a positive photoresist. The channels were etched into the 
substrate in a dilute Hf/NhF bath. To form the separation 
capillary, a cover plate was bonded to the Substrate over the 
etched channels using a direct bonding technique. The 
surfaces were hydrolyzed in dilute NHOH/HO Solution, 
rinsed in deionized, filtered H2O, joined and then annealed 
at 500 C. Cylindrical glass reservoirs were affixed on the 
substrate using RTV silicone (made by General Electric). 
Platinum electrodes provided electrical contact from the 
power supply (Spellman CZE1000R) to the solutions in the 
reservoirs. 

0.139 Column performance and separations were moni 
tored on-microchip via fluorescence using an argon ion laser 
(35.1 nm, 50 mW, Coherent Innova 90) for excitation. The 
fluorescence Signal was collected with a photomultiplier 
tube (PMT, Oriel 77340) for point detection and a charge 
coupled device (CCD; Princeton Instruments, Inc. TE/CCD 
512TKM) for imaging a region of the microchip. The 
compounds used for the experiments were rhodamine B 
(Exciton Chemical Co., Inc.), arginine, glycine, threonine 
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and o-phthaldialdehyde (Sigma Chemical Co.). A Sodium 
tetraborate buffer (20 mM, pH 9.2) with 2% (v/v) methanol 
and 0.5% (v/v) B-mercaptoethanol was the buffer in all 
experiments. The concentrations of the amino acid, OPA and 
rhodamine B solutions were 2 mM, 3.7 mM, and 50 uM, 
respectively. Several run conditions were utilized for micro 
chip diagnostics and will be described as needed. 
0140. Because several separation lengths were used to 
Study different aspects of the microchip performance, the 
efficiencies will be reported primarily using the plate height 
(H). The contributions to the plate height are: 

flattitle-Dillic: sep 

0141) where Hair, H, and He are the contributions of 
axial diffusion, injection plug length, and detector observa 
tion length to the plate height, respectively. D is the 
diffusion coefficient of th analyze in the buffer, u is the linear 
velocity of the analyze, 1 is the injection plug length, 1. 
is the detector observation length, and Le is the separation 
length. The effect of Joule heating were not considered 
because the power dissipation was below 1 W/m for all 
experiments. The contribution from the axial diffusion is 
time dependent, and the contributions from the injection 
plug length and detector observation length are time inde 
pendent. In electrophoretic Separations, the linear Velocity of 
the analyte, u, is equal to the product of the effective 
electrophoretic mobility, u, and the electric field strength, 
E. 

0142. To test the efficiency of the microchip in both the 
separation column and the reaction column, a fluorescent 
laser dye, rhodamine B, was used as a probe. Efficiency 
measurements calculated from peak widths at half height 
were made using the point detection Scheme at distances of 
6 mm and 8 mm from the injection croSS, or 1 mm upstream 
and 1 mm downstream from the mixing tee. This provided 
information on the effects of the mixing of the two streams. 
0143. The electric field strengths in the reagent column 
and the Separation column were approximately equal, and 
the field Strength in the reaction column was twice that of the 
Separation column. This configuration of the applied Volt 
ages allowed an approximately 1:1 Volume ratio of deriva 
tizing reagent and effluent from the Separation column. AS 
the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (1 
mm upstream from the mixing tee), the plate height data 
decreased as expected as the inverse of the linear Velocity of 
the analyze (Equation 6). At the separation distance of 8 mm 
(1 mm upstream from the mixing tee), the plate height data 
decreased as expected as the inverse of the linear Velocity of 
the analyze (Equation 6). At the separation distance of 8 mm 
(1 mm downstream from the mixing tee), the plate height 
data decreases from 140 V/cm to 2.80 V/cm to 1400 V/cm. 
This behavior is abnormal (Equation 6) and demonstrates a 
band broadening phenomena when two streams of equal 
Volumes converge. The geometry of the mixing tee was not 
optimized to minimize this band distortion. Above Separa 
tion field strength of 840 V/cm, the system stabilizes and 
again the plate height decreases with increasing linear 
velocity. For E=1400 V/cm, the ratio of the plate heights 
at the 8 mm and 6 mm Separation lengths is 1.22 which is 
not an unacceptable loSS in efficiency for the Separation. 
0144. Following the combining of the two streams at the 
mixing tee, the intensity of the fluorescence Signal generated 
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from the reaction of the OPA with an amino acid was tested 
by pumping glycine down the column as a frontal electro 
pherogram to mix with the OPA at the mixing tee. The 
fluorescence Signal from the OPA/amino acid reaction was 
collected using a CCD as the product moved downstream 
from the mixing tee. Again, the relative Volume ratio of the 
OPA and glycine streams was 1.125. OPA has a typical 
half-time of reaction with amino acids of 4S. The average 
residence times of an analyte molecule in the window of 
observation are 4.68, 2.34, 1.17, and 0.58 s for the electric 
field strengths in the reaction column (E) of 240,480,960, 
and 1920 V/cm, respectively. The relative intensities of the 
fluorescence correspond qualitatively to this 4S half-time of 
reaction. AS the field Strength increases in the reaction 
column, the slope and maximum of the intensity of the 
fluorescence shifts further downstream because the glycine 
and OPA are swept away from the mixing tee faster with 
higher field strengths. Ideally, the observed fluorescence 
from the product would have a step function of ra response 
following the mixing of the Separation effluent and deriva 
tizing reagent. However, the kinetics of the reaction and a 
finite rate of mixing dominated by diffusion prevent this 
from occurring. 
0145 The use of the post-column reactor required a 
different injection Scheme than the pinched injection in order 
to keep the analyze, buffer and reagent Streams isolated. For 
the post-column reaction Separations, the microchip was 
operated in a continuous Sample loading/separation mode 
whereby the Sample was continuously pumped from the 
analyze reservoir through the injection cross toward the 
analyze waste reservoir. Buffer was simultaneously pumped 
from the buffer reservoir toward the analyze waste and waste 
reservoirs to deflect the analyze Stream and prevent the 
Sample from migrating down the Separation column. To 
inject a Small aliquot of Sample, the potentials at the buffer 
and analyze waste reservoir are simply floated for a short 
period of time (s100ms) allowing Sample to migrate down 
the Separation column as in analyze injection. To break off 
the injection plug the potentials at the buffer and analyze 
waste reservoir are reapplied. A shortfall of this method is 
that the composition of the injected plug has analyze bias 
whereby the faster migrating compounds are introduced 
preferentially into the Separation column over slower 
migrating compounds. 

0146 The use of micromachined post-column reactors 
can improve the power of post-Separation reactions as an 
analytical tool by minimizing the Volume of the extra 
column plumbing especially between the Separation and 
reagent columns, this microchip design was fabricated with 
a modest lengths for the separation (7 mm) and reaction 
columns (10.8 mm) which were more than sufficient for this 
demonstration. Longer Separation columns can be manufac 
tured on a similar size microchip using a Serpentine geom 
etry 15 to perform more difficult separations. To decrease 
post-mixing tee band distortions, the ratio of the channel 
dimensions between the Separation column and reaction 
column should be minimized so that the electric field 
Strength in the Separation channel is large, i.e. narrow 
channel, and in the reaction channel is Small, i.e. wide 
channel. 

0147 While advantageous embodiments have been cho 
sen to illustrate the invention, it will be understood by those 
skilled in the art that various changes and modifications can 
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be made therein without departing from the Scope of the 
invention as defined in the appended claims. 
What is claimed is: 

1. A method of injecting a Sample into a channel within a 
microchip, the microchip comprising an interconnecting 
channel Structure and a cover enclosing the interconnecting 
channel Structure, the method comprising: 

a. providing an interconnecting channel Structure com 
prising an injection channel extending between a first 
reservoir and a Second reservoir, a separation channel 
extending between a third reservoir and a fourth res 
ervoir, wherein the injection and Separation channels 
are in fluid communication with each other at an 
interSection, wherein the first reservoir is Supplied with 
a fluid, and wherein the fluid comprises at least two 
analytes, each analyte having a respective electro 
phoretic mobility; 

b. applying a first Set of potentials to at least the first and 
Second reservoirs, the first Set of potentials being effec 
tive to transport the fluid from the first reservoir 
through the injection channel toward the interSection, 
wherein the first Set of potentials is applied for a long 
enough time So that the analyte with the lowest elec 
trophoretic mobility passes through the interSection, 
whereby a representative Sample of the fluid is con 
tained within the interSection; and 

c. applying a Second Set of potentials to at least the third 
and fourth reservoirs, the Second Set of potentials being 
effective to transport the representative sample of fluid 
contained within the interSection into the Separation 
channel. 

2. The method of claim 1, wherein the Step of applying a 
first Set of potentials comprises applying potentials to the 
first and second reservoirs, and either the third or fourth 
reservoir. 

3. The method of claim 1, wherein the Step of applying a 
Second Set of potentials comprises applying potentials to the 
first and second reservoirs, and either the third or fourth 
reservoir. 

4. The method of claim 1, wherein the Step of applying a 
first Set of potentials comprises applying potentials to the 
first, Second, third, and fourth reservoirs. 

5. The method of claim 4, wherein at least one of the 
potentials applied to the four reservoirs is ground potential. 

6. The method of claim 4, wherein the Step of applying a 
first Set of potentials further comprises transporting the fluid 
through the interSection in a pinched mode. 

7. The method of claim 1, wherein the Step of applying a 
Second Set of potentials comprises applying potentials to the 
first, Second, third, and fourth reservoirs. 

8. The method of claim 6, wherein at least one of the 
potentials applied to the four reservoirs is ground potential. 

9. The method of claim 1, wherein the separation channel 
is used to perform a capillary electrophoresis process. 

10. The method of claim 1, wherein the separation chan 
nel is used to carry out a liquid chromatography process. 

11. The method of claim 1, wherein the separation channel 
is used to carry out a flow injection analysis. 

12. The method of claim 1, wherein the interconnecting 
channel Structure is disposed on a glass Substrate. 

13. The method of claim 1, wherein the interconnecting 
channel Structure is enclosed by a glass cover plate. 
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14. The method of claim 1, wherein the intersection 
comprises a croSS interSection. 

15. The method of claim 1, wherein the fluid comprising 
at least two analytes is an amino acid Solution, wherein at 
least one of the at least two analytes is an amino acid. 

16. The method of claim 1, wherein at least one of the two 
analytes is a nucleic acid. 

17. The method of claim 16, wherein all of the analytes 
are nucleic acids. 

18. A method of injecting a Sample into a channel within 
a microchip, the microchip comprising an interconnecting 
channel Structure and a cover enclosing the interconnecting 
channel Structure, the method comprising: 

a. providing an interconnecting channel Structure com 
prising an injection channel extending between a first 
reservoir and a Second reservoir, a separation channel 
extending between a third reservoir and a fourth res 
ervoir, wherein the injection and Separation channels 
are in fluid communication with each other at an 
interSection, wherein the first reservoir is Supplied with 
a fluid, and wherein the fluid comprises at least two 
analytes, each analyte having a respective electro 
phoretic mobility; 

b. applying a first Set of potentials to the first, Second, 
third, and fourth reservoirs, the first set of potentials 
being effective to transport the fluid from the first 
reservoir through the injection channel toward the 
interSection and to transport the fluid through the 
interSection in a pinched mode, wherein the first Set of 
potentials is applied for a long enough time So that the 
analyte with the lowest electrophoretic mobility passes 
through the interSection, whereby a representative 
Sample of the fluid is contained within the interSection; 

c. applying a Second Set of potentials to the first, Second, 
third, and fourth reservoirs, the Second Set of potentials 
being effective to transport the representative Sample of 
fluid contained within the interSection into the Separa 
tion channel; and to transport the portion of the fluid in 
the injection channel not contained in the interSection 
away from the interSection. 

19. The method of claim 18, wherein at least one of the 
first Set of potentials applied to the four reservoirs is ground 
potential. 

20. The method of claim 18, wherein at least one of the 
Second set of potentials applied to the four reservoirs is 
ground potential. 

21. The method of claim 18, wherein the separation 
channel is used to perform a capillary electrophoresis pro 
CCSS. 

22. The method of claim 18, wherein the separation 
channel is used to perform a liquid chromatography process. 

23. The method of claim 18, wherein the separation 
channel is used to perform a flow injection analysis. 

24. The method of claim 18, wherein the interconnecting 
channel Structure is disposed on a glass Substrate. 

25. The method of claim 18, wherein the interconnecting 
channel Structure is enclosed by a glass cover plate. 

26. The method of claim 18, wherein the intersection 
comprises a croSS interSection. 

27. The method of claim 18, wherein the fluid comprising 
at least two analytes is an amino acid Solution wherein at 
least one of the at least two analytes is an amino acid. 
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28. The method of claim 18, wherein at least one of the 
two analytes is a nucleic acid. 

29. The method of claim 29, wherein all of the analytes 
are nucleic acids. 

30. A method of injecting a fluid-borne analyte into a 
channel within a microchip, the fluid-borne analyte com 
prising at least two components having different electro 
phoretic mobilities and the microchip comprising an inter 
connecting channel Structure and a cover enclosing the 
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interconnecting channel Structure, the interconnecting chan 
nel Structure defining at least one croSS injection interSec 
tion, the method comprising flowing the fluid-borne analyte 
from a reservoir into the interSection until a representative 
Sample is contained within the injection interSection, and 
moving the representative Sample into the channel which is 
fluidly coupled to the injection interSection. 

k k k k k 


