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MULTIDIMIENSIONAL SEPARATIONS 
EMPLOYING AN ARRAY OF 

ELECTROPHORESIS CHANNELS 

RELATED APPLICATIONS 

0001. This application claims priority to provisional appli 
cation No. 60/209,588, filed Jun. 6, 2000, and entitled “MUL 
TIDIMENSIONAL SEPARATIONS EMPLOYING AN 
ARRAY OF ISOLATED ELECTROPHORESIS CHAN 
NELS which is incorporated herein in its entirety. 

TECHNICAL FIELD 

0002 An array of electrophoresis lanes is employed as a 
stage in a multidimensional separation of a sample into its 
components. 

BACKGROUND 

0003 Multidimensional electrophoresis, particularly two 
dimensional (2D) gel electrophoresis, is a key technology in 
the analysis of complex samples Such as mixtures of proteins. 
More than ten thousand proteins can be resolved using 2D gel 
electrophoresis. An example of a gel electrophoresis appara 
tus using two dimensional electrophoresis is the IPGphorTM 
system by Amersham Pharmacia Biotech, Piscataway, N.J. 
Typically, isoelectric focusing (IEF), which separates sample 
components on the basis of the isoelectric point of each com 
ponent, is used as a first separation dimension. Subsequently, 
the partially resolved sample from the first dimension, which 
is generally in the faun of a gel strip, is manually attached to 
a slab gel for the second separation dimension. Such slab gels 
often separate sample components on the basis of size. Gen 
erally, IEF requires about five hours and the slab gel separa 
tion requires about six to eight hours to complete. 
0004. After the proteins are separated in the slab gel, a dye 

is used to stain the protein, i.e., at least Some of the dye binds 
to the protein. Unbound dye molecules are washed away 
using a solvent in a de-staining process. The dye molecules 
bound to the protein are retained in the gel due to the large 
binding constant between dye and protein. Then the proteins 
are detected with a densitometer and digital data is stored in a 
computer for analysis. The separation and detection proce 
dure and data processing are time intensive, normally requir 
ing about 72 hours to complete. electrophoresis column to 
analyze the effluent from an HPLC. Such an approach may 
suffer from significant drift as the electrophoresis column is 
used to analyze many samples. Additionally, the method 
requires a tremendous amount of time to analyze the HPLC 
effluent. 
0005. Another example of a multidimensional electro 
phoresis apparatus is shown in U.S. Pat. No. 6,013,165 to 
Wiktorowicz, et al. This apparatus includes a first electro 
phoresis dimension and a second electrophoresis dimension. 
0006 Current 2D gel technology includes a number of 
shortcomings. For example, slab gels allow migrating species 
travel along curved paths of uncertain length because the 
migration lanes are not well defined. Migration paths of 
uncertain length prevent the accurate determination of 
molecular parameters such as, for example, isoelectric points, 
molecular identities, mass values, and molecular size, that are 
estimated from the migration distance. Additionally, errors 
introduced in slab gel migration complicate data analysis and 
frustrate automation. 
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0007 Known techniques have poor sensitivity making it 
impossible, for example, to quantitatively measure proteins 
with low natural abundance. Furthermore, the dynamic range 
of known 2D gel techniques for detecting sample components 
of different concentrations is limited to about one order of 
magnitude. 

SUMMARY OF THE INVENTION 

0008. One embodiment of the present invention relates to 
a method for separating components of a sample, comprising 
the steps of obtaining a first separation of the sample compo 
nents, wherein the first separation can be performed in the 
absence of an electric field applied to the first dimension and 
using an electric field to obtain a second separation of the 
sample components using a plurality of substantially isolated 
channels. 
0009 Preferably, the sample components are at least one 
of peptides and proteins. In one embodiment, the first dimen 
sion comprises an HPLC column and the second dimension 
comprises a plurality of electrophoresis columns. In another 
embodiment, the second dimension comprises a substrate 
defining a plurality of channels. 
0010. An intensity-time data record is obtained from each 
of the isolated volumes. The intensity-time data records con 
tain peaks indicative of the presence of sample components. 
Intensity-time data records may include, for example, elec 
tropherograms and chromatograms. Although certain separa 
tive techniques, such as isotachophoresis can provide inten 
sity-distance data records, these records are considered 
equivalent to intensity-time data because each type of data 
includes peaks indicative of at least partially separated 
sample components. 
0011. Another embodiment of the invention relates to a 
method for separating components of a sample, comprising 
obtaining a first separation of the sample components into a 
first plurality of sample Volumes in the absence of an applied 
electric field. Sample Volumes may include, for example, 
fractions of eluant from a first separation technique Such as 
HPLC. A simultaneous second separation of sample compo 
nents present in each of the first plurality of sample Volumes 
is performed in the presence of an electric field. By simulta 
neous it is meant that the sample components present in any 
one of the first plurality of sample Volumes are separated at 
Substantially the same time as the sample components present 
in other of the first plurality of sample volumes. The sample 
components present in different sample Volumes are sepa 
rated in a respective one of a plurality of substantially isolated 
separation channels. To separate sample components present 
in a sample Volume in a separation channel, at least a portion 
of the sample Volume is introduced or injected into the sepa 
ration channel. Preferably, portions of different sample vol 
umes are introduced or injected into different separation 
channels. 
0012. An intensity-time data record from each of the iso 
lated channels is obtained. A migration time of a first peak is 
normalized with respect to a migration time of at least a 
second peak to correct for migration time differences between 
the isolated channels. 
0013 Another embodiment of the present invention com 
prises a method for separating components of a sample, com 
prising obtaining a first separation of the sample components 
into a first plurality of sample components in the absence of 
an applied electric field. A simultaneous second separation of 
each of the first plurality of sample components is obtained in 
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the presence of an applied electric field to thereby form a 
plurality of substantially isolated volumes from each of said 
plurality of sample components. 
0014. A migration time of at least one of the substantially 
isolated Volumes is normalized with respect to a migration 
time of at least a second Substantially isolated Volume to 
correct for migration time differences between the isolated 
Volumes. 
0015. In another embodiment, an intensity of a first sub 
stantially isolated Volume is normalized with respect to an 
intensity of at least a second Substantially isolated Volume to 
correct for intensity differences between the isolated vol 
U.S. 

BRIEF DESCRIPTION OF THE FIGURES 

0016. The present invention is illustrated below in refer 
ence to the following drawings in which: 
0017 FIGS. 1a and 1b show an embodiment of a multidi 
mensional separation apparatus according to the present 
invention; 
0.018 FIG. 2 illustrates the collection of fractions from a 

first separation dimension; 
0.019 FIG. 3 illustrates the construction of a multidimen 
sional separation plot from a first and second separation 
dimension; 
0020 FIG. 4 illustrates the resolution of overlapped 
sample components in a multidimensional separation plot: 
0021 FIGS. 5a and 5b illustrate the collection of varying 
sample fraction volumes according to the invention; 
0022 FIG. 6 is a flow chart illustrating process steps for 
the collection of varying sample fraction Volumes; 
0023 FIG. 7 illustrates the affect of migration time varia 
tion on a two-dimensional separation; 
0024 FIGS. 8a and 8b illustrate the use of reference 
sample peaks to correct migration time variations in two 
dimensional separations according to the invention. 
0025 FIG. 9 is a flow chart illustrating process steps for 
correcting channel-to-channel variations in two-dimensional 
separations according to the inventions; 
0026 FIG. 10 shows a second embodiment of an isoelec 

tric focusing separation as a first separation dimension 
according to the invention; 
0027 FIG. 11 present an embodiment of an array of iso 
lated electrophoresis channels according to the invention; 
0028 FIG. 12 presents a two dimensional separation plot 
according to the invention; 
0029 FIG. 13 shows a subset of electropherograms from 
FIG. 10a; 
0030 FIG. 14a illustrates the increased migration time 
precision achieved according to the present invention; 
0031 FIG. 14b illustrates the increased peak intensity pre 
cision achieved according to the present invention; 
0032 FIG. 15 presents a linearity plot. 

DETAILED DESCRIPTION OF THE INVENTION 

0033. The present invention relates to the use of an array of 
isolated electrophoresis lanes or channels as a dimension in a 
multidimensional separation of Sample components. The 
terms lanes or channels are used synonymously herein and 
refer generally to a structure. Such as a capillary or a channel 
microfabricated in a Substrate, configured to Support the elec 
trophoretic separation of sample components. By isolated it is 
meant that sample components are prevented from migrating 
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into an adjacent lane or channel so that sample components 
from adjacent lanes do not mix. The lanes or channels of the 
present invention define known migration paths that allow the 
migration distance of each sample component to be deter 
mined with greater accuracy and precision than in a slab gel 
format where sample components can travel through unde 
termined, curved paths. 
0034. Because sample components are confined within 
each lane or channel, the components cannot move from one 
lane to an adjacent lane. Thus, lane tracking is not required to 
determine accurate migration times of the sample compo 
nents. In contrast, slab gel electrophoresis requires lane track 
ing because sample components can migrate into adjacent 
lanes of the gel. In 2D gel electrophoresis, however, it is not 
practical to track lanes. Therefore, the protein migration pat 
terns are uncertain in known 2D gel electrophoresis tech 
niques, making these techniques qualitative rather than quan 
titative techniques. 
0035. The array of isolated electrophoresis channels is 
used to separate a plurality of samples that have been Sub 
jected to a first separation. The first separation dimension 
utilizes at least one of a physical or chemical property of the 
sample components to effect at least partial separation 
thereof. Separative techniques that are suitable for the first 
dimension include, but are not limited to, liquid chromatog 
raphy, high pressure liquid chromatography, size exclusion 
chromatography, field flow fractionation, thin layer chroma 
tography, and centrifugation. Preferably, the first separation 
dimension comprises a separative technique that does not 
require the application of an electric field to effect a separa 
tion. Combining a non-electric field based technique with 
electrophoretic separations increases the resolving power of 
the present invention because the sample components are 
separated on the basis of different physical and chemical 
properties along each dimension. 
0036. The output of the first separation dimension is 
divided into a plurality of volumes to provide a set of samples 
for the second separation dimension. Because the sample 
components are at least partially resolved the abundance of at 
least one of the sample components varies between the Vol 
umes. Thus, merely dividing a sample into a plurality of small 
volumes in which the abundance of at least one of the sample 
components does not vary from Volume to Volume would 
typically not constitute an initial separation. 
0037 Preferably, each dimension of the multidimensional 
separation utilizes a different property of the sample compo 
nents to effect a separation. For example, one embodiment of 
the present invention comprises a first separation dimension 
of HPLC and a second dimension utilizing an electrophoretic 
separation technique. Therefore, one of the dimensions, e.g., 
the capillary number, corresponds to the retention time from 
the HPLC dimension and is related to the hydrophobicity of 
the protein molecules. The other dimension, which corre 
sponds to the migration time from the capillary Zone electro 
phoresis dimension, is related to the ratio of the protein charge 
to the protein cross-sectional area. For example, proteins 
having a longer migration time tend to have a more negative 
charge at pH 9.0. Another embodiment of the present inven 
tion, which is discussed below, uses a first separation of 
isoelectrical focusing and a second separation based on pro 
tein size using an array of capillary gel electrophoresis chan 
nels. 

0038 Referring to FIG. 1, the present invention includes 
an electrophoresis system 1 comprising a plurality of chan 
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nels defined by capillaries 2, which are configured into an 
array 4 of channels. In this embodiment, the array of capil 
laries is the array of isolated electrophoresis channels. Suit 
able electrophoresis systems are disclosed in, for example, 
U.S. Pat. No. 5,916,428 to Kane et al. and U.S. Pat. No. 
6,027,627 to Li et al., which are hereby incorporated by 
reference in their entireties. Capillaries 2 are formed of any 
material Suitable for electrophoretic separations, such as 
silica, glass or polymer, as known in the art. Electrophoresis 
system 1 includes a power Supply 10 to generate an electric 
field across capillaries 2. 
0039. A plurality of samples to be separated are disposed 
into respective sample introduction wells 6. First ends 8 of 
capillaries 2 are preferably spaced apart in an array corre 
sponding to sample introduction wells 6. Such as the wells of 
a micro titre tray. Samples provided in wells 8 can be intro 
duced into respective capillaries and Subjected to simulta 
neous separation. Sample component migration begins when 
the electric field is applied to the channels. 
0040. Because different channels of the second dimension 
are Substantially isolated from one another, Samples migrat 
ing within a given channel separate into Substantially isolated 
Volumes. For example, a peak is indicative of the presence of 
a sample component within a Substantially isolated Volume of 
a particular channel. 
0041. A detection system 12 is provided to detect the 
presence of sample components separated in capillaries 2. 
Detection system 12 preferably includes a light Source. Such 
as laser 14 and a detector, such as CCD 16, configured to 
respectively generate and detect fluorescence from sample 
components. The detector is preferably in communication 
with a computer 18, which is configured to process signals 
from the detector to provide an electropherogram 20 from 
each capillary 2. A Suitable detection system is disclosed in, 
for example, U.S. Pat. Nos. 5,998.796 to Liu etal and 6,118, 
127 to Liu et al., both of which are incorporated in their 
entireties by reference. Electropherograms 20 include peaks 
22 indicative of the presence and migration time of each 
sample component. Alternatively, the detection system can be 
configured to determine the absorbance of the sample com 
ponents. In this embodiment, the light Source is preferably a 
lamp. Such as a mercury lamp or deuterium lamp. Using either 
fluorescence or absorbance detection, the present invention 
affords more rapid and sensitive detection than 2D gel elec 
trophoresis techniques, which require pre-detection steps 
Such as staining and destaining. These steps, which are not 
required in the present invention, can introduce significant 
quantization errors. 
0042. The present invention also provides more sensitive 
detection overa wider range of concentration levels than does 
2D gel electrophoresis. For example, CCD cameras have a 
dynamic range of 4 orders of magnitude using a 16 bit camera, 
which far exceeds the one order of magnitude dynamic range 
of densitometers used to detect sample components in 2D gel 
electrophoresis. 
0043. The electrophoretic separation can include any 
separation technique comprising the use of an electric field 
including, but not limited to, capillary Zone electrophoresis, 
isoelectrophoresis, capillary gel electrophoresis, electro 
phoretic chromatography using open or packed channels, 
micellar electrophoresis, and isotachophoresis. Some 
embodiments of electrophoresis. Such as gel electrophoresis, 
require that the channels be filled with a gel, which can be a 
sieving matrix. On the other hand, capillary Zone electro 
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phoresis can be carried out using only a fluid solvent/buffer 
system to fill the channels. The present invention is equally 
adaptable to all such embodiments of electrophoresis. Pre 
ferred sample components to be separated include proteins, 
peptides, DNA, and other biological molecules. 
0044) Referring to FIG. 1, a preferred embodiment of the 
present invention includes a high pressure liquid chromato 
graph (HPLC) 24, which includes an HPLC column 26. 
Samples are introduced to column 26 via an injector 29 at an 
injection port 30 and flow in a suitable solvent through col 
umn 26 toward an output end 32. Volumes of solvent eluting 
from output end 32 are collected into sample wells 6. As 
discussed below, each collected volume of solvent is a frac 
tion. HPLC 24 preferably includes an autosampler 34 config 
ured to position output end 32 relative to sample wells 6 such 
that each sample well receives a respective fraction of the 
total output from output end 32. Computer 18 includes a 
processor configured to determine the Volume of reach frac 
tion and the rate at which different fractions are obtained. In 
one embodiment, the fractions obtained from the first sepa 
ration dimension are arranged in a microtiter tray, preferably 
having a plurality of rows and columns, such as 8x12 or 
16x24. 

0045 HPLC 24 includes a detection system 28 configured 
to detect sample components at detection Zone 44 in column 
26. Detection system 28 preferably includes a light source 36 
and a detector 38. Preferably, detection system 28 is config 
ured to detect at least one of sample component absorbance 
and fluorescence. Alternative detection techniques, such as 
electrochemical detection can also be used. 
0046) Detector 38 is in communication with a computer 18 
configured to process signals from the detector to provide a 
chromatogram 40, which includes peaks 42 indicative of the 
presence and retention time of detected sample components. 
A sample component's retention time is defined as the period 
of time required for the sample component to reach detection 
region 44 after a sample is introduced to column 26. 
0047. The electrophoresis apparatus in FIG. 1b and the 
HPLC apparatus in FIG. 1a can be combined in a modular 
system comprising each apparatus. In this embodiment, it is 
preferred that the system be controlled by a single computer. 
Alternatively, an electrophoresis apparatus and an HPLC 
apparatus could be linked by a robotic sampler configured to 
provide the fractions collected from the first separation to the 
input end of the separation channels of the electrophoretic 
apparatus. Direct coupling of the two apparatuses or robotic 
sampling is not required. Samples can be transferred manu 
ally from the first separation to the second. 
0048. The present invention provides a tremendous reduc 
tion in sampling time gained by the present invention. For 
example, consider collecting fractions from chromatographic 
column 26 into a plurality of sample vials 6. A chromato 
graphic separation generally requires from about 10 to 20 
minutes to accomplish. Subsequently, the fractions in the 
vials 6 are analyzed using electrophoresis separation appara 
tus 1 having 96 capillaries 2. A single initial sample is turned 
into 96 separated sub-samples in a time of about 20-30 min 
utes. The 96 subsamples are analyzed in 1 run using 96 
electrophoretic channels for a total time of about 20 to 30 
minutes. Using a single electrophoretic column would 
require more than about 960 minutes or at least about 50 times 
as long as the array based approach of the present invention. 
0049 FIG. 2 shows a chromatogram 300 having peaks 
310, 316, 318, and 320, which elute at different retention 
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times along retention time axis 302. Each peak is indicative of 
the presence of one or more sample components. Peak 316, 
for example, is formed by the presence of two partially over 
lapping peaks 312 and 314. Successive fractions of eluant, 
each comprising eluant collected over a range of retention 
times, are collected into sample vials or wells 6, preferably 
belonging to the afore-mentioned micro titre tray. A fraction 
324, for example, includes eluant collected from a retention 
time 326 to a later retention time 328. Fraction 324 contains 
contributions from sample components 310, 312, and 314. 
Fraction 325, on the other hand, contains eluant collected 
from retention time 328 to a later retention time 330 and 
fraction327 contains eluant collected from retention time 330 
to a later retention time 332. It should be understood that the 
collection of eluant fractions and formation of a two-dimen 
sional separation plot does not require detecting the partially 
separated sample components in the first separation dimen 
S1O. 

0050 Each fraction collected from the first separation 
dimension provides a sample for separation in a channel of 
the second separation dimension. For example, after chroma 
tography, fractions 324,325, and 327 are analyzed in respec 
tive channels of an electrophoretic separation dimension pro 
viding electropherograms 334, 336, and 338, respectively. 
Each electropherogram includes peaks indicative of the pres 
ence of sample components. The peaks also indicate the 
migration time of the sample components along a migration 
time axis 340. Because fractions 324 and 325 each contain 
contributions from the sample component indicated by peak 
314, electropherograms 334 and 336 each contain a peak 314 
indicating the presence of that component. 
0051. The migration time behavior of components in the 
electrophoretic dimension is different from the retention time 
behavior of components in the chromatographic dimension. 
Therefore, peaks that were overlapped in one dimension can 
generally be resolved in the other dimension. For example, 
electropherograms 334 and 336 include resolved peaks 312 
and 314 that correspond to overlapped peaks 312 and 314 in 
chromatogram 300. 
0052 FIG.3 illustrates how a two-dimensional separation 
plot 350 is constructed upon separating fractions 324, 325, 
and 327 in respective electrophoretic separation channels. A 
plurality of rows 356 along a first axis 352 of separation plot 
350 correspond to individual electropherograms obtained 
from successive fractions collected from the first separation 
dimension. Because each fraction can be related to a corre 
sponding retention from the first separation dimension, each 
row 356 corresponds to a different retention time from the 
first separation dimension. A second axis 354 of separation 
plot 350 corresponds to migration time axis 340. Separation 
plot 350 includes a plurality offeatures 360 that correspond to 
peaks obtained in each electropherogram. 
0053 FIG. 4 shows a separation plot 122 to illustrate that 
the combination of two separation dimensions completely 
resolves sample components even if neither dimension alone 
completely resolves the components. This is because sample 
components that overlap in one of the dimensions will gen 
erally exhibit different migration or retention behavior in the 
other dimension. For example, line 124 shows that a peak 106 
from a chromatogram 100 comprises contributions from 
three overlapped components 126. The three overlapped 
components 126, however, do not overlap in an electrophore 
sis dimension 110 because the three overlapped peaks 126 are 
resolved as peaks 116, 118, and 120. Similarly, peak 116 of 
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electropherogram 111 is composed of two overlapped peaks 
128. In chromatogram 100, however, overlapped peaks 128 
are resolved as a peak 104 and peak 106. 
0054. In some cases it may be desirable to modify the 
sampling rate while collecting the output of the first dimen 
Sion. For example, if one range of retention times is known or 
predicted to contain a large number of partially resolved 
sample components, the sampling rate could be increased to 
enhance the informing power gained by adding the second 
dimension. Alternatively, if a range of retention times is 
known to contain few sample components, the sampling rate 
could be decreased to most efficiently use the second dimen 
S1O. 

0055 Referring to FIG.5a, a chromatogram 400 includes 
a peak 404, which comprises contributions from several 
underlying peaks 406. Underlying peaks are only rarely com 
pletely overlap one another. Therefore, peak 404 is broader 
than a peak 402, which includes contributions from only one 
component peak. The broader width of peak 404 can be 
quantified by arrows 408, which show that the width at one 
half maximum intensity of peak 404 is greater than the width 
at one half maximum intensity of peak 402, shown by arrows 
410. 
0056 Because peak 404 comprises contributions from a 
plurality of sample components, there is an increased prob 
ability that one or more of peaks 406 will also overlap when 
Subjected to separation along the second separation dimen 
Sion. Peaks that overlap one another along both separation 
dimensions cannot be fully resolved into separate compo 
nents. Therefore, in one embodiment of the present invention, 
the detector signal from the first separation dimension is used 
to determine whether overlapping peaks are likely to be 
present. If the possibility of overlapping peaks is indicated, 
the volume of eluant collected into each fraction is reduced. 
This decreases the number of sample components that are 
likely to be present in each fraction, which also decreases the 
probability of overlapping peaks when the fractions are sepa 
rated in the second separation dimension. 
0057 Referring to FIG. 6, computer 18 preferably 
includes a processor, software or code stored in memory that 
is configured to detect 950 the presence of overlapping peaks 
by identifying peaks having a width greater than Surrounding 
peaks. In step 952, the width of the peak is compared to a 
threshold value. For example, the threshold value can be 
based upon the width of the most recent previous peak. Upon 
identifying 958 a peak having a greater width than surround 
ing peaks, computer 18 actuates autosampler 34 to increase 
the rate at which fractions are collected. This can be done by, 
for example, increasing the rate at which Successive sample 
wells 6 are positioned to receive eluant from output end 32. 
Referring to FIG. 5b, autosampler collects successive frac 
tions 414, 416, and 418, each of which has a smaller volume 
than a fraction 412. The increased sampling rate preferably 
continues until sample components contributing to the wide 
detected peak are essentially fully collected infractions. If the 
width of the detected peak does not exceed the threshold, the 
fraction collection rate is maintained in step 956. 
0.058 As discussed above, fractions containing partially 
resolved sample components from the first separation dimen 
sion are subjected to separation in different channels of the 
second separation dimension. Different channels of the sec 
ond separation dimension, however, do not always provide 
identical separation performance. Thus, the same sample 
component will produce different migration times when 
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separated along different channels of the second separation 
dimension. FIG. 7, for example, shows a separation plot 382 
that results when fractions 324,325, and 327 are separated in 
second dimension channels that do not provide identical 
separation performance. Peak 314 appears at a migration 
time 376 in an electropherogram 370 and at a different migra 
tion time 378 in an electropherogram 372. A migration time 
error is shown by arrows 380. The migration time error 380 
also appears in separation plot 382. 
0059. To correct migration time errors, a reference sample 

is added to each fraction to be separated in the second sepa 
ration dimension. In the absence of migration time differ 
ences between channels, each reference peak will exhibit the 
same migration time in different channels. Because migration 
time variations between channels will affect all peaks within 
an electropherogram, the migration time of a reference 
sample peak in an electropherogram can be used to normalize 
the migration times of the other peaks in each electrophero 
gram. Normalization removes channel-to-channel migration 
time variations from the migration time data, allowing the 
migration times of peaks in one channel to be compared to the 
migration times of peaks in a different channel. 
0060 FIG.8a shows electropherograms 371,373, and 375 
that result when fractions 324, 325, and 327 are each sepa 
rated in one of three different electrophoresis channels after a 
reference standard has been added to each fraction. The ref 
erence sample peaks appear as peaks 390, 392, and 394. 
Computer 18 includes software or executable code stored in 
memory that is configured to use the migration times and 
intensities of the reference peaks within each channel to nor 
malize the migration times and peak intensities of the peaks of 
other sample components within the same channel. 
0061 Normalization preferably begins by identifying the 
reference peak within each electropherogram. If more than 
one reference peak is used in a channel, the different reference 
peaks can also be discriminated from one another. For 
example, each reference sample can be arranged to fluoresce 
at a different wavelength from the other samples in a channel. 
Using a two-dimensional detector, the fluorescence from the 
reference sample peaks can be discriminated from the fluo 
rescence of other sample peaks. If more than one reference 
sample is used in each channel, the different reference 
samples are configured to fluoresce at different wavelengths. 
Alternatively, the reference sample peak can be arranged to 
absorb light at wavelengths different from peaks of the other 
sample components. Computer 18 is configured to identify 
each reference peak based upon the detected signal. 
0062. After identifying the reference peakina channel, the 
migration time t of each peak and the migration time t, of 
each reference peak is determined. The migration time is 
preferably defined as the length of time required for a sample 
component to migrate between the sample introduction end 
of the capillary and the detection Zone. For example, to deter 
mine the migration time of reference peak 394, computer 18 
is configured to determine the amount of time 379 between a 
time 381 the electric field is applied to the channels and a time 
383 that reference peak 394 is detected. To determine the 
detection time of a peak, computer 18 preferably determines 
the time corresponding to a maximum intensity 385 of peak 
394. Migration times for other peaks are determined in a 
similar fashion. The normalized migration time for each peak 
is determined by computer 18 as t, t/t. 
0063 Computer 18 is also configured to determine a cor 
rected migration timet of each peak. The corrected migration 
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time uses the average migration time t, determined from 
a plurality of reference samples. Computer 18 identifies the 
reference peaks in the different channels and determines the 
average migration time. Computer 18 then uses the average 
migration time to correct the normalized migration time of 
each peak so that it corresponds to the migration time that 
would have been observed in the absence of channel-to-chan 
nel migration time differences. The corrected migration time 
is preferably determined by taking the product of the normal 
ized migration time t, and the average reference peak migra 
tion time t, or t=t/text, FIG. 8b shows that after 
normalization and correction, reference sample peaks 390, 
392, and 394 are aligned at a migration time 399 along migra 
tion dimension 340, thereby also adjusting the sample peaks 
to a common index. Other peaks in each channel are adjusted 
to migration times that are relative to the reference sample 
peaks. The relative migration times of a sample component 
and a reference sample should be independent of migration 
time variations. Thus, normalized or normalized and cor 
rected migration times from peaks in one channel can be 
compared to those from another channel. 
0064 Normalization and correction of migration time can 
also be performed using a plurality of reference samples 
within each separation channel. Including additional refer 
ence samples allows for normalization and correction of 
channel-to-channel migration time variations that change as a 
function of time rather than remaining constant during a given 
separation. Preferably, the references can be distinguished 
based upon the wavelength of fluorescence of each reference. 
When at least two reference samples are used, computer 18 is 
configured to fit the migration times the reference samples 
within each channel to a linear or quadratic function. Linear 
and quadratic interpolation are used to normalize the migra 
tion times of other peaks within each channel based upon the 
parameters estimated from the linear or quadratic fit. When 
three or more reference samples are used in each channel, 
cubic spline interpolation is preferred. 
0065. A similar normalization process can be used to cor 
rect for variations in sample size and detection efficiency 
between different channels of the second dimension. Each 
fraction to be separated preferably contains the same concen 
tration of added reference sample. Thus, in the absence of 
variations between channels the reference sample peaks will 
have the same intensities. The intensity of a peak is indicative 
of the abundance of the sample component corresponding to 
the peak. Computer 18 is configured to determine the inten 
sity of each peak. Preferably, the intensities are determined by 
integrating the area under each peak. The normalized peak 
intensity of a peak is given by A, A/A, where A is the peak 
intensity and A is the intensity of the reference peak. If two 
or three internal standards are used, the intensities are calcu 
lated with a polynomial function to correct for channel-to 
channel intensity and sampling variations. If more than 3 
internal standards are used, a cubic Spline function is prefer 
ably used to normalize the intensities of peaks in each chan 
nel 
0066. A corrected peak intensity is found by determining 
the product of the normalized peak intensity and an average 
peak intensity A of reference samples in different chan refave 
nels A, Alare?? Are?ave 
0067 Referring to FIG. 9, normalization and correction 
preferably begin with raw data 900 from the isolated separa 
tion channels. Baseline subtraction 902 can be performed to 
remove any drift from the baseline. Sample peaks corre 
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sponding to different fluorescent dyes are preferably decon 
volved 904 using in-situ calibration method to discriminate 
different peaks from one another. Sample references are rec 
ognized or identified 906, preferably on the basis of fluores 
cence wavelength. Migration times are normalized and cor 
rected 908. Intensities are normalized and corrected 910. A 
2D plot can be constructed 912 of the separation data. Data 
from adjacent capillaries is used 914 to determine the total 
intensity of corresponding to each sample component. For 
example, FIG. 8b shows that peaks 314", which correspond to 
the same sample component present in different separation 
channels, appears in channel 371 and 373. To determine the 
total amount of the component corresponding to peaks 314", 
step 914 comprises integrating the intensities of correspond 
ing peaks from different channels. 
0068. The steps for normalizing the peak areas or peak 
migration times can be performed in any order. For example, 
the reference sample peaks can be identified after determin 
ing the peak migration times or peak areas rather than before 
as described above. Preferably, however, the normalization of 
migration time is done prior to that of peak areas. 
0069. The present invention is not limited to two dimen 
sions and can also be used, for example, with a second elec 
trophoresis dimension Such a isoelectric focusing in which 
proteins are resolved on the basis of their isoelectric points or 
charges. Subsequently, the partially resolved proteins could 
be separated on the basis of size in an array of electrophoresis 
channels utilizing SDS-capillary gel electrophoresis. 
0070. In another embodiment of the present invention, the 

first separation dimension comprises isoelectric focusing 
(IEF), in which sample components are separated based on 
the migration of the components in a pH gradient until each 
component reaches its isoelectric point (pl). The pH gradient 
is preferably established by Subjecting an ampholyte Solution 
containing a large number of different-p species to an elec 
tric field, usually in a crosslinked matrix. Analytes added to 
the equilibrated ampholyte-containing medium will migrate 
to their isoelectric points along the pH gradient. Although 
both isoelectric focusing and electrophoresis utilize an elec 
tric field, the two separation methods depend on independent 
properties (net charge and mass) of the sample components. 
Thus, the combination of one technique with the other 
enhances the overall resolving power. 
0071 Referring to FIG. 10, a sample comprising sample 
components 702 is first separated by IEF in a tube or strip gel 
700, which includes a power supply 704 to generate an elec 
tric field across the gel 700. Next, the gel 700 containing the 
separated sample components is divided into fractions 706. 
As described above, each fraction contains contributions 
from varying amounts of the different sample components. 
The sample components present in each fraction are sepa 
rated from the isoelectric focusing gel. Such as by Vortexing 
each fraction with a buffer. If fluorescent detection is to be 
used, the sample components can be derivatized with a fluo 
rescent dye. The sample components from each fraction are 
then placed in sample vials 6 and Subjected to a second 
separation along a separation dimension comprising an array 
of isolated electrophoresis channels, such as shown in FIG. 
1b. As discussed above, a sample reference can be added to 
each fraction to correct the migration time and intensity of the 
peaks resulting from the second separation. 
0072. As an alternative to capillaries, substantially planar 
structures can also be used for the second separation dimen 
sion. FIG. 11 shows an example of a plurality of lanes 1, 
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fabricated in a planar Substrate 4, and containing an array of 
lanes 1 or channels. Each lane includes means, such as a 
power supply 5, to establish an electric field across the lane. 
For clarity, only one lane is shown as being connected to 
power supply 5. It should be understood, however, that an 
electric field is preferably established along each lane. The 
lanes also include a sample reservoir 2 and a waste reservoir 
3. Samples are introduced to a separation lane via sample 
reservoir 2 and, under the influence of the electric field gen 
erated by power supply 5, migrate toward waste reservoir 3. 
0073 Microfabrication techniques known in the art can be 
used to fabricate an array of lanes of lanes or channels in a 
Substrate Such as glass, silicon, or a polymer. Individual lanes 
of an array would be defined, for example, by walls of glass, 
silicon, or polymer to prevent the molecules from migrating 
into adjacent lanes. The lanes could be sealed with a cover 
layer to form a structure Suitable for Supporting electrophore 
sis according to the present invention. 

EXAMPLES 

0074) Multidimensional separations according to the 
present invention are further illustrated in the following non 
limiting examples. 

Example 1 
0075. The following example illustrates the multidimen 
sional separation of protein samples: 
0076 Cytochrome c and myoglobin were dissolved in 50 
mM Tris-C1, pH 8.5. by adding trypsin solution (10 mg/mL) 
with a volume ratio of 20:1. The solution was digested at 37° 
C. for 18 hours. The protein was labeled with FITC (fluores 
cein-isothiocyanate) (5 mM) at 37° C. for 30 minutes. All of 
the chemicals were purchased from Sigma (St. Louise, Mo.). 

HPLC Separation: 
0077. A 100 ul aliquot of the protein mixture was injected 
into an HPLC instrument (LIP-1090, Hewlett Packard, CA) 
having a Vydac ODS C18 HPLC column having an inner 
diameter of 4.6 mm and a length 250 mm, HPLC column. The 
solvent (acetonitrile and TFA) were used at a flow rate of 1 
mL/min. Eluant from the HPLC was fractionally collected 
into a into 96-well microtiter tray with a micro-sample col 
lector from ISCO (Lincoln, NB) at 30 second intervals. 

Capillary Electrophoresis: 

0078. The samples in the 96-well micro-titer tray were 
injected into a HTS-9610 capillary instrument, Spectrume 
dix, State College, Pa., using vacuum injectionata pressure of 
-0.5 psi for 10 sec. The running voltage was 13 kV. The 
96-capillary cartridge had a total length of 52 cm and an 
effective length of 35 cm. The capillaries, from Polymicro 
Technologies Inc. (Tuson, Ariz.), had an ID of 50 um and an 
OD of 150 um. Optical windows in the capillaries were 
burned with hot wire. The CE separation buffer included 20 
mMborate at pH9.0. 
(0079 FIG. 12 shows a 2-dimensional plot 200 showing 
the resulting data. A first axis 202 of 2-dimensional plot 200 
corresponds to the migration time of the sample components 
in the second, electrophoretic dimension. A second axis 204 
corresponds to the number of each capillary in the 96 capil 
lary array. As discussed below, the data in FIG. 12 has been 
time and area normalized in reference to a reference sample 
present in each capillary. 
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0080. The present invention allows more rapid, higher 
resolution separations to be performed than with conven 
tional systems. For example, an HPLC column, the Vydac ci 
8 column from Resolution System (Holland, Mich.) was used 
to separate the protein mixture in 30 minutes. After fraction 
ally collecting the partially resolved protein sample into 
96-wells, i.e., fractions, the samples were injected directly 
into an array of 96 capillaries. The capillary Zone electro 
phoresis separation required a total of about 5 minutes. The 
analysis time required about 1 minute with a 500 Mhz.com 
puter from Dell Computer Corporation. Therefore, the entire 
2D separation can be accomplished in less than one hour. 
0081 FIG. 13 shows a subset of electropherograms 600, 
those taken from capillaries numbered 48 to 54. As discussed 
above, a reference sample was added to each fraction prior to 
the second separation dimension. Each electropherogram 
includes a reference sample peak 602. Because of channel 
to-channel variations, reference sample peaks 602 appear at 
different times along migration time axis 604. 
0082 Table 1 shows improvement in precision obtained 
by using the reference sample normalization technique of the 
present invention. Two dyes (fluorescein and food dye red) 
were analyzed in the 96-capillary array. The concentrations of 
each dye in the 96-sample tray are identical. As shown in 
Table 1, the relative standard deviation of the migration time 
improves by about an order of magnitude when reference 
sample normalization is used. 

TABLE 1. 

RSD of the experiments over five trays of 96-capillary run 

Reference Sample Corrected Sample 

Migration time 1.61% 1.67% O.12% 
Peak area 23.1% 22.0% 6.17% 
Peak height 21.2% 21.2% 13.7% 

0083. The improvement in the precision gained by nor 
malizing the peak area and retention time to the internal 
standard as shown in Table 1 is further illustrated in FIGS. 14a 
and 14b. Ninety-six samples, each comprising two sample 
components and one reference sample component, were 
separated in a 96 capillary array. FIG. 14a shows a plot of the 
migration time of each of the two samples and the reference 
vs the capillary number. The data labeled sample 1, sample 2. 
and standard are the raw data from each capillary. In the 
absence of capillary to capillary variations, the data would be 
identical. The raw data, however, exhibit variations, which, if 
uncorrected, would introduce errors into a two-dimensional 
separation analysis. The data labeled in time 1. n time S, and 
n time 2 correspond to the normalized retention time of the 
first sample, standard, and second sample, respectively. The 
normalized data clearly show the enhanced precision gained 
by normalizing. 
0084 FIG. 14b shows a plot of the peak area of each of the 
two samples and the reference vs the capillary number. The 
data labeled sample 1, Sample 2, and standard are the raw data 
from each capillary. The data labeled n time 1, n time Std. 
and n time 2 show the peak area, which has been normalized 
to the reference peak area as described above. The normalized 
data clearly show the enhanced precision gained by normal 
izing the peak area. 
I0085 FIG. 15 shows a plot of the ratio of the peak area of 
a first dye fluorescein to the peak area of a second dye, red 
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food dye 41, as a function of the concentration ratio of the two 
dyes. The linearity of the plot shows the reference sample 
normalization technique can be used to normalize data over a 
wide range of sample concentrations even when there is a 
great disparity between the concentrations of the sample 
components. The area ratio is the measured peak area ratio of 
fluorescein to the red dye. 
0086. While the above invention has been described with 
reference to certain preferred embodiments, it should be kept 
in mind that the scope of the present invention is not limited 
to these. One skilled in the art may find variations of these 
preferred embodiments which, nevertheless, fall within the 
spirit of the present invention, whose scope is defined by the 
claims set forth below. 

What is claimed: 
1. A method for separating components of a sample, com 

prising: 
obtaining a first separation of the sample components, 

wherein the first separation can be performed in the 
absence of an applied electric field; 

using an electric field to obtain a second separation of the 
sample components within a plurality of Substantially 
isolated channels; 

obtaining an intensity-time data record from each of the 
isolated channels, each of the intensity-time data records 
comprising a first peak and a second peak; and 

normalizing a migration time of at least one of the first 
peaks with respect to an average migration time of a 
plurality of the second peaks to correct for migration 
time differences between the isolated channels. 

2. The method of claim 1, wherein the second peaks cor 
respond to the presence of a reference sample component 
added to the other sample components before the second 
separation of the sample components. 

3. The method of claim 2, wherein the second peaks have a 
different fluorescence spectrum from other sample compo 
nents and the different fluorescence spectrum is detected 
using a two-dimensional detector. 

4. The method of claim 1, wherein normalizing a migration 
time comprises determining a ratio of the migration time of 
the first peaks and the average migration time of the second 
peaks. 

5. A method for separating components of a sample, com 
prising: 

obtaining a first separation of the sample components, 
wherein the first separation can be performed in the 
absence of an applied electric field; 

using an electric field to obtain a second separation of the 
sample components within a plurality of Substantially 
isolated channels; 

obtaining an intensity-time data record from each of the 
isolated channels, each of the intensity-time data records 
comprising a first peak and a second peak; and 

normalizing an intensity of at least one of the first peaks 
with respect to an average intensity of a plurality of the 
second peaks to correct for intensity differences 
between the isolated channels. 

6. The method of claim 5, wherein the second peaks cor 
respond to the presence of a reference sample component 
added to the other sample components before the second 
separation of the sample components. 

7. The method of claim 6, wherein the second peaks have a 
different fluorescence spectrum from other sample compo 
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nents and the different fluorescence spectrum is detected 
using a two-dimensional detector. 

8. The method of claim 5, wherein normalizing an intensity 
comprises determining a ratio of the intensity of the first peak 
and the average intensities of the second peaks. 

9. The method of claim 5, wherein the peak intensity is a 
peak area. 

10. A system for separating components of a sample, com 
prising: 

a first separation device for obtaining a first separation of 
the sample components, wherein the first separation can 
be performed in the absence of an applied electric field; 

a second separation device for electrophoretically separat 
ing the sample components separated by the first sepa 
ration device, the second separation device comprising a 
plurality of Substantially isolated separation channels; 

a detection system to detect sample components within the 
Substantially isolated separation channels and output 
detector signals indicative of the presence of the 
detected sample components; and 

a processor configured to receive the detector signals, 
determine a respective migration time of the detected 
sample components and normalize a migration time of a 
first sample component within at least one of the sepa 
ration channels with respect to an average migration 
time of each of a plurality of respective reference sample 
components, the respective reference sample compo 
nents having been separated along different ones of the 
Substantially isolated separation channels to adjust for 
migration time differences between the isolated chan 
nels. 

11. The system of claim 10, wherein the presence of the 
second sample components are indicated by peaks, each peak 
having a fluorescence spectrum different from other sample 
components and the detector comprises a two dimensional 
detector configured to detect the different fluorescence spec 
tra. 

12. The system of claim 10, further comprising an 
autosampler to collect fractions of eluant from the first sepa 
ration device. 

13. The system of claim 12, wherein the processor is fur 
ther configured to increase a rate of fraction collection at a 
predetermined time. 

14. The system of claim 13, wherein the time for increasing 
the rate of fraction follows detection of a peak having a peak 
width that exceeds a threshold. 

15. The system of claim 10, wherein the isolated separation 
channels comprises a Substrate defining a plurality of chan 
nels therein. 

16. A system for separating components of a sample, com 
prising: 

a first separation device for obtaining a first separation of 
the sample components, wherein the first separation can 
be performed in the absence of an applied electric field; 

an electrophoresis device for obtaining a second separation 
of the sample components within a plurality of Substan 
tially isolated channels; a detector configured to obtain 
ing an intensity-time data record from each of the iso 
lated channels, each of the intensity-time data records 
containing a first peak and a second peak; and 

a processor configured to normalize an intensity of at least 
one of the first peaks with respect to an average intensity 
of a plurality of the second peaks to correct for intensity 
differences between the isolated channels. 
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17. A method for separating components of a sample, com 
prising: 

obtaining a first separation of the sample components, 
wherein the sample components are at least partially 
resolved on the basis of an isoelectric point of each 
component; 

using an electric field to obtain a second separation of the 
sample components within a plurality of Substantially 
isolated channels; 

obtaining an intensity-time data record from each of the 
isolated channels, each of the intensity-time data records 
comprising a first peak and a second peak; and 

normalizing a migration time of at least one of the first 
peaks with respect to an average migration time of a 
plurality of the second peaks to correct for migration 
time differences between the isolated channels. 

18. A method for separating components of a sample, com 
prising: 

obtaining a first separation of the sample components into 
a first plurality of sample Volumes in the absence of an 
applied electric field; 

obtaining an electrophoretic separation of sample compo 
nents present in each of the first plurality of sample 
Volumes, wherein sample components present in differ 
ent sample Volumes are separated simultaneously along 
a respective one of a plurality of substantially isolated 
separation channels; 

obtaining an intensity-time data record from each of the 
isolated channels, each of the intensity-time data records 
comprising a first peak and a second peak; and 

normalizing a migration time of at least one of the first 
peaks with respect to an average migration time of a 
plurality of the second peaks to correct for migration 
time differences between the isolated channels. 

19. A method for separating components of a sample, com 
prising: 

obtaining a first separation of the sample components into 
a first plurality of sample Volumes in the absence of an 
applied electric field, at least some of the first plurality of 
sample Volumes comprising at least partially separated 
sample components; 

obtaining an electrophoretic separation of the at least par 
tially separated sample components of the first plurality 
of sample volumes to thereby form a plurality of sub 
stantially isolated volumes from each of said first plu 
rality of sample Volumes, the electrophoretic separation 
of respective first sample Volumes being simultaneous; 

normalizing a migration time of at least one of the Substan 
tially isolated Volumes with respect to an average migra 
tion time of a plurality of other of the substantially 
isolated volumes to correct for migration time differ 
ences between the isolated volumes. 

20. The method of claim 19, wherein the migration time of 
the other of the substantially isolated volumes correspond to 
a migration time of peaks indicative of the presence of a 
reference sample component added to the first plurality of 
sample Volumes. 

21. The method of claim 20, wherein the reference sample 
component has a different fluorescence spectrum from other 
sample components and the different fluorescence spectrum 
is detected using a two-dimensional detector. 

22. The method of claim 21, wherein normalizing a migra 
tion time comprises determining a ratio of the migration time 
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of the first substantially isolated volume and the average 
migration time of the peaks of the reference sample compo 
nent. 

23. The method of claim 19, wherein a plurality of refer 
ence samples are added to each of the first plurality of sample 
Volumes and normalizing a migration time comprises fitting a 
migration time of each reference sample to a polynomial 
function. 

24. A method for separating components of a sample, com 
prising: 

obtaining a first separation of the sample components into 
a first plurality of sample Volumes in the absence of an 
applied electric field, at least some of the first plurality of 
sample Volumes comprising at least partially separated 
sample components; 

obtaining an electrophoretic separation of the first plurality 
of sample volumes to thereby form a plurality of sub 
stantially isolated volumes from each of said plurality of 
sample Volumes, the electrophoretic separation of 
respective first sample Volumes being simultaneous; and 

normalizing an intensity of at least one of the Substantially 
isolated Volumes with respect to an average intensity of 
other of the substantially isolated volumes to correct for 
intensity differences between the isolated volumes. 

25. A system for separating components of a sample, com 
prising: 

a first separation device for obtaining a first separation of 
the sample components into a first plurality of sample 
volumes, wherein the first separation can be performed 
in the absence of an applied electric field, at least some 
of the first plurality of sample Volumes comprising at 
least partially separated sample components; 

a second separation device for electrophoretically separat 
ing each of the sample components, the second separa 
tion component comprising a plurality of Substantially 
isolated separation channels; 

an autosampler to collect the first plurality of sample Vol 
umes from the first separation device; and 
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a processor configured to normalize a migration time of a 
first sample component within at least one of the sepa 
ration channels with respect to a migration time of at 
least one reference component, to adjust for migration 
time differences between the isolated channels. 

26. A separation method, comprising: 
chromatographically separating a sample into a plurality of 

fractions, wherein the step of chromatographically sepa 
rating can be performed in the absence of an electric field 
applied to the sample: 

electrophoretically separating eachfraction along a respec 
tive capillary, and presence of a reference standard; 
obtaining an intensity-time data record from each of the 
capillaries, each of the intensity-time data records com 
prising a first peak and a reference standard peak, the 
reference standard peak indicative of the presence of the 
reference standard of the separation land in the capillary; 
and 

correcting a migration time of the first peak of the intensity 
time data record from at least a first one of the capillaries 
for migration time variations between the capillaries 
based upon a migration time of the reference standard 
peak of the intensity-time data record from at least one of 
the other capillaries. 

27. The separations method of claim 26, wherein correct 
ing comprises normalizing the migration time of the first peak 
of the intensity-time data record from at least the first one of 
the capillaries with respect to the migration time of the refer 
ence standard peak of the intensity-time data record from the 
at least one of the other capillaries. 

28. The separations method of claim 26, comprising auto 
matically collecting each fraction from the chromatographic 
separation. 

29. The separations method of claim 26, comprising com 
bining each fraction with an identical reference standard. 

c c c c c 


