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(57) ABSTRACT 

A method of characterizing a polypeptide, comprising pro 
viding a ?rst capillary channel having a separation buffer 
disposed Within, Wherein the separation buffer comprises a 
non-crosslinked polymer solution, a buffering agent, a deter 
gent, and a lipophilic dye. The separation buffer is provided 
such that, at the time of detection, the detergent concentra 
tion in the buffer is not above the critical micelle concen 
tration. The polypeptide is introduced into one end of the 
capillary channel. An electric ?eld is applied across a length 
of the capillary channel, Which transports polypeptides of 
different siZes through the polymer solution at different 
rates. The polypeptide is then detected as it passes a point 
along the length of the capillary channel. 
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METHODS, DEVICES AND SYSTEMS FOR 
CHARACTERIZING PROTEINS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a division of US. patent appli 
cation Ser. No. 09/496,849, ?led Feb. 2, 2000, Which is a 
continuation-in-part of US. patent application Ser. No. 
09/243,149, ?led Feb. 2, 1999, the full disclosure of Which 
is hereby incorporated herein by reference in its entirety for 
all purposes. 

BACKGROUND OF THE INVENTION 

[0002] The characteriZation of biological compounds is an 
inherent necessity of any endeavor that seeks to understand 
life, the processes that sustain life, and the events and 
elements that affect those processes. Typically, the under 
standing of life’s processes, and efforts at their control, 
focuses ?rst at the basic building blocks of life, namely the 
macromolecular compounds and complexes that differenti 
ate living organisms from mere lifeless primordial ooZe. Of 
particular interest in the understanding and control of life 
processes are the nucleic acids and the proteins they encode. 

[0003] In the case of proteins, many characteriZation 
methods have remained largely unchanged for decades. For 
example, current protein characteriZation methods typically 
rely, at least in part, upon sodium dodecylsulfate polyacry 
lamide gel electrophoresis, or SDS-PAGE, to characteriZe 
proteins by their relative molecular Weights. These methods 
employ a slab or sheet of cross-linked polyacrylamide. 
Proteins to be separated and characteriZed are mixed With a 
detergent buffer (SDS) and are placed at one edge of the 
slab, typically in a Well. An electric ?eld is applied across the 
slab, draWing the highly charged detergent micelle contain 
ing the proteins through the gel. Larger proteins move 
through the slab gel more sloWly than the smaller proteins, 
thereby separating out from the greater micelle. After the 
separation, the gel is contacted With a stain, typically “coo 
massie blue” or a silver complexing agent, Which binds to 
the different proteins in the gel. In the case of coomassie blue 
stained gels, the slab gel must be destained to remove the 
excess stain. These processes result in a ladder of different 
proteins in the slab gel, separated by siZe. Silver staining 
methods are similarly time consuming, and generally yield 
qualitatively, although non-quantitatively stained gels. 
Improvements to these processes have produced smaller gels 
that are faster to run, gels that are purchased “ready-to-use,” 
and alternate staining processes. HoWever, the basic SDS 
PAGE process has remained largely unchanged as a method 
of protein characteriZation. 

[0004] A number of attempts have been made to apply 
advances made in other areas to protein characteriZation. For 
example, capillary electrophoresis methods, Which have 
proven successful in the analysis of nucleic acids have been 
attempted in the characteriZation of proteins. While these 
methods have proven capable at separating proteins, differ 
ences in available labeling chemistries, as Well as funda 
mental structural and chemical differences betWeen proteins 
and nucleic acids have created substantial barriers to the 
Wide spread use of CE methods in protein characteriZation. 
In particular, detection of separated proteins traveling 
through a capillary has typically required the covalent 
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attachment of a labeling group to all of the proteins, using 
relatively complex chemistry. Further, the presence of SDS 
in protein separations, Which ensures siZe based separations, 
creates further dif?culties in both labeling and separation 
Within capillary systems. 

[0005] It Would be desirable to provide methods, devices, 
systems and kits for characteriZing proteins and polypep 
tides, Which Would have enhanced throughput, sensitivity 
and loWer space, time and reagent requirements. The present 
invention meets these and a variety of other needs. 

SUMMARY OF THE INVENTION 

[0006] In one aspect, the present invention provides meth 
ods of performing an analytical operation on a ?uid ?rst 
sample material. The methods typically comprise providing 
a micro?uidic device that has a body having at least a ?rst 
channel disposed therein. The ?rst channel comprises ?rst 
and second channel segments, Where the ?rst channel seg 
ment comprises a ?rst ?uid environment compatible With the 
performance of a ?rst operation. The ?rst sample material is 
?oWed through the ?rst channel segment to perform the ?rst 
operation. It is then ?oWed from the ?rst channel segment 
into the second channel segment. A ?rst diluent is ?oWed 
into the second channel segment, Whereby the diluent pro 
duces a second ?uid environment Within the second channel 
segment, the second environment being more compatible 
than the ?rst environment With the second operation. 

[0007] In a related aspect, the invention provides devices 
for performing analytical operations on sample materials. 
The devices generally comprise a body structure having a 
?rst channel segment disposed Within an interior portion of 
the body, the ?rst channel segment containing a ?rst envi 
ronment. The device also includes a second channel segment 
disposed in the body and ?uidly connected to the ?rst 
channel segment. At least a ?rst diluent source is also 
provided ?uidly coupled to the second channel segment. The 
devices also typically include a How controller operably 
coupled to the ?rst diluent source for delivering the ?rst 
diluent into the second channel segment to provide a second 
environment Within the second channel segment. 

[0008] In another aspect, the present invention provides a 
method of characteriZing a polypeptide, comprising provid 
ing a ?rst capillary channel having a separation buffer 
disposed Within. The separation buffer comprises a polymer 
matrix, a buffering agent, a detergent, and a lipophilic dye. 
The polypeptide is introduced into one end of the capillary 
channel. An electric ?eld is applied across a length of the 
capillary channel Which transports polypeptides of different 
siZes through the polymer matrix at different rates. The 
polypeptide is then detected as it passes a point along the 
length of the capillary channel. 

[0009] Another aspect of the present invention is a device 
for separating polypeptides. The device is comprised of a 
body structure having at least a ?rst capillary channel 
containing separation buffer Within. The separation buffer is 
comprised of a polymer matrix, a buffering agent, a deter 
gent, and a lipophilic dye capable of binding to the polypep 
tide or polypeptides. Aport disposed in the body structure is 
in ?uid communication With the ?rst capillary channel in 
order to introduce polypeptides into the ?rst capillary chan 
nel. 
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[0010] A further aspect of the present invention is a kit for 
use in characterizing a polypeptide. The kit is comprised of 
a micro?uidic device hat comprises the elements of the 
devices described above. The separation buffer is comprised 
of a polymer matrix, a buffering agent, and a lipophilic dye. 
Each packaging contains the body structure, the separation 
buffer, and the lipophilic dye. 

[0011] Another aspect of the present invention is a system 
for characteriZing a polypeptide. The system includes a body 
structure having at least a ?rst capillary channel containing 
a separation buffer disposed therein. The separation buffer is 
comprised of a polymer matriX, a buffering agent, a deter 
gent, and a lipophilic dye. An electrical poWer source is 
operably coupled to opposite ends of the ?rst capillary 
channel in order to apply an electric ?eld across a length of 
the capillary channel. A detector is disposed in sensory 
communication With the capillary channel at a ?rst point to 
detect the polypeptide as it passes the ?rst point. 

BRIEF DESCRIPTION OF THE FIGURES 

[0012] FIG. 1 illustrates a micro?uidic device for use in 
conjunction With the present invention. 

[0013] FIG. 2 illustrates an overall system for use in 
characteriZing polypeptides according to the present inven 
tion. 

[0014] FIG. 3 illustrates a plot of ?uorescence intensity 
versus detergent concentration for determining the critical 
micellar concentration of the detergent in the given buffer. 

[0015] FIG. 4 illustrates a chromatogram of a protein 
separation performed in a micro?uidic device using the 
methods of the invention. The chromatogram is displayed as 
an emulated gel, shoWing 12 separate separations, each as a 
separate lane of the emulated gel. 

[0016] FIG. 5 is a plot of the log of the molecular Weight 
of the standard proteins, separated as shoWn in FIG. 4, 
versus migration time. 

[0017] FIG. 6 is a chromatogram of molecular Weight 
standards shoWing the detergent-dye front peak. 

[0018] FIG. 7 is a schematic illustration of a micro?uidic 
device for performing a post separation treatment in accor 
dance With the methods described herein. 

[0019] FIG. 8 (A-D) shoWs plots of separation data illus 
trating the effects of post separation dilution. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0020] 
[0021] A. Generally 

[0022] The present invention provides methods, devices, 
systems and kits for use in characteriZing polypeptides, 
proteins and fragments thereof (collectively referred to 
herein as “polypeptides”). The methods, devices, systems 
and kits of the invention are particularly useful in charac 
teriZing polypeptides by their molecular Weight through 
electrophoretic migration of the polypeptides through a 
polymer separation matriX that is contained Within a capil 
lary channel, also referred to in general terms as “capillary 
electrophoresis.” 

I. Methods, Devices and Reagents 
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[0023] As noted previously, attempts have been made to 
separate proteins and polypeptides using capillary electro 
phoresis methods. Because capillary electrophoresis uses a 
closed system, e.g., a capillary, labeling of the proteins has 
typically been carried out prior to the separation. This has 
generally taken the form of covalent attachment of labeling 
groups to all of the proteins in the miXture to be separated. 
Once separated, the label upon each protein can then be 
detected. Covalent labeling techniques often involve com 
pleX chemistries, and at the very least, require additional 
steps in advance of separating the proteins. Additionally, 
labels are generally relatively large structures Which may 
adversely affect the determination of a protein’s molecular 
Weight. While some have attempted to use non-covalent, 
associative dyes, such attempts have generally provided less 
than acceptable results. 

[0024] In accordance With at least a ?rst aspect of the 
present invention, hoWever, methods are provided for char 
acteriZing and/or separating proteins by capillary electro 
phoretic methods, Which are rapid, reproducible, and do not 
involve compleX sample preparation steps prior to perform 
ing the separation. In particular, the methods of the present 
invention provide a ?rst capillary channel that includes a 
separation buffer disposed therein, Where the separation 
buffer includes a polymer matrix, a buffering agent, a 
detergent and a lipophilic dye. In accordance With preferred 
aspects of the invention, the detergent and buffering agent 
are present Within the separation buffer at concentrations 
that are at or beloW the critical micelle concentration 

(“CMC”). By maintaining the detergent and buffer concen 
trations at or beloW the CMC, adverse effects, such as dye 
binding to detergent micelles can be minimiZed. Without 
being bound to a particular theory of operation, it is believed 
that dye binding to detergent micelles Within a capillary 
system in previously described systems, has resulted in 
substantial background signal and has yielded signal irregu 
larities during a separation, e.g., bumps and dips in a signal 
baseline. The methods of the present invention, on the other 
hand, carefully control the various components of the sys 
tem to avoid or at least minimiZe these adverse effects. In 
particularly preferred aspects, the buffer and detergent are 
provided at a level at or beloW the CMC at least at the point 
at Which the separated components of the operation are to be 
detected, thereby avoiding the dye binding to the micelles 
that gives higher background signals. This can be a result of 
the overall system being maintained and/or run at levels 
beloW the CMC, e.g., buffer and detergent concentrations, or 
it can be a result of an in situ treatment of the sample, buffer, 
detergent ?uids, e.g., dilution, reagent addition or other 
solution modi?cation, Which reduces the separation buffer in 
the detected portion of the system to a level beloW the CMC. 

[0025] In practice, the protein or polypeptide sample that 
is to be analyZed and or characteriZed, is typically pretreated 
to denature the protein and provide adequate coating of the 
protein by the detergent, as Well as provide adequate label 
ing of the coated proteins in the sample. 

[0026] The protein or polypeptide that is to be character 
iZed (or miXture of polypeptides that are to be separated) are 
then introduced into the capillary channel, typically at one 
end of a channel segment. By applying an electric ?eld 
across the length of the capillary channel, polypeptides of 
different siZe Will migrate through the polymer solution at 
different rates. The polypeptides, Which are coated in deter 
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gent that has a substantial charge associated With it, Will 
migrate in one direction through the capillary channel. 
Polypeptides of different molecular Weights, hoWever, Will 
migrate through the polymer solution at different rates, and 
Will be separated out. While traveling through the separation 
buffer in the channel, the polypeptides Will pick up the 
lipophilic dye that is present Within the separation buffer, as 
Well as bringing any associated dye Which Was optionally 
included With the sample, e.g., during sample pretreatment, 
dilution or the like. 

[0027] In the context of the separation, once separated 
from each other, the polypeptides, Which at this point have 
a level of an associative lipophilic dye associated With them, 
can be detected by virtue of that dye, at a point in the 
capillary channel doWnstream of the point at Which they 
Were introduced. 

[0028] B. Sample Pretreatment 

[0029] As noted above, prior to their characteriZation, 
protein or polypeptide containing samples are typically 
pretreated With an appropriate detergent containing buffer. In 
particularly preferred aspects, the polypeptide sample mix 
ture is pretreated in a buffer that comprises the same 
buffering agent as the separation buffer and the same deter 
gent that is used in the separation buffer, in order to ensure 
denaturation of the protein prior to its separation. Denatur 
ation of the protein ensures a linear molecule during sepa 
ration, so that the separation pro?le of a protein is more 
closely related to its molecular Weight, regardless of Whether 
the native protein is globular, linear, ?lamentous, or has 
some other conformation. Pretreatment is typically carried 
out in the presence of detergent at a concentration that is 
greater than the protein concentration of the sample (W/v), 
and preferably greater than about 1.4>< of the protein con 
centration (W/v) in the sample. 

[0030] In order to avoid interfering effects of detergent 
bound dye, it is often desirable to perform sample pretreat 
ment in a detergent concentration that is less than or approxi 
mately equal to the concentration of detergent in the running 
buffer, from about 0.05>< to about 3x, of the detergent 
concentration of the running buffer. 

[0031] In preferred aspects, the concentration of SDS in 
the pretreatment buffer is less than that used in the running 
buffer. Thus, the sample pretreatment is typically carried out 
in the presence of a detergent concentration of betWeen 
about 0.05% and 2%, preferably, betWeen about 0.05% and 
about 1% and more preferably, less than about 0.5%. If the 
sample material is then diluted in the loaded sample, e.g., 
from about a 1:2 to about a 1:20 dilution, this results in a 
detergent level in the loaded sample of betWeen about 
0.0025% to about 1% detergent, preferably, from about 
0.0025 % to 0.5%, and again, more preferably less than about 
0.5%. 

[0032] These levels are in contrast to conventional SDS 
PAGE separations Where samples are pretreated in detergent 
concentrations that can be upWards of 5 to 20 times that of 
the separation buffer. In particular, sample pretreatment for 
typical SDS-PAGE methods is generally carried out in 
loading buffers that have detergent, e.g., SDS, concentra 
tions of 2% or greater (See, e.g., US. Pat. No. 5,616,502) in 
50 mM buffer, While the running buffer contains only 0.1% 
detergent. Use of these relatively high detergent levels in the 
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loading buffer as compared to the running buffer When used 
in capillary systems as described herein hoWever, gives rise 
to a much larger interfering detergent front that tends to 
co-elute With polypeptides having molecular Weights in a 
desirable range. For example, FIG. 6 shoWs a chromato 
gram of a set of molecular Weight standards (see Examples 
section, beloW). In the example shoWn, the peak associated 
With the detergent front eluted at approximately 43 seconds, 
Which Would correspond to the elution time for proteins or 
polypeptides having molecular Weights in the range of 60 to 
70 kD, an important molecular Weight range in protein 
analyses. 
[0033] By reducing the concentration of detergent in the 
sample pretreatment step, any interfering peak is also 
reduced. This has proven effective despite the previously 
held belief in the art that sample pretreatment required high 
levels of detergent, e.g., 2% or higher. Further, controlling 
the ionic strength and detergent concentration of the sample 
pretreatment and separation buffers in accordance With the 
parameters set forth herein, alloWs one to someWhat control 
the elution pro?le of the detergent front, e.g., causing its 
elution before or after the polypeptides that are to be 
characteriZed. 

[0034] Also in preferred aspects, the detergent used in 
pretreatment is the same detergent used in the separation 
buffer, e.g., SDS. Generally, pretreatment conditions can be 
varied depending upon the conditions of the overall sepa 
ration, e.g., the nature of the proteins to be separated, the 
medium in Which the samples are disposed, e.g., buffer and 
salt concentrations, and the like, as described for the sepa 
ration buffers, beloW. In particular, SDS and salt concentra 
tions may be varied, e.g., Within the parameters set forth 
herein, so as to optimiZe for a given separation. 

[0035] B. Separation Buffers 

[0036] In accordance With the present invention, a sepa 
ration buffer is used in carrying out the methods described 
herein, Which buffer comprises a polymer matrix, a buffering 
agent, a detergent and a lipophilic dye. Avariety of polymer 
matrices can be used in accordance With the present inven 
tion, including cross-linked and/or gellable polymers. HoW 
ever, in preferred aspects, non-crosslinked polymer solu 
tions are used as the polymer matrix. Non-crosslinked 
polymer solutions that are suitable for use in the presently 
described methods have been previously described for use in 
separation of nucleic acids by capillary electrophoresis, see 
e.g., US. Pat. Nos. 5,264,101, 5,552,028, 5,567,292, and 
5,948,227, each of Which is hereby incorporated herein by 
reference. Such non-crosslinked or “linear” polymers pro 
vide advantages of ease of use over crosslinked or gelled 
polymers. In particular, such polymer solutions, because of 
their liquid nature, are more easily introduced into capillary 
channels and are ready to be used, Whereas gelled polymers 
typically require a cross-linking reaction to occur While the 
polymer is Within the capillary. 

[0037] Generally, the most commonly utiliZed non 
crosslinked polymer solution comprises a polyacrylamide 
polymer, Which preferably is a polydimethylacrylamide 
polymer solution Which may be neutral, positively charged 
or negatively charged. In particularly preferred aspects, a 
negatively charged polydimethylacrylamide polymer is 
used, e.g., polydimethylacrylamide-co-acrylic acid (See, 
e.g., US. Pat. No. 5,948,227). Surprisingly, the use of 
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polydimethylacrylamide polymer solutions does not result 
in any smearing of the proteins/polypeptides that are being 
separated in a capillary system. Without being bound to a 
particular theory of operation, it is believed that the polymer 
solutions have a dual function in the systems described 
herein. The ?rst function is to provide a matrix, Which 
retards the mobility of larger species moving through it 
relative to smaller species. The second function of these 
polymer solutions is to reduce or eliminate electroosmotic 
How of the materials Within a capillary channel. It is 
believed that the polymer solutions do this by adsorbing to 
the capillary surface, thereby blocking the sheath ?oW, 
Which characteriZes electroosmotic ?oW. 

[0038] Typically, the non-crosslinked polymer is present 
Within the separation buffer at a concentration of betWeen 
about 0.01% and about 30% (W/v). Of course different 
polymer concentrations may be used depending upon the 
type of separation that is to be performed, e.g., the nature 
and/or siZe of the polypeptides to be characteriZed, the siZe 
of the capillary channel in Which the separation is being 
carried out, and the like. In preferred aspects, for separation 
of most polypeptides, the polymer is present in the separa 
tion buffer at a concentration of from about 0.01% to about 
20% and more preferably, betWeen about 0.01% and about 
10%. 

[0039] The average molecular Weight of the polymer 
Within the polymer solutions may vary someWhat depending 
upon the application for Which the polymer solution is 
desired. For example, applications that require higher reso 
lution may utiliZe higher molecular Weight polymer solu 
tions, While less stringent applications can utiliZe loWer 
molecular Weight polymer solutions. Typically, the polymer 
solutions used in accordance With the present invention have 
an average molecular Weight in the range of from about 1 kD 
to about 6,000 kD, preferably betWeen about 1 kD and about 
1000 kD, and more preferably, betWeen about 100 kD and 
about 1000 kD. 

[0040] In addition to the percent charge and molecular 
Weights described above, the polymers used in accordance 
With the present invention are also characteriZed by their 
viscosity. In particular, the polymer components of the 
system described herein typically have a solution viscosity 
as used Within the capillary channel, in the range of from 
about 2 to about 1000 centipoise, preferably, from about 2 to 
about 200 centipoise and more preferably, from about 5 to 
about 100 centipoise. 

[0041] In addition to incorporation of a non-crosslinked 
polymer solution, the separation buffers used in practicing 
the present invention also comprise a buffering agent, a 
detergent, and a lipophilic dye. 

[0042] As noted previously, polypeptides typically vary a 
great deal in their physicochemical properties, and particu 
larly in their charge to mass ratios, depending upon their 
amino acid composition. As such, different polypeptides Will 
generally have different electrophoretic mobilities under an 
applied electric ?eld. As such, electrophoretic separation of 
proteins and other polypeptides typically utiliZes a detergent 
Within the running buffer, in order to ensure that all of the 
proteins/polypeptides migrate in the same direction under 
the electric ?eld. For example, in typical protein separations, 
e.g., SDS-PAGE, a detergent (sodium dodecylsulfate or 
SDS) is included in the sample buffer. The proteins/polypep 
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tides in the sample are coated by the detergent Which to 
provide the various proteins/polypeptides With a substantial 
negative charge. The negatively charged proteins/polypep 
tides then migrate toWard the cathode under an electric 
current. In the presence of a sieving matrix, hoWever, larger 
proteins Will move more sloWly than smaller proteins, 
thereby alloWing for their separation. 

[0043] In accordance With certain aspects of the invention, 
each of the detergent, buffering agent and dye components 
of the separation buffer is selected and provided at a con 
centration so as to minimize any adverse interactions among 
them, Which interactions can interfere With the separation 
and characteriZation of proteins or polypeptides, e. g., reduce 
separation ef?ciency, signal sensitivity, production of aber 
rant signals, or the like. In particular, the buffering agent and 
detergent are typically provided at concentrations Which 
optimiZe separation ef?ciencies of polypeptides, but Which 
minimiZe background signal, and baseline signal irregulari 
ties. As noted previously, it has been observed that dye 
binding to detergent micelles produces a substantial level of 
background signal during capillary separations, as Well as 
giving rise to various baseline irregularities, e. g., bumps and 
dips. 

[0044] Accordingly, in a ?rst aspect, polypeptide separa 
tion and/or characterization is accomplished by providing 
the buffering agent and the detergent at concentrations 
Which are beloW the point at Which the detergent begins to 
form excessive independent micelles, to Which dye may 
bind, Within the buffer solution. Typically, the concentration 
at Which micelles begin to form is termed the critical micelle 
concentration (“CMC”). Restated, the CMC is the highest 
monomeric detergent concentration obtainable and thus, the 
highest detergent potential obtainable. Helenius et al., Meth 
ods in EnZymol. 56(63):734-749 (1979). 

[0045] The CMC of a detergent solution decreases With 
increasing siZe of the apolar moiety (or hydrocarbon tail), 
and to a lesser extent, With the decreasing siZe and polarity 
of the polar groups. Helenius et al., supra. Thus, Whether a 
detergent solution is above or beloW its CMC is determined 
not only by the concentration of the detergent, but also by 
the concentration of other components of the solution Which 
can have an effect on the CMC, namely the buffering agent 
and ionic strength of the overall solution. Accordingly, in the 
methods, systems and devices of the present invention, the 
separation buffer is provided With a detergent concentration 
and a concentration of buffering agent, such that the sepa 
ration buffer is maintained at or beloW the CMC. 

[0046] A number of methods can be used to determine 
Whether a buffer is beloW its CMC. For example, Rui et al., 
Anal. Biochem. 152:250-255 (1986) describes the use of a 
?uorescent N-phenyl-1-naphthylamine dye to determine the 
CMC of detergent solutions. In the context of the separation 
buffers described herein, the detergent is typically provided 
at a concentration that is at or beloW the CMC for the 
separation buffer. In particularly preferred aspects, the deter 
gent concentration is at or just beloW the CMC for the buffer. 
Determination of optimal concentration of detergent may be 
determined experimentally. In particular, using the lipophilic 
dyes described herein, one can measure the relative micelle 
concentration in a detergent solution by measuring the 
?uorescence of the solution as a function of detergent 
concentration. For example, FIG. 3 illustrates a plot of 
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?uorescent intensity of SDS solutions containing 10 pM of 
a ?uorescent lipophilic dye (Syto 61, Molecular Probes Inc.) 
as a function of SDS concentration. The critical micellar 
concentration is indicated by the steep increase in the 
?uorescent intensity, indicated as point A. In accordance 
With the present invention, therefore, Where it is indicated 
that the detergent concentration is at or beloW the CMC, it 
is understood that the detergent concentration Will be a 
concentration that falls either on or beloW the steep portion 
of a plot like that shoWn, and particularly, beloW the point on 
the curve indicated as point B, and preferably, Within or 
beloW the region marked as point A. 

[0047] As noted, the CMC of a detergent varies from one 
detergent to another, and also varies With the ionic strength 
of the buffer in Which the detergent is disposed. In typical 
separation operations and buffers, the detergent concentra 
tion in the separation buffer is provided at a concentration 
above about 0.01% (W/v), but loWer than about 0.5%, While 
the buffering agent is typically provided at a concentration 
of from about 10 mM to about 500 mM, provided that the 
buffer is maintained at or beloW the CMC. 

[0048] Detergents incorporated into the separation buffer 
can be selected from any of a number of detergents that have 
been described for use in electrophoretic separations. Typi 
cally, anionic detergents are used. Alkyl sulfate and alkyl 
sulfonate detergents are generally preferred, such as sodium 
octadecylsulfate, sodium dodecylsulfate (SDS) and sodium 
decylsulfate. In particularly preferred aspects, the detergent 
comprises SDS. In SDS embodiments, the detergent con 
centration is generally maintained at concentrations 
described above. In preferred aspects, SDS concentrations in 
the separation buffers are therefore typically greater than 
0.01% to ensure adequate coating of the proteins in the 
sample, but less than about 0.5% to prevent excessive 
micelle formation. In preferred aspects, the detergent con 
centration is betWeen about 0.02% and about 0.15%, and 
preferably, betWeen about 0.03% and 0.1%. 

[0049] In buffers utiliZing preferred detergent concentra 
tions, the buffering agent is typically selected from any of a 
number of different buffering agents. For example, buffers 
that are generally used in conjunction With SDS-PAGE 
applications are also particularly useful in the present inven 
tion, such as tris, tris-glycine, HEPES, CAPS, MES, Tricine, 
combinations of these, and the like. In particularly preferred 
aspects, hoWever, buffering agents are selected that have 
very loW ionic strengths. Use of such buffers alloWs one to 
increase the concentration of detergent Without exceeding 
the CMC. Preferred buffers of this type include ZWitterionic 
buffers, such as amino acids like histidine and Tricine, Which 
have a relatively high buffering capacity at the relevant pH, 
but Which have extremely loW ionic strengths, due to their 
ZWitterionic nature. Buffering agents that comprise rela 
tively large ions having relatively loW mobilities Within the 
system are also preferred for their apparent ability to smooth 
out the signal baseline, e.g., using Tris as a counterion. 

[0050] In the case of the preferred detergent solutions, 
e.g., SDS, sodium octadecylsulfate, sodium decylsulfate, 
and the like, at the above-described concentrations, the 
buffering agent is typically provided at concentrations 
betWeen about 10 mM and about 200 mM, and preferably at 
a concentration of betWeen about 10 mM and about 100 
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mM. In particularly preferred aspects, Tris-Tricine is used as 
the buffering agent at a concentration of betWeen about 20 
mM and about 100 mM. 

[0051] With reference to the foregoing discussion, it can 
be seen that the most preferred separation buffer comprises 
SDS at a concentration of betWeen about 0.03% and about 
0.1%, and Tris-Tricine as the buffering agent, at a concen 
tration of betWeen about 20 mM and about 100 mM, With 
each being provided such that the buffer is at or beloW the 
CMC, When operating under the normal operating condi 
tions of the overall system/method. 

[0052] In addition to the foregoing components, the sepa 
ration buffer also typically comprises an associative dye or 
other detectable labeling group, Which associates With the 
proteins and polypeptides that are to be characteriZed/ 
separated. This enables the detection of proteins and/or 
polypeptides as they are traveling through the separation 
buffer. As used herein, an “associative dye” refers to a 
detectable labeling compound or moiety, Which associates 
With a class of molecules of interest, e.g., a protein or 
peptide, preferentially With respect to other molecules in a 
given mixture. In the case of protein or polypeptide char 
acteriZation, lipophilic dyes are particularly useful as protein 
or polypeptide associative dyes. 

[0053] Examples of particularly preferred lipophilic dyes 
for use in the present invention include ?uorescent dyes, 
e.g., merocyanine dyes, such as those described in US. Pat. 
No. 5,616,502, Which is incorporated herein by reference. 
Particularly preferred dyes include those that are generally 
commercially available from Molecular Probes, Inc. 
(Eugene Oreg.) as the Sypro RedTM, Sypro OrangeTM, and 
Syto 61TM dyes. Such dyes are generally intended for use in 
staining slab gels, in Which one can Wash aWay excess dye, 
and eliminate any adverse effects of SDS in the gel, e.g., 
through Washing. HoWever, surprisingly, it has been discov 
ered by the present inventors, that these dyes are particularly 
useful in SDS capillary gel electrophoresis (SDS-CGE), 
giving surprising sensitivity and With little or no “smearing” 
or interference from the detergent, When the buffers are 
formulated as described herein. 

[0054] Further, and more unexpected than the compatibil 
ity of the dyes With the separation buffer, is that the 
incorporation of the lipophilic dye into the separation buffer 
Within the capillary channel does not create excessive back 
ground signal Which Would reduce the sensitivity of the 
assay. In particular, by providing the dye Within the sepa 
ration buffer one Would expect to observe a relatively high 
background signal from the dye that is in the buffer. Accord 
ingly, one Would expect to be required to include the dye 
Within the sample solution, but not Within the separation 
buffer in the channel. HoWever, this latter techniques results 
in an extremely loW signal level during separation. By 
including the dye in the separation buffer Within the capillary 
channel, signal is maintained high While background is 
maintained surprisingly loW. The lipophilic dyes used in the 
present invention are generally present Within the separation 
buffer at concentrations betWeen about 0.1 pM and 1 mM, 
more preferably, betWeen about 1 pM and about 20 pM. 

[0055] C. Post-Separation Treatment 

[0056] In contrast to the methods described above, 
Wherein the sample is pretreated and separated under buffer 
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and detergent concentrations that are optimized for the dye 
system utilized, e.g., maintained below the CMC of the 
particular detergent, in certain aspects, the buffer/detergent 
conditions in Which the sample components exist are altered 
after separation of those components and during or imme 
diately prior to detection of those components, Whereupon 
the adverse effects of detergent micelles are reduced or 
eliminated. Speci?cally, sample components, e.g., polypep 
tides are separated under optimiZed separation buffer and 
detergent conditions or concentrations that may be at, above 
or beloW the CMC. Once the sample components are sepa 
rated, these conditions are altered such that the buffer and/or 
detergent concentrations at the detection point are optimiZed 
for the detection step, for example reducing those levels to 
a level beloW the CMC. In particular, often, once the 
detergent level and/or buffer concentrations are adjusted 
beloW the CMC, the micelles disperse and the adverse 
effects of dye binding to micelles are reduced or eliminated. 

[0057] Typically, in the case of polypeptide separations, 
altering the environment is carried out by adding one or 
more diluents into the separated sample components prior to 
their passing the detector, such that the sample-containing 
separation buffer is at or beloW the CMC. This is optionally 
done by altering the ratio of detergent and buffering agent to 
elevate the CMC to at or above the operating concentration 
of detergent, and/or dilute the detergent level such that it 
falls beloW the CMC. Thus, the diluent may add to, maintain 
or reduce the concentration of buffering agent While typi 
cally reducing the level of detergent, or it may maintain the 
detergent concentration While reducing the concentration of 
buffering agent. In either instance, the desired goal is to 
eliminate detergent micelles at the point and time of detec 
tion. In a similar fashion, materials may be added that 
effectively break up detergent micelles, e.g., co-detergents. 

[0058] Where post-separation treatment is used, the sepa 
ration buffer composition can span a Wider range of buffer 
and detergent concentrations. For example, the separation 
buffer typically includes a buffering agent, e.g., as described 
above, at concentrations from about 10 to about 200 mM, 
and detergent concentrations of from about 0.01 to about 
1.0%, and typically above the CMC, e.g., above about 
0.05% and preferably above about 0.1%. Detection of lipo 
philic dyes, on the other hand, is preferably carried out in the 
absence of excessive detergent micelles, Which bind the dye 
and contribute to excessive background signals. Thus, dilu 
tion of the separation buffer is typically practiced to reduce 
the detergent concentration to a level beloW the CMC of the 
detergent, e.g., less than about 0.1%. Accordingly, the dilu 
tion step preferably dilutes the separation buffer from about 
1:2 to about 1:30 prior to detection. While this also dilutes 
the sample components to be detected, the substantial reduc 
tion in background as a result of the dilution enables easy 
detection at very loW levels of sample material. 

[0059] In accordance With this aspect of the invention, 
micro?uidic devices are particularly Well suited for carrying 
out these methods. In particular, the inclusion of integrated 
?uid channel netWorks permits the ready addition of diluents 
and other reagents into ?oWing streams of materials. Spe 
ci?cally, diluent channels are provided immediately 
upstream of the detection Zone so as to deliver diluent into 
the detection Zone along With the separated sample compo 
nents. The sample components are then detected in the 
absence of interfering detergent micelles. An example of a 
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particularly preferred channel layout for a micro?uidic 
device for accomplishing this post separation treatment is 
shoWn in FIG. 7, and described in greater detail, beloW. As 
used herein, the terms “upstream” and “downstream” refer 
to the relative positioning of the element so described When 
considered in the context of the direction of How of the 
material of interest, e.g., ?uid, sample components, etc., 
during normal operation of the system being described. 
Typically, the phrase upstream refers to the direction toWard 
the sample or buffer reservoir connected to a particular 
channel, While doWnstream refers to the direction of the 
Waste reservoir connected to a particular channel. 

[0060] D. Capillary Channels and Devices 

[0061] 1. Generally 

[0062] The present invention also provides devices and 
systems for use in carrying out the above described protein 
characteriZation methods. The devices of the present inven 
tion typically include a supporting substrate Which includes 
a separation Zone into Which is placed the separation buffer. 
A sample that is to be separated/characterized is placed at 
one end of the separation Zone and an electric ?eld is applied 
across the separation Zone, causing the electrophoretic sepa 
ration of the proteins/polypeptides Within the sample. The 
separated proteins/polypeptides are then separately detected 
by a detection system disposed adjacent to and in sensory 
communication With the separation Zone. 

[0063] 2. Conventional Capillary Systems 

[0064] In at least a ?rst aspect, the methods of the present 
invention are applicable to conventional capillary-based 
separation systems. Accordingly, in these aspects, the sup 
porting substrate typically comprises a capillary tube, e.g., 
fused silica, glass or polymeric capillary tube, Which 
includes a capillary channel disposed through it. At least a 
portion of the capillary channel in the tube comprises the 
separation Zone of the capillary. Separation buffer is placed 
into the capillary channel by, e.g., pressure pumping, cap 
illary action or the like, and the sample to be separated/ 
characteriZed is injected into one end of the capillary chan 
nel. One end of the capillary tube is then placed into ?uid 
contact With a cathode reservoir (having a cathode in contact 
With the reservoir) at one end and With an anode reservoir 
(having an anode in contact With the reservoir) at the other, 
and an electric ?eld is applied through the capillary tube to 
electrophorese the sample material through the capillary 
tube and the contained separation buffer. As the proteins and 
polypeptides travel through the separation buffer they asso 
ciate With the lipophilic dye Which is then detected toWard 
the cathode end of the capillary channel by the detection 
system. 

[0065] In the case of a post separation treatment step, e.g., 
as described above, additional buffer solutions are typically 
introduced into the How path of the sample components post 
separation, by connecting additional ?oW paths or capillaries 
to the main separation capillary, such that the separated 
components exiting the separation capillary are mixed With 
the additional buffers or diluents. A detection chamber or 
capillary is also connected at this junction, such that all of 
the materials ?oW into the detection Zone to be detected. 

[0066] 3. Micro?uidic Devices 

[0067] In particularly preferred aspects, the methods of the 
invention are carried out in a micro?uidic device that 
provides a netWork of microscale capillary channels dis 
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posed Within a single integrated solid substrate. In particular, 
the supporting substrate typically comprises an integrated 
body structure that includes a netWork of one or more 
microscale channels disposed therein, at least one of Which 
is a separation channel. The separation buffer is placed 
Within at least the separation channel. In preferred aspects, 
the micro?uidic channel netWork comprises at least a ?rst 
separation channel that is intersected by at least a ?rst 
sample injection channel. The intersection of these tWo 
channels forms What is termed an “injection cross.” In 
operation, the sample material is injected through the injec 
tion channel and across the separation channel. The portion 
of the material Within the intersection is then injected into 
the separation channel Whereupon it is separated through the 
separation buffer. A detector is disposed adjacent the sepa 
ration channel to detect the separated proteins. 

[0068] In particularly preferred aspects, the micro?uidic 
devices used in accordance With the present invention com 
prise a plurality of sample Wells in ?uid communication With 
a sample injection channel Which, in turn, is in ?uid com 
munication With the separation channel. This alloWs he 
analysis of multiple different samples Within a single inte 
grated micro?uidic device. Examples of particularly pre 
ferred micro?uidic devices for use in accordance With the 
present invention are shoWn and described in commonly 
oWned US. patent application Ser. No. 09/165,704, ?led 
Oct. 2, 1998, Which is incorporated herein by reference in its 
entirety for all purposes. An example of such a micro?uidic 
device is illustrated in FIG. 1. As shoWn, the device 100, 
comprises a planar body structure 102 Which includes a 
plurality of interconnected channels disposed Within its 
interior, e.g., channels 104-138. A number of reservoirs 
140-170 are also disposed in the body structure 202 and are 
in ?uid communication With the various channels 104-138. 
Samples to be analyZed and buffers are placed into these 
reservoirs for introduction into the channels of the device. 

[0069] In operation, the separation buffer to be used in the 
separation/characteriZation is ?rst placed into one reservoir, 
e.g., reservoir 166, and alloWed to Wick into all of the 
channels of the device, thereby ?lling these channels With 
the separation buffer. Samples that are to be separated/ 
characteriZed are separately placed into reservoirs 140-162. 
The separation buffer is then placed into reservoirs 164, 168 
and 170 and is already present in reservoir 166. Through the 
application of appropriate electric currents, the ?rst sample 
material is transported or electrophoresed from its reservoir, 
e.g., reservoir 140, to and through the main injection inter 
section 172 for channel 104, via channel 120 and 116. This 
is generally accomplished by applying the current betWeen 
reservoir 140 and 168. LoW level pinching currents are 
typically applied at the intersection in order to prevent 
diffusion of the sample material at the intersection, e.g., by 
supplying a loW level of current from reservoirs 166 and 170 
toWard reservoir 168 (see, e.g., WO 96/04547). After a short 
period of time, the current is sWitched such that the material 
in the intersection is electrophoresed doWn the main analysis 
channel 104, e.g., by applying the current betWeen reservoirs 
170 and 166. Typically, a slight current is applied after the 
injection to pull material in channels 116 and 134 back from 
the intersection, to avoid leakage into the separation chan 
nel. While the ?rst sample is being electrophoresed doWn the 
main channel 104, the next sample to be analyZed is pre 
loaded by electrophoresing the sample material from its 
reservoir, e.g., reservoir 142, toWard preload reservoir 164 
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through the preload intersection 174. This alloWs for only a 
very short transit time to move the sample material from its 
preloaded position to the injection intersection 172. Once 
the ?rst sample analysis is completed, the second sample 
material is electrophoresed across the injection intersection 
172 and injected doWn the main analysis channel, as before. 
This process is repeated for each of the samples loaded into 
the device. 

[0070] A detection Zone 176 is typically provided along 
the main analysis channel 104, in order to provide a point at 
Which signal may be detected from the channel. Typically, 
the devices described herein are fabricated from transparent 
materials. As such, the detection WindoW for optically 
detected analyses can be located at virtually any point along 
the length of the analysis channel 104. As the separated 
sample passes the detection WindoW, the lipophilic dye that 
is associated With the polypeptide fragments is detected. The 
amount of time required for each polypeptide fragment to 
travel through the separation channel then alloWs for the 
characteriZation of the particular polypeptide, e.g., as a 
measure of its molecular Weight. In particular, the retention 
time of an unknoWn polypeptide is compared to the retention 
time of knoWn molecular Weight standards, and the approxi 
mate molecular Weight of the unknoWn can be thereby 
determined, e.g., interpolated or extrapolated from the stan 
dards. 

[0071] As noted previously, the post-separation treatment 
methods described herein are particularly advantaged by the 
use of micro?uidic channel systems. Speci?cally, coupling 
of sources of diluent to the main separation channel is a 
simple matter of providing channels connected to that chan 
nel at the appropriate location, e.g., at a point that falls after 
the separation has occurred, but before the detection Zone or 
WindoW. An example of a micro?uidic channel netWork for 
accomplishing this is illustrated in FIG. 7. As shoWn, the 
micro?uidic device 700 includes a body 702 that includes a 
channel netWork disposed Within its interior portion. Typi 
cally, the device shoWn in FIG. 7 Will be fabricated in the 
same manner described above With reference to FIG. 1. The 
channel netWork includes a main channel 704 that is in ?uid 
communication a plurality of different sample material res 
ervoirs 706-722 and 728 via sample channels 706a-722a and 
728a, respectively. Preload/Waste reservoir channel/reser 
voirs 724/724a and 726/726a are also shoWn. The main 
channel 704 is connected to a buffer reservoir 736 and a 
Waste reservoir 732 and includes a detection Zone 738. As 
shoWn, tWo diluent channels 730a and 734a are provided in 
communication With main channel 704, on opposite sides of 
the main channel 704, at a point immediately upstream (in 
the direction of operational How of material) from the 
detection Zone, but doWnstream of the major portion of the 
main channel 704, Where the function of that channel, e.g., 
separation, occurs. Diluent channels 730a and 734a are also 
in communication With diluent sources, e.g., reservoirs 730 
and 734, respectively, so as to be able to deliver diluent from 
these sources to the main channel 704. 

[0072] In operation in a polypeptide separation, Where one 
Wishes to characteriZe a sample, e.g., containing a polypep 
tide mixture, one ?lls the channels of the device 700 With the 
separation buffer. In the case of post separation treatment, 
this buffer need not adhere to the strictures de?ned above, 
because the concern over excessive micelle formation is 
largely lacking. Typically, in these cases, the concentration 
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of detergent is not as important as in the pretreatment 
methods. In particular, the separation buffer can have higher 
concentrations of detergent, e.g., from about 0.1% to about 
2.0%. Typically, the detergent concentration Will be in 
eXcess of 0.1%. Filling the channel netWorks is typically 
carried out by depositing the separation buffer into one Well, 
e.g., Waste reservoir 732. The separation buffer then Wicks 
throughout the channel netWork until it reaches each of the 
other reservoirs 706-730 and 734-736. Optionally, slight 
pressure is applied to the Waste reservoir 732 to eXpedite 
?lling of the channel netWork. An additional quantity of 
buffer, e.g., separation buffer, is placed into buffer reservoir 
736 and load/Waste reservoirs 724 and 726. A diluent 
material is placed into diluent reservoirs 730 and 734. 

[0073] The sample material is placed into one or more of 
the sample reservoirs 706-722, and 728. Optionally, a num 
ber of different sample materials are placed into different 
reservoirs. The device is then placed into a controller/ 
detector apparatus, e.g., a 2100 BioanalyZer from Agilent 
Technologies, Which directs movement of the sample mate 
rials through the channels of the device, e.g., by controlled 
electrokinetic methods, as described in US. Pat. No. 5,976, 
336, Which is incorporated herein by reference in its entirety 
for all purposes. A sample placed into, e.g., reservoir 706 is 
moved along sample channel 706a until it crosses channel 
704, and ?oWed toWard load Waste reservoir 726 via channel 
726a. The portion of the sample material at the intersection 
of the sample loading channel 706a and the main channel 
704 is then injected into the separation channel 704, and 
moved therethrough. Under an applied electric ?eld, this 
portion of the sample that is moving through the separation 
buffer separates into its constituent elements as it moves 
along the channel 704. As it travels, the sample components, 
and in some cases the detergent micelles, pick up the 
lipophilic dye that is present in the separation buffer. Diluent 
buffering agents containing a loWer concentration or no 
detergent is introduced in a continuous fashion into channel 
704 via channels 730a and 734a. This diluent dilutes the 
separation buffer to a point that is beloW the CMC for the 
detergent, resulting in an elimination of eXcess detergent 
micelles. The diluted sample constituents bearing the lipo 
philic dye are then detected at the detection WindoW 738. In 
some cases, ?uidic dilution is accomplished through the 
actual introduction of ?uid through the side channels. HoW 
ever, in preferred aspects, side channels 730a and 734a 
typically contain the same separation matriX present 
throughout the channel netWork. As such, dilution is carried 
out by the electrophoretic introduction of the ionic species 
from the buffering solution are introduced electrophoreti 
cally into the separation channel, to effectively dilute the 
species in the separation channel. In alternative aspects, the 
side channels 730a and 734a are provided free of any 
matrices, e.g., they can support pressure based or electroos 
motic ?oW, and bulk ?uid is introduced into the main 
channel 704, to dilute the separated sample components. As 
noted, the rate at Which diluent is added to the channel is 
selected to reduce the detergent concentration in the channel 
at the detection point to a level beloW about the CMC for the 
detergent under the particular conditions. Typically, this 
comprises from about a 1:2 to about a 1:30 dilution of the 
detergent. Thus, in the case Where the separation buffer 
includes, e.g., 2% SDS in a 30 mM Tris Tricine buffer, it is 
generally desirable to dilute the detergent level to beloW 
about 0.1and preferably to about 0.05SDS. Thus, the dilu 
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tion is from about 2 to 3 fold to about 4 fold. Of course, as 
noted previously, the CMC of a particular detergent can vary 
depending upon the nature and concentration of the buffer. 

[0074] Although described primarily in terms of diluting a 
polypeptide separation buffer to a point that is beloW the 
CMC of the detergent in that buffer, it Will be appreciated 
that the post-separation treatment methods described herein 
are more broadly applicable. Speci?cally, such methods can 
be used in a variety of analytical operations Where a sub 
sequent operation in a chain of analytical method steps 
requires a different environment from the immediately pre 
ceding step or operation, Which environment can be suf? 
ciently altered by the addition of reagents, buffers, or dilu 
ents, for that subsequent operation. The above-described 
methods illustrate an eXample Where the environment that is 
optimiZed for separation of polypeptides may not be opti 
mally compatible With the optimiZed detection environment. 
Thus, in accordance With the broadest understanding of this 
aspect of the invention, the term “diluent refers to an added 
element, e.g., ?uid, buffering agent, etc., that alters the 
environment into Which it is introduced. Alteration of an 
environment in this sense includes changing physical prop 
erties of the environment, e.g., the presence of detergent 
micelles, reducing the viscosity of a solution, but also 
includes changing the chemical environment, e.g., titrating a 
buffer to yield a change in he pH of a solution, e.g., to yield 
a operable environment for a pH sensitive dye or other 
labeling species, varying a salt concentration of a solution to 
affect a change in hydrophobicity/hydrophilicity or to affect 
ionic interactions Within the solution. 

[0075] Similarly, labeling species may be added folloWing 
an initial operation, Where such labeling species might affect 
the previous operation. One eXample of such labeling 
includes, for example, addition of labeled antibodies to 
speci?c proteins, thereby alloWing the system to function as 
a chip-based Western blotting system. Speci?cally, folloW 
ing protein separation, a labeled antibody is added to the 
separated proteins just prior to detection, to preferentially 
associate With a protein bearing a recogniZed epitope. The 
protein is then detected by virtue of its siZe, and its ability 
to be recogniZed by a selected antibody. 

[0076] D. Overall Systems 

[0077] The devices and reagents of the present invention 
are typically used in conjunction With an overall analytical 
system that controls and monitors the operation and analyses 
that are being carried out Within the micro?uidic devices and 
utiliZing the reagents described herein. In particular, the 
overall systems typically include, in addition to a micro?u 
idic device or capillary system, an electrical controller 
operably coupled to the micro?uidic device or capillary 
element, and a detector disposed Within sensory communi 
cation of the separation Zone or channel of the device. 

[0078] An eXample of a system according to the present 
invention is shoWn in FIG. 2. As shoWn, the system 200 
includes micro?uidic device 100, Which comprises a chan 
nel netWork disposed Within its interior portion, Where the 
channel netWork connects a plurality of reservoirs or 
sample/reagent Wells. An electrical controller 202 is oper 
ably coupled to the micro?uidic device 100 via a plurality of 
electrodes 204-234 Which are placed into contact With the 
?uids in reservoirs of the micro?uidic device 100. The 
electrical controller 202 applies an appropriate electric ?eld 








