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Abstract
A microscale Western blotting system based on separating sodium-dodecyl sulfate protein
complexes by capillary gel electrophoresis followed by deposition onto a blotting membrane for
immunoassay is described. In the system, the separation capillary is grounded through a sheath
capillary to a mobile X-Y translation stage which moves a blotting membrane past the capillary
outlet for protein deposition. The blotting membrane is moistened with a methanol and buffer
mixture to facilitate protein adsorption. Although discrete protein zones could be detected, bands
were broadened by ~1.7-fold by transfer to membrane. A complete Western blot for lysozyme was
completed in about one hour with 50 pg mass detection limit from low microgram per milliliter
samples. These results demonstrate substantial reduction in time requirements and improvement in
mass sensitivity compared to conventional Western blots. Western blotting using capillary
electrophoresis shows promise to analyze low volume samples with reduced reagents and time,
while retaining the information content of a typical Western blot.

INTRODUCTION
Affinity interactions coupled with separation methods are important techniques for life
science research and biotechnology. Affinity chromatography, Southern blotting, and gel-
mobility shift assays are examples of widely used techniques that combine separation
methodology with selective binding to improve information content and selectivity. Of the
techniques that combine separations and affinity interactions, Western blotting is perhaps
the most widely used. The method is routinely used to assay proteins in complex mixtures
and frequently used as a confirmatory test for clinical assays and regulatory tests.

In a Western blot, proteins are separated by size using sodium dodecyl
sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a membrane
by electro-blotting.1-3 The membrane is treated with blocking protein and then probed
sequentially with primary and secondary antibody (conjugated with a label) to detect target
protein. The technique is powerful because it provides selective protein detection based on
size and antibody binding in a semi-quantitative assay. The method is also characterized by
simplicity, reliability, and facile methods development.

Despite the great utility of Western blots, they have several well-known limitations. Western
blots are manually intensive and time-consuming, generally requiring 4 to 24 h when taking
into account gel preparation, separation, electro-blotting, and multiple incubations.
Sensitivity is typically in the nanogram range making them incompatible with sample
limited analysis. Analyis of large proteins is hindered by difficulty of transferring them from
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slab gels.4 Finally, the method has not been miniaturized, which wastes materials and
reduces sensitivity.

Recently, efforts to reduce time and reagent requirements and introduce automation for
Western blotting have been reported. A semi-automatic platform has been developed that
uses vacuum filtration to pull blocking, antibody and reagent solutions through the
membrane to decrease time required for the immunoassay procedure.5 Microfluidics
technology has been used to create flow channels for applying blocking and antibody
solutions over the surface of the blot, which is advantageous in reducing reagent
consumption and optimizing conditions.10 These advances improve the immunoassay, but
do not address other aspects of the Western such as separation and blotting. A more
comprehensive approach is integration of separation with faster blotting in a microfluidic
format.6, 7 In this method, antibodies pre-immobilized in the chip selectively capture protein
targets from a high-speed gel separation. In one example, 500 nM free prostate specific
antigen was separated, transferred and blotted in < 5 min with a signal-to-noise ratio of 40.
This promising technique drastically reduces timescales and offers potential for automation;
but the requirement for microfabrication, pre-labeling analyte proteins with fluorophore, and
pre-loading of antibody presents barriers for some applications. Further development is
expected to lower these barriers.

Interestingly, Western blots based on capillary electrophoresis (CE) have not been reported
even though a variety of affinity-CE techniques8, 9 10 have been developed including
immunoassays.11, 12 The closest approximation of a CE-Western blot that has been reported
uses capillary isoelectric focusing to separate proteins which are then immobilized by
photoactivated cross-linking to the capillary surface.10 The captured proteins are detected in
the capillary by immunoassays performed by flushing antibodies and reagents through the
capillary. The method provides excellent sensitivity and separation; but, the instrument used
is expensive and the method does not provide the size-based separation of a classical
Western blot.

Although a CE-based Western blot has not been described, several relevant technologies
have been reported. For example, methods for capturing proteins separated by CE onto a
membrane have been described.13-16 Most of this work was directed towards off-column
mass spectrometry detection, although one study did use antibody detection.13 None of this
prior work on membrane capture of proteins separated by CE used size-based separations;
therefore, it did not provide the platform needed for Western blotting. Of course, size-based
separation of proteins in capillary and chip-based gel electrophoresis formats has been
demonstrated.17, 18 These studies show that smaller channel dimensions reduces sample
volumes and enables higher electric fields (typically up to about 300 V/cm) relative to slab
gels.

In this work, we describe a capillary gel electrophoresis (CGE)-Western blot that builds on
these previous developments. A gel-filled capillary is interfaced with a blotting membrane,
which captures protein as it migrates from the capillary and eliminates the need for a
separate electro-blotting step. The use of CE leads to better mass sensitivity as well as faster
separation when compared to slab gel Western blots. CE also allows use of entangled
polymer solutions, instead of cross-linked gels. Entangled polymer solutions facilitate
automation and reduce time for gel preparation because capillaries can be emptied and
refilled by pumping as necessary to maintain consistent separation performance. This is
unlike cross-linked gels which must be formed within the capillary.19, 20 Faster separation,
the elimination of an electro-blotting step, and recent improvement in commercial
immunoassay instrumentation combine for a reduction in total Western blot analysis time to
under two hours. The technique is promising for improved throughput, automation, and
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mass sensitivity while retaining the information content and ease of use of a traditional
Western blot.

EXPERIMENTAL SECTION
Materials and Reagents

Fluorescein isothiocyanate (FITC) and FITC-labeled insulin were purchased from Invitrogen
(Carlsbad, CA). ECL Plus chemifluorescence kit and polyvinylidene fluoride (PVDF)
membranes were purchased from GE Healthcare (Piscataway, NJ) and GE Osmonics
(Minnetonka, MN) respectively. Rabbit anti-lysozyme was purchased from Millipore
(Bedford, MA) and rabbit anti-carbonic anhydrase from Genway Biotech (San Diego, CA).
FITC-labeled bovine serum albumin (BSA), and the secondary antibody, horseradish
peroxidase-conjugated anti-rabbit IgG produced in goat, were purchased from Sigma (St.
Louis, MO). Other unlabeled proteins and all other chemicals were purchased from Sigma.
Fused silica capillaries were from Polymicro (Phoenix, AZ). All solutions were made using
Milli-Q (Millipore) 18 MΩ deionized water. Phosphate buffer solution (PBS) was 100 mM
Na2HPO4 adjusted to pH 7.5 with 100 mM NaH2PO4. Electrophoresis buffer for free
solution CE was 100 mM Tris adjusted to pH 8.8 with HCl. Sieving media was a proprietary
solution of entangled polymers designed for resolution of proteins from 10 kDa to 225 kDa
(part number 390953 from Beckman-Coulter, Brea, CA). This media had a kinematic
viscosity of 78 cp at 40 °C as measured using a glass semi-micro viscometer (Cannon
Instrument, State College, PA, USA).

Sample Preparation
Proteins were denatured by heating at 70 °C for 5 min in denaturation buffer consisting of
PBS, 3% sodium dodecyl sulfate (SDS) and 5% β-mercaptoethanol (BME). In some
instances, protein samples were then dialyzed against PBS using mini-dialysis cups (Pierce
Biotechnology, Rockford, IL). Protein samples for injection were diluted from these sample
stocks with 25 mM Tris adjusted to pH 8.8 with HCl. In some experiments, proteins were
first labeled with FITC, then denatured and dialysed. FITC prepared at 1 mg/mL in dimethyl
sulfoxide was diluted to a final concentration of 100 μg/mL and incubated for 1 h with
protein at 1-5 mg/mL in PBS for labeling.

Apparatus and Procedure for CE Western Blot
A diagram of the apparatus used to couple the separation capillary to the blotting membrane
is shown in Figure 1. High voltage was applied at the separation capillary inlet reservoir and
grounded at the stage. The separation capillary outlet was surrounded by a gel-filled sheath
capillary that made contact with a PVDF membrane secured to the X-Y translational stage.
During injection and separation the sheath capillary, fixed at an angle of approximately 45°,
was positioned to make light contact with the membrane (determined by slowly lowering the
capillary until it bent). The stage moved the blot past the capillary at a rate of 3 mm/min,
which was the slowest setting possible for the motorized stage. A LabVIEW program
controlled stage motion and application of high voltage. The maximum distance traveled by
the stage, as constrained by the stepper motor track length, was 13 cm. Typically, a 0.5 cm
by 12 cm blotting membrane was mounted on the stage, though a separation may require a
shorter length. The footprint of the apparatus, including the stage, stepper motors, and
capillary positioner is about 40 cm by 40 cm.

Polyimide-coated fused silica capillaries were used for both the separation and sheath
capillaries. The separation capillary (20 cm in length, 50 μm ID, 185 μm OD) was threaded
through a sheath capillary (6.5 cm long, 250 μm ID, 360 μm OD) and fixed in place using a
PEEK tee (VICI Valco Instruments, Houston, TX). The sheath capillary extended past the
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separation capillary by 0.5 mm. During separations electrophoresis gel was pumped through
the sheath capillary at 10 nL/min using a syringe pump (Fusion 400, Chemyx, Stafford, TX).
Separation capillaries were conditioned by sequential rinsing with 0.1 M NaOH, 0.1 M HCl,
and water for 10, 5, and 2 min respectively, followed by pumping gel through the capillary
(10 min) as recommended by the manufacturer. Gel-filled capillaries were used for 3 to 5
injections before regeneration with further conditioning.

The PVDF membrane mounted on the stage was kept wet with a wick that overlaid the
membrane prior to contact with the capillary. The wick was kept stationary so that the
membrane on the stage moved out from under it just before contact with the capillary. Both
the membrane and wick were wetted with 50:50 (v:v) methanol and electrophoresis buffer.
After a region of membrane passed the capillary it was allowed to dry.

Detection on Membrane
Fluorescent proteins were detected on the membrane by direct imaging using a Typhoon
9410 variable mode imager (GE Healthcare) in fluorescence mode. For Western blot
analyses, immunoassays were performed per instructions of the manufacturer using a SNAP
i.d. unit (Millipore), which partially automates antibody incubation and wash steps. In this
system, 10 mL of blocking solution, 1 mL volume of antibody solutions, and tens of mL of
rinse buffer, are poured over the surface of the blot (28 cm2 in area in this case) in the
normal sequence. After incubation (10 min for each antibody step) solution is forced
through the PVDF membrane using a vacuum pump. Design of the unit, including a
cartridge which holds the blot stationary, prevents membrane drying. The primary antibody
sera to each target protein was diluted to 1:1700 and the secondary antibody was diluted to
1:33000. All dilutions were made with electrophoresis buffer. 0.5 % nonfat dry milk and
0.5% Tween 20 were used in the blocking and rinse steps, respectively, per manufacturer
suggestions. Signal generation, using hydrogen peroxide and acridan ester substrates in a
chemifluorescence kit (ECL Plus, GE Healthcare), was catalyzed by horseradish peroxidase-
conjugated secondary antibody.

Capillary Gel Electrophoresis
For comparison to the X-Y translational stage apparatus, experiments were conducted using
a P/ACE MDQ capillary electrophoresis unit equipped with an LIF detector (Beckman-
Coulter, Fullerton, CA, USA). The detector used 5 mW of 488 nm light from an Ar+ laser
(Model: IMA101015B0S; Melles Griot, Carlsbad, CA, USA) for excitation. Emission was
detected after passing through a 488 nm notch filter and a 520 ± 10 nm band-pass filter.
Capillaries had an effective length of 20 cm, 50 μm ID, and 360 μm OD. Separation
capillaries were treated as described above for the membrane capture experiments.
Fluorescence imaging of proteins migrating from separation capillary outlet into the sheath
capillary region was performed using an inverted epi-fluorescence microscope (IX71,
OlympusAmerica, Inc., Melville, NY) and CCD camera (C9100-13, Hamamatsu Photonic
Systems, Bridgewater, NJ) as described in detail elsewhere.21 In these experiments the
capillaries were of similar dimensions to those of the CE-Western blot, except that the
sheath capillary extended 5 cm beyond the separation capillary and was grounded in a gel
reservoir rather than to a moving surface.

RESULTS AND DISCUSSION
SDS-protein complex capture from CGE

Our approach to CE-based Western blot was to capture SDS-protein complexes onto a
membrane as they migrated from the column using the system shown in Figure 1 and then
detect them using conventional immunoassay. Initial experiments were directed at
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identifying conditions that would allow protein capture with minimal band spreading using
fluorescently-labeled proteins as a model. Figure 2 illustrates images from the direct
detection on a PVDF membrane of captured FITC-labeled proteins that had been separated
by CGE as SDS-complexes. PVDF membrane was chosen as the blotting membrane because
of its reported high binding capacity and mechanical strength22; however it is anticipated
this method could also be used with different substrates. Earlier work with nitrocellulose did
allow for electrophoresis, though the membrane was brittle and difficult to manipulate (data
not shown). With this work utilizing PVDF membranes proteins are captured in discrete
zones, preserving the separation. Furthermore, proteins migrated according to log molecular
weight as expected for CGE of SDS-complexes (Figure 2).

Reproducibility of migration time (measured as distance on the membrane) was good with
FITC-labeled BSA and insulin peaks observed at 34.3 ± 0.8 min and 18.8 ± 0.6 min
respectively (n = 3). These samples separated on a commercial CE-LIF instrument with the
same nominal conditions (capillary length, i.d., buffer, and electric field) had longer
migration times at 41.5 ± 1.5 min and 23.14 ± 0.02 min (n = 3) respectively. A likely cause
of this difference was a lack of provision for cooling on the blotting instrument, compared to
active cooling to 22-24 °C on the commercial apparatus. Supporting this conclusion, we
found that separations performed without temperature control (ambient temperature was 26
°C) and with on-column detection yielded migration times (29.9 ± 0.2 and 16.5 ± 0.1 min (n
= 3) for BSA and insulin respectively) that were more similar to those obtained by
membrane capture.

Although previous work had already demonstrated capturing native proteins on surfaces
after separation by free solution CE13, 14, 23, we found that several modifications to
conditions used in those reports were necessary to capture proteins separated as SDS
complexes by CGE and achieve detection of discrete bands as shown in Figure 2. In
particular, it was necessary to wet the capture membrane with a methanol: electrophoresis
buffer mixture (a 50:50 v:v mixture was used). Without methanol present during capture
either no bands or diminished signal was observed. Methanol helps to wet the PVDF
membrane and to dissociate the SDS-protein complex which improves adsorption onto the
hydrophobic membrane.24 A wick overlaid the membrane prior to capture, and helped to
prevent evaporation of the methanol mixture during CGE separation.

A second modification from previous work was use of a gel-filled sheath capillary around
the outside of the separation capillary (Figure 1). Without a sheath capillary, electrophoresis
current was unstable and bubble formation was observed in the separation capillary a few
minutes after voltage was applied. If gel in the sheath was static, i.e. without flow, migration
times were irregular and the current was only stable for about 15 min before drift occurred.
Pumping the sheath fluid at 10 nL/min alleviated these problems. Higher sheath gel flow
rates (50-200 nL/min) were found to smear protein on the blot. The underlying cause of
these effects were not investigated, but they are consistent with electrolysis induced
alterations in electrolyte at the outlet. Specifically, it has been observed that when the outlet
vial has a small volume, such as the thin layer of buffer on the blotting membrane, OH−

formed at the outlet may migrate towards the inlet to cause changes in pH and conductivity
in the capillary.25 The sheath capillary will dilute OH− formed and create a low field region
that slows the OH− migration towards the inlet. With a supplemental flow, the OH− may be
prevented from entering the separation capillary at all. The sheath flow capillary also
prevents a sharp electric field boundary along with buffer change at the outlet of the
separation capillary which may also contribute to the stability observed.
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Band broadening
Although proteins are detected in discrete bands, we found that the system produced bands
that were approximately 1.7 fold broader than on-column detection. To determine the source
of band broadening, zones detected on membrane were compared to those detected on-
column and within the sheath-flow capillary. For these experiments, the membrane capture
experiment was performed as before (e.g., Figure 2A). A separate measurement was done to
detect on-column and in the sheath simultaneously using an imaging system under similar
separation conditions (i.e., sample composition, column length, column i.d., buffer, and
electric field). Separate experiments were required because of the impracticality of detecting
on-capillary while also capturing zones on a membrane. For both measurements, FITC-BSA
was used as a test compound. Peak variance for FITC-BSA increased from 230 s2 on
capillary to 610 s2 in the sheath (350 μm downstream of the separation capillary) to 670 s2

on the membrane (see Figure 3A). These results indicate that the majority of band
broadening in transfer from the capillary to membrane occurs within the sheath itself.
Images of the transfer from capillary to sheath (Figure 3B) provide insight into some of the
reasons for this band broadening. The parabolic flow induced in the sheath, evident from the
bullet shaped zone, adds band broadening. (Recall that flow was important to maintain
stable currents). The decreased electric field in the sheath capillary, due to the wider bore
and lower electrical resistance compared the separation capillary, may also contribute to the
band broadening. These results suggest that fabrication of a sheath with narrower bore,
perhaps through microfabrication methods, would decrease band broadening and improve
resolution. The imaging results also show that the zone is not focused by the sheath flow, as
is observed with higher flow rates. 26

When SDS-protein complexes migrate onto the membrane, most of the spreading on the blot
appears to be laterally across the surface, rather than down into the membrane. Evaluation of
spreading in the dimension perpendicular to the motion of the capillary indicates a typical
trace width of approximately 450 μm, about 200 μm larger than the width of the sheath
capillary inner diameter (Figure 4). Yet in the vertical dimension protein was not detected
beyond the first 150 μm thick membrane when deposition was performed onto a stack of
membranes. This result is in contrast to previous work that indicated some protein
penetrated a first membrane and bound the second.13 In that work, 20 ng of protein was
deposited whereas in this work picograms of proteins were deposited, so it could be that the
spread through the membrane is too low for detection via immunoassay. These results
support the idea of rapid protein capture.

Improvements in separation efficiency may be possible with this method. Provision for
cooling or use of narrower-bore capillaries would minimize heating effects in the gel.
Fabrication of lower volume sheath capillaries may also avoid extra-column broadening.
Finally, some improvement may be obtained in membrane capture. Focusing the electric
field near the capillary outlet 27, 28 or using vacuum deposition following a liquid junction29

have been used to ameliorate spreading during deposition with free solution CE; however,
the interfaces previously used with free solution CE are unlikely to be compatible with gel-
based separations because of the lack of electroosmotic flow and sensitivity to the outlet
buffer composition for CGE.

Immunoblotting after capillary separation
Figure 4 illustrates a CGE-Western blot for lysozyme at different concentrations. As with
traditional slab-gel Western blots, this technique is semi-quantitative allowing for
differences in protein concentration to be determined by the intensity of the band detected,
as shown in Figure 4. An advantage of the CE method over traditional Western blots is
elimination of a separate electro-blotting step because protein is directly delivered to the
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membrane as it is separated. This saves time as transfer requires up to 1 h in a conventional
slab gel system. In this system, a smaller protein like lysozyme (MW = 14.3 kDa) migrated
onto the membrane in about 15 min. Combined with the 30 min semi-automated commercial
immunoassay platform and 10 min for incubation in detection reagents and fluorescence
scanning, these Western blots were completed in less than 1 h, excluding sample
preparation. Larger proteins, such as BSA, would extend total time to about 1.5 h.

Limits of detection
The limit of detection was investigated by performing CGE-Western blot of carbonic
anhydrase and lysozyme at concentrations that produced weak signals (Figure 5). In these
experiments, sample concentrations of 25 and 20 μg/mL resulted in peaks with signal-to-
noise ratio (S/N) of 22 and 12 for carbonic anhydrase and lysozyme respectively. Assuming
a linear response, this S/N corresponds to a LOD of 3 μg/mL or 10 pg injected for carbonic
anhydrase and 5 μg/mL or 50 pg injected for lysozyme. (Amounts injected were estimated
using injection duration, sample concentration and sample mobility.) The manufacturer
reports the LOD for the chemifluorescence assay kit to be low picograms, so the sensitivity
of our scheme is on par with the capabilities of the detection method. The good mass LOD
for this system is attributed to use of small bore capillaries and small capture zones. Further,
recovery may be higher in CGE because proteins are migrated from a low-volume sieving
polymer matrix rather than electro-transferred out of a cross-linked slab gel for blotting.

The rate of stage motion past the capillary may also impact LOD and resolution. Lower
speeds are preferable to capture the band in a small zone and improve sensitivity by keeping
the zone concentrated; however, if the speed is too low, zones would be captured with little
distance between them, and resolution may be lost. In our experiments we used the lowest
speed of the translational stage because no resolution was lost when compared to higher
speeds, but the zones were more concentrated on the membrane. A stage with slower
translational velocity therefore may allow better sensitivity.

Incorporation of size standards
An important component of a Western blot is providing size information on the detected
proteins in addition to immunoaffinity. The size of the target protein is estimated by
comparison of its mobility to the mobility of a different proteins of known size separated in
an adjacent lane. One approach for calibration in the CGE system is to add fluorescently-
labeled protein size standards to the sample mixture and analyze the membrane by both
direct fluorescence and immunoblotting. Results from such an experiment are illustrated in
Figure 6. In the initial fluorescence scan, the added calibrants, FITC- insulin and FITC-BSA,
are detected to provide reference positions on the membrane. The membrane is then probed
with antibodies specific for the analyte protein, carbonic anhydrase. The signal for this
protein is detected as a band between the reference bands, as anticipated because of its
intermediate molecular weight. During the second analysis of the membrane, the standard
proteins are barely detectable. This may be because the chemifluorescent signal from the
secondary antibody conjugate is more intense than the fluorescent ladder proteins. The
signal of the ladder proteins may also be reduced by photobleaching or rinsing prior to the
second detection step.

Potential for improvements
These experiments prove the feasibility of performing CE-based Western blots. The system
allows separation and blotting to occur at the same time thus eliminating the time for
electro-blotting. Although the described approach shows promise for reducing sample
requirements, automating, and reducing time of Western blots, improvements in time of
analysis, robustness, throughput, and LOD are possible. It will be interesting to test the
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system with active cooling of the separation capillary, use of a smaller i.d., or a different
sieving matrix to determine if faster and higher efficiency separations can be obtained.
Addition of cooling complicates the implementation of this technique, but it may serve to
push the boundaries in separation efficiency and speed. As indicated by microfluidic gel
sieving, extremely fast protein size separations are possible in miniaturized formats
suggesting the possibility of reducing the separation and blotting time less than 1 min.7, 18

Throughput could also be improved by use of capillaries in parallel. Parallelization would
also allow ladder proteins to be run in a separate capillary for sizing if desired. Further
throughput improvements are possible by automating gel-regeneration, as has been done for
DNA sequencing instruments. Entangled polymer gel may also be more amenable to transfer
of large proteins. On-column sample preconcentration is possible in CGE30, and would
likely further improve concentration LODs. It may be possible to manipulate the
translational stage velocity to improve either resolution or sensitivity. Finally, the small size
of the capillary and resulting tracks would suggest that it may be possible to store many
electropherograms on a small membrane to reduce reagent consumption and improve
throughput relative to a traditional slab-gel Western blot.

CONCLUSIONS
CE has been recognized as a powerful method for protein separations; however, it can be
argued that widespread acceptance of CE for protein analysis has been inhibited by lack of
an analog to Western blotting. This report demonstrates a route to CE-Western blotting.
Many of the improvements expected for migration from a slab-gel to capillary format are
demonstrated. The time of analysis is improved through faster separation, use of polymer
solutions for sieving media, and elimination of the electro-blotting step. Mass detection
limits of 10 pg were readily achieved with little optimization. The system has potential for
substantial improvements in speed, throughput, reagent consumption, and sensitivity.
Importantly, the method also retains the essential features of the traditional Western blot
format by providing size (calibrated with standards) and immunoaffinity information in a
semi-quantitative assay. Furthermore, methods development is the same as a Western blot so
that optimization of detection and development of assays for different proteins can follow
well-established procedures. This is exemplified by the fact that we were able to readily
develop Western blots for 3 different proteins in the course of this work. With further
development, this approach may find use for sample limited analyses or in situations where
better speed, throughput or automation is necessary.
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Figure 1.
Instrument overview. Sample is injected at the inlet of the separation capillary (A). The
protein mixture migrates the gel-filled capillary under an electric field that is generated by
the application of negative high voltage (A) and ground (D). Proteins exit the capillary as it
drags over the surface, and deposit on the blotting membrane (C). A translational stage
moves the blot past the end of capillary to preserve the protein separation on the membrane.
Gel pumped through a sheath capillary (B) that surrounds the latter portion of the separation
capillary and and makes direct contact with the blotting membrane (E). The blotting
membrane (and wick overlay) are moistened with 50:50 (v:v) methanol: electrophoresis
buffer.
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Figure 2.
Size-dependent separation of standard FITC-labeled proteins. (A) 3 proteins, prepared in
stock samples of 100-300 μg/mL. The molecular weight for unlabeled protein is noted
beside each observed peak. (B) Plotting log MW as a function of mobility yields a linear
plot for these FITC-labeled proteins.
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Figure 3.
Measurements of band broadening inside sheath capillary and on membrane. (A)
Comparison of peak width for on-column detection (black line), in sheath 350 μm beyond
the exit of the separation capillary (dashed line), and on membrane after traveling through
500 μm of sheath (gray line). The on-column and in sheath measurements were taken from
the same separation. The membrane data was from a separate injection. All separations used
150 μg/mL FITC-BSA as the sample separated at 300 V/cm with an effective capillary
length of 20 cm. Capillaries were not thermostatted. (B) Selected images of protein exiting
the separation capillary and entering sheath capillary. Time zero represents time zone first
appears at exit of separation capillary and is 32 minutes after sample injection. The white
dots indicate where signal was measured to construct Figure 3A.
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Figure 4.
CE-based Western blot of lysozyme at 3 different concentrations. Samples were separated at
300 V/cm and the resulting membranes probed with antibody using an automated system for
applying reagents. Analysis time for an individual assay was about 60 min, though the
immunoassay and detection were performed in parallel. Enlargement shows that zones
spread perpendicular to the deposition track. The sheath capillary was 250 μm in diameter
but the zone is 450 μm wide.
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Figure 5.
Immunoassay of unlabeled sample proteins at low levels. Estimated quantities of proteins
calculated from injection length, elution time and sample concentrations are displayed for
different proteins.
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Figure 6.
Immunoassay of unlabeled peak with labeled size standards. (A) Initial fluorescence scan
displays FITC-labeled size standards at approximately 16 and 28 minutes for insulin (FITC-
ins) and bovine serum albumin (FITC-BSA). (B) Upon immunoassaying this PVDF
membrane with anti-carbonic anhydrase IgG, the intermediate MW protein, carbonic
anhydrase (CA), is detected at 22 minutes.
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