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Abstract
We report a multiplexed capillary electrophoresis system employing an array of 32 capillaries with
a micromachined sheath flow cuvette as the detection chamber. The sample streams were
simultaneously excited with a 473 nm laser beam, and the fluorescence emission was imaged on a
CCD camera with a pair of doublet achromat lens. The instrument produced mass detection limits
of 380 ± 120 yoctomoles for fluorescein in zone electrophoresis. Capillary isoelectric focusing of
fluorescent standards produced peaks with an average width of 0.0029 ± 0.0008 pH. Capillary
coating stability limits the reproducibility of the analysis.

INTRODUCTION
Isoelectric focusing is a very powerful tool for the characterization of amphiprotic
compounds. Like many other forms of electrophoresis, isoelectric focusing can be
performed either on a thin slab or in a capillary. Unlike most other forms of electrophoresis,
slab gel isoelectric focusing tends to produce higher resolution separations than capillary
isoelectric focusing. Slab gels allow use of immobilized pH gradients, which produces
outstanding resolution that approaches 0.001 pH unit.1-3 Capillary isoelectric focusing
(cIEF) usually employs solution-phase ampholytes; the best peak widths have been
generated using whole-column imaging detection and are on the order of 0.02 pH units.4-6

Other capillary isoelectric focusing methods employ a point detector near the end of the
capillary; resolution of 0.004 pI has been achieved with UV absorbance detection.7

The performance of isoelectric focusing improves at lower protein concentration by
minimizing the disruption of the pH gradient and eliminating protein precipitation.7-8

However, UV absorbance has limited sensitivity in capillary electrophoresis due to the short
optical pathlength. Fluorescence detection of proteins usually requires use of labeling
chemistry. Most labeling reactions convert cationic lysine residues to neutral or anionic
products, which severely degrades electrophoretic performance.9 Recently, Wolfbeis
reported fluorogenic reagents that convert the cationic lysine residue into a cationic
fluorescent product.10-11. We have employed these reagents for ultrasensitive fluorescence
detection in capillary isoelectric focusing with excellent resolution.12-13
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Our fluorescence system provided ultrasensitive detection. However, it was based on a
single capillary. Samples must be analyzed sequentially, which decreases the throughput of
the instrument. There is a need to improve throughput for screening applications. Unlike
microfluidic devices, which require cumbersome detection systems, capillary array
electrophoresis has proved to be well suited to high-throughput analysis. As an example,
Mao et al. reported multiple capillary isoelectric focusing based on whole-column
imaging.14 That system used cylindrical optics to disperse a 100-mW excitation laser beam
across the array of capillaries. Such geometry is inherently inefficient and produces very low
excitation power per capillary. That instrument produced ~100 attomole mass detection
limits for labeled standard proteins. In this paper, we describe a capillary array
electrophoresis system that produces over six orders of magnitude superior detection limits.
This instrument employed a 10-mW laser beam to excite fluorescence in a sheath flow
cuvette detector. This extremely efficient detector uses a stationary laser beam to
simultaneously excite fluorescing sample migrating from each capillary.

EXPERIMENTAL SECTION
The overall instrument scheme consists of capillaries, injection block, sheath flow cuvette,
excitation source, excitation and emission optics, and a CCD detector. The basic design of
the instrument is similar to others reported from this group.15-17

Sheath Flow Cuvette
The sheath flow cuvette, Figure 1, is similar to a 16-capillary version developed by this
group.16 Briefly, the cuvette consists of four parts: two identical etched Pyrex pieces that
serve as the front and back of the cuvette and two spacers made from 145 ± 3 μm thick
microscope cover slips. The identical front and back pieces have a set of long grooves that
act as alignment guides to equally space the capillaries. A set of V-shaped stoppers holds the
capillary ends uniformly across the cuvette. The cuvette was assembled with UV-curing
glue. The glue was illuminated for about 30 min with 18 W 366 nm lamp and cured at 50 °C
for 12 hours. A wafer-dicing saw was used to trim the ends, which were then polished with
diamond paste. The cuvette was held in a home-built stainless-steel fixture.

Excitation and Detection
The optical system is shown in figure 2. A 10-mW laser operating at 473 nm was used for
excitation of fluorescein, fluorescein-based pI standards, and the P503-labeled proteins. A
10-mW laser operating at 532 nm was used for excitation of the tetramethylrhodamine-
labeled glycolipids standards.

The beam was focused into the cuvette from the side to simultaneously illuminate each
sample stream. The laser beam was focused to a 35-μm spot size with a 1x microscope
objective (Melles Griot) in the cuvette. The beam remains reasonably collimated over a
distance given by twice the confocal distance (zc) for a Gaussian laser beam,

(1)

where ωo is the beam waist spot size and λ is wavelength. The beam is collimated over 15-
mm in this case, which is larger than the length of the cuvette.

The emission channel for this instrument is essentially a monochromatic version employed
in our two-dimensional capillary array detector.17 Fluorescence was collected at right angles
to the laser beam and sample streams with a pair of 50 mm f/1 doublet achromat lenses
(Melles Griot, USA). The surface closest to the cuvette of the combined lenses was about 50
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mm from the cuvette and the back surface was about the same distance from the CCD
sensor. The first lens collected and collimated the fluorescence emission while the second
imaged the fluorescence onto the camera. A 590DF35 interference filter was used for PY503
labeled proteins and fluorescein based pI standards; the same filter was used for
tetramethylrhodamine-labeled glycolipids. The filter was from Omega Optical, Brattleboro,
BT, USA and was placed between the lenses to block scattered and stray light. The lenses
imaged the cuvette onto a monochrome CCD camera (Photometric CoolSNAP ES2 )
equipped with an interline-transfer progressive-scan image sensor with 1392 × 1040 imaging
array of 6.45 μm × 6.45 μm pixels. Image acquisition was performed with commercial
imaging software, Metavue v. 7.1 (MDS Analytical Technology, Concord, ON, Canada).

Capillary Preparation
cIEF separations of proteins were performed using a set of 32 cross-linked polyacrylamide
coated capillaries, 30 cm long 50/150 μm I.D/O.D. The capillaries were coated with
procedures similar to Ramsay et al., 12-13 using a simple home-built apparatus to purge
reagents through the capillaries. In order to improve the coating performance, as reported by
Gao and Liu,18 a small percentage ( 0.01% - 0.02%) of N, N-methylene-bis-acrylamide
(BIS) was added to the acrylamide solution for the polymerization reaction. A brief
description of the capillary coating procedure is as follows: At 30 psi, eight 2 m long
capillaries were simultaneously flushed with 1 M NaOH for 2 hr, then rinsed with distilled
water for 1 hr. Next, 1% (w/v) acetic acid solution was rinsed through the capillaries for 3
hr. A solution containing 1:1 ratio of 3-(trimethoxylsilyl) propyl methacrylate (MAPS) and
methanol was purged at 15 psi through the capillary for 1 hr. Both ends of the capillaries
were placed in the MAPS/methanol mixture overnight. On the second day, the capillaries
were flushed with methanol for 1 hr at 15 psi and dried with N2 gas for another 1 hr. After
the capillaries were dried, a carefully degassed fresh solution of 4% (w/v) acrylamide and
0.02% (w/v) BIS, 0.1% (w/v) TEMED, and 0.1% (w/v) ammonium persulphate was flushed
through the capillaries at 15 psi until the solution was visualized coming out the outlet end.
The flow was then interrupted and the capillaries were immediately rinsed and stored in
distilled water until use. Zone electrophoresis of fluorescein was performed using a set of 32
uncoated capillaries, 30 cm long 50/150 μm I.D/O.D. Zone electrophoresis of
tetramethylrhodamine-labeled lipid standards was performed using a set of 32 uncoated
capillaries, 30 cm long 25/150 μm I.D/O.D.

Samples and Reagents
All reagents were purchased from Sigma-Aldrich unless otherwise stated. All solutions were
prepared with distilled deionized water and vacuum filtered through a 0.22 μm filter.
Chromeo P503 dye was purchased from Active Motif. Uncoated fused silica capillaries were
purchased from Polymicro Technologies. Fluorescein-based pI standards were graciously
provided by the Karel Slais group (Institute of Analytical Chemistry, Academy of Sciences
of the Czech Republic). 19 Tetramethyl rhodamine labeled lipids standards were provided by
Ole Hindsgaul and Monica M. Palcic (Carlsberg Laboratory).20-21

Protein samples were originally dissolved in water at a concentration of 10 mg/mL and
stored at −20 °C. New aliquots were taken each day, thawed at room temperature, and
labeled with Chromeo P503 dye as previously described.10-11, 22 Briefly, 5 μL of protein
solution was added to a mixture of 15 μL of 10 mM borate buffer and 5 μL of P503 dye. The
labeling reaction took about 25 min at room temperature. At the completion of the labeling
reaction, indicated by change in color from blue to pink, 175 μL of 0.1% (v/v) Tween 20 in
1% (v/v) Triton X100 solution was added to quench the reaction. For all cIEF studies, lower
protein concentrations were made by linear dilution in 4% ampholyte solution containing
2% Pharmalytes 3-10, 0.67% each of Pharmalytes 4-6.5, 5-8, 8-10.5 in 0.1% Tween 20/1%
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Triton X. Just before a run, protein samples were spiked with fluorescein-based pI standards
(pI 6.5 and 5.5) which were prepared in distilled water.

Separation Procedure
For all separations, the capillaries were cut to 30 cm length and the anode end of the
capillaries were placed in a multi-well format injection block connected to a CZE1000R
high-voltage power supply (Spellman, Hauppauge, NY, USA). The other ends of the
capillaries had the amide coating removed and were inserted into the sheath-flow cuvette
until they reach the V-shaped stoppers in the cuvette. The capillaries were sealed in place
and a dilute fluorescein solution was passed through the capillaries for alignment of the
instrument. During injection, a gold plated V-bottom multi-well plate was used to hold the
samples; a single capillary sits in a single well. Either a similar gold-plated microtiter plate
or a 70 mm Petri dish was used to hold the run buffer during separation.

For all cIEF separations, the capillaries were filled with analytes prepared in a 4%
ampholyte solution by purging the solution through the capillaries for about 30 s. All cIEF
focusing were performed at 20 kV with 10 mM phosphoric acid as the anodic buffer and 40
mM NaOH as the sheath flow liquid (cathode). The sheath flow liquid was changed to 20
mM aspartic acid during cIEF chemical mobilization at same electric field strength.

Data Acquisition and Processing
Fluorescence images were acquired using Metavue v 7.1. Fluorescence image frames
streamed at 1 binning mode and 300 ms exposure time resulted in 3.3 frames/sec. All 32
spots were captured simultaneously on a single frame. Each frame acquired corresponds to a
0.3 sec CCD exposure taken every 0.3 sec. Spatially equal regions of interest were defined
for the fluorescence spots generated from the sample stream. By choice of binning and
exposure time, it is possible to increase the rate of image acquisition and thereby guarantee
that even the fastest moving bands are not broadened due to blurring, but a major limitation
to that is the computational power of the processing computer. For example, a typical 40
min cIEF experiment will produce around 24,000 image frames (about 3.0 GB disk space or
10 GB memory space) for 10 frame/s acquisition rate. For data extraction, the acquired
image stacks were background corrected, and the integrated intensity for each region of
interest corresponding to each capillary was exported as a text file. The exported data was
unbundled to a set of 32 data column with simple Labview program and then treated with
five-point median filter to remove spikes due to the passage of particles through the laser
beam. Migration time was calculated from the number of frames acquired and the
acquisition rate. Electropherograms were then plotted for each capillary. A separate Labview
voltage trigger program was used to control the high-voltage source. All data acquisition and
processing were carried out on PC equipped with Intel core Quad CPU at 2.33 GHz and 4
GB of RAM. Peak alignment was performed using a two-point procedure based on the
fluorescein-based pI standards (pI 6.5 and 5.5) peak positions.

RESULTS AND DISCCUSSION
Free solution electrophoresis

As an initial evaluation of the system, the 32-capillary system was used for the free solution
electrophoresis of a 130 pM solution of disodium fluorescein. Mass detection limits (3 s) for
the instrument were 380 ± 120 yoctomoles fluorescein injected onto the capillary.

In a second evaluation, the instrument was used for the free-solution separation of six
fluorescent sphingolipid standards (Cer: Ceramide, GlcCer: Glycosylceramide, LacCer:
Lactosylceramide, GMx: Monosialogangliosides, GAx: Asialogangliosides, x refers to the
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metabolic parameter). The electrophoretic migrations of the standards are well known based
on previous work from our group.20-21 The GM1 and Cer peaks were identified in each
electropherogram; the relative standard deviation in peak position was 3% for both
components. We used the migration time for those components in a two-point alignment
algorithm; Figure 3 shows the aligned electropherograms.

The relative standard deviation in peak height between the 32 capillaries was 35% for the
GM1 peak. This variation in sensitivity likely reflects variation in overlap between the
sample streams and the laser beam and capillary-to-capillary variation in injection volume.
The average detection limit for the 32 capillaries was 5 ± 2 zmol injected onto the column,
which is about an order of magnitude poorer than the detection limit produced with a single
capillary instrument.23

cIEF Standard Separation
Two fluorescein-based pI standards (pI 6.5 and 5.5) were analyzed by capillary isoelectric
focusing. The reproducibility of the peak positions was poorer than for the free solution
electrophoresis; the relative precision for peak 1 position was 5% and for peak 2 was 8%.
Capillary isoelectric focusing is particularly sensitive to electro-osmosis induced by flaws in
the capillary coating, which likely accounts for the poorer capillary-to-capillary precision in
peak migration time. Figure 4 presents a typical electropherogram.

A Gaussian function was fit to the peaks; the average peak width for the pI = 6.5 standard
was 0.0027 ± 0.0003 pH and the pI 5.5 standard was 0.0036 ± 0.0006 pH. The insert of
Figure 4 presents a particularly sharp peak with standard deviation of 0.0021 pH units.

cIEF protein separation
Myoglobin (pI 7.2 & 6.8) and ovalbumin (pI 5.5) were labeled with Chromeo P503, mixed
with the standards, and analyzed by cIEF. This mixture was run on 26 capillaries; the rest
were blanks. The blanks showed a significant background signal due to fluorescence from
impurities present within the ampholytes; similar behavior has been noted elsewhere.10

Figure 5 presents the electropherograms generated from the protein sample, after alignment
with the pI standards and conversion to pH scale. The alignment algorithm is not perfect; a
residual ~0.05 pH jitter is observed in the protein pI. In addition, the estimated pI of
ovalbumin (5.2) is not consistent with the literature value. There are two possible sources of
this inconsistency. Either the pIs of the standards are not accurate or the labeling chemistry
modifies the pI of the proteins. We demonstrated that labeling does not change the pI of
proteins,12 which implies that the pIs of the standards are not accurate.

Resolution varied between capillaries, which may be attributed to non-uniform capillary
surface coatings. A few capillaries produced outstanding resolution of protein isoforms.
Figure 6 presents four separations of the myoglobin peak. The components of thee doublet
with nominal pI of 6.75 were separated in apparent pI by 0.020 ± 0.001 pH unit.

Detection limit
The detection limit (3 s) for the cIEF of fluorescently labeled ovalbumin was 200 ± 100 pM,
averaged across the capillaries. These values are in agreement with previous work where
Chromeo P503 labeled proteins in 4% non-photobleached ampholytes with excitation at 473
nm wavelength. Future work will investigate the use of photobleached ampholytes and 532
nm excitation for Chromeo P540 labeled proteins. We have reported that the background
signal drops dramatically for the longer wavelength excitation and that photobleaching
reduces the fluorescence background signal from ampholytes.13 The combination of these
improvements should produce one to two orders of magnitude improved detection limit.
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However, there is one issue with the use of the green laser, which prevented its use in this
experiment. The fluorescein-based pI standards are not excited at 532 nm. A two-color
instrument analogous to one developed for DNA sequencing would allow the detection of
fluorescence from standards and sample without interference.24

Acknowledgments
This work was supported by a grant from the National Institutes of Health (R01NS061767). We also acknowledge
the assistance of Colin Whitmore for the glycosphingolipid separation and Karel Slais for donation of pI standards.

REFERENCE
1. Righetti, PG. Isoelectric Focusing: Theory, Methodology and Applications. Elsevier; Amsterdam:

1983.
2. Righetti, PG. Immobilized pH Gradients: Theory and Methodology. Elsevier; Amsterdam: 1990.
3. Cossu G, Righetti PG. Resolution Of γ-Gamma and α-Gamma Fetal Hemoglobin Tetramers in

Immobilized pH Gradients. J Chromatogr. 1987; 398:211–216. [PubMed: 2443526]
4. Wu JQ, Pawliszyn J. Capillary Isoelectric-Focusing With A Universal Concentration Gradient

Imaging-System Using A Charge-Coupled Photodiode Array. Anal Chem. 1992; 64:2934–2941.
5. Wu J, Pawliszyn J. Fast analysis of proteins by isoelectric focusing performed in capillary array

detected with concentration gradient imaging system. Electrophoresis. 1993; 14:469–474. [PubMed:
8354230]

6. Dou P, Liu Z, He J, Xu JJ, Chen HY. Rapid and high-resolution glycoform profiling of recombinant
human erythropoietin by capillary isoelectric focusing with whole column imaging detection. J.
Chromatogr A. 2008; 1190:372–376. [PubMed: 18374347]

7. Shen Y, Xiang F, Veenstra TD, Fung EN, Smith RD. High-resolution capillary isoelectric focusing
of complex protein mixtures from lysates of microorganisms. Anal Chem. 1999; 71:5348–5353.
[PubMed: 10596214]

8. Shim J, Dutta P, Ivory CF. Effects of ampholyte concentration on protein behavior in on-chip
isoelectric focusing. Electrophoresis. 2008; 29:1026–1035. [PubMed: 18257108]

9. Richards DP, Stathakis C, Polakowski R, Ahmadzadeh H, Dovichi NJ. Labeling effects on the
isoelectric point of green fluorescent protein. J Chromatogr A. 1999; 853:21–25. [PubMed:
10486708]

10. Wetzl BK, Yarmoluk SM, Craig DB, Wolfbeis OS. Chameleon labels for staining and quantifying
proteins. Angew Chem Int Ed Engl. 2004; 43:5400–5402. [PubMed: 15468079]

11. Wetzl BK, Gruber M, Oswald B, Durkop A, Weidgans B, Probst M, Wolfbeis OS. Set of
fluorochromophores in the wavelength range from 450 to 700 nm and suitable for labeling proteins
and amino-modified DNA. J Chromatogr B. 2003; 793:83–92.

12. Ramsay LM, Dickerson JA, Dovichi NJ. Attomole protein analysis by cIEF with LIF detection.
Electrophoresis. 2009; 30:297–302. [PubMed: 19204946]

13. Ramsay LM, Dickerson JA, Dada O, Dovichi NJ. Femtomolar Concentration Detection Limit and
Zeptomole Mass Detection Limit for Protein Separation by Capillary Isoelectric Focusing and
Laser-Induced Fluorescence Detection. Anal Chem. 2009; 81:1741–1746. [PubMed: 19206532]

14. Mao Y, Li Y, Zhang X. Array based capillary IEF with a whole column image of laser-induced
fluorescence in coupling to capillary RPLC as a comprehensive 2-D separation system for
proteome analysis. Proteomics. 2006; 6:420–426. [PubMed: 16317775]

15. Zhang J, Voss KO, Shaw DF, Roos KP, Lewis DF, Yan J, Jiang R, Ren H, Hou JY, Fang Y,
Puyang X, Ahmadzadeh H, Dovichi NJ. A multiple-capillary electrophoresis system for small-
scale DNA sequencing and analysis. Nucleic Acids Res. 1999; 27:e36. [PubMed: 10572188]

16. Crabtree HJ, Bay SJ, Lewis DF, Zhang J, Coulson LD, Fitzpatrick GA, Delinger SL, Harrison DJ,
Dovichi NJ. Construction and evaluation of a capillary array DNA sequencer based on a
micromachined sheath-flow cuvette. Electrophoresis. 2000; 21:1329–1335. [PubMed: 10826677]

Dada et al. Page 6

Anal Bioanal Chem. Author manuscript; available in PMC 2012 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17. Zhang J, Yang M, Puyang X, Fang Y, Cook LM, Dovichi NJ. Two-dimensional direct-reading
fluorescence spectrograph for DNA sequencing by capillary array electrophoresis. Anal Chem.
2001; 73:1234–1239. [PubMed: 11305657]

18. Gao L, Liu S. Cross-linked polyacrylamide coating for capillary isoelectric focusing. Anal Chem.
2004; 76:7179–7186. [PubMed: 15595858]

19. Slais K, Horká M, Novácková J, Friedl Z. Fluorescein-based pI markers for capillary isoelectric
focusing with laser-induced fluorescence detection. Electrophoresis. 2002; 23:1682–1688.
[PubMed: 12179988]

20. Larsson EA, Olsson U, Whitmore CD, Martins R, Tettamanti G, Schnaar RL, Dovichi NJ, Palcic
MM, Hindsgaul O. Synthesis of reference standards to enable single cell metabolomic studies of
tetramethylrhodamine-labeled ganglioside GM1. Carbohydr Res. 2007; 342:482–489. [PubMed:
17069778]

21. Whitmore CD, Hindsgaul O, Palcic MM, Schnaar RL, Dovichi NJ. Metabolic cytometry.
Glycosphingolipid metabolism in single cells. Anal Chem. 2007; 79:5139–5142. [PubMed:
17567107]

22. Turner EH, Dickerson JA, Ramsay LM, Swearingen KE, Wojcik R, Dovichi NJ. Reaction of
fluorogenic reagents with proteins - III. Spectroscopic and electrophoretic behavior of proteins
labeled with Chrorneo P503. J Chromatogr A. 2008; 1194:253–256. [PubMed: 18482729]

23. Whitmore CD, Olsson U, Larsson EA, Hindsgaul O, Palcic MM, Dovichi NJ. Yoctomole analysis
of ganglioside metabolism in PC12 cellular homogenates. Electrophoresis. 2007; 28:3100–3104.
[PubMed: 17668449]

24. Chen D, Harke HR, Dovichi NJ. Two-Label Peak-Height Encoded DNA Sequencing By Capillary
Gel-Electrophoresis - Three Examples. Nucleic Acids Res. 1992; 20:4873–4880. [PubMed:
1408803]

Dada et al. Page 7

Anal Bioanal Chem. Author manuscript; available in PMC 2012 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Sheath-flow cuvette. An array of 32 capillaries is held in a microfabricated sheath-flow
cuvette. Sample migrates from the tips of the capillaries, forming thin filaments in the fluid-
filled chamber. A single low-power laser beam simultaneously excites fluorescence from the
sample streams.
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Figure 2.
Optical design of the instrument. A beam from a solid-state laser is focused into the sheath
flow cuvette shown in Figure 1. Fluorescence is collected and collimated with an achromatic
lens, filtered with an interference filter, and imaged onto a CCD camera with an identical
achromatic lens.
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Figure 3.
Separation of sphingolipid standards using free solution electrophoresis in the 32 capillary
instrument.
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Figure 4.
Capillary isoelectric focusing of pI 5.5 and 6.5 standards. The insert shows the raw data and
the least squares regression analysis with a Gaussian peak (green) for the 6.5 pI standard.
The standard deviation of the Gaussian function was 0.0021 pH units.
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Figure 5.
Capillary isoelectric focusing separation of myoglobin, ovalbumin, and pI 5.5 and 6.5
standards. The electropherograms were aligned based on the migration time of the standards,
and the pH scale was based on the nominal pH of the standards.
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Figure 6.
Capillary isoelectric focusing of myoglobin components. The smooth curves are the data and
the dashed curves are the least-squares regression fit of a pair of Gaussian functions to the
peaks. The peaks were separated by 0.020 ± 0.001 pH unit.
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