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Abstract
In the postgenomic era, proteomics has become a dominant field for identifying and quantifying
the complex protein machinery of the cell. The expression levels, post-translational modifications,
and specific interactions of proteins control the biology of such processes as development,
differentiation, and signal transduction. Studies of the proteins involved in these processes often
leads to a better understanding of biology and of human disease. Powerful separation techniques
and sensitive detection methods enable researchers to untangle these complicated networks of
processes. Capillary electrophoresis coupled with either mass spectrometry or laser-induced
fluorescence are two of the techniques that make this possible. This review will cover proven
capillary electrophoresis-based methods for proteomics on the cell and tissue level and their
application in biological and clinical studies, relevant new developments in enabling technology
such as microfluidic CE-MS demonstrated on model systems, and comment on the future of CE in
proteomics.
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1. Introduction
Proteomics is a continually growing field that has vast potential in biology-related
disciplines. MS-based proteomics has become the workhorse that facilitates investigation
into cellular processes such as development, differentiation, and signal transduction through
understanding of the regulation of the expression levels, interactions, and modifications of
proteins [1]. Although linked to genomics, as proteins are a translation of the genetic code,
proteomics entails direct analysis of the dynamic and complex functional machinery of the
cell. In addition to the diversity of expressed genes from a genome, the proteome is more
complex due to PTMs, protein isoforms, and differential expression, making analysis
significantly more difficult. These complexities of protein translation are biologically
interesting, yet at the same time are the most challenging aspect of investigation. Protein
expression levels are believed to be present with a dynamic range of 7–8 orders of
magnitude in cells [2] and up to 12 in plasma [3]. Thus for any proteomic analysis, a high
demand is placed on the dynamic range of either optical or mass detectors and is further
accentuated by the complexity of samples. Adequate separations of either proteins or
peptides prior to detection is of utmost importance to probe low abundance proteins. Peak
overlap often hides low intensity peaks using optical detection and, in the case of ESI-MS or
MALDI-MS, can significantly suppress the signal of low abundance proteins or peptides.
Adequate front-end separation techniques are necessary to alleviate these issues.
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Traditionally, proteomic analysis has been performed by resolving complex protein mixtures
using 2-DE followed by MS identification [4]. Excised proteins are digested with trypsin in
a bottom-up approach while thoroughly purified proteins can be analyzed directly with high
resolution MS. Although cost-effective and of relatively high resolution, the interest in
proteomics began to outgrow the time-intensive and tedious procedure of 2-DE. Shotgun
proteomics using automated, liquid-based separation methods emerged to increase the
overall throughput of proteomics experiments. Gel-free shotgun proteomics methods have
since become routine for protein identification, protein quantitation, protein-protein
interaction studies, and post-translational modification analysis [5–9]. Gel free shotgun
proteomics is enabled by the ability to search mass spectrometry data through sequence
databases to identify proteins.[10–12] At the forefront are 2-D HPLC methods such as
MudPIT where protein digests are loaded onto a strong-cation exchange resin which are
serially bumped onto a LC column using salt pulses for subsequent RP separation and ESI-
IT-MS/MS analysis [13]. Although primarily dominated by LC methods, CE has become
quite promising and beneficial in many proteomics applications due to the inherent fast
analysis times, low sample and reagent consumption, high efficiencies, and number of
versatile separation modes [14, 15].

Since the introduction of CE by Jorgenson [16] there have been numerous advances in
capillary coatings [17, 18], detection methods [19–21], separation modes [22, 23],
integration to microfluidic chips [24, 25], and application to bioanalysis [26–28].
Additionally, improvements in protein [29] and peptide [30] separations using CE have
significantly advanced, making application to proteomics possible. The development of CE
with primarily two detection methods, MS and LIF, has come to fruition in the field of
proteomics yielding results that are biologically relevant. CE-MS routinely yields
comprehensive information on protein identification and quantitation of complex samples,
while CE-LIF has proven most useful for monitoring changes in single cell expression
profiles from cell development or external stimuli. The current impact of CE as a powerful
separation method in proteomics will be reviewed, particularly in proven methods, relevant
recent developments on model protein and peptide systems, and biological and clinical
application, followed by comments on potential advances and applications.

2. CE-MS
2.1. ESI Interfacing

CE-MS has had the largest impact of CE-based techniques and has become a relatively
routine method for proteomic analysis. Since their introduction to large biomolecules, ESI
[31] and MALDI [32] have been the primary interfaces investigated for CE-MS. ESI has
proven most useful in shotgun proteomic experiments where peptide digests are serially
fractionated prior to an IT or TOF mass spectrometer using LC or CE. The soft ionization
process is also useful for electrospraying intact proteins prior to higher resolution mass
spectrometers such as the FTICR-MS [33, 34] and Orbitrap (unpublished observations).
Commercial mass spectrometers are equipped with API sources which provide a sheath of
gas or liquid for ESI. CE has been successfully interfaced with MS using this methodology
or similar home-built versions [35]. Although the use of a sheathflow liquid is robust and
versatile, the use of a sheathless configuration can improve S/N more than 10-fold through
reduced dilution and background noise [36]. Thus, multiple sheathless ESI designs have
been developed.

The main challenge to sheathless ESI is creating an electrical connection at the ESI tip
without interrupting the CE flow. Sheathless ESI can generally be categorized by two
designs. The first design entails coating an ESI tip with a conductive material such as gold
[37–39] or graphite [40–43] for an electrical connection. Unfortunately, coated ESI tips have
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short lifetimes and frequently clog. Alternatively, the second general design requires
creating a porous region near the ESI tip for electrical connection via an electrolyte [44, 45].
Porous junctions can be difficult to make reproducibly and are fragile, so other alternatives
have been proposed. A pressurized liquid junction employing a ~100 µm gap between
closely positioned capillaries facilitated simple application of the ESI voltage and a stable
ESI spray independent of the CE effluent flow rate or composition [46–48]. A fully etched
porous tip has also proven robust [49]. A 3 cm polyimide-stripped end of a capillary was
etched in HF until the wall was 5–10 µm thick. The tip was inserted into an ESI needle with
BGE allowing an electrical connection to generate a stable ESI spray at 1.5 kV. Figure 1
gives a schematic of the design.

2.2. ESI-MS Sampling
A common concern with CE-ESI-MS/MS in shotgun proteomics is the potential
undersampling of peptides at the MS due to the poorly matched, slow duty cycle of the MS
with the highly efficient, sharp CE peaks. A few methods have been proposed to increase
protein identifications and sequence coverage while maintaining short analysis times. Tong
et al performed CE-MS separations at a constant reduced voltage after elution of a neutral
marker at the ESI tip, increasing peptide and protein identifications by a factor of three [50].
A similar approach used data-dependent control of the electrophoretic conditions [51].
When precursor ion intensities reached a threshold value the separation voltage was dropped
from 20 kV to 5 kV to reduce the elution rate as MS/MS were acquired. The dynamic
method was most effective at increasing identifications and sequence coverage for samples
of intermediate complexity. No improvements were noticed for simple samples while high
complexity samples ran nearly entirely at the reduced 5 kV. Alternatively, two (CE-MS/
MS)n methods have been used to increase the sequence coverage of tryptic digests while
using 30 kV for separations [52]. Six successive CE-MS/MS runs were performed on an
identical sample. Each additional run appended precursor ions selected for MS/MS in the
previous run to an exclusion list. Thus, previously detected peptides were excluded,
increasing the probability with each run of detecting unsampled precursor peptide ions of
low abundance. To further enhance identifications, increasing concentrations of sample were
injected which, in this case, detected six more low abundance peptides and increased
sequence coverage 5%; an electropherogram is shown in figure 2A. In the same report, gas-
phase fractionation prior to MS/MS was also demonstrated to increase peptide
identifications. Repeated injections of the same sample followed by defined MS scans (100
µm/z) effectively added another dimension of separation and allowed for identification of
lower abundance peptides. Spectra are shown in figure 2B to illustrate the technique. The
gas-phase fractionation method circumvents the use of dynamic exclusion where precursor
ions of similar m/z can be excluded entirely. Similar results for both methods were
observed, yielding a 100% increase in sequence coverage of a simple protein standard
mixture over LC-MS/MS in the same analysis time.

2.3. MALDI Interfacing
As with LC, the other prevalent alternative to ESI for CE is MALDI, although not nearly as
readily used. MALDI is particularly well matched with TOF instruments, which typically
have slower duty cycles than IT instruments. MALDI is commonly used to investigate intact
proteins, but has recently proven useful for CE analysis of peptides. In general, MALDI is
more tolerant to salts, surfactants, and other chemical interference than ESI. Unlike LC,
where all fluids are pressure-driven and easily deposited onto MALDI targets, the electrical
necessity of CE complicates collections onto the target. Multiple groups have demonstrated
procedures for collections. A home-built CE instrument was first used to deposit CE effluent
in a continuous line on a cellulose membrane-mounted MALDI target [53]. More recent
developments facilitated direct spotting of CE effluent onto MALDI targets using either a
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sheath-flow setup containing matrix at the outlet of the capillary [54, 55] or a sheathless
interface with a membrane-coated porous joint [56] . An example of a sheath-flow setup is
shown in figure 3A. Collections have also been performed post-electrophoresis with a
commercial CE instrument using pressure with the capillary outlet manually moved outside
of the instrument above the MALDI target [57]. Beneficial to separation efficiency, a
commercial CE has also been used to collect fractions directly onto the target during the
separation using a 96-well Becton Dickinson MALDI sample concentrator device placed on
a grounded MALDI target [58]. Collected samples were subsequently dried and dissolved in
MALDI matrix. This approach was optimized by another group for the analysis of
hydrophobic peptides and proteins [59].

Interfacing CE with MALDI is still under development including methods that may rival
ESI’s continuous nature. CE effluent was deposited continuously onto a moving tape under
vacuum conditions and subsequently desorbed into a TOF-MS [60]. CE separation
efficiency was maintained and allowed for continuous 24 hr operation. Similarly, a rotating
ball MALDI target was demonstrated as a continuous alternative to ESI ionization with three
model peptides [61]. The sample at the outlet of the capillary is mixed online with matrix,
deposited onto the rotating ball, and desorbed by a laser to the MS after rotating 180O. The
ball is subsequently cleaned by solvent-saturated felt. The rotating-ball instrument
configuration is shown in figure 3B.

2.4. Sample Enrichment
Due to the nanoliter injections inherent to CE that yield poor concentration LODs, it is often
necessary to concentrate peptide samples and sharpen peaks prior to separation and analysis
using methods such as field amplified sample stacking. Additionally, CE-MS has been used
following a fractionation step such as HPLC where samples are diluted, requiring further
sample concentration. More than 10 years ago, SPE-CE-MS/MS of a tryptic digest from 2-
DE separated yeast proteins using shotgun proteomics was successfully demonstrated [62,
63]. LODs of 660 amol were achieved for peptide samples with a total concentration less
than 300 amol/µL. A 1000-fold increase in sensitivity from sample clean-up and
concentration was possible. More recent reports have introduced SPE configurations with
higher separation efficiencies and similar LODs using a SPE disk between two capillary
ends [44] and an electrically insulated SPE loop valving system [64]. Field amplified sample
stacking using discontinuous electric fields at the head of the capillary have also been used
to enrich proteins [57] and peptides [65]. Concentration of the sample at the outlet of the
capillary has been demonstrated using MALDI [66]. A simple, cheap paraffin wax film was
stretched across a MALDI target. As drops were collected on the target they were
concentrated during evaporation due to a solvent repellent effect to the surface, resulting in
~3-fold increase in S/N.

2.5. PTM Analysis
PTMs of proteins are often involved in regulation of their localization, turnover, activity,
and interactions with other proteins. Protein heterogeneity created from PTMs makes
proteomic analysis difficult since modified proteins, and thus peptides, are often in relative
low abundance in a mixture. Thus, selective enrichment strategies are often necessary [67].
The inherent change in chemical charge to a protein or peptide by a PTM makes CE well-
suited for specific PTM analysis. For instance, a peptide mobility study investigated the
effect of PTMs such as phosphorylation, acetylation, and methylation. The results showed
that phosphorylated peptides were grouped into a slower electrophoretic mobility window
than non-phosphorylated peptides [68], illustrated in figure 4A. This methodology was
exploited for selective sampling of phosphopeptides for CE-MALDI-MS [69] and CE-ESI-
MS [70] and has since been improved for selective injection, stacking, and fractionation
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[71], shown in figure 4B. Enrichment factors of up to 600 were achieved on a synthetic
phosphopeptide. Phosphopeptide analysis of a highly phosphorylated protein, osteopontin,
indicated the ability to analyze multiple variable phosphorylation sites: 41 different
phosphopeptides were detected with 29 previously reported phosphorylation sites. Similarly,
phosphorylation of intact proteins results in a pI shift that facilitates separation using CIEF.
This was initially demonstrated on mono- and diphosphoovalbumins separated by CIEF and
detected by ESI-MS [72]. A common offline strategy for phosphoprotein and
phosphopeptide enrichment is immobilized metal-ion affinity chromatography (IMAC).
Fe(III)-IMAC resin was loaded at the head of a CE capillary for selective online
phosphopeptide enrichment prior to CE-ESI-MS/MS analysis [73].

PTMs other than phosphorylation have also been investigated using CE. CE-MALDI-MS/
MS was used to indentify sialylated glycopeptides and characterize four N-glycosylation
sites from bovine α1-glycoprotein [58]. Successive CE-MALDI-MS/MS runs of untreated
and deglycosylated bovine α1-glycoprotein effectively separated the sialylated and asialo
content of glycoprotein digests allowing for determination of the nature and location of the
PTMs. Similarly, CE-ESI-MS/MS facilitated the study of non-enzymatically glycosylated
PTMs on collagen [74]. A validation of CE-MS using a HPLC-MS characterized
glycoprotein indicated that CE-MS was a comparable method [55].

2.6. Proteomic Analyses using CE-MS
There are multiple examples in the literature of the capabilities and potential of CE-MS for
biological studies. The gentle, non-denaturing separation and ionization possible with CE-
ESI-MS has proven useful for the analysis of stable protein complexes. Using a porous ESI
tip capillary, zinc-carbonic anhydrase I & II and hemoglobin holoprotein complexes were
separated and detected from a blood lysate [75]. Notably, no sample preparation was
necessary and detection of a ~3 order of magnitude difference in concentration was
achieved. Sheathflow ESI conditions for analysis of intact or dissociated myoglobin were
found based on different methanol concentrations [76]. A mixture of commercially available
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), creatine phosphokinase (CPK),
hemoglobin, β-lactoglobulin A, and lentil lectin were analyzed by CIEF-ESI-FTICR-MS
[77]. Different sheathflow conditions were found which enabled analysis of either intact or
dissociated protein complexes. Intact GAPDH and CPK complexes were first identified
under gentle conditions and then subsequently analyzed under dissociating conditions
allowing for subunit differentiation using MS. A similar, high sensitivity frontal analysis
CE-ESI-MS method was used to characterize the antithrombin-heparin pentasaccharide
complex [78]. The binding stoichiometry of the complex along with the Mr and sulfation
features of the pentasaccharide were determined using the combination of denaturing and
non-denaturing sheathflow conditions.

Identification of proteins in mixtures of low and intermediate complexity has been
demonstrated in top-down and bottom-up approaches using CE-MS. The cleavage patterns
of recombinant and natural bovine pepsin A were compared using CE-MS [79]. An assay to
measure the acetylation pattern of human histone H4 was developed using a combined CE
and MALDI-TOF-MS approach [80]. This assay was used to screen histone deacetylase
inhibitors, functioning as potential anticancer drugs, in HT29 cell lines. Using ~3.5 ng of 56
E. coli ribosomal proteins, 55 of the proteins were identified using CE-MS based on Mr
[81]. Purified conventional and transgenic maize proteins were analyzed using CE-MS [82]
using a high organic percentage BGE (40% ACN) to minimize aggregation of zein proteins
and improve separation efficiency [83]. The CE-MS method facilitated comparison of the
zein protein fingerprint between the conventional and transgenic maize. More complex
analyses have been performed on pathogens from microbial mixtures [84] and clinical
samples [85]. Proteotypic peptides with abundances as low as 1% in the samples allowed for

Fonslow and Yates Page 5

J Sep Sci. Author manuscript; available in PMC 2012 November 29.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



confident identification of the pathogens present. Peptides from degraded proteins in rat
urine have been characterized as potential non-invasive diagnostics for monitoring
toxicological or other physiological effects from pharmaceuticals in animal models [86]. An
automated CE-MS platform has been validated to detect two-fold changes in peptide
concentrations in human serum for biomarker discovery [87]. Mapping software has been
created to perform easy differential comparison of CE-MS data [88].

A subset of proteomics, peptidomics, which involves direct analysis of endogenous peptides
such as neuropeptides, has also benefited from improvements in CE-MS. A method for
analysis of two neuropeptides, methionine-enkephalin and substance P 1–7, from Callitrix
jacchus brain was demonstrated using SPE-CE-ESI-MS/MS [89]. Similarly, a SPE-CE-
MALDI-TOF-MS protocol was established for proteomic analysis of single neurons of
Aplysia californica [54]. With this method, numerous proteins and peptides up to 11 kDa
were detected including egg-laying hormone δ/γ-bag cell peptide [90]. More recently, from
a few pooled neuronal tissues from Cancer borealis the identification of 43 neuropeptides in
a single run was achieved [56]. A total of 203 peaks were detected contributing information
to the PTMs and neuropeptide families of the 70 total identified neuropeptides from pooled
runs.

3. 2-D CE Shotgun Proteomics
Multiple instrument configurations have been proposed for performing 2-D CE shotgun
proteomics experiments. Initially, CE separations were coupled to proven LC separations,
adding a dimension of orthogonality. The first coupling of LC and CE-MS for peptide
analysis was achieved using a plastic flow-gate interface [91], but have since been
demonstrated using offline fractionation [92], a droplet transfer and gravity injection
interface [93], a microinjector valve [94], a microselection valve to multiple trapping
columns [95], and a PDMS flow-gate [96]. Integrating two online, orthogonal CE techniques
has also been demonstrated. The necessity of multiple electrical connections has limited the
CE-CE interface to flow gating [97] and a microdialysis junction [98, 99].

As a result of the above-mentioned developments, CE has become a viable alternative to 2-
D LC for performing separations prior to MS in shotgun proteome analysis. Coupling CIEF
to LC-MS/MS with a fast IT instrument yielded identification of 2513 distinct yeast proteins
in a single run and 3632 proteins from three solubilization conditions, the highest yeast
proteome coverage at that time [100]. The source of the high number of identifications is
illustrated in figure 5A, as there are a relatively constant number of unique peptide
identifications per CIEF fractionation step throughout the entire run, particularly from the
SDS solubilized protein sample. Applied to the human salivary proteome, CIEF-LC-MS/MS
identified 1381 distinct proteins in a single run, nearly three times more than other LC
methods [101]. For a more complex sample such as the mouse brain mitochondrial
proteome, 76% coverage of the MitoP2-database reference set was achieved through
identification of 2191 proteins using combined CITP-CZE and CIEF-LC analyses with
technical replicates [102]. A similar protocol was established for membrane proteome
analysis of ovarian tumor tissue samples allowing for identification of 773 human proteins
predicted to have transmembrane domains (24%), the highest reported coverage to date
[103]. A recent comparison illustrated the advantages of CITP- or CIEF-CE-MS/MS over 2-
D LC-MS/MS using the characterization of the human salivary proteome as a model system
[104]. Of the identified peptides from the CITP method, only 8% were in two fractions and
7% in three or more; in comparison, 2-D LC methods using strong cation exchange
chromatography unnecessarily burden the second separation dimension with 40–80%
overlap between fractions, reducing peak capacity and the ability to identify low abundance
peptides. Between CIEF and CITP methods, the CITP method identified 8% more proteins
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with half as many first dimension fractions and ~10% less overlap of peptide identifications
between fractions as illustrated in figure 5B; additionally, 7% more proteins were identified
by two or more distinct peptides, a typical criterion for protein identification.

It is apparent that the multiple modes of CE each have distinct advantages for 2-D peptide
separations: CZE for separation efficiency and speed relative to LC; CIEF for 50- to 100-
fold sample concentration [94], peptide pI information [100] for increased identification
confidence [105], and highly efficient peak shapes which facilitates increased fractionation
[106] and decreased overlap between fractions [99]; and CITP for enrichment and
identification of trace peptides 500,000 times less abundant than the most concentrated
[107]. In general, 2-D CE methods only require high nanogram amounts of protein for
analysis [95, 99], at least an order of magnitude lower than 2-D LC methods.

4. Intact Protein Separations
The analysis of intact proteins may have the potential to gain otherwise difficult or
unattainable information about PTMs and protein interactions using MS. Top-down
proteomics is the field of intact protein analysis where high resolution instruments such as
FTICR-MS [108] and the LTQ-Orbitrap [109] are used to identify proteins and PTMs based
on their Mr determined from their isotopic envelope and by fragments generated with gas-
phase fragmentation. Currently there are challenges to easily identifying complex mixtures
of proteins with this method [110], but as MS and bioinformatics aspects advance, the
ability to separate proteins with high resolution and capacity will be of utmost importance.
Numerous high efficiency separations of proteins have been achieved using CE, which could
have the potential to be applied in top-down proteomics. At the same time, many of these
separations have already proven quite useful in their own right.

CIEF separations coupled to a FTICR-MS using ESI have already been demonstrated [111]
with the ability to acquire 400–1000 putative protein masses using only ~300 ng of E. coli
proteins [33]. Further improvements in separation resolution and FTICR-MS speed were
cited as necessary, particularly for MS/MS to attain unambiguous protein identifications.
Additionally, RPLC fractionation was performed prior to CIEF of a Shewanella oneidensis
lysate [34]. Three times as many protein masses (166) were detected using RPLC
fractionation compared to a dialyzed sample. A similar 2-D CIEF-LC-ESI-TOF-MS
approach increased the system capacity to between 4320–7200 peaks and identified 534
distinct protein masses from 10 µg of a soluble S. cerevisiae lysate [112].

Since MS technology isn’t available to readily identify intact proteins, other groups have
integrated bottom-up proteomics strategies with intact protein separations. In a fully online
system, the end of a first dimension CZE protein separation capillary was packed with
immobilized pepsin beads to create a microreactor prior to a second dimension CZE peptide
separation [113]. A flow-gate was used to transfer digested peptides to the second dimension
separation coupled to a triple quadrupole MS. A simple mixture of cytochrome C and
myoglobin were used to test the system: a sequence coverage of 48% and 22% were
achieved, respectively, with a peak capacity of 590. Another method was capable of
incorporating two successive intact protein separations by performing offline HPLC
fractionation to CIEF with on-target digestion of proteins prior to MALDI-TOF-MS [114].
CIEF eluted samples were concentrated on immobilized RP beads spotted onto a MALDI
target, washed of ampholytes, digested with drops of trypsin solution, suspended in a matrix
droplet, and dried. Analysis of a rat liver extract was performed and 376 unique proteins
were identified. CIEF has also been directly coupled to hollow fiber flow field-flow
fractionation creating a pI vs. size separation similar to 2-DE [115]. The 2-D separation was
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followed by LC-MS/MS on the trypsin-digested fractions. Analysis of a human urine sample
yielded 114 protein identifications.

Another method has combined the high sensitivity of LIF with the repeatability and
efficiency of CE to generate protein maps based on two orthogonal CE separation conditions
similar to 2-DE. This concept was first introduced by Michels et al [97]. Very little sample
is required and complete transfer of sample from one capillary to another is achieved using a
flow-gate. 2-D CE-LIF is particularly advantageous even over MS due to the high sensitivity
for monitoring zeptomoles of protein. Protein lysine groups are reacted with the fluorogenic
reagent 3-(2-furoyl)quinoline-2-carboxaldehyde, creating highly fluorescent products with
minimal background. Submicellar concentrations of SDS are added to the separation buffer
to mask unreacted lysine heterogeneity [116]. Notably, the amount of protein injected into
the instrument was equivalent to that of a single cell and was later demonstrated on a single
cell [117]. Comparison of 2-D CE-LIF runs from single MCF-7 breast cancer cells presorted
by ploidy demonstrated the ability to differentiate cell cycle dependence of the proteome
with a degree of variability greater than 2.5 [118]. This was possible through high run-to-run
and day-to-day reproducibility [119]. The initial demonstration of 2-D CE-LIF combined
two CZE separations performed at different pHs, but has since employed the greater
orthogonality of CSE-MEKC [120, 121] generating spot capacities of ~500 and component
resolutions in the hundreds in 1 hr [122, 123]. Further instrumental design incorporated five
2-D CE-LIF instruments for analysis of five samples in parallel [124]. Although MS has not
been integrated, the method has proven quite useful as described in the Applications section
and yields great potential for characterization of protein expression variability such as in
genetic disorders.

Other instrumental designs for intact protein separations have been evaluated using optical
detection. CIEF-CEC coupled with UV detection proved adequate for the separations of
human serum proteins with a theoretical peak capacity of ~54,000 [125]. Two LIF methods
have also been demonstrated. A yeast lysate was derivatized using BODIPY maleimide,
fractionated using RPLC, then focused and detected using CIEF with a theoretical peak
capacity of 10,000 [126]. From the same group, inversion of the separation order allowed for
a fully automated system using an array of CIEF capillaries [127]. The system was
demonstrated on a BODIPY-derivatized rat liver lysate with an estimated peak capacity of
18,000 for a 3 hr analysis.

5. Microchip CE and ESI
Microfluidic devices hold immense potential for dispersing powerful separation techniques
and integrated procedures to the non-expert. Lab-on-a-Chip devices have integrated multiple
laboratory techniques such as sample preparation and enrichment, separation, and detection,
all while minimizing adsorptive sample losses from transfers, sample requirements, and
analysis time [128]. Microchip CE has already proven useful in genetic analysis [129];
proteomics should also benefit from Lab-on-a-Chip devices that are currently being
developed. Considering the complexity and need for identification of proteomics samples,
two major drives have been to integrate 2-D CE protein and peptide separations to a
microfluidic chip and couple them to MS using ESI. These topics will be the focus of this
section, but other reviews also provide a comprehensive overview of microfluidic
technology developments for proteomics [130, 131].

Preliminary demonstrations of 2-D CE microfluidic proteome-related separations were
initially performed using serial injections from the first to second dimension. The first such
demonstration of this technique was accomplished by Ramsey and colleagues on a
fluorescently-labeled tryptic digest of model proteins [132]. As with capillary-based 2-D CE
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separations, the interface between dimensions is of utmost importance and was
accomplished using a standard cross-geometry gate injection etched in glass substrates. Peak
capacities were estimated at 500–1000 in less than 10 minutes using orthogonal CZE and
MEKC separation modes. A similar design from the same lab evaluated open-channel
electrochromatography coupled to CE for tryptic digest separations [133]. Other groups
have since coupled other CE techniques in cheaper substrates such as
poly(dimethylsiloxane) [134–136], poly(methyl methacrylate) [137–140], and polycarbonate
[141]. The Whiteside’s lab later demonstrated the potential for 2-D intact protein separations
on a microchip using fluorescently-labeled proteins [136] using a previously introduced
parallel analysis concept [142]. Similar to 2-DE, the separated proteins from an IEF
separation were simultaneously injected onto an array of orthogonal gel-filled channels for
SDS gel electrophoresis. In this case the IEF focused first dimension was physically
transferred to the parallel channels, but has since been automated by multiple labs [139–141,
143]. The parallel analysis scheme minimizes sample loss and analysis time relative to
analyses requiring serial injections.

As with CE, it will be important to couple proteomic microfluidic separations to MS. This
concept and the demonstration of directly electrospraying from the edge of microchip was
first introduced over ten years ago [144, 145]. There have been multiple methods proposed
for coupling microchip CE and ESI with better sensitivity, but most are based on manually
assembled external emitters [146]. Top-down analysis of a DNA-binding domain of human
TTAGGG repeat binding factor 2 was demonstrated using this configuration [147]. Recently
there have been multiple demonstrations of fully-integrated ESI tips to microchip CE with
sensitivities comparable to commercially available nanospray tips. As shown in figure 6A, a
computer numerical control machined cone at the end of a CE separation channel at the edge
of a glass microchip was drawn to an ESI tip using a home-built Pt heating coil puller [148].
SU-8, a biocompatible and chemical-resistant negative photoresist commonly used for
fabricating microfluidic devices, has been used to generate a three-layer CE-ESI
microfluidic chip with a sheath liquid channel for ESI electrical connection [149]. A similar
all-glass design was demonstrated where a separation channel is coupled to a sheath liquid
channel at the corner of the microchip which is only 300 µm thick from the two 150 µm
glass substrates used [150]. Images of the design and spray from the glass microchip are
shown in figure 6B and C, respectively.

6. Clinical Applications
As highlighted in this review, CE technology has reached a point where its speed and
minimal sample requirements can be exploited in proteomic applications. The following are
some examples which have an impact on understanding and diagnosis of diseases. Using the
2-D CE-MS instruments developed in the Lee lab described in the 2-D CE Shotgun
Proteomics section, techniques have been developed to perform proteomic experiments on
specific tissue samples. Glioblastoma multiforme (GBM) tumor tissue proteins were
prepared and analyzed by flash freezing tissue samples, microdissection, protein isolation,
trypsin digestion, and 2-D CIEF-LC-MS [151]. This technique was used to compare the
proteomes of GBM with normal brain cortex tissue samples [152]. Wolf-Hirschhorn
syndrome candidate 1 (WHSC1), among 103 other proteins, was found only in the GBM
sample, verified by western blotting and immunohistochemsitry, and found to increase with
ascending tumor proliferation activity. RNA interference on the WHSC1 gene transcripts
suppressed tumor growth. A similar, wide-ranging method has been established to analyze
the vast library of archived tissues, typically formalin-fixed or paraffin-embedded [153].

The 2-D CE-LIF instrumentation from the Dovichi lab described in the Intact Protein section
facilitated the rapid characterization of proteins and biogenic amines in endoscopic and
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surgical biopsies from Barrett’s esophagus patients [154]. Barrett’s esophagus is caused by
chronic gastroesophageal reflux, which damages the normal squamous epithelium, causing
the development of specialized intestinal epithelium in the esophagus. These patients have a
30 to 40-fold increased risk of developing esophageal adenocarcinoma. While surgery
essentially eliminates the risk of cancer, esophagectomy has a 5–20% mortality rate. Thus,
accurate diagnosis of the cancer progression would be useful. Tissue biopsy samples were
fixed, homogenized, fluorescently labeled, and subjected to 2-D CE-LIF. Protein expression
level differences were evident, but the most convincing markers were 13 amino acids,
identified by co-migration, as high as 40-fold more concentrated in the case of glycine.
Although only amino acids and biogenic amines could be identified and correlated to the
disease state, the potential for proteomic comparison on minimal clinical samples was
demonstrated. Improved protein resolution and advances in coupling to MS were cited by
the authors as means for better probing protein biomarkers using this technique.

CE-MS has been applied for the clinical follow-up of allogeneic hematopoietic peripheral
blood stem cell transplantation (allo-HSCT) [155] and prediction of acute graft-versus-host
disease (GVHD) [156]. Allo-HSCT has been successful for treatment of multiple
hematopoietic malignancies. However, there are potential life-threatening complications that
arise such as GVHD, which would benefit from early diagnosis and better control than
immunosuppressive treatment. In their first CE-MS paper, more than 1000 polypeptides
were detected in urine from patients and polypeptide patterns were significantly different
from healthy volunteers. Specifically, 16 polypeptides were differentially expressed,
forming a pattern for GVHD afflicted patients, while discriminating from sepsis using 13
other polypeptide markers. Specificities of 82 and 97% for GVHD and sepsis were found,
respectively. Further studies in their second CE-MS paper validated the method to diagnose
GVHD afflicted patients.

Other examples of urinary proteomics using CE-MS have also proven useful. A comparison
of surface-enhanced laser desorption ionization (SELDI)-MS and CE-MS for differentiation
of healthy subjects from membranous glomerulonephritis patients indicated the potential of
CE-MS as three potential biomarkers were identified by SELDI and 200 by CE [157]. A
more targeted study found polypeptide patterns from healthy subjects and renal disease
groups from focal segmental glomerulosclerosis, minimal change disease, and membranous
glomerulonephritis all had specific peptide signatures [158]. Eleven polypeptides with a
given mass and migration time were used to discriminate between healthy and diseased
patients, while four to nine peptides were used to discriminate among the three diseases.
Two studies using a similar approach were used to diagnose coronary artery disease from
urine. Polypeptide patterns from CE-MS runs of CAD and non-CAD patients that facilitated
confident diagnosis in a blinded study are shown in figure 7. Most up-regulated polypeptides
could be matched to collagen which positively stained in human atherosclerotic plagues
[159]. In addition to confident diagnosis, the polypeptide patterns of patients were tracked
after therapeutic intervention and physical activity, yielding a shift to healthy polypeptide
signatures [160].

7. Conclusions and Outlooks
The advent of gel-free proteomics has undoubtedly had a significant impact on the speed
and throughput of proteomic experiments, the analysis of low abundance proteins and
difficult to analyze proteins such as transmembrane domains, the identification and
localization of PTMs, and protein expression comparisons through quantitative proteomics.
Most of these techniques are based on liquid chromatography of digested proteins. As
highlighted in this review, CE based methods have begun to compete with LC methods and
in some cases actually eclipse them in speed, protein identifications, and sequence coverage.
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A significant absence in current CE-MS technology is quantitative proteomics using isotopic
labeling common to LC methods. There should be no reason for concern in its potential
demonstration since the MS analysis is the most crucial aspect; simply, it has not been
reported prior to this review. Furthermore, the reduced mass requirements of CE should
yield impressive benefits as MS sensitivity improves. With lower flow rates than LC and
thus less background, CE should be advantageous for sensitive MS measurements of
proteins. Ultimately, the goal should be to perform MS-coupled proteomics experiments on
single cells, as the Dovichi lab has already demonstrated with LIF, potentially allowing for
quantitative proteomic comparison between single cells.

As the need for separations of intact proteins increases in applications such as protein-
protein interactions studies or top-down proteomics, CE may bear further advantages. For
protein interaction studies using gradient LC elutions [161], where organic or salt
composition is varied, physiologically protein interactions may no longer be stable. On the
other hand, CE has become a routine method for measuring binding interactions among
purified biomolecules [162] and thus has the potential to be extended to a complex protein
mixture if enough peak capacity can be generated among orthogonal separations under
appropriate conditions. Considering the importance of surface area to an LC separation, the
ample adsorptive surfaces in an LC column can present recovery issues for hydrophobic
proteins [163, 164]. With reduced surface area to volume ratios and electrophoretic buffers
often similar to physiological buffers, CE may yield the greatest benefits for these
applications. However, CE is not completely free from adsorption problems. Although not
covered due to the scope of this review, capillary wall coatings are an absolutely essential
aspect of peptide and especially protein separations. Great efforts have been made to
minimize wall adsorption using dynamic and permanent wall coatings which maintain
separation efficiency and speed, recovery, and migration time repeatability, covered in
numerous reviews [17, 18, 165, 166].

Slow diffusion coefficients of proteins make efficient LC separations difficult. Ultrahigh-
pressure LC methods hint at circumventing some of these problems [167], but have only
recently been demonstrated on a cell lysate [168]. CE is perfectly suited for protein
separations since analytes with slow diffusion coefficients have the highest separation
efficiency. Additionally, specific CE modes such as CIEF and CITP actively concentrate
proteins during the course of the separation. As a final persuasion, intact protein separations
and protein complex analysis have already been demonstrated using 2-DE. The relationship
between gel-based 2-DE and solution-based 2-D CE begs to question why CE hasn’t had a
larger impact in complex protein separations already. At this point the main challenges are
MS related; the sensitivity necessary for coupling the low mass 2-D CE with MS hasn’t been
reached and most 2-D CE separations of proteins aren’t currently MS compatible.
Furthermore, the ability to identify intact proteins from a complex mixture based on Mr and
fragmentation is complicated by multiple PTMs and is still currently under development.
Until these problems are solved, CE can’t be used to its full potential in proteomics.
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CEC capillary electrochromatography

CITP capillary isotachophoresis
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CSE capillary sieving electrophoresis

FTICR Fourier transform ion cyclotron resonance

m/z mass-to-charge ratio

MEKC micellar electrokinetic capillary electrophoresis

PTM post-translational modification
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Figure 1.
Schematic of the porous ESI tip for sheathless CE. The tip of a capillary is HF-etched to ~5
µm wall thickness making it porous and thus electrically conductive. The tip is inserted into
a metal ESI needle or sheet and surrounded by a conductive liquid. A voltage of 1.5 kV is
applied to generate a stable ESI spray. (Modified from ref. [49] with permission. © 2007
American Chemical Society.)
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Figure 2.
(A) (CE-MS/MS)n of increasing sample concentrations on a digested six protein mixture.
Low abundance peptides are IDed in the most concentrated sample using an m/z exclusion
list of high abundance peptides previously selected for MS/MS in the lower concentration
samples. (B) Narrow mass range (CE-MS/MS)n analysis of the same protein mixture. (1)
CE-MS/MS run with a full scan range (500–2000 m/z) followed by successive narrow mass
range scans (100 µm/z). (2) CE-MS/MS electropherogram from (1) displaying only the 700–
800 m/z range. Mass spectra of the 708.47 (3) and 708.86 peaks (4) from (2). The 708.86
peptide is present in (3), but its relative intensity was too low to be selected for MS/MS. The
708.86 peptide is easily detected in (4), with an expanded view in (5), from the 700–800 m/z
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scan and selected for MS/MS, resulting in a database-searchable peptide fragmentation
pattern shown in (6). (Reprinted from ref. [52] with permission. © 2006 American Chemical
Society.)
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Figure 3.
(A) Schematic of the CE-MALDI-MS fractionation apparatus. CE effluent is mixed with
matrix before spotting on the MALDI target. (B) Schematic representation of the rotating
ball inlet interface for continuous CE-MALDI-MS indicating (A) ball, (B) driveshaft, (C)
Teflon gasket, (D) ISO-100 flange, (E) extraction lens, (F) matrix capillary, (G) buffer
capillary, (H) anode and running buffer, (I) electrophoresis capillary, (J) cleaning solvent
capillary, (K) felt pad and holder, and (L) solvent drain. CE effluent is continuously
deposited with matrix on the rotating ball and desorbed using a laser. The ball is cleaned
using solvent and a felt pad. Modified from refs. (A) [54] and (B) [61] with permission.
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©2000 The Royal Society of Chemistry and © 2004 American Chemical Society,
respectively.)
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Figure 4.
(A) Correlation of electrophoretic mobility with q(charge)/Mr

0.56 of peptides from a tryptic
digest of myelin basic protein. Peptide mobilities with (■) and without (○) PTMs correlated
well to the theoretical relationship. The phosphorylated peptides (phos) were grouped into a
defined mobility window (< 0.1 cm2/kVsec). (B) An integrated procedure for
phosphopeptide analysis. An injection of water is used to create a discontinuous electric
field for selective injection and field amplified sample stacking of phosphopeptides. High
mobility phosphopeptides (> EOF) stack into the water zone, are separated by
electrophoresis, and deposited onto a MALDI target. (Modified from refs. (A) [68] and (B)
[71] with permission. ©2003 Wiley-VCH and © 2006 Elsevier, respectively.)
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Figure 5.
(A) Plot of distinct peptide IDs and mean pI as a function of the CIEF fraction number for
three different solubilization conditions. The SDS solubilized sample had relatively
consistent IDs per fraction. (B) Comparison of CITP and CIEF carryover of peptides
between fractions. CITP minimizes dilution of peptides between multiple fractions more
than CIEF. Both have significantly less carryover than LC-based strong cation exchange
fractionations. (Modified from refs. (A) [100] and (B) [104] with permission. ©2007 Wiley-
VCH and © 2007 American Chemical Society, respectively.)
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Figure 6.
(A) Image of an integrated ESI tip at the edge of a glass CE microchip that was fabricated
by pulling a CNC-milled cone using a Pt heating coil. (B) Schematic of a corner ESI
microchip for CE-MS. Arrows indicate the direction of flow. Separations are performed by
applying a separation voltage to the buffer reservoir (B) and an ESI voltage to the side
channel (SC). (C) Image of a corner ESI microchip electrospray. (Modified from refs. (A)
[148] and (B) and (C) [150] with permission. ©2007 Wiley-VCH and © 2008 American
Chemical Society, respectively.)
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Figure 7.
Polypeptide patterns from urine samples distinguishing coronary artery disease (CAD)
patients from healthy patients plotted as normalized molecular weight in kDa (y-axis) vs. CE
migration time in minutes (x-axis). The averaged data sets from 24 CAD patients were
processed to determine the MS signal (z-axis) of indicative peptides of (a) CAD and (b) non-
CAD patients. A differentiation pattern of 17 polypeptides were found between (c) CAD and
(d) non-CAD patients. Most polypeptides were found to be up-regulated and from human
collagen. (Reprinted from ref. [159] with permission. © 2008 American Chemical Society.)
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