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Since its introduction in 1987, CE-MS has become an increasingly important technique
for the analysis of biomolecules. Since our previous update on CE-MS methods within
the field of intact protein analysis (Electrophoresis 2011, 32, 66–82), a variety of interesting
methodological improvements and applications have been reported in literature. There-
fore, this article presents an overview of the development and application of CE-MS for
intact protein analysis as published between June 2010 and June 2012. The article is di-
vided in sections that treat CE coupled to MS through ESI, MALDI, and ICP ionization,
respectively. In the section about CE-ESI-MS, technological developments with respect to
CE-MS interfacing, prevention of protein adsorption, and chip-based CE-MS are treated
in more detail. Novel interfacing strategies and the development of improved capillary
coating strategies appeared to be the major developments. Furthermore, in all sections,
the applicability of CE-MS for intact protein analysis is demonstrated by representative
examples, including important developments in the fields of biopharmaceutical characteri-
zation and the analysis of proteins in biological samples. Finally, some general conclusions
and future perspectives are given.
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1 Introduction

CE-MS combines high separation efficiencies with the possi-
bility of mass-selective detection and analyte characterization.
With the maturing of the interfacing technology in the last
decade, CE-MS has been increasingly used for relatively fast
measurements of complex samples requiring high resolving
power. For example, CE-MS has been applied in fields such
as proteomics [1], metabolomics [2], and forensic science [3],
as well as for pharmaceutical [4] and food analysis [5].

In the fields of protein chemistry, biotechnology, and bio-
pharmaceutical development there is a demand for sensitive
and selective analytical tools for the analysis of intact proteins.
CE-MS exhibits interesting possibilities for the characteriza-
tion of intact proteins, providing information on protein qual-
ity including isoforms, degradation products, and impurities
[6, 7]. Many protein modifications, like glycosylation, phos-
phorylation, or deamidation, involve a change of net charge
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of a protein and thus also of its electrophoretic mobility. As
CE has the intrinsic capacity to produce narrow peaks, it
shows good potential for the separation of a variety of protein
modifications in a single run. On the other hand, MS detec-
tion can provide highly useful information on the molecular
weight and folding state of analyzed protein species [8–10].
Therefore, the combination of CE and MS is a strong tool for
the characterization of intact proteins.

Coupling of CE and MS is most commonly carried out
by ESI using either sheath liquid, sheathless, or liquid junc-
tion interfaces [11, 12]. Although CE-ESI-MS coupling is less
straightforward than, for example, LC-ESI-MS, it is now rou-
tinely applied in a significant number of laboratories. In ESI,
proteins become multiply charged upon desolvation result-
ing in a charge state distribution, which conveniently allows
their detection in m/z ranges of 500 to 3000. CE can also be
combined with MS by using MALDI [12] or ICP ionization
[13]. These two coupling strategies are less frequently ap-
plied, but still have some specific differences with respect to
ESI. With MALDI singly or doubly charged protein molecules
are formed allowing direct determination of molecular mass.
Moreover, MALDI is more tolerant to sample constituents
like buffers and salts than ESI, and, therefore, nonvolatile
BGEs can be used for CE-MALDI-MS. On the other hand,
MALDI cannot be performed on-line and its performance de-
pends on the nature of the matrix and the quality of the crys-
tallization of the matrix and analytes. With ICP ionization,
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the sample and buffer are passed through a plasma torch
(>5000 K) and all compounds are broken down to in their
charged elements, typically in the M+ state. Elements like,
carbon, oxygen, and nitrogen cannot be used for detection,
since they are also abundantly present in the BGE. However,
with CE-ICP-MS highly selective detection of, for example,
sulfur-, phosphorus-, and metal-containing proteins can be
performed.

A comprehensive overview of publications reported be-
tween 1987 and 2007 on CE-MS for the analysis of intact pro-
teins was published in May 2007 [6]. An update of this review,
covering the period from 2007 till June 2010, was published in
January 2011 [7]. The present paper is an update of the former
reviews covering the literature in the period July 2010 to June
2012. The paper is confined to CE-MS studies in which intact
protein molecules are separated, i.e. in which proteins are not
deliberately broken down into peptides or derivatized prior to
analysis. The review starts first with a section on the combina-
tion of CE with ESI-MS, focusing on technological advances
and selected applications. Subsequently, the combination of
CE with MALDI-MS and ICP-MS is shortly discussed. Finally,
some general conclusions and future perspectives are given.

2 CE-ESI-MS

2.1 Technological developments

2.1.1 CE-ESI-MS interfacing

CE-MS is most commonly performed using a sheath liquid
ESI interface, since this interface is well characterized and
commercially available. The constituents of the BGE are an
important aspect in CE-ESI-MS. Volatile buffers of low con-
centration are preferred for sensitive MS, but might not pro-
vide optimum CE separations. It has been frequently demon-
strated that efficient protein separation can be obtained with
BGEs of formic or acetic acid. Notably, ammonia, often added
to modify the pH, might result in ionization suppression
thereby lowering the achievable sensitivity. Due to the di-
lution of the capillary effluent by the sheath liquid, the de-
tection sensitivity can be even further compromised [14].
Moreover, multiple charging of proteins occurring during
ESI distributes the overall signal intensity over many charge
states, thereby even further increasing the achievable detec-
tion limits for intact proteins. Therefore, in CE-MS of intact
proteins there is a definite requirement for increased sensi-
tivity. To improve the sensitivity, interfaces with no or limited
sheath flow could be employed. As effluent volume flow rates
are low, the initial droplets formed during the electrospray
process are small, leading to more efficient ionization (i.e.
nanospray) [15]. This approach also allows the ESI spray tip
to be positioned closer to the MS inlet and, thereby, ion sam-
pling efficiencies are improved [15, 16].

In our previous review, we indicated two novel interfaces,
i.e. the porous tip design of Moini [17] and the junction-at-
the-tip design of Chen et al. [18], for the analysis of intact

proteins. Over the past two years, the applicability of these
interfaces for intact protein analysis was further investigated.
The sheathless CE-MS interface developed by Beckman Coul-
ter, which is based on the design of Moini, gained quite some
attention for several applications (e.g. [14, 19–22]). It makes
use of an etched (conductive) terminating end of the fused-
silica separation capillary to close the electrical circuit of the
CE. This interface was evaluated for the analysis of intact
model proteins by Haselberg et al. and its performance was
compared with conventional sheath liquid interfacing [14].
With the latter approach LODs between 30 and 100 nM were
obtained, whereas sheathless CE-MS provided LODs in the
low-nM range. Subsequently, a significant improvement for
sheathless CE-MS could be made by the use of a nanospray
interface and the addition of organic solvent to the BGE.
LODs between 0.5 and 1.3 nM were established, which was
50- to 140-fold better than sheath-liquid interfacing using
the same capillary. The gain in sensitivity was the result of
both reduced noise levels and increased analyte responses as
obtained with sheathless CE-MS compared to sheath liquid
CE-MS. In two additional papers, the authors demonstrated
the applicability of the sheathless CE-MS system, by analyz-
ing protein-drug conjugates and modified nanobodies [23,24]
(see Section 2.2.1). The same interface was also used by Moini
to study metal stochiometry and metal displacement of intact
proteins [25] (see Section 2.2.3).

Over the past years, the group of Chen has put signif-
icant effort in exploring the utility of the junction-at-the-tip
CE-MS interface [18, 26–30]. With this interface the interior
of a hollow needle tip forms a flow-through microvial at the
end of the separation capillary. A chemical modifier solu-
tion introduced at a low flow rate carries the analyte from
the capillary terminus to the site of ESI even when there
is no bulk flow in the separation capillary, while minimiz-
ing dilution of the analyte. Zhong et al. used this interface
for CIEF-ESI-MS of model proteins, thereby proposing injec-
tion, focusing, and mobilization strategies for both uncoated
and neutrally coated capillaries [30]. When using uncoated
capillaries glycerol was added to the ampholytes-containing
BGE to achieve the required reduction of the EOF for efficient
CIEF. To enable focusing a part of the capillary was used as
catholyte reservoir (Fig. 1Ai). When neutrally coated capillar-
ies were used the flow-through microvial of the CE-MS inter-
face itself served as catholyte reservoir (Fig. 1Aii) since the
coating was unstable at high pH. With both capillary types
proteins were electrophoretically mobilized by applying an
acidic modifier solution (methanol/water/acid; 50:48:2, v/v/v)
after focusing. With electrophoretic mobilization amphoteric
species are selectively mobilized and this assures that almost
no glycerol is introduced into the ion source, where it can
cause significant ionization suppression. Good separation
efficiencies of model proteins with both uncoated (Fig. 1Bi)
and coated capillaries (Fig. 1Bii) were achieved after careful
optimization.

Unfortunately, in the approach of Zhong et al. ampho-
lytes are still introduced simultaneously with the sample
into the mass spectrometer. Since these compounds are not
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Figure 1. (A) Developed approaches for on-line CIEF-ESI-MS. (i)
“Sandwich” injection method for bare-fused silica capillaries. The
modifier vial starts to be pressurized to deliver acidic modifier so-
lution when the focused sample zone gets close to the capillary
outlet. (ii) Method applied with neutrally coated capillaries. Be-
fore separation starts, the modifier delivery capillary is prefilled
by catholyte solution with one end connected to the modifier vial.
The pressurized modifier vial delivers basic catholyte solution to
the microvial during the focusing stage and acidic modifier solu-
tion to the microvial during the mobilization stage. (B) Total ion
electropherogram for a protein mixture separated by CIEF with
electrophoretic mobilization in a (i) bare-fused silica and (ii) a neu-
trally coated capillary. Legend: RNase A, ribonuclease A; Myo,
myoglobin; CAII, carbonic anhydrase II; �-lac, �-lactoglobulin.
Reprinted with permission from [30]. Copyright 2011 American
Chemical Society.

volatile they may result in background signals and ionization
suppression. Wang et al. developed a system that allows de-
tailed protein identification and prevents ampholytes from
entering the ion source [31]. CIEF for protein separation is
combined with an immobilized enzyme reactor for protein
digestion and RP LC for subsequent peptide analysis. In the
first stage proteins are separated by CIEF after which they are
trapped in a sample loop. Since this was done in an on-line
fashion, a porous segment was included between the separa-
tion part of the capillary and the sample loop in order to close
the electrical circuit. The trapped protein fraction (containing
ampholytes) was subsequently transferred to a second porous
segment that acted as a dialysis membrane. Here, the pH of
the solution was adjusted for efficient trypsin digestion in the
immobilized enzyme reactor. After digestion, the peptides
were captured on a trap column, whereas the ampholytes
were flushed to waste. Next, the peptides were separated us-
ing LC and detected with MS. While the digest from the first
fraction was analyzed with LC-MS, the second fraction was
collected and digested. To evaluate the performance of the
system, a 4-protein mixture was analyzed, and sequence cov-
erages between 8 and 54% were obtained. Furthermore, the
system was successfully applied for the analysis of proteins
extracted from Escherichia coli, allowing positive identification
of 101 proteins.

2.1.2 Preventing protein adsorption

When using bare-fused silica capillaries for intact protein
analysis, CE separation efficiencies, and migration time re-
peatability may be compromised due to protein-wall interac-
tions. In order to avoid protein adsorption to the inner surface
of the capillary and to improve CE performance, coating of
the silica surface has shown to be an effective option [32, 33].
In time, various capillary coatings for CE-MS have been pro-
posed and their usefulness for intact protein analysis has
been shown.

Most CE-MS studies of intact proteins reported in 2010–
2012 apply coatings to obtain highly efficient protein sepa-
rations. Positively charged coatings based on Polybrene (PB)
[25], multilayers of PB, dextran sulfate (DS), and PB [34, 35],
polyethyleneimine [14, 23, 24], and N,N-dimethylacrylamide-
ethylpyrrolidine methacrylate [36, 37], are most commonly
applied in combination with low-pH BGEs for the analysis
of both acidic (pI < 7) and basic proteins (pI > 7). Under
these separation conditions, both the proteins and the cap-
illary wall are positively charged, avoiding protein–wall in-
teractions and providing highly efficient separations. These
charged coatings generate an appreciable and constant EOF
toward the capillary outlet when a reversed polarity is applied,
also enabling adequate and reproducible CE-MS interfacing.
Moreover, the use of a low-pH BGE is favorable for ESI-MS
in positive ionization mode. The disadvantage of a high EOF
is that the analyte resolution can be limited, since this is
inversely proportional to the sum of the electroosmotic and
analyte mobility [38]. Therefore, in some instances neutral

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



102 R. Haselberg et al. Electrophoresis 2013, 34, 99–112

Figure 2. CE-UV electropherogram
of insulin obtained with (A) alka-
line BGE and (B) acidic BGE. Upper
trace: BGE containing 10% ACN.
Lower trace: BGE without the ad-
dition of ACN. (C) CE-MS electro-
pherograms and extracted mass
spectra obtained for insulin (INS)
analyzed with alkaline BGE contain-
ing 10% ACN, hemoglobin (Hb) an-
alyzed with alkaline BGE without
ACN, and growth hormone (GH)
analyzed with acidic BGE contain-
ing 20% ACN [40]. Copyright Wiley-
VCH Verlag GmbH & Co. Repro-
duced with permission.

capillary coatings have been applied (Table 1). For example,
Taichrib et al. recently compared the use of several neutral
coatings (dynamic polyacryl amide, covalent polyacryl amide,
and thermally immobilized galactomannans guaran and lo-
cust bean gum “copolymer”) and positively charged coat-
ings (polyethyleneimine, cationic polyacrylamide, and N,N-
dimethylacrylamide-ethylpyrrolidine metacrylate) for the
analysis of model proteins as well as erythropoietin (EPO)
with sheath liquid CE-MS using low-pH BGEs [39]. The neu-
tral coatings all resulted in higher separation resolution when
compared to the positively charged coatings, on the expense
of longer analysis times (factor 2 in some cases). Moreover, it
was demonstrated that the nebulizer gas, commonly used in
sheath liquid interfacing, significantly increased the EOF of
the neutral-coated capillaries due to suction. This shortened
the protein’s migration time and, when the suction effect
is too strong, could have a negative effect on the separation
efficiency. From the results presented by the authors it is
concluded that the electroosmotic mobility should be slightly
higher and opposite to the electrohoretic mobility of the an-
alyte for the highest separation efficiency. However, this ap-
proach may lead to very long analysis times and tuning of
the EOF with respect to protein mobility is often not feasible.
Therefore, neutral coatings with virtually zero EOF provide a

good alternative. With this approach, the separation is merely
dominated by the analyte mobility providing a good separa-
tion resolution within a reasonable time frame.

Often it is assumed that only electrostatic interactions
cause protein adsorption, but also hydrophobic interactions
and/or protein conformational changes can be involved in
this process. Therefore, it can be beneficial to add organic
solvents to the BGE in order to prevent protein–wall inter-
actions. Staub et al. used CE-UV to investigate the influence
of the addition of ACN to BGEs of low and high pH for the
analysis of insulin, human growth hormone, and hemoglobin
[40]. They observed that at alkaline pH, when both the capil-
lary wall and proteins are negatively charged the addition of
ACN did not lead to an increase of protein peak area. Appar-
ently, no detectable protein adsorption did occur under these
conditions. Still, the addition of organic solvent did slightly
improve the separation efficiency (Fig. 2A). At low pH the
effect of the organic solvent was more pronounced (Fig. 2B),
significantly increasing the observed peak area and the sep-
aration efficiency. It was concluded that a generic approach
is difficult to develop, so the effect of the organic solvent
should be investigated on a case-by-case basis. However, it
appears that rigid proteins (insulin and human growth hor-
mone) in general benefit from the addition of organic solvent

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2013, 34, 99–112 CE and CEC 103

to the BGE, whereas for flexible proteins (hemoglobin) it neg-
atively affects the results. Using optimized conditions CE-MS
experiments for each individual protein were subsequently
performed. The highest peak areas and plate numbers for
insulin, human growth hormone, and hemoglobin were ob-
tained with an alkaline BGE containing 10% ACN, an acidic
BGE containing 20% ACN, and an alkaline BGE without or-
ganic solvent, respectively (Fig. 2C).

2.1.3 Chip-based electrophoresis

Over the last years, there has been a growing interest in the
development of chip-based electrophoretic systems for pro-
tein analysis [41], as they may increase analysis speed and
performance. Sikanen et al. used microchips made through
UV-embossing and adhesive bonding [42]. A sheath-flow ESI
interface was monolithically integrated with the UV-
embossed separation channels. Separations were performed
in noncoated channels using a BGE of ammonium acetate
(pH 7.0) containing methanol. Although both the channel
wall and most of the test proteins were negatively charged
still relatively broad and tailing peaks were obtained suggest-
ing significant protein–wall interactions. This is also clear
from the migration time repeatability, which decreased with
the number of consecutive injections (3.3% RSD for three
consecutive runs and 10.7% RSD for eight consecutive runs).
However, fast (<5 min) and baseline separations are obtained
for the model proteins used. Thus, the possibility of rapid
analysis of intact proteins with such a simple setup can be-
come a valuable screening technology before more detailed
analysis is performed.

2.2 Applications

An overview of recent CE-ESI-MS applications is provided in
Table 1. Some typical examples are outlined in the following
paragraphs.

2.2.1 Biopharmaceuticals

Over the past years, biopharmaceuticals have gained increas-
ing attention as a way to improve therapy for certain dis-
eases. Many biopharmaceuticals are glycoproteins, carrying
oligosaccharides that are attached posttranslationally. Con-
sequently, glycosylation is a major source of protein hetero-
geneity. Recently, quite some efforts have been made to char-
acterize glycosylated biopharmaceuticals using CZE-ESI-MS.
Recombinant human interferon-�-1a [35] and recombinant
human EPO [39, 43, 44] were analyzed by CE-MS in order
to distinguish different protein glycoforms. It was demon-
strated that most efficient separations of intact glycoforms
are obtained when using low-pH BGEs (≤pH 3) in com-
bination with, as indicated in Section 2.1.2, coatings that

minimize or cancel out EOF, thereby maximizing effective
mobility differences between protein isoforms. An efficient
CE separation of EPO combined with high-resolution MS has
been published by Taichrib et al. EPO was analyzed using a
neutral capillary coating and a BGE of 1 M acetic acid [43].
The separated species were detected with a high-resolution
(Rs > 40 000) TOF mass spectrometer. Due to the strongly re-
duced EOF, a highly efficient protein isoform separation was
obtained where even species that differed one neutral sugar
unit could be (partially) separated (Fig. 3A). The use of the
high-resolution TOF mass spectrometer, compared to a stan-
dard TOF-MS, enabled the detection of isotope distributions
of all isoforms (Fig. 3B). The isotope distributions enabled the
detection of overlapping isoforms differing merely deamida-
tions or cleavage of disulfide bridges.

The group of Neusüß has also put effort in developing
chemometrical approaches for the data analysis of glycoform
profiles [36, 44], which is an interesting and increasingly
important topic. More and more biopharmaceuticals come
off patent and as a result, a significant amount of so-called
biosimilars and biogenerics become available. In order to
compare these products to the original one, especially when
they are complex glycoproteins, data analysis is definitely
required. Neusüß and coworkers developed a statistical ap-
proach to differentiate between various EPO preparations on
basis of CE-MS data [44]. Relative peak areas of selected intact
EPO isoforms were used as variables in principal component
analysis and hierarchical agglomerative clustering. Both ap-
proaches appeared to be suitable for the clear differentiation
of EPO preparations, differing in manufacturer, production
cell line, and/or batch number. Even closely related prepara-
tions were distinguished on the basis of the combined infor-
mation on the antennarity, the sialoform, and the acetylation
of the observed isoforms.

Next to glycoproteins, a variety of other clinically relevant
proteins have been analyzed with CE-ESI-MS. Staub et al.
used CZE-MS to characterize insulin [45]. The protein was
analyzed on a bare-fused silica capillary in combination with
a high-pH BGE containing 10% ACN. A multiple injection
strategy was developed as a way to incorporate an internal
standard in their analysis. First a plug of insulin standard
was injected (∼0.7% of the capillary volume) followed by a
large plug of BGE (∼9% of the capillary volume). Subse-
quently, an insulin sample of interest was injected and the
separation started. Two peaks, both corresponding to insulin,
were obtained of which the first could be used to quantify the
second. The methodology was validated according to interna-
tional guidelines and was successfully applied to the analysis
of insulin formulations obtained from regular and parallel
markets.

Haselberg et al. used CZE-ESI-MS to characterize three
different biopharmaceuticals containing degradation prod-
ucts or naturally occurring isoforms [35]. For this purpose,
they used capillaries coated with a double layer of PB and
poly(vinylsulfonic acid) or a triple layer of PB-DS-PB. Recom-
binant human growth hormone was analyzed at high pH
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Figure 3. (A) Extracted ion electropherograms (EIEs) of an EPO analysis with CE-MS using a neutrally coated capillary and 1 M acetic
acid as BGE. All traces are EIEs of the average mass of the most abundant charge state. Traces of same color represent EIEs of
glycoforms showing the same number of sialic acids (SA). Within these groups the glycoforms are separated by the number of hexose-N-
acetylhexosamine units (repeats). (B) Comparison of two deconvoluted mass spectra of a selected EPO glycoform. Top trace represents
a spectrum obtained by a standard TOF-MS (R ≈ 10 000), whereas the bottom trace shows a deconvoluted spectrum obtained by a
high-resolution TOF-MS (R ≈ 40 000). Reprinted from [43], with permission from Elsevier.

applying the PB-poly(vinylsulfonic acid) coating. Upon heat
exposure of this protein, oxidation, sulfonate formation, and
deamidation were observed. The peptide oxytocin and the gly-
coprotein recombinant human interferon-�-1a were analyzed
with CE-MS at low pH using a PB-DS-PB coated capillary.
Oxytocin samples exposed to heat and low pH showed strong
deamidation, whereas at medium and high pH mainly dimer
and trisulfide formation occurred. Analysis of interferon-�-
1a, an N-glycosylated protein, revealed a cluster of resolved
peaks comprising at least ten glycoforms differing merely in
sialic acid and hexose N-acetylhexosamine composition.

CZE-ESI-MS was also used for the characterization of dif-
ferent drug-lysozyme conjugates by Haselberg et al. [23]. The
conjugates consisted of a kinase inhibitor coupled to lysozyme
via a noncovalent platinum(II)-based linker. The porous tip
sprayer (see Section 2.1.1) was employed for sheathless CE-
ESI-MS interfacing. A positively charged polyethylenimine
capillary coating was used in combination with a low-pH
BGE. Under these conditions, narrow symmetrical peaks for
the various reaction products were obtained (Fig. 4A and B)
demonstrating that conjugates remained stable during the
CE analysis and subsequent ESI. Components observed in
the drug-protein products were assigned based on their rela-
tive migration times and on molecular mass as obtained by
TOF-MS, revealing the presence of unmodified protein and
protein with up to two drug molecules (Fig. 4B). The authors
also used this method to characterize a llama antibody used
for cancer treatment that was modified with N-succinimidyl-
S-acetylthioacetate (SATA) [24]. The protein was randomly
modified with SATA at the lysine residues. With CE-MS the

unmodified protein and the protein with one to eight SATA-
modifications could be identified and quantified.

2.2.2 Bioanalysis

The combination of CZE with ESI-MS has also been used for
the analysis of intact proteins in biological samples. Ongay
et al. employed a positively charged coating in combination
with a BGE of low pH to characterize intact �-1-acid glycopro-
tein (AGP) [37]. This glycoprotein is mainly produced by the
liver and its plasma concentration is altered during inflam-
mation. Upon CE-MS analysis, a large amount of isoforms
differing in attached glycans were found. Due to the high
number of possible sugar substitutions and other minor mod-
ifications no unequivocal carbohydrate composition could be
elucidated. To provide the carbohydrate composition, the de-
glycosylated protein, and released glycans were also analyzed
with CE-MS. Combining all the data allowed the characteri-
zation of more than 150 AGP isoforms, differing in both the
amino acid sequence and the carbohydrates attached. This ap-
proach was used to analyze AGP samples from 16 individuals
(eight healthy, eight bladder cancer) [36]. The analytical data
were evaluated employing different statistical techniques like
ANOVA, principal component analysis, linear discriminant
analysis, and partial least squares-discriminant analysis. Sta-
tistical differences between the two groups were observed us-
ing CE-ESI-MS data for intact AGP isoforms. The differences
between the groups could be assigned to higher abundance of
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Figure 4. (A) Base-peak elec-
tropherogram obtained dur-
ing CE-MS of a protein-drug
conjugate using a positively
charged coating in combina-
tion with a BGE of 100 mM
acetic acid (pH 3.1). (B) EIEs
for the main ion of peak 1–
6 constructed at the indicated
m/z values with interpreta-
tion of the observed species.
Reprinted from [23], with per-
mission from Elsevier.

AGP isoforms containing tri- and tetra-antennary fucosylated
oligosaccharides in cancer patients.

The group of Mischak used CE-MS for the screen-
ing of human urine [46–58], human plasma [59], and hu-
man cerebrospinal fluid [60] in order to identify possible
biomarkers. The authors focused on peptides and proteins
with a molecular weight up to 20 kDa in their analysis.
For all studies the same CE method employing a 250 mM
formic acid BGE containing 20% ACN and a bare-fused
silica capillary was used. The CZE-ESI-MS data were pre-
sented by plotting migration times of the observed con-
stituents against their deconvoluted molecular masses. Mass
lists of the compounds present were derived and the lists
of diseased and healthy persons were compared. Differences
between diseased and healthy indicated the presence of poten-
tial biomarkers, which were subsequently identified with CE-
MS/MS and LC-MS/MS. In most cases peptide biomarkers
resulted from the same source, like collagen, fibrinogen, al-
bumin, antitrypsin, and amyloid-�. Apparently these are not
disease specific. However, in some studies also unknown,
and more specific, compounds were found that could become
valuable biomarkers.

In a recent publication from the same group, a compar-
ison between CE-TOF-MS and reversed phase LC-TOF-MS
was made for bioanalysis using male and female urine sam-
ples [58]. Profiles obtained with CE-MS and LC-MS (Fig. 5A)
were compared in terms of number of peptides, reproducibil-
ity, and mass range of detected peptides, reproducibility of
peak area and migration time, and carry over. Both tech-
niques had similar results in terms of number of peptides
detected and the mass range over which the peptides were
detected over. However, CE yielded higher coverage for the

low- (<2000 Da) and high-molecular weight (>4000 Da) com-
pounds, whereas LC provided more coverage in the 2000–
4000 Da mass range (Fig. 5B). Other parameters did not yield
any major differences.

2.2.3 Miscellaneous applications

Li et al. developed a 2D CE system that incorporates a replace-
able enzymatic microreactor for on-line protein digestion [61].
In this system, trypsin was immobilized on magnetic beads,
which were captured by a pair of magnets at the end of the
first capillary. For analysis, proteins were separated in this
first capillary. A fraction was then captured in the reactor for
digestion. The formed peptides were periodically transferred
to the second capillary for identification by CE-MS. Since the
entire setup consists of three separate high-voltage supplies,
a single stage could be controlled without interfering with
the other stages. The suitability of the system was demon-
strated by the separation and digestion of insulin chain b and
�-casein. Protein separations were performed within 8 min,
whereas each peptide fraction was analyzed within 1 min af-
ter also 1 min of digestion. In total, about 30 fractions were
analyzed, leading up to 100% sequence coverage for the in-
sulin chain b and 45% for �-casein within a total run time of
30 min.

Moini used sheathless CE-MS to study the stoichiometry
of protein-metal complexes and metal displacement under
native conditions [25]. Autoinducer inactivation enzyme A
(AiiA) incubated with cobalt was used as a model for this
purpose. It was analyzed using BGEs of pH 4.8 and pH 6.9
containing 0.1% PB as a dynamic coating. At pH 4.8 the
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Figure 5. (A) Compiled peptide patterns of ten male urine sam-
ples run in CE-MS (top graph) and LC-MS systems (bottom
graph). Normalized molecular mass (y-axis) is plotted against mi-
gration (CE) and retention time (LC). The mean signal intensity
is represented in 3D depiction. (B) Histogram representing the
mass ranges of the peaks detected in the CE-MS and LC-MS sys-
tem [58]. Copyright Wiley-VCH Verlag GmbH & Co. Reproduced
with permission.

protein-metal complex dissociated and only the protein was
detected. In contrast, at pH 6.9 the protein-metal complex
remained intact and the binding of two Co-ions to the pro-
tein was confirmed. Subsequently, AiiA-Co was incubated at
various concentration of cadmium and the samples were an-
alyzed with CE-MS. Loosely attached and nonspecific metal
ions present in the sample solution were separated from the
protein-metal complex prior to detection. Consequently, in-
terferences of salts or extra metal ions that could hamper
the accurate determination of stoichiometry were minimized.
The results indicated that Co binds more tightly to AiiA than
Cd; at a 10 times molar excess of Cd merely one Co ion is
replaced, whereas a full replacement is reached at a 100 times
molar excess of Cd.

Lecoeur et al. used a method previously developed in their
laboratories for the on-line coupling of CIEF with ESI-MS [62].
The method comprised a discontinuous filling of the capil-
lary with a volatile catholyte (60% of capillary volume) and a
sample-ampholyte mixture (40% of capillary volume). They
used this method to analyze milk whey proteins. To desorb
these rather hydrophobic proteins from the inner capillary
wall and to avoid capillary blockages, a new rinsing procedure
compatible with MS detection was developed. In this proce-
dure, the hydrochloric acid washing solution was replaced by
a multi-step sequence based on the use of TFA, ammonia, and
ethanol. Moreover, CIEF parameters like carrier ampholyte
nature, capillary partial filling length with ampholyte/protein
mixture and focusing time were optimized with respect to
total analysis time, sensitivity, and precision on pI deter-
mination. Good separations of model proteins with low-nM
LODs were achieved under optimized conditions. The de-
veloped method appeared to be suitable for the analysis of
whey proteins in serum, although only preliminary data were
provided.

3 CE-MALDI-MS

Over the past two years, few publications on CE-MALDI-
MS have been published (Table 2). Lu et al. developed a
novel strategy in which they coupled CGE with MS detec-
tion [63]. CGE is an established technique in the biophar-
maceutical industry, especially for the characterization of
monoclonal antibodies, and its coupling to MS detection
has an added value for protein identification. The authors
make use of a poly(tetrafluoroethylene) membrane placed in a
grounded outlet reservoir that is moved during the separation
(Fig. 6A). This way, separated proteins were collected at differ-
ent places on the membrane (i.e. comparable to a common
slab gel experiment). The authors demonstrated that they
were able to wash off the SDS bound to the collected pro-
teins and identify these proteins on-membrane with MALDI-
TOF-MS. For now, the research focused on the analysis of
model proteins. The limiting factor was found to be the
separation efficiency of CGE for proteins of similar molec-
ular weight. However, proteins that differ significantly in

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



108 R. Haselberg et al. Electrophoresis 2013, 34, 99–112

T
a

b
le

2
.
C

E
-M

S
fo

r
in

ta
ct

p
ro

te
in

an
al

ys
is

u
si

n
g

M
A

LD
Io

r
IC

P
in

te
rf

ac
es

An
al

yt
es

Sa
m

pl
e

m
at

rix
CE

m
od

e
BG

E/
am

ph
ol

yt
es

Ca
pi

lla
ry

co
at

in
g

M
AL

DI
m

at
rix

/e
le

m
en

ts
Re

m
ar

ks
Re

f.

CE
-M

AL
DI

–M
S

M
od

el
pr

ot
ei

ns
,

ap
ol

ip
op

ro
te

in
A-

I
Aq

ue
ou

s
so

lu
tio

n,
E.

co
li

ex
tra

ct
CI

EF
Ph

ar
m

al
yt

e,
2%

CH
AP

S
an

d
0.

5
m

M
am

m
on

ia
ac

et
at

e
Cr

os
s-

lin
ke

d
po

ly
ac

ry
la

m
id

e
�

-C
ya

no
-4

-h
yd

ro
xy

ci
nn

am
ic

ac
id

Op
tim

iza
tio

n
sp

ot
tin

g
co

nd
iti

on
s

[6
5]

M
od

el
pr

ot
ei

ns
Aq

ue
ou

s
so

lu
tio

n
CG

E
4%

ac
ry

am
id

e
in

60
m

M
Tr

ic
in

e
–

21
m

M
Tr

is
(p

H
7.

6)
an

d
0.

25
%

SD
S

Cr
os

s-
lin

ke
d

po
ly

ac
ry

la
m

id
e

�
-C

ya
no

-4
-h

yd
ro

xy
ci

nn
am

ic
ac

id
Co

up
lin

g
CG

E
w

ith
M

AL
DI

th
ro

ug
h

m
em

br
an

e
co

lle
ct

or
[6

3]

M
od

el
pr

ot
ei

ns
Aq

ue
ou

s
so

lu
tio

n
CZ

E
83

.3
m

M
am

m
on

iu
m

ac
et

at
e

(p
H

4.
0)

Hy
dr

ox
yp

ro
py

l
ce

llu
lo

se
Si

na
pi

ni
c

ac
id

Fi
el

d-
en

ha
nc

ed
sa

m
pl

e
in

je
ct

io
n

pr
ec

on
ce

nt
ra

tio
n

[6
4]

CE
-IC

P–
M

S
Hu

m
an

se
ru

m
al

bu
m

in
Aq

ue
ou

s
so

lu
tio

n,
hu

m
an

ur
in

e
CZ

E
20

m
M

Tr
is

–a
m

m
on

iu
m

ac
et

at
e

(p
H

8.
0)

N
o

co
at

in
g

Au
Sa

m
pl

e
in

cu
ba

tio
n

w
ith

Au
na

no
pa

rti
cl

es
fo

re
nh

an
ce

d
se

ns
iti

vi
ty

[6
8]

Hu
m

an
se

ru
m

al
bu

m
in

Aq
ue

ou
s

so
lu

tio
n

CZ
E

10
m

M
am

m
on

iu
m

ac
et

at
e

N
o

co
at

in
g

Sn
AC

E
ex

pe
rim

en
ts

to
de

te
rm

in
e

st
re

ng
th

of
co

m
po

un
d-

pr
ot

ei
n

in
te

ra
ct

io
n

[6
6]

Hu
m

an
se

ru
m

al
bu

m
in

,
tra

ns
fe

rr
in

M
ou

se
pl

as
m

a
CZ

E
50

m
M

fo
rm

ic
ac

id
N

o
co

at
in

g
S,

Ru
Co

m
pa

ris
on

w
ith

SE
C-

IC
P-

M
S

[6
7]

N
o

te
:I

n
al

lc
as

es
,e

it
h

er
a

TO
F

m
as

s
sp

ec
tr

o
m

et
er

(C
E

-M
A

LD
I-

M
S

)
o

r
a

si
n

g
le

q
u

ad
ru

p
le

m
as

s
an

al
yz

er
(C

E
-I

C
P

-M
S

)
w

as
u

se
d

fo
r

d
et

ec
ti

o
n

.

Figure 6. (A) Schematic diagram of the SDS-CGE setup with
membrane collector. (B) Mass spectra obtained on different posi-
tions (correlating to different migration times) on the membrane.
Lysozyme (14 kDa) is visible in the green spectra. Trypsinogen
(24 kDa) appears primarily in the blue traces. AcrA (42 kDA) sig-
nals show up in the red three traces. Phosphorylase b (97 kDa) was
not detectable under the used experimental conditions. Reprinted
with permission from [63]. Copyright 2011 American Chemical
Society.

molecular weight could be nicely separated and detected with
CGE-MALDI-MS (Fig. 6B).

In order to increase the sensitivity of CZE-MALDI-MS,
Pourhaghighi et al. developed a field-enhanced sample in-
jection strategy for intact proteins [64]. Injections of intact
proteins were performed electrokinetically for 8 min, which
resulted in an increase of peak area between a factor 1000 and
8000 compared to normal electrokinetic injections. In spite
of the use of a high conductivity buffer required to perform
successful field-enhanced sample injection preconcentration,
hampering coupling with ESI-MS, the developed methodol-
ogy could be efficiently used in conjunction with MALDI-
MS. The high-resolution separation and sensitive detection
enabled identification of low-nM concentrations of different
proteins.
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Cheng et al. focused their research within the field of
CIEF-MALDI-MS for intact proteins on the optimization of
spotting conditions [65]. They first placed a drop of water onto
a MALDI-MS target. Then a fraction of the CIEF-separated
sample was spotted at the center region close to the bottom of
the droplet. Because the small additive molecules (like carrier
ampholytes) diffuse faster than proteins, relatively more pro-
tein molecules remained in the center region of the sample
spot after solvent evaporation. By directing the laser to this
region to ablate the sample, they could improve the S/N ratio
with a factor 2–10. Their approach was applied for the anal-
ysis of model proteins and apolipoprotein A–I, a membrane
protein expressed in E. coli.

4 CE-ICP-MS

CE-ICP-MS is limited to metal-containing and metal-binding
proteins, but for this type of proteins highly selective infor-
mation can be obtained. In all reports on CE-ICP-MS over
the past two years (Table 2) the binding of metal-containing
compounds to HSA was studied. Sun et al. used ACE and
nonequilibrium capillary electrophoresis assays of equilib-
rium mixtures combined with ICP-MS as a tool to deter-
mine the binding constants of organotin compounds toward
HSA and to compare between the two affinity methods [66].
CE-ICP-MS allowed the use of nonvolatile BGEs, such as
Tris, resembling physiological conditions during separation,
while still obtaining good sensitivity. Notably, such condi-
tions might not feasible in CE-ESI-MS. With both affinity ap-
proaches binding constants (log Kb) could be easily derived.
Using ACE these were on average around 6.0 for four dif-
ferent organotin components, which was in agreement with
other reports on this interaction. For nonequilibrium capil-
lary electrophoresis assays of equilibrium mixtures, binding
constants were around 7.0 (one order of magnitude higher).
Although the authors did not fully investigate the reason for
the difference, they stated that it could be due to dissociation
of the complex during CE or HSA adsorption to the inner wall
of the capillary, where the consequent peak tailing affected
the mathematical analysis of the peak areas.

Bytzek et al. used CE-ICP-MS to monitor the binding of
ruthenium–indazole complexes to serum proteins [67]. The
complexes studied are promising anticancer agents undergo-
ing clinical trials and serum proteins are their first available
biological-binding partners. It was found that the ruthenium–
indazole complexes mainly interact with HSA and its dimer.
These two species could be separated by the use of a positively
charged PB coating in combination with a low-pH BGE. Next
to CE-ICP-MS, the authors also performed 1D (size exclusion
chromatography) and 2D (size exclusion chromatography—
ion chromatography) LC separations to determine the molar-
binding ratio of Ru to the protein. In general, the observed
molar ratio was slightly higher with CE compared to the LC
approaches. It was concluded that the LC-based methods were
more sensitive, whereas the CE approach was considerably
quicker.

Figure 7. Electropherograms obtained by CE-ICP-MS for 6 pM
AuNPs incubated with albumin concentration increased from top
to bottom: 0, 100, 150, 200, 250 pM. The traces represent the
signal of the 197Au isotope. Reprinted with permission from [68].
Copyright 2010 American Chemical Society.

In CE and CE-MS the limited sensitivity is an impor-
tant issue. For CE-ICP-MS Liu et al. developed a strategy to
improve the quantification of human urinary proteins [68].
In their approach, urine samples were incubated with gold
nanoparticles (AuNPs) to form protein-AuNPs adducts. The
authors demonstrated that, after optimization, this strategy
is selective for HSA, where the protein and AuNPs bind due
to electrostatic interactions. The albumin-AuNP adduct was
separated from the unbound AuNPs by CE using a BGE of
ammonium acetate and Tris (pH 8.0) (Fig. 7). As a result of
AuNPs-tagging, on average more than 2000 gold atoms were
attached to each albumin molecule to successfully achieve a
significant amplification of ICP-MS signal. An LOD for HSA
of 0.5 pM was obtained, which was at least 1000 times more
sensitive than other separation-detection schemes.

5 Conclusions

The ongoing development and applicability of CE-MS for
qualitative and quantitative protein studies in various fields
was demonstrated in almost 40 publications over the past
two years. From the number of publications it is obvious
that CE-ESI-MS is the most widely used and mature combi-
nation. It should be noted that, although most studies were
application driven, still methodological studies are performed
to push the technique forward. Especially the new interfac-
ing strategies seem to open new avenues for intact protein
analysis, outperforming common sheath-liquid interfacing in
terms of sensitivity. However, whether these interfaces also
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can provide similar or improved long-term reproducibility as
sheath liquid interfaces remains to be investigated. The cou-
pling of CE with optical detection and mass spectrometric
detection could be an interesting way to improve information
content. CE-MS hyphenated with laser-induced fluorescence
[69] or wavelength-resolved fluorescence [70] could provide a
good platform for selective quantitative detection and identi-
fication in a single setup.

From an application point of view, it seems the CE-ESI-
MS has found its main use in the characterization of (gly-
cosylated) biopharmaceuticals and the analysis of proteins
in biological samples. Especially, the first application area
has gained increasing attention since the pharmaceutical
industry is moving more and more in this direction. Since the
main biopharmaceuticals on the market are antibody based,
it is foreseen that research will be more directed to this field.
However, due to their high molecular weight and significant
heterogeneity the analysis of antibodies will not be straight-
forward. Modifications on antibodies (e.g. deamidations or
glycosylation) will have a relatively small effect on the overall
charge and size of the 150 kDa protein. Therefore, the separa-
tion of these isoforms will be challenging, most likely requir-
ing low-EOF conditions. Creating gas phase ions by ESI from
such high-molecular weight compounds after a CE separa-
tion will require thorough optimization and characterization
of separation and ionization parameters. Especially for these
large molecules, the use of mass spectrometers with a high
resolution should be considered. Orbitrap or Fourier trans-
form ion cyclotron resonance mass analyzers, which provide
mass resolution of several 100 000, would be very suitable
for this task. The long duty cycles required to obtain this
high resolution may compromise the analysis of narrow CE
peaks, whereas shorter cycles may lead to reduced sensitivity.
It might also be attractive to study noncovalent protein com-
plexes or to perform protein-folding studies with CE-ESI-MS.
Both the CE separation and ESI can be performed under na-
tive conditions, keeping complexes or folding states intact.
For protein-folding studies, combining CE-ESI-MS results
with data from, for example, wavelength resolved fluores-
cence [71] seems very useful.

For both CE-MALDI-MS and CE-ICP-MS also a state of
maturity is reached and people are now focusing more on the
applicability of the techniques. The most interesting method-
ological development is the coupling of CGE to MALDI-MS.
The former is a standard method in biopharmaceutical indus-
try for the quality control of proteins. Now, with the added
mass spectrometric dimension, more detailed information
about proteins can be obtained. However, it will take some
effort to make this into a routine analysis. The coupling of
CGE or CIEF with ICP-MS could also be interesting option,
which will definitely increase the applicability of CE-ICP-MS
toward, for example, the analysis of protein phosphorylation
and heme-containing proteins.

Overall, it is concluded that CE-MS is a valuable
technique with high potential for intact protein analysis,
providing useful information on protein identity and pu-
rity, including modifications and degradation products. Es-

pecially compared to current LC-MS methods, CE-MS is
strong in cases where separation of highly similar protein
species or complex mixtures of proteins is paramount (like
glycoform discrimination). Development of novel stationary
phases for LC separations of intact proteins is ongoing, so it
is foreseen that LC-MS will also find more application in this
field.
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