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ABSTRACT

Capillary electrophoresis (CE) played an important role in developments in the life sciences. The technique is
nowadays used for the analysis of both large and small molecules in applications where it performs better than or
is complementary to liquid chromatographic techniques. In this review, principles of different electromigration
techniques, especially capillary isoelectric focusing (CIEF), capillary gel (CGE) and capillary zone electrophoresis
(CZE), are described and recent developments in instrumentation, with an emphasis on mass spectrometry (MS)
coupling and microchip CE, are discussed. The role of CE in the life sciences is shown with applications in which
it had a high impact over the past few decades. In this context, current practice for the characterization of
biopharmaceuticals (therapeutic proteins) is shown with CIEF, CGE and CZE using different detection techni-
ques, including MS. Subsequently, the application of CGE and CZE, in combination with laser induced fluor-
escence detection and CZE-MS are demonstrated for the analysis of protein-released glycans in the character-
ization of biopharmaceuticals and glycan biomarker discovery in biological samples. Special attention is paid to
developments in capillary coatings and derivatization strategies for glycans. Finally, routine CE analysis in
clinical chemistry and latest developments in metabolomics approaches for the profiling of small molecules in
biological samples are discussed. The large number of CE applications published for these topics in recent years
clearly demonstrates the established role of CE in life sciences.

1. Introduction

After a long development, capillary electromigration techniques are
now very strong in various fields [1]. Separation is mainly based on
charge-to-size ratio and high efficiencies can be obtained with short
separation times. Next to the use of capillary zone electrophoresis (CZE)
for different types of application, capillary isoelectric focusing (CIEF)
and capillary gel electrophoresis (CGE) are powerful for the analysis of
biopolymers. The reproducibility and robustness of capillary electro-
phoresis (CE) was often less than that of liquid chromatography (LC)
and gas chromatography (GC) but during the last decades this has been
improved by reliable injection and stable electroosmotic flows (EOF) in
the capillaries. The development and commercialization of suitable
automated instruments played an important role in the progress of CE.

Electrophoresis has been known for a long time and different
principles have been developed [2]. In 1937 Tiselius described protein
separations using an U-tube [3] but only a separation of two compo-
nents was obtained and the applicability was still limited. Separation
efficiency was rather low due to thermal diffusion and convection. It
should be noted that the thesis of Tiselius on electrophoresis as an
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analytical technique already appeared in 1930. For this work in se-
paration science Tiselius was awarded a Nobel Prize. In the next years a
few new developments and applications were published. A main con-
tribution was offered by Martin who obtained an efficient separation of
chloride, acetate, aspartate and glutamate using displacement electro-
phoresis (isotachophoresis, ITP) [4].

Convection was considered a major drawback and its suppression
was obtained by carrier materials in the separation tube and plates
containing gels. A successful approach was the use of capillaries of
0.1-0.5mm i.d. which were useful for gel electrophoresis. Initial work
in open-tube electrophoresis was presented by Hjerten [5] using ca-
pillaries rotated along their longitudinal axis to minimize the effects of
convection. Everaerts et al. [6] applied capillaries with similar dia-
meters made from glass and Teflon for ITP. Subsequently, the diameter
was further reduced for the optimization of heat dissipation. In 1981,
Jorgenson and Lukacs [7] showed the potential of fused silica capil-
laries smaller than 100 pm. The use of bare fused-silica (BFS) capillaries
is considered a real breakthrough in the history of capillary electro-
phoresis. The role of the EOF as driving force was stressed and a stable
EOF could be obtained. Just as in capillary GC, these capillaries

E-mail addresses: J.SastreTorano@uu.nl (J. Sastre Torafio), R.Ramautar@lacdr.leidenuniv.nl (R. Ramautar).

https://doi.org/10.1016/j.jchromb.2019.04.020

Received 27 November 2018; Received in revised form 15 March 2019; Accepted 9 April 2019

Available online 12 April 2019

1570-0232/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/15700232
https://www.elsevier.com/locate/jchromb
https://doi.org/10.1016/j.jchromb.2019.04.020
https://doi.org/10.1016/j.jchromb.2019.04.020
mailto:J.SastreTorano@uu.nl
mailto:R.Ramautar@lacdr.leidenuniv.nl
https://doi.org/10.1016/j.jchromb.2019.04.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchromb.2019.04.020&domain=pdf

J. Sastre Torario, et al.

Journal of Chromatography B 1118-1119 (2019) 116-136

S.8E7
2 Uncoated capillary
Q
3
07 - — r—r , Yy Y
0 2 4 6
Time (min)
. 1 2 ORR |
1.7E8 4 1.9E8 =
Pre-coated PB Pre-coated PE
4
3 3
0d ! 9
1.2E8 112 4 1.6ES
i 33nM PB ] 33 nM PE
3
0 0
1.5E8 4 1. 8ES
. 1 g
z 66 nM PB 2 z 66 nM PE 2
2 2
2 2
= 3 = 3
0 A 0
I.1E8 2 .4 2 OES T
i 330 nM PB 1
g 0

6 8
Time (min)

10

12

4

660 nM PE

4+ 6 3

Time (min)

10

12

14

Fig. 1. Comparison of CE-MS analyses of peptide standard using an uncoated capillary (top panel), polybrene (PB) and PolyE-323 (PE) pre-coated capillary, and self-

coated capillary using 33-660 nM PB and PE (from top to bottom).
Reproduced from reference [19] with permission.

increased the possibilities of CE for routine analysis. On the end of the
last century much attention was paid to CE and promising results were
shown. However, the competition with existing high-performance se-
paration techniques such as LC was hard. In the last decades the real
value of CE has been demonstrated, especially for the life sciences.
Based on developments in the past, the state of the art and advances
of CE in life sciences are presented. In the technology section the dif-
ferent principles are described and attention is paid to instrumentation.
The combination of CE and mass spectrometry (MS) is now mature [8],
contributing to the complementarity of CE to LC and LC-MS and is
therefore discussed in a separate section. CE is very suitable for the
separation of polar and ionogenic compounds and the applicability in
main fields of the life sciences is shown. The potential of CE for the
analysis of biopharmaceuticals (therapeutic proteins) and glycans is
high. Also in clinical chemistry and metabolomics various applications
demonstrate the possibilities of capillary electromigration separation
techniques for the analysis of complex samples, especially for profiling
and biomarker discovery. Concerning the utility of CE for chiral ana-
lysis, we refer to more dedicated reviews [9,10]. Advanced systems and
perspectives of CE are also discussed and some figures illustrate that CE

is now a strong technique in life sciences.

2. Technology
2.1. CE modes

In this section different CE modes are shortly discussed and im-
portant developments are described that stress the versatility of CE. In
the CZE part related capillary electromigration techniques are also
mentioned. Special attention is paid to the progress in microfluidics CE.

2.1.1. CZE

Separations in CZE are obtained by differences in electrophoretic
migration of analytes in an electric field, based on their charge-to-size
ratio. The application of high voltages leads to fast analysis, as the
migration of analytes is inversely proportional to the voltage.
Generally, the mobility of analytes also depends on the EOF, which is
caused by the charged silanol groups of the BFS capillary. The high
separation efficiency of CE is due to the flat flow EOF profile and low
diffusion. Basically, only longitudinal diffusion, i.e. the B-term of the
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Van Deemter curve, is contributing to band broadening making this
technique well-suited for the highly efficient and selective analysis of
polar and charged compounds. Since the separation efficiency is in-
versely proportional to the diffusion coefficient of the solute, large
biomolecules will have small diffusion coefficients, and will be parti-
cularly suited to analysis by CZE, leading to highly efficient separations
with large plate numbers.

Neutral compounds can also be separated by using micelles in the
buffer solution (micellar electrokinetic chromatography, MEKC). This
important extension of the possibilities was developed by Terabe et al.
[11]. The micellar solution is called a pseudostationary phase as com-
pounds can partition between the micelles and the solution outside the
micelles. The use of different surfactants (also volatile) and other
methodological innovations have made MEKC a powerful technique
[12]. Other additives that can offer special selectivity through mole-
cular interaction in CZE are e.g. cyclodextrins for chiral separations
[13]. The chiral separation of drugs and amino acids is one of the main
application fields of CE. Solvent consumption in CE is small as flow-
rates are very low (nL/min range) and aqueous buffers are mostly used
as background electrolyte (BGE). This latter aspect means that the
technique is biocompatible and suitable for the analysis of intact pro-
teins. Capillary electrochromatography (CEC) with packed and open-
tubular columns has also been developed for the analysis of charged
and neutral compounds [14-16]. Here, separation is based on differ-
ences in electrophoretic mobility and the partition between stationary
and mobile phase. The mobile phase flows through the column by the
EOF, generated by the silanol groups of the stationary phase. Neutral
analytes move through the packed column by the EOF and are sepa-
rated by partition between the stationary and mobile phase, while
charged analytes progress through the packed column with the addi-
tional contribution from the electrophoretic mobility of the analytes.

For protein analysis a special aspect plays an important role:
Electrostatic interactions induce protein adsorption on the capillary
inner wall due to the presence of negatively charged silanols. This can
result in the total collapse of the EOF as well as peak broadening or
even peak deformation. Modification of the surface of the capillary wall
with a dynamic or permanent coating is a successful strategy to prevent
these phenomena [17,18]. Dynamic coating of the capillary with a
buffer additive, such as hydroxypropylmethylcellulose (HPMC) or
polybrene, are commonly used for the characterization of biopharma-
ceuticals. Fig. 1 shows the effect of dynamic coatings on the separation
of peptides and the correspondence between precoated and self-coated
capillaries [19]. Polymers adsorb on the capillary wall minimizing the
interaction between proteins and silanols, but the coating can be re-
leased, requiring regeneration steps in-between runs. As an alternative,
modification of the capillary wall by covalent bonding of neutral or
charged polymers is a good option. Although modified capillaries are
still commercially available, many coating procedures are described in
the literature. A coating can also increase the repeatability of the EOF.
It should be noted that positively-charged coatings change the direction
of the EOF and the CE polarity should be reversed to move analytes
towards the detector. Various coatings have been applied for the se-
paration of proteins but also for the analysis of complex samples con-
taining small cationic and anionic compounds such as in metabolomics
[20].

Microchip capillary electrophoresis (MCE) is an important devel-
opment to miniaturize CE methods [21,22]. The properties of micro-
chips (e.g. rectangular channel of about 10-100 pm in width and height
and 10-100 mm in length) make MCE a fast separation system with
separation times < 1 min. Joule heating and radial dispersion of the
analytes are reduced with respect to capillaries with larger diameters.
Decrease of separation time can make MCE to a new approach for very
fast and efficient analysis. Several commercial systems are available
with ultraviolet (UV) detection. Dynamic coating with HPMC is used for
monoclonal antibodies (mAbs) charge heterogeneity analysis [23,24].
More recently, Ramsey et al. introduced an MCE-MS device based on a
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surface coating procedure with chemical deposition of an aminopro-
pylsilane layer and modification with polyethylene glycol [25,26]. The
design is shown in Section 2 and the separation and detection of intact
mAbs variants are demonstrated in the section biopharmaceuticals.

2.1.2. CGE

The principle of CGE is the separation of biomacromolecules in a
sieving medium. For proteins, sodium dodecyl sulfate (SDS) is also
added to the BGE to denature them. The charge homogeneity of SDS-
protein complexes allows separation based on their hydrodynamic ra-
dius. CGE adapts SDS-polyacrylamide gel electrophoresis (PAGE) to a
miniaturized design that reduces the drawbacks of SDS-PAGE, such as a
long separation time, limited reproducibility and low resolution. The
traditional slab gel has been replaced by soluble polymers employed as
replaceable gels allowing the efficient separation of deoxyribonucleic
acid (DNA) fragments and proteins [27,28]. Highly automated capillary
array electrophoresis was developed and the sample throughput in-
creased considerably [29]. The technique is very suitable for the se-
paration of DNA fragments and commercial apparatus for DNA se-
quencing are available. The use of a sheath-flow fluorescence detector
with intercalating dyes was also an important step in this field [30]. The
rapid progress in the Human Genome Project was enabled by this
technique and the elucidation of the complete genetic blueprint was an
important step in the history of biology [31]. In CGE, EOF often must be
suppressed to ensure that the separation is based only on differences in
the hydrodynamic radius. Several procedures for neutral coatings have
been described to eliminate EOF during CGE analysis, using e.g. poly-
acrylamide (PAA) hydroxypropyl cellulose, polyvinyl alcohol (PVA)
and some other (commercial) coating agents [32]. Since the end of the
80s of the previous century, CGE methods have been used for protein
separations and characterization. With the development of commercial
sieving kits, CGE has become a high-throughput method for quality
control of biopharmaceuticals and more specifically for glycan analysis.

2.1.3. CIEF

CIEF is a CE separation mode that provides a high resolution se-
paration of proteins according to their isoelectric point (pI) and has
mainly been applied for the analysis of charge heterogeneity of bio-
pharmaceuticals [33,34]. In CIEF, a mixture of ampholytes and sample
fills the capillary. A basic catholyte, generally sodium hydroxide, is
placed at the cathode and an acidic anolyte, e.g. phosphoric acid, is
placed at the anode. Due to the ampholyte properties, a pH gradient is
established in the capillary under influence of the electric field. Proteins
are focused until the region where the pH and the pl of the protein are
equal. At this point, the net charge of the protein is zero and the mi-
gration stops. In the next step, the individual components are trans-
ported to the detector by electrophoretic or hydrodynamic mobiliza-
tion. The position of the detector at the capillary end makes the
mobilization step necessary, which may cause negative effects on the
resolution due to possible peak broadening. To prevent this effect,
whole-column imaging CIEF (iCIEF) was developed to provide faster
separations with higher resolution, better reproducibility, and reduced
sample volume consumption [35]. iCIEF uses short capillaries (5cm)
with CCD camera detection and enables monitoring of the focusing
process. No mobilization step is necessary in iCIEF for detection of the
proteins. Concerning detection modes, UV detection at 280 nm re-
presents almost all applications described to date. For structural in-
formation, MS detection coupled with CIEF allows identification based
on m/z value. However, the potential of CIEF-MS coupling is limited by
the presence of salts and ampholytes. A recent paper shows the possi-
bilities of CIEF-MS using special conditions for CIEF and MS interfacing
[36]. Fig. 2 shows a promising application including the comparison
with iCIEF-UV. Two-dimensional CE consisting of CIEF and CE or CGE
was developed for complex protein samples. Ampholytes were removed
after the CIEF separation and different interfaces were optimized [37].
Presently, CIEF is a reference method for the characterization of
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Reproduced from reference [37] with permission.

biotherapeutics. Similar to CGE, with the development of commercial
kits and instruments, CIEF became an important technique in the bio-
pharmaceutical industry.

2.2. CE-MS

The coupling of CE and MS is indispensable to obtain a com-
plementary technique to LC-MS. CE-MS provides high resolution se-
paration under more physiological conditions, detailed structural in-
formation and lower limits of detection compared to UV. To fully use
the combined potential, it is important to have access to robust CE-MS
interfaces. Electrospray ionization (ESI) [38] is most often used to in-
terface liquid-based separation techniques to MS [39]. It effectively
ensures that dissolved molecules can enter the MS analyzer as gas-phase
ions. For CE however, coupling is not that straightforward as there is no
outlet vial nor an electrode at the capillary outlet to close the electrical
circuit. Furthermore, the separate electrical circuits of CE and MS are
not easily combined as currents used in CE are much higher than those
encountered in ESI. In addition, the low liquid flow in CE, ranging from
zero to sub-uL/min, hampers stable electrospray formation.

2.2.1. Sheath liquid interface

CE and MS were successfully coupled by connecting the outlet of the
capillary with a stainless steel ESI needle, using it as both a capillary
outlet and ESI emitter electrode [40]. In this way direct electrical
contact was accomplished with the CE effluent. This approach was
further developed by increasing the flow rate of the sprayed liquid with
a co-axial sheath-liquid (SL) interface, thereby ensuring a more effec-
tive electrospray (Fig. 3A) [41]. In this setup a regular CE capillary was
encompassed by a conductive SL establishing electrical contact between
the metal sprayer and BGE at the sprayer tip [42]. The SL acted as outlet
vial and provided electrical contact at the capillary outlet to ensure a
stable and independent CE flow. In this way the electrospray was cre-
ated directly at the capillary outlet.

The material of the spray needle has a significant effect on the
measurement, especially on the signal of anions. Stainless steel needles
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can oxidize and corrode when using reverse CE polarity due to elec-
trolysis and anionic compounds can complexate with the iron oxides,
reducing detection intensity [43]. The application of platinum ESI
needles however, prevented oxidation and needle corrosion. This re-
sulted in limit of detection improvements up to 63 fold for anions,
better reproducibility and improved capillary lifetime, compared to a
stainless steel needle [43]. Another way to circumvent the issue with
oxidation and corrosion of the stainless steel ESI needle is to analyze
anionic compounds in normal polarity CE mode at high pH separation
conditions.

The SL interface is often used with MS instruments that use a
grounded sprayer needle, delivering the ESI voltage from the MS inlet
and ensuring two separate and adjustable current flows for CE and MS.
This allows for independent optimization of the BGE and the SL com-
position. The liquid used in the co-axial SL interface typically consists of
a mixture of volatile organic solvents and water with volatile acidic or
alkaline additives to facilitate ion formation. The additives in the SL
however, can also be used to facilitate chemical reactions upon mixing
capillary effluent. This concept was used to obtain additional structural
information in the analysis of phenolic compounds using stable free
radicals, and in the determination of the number of exchangeable hy-
drogens in analytes by adding deuterated solvents to the SL [44]. SL
flows are typically several pL/min to ensure a stable spray. This results
in dilution of the CE effluent, depending on the EOF rate, and thus a
lower signal intensity. Furthermore, suction effects caused by the
sheath-liquid flow can cause a laminar flow inside the CE capillary
which results in band broadening if the pressure is not compensated
through the inlet vial [45]. On the other hand, non-volatile BGE ad-
ditives that provide effective separation but are in principle not com-
patible with MS can be used in low amounts without causing too much
ion-suppression. Non-volatile buffers were applied in the BGE for pro-
tein analysis with CE-ESI-MS [46]. Sodium phosphate strongly sup-
pressed ionization, but 25 mM ammonium borate could be used without
compromising signal intensities. Phosphate could be used for the ana-
lysis of antihistamines, applying it in the BGE and SL in low con-
centrations. Minimal ion-suppression was observed by using an
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interface with low SL flown and performing the analysis under acidic
conditions to ensure mobility of phosphate ions towards the capillary
inlet [47]. For the analysis of drugs of abuse, the application of am-
monium phosphate in the BGE also showed high ionization perfor-
mances and good resolution. In contrast, tris(hydroxymethyl)amino-
methane and borate as BGE constituents, could not be used in this case
due to severe ion suppression [48]. Apparently, low concentrations of
non-volatile buffers can be used with SL interfaces, but applicability
may be dependent on analyte characteristics and SL composition.

The SL interface has been widely applied and proven to be very
robust and is therefore considered the standard for CE-MS. Recent ad-
justments to the SL sprayer tip, in combination with ESI source and
sprayer positioning modifications, even improved spray quality, ioni-
zation efficiency and signal intensity. It is therefore expected that this
interface will continue to be used extensively.

The SL interface was recently miniaturized for working in the na-
noflow range to further improve ionization efficiency, while retaining
the benefits of the SL [49]. In this setup, the capillary end was en-
compassed by a thin grounded metal needle. The SL was pumped
through the needle at a flow rate of 1 pL/min using a T-connection and
contacted the CE effluent at the capillary end. Due to the lower SL flow
rate in this setup, no nebulizing gas was required for effective ESI,
which eliminated the suction effect. To improve the stability of this
interface, the outer diameter of the separation capillary and the inner
diameter of the needle were further reduced, allowing SL flow rates of
300 nL/min. This resulted in a smaller Taylor cone and minimized peak
broadening by the ESI process. Better separation efficiency was ob-
tained with this setup, while maintaining comparable limits of detec-
tion as with the conventional SL interface [50].

2.2.2. Sheathless interface

To completely avoid dilution of the CE effluent a porous tip
sheathless interface was used (Fig. 3B). The end of the CE capillary was
etched with hydrofluoric acid to obtain a porous capillary end to pro-
vide a passage for ions and electrons [51]. The capillary end was en-
compassed by a metal cylinder that acted as outlet vial and electrode. In
this way the BGE inside the capillary was in contact with the BGE
surrounding the outside of the capillary. The end of the capillary pro-
truded slightly from the metal cylinder and acted as sprayer tip.

Relative standard deviations of 1-3% were achieved for migration
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time repeatability [52] and a stable and more effective ESI was ob-
tained [53], which resulted in a 5 to 140 fold improvement of limit of
detection for proteins [54] and 8 to 30 fold for selected metabolites
[55], compared to the SL interface.

The sheathless interface is universal and can be used with all types
of ESI-MS instruments, independent of the electrical circuit of the MS.
Although, specially treated and relatively expensive capillaries are re-
quired for this commercialized interface, which can only be obtained
from the manufacturer. Furthermore, a CE device from the same
manufacturer is needed and, therefore, it is difficult to predict whether
this interface will receive widespread attention.

2.2.3. Liquid junction interface

Liquid junction is a third, common type of interface that uses, like
the SL interface, the principle of mixing the CE effluent with an outlet
electrolyte that is connected to a ground electrode. The electrolyte is
added through a T-connection to the CE effluent before ESI and usually
has the same composition as liquids used in SL interfaces [56]. The CE
effluent and the outlet electrolyte are combined between the MS emitter
and the CE capillary end. This causes peak broadening and hence lower
resolution. Furthermore, analytes are still diluted, just like with the SL
interface, and therefore compromising intensity. On the other hand, the
liquid junction interface is universally applicable and can also be used
with MS instruments with ESI potential on the sprayer tip.

The liquid-junction approach has been used in a miniaturized device
using a flow-through microvial to combine CE effluent and outlet
electrolyte. This nanoflow ESI interface [57] used a stainless steel
hollow needle with asymmetrical geometry [58]. The needle enclosed
the CE capillary and acted as outlet electrode and vial, through which
the outlet electrolyte was pumped. The outside tip of the needle acted
as electrospray emitter. An electrolyte flow rate of =100nL/min
through the needle ensured minimal CE effluent dilution using normal
size capillaries. This approach was also applied for interfacing cIEF-ESI-
MS by supplying catholyte and mobilization solutions through the mi-
crovial [59]. Recently, a similar miniaturized liquid-junction interface,
but using an electrokinetically pumped outlet electrolyte and a bor-
osilicate glass emitter, was developed (Fig. 3C). The emitter had a
15-35-um diameter tip and a 20-pum spacing between the separation
capillary and the emitter tip [60]. This geometry resulted in an EOF of
approximately 50 nL/min in the emitter, while the EOF in the CE
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capillary was around 20 nL/min, resulting in minimal dilution of the CE
effluent before MS analysis, compared to SL and regular liquid-junction
interfaces [60]. With this nanoflow ESI liquid junction interface an
approximately 20-fold improvement for limits of detection was ob-
tained, compared to the regular SL interfaces. The interface was re-
cently commercialized, and it is therefore expected that its application
will increase significantly in the future. In view of the wide applic-
ability, regarding the choice of CE capillaries and CE-MS instruments, in
combination with the improvement in signal intensity, the miniaturized
liquid-junction interface could well become a potential new standard in
CE-MS interfacing.

MCE devices have been used to miniaturize CE systems. It allows for
high speed analyses, the possibility to combine different CE separation
modes and the integration of ESI in one device. An integrated micro-
fluidic CE-ESI device, combined with MS detection, was recently de-
monstrated (Fig. 4) [61]. The device incorporated, beside the CE part,
an integrated ESI emitter and electroosmotic pump to assist ESL
Junctions between individual components were absent and therefore no
dead volumes were present. This CE-ESI was commercialized and ap-
plied successfully to the analysis of biomolecules [25,62].

2.2.4. CE-MALDI MS

CE can also be coupled indirectly to matrix assisted laser deso-
rption/ionization (MALDI)-MS, which is less prone to ion-suppression
by non-volatile BGE additives compared to ESI. Both CE separation and
MS detection can be optimized without compromising each other, as
the instruments are not directly coupled. SL interfacing is most com-
monly used for CE-MALDI-MS [63] in combination with a spotting
device to deposit analytes on a MALDI target plate (Fig. 3D). The
MALDI matrix can be added through the SL before or after sample
spotting. In another approach, liquid free interfacing was used with a
silver-coated tip for connection to ground. Droplets of solution were
predeposited on the MALDI plate to receive the analytes upon contact
with the capillary [64]. A sheathless interface was obtained by coupling
the CE and a separate spotting capillary through a porous polymer. This
provided a passage for ions and electrons [65]. The porous joint was
encompassed by a reservoir containing the outlet BGE to ensure a
closed electrical circuit. MALDI is more tolerant to non-volatile ad-
ditives than ESI and can therefore be used with CE modes that are less
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compatible with ESI-MS. The analysis of proteins with cIEF-MALDI-MS
for example, could be performed in the presence of ampholytes, de-
tergents and viscosity increasers, using a SL interface which provided
the catholyte solution [63]. A big disadvantage of CE-MALDI however,
is the loss of resolution after deposition. Therefore, this combination is
mainly used for identification of peaks. Given the many developments
in ESI-MS instrumentation and CE-ESI-MS interfaces and the few new
developments in CE-MALDI-MS, the use of the latter is likely to de-
crease rapidly.

Recent developments in CE-MS coupling focus on miniaturization
using universally applicable and nanoflow ESI interfaces that provide
the lowest possible dilution of CE effluent and most efficient ionization
[66,67]. The application of non-volatile BGE constituents however, is
more limited with these interfaces and CE separation often has to be
performed at lower currents [60], reducing the freedom in the choice of
constituents and concentrations of the BGE. On the other hand, it is the
expectation that miniaturized liquid junction interfaces will become
more important in the future, as they allow the measurement of lower
concentration levels and the use of regular separation capillaries.

3. Selected applications in the life sciences
3.1. Biopharmaceuticals

Biopharmaceuticals are biomolecules (nucleic acids, peptides, pro-
teins) used for therapeutic purpose. These products have emerged at an
exceptional speed and several important products are now on the
market. They are mainly produced using recombinant technologies,
which enable the production of proteins on a large scale.
Biopharmaceutical products include different types of biomolecules,
e.g. hormones such as insulin and growth factors (erythropoietin, EPO),
interferons, interleukins (IL-2), vaccines, mAbs and related products
(bispecific antibodies and antibody-drug conjugates). Characterization
of biopharmaceuticals requires a combination of several techniques in
order to investigate the different structural properties of biomolecules.
Analytical techniques used are separation methods such as CE and LC.
These allow separation of the main isoform from variants and im-
purities. Since the introduction of modern CE, capillary electromigra-
tion techniques have been shown to be very suitable for the separation
of biomolecules. The advantages of CE are its high separation efficiency
and the use of aqueous buffers which is favorable to preserve the higher
order structure of proteins. Therapeutic peptides and proteins are ty-
pically charged molecules. Their modification often induces a change in
the net charge and/or hydrodynamic radius. Therefore, electrokinetic
separations using CE-based techniques are well suited for the separation
of biopharmaceutical variants [68]. CE separation can be coupled to
sensitive detection techniques including laser-induced fluorescence
(LIF) and MS. MS is very useful for the structural characterization of
biopharmaceutical products. The characterization of biopharmaceu-
ticals has been described using different CE separation modes from CZE
to CGE and CIEF. This chapter describes some applications of CE-based
methods for the characterization of biopharmaceutical products. The
possibilities of each separation mode for routine analysis are stressed
and a few relevant figures are shown. Many biopharmaceuticals, such
as mAbs, are glycosylated and therefore characterization of glycans is
important. This part is described in a separate section on glycan ana-
lysis.

3.1.1. CGE

The size heterogeneity of proteins is influenced by modifications
such as post translational modifications (PTMs) and fragmentation. A
shift of the profile towards acidic forms (deamidation, sialylation,
glycation) or basic forms (succinimide formation, C-terminal lysine
heterogeneity) [69] can be observed and this may influence the safety
and efficacy of the product [70]. PTMs can be effectively mapped with
CGE and therefore Salas-Solano et al. optimized a generic CGE-LIF
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method for quality control (QC) and stability monitoring of mAbs. The
validation of this method under the guidelines of the International
Committee on Harmonization demonstrates that the method de-
termines the consistency of mAb manufacturing [71]. Han et al. also
proposed a CGE-LIF method for mAb separation and their method was
transferred to the QC laboratory for lot release testing of therapeutic
antibodies [72]. As CGE proved to be very suitable for mAbs char-
acterization, the United States Pharmacopeia (USP) released a general
protocol for the CGE-UV characterization of mAbs. However, it was
shown that the USP method induced fragmentation for three mAbs
under non-reducing conditions. This extent of fragmentation was not
found using an in-house developed method [73], demonstrating that
molecule-specific methods can be essential to minimize artifacts. The
potential of this approach, using CGE separations in pharmaceutical
laboratories, was reported in several publications [74].

Further improvements in the performance of CGE have been made
by Szekely et al., proposing a generally applicable multicapillary SDS-
CGE-LIF method for high-throughput quality control analysis of mAbs
with reducing conditions [75] and Kubota et al. [76], demonstrating
the analysis of a mAb and cleaved fragments using orthogonal analy-
tical methods, including CGE-UV (Fig. 5). Progress in CGE in-
strumentation to reduce separation times have focused on MCE with
SDS. While MCE-SDS is an attractive alternative to conventional CE-SDS
for protein analysis, there are still opportunities for improvement, e.g.
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Fig. 5. Electropherograms of the mAb-A initial sample (lower trace) and de-
gradation sample (upper trace) obtained by SDS-CGE (a) reduced and (b) non-
reduced conditions. The internal standard peak, light chain peak, heavy chain
peak, monomer peak, and increased peaks are indicated.

Reproduced from reference [76] with permission.
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higher resolution to separate product variants of similar sizes. Smith
et al. validated an MCE-SDS method with LIF detection for analysis of
mAbs by separation and quantitation of size variants. The method is
suitable for good manufacturing practice release and stability studies
[77].

3.1.2. CIEF

The charge heterogeneity of biopharmaceuticals is an important
quality parameter. Charge heterogeneity profiles can also be influenced
by modifications such as PTMs and fragmentation. CIEF and iCIEF with
UV detection are fully implemented in QC laboratories and have be-
come reference methods for the characterization of charge hetero-
geneity. Identification of intact and reduced therapeutics and PTMs can
be realized using this CE mode. Many papers describe the potential of
CIEF- and iCIEF-UV as useful tools in the process development of bio-
therapeutics [78,79]. Suba et al. validated a CIEF-UV method for
identification testing of mAb drug products with a pI between 7.0 and
9.0. The CIEF method provided a good pH gradient for internal cali-
bration (R2 > 0.99) and good resolution between all isoforms. These
authors also found CIEF-UV to be an accurate analytical method to
confirm protein identity in QC and release tests in the biopharmaceu-
tical industry, especially with the use of commercial standardized kits
[80]. CIEF- and iCIEF-UV methods are also suitable for the character-
ization of mAbs-related products. An improved method for the char-
acterization of acidic and basic variants of an antibody used a pre-
parative immobilized pH gradient for fractionation and the fractions
were further characterized by CGE-UV and LC-MS [81]. To demonstrate
the accuracy of CIEF- and iCIEF-UV methods as references for charge
variants characterization, Salas-Solano et al. organized interlaboratory
studies [82]. An international group of 12 laboratories from bio-
pharmaceutical companies was formed to evaluate the precision and
robustness of CIEF- and iCIEF-UV to determine the charge hetero-
geneity of mAbs. This has stimulated the application of CIEF- and iCIEF-
UV methodologies both in process development and QC of bio-
pharmaceutical companies. Efficient coupling of CIEF with MS is not
easy but will further increase the possibilities of (i)CIEF (see Section 2).

Further improvement of separation time was obtained by the de-
velopment of microchip CIEF. Kinoshita et al. reported a comparison
between microchip CIEF-UV and conventional CIEF-UV methods for the
evaluation of mAbs charge heterogeneity [83]. A 10-fold decrease in
separation time and an excellent correlation of calculated pl values and
the relative amounts of the charge variants were observed, but auto-
mation of the microchip method is still limited. However, this strategy
is promising and improvements will be realized in the future.

3.1.3. CZE-MS

CZE can easily be coupled with MS and structure information of
products can be obtained. Middle-up analysis is the characterization of
therapeutic proteins after limited proteolysis, which generates peptides
usually larger than 10kDa. Proteolytic treatment is performed with
enzymes such as pepsin, papain and streptococcal cysteine proteinase.
The use of a limited digestion is interesting as it reduces the complexity
of the sample in order to focus the analysis on specific parts of the
investigated protein. As a consequence, it is mainly employed for the
analysis of highly complex proteins like mAbs, especially because spe-
cific enzymes for Inmunoglobulin (IgG)1 proteolysis are available [84].
The analysis of mAbs after reduction of disulfide bridges was developed
using online CE-ESI-MS [85]. Results showed the separation of the
mADbs heavy (H) chain and light (L) chain in a mixture of reduced mAbs.
CE-ESI-MS was used for the characterization of biopharmaceuticals
after different sample pretreatments. The complete separation of the
mixture composed of mAbs H chain, L chain, and fragments produced
by IdeS (igG-degrading enzyme of Streptococcus pyogenes) digestion was
demonstrated. In addition, the different lysine variants for the fragment
crystallizable region (Fc) fragments were identified. The various ap-
plications of CE-ESI-MS middle-up characterization demonstrate that
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CE is suitable for the separation of large protein fragments. Biacchi and
coworkers developed an off-line CE-MALDI/ESI-MS method for the
analysis of different fragments produced from the IdeS digestion of
cetuximab. They demonstrated the baseline separation of Fc lysine
variants and the independent characterization of the N-glycosylation
sites present of the protein [86].

For characterization of biopharmaceutical products, the analysis of
intact proteins is the main goal. A useful protocol for rapid CZE method
development for top-down and middle-up analysis of mAbs was pre-
sented by Suba et al. [87]. MS offers a high level of structure in-
formation and an efficient separation in front of MS increases the in-
formation obtained from the spectra. CE-ESI-MS with a sheathless
interface was used to develop a method for the characterization of
human EPO (Fig. 6). This method provided fractionation and sub-
sequent characterization of a large number of EPO glycoforms in a
single analysis. The separation of isoforms prior to MS improved sen-
sitivity and significantly increased the number of identified isoforms
[53]. Characterization of intact interferon-f1 was realized using CE-
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ESI-MS/MS analysis. This approach allowed the identification of gly-
coforms and modified variants by MS/MS analysis. The use of electron
transfer dissociation and high-energy collision dissociation fragmenta-
tion demonstrated the possibility of performing a characterization of
different isoforms and the presence of PTMs [88]. The potential of CE-
MALDI-MS was also demonstrated and applied for the separation and
MS analysis of intact charge variants of trastuzumab [89]. CZE-MS has
also been applied for stability studies and deamidation and oxidation
products have been identified. Especially time-of-flight (TOF) MS was
found to be very suitable for this type of analysis as small mass dif-
ferences can be observed [90,91].

A CE-nano ESI-MS microchip was used for the analysis of intact
infliximab [25]. Lysine variants were successfully separated and iden-
tified by MS (Fig. 7). The same system was used for the characterization
of intact antibody drug conjugates (ADCs). The microchip MS analysis
demonstrated the possibility to determine the drug-to-antibody ratio
(DAR) [26]. ADCs are complex samples in the field of therapeutic
protein products. Said and coworkers developed an analytical
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methodology for ADCs analysis on the peptide, middle-up, and intact
level. This workflow is mainly based on sheathless CE-ESI-MS. It en-
ables the characterization of the amino acid sequence, to localize the
different conjugation sites to estimate the relative conjugation levels for
each site and obtain the glycoprofile of the protein [92]. Because the
ESI ionization yield is relatively low for intact proteins, CE-ESI-MS
methods for intact proteins will profit from the development of a more
sensitive CE-MS coupling. The characterization of intact therapeutic
proteins using CE-MS remains a challenge.

3.2. Glycans derived from proteins

Carbohydrates are among the most abundant group of organic
molecules on the planet and play essential roles in different biological
processes [93]. Glycans conjugated to proteins consist of mono-
saccharide building blocks that are linked together in different se-
quences and linkages. The chains can be linear or branched, yielding an
enormous number of possible glycan structures and isomeric forms. In
most glycoproteins, the glycans are linked at the anomeric center to the
protein by N- or O-linkages of amino acids (Fig. 8).

Since the establishment of the configuration of carbohydrates at the
end of the 19th century, a steady progress has been made in glycan
research, usually associated with important technological develop-
ments [93]. Recently, the glycomics field is strongly emerging with the
growing demand for glycan biomarkers for disease diagnosis and the
vast growing market of protein pharmaceuticals and vaccines. Fur-
thermore, innovation in separation science and MS, together with novel
synthesis approaches for complex carbohydrates provide new oppor-
tunities in this area. Currently, glycan analysis is mainly performed
with hydrophilic interaction chromatography (HILIC)-MS and porous
graphitized carbon (PGC) LC-MS [94], but CE also plays a major role.
This section highlights important developments in the analysis of
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protein-derived glycans by means of CE with special attention to glycan
derivatization.

3.2.1. Sample preparation

Glycans can be released from proteins enzymatically or chemically.
N-glycans are usually released intact from isolated glycoproteins by
denaturation of the protein and cleavage of the N-acetylglucosamine-
asparagine bond by endoglycosidases such as peptide-N-glycosidase F
(PNGase F) [95]. For O-linked glycans there is no universal enzyme-
based cleavage procedure available and chemical cleavage is used in-
stead. B-elimination at high alkaline pH is commonly used to release O-
linked glycans, converting them thereby to the reduced form which
makes the derivatization with a tag more complicated [96]. Release
with anhydrous hydrazine is also possible, but the peeling degradation
of glycans increases compared to the reducing [3-elimination approach
and more modified carbohydrate residues are obtained [97].

Since most glycans do not contain an UV-active chromophore, la-
beling of released glycans is often required. Furthermore, if no N-
acetylneuraminic acid (Neu5Ac) or other chargeable groups are pre-
sent, it is difficult to charge glycans for electrophoretic separation or
during ESI and therefore an ionizable group is attached. A negative
chargeable tag is often applied for CE of glycans to charge neutrals and
increase the charge on negatively charged compounds. A positive
chargeable tag on the other hand decreases the net charge and elec-
trophoretic mobility of negatively charged glycans and is therefore only
applied when NeuSAc residues are neutralized. Initially 3-(4-carbox-
ybenzoyl)-2-quinolinecarboxaldehyde (CBQCA) labeling was used for
the analysis of carbohydrates with CE coupled LIF detection, allowing
for low attomole detection limits of small carbohydrates and mapping
of N-glycans derived from proteins [98]. CBQCA was gradually replaced
by reagents that gave more sensitive and stable derivatives such as:
anthranilic acid (2-aminobenzoic acid; 2-AA) [99] and sulphated
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reagents like aminonaphthalene trisulfonic acids (ANTS) [100], 9-
aminopyrene-1,4,6-trisulfonic acid and 8-aminopyrene 1,3,6-trisulfonic
acid (APTS) [101]. The latter two offer a higher molar absorbance at
the excitation wavelength for derivatized carbohydrates and a different
emission wavelength for reacted and unreacted label which ensures a
lower background signal [102]. Nowadays, the derivatization reagents
2-AA and APTS are commonly used to introduce negative charges to
glycans allowing also for the CE separation of neutrals and detection
with both LIF and MS. An improvement of the APTS derivatization
method was recently introduced by Khan et al. with the availability of a
new derivatization reagent Teal™ [103]. This compound consists of
three sulfonic acid moieties, like APTS, but has a higher reactivity to-
wards glycans. Therefore, less amount is needed for the derivatization.
Furthermore, signal intensities were slightly increased with respect to
APTS derivatives.

Reagents for glycan release and derivatization are often added in
large excess for quantitative labeling. Since these additives and matrix
components can interfere with the further analysis, they are removed
after the respective reactions. Native and derivatized glycans can be
purified and concentrated using solid-phase extraction modes such as
reversed-phase [104], gel filtration, size exclusion, PGC [105] and
HILIC [106].

3.2.2. CE-LIF of glycans

The combination of CZE or CGE with very sensitive LIF detection
has been used for the analysis of glycans in clinical samples since many
years and has become an important tool in the biopharmaceutical in-
dustry [32]. By using multicapillary CE-LIF analyzers, multiplexing can
be performed for high-throughput analysis of glycans [107]. CGE-LIF
makes use of replaceable sieving matrices like PAA and cellulose

derivatives [108]. Furthermore, neutral capillary coatings like PAA
[109] or the more hydrophilic PVA [110] are used to reduce the EOF
while preserving the liquid sieving matrix in the capillary. These sys-
tems can be used to obtain separation of polydisperse intact poly-
saccharides, with a resolution of 1 carbohydrate unit [111], and oli-
gosaccharide hydrolysates derivatized with ANTS [112].

By partially hydrolyzing an oligosaccharide derived from glucose
monomers, a mixture of chains consisting of different numbers of glu-
cose units is obtained. The high resolution CGE analysis allows the
baseline separation of this oligosaccharide ladder that can be used for
the identification of unknown glycans using glucose unit (GU) calcu-
lation. GU values can be obtained from the migration times of separated
homooligomers (oligomer consisting of identical monomers) and cal-
culated for the unknown glycan using the closest migrating homo-
oligomers as follows [113]:

b

L—14

th —

GUy = dpl +

where dp; is the degree of polymerization of the preceding homo-
oligomer peak, t, is the migration time of the unknown glycan and t;
and t, are the migration times of the homooligomers preceding and
following the peak of the unknown glycan, respectively [113]. Struc-
tural elucidation, including linkage and position information of carbo-
hydrates is possible by removing carbohydrates stepwise from the non-
reducing end with exoglycosidase enzymes, subsequential analysis with
CGE and identification using GU values [114].

CE-LIF was recently used for N-glycan profiling of human serum
proteins to discover and evaluate biomarkers for several diseases: in
hepatocellular carcinoma abundance alterations of two fucosylated bi-
and triantennary glycans were found [115], gastric cancer could be
diagnosed by using one specific triantennary glycan and observing an
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Fig. 9. MCE of methylamidated serum N-glycans from a colorectal cancer patient. Separation efficiencies were up to 700,000 theoretical plates. Annotated peaks
correspond to statistically different glycans between control and pathological samples.

Reproduced from reference[120].

overall decrease in core-fucosylation [116] and a decrease in core-fu-
cosylation could be related to all known subtypes of congenital dis-
orders [117]. Additionally, N- and O-glycans originating from skin cells
were analyzed to screen for basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC) biomarker. An increase in high-Man N-glycans
and core 2 O-glycans was observed on carcinogenic cells, while a2-3-
Neu5Ac levels were decreased in SCC but not in BCC [118].

Microchip CE-LIF was used in the analysis of serum N-glycans
[119], where Neu5Ac residues were derivatized with methylamine to
neutralize the charge. All N-glycans were then labeled with APTS, se-
parated using the microchip device and detected with LIF. In combi-
nation with separate MALDI-TOF analysis, a total of 52 different gly-
cans were identified in serum samples, including linkage and positional
isomers (Fig. 9). The same approach was used for the analysis of serum
samples from patients with colorectal cancer, revealing an increase in
the abundance of several fucosylated tri- and tetra-antennary glycans
[120]. As described above, a change in fucosylation is characteristic for
several different forms of cancer, but by applying high-resolution MCE
separation it was possible to assign alterations in different fucosyl iso-
mers specifically to colorectal cancer [120]. CE-LIF has not only made
its way in clinical research as described above, but has also become a
widely used technique for glycan analysis in the biopharmaceutical
industry [121]. The technique has been used for the characterization of
glycans on mAbs [122] (Fig. 10A) and on influenza A virus glycopro-
teins used in vaccine manufacturing [123].

CE became an established technique for glycan analysis after it was
coupled to LIF as it offers high resolution with good reproducible mi-
gration times and peak areas [32] together with unrivaled detection
sensitivity for the analysis of glycans. The technique is nowadays ap-
plied in clinical biomarker analysis and pharmaceutical quality control.
However, for identification purposes, well-defined glycan standards or
the application of several exoglycosidase digestion steps are necessary.
Correspondingly, multiple CE analyses are required to elucidate single
glycan structures using exoglycosidases and although high-throughput
analyzers can be used, this approach is more difficult for the identifi-
cation in biological samples containing high number of different and
co-migrating (isomeric) glycans [32]. Mass spectrometry can be a sui-
table complement for identification.

3.2.3. CE-MS of glycans

Although limits of detection measured with CE-LIF are lower than
with CE-MS, the latter offers the possibility to easily determine glycan
composition using accurate mass measurements and to obtain linkage
information by multi-stage fragmentation experiments [124]. SL in-
terfacing is most often used with CE-MS and to obtain high detection
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sensitivity in negative MS mode, an alkaline SL is commonly applied.
This can influence glycan separation as was shown by the application of
triethylamine as a SL additive; In the reverse CE polarity mode, posi-
tively charged ions from the SL enter the CE capillary and improve the
separation efficiency by creating moving ion boundaries and ion in-
teractions [125].

The separation of negatively chargeable glycans in CE-MS is almost
always performed in reverse CE polarity with a neutrally coated ca-
pillary to suppress the EOF and ensure a larger separation window
[110]. Both permanent (e.g. PVA or PAA) and dynamic coatings (e.g.
based on soluble PAA) can be used to suppress the EOF and their ap-
plication results in similar CE glycan profiles [125]. A PVA coating was
employed for the study of O-acetylation on Neu5Ac residues of N-gly-
cans obtained from fish serum. Separation was performed in reverse CE
polarity mode at low pH and a flow-through microvial was used for
interfacing with MS. The analysis revealed up to three different O-
acetylated isomers for disialylated bi- and triantennary glycans [126].
The same method was used for the analysis of unlabeled N-glycans
released from human IgG and recombinant human EPO expressed in
Chinese hamster ovary cells [127]. Neutral glycans migrated with the
low EOF and were not separated, while several sialylated glycans were
separated in the window before the EOF [127]. To obtain a more robust
coating and repeatable migration times, a multilayer PVA coating was
applied for the analysis of N-glycans, which was reported to be superior
in both separation efficiency and detection sensitivity over single-layer
coated PVA capillaries. Several N-glycans released from human serum
were separated and identified using MS with a SL interface [104].

In a different approach, phospholipids were applied as semi-per-
manent inner wall coatings, using 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine and 1,2-diheptanoyl-sn-glycero-3-phosphocholine in a 1:2
concentration ratio. These quaternary ammonium components with
long alkyl tails self-assemble on the inner surface of the capillary,
thereby forming a stable zwitterionic bilayer with a zero net charge
while reducing the EOF [128]. Two APTS-labeled, isomeric trian-
tennary N-glycans consisting of the same monosaccharide units and
containing three galactose (Gal) residues were released from asialofe-
tuin, treated with the exoglycosidase enzyme [}1-4 galactosidase and
analyzed using a co-axial SL sprayer as interface. The analyzed glycans
differed in the linkage of one terminal Gal residue ($1-3 instead of
B1-4 linkage) in the middle antenna of one glycan. All terminal Gal
residues were removed by the enzyme, except for the $1-3 linked Gal,
yielding two different compounds that could be baseline separated
[128].

New labeling strategies have been applied for glycan analysis with
CE-MS to further improve limits of detection and gain structural
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Fig. 10. Electropherograms obtained with CZE-LIF (a) and CZE-MS (b). The extracted ion electropherogram and LIF trace show the analysis results of common N-
glycans (1.25 nmol/mL) observed on mAbs, labeled with Teal™ and separated using a high methanol content in the BGE. The signal to noise ratio of the LIF trace is

clearly superior to the ratio of the MS trace.
Reproduced from reference [103] with permission.

information. N-glycans derivatized with Teal™ were analyzed using an
electrokinetic pump-based nanospray SL ion source with high methanol
content in the BGE for separation and ESI support (Fig. 10B) [103].
Several glycan structures were separated using the Teal™ reagent and
similar signal intensities were obtained, compared to ATPS labeling
[103]. In addition to derivatizing at the reducing end, Neu5Ac residues
can be labeled to prevent their loss during analysis, to neutralize their
charge or to obtain detailed structural information during MS analysis.
Therefore, Neu5Ac residues on N-glycans were derivatized with 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium (DMTMM) to
amidate a2,6-linked NeuS5Ac and form lactones with «a2,3-linked
Neu5Ac residues. This reaction labeled each type of NeuSAc with a
unique mass to determine specific linkages on sialylated N-glycans
[124]. N-glycans were derivatized with DMTMM and ATPS and ana-
lyzed with both CE-MS, using a sheathless interface, and a microfluidic
device using a linear PAA coating to minimize the EOF and prevent
sample adsorption. A number of 77 N-glycan structures derived from

human serum were detected, differentiating between specific linkages
on sialylated isomers [124].

Due to the small injection volumes used in CE (typically ~5-20nL)
the sensitivity of CE-MS is often not sufficient to analyze low abundant
glycans in biological samples. For the analysis of ATPS-labeled N-gly-
cans anion-exchange sorbent beads were used in a solid-phase extrac-
tion (SPE)-CE set-up consisting of an inlet, an SPE and separation ca-
pillary joined with a polymeric sleeve [129]. The inner diameter of the
inlet and separation capillaries was smaller than the SPE beads dia-
meter and the SPE capillary, effectively trapping the beads between
inlet and separation capillary. By introducing 90 um particles into a
100 um capillary, a single bead strain was created that better prevented
the SPE column from clogging than with the application of a multi-layer
bead packing. A 10-uL injection volume of the glycan sample led to an
800-fold increase in detection sensitivity compared to a CE-MS analysis
using a regular injection volume. However, the flow through the ca-
pillary for loading and eluting of analytes needed to be adjusted
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continuously to the gradually changing backpressure of the SPE con-
struct. Unfortunately, the robustness of SPE-CE is still low and therefore
this approach cannot yet be applied routinely.

3.2.4. Quantitative CE-MS for glycans

Till now, most CE-MS analyses methods for glycans are focused on
identification, since the quantitative determination is complicated by
the lack of reliable standards. Therefore, other approaches that are
more generally applicable for relative quantification have been devel-
oped. One of those methods is stable isotope labeling of glycans to
compare concentrations of glycans between different samples [130].
For one sample a normal label is used and for the other sample a
heavier label containing a stable isotope. Glycans existing in one sample
are detected as single ions, whereas common glycans are detected as
paired ions with a normal and heavy label. Stable isotope twoplex la-
beling with '2C and '3C 2-AA isotopes was used for the analysis of N-
glycans released from a mAb [131]. With CE-MS using a PVA coating
and an SL interface it was possible to quantify several glycans in two
different drug product lots of a commercial mAb [131]. Quantitative
analysis has also been reported using tandem mass tags (TMTs) for
multiplexed semiquantitative MS/MS of identical analytes in different
samples. The TMTs have a modular structure consisting of a reactive
group to attach the tag to the analyte, a reporter group that can be
modified with different stable isotopes for multiplexing and a balance
group to counterbalance the different masses of the reporter ion to
ensure that all tags have the same mass prior to fragmentation. Analytes
are labeled with TMT's with different reporter ion masses for each
different sample. The samples are mixed and analyzed with a separation
method and tandem MS. During separation single peaks are obtained
for each analyte in the mixed sample. These peaks consist of analytes
with isobaric tags and therefore have the same mass in MS. Upon
fragmentation in the second MS step unique known reporter ion masses
are obtained for each sample that can be used to distinguish the dif-
ferent samples and to determine the relative concentration of analytes
in each. Recently, TMTs were modified with a carbonyl-reactive ami-
nooxy group to make the tag suitable for glycan analysis [132]. The
applicability of this TMT was demonstrated by the characterization of
N-linked glycosylation profiles of human colon carcinoma cells with
MS, revealing down-regulation of high-mannose glycans in the meta-
static cell line [132]. The TMT contains a tertiary amine that provides
electrophoretic migration and ESI under acidic conditions and therefore
it could also successfully be applied in CE-MS quantification of N-gly-
cans released from bovine fetuin [133]. In another application, a mi-
crofluidic system with integrated liquid-junction MS interface was used
for the quantification of N-glycans in positive CE and MS mode [62].
Capillary surfaces were coated with an aminopropyl silane reagent to
minimize EOF and glycans were derivatized with aminooxy-TMT to
introduce a positive charge for electrophoretic migration and to enable
multiplexing in multi-stage MS experiments. Neu5Ac residues were
derivatized to prevent interaction with the positively charged capillary
surface coating and to obtain linkage-specific mass-shifts for sialylated
glycans. The authors claimed that the application of this chip-based CE
method improved glycan separation compared to frequently used
chromatographic methods [62].

CE-MS is an attractive technique that has developed into an alter-
native to HILIC- and PGC-MS for glycan separation and identification.
Different developments in CE-MS interfacing have resulted in improved
signal intensities, however detection limits in CE-MS of glycans remain
an issue to be dealt with. In recent years, progress in the CE field has
been made regarding injectable volumes to increase sensitivity and
stable, MS compatible capillary coatings to obtain better resolution and
migration time repeatability. Furthermore, several new derivatization
strategies were developed to increase identification and quantification
possibilities. It is expected that these new technologies will contribute
to further developments in the glycomics field that will expand the
application of CE-MS and make it an even more indispensable
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technique in the field next to LC-MS.
3.3. Clinical chemistry

In the field of clinical chemistry, CE has been used as an effective
tool for the reliable, fast and selective analysis of various small mole-
cules and proteins in a wide range of biological samples. CE especially
gained interest in clinical laboratories after the introduction of com-
mercially available CE instruments, often supported by reagents Kkits
designed for the analysis of specific compounds. Nowadays, enzymatic
assays, immunoassays, and chromatographic separation techniques are
generally used in a clinical setting for the analysis of specific small
molecules, peptides and proteins in biological samples. In this section,
attention is paid to a few CE and CE-MS applications that have been and
still are used for routine analysis in clinical laboratories. The CGE
system for the analysis of DNA fragments has been described in Section
2.1.2.

The use of CE-UV has shown to be an effective analytical tool for the
characterization of haemoglobin (Hb) in humans, which is of high
clinical interest due to various disorders associated with abnormal
blood Hb composition [134]. These diseases are grouped into anaemia
resulting from the presence of deleterious genes, coding for defective
sequence variances of Hbs, and thalassaemia, which is characterized by
abnormal levels of normal globulin chains. Given the prevalence of
genetically derived anaemia in many populations, routine clinical
screening of heamoglobulin variants in Hb disorders by CE has been
implemented in clinical laboratories around the world. Analyses is often
performed fully automated, with dynamic coatings and on-column UV
detection [135,136], requiring relatively small amount (circa 20 uL) of
samples, It has been often used for the assessment of HbAlc combined
with a HbA(1c) kit specifically designed for this purpose. Currently, CE
is still used in clinical laboratories for the screening of Hb variants in
haemoglobin disorders, however, LC methods are increasingly em-
ployed for this purpose, in some cases as a complementary technique
whereas in other cases as a replacement for CE [137]. CE is used for the
profiling of proteins in human serum, with a main focus on the glo-
bulins as changes in each of these proteins can be correlated with a
patient's health status [138]. A typical serum protein profile obtained
by CZE for a healthy subject is shown in Fig. 11, in which the char-
acteristic globulin bands are easily observed [139].

The group of Harald Mischak has developed CE-MS methods for the
reproducible profiling of native peptides in > 20,000 human urine
samples at different laboratories with an acceptable inter-laboratory
reproducibility over the past decade [140,141]. For the discovery of
peptide markers for the prediction of chronic kidney disease (CKD),
Good et al. developed a CE-MS-based proteomics analytical workflow
for the profiling of urinary peptides in 230 patients with CKD and in
379 healthy subjects [142]. CE-MS analysis was performed at low pH
conditions using a BFS capillary, which was coupled to ESI-MS via an SL
interface. In total 273 peptides were found as potential biomarkers for
CKD using a Support Vector Machine model. To evaluate whether this
set of peptides could be used as a classifier for CKD, a validation study
was performed using an independent cohort of 144 human urine sam-
ples, revealing a sensitivity of 85% (95% CI, 77.5-91.4) and a specifi-
city of 100% (95% confidence interval, 89.6-100.0). Overall, this work
clearly indicates the value of CE-MS for clinical and biomarker discover
studies.

3.4. Metabolomics

In this section, the utility of CE and CE-MS is highlighted for the
analysis of (endogenous) metabolites in biological samples. CE can be
used for both non-targeted and targeted profiling in biological samples.
In the first approach, the aim is to analyze as many metabolites as
possible without having a priori knowledge on the nature and identity.
In the second approach, the focus is on the quantitative analysis of pre-
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Fig. 11. CE of serum proteins from a healthy subject. The automated instru-
ment (31-f2+ reagent set) separates human serum proteins into six main
fractions detected at the cathodic end of the capillary in the following order: y-
globulins, 2-globulins, Bl-globulins, a2-globulins, al-globulins, and albumin.
Electrophoretic mobilities of individual proteins were determined by im-
munosubtraction or overload, depending on the protein. AAG, al-acid glyco-
protein; ATT, al-antitrypsin; a2-M, a2-macroglobulin.

Reproduced from reference [139] with permission.

selected (target) metabolites. CE has a long history for the analysis of
(endogenous) metabolites in a wide range of biological samples [143],
as it is very suited for the selective analysis of polar and charged
compounds [144]. As only small sample volumes are required for the
injection, CE is very suitable for the analysis of volume-limited biolo-
gical samples. However, depending on the detection technique (and
obviously on the goal of the study), small injection volumes may result
in compromised concentration sensitivities. This issue can be tackled by
using electrokinetic- or chromatographic-based preconcentration tech-
niques [145,146].

On-line sample preconcentration in CE-MS is relatively easily per-
formed by in-capillary stacking based on analyte mobility differences
within a discontinuous BGE system. Therefore, direct injection of long
sample plug lengths (> 10% capillary length) can be performed as
electrokinetic focusing of analytes into narrow zones occurs prior to
ESI-MS analysis. In general, transient-ITP and/or dynamic pH junction
has been often used for enrichment of mainly cationic metabolites in
biological samples obtaining detection limits in the low nanomolar
range, while using conventional CE-MS approaches [147]. The use of
chromatographic-based preconcentration by employing coupled SPE-
CE systems is another way to improve concentration sensitivity of CE-
MS. For example, Pont et al. recently demonstrated the utility of SPE
coupled in-line to CE-MS for the profiling of metabolites in deprotei-
nized plasma samples from mice [148].

Nowadays, CE-MS can be considered a useful analytical technique
for addressing biological and clinical questions using a metabolomics
approach [149,150]. In the first part of this section, emphasis is on
works which clearly exemplified the (early) potential of various CE
systems for profiling metabolites in biological samples. This is followed
by a section which provides an overview of the initial CE-MS ap-
proaches developed for global or non-targeted metabolic profiling stu-
dies. Special attention is paid to CE-MS methods with new interfacing
techniques in order to increase the coverage. Finally, some thoughts on
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the direction of CE-MS in metabolomics are provided.

3.4.1. CE systems for metabolic profiling of biological samples

The actual potential of CE (referring here to CZE) for the profiling of
endogenous metabolites in body fluids has been demonstrated circa
three decades ago by Jellum et al. [151-153]. In this work, human
urine samples were analyzed by CE without the use of any sample
pretreatment [152]. Circa 50 urinary metabolites were analyzed in
15 min and the identification was based on migration times and char-
acteristic UV spectra. This approach was applied to the screening of
urine from patients with metabolic disorders, such as pyroglutamic
aciduria. Authors already anticipated at that time the potential of CE for
profiling of small-volume samples in the clinical field. Another pio-
neering work in the development of CE approaches for screening me-
tabolic disorders in body fluids emerged from Barbas and co-workers
[154]. This group developed a relatively fast and automated CE-UV
method for organic acids profiling in urine [155]. Samples were ana-
lyzed directly after centrifugation and dilution and separation was in
reverse polarity mode employing a PAA-coated capillary and phosphate
buffer (pH 6.0) containing a small amount of methanol as BGE. Various
other groups have also designed CE approaches for the profiling of
organic acids [156,157]. For example, Dolnik et al. developed a CE
method using a capillary coated with linear PAA and indirect UV de-
tection [156]. Serum could be analyzed directly, without using a de-
proteinization step. The CE method was used for the analysis of organic
acids in serum from a pediatric patient with respiratory insufficiency
(Fig. 12).

In general, mostly CZE has been used for the analysis of endogenous
metabolites in biological samples. This CE mode is fully compatible
with ESI-MS as volatile buffers can be employed for the analysis. In
order to improve selectivity, MEKC was employed for the profiling of
biological samples [158]. For example, both CZE and MEKC were used
for profiling of urine samples from diabetic rats [158]. CZE, employing
a PAA-coated capillary and reverse CE polarity, was used for the ana-
lysis of anions, whereas MEKC was used for the profiling of cations and
neutral compounds. Overall, an extended metabolic profile of the urine
sample was obtained by combining the data obtained with both
methods. A sulfated (3-cyclodextrin-modified MEKC approach has also
been used for human urine, allowing the separation of 80 compounds
within 25min [159]. Charged cyclodextrins have different shapes, size
and binding properties, compared to underivatized cyclodextrins, and
can offer different selectivity for analytes and improve resolution [160].
Although an improved separation and additional selectivity can be
obtained by MEKC, the hyphenation of MEKC to ESI-MS is problematic
and often provides limited sensitivity. CEC has also been evaluated for
the profiling of endogenous metabolites. For example, a pressure-as-
sisted CEC approach was developed for rat urine and the performance
of this method was compared with chromatographic methods [161].
CEC can be used for the separation of a wide range of compounds and
has therefore a strong potential for global profiling studies. However,
the design of CEC columns in a consistent manner remains a challen-
ging task.

Regarding detection, mainly UV, but also contactless conductivity,
electrochemical and LIF detection have been used [162-166]. Notably,
CE-LIF can be considered a very strong tool for the highly sensitive and
selective analysis of numerous metabolites in small-volume biological
samples. For example, Harstad et al. developed a high-speed micro-
dialysis-CE method for assessing the uptake/release dynamics of bran-
ched chain amino acid in 3T3-L1 cells using LIF detection [167]. Cur-
rently, CE-LIF approaches are often used for the selective profiling of
derivatized amino acids and small peptides in small-volume biological
samples [168].

Many CE approaches developed a few decades ago, e.g. for organic
acids, have not been implemented in actual clinical settings due to
variability in EOF, and therefore migration times, when employing BFS
capillaries in combination with biological samples. In addition to



J. Sastre Torario, et al.

o
2
[}
2 E =
o 8 -]
‘.‘f 1
£ E 3
9 K]
L
Q.
]
i o
-] -
(1]
c o S
-] S o
Q -
2 o o
[~] Q - 0
13 ° 8 g
K- “ o O
@ k| ES
A
1™ (]
| x L]
~N

3-hydroxy-3-methylglutarate

Journal of Chromatography B 1118-1119 (2019) 116-136

Fig. 12. Determination of organic acids in serum from a pe-
diatric patient with respiratory insufficiency. Experimental
conditions: linear polyacrylamide-coated capillary, 75pm
L.D.; BGE, 10 mM e-aminocaproic acid-10 mM mandelic acid;
voltage, —20kV; detection, absorption at 220 nm. Undiluted
serum injected by pressure using100 mbar for 6.

Reproduced from reference [156] with permission.
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generating irreproducible EOF, adsorption of matrix components to the
inner wall of BFS capillaries may also compromise separation effi-
ciencies and peak area repeatability. Therefore, it is important to in-
corporate, in addition to an effective sample pretreatment procedure,
an effective rinsing procedure between runs when employing BFS ca-
pillaries with (especially protein-rich) biological samples. Obviously, a
rinsing procedure increases the total analysis time per sample. Another
way to address this issue is to modify the inner capillary wall of BFS
capillaries with polymers.

3.4.2. CE-MS systems for global metabolic profiling studies

MS has emerged as a key technology for the selective and sensitive
analysis of metabolites in biological samples, providing the ability to
quantify and identify analytes. Combination of MS with a front-end
separation technique is often needed in order to reduce ion suppression,
to allow the separation of isobars and isomers, and to have additional
information on the physicochemical properties of the metabolites for
identification. One of the first applications reporting CE-MS in a clinical
context, emerged from the group of Jellum [169]. In this work, a CE-MS
method was developed for the selective analysis of metabolites in dried
blood spots from patients with the metabolic disorder propionic acid-
uria. CE was coupled to MS via a SL interface and electrophoretic se-
paration was performed with a BFS capillary employing 20 mM am-
monium acetate (pH 8.5) as BGE. Around the same period, Soga et al.
developed a CE-MS method for the analysis of 19 naturally occurring
amino acids without derivatization [170]. To enable the simultaneous
and selective analysis of all amino acids by CE-MS, 1 M formic acid
(pH 1.8) was used as BGE. The CE-MS method provided detection limits
in the low uM-range for most amino acids and its utility was demon-
strated by the analysis of soy sauce, beer and urine. CE-MS approaches
for global or non-targeted profiling studies were developed by the same
group using a first method for profiling cationic metabolites, employing
1M formic acid (pH1.8) as BGE and a BFS capillary, and a second
method for profiling anionic metabolites using a cationic polymer-
coated capillary with 50 mM ammonium acetate (pH 8.5) as BGE [171].
By using both CE-MS approaches, > 1600 metabolic features could be
observed in an extract from Bacillus subtilis, of which 150 could be
identified (Fig. 13). The developed CE-MS approaches allowed the se-
lective and highly efficient analysis of a broad range of polar metabolite
classes, including amino acids, amines, nucleosides, nucleotides,
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organic acids and sugar phosphates. The CE-MS approach for anionic
profiling has been further improved by the same group over the last
decade [172]. Based on these CE-MS methods, the authors initiated
Human Metabolome Technologies (HMT), a Japan-based company
which is providing procedures and workflows for CE-MS-based meta-
bolomics. The CE-MS approaches of HMT were recently used for the
profiling and absolute quantification of polar and charged metabolites
in plasma samples from the Tsuruoka Metabolomics Cohort Study
(> 10,000 human subjects) [173], thereby clearly illustrating the
capability of CE-MS for large-scale studies.

Most CE-MS-based studies have been performed with the SL inter-
face, however, the SL is generally provided at a flow-rate between 5 and
10 uL/min. Considering the fact that both CE and ESI-MS perform most
optimal at low flow-rate conditions, CE-MS should preferably be carried
out via an interface which effectively uses the intrinsically low flow
separation property of CE and the improved ESI efficiency under these
conditions. For example, CE-MS using a sheathless porous tip interface,
has been evaluated for the profiling of cations in human urine at low-
pH separation conditions resulting in an information-rich metabolic
profile [55]. This approach allowed for an enhanced coverage of polar
and charged metabolites of the urinary metabolome with nanomolar
detection limits. Approximately 900 molecular features were detected
with sheathless CE-MS, whereas 300 were observed by SL CE-MS.
Hirayama and co-workers also assessed the performance of this ap-
proach and obtained a tenfold increase in the number of detected peaks
compared to SL CE-MS methods [174]. The long-term performance of
this approach still needs to be assessed in more extended studies ana-
lyzing larger numbers of clinical samples. The sheathless porous tip
interface was also evaluated for anionic metabolites using the same
separation conditions as for cations, but with a reversed MS detection
and CE separation polarity [175]. A broad range of anionic metabolite
classes could be profiled under these conditions, including sugar
phosphates, nucleotides and organic acids. An injection volume of circa
20 nL resulted in nanomolar detection limits, which was a significant
enhancement compared to the micromolar detection limits typically
obtained with classical SL CE-MS methods.

Metabolic profiling approaches are now more widely used for large-
scale phenotyping studies (e.g., clinical samples from Biobanks).
Therefore, the ability to analyze thousands of biological samples with a
reliable high-throughput precision becomes crucial. In this context, the
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Fig. 13. Selected ion electropherograms for cationic metabolites observed in an extract from Bacillus subtillis by CE-MS in the m/z range of 101 to 150. The number
provided in the upper left corner of each trace is the abundance associated with the highest peak in the electropherogram.

Reproduced from reference [171] with permission.

recently developed multi-segment injection CE-MS approach can be
considered a practical tool, as this approach allows serial hydrodynamic
injection of seven or more discrete sample segments within a single
capillary (Fig. 14). Sample throughput is increased up to one order of
magnitude without ion suppression/enhancement, while maintaining
separation performance [176].

In comparison to other analytical techniques, the use of CE-MS in
metabolomics is still underrepresented. However, with recent devel-
opments in improved interfacing designs, it is anticipated that this
approach will be considered more for the profiling in material-limited

biological samples, such as single cell analyses. Therefore, a complete
analytical workflow based on CE-MS employing a low-flow SL interface
was recently developed [177,178]. Moreover, a recent study revealed
that CE-MS could be used for the analysis of > 76% of the compounds
present in a commercially available metabolite library mixture which
comprised 596 compounds [179]. A comparison with HILIC-MS and
reversed-phase LC-MS demonstrated that CE-MS is particularly useful
for the profiling of amino acids, sulfated and phosphorylated com-
pounds, thereby clearly illustrating the added value of CE-MS for me-
tabolomics [179].
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Fig. 14. Multi-segment injection in CE-MS. (A) Multiplexed separation based on serial injection of seven discrete sample segments within a single capillary by multi-
segment injection CE-MS; (B) ions migrate as a series of zones in free solution prior to ionization; (C) the procedure enables reliable quantification of polar
metabolites and their isomers in different samples as ionization occurs within a short-time interval (=2-6 min) under steady-state conditions when using ESI-MS.

Reproduced from reference [176] with permission.

4. Concluding remarks

CE became strong in life sciences with the rapid and efficient ana-
lysis of small highly polar compounds and large biomolecules such as
DNA, peptides and proteins. Many of these compounds are often ana-
lyzed with more robust and sensitive systems, partly due to develop-
ments in other techniques such as LC. However, there are applications
where CE performs better or gives complementary information, and in
those fields the various CE modes have become indispensable techni-
ques. Furthermore, several developments in instrumentation and ap-
plications have ensured that CE is no longer being regarded as a non-
robust technique. In addition, the development of accessible miniatur-
ized devices, which allows very fast analyses, contributes to the appli-
cation of CE as an attractive alternative for routine high-throughput
analysis.

CGE, CIEF and CZE are currently, in addition to many other tech-
niques, routinely used in the pharmaceutical industry and other la-
boratories for the characterization of intact proteins. Combined with
MS, CE is used to quickly resolve protein glycoforms with high re-
solution and to identify the compounds. The analysis of released gly-
cans in contrast is usually performed with CZE- or CGE coupled to LIF
detection, because detection limits with CE-MS are not sufficient due to
the low injection volumes in CE. Recent developments in MS interfaces
have led to lower detection limits with CE-MS, although LIF detection
remains unrivaled. Despite the higher detection limits, it is anticipated
that the application of CE-MS in this area will increase with the growing
glycomics field and demand for glycan biomarkers. CE is attractive for
the clinical and biomarker field, especially for the analysis of polar
small molecules in studies were limited sample volume is available.
Moreover, high resolution is important when profiling biological sam-
ples containing large numbers of metabolites and therefore nowadays
CE(-MS) is routinely applied in the metabolomics field. CE is now an
established technique in the fields described in this review. For further

applicability, it is important that still more progress will be made in on-
line preconcentration systems to inject larger volumes routinely in CE.
In that case it is expected that CE could become of added value in more
areas.
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