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Abstract

Glycosylation is one of the most significant and abundant post-translational modifications in cells. Glycomic and glycopro-
teomic analyses involve the characterization of oligosaccharides (glycans) conjugated to proteins. Glycomic and glycoprot-
eomic analysis is highly challenging because of the large diversity of structures, low abundance, site-specific heterogeneity,
and poor ionization efficiency of glycans and glycopeptides in mass spectrometry (MS). MS is a key tool for characteriza-
tion of glycans and glycopeptides. However, MS alone does not always provide full structural and quantitative information
for many reasons, and thus MS is combined with some separation technique. This review focuses on the role of separation
techniques used in glycomic and glycoproteomic analyses, liquid chromatography and capillary electrophoresis. The most
important separation conditions and results are presented and discussed.
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Introduction

Glycomics and glycoproteomics are branches of proteomics
that study, analyze, and characterize glycosylated proteins,
i.e., proteins containing carbohydrates as post-translation
modification [1]. Glycosylation is one of the most prominent
and important post-translation modification of proteins [2],
which plays a key role in many biological processes includ-
ing molecular trafficking and clearance, cell—cell interaction,
or antigen recognition [3]. Protein glycosylation includes a
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series of enzymatic reactions, which result in a formation
of amino acid-glycan linkage. There are two major types
of glycosylation, namely N- and O-glycosylation. In case
of N-glycosylation, glycans are attached to the peptide via
amide nitrogens of asparagine side chains, whereas O-gly-
cosylation involves the attachment through the hydroxyl
oxygen atom of serine or threonine side chain [4]. Further-
more, for the N-linked glycans, there is a known glycosyla-
tion sequin which begins with asparagine followed by any
amino acid except proline and ends with either serine or
threonine [5]. The most common monosaccharides attached
to the peptide backbone include N-acetylglucosamine,
N-acetylgalactosamine, glucose, galactose, fucose, man-
nose, and sialic acid [1]. In the last decade, glycopeptides
have been used as diseases biomarkers ranging from various
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types of cancer (ovarian [6], breast [7], prostate [8], hepa-
tocellular carcinoma [9]) to congenital disorders [10] and
Alzheimer’s disease [11]. Moreover, glycopeptides are often
used as biopharmaceuticals due to their favorable properties,
such as good biological activity, increased bioavailability
and improved serum half-life [12]. Among others, trastu-
zumab [13], vancomycin [14], or erythropoietin [15] are the
most known drugs based on glycopeptides. To ensure the
quality and safety of drug manufacturing, and to improve the
development of potential biomarkers, the analysis of glyco-
sylation is a crucial step. However, it is a highly challenging
task as it requires the identification of both, glycosylation
sites and glycan structures, simultaneously [16]. Mass spec-
trometry (MS) is a key technique in glycoproteomics. Unfor-
tunately, MS alone does not always provide full structural
and quantitative information for many reasons, (e.g., limited
fragmentation, low ionization efficiency of glycopeptides in
complex mixtures) and thus MS is combined with some sep-
aration technique, mainly with liquid chromatography (LC)
or capillary zone electrophoresis (CZE). Although there are
many reviews on the glycoproteomics [16-20], most of them
focus on advances in MS-based glycoproteomics and only a
minority on separation techniques.

In this review, we provide an overview of separation tech-
niques (LC and CZE) used in analysis of glycopeptides and
glycans. First, LC techniques in glycopeptides and glycans
separations are introduced, including reversed-phase chro-
matography (RP-LC), hydrophilic interaction liquid chroma-
tography (HILIC), chromatography on porous graphitized
carbon (PGC) material, and multi-dimensional chromatog-
raphy. Then we focus on the CZE used in glycopeptides and
glycans separations.

Liquid chromatography in glycopeptide
separation

Liquid chromatography is the most widely used technique
for the separation of glycopeptides. In bottom-up, also
known as shotgun proteomics, the glycopeptides are pro-
duced by enzymatic digestion of glycoproteins (usually
by trypsin). The resulting glycopeptides are subsequently
separated by either RP-LC, HILIC, or PGC. In the following
chapters, we show the applications of these chromatographic
modes in the separation of intact glycopeptides and released
glycans. In addition to that, we show the potential of these
techniques for the separation of glycopeptide isomers that
differ in branching and/or linkage positions of the attached
glycans.

The most studied glycopeptide isomers include those
with core and outer arm fucosylation, and glycopeptides
with sialic acid [21-25]. Moreover, in this chapter, we
discuss the possibility of combining two different liquid
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chromatography techniques, namely RP-HILIC, RP-PGC,
and HILIC-PGC. These separation methods often use tan-
dem mass spectrometry (MS/MS) detection [26-29] but
some of them utilize UV detection [30-34]. In Table 1, we
summarize the most important characteristics of the methods
and approaches that we discuss in detail in the following
chapters.

Reversed phase chromatography

Even though chromatography on RP stationary phases is
one of the most widely used separation methods utilized in
glycoproteomics, most of the researchers use it as a mere
preliminary step before their characterization by MS and
do not focus on the separation itself [35—41]. The most fre-
quently used RP-LC columns in glycoproteomics separa-
tions are packed with octadecyl (C18) bounded silica gel.
In RP-LC, the separation of glycopeptides is mainly based
on hydrophobicity of the peptide backbone with additional
influence of the glycan moiety [42-46]. Despite the fact that
RP-LC is the most utilized separation technique, it is not
able to adequately resolve different glycoforms attached to
the same peptide backbone [43, 47, 48]. Molnarova et al.
[43] separated the glycopeptides of human immunoglobu-
lin G (IgG) on a C18 BEH (ethylene bridged hybrid) col-
umn (2.1 X100 mm; 1.7 pm). The separation is shown in
Fig. 1. The peptide backbone of the studied glycopeptides
only differs in two amino acids (IgG1: EEQYNSTYR, IgG2:
EEQENSTER). Because phenylalanine is more hydropho-
bic than tyrosine, IgG2 glycopeptides eluted after the IgG1
glycopeptides.

The research group of Hernandez-Hernan-
dez [49] employed Hypersil HyPurity C18 column
(100 mm 2.1 mm; 3.0 um) for the separation of O-glyco-
peptides of bovine caseinomacropeptide. In this study, they
compare the retention of both glycosylated and non-glyco-
sylated peptides. In case of glycosylated peptides, the reten-
tion was lower and peaks were less resolved than in case of
non-glycosylated forms. Hong’s research team [50] used an
Agilent Eclipse plus C18 column (2.1 X 100 mm; 1.8 pm)
for the separation of IgG glycopeptides from glycopeptide
standard and human serum. They observed that the non-
glycosylated peptides of IgG eluted after the glycopeptides.
The earlier elution of glycopeptides was favorable in terms
of their electrospray ionization, which might be suppressed
by the simultaneous ionization of non-glycosylated peptides.

Although the presence of glycans has only a sec-
ondary effect on the retention of glycopeptides, there
are studies that investigated the influence of differ-
ent glycan units on retention in RP-LC [42, 46, 51, 52].
The Ozohanics research group [53] observed that on a
C18 column (0.075 %200 mm; 1.7 um) neutral glycans
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Table 1 An overview of glycopeptide separation by different liquid chromatography approach. Columns, column dimensions, column manufac-
turers, analytes, mobile phase compositions and references are summarized

Column, column dimensions and manufac- Analyte Mobile phase composition References
turer
Reversed Acquity UPLC BEH C18 IgG standard from human ACN with 0.1% FA/ [43]
phase chro-  2.1x 100 mm; 1.7 um; Waters Corporation plasma 0.1% FA
matography
Hypersil HyPurity C18 O-glycopeptides of bovine ACN with 0.1% FA/ [49]
2.1x 100 mm; 3.0 um; Thermo Fisher caseinomacropeptide 0.1% FA
Scientific
Agilent Eclipse plus C18 IgG standard from human 90% ACN with 0.1% FA/ [50]
2.1 x 100 mm; 1.8 pm; Agilent Technolo- plasma 3% ACN with 0.1% FA
gies
NanoAcquity UPLC BEH C18 Human A1GP ACN with 0.1% FA/ [53]
0.075x200 mm; 1.7 um; Waters Corpora-  Haptoglobin 0.1% FA
tion
Acclaim PepMap"™ 100 C18 ABCA4 (integral membrane ~ ACN/water [52]
0.075 x 150 mm; Thermo Fisher Scientific protein)
Acclaim PepMap"™ 100 C18 Bovine fetuin, human A1GP, ACN with 0.1% FA/ [56]
0.075x 150 mm; 2.0 um; Thermo Fisher human erythropoietin 0.1% FA
Scientific (derivatized sialic acids)
Acclaim PepMap 100 C18 O- and N-linked glycopep- 80% ACN with 0.1% FA/ [55]
0.075 %500 mm; 2.0 pm; Thermo Fisher tides recombinant human 0.1% FA
Scientific erythropoietin
Acclaim PepMap 100 C18 Recombinant ACN with 0.1% FA/ [62]
0.075%250 mm; 2.0 um; Thermo Fisher SARS-CoV-2 spike protein 2% ACN with 0.1% FA
Scientific expressed in the HEK 293
cell
Aeris WIDEPORE XB-C18 hCG 90% ACN with 0.1% FA/ [54]
2.1x 150 mm; 3.6 pm; Phenomenex 0.1% FA
Acquity UPLC Peptide BEH C18 Sex hormone binding globu-  ACN with 0.1% FA/ [42]
0.075x 150 mm; 1.7 um; Waters Corpora- lin, hemopexine, hapto- 2% ACN with 0.1% FA
tion globin
Hydrophilic ~ cHiPLC HALO HILIC Hemopexin from human ACN with 0.1% FA/ [48]
interaction  0.075 X 150 mm; 2.7 pm; Eksigent plasma 2% ACN with 0.1% FA
liquid chro-
matography
SeQuant ZIC-HILIC A1GP and ACN/ACN/ammonium acetet- [33, 34]
2.1x 150 mm; 3.5 pm; Merck IgG standard from human ate
serum (50%/100%/100 mM)
SeQuant ZIC-HILIC Hemopexin and ACN with 0.1% FA/ [23]
2.1x 150 mm; 3.5 pm; Merck IgG standard from human 0.1% FA
serum
SeQuant ZIC-HILIC O-glycopeptides of ACN with 0.1% FA/ [49, 66]
2.1x 150 mm; 3.5 um; Merck caseinomacropeptide 0.1% FA
SeQuant ZIC-HILIC RNase B, Trastuzumab, hFi-  sets of mobile phases with dif— [67]
2.1x 150 mm; 3.5 um; Merck brinogen, CTLA4-Ig ferent ion-pairing reagents”
Hydrophilic SeQuant ZIC-cHILIC RNase B, Trastuzumab, hFi-  sets of mobile phases with dif- [67]
interac- 2.1x 150 mm; 3.0 pum; Merck brinogen, CTLA4-Ig ferent ion-pairing reagents”
tion liquid
chroma-
tography
SeQuant ZIC-pHILIC RNase A and RNase B ACN with 10 mM HCIO,/ [68]
2.1x 150 mm; 5.0 pm; Merck 10 mM HCIO,
4.6 x50 mm; 5.0 pm; Merck
Acquity UPLC Glycan BEH Amide RNase B, Trastuzumab, hFi-  Sets of mobile phases with [67]

2.1 x 150 mm, 1.7 pm; Waters Corporation

brinogen, CTLA4-Ig

different ion-pairing
reagents”

@ Springer



662

K. Molnarova et al.

Table 1 (continued)

Column, column dimensions and manufac-  Analyte Mobile phase composition References
turer
TSKgel Amide-80 RNase A and RNase B ACN with 10 mM HCIO,/ [68]
2.0x 150 mm; 3 um; Tosoh Bioscience 10 mM HCIO,
XBridge BEH amide RNase A and RNase B ACN with 0.05% TFA/ [69]
3.0%x 150 mm; 2.5 um; Waters Corporation 0.05% TFA
AdvanceBio Glycan Mapping RNase A and RNase B ACN with 0.05% TFA/ [69]
2.1x 150 mm; 2.7 um; Agilent Technolo- 0.05% TFA
gies
Acquity UPLC Glycan BEH Amide mAb ACN with 100 mM ammo- [47]
2.1x 150 mm; 1.7 um; Waters Corporation nium formate/10 mM
ammonium formate (pH
4.5)
Acquity UPLC Glycan BEH Amide IgG and hemopexin standard ~ ACN with 0.1% FA/ [23]
2.1x 150 mm; 1.7 um; Waters Corporation from human plasma 0.1% FA
Acquity UPLC Glycan BEH Amide PSA 90% ACN with 10 Mm [25]
2.1x 100 mm; 1.7 um; Waters Corporation ammonium formate/10 mM
ammonium formate
Hydrophilic =~ HALO® penta-HILIC Hemopexin standard from ACN with 0.1% FA/ [21]
interaction  0.075x 150 mm; 2.7 um; Advanced Materi-  human plasma 2% ACN with 0.1% FA
liquid chro- als Technology
matography
HALO® penta-HILIC IgG and hemopexin standard ~ ACN with 0.1% FA/ [23]
2.1 x 150 mm; 2.7 um; Advanced Materials from human plasma 0.1% FA
Technology
HALO® penta-HILIC Bovine fetuin ACN/ 5% ACN with 50 mM  [24]
2.1x 150 mm; 2.7 um; Advanced Materials ammonium formate
Technology
ACE HILIC-A IgG standard from human ACN with 0.1% FA/ [43]
2.1x 100 mm, 1.7 pm; Advanced Chroma- plasma 0.1% FA
tography Technologies
ACE HILIC-B IgG standard from human ACN with 0.1% FA/ [43]
2.1x100 mm, 1.7 pm; Advanced Chroma- plasma 0.1% FA
tography Technologies
ACE HILIC-N IgG standard from human ACN with 0.1% FA/ [43]
2.1x 100 mm, 1.7 pm; Advanced Chroma- plasma 0.1% FA
tography Technologies
Porous HyperCarb Fetuin ACN with 0.1% TFA/ [74]
graphitized 4.6x 100 mm; Shandon Scientific 0.1% TFA
carbon
HyperCarb Fetuin ACN with 0.1% TFA/ [75]
6.4 % 100 mm; Shandon Scientific 0.1% TFA
HyperCarb RNase B ACN/water [76]
4.6 % 100 mm; Shandon Scientific
HyperCarb Mucin-type O-linked glyco- ~ ACN with 0.1% TFA/ [78]
0.18 x 100 mm, 5.0 um; Thermo Fisher peptides 0.1% TFA
Scientific
HyperCarb RNase B, bovine fetuin, 50% ACN with 25 mM [86]

1.0x 150 mm; 5.0 pm; Thermo Fisher
Scientific

asialofetuin, A1GP from
human plasma and murine
IgGl

ammonium acetate and 1.25%
aqueous ammonia solu-
tion/25 mM ammonium
acetate with 1.25% aqueous
ammonia solution
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Table 1 (continued)

Column, column dimensions and manufac-  Analyte Mobile phase composition References
turer
PGC N- and O-glycopeptides of 90% ACN/3.0% ACN with [79]
(0.075% 150 mm; 5.0 pm) bovine lactoferrin, bovine 0.1% FA
kappa casein and bovine
fetuin
PGC RNase B, human plasma 90% ACN with 0.5% FA/ [82]
(0.075%43 mm; 5.0 um) vitronectin, PSA, mAb and 3% ACN with 0.1% FA
darbepoetin alfa
PGC RNase B, IgG standard from  90% ACN with 0.1% FA/ [84]
(0.075%x 150 mm; 5.0 pm) human plasma, bovine 3.0% ACN with 0.1% FA
lactoferrin and bovine
K-casein
PGC RNase B, bovine k-casein and 90% ACN with 0.1% FA/ [85]
(0.075x 150 mm; 5.0 um) human serum 3.0% ACN with 0.1% FA
Activated graphitized carbon RNase B, bovine fetuin and 97% ACN with 0.1% FA/ [80]
(0.075%x43 mm; 5.0 um) horseradish peroxidase 3% ACN with 0.1% FA
Multi-dimen- RP-HILIC Bovine serum albumin, 97.5% ACN with 0.5% FA/ [92]
sional (Jupiter C18 x TSKgel Amide-80) RNase B, and horseradish 2% ACN with 0.5% FA
chromatogra- C18: 0.15x 800 mm; 3.0 ym; Phenomenex peroxidase
phy HILIC: 0.15% 800 mm; 5.0 um; Tosoh
Bioscience
RP-PGC RNase B 98% ACN with 0.5% FA/ [93]
(Jupiter C18 x HyperCarb) 2% ACN with 0.5% FA
C18: 0.15% 150 mm; 3.0 um; Phenomenex
PGC: 0.15% 150 mm; 5.0 um; Thermo
Fisher Scientific
RP-PGC Bovine serum albumin and 84% ACN with 0.1% FA/ [94]
(PepMap"" x HyperCarb) RNase B 0.1% FA
C18: 0.075x 300 mm; 3.0 um; Thermo
Fisher Scientific
PGC-RP Saccharomyces cerevisiae cell pH 2: 98% ACN/2% ACN [95]
(HyperCarb x Jupiter C18) lysates and from the plasma  with 0.5% FA
HyperCarb: 0.15 % 150 mm; 3.0 pum; of Macaca fascicularis pH 10: 90.2% ACN in 2 mM
Thermo Fisher Scientific ammonium formate/2%
C18: 0.15% 150 mm; 3.0 pm; Phenomenex ACN in 20 mM ammonium
formate
RP-PGC Human fibrinogen, bovine 80% ACN with 0.1% FA/ [96]

(PepMap ™ x HyperCarb)

C18: 0.075x 150 mm; 2.0 pm; Thermo
Fisher Scientific

PGC: 0.050% 150 mm; 3.0 pm; Thermo
Fisher Scientific

fetuin and IgG3 from human 0.1% FA

plasma

1gG immunoglobulin G, ACN acetonitrile, FA formic acid, AI/GP al-acid glycoprotein, ACG human chorionic gonadotropin, CTLA4-1Ig cytotoxic
T-lymphocyte-associated protein 4, RNase A and B ribonuclease A and B, ACN acetonitrile, TFA trifluoroacetic acid, A/GP al-acid glycoprotein,
RNase A and B ribonuclease A and B, PSA prostate-specific antigen, mAb monoclonal antibody, ACN acetonitrile, RNase A and B ribonuclease
A and B, AIGP al-acid glycoprotein, ACN acetonitrile, FA formic acid

*The composition of the tested mobile phases are described in the publication [67]
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Fig. 1 Separation of human IgG standard on reverse phase C18 BEH
column. Symbols: m, N-acetylglucosamine (GlcNAc); e, Mannose
(Man); o, Galactose (Gal); p», Fucose (Fuc); ¢, Sialic acid. These
symbols are used thorough the whole review. Reprinted and edited
with permission from Ref. [43]

(N-acetyllactosamine and fucose) did not influenced the
retention to a large extent. Contrarily, in case of glycopep-
tides with sialic acid, peak broadening and enhanced reten-
tion times were observed. This behavior can be explained
by the presence of active sites on the column that retain
the acidic glycans. Another explanation for this phenom-
enon was proposed by Wang [52], who suggested that the
increased retention of sialylated glycopeptides might be
caused by the neutralization of negatively charged sialic acid
by the positive charge of the peptide, resulting in stronger
binding to the stationary phase. The same phenomenon was
observed by Camperi and his co-workers [54] who charac-
terized the human Chorionic Gonadotropin protein (hCG),
a hormone specific to the human pregnancy, using an Aeris
WIDEPORE XB-C18 column (2.1 X 150 mm; 3.6 um). Their
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results showed enhanced retention times with increasing
number of sialic acids.

Kozlik et al. [42] showed the dependence of relative
retention times of the glycoforms of sex hormone bind-
ing globulin, hemopexine, and haptoglobin on the num-
ber of neutral monosaccharides unites. The glycopeptides
were separated on Acquity Ultra-Performance Liquid
Chromatography (UPLC) Peptide BEH C18 nano-column
(0.075 % 150 mm; 1.7 um) while different glycoforms were
prepared by enzymatic digestions. They observed that fucose
provided a less significant retention shift for larger glycans
(comparing bi- tri-, and tetra-antennary forms). The effect
of galactose and N-acetylglucosamine was examined, too.
After degalactosylation of the glycopeptides there was a
significant shift in retention times, most probably due to
the different polarity of galactose and N-acetylglucosamine
(galactose is more polar than N-acetylglucosamine). The
overlaid chromatograms of the glycopeptide of haptoglobin
and the dependence of relative retention time on the number
of monosaccharides units is shown in Fig. 2.

Although RP-LC is not primarily used for isomer separa-
tion, Ji et al. [55] were able to separate the sialylated isomers
of O- and N-linked glycopeptides of recombinant human
erythropoietin. The measurements were carried out on an
Acclaim PepMap ' C18 rapid separation liquid chromatogra-
phy column (0.075 X 500 mm; 2.0 um). The baseline separa-
tion of monosialylated isomers of O-glycopeptide (linkage
either on the N-acetylgalactosamine or on the galactose) was
achieved at 60 °C column temperature. They also separated
the N-glycopeptides of al-acid glycoprotein (A1GP) from
human plasma, which are highly sialylated. Interestingly, in
case of the sialylated glycopeptides with hydrophobic pep-
tide backbone, the retention was prolonged at higher column
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Fig.2 The overlaid chromatograms of the glycopeptide of haptoglobin (A) and the dependence of relative retention time on the number of mon-

osaccharides (B). Reprinted and edited with permission from Ref. [42]
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temperatures while the opposite effect was observed for the
more polar peptide backbone.

Recently, Zhong’s research team [56] used linkage-
specific derivatization of sialic acids of human A1GP and
bovine fetuin glycopeptides. The separation was carried out
on Acclaim PepMap " 100 C18 column (0.075 X 150 mm;
2.0 um). The derivatized sialylated glycopeptides eluted
before the nontreated glycopeptides, due to the elimination
of negative charges of sialic acid. In addition, the signal
intensity of sialylated glycopeptides in MS was enhanced.
The linkages of sialylated glycopeptides (either a2,3- or
a2,6-linkage) were identified thanks to the mass difference
between the derivatized isomers.

Since it has been proved that the spike protein and the
receptors of the virus causing severe acute respiratory
syndrome (SARS-CoV-2) are highly glycosylated, sev-
eral papers on their characterization have been published
[57-61]. All these papers employed RP chromatography
before MS/MS. Sanda et al. [62] identified 17 N-glyco-
sylated and 9 O-glycosylated peptides of the spike protein
carrying complex, hybrid and high-mannose glycans. The
separation was carried out on a C18 PepMap™ column
(0.075 %250 mm; 2.0 pm). The retention times of O-glyco-
forms were in agreement with trends observed in previously
published papers [42, 48].

Hydrophilic interaction liquid
chromatography

In contrast to RP-LC, HILIC is a more powerful technique
for separation of glycopeptides, as it has the ability to retain
highly hydrophilic analytes. HILIC employs a polar station-
ary phase, but the mobile phase is similar to that used in
RP-LC [63]. In case of HILIC, the retention of glycopeptides
is driven by a combination of partitioning and adsorption
processes occurring between an acetonitrile-rich mobile
phase and a thin water layer immobilized on a polar station-
ary phase [21, 48, 64, 65]. In recent years, several HILIC
columns with various stationary phase modifications have
been introduced. The ones that have already been used for
separation of glycopeptides are summarized in Table 1.

Kozlik et al. [48] optimized and compared the separation
of glycopeptides of hemopexin in RP-LC and HILIC mode.
The HILIC separation was carried out on a cHiPLC HALO
HILIC column (0.075 x 150 mm; 2.7 um), which contains
bare silica stationary phase. They observed that, unlike in
RP-LC, in HILIC mode with the increasing polarity of gly-
cans attached to the same peptide backbone the retention
increased.

In case of stationary phases containing zwitterionic sul-
foalkylbetaine functional groups attached to porous silica
(ZIC-HILIC columns) electrostatic repulsion may occur

between the negatively charged sulfobetaine functional
group and the partly negatively charged sialic acid residues.
This phenomenon was observed by Takegawa’s research
team who used a ZIC-HILIC column (2.1 X 150 mm;
3.5 um) for the separation of sialylated N-glycopeptides
of A1GP from human plasma [33] and human serum IgG
[34]. A column with the same properties was used by
both, Molnarova et al. [23] (separation of glycopeptides of
hemopexin and IgG) and by Hernandez-Hernandez (separa-
tion of O-glycopeptides of caseinomacropeptide) [49, 66].
Both research groups observed a decreased retention time
of sialylated glycoforms due to the presence of electrostatic
repulsion between the stationary phase and the sialylated
glycopeptide.

Furuki and Toyo'oka [67] investigated the effect of ion-
pairing reagents in the mobile phase. The separation of
glycopeptides was carried out on three different columns:
BEH amide, ZIC-HILIC and ZIC-cHILIC (zwitterionic
stationary phase with phosphorylcholine functional group)
columns. They discussed the retention mechanism based on
the ion-pairing reagents used and the given stationary phase.
Generally, they observed a decreased retention of glycopep-
tides derived from RNase B, trastuzumab, hFibrinogen, and
CTLAA4 Ig when the hydrophobicity or concentration of ani-
onic ion-pairing reagents (trifluoroacetic acid, pentafluoro-
propionic acid, heptafluorobutyric acid, nonafluorovaleric
acid) increased. On the other hand, cationic ion-pairing rea-
gents decreased retention times of sialylated glycopeptides.

Pedrali and her co-workers [68] compared the separation
of intact glycopeptides of ribonuclease A (RNase A) and B
(RNase B) on a TSKgel Amide-80 (2.0x 150 mm; 3.0 um)
column and on a polymeric ZIC-pHILIC (2.1 X 150 mm
and 4.6 X 50 mm; 5.0 pm) column. The mobile phase was
composed of acetonitrile and water, both containing 10 mM
HCIO,, the detection was carried out photometrically at
210 nm. According to the publication, better results were
obtained in case of the amide functionalized stationary
phase (the exact results of the separation on the ZIC-pHILIC
column are not provided by the authors). They also stud-
ied the influence of column temperature on the separation
and observed prolonged retention times, sharper and more
symmetrical peaks at 50 °C than at 25 °C. Based on this
research, Tengattini’s group [69] tested two other amide col-
umns, namely XBridge BEH amide (3.0 X 150 mm; 2.5 pm)
and AdvanceBio Glycan Mapping (2.1 X 150 mm; 2.7 um)
for separation of RNase A and B glycopeptides. Since they
used a UV-MS detection, the mobile phase consisted of
acetonitrile and water, both with the addition of trifluoro-
acetic acid. The three amide stationary phases showed sim-
ilar selectivity, but the AdvanceBio Glycan Mapping and
XBridge BEH amide columns showed better separation per-
formance than the TSKgel Amide-80. The Acquity UPLC
Glycan BEH Amide column packed with amide sorbent
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(2.1 x 150 mm; 1.7 um) was also used by the research team
of Gilar [47] for separation and glyco-profiling of several
glycopeptides. They observed that glycopeptides interacted
more strongly with the stationary phase and were success-
fully separated from the non-glycosylated peptides.

HILIC is not only a powerful technique for the separa-
tion of glycopeptides but is also suitable for the separa-
tion of their isomers. Most of the studies used a HALO®
penta-HILIC column for glycopeptide isomer separation.
This column contains five hydroxyl groups on the bonded
ligand [21-24]. Molnarova and Kozlik [23] compared three
different HILIC stationary phases, namely HALO® penta-
HILIC, Glycan BEH Amide and ZIC-HILIC, in the separa-
tion of hemopexin and IgG glycopeptides and their isomers.
The study focused on the separation of position isomers
(core or outer arm) of monofucosylated glycans as well as
on the monosialylated glycans with different branch posi-
tion of sialic acid (unbranched a6-antenna or the branched
a3-antenna with p2- or f4-branching) of hemopexin. In
case of IgG, only one glycan isomer was observed, namely
the linkage isomer of monogalactosylated bi-antennary
glycan (attached either to a3- or a6-antenna). The results
showed that the best separation of core and outer arm fuco-
sylated hemopexine and the monosialylated hemopexin was
achieved on the HALO® penta-HILIC column which was
able to baseline separate the glycan isomers of hemopexin,
while the IgG glycan isomer was only partly separated. The
worst separation was achieved on the ZIC-HILIC column,
and the Glycan BEH Amide column stood in between. The
effect of the column temperature on the isomer separation
was studied, too. In most cases, the resolution worsened with
an increase in temperature.

The glycan BEH Amide column (2.1 X 100 mm; 1.7 um)
was also used by van der Burgt et al. [25] who separated
the trypsin and ArgC digested sialylated glycopeptides of
prostate-specific antigen (PSA) proteoforms. The composi-
tion of the mobile phase was optimized while the best sepa-
ration was achieved using water and acetonitrile with 10 mM
formic acid. The pH of the mobile phase did not affect the
separation, on the other hand, the retention time of glycopep-
tides slightly decreased with increasing pH. In most cases,
the buffer concentration did not affect the retention, however,
it influenced the signal intensity (higher concentration of
the buffer lowered the intensity). The linkage isomers of
sialylated glycopeptides (either a2,3- or a2,6-linkages) were
identified by exoglycosidase treatment by Sialidase S or A.

A recently developed HILIC columns introduced by
Advanced Chromatography Technologies (ACE) contain-
ing different stationary phases (HILIC-A: unfunctionalized
silica, HILIC-B: aminopropyl functionalized silica, HILIC-
N: polyhydroxy functionalized silica) were compared with
C18 column in the separation of human IgG glycopeptides.
Among the HILIC columns, HILIC-A and HILIC-B showed
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a mixed-mode separation character. In case of HILIC-B col-
umn, an enhanced retention was observed because of the
electrostatic attraction between the positively charged ami-
nopropyl groups of the stationary phase and the partially
negatively charged carboxylic acids of the peptide backbone.
Moreover, in case of the sialylated glycopeptides, the reten-
tion increased significantly. On the other hand, in case of
HILIC-A column, the lowest retention was observed prob-
ably because of the electrostatic repulsion between the partly
dissociated silanol groups of the stationary phase and the
three partly negatively charged carboxylic acids of the pep-
tide backbone [43].

Porous graphitized carbon

Another option for glycopeptide separation is to use PGC
that has unique properties as it has the power to separate
both, hydrophilic and hydrophobic analytes. In PGC, the
stationary phase consists of fully porous and spherical parti-
cles, while the mobile phase is a mixture of water (or buffer)
and organic solvent (acetonitrile, methanol) with a possible
addition of an organic modifier (formic acid, trifluoroacetic
acid, ammonium acetate) [70-72].

The retention of the polar (hydrophilic) analytes is
driven by a mechanism known as polar retention effect of
the graphite (PREG). The more polar the analytes are, the
higher affinity they have toward the graphite surface, result-
ing in longer retention, whereas in case of non-polar solutes,
hydrophobic interactions play a key role [71]. Moreover,
due to the surface planarity of PGC stationary phase, the
3D structure of the analytes can also influence the retention
[64, 73].

To the best of our knowledge, PGC was first used for
glycopeptide separation by Davies et al. [74, 75] who sepa-
rated the glycopeptides of fetuin on a HyperCarb column
(Table 1). A year later, Fan and his research group [76]
separated a pronase digested glycopeptides of RNase B
on Shandon HyperCarb (4.6 X 100 mm) and Carbonex
(4.6 x 100 mm) column. They observed that glycopeptides
with a short amino acid sequence were not retained on C18
column. In contrast, they were successfully separated within
40 min on the PGC one. Additionally, they observed that the
glycopeptide retention was influenced by both, the glycan
composition and the peptide backbone. Glycopeptides with
larger peptide backbone, but with same glycan composition,
eluted later due to their higher hydrophobicity. On the other
hand, glycopeptides with higher number of mannoses eluted
earlier. In comparison, the addition of an amino acid residue
to the peptide backbone influenced the retention more than
the addition of a saccharide unit to the glycan structure.

In another study, Wagner-Rousset et al. [77] employed
a PGC column (0.075x43 mm, 5.0 um) for separation
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of recombinant antibodies, however, this research rather
focuses on the glycoform characterization by tandem mass
spectrometry than on the chromatographic separation. Thay-
sen-Andersen and his co-workers [78] employed a Hyper-
Carb (0.18x 100 mm, 5.0 pm) column for the separation
of mucin-type O-linked glycopeptides. They compared the
separation with C18 column using the same gradient pro-
gram in both cases. They observed a similar trend in elution
of the glycopeptides: glycopeptides with N-acetylgalactosa-
mine and galactose attached to the peptide eluted as the first
ones, followed by the less polar glycopeptides carrying only
N-acetylgalactosamine. The glycopeptides with longer pep-
tide backbone eluted as the last ones. Comparing with C18
column, on the PGC, the retention was prolonged.

Nwosu’s research team [79] carried out a simulta-
neous separation of N- and O-glycopeptides of bovine
lactoferrin, bovine kappa casein and bovine fetuin (each
digested by pronase) on a chip-based PGC column
(0.075x 150 mm; 5.0 um). They were able to separate iso-
meric glycopeptides of both N- and O-glycopeptides (in
total, 233 glycopeptides were identified in a single mixture).
In case of O-glycopeptides, positional isomers with one
sialic acid (attached either to hexose or to N-acetylhexosa-
mine) were successfully separated and identified based on
their MS/MS spectra. Another example of isomer separation
was observed for the N-glycopeptides with eight mannoses
where the mannose units can be attached by al-2-, al-3-,
or al-6-linkage.

Another work used a chip-based chromatography on
an activated graphitized carbon column (0.075 %43 mm,;
5.0 um) for the separation of different tryptic glycopeptides.
Activated graphitized carbon is prepared from non-graphitic
carbon by graphitization heat treatment that results in 3D
hexagonal crystalline structure. Glycopeptides derived from
RNase B and horseradish peroxidase (both having shorter
peptide backbones) were better retained and separated on
the activated graphitized carbon column than on the chip
packed with C18 material. On the other hand, glycopeptides
with larger peptide backbone were not detected or identi-
fied on the activated graphitized carbon column due to their
higher hydrophobicity, but were successfully retained on
the C18 column. Another difference was observed in the
peak shapes. While in case of the activated graphitized car-
bon column, significant peak broadening was observed (the
width of the broadest peak was 1.6 min), on the C18 column,
the peaks were much narrower (the broadest peak width was
0.8 min) [80].

To overcome the difficulties with hydrophobic glyco-
peptides produced by tryptic digestion, several studies used
nonspecific proteases. These nonspecific proteases, e.g.,
pronase or proteinase K, do not digest the glycopeptide in
the proximity of the glycosylation site but digest the peptide
backbone to a small amino acid sequences (<4 amino acid)

[81]. Hua et al. [82] utilized a mixture of proteases (por-
cine elastase, papain, porcine pepsin, pronase, proteinase
K, subtilisin, and thermolysin) to digest glycoproteins prior
to their separation on a chip-based PGC column. Each of
these proteases produced the most abundant glycopeptides
with peptide backbone consisting of no more than 5 amino
acid residues. Thanks to the sufficiently small glycopeptides,
they were able to show the ability of PGC column to sepa-
rate glycopeptide linkage isomer of monogalactosylated bi-
antennary glycan (earlier-eluting a6-linked and later-eluting
o3-linked galactose) of infliximab with a short peptide back-
bone (NST). On the other hand, in case of the glycopeptide
with the same glycan composition but longer peptide back-
bone (QYNST), the isomeric separation was not observed.

Although PGC is also a powerful stationary phase mate-
rial for separation of glycopeptide isomers, it has worse
robustness and reproducibility of resolution and retention
time comparing with the separation on HILIC columns [83].
A chip-based PGC column (0.075 % 150 mm; 5.0 pm) was
used for the separation of pronase digested N- and O-linked
glycopeptides of RNase B, human IgG, bovine lactoferrin,
and bovine k-casein by Hua et al. [84]. They observed that
polar analytes were strongly retained on the column. The
addition of sialic acid to the bi-antennary glycopeptides with
NST peptide backbone prolonged the retention by approxi-
mately 1.9 min, while the addition of a galactose did not
influence the retention that significantly (approximately
0.3 min retention shift). Glycopeptides with short peptide
moiety (NST) eluted earlier than the ones with longer pep-
tide backbone (EEQYNST and EEQFNST) where the pres-
ence of two glutamic acids increased the overall polarity of
the glycopeptide resulting in stronger retention on the PGC
column. In addition, glycopeptides with the EEQYNST pep-
tide backbone eluted after the glycopeptides with EEQFNST
backbone because tyrosine is more polar than phenylalanine.
The study also focused on the separation of glycopeptide iso-
mers. Two isomers of O-linked glycans carrying N-acetylga-
lactosamine, galactose and sialic acid attached to the STVAT
peptide backbone, which differed in the attachment of sialic
acid were separated. In case of the earlier-eluting isomer,
sialic acid was conjugated to the core galactose, whereas the
glycopeptide with sialic acid attached to N-acetylgalactosa-
mine eluted later. The glycopeptide isomers were identified
based on their MS/MS spectra.

The research group of Nwosu [85] used the same analyti-
cal column and model glycopeptides, which were produced
by in-gel nonspecific proteolysis digestion. They were able
to separate the O-linked glycopeptides (mostly sialylated) of
K-casein with multiple glycosylation sites and achieved the
separation of the isomers containing N-acetylgalactosamine,
galactose and sialic acid. Additionally, the highly manno-
sylated glycopeptides of RNase B with different length of the
peptide backbone were successfully separated. The utility
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of the method was tested on a complex mixture of glyco-
peptides derived from crude bovine milk and human serum,
suggesting that the in-gel nonspecific proteolysis digestion
can be applied to biological fluids.

PGC was also used by Zhu and his co-workers [86]
who investigated the effect of the mobile phase composi-
tion and column temperature on the isomer separation of
glycopeptides of bovine fetuin, RNase B and A1GP from
human plasma. The separation was carried out on Hyper-
Carb column (1.0 x 150 mm; 5.0 um) using basic mobile
phase (pH 9.9) consisting of 25 mM ammonium acetate with
1.25% ammonium hydroxide (mobile phase A) and 50% ace-
tonitrile with 25 mM ammonium acetate and 1.25% ammo-
nium hydroxide (mobile phase B). There were separated the
disialylated isomers of fetuin, which were assigned to have
sialic acid with both a2-3 and a2-6-linkages, while the gly-
coforms with a2-6-linkage eluted before those with a2-3
linkage. They also observed isomeric separation of neutral
bi-antennary glycopeptides of murine IgG1 with one ter-
minal galactose (galactose attached to a different arm) and
for highly mannosylated glycopeptides (different positions
of mannoses).

Multi-dimensional chromatography

To enhance the number of separated glycopeptides and to
improve the separation efficiency, combination of different
stationary phases has been utilized. In case of multi-dimen-
sional chromatography, there are some aspects of the sepa-
ration that need to be take into account: (1) mobile phase
compatibility of the used LC methods, (2) compatibility of
the mobile phase with the used detector, (3) compatible col-
umn dimensions and flow rates, (4) sample transfer between
the columns and injection volumes [87-91].

Lam et al. [92] used a RP-HILIC system to separate
the glycopeptides of bovine serum albumin, RNase B, and
horseradish peroxidase. The RP separation was carried out
on a C18 column, while the HILIC column was packed with
Amide-80 stationary phase (0.15x 800 mm in both cases).
They compared the retention of the studied glycopeptides
on LC modes standalone, then in combined mode. The RP-
HILIC system was able to separate the glycosylated and
non-glycosylated peptides in a single run. To deal with the
solvent incompatibly between RP (highly aqueous solvent)
and HILIC (highly organic solvent), flow-splitting capillaries
with constant-pressure solvent delivery were used.

In another work, the same research team combined
RP-RP and RP-PGC for the separation of a standard mixture
containing peptides, glycopeptides and glycans. The RP-RP
system was mainly used for the peptide separation, whereas
the RP-PGC was able to separate more hydrophilic glyco-
peptides and glycans. First, the sample was injected into the
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first RP column using a mobile phase with pH 2. The non-
retained hydrophilic compounds were automatically injected
to the PGC column. In case of the glycopeptides of RNase B,
the main glycopeptide forms consisting of highly manno-
sylated glycoforms (five to nine mannoses) were separated
in the RP-PGC system. Using only the RP column, these
glycopeptides were not detected. The glycopeptides eluted
in the order of decreasing polarity, the glycopeptide with
nine mannoses eluted first and the glycopeptide with five
mannoses eluted last. In case of glycopeptide with seven
mannoses, isomeric separation was observed, too [93].

Lewandrowski and Sickmann [94] combined RP-PGC for
the separation of bovine serum albumin and RNase B. For
the RP separation, PepMap"" column was used and for the
PGC separation a HyperCarb one (0.075 %300 mm; 3.0 um
in both cases). Thanks to the combination of these methods,
both hydrophilic peptides and glycopeptides were success-
fully separated. The PGC-RP column setup was used by
Zhao’s research team who separated N-glycopeptides from
Saccharomyces cerevisiae cell lysates and from the plasma
of Macaca fascicularis [95].

The pronase-treated glycopeptides of human fibrino-
gen, bovine fetuin and IgG3 from human plasma were
separated on a RP-PGC system (C18: Acclaim PepMap"
0.075x 150 mm; 2.0 pm; PGC: in-house made HyperCarb
material 0.050 X 150 mm; 3.0 pm). In one sample run, they
were able to identify both N- and O-glycopeptides of fetuin
and fibrinogen. The N-glycopeptides with short peptide
backbone were not retained on the RP column, however,
the presence of a sialic acid enhanced their retention. On
the other hand, glycopeptides with short peptide backbone
carrying bi- and tri-antennary mono- and disialylated gly-
cans were successfully separated on the PGC column. Due
to the large peptide backbone and small glycan moiety of
O-glycopeptides, they were rather retained on the RP col-
umn than on the PGC. In addition, the characterization of a
previously uncharacterized glycosylation of C;3 domain of
human IgG3 was performed [96].

Glycan separation

Detaching the glycans from the peptide backbone some-
what simplifies the analytical challenges connected with
the macroheterogeneity (site occupance). In case of glycan
separation and analysis, the N- and O-linked glycans are
enzymatically or chemically detached from the peptide [97].
Most of the works use peptide: N-Glycosidase F (PNGase F)
for cleaving the linkage between the N-linked glycans
and the peptide [98—102]. Due to the lack of a universal
releasing enzyme for O-linked glycans, for their deglyco-
sylation reductive f-elimination with sodium hydroxide
is used. However, it does not allow further modification
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(e.g., derivatization, fluorescent or colorimetric labeling)
[103, 104]. There are some studies, where nonreductive
B-elimination was utilized, enabling further modification
of the released glycans [105-107]. Analysis of individual
glycans offers a great potential to elucidate their structural
diversity, improve the detection of the low abundant ones
and to study their role in disease development and progres-
sion [7-9, 108-112]. In this chapter, we focus on the separa-
tion of released glycans utilizing different LC approaches. In
general, before the separation of glycans by any LC method
their derivatization and/or labeling is usually needed.
Zhou et al. compared different derivatization strategies
for LC-MS/MS analysis of N-glycans, including 2-amin-
obenzamide (2-AB), procainamide (ProA), aminoxyTMT,
RapiFluor-MS (RFMS) labeling, reduction, and reduction
with permethylation [113]. The most important separation
conditions for glycan separation are summarized in Table 2.

Reversed phase chromatography

Due to the high polarity of glycans, there is a need for their
derivatization with a hydrophobic tag prior to their reten-
tion on C18 columns. In 2017, Vreeker and Wuhrer [114]
published a review on the separation of glycans in RP-LC.
Since this review summarizes all the achievements in gly-
can separation using RP-LC published before 2017, we only
discuss the work published after 2017.

The oligosaccharides of human milk were analyzed by
Porfirio et al. [117] who separated the permethylated glycans
on a nanoflow C18 column (0.075 % 150 mm). Compared
to other works separating human milk glycans [115, 116],
they were able to identify more than 100 glycans and iso-
mers (mostly fucosylated). Thanks to the MS/MS analysis of
permethylated glycans, no further exoglycosidase digestion
was needed to assign the glycan isomers.

The permethylated glycans of bovine RNase B, fetuin,
mouse brain extracts, recombinant HIV gp120 were separated
on an Acclaim PepMap" C18 column (0.075 x 150 mm;
2 um). The addition of Li* to the mobile phase enabled
the baseline separation of isomeric N- and O-glycans. The
advantage of addition of Li* to the mobile phase is that it
simplifies the adduct heterogeneity and enhances cross-ring
fragmentation to improve the identification of isomers [118].
As mentioned previously, the progression of several diseases
can be monitored by determining the glycan composition of
body fluids. The N-glycan profile of cerebrospinal fluids from
patients with Alzheimer’s disease was investigated. The per-
methylated glycans were separated on the Acclaim PepMap™"
C18 column (0.075 % 150 mm; 2.0 um). They investigated
the differences in glycan composition of samples of male
and female Alzheimer’s patients and samples obtained from
a healthy control group. They observed that fucosylated

and bisecting glycans had higher abundance in the case of
female patient samples, while high-mannose glycans were
less abundant in both male and female patient samples [119].
Predicting the retention times of released glycans is helpful
in structure elucidation. The research team of Gautam [120]
utilized Glucose Unit Index (GUI) to predict the retention of
permethylated glycans of RNase B and fetuin. The separa-
tions were carried out on both, C18 and PGC columns. Per-
methylated glucose units derived from dextrin were used as
elution standards for the calculation of the GUI values. The
advantage of the GUI usage lies in the ability to use normal-
ized retention time values that are independent of the LC sys-
tem. The evaluated method was also tested on real samples
derived from human breast cancer cell lines. The intra- and
inter-laboratory tests showed high reproducibility and reli-
ability of the method, suggesting the potential of using GUI
for automated glycan identification.

In the last few years, micro-array pillar nano-LC (uPAC)
columns have been commercialized that have favorable prop-
erties like good reproducibility, durability, and low back pres-
sure. Recently, Cho et al. [121] separated the permethylated
N- and O-glycans of RNase B and fetuin on a 50 or 200 cm
WPAC column (5.0 pm pillar diameter, 2.5 um inter pillar dis-
tance, 18 um pillar height, 50 or 200 cm bed length). In this
work, they used a standard nano-LC Acclaim PepMap ™ C18
column (0.075 % 150 mm; 2.0 um), too. Different concentra-
tions of acetonitrile in the mobile phase were tested on the
separation of RNase B glycans showing that lowering the con-
centration from 100 to 80% improved the separation and the
shapes of the peaks (Fig. 3). The same experiment was car-
ried out for the separation of sialylated glycans of fetuin and
its isomers. Comparing the uUPAC column to a standard bed
packed C18, the bed packed column was able to separate the
glycan isomers more effectively than the uPAC column. Some
improvement in isomer separation have been demonstrated on
a 200 cm YPAC column. The advantage of WPAC column is
the possibility of using higher flow rates, thus improving the
peak sharpness and reducing the analysis time. On the other
hand, higher flow rates resulted in loss of sensitivity.

Beside permethylation, glycans can be modified by other
derivatization techniques including, 2-aminopyridine (PA)-
tagging or fluorescent labeling by either 2-aminobenza-
mide (2-AB) or 2-aminobenzoic acid (2-AA) suitable for
MS detection [122]. Most of the studies utilizing these deri-
vatization techniques are summarized in the aforementioned
review [114]. Suzuki et al. [123] used the 2-AB tag to dif-
ferentiate between the sialylated glycan isomers of human
A1GP. The separation was carried out on an InertSustain
AQ-C18 column (2.1 X 150 mm) coupled simultaneously to
MS and fluorescence detector. The two-step linkage-deri-
vatization procedure resulted in mass difference A =28.031
between a2,3- and o2,6-linked sialic acid allowing the dis-
tinction between the two isomers.
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Table2 An overview of glycan separation by different liquid chromatography approach. Columns, column dimensions, column manufacturers,

analytes, mobile phase compositions and references are summarized

Column, column dimensions and manufac- Analyte Mobile phase compo- References
turer sition
Reversed phase chro-  Acclaim PepMap ™ 100 C18 Permethylated gly- 80% ACN with 0.1% [117]
matography 0.075x 150 mm; Thermo Fisher Scientific cans of human milk ~ FA/
2% ACN with 0.1%
FA in 1 mM sodium
acetate
Acclaim PepMap ™ C18 Permethylated glycans Proteomic buffer: [118]
0.075% 150 mm; 2 pm; Thermo Fisher of bovine RNase B, 80% ACN with
Scientific fetuin, mouse brain 0.1% FA/0.1% FA
extracts, recombi- Low lithium buffer:
nant HIV gp120 80% ACN with
0.1% AA contain-
ing 0.1 mM lithium
acetate/0.1% AA
containing 0.1 mM
lithium acetate
High lithium buffer:
80% ACN with
0.02% AA contain-
ing 1 mM lithium
acetate/0.02% AA
containing 1 mM
lithium acetate
Acclaim PepMap™ C18 Permethylated gly- ACN with 0.1% [119]
0.075% 150 mm; 2.0 pm; Thermo Fisher cans of cerebro- FA/0.1% FA
Scientific spinal fluid from
Alzheimer’s disease
patients
Acclaim PepMap™ C18 Permethylated N- and ACN with 0.1% [121]
0.075x 150 mm; 2.0 um; Thermo Fisher O-glycans of RNase ~ FA/2% ACN with
Scientific B and fetuin 0.1% FA
Cl18 Permethylated ACN with 0.1% [120]
no information given glycans of RNase B FA/2% ACN with
and fetuin, human 0.1% FA
blood serum and
breast cancer cell
lines
pPPAC columns Permethylated N- and ACN with 0.1% [121]
5 pm pillar diameter, 2.5 um inter pillar dis- O-glycans of RNase =~ FA/2% ACN with
tance, 18 pum pillar height, B and fetuin 0.1% FA
50 or 200 cm bed length; PharmaFluidics or
80% ACN with 0.1%
FA/2% ACN with
0.1%
InertSustain AQ-C18 Human AIGP, trans- 20% ACN with 0.2%  [123]
2.1 x 150 mm; GL Sciences ferrin and bovine FA/0.2% FA
fetuin tagged with
2-AB
Magic C18 AQ Native and P2PGN 98% ACN with 0.2%  [125]
0.075x% 150 mm; 5 pm; Tosoh Bioscience derivatized glycans FA/2% ACN with
from human plasma  0.2% FA
T3 C18 2-AB labeled N-gly-  ACN with 0.1% FA/  [133]

2.1x 150 mm; 1.7 um; Waters Corporation

cans of IgG derived
from mammalian
species

0.1% FA
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Table 2 (continued)

Column, column dimensions and manufac- Analyte Mobile phase compo- References
turer sition
Reversed phase Acquity UPLC Glycan BEH Amide 2-AA labeled ACN/150 mM [124]
chromatography 2.1x100 mm; 1.7 um; Waters Corporation N-glycans of recom-  ammonium formate
binant therapeutic (pH 4.5)
glycoproteins
Acquity UPLC Glycan BEH amide RFMS labeled gly- ACN/50 mM ammo-  [128]
2.1x50 or 150 mm; 1.7 pm; Waters Corpora- cans of anticitrinin nium formate
tion murine monoclonal  (pH 4.4)
IgG1, pooled human
IgG, and bovine
fetuin
Hydrophilic interac-  Acquity UPLC Glycan BEH amide 2-AB labeled glycans ACN/100 mM [129]
tion liquid chroma-  2.1x50, 100 or 150 mm; 1.7 um; Waters of RNase B, fetuin, ammonium formate
tography Corporation and IgG (pH 4.5)
Acquity UPLC Glycan BEH amide N-glycans of inf- ACN/50 mM ammo- [130]
2.1 x50 mm; 1.7 um; Waters Corporation liximab labeled with ~ nium formate
RFMS (pH 4.4)
Acquity UPLC Glycan BEH amide 2-AB labeled N-gly- ~ ACN/50 mM ammo-  [133]
2.1 x 150 mm; 1.7 um; Waters Corporation cans of IgG derived ~ nium formate
from mammalian (pH4.4)
species
TSKgel Amide-80 2-AA labeled human  ACN/50 mM ammo- [127]
2.0x 250 mm; Tosoh Biosciences plasma nium formate
(pH4.4)
TSKgel Amide-80 Native and derivat- ACN/250 mM [131]
4.6 250 mm; 5.0 um; Tosoh Biosciences ized glycans of ammonium formate
mAbs and RNAse B (pH 4.4)
In house packed Amide column DMT-MM derivat- ACN with 0.1% [132]
0.075x%250; 5 um; Prozyme ized haptoglobin FA/0.1% FA
and human plasma
SeQuant ZIC-HILIC Native and derivat- ACN/34 mM AA (pH [131]
2.1x 150 mm; 3.5 pm; Merck ized glycans of 3.0)
(mAbs) and RNAse B
SeQuant ZIC-HILIC 2-PA derivatized gly- ACN/ACN/ammo- [33, 34]
2.1x 150 mm; 3.5 pm; Merck cans of A1GP and nium acetate
IgG from human (90%/50%/ 20, 5 or
serum 100 mM)
SeQuant ZIC-HILIC 2-AB labeled and ACN/0.1% AA [136]
2.1x 150 mm; 3.0 um; Merck reduced glycans of
mAbs
Halo® Penta-HILIC column ProA labeled ACN/5% ACN with [22]
2.1x 150 mm; 2.7 um; Advanced Materials N-glycan 50 mM ammonium
Technology of bovine fetuin formate (pH 4.4)
Porous graphitized PGC Native N-glycans of  90% ACN with 0.1%  [135]
carbon 0.075x43 mm; 5.0 um human serum FA/3% ACN with
0.1% FA
PGC N-glycans derived 10% ACN with 0.1%  [102]
0.075%43 mm; 5.0 um; Agilent Technologies from RNase B, FA/0.1% FA
fetuin, thyroglobu-  or
lin, A1IGP, and IgG ACN/2% ACN

(both from human
serum)

containing 7.5 mM
ammonium acetate
(pH 8.4)
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Table 2 (continued)

Column, column dimensions and manufac- Analyte Mobile phase compo- References
turer sition
PGC Borohydride-reduced 80% ACN in 65 mM  [138]
0.32% 100 mm; Thermo Fisher Scientific glycans of human ammonium
IgG, commercial formate/65 mM
mAD expressed in ammonium formate
CHO cells, anti- (pH 3.0)
HIV antibody 4E10
PGC O-glycans of porcin ~ ACN in 10 mM [142]
0.15% 100 mm; 5 um; Thermo Fisher Scien- gastric mucin ammonium bicarbo-
tific nate/water
HyperCarb Permethylated ACN with 0.1% [120]
0.075% 150 mm; 5 pm; Thermo Fisher glycans of RNase B FA/2% ACN with
Scientific and fetuin, human 0.1% FA
blood serum, and
breast cancer cell
lines
HyperCarb 2-AB labeled and ACN/0.1% AA [136]
2.1 x 150 mm; 5 pm; Thermo Fisher Scientific ~ reduced glycans of
mAbs
HyperCarb Reduced N-glycans of ACN/65 mM ammo-  [137]
0.18x 100 mm; Thermo Fisher Scientific fibrinogen (derived nium formate
from different spe-  (pH 3.0)
cies) and transferrin
HyperCarb Native glycans of ACN with 0.1% [140]
0.15% 150 mm or 0.1 X200 mm; 3.0 um; RNase B and fetuin FA/0.1% FA
Thermo Fisher Scientific
HyperCarb Permethylated ACN with 0.1% [141]
0.075x% 100 mm; 5.0 pm; Thermo Fisher glycans of RNase FA/2% ACN with
Scientific B, fetuin, A1GP, 0.1% FA
human blood serum,
and breast cancer
cells
HyperCarb O-glycans of MUC1  ACN with § mM [143]
0.18 X200 mm; 5.0 um; Thermo Fisher ammonium bicarbo-
Scientific nate/water
ProteCol HyperCarb Reduced O- and 80% ACNin 10mM  [139]
0.3%x 100 mm or 0.15 x 100 mm; SGE Ana- N-linked glycans ammonium bicarbo-
lytical Science isolated from nate/10 mM ammo-
mucosal surfaces nium bicarbonate
and ovarian tissues
Multi-dimensional AEX xHILIC 2- PA derivatives of ~ ACN/water/0.5 M [144]
chromatography (TSKgel DEAE-5PW x TSKgel Amide-80 or N-glycans of human ~ ammonium acetate
SeQuant ZIC-HILIC serum
AEX: 2.0x50 mm; 5.0 um; Tosoh Bio-
sciences
Amide-80: 2.0x 150 mm; 5.0 um; Tosoh
Biosciences
ZIC-HILIC: 2.1 x 150 mm; 5.0 pm; Merck
HILIC xPGC N-glycans of oval- HILIC: ACN with [145]

(Click-Maltose x HyperCarb)

HILIC: 4.6 X250 mm; 5.0 pm; Acchrom

HyperCarb: 4.6 x 150 mm; 5.0 pm; Thermo
Fisher Scientific

bumin

0.1% FA/0.1% FA
PGC: ACN/water
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Table 2 (continued)

Column, column dimensions and manufac- Analyte Mobile phase compo- References
turer sition
HILICxRP mAbs HILIC: ACN/0.3% [146]
(Acquity UPLC Glycoprotein amide X RP TFA

PLRP-S) RP: ACN/0.1% FA
HILIC: 2.1 x 150 mm; 1.7 um; Waters Cor-

poration
RP: 2.1 X30 mm; 5.0 pm; Agilent Technolo-

gies

RNase A and B ribonuclease A and B, AIGP al-acid glycoprotein, MUC! mucin 1, CHO Chinese hamster ovary, mAbs monoclonal antibodies,
2-AB 2-aminobenzamide, 2-PA 2-aminopyridine, AEX anion-exchange, ACN acetonitrile, FA formic acid, AA acetic acid, TFA trifluoroacetic
acid, IgG immunoglobulin G, RNase A and B ribonuclease A and B, A/GP al-acid glycoprotein, 2-AB 2-aminobenzamide, P2PGN 4-phenethyl-
benzohydrazide, ACN acetonitrile, /gG immunoglobulin G, RNase A and B ribonuclease A and B, A/GP al-acid glycoprotein, mAbs monoclo-
nal antibodies, RFMS RapiFluor-MS, 2-AA 2-aminobenzoic acid, 2-AB 2-aminobenzamide, 2-PA 2-aminopyridine, DMT-MM 4-(4,6-dimeth-
oxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride, P2PGN 4-phenethyl-benzohydrazide, ProA procainamide, ACN acetonitrile

Hydrophilic interaction liquid
chromatography

HILIC is considered to be the best choice for glycan sepa-
ration because of the polar stationary phases that it utilizes.
It is able to separate both, native and modified glycans.
The 2-AA labeled N-glycans of recombinant therapeutic
glycoproteins (Enbrel®, Humira®, NESP®) were separated
by Jeong et al. [124]. The labeled glycans were separated
on Acquity UPLC Glycan BEH column (2.1 X 100 mm;
1.7 pm). The glycans eluted in order of increasing polar-
ity and size. The results showed the differences between
Humira® and NESP® glycan composition, while Humira®
consists mostly of neutral bi-antennary and highly man-
nosylated glycan types, the glycans of NESP® are mostly
highly sialylated tetra-antennary ones. The tri-antennary
glycans eluted before the tetra-antennary ones. On the
other hand, glycans with N-acetyllactoseamine eluted later
than their sialylated tetra-antennary counterparts. In case
of Enbrel®, the glycans were assigned to have bi-antennary
neutral, mono-, and disialylated structures.

Walker’s research team [125] compared the separation
of N-linked glycans from human plasma, both native and
derivatized with 4-phenethylbenzohydrazide (P2PGN), in
RP and HILIC modes. In case of RP mode, Magic C18 AQ
column was used, while the HILIC separation was carried
out on TSKgel Amide-80 packed column (0.075% 150 mm
for both columns). In case of HILIC separation, the native
glycans were sufficiently retained on the column, in con-
trast with the derivatized ones (after derivatization, the
glycans become more hydrophobic, which decreases their
retention). On the other hand, native glycans were insuf-
ficiently retained on the C18 stationary phase while the
derivatized ones were successfully separated. Although
HILIC was able to separate derivatized and native glycans,

it was not able to detect as many analytes as the RP-LC
method. The disadvantage of the HILIC separation was
that the derivatized glycans and the glycans that remained
untagged might have coeluted (in case of RP, only the
derivatized glycans were retained). Also, in case of HILIC
peak, broadening was observed. Another fact is, that while
42 derivatized glycans were detected in case of HILIC sep-
aration, additional 18 ones were identified using RP mode.

In another work, the same research team used the TSK-
gel Amide-80 (0.075 X 100 mm) column to compare differ-
ent hydrophobic derivatization reagents used to increase
the ion abundance of analytes in MS. The glycans derivat-
ized with hydrazone formation reaction showed more than
fourfold increase in the ion abundance. They observed that
increasing the hydrophobicity of the tag decreased the
retention of the glycans on the HILIC column. In addi-
tion, using more hydrophobic reagents (with two phenyl
rings instead of one) further increased the ion abundance
[126]. Ruhaak et al. [127] used the TSKgel Amide-80
(2.0%x 250 mm) column for the separation of 2-AA labeled
glycans from human plasma.

Lauber et al. [128] separated the glycans of anticitrinin
murine monoclonal IgG1, pooled human IgG, and bovine
fetuin labeled with RFMS reagent. The reagent consists of
N-hydroxysuccinimide carbamate reactive group, a quino-
line fluorophore, and a basic tertiary amine, allowing both
fluorescent and MS detection of the glycans. The samples
were separated on Acquity UPLC Glycan BEH Amide col-
umn (2.1 x50 or 150 mm; 1.7 um). Thanks to the use of
the RFMS labeling agent, the intensity of the low abundant
glycans increased, allowing the detection of isobaric glyco-
forms of anticitrinin murine monoclonal IgG1 consisting of
a bi-antennary digalactosylated glycan (the galactoses are
attached either to the N-acetylgalactosamines individually
or they are linked through an a-1,3 bond).
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Fig.3 Separation of permethylated glycans of RNase B (a) and
bovine fetuin (b—d). Comparing the separation on the PepMap"
C18 and pPAC column. Lowering the concentration of acetonitrile
from 100 to 80% improved the separation and shapes of the peaks.
Reprinted and edited with permission from Ref. [121]

Ahn’s research team [129] utilized the same column
(Acquity UPLC Glycan BEH Amide, 2.1 x50, 100, or
150 mm; 1.7 pm) for the separation of 2-AB labeled gly-
cans of RNase B, fetuin, and IgG. The study compared the
separation of the labeled glycans of fetuin on a column
with 3 pm and 1.7 um sorbent. In case of UPLC (1.7 pm
sorbent), they observed an improvement in the separation
of multiply sialylated glycans with positional isomers. The
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study also optimized the used gradient program. The results
showed that the separation of glycans was affected by the
initial mobile phase elution strength in the gradient program.
Besides the effect of the initial elution strength, the effect
of flow rate, column temperature, and column length were
studied, too.

The separation of N-glycans derived from six batches of
infliximab (biotherapeutics based on monoclonal antibodies)
labeled with RFMS was also carried out on UPLC Glycan
BEH Amide column (2.1 X 50 mm; 1.7 um). The optimized
method was able to separate the major glycan species within
5 min [130].

For profiling of both, the native and derivatized gly-
cans of monoclonal antibodies (mAbs) and RNAse B the
ZIC-HILIC column (2.1 x 150 mm; 3.5 um) was used.
The fluorescently labeled glycans were also separated on a
TSKgel Amide-80 (4.6 X250 mm; 5.0 um) column. Com-
paring the separation of the neutral reduced glycans, the
ZIC-HILIC column was able to separate the bi-antennary
monogalactosylated isomers of mAbs that were only partly
separated on the amide column. Then using the ZIC-HILIC
column coupled to ESI-MS detection, they were able to
identify less abundant glycans which was not achieved in
case of amide column with fluorescent detection. In addition,
the ZIC-HILIC column exhibited good retention time repro-
ducibility and sensitivity, with no need of any additional
labeling step [131].

The same ZIC-HILIC column was used by Takegawa’s
research team for the separation of 2-PA derivatized gly-
cans of A1GP [33] and IgG [34] (both from human serum).
The effect of ammonium acetate concentration in mobile
phase on the retention of neutral and sialylated N-glycans
was tested. Increasing the concentration from 5 to 20 mM
increased the retention of the sialylated glycans (the reten-
tion of neutral glycans changed only slightly). This behav-
ior can be explained by to the fact, that the increase in the
electrolyte concentration decreases the electrostatic repul-
sion between the sialylated glycans and the stationary phase
resulting in their enhanced retention. In this work, they also
focused on the separation of sialylated isomers differing in
the linkage of the sialic acid [33].

In their other work, they used the ZIC-HILIC column
for the separation of 2-PA derivatized N-glycans of human
serum IgG. The ZIC-HILIC column had the ability to sepa-
rate the isomers of IgG differing in the linkage of galactose
on the bi-antennary and bisecting glycan [34].

Tao et al. [22] used the Halo® Penta-HILIC column
(2.1 x 150 mm; 2.7 um) to separate the sialylated N-glycan
isomers of bovine fetuin. The released glycans were labeled
with ProA. Concerning retention times, the retention time
difference between bi-antennary glycans with o2-3-linked
sialic acid and those with a2-6-linked sialic acid is approxi-
mately 1.4 min. In case of larger glycans (tri-antennary), the
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retention shift was not that significant. The cause of this may
be that the retention was influenced by the overall size of the
glycan rather than the effect of the linkage type.

Another work used a capillary column (0.075 %250 mm)
packed with amide bonded silica-based stationary phase for
the separation of the tri-sialylated glycan isomers of hap-
toglobin and human plasma labeled with 2-AB (due to the
fluorescence detection), which were further derivatized with
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMT-MM) in methanol. The combination of the
HILIC and the derivatization method enabled the isomeric
identification of the sialylated glycans, whereas the identi-
fication was mainly based on the mass shift between a2-3-
and a2-6-linked sialic acids, which react with DMT-MM in
different ways (glycans with a2-6-linkage produce methyl
esters, while those with a2-3 linkage produce lactones),
resulting in 32 Da mass difference. In addition, the deri-
vatization by DTM-MM increases the hydrophobicity of
sialylated glycans, thereby changing the selectivity of the
HILIC separation [132].

Adamczyk’s research team [133] compared HILIC,
RP-LC, and CE for the elucidation of N-glycans of IgG
derived from mammalian species labeled with 2-AB.
The RP separation was carried out on a T3 C18 column
(2.1x 150 mm; 1.7 um), while the HILIC separation uti-
lized a Waters BEH Glycan column (2.1 X 150 mm; 1.7 ym).
The electrophoretic separations were performed on a neu-
tral coated capillary (50 um id, 360 um od, 60 cm total and
50 cm effective length). The CE instrument was equipped
with laser-induced fluorescence detector (LIF). The abun-
dances of glycans obtained by HILIC and CE-LIF were simi-
lar, whereas in case of RP-LC, it was difficult to compare
due to the co-elution of many structures. In addition, the C18
column was not able to sufficiently retain highly hydrophilic
sialylated glycans. The HILIC- and CE-based separations
were also able to separate glycan isomers. This study gives
a complete comparison including the advantages and disad-
vantages of each separation technique used.

Porous graphitized carbon

Released glycans, as well as glycopeptides, can be sepa-
rated on columns packed with porous graphitized carbon
material [134]. Hua et al. [135] identified and quantified
the native N-glycans of human serum using a microflu-
idic chip packed with graphitized carbon (0.075 X 43 mm;
5.0 pm). The chip-based nano-LC/MS provided high sensi-
tivity, minimal ion suppression, low sample consumption,
and large instrumental dynamic range. On the PGC column,
smaller glycans eluted earlier while complex glycans eluted
later. They observed that the presence of sialic acid and core
fucosylation increased the retention time. Retention was also

enhanced by the addition of hexose and N-acetylhexosamine
to the glycan structure. The increase in retention times was
predictable only for the bi-antennary glycans. However, in
case of tri-antennary ones, it was less foreseeable. In addi-
tion, the elution order of tri-antennary high-mannose type
glycans was from the most complex to the less complex ones.
This might have been caused by the different three-dimen-
sional structures of tri-antennary glycans that can interact
with both the stationary phase and mobile phase. They were
able to separate and identify 300 N-linked glycans, includ-
ing some isomers corresponding to structural and/or linkage
isomers (e.g., bi- and tri-antennary disialylated and high-
mannose glycans). The optimized method was used for gly-
can composition profiling of samples derived from prostate
cancer patients.

Jmeian’s research team [102] also utilized a chip-based
PGC (0.075%43 mm; 5.0 um) for the separation of N-gly-
cans derived from RNase B, fetuin, thyroglobulin, human
serum A1GP, and IgG. The glycans were online released
by PNGase F monolithic reactor, which allowed fast and
simultaneous release of neutral and sialylated glycans.

In another research, Mauko and his co-workers [136]
compared the separation of 2-AB labeled and reduced gly-
cans of mAbs on a ZIC-HILIC and PGC column. The HILIC
separation was carried out on a SeQuant ZIC-HILIC col-
umn (2.1 X 150 mm; 3.0 um) and the PGC separation on
HyperCarb column (2.1 X 150 mm; 5.0 um). The use of PGC
column allowed the separation of isobaric glycans of manno-
sylated and galactosylated types. In addition, analysis using
PGC column was able to identify low abundant glycans that
were not observed on the ZIC-HILIC column (Fig. 4). On
the other hand, PGC resulted in worse reproducibility of the
retention times of sialylated glycans. In another study, two
detection methods were compared, specifically fluorescence
and MS. Although fluorescence-based detection is more
used for glycan profiling, MS detection provides in-depth
information about complex glycans, including their isomers.

To correct common retention time fluctuations on PGC
columns, Pabst et al. [137] used an internal standard of bi-
antennary glycan with two sialic acids. The N-glycans of
fibrinogen (derived from different species) and transferrin
were separated on the HyperCarb column (0.18 X 100 mm).
The PGC column was able to separate the isomers of
mono- and disialylated glycans, glycans with three or more
N-acetyllactosamine units, and glycans with different link-
ages of fucose.

In another work, the same research team separated the
glycans of IgG, different commercially available mAbs
expressed in Chinese hamster ovary cells and the glycans of
anti-HIV antibody 4E10 produced either in Chinese ham-
ster ovary cells or in a human cell line. Using the PGC col-
umn (0.32 X 100 mm), they were able to separate the glycan
isomers, including the bi-antennary and bisecting glycans
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with different linkage of galactose, and the bi-antennary
monosialylated ones. In contrast to the commercial mAbs,
which lacked sialylated glycans, the preclinical anti-HIV
mAD 4E10 consisted of a significant amount of sialylated
and galactosylated glycans [138].

Karlsson et al. [139] separated the O- and N-linked gly-
cans isolated from mucosal surfaces and ovarian tissues. The
separation was carried out on both capillary and nano-LC
ProteCol HyperCarb columns (0.3 X 100 mm column for
capillary LC, or a 0.15 X 100 mm column for nano-LC). The
MS detection was performed in the negative ionization mode
allowing a simultaneous high sensitivity detection of neutral
and negatively charged glycans.

She and co-workers [140] separated the native glycans
of RNase B and fetuin on a HyperCarb packed column
(0.15% 150 mm or 0.1 X200 mm; 3.0 um). They were able
to separate the isomers of high-mannose glycans, hybrid and
complex sialylated glycans.

Zhou et al. [141] studied the effect of the column tem-
perature on the separation of permethylated glycans of
RNase B, fetuin, A1GP, and human blood serum on the
HyperCarb PGC (0.075 %X 100 mm; 5.0 um). They observed
that as the column temperature was increased, the reten-
tion of the glycans was enhanced, too. In addition, the
results showed that at 75 °C (optimal temperature) multi-
ple isomers of the model glycans were separated and iden-
tified. The optimized method was tested on breast cancer
cells and different changes in the distribution of isomeric
sialylated glycans were observed.

The O-glycans of porcine gastric mucin were
separated by Jin et al. [142] using a PGC column
(0.15x 100 mm; 5 pm). The glycans were released by
B-elimination and analyzed by ion mobility—MS. They
were able to separate and identify the isomers of sia-
lylated glycans which only differed in terminal N-acetyl-
hexosamine (either P-N-acetylglucosamine or a-N-
acetylgalactosamine), the neutral linear and branched
glycan isomers (consisting of 2 hexoses and 2 N-acetyl-
hexosamines) and the one with different fucose position.

Béckstrom et al. [143] separated the O-glycans of MUC1
derived from different cancer cells on a HyperCarb column
(0.18 X200 mm; 5.0 um). They observed different structures
of O-glycans derived from different types of cancer cells, but
all of them were sialylated. The glycans derived from breast
cancer cells consisted mainly of sialylated core 1 structures
(galactose attached to N-acetylgalactosamine), in case of the
prostate cancer glycans core 2 structures with sialic acid
dominated (galactose and N-acetylglucosamine attached to
N-acetylgalactosamine), and in case of gastric cancer tis-
sues both sialylated and fucosylated core 1 and core 2 struc-
tures were separated. In addition, the glycans derived from
gastric cancer tissues exhibited highly a6-sialylated and
branched galactosylated structures. The isomers differing
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in the position of both sialic acid and fucose attached to core
1 or core 2 were successfully separated.

Multi-dimensional chromatography

The advantages of multi-dimensional chromatography sepa-
ration of glycans are the same as in the case of glycopeptide
separation. However, there are only a few reports of its use.

The two-dimensional chromatography coupling anion
exchange and HILIC columns was used by Deguchi et al.
[144] for the separation of 2-pyridylamino derivated gly-
cans of human serum. The HILIC separation was carried
out either on the TSKgel Amide-80 (2.0 X 150 mm; 5.0 um)
or on the SeQuant ZIC-HILIC (2.1 X 150 mm; 5.0 um) col-
umn. The separation on the anion-exchange column utilized
diethylaminoethylene (DEAE) packed TSKgel DEAE-5PW
(2.0x50 mm; 5.0 um) column.

Cao’s research team [145] used a combination of HILIC
Click-Maltose (4.6 X 250 mm; 5.0 pm) and PGC HyperCarb
(4.6 150 mm; 5.0 pm) column to purify the neutral N-gly-
cans of ovalbumin. A total of 31 compounds (7 pairs of iso-
mers), including high-mannose, hybrid, and multi-antenna
asymmetric complex types were identified.

In another work, Stoll and his co-workers [146] developed
a method combining RP and HILIC column for the separa-
tion of mAbs. In the first dimension, two Acquity UPLC
Glycoprotein amide columns (2.1 X 150 mm; 1.7 pm) con-
nected in series were used, while in the second dimension,
a RP PLRP-S column (2.1 X 30 mm; 5.0 um) was employed.
The mobile phase consisted of 0.3% trifluoroacetic acid in
water and acetonitrile (HILIC separation) and of 0.1% for-
mic acid in water and acetonitrile (RP separation) while the
detection was carried out at 280 nm photometrically. Three
mAbs were studied, namely cetuximab, obinutuzumab, and
atezolizumab. They observed high selectivity of the com-
bined method for separation of heavily glycosylated cetuxi-
mab, whereas they were able to separate the main glycans
(mostly bi- and tri-antennary hybrid types) and the isomeric
form consisting of bi-antennary monogalactosylated glycan.

Capillary electrophoresis
Intact glycoprotein separation

There are several review articles and book chapters deal-
ing with CE methods for glycoprotein analysis [147-150],
the last one was published in early 2022. Nowadays, most
CE glycoprotein analysis methods are coupled with MS
detection as it has been proven a useful tool for analyzing
intact glycoproteins in terms of glycosylation characteriza-
tion. The use of MS brings some limitations to the choice
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Fig.4 Separation of 2-AB labeled glycans from mAb3 on ZIC-HILIC
(A) and the neutral reduced glycans from mAb3 on PGC column (B)
both coupled to ESI-MS. On the PGC column, low abundance gly-

of experimental conditions. The separation is performed in
a relatively simple volatile background electrolyte (BGE)
and there is no great variety in BGEs used. The capillary
is usually coated with a coating agent prior to the analysis
to avoid or minimize the adsorption of glycoproteins to the
capillary wall and to control the velocity and direction of the
electroosmotic flow (EOF) [150]. In this part of the review,
we thus sort the methods by the type of the capillary coating
used. Three types of capillary wall coatings are used for the
CE characterization of intact protein glycosylation, i.e., coat-
ing with an anionic agent, such as polybrene/dextran sulfate
double-layer, coating with a neutral agent, such as polyvinyl
alcohol or polyacrylamide, and coating with a cationic agent
such as polybrene.

The application of anionic wall coatings that generate
a strong cathodic EOF is rather rare in the separation of
intact glycoproteins. Sanz-Nebot et al. [151] presented a
separation of human transferrin glycoforms in a perma-
nently coated capillary. The separation was possible due
to the differences in the sialic acid number and the size of
the attached glycans. First, they tested cationic coating by
a single polybrene layer which did not provide a sufficient
separation. They thus used a second layer of dextran sul-
fate resulting in a permanent negative charge of the capil-
lary wall leading to a pH-independent cathodic EOF. They
used ammonium acetate buffer, pH 8.5 to assure the nega-
tive charge of glycoprotein isoforms. A CE-UV method
was optimized and used for analyzing serum samples of

B ::

S 20

2 |1

- |

o 15 |

” | 2

2 10 [l 3

E RN FO

% 05 2. . e ".; ll .Jl‘ 5 el

= FERAL SR 4 *’

solA_t R A =/U U\/ [JAA" B b
8 10 20
tlme/mln

cans were observed that were not identified on the ZIC-HILIC col-
umn. Reprinted and edited with permission from Ref. [136]

four healthy volunteers and three patients with different
types of congenital disorders of glycosylation (CDG).
They were able to separate 7 glycoforms of transferrin,
wherein glycoforms 0, 1, and 2 were not present in the
samples obtained from healthy patients. The optimized
CE-UV method was then coupled with MS detection to
prove its future potential in CDG diagnosis after further
optimization as the sensitivity of the CE-MS method was
rather low and thus not all isoforms could be detected.
When the capillary is coated with a neutral agent, EOF
is suppressed, and in combination with an acidic BGE
(typically acetic acid), the glycoprotein isoforms are
positively charged. Due to the low pH of the BGE, the
dissociation of the acidic amino acid side chain groups
and the sialic acid are suppressed. On the contrary, the
basic amino acid side chain groups are protonated and
thus glycoforms can be separated as cations. Haselberg
et al. [152] utilized a CE-MS method for glyco-profiling
of human interferon-p and human erythropoietin leading
to the identification of 18 glycoforms and 80 isoforms
of interferon-p and 74 glycoforms and 250 isoforms of
erythropoietin. The isoforms were presented due to the
presence of deamidation, succinimidation, oxidation, and/
or acetylation of those glycoforms. They concluded that
this methodology is suitable for the fast characterization
of pharmaceutical proteins and thus it could be used in
the quality control of pharmaceuticals. Moreover, it could
be used for diagnostics and, after incorporation of an
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appropriate pre-concentration technique, for doping con-
trol. The same group used commercially available coated
capillary (hydrophobic layer/polyacrylamide double-layer
coating) for characterization of mAbs used as therapeu-
tics. They were able to determine glycosylated and clipped
forms of antibodies which can be utilized in the determina-
tion of protein heterogeneity [153].

Lastly, a cationic wall coating generates a strong anodic
EOF. In these cases, an acidic BGE is also used so that the
glycoprotein isoforms are positively charged as mentioned
previously. Ongay and Nesiiss [154] were able to differ-
entiate more than 150 isoforms of intact A1GP in human
blood serum samples by CE-MS. They acknowledged the
fact that combinations in the degree of sialyation, number
of hexoses, and other minor modifications could lead to
identical m/z values and thus subsequently performed an
analysis of released glycans and of deglycosylated pro-
tein. Glycans were released from A1GP enzymatically
(PGNase F) and then analyzed in their underivatized form
by CE-MS in an uncoated silica capillary. Analysis of
deglycosylated A1GP by CE-MS was performed under
the same conditions as in the case of intact A1GP apart
from the capillary coating as they coated the capillary with
the neutral agent. That led to a faster analysis of degly-
cosylated protein due to the absence of sialic acid units.
This complex approach was then used for the first time for
the clinical studies of 16 different human A1GP samples.

Glycopeptide separation

In comparison with the intact glycoproteins, glycopeptides
obtained from proteins by their proteolytic cleavage are
less problematic analytes in terms of adsorption to the cap-
illary wall and thus they can also be separated in uncoated
bare silica capillaries. The main advantages of CE are the
fast analysis, a small amount of sample needed, and high
selectivity resulting for example from the use of online
pre-concentration techniques. Kammeijer et al. [155] pre-
sented a CE-MS method for the differentiation between
a2,3- and a2,6-sialylated glycopeptides, as the carboxylic
group of sialic acid in each isoform has a different value of
pK, constant and thus exhibit different mobility in BGE.
The separation took place in a bare fused silica capillary
and the BGE was acetic acid at pH 2.3. They estimated
the relative difference in pK, values of «2,3- and a2,6-
sialylated lactose with an internal standard-CE method,
which was first proposed by Fuguet et al. [156], by cal-
culating limiting and effective mobilities. They were able
to identify 75 glycoforms by analyzing a tryptic digest
of PSA with CE-MS, compared to MALDI-TOF-MS
profiling, where 37 PNGase F released N-glycans were
detected. The same group later showed the importance
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of the differentiation between a2,3- and «2,6-sialylated
glycoforms for the development of a high-performance
PSA glycomics assay as the a2,3-forms are thought to be
present in aggressive types of prostate cancer. In addition
to sialic acid linkage isoforms, they were able to determine
the level of protein fucosylation. All of this has a high
potential to improve the diagnosis of prostate cancer and
possibly other types of cancer because a new biomarker
with differently linked sialic acids can be discovered [157].

Amon et al. [158] performed CE-MS analysis of
antithrombin tryptic digest in a bare fused silica capillary
and in two differently coated capillaries in ammonium
formate, pH 2.7, 5.0, or 8.0. They used a polybrene/dex-
tran sulfate as a double-layer anionic coating, generating
cathodic EOF, or polybrene as a cationic agent generating
anodic EOF. The separation of glycopeptides in an uncoated
capillary was insufficient as amino acid sequence coverage
in peptide mapping was no more than 77% and based on
the pH of BGE, 0 to 3 major glycopeptides were detected.
In the case of polybrene coating, the coverage increased up
to 81% and all 4 major glycopeptides with 2 minor glyco-
forms (monosialylated) were detected. Double-layer coat-
ing increased the amino acid coverage to 97%, all 4 major
glycopeptides with 1 minor glycoform (fucosylated) were
detected, monosialylated glycoforms were not detected.
This developed method for glycopeptide mapping is thus
competitive with the typically used RP-HPLC separation
technique as the obtained data were in a good agreement.

To demonstrate the potential of CE, Zhang et al. [159]
compared hydrodynamic and electrokinetic injection of
A1GP glycoforms. They used a neutral agent, poly(ethylene
oxide), to coat the capillary wall and acetate buffer, pH 4.2
containing 0.05% coating agent and 0.1% Brij 35. The 5-min
sample stacking by — 5 kV brought an 11 000-fold increase
in the loading capacity when compared to the hydrodynamic
injection. The serum samples of healthy volunteers and
patients with systemic lupus erythematosus were measured
after acidic hydrolysis and desalting by CE-UV at 200 nm
and 11 glycoforms were identified.

Glycan separation

Advances in glycan separations using CE have been summa-
rized in a review published by Lu et al. in 2018 [160]. In this
review, we thus focus on articles published since 2019. The
main difficulty to be overcome when using CE for analysis
of glycans released from glycopeptides and glycoproteins is
the lack of readily ionized functional groups (except the car-
boxylic group present in the sialic acid). The second major
problem when using CE with UV/Vis or fluorescence detec-
tion is the absence of chromophores and fluorophores that
would provide sufficiently strong absorption or fluorescence.
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Glycans are thus usually labeled by charged derivatization
agents containing strong chromophores or fluorophores. The
labels are usually negatively charged. The most frequently
used label is definitely 8-aminopyrene-1,3,6-trisulfonic acid
(APTS), other examples are 9-aminopyrene-1,4,6-trisulfonic
acid (ANTS), and 2-AA. One of the research directions in
the CE glycan analysis is thus aimed at the development of
novel labeling procedures. Since this review focuses on sep-
aration part of the analysis, it is needless to say the choice of
labeling agent significantly influences electrophoretic mobil-
ities and thus separation of glycans, not only their detection.

Fomin et al. [161] introduced new fluorescent dyes for
capillary gel electrophoresis with laser-induced fluorescence
detection (CGE-LIF) analysis of glycans. The reactive dyes
were based on phosphorylated 7,9-diaminoacridine deriva-
tives with variable number of negative charges and the deri-
vatized analytes showed higher mobilities then the APTS-
labeled ones. The authors proved viability of the method
by the separation of maltodextrin ladder and sialyllactose
isomers in slab-gel electrophoresis format.

Khan et al. [162] used a new derivatization agent called
Teal™. This label contains three sulfonic groups similarly
to APTS. The authors reported on higher reactivity of this
agent, which enabled its usage in lower excess over the ana-
lytes, resulting in significantly lower consumption of the dye
than in the case of APTS. The initial experiments were per-
formed in ammonium acetate buffer with 20% acetonitrile
and 20% isopropanol as the BGE, nevertheless, frequent cap-
illary flushing was necessary to regenerate the capillary sur-
face. The BGE was thus replaced with ammonium hydroxide
in 50% methanol, which not only provided a stable condi-
tion of the capillary wall but also significantly widened the
separation window. Using this method, CE-LIF-MS analy-
sis of a mixture of 9 high mannose and sialic acid glycans
and 8 N-glycans commonly found in therapeutic mAbs was
carried out. Glycans from both samples were baseline sepa-
rated. They have proved the compatibility of the labeling
with both detection techniques and reported the MS sensitiv-
ity comparable to APTS-labeled glycans.

The most used labeling procedure is based on reductive
amination of reducing end of glycans with APTS, neverthe-
less, reductive amination is not the only reaction that can
be used to introduce the aminopyrene-1,3,6-trisulfonic acid
label to a glycan molecule. Krenkova et al. [163] compared
the efficiency of glycan labeling using reductive amination
and hydrazone formation reactions. They performed labe-
ling of glycans released from RNase B and human IgG.
They used the well-established protocol for APTS labe-
ling using reductive amination while for the hydrazone
formation-based derivatization, they used 8-(2-hydrazino-
2-oxoethoxy)pyrene-1,3,6-trisulfonic acid (Cascade Blue
hydrazide). Both resulting fluorescent labels contained the
pyrene-1,3,6-trisulfonic acid motif differing only in the

linkage connecting it to the glycan structure. They reported
significantly higher labeling yield for hydrazone formation
reaction. They ascribed the low labeling efficiency of reduc-
tive amination to competitive reduction of aldehyde func-
tionality of the analytes to alcohol which hinders Shiff’s base
formation with APTS label.

Although glycans are usually labeled with negatively
charged compounds, application of cationic labels can be
beneficial in some cases. The same research group intro-
duced new multi-cationic aminopyrene-based labeling tags.
They derivatization agents were prepared from APTS by
formation of sulfonamides with three tertiary amines in the
structure. By further methylation they turned tertiary amines
to quaternary ones with a permanent positive charge. They
used fused silica capillary coated with linear polyacrylamide
and 100 mM acetic acid as a BGE. The glycans labeled with
the novel labels were separated under positive voltage polar-
ity. They separated malto-oligosaccharides and N-glycans
from bovine RNAse B and human IgG using CE-MS. How-
ever, they observed formation of side products during the
labeling reaction thus the reaction procedure needs further
optimization [164].

Kinoshita and Yamada [165] in their very recent review
summarized the trends in modern sample preparation and
chemical modification methods for the structural and quan-
titative glycan analyses together with their challenges and
advantages. Further up-to-date information concerning the
glycan labeling can be thus found there.

Novel approaches are introduced not only in glycan labe-
ling. Detection sensitivity is one of the main challenges in
CE-LIF glycomic analysis. Liénard-Mayor et al. [166] pre-
sented a novel strategy to improve detection sensitivity and
peak capacity in CE-LIF analysis of APTS-labeled glycans.
From the set of background electrolytes tested, they chose
triethanolamine/citric acid and triethanolamine/acetic acid
at high ionic strengths (up to 200 mM), which helped to
create a large conductivity difference between sample zone
and background electrolyte. This conductivity difference
was used in electrokinetic pre-concentration strategy using
large volume sample stacking. The high ionic strength also
helped to suppress the EOF in bare silica capillary. Using
this approach, they achieved a 200-fold signal enhance-
ment. They demonstrated the applicability of the method
on separation of N-glycans from human IgG and mapping
of N-glycans from human serum for the diagnosis of CGD.

An interesting strategy to enhancing the sensitivity was
presented by Shao et al. [167] who utilized an unexpect-
edly strong interaction between sulfonate groups of APTS-
labeled glycans and Zr**-modified poly(ethylene glycol
methacrylate phosphate-co-acrylamide-co-bis-acrylamide)
monolith. The enriched sample was then offline transferred
and analyzed by CE-LIF. Enrichment factors ranged from
9 to 24. The method was successfully applied to analysis

@ Springer



680

K. Molnarova et al.

of N-glycans from RNAse B. Separation was performed in
a bare silica capillary with lithium acetate buffer, pH 4.75
used as a BGE. The authors claimed that their enrichment
method was more specific than commercial SPE columns
packed with HILIC or PGC materials.

One of the assets of CE is the possibility to perform
enzyme reactions or affinity interactions directly inside the
capillary. Innovations from this area came in combination
with the use of capillary nanogel electrophoresis [168].
This technique uses capillaries filled with nanogels com-
posed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine and
1,2-dihexanoyl-sn-glycero-3-phosphocholine phospholipids
[169]. Nanogel is a non-Newtonian fluid, in which phos-
pholipids self-assemble to form temperature-dependent mor-
phologies. It has a low viscosity at lower temperature (i.e.,
below 20 °C) and a gel-like viscosity at a temperature of
25 °C and higher. It can thus be easily transported into and
removed from the capillary at low temperature and serve as
a gel separation matrix at higher temperatures. This feature
enables formation of a stationary plug of an affinity agent in
the inlet part of the capillary, which was utilized by Lu and
Holland [170]. They performed electrophoretic experiments
with stationary plugs of various lectins placed at the inlet
part of the capillary. Peaks of N-glycans specifically inter-
acting with the lectin used were then absent in the respective
electropherograms. BGE pH was set to roughly match the
p! of most lectins used, making sure the lectin zone would
remain stationary. The method was used for IgG N-glycan
profiling. Released N-glycans were labeled with APTS and
separated in the nanogel using phosphate buffer, pH 6 as the
BGE followed by LIF detection.

Another interesting application of capillary nanogel
electrophoresis was reported by Bwanali et al. [171] who
developed a method for analysis of N-glycans containing
a2,6-linked sialic acid. The method integrated sequential
enzymatic modification of sialylated N-glycans. It was vali-
dated using a tri-antennary N-glycan standard. The APTS-
labeled N-glycans introduced to the capillary first passed
through three enzyme zones. The first one contained a2-3-
sialidase, the second one contained f1-3,4-galactosidase
and the third one contained a2-3,6,8-sialidase. Migration
through the first two zones resulted in cleavage of any a2,3-
linked sialic acid (in the first zone) and penultimate galactose
attached to the cleaved o2,3-linked sialic acid (in the sec-
ond zone). This is represented by the first arrow in Fig. SA.
Migration through the third zone cleaved all remaining sialic
acids, i.e., the a2,6-linked ones, which is represented by the
second arrow in Fig. 5A. Since there was no further p1-3,4-
galactosidase zone in the capillary, galactose residues linked
to the cleaved a2,6-linked sialic acids remained in the gly-
can structure. As can be seen from Fig. 5B, when neutral
galactose monomer is cleaved off, the resulting glycan pos-
sesses the same charge but a different size, which results
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in migration time shift during the subsequent separation in
the nanogel matrix. The value of the shift is proportional to
the number of galactose residues remaining in the glycan,
and thus is proportional to the number of a2,6-linked sialic
acids in the original structure. The method was validated by
an experiment with only one enzyme plug of a2-3-sialidase
(Fig. 5C). In this case, only a2,3-linked sialic acids were
cleaved while all a2,6-linked ones and all galactose resi-
dues remained. The mobility thus increased with increas-
ing number of negatively charged o2,6-linked sialic acid
residues. Contrary to Fig. 5B, the more a2,6-linked sialic
acids, the shorter migration time. From the relative peak
areas, it can be seen that both approaches provided identi-
cal results. Separation was done in sodium acetate buffer,
pH 5.0 as a BGE. The method was successfully tested on
quantification of «2,6-linked sialic acids in structures of a
complex N-glycan mixture released from A1GP. In this case,
additional plugs containing specific lectins were introduced
to the capillary inlet to capture glycans containing certain
terminal monosaccharide residues and thus to provide addi-
tional structural information.

Due to their high specificity, lectins are relatively often
part of glycomic protocols. Giron et al. [172] used CE-LIF
of APTS-labeled N-glycans in combination with lectin
micro-array and reported new non-invasive plasma and IgG
glycomic biomarkers that provide information about time to
HIV viral rebound and viral setpoint in two geographically
distinct cohorts (Philadelphia and Johannesburg).

Although the above-mentioned nanogels represent a novel
separation matrix for glycomic CE, capillary gel electropho-
resis with laser-induced fluorescence detection (CGE-LIF)
using classical gels is a well-established technique in this
field. Commercial HR-NCHO gel buffer from Sciex which
is usually used in a bare silica capillary is a very popular
separation matrix. Mészéros et al. [173] utilized CGE-LIF
with this gel for N-glycosylation profiling of pooled human
serum samples from patients with lung cancer, patients
with chronic obstructive pulmonary disease, comorbidity
patients, and a healthy control group. They analyzed APTS-
labeled glycans and defined a panel of 13 N-glycan struc-
tures as potential biomarkers with significant differences in
abundance between the pathological and control samples.
They also observed alterations in individual N-glycan sub-
classes, such as total fucosylation, degree of sialylation, and
branching. The proposed biomarkers should help to diagnose
and distinguish lung cancer and chronic obstructive pulmo-
nary disease, which is vital as both diseases are treated in
different ways.

Using the same separation gel, this group compared rela-
tive areas of 21 APTS-labeled N-glycans using machine
learning-based data analysis, considering individual gly-
cans as well as their subclasses, from serum samples of
patients before and after lung tumor removal surgeries. They
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modified the analysis procedure by implementing magnetic
bead-mediated sample cleanup and pre-injection of a short
plug of water before sample to focus the analyte zones. They
were able to clearly distinguish alterations caused by the
surgery, both positive and negative. They found correlation
between glycosylation alterations and clinical parameters of
the patients. They proposed N-glycosylation profiling to be
used as a tool for monitoring of the effect of surgeries and
the process of recovery [174].

Torok et al. [175] used the HR-NCHO gel for N-glyco-
sylation profiling of human blood in type 2 diabetes patients.
The glycan profiles of serum did not differ significantly
between the heathy and patient samples, nevertheless, con-
centrations of two glycans in whole blood were found sig-
nificantly higher in the case of patient samples suggesting
possible new biomarkers of the disease.

Matyas et al. [176] utilized the same separation matrix to
compare N-glycan profiles of tomato xylem sap and found a
statistical correlation between nutrient (nitrogen) deficiency
symptoms on crops and changes in the glycan profile. Reider
et al. [177] performed N-glycan profiling of PSA, which
was isolated from urine using single domain antibodies
immobilized on immobilized metal affinity chromatogra-
phy columns. They were able to separate fucosylated and
non-fucosylated structures as well as the a2,3- and «2,6-
sialylated isomers, which is relevant to the cancer diagnosis
as most common cancer-related alterations are associated
with these structural changes.

The HR-NCHO separation gel buffer was further used
for N-glycosylation characterization of omalizumab, an
anti-asthma biotherapeutic mAb. The authors combined
the CGE-LIF analysis with exoglycosidase array glycan
sequencing. The exoglycosidases cleaved specific terminal
monosaccharide units from glycan structures and this caused
migration time shifts of their peaks, which was used to eluci-
date the structures [178]. Hurjak et al. [179] used the gel to
analyze APTS-labeled N-glycans released from protective/
inhibitory B subunits of human coagulation factor XIII.

Elucidation of glycan structures often requires large num-
ber of experiments and thus tends to be time-consuming.
Multicapillary gel electrophoresis enables high-throughput
analysis to overcome this problem. Filep et al. [180] used
multi-capillary gel electrophoresis to analyze N-glycans
from libraries containing carbohydrate structures most fre-
quently occurring in biopharmaceuticals. They established
a new glucose unit database to support large-scale N-gly-
cosylation analysis in the biopharmaceutical sector. The
viability of the library was demonstrated on the separation
and identification of glycans released from adalimumab, a
conventional therapeutic mAb, and etanercept, a new modal-
ity Fc-Fusion protein.

A high-throughput protocol using a CGE-LIF capil-
lary array was proposed by Patenaude et al. [181] for total
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Fig.5 Determination of a2,6-linked sialic acid with enzyme modifi-
cation of glycans at the capillary inlet. A Reaction scheme showing
that only galactoses linked to o2,6-linked sialic acids remain in the
glycan after the enzyme treatment. B Electropherogram of an N-gly-
can standard with declared percentage of tri-antennary structures con-
taining 0, 1, 2, and 3 a2,6-linked sialic acids of 4, 51, 36, and 5%,
respectively. C Electropherogram from validation experiment with
only one enzyme plug («2-3-sialidase). Reprinted and edited with
permission from Ref. [171]. Copyright 2020 American Chemical
Society

N-glycan analysis of IgG isolated from mouse dried blood
spots. Mice are recognized as a good experimental model for
human IgG glycosylation. However, small blood volumes
available from mice pose a challenge to glycomic studies.
Extraction of glycans from dried blood spots improves the
work with very low sample amounts.

Although gel matrix enhances the separation power
and CGE-LIF is thus frequently used in glycomic analy-
sis, capillary zone electrophoresis (CZE-LIF) separations
in free solution prove to be a valuable tool as well. Huang
et al. [182] used CZE-LIF to analyze cell surface N-glycans
because cell surface proteins are important in drug target
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screening and biomarker discovery. They captured the sur-
face glycoproteins from intact Chinese hamster ovary cells
on hydrazine-modified magnetic beads. Then N-glycans
were released using PNGase F enzyme and labeled with
APTS. Separation was performed in a commercial N-CHO-
coated capillary using ammonium acetate buffer, pH 4.75
as a BGE.

Gel-free separation environment is often utilized in
CE-MS because gel-containing BGEs are not compatible
with EST and MS. Szarka et al. [183] analyzed APTS-labeled
linear malto-oligosaccharides and glycans released from
human IgG 1 using ammonium acetate, pH 4.5 with 20%
isopropanol as a BGE in a bare silica capillary. They used
imaging LIF at the Taylor cone of ESI ion source. They
simultaneously collected the data from fluorescence imag-
ing and MS. MS data were used for qualitative analysis and
fluorescence data for quantitation. Correlation of MS signal
with LIF data helped to avoid possible misinterpretation of
MS data caused by ion suppression, variations in ionization
efficiency, unpredictable analyte fragmentation and rear-
rangement. On the other hand, mass spectra revealed several
comigrating glycans that would not be distinguished using
sole CE-LIF analysis.

In CE-MS, labeling of glycans is not always necessary.
Véradi et al. [184] presented a CE-MS/MS method for
label-free analysis of N-glycosylation combined with exo-
glycosidase sequencing to study alterations connected with
Parkinson’s disease. They developed a dynamic coating pro-
cedure for neutral capillary coating using polyethylene oxide
to avoid the usage of polyvinyl alcohol coated capillaries
that are incompatible with MS detection. BGE consisted of
ammonium acetate, pH 5.0. They reported the most signifi-
cantly altered levels of sialylation and fucosylation on tri-
and tetra-antennary glycans of Parkinson’s disease patients.

The same research group examined glycosylation of
Cetuximab mAb drug using multiple fractionation and
digestion strategies in combination with CE-MS profil-
ing and LC-MS peptide mapping. Glycans were released
by PNGase F in heavy water to allow the identification of
potential glycosylation sites and site occupancy. N-Glycan
structures were annotated using multiple exoglycosidase
digestion steps in combination with CE-MS profiling. CE
separations were performed in ammonium acetate buffer, pH
5.0. Site specificity was identified using C, reversed-phase
fractionation. The glycosylation pattern was also examined
across Cetuximab charge variant isoforms using cation-
exchange chromatography with linear pH gradient elution
followed by CE-MS profiling. Less common 2-AA glycan
labeling was used in this study [185].

For in-depth studies of complex glycan samples, com-
bination of mass detection with CE and LC can be highly
advantageous. Song et al. [186] aimed at N-glycan char-
acterization of urine exosomal components, including
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sulfated species, in healthy individuals to serve as a base
for a non-invasive investigation into pathophysiological
states of urinary system. They used CE-MS, MALDI-MS,
and LC-MS/MS to identify N-glycan and sulfated N-glycan
compositions. To resolve positional isomers of sialic acid,
they utilized ion-exchange chromatography, microfluidic
CE-LIF and MALDI-MS. They assigned the structures
of the sialyl-linkage isomers through a2-3-sialidase treat-
ment and sialic acid linkage-specific alkylamidation. They
identified 219 N-glycans, including 175 compositions, 64
sialic acid linkage isomers, 26 structural isomers and 27
sulfated glycans. For CE-MS analysis, glycans were labeled
with Girard’s reagent T to incorporate a quaternary ammo-
nium salt into their structure and thus enable their cathodic
migration. They used a commercial coated capillary with
neutral surface and 10% acetic acid as a BGE. For micro-
fluidic CE-LIF, N-glycans were labeled with APTS. The
authors fabricated a glass microfluidic chip with a cross-
intersection for modified pinched injection and a 23 cm long
serpentine separation channel. The channels were coated
with poly(acrylamide) to provide neutral coating minimiz-
ing sample adsorption and EOF. They used HEPES buffer
as a BGE.

A new CE-MS platform for in-depth glycome analysis
of complex samples was introduced by Lageveen-Kam-
meijer [187]. For CE separation, they coated the capillary
with Ultratrol dynamic coating. 10% acetic acid served as a
BGE. They analyzed N-glycans released from total human
plasma and identified 167 N-glycan compositions, includ-
ing different sialic acid linkage variants. To deal with the
complexity of the samples, they used linkage-specific deri-
vatization of sialic acids. Ethyl esterification of a2,6-linked
sialic acids (derivatized sialic acid mass was 319.127 Da)
and amidation of «2,3-linked sialic acids (derivatized sialic
acid mass was 290.111 Da) in a two-step one-pot reaction.
This helped to overcome the instability of commonly used
lacton-based derivatives. Reducing ends of N-glycans were
derivatized with Girard’s reagent P, carrying a permanent
positive charge. As the sialic acid derivatization neutralized
all N-glycans, they gained uniform charge enabling efficient
ionization in positive mode.

An innovative approach was used by Joof3’s research
group [188]. They online coupled CZE with drift tube ion
mobility mass spectrometry. They analyzed APTS-labeled
N-glycans from A1GP and fetuin. The combination of
mobility-based separation in liquid and gas phase brought
dramatic increase in number of peaks observed. Each glycan
resolved in CZE exhibited multiple peaks in ion mobility.
They showed that each technique separately provided sig-
nificantly lower performance than their combination. CZE
separation was performed in a bare silica capillary with
e-aminocaproic acid/ammonia buffer in 50% methanol.
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Glycans are not present only in glycoproteins. Gly-
cosphingolipids are another example of biomolecules in
which oligosaccharide chains play an important role. Gly-
cosphingolipids are highly diverse surface-exposed bio-
molecules. Rossdam et al. [189] searched for cell surface
markers to be used in the isolation of pure stem cell-derived
cardiomyocytes (used as tissue transplants in regenerative
medicine) from residual stem cells. They developed a high-
throughput workflow for glycosphingolipid glycosylation
profiling using APTS labeling of glycans and multiplexed
GCE-LIF.

The same group studied also differential expression of
glycosphingolipids in healthy and inflammatory conditions
on a mouse model. They proposed that glycosphingolipids
could serve as biomarkers for mapping genetic and homeo-
static perturbances [190].

Conclusion

Glycans and glycopeptides are important biomolecules that
are used, among others, as diseases biomarkers (breast can-
cer, hepatocellular carcinoma, Alzheimer’s disease) and for
monitoring their progression (qualitative and quantitative
changes in glycosylation of proteins). Characterization of
glycans and glycopeptides is crucial for the development of
new biomarkers, glycoprotein-based drugs and for the evalu-
ation of treatments. MS has been a powerful tool utilized
for glycomic and glycoproteomic analysis due to its high
sensitivity, speed, resolution, and rich structural information
using different fragmentation techniques. However, separa-
tion step before MS, including mainly liquid chromatogra-
phy and capillary electrophoresis, provides more confident
identification and reliable quantitation of glycans and gly-
copeptides. Although LC-MS is the most used separation
technique in glycoproteomic analysis, it is more expensive
and time-consuming than CE methods. CE provides usu-
ally shorter analysis, is environment friendly, and has high
separation efficiency. On the other hand, derivatization and/
or labeling is necessary for CE methods in glycoproteom-
ics. Moreover, CE-MS techniques require special MS inter-
faces and have high demand on experienced operators. Thus,
LC-MS is more convenient for routine use in glycoproteom-
ics than CE-MS.

The future target in glycoproteomics will be most likely
focused on the structural analysis of glycans associated
with specific sites which could help in clarifying of many
biological and biochemical questions. Even though separa-
tion techniques undoubtedly help in structure elucidation
of glycans and glycopeptides, mass spectrometry is still the
key technique in glycoproteomics. Technology improve-
ments of mass spectrometric instruments, e.g., hybrid-type

fragmentation, orbitrap-based analyzer, ion mobility, con-
nected with advanced search engines and algorithms incor-
porated in glycoproteomic software will play crucial role
in comprehensive characterization of protein glycosylation.

This review summarizes the scientific literature related
to liquid chromatography and capillary electrophoresis in
glycomic and glycoproteomic analyzes. We have discussed
advances in LC and CE techniques in the analysis of released
glycans and intact glycopeptides. Understanding glycan and
glycopeptide separations in LC and CE is crucial for the
development of reliable and robust methods enabling com-
prehensive glycoproteome characterization.
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