Available online at www.sciencedirect.com

SCIENCE@DIREGT' JOURNAL OF
CHROMATOGRAPHY B

_s
ELSEVIER Journal of Chromatography B, 793 (2003) 15-36
www.elsevier.com/locate/chromb

Review

Derivatization of carbohydrates for chromatographic, electrophoretic
and mass spectrometric structure analysis

Fotini N. Lamarf, Reinhard Kuhh , Nikos K. Karamarfds

“Department of Chemistry, Section of Organic Chemistry, Biochemistry and Natural Products, Laboratory of Biochemistry,
University of Patras, 261 10Patras, Greece
®Institute for Applied Research, University of Applied Sciences Reutlingen, Alterburgstr. 150, D- 72762 Reutlingen, Germany

Abstract

Carbohydrates, either alone or as constituents of glycoproteins, proteoglycans and glycolipids, are mediators of several
cellular events and (patho)physiological processes. Progress in the “glycome” project is closely related to the analytical
tools used to define carbohydrate structure and correlate structure with function. Chromatography, electrophoresis and mass
spectrometry are the indispensable analytical tools of the on-going research. Carbohydrate derivatization is required for most
of these analytical procedures. This review article gives an overview of derivatization methods of carbohydrates for their
liquid chromatographic and electrophoretic separation, as well as the mass spectrometric characterization. Pre-column and
on-capillary derivatization methods are presented with special emphasis on the derivatization of large carbohydrates.
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1. Introduction

sensitivities. The exception to this rule are thali-

and oligosaccharides produced by the action of

The notion that carbohydrates in nature only serve
the dual purpose of being structural components and
key players of the energy metabolism is now past, in
the light of findings from the field of glycobiology.
Carbohydrates, either alone or as constituents of
glycoproteins, proteoglycans and glycolipids, are
mediators of several cellular events, such as intra-
and extracellular recognition, differentiation, prolif-
eration and even signal transducti¢h—7]. Their
structural complexity, far greater than that of pro-
teins and nucleic acids, allows them to encode
information for specific molecular recognition and to
determine protein folding, stability and phar-
macokinetics. The interest in glycosylation is rising
not only out of academic curiosity to decipher their
biologic roles but also due to the implication of
carbohydrates in many pathologic states, such as
cancer, atherosclerosis and rheumatoid arthritis.

Progress in the field of glycobiology, albeit signifi-
cant in recent years, has long been hampered due to
a lack of analytical tools to define carbohydrate
structure and correlate structure with function. Car-
bohydrate structure characterization is still far from
being a routine procedure, despite the advances in
the analytical techniques. The dawn of the 21st
century coincided with the first references to
“glycome” and “glycomics” research8—10]. Chro-
matography, electrophoresis and mass spectrometry
(MS) are the indispensable analytical tools of the
on-going researchl1-14]. Carbohydrate derivatiza-
tion is required for most of these analytical pro-
cedures.

Derivatization of carbohydrates serves multiple
purposed15]. Detection of intact carbohydrates can
only be spectroscopic at 195 nm, amperometric or
refractive index, all of which are associated with low

bacterial lyases on glycosaminoglycan (GAG)
chains, which strongly absorb at 232 nm, due to the
conjunction of the formed double bonds with the

carboxyl groups in the unsaturated uronic acid

resi@ye6,17]. Derivatization with UV-absorbing

or fluorescent molecules significantly enhances the

detection sensitivity of high-performance liquid chro-
matography (HPLC), capillary electrophoresis (CE)

and polyacrylamide gel electrophoresis (PAGE).

The great majority of carbohydrates are hydro-
philic and neutral. Derivatization with appropriate
compounds changes carbohydrate properties in order
to assist their resolution, i.e. endows them with
charge to make easier their electrophoretic separation
or hydrophobicity for their efficient resolution by
reversed-phase HPLC or micellar electrokinetic chro-

matography (MEKC). For example, neutral sugars
were converted to ionized species by dithioacetyla-
tiph8]. Two 2-mercaptoethanesulfonic acid mole-

cules were introduced to the reducing end. Sepa-
ration of diastereomers is often feasible after de-
rivatization with chiral molecules. For instance,
reductive amination of aldoses, hexuronic acids and

aminosugars with a chiral derivatizingSabent,
phenylethylamine, resulted in pairs of diastereomer
derivativesajndL-) which could be separated with

CE in an achiral environment of an alkaline borate

bafgr

Intact glycans are poor analytes for any MS

procedure. In detail, intact native oligosaccharides

are not ionized very efficiently by the soft ionization

methods, fast atom bombardment (FAB), electro-

spray ionization (ESI) or matrix assisted laser de-
sorption/ionization (MALDI), since they are polar,
thermally labile and relatively non-volatile. Deri-
vatization may offer several advantages such as less
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complicated spectra and increased response. Per-

methylation and peracetylation among other methods
have been used to enhance MS characterization of
oligosaccharides, but are not described herein. Re-
ducing carbohydrates can be derivatized with a
number of compounds containing amino-groups in
order to make easier their MS characterization (for a
thorough presentation of MALDI-MS analysis of
carbohydrates the review written by Harvg0] is
recommended). For example, after reaction of oligo-
saccharides with diethylenetriamine and addition of
ZnCl,, the carbohydrate—metal-ligand complexes
are characterized in regard to the anomeric configu-
ration and stereochemistry of constituent monosac-
charides with ESI-MS-M$21].

Derivatization may occur prior to, during or after
the separation technique (HPLC or CE) and certainly
prior to MS. Post-column derivatization of carbohy-

drates has been used after HPLC separation and was

thoroughly reviewed by Honda in 199@&2]. The
principles of post-column derivatization in the publi-
cations after 1996 are similar to those described in
that review and therefore post-column derivatization
will not be dealt with in this review article. Hase
[23] reviewed methods of pre-column derivatization
of carbohydrates also in 1996, but a number of
derivatizing agents and optimizations of reactions
have been reported ever since. The aim of this article
is to review the methods of carbohydrate derivatiza-
tion before and/or during separation techniques
(HPLC, CE, PAGE) and MS characterization, with
special emphasis on the derivatization of large
carbohydrates. Derivatization protocols developed in
our laboratories are also presented here.

2. Pre-column derivatization

Several parameters must be considered before
developing a pre-column derivatization procedure.
These include the molecular size of the saccharides
and their solubility in solvents convenient for the
derivatization reaction, desired hydrophobicity of the
derivatives (e.g. for reversed-phase HPLC) and the
requirement for basic groups for more efficient MS
analysis. Other important parameters are the extinc-
tion coefficient in the case of UV detection, the
compatibility of fluorophore properties with the

17

available detection equipment and fluorescence yield
the cost and the yield of the reaction, ease of
separation of excess reagent from the product,
stability and compatibility of the derivatives with
downstream characterization techniques (e.g. MS and
NMR).

2.1. Reductive amination

The labeling reaction starts with the attack of the
lone pair of amino groups of the label to the carbon
of carbonyl groups of reducing sugars, yielding a
Schiff base (imine derivatige)lQ). Mild acidic
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D—glucose
open ring form
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Fig. 1. Derivatization of reducing sugars-glucose) with amino-
compounds in the presence of reducing agent (reductive amina-
tion) (A) and in the absence of reducing agent (B). The product of
the former reaction is a secondary amine and of the latter one a
glycosylamine.
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conditions are necessary to promote sugar ring
opening. The Schiff base is acid-labile and is re-
duced with sodium cyanoborohydride to a stable
secondary amine. As shown iRig. 1A, the stoi-
chiometry of labeling is one label (UV-absorbing or
fluorescent) per saccharide.

Because of the equilibrium nature of the first step,
the reaction should be conducted in a way that
maximizes the yield of labeled sugars. This can be
accomplished by using excess of labeling reagent
and/or varying the reaction conditions, such as
labeling time, temperature as well as the pH and
solvent system in the reaction mixture. Typical
reaction conditions are temperature: 37 to°G0Q

reagent. Clean-up with extraction with organic sol-
vents is performed when the difference in hydro-
phobicity between the label and the derivatives is

great and when the reaction volumes are large, e.g.

reactions for LC. Alternatively, the labeled glycans
are separated from free dye by adsorption into a
hydrophilic filter in the presence of acetonitrile and
subsequent elution with [@a&eMort et al. [28]
introduced the use of Sephadex beads -carrying
aldehyde groups in the reaction mixture (excess
reagent reacted with the “scavenger beads”) and
reported complete removal of excess reagent. Gel
filtration in Sephadex G-10 and Biogel P-2 columns

or packed 96-well filterplates has also been used

time: 1 h to overnight incubation, acid: acetic acid or [11,29,30].

citric acid, reducing agent: NaCNBH , organic sol-
vent for the labeling reagent: methanol or di-
methylsulfoxide (DMSO). Optimization of these
parameters is necessary for quantitative reaction
yield and minimization of sample decomposition
[24]. Sialic acid-containing oligosaccharides are
particularly labile at the acidic conditions employed.
High molecular mass oligosaccharides may be rela-
tively insoluble in methanol at some concentrations
and difficult to recover from the DMSO usually
employed [25]. The reaction should then be per-
formed in aqueous conditions, which involves the
selection of a labeling reagent that can be solubilized
in aqueous solution. Derivatization of ketoses seems
to present a particular problem since only some of
the derivatizing agents react with them and, in some
cases, not quantitatively.

The excess of labeling reagent necessitates high
purity of the labeling reagent preparation because
impurities carrying amine groups in the preparation
will also react[26]. Moreover, an excess of labeling
reagent may pose a problem in the separation or MS

techniques. In some separation procedures the migra-

tion or elution behavior of the labeling reagent is

A common problem in reductive amination pro-
cedures is the influence of salts on the derivatization
reaction. Salts accumulated through the various

sample treatment steps prior to labeling cause reduc-
tion of the labeling y{@#-33]. However, treat-
ment of glycoproteins with enzymes vyielded five
times larger amounts of glycans than hydrazinolysis

and therefore enzymic treatment is ng@d$sary

Buffers in enzymic treatments that can be removed
later in vacuo are often used. Charlwood [844hl.
suggested the clean-up on GlycoClean columns after
enzymic release of glycans because it gave higher

yield in comparison to ethanol precipitation and

solid-phase extraction.

Numerous reagents have been used for sugar

derivatization by reductive amination and a short
description of their properties and applications in

CE, LC and MS analysis is presented below. Struc-

tures and names are giignanPhotometric and
fluorometric characteristics and applications to oligo-
/polysaccharide analysis of the most widely used
tagging agents are preserabteii.

distinctly different from its sugar derivatives and 2.1.1. 2Aminopyridine

therefore it does not interfere with the analysis.
Derivatization of large amounts of glycans and
dilution of the derivatization mixture prior to analy-
sis is a common approach. Fraction collection of the
sugar derivatives during liquid chromatography (LC)
makes easy the off-line MS characterization. How-
ever, in many cases analysis of trace amounts of

2-Aminopyridine (2-AP) was first used for HPLC
analysis of glycan derivatives by Hase et al. in 1981

[35]. Derivatization with 2-AP allows sensitive UV

and fluorescence deteEimpn 2f. Neutral and

acidic branched glycans released from glycoproteins
were derivatized with 2-AP and 2-D and 3-D map-
ping of their properties was performed with HPLC

saccharides requires the removal of the excess[36,37]. GalA,Gal oligosaccharide derivatives of 2-
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Fig. 2. Structures, names and abbreviations of the most widely used tagging agents having amino groups. These compounds are commonly
attached to reducing sugars through reductive amination.

AP were separated with HPLC and detected either up to 18 residues in length with CE using a coated

with a UV or fluorescence detector. Excess labeling capillary and a buffer of pH 6. Structural characteri-
reagent had to be removed before the separation and zation of 2-AP derivatives of sialyloligosaccharides
in the process there was a major loss of the short was performed with FAB-MS and FAB-MS-MS
oligomers [38]. 2-AP has also been used for the [42]. Recently, derivatization with 2-AP was in-
derivatization of high molecular mass glycosamino- corporated in a strategy for analysis of the glycome
glycans and subsequent analysis by HPBEZ,39]. [13]. 2-AP derivatives were analyzed by 2-D/3-D
Honda et alJ40] were the first to utilize reductive HPLC mapping of their chemical properties, i.e.

amination for derivatizing 12 monosaccharides with charge, molecular size and hydrophobicity, and by

2-AP for CE analysis. Smith and El Raspil] reinforced frontal affinity chromatography to investi-
succeeded in resolving 2-AP-labeled GalA oligomers gate affinity to lectins andilB|S
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Table 1
Photometric and fluorometric characteristics of the most widely used compounds for reductive amination of carbohydrates. References to
reports, which utilize these tags for the electrophoretic, chromatographic or MS analysis of large carbohydrates, are also provided

Derivatizing agents Applications
Absorbance/fluorescence
2-Aminopyridine HPLC
N-linked oligosaccharidefl 3,36,37]
UV: 240 nm GalA, Gal oligosaccharidg38]
Aen=375 Nm Glycosaminoglycan82,39]
CE
GalA oligomers[41]
MS
Sialyloligosaccharide§42]
7-Aminonaphthalene-1,3-disulfonic acid HPLC
Maltooligosaccharidef24,173]
UV: 247 nm CE
Agye=315 nm, A, =420 nm Acarbosg44]
Maltooligosaccharidef24]
8-Aminonaphthalene-1,3,6-trisulfonic acid PAGE
N-linked oligosaccharidef53,174—-178]
UV: 220, 370 and 360 nm MALDI-MS
Aexe=360 Nnm, A, =515 nm Oligosaccharidg$3,54]
HPLC
N-linked oligosaccharidefl79]
CE-MS

Maltooligosaccharides and N-linked glycaf—52]
CE-UV and CE-LIF

Neutral and acidic GalA- and Gal-containing oligomgss]
Neutral branched alpha- and betafucans[58]
Maltooligosaccharide§43,46,63]

Hydrolyzed k-carrageenarf6l]

Sialylated oligosaccharidg52]

Hyaluronan-derived oligosaccharidgg?]

1-Aminopyrene-3,6,8-trisulfonate Gel electrophoresis
N-oligosaccharide§l1]

Agxe=455 nm, A, =512 nm Maltooligosaccharidg480,181]
CE

N-linked sialylated oligosaccharid¢26,78,182,183]
High molecular-weight carrageenaf&il,184]
Alginic acid polysaccharidef82]

N-glycans of antibodie$31,83]

Chitin oligosaccharide§l85]

CE-MS

Oligosaccharides from lipoarabinomanng8s]
MALDI-MS

Oligosaccharide$d4]

Lipoarabinomannan oligosaccharidd86]

2-Aminoacridone Gel electrophoresis
Maltooligosaccharidef36]

UV: 250, 276 and 421 nm Cell wall polysaccharidég]

Aexc=428 Nnm, A, =525 nm Glycosaminoglycan disaccharidéd]

N-linked oligosaccharidefl87]
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Table 1. Continued

Derivatizing agents
Absorbance/fluorescence

Applications

3-Acetamido-6-aminoacridine

UV: 272, 377 and 432 nm
Aeye=382 or 445 nm,A_ =520 nm

CE
Glycosaminoglycan oligosaccharidgg7—90]
N-linked oligosaccharidef57,95,188]
Neutral oligosaccharideld 89]
HPLC
N-linked oligosaccharidef34,93,95,98,99]
Glycosaminoglycan oligosaccharidfg6]
HPLC-MS
N-linked oligosaccharidefl90]
MALDI-MS
Linear and branched oligosaccharidés]
MS
N-linked oligosaccharidef95,191]

HPLC, CE, CE-MS, MALDI-MS
N-linked oligosaccharidefl00,101]

2.1.2. Aminonaphthalene sulfonic acid isomers

Various aminonaphthalene sulfonic acid isomers
have been investigated for saccharide derivatization
because apart from their UV-absorbing and fluores-
cent properties, they also impart charge to the
carbohydrates Kig. 2). Chiesa and O’Neill[43]
compared the CE separation of the derivatives of
various aminonaphthalene sulfonates. They ex-
amined in detail the effects of structure and charge of
8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS),
3-aminonaphthalene-2,7-disulfonic acid (3-ANDA),
2-aminonaphthalene-1-sulfonic acid (2-ANSA) and
5-ANSA on the CE analysis of their maltooligosac-
charide derivatives using sodium phosphate, pH 2.5,
in the presence of triethylamine. ANTS-derivatized
maltooligosaccharides with a degree of polymeri-
zation (d.p.) of more than 30 glucose units were
separated in less than 30 min. 3-ANDA-derivatized
maltooligosaccharides showed the same resolution,
yet the separation was only achievable up to d.p. 30.
On the other hand, resolution of 2-ANSA and 5-
ANSA-derivatized maltooligosaccharides was ach-
ievable only up to a d.p. of 20. The loss of efficiency
might be attributed to the longer analysis tifjde].

7-Aminonaphthalene-1,3-disulfonic acid (ANDS)

(Table 7). Kazmaier et al[45] reported that quantifi-

cation of maltooligosaccharides and determination of
the oligomer distribution was impossible with the
routine derivatization procedures previously re-
ported. This was mainly due to the incomplete

derivatization reaction and the risk of hydrolysis of

higher molecular mass carbohydrates in the deri-
vatization prddé$sOptimization of derivatiza-
tion conditions of maltodextrins with ANDS has
therefore been the focus of further s{@dies
Employing a Box—Behnken design, the effect of
temperature, reaction time and pH on the degradation
was studied. Optimal derivatization conditions for
obtaining high reaction yields and low degradation
were a pH value of 2.5, a temperaturé@®t68 a
reaction time of 120 [@4h The separation of
ANDS-derivatives of maltodextrins with a d.p. up to
20 in an acidic buffer with CE is preserfteyl B
The method was applied to the quantitative analysis
of oligosaccharides in coffee.
The most widely used aminonaphthalene com-
pound is ANHI§. (2, Table ). The UV spectrum
of ANTS shows a maximur220 nm followed by

two other maxima at 270 and 360 nm; its molar
absorptivity in water at 360 nm is 5700 cm™

1

has been used for the derivatization of the pseudo- [46]. As a fluorophore, ANTS has a maximum

oligosaccharide, acarbose, and its main metabolite
and their CE-LIF determination in human urifzet]

excitation wavelength at 360 nm, which shifts to 370

nm for the ANTS-derivatized maltos@6]. The
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Fig. 3. Analysis of maltooligosaccharides by capillary electro-
phoresis after derivatization with AND$24]. Peak numbers
indicate the corresponding degree of polymerization. Operating
buffer: 100 nM Tris—phosphate, pH 2.0. Reversed polarity.
Reprinted with permission from Vieweg Publishing.

wavelength for the maximum emission is at 515 nm.
ANTS was first introduced as a fluorophore for the
high resolution PAGE of reducing sacchariddg]
and has since been used for LC-UV, LC-MS, CE-
UV, CE-LIF and CE—MS. Due to the fact that its
fluorophore properties match with the 325 nm line of
He/Cd, ANTS has been extensively used for laser-
induced fluorescence (LIF) detection in CE analysis.
A concentration detection limit of 810 % M (500

amol) for both monosaccharides and large complex
oligosaccharides (molecular sizes 2000—-3000) was

obtained[48,49]. ESI-MS characterization of ANTS-
labeled glycans is also feasibjg0—52].

ANTS-labeled neutral and sialylated N-glycans
were separated with PAGE, eluted from PAGE gel
slices and then analyzed by MALDI-TOF-MS in
negative ion mode with a sensitivity in the 2-10
pmol range [53]. Urinary oligosaccharides were
monitored and characterized after coupling with
ANTS, fast purification over a porous graphite
carbon extraction column and MALDI-MS analysis
[54].

The CE-UV and CE-LIF resolution of ANTS-

labeled carbohydrates has been achieved using buffer

systems containing phosphat§$6,55,56], borates
[56,57], tris—borateq58], citrates[56], acetate buf-

F.N. Lamari et al. / J. Chromatogr. B 793 (2003) 15-36

fers[59,60], sieving bufferd61,62] and non-aqueous
conditions [63]. ANTS has been used for the de-
rivatization of both neutral and acidic GalA- and
Gal-containing oligomers of up to 20 residugEs],
neutral branched alpha- (amylose, amylopectin and
pullulan) and beta-glucans (lichenan) up to 70
residues[58], neutral linear maltooligosaccharides
[43,46,63],hydrolyzedk-carrageenaftl], sialylated
oligosaccharide$52] and hyaluronan-derived oligo-
saccharide$62].

Jackson[47] routinely used~200-fold excess of
ANTS for the derivatization. A 40-fold molar excess
of ANTS sufficed for complete conversion and under
such conditions no interference by excess ANTS was
observed[46,55]. Klockow et al. [49] studied the
miniaturization of the derivatization reaction for CE
analysis and they reported a total reaction volume of
2 pl instead of the 10wl usually employed for
pre-capillary derivatization. Two labeling protocols
were established, one with overnight reaction at
40°C and the other with a 2.5-h derivatization time
at 80°C. Neutral oligosaccharides could be labeled

with either protocol. However, sialylated oligosac-
charides hydrolyzed when reaction took place at

80°C [49].

2.1.3. Aminobenzene derivatives

The aminobenzene derivatives have been largely
used for glycan analysis by capillary electrochroma-

tography, CE, HPLC, PAGE, NMR and MALDI-
TOF-MS. The reader interested in the photometric

and fluorometric characteristics of these compounds
should refer to an interesting article by Kakehi et al.

[29]. In general, aminobenzene derivatives exhibit
maximum absorbance at wavelengths in the region of

270 to 325 nm and maximum emission at wave-

lengths of 343-452 nm, which is compatible with
the He/Cd laser line of LIF detectors. The wave-

lengths close to 300 nm are advantageous in the

spectroscopic analysis of complex “real” samples

(e.g. extracts or hydrolysates), because they are more

specific than lower wavelengths.
Bigge et[@H4] extensively studied the reaction

conditions for the derivatization of N-glycans with

2-aminobenzamide (2-ABM) and 2-aminobenzoic
acid (2-ABA). Sato [66Jahave optimized the

reaction conditions for the derivatization of mono-

saccharides with 2-ABA. 4-Aminobenzene deriva-
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tives (4-aminobenzoic acid, ethyl 4-aminobenzoate,
4-aminobenzonitrile) allow the derivatization of ket-
oses in addition to aldoses and uronic acids, in
contrast to other labeling tags, such as 2-amino-
benzene derivatives and 2-AB6]. Although this
research grouf66] optimized the reaction conditions
for the derivatization of mono- and disaccharides
with 4-aminobenzonitrile, an incomplete reaction
was reported. Methyl-, ethyl- and butyl-4-amino-

benzoates as derivatization agents were investigated

for the MEKC and reversed-phase HPLC analysis of
homologous maltodextrins and oligosaccharides from
human milk[67]. The butyl ester (4-ABBE) allowed
the best separatiof67]. 4-ABBE also allowed the
online ESI-MS characterization and the off-line
MALDI-TOF-MS analysis of the human milk oligo-
saccharide derivative$8]. The butyl ester has also

been successfully used for the reversed-phase capil-

lary HPLC analysis of galactosaminoglycan
(GalAG) disaccharides and their chromatographic
separation is shown ifig. 4.

Kakehi et al.[29] conducted a thorough study of

nine different monosubstituted aminobenzene deriva-

tives as labeling reagents of glycans. It was con-

cluded that although aminobenzene derivatives sub-

stituted at 2- and 4-positions yield derivatives with

5
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Fig. 4. Separation of seven variously sulfated galac-
tosaminoglycan disaccharides derivatized with 4-ABBE with
capillary HPLC. Derivatization reactions were performed at@5
for 4 h in the presence of 0.B1 4-ABBE and extraction with
dichloromethane followed for the removal of excess reagent.
Identity of peaks: 1,Adi-nonS.g; 2, 3,Adi-mono4S andAdi-
mono6S; 4 Adi-mono2S; 5Adi-di(2,4)S; 6,Adi-di(2, 6)S; and 7,
Adi-triS. The asterisk marks the excess of 4-ABBE. HPLC
column, Agilent Zorbax SB-¢, , um, 150<0.5 mm. Separation
conditions, 35 to 67% CH CN for 40 min. Aqueous phase, M m
TBA/H,PO,, pH 5.6 (F. Lamari, personal data).
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high fluorescence intensities and molar absorptivi-
ties, 3-substituted aminobenzene derivatives (3-
aminobenzamide and 3-aminobenzoic acid) show the
highest reaction efficiencies. Using such derivatiza-
tion conditions, sialic acids are not destructed and
analysis of sialylooligosaccharides is possible. Quan-
titative labeling of sialylated oligosaccharides with
2-ABA with negligible or no desialylation was
reported when the reaction was performed in metha-
nol containing acetate—borate buffer (approximately
pH 5.0) &C8for 1 h [69].

Derivatization of oligosaccharides with 4-amino
benzoic 2-(diethylamino) ethyl ester (ABDEAE) has
been utilized for sensitive detection using ESI-MS

[70] and MALDI-MS [71,72].1n all cases sensitivity

was enhanced by a factor of 1000 over techniques

with free oligosaccharides, and this sensitivity does
not appear to have been matched by other deriva-
tives. Furthermore, ABDEAE derivatives were well
separated by HPLC. 4-Trimethylaminoaniline was

also used for improvement in sensitivity of ESI-MS

characterization of sugar derivatives, but the gain in
sensitivity of MALDI-MS analysis was only a 10-
fold incr¢asg

N-(4-Aminobenzoyl)e-glutamic acid (ABG) is

another aminobenzene derivative that has been used
for oligosaccharide derivatization and CE analysis.
ABG has an absorption maximum at 273 nm and a
molar absorptivity of 17 000 * cm™*, whereas the
sugar derivatives exhibit a broad maximum at 291
nm [30].

Derivatization of oligosaccharides (maltoheptaose
and human milk oligosaccharides) with benzylamine
followed by N,N-dimethylation with methyl iodide
has been used for the characterization with MALDI-
TOF-MS and MALDI-post source decay-TOF-MS
[74]. The derivatization imparted a positive charge at
the reducing end. A 10-fold increase in sensitivity
compared with underivatized oligosaccharides was
reported.

2.1.4. APTS derivatives

Evangelista et al.75] introduced APTS as a novel
derivatization agent for sugars. The APTS-deriva-
tized sugars show,,, at 455 nm with significant
absorption at 488 nm, while APTS itself hag,, at
424 nm with a relatively low absorptivity at 488 nm
(Fig. 2, Table ). When excited with a 488 nm
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Ar-ion laser, APTS sugar derivatives fluoresce with
substantially higher intensity at 512 nm than the
APTS emission at 501 nn26]. Using a selective
emission filter, preferential detection of the APTS
derivatives can be achieved. The sugar conjugate

electrospray mode. Callewaert[g1]aémployed
APTS derivatization of N-glycans derived from low

picomole amounts of glycoproteins for their analysis

by the standard DNA-sequencing equipment.

shows 40-fold greater fluorescence than APTS does. 2.1.5. Aminoacridone derivatives

N-Acetylamino sugars produced lower vyields of
detectable adducts in reductive amination with APTS
than with 2-AP[76]. Evangelista et al[77] sug-
gested the utilization of citric acid as a catalyst and
thus quantitative derivatization of N-acetylsugars
was achieved. Guttman et al. in 1996 carefully
studied and optimized the reaction conditions for the
efficient derivatization of sialylated oligosaccharides
in small reaction volumeg78]. They reported a
fivefold increase of labeling efficiency when DMSO
was replaced with tetrahydrofuran as solvent of the
reducing agent. The optimized protocol was used for
the derivatization and CE—LIF analysis of N-linked
oligosaccharide$§26].

Guttman[79] used two different labels, APTS and
8-aminoacridone (8-AMAC), in order to study the
monosaccharide composition of glycoproteins by
CE-LIF. The latter tag was used for the determi-
nation of sialic acids. It is important to note that,
albeit the aminosugars (e.g. glucosamine) can be
derivatized with APTS, their actual labeling ef-
ficiency was quite low ¥50%) and an N-acetylation
step is necessary. Chen et §0] addressed the
problem of the low yield of sialic acid derivatization
with APTS by introducing treatment of the hydrol-
ysates with neuraminic acid aldolase (EC 4.1.3.3).

2-AMAC is a fluorescent hydrophobic molecule
with.=428 nm andA.,=525 nm Fig. 2, Table

1). The UV-Vis absorbance spectrum of 2-AMAC is

characterized by three maxima at wavelengths of
250, 276 and 421 nm. Quantitative derivatization

was achieved with 100-fold excess of ABBIC

We have used 2-AMAC for the derivatization of

acidic glycosaminoglycans-derived di- and oligosac-

charides and their subsequent CE and8/&i0].

Derivatization of GAG glycans with 2-AMAC was
performed with a protocol slightly modified from
that reported by Jaf@&orParticularly, 10 nmol

of each saccharide was lyophilized in a microcentri-

fuge tube at room temperature. Apd-volume of a

VL AMAC solution in glacial acetic acid—DMSO
(3:17, v/v) andl®f a freshly prepared solution of

MINaBH,CN in water were added to each sample

and then mixtures were centrifuged in a microfuge at
11 @ptor 3 min. Derivatization was performed by
incubating the aliquots@tfd54 h. Finally, 30

wl of 50% (v/v) DMSO were added in the samples
and aliquots were taken for CE analysis. The de-
rivatization efficiency was studied by monitoring the
absorbances at 232 and 255 nm as well as the
fluorescence of standadisaccharides derivatized

for different time periods (30 min, 1, 2, 3, 4 and 6 h)

Thus, N-acetylneuraminic acid was converted quan- [89]. The results showed that heating at°@5for 4 h

titatively to N-acetylmannosamine, which was then
derivatized with APTS in the same manner as the
other monosaccharides.

Different protocols were used for the derivatiza-
tion and CE-LIF analysis of intact high molecular
mass carrageend81l], alginic acid polysaccharides
[82], and the N-glycans of antibodig81,83]. An
off-line method using CE separation, fraction collec-

ensured the complete labeling dfd&hccharides
since CE analysis of every derivatiisdccha-

ride showed the absence of any remaining non-
derivatizédlisaccharide (detection at 232 nm).
The analysis further confirmed that the reaction

conditions do not cause release of any sulfate group.
The stability of derivatizedA-disaccharides was

studied by preparing various mixtures of the standard

tion of peaks, and subsequent MALDI-TOF-MS A-disaccharides and keeping them at various tem-
analysis of APTS derivatives was report¢84]. peratures (ambient temperature,°Q —20°C,
APTS-derivatized mannooligosaccharides were char- —80°C). CE analysis of these samples and measure-
acterized by on-line CE-ESI-M{85]. Up to tetra- ment of the peak areas showed that no change in the
mer oligomers were detected as singly and doubly composition of the mixture was observed even after
charged pseudomolecular ions in the negative 1 month at room temperature since the relative
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standard deviation in peak areas were less than 2.4%
If AMAC derivatives must be stored for longer
periods of time (at least 3 months), storage-&0°C

is recommended. Minimization of the reaction vol-
ume to 2pl has also been reportd@4].

Che et al.[91] have studied in detail and opti-
mized the derivatization reaction of sialic acid with
2-AMAC. The AMAC-derivative of N-acetylneur-
aminic acid (Neu5Ac) showed low stability; nonethe-

less, the suggested method was successfully applied

to the quantitative determination of sialic acid with
CE in various glycoproteins with detection limit of
1 pM (or 35 fmol). Guttman[79] used the fluores-

cent tag 9-aminoacridone (9-AMAC) for the CE
determination of sialic acids.

AMAC characteristics have made it an attractive
labeling reagent for analysis of both charged and
neutral oligosaccharides with electrophoretic (PAGE
and CE) and chromatographic techniques. The inclu-
sion of borate anions in the buffer system used for
PAGE or CE is necessary for the resolution of
AMAC-derivatized neutral linear and branched
sugarg57,86]. PAGE of AMAC derivatized glycans
has been applied to analysis of plant cell wall
polysaccharides [92], N-linked oligosaccharides
[187] and hyaluronan and GalAG disaccharidi@4].
Oligosaccharides labeled with 2-AMAC were sepa-
rated with various CE modes, commonly capillary
zone electrophoresis and MECK. Using MECK with
an operating buffer of 500 M sodium borate, pH
8.9 containing 80 il sodium taurodeoxycholate, the
excess of 2-AMAC was trapped in taurodeoxycho-
late micelles ensuring thus no interference with the
analysis because it was uncharged and highly hydro-
phobic[57,95]. 2-AMAC derivatives of acidic oligo-
saccharides, i.e. CS- and HS-derivkdlisaccharides
as well as saturated and-oligosaccharideqd87—
90,96,97],have been well resolved with CE analysis
at low pH phosphate buffers and reversed polarity.
Excess of derivatizing reagent does not interfere with

the separation because at low pH it does not enter the

capillary [87].

The hydrophobic nature of this molecule allows
also its analysis by reversed- and normal-phase
HPLC and subsequently by MALDI-TOF-MS,
electrospray and nanospray M$83,95,98,99].Ex-
cess AMAC has such a difference in hydrophobicity
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from its sugar derivatives that it elutes later than all
derivatives in reversed-phase HPLC.
A novel derivatization reagent, 3-acetamido-6-
aminoacridine (AA-Ac) was introduced for the anal-
ysis of picomole levels of N-linked glycans both
with normal and reversed-phase HPLC, free zone
CE-LIF, CE-ESI-MS and MALDI-TOF-MIG0]
Fig. 2, Table ). The UV-Vis spectrum of AA-Ac is
characterized by maximum absorbance at 272, 377
and 432 nm; the molar absorptivities at these three
wavelengths are 45144, 10890 and 367
crh , respectivglf)0]. The excitation spectrum
has two maxima at wavelengths 382 and 445 nm.
Exciting at either wavelength produces an emission
spectrum with a maximum at the wavelength of 520
nm. AA-Ac exhibits twice the intensity of fluores-
cence of AMAC and has ionizable groups. AA-Ac
has been used to derivatize glycan pools released
from 2-D PAGE and analysis of these derivatives
was carried out by MALDI-TOF-MS and/or hydro-
philic interaction liquid chromatogrifiyj.

2.1.6. Other derivatizing reagents
6-Aminoquinoling (=245 nm) has been uti-
lized for the derivatization of neutral and acidic,
linear and branched oligosaccharides and subsequent
analysis by CE and (1B2-104]. The oligo-
saccharides labeled with 6-aminoquinoline yielded
eight times higher signal than those tagged with
2-AR102].
7-Amino-4-methylcoumarin was introduced as a
fluorescent agent of oligosaccharides and has been
used for analysis of the branching pattern of iso-
maltooligosaccharides frofii£&06].
A visible chromophore, 4-amino-‘1a¥obenzene-
3;4disulphonic acid, has also been used for de-
rivatization of saccharides (both aldoses and ket-
oses). The photometric properties of this compound,
i.e. absorption maximum at 489 nm and extinction
coefficient of 37M615 cm™*, make it attractive
for PAGE analysis of carbohjtih@ies
9-Aminofluorene has high molar absorptivity
(14 000" cm™* at 267 nm), is chemically stable
and was introduced to quantitative labeling of linear
and branched oligosaccharides. The derivatives were
purified by LC and characterized by MALDI-FTMS
[108].



26 F.N. Lamari et al. / J. Chromatogr. B 793 (2003) 15-36

2.2. Other derivatization reactions at the carbonyl alkaline earth metals and CE analysis of the borate
group complexes in the presence of polybrene, a cationic
water-soluble polymef115-117].Furthermore, bis-

Apart from reductive amination, other widely used PMP derivatives of both aldose enantiomers were
derivatization procedures involving the reducing end well resolved from each other in &15thosphate
of carbohydrate molecules are presented below. buffer, pH 7.0, contairAy-dodecoxycar-

bonylvaline to a concentration of 50 Mh [118].
2.2.1. Amination through the formation of Finally, separation of PMP derivatives of simple
glycosylamine disaccharides was accomplished in a linear poly-

A slight modification of the reductive amination acrylamide-coated capillary using a phosphate buffer
procedure has been used in the MS study of carbohy- containing two types of [@d®hsAlkaline borate
drates. The reaction of an amino-compound with the buffers have also been used to analyze hyaluronan-
carbonyl group of a reducing carbohydrate in the and chondroitin-derived non-sulfated and variously
absence of reducing agents yields glycosylamines sulfatedisaccharides in urine samples using
instead of open ring secondary amindsg( 1B). derivatization ofA-disaccharides with PMPL20].
Derivatization of di- and oligosaccharides with 4- Oligosaccharides from thyroglobulin were ana-
ABBE and 2-AP (neutral pH, 88C, 6 h) enabled the lyzed by LC—-ESI-MS as PMP derivatiy&21].
determination of interglycosidic linkages of sac- PMP-labeling of sialylated oligosaccharides enables
charides with negative-ion FAB-MS in combination very clean and informative ESI mass spectra with
with collisional-induced dissociation MEL09]. Di- high sensitivity[122]. Rozaklis et al[123] optimized
saccharides labeled with 4-ABA (5C, 6 h) were the conditions for PMP derivatization of oligosac-

analyzed by CE-ESI-MS-M$110]. The authors charides and their subsequent determination in
reported that in the negative ion ESI, the biologic samples with ESI-MS—MS. MALDI-TOF-

glycosylamine approach instead of reductive amina- MS analysis of PMP-derivatives of oligosaccharides
tion provides more information on linkage and has been performed with su¢t24sl?25]. In a
anomeric configuratiofl10]. study of Shen and Perreault, derivatization of small
sugars and medium-size oligosaccharides with PMP

2.2.2. Pyrazolone derivatives of carbohydrates was preferred over pyridylamination (2-AP), owing

The UV-absorbing tag 1-phenyl-3-methyl-2- to the enhanced ionization efficiency of the PMP
pyrazolin-5-one (PMP) X,.,=245 nm) and its derivatives with either FAB-, ESI- or MALDI-MS
methoxy analog, 1{§-methoxy)-phenyl-3-methyl-5- and the better separation and higher sensitivity with
pyrazolone have been used to derivatize reducing HPLCH128].

sugars (both aldoses and ketoses) in the presence of
carbodiimide by a condensation reaction under mild 2.2.3. NBD-tagged N-methylglycamine derivatives

conditions, which does not cause desialylation or Honda €ftlalr] introduced a novel derivatiza-
desulfation Fig. 5A) [111,112]. The bis-PMP de- tion procedure for reducing sugéig.(5B). Reduc-
rivatives behave like weak anions in aqueous basic ing sugars are converted to N-methylglycamines in
solutions, strongly absorb UV lightA(,,,=245 nm, the presence of methylamine and dimethylamine—
30000 M~ * cm ') and can be detected electro- borane complex at pH 4.5 at@ #0 30 min. The
chemically. The method has been used for the resultant N-methylglycamines were labeled with 7-
derivatization of carbohydrates from simple mono- nitro-2,1,3-benzoxadiazole  4-fluoride  (NBD-F).
saccharides to sialylated N-glycafisl3]. Derivati- These two reaction steps can be carried out in a
zation of reducing mono- and di-saccharides with one-pot fashion and proceed quantitatively within 50
4-(3-methyl-5-ox0-2-pyrazolin-1-yl) benzoic acid min. The derivatives showed strong absorbance at
was studied by Castells et 4l.14]. 490 nm and their fluorometric properties match with
Various CE separation modes of PMP-derivatives the Ar-ion laser line of LIF detectors. CE-LIF
have been reported, including borate complexation, analysis of monosaccharides in nanomolar concen-

MECK in the presence of SDS, complexation with trations was performed. The main advantage of this
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Fig. 5. Derivatization reactions of reducing sugars with PMP (A) and NBD-F (B).
scheme is that under the mild conditions of the u€tig( 6). A drawback of this derivatization
derivatization, sialic acids are not released from procedure is the formation of side-products or vari-
sialylated glycans and can be applied to the analysis ous iso[h@85130]. Derivatization of reducing
of trace amounts of sialylated oligosaccharifiea7]. sugars with dansylhydrazine (DHZ) was originally

Labeling of amino sugars with NBD-F at pH 6.0 and performed by Aviiagil]. Mopper and Johnson

subsequent analysis by microchip electrophoresis [132] have performed optimization of the reaction

with LIF detection has been report¢ti?8]. parameters for mono- and disaccharides. Perez and
Colon have optimized the conditions for derivatiza-

2.2.4. Formation of hydrazones tion in small volumes and short times; the reaction

The carbonyl group of an aldehyde or ketone proceeded at°C68for 15 min [129].
reacts with the amine group of a fluorescent or Monosaccharide-DHZ derivatives excited with a He/
UV-absorbing hydrazine, forming a hydrazone prod- Cd laser at 325 nm show a maximum emission
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HC—OH H(|:—OH
HC —OH HC—OH
CH,OH CH,OH
D-glucose Hydrazone

H
O,N N—NH,
0

NO,

Girard's T reagent 2,4-dinitrophenylhydrazine

diphenylhydrazones of dicarbonyl and tricarbonyl
sugars, which were separated by microemulsion
electrokinetic chromatography and UV detection at
220 nm[135]. Labeling withp-hydrazinobenzenesul-
fonic acid of mono-, di- and trisaccharides within 10
min yielded the corresponding UV-absorbing and
charged hydrazones, which were analyzed by capil-
lary zone electrophoresis. Reaction with Girard’s T
reagent imparts positive charge to glycans and
therefore increases the sensitivity of MALDI-MS
[136].

2.2.5. Reduction with radioactive compounds

The reduction of aldehydes and ketones with
sodium  H]borohydride results in the incorporation
of tritium and thus monitoring with a radiochemical

N7
N detector is possiblg137]. In structural studies of
@_N_NH2 GAG chains we have extensively used alkaline
OO borohydride treatment of proteoglycans for the re-
lease of GAG chains and their end-labeling with
0,5—N—NH, tritium (0.25M [°*H]NaBH, and 0.75M NaBH, in
50 mM NaOH for 48 h at 45C). This strategy
Dansylhydrazine N, N-diphenylhydrazine allows the structural characterization df [ H]-labeled

Fig. 6. Derivatization of reducing sugars (emglucose) with xylitole-containing linkage regions of GAGs with

hydrazine to various hydrazones. The structures of various hy- HPLC [138,139]-
drazines used for carbohydrate derivatization are also presented.

2.3. Derivatization of hydroxyl, amino and

wavelength of 530 nm and can be separated with CE carboxyl-groups of carbohydrates
using borate buffer{129]. This method was also
applied to the derivatization of hyaluronan- and 2.3.1. Derivatization of carbohydrates with a-keto
GalAG-derived unsaturated disaccharides and analy- carboxylic acid group
sis by isocratic HPL(133]. Sialic acids react with 1,2-diamino-4,5-methyl-

Various hydrazines have been usddg( 6). The enedioxybenzene (DMB) to form quinoxaline de-
reaction conditions for the formation of 2,4-dinit- rivatives in various derivatization conditieigs 7).
rophenylhydrazones of the neutral sugars present in The resultant quinoxaline derivatives show strong
glycans/proteoglycans and glycoproteins, i.e. fucose, fluorescence at 448 nm on irradiating at 373 nm.
xylose, mannose, galactose and glucose, were opti- Only-keto carboxylic acid group (C-1 and C-2
mized by our group[134]. To 10 pl of aqueous of the sialic acid residue) is involved in derivatiza-
carbohydrate sample (1.5-100 nmol), 1Q0of a tion, while others are intact. Hara et §140] first
1.5% w/v 24-dinitrophenylhydrazine in 1,2-di- reported the development of the reversed-phase
methoxyethane and 10QI of a 2% v/v trifluoro- HPLC fluorometric method. Recent studies have
acetic acid in methanol were added and the reaction experimented with the introduction of internal stan-
was carried out at 68C for 90 min. Analysis of the dards in the method in order to improve the accuracy
sugar derivatives was performed with HPLC and [141,142]. The acidic conditions (acetic acid or
isocratic elution and UV detection at 352 ri34]. sodium hydrogensulfite) used in the DMB derivatiza-
N,N-Diphenylhydrazine was used by Miksik et al. tion reaction seem to prevent hydrolysis or migration
[135] for the formation of mono- and bis- of acetyl groups from one to another hydroxyl group,
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Fig. 7. Derivatization reaction oN-acetylneuraminic acid (it contains ai-ketocarboxylic acid group) with 1,2-diamino-4,5-methyl-
enedioxybenzene (DMB). Carboxyl ardketo groups participate in the formation of the third ring of the DMB derivative.

and this makes it appropriate for the analysis of 2.3.2. Derivatization at amino-groups

O-acetylated derivative40,143,144]. 3-(4-Carboxybenzoyl-)-2-quinoline carboxyal-
LC—-ESI-MS analysis of members of the sialic dehyde (CBQCA) has been used for the ultrasensi-
acid family derivatized with DMB allows definition tive detection of aminosugHrSO]. Aminosugars
of the type and position of the various O-acetyl react readily and quantitatively with CBQCA in the
substituents. The research group of Kakehi has presence of cyanide (toxic reagent), while neutral
developed a strategy for the simultaneous determi- sugars are converted to 1-amino-1-deoxyalditols by
nation of about 13 members of the sialic acid family reductive aminatag. @A). The isoindole deriva-
with differences in the substitution with N- or O- tives have excitation maxima near the 442 nm blue
acetyl, glycoyl and sulfonic ester groupk44,145]. line of the He/Cd laser and the 456 nm secondary
Characteristic distributions of sialic acids in the line of the argon laser. This procedure has the
tissues of mice and rats were revea]&d4], whereas advantage that it is not necessary to remove the
Klein et al.[146] identified 28 different sialic acids. excess of the reagent, since the unreacted compound
The standard procedure for DMB labeling at®&D does not fluoresce. CBQCA derivative of glucos-
for 2 h results in significant hydrolysis of oligomers amine has been detected with CE-LIF at nanomolar
of Neu5Ac (2- 8-linked homo-oligo/polyN-ace- (10° M) concentrations with mass detection limits
tylneuraminic acid); the degree of hydrolysis is of 75 zrfid@1]. Liu et al. [152] reported dramatic
analogous to the degree of polymerization and the separations of CBQCA-labeled GalA oligomers of
reaction timg147]. Changing the reaction conditions up to 70 residues using a capillary containing a fixed
to 10°C for 48 h in 0.02M trifluoroacetic acid after gel of up to 30% polyacrylamide at pH 8.5. CBQCA
careful study, a satisfactory compromise between the derivatization has also been used for the CE-LIF
minimum degradation of the oligomers of Neu5Ac analysis of complex oligosaccharides released from
and a high derivatization rate was achieidd8]. bovine fetuin[153].
The derivatization yield for NeuSAc monomer was Another two-step derivatization procedure for
ca. 65% of the maximum (obtained by reaction for carbohydrates has been employed. In the first step,
2.5 h at 55C with the same reagent). Oligomers carbohydrates containing no amino group were trans-
with a degree of polymerization of 19-28 showed formed to the corresponding 1-amino-1-deoxyal-

80% recovery after prolonged treatment at°CO ditols, while hexosamines were reduced with sodium
[148]. This method was applied to the HPLC borohydride to the 2-amino-2-deoxyalditols. These
baseline resolution of poly(Neu5Ac) up to a d.p. of aminated carbohydrates were subsequently labeled
90, colominic acid samples and poly(Neu5Ac) chains with 5-carboxytetramethylrhodamine succinimidyl
in rat brain tissue$148,149]. ester Fig. 8B). However, the succinimidyl ester is
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not stable in basic buffers yielding two hydrolysis
products. This scheme was applied for the deri-
vatization of six oligosaccharidgd54]. Separation

was carried out with CE and detection was per-
formed with a home-made He/Ne laser with an
excitation wavelength of 543.5 nm. With this set-up,
the lowest detection limits, ever reported, were
achieved. The concentration detection limit was in
the order of 50-100M and the mass injection limit

8x10°*® mol or a few analyte molecules. This

method has been also used for derivatization of both

neutral and sialylated oligosaccharidd$5]. Many
interesting applications in metabolic cytometry, i.e.

monitoring of uptake, biosynthesis and biodegrada-

In particular, | @50f aqueous sample, 37.hl of
Tos-Cl reagent (50 mg of Tos-Cl in 10 ml acetone)
and 37.5ul of triethylamine solution (100wl
triethylamine in 10 ml of acetone) was heated at
°60for 40 min. The reaction was quantitative
(yiel®4%). Excess of reagent and non-tosylated
derivatives were removed by passing the mixture
through a Sep-Pak C-18 cartridge. The method
shows a linearity range up to 25 nmol of sialic acids
and hexosamines, has a detection limit ranging from
6 to 12 pmol, and is easily applied to the analysis of

biologic sample$157].

tion of fluorescent labeled oligosaccharide standards, 2.3.3. Derivatization at carboxyl groups

have been describdd56].

Aminated derivatizing labels, such as ANDS (see

The analysis of the total amount of sialic acid, Fig. 2), can react with acidic carboxylated sugars via

glucosamine and galactosamine under the same
chromatographic conditions was described by Makat-

sori et al.[157]. Two different hydrolytic procedures

a scheme different from reductive amination. The
amine groups react with the carboxyl groups in the
presence of carbodiimide to form a peptide bond

of glycoconjugates yield the hexosamines and a [158] (Fig. 9). The mild reaction conditions (pH 5.0,

deacetylated decarboxylated amino-product repre-

sentative of total sialic acid content. Following

removal of neutral monosaccharides and amino acids

by ion-exchange chromatography, derivatization with
p-toluenesulfonylchloride (Tos-Cl) yieldN-tosyl-
derivatives Fig. 8C), which are completely resolved
on a Supelcosil LC-18 column by isocratic elution.

room temperature) allow the application of this
derivatization scheme to labeling of acidic monosac-

chdti@&3, sialooligosaccharided 59,160],gan-
gliosifie®1], galactosaminoglycan disaccharides

[162] for their sensitive CE—UV (at about 250 nm) or

CE-LIF analysis with a He/Cd LIF detector. The
reaction yields are very high; for example a yield of
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+ RNZCENR method allows the determination of both sialic acid
carbodiimide R“N"?=NR forms at the picomolar level and the calibration
R,~COOH —_— 0 graphs are linear up to 160 nmol. This method has

been applied to the quantitative determination of

S:::gﬁ;’;ﬁi O= Ry Neu5Ac andN-glycolylneuraminic acid with HPLC
and CE in blood serum, animal and human tissues as
+ RNH, well as for disease diagnosis and monitorjfd§5—
- RHN‘ﬁ‘NHR' 168]. For details on the analysis of sialic acids and
o the biological significance of the results, the review
(isourea) in Ref. [169] is recommended.
(0]

Rl—g—NHR" 3. On-capillary derivatization

On-capillary derivatization is a novelty introduced
in CE analysis and only a few applications have been
described so faf15]. Some of the major advantages
of this technique are the ease of automation and the
significant reduction of sample requirements. To our
knowledge, only three such reports have been pub-

Carbohydrate
derivative

Fig. 9. Condensation reaction of carboxylated carbohydrates with
aminated derivatizing agents in the presence of carbodiimide.

=85% was reported for the derivatization of galac- lished in the field of carbohydrate analysis; two deal
tosaminoglycan disaccharid§s62]. with typical on-capillary derivatization with some of

the previously described chemical reactions
2.3.4. Derivatization at hydroxyl groups [170,171] and the other one with two on-capillary

Per-O-benzoylation has been extensively and suc- enzymic reaftioPp

cessfully used by our research group for the sensitive The latter study focuses on the determination of
determination of monosaccharides. Glucuronic and glucose in very sqall() sample volumes (tear
iduronic acid residues in GAGs were determined as fli{dd@P]. The principle of determination is simple
per-O-benzoyl derivatives ob-glucose and 1,6- and depends on the selective action of two enzymes:
anhydro-idose, respectively, after stoichiometric re- glucose oxidase, which catalyzes the oxidation of
duction and depolymerization of GAG chains and glucose, and horseradish peroxidase, which catalyzes
per-O-benzoylation of monosaccharidé63]. More- the oxidation of the non-fluorescent homovanillic

over, per-O-benzoylation has been used for the acid (HVA) to the fluorescentliy2iroxy-3,3-
analysis of Neu5Ac and Neu5d&64]. To the dry dimethoxybiphenyl-5'&liacetic acid (HVA, ) by

carbohydrate sample, 1Q0 of benzoylation mixture hydrogen peroxide, produced in the first enzymic
[10% (w/v) benzoic anhydrite—5% (w/v)p-di- reaction. HVA, can be monitored by the He/Cd line
methylaminopyridine in pyridine] are added and the of LIF detectors. The operating buffer contains both
mixture is heated at 8@ for 20 min. The reaction is enzymes and HVA, and the sample is introduced by
terminated by the addition of nine volumes of water pressure. Mixing of the glucose sample with the
and vigorous shaking. For a complete destruction of reagents can be achieved with electrophoretic mixing
the remaining benzoic anhydrite, the mixture ob- or without and the authors suggest the application of
tained was heated for a further 10 min at “80 a potential of 10 kV for 1 min and an incubation time
Excess of reagents and minute amounts of under- of 2 min. However, two distinct zones containing the
benzoylated derivatives are removed by solid-phase fluorescent product are formed and migrate as such
extraction on Sep-Pak C-18. Per-O-benzoylated de- during the electrophoretic sepdratiprRaising
rivatives are highly UV absorbent (maximum ab- the temperature of reaction and the incubation time
sorbance at 231 nm) and are nicely separated on a results in higher yield.

Supelcosil LC-18 column by isocratic elution. The Both other studies involve chemical derivatization
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at the inlet of the capillary by introducing the sample
and reagent solutions in a sandwich or tandem mode.
Taga et al[170] studied the on-capillary condensa-
tion reaction of reducing oligosaccharides (malto-
oligosaccharides with a d.p. ranging from 2 to 5)
with PMP. After a careful optimization, plugs of the
reagent solution, the running buffer and the sample
solution are introduced in this order by suction and
upon voltage application are transferred to the heated
portion (57°C) of the capillary, where the plugs
overlap. An incubation time of 35 min prior to
electrophoretic separation was necessary for maxi-
mum derivatization yield of maltooligosaccharides.
In comparison to pre-capillary derivatization the
most striking difference is the amount of oligo-
saccharides actually required for derivatizatieri,0
fmol are necessary for on-capillary derivatization in
contrast to the 10 pmol necessary for pre-capillary
derivatization[170]. Formation of monosaccharide
hydrazones with p-hydrazinebenzenesulfonic acid
was performed at the inlet of the capillary by Wang
et al. [171]. Sample carbohydrates were introduced
into the capillary tip in between two zones of
labeling reagents with pressure. To prevent the
labeling reagents from diffusing out of the capillary
tip, a plug of running buffer was also introduced as
the final zone. A reaction time of 30 min and
ambient temperature were routinely used, but the
reaction was not complete in this time. Although the
concentration detection limits were close to those
obtained by pre-capillary derivatization, once again
the sample consumption is significantly decreased
[171].

4. Concluding remarks

Derivatization of carbohydrates has allowed their
sensitive UV or fluorescence detection in chromato-
graphic and electrophoretic techniques and has facili-
tated their characterization by mass spectroscopy.
Not only monosaccharides but also carbohydrates of
higher molecular mass can be derivatized. Many
different reaction schemes exist and the selection of
the appropriate one is dictated by the composition of
the sample and the requirements of the separation/
characterization technique.

Carbohydrates may react with chromogenic or

F.N. Lamari et al. / J. Chromatogr. B 793 (2003) 15-36

fluorescent molecules through their hydroxyl, car-
bonyl, amine or carboxyl groups. Derivatization at
hydroxyl groups is not an option for large carbohy-
drates. Derivatization at amino groups naturally
occurring or introduced to large carbohydrate mole-
cules has been accomplished through condensation
with CBQCA or the formation of tetra-
methylrhodamine derivatives, enabling the highest
sensitivity in detection (CE—LIF). Acidic carbohy-
drates containing carboxylated monosaccharides
have been derivatized at the carboxyl groups with
aminated compounds at very mild reaction condi-
tions. In particular, sialic acids have been studied as
quinoxaline derivatives (UV-absorbing and fluores-
cent) and the hydrolysis of large oligomers can be
minimised with careful optimization. However, the
main target of derivatization reactions is the carbonyl
group (reducing end). Reductive amination is by far
the commonest tagging reaction due to the relatively
high reaction yields, the absence of side-products
and the availability of large numbers of amino
compounds with a variety of properties, i.e. hydro-
phobicity or charge (positive or negative), absor-
bance in the UV-Vis or fluorescence. The lability of
sialic acid-containing and/or high molecular size
oligosaccharides at the reaction conditions is a point
of attention. Other reactions at the carbonyl group
which have been used include: (1) amination through
the formation of glycosylamine with a few applica-
tions in the MS characterization, (2) formation of
pyrazolone derivatives at mild reaction conditions,
which strongly absorb in the UV region or can be
detected electrochemically, with numerous applica-
tions in the CE, HPLC and MS characterization of
oligosaccharides, (3) formation of fluorescent NBD-
tagged N-methylglycamine derivatives at mild re-
action conditions which has been applied to the
CE-LIF analysis, (4) reaction with UV-absorbing or
fluorescent hydrazines which has been used for
mono-, di- and trisaccharides and has the disadvan-
tage of side-product formation, and (5) reduction
with radioactive compounds with the purpose of
radiochemical detection in HPLC.

In every case, careful optimization of the reaction
parameters is necessary in order to avoid sample
degradation and to achieve a high and reproducible

reaction yield and stability of the derivatives. The
excess of labeling reagent may pose a problem in the
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separation and efficient ways to remove it in a

MEKC micellar electrokinetic chromatography

reproducible way are necessary. The applications of NBD-F 7-nitro-2,1,3-benzoxadiazole 4-fluoride

on-capillary derivatization in capillary electropho-

Neu5Ac  N-acetyl neuraminic acid

resis are particularly promising since trace amounts PAGE polyacrylamide gel electrophoresis
of sample suffice for derivatization and analysis. PMP 1-phenyl-3-methyl-2-pyrazolin-5-one
SDS sodium dodecylsulfate
TOF time-of-flight
5. Nomenclature Tos-ClI p-toluenesulfonylchloride
uv ultraviolet
AA-Ac 3-acetamido-6-aminoacridine
2-ABA 2-aminobenzoic acid
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