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. Introduction

Carbohydrates are polyhydroxylated aldehyde or ketone compounds that make
up most of the organic matter on earth because of their involvement in many
life processes. Carbohydrates have the following important functions:

(i) serve as energy stores, fuels, and metabolic intermediates,

(i) are structural elements in the cell walls of bacteria and plants and in the
exoskeletons of arthropods,

(iii) are integral parts of glycoproteins and glycolipids, and

(iv) play key roles in cell-cell recognition procesEes.

Carbohydrates encompass a wide spectrum of compounds, many of which
are isomers or slightly different from each other. While monosaccharides are
divided into several classesd.,aldoses, ketoses, alditols, aldonic acids, etc.)
and subclasses.§, trioses, pentoses, and hexoses), oligo- and polysaccha-
rides which are composed of various combinations of monosaccharides are
even more diverse in structures than their monosaccharide constituents, form-
ing linear, cyclic, or branched polymeric species. Several oligosaccharide
variations can be formed from a small number of monosaccharide units. For
instance, while two amino acids can form only two different dipeptides, two
monosaccharides can be joined together in as many as 32 different disaccha-
rides since the linkage can (i) occur at any of the four hydroxyl groups per
monosaccharide, (ii) exist in either of two anomeric forms, and (iii) involve
either furanose or pyranose rings. Most oligosaccharides occur as side chains
attached to lipids in glycolipids and to polypeptides in glycoproteins and pro-
teoglycans. Furthermore, since the carbohydrate chains of glycoproteins are
enzymatically generated by processing enzymes that are generally not avail-
able in sufficient quantities to yield uniform products, the composition of car-
bohydrates at any of the glycosylation sites of a given glycoprotein may vary
substantially, yielding what is known as microheterogeneity.

Because of the multilateral roles of carbohydrates, their analysis has come
to have increasing importance. The complexity of carbohydrate solutes has
most often engendered the need for an arsenal of analytical techniques and the
use of several chemical and biochemical tools and processes to bring about
their separation and structural characterization. The most widely used physico-
chemical methods in the analysis of carbohydrates include nuclear magnetic
resonance (NMR), mass spectrometry (MS), gas-liquid chromatography
(GLC), polyacrylamide gel electrophoresis (PAGE), traditional liquid chroma-
tography i.e., low-pressure) and high-performance liquid chromatography
(HPLC), and more recently HPCE. NMR and MS are indispensable tools for
the structural elucidation of carbohydrates. With the development of the ion-



ization methods, electrospray ionization mass spectrometry (ESIMS) and
matrix-assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOFMS), intact carbohydrateg (g, oligosaccharides, glycoproteins,
glycopeptides, and other glycoconjugates) can be readily measured at the
picomole to the femtomole levels. In addition, ESI is interfaced relatively
easily with HPLC or CE, thus facilitating the simultaneous separation and
determination of minute amounts of carbohydrates. However, both NMR and
MS as well as CE- and LC-MS involve expensive equipment which generally
restrict their use to a few specialized laboratories. Furthermore, while NMR
still requires relatively large amounts of samples which most often are difficult
to obtain from biological sources, MS usually gives no information about
linkage positions and anomeric configurations. Due to these limitations, most
often the analysis of carbohydrates is accomplished by chromatographic and
electrophoretic methods in conjunction with complimentary biochemical tools
such as the use of specific lectins or monoclonal antibodies as well as specific
exo- and endoglycosidases. While lectins and monoclonal antibodies (for
instance, in the form of lectin chromatography or immuno-chromatography or
blotting), serve as biomolecular probes in the tentative structure elucidation of
carbohydrates, exo- and endoglycosidases provide information about the type
of saccharide liberated and anomericity of the cleaved glycosidic bond as well
as the position to which cleaved sugar residue is linked.

Because of the inherent hydrophilic nature of carbohydrates, aqueous-
based separation methods including HPLC, PAGE, and HPCE are very suit-
able for their analysis. In this regard, HPCE seems to possess several
advantages over HPLC and PAGE by (i) offering higher separation efficien-
cies, (i) yielding shorter analysis time, (iii) requiring small sample amounts,
and (iv) consuming lower amounts of expensive reagents and solvents.

However, to realize the full benefits of the many sound features of HPCE
including, among other things, its intrinsically high resolving power in the
separation of complex carbohydrate samples, two major difficulties have to be
surmounted. First, with the exceptions of few naturally charged mono- and
oligosaccharides, most carbohydrate molecules lack readily ionizable charged
functions, a condition that excludes their direct differential migration and, in
turn, separation in electrophoresis. Second, most carbohydrate species neither
absorb nor fluoresce, hindering their sensitive detection by modern analytical
separation techniques including HPCE.

Various approaches have been introduced to render carbohydrates ame-
nable to separation and detection by HPCE. These approaches have exploited
many of the inherent properties of carbohydrates including (i) the ease with



which these molecules can be readily convertesituto charged species by
complex formation with other ions such as borate and metal cations which then
ensure their differential electromigration and, in turn, separation in an electric
field, and (i) the reactivity of the reducing end and other functional groups of
the sugar molecules.@, carboxylic acid groups and amino groups) which can
be readily labeled with UV-absorbing or fluorescent tags, thus providing the
centers for sensitive detection. In addition, the electrochemical oxidation of
carbohydrates at the surface of metallic electrodes provides another means by
which underivatized carbohydrates can be sensitively detected.

The aims of this primer are to describe the basic aspects of the electrolyte
systems used in HPCE of carbohydrates, to discuss the advantages and disad-
vantages of the approaches and concepts that are most useful in the separation
and detection of carbohydrates by HPCE, and to review important applica-
tions.

For recent and detailed reviews of the various aspects of the capillary
column technology, the interested reader may consult References 2 and 3.
Furthermore, a special issue of the jouElattrophoresion “Capillary Elec-
tropho[‘%sis of Carbohydrate Species” will appear at the same time as this
primer!



Il. Electrolyte Systems

Only some saccharides possess charged functional groups in their structures
which would allow their differential electromigration and eventually separa-
tion. These saccharides are the aldonic acids, uronic acids, sialic acids, amino
sugars (glucosamine, galactosamine), and compositional sulfated sugars of
chondroitin, dermatan, keratan, and heparin. On the other hand, the separation
of “neutral” carbohydrates by HPCE has often requireéhtséu conversion

of these polyhydroxy compounds into charged species via complex formation
with other ions such as borate and metal cations. Furthermore, because of the
ionization of the hydroxyl groups of the sugars at extremely high pH, highly
alkaline pH electrolyte solutions are also useful for the electrophoresis of car-
bohydrates.

Thus far, most HPCE separations of “neutral” carbohydrates have been
achieved by borate complexation and to a lesser extent by ionization at alkaline
pH. Only one paper has appeared on the HPCE of sugars as alkaline earth
metal ion complexe!

A. Borate-Based Electrolytes

Polyhydroxy compounds including carbohydrates can reversibly form anionic
complexes with boraté! for recent reviews, see References 2 and 3. In these com-
plexation reactions, it is the tetrahydroxyborate ion, BgOHither than boric acid

that undergoes complexation with the polyols. This is because boric acid in aqueous
media acts as a Lewis acid to form the tetrahedral anion B(@Hi) at alkaline

pH,i.e, pH 8-10, where the complexation is most effective, equilibrium (1) is to a
very large extent shifted to the right. In equilibria (1), (2), and (3)aBt BL,™ are

the mono- and diesters, respectively, L is the polyol, and n = 0 or 1. Equilibrium (2)
is situated very much to the right whereas Equilibrium (3) is dependent upon the
position of the hydroxyl groups in the polyol.

B(OH); + OH =—==  B(OH), )
(B) (8)
' |
HO—C— HO 0O—-C—
! o ;
B(OH) 4 + Ch === >B/ C, +2H0
HO—C— Ho”" So-¢
i
(B) L) (BL"), Monocomplex
| (I: o |
HO—C— —C—0._ g ~O—C—
B(OH) 4 + 2 o - ¢ B< C, +4H0 (3
HO—C— —¢-0 o—c-
I
(B7) (L) (BL ), Dicomplex or Spirane



According to the above equilibria, carbohydrates could form cyclic borate
esters with either five or six atom rings when n = 0 or 1, respectivee)yth
hydroxyl groups on adjacent or alternate carbon atoms, respectively).

The complex formation, as described by reactions (2) and (3), is possible
only if two hydroxyl groups in the polyol molecule are favorably situated. In
this regard, borate forms more stable complexesaigtithan withtrans-
oriented pairs of hydroxyl groups. Also, cyclic forms of sugars react less
strongly with borate ions than do those having open chains (acyclic). In other
words, alditols form stronger complexes with borate than do their counterpart
aldoses under otherwise identical conditions. Increasing the number of hy-
droxyl groups increases the strength of borate complexation. This is because
two hydroxyl groups will be more and more favorably situated with reference
to one another as the number of adjacent hydroxyl groups increases. The car-
bohydrate-borate complex formation is largely influenced by the presence of
substituents in the polyol molecule as well as by their charges, locations, and
anomeric linkages. Methylated sugars complex less than the parent
unsubstituted sugars, and consequently the electrophoretic mobilities of methy-
lated sugars in zone electrophoresis are much lower. Also, the complexation is
stronger with methyg- than methyla-p-glucopyranoside and consequently
the mobility of thex anomer, compared to that of fi@anomer, is lower in
zone electrophoresis with alkaline borate. This may be due to the fact that in
thea anomer the glycosidic methoxyl group occupies an axial position and
will interact strongly with the axial hydrogen atoms on C3 and C5, thus desta-
bilizing the borate complex. This is not the case fofithaomer where the
substituent occupies an equatorial position and consequently is free from
strong, non-bonded interactions. Another parameter that must be considered in
corroborating mobilities in borate systems is the presence of charged substitu-
ents in the polyhydroxy molecule. Generally, a decrease of the stability of a
borate ester is observed as a result of Coulombic repulsion between a nega-
tively charged substituert.gj., COO) and BQ® moieties’]

Usually, mono- and dicomplex (or spirane) borate esters coexist in
aqueous solutions, and their molar ratio, among other things, is affected by the
relative concentration of borate ions and sugar molecules. Spirane complexes
predominate at a high sugar:borate ratio. In CE of carbohydrates, usually
0.1-0.2 M borate is added to the running electrolyte and small plugs of
104-10° M sugar samples are introduced into the separation capillary. Under
these conditions, anionic monocomplexeas, BL") are likely to predominate
and thus migrate differentially under the influence of an applied electric field.

It should be noted that, whether the injected sugar samples forar BL,

or both while migrating in a borate medium, all sugar molecules will be
associated with a negative charge since mono- and dicomplex formations are
dynamic. The magnitude of the charge will be influenced by the position of the
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equilibrium and therefore by the stability of the complex. According to
equilibria (1), (2), and (3) at constant sugar concentration, the amount of
complex increases with borate concentration according to the law of mass
action and also with pH due to a higher concentration of borate ions.

In HPCE, at a given pH, resolution among various sugars increases with
increasing borate concentration. Usually, there is an optimum borate concen-
tration at which maximum resolution is obtained for a multicomponent mix-
turd®! (see Figure 1). As seen in Figure 1b, 75 mM borate allowed the full
resolution of the seven sialooligosaccharides derived from gangliosides and
derivatized with 7-aminonaphthalene-1,3-disulfonic acid. Also, at constant
borate concentration, the complex formation as a function of pH varies among
various carbohydrate species with an optimum in the pH range 10-11 for most
monosacchariddgl

Galp1- 3GalNACcB1 - 4GalB1 - 4Glc GalNACcB1-4Gapl-4Glc GalB1-3GaNAcBl - 4Gapl-4GIc
3 3 3 3
JaNeuAc JaNeuAc JaNeuAc  ZaNeuac
Siadooligo-Gm1 (1) Sidlooligo-Gm2 (2) Sialooligo-Gp1a (3)
GalBla3GdNé\C[3144Ga|[3144G|C GdBla3GdN%pB1«4GdBla4Glc Galp1-4Glc G§ﬁ1a4G|C
T 3 T ? t
20NeUAC8 — 20NeuAc %uNeuAc 2aNeuAc8 — 2aNeuAc 20NeuAc 20NeuAc8 — 2aNeuAc
Sialooligo-GD1b (4) Sialooligo-GT1h (5) Sialooligo-Gm3 (6) Sialooligo-Gp3 (7)
2
2 3
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Figure 1. Electropherograms of ANDSA derivatives of sialooligosaccharides.
Capillary, fused-silica, 50 cm (to detection point), 80 cm (total leng8@wm i.d.;
running electrolytes, borate buffer of (a) 50, (b) 75, and (c) 125 mM, pH 10.0;
voltage, 20 kV. Solutes, X = byproduct, 1 = sialooligg;&@ = sialooligo-

Gy, 3 = sialooligo-Gyy 5, 4 = sialooligo-Gyyy, 5 = sialooligo-Gyyy,

6 = sialooligo-Gy, 7 = sialooligo-G,;. Reprinted with permissid.




In summary, under a given set of conditions, various sugars (whether
charged or neutral) would undergo varying degrees of complexation with
borate leading to differences in the electrophoretic mobilities of the complexed
solutes and hence separation. Thus, the use of alkaline borate is definitely an
elegant approach for the high selectivity separation of saccharides.

B.  Highly Alkaline pH Electrolytes

The differential electromigration of carbohydrates in alkali-metal hydroxide
solutions, such as lithium, sodium, or potassium hydroxide is presumably due
to the ionization of the hydroxyl groups of saccharides at highly alkaline pH,
yielding negatively charged species called alcoholtE$he ionization con-
stants for carbohydrates are in the range 316 104, i.e,, pK, = 12-14.

The pK; values of some typical sugars are listed in Table 1. Usually, reducing
sugars€.g, glucose, galactose, mannose, etc.) are the most easily ionized
while straight-chain alditol®(g, glucitol, mannitol) have, on the average,
about the same acidity as cyclitadsy, inositols) and glycosides.g, methyl-
glucopyranosides) of similar molecular weight and hydroxyl content. The
higher acidity of reducing sugars is caused by the higher lability of the hydro-
gen atom of the hemiacetal (anomeric) hydroxyl group, a condition that appar-
ently stems from an electron-withdrawing polar effect (inductive effect)
exerted upon this group by the ring oxygen.

Table 1. lonization Constants (Hydroxyl Group) of Carbohydrates
in Water at 25C [10]

Compound pk
p-Glucose 12.35
2-Deoxyglucose 12.52
p-Galactose 12.35
p-Mannose 12.08
p-Arabinose 12.43
p-Ribose 12.21
2-Deoxyribose 12.67
p-Lyxose 12.11
p-Xylose 12.29
Lactose 11.98
Maltose 11.94
Raffinose 12.74*
Sucrose 12.51
p-Fructose 12.03
p-Glucitol 13.57*
p-Mannitol 13.50*
Glycerol 14.40

* Measured at 1@8.




One important feature of Table 1 is that the greater the number of hy-
droxyl groups, the greater the acidity. Glycerol has the same acidity as water;
lactose and maltose, which are reducing disaccharides, seem to be somewhat
more acidic than aldopentoses (arabinose, ribose, lyxose and xylose).

Recently, highly alkaline electrolyte solutions such as lithium, potassium,
or sodium hydroxide at pH greater than 12 have been shown to be useful in the
separation of underivatized saccharides by E#mRs expected, the resolution
among the various saccharides increased when moving from pH 12.3 to pH
13.0 due to increasing ionization of the separated araktese Figure 2).

Also, the nature of the alkali-metal influences the resolution of the sugar ana-
lytes21] It should be noted that separations at extremely high pH can only be
performed on naked fused-silica capillaries since most coated fused- silica
capillaries will undergo hydrolytic degradation under such basic conditions.

C.  Carbohydrate-Metal Cation Complexes

In the complex formation between metal cations and carbohydrates, the hydroxyl
groups of carbohydrates are thought to from coordinate bonds with the metal
cation. Usually, strong complexing occurs between cations and a contiguous axial
(a), equatorial (e), axial sequence of hydroxyl groups in carbohydrates as was
ascertained from the electrophoretic movement of compounds containing this
sequence, and the immobility of many others lacking such an arrandtthent.

For acyclic alditols, when three consecutive carbon atoms hatredbe
threoconfiguration, the complex is most favored. émgthro-threoconfigura-
tion is less favored for complex formation, anceaythro-erythroarrangement
does not give rise to any noticeable complexation with cations. Thethmeoe
pairs of hydroxyl groups there are in the alditol, the stronger will be its com-
plexed13! If one of the three hydroxyl groups is replaced by a methoxy group,
complexing becomes weaker. If all three hydroxyl groups are methylated,
complex formation becomes negligitél This draws similarities to borate
complex formation.

The complex formation involving cyclic monosaccharides yields triden-
tate complexes (see Figure 3), whereby no more than three oxygen atoms can
coordinate to one cation as shown in the following structure, whis tkie
metal cation.

Only in a few cases involving disaccharides, complexation was reported
to occur at more than three oxygen atoms, and tetra- and even pentadentate
complexation have been descrih&dl Further discussion regarding metal
cation-carbohydrate complexation can be found in References 2, 3, and 13.

Recently, the use of electrolyte systems containing alkaline-earth metals
for the separation of neutral carbohydrates by CZE has been rdpdBiepi-
rations in these media are mainly based on differences in the extent of com-
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Figure 2. Electropherograms of six saccharides in different concentrations of
NaOH: (a) 20 mM, (b) 50 mM, and (c) 100 mM. The sugars are (a) stachyose,
(b) raffinose, (c) sucrose, (d) lactose, (e) galactose, and (f) glucose (concentra-
tions between 80 and 1pM). The fused-silica capillary dimensions are

50-um i.d. and 70 cm in length. The separation voltage is 10 kV. Injection is

10 s by gravity (10-cm height); the ADCP is performed at 0.6 V (vs. Ag/AgCI).
Reprinted with permissidft!
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Figure 3. Metal-carbohydrate complex

plexation of the divalent metals with the carbohydrate solutes and, to a lesser
extent, on the bulk and shape of the molecule. Although these systems pro-
vided a different selectivity than that achieved with borate buffers, the resolu-
tion was in general inferior to that of borate buffers.



lll. Detection Systems and Precolumn
Derivatization

Most carbohydrates lack chromophores in their structures, a condition that
hinders their detection at low concentrations. To circumvent this impediment,
several detection strategies have been developed including indirect UV and
fluorescence detection, electrochemical detection, dynamic labeling via com-
plexation with absorbing or fluorescing ions, and precolumn derivatization
with a suitable chromophore and/or fluorophore.

A.  Detection of Underivatized Carbohydrates

A.1. Direct UV Detection

UV detectors, which are the workhorses of HPCE, have been used only occa-
sionally in HPCE of underivatized carbohydrates. The major drawback of this
approach is the limited sensitivity associated with the inherent low molar ab-
sorptivities of most carbohydrates.

Recently, Hoffstetter-Kuhn and co-workéf$ performed spectral mea-
surements of several simple carbohydrates and found that the addition of bo-
rate yielded a two- to fifty-fold increase in the molar absorptivities at 195 nm
for mono- and oligosaccharides as their borate complexes. This increase was
attributed to the fact that borate complexation shifts the equilibrium between
carbonyl and cyclic sugar forms toward the carbonyl form or to the presence
of additional functional elements such as oxygen bridges between boron and
carbon. However, in that work the sugars were detected from relatively con-
centrated solutions, thus rendering the borate complexation not an attractive
detection approach for underivatized carbohydrates.

Only a few carbohydrates exhibit more or less significant absorbance in
the low UV. Oligosaccharides containiNeacetylglucosamine\-acetyl-
galactosamine, and sialic acid residues glycans) can be detected at
200 nnit>-17.18lgr 185 nri1®l The glycosaminoglycan hyaluronan could be
detected at 200 nm at a rather modest sensi?itifhis is facilitated by the
presence of a repeat unit of one glucuronic acid residue aidtacetyl-
glucosamine residue, linked by glycosidic bonds. Also, low-molecular-mass
heparins and heparins could be detected at moderate sensitivity at 280 nm.
However, such low UV wavelengths impose serious restrictions on the choice
of the composition of the running electrolytes by not allowing the use of many
useful additives that may absorb extensively in the low UV.
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Another class of oligosaccharides which can be detected directly in the
UV consists of acidic di- and oligosaccharides derived from glycosaminogly-
cans (GAGSs). These saccharides, which result from the enzymatic depolymer-
ization of the large GAGs, bear unsaturated uronic acid residues at the
nonreducing end that allow their direct UV detection at 232h#t-27]

Synthetic oligosaccharide fragments of heparin including di-, tetra-,
penta-, and hexasaccharides which lack the double bond in the uronic acid
residue were detected at 214 nm but the limit of detection was one order of
magnitude lower than that reached by indirect3\(see below for further
discussion).

A.2. Indirect UV and Fluorescence Detection of
Underivatized Carbohydrates

Indirect detection schemes are universal and can be used for compounds which
do not possess the necessary physical properties for direct detection,

i.e., chromophores or fluorophores. Indirect detection eliminates the need for
pre- or postcolumn derivatization to convert the analyte of interest into a spe-
cies that yields an acceptable detector response. In indirect detection, the ana-
Iyte is thought to displace a component of the running electrolyte which may
be a chromophore or fluorophore. Usually, a co-ion containing detectable
functions is added to the running electrolyte. Since charge neutrality must be
maintained, an analyte of the same charge as the co-ion will therefore displace
the detectable co-ion. A general scheme illustrating the principles of indirect
detection as was reported by Yel#fbjs shown in Figure 4.

As can be seen in Figure 4A, the detectable co-ion provides a constant
background signal and, as the analyte zone, which is deficient in the absorbing
co-ion, passes through the detector, a decrease in the background signal occurs
(see Figure 4B). When the analyte has completely passed through the detection
point, the detector response returns to the original baseline (see Figure 4C).
Thus, the resulting peak is derived from the detectable background co-ion
rather than from the analyte itself. On these bases, almost any detection
scheme in HPCE can be made to function in the indirect mode by altering the
composition of the running electrolyte and not the actual instrumentation used
for direct detection.
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Figure 4. lllustration of the displacement mechanism for indirect detection.

The mechanism of displacement in indirect detection was described by
Yeung(?8! The number of electrolyte co-ions displaced (or replaced) by one
analyte molecule is defined as the transfer rai®).(Since a large background
signal is required, the instability of the background signal can have tremendous
effects on the dynamic reseni@R). DR is defined as the ability to measure a
small change on top of a large background signal Divis essentially the
ratio of the background signal to the background noise. The concentration limit
of detection Cj,,), expressed in concentration units, is giveRBy

Cwm
DR*TR @

whereC,, is the concentration of the detectable co-ion which generates the
background signal. For a given system, the more stable the background signal
(largerDR), the smaller the fractional change one can detect. Likewise, the
more efficient the displacement process (largg the lower theC;;,,. Also,

the lower theCy, is, the greater the fractional change will be. It is desirable that
the value offRbe close to uniti?®! It has been shown that the best detection
sensitivity is achieved when the analyte ions have an effective mobility close
to that of the detectable co-i6i%! When optimizingC;,,, it must be taken into
account that the three parameters are not necessarily independent. For ex-
ample, decreasingy, will increaseTR but at the expense of decreadiig

Ciim=
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It should be noted that tHeRis not necessarily the same for all analytes. For
in depth discussion of this mode of detection, the interested reader is advised to
consult recent review$8:29:31]

Both indirect photometric and fluorometric detection modes have found
use in CE of carbohydrates. In both types of indirect detection, one of the
critical factors is the selection of the detectable co-ion which should meet
several criteria including: (i) a high molar absorptivity at the detection wave-
length and excitation wavelength used in UV and fluorescence, respectively,
(i) a high quantum efficiency in fluorescence, preferably as close to unity as
possible, (iii) compatibility with the solvent systeie,, it must be soluble and
inert, (iv) non interactive with the capillary wall, and (v) must be charged,
preferably with a charge identical to that of the analyte being displaced. The
last criterion will ensure a value close to unity for the transfer oo
realize the full benefits of indirect LIF detection in terms of limit of detection,
the stabilization of the laser power is of primary importance because it greatly
improves the dynamic resenigR, by decreasing fluctuations in the back-
ground signal.

The first application of the principle of indirect detection to the area of
HPCE of carbohydrates was demonstrated by Garner and ¥2@mgploy-
ing laser-induced fluorescence (LIF) detection. In that work, Coumarin 343
was used as the background fluorescing co-ion for indirect LIF. Coumarin 343
was selected because of its good solubility, high quantum efficiency, and high
molar absorptivityg = 20,000) at 442 nm, which matches the 442 nm line of a
helium-cadmium (He-Cd) laser. Using this indirect LIF detection system,
640 femtomoles of three simple sugars could be separated using 1 mM Cou-
marin 343, pH 11.5, as the running electrolyte and a capillary @hlgl. The
high pH used ensured the partial ionization of the neutral carbohydrates, ren-
dering them amenable to electrophoretic separation as well as to indirect detec-
tion. In indirect detection, the sensitivity is a function of the fraction of the
analyte that is ionized. This means that, when using indirect detection with
sugars, the pH of the running electrolyte must be approaching 12 to have any
substantial fractiory, of the sugar solute in the ionized form. When the pH of
the running electrolyte approaches pH 12, the concentration of hydroxide ions
is no longer negligible relative to the concentration of the detectable co-ion.
The effect of the hydroxide ion can be approximatéty:

a[sugar
TRo= —20
[FL] +[OH]
whereTR is the total transfer ratio, [sugar] is the fraction of the sugar
ionized, [FL] is the concentration of the detectable fluorophore, ang [©H

the hydroxide ion concentration. As can be seen in equation (2), at constant
fluorophore (or chromophore) and sugar concentratioisthe numerator

2
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and [OH] in the denominator are competing functions of pH. The total transfer
ratio goes through a maximum when plotted as a function of pH. This maxi-
mum is the most sensitive pH for detection of a given sugar. The optimum
detection pH for simple sugars was found to be 11.65, but 11.5 was used for
detection because the rate of degradation of the fluoroptey€6umarin

343) was decreased without any appreciable decrease of detection efficiency.
Using the detection system described above, the absolute limit of detection was
2 femtomoles for fructose when usingrs i.d. capillaries with exceptional
separation efficiencids3!

Very recently, detection limits in the picogram range are possible for
high-molecular-weight polysaccharidesy, dextran, amylose, amylopectin,
etc.) when laser-excited indirect fluorescence detection is empfdVdah
argon-ion laser source operating at 488 nm was used for excitation. Because of
the highly alkaline electrolyte (pH 11.5) needed to ionize the polysaccharides,
1 mM fluorescein has to be added to the running electrolyte as the fluorophore
in order to overcome the competition with the high concentration of hydroxide
ions and in turn to detect the polysaccharides (see Figure 5). Also, because of
the weak ionization of polysaccharides at high pH, only 9 out of 11 polysac-
charides studied could be detedfd.

Although the above indirect detection schemes showed exceptional results
in both sensitivity and efficiency, they involved the use of expensive laser
equipment not available in most separation facilities. Indirect UV has been
shown to be feasible for the detection of underivatized carbohydrates. Bonn
and co-workef$°3¢] have demonstrated the use of 6 mM sorbic acid at
pH 12.1 as both the electrolyte and the detectable co-ion in the separation and
indirect detection of several simple sugars. The alkaline pH ensured ionization
of the sugars and, hence, their detection by means of charge displacement.
Sorbic acid has a high molar absorptivity:(27800 Micn®at 256 nm), and
carries a single charge, thus ensuring enhanced detectability and a favorable
transfer ratio, respectively. Under these conditions, a detection limit of 2 pico-
moles was obtained for glucose.

More recently, Bergholdit all3”! employed indirect UV combined with
HPCE for the separation and detection of two aldonic acids. Since these ana-
lytes are naturally ionized, extreme pH is not required in order to ionize the
sugars. The running electrolyte was 6 mM sorbic acid. Optimum resolution
was obtained at pH 5.0. The detection limit under these conditions was deter-
mined to be 18 femtomoles. The lower detection limits, when compared to the
previous example, can be attributed to the lower pH which allows for a lBRyer
Moreover, it was shown recently that the use of high pH background electro-
lyte resulted in a rapid increase of the low-frequency noise and baseline insta-
bility. This was found to be related to the joule heat production and insufficient
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Figure 5. Sparation and detection of polysaccharides in CE by indirect
fluorescence. Capillary, 80 cm total length, 65 cm to detection window

x 26-um i.d., 140em o.d.; injection, electromigration 1 s at 15 kV; run at

15 kV with 1 mM fluorescein, pH 11.5. Solutes: A, dextran; B, comb-dextran;
C, hydroxyethylamylose; D, amylose. Reprinted with permi&éion.

thermostating of the capillary tubif§! Detection could be greatly improved

by using narrow (2fim i.d.) capillaries and low voltages, and by thermostat-

ing the surrounding of the capillary column to allow a uniform heat dissipation
along the capillar{?®! In addition, the noise was influenced by the composi-

tion of the background electrolyte. For instance, riboflavin and lithium were
found to be the best chromophore and counterion, respectively, giving the best
performance in terms of higher signal-to-noise ratio. This was due to the fact
that both compounds had the lowest mobility compared to the compounds
tested. By optimizing all these factors, the pH range for the separation could be
extended to 13 with a limit of detection of @a38] which is one order of
magnitude lower than previously reported vald@sUsing a riboflavin-NaOH
electrolyte system, the detection limit was improved by approximately 25

times at pH 12.3.

Recently, the results of HPCE experiments involving the determination of
carbohydrates in fruit juices by the HPCE-indirect UV mode of detection were
compared with those obtained by high-performance anion-exchange chroma-
tography with pulsed amperometric detection (HPAEC-PA®)n that work,
potassium sorbate was chosen as the background electrolyte (pH 12.2-12.3)
and chromophore for indirect UV detection at 256 nm. HPAEC-PAD yielded
detection limits of 2-3 orders of magnitude lower than those with HPCE-indi-
rect UV. However, the comparison was in favor of HPCE in terms of mass
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detection. The absolute amount detectable for HPAEC-PAD was 25-50 pmol,
while it was 0.9-1.1 pmol for HPCE-indirect UV. In the application of HPCE-
indirect UV to the analysis of sugars in fruit juices, the detection sensitivity is
not an issue since the sugar concentration is relatively high (190agid the
sample must be diluted 1:50 prior to HPCE-indirect UV analysis.

Other carbohydrates were detected by HPCE-indirect UV including eight
heparin disaccharides and some synthetic sulfated disaccharide and oligosac-
charide fragments of hepaff?! HPCE-indirect UV was achieved by using
either 5 mM 5-sulphosalisylic acid, pH 3.0, or 5 mM 1,2,4-tricarboxylbenzoic
acid, pH 3.5, as the running electrolyte and chromophore. In contrast to direct
UV detection, with indirect UV detection, the signal obtained for various syn-
thetic pentasaccharides is nearly independent of their molecular structure and
the sensitivity is at least one order of magnitude higher than that of direct UV
detection. Again, because of the low pH where the transfer ratio is at its opti-
mum value, the limit of detection of synthetic pentasaccharide heparin frag-
ments was below 5 fmol when performing the detection at 214 nm using 5 mM
5-sulphosalicylic acid, pH 2[8°! Even for heparin disaccharides possessing
unsaturated uronic acid residues at the nonreducing end, HPCE-indirect UV
at 214 nm in the presence of 5 mM 1,2,4,-tricarboxybenzoic acid at pH 3.5
yielded higher sensitivity than HPCE-direct UV at 230 nm when employing
200 mM sodium phosphate, pH 2.5, as the running electrolyte (see Figure 19).

Although the principle of indirect UV (also fluorescence) detection ap-
pears relatively simple and is significantly more sensitive than direct low
wavelength UV of underivatized carbohydrates, several drawbacks can be
pointed out. First, the instability of the detection system results in drift or dis-
turbances of the baseline. Second, an indirect detection system requires work-
ing at a low concentration of background electrolyte in order to have efficient
transfer ratios, a condition that results in lower efficiencies at higher sample
concentrations and the possibility of solute-wall interactions. A third disadvan-
tage imposed by indirect detection in HPCE is the limitation in the selection of
the composition and pH of the background electrolyte. In other words, there is
not much room to manipulate selectivity and optimize separations. In fact,
“neutral” carbohydrates are only partially ionized at the optimum pH normally
used in indirect detectione., pH~12, a condition that does not favor their
high-resolution separation. Fourth, according to equation (2), quantification
can become a significant problem with indirect detection methods, especially if
the analytes possess significantly different electrophoretic mobilities. Finally,
another disadvantage is the limited linear dynamic range, typically under two
orders of magnitude. Therefore, this mode of detection should be used only for
fairly concentrated samples or whenever analytes are not easily derivatized or
cannot be detected otherwise. It should be noted, however, that indirect UV
detection is perhaps the best approach described so far for CE of low-molecu-
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lar-weight ionic species such as anions, cations, and organiéYaidere

more than 30 ions have been separated in less than three minutes. This is be-
cause these ionic species are charged in their natural environment and, there-
fore, selection of pH and ionic strength of the running electrolyte may not be as
critical for the outcome of the separation as when dealing with weakly ionized
analytesge.g.,neutral sugars.

A.3. Electrochemical Detection

Electrochemical techniques have proven to be useful methods for the detection
of underivatized carbohydrates. In addition, electrochemical detection (ED) is
an ideal method of detection for microcolumn-based separation systems. This
is because detection is based on an electrochemical reaction at the surface of
the working electrode so that cell volumes can be made very small with no loss
in sensitivity. This is contrary to optical detectors where response is dependent
on path length. In particular, amperometric methods are among the most sensi-
tive approaches currently available for the detection of underivatized sugars.
Amperometric detection is based on the measurement of current resulting from
the oxidation or reduction of analytes at the surface of an electrode in a flow
cell (for detailed discussions, see Reference 41).

Recently, two approaches for ED have been reported as useful methods
for carbohydrate detection, namely amperometric detection at constant poten-
tial (ADCP)Y1142:43land pulsed amperometric detection (PA®Y ¢ The
principles of PAD have been described in detail by Johnson and La®lrse.

The metallic electrodes most widely used to date for the detection of car-
bohydrates and related species after HPLC separations have been the platinum
(Pt) and gold (Au) electrod&’ The success of Pt and Au electrodes is due
largely to the tendency of sugars to adsorb on their surfaces where the sugars
readily undergo electrochemical reactions at low potefftlsinfortunately,
these same adsorption phenomena also constitute one of the major disadvan-
tages of Pt and Au in that accumulation of oxidation products generally leads
to electrode poisoning and, unless overcome experimentally, a rapid decrease
in analyte response occurs. As a result, anodic detection schemes using Pt and
Au electrodes typically include routine desorption and conditioning steps in
order to provide a stable and reproducible response. Most frequently, these
measures consist of a continuous pulsing of the surface to extreme positive
and/or negative potentials. This technique is known as pulsed amperometric
detection (PAD).

Recently, O'Sheat all*4l introduced the PAD concept to the detection of
carbohydrates after CE separation in an off-column detection format with a
gold wire microelectrode. The PAD has been successful because the multistep
waveform solves the problem of electrode poisoning typically found with the
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oxidation of carbohydrates at Au electrodes in the direct amperometric detec-
tion mode. This HPCE-PAD allowed a detection limit of 22.5 fmol. However,
this detection limit was 1-2 orders of magnitude lower whenjad@isk gold
electrode was utilized for the detection of carbohydrates separated jma 10-
i.d. capillary#®! Figure 6 shows the separation and detection of eight sugars
using a gold working electrode. A linear working range was observed from
106 to 104 M for inositol [*°! Recently, Webeet all*8! reported the applica-

bility of PAD to the detection of complex carbohydrates such as glycopeptides
with a detection limit of 22M (S/N = 3). Although this approach has solved

the problem of electrode poisoning usually encountered with the oxidation of
carbohydrates on Pt or Au electrodes in the direct amperometric detection
mode, the PAD detection system requires specialized pulse sequences, thus
entailing expensive instrumentation. Also, other major drawbacks of PAD
include problems involving charging currents and surface changes associated
with potential pulsing which do not allow the ultimate detectability to be
achieved.
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Figure 6. Electropherogram of carbohydrates with PAD. Experimental condi-
tions: separation voltage, 30 kV over (@ i.d. x 60 cm capillary; electrode,
10 um (in diameter) Au disk; electrode potential, 300 mV (vs. SCE) for 165 ms
(sampling at 111-165 ms), 1200 mV for 55 ms, and -1000 mV for 165 ms;
electrolyte, 0.1 M NaOH; electromigration injection, 30 kV for 3 s; sample
concentrations, X 10 M for inositol and 2x 10*M for others.

Peaks 1 =inositol, 2 = sorbitol, 3 = unknown, 4 = maltose, 5 = glucose,

6 =rhamnose, 7 = arabinose, 8 = fructose, and 9 = xylose. Reprinted with
permissior{4°!
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An alternative to PAD is using amperometric detection at a constant po-
tential (ADCP). ADCP has long been proven a useful approach for the detec-
tion of electroactive species at the trace level using carbon electrodes. The
principal difficulty encountered in this approach is that carbohydrates exhibit a
large overpotential for oxidation at the carbon electrodes used in conventional
liquid chromatography with electrochemical detection. This phenomenon
drastically increases the potential required for the oxidation and thereby com-
promises both the selectivity and sensitivity of the detection. To overcome this
problem, attention has been focused on the development of new electrode
material&®! that permit the oxidation of carbohydrates at high pH and at rela-
tively low potentials to provide optimum detector performance. In general,
the Cu electrode was found to provide superior detection capabilities in terms
of its range of response, detection limits, and especially stability, even in the
0.10 M NaOH at which the studies were performed. The Cu electrode had a
detection limit of 3x 108 M for glucose at +0.58 V (vs. Ag/AgCl) with a
linear response range over four decdtfds.

Zare and co-workel’s! employed ADCP with a Cu microelectrode for
the detection of carbohydrates after separation by HPCE. The separation of
sugars was performed in strongly alkaline solutioes pH 13) without prior
derivatization or complexation with borate ions. The Cu microelectrode at
+0.6 V (vs. Ag/AgCI) could be employed for hundreds of runs without deterio-
ration. Because the pKs of most sugars are in the vicinity of 12-13, they are
ionized at high pH and separated by HPCE under such conditions. Figure 7
illustrates the separation and detection of 15 different carbohydrates.

The limits of detection were calculated to be below 50 femtomoles for the
15 sugars studied with a linear dynamic range that extended over 3 orders of
magnitude €.g, mM-mM). However, the reproducibility of this system is very
low due to the difficulty associated with the electrode/capillary alignment
during an electrophoresis run and from run-to-run. Recently, Ye and
Baldwin#?! reported the design and characterization of a simple wall-jet elec-
trochemical detector which allows the use of normal size working electrodes,
thus increasing the reproducibility of amperometric detectors without introduc-
ing significant peak broadening. In this approach, a disk-shaped electrode
consisting of metal wire with only its tip cross section exposed was positioned
immediately in front of the capillary outlet. Detection was performed on the
solution exiting the capillary and flowing radially across the face of the copper
electrode. This design was shown to exhibit 50 times improvement in detection
limit (ca. 1 fmol) over the conventional ED, and 5-6 times reproducibility
improvement4?]
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Figure 7. CZE/ADCP electropherogram of a mixture containing 15 different
carbohydrates (80-150M). Electrolyte, 100 mM NaOH; capillary,
fused-silica, 73 cm (total lengthy 50-um i.d.; 10 s hydrodynamic injection,
10-cm height; voltage, 11 kV; analytes, a = trehalose, b = stachyose,

c = raffinose, d = sucrose, e = lactose, f = lactulose, g = cellobiose,

h = galactose, i = glucose, j = rhamnose, k = mannose, | = fructose,

m = xylose, n = talose, o = ribose. Reprinted with permisEin.

Regardless of whether the PAD or ADCP approach is used for the am-
perometric detection of carbohydrates, both approaches suffer from (i) the
limitations imposed by the alkaline conditions needed for sensitive detection
and differential electromigration which restrict the useful pH to a very narrow
rangej.e., pH >12, and (ii) the non-discriminative nature of amperometric
detection which is known to yield a response not only for carbohydrates but
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also for other analytes including amino acids, peptides, organic acids, simple
alcohols, and aliphatic aminég] a condition that may render peak assign-
ment difficult and may lead to less accurate quantitative measurements.
Nevertheless, HPCE-ED permitted the rapid determination of sugars in bever-
aged!143lthe detection of glycopeptid®$] the determination of glucose in
human blood* and the monitoring of the enzymatic oxidation of glucose

with time[43] Unfortunately, at the present time this type of detector is not
available from a commercial source. This may become a reality as soon as
further improvements are realized in the design of electrochemical detectors.

B.  Detection of Labeled Carbohydrates

B.1. Dynamically Labeled Carbohydrates

Recently, mixtures af-, 3- andy-cyclodextrins (CDs) were separated and
detected by HPCE-LIF using 2-anilinonaphthalene-6-sulfonic acid (2,6-ANS)
as the background electroly®8! This scheme exploits the ability of cyclo-
dextrins to form inclusion complexes with 2,6-ANS, thus allowing their simul-
taneous differential electromigration and LIF detection. As the fluorophore
complexed with the hydrophobic cavity of CDs, its fluorescence was en-
hanced, and consequently the CD-2,6-ANS adducts could be detected by the
fluorescence increase as positive peaks. The LIF detection was performed with
an argon ion laser operating at 363.8 nm for excitation and the emission was
collected at 424 nm. Under these conditions, the detection limits were deter-
mined to be 62, 2.4 and pi for a-, - andy-cyclodextrins, respectively.

This may reflect theft-CD forms the strongest complex with 2,6-ANS. In fact,
they eluted and separated in the order of increasing strength of complexation
(see Figure 8).

Very recently, large polysaccharides such as amylopectin and amylose
were shown to complex with iodine which provides both the charge needed for
differential electromigration and the chromophore necessary for direct visible
detection at 560 nfl! The primary basis for this process is iodine binding
affinity to carbohydrates which can be manipulated through control of tem-
perature and iodine concentration (see section 1V.C.2 for more details).

B.2. Precolumn Derivatization

Carbohydrates are generally tagged with a suitable chromophore or fluoro-
phore to allow their detection at low levels. As the tagging process brings
about dramatic changes in the structure of the carbohydrate analytes, it is wise
to carefully select the tag not only to allow the sensitive detection of the de-
rivatized carbohydrates but also to produce the changes needed for the subse-
guent separation step. In other words, it is preferred that the tag also supplies
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Figure 8. CE separation ofr-, - andy-CD. Analysis buffer: 40 mM phos-

phate, pH 11.76, 1 mM 2,6-ANS. The analysis was carried out in a capillary of
dimensions 5@ i.d., 360pm o0.d. and 1 m in length in a field of 300 Vem

The sample was introduced into the capillary by electrokinetic injection; 5 kV
for 2 s from a sample containing 1.44 mg/mCD, 0.017 mg/m|3-CD, and

0.24 mg/mLy-CD. Detection was by fluorescence excited at 363 nm and moni-
tored at 424 nm. Reprinted with permissiSh

the charge necessary for electrophoresis over a relatively wide range of pHs or
that the tag imparts a hydrophobic character to the derivatives so that the prin-
ciples of MECC can be applied to the separation of derivatized carbohydrates.
Other essential criteria for a successful precolumn derivatization include (i)
high yields, (i) the formation of a single product for each species, (iii) no
detectable side products, (iv) minimum sample workout and cleanup, and (v)
no cleavage of an essential sugar resiegg sialic acid residue. In precolumn
derivatization reactions, it is generally preferred that the tagging occurs at only
one reactive functional group of the analyte and should be complete so that a
single derivative is obtained in high yields. The polyhydroxy nature of sugars

is attractive as far as the attachment of a tag to the molecule is concerned. This
route to derivatization has been used extensively in gas-liquid chromatography
in order to increase the volatility of carbohydrates and consequently facilitate
their separation. However, derivatizing the hydroxyl groups would lead to
multiple tagging of an analyte and, because hydroxyl groups vary in their
relative reactivities, a distribution of derivatives rather than a single product
would be obtained. In order to prevent multiple derivatization, other functional
groups on the sugar molecule must be considered. The most popular sites for
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tagging include (i) the carbonyl group in reducing sugars, (ii) amino group in
amino sugars, and (iii) the carboxylic moiety in acidic sugars. To produce a
single product in a given precolumn derivatization, the tag must possess only
one reactive site for attachment to the analyte. For UV detection, the tagging
agent should exhibit a high molar absorptivity at a given wavelength with
minimal interferences from the running electrolyte to ensure highly sensitive
detection of the derivatized carbohydrates. Likewise, in fluorescence a tagging
agent should exhibit high quantum efficiencies at a given excitation wave-
length. These requirements become crucial when dealing with extremely small
sample volumes encountered in nano-scale separation techniques such as
HPCE.

Thus far, five different precolumn derivatization schemes have been intro-
duced for the tagging of carbohydrates: (1) reductive amination (the most
widely usedP2:53] (see Scheme 1); (2) condensation of carboxylated carbohy-
drates with aminated tags in the presence of carbodlfftiec! (see Scheme
I); (3) base-catalyzed condensation between the carbonyl group of reducing
carbohydrates and the active hydrogens of 1-phenyl-3-methyl-5-pyrazolone
(PMP) or 1-(p-methoxy)phenyl-3-methyl-5-pyrazolone (PMPMP), forming
bis-PMP and bis-PMPMP derivatives, respecti?ély’-58l(see Scheme lI);

(4) reductive amination of reducing carbohydrates with amines to yield
1-amino-1-deoxyalditols followed by reaction with 3-(4-carboxybenzoyl)-2-
quinolinecarboxyaldehyde (CBQCA) in the presence of potassium cighide
(see Scheme IV); (5) reductive amination of reducing carbohydrates with
amines to yield 1-amino-1-deoxyalditols followed by reaction with 5-carboxy-
tetramethylrhodamine succinimidyl ester (TR&®&)see Scheme V).

With the exception of precolumn derivatization in Scheme Il which yields UV
absorbing derivatives, all other precolumn derivatization schemes can produce
both UV-absorbing and fluorescing derivatives depending on the spectral
properties of the tag used. It should be noted that the precolumn derivatization
according to Scheme Il will yield fluorescing derivatives if a fluorescent tag
similar to PMP in terms of chemical reactivity becomes available. While
precolumn derivatization according to Schemes IV and V necessitates two or
more distinct workout steps, the remaining are much simpler, requiring only
one derivatization step.

Charts 1 and 2 list the most important tags for the derivatization of carbo-
hydrates. Those which yield neutral or ionizable sugar derivatives are listed in
Chart 1 while those yielding permanently charged sugar derivatives are listed
in Chart 2.
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CHzOH CHZOH

©\/j _NeBHLON CH z-NH \

NH-C- CH3 NH-C- CHs N/
GIcNAc 6-AQ 6-AQ-GIcNAc

Scheme llllustration of reductive amination where the reducing sugar is
N-acetylglucosamine (GIcNAc) and the tag is 6-aminoquinoline (6%AQ).

RHN— C=NR'
I
o
RN =C=NR' + R4COOH Y |
Carboxylated 0=CR,
Carbodiimide Carbohydrate '
Intermediate
RHN— C=NR' o

| T It
o) + RNH, ———® R,~C—NHR' + RHN— C-NHR

O=CR
' Derivatizing Carbohydrate Isourea

Agent Derivative

Scheme Il.lllustration of the selective precolumn derivatization of carboxy-
lated carbohydrates via a condensation reaction between the carboxylic group
of the saccharide and the amino group of the derivatizing agent in the pres-
ence of carbodiimid&4

’ OH &mm
N ___cHs
OH H,OH / \
Reducing sugar PMP @

Bis-PMP Derivative

Scheme Ill. lllustration of condensation reaction with PNf8!
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CH,OH

OH
CHZOH 2OH
NH4*IN ABHACN OH CBQCA/CN on
OH H,0
OH
OH

COOH
Reducing Sugar 1-Amino-1-deoxyalditol CBQCA-Sugar Derivative

Scheme IVlllustration of precolumn derivatization with CBQ®A&!

N*(CH3) (H3C)2N
oo
coo . Hom COO * HON

(H3C)oN

H
C O-N
H O
(0] 1-Amino-1-deoxy- TRSE-Aminoglucitol Hydroxysuccinimide
TRSE D-glucitol Derivative

Scheme Vlllustration of the derivatization of aminated sugar with TRSE
Since it was not provided in the pertinent referenee 60, this scheme was
inspired from Reference @&ich describes the linking of peptides to activated
methoxy polyethylene glycol succinimidyl succinate.
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1-Phenyl-3-methyl-5-

0]
NH2>
e
N

|
H

(i

2-aminoacridone (2-AA)

NH

CN

)

p-Aminobenzonitrile

pyrazolone (PMP) Aexe =425 nm, Ay, = 520 nm Amax = 285 nm
Amax = 245 nm Argon ion laser 488 nm
CHs
]
NH H-C-NH,
> HaoN N
()
= N
(V) (V) (D)
2-Aminopyridine (2-AP) 6-Aminoguinoline (6-AQ) S(-)-1-Phenethylamine
Amax =240 nm Amax = 270 nm A'=200nm
Aem=375nm Aem > 495 nm
He-Cd laser 325 nm He-Cd laser 325 nm

O COOH
I

C

SHMS!
N“~cHo COOH
NH»
(Vi) (V1)
3-(-4-Carboxybenzoyl)-2- p-Aminobenzoic acid
quinolinecarboxal dehyde (CBQCA) Amax = 285 nm
Agm =552 nm

Argon ion laser 457 nm or 488 nm
He-Cd laser 442 nm

Chart 1. Structures, names and abbreviations of tags yielding neutral and
ionizable sugar derivatives. The spectral data were taken from Ref. 58 for

tag I; from Refs. 138 and 110 for tag Il concerning the fluorescence properties
and the use of LIF detection, respectively; from &&for tag Ill; from Refs. 9

and 65 for tag IV regarding UV detection and LIF detection, respectively;

from Refs. 61 and 65 for tag V concerning UV detection and LIF detection,
respectively; from Ref. 69 for tag VI; from Refs. 77, 79, and 82 for tag VII;

from Ref. 67 for tag VIII. The spectral values listed in the chart correspond to
the sugar derivatives of the indicated tags. As can be seen in this chart, most of
the derivatives were excited at a wavelength dictated by the line of the laser
source available, where in most cases the laser line yields only a fraction of
the maximum absorption of the derivatives. The interested reader is advised to
consult the listed references to find more details concerning UV and LIF detec-
tion of the various derivatives.
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(H3C)2N oL N*(CHa)2
Pe

5-Carboxytetramethylrhodamine
succinimidyl ester (TRSE)

Aem =580 nm

He-Nelaser 543 nm

NH,
(XI11)
5-Aminonaphthalene-2-
sulfonic acid (5-ANSA)
A =235nm
Aem =475 nm
He-Cd laser 325 nm

‘03S 5037
NH,

(Xv)
3-Aminonaphthalene-2,7-
disulfonic acid (3-ANDA)

A=235nm

SO3”

NH>

X)
Sulfanilic acid (SA)
Amax = 247 nm

SO3”

HoN
O

(XI1T)
7-Aminonaphthalene-1,3-disulfonic
acid (ANDSA), Ay = 247 nm
Aexc =315 nm Agy, =420 nm
Xenon-Mercury Lamp

NH, SO5°
“Os3S 3037

(XVI)
8-Aminonaphtha-lene-1,3,6-
trisulfonic acid (ANTS)
Aexe =370 nm, Ay =520
He-Cd laser 325 nm

SOz~

NH2

X1

2-Aminonaphthalene-1-
sulfonic acid (2-ANSA)
A =235nm

OH NH
(X1V)

4-Amino-5-hydroxynaphthalene-2,7-
disulfonic acid (AHNS)
Aem = 475nm
He-Cd laser 325 nm

‘038 O NH;
‘0,8 E SOy

(XVII)
9-Aminopyrene-1,4,6-trisulfonic
acid (APTS)

Aexc = 455 nm, Agm = 512 nm
Argon ion laser 488 nm

038

Chart 2. Structures, names and abbreviations of tags yielding permanently
charged sugar derivatives. Spectral data were taken from &%eésd 84 for

tag IX; from Ref. 54 for tag X; from Ref. 98 for tag XI; from Refs. 98 and 65
for tag Xll concerning UV and LIF detection, respectively; from Ref. 54 for tag
XIlI; from Ref. 65 for tag XIV; from Ref. 98 for tag XV; from Refs. 74 and 97
for tag XVI; from Refs. 70 and 71 for tag XVII. As in Chart 1, the spectral
values listed in the chart correspond to the sugar derivatives of the indicated

tags. For more details, see the listed references. Here also most of the deriva-
tives were excited at a wavelength dictated by the line of the laser source
available, where in most cases the laser line yields only a fraction of the maxi-
mum absorption of the derivatives.
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Besides their different spectral characteristics in terms of molar absorptivi-
ties and quantum efficiencies, and whether they are UV absorbing and/or fluo-
rescing tags, the different tags listed in Charts 1 and 2 will yield sugar
derivatives of varying electrophoretic mobility, separation efficiency, and
selectivity. Limiting our discussion to labeling only “neutral” carbohydrates
with the various tags, and distinguishing between the various schemes of
precolumn derivatization listed above, we can state the following guidelines.
PMP (tag 1), which can only label carbohydrates according to Scheme llI,
usually yields neutral sugar derivatives which become negatively charged in
aqueous basic solutions due to the partial dissociation of the enolic hydroxyl
group of the PMP tag. Usually, the weakly ionized derivatives do not separate
well. Thus, the sugar derivatives of tag | will require borate-based electrolytes
and/or micellar phases such as SDS to bring about differential electromigration
and, in turn, separation. Tags Il and Il will lead to neutral sugar derivatives via
Scheme I, thus requiring borate-based electrolytes and/or micellar phases for
separation. Using Scheme |, tags IV, V, and VI will lead to sugar derivatives
that can acquire a positive charge at acidic pH. In addition, tag VI is an enan-
tiomeric reagent that allows the separation of sugar enantiomers. Sugar deriva-
tives of tags 1V, V, and VI obtained via Scheme | will electrophorese in borate
buffers at alkaline pH. Since the sugar derivatives of tags IV, V, and VI are
neutral at basic pH, one can envision that they can be electrophoresed by
MECC at basic pH. CBQCA (tag VII), which is exclusively used in precolumn
derivatization according to Scheme 1V, will yield derivatives that can become
negatively charged via the ionization of the carboxylic group. TRSE (tag 1X)
used for labeling carbohydrates according to Scheme V will produce sugar
derivatives that can acquire a net positive charge at acidic pH and become a
zwitterion at neutral and basic pH. Tag VIII is an amphoteric solute and, there-
fore, when used to tag carbohydrates via Scheme I, will give derivatives which
will charge positively at pH < 3.0 and negatively&.8. Using Scheme |, all
the other tags (X to XVII) will produce sugar derivatives that are negatively
charged over a wide range of pH due to their strong sulfonic acid groups and
the very weak ability of their amino groups to become protonateghvgiides
< 3). Thus, under a given set of conditions and for a given set of saccharides,
different tagging agents will lead to sugar derivatives with different electro-
phoretic behavior and selectivity.

It should be emphasized that the sugar derivatives of all the tags will, of
course, electrophorese at high pH in the presence of borate buffers. This will
become clear as this discussion progresses and more details are provided in
Part IV. Due to the presence of permanently ionized strong sulfonic acid
groups in the tags listed in Chart 2, their sugar derivatives will electrophorese
over a wide range of pH. Although they do not require borate complexation to
undergo differential electromigration, the sugar derivatives of the sulfonic
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acid-based tags will certainly exhibit different electrophoretic behavior as
borate complexes and, in turn, different selectivity may be obtained.

Due to the inherent high sensitivity of fluorescence, it is not surprising to
see that laser-induced fluorescence (LIF) is the current trend for high-sensitiv-
ity detection of labeled carbohydrates after HPCE separation. In addition,
fluorescence is characterized by a good specificity and a large linear dynamic
range. The specificity of fluorescence is the result of two main factors. First,
only a small percentage of compounds fluoresce because not all compounds
that absorb radiation are capable of emitting radiation upon returning to the
ground state. In fact, fewer than 10% of all absorbing compounds will emit
radiation via any luminescence scheme. Second, two wavelengths are used in
fluorometry, but only one in spectrophotometry. Two compounds that absorb
radiation at the same wavelength are not likely to emit radiation at the same
wavelength unless they are structurally very similar. Likewise, two compounds
that emit radiation at the same wavelength will probably absorb radiation at
two different wavelengths. Another important advantage is the extended linear
dynamic range. It is not unusual to encounter six to seven orders of magnitude
linearity with fluorescence spectrometry, but only two to three orders of mag-
nitude with spectrophotometric procedures.

One major drawback of fluorescence detection is that most analytes do not
possess satisfactory fluorophores and must be chemically tagged in order to
achieve high-sensitivity detection. This is especially true when working with
carbohydrates. Also, another principal disadvantage of fluorescence as an
analytical tool lies in its serious dependence on environmental factors such as
temperature, pH, ionic strength, and the presence of dissolved oxygen. Photo-
chemical decomposition is rarely a problem when using fluorescence as a
mode of detection because the analyte is only briefly exposed to the intense
excitation radiation. Quenching, which is the reduction of fluorescence by a
competing deactivating process resulting from the specific interaction between
a fluorophore and another substance present in the system, can introduce sig-
nificant errors when using fluorescence as an analytical technique. The most
noticeable forms of quenching in fluorescence detection are temperature, oxy-
gen, and analyte concentration. As the temperature is increased, the fluores-
cence decreases. This is due to the resulting increase in molecular motion and
collisions which rob a molecule of energy through collisional deactivation. The
change in fluorescence is typically 1% p®€ 1However, for some com-
pounds, such as tryptophan or rhodamine B, it can be as high as 5%.der 1
HPCE, changes in the buffer composition, pH, ionic strength, and the operat-
ing voltage can all lead to large changes in temperature within the capillary.
For quantitative analysis, using fluorescence as the mode of detection, care
must be taken such that the temperature at which the separation is carried out is

29



similar to that at which calibration was performed. Oxygen is another source of
quenching. Oxygen present in solutions at a concentration®df/lformally
reduces fluorescence by 20%. In HPCE, oxygen quenching can be reduced or
eliminated by degassing solvents and sample solutions before use. Concentra-
tion quenching causes many problems during fluorometric determinations. In
order for fluorescence to be observed, absorption must occur first. When the
absorption is too high, light can not pass through the entire flow cell to cause
excitation. In order for a linear relationship to be observed between fluores-
cence and concentration, the absorbance must be kept below 0.05, otherwise a
decrease in fluorescence can be observed. For a detailed description of the
instrumentation used in fluorescence detection with HPCE, see recent reviews
by Amankwaet al[®3] and Li[64]

So far, precolumn derivatization by reductive amination (Scheme I) has
been the method of choice for the labeling of reducing sacch&fdésThis
has been facilitated by the availability of a large number of chromophores with
amino functions. Typically, 2-aminopyridine (2-AP, tag IV) derivatives of
sugars formed via reductive aminattshare usually detected in the UV at
240 nm at the 10 pmol level. They also can be detected by fluorescence. Also,
6-aminoquinoline (6-AQ, tag VB! is an efficient tag for linear and branched
oligosaccharides and the subsequent separation of the 6-AQ derivatives in
HPCE. The 6-AQ derivatives showed a maximum absorbance at 270 nm, and
the signal obtained was 8 times higher compared with 2-AP derivatives under
otherwise identical conditiod&!! The removal of excess 2-AP and 6-AQ is
not required in HPCE since the derivatized carbohydrates elute after the excess
tag or, in the case of acidic sugdfthe derivatives and the derivatizing agent
move in opposite direction. Linhardt and co-workét$have described the
derivatization via reductive aminationfacetylchitooligosaccharides with a
negatively charged tag, 7-aminonaphthalene-1,3-disulfonic acid (ANDSA, tag
XI1). The ANDSA-derivatives were excited at 250 nm using an arc-lamp and
the fluorescence was collected at 420 nm with detection limits in the femto-
mole range. UV detection was also described for sugar derivatives of
ANDSA.[73] ANDSA has a fairly strong absorbance at 247 am 3100 M*
cntl), but more importantly it supplies the charge necessary for rapid electro-
phoretic analysis of sugars in HPCE. Chiesa and Hdf¢4tilized a similar
tag, 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS, Tag XVI), for the
derivatization of malto-oligosaccharides separated in HPCE which was first
demonstrated in the derivatization of sugars separated in polyacrylamide slab
gel electrophoresl€] ANTS not only supplies a strong chromophore but also
provides multiple negative charges even at low pH, which allow rapid electro-
phoretic analysis. Using ANTS-derivatized glucose, Chiesa and HéfVath
were able to detect as little as 15 fmol at 214 nm. Using HPCE-LIF with a
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He-Cd laser at 325 nm, the limits of detection lie in the low attomole range,
three orders of magnitude lower than that of the UV detection. Other aminon-
aphathalene sulfonic acid-based tags were introduced for the derivatization of
carbohydrates by reductive aminatlétl They were the fluorescent tags
5-aminonaphthalene-2-sulfonic acid (5-ANSA, tag XIl) and 4-amino-5-hy-
droxynapthalene-2,7-disulfonic acid (AHNS, tag XIV). A very recent develop-
ment in fluorescent labeling of carbohydrates has been the introduction of
APTS (tag XVIIJ70.71.76lfor the HPCE-LIF of mono- and oligosaccharides
(see Part IV for more discussions).

The selective precolumn derivatization according to Scheme II, which
was introduced recently by El Rassi’s research group for the derivatization of
carboxylated carbohydrat€s>4-56loffers several important features including
(i) the formation of a stable amide bond between the amino group of the de-
rivatizing agent and the carboxyl group of the carbohydrate molecule by acid
catalyzed removal of water in the presence of 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDAC), (ii) the selective precolumn
derivatization of sialylated saccharides at room temperature, thus avoiding the
cleavage of the sialic acid residue from the carbohydrate molecule being de-
rivatized, (jii) quantitative yield as deduced from mass spectrometriPiata,
and (iv) the replacement of the weak carboxylic acid group of the saccharide
by one or more strong sulfonic acid groups when tagging with sulfanilic acid
(SA, tag X) or 7-aminonaphthalene-1,3-disulfonic acid (ANDSA), a condition
that allows the electrophoresis over a wider range of pH. Furthermore, using
UV absorbance at 247 nm, the detection limit of acidic monosaccharides la-
beled with ANDSA or SA was 15 fmol or 30 fmol, respectively. For ANDSA
derivatives, as low as 0.6 fmol could be detected with on-column fluorescence
detection using a detector operated with a 200 W xenon-mercury?@mp.

The labeling procedure with CBQCA (Scheme IV, tag VII) which was
first introduced by Novotny and co-work€rs89 allows the detection of
submicromolar concentration of CBQCA-sugar derivatives by LIF. CBQCA-
sugar derivatives have an excitation maximum at 456 nm, which conveniently
matches the 442 nm line of a He-Cd laser, and an emission maximum near
552 nm. Using CBQCA, attomole levels of amino sugars have been analyzed
by LIF-HPCEI® Very recently, Zhangt al[82! utilized CBQCA for the
labeling of aminated monosaccharides. The CBQCA-sugar derivatives were
detected by LIF at the nanomolar concentration level, three orders of magni-
tude lower than the limit of detection reported by Novotny and co-workers.
The nanomolar limit of detection was achieved by utilizing a detection scheme
that was based on a low scattering sheath flow cuvette as a postcolumn detec-
tor and two photomultiplier tubes that mutually exclude wavelength ranges to
prevent the water Raman band from contributing to the background system.
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Such an arrangement had a limit of detection of 75 zeptomoles of fluorescently
labeled 1-glucosamiri&3! One of the virtue of CBQCA derivatization is that

the excess derivatizing agent does not have to be removed since the fluoro-
genic CBQCA does not interfere with the analysis.

The derivatization according to Scheme V was used to label the six most
abundant hexoses.(.,glucose, galactose, mannose, fucose, glucosamine,
galactosamine) found in mammalian carbohydrates with TRSE, 4§ e
detection limit of these derivatives was 100 molecules utilizing a postcolumn
laser-induced fluorescence detection in a sheath flow cl®3ttdthough
TRSE is a useful fluorescent label for aminated sugar monomers, the labeling
reaction requires high sugar concentration to overcome the competition be-
tween the labeling reaction and the hydrolysis of the dye, thus rendering the
analysis of some real sugar samples not feasible. In fact, the dye yielded two
hydrolysis products as was reported by the autfdr another report, six
structurally similar oligosaccharides were labeled according to the aforemen-
tioned procedure and were baseline resolved by CE. Laser-induced fluores-
cence detection of these derivatized oligosaccharides allowed a detection limit
of 50 molecule$*!
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IV. Separation Approaches and Selected
Applications

A. Monosaccharides

A.1. Underivatized Monosaccharides

In general, intact monosaccharides are separated by CZE using either alkaline
borate buffers or high pH electrolyte systems. The borate electrolyte systems
have been shown to be compatible with direct UV detection at 195! mmd

RI detectiori®® The high pH electrolyte systems allowed indirect detection of
monosaccharides by fluoresceli@eor UVI35:36:38.39and also direct detec-

tion by amperometri}-1:42-45]

As discussed above (see part Il), ED of monosaccharides requires highly
alkaline pH electrolyte systems.(, alkali-metal hydroxide solutions, pH 12-13)
for achieving high sensitivity detectiéi:42-451At this high pH, the monosac-
charides become negatively ionized due to their weakly acidic properties
(pK5 of most sugars is ca. 12-13). The concentration and nature of the alkali-
metal hydroxide largely affected the analysis time and the resolution of
underivatized saccharidBs! This separation approach was successfully used
in the determination of sugars in two common bever&ged/hen using
electrochemical detection for the sensing of underivatized saccharides, the
addition of borate to bring about a better separation of closely related sugars
was reported to decrease the anodic response which might be due to the re-
duced availability of oxidation sites present on carbohydrees.

Again, and for achieving high sensitivity detection of underivatized
monosaccharides by ED, electrolyte solutions at highly alkaline pH were used
even for the HPCE of charged monosaccharides including glucosaminic acid,
glucosamine-6-sulfate, and glucosamine-6-phosgffatseparation and de-
tection were achieved by using a 10 mM sodium hydroxide solution containing
8 mM sodium carbonate, pH 12. This electrolyte system was shown useful in
the determination of glucose in biological samples as complex as human blood
after 1:50 dilution (8%IM); the only sample pretreatments were centrifugation
and filtration*4l Ye and BaldwiH! reported the separation of mixtures con-
taining glucose and galactose as well as their respective alditol and aldonic,
uronic, and aldaric acid derivatives using 50 mM sodium hydroxide and ED at
a copper disk electrode. A higher sodium hydroxide concentration (250 mM),
however, was used in order to achieve a baseline resolution of a set of eight
alditols whose pKvalues are in the 13-14 range. These separation and detec-
tion approaches have been applied to the analysis of the sugar contents of
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commercial apple juice as well as for monitoring the activity of glucose oxi-
dase enzymé3l

Although they adversely affect the sensitivity of indirect UV or fluores-
cence detection, highly alkaline pH electrolytes ought to be used in the HPCE-
indirect photometric or fluorometric detection of underivatized saccharides to
ensure optimum differential electromigration. The relatively low detection
sensitivity of HPCE-indirect UV detection at highly alkaline pH is not an issue
when the concentration of the saccharides to be determined is relatively high,
such as the determination of the sugar contents of fruit jif8es.

While with borate buffers the separation of underivatized sugars is based
on differences in the extent of complexation among the various solutes, the
separation in the presence of high-pH electrolyte systems can be explained by
the lability of the proton of the monosaccharides and by the charge-to-mass
ratio. Using aqueous sodium hydroxide solution, pH 11.5, as the running elec-
trolyte[32] sucrose (pK=12.51) was detected first followed by glucose
(pK4 = 12.35) and then fructose (pk 12.03). This is the expected elution
order when using positive polarity (anode to cathode). The stronger acid, fruc-
tose, is moving at a higher velocity upstream against the EOF, thus eluting last.
Glucose, a weaker acid, eluted before fructose. Sucrose, a disaccharide, moves
upstream against the flow at a lower velocity than glucose due to its higher
molecular weight, thus eluting first. The influences of acidity and size of the
molecule were also observed with a mixture of raffinose, deoxyribose, galac-
tose, glucose, and mannd®8.They eluted in the order of increasing acidity:
raffinose (a trisaccharide, gk12.74) < deoxyribose (i< 12.52) < galac-
tose (pK, = 12.35) < glucose (pk< 12.35) < mannose (<12.08).

Using the proper pH for ionized acidic monosaccharides, even two chiral
4-epimersp-galactonic acid ano-gluconic acid, in an underivatized form
could be separated with a resolution of 1.2 at pH values of 4.1 to 5.0. The
addition of a chiral selectoB{cyclodextrin) did not improve the separation of
the two aldonic acids.

A. 2. Derivatized Monosaccharides

The separation of closely related derivatized monosaccharides by HPCE may
require the use of borate buffers even when the tag contains ionizable functional
groups. For instance, twelve monosaccharides derivatized with 2-aminopyridine
(2-AP) were separated as anionic borate complexes at pH 10.5 in cal®25 min
(see Figure 9). Obviously, the migration velocity of each derivative was prima-
rily affected by the extent of complexation with borate. As typical examples,
arabinose and ribose witlis-oriented hydroxyl groups at C3/C4 positions were
more retarded than lyxose and xylose wisims-oriented hydroxyl groups.
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The same behavior was also observed with aldohexagegjalactoseqis) and
glucose frang), and hexuronic acids,g.,galacturonic acidcfs) and glucuronic

acid trang). HoweverN-acetylhexosamines,g, N-acetylgalactosamineif)
andN-acetylglucosaminer@ns), showed the reverse effect concerning the
3,4-orientation of hydroxyl groups. This was attributed to the contribution of the
N-acetyl substituent at the C2 positl8fl. The borate buffer system was useful

in the quantitative determinations of the monosaccharide composition of various
di- and oligosaccharides such as lactose, melibiose, rutin, digitonin, and arabic
gum, which were in good agreement with the theoretical v&itles.
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Figure 9. Separation oN-2-pyridylglycamines derived from various reducing
monosaccharides. Electrolyte, 200 mM borate buffer, pH 10.5; applied voltage
15 kV; detection UV at 240 nm. Peak assignment of parent saccharides:
Reag, reagent (2-AP), 1 N-acetylgalactosamine; 2 = lyxose; 3 = rhamnose;

4 = xylose; 5 =ribose; 6 N-acetylglucosamine; 7 = glucose; 8 = arabinose;

9 = fucose; 10 = galactose; I.S. (internal standard), cinnamic acid; 11 = glu-
curonic acid; 12 = galacturonic acid. Reprinted with permisstéh.

Monosaccharides derivatized with 2-AP can be migrated in electrophore-
sis at low pH in the presence of noncomplexing buffer ¢lirect CZE) since
the 2-AP tag imparts the analytes with a positive charge arising from the proto-
nation of the amino group of the 2-AP-sugar derivative. However, due to equal
charge-to-mass ratios, the 2-AP tagging of closely related monosaccharide
isomers would only bring about group separation of the derivatives by direct
CZE,i.e,, in the absence of complex formation with a suitable complexing
ion86] The positively charged 2-AP derivatives of galactose (Gal), mannose
(Man), N-acetylglucosamine (GIcNAc), amttacetylgalactosamine (GalNAC)
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were separated into groups using phosphate buffer containing small amounts
of tetrabutylammonium bromide, pH 5.0. In other words, 2-AP-Gal and 2-AP-
Man, differing only in the position of hydroxyl groups, emerged together as
one peak separated from the single peak of 2-AP-GalNAc and 2-AP-GIcNAc,
which have in their structures an additional acetyl group. The poor resolution
of 2-AP-sugar derivatives at pH 5.0 may be due to the partial ionization of
these rather weak bases. The 2-AP-sugar mixture was resolved when a

200 mM borate buffer, pH 10.5, was used as the running electrolyte. At

pH 10.5, the 2-AP sugar derivatives become neutral, thus requiring a relatively
high borate concentration in order to sufficiently complex them with borate
and, in turn, allow their differential migration under the influence of an applied
electric field.

Although monosaccharides derivatized with PMP may be charged nega-
tively in agueous basic solutions due to the dissociation of the enolic hydroxyl
group, the PMP derivatives of isomeric aldopentoses or aldohexoses could not
be separated because they have the same charge-to-ma=3 wafitb. a run-
ning electrolyte containing alkaline borate, the PMP derivatives of aldohexoses
or aldopentoses were readily converted to anionic borate complexes and sepa-
rated on the basis of the extent of complexation with the borate. The separation
efficiency was quite high with a plate height of gm for PMP-xylose. The
mechanism of CZE separation of the PMP-derivatives was the same as that of
the 2-AP derivatives, although the optimum pH for borate complexation was
shifted to 9.5 as opposed to 10.5 in the case of the 2-AP-derivatives, presum-
ably due to the participation of the PMP substituent group in the complexation,
perhaps through its hydroxyl groups. An electropherogram depicting a typical
separation of a mixture of six PMP-aldohexoses obtberies is illustrated in
Figure 10. When run alone, the aldopentoses were also well separated. How-
ever, the peaks of a few species of the pentose and hexose derivatives over-
lapped when a mixture of pentoses and hexoses was analyzed by CZE.

Thirteen monosaccharides derivatized with CBQCA were separated by
HPCE-LIF in less than 22 minutes with separation efficiencies that ranged
from 100,000 to 400,000 per meter (see Figuré’TiResides tagging the
sugar molecule with a fluorogenic group, the derivatization of monosaccha-
rides with CBQCA provides each sugar derivative with an ionizable weak
carboxylic acid group, thus allowing their electromigration. Therefore, the
inclusion of only 10 mM borate in the running electrolyte (pH 9.4) was enough
to magnify small steric differences between closely related isomers and bring
about their separation by CZE. Also, despite the fact that the introduction of a
negatively charged group would weaken the complex formation by virtue of
Coulombic repulsion, the extent of borate complexation with the hydroxyl
groups of CBQCA sugar derivatives was still enough to produce differential
migration among the various derivatized monosaccharides.
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Figure 10.Separation of PMP-aldohexoses by CZE. Capillary, fused silica
tube, 63 cm (to the detection point), 78 cm total lewdih-um i.d.; electro-

Iyte, 0.2 M borate solution, pH 9.5; voltage, 15 kV; detection, UV at 245 nm.
AB, amobarbital (internal standard); Reag, excess reagent (PMP); Glc, glu-
cose; All, allose; Alt, altrose; Man, mannose; Ido, idose; Gul, gulose; Tal,
talose; Gal, galactose. Reprinted with permis$ih.

The concentration of borate in the running electrolyte required to bring
about the separation of a given set of monosaccharide derivatives varies with
the nature of the sugar derivatives being separated. For instance, the separatior
of six ANDSA-monosaccharides was best achieved in the presence of a
0.10 M borate buffer, pH 10, see Figurel®2 The presence of two strong
sulfonic acid groups in each derivative would weaken borate complexation to a
much larger extent than in the preceding cese CBQCA-sugar derivatives)
due to a higher Coulombic repulsion. Under this condition, higher borate con-
centration is needed to overcome Coulombic repulsive forces and bring about
sufficient complexation with borate. The ANDSA-sugar shown in Figure 12
was obtained by the new and specific precolumn derivatization reaction for
acidic monosaccharides which was recently introduced by El Rassi's labora-
tory, Scheme 118:54.561|n addition to the improved detection sensitivity, the
derivatization offered the advantage of replacing the weak carboxylic acid
group of the sugar by the stronger sulfonic acid group of the tag, which is fully
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ionized at all pHs. This allowed the electrophoresis of the sugar derivatives

over a wide pH range and permitted the determination of acidic carbohydrates

at the low femtomole levels by UV and fluorescence detebn.
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Figure 11.Electrophoretic separation of a derivatized monosaccharide mix-
ture. The derivatizing agent was CBQCA. Sample concentrations weid 6.2
for glucosamine and galactosamine, g\ for galacturonic acid, and 4.4V

for other sugars. Peaks: 1{+)-glucosamine; 2 (+)-galactosamine;

3 = p-erythrose; 4 =o-ribose; 5 =p-talose; 6 =p-mannose; 7 ®-glucose;

8 = p-galactose; 9 = impurity; 10 ®-galacturonic acid, 11 =-glucuronic
acid, 12 =p-glucosaminic acid; 13 ®-glucose-6-phosphate. Electrophoretic
conditions were: buffer, 10 mM pdPQ,/10 mM NaB,0,.10H,0, pH 9.40;
capillary 50um i.d. x 88 cm (58 cm effective length; applied voltage, 20 kV.
Reprinted with permissidf’]
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Figure 12.Electropherogram of ANDSA derivatives of acidic monosaccha-
rides obtained on a dextran 150 kDa-coated capillary. Capillary, 47 cm total
length (40 cm effective lengtk)b0um i.d.; electrolyte: 0.10 M borate,

pH 10.0; pressure injection, 1 s; applied voltage, -15 kV; detection UV at
250 nm. Samples: 1 s=glucuronic acid, 2 =p-glyceric acid, 3 =p-galactonic
acid, 4 =p-galacturonic acid, 5 =»-gluconic acid, 6 =N-acetylneuraminic
acid. Reprinted with permissidt¥!
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A different situation was encountered in terms of the separation require-
ments when the derivatized monosaccharides had a sizable triply charged
polyaromatic tag. This was the case of ten monosaccharides including
N-acetylgalactosamin&l-acetylglucosamine, rhamnose, mannose, glucose,
fructose, xylose, fucose, arabinose, and galactose which were derivatized with
APTS by the standard reductive amination procedure (Scheme I) and subse-
quently separated by HPCE-LI#®:711 The various APTS-monosaccharide
derivatives were more or less fully separated by four different buffer systems
but, of course, with different migration patterns and selectivities. The four
buffer systems include: 135 mM borate, pH 10.2; 100 mM acetate buffer, pH 5.0;
120 mM Mops buffer, pH 7.0; and 50 mM sodium phosphate, pH% 4.

Using 135 mM borate, pH 10.2, did not resolve APTS-arabinose and APTS-
fucose. These two APTS derivatives were separated at much higher borate
concentration but at the expense of much longer separation time. Again, the
formation of anionic borate complexes with the APTS sugar derivatives may
be inhibited by the three negatively charged sulfonic acid groups of the APTS
tag. With the exception of the borate buffer where separation among the differ-
ent APTS-monosaccharides is due to difference in borate complexation, the
separation in the other buffers are based on the difference in the relative stere-
ochemistry of the hydroxyl groups in aldoses which ultimately determines the
hydrodynamic radius of the derivatized species which is inversely proportional
to the electrophoretic mobility. Increasing the Mops buffer concentration was
shown to improve the resolution substantially; this might be due to the de-
crease in the EOF caused by increasing buffer concentration. As shown in
Figure 13, the order of migration of the APTS derivatives with the Mops

buffer (positive or normal polarity) was opposite to that observed with the
acetate buffer (negative or reverse polarity) and the migration of the analytes
toward the detector (at the cathode end) was due to the high cathodal EOF
which was strong enough to overcome the electrophoretic mobility of the
analytes in the opposite direction. Phosphate buffer provided a good resolution
and the migration order paralleled that obtained with the Mops buffer. In all
cases, the analysis time in these buffer systems was shorter than that of the
borate buffer systefd] The tagging of sugars with APTS (tag XVII) is an
interesting development in the area of fluorescent labeling of carbohydrates for
LIF detectiont/%-7X Due to the higher aromaticity and number of fused rings

in APTS, APTS-sugar derivatives have substantially higher molar absorptivity
and quantum efficiency than most of the commonly used fluorophore sugar
derivatives. Also, the presence of three negatively charged groups seems to
ensure the separation of closely related structures such as those in Figure 13.

In general, and as discussed above, borate buffers find wide applicability
in the separation of derivatized monosaccharides. An important development
in the area of HPCE of monosaccharides has been the separation of enantio-
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Figure 13. (A)Electropherograms of 10 APTS-derivatized monosaccharides.
Conditions: fused-silica capillary, 20m i.d.x 27 cm; laser source, 488 nm
argon-ion, 2.5 mW,; emission filter, 52020 nm and a notch filter at 488 nm;
buffer, 100 mM sodium acetate, pH 5.0; outlet, anode; applied potential,

25 kV/14pA; peak identification, 1 = xylose, 2 = arabinose, 3 = ribose,

4 =fucose, 5 = rhamnose, 6 = glucose, 7 = galactose, 8 = mannose,

9 = N-acetylglucosamine, 10 N-acetylglucosamingB) Electropherogram

of 10 APTS-derivatized monosaccharides. Conditions; same as in (A). Buffer,
120 Mops, pH 7.0; outlet, cathode; applied potential 25 kyA;Peak identi-
fication, same as in (A). Reprinted with permis&i8h.

meric sugars using the principle of borate complexation in the presence of
chiral selectors>- andL.-monosaccharides derivatized according to Scheme |
with different fluorophores, namely 2-aminopyridine (2-AP, tag IV), 5-amino-
naphthalene-2-sulfonic acid (5-ANSA, tag VII) and 4-amino-5-hydroxynaph-
thalene-2,3-disulfonic acid (AHNS, tag XIV), were enantiomerically separated
by capillary electrophoresis as borate complexes in the presence of linear or
cyclic dextrind®5] 5-ANSA was shown to be the most suitable tag for the
enantiomeric separation of themsfandL- forms of the carbohydrate deriva-
tives wher3-CD was used as the chiral seled?8 Systematic studies on the
effects of different CDs and modifi@dCDs revealed the importance of the
hydroxyl groups of the CD for chiral recognition since enantioselectivity was
only observed with the underivatized CDs and hydroxyprBggb.
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In another report, monosaccharides were also enantiomerically separated
in a borate buffer after their derivatization w&i)-1-phenylethylamin&®]
(tag VI). The derivatization followed the general reductive amination proce-
dure (Scheme 1) and the derivatives were detected in the UV at 200 nm. The
enantiomeric separation was based on the formation of diastereocisomers by the
derivatization. Optimum enantiomeric separation of 16 aldohexoses was
achieved in 50 mM borate, pH 10.3, 23% acetonitrile and 30 kV separation
voltage (see Figure 187

Other avenues have been explored in the HPCE separation of derivatized
monosaccharides in order to provide an alternative to borate complexation. For
instance, five PMP-monosaccharide derivatives, namely arabinose, ribose,
galactose, glucose, and mannose were separated by CZE as complexes with
divalent metal ion®) The five PMP-monosaccharides, initially coeluting
using 100 mM sodium acetate as the background electrolyte, were fully re-
solved in an electrolyte system containing 20 mM calcium acetate. The separa-
tion was presumably due to the relative ease of complexation of these
derivatives with the metal ion. In fact, the PMP-pentoses eluted in the order of
increasing complexing ability with the metal ion which depends on the orienta-
tion of their hydroxyl groups. Ribose-PMP wigthythro-erythreoriented
hydroxyl groups eluted first, followed by lyxose-PM#ythro-threg and
arabinose-PMRtfreo-erythrg and then xylose-PMRhfeo-thred. This inter-
action gives rise to a positive charge around the metal nucleus of the sugar-
metal complexes and, consequently, causes a relative reduction in the total
negativity of the sugar derivatives, a condition that favors their migration to-
ward the anode at a much slower rate than the unreacted reagent PMP. How-
ever, divalent metal ions have the tendency to adsorb electrostatically on the
negatively charged fused-silica wall, leading to a gradual inversion in the di-
rection of the electroosmotic flow, from cathodal to anodal passing by zero
EOF, as the capillary surface charge changes from negative to positive passing
by neutral with timé> With anodal flow (cathode to anode), the electro-
phoretic migration of the derivatives is in the same direction as the EOF, a
condition that leads to rapid separation. The inversion of EOF is rather slow
and can take up to six hours to occur. To speed up the inversion and to ensure
reproducible separations, the capillary column should be preconditioned before
use with a more concentrated metal ion solution than the one used as the sepa-
ration electrolytd®! Other alkaline earth metal salts including barium, stron-
tium and magnesium acetate were also investig&tedhile the elution order
of selected PMP-aldopentoses stayed the same upon varying the nature of the
metal ion in the electrolyte, as expected, the electrophoretic mobility of the
sugar-metal complexes was slightly higher witk Bhan with S#* and C&*,
which is consistent with the fact that®Bas a slightly larger ionic radius.
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Figure 14.Separation of a mixture of eightaldohexoses and two

aldotetroses witlhac 1-phenylethylamine. Capillary: fused-silica, 107 cm

(total length), 100 cm (to detectoy)60-um i.d.; electrolyte, 50 mM borate,

pH 10.3, and 23% acetonitrile; voltage 30 kV; temperaturéC28V detec-

tion, 200 nm; injection, 3.0 s by pressure (3.45 kPa). In the electropherogram
the signals of derivatives ofsugars withR-(+)-1-phenylethylamine are as-
signed as-sugars marked with [a]. They are enantiomers of the derivatives
of L-sugars and-(-)-1-phenylethylamine and have the same electrophoretic
mobility in the separation system. Reprinted with permig&ibn.

The separation efficiencies decreased in the following ordéf:-Bg&a2 >
Sr2>> Mg2B! Also, it seems that the binding of Baons to the capillary
surface is slightly stronger than that ofGavhile the binding of $i is the
weakest. This was manifested by a higher anodal flow in the presence of
barium acetate electrolyte and, consequently, the separation was faster.

A given precolumn derivatization of saccharides is usually performed to
allow the high-sensitivity detection of the analytes. Often, precolumn labeling
may also impart the saccharide with a charge and, in addition, improve its
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compatibility with certain electrolyte systems. For instance, monosaccharides
are generally too hydrophilic to be solubilized in ionic surfactant-based micel-
lar systems; however, their labeling with hydrophobic tags allows their separa-
tion by MECC. In fact, eight different 2-aminoacridone- (2-AA, tag Il) deriva-
tized sugars (Scheme 1), nambhacetylglucosamine, galactose, mannose,
fucose, glucosé\-acetylgalactosamine, ribose, and lyxose were separated

by MECC in the presence of an electrolyte consisting of sodium taurodeoxy-
cholate and sodium bordf€] The mechanism of migration of the 2-AA la-

beled monosaccharides in the MECC system was described as complex and
may involve partition equilibria of the neutral species into the micellar surface
and electrophoretic movement of these molecules complexed with borate.
This same system was also employed in the enantiomeric separations of
2-AA-galactose, -fucose and -ribose enantiomers by the additib@bfto

the sodium taurodeoxycholate and sodium borate buffer system. However,
baseline resolution was only achieved for fucose enantiomers and the analysis
time was long (ca. 43 min). The replacement of taurodeoxycholate by a non-
chiral surfactant such as sodium dodecyl sulfate (SDS) did not cause the enan-
tiomeric separatioff®!

Another precolumn derivatization, which seems to impart hydrophilic
saccharides with sufficient hydrophobicity to allow their separation by MECC,
is PMP labeling (Scheme Ill, tagly] This precolumn labeling, which was
first introduced by Hondet al.[*! yields bis-PMP adducts that absorb strongly
in the UV. Various PMP derivatives of monosaccharides were shown to sepa-
rate quite nicely in MECC in the presence of SDS at pH 7.5 using Tris-phos-
phate buffer. The applicability of the SDS micellar system was extended to the
identification and quantitation of monosaccharides obtained from carbohydrate
hydrolyzates from glycoproteif/!

Fourteen different saccharides including monosaccharides were deriva-
tized by reductive amination (Scheme I) with 4-aminobenzonitrile (a hydro-
phobic derivatizing agent, tag Ill) and subsequently separated in about 5 min
by MECC using an SDS micellar ph&8k(see Figure 15). The separation is
based on the differential distribution of the neutral derivatives between the
aqueous mobile phase and the micellar phase. While hydrophilic carbohydrate
derivatives partitioned slightly inside the micelle and migrated first, hydropho-
bic derivatives such as deoxyaldohexoses partitioned strongly in the micelle
and migrated very slowly toward the detector. Derivatives with intermediate
hydrophobicity migrated within this migration time window. The final
migration order exhibited the strength of partition in the micellar phase and it
increased in the order ketohexoses < aldohexoses < aldopentoses < deoxyaldo-
hexoses (see Figure 185!
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Figure 15.High-speed analysis of 4-aminobenzonitrile derivatives by means
of MECC. Capillary, fused silica, 35 cm to detection, 55 cm total length
x50-um i.d.; electrolyte, 215 mM Tris-phosphate, pH 7.5, 100 mM SDS; volt-
age, 30 kV; current, 5BA; detection. UV at 285 nm; temperature; 30

injection, vacuum, 1 s. Peaks: M = methanol; 1a/b = fructose, 2 a/b = sorbose;

3 =lactose; 4 = melibiose; 5 = cellobiose; 6 = maltotriose; 7 = maltose;

8 = mannose; 9 = glucose; 10 = galactose; 11 = ribose; 12 = lyxose;

13 = arabinose; 14 = xylose; R = reagent. Reprinted with permig&fn.

B.  Oligosaccharides

B.1. Underivatized Oligosaccharides

B.1.1. Simple Oligosaccharides

As their underivatized monosaccharide counterparts, simple and short un-
derivatized oligosaccharides have been analyzed in CE with highly alkaline pH
electrolyted!1:38421Typical examples include the analysis of simple disaccha-
rides €.g, trehalose, sucrose, lactose, lactulose, cellobiose), trisaccharides
(e.g, raffinose) and tetrasaccharidesy( stachyose) by HPCE-ED using high

pH electrolyte systerHd-42] (see Figure 7). In another approach, the disaccha-
rides sucrose and maltose were analyzed at high pH by HPCE-indirect UV
detectiori38!
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Arentoftet all88] demonstrated the separation of underivatized oligosac-
charides of the raffinose family using borate complexes. These oligosaccha-
rides aren-(1 - 6)-galactosides linked to C-6 of the glucose moiety of sucrose.
Raffinose is the template of this homologous series with only one galactoside
unit attached. By successive adding of one, two, and three additigatdc-
toside units to C-6 of the terminating galactose of raffinose, the compounds
stachyose, verbascose, and ajugose are formed. These sugars were separated
and detected as borate complexes at 195 nm. The influence of various separa-
tion conditions including voltage, pH, temperature, and buffer compaosition on
resolution, separation efficiency, migration time, and quantitative aspects were
examined. These oligosaccharides are synthesized in various plants and accu-
mulate in appreciable amounts in legume seeds.

B.1.2. Glycosaminoglycan-Derived Oligosaccharides

Glycosaminoglycans (GAGS), also called mucopolysaccharides, are un-
branched polysaccharides of alternating uronic acid and hexosamine residues.
They occur naturally in cartilage and other connective tissues, which are col-
lectively called the ground substance. GAGs exhibit a variety of biological
functions and can be altered in disease states. In GAG, while the amino group
of the hexosamine residue is eitheacetylated oN-sulfated, the uronic acid

may be eithep-glucuronic acid ot-iduronic acid. Moreover, the repeating
disaccharide units.¢., uronic acid-glucosamine disaccharide)@ssulfated

to varying degrees at C6 and/or C4 of the various glucosamine residues and at
C2 of the uronic acid residues. Hyaluronic acid, chondroitin sulfates (chon-
droitin-4-sulfate and chondroitin-6-sulfate), dermatan sulfate, keratan sulfate,
heparin, and heparan sulfate are the most common GAGs.

One approach for determining structural differences among various gly-
cosaminoglycans (GAGS) is to analyze their disaccharide constituents. This
involves first the enzymatic degradation of GAGs with polysaccharide lyases,
e.g, heparinases, chondroitinasess,., thus yielding disaccharides bearing
unsaturated uronic acids at C4-C5 which allow their direct UV detection at
232 nm. Due to their ionic nature, the GAG-derived disaccharides are then
analyzed readily by HPCE.

HPCE proved useful in the separation and quantitative determination of
the disaccharides derived from chondroitin sulfate, dermatan sulfate, and hy-
aluronic acid® Exhaustive treatment of these GAGs with polysaccharide
lyases released nine different disaccharides bearing unsaturated uronic acids
(Figure 16) that can be detected by UV absorbance at 232 nm without prior
derivatization (molar absorptivitg,= 5000-6000 N cni?).
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8 [Adi-Sg] where X2, X4=S057, X6=H

9 [Adi-triS] where X2, X4, X6 =S05

Figure 16.Disaccharides derived from chondroitin sulfates, dermatan sulfate,
and hyaluronic acid by enzymatic depolymerization.

These disaccharides, having a net charge from -1 to -4, were well resolved by
CZE using a borate buffer, pH 8.8, primarily on the basis of their net charge
and to a lesser extent on the basis of charge distribution. Despite the fact that
the two nonsulfated disaccharides, structures 1 and 2, differed only by the
chirality at the C4 in the hexosamine residue, these disaccharides were well
resolved by CZE. In another stud§! the electrophoretic behavior of chon-
droitin disaccharides (for structures, see Figure 16) was examined under vari-
ous conditions including different pH, borate concentration, buffer ionic
strength, and the inclusion of SDS micelles in the running electrolytes. Al-
though the disaccharides are highly charged and too polar to partition in the
SDS micelles, the presence of SDS in the electrolyte improved the resolution
of the electrophoretic system. Also, the SDS-based electrolyte proved useful in
the rapid separation (ca. 15 min) of six oligosaccharides derived from
hyaluronan by digestion with testicular hyaluronidase (see Figure 17).

a7



0.0015 AUI

Lo

0] 5 10 15

Time (min)

Figure 17.Electropherogram of oligosaccharides derived from hyaluronan by
digestion with testicular hyaluronidase. Applied voltage, 15 kV; temf{g,; 40
electrolyte, 40 mM phosphate containing 40 mM SDS and 10 mM borate,

pH 9.0; capillary, 72 crmx 50-um i.d.; the column was monitored at 200 nm.
Peak 1 is the unsaturated disaccharide of hyalurodaiiidA), peaks 3, 4, 5,

and 6 are the saturated hexa-, octa-, deca-, dodeca- and tetradecasaccharide
of hyaluronan, respectively. Reprinted with permis&@n.

Also, the electrophoretic behavior of eight commercial disaccharide stan-
dards derived from heparin, heparan sulfate, and derivatized heparins of the
structureAUA2X(1 - 4)0-GIcNY6X (whereAUA is 4-deoxye-L-threo-hex-
4-enopyransyluronic acid, GIcN is 2-deoxy-2-aminoglucopyranose, S is sul-
fate, Ac is acetate, X may be S, and Y is S or Ac) were investigated in HPCE
under various operating conditidfl Heparin and heparan sulfate are struc-
turally similar GAGs differing primarily in their relative contentNacetyl-
glucosamineQ-sulfation, and glucuronic acid. Using heparinases |, II, and Il
as the degrading enzymes, heparin and heparan sulfate can be depolymerized
through an eliminative mechanism to yield 8 different disaccharides shown in
Figure 1891 Using a borate buffer pH 8.8, two of the standard heparin/
heparan sulfate disaccharides, having an identical chargeMfA2S(1-> 4)-
p-GlcNAC (structure 3) andUA(1 - 4)-0-GIcNS (structure 4), were not fully
resolved. The resolution of these two saccharides could be improved by pre-
paring borate buffer in deuterated water or eliminating boric acid. Surprisingly,
baseline resolution was achieved in a micellar solution of sodium
dodecylsulfate (SDS) in the absence of buffer. Since the two saccharides
(structures 3 and 4, see Figure 18) are charged and polar, it is unlikely that the
separation of these solutes was caused by differential partitioning in the SDS
micelles. These electrophoretic systems were then applied to the determination
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OXx? NHY

1.X2=X8=H,Y =Ac
2.X2=H, X8=S05,Y =Ac
3.X2=S05,X6=H,Y = Ac
4.X2=X6=H,Y = SOy
5.X2=X6=505,Y = Ac
6.X2=H,X8=Y = SOy
7.X4=H,X8=Y = SOy
8.X2=S04, X6=H,Y = SO5°
9.X2=X6=Y = SOy

Figure 18.Disaccharide fragments obtained by enzymatic depolymerization of
heparin and heparan sulfate using heparinases |, Il, and lII.

of disaccharide composition of porcine mucosal heparin and that of bovine
kidney heparan sulfate. Both GAGs were found to have an equimolar content
of disacchariddUA2S(1- 4)-0-GlcNAc (structure 3) andUA(1 - 4)-b-

GIcNS (structure 4).

An important application of HPCE in the area of GAGs has been in the
quality control of natural and synthetic heparin fragm@At8ecause of the
anti-blood-clotting activity of heparin, the production of natural and synthetic
heparin fragments for pharmaceutical use relies on the availability of analytical
procedures for the efficient characterization of intermediates and final prod-
ucts. Using a low-pH electrolyte system, namely 0.2 M phosphate, pH 4.0, and
controlling the capillary column temperature at@@llowed the separation of
the nine most common heparin disaccharides (for structures, see Figure 18),
the mapping of the oligosaccharides derived from heparin after heparinase
treatment, and the assessment of the quality of synthetic heparin pentasaccha
ride preparation§?!

Recently, HPCE has been shown useful in determining structural differ-
ences between various GAGSs. For instance, heparin and heparan sulfate are
two GAGs which are structurally related species, yet heparan sulfate has a far
more variable composition with a fewdr andO-sulfate groups and more
N-acetyl groups. The structural differences between heparin and heparan sul-
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fate have been determined by HPCE analysis of the disaccharides resulting
from the action of heparinases I, II, and Il on the polysacchadfldssing
sodium phosphate buffer, pH 2.5, as the running electrolyte and a negative-
polarity applied electric field, the resulting electropherograms of the digested
samples were interpreted with the aid of a reference mixture of disaccharides
standards derived from hepaldfl

Another recent application of HPCE in GAG analysis has been the eluci-
dation of the structural differences between different low-molecular-weight
(LMW) heparins (e.g, Fraxiparine, Fluxum, Fragmin, Sandoparin, and
Enoxaparin) using oligosaccharide compositional andB&ighis was ac-
complished after complete depolymerization of heparin and LMW heparins
with a mixture of heparin lyase |, Il, and Ill followed by CE analysis using
10 mM sodium borate buffer, pH 8.81, containing 50 mM SDS. According to
the authoré23] the major mode of separation for such a system is zone electro-
phoresis, while MECC mode, resulting from the presence of SDS, is a minor
contributor. As determined by CE, the oligosaccharide composition for the
different LMW heparins varied, suggesting that LMW heparins have a signifi-
cantly different proportion of antithrombin 1l binding sequence, which may
explain their different biological activity.

As discussed above, the addition of SDS, an anionic surfactant, to the
running electrolyte at a concentration above the CMC produced little change in
the migration time of disaccharides from GAG and slightly improved the over-
all resolution. When SDS is replaced by cetyltrimethylammonium bromide,
MECC seems to be a good choice for the separation of anionic GAG disaccha-
rides [93]. Resolution improved with increasing CTAB concentration. The
GAG disaccharides eluted in the order of increasing number of charged groups
of the disaccharides. The method proved useful in the determination of
samples of chondroitin sulfates and mink skin.

Very recently, a comparative study on compositional analysis of two sets
of eight unsaturated disaccharide standards derived from heparin/heparan
sulfate (see Figure 18) and chondroitin/dermatan sulfate (see Figure 16) was
carried oud24! using both normal- and reverse-polarity capillary electrophore-
sis. Reverse-polarity CE completely resolved disaccharide mixtures into all
components using a single buffer system composed of sodium phosphate,
pH 3.48. At this pH, the EOF is negligible and the solutes migrate by their own
electrophoretic mobilities toward the grounded anode. In the same report, the
separation of 13 heparin-derived oligosaccharides of sizes ranging from di- to
tetrasaccharides using both normal and reverse polarities was reported. Mix-
tures containing oligosaccharides primarily differing in siss umber of
saccharide units) were better resolved by normal pdf4fitysing 10 mM
sodium borate buffer, pH 8.8, containing 50 mM SDS. This may be due to
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some partitioning into the SDS micelles and also to the fact that the EOF is in
the opposite direction to the electrophoretic mobility of the analytes, thus slow-
ing their apparent migration and, in turn, allowing a better resolution.

More recently, variously sulfated disaccharides derived from hyaluronan
and chondroitin/dermatan sulfates were analyzed by CE using phosphate
buffer at low pH and negative polarity applied electric fiéfilunder these
conditions, baseline separation of the nine different sulfated disaccharides was
obtained while the two nonsulfated disaccharides exhibited peak splitting due
to the anomeric forms of the hexosamines present in the reducing terminal of
the nonsulfated disaccharides.

Other applications of HPCE in the area of GAGs include:

() the assay of sulfoesterase activity on sulfated disaccharides derived from
chondroitin sulfate, dermatan sulfate, and hegétlrihe high resolution
of capillary electrophoresis allowed the use of the assay on impure en-
zyme preparations containing high protein concentrations;

(i) The use of CE as an analytical tool for monitoring chemical reactions of
trisulfated disaccharidd€®! the reactions monitored were the acylation,
pivaloylation, and benzylation of hydroxyl groups on heparin-derived
trisulfated disaccharides; the progress of these reactions was monitored
using the borate/SDS buffer system, pH&84 and UV detection at
232 nm.

While the above oligosaccharides could be readily detected at 232 nm via
the unsaturated bond in the uronic acid residues, the HPCE analysis of sulfated
synthetic low-molecular-weight heparin fragments necessitated the use of
indirect UV[23] This is due to the fact that the sulfated synthetic oligosaccha-
rides exhibit low molar absorptivities as a result of the absence of the double
bond in their structures. The indirect UV detection involved the use of
5-sulfosalisylic acid or 1,2,4-tricarboxybenzoic acid as the running electrolyte
and background chromophore. Sulfated disaccharides with unsaturated uronic
acid residues derived form heparin were also analyzed by CE at low pH with
the indirect-UV mode of detection. The inherent charge possessed by most
GAG disaccharides allowed CE-indirect UV detection to be conducted using
buffers at low pH, thus eliminating the negative effect of the hydroxide
ions!2%! The sensitivity of indirect UV detection was reported to be at least one
order of magnitude higher than that of direct UV deted®drDue to the fact
that the buffer systems used for CE-direct detection (phosphate buffer, pH 2.5)
and CE-indirect UV detectiong., 5 mM 1,2,4-tricarboxybenzoic acid,
pH 3.4) were different, the resolving power of the two systems was not the
saméd?2l Three of the disulfated disaccharides were not totally resolved in the
indirect UV system, whereas they were resolved in the direct UV system.
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However, two monosulfated disaccharides coeluted in the direct UV system,
while they were baseline separated in the indirect UV system (see Figure 19).

10 20 30 40 50 60
Migration Time (min)

10 20 30 40 50 60
Migration Time (min)

Figure 19.Capillary electrophoresis of eight heparin disaccharides using
direct (A) or indirect (B) UV detection. Electrolytes: in (A), 200 mM sodium
phosphate, pH 2.5; in (B), 5 mM 1,2 4-tricarboxybenzoic acid, pH 3.5. Injec-
tions: in (A) 9 nL from a solution containing 0.16 mg/mL of each saccharide;
in (B) 1.8 nL from the same solution as in (A), except that the concentration
was 0.1 mg/mL for each saccharide. Applied voltages: 131.5 Wfc(A)

and 87.7 Ve in (B). Temperature, 2&. Solutes: 1 =3UA2S-. GIcNS6S,

2 = AUA2S-GIcNS, 3 =0UA1- GIcNSES, 4 =UA2S- GIcNACES,

5 = AUA2S- GIcNCOELt6S, 6 DUA2S- GIcNAC, 7 =3UA - GIcNS,

8 = JUA - GIcNAC6S. Reprinted with permissié.
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B.1.3. Glycoprotein-Derived Oligosaccharides

Hermentinet all%! analyzed the reducing oligosaccharides released from
a-acid glycoprotein (AGP) using both high-pH anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) and CZE with UV
detection at 190 nm. According to the authors, the CZE analysis proved to be
4000 times more sensitive than HPAEC-PAD. In fact, the carbonyl function of
theN-acetyl and carboxyl groups present in the molecules enabled their direct
UV detection at concentrations in the femtomole region. This approach has the
advantage of avoiding derivatization and sample clean up processes. In that
study, the authors also compared the mapping profiles of AGP glycans re-
leased by conventional hydrazinolysis or by digestion with peptigscosi-

dase F (PNGase F). Hydrozinolysis proved best with practically no loss of
N-acetylneuraminic acid while the PNGase F digestion resulted in partial
desialylation of the liberate-glycans in the presence of SE59.

N-linked oligosaccharides released from recombinant tissue plasminogen
activator (rt-PA) afteN-glycanase digestion were separated by MECC using
SDS surfactant and direct UV detection at 200%#hirhe oligosaccharides
consisted of neutral (high mannose) and mono- to tetraantennary negatively
charged oligosaccharides. As one can expect, the neutral oligosaccharides
separated on the basis of differential partitioning into the micelles, whereas the
separation of the sialylated oligosaccharides was due mainly to differences in
electrophoretic mobilities among the negatively charged glycans. The addition
of a divalent ion (M§") to the SDS electrolyte system provided an effective
means of enhancing the selectivity of separation through both an increase of
the migration time window of the micellar systems and the differential com-
plexation of carbohydrates with the divalent metal8hThis electrolyte
system was further utilized in theglycosylation mapping of rt-F28] to
determine the difference between the oligosaccharides distribution of the two
rt-PA variants which differ by the presence (type I) or the absence (type Il) of
oligosaccharides at the Asn-184 site.

N-Oligosaccharides from fetuin, tissue plasminogen activator (t-PA) and
a-acid glycoprotein (AGP) were separated by CZE on the basis of their sialic
acid content and their structuf®®. The monosialylated fraction obtained form
ion-exchange chromatography eluted first, followed by di-, tri- and tetrasialy-
lated glycans. As the number of sialic acid residues increased in the oligosac-
charides, the UV absorbance at 200 nm of the underivatized analytes was
greatly enhanced. Within each group of sialyl&leglycans a significant
separation was still attainable, indicating that the separation relies not only on a
charge difference but also on a structural difference between sugar chains
bearing the same number of sialic acid residues. Variations in the type of link-
age (1-2,4 ora-2,6) between the sialic acids and the galactose, in the oligosac-
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charide size, or in the peripheral fucose residue may have facilitated the sepa-
ration within each class.

Approximately eighty underivatized sialooligosaccharides derived from
glycoproteins were analyzed by HPCE at 194*and a carbohydrate-
mapping database was established which would enable a carbohydrate struc-
tural analysis by simple comparison of migration times. Reproducible
migration times could be achieved (RSD < 0.20%) when mesityl oxide and
sialic acid were included as two internal standards for the correction of migra-
tion time using a triple-correction method. The suitability and reliability of the
database for the structural determination of sialylsitgticans by compari-
son of corrected migration time was established by analixegigcan pools
of various glycoproteins such as recombinant human urinary erythropoietin
(baby hamster kidney), bovine serum fetuin, ap@cid glycoproteirt?]

Since there is no enzymatic cleaving process available for the cleavage of
O-linked oligosaccharides, the chemical process used for their cleavage
(i.e. treatment with alkali in the presence of borohydride) results in reducing
them to alditols. Thus, the releasedinked oligosaccharides lack a site for
fluorescent labeling by reductive amination and their detection is only possible
by measuring UV absorbance at 185&hUsing this detection approach,
severalO-glycosidically linked monosialooligosaccharides were analyzed as
their alditols by HPCEL Alkaline borate buffer yielded a migration profile for
the oligosaccharides that was basically similar to that obtained in alkaline phos-
phate buffer, indicating no significant contribution of borate complex formation.
However, neither electrolyte provided enough resolving power to separate
N-acetyl and\-glycolylneuraminic acid containing oligosaccharide pairs. They
were only resolved after the addition of 2700 MM SDS to the borate buffer (see
Figure 20). The separation mechanism is based on changing the conformation of
these oligosaccharides, thus resulting in variation of the molecul&t%izhis
buffer system was utilized in a microscale analysis of sialooligosaccharides in
bovine submaxillary mucin and swallow nest matétl.

B.2. Derivatized Oligosaccharides

B.2.1. Simple Oligosaccharides

Several disaccharides including gentibiose, maltose, lactose, cellobiose and
melibiose were labeled with APTS by reductive amination and subsequently
separated by CE using Mops and borate buffékin Mops buffer, the
gentibiose disaccharides migrated first followed by maltose, lactose, cello-
biose, and melibiose. This migration order might be governed by the differ-
ences in the hydrodynamic volume arising from varying degrees of hydration
due to varying positions of hydroxyl groups in the nonreducing end pyra-
nosel’% In borate buffer, the migration order was gentibiose, maltose,
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Figure 20. Separation of an equimolar mixture of sialooligosaccharide alditol
standards. Peak numbers corresponds to the structures included with the fig-
ure. Analytical conditions: capillary, fused silica (50 erB0-um i.d.); electro-
lyte, 200 mM borate buffer, pH 9.6, containing 0.1 M SDS; applied voltage,
17 kV; detection UV absorbance at 185 nm. Reprinted with permi&ion.

melibiose, cellobiose, and lactose. This migration order is dictated by the mag-
nitude of the stability constant of the disaccharide-borate complexation. In the
same report, two APTS-derivatized glucose tetrasaccharide isomers differing
only in one linkage at the nonreducing end were well resolved in Mops buffer
but not in borate buffer. This means that borate forms a weak complex with
both isomers and thus has no significant effect on the relative electrophoretic
mobility of each species. These isomers were maltotetraose-APTS([gi)glc-
o-(1-4)glca-(1-4)glc-APTS] and gle—(1-6)glca-(1-4)glca-(1-4)glc-APTS.
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Recently, HPCE-LIF was applied to monitor enzyme products formed
during the incubation of yeast cells with the trisaccharideGlc(1- 2)a-p-
Glc(1- 3)a-p-Gle-O(CH,)gCONHCH,CH,NHCO-tetramethylrhodamine
(-TMR). TMR is the fluorescent arm attached to the trisaccharide through
reductive amination of the analy$é! After 5 hr of incubating the yeast cells
with the trisaccharide, the lysed yeast spheroplasts were injected and the com-
ponents were separated and detected by HPCE-LIF. Most of this trisaccharide
was converted to linker arm, intermediate disaccharide and monosaccharide
(see Figure 21). This resulted from the sequential activitygificosidase |
and Il inside the yeast cell which act specificallyoen-Glc(1- 2) anda-p-
Glc(1- 3) linkages, respectivel{*

B.2.2. Homologous Oligosaccharides

The separation of derivatized homologous, ionic oligosaccharides, or homolo-
gous oligosaccharides labeled with an ionic tag by HPCE is most often accom-
plished in the presence of regular noncomplexing electrobigsphosphate,

MES, Tris, etc. This is because the members of both types of derivatized ho-
mologous oligosaccharides will exhibit significant differences in the charge-to-
mass ratios among each other, thus ensuring sufficient differential migration
and, in turn, separation. This is only true up to a certain degree of polymeriza-
tion.

The high resolving power of CZE in the separation of oligosaccharides
was first demonstrated by Nashabeh and El B&ssho reported the separa-
tion of the pyridylamino derivatives of maltooligosaccharides having a degree
of polymerization (d.p.) from 4 to 7 using untreated fused-silica capillaries.
The positively charged sugar derivatives migrated ahead of the EOF marker
and were separated according to their size in the pH range 3.0-4.5 using
0.1 M phosphate solutions as the running electrolytes. The inclusion of 50 mM
tetrabutylammonium bromide in the electrolyte solution decreased slightly the
EOF, and consequently allowed the separation of the maltooligosaccharides at
pH 5.0. However, as the pH approached thg\attue of the derivatives
(pK5= 6.71), the homologues practically coeluted and moved virtually to-
gether with the EOF.

To examine the effect of the nature of the derivatizing agent on the spac-
ing pattern between the migrating zones of homologues, a series of
N-acetylchitooligosaccharides derivatized with either 2-AP or 6-AQ were
separated by CZE! using the buffer system established for the maltooligo-
saccharidd®®! as the running electrolyte, and a capillary having polyether
interlocked coating (see Figure 22). As can be seen in Figure 22, since 2-Ap
and 6-AQ have similar characteristic charges, the spacing between two neigh-
boring homologues is virtually independent of the tagging agent.
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Figure 21.Electropherograms obtained from the analysis of lysed yeast
spheroplasts (top) and a standard solution containing M0of each compo-
nent (bottom). Electrolyte, 10 mM each of phosphate, borate, phenylboronic
acid and SDS, pH 9.3; capillary, 42 eniOum i.d.; voltage, 400 V/icm.

Peaks:

T = a-p-Glc(1 - 2)a-p-Gle(1 - 3)a-p-Gle-O(CH,)g CONHCH,CH,NHCO-TMR;

D= a-p-Glc(1- 3)a-p-Glc-O(CH,)g CONHCH,CH,NHCO-TMR;

M = a-p-Glc-O(CH,)g CONHCH,CH,NHCO-TMR;

L = H-O(CH,)sCONHCH,CH,NHCO-TMR. Reprinted with permissiéfi.
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Figure 22.Electropherograms of pyridylamino (A) and quinolylamino

(B) derivatives oN-acetylchitooligosaccharides. Capillary, fused silica tube
with polyether interlocked coating on the inner walls, 50 cm (to the detection
point), 80 cm total lengtky 50 um i.d.; electrolyte, 0.1 M phosphate solution
containing 50 mM tetrabutylammonium bromide, pH 5.0; voltage, 18 kV.
ZAFE =]2—aminopyridine; 6-AQ = 6-aminoquinoline. Reprinted with permis-
sion/62

On the contrary, when various tagging agents with different characteristic
charges were used, the spacing between the oligosaccharides was largely
influenced by the nature of the derivatizing ad®h?8-°9lin one study, three
derivatizing agents were used in the tagging of a sample of dextran oligomers
including 2-AP, 5-ANSA, and ANT87] At the pH of the experiment,

i.e, pH 8.65, the 2-AP, 5-ANSA, and ANTS derivatives possess the negative
charges of zero, one, and three sulfonic acid groups, respectively. The average
migration times for the individual ANTS oligomers was roughly one-third of
those observed with 2-AP derivatives, with 5-ANSA derivatives being
intermediate. In addition, the ANTS derivatives exhibited narrower peaks,
greater resolution, shorter analysis time, and higher peak detection.
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Another study examined the effects of the structure and charge of naphtha-
lene sulfonic acid-based derivatizing agents, such as ANTS, ANDSA, 3-amino-
naphthalene-2,7-disulfonic acid (3-ANDA, tag XV), 2-aminonaphthalene-1-
sulfonic acid (2-ANSA, tag Xl), and 5-ANSA, on the CE analysis of their
maltooligosaccharides derivatives using a running electrolyte consisting of
sodium phosphate, pH 2.5, in the presence of PBIAs can be seen in
Figure 23a, ANTS-derivatized maltooligosaccharides were separated for up to
a d.p. of more than 30 glucose units in less than 30 min. 3-ANDA-derivatized
maltooligosaccharides showed the same resolution, yet the separation was only
achievable up to d.p. 30 (Figure 23b). On the other hand, for 2-ANSA and
5-ANSA-derivatized maltooligosaccharides (Figure 23c and 23d, respectively),
only 20 components were resolved and loss of efficiency was observed, which
might be attributed to the longer analysis time (ca. 40 min). These findings
show the importance of having permanent multiple charges on the tag such as
ANTS and 3-ANDA. Although 2-ANSA and 5-ANSA tags are structural iso-
mers, the migration time of 2-ANSA is almost four times lower than that of
5-ANSA (see Figures 23c and d). Theypélue for the primary amino group
of 5-ANSA is higher than that of 2-ANSA due to the fact that the sulfonic acid
and amino groups are further apart. This high y#due decreases the net nega-
tive charge on the molecule and, in turn, its mobility. Despite its smaller size,
5-ANSA tagging agent migrated slower than the 5-ANSA oligosaccharide
derivatives. This might be due to the presence of a less basic secondary amino
group on the 5-ANSA oligosaccharide derivatives, thus possessing a higher net
negative charge and mobility than the tagging agent.

Also, the effect of the electrical charge of the fluorescent tags on the sepa-
ration of negatively charged oligosaccharides, derived from partially hydro-
lyzedk-carrageenan, was studied using capillaries coated with a layer of linear
polyacrylamidd®®] This was accomplished by comparing the separation of
ANTS- and 6-AQ-derivatizel-carrageenan oligosaccharides. When the
charge-to-friction ratio of oligosaccharides is increased by the end-label
(i.e, ANTS), the migration order is from smaller to larger oligomers, and the
separation of larger oligosaccharides is improved by using a sieving medium.
The separation is based on the differences in the charge-to-mass ratio of the
different oligomers. The derivatizing agent, ANTS, has three negative charges
and, as a result, it will alter the charge-to-mass ratio of the analytes; however;
this alteration is more significant in the case of small oligomers and diminishes
as the degree of polymerization of the oligomers increases. The migration
order can be entirely reversed when the charge-to-friction ratio is decreased by
the end-label. This is the case of oligosaccharides tagged with 6-aminoquino-
line, where the migration order starts with large oligomers and proceeds to
smaller ones. This is due to the fact that the tag decreases the charge-to-mass
ratio of the small oligomers more significantly than the larger Sfles.
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Figure 23.Electropherograms of maltooligosaccharides labeled with

(@) ANTS, (b) 3-ANDSA, (c) 2-ANSA, (d) 5-ANSA. Capillary, fused -silica,

50 cm (to detection point), 72 cm (total lengt§0-um i.d.; running electro-

lyte, 50 mM phosphate, 36 mM TEA, pH 2.5; voltage, -20 kV; detection, UV,
235 nm; temperature, 28. Solutes, (R) reagent, in (c) the presence of a con-
taminant in the reagent generates a second peak, also designated as R. Num-
bers indicated reflect the number of glucose residues in the linear
maltooligosaccharides. Reprinted with permissféh.

An important operating parameter that largely affects the resolution of
homologous oligomers is the magnitude of the EOF. In fact, the use of coated
capillaries having very low or virtually no electroosmotic flow improved the
resolution of homologous oligosaccharides with a higher degree of polymer-
ization. For instance, the separation of pyridylamino derivatives of oligogalac-
turonide homologous series with d.p. in the range 1 to 18 was best achieved on
a coated capillary having a switchable (anodal/cathodal) EOF using 0.1 M
phosphate solution, pH 6.5, as the running electrolyte since, at this pH, the
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EOF is very low0! Similarly, pyridylamino derivatives of isomaltooligosac-
charides were completely separated from each other, at least up to a d.p. of 20,
using fused-silica capillaries in which the EOF was suppressed by chemically
coating the capillary inner wall with linear polyacrylamitf3]

Furthermore, in a recent study, Chiesa and Ho®#trrived at the con-
clusion that the use of polyacrylamide gel-filled capillaries does not contribute
to enhancing the separation of derivatized homologous oligomers which con-
tradicts what was first shown by Novotny and coworkér$%2ln their
work "4 ANTS-derivatized maltooligosaccharides were separated at pH 2.5
by open-tubular CZE and the results were compared to those reported in the
literature involving ANTS-derivatized maltooligosaccharides separated by
polyacrylamide slab géP! and CBQCA-derivatized maltooligosaccharides
separated in capillaries filled with highly concentrated polyacrylamide gel
according to the procedure described bydtial["81921 The authors con-
cluded that the presence of the gel shows no enhancement in the resolution of
oligosaccharide derivatives containing at least up to 20 glucosé’th@s
the contrary, the mobility of the ANTS derivatives appears to be lower by a
factor of 22 in the cross-linked gel than in free solution, with no change in
resolution. The separation of ANTS-maltooligosaccharides in open-tubular
CZE was achieved with a background electrolyte of 50 mM sodium/triethyl-
ammonium phosphate buffer, pH 2.50, containing 10.8 mM triethylamine
(TEA).[" Under these conditions, nearly 30 homologues were well resolved
in less than 5 min (see Figure 24). This separation electrolyte system was used
elsewhere in the separation of ANTS-derivatized dextran and galacturonic acid
ladders by CEL03] The effect of the cationic additive (TEA) was mainly at-
tributed to its interaction with the capillary wall (electrostatic binding). In fact,
at sufficiently high concentrations of TEA.¢, 50 mM), an inversion in the
direction of EOF from cathodal to anodal was obsel{/&ince the electro-
phoretic migration of the triply negatively charged ANTS-derivatives takes
place in the same direction, the EOF has the beneficial effect of increasing the
speed of separation. However, the resolution of the system decreased for d.p.
greater than 12. This system allowed the ultrafast separation (in less than 10 s)
of three short-chain maltooligosaccharides derivatized with AKF'S.
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Figure 24.Electropherogram of ANTS-derivatized maltooligosaccharides
obtained with 50 mM sodium/triethylammonium phosphate buffer, pH 2.5,
containing 10.8 mM TEA. Capillary, 270 mn®0-um i.d.; temperature, 2&;
voltage, 22 kV; 80 ng of sample. Reprinted with permi$&bn.

Very recently, Stefansson and Novd#iydemonstrated the separation
of large oligosaccharides of dextrans (although these oligosaccharides are
branched, their behavior is first described here simply for the completeness of
the discussion) in open-tubular capillaries coated with linear polyacrylamide
(i.e, zero-EOF capillaries) using running electrolytes based on Tris-borate,
pH 8.65. This work has clearly demonstrated the importance of zero-flow
capillaries in achieving high resolution and high separation efficiencies (excess
of 1 million theoretical plates/m) for large oligosaccharides. Also in this work,
open-tubular CZE with zero-flow capillaries was shown to be useful in sepa-
rating the various oligomers of corn amylose as well as in preliminary ex-
amples of applications to monitoring the action of hydrolytic and synthesizing
enzymes (for further discussion, see next section).

ANTS-derivatized dextran oligosaccharides were separated by CE using
polymer networks under various operating conditions. As a model system, ANTS-
labeled wheat starch digest was analyzed by CE using 25 mM sodium acetate
buffer, pH 4.75, containing 0.5% polyethylene oX88. Although the polymer
concentration used was above the entanglement threshold value, separation was not
based on a sieving mechanism. This was evident from Ferguson plots where the
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logarithm of the electrophoretic mobility of the analytes shows no dependence on
the polymer concentration in the range 0.2-1.0%. Therefore, the separation attained
was caused by the charge-to-mass ratio differences of the oligosaccharides and, as
was found by Chiesa and HorvEifi the effect of the polymer network was only to
slow down the velocity of the derivatives.

As in the case of monosaccharides, oligosaccharides derivatized with
neutral or weakly ionizable tags necessitate the use of high pH electrolyte
solutions or borate buffers to be electrophoresed. This is the case of PMP-
derivatives of homologous oligoglucdf®, such asi-(1 - 3)-linked
(laminara-) oligoglucans-(1 - 6)-(isomalto-) oligoglucans arf$(1 - 4)-

(cello-) oligoglucans, which were separated as borate complexes. All the
homooligoglucans eluted in the order of decreasing size and, because of the
unfavorable mass-to-charge ratio at high degrees of polymerization, the resolu-
tion between the homologues decreased as the number of recurring units in-
creased. As expected, the rate of migration varied among series since the
extent of their complexation with borate is largely influenced by the orientation
of hydroxyl groupsi.e., by the type of interglycosidic linkage of the various
oligosaccharides. In another report from the same labofakaing, PMP de-
rivatives of a series of isomaltooligosaccharides were separated by CZE using
an agueous barium salt solution as the running electrolyte. The PMP
isomaltooligosaccharides were separated from each other up to d.p. of 9 as
opposed to d.p. of 13 in the presence of bd?éke.

B.2.3. Branched Oligosaccharides Derived from Plants

The high resolution separation that HPCE provides for homologous linear
oligosaccharides was also exploited in the separation of branched heterooligo-
saccharides derived from large xyloglucan polysaccharides (XGs) by enzy-
matic digestior®! Figure 25 illustrates the CZE separation of pyridylamino
derivatives of xyloglucan oligosaccharides (2-AP-XG) obtained from cotton

cell walls by cellulase digestidt®! XGs possess a basic backbone identical

to that of cellulose, a (14) linkedp-glucan. Variations in XGs are caused

by the differences in the nature and distribution of xylose, galactosyl-xylose,
fucosyl-galactosyl-xylose and, in some cases, arabinosyl-xylose side chains on
the glucan backbone. Cellulase, a complex of enzymes, is able to digest the
backbone of XGs after any glucosyl residue which does not subtend a side
chain, thus liberating fragments of the polymer that reflect its branching pat-
terns. The peak numbering on the electropherogram (see Figure 25) reflects the
elution order obtained in reversed-phase chromatography (EPih CZE,

the elution order was mainly governed by the number of sugar residues and the
degree of branching, whereas in RPC the elution order was mainly influenced
by the size of the oligosaccharide and the hydrophobic character of the sugar
residues.
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Figure 25.Capillary zone electrophoresis mapping of pyridylamino deriva-
tives of xyloglucan oligosaccharides from cotton cell walls. Capillary, fused-
silica tube with polyether interlocked coating on the inner walls, 50 cm (to the
detection point), 80 cm total lengb0-um i.d.; electrolyte, 0.1 M sodium
phosphate solution containing 50 mM tetrabutylammonium bromide, pH 4.75;
running voltage, 20 kV. Symbols: 2-AP, 2-aminopyridngglucose[, xy-

lose;m , galactose9, fucose. Reprinted with permissiéH.

In order to interpret the electrophoretic behavior of the various 2-AP-XG
and to quantitatively describe the effects of the various sugar residues on their
electrophoretic mobility, Nashabeh and El R&8shave introduced a mobility
indexing system for the branched xyloglucan oligosaccharides with respect to
the linear pyridylamino derivatives bfacetylchitooligosaccharides (2-PA-
GIcNAc,)) homologous series, shown in Figure 22. The indexing system re-
vealed that the addition of a glucosyl residue to the linear core chain of the
oligosaccharide showed a similar change in the mobility index decrement as
the addition of a xylosyl residue at the glucose loci and behaved as one half of
a GlIcNAc residue in terms of its contribution to the electrophoretic mobility of
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the 2-AP-XG (see structures in Figure 25). However, the addition of a galacto-
syl residue to an already branched xylosyl residue exhibited less retardation
than the addition of a glucosyl or xylosyl unit to the backbone of the xylo-
glucan oligosaccharide. The same observation was made about adding a
fucosyl residue to a branched galactosyl residue. Thus, as the molecule be-
comes more branched, the addition of a sugar residue does impart a slightly
smaller decrease in its mobility. This approach may prove valuable in correlat-
ing and predicting the effects of several parameters such as the nature, posi-
tion, and number of sugar residues on the mobilities of complex carbohydrates.

Very recently, the ability of HPCE to distinguish complex oligosaccha-
rides of very similar structures has been further exploited in the oligosaccha-
ride mapping of laminarlfi”] (a branched polysaccharide) after enzymatic
cleavage with laminarinase, cellulase, and endoglucanases. The various
ANTS-oligosaccharide maps obtained with the three diff@dn8-glucose-
hydrolases show that cellulase and laminarinase seem to cause more complete
hydrolyses than the endoglucanases (EG | and EG Il). Also, EG | and EG Il
appeared to differ somewhat in their structural preferences. This shows again
the importance of the high sensitivity and high resolution of HPCE in the char-
acterization of structural preferences for different enzymes in the hydrolysis of
a given polysaccharide.

Finally, oligosaccharides of-p-glucans (amylose, amylopectin and
pullulan) and3-p-glucans (exemplified by lichenan) were also derivatized with
ANTS and analyzed by CE to evaluate their compléX®}. The separation
capillary consisted of a fused-silica capillary coated with a linear layer of poly-
acrylamide. The oligosaccharide maps were obtained after selective debranch-
ing using isoamylase, laminarinase, and cellulase enzymes using various
borate-based electrolyte systems. According to the authors, “complex glucan
chains with numerous residual branches can potentially be assessed using this
oligosaccharide mapping procedure.” Since the capillary column was of the
type with reduced EOF, a baseline separation of an intact amylose sample with
d.p. close to 70 could be achieved.

B.2.4. Glycosaminoglycan-Derived Oligosaccharides

Although underivatized GAG-derived di- and oligosaccharides can be readily
electrophoresed by HPCE and detected in the UV at 232 nm, precolumn de-
rivatization of these species with a suitable chromophore or fluorophore will
certainly improve their detectability. In addition, the tagging may provide
additional properties to the GAG sugars which may enhance the separation
potential.
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Thus far, only two research papers have appeared on the separation of
derivatized GAG-derived oligosaccharides. Unsaturated disaccharides derived
from GAGs by digestion with chondroitinase AC and ABC were labeled with
PMP and subsequently separated by €ZEThe conversion of these saccha-
rides to their PMP derivatives improved the system sensitivity (see Figure 26).
The electrophoretic system also proved suitable for the quantitative estimation
of human urinary chondroitin sulfates (see Figure 26b).
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Figure 26.(a) Electropherogram of chondroitin ABC-digested mixture of
chondroitin sulfates A-E, chondroitin, and hyaluronic acid by CZE after de-
rivatization with PMP. Capillary, fused silica (51 cnb0-1m i.d.); electrolyte,

100 mM borate buffer, pH 9.0; applied voltage 25 kV. Peaks: 1 came from the
buffer for enzymatic digestion; 2, PMP (excess reagent); 3, PMP derivative of
Adi-0S; 4, PMP derivative didi-HA; 5, sodium benzoate (internal standard);

6, PMP derivative of\di-4S; 7, PMP derivative aidi-6S; 8, PMP derivative

of Adi-S;; 9, PMP derivative ofAdi-S-. (b) Analysis of the PMP derivatives of
unsaturated disaccharides derived from the GAG fraction of a urine sample
digestion with chondroitinase ABC by CZE. Conditions and peak assignment
are as in (a)Reprinted with permissidf’!

Liu et al292] demonstrated the advantages of using gel-filled capillaries
with high gel concentration in the separation of enzymatically degraded hyalu-
ronic acid from human umbilical cords. CZE with gel-filled capillaries af-
forded the high resolution separation of hyaluronic acid-derived oligosac-
charides tagged with CBQCA.
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B.2.5. Glycoprotein-Derived Oligosaccharides

HPCE is increasingly used in the separation and mapping of the oligosaccha-
ride fragments of glycoproteinsg., glycans. Using ovalbumin as a model

protein, Hondat al.[192 demonstrated the separation of glycans by CZE with
on-column fluorometric detection. The oligosaccharides of ovalbumin (hybrid
and high mannose type) were released with anhydrous hydrazine and tagged
with 2-AP after reN-acetylation. As shown in Figure 27, the oligosaccharides
were electrophoresed using two different electrolytes, an acidic phosphate
buffer whereby the derivatized glycans are positively charged due to the proto-
nation of the amino group of the tag( direct CZE) and an alkaline borate

buffer which allows thén situ conversion of the derivatives to anionic borate
complexesi(e., indirect CZE). Because of differences in their separation
mechanisms, direct and indirect CZE yielded different selectivities. As can be
seen in Figure 27a, direct CZE gave good separation among the oligosaccha-
ride derivatives that are different in their molecular dieg fligosaccharides
having different number of monosaccharide units), but could not resolve sol-
utes having the same degree of polymerization. On the other hand, CZE as
borate complexes separated the oligosaccharide derivatives based on structural
differences of the outer monosaccharide residues (Figure 27b). The greater the
number of unsubstituted mannose units, the more retarded are the deriva-
tives[101] However, the borate system failed to resolve high mannose type
oligosaccharides having the same number of outer mannose residues, such as
structures hand B (see Figure 27). Similarly, hybrid-type oligosaccharides
having the same number of peripheral mannose or galactose residues, but
differing in the total number of monosaccharide units, were not resolved (see
structures gand g in Figure 27). In both cases, however, the use of direct

CZE with phosphate buffers gave satisfactory separations.

Also, capillary electrophoresis proved to be useful in elucidating the dif-
ferences in glycan structures of the same glycoprotein but from different
sourced!071 The CZE mapping of the pyridylamino derivatives of the oli-
gosaccharides derived from human and bogipacidglycoprotein (AGP)
yielded two different electropherograms each containing well-defined peaks
and a few minor peaks, eluting after the excess 2-AP (see Figure 28). Both
human and bovine AGP have been found to have the same sialic acid, galac-
tose, and mannose content. The major differences are such that 50% of the
sialic acid in bovine AGP aé-glycolylneuraminic acid and the fucose con-
tent is very low. These differences were unveiled by CZE mapping of both
types of glycans. Based on these results, CZE will play an important role in
the field of glycan separation and characterization.
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Figure 27.Analysis of the reductively pyridylaminated oligosaccharides de-

rived from ovalbumin (a) by direct CZE or (b) CZE as borate complexes.

() Capillary, 20 cmx 25 um i.d.; electrolyte, 0.1 M phosphate, pH 2.5; run-

ning voltage, 8 kV; detection, 240 nm. (b) Capillary, 95¢B0-um i.d.; elec-

trolyte, 200 mM borate buffer, pH 10.5; running voltage, 20 kV; fluorescence

detection with excitation at 316 nm and emission at 395 nm. Peak assignments

in (a): 1, heptasaccharide; 2, octasaccharides; 3, nonasaccharide; 4, deca-

saccharide; 5, undecasaccharide. Peak assignments in (b) refer to the illustra-

tion provided above the electropherograms; peaks b and ¢ were not assigned.

Reprinted with permissid#1]
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Figure 28.Capillary zone electrophoresis mapping of pyridylamino deriva-
tives of human (a) and bovine (b) AGP oligosaccharides. Capillary, fused-
silica tube with hydrophilic coating on the inner walls, 45 cm (to the detection
point), 80 cm total lengtky 50-um i.d.; electrolyte, 0.1 M phosphate solution,
pH 5.0, containing 50 mM tetrabutylammonium bromide; running voltage,

18 kV; current. 8QUA; injection by electromigration for 2 s at 18 kV. Reprinted
with permissior97]

High mannose oligosaccharides released from RNase B by digesting the
protein with PNGase F were also analyzed by €% &s their 2-AP deriva-
tives. One major peak on the CZE map was identified as (GlchWviaii
using an oligosaccharide standard. The polypeptide chain of RNase B is
known to have only one glycosylation site which can accommodate five differ-
ent high mannose glycans. This may explain the presence of several peaks in
the CZE map besides that of (GlcNA®Jlans oligosaccharide which is the
most predominant carbohydrate moiety of bovine RNase B.

Very recently, an electrophoretic system based on capillary gel electro-
phoresis was described for the profiling of oligosaccharides enzymatically
derived from ribonuclease B and labeled with APTS. The capillary gel
electrophoresis system involving the use of an entangled polymer network
exhibited a higher resolving power than open-tubular E#Bptimum
separation was attained using 25 mM acetate buffer, pH 4.75, containing
0.4% polyethylene oxide polymer and a neutrally coated capillary. This system
yielded a high resolution of all the major components of the ribonuclease
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N-glycan pool, and a baseline separation of the three positional isomers of
mannose-7 and mannose-8 oligosaccharides (see Figure 29). According to the
authors, the separation is not related to sieving effect but rather to the change
in the hydrodynamic volumes of the labeled glycans and viscosity of the
separation mediurf®!

To compare capillary to planar electrophoresis, various carbohydrates
released from several glycoproteins including bovine fetuin, hemacid
glycoprotein, HIV envelope, and bovine ribonuclease B were labeled with
ANTS and analyzed by HPCE-LIF and high-concentration polyacrylamide
slab gel electrophoresis (PAGE). HPCE in the open-tubular forenainthe
absence of an entangled polymer network) using acetate buffer, pH 4.75,
yielded comparable results to those obtained with PAGE in terms of number of
migrating bands. In both cases, high resolution separations of the released and
labeled carbohydrates were achiel88]

Moreover, ANTS-derivatized complex oligosaccharides, both neutral and
sialylated, were separated by HPCE-B#] The separation of the derivatives
with good resolution was achieved in less than 8 min using phosphate buffer at
pH 2.5. The linear relationship between the electrophoretic mobility and
charge-to-mass ratios of the ANTS-derivatized oligosaccharides was used for
peak assignment.

The effect of the structure and charge of the derivatizing agent on the CE
analysis of branched oligosaccharides was also investi§8ltetigh-man-
nose-type oligosaccharides from bovine pancreatic ribonuclease B were la-
beled with ANTS, ANDSA, and 2-ANSA, and separated by CZE using phos-
phate buffer, pH 2.5, containing TEA. A baseline resolution of the main
components was obtained in all cases. The resolution of two of the three struc-
tural isomers of Man7 indicates that the mechanism of separation is not strictly
based on differences in charge-to-mass ratio but also on the three-dimensional
structure which also affects electrophoretic mobifi®).

The nature of the derivatizing agent influences the choice of the HPCE
mode to be used in the subsequent separation step. In fact, MECC proved
useful in the analysis of complex oligosaccharides derivatized with a hydro-
phobic tag, 2-aminoacridone. The derivatized oligosaccharides derived from
ribonuclease B, hen egg albumin, and fetuin were sep&f&leding a borate
buffer containing taurodeoxycholate surfactant that has been shown useful for
the analysis of 2-aminoacridone-derivatized monosacch&fidhe separa-
tion mechanism of such a system is based more on the borate complex forma-
tion, as determined by the absence of resolution when bicarbonate buffer was
used, than on the patrtitioning of the derivatives in the micellar phase. How-
ever, the addition of the surfactant was shown to improve the separation effi-
ciency. The pattern of separation of the major components of the 2-AA
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derivatized oligosaccharides derived from ovalbumin is similar to that obtained
by gel permeatiof-1!
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Figure 29. CGE separation of the APTS-labeled high-mannose type oligosac-
charides released from bovine ribonuclease B (upper trace) and the individual
standard structures (lower traces). Inset: structural representation of the
high-mannose typ-linked oligosaccharides: squares = GIcN#Ac- 4;

circles #4 = Ma8l - 4; circles #6 = Mamrl - 6; circles #3 = Maml- 3;

circles #2 = Mamrl- 2. Conditions: 57 cm neutrally coated column (50 cm

to detection pointx 50-um i.d.; LIF detection: argon ion laser, excitation

488 nm, emission: 520 nm; separation buffer: 25 mM acetate buffer, pH 4.75,
0.4% polyethylene oxide, applied electric field = 500 V/cm.; i #A920°C.
Reprinted with permissidff!

Additional CZE analysis of glycans was reported byatial[/”] N-linked
oligosaccharides from bovine fetuin were released through hydrazinolysis and
then derivatized with CBQCA. With on-column LIF detection, this tag permit-
ted the CZE of subpicogram amounts in a phosphate-borate buffer, pH 9.5.
Four major peaks as well as few minor peaks were well resolved.

Finally, to provide an HPCE methodology that makes it possible to draw
inferences about structural characteristics of complex glycans and, in turn,
expedite subsequent structural analyses, a novel method for identifying and
guantifying 2-AP derivatives of desialylateglycosidically linked oligosac-
charides in glycoproteins was introduced. It is based on two-dimensional map-
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ping of different oligosaccharides by HP&E 112lysing two different elec-
trolyte systems so that the individual modes of separation are as different from
each other as possible.

B.2.6. Glycolipid-Derived Oligosaccharides

Very recently, Mechreét all®®! reported the most suitable conditions for the
selective precolumn derivatization of sialooligosaccharides, derived from
gangliosides, and the subsequent separation of the derivatives by HPCE.
Seven sialooligosaccharides, whose structures and abbreviations are illustrated
in Figure 1, were cleaved from gangliosides by ceramideglycanase and deriva-
tized with ANDSA according to Schemd8#4 This precolumn derivatiza-

tion, which involves the formation of a stable amide bond between the amino
group of the ANDSA tag and the carboxylic acid group of the analyte, is very
attractive for the labeling of sialooligosaccharides since it is readily achieved in
an agueous medium and at room temperature. Sialooligosaccharides are prone
to desialylation at high temperature and in very acidic media. The ANDSA-
sialooligosaccharide derivatives, which fluoresce at 420 nm when excited at
315 nm, were readily detected in HPCE at the low femtomole levels using an
on-column lamp-operated fluorescence detector. The various ANDSA-
sialooligosaccharide derivatives are charged at all pH due to the fact that the
precolumn derivatization with ANDSA replaces each weak carboxylic acid
group of the parent sugar by two strong sulfonic acid groups. Using 100 mM
sodium phosphate, pH 6.0, as the running electrolyte and an untreated fused-
silica capillary allowed the resolution of six of the sialooligosaccharides inves-
tigated. The two structural isomers sialooligg;&and sialooligo-G;, (see

Figure 1) were not resolved, suggesting that their hydrodynamic volumes are
not significantly different. The separation of the seven ANDSA-sialooligosac-
charides with an uncoated fused-silica capillary was best achieved when

75 mM borate, pH 10.0, was used as the running electrolyte (see Fiifte 1).

In another report by Mechref and El Rd33ithe seven ANDSA-
sialooligosaccharides were perfectly separated in a dextran-coated capillary
using 100 mM sodium phosphate buffer, pH 6.0, and a negative polarity (see
Figure 30). The dextran-coated capillary used in that study exhibited a reduced
EOF with respect to an untreated fused silica capillary and the reduced EOF
was in the opposite direction to the intrinsic electrophoretic mobility of the
analytes. This condition could have favored a better differential migration of
the two structural isomers.

72



0.0100—
7 5
Q 6
8 —
8
2
2 -
Q
<
- 3 7
1
0.0050— 2
4
0.0000—

7.50 10.00 15.00

Time (min)

Figure 30.Electropherogram of ANDSA derivatives of sialooligosaccharides
derived from gangliosides obtained on a dextran 150 kDa-coated capillary.
Capillary, 47 cm total length (40 cm effective lengt®0-1m i.d.; running
electrolyte: 0.10 M phosphate, pH 7.0; pressure injection, 1 s; applied voltage,
-15 kV; detection, UV at 250 nm. Sample: 1 = Sialoolig@: @ = Sialooligo-

Gz 3 = Sialooligo-Gryy, 4 = Sialooligo-Gyy,; 5 = Sialooligo-Gy; 5

6 = Sialooligo-Gy,; 7 = Sialooligo-Gy;. Reprinted with permissidee!

C. Polysaccharides

C.1. Underivatized Polysaccharides

Thus far, only a few attempts have been made for the application of HPCE to
polysaccharides. Recently, Richmond and Yé&#hmeported the HPCE sepa-
ration and detection of high-molecular-weight native polysaccharides (see
Figure 5). To partially ionize the various analytes and in turn achieve differen-
tial electromigration, an electrolyte of pH 11.5 was used. Detection was made
possible by laser-excited indirect fluorescence detection. In general, migration
times were reproducible to 0.05 min for consecutive injectfdhs.
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HPCE was utilized for the quantitative analysis of the glycosaminoglycan
hyaluronan in human and bovine vitreous with UV detection at 208%#.
running electrolyte consisting of 50 mM disodium hydrogen phosphate,

10 mM sodium tetraborate, and 40 mM SDS, pH 9.0, was found to be opti-
mum for assaying hyaluronan and its oligomers. This alkaline electrolyte en-
sures that hyaluronan migrates as a polyanion and minimizes the possibility of
wall adsorption of both protein and polysaccharide components of the vitreous
humor, while SDS binds to the proteins which then migrate away from
hyaluronan. The signal corresponding to hyaluronan was confirmed by depoly-
merization of the native mucopolysaccharide by hyaluronidase. This resulted
in the loss of the hyaluronan peak and the appearance of several new peaks
corresponding to the oligomeric fragments which had shorter migration times
(see Figure 31).

C.2. Derivatized Polysaccharides

Sudor and Novotri$?! reported the separation of neutral polysaccharides

(e.g, chitosan, dextran, various water-soluble cellulose derivatives, etc.) labeled
with CBQCA using capillaries coated with polyacrylamide and filled with an
appropriate polymer solution such as linear polyacrylamide. In the presence of
borate, the derivatized polysaccharides migrated readily in open-tubular CZE
but showed little tendency to separate. Due to their large molecular size, poly-
saccharides were not amenable to sieving using gel capillary electrophoresis as
they did not penetrate the gel network. This hindrance was solved by causing
the polysaccharides to migrate through solutions of entangled polymers. But
the extent of separation in such sieving media was complicated by reptation
effect. This was overcome by using pulsed-field conditions where a potential
gradient along the separation capillary was periodically inverted afa 180
angle which brought about shape transitions and, in turn, favored the separa-
tion of polysaccharides according to molecular size. This approach resembles
what is known as pulsed-field electrophoresis or field-inversion gel electro-
phoresis which was originally introduced for the separation of large DNA
fragments in traditional gel slab electrophoresis.

The electrophoretic migration of neutral and highly charged polysaccha-
rides, such as chemically modified celluloses and heparins labeled with
CBQCA, was regulated by secondary thermodynamic equilibria during capil-
lary electrophoresis by using suitable buffer additit3 Electrophoretic
migration of uncharged chemically modified cellulose was induced by the
adsorption of hydrophobic and charged detergents onto the analyte compo-
nents, and the process could be described by Langmuir adsorption isotherms.
Different polymers were found to contain different adsorption sites, including
multilayer formation. On the other hand, reduction of a high electrophoretic
mobility of highly charged heparin was attained by the addition of ion-pairing
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reagents to the running electrolyte. Under these conditions, migration velocity
and selectivity were influenced by the concentration and number of charges of
the additive113]
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Figure 31.Electropherogram of (a) bovine vitreous, compared with (b) hyalu-
ronidase digest of Hyaluronan. Peaks labeled according to the number of
disaccharide units in the oligomer. Separation buffer: 50 mM disodium hydro-
gen phosphate, 40 mM SDS, 10 mM sodium tetraborate; capillary, 50 cm
754m i.d.; voltage, 15 kV; detection at 200 nm. Reprinted with permig&ion.

Another approach for the electrophoresis and sensitive detection of
polysaccharides has been the dynamia eitulabeling of the analytes. In
fact, underivatized starch components were separated and detected by CE as
their iodine complexe8!! lodine complexation with carbohydrates imparts
charge and optical detection sensitivity at 560 nm. The starch-iodine complex
consists of a helix of sugar residues surrounding a lifeewrel114.1151un-
like borate complexation, iodine binding is a cooperative interaction which
exhibits strong chain-length dependence in both complexation and optical
properties. The iodine binding constant increases nearly exponentially with
glucan chain length, reaching a plateau at approximately 125 rediflies.
Moreover, the wavelength of maximum absorbance exhibits a red shift with
increasing chain length!”] These facts could be utilized to reveal information
on the size and structure of the analytes independent of their electrophoretic
behavior. Amylopectin and amylose were well resolved from each other in less
than 10 min using iodine-containing buffers in unmodified capillaries. Amy-
lopectin electrophoretic mobility is dependent on the iodine concentration as
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well as on the separation temperature, while that of amylose is not. This re-
flects the fact that the long chains of amylose are essentially saturated with
iodine even at low iodine concentration. This system was also shown to be
useful in the analysis of potato starch, amizo V, corn starch, and malto-
dextrin/51]

D.  Glycopeptides and Glycoproteins

D.1. Glycopeptides

The high resolving power and unique selectivity of CZE were also exploited in
the separation and characterization of peptide and glycopeptide fragments of
glycoproteins. Figure 32 illustrates the CZE mapping of the tryptic peptide
fragments of humaa-acid glycoprotein (AGP) as well as the submapping of
its glycosylated and nonglycosylated fragméWt8.Prior to CZE runs, the

whole digest was first fractionated into peptide and glycopeptide fragments by
high-performance affinity chromatography on a silica-bound concanavalin A
(Con A) column. Three pooled fractions were obtained, the first two being
Con A non-reactive and Con A slightly reactive eluted with 20 mM phosphate
pH 6.5 containing 0.1 M NaCl, while the third fraction interacted strongly with
the Con A column and eluted with the heptanic suggrmethylea-p-manno-
pyranoside. The three fractions were then analyzed by CZE using a fused-
silica capillary with fuzzy polyether coating and 0.1 M phosphate, pH 5.0, as
the running electrolyte. As seen in Figure 32, the CZE mapping of the whole
digest reveals the microheterogeneity of the glycoprotein as manifested by the
excessive number of peaks.

One of the unique aspects of the primary structure of the polypeptide
chain of pooled human AGP is its peculiar structural polymorphism. Substitu-
tions were found at 21 of the 181 amino acids in the single polypeptide chain,
which is responsible in part for multiple peptide and glycopeptide fragments in
the tryptic digest. Another source of multiple fragments in the tryptic digest is
the microheterogeneities of the oligosaccharide chains attached, which can be
noticed by inspecting Figure 33. In fact, the variation in the terminal sialic acid
causes charge heterogeneity in the glycopeptide fragments cleaved at the same
location by trypsin, the differences in the extent of glycosylation among a
population of the protein molecules lead to fragments having the same peptide
backbone but with or without carbohydrate chains, and the variation in the
nature of the oligosaccharide chains at each glycosylation site yields several
glycopeptides that have the same peptide backbone but are different in their
oligosaccharide structur€87]

76



Absorbance at 200 nm

Time (min)

Figure 32.Capillary zone electrophoresis tryptic mapping and submapping of
human AGP. Capillary, fused-silica tube with hydrophilic coating on the inner
walls, 45 cm (to the detection point), 80 cm total lewdiB1m i.d.; electrolyte,

0.1 M phosphate solution, pH 5.0; running voltage, 22.5 kV; injection by electromi-
gration for 4 s at 22.5 kV. Symbols: fraction 0, con A non-reactive (excluded from
the column); fraction 0", Con A non-reactive (unretained by the column); fraction 1,
Con A slightly reactive (eluted with buffer); fraction 2, Con A strongly reactive
(eluted with the haptenic sugar). Reprinted with permi§in.

As can be seen in Figure 32, the CZE submapping of Con A reactive
peptides produced peaks that are missing from the submaps of all other col-
lected fractiong,e., 0, 0' and 1, but whose components are found in the whole
map (see area C1, Figure 32). This approach allows the monitoring of a group
of peptides as well as the assessment of glycosylated fragments in the whole
map. This methodology is expected to work also with other glycoproteins, and
the CZE submapping of all the glycosylated tryptic fragments with different
types of glycans may require the use of more than one lectin column in the
prefractionation steB?7]
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Also, HPCE has been shown to be useful in evaluating the glycopeptide
microheterogeneity of recombinant human erythropoietin (rtHUEPO) expressed
from Chinese hamster ovary (CHO) cells. This was achieved by using
100 mM heptanesulfonic acid (ion-pairing agent) in 40 mM sodium phosphate
buffer, pH 2.5118] The negatively charged heptanesulfonic acid forms ion
pairs with basic amino acid residues, thus reducing analyte-wall interaction as
well as altering analyte electrophoretic mobility. This led to improved peptide
resolution, which allowed the evaluation of the heterogeneity of glycopeptides
derived from rHUEPO. The total tryptic map exhibited two regions: nongly-
cosylated and glycosylated peptides. Since rHUEPO glycoprotein has three
glycosylation sites, three glycopeptides are expected to result from tryptic
digestion of this glycoprotein. However, the aforementioned electrophoretic
system revealed the microheterogeneity of these glycopeptides by yielding at
least 12 glycopeptide peaks in the peptide Fsb.
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Figure 33.Primary structure of the carbohydrate classes of AGP. There are five
carbohydrate classes attached to AGP having different degrees of branching and
sialylation. Classes A, B and C are the bi-, tri- and tetraantennary coiilexed
glycans, respectively, whereas BF and CF are the fucosylated B and C structures.
Two additional glycans exist: one has two additional fucose linked to the GIcNAc
residues marked with asterisks, and one has an outer chain prolongeBby Gal
4GIcNAc at either of the Gal residues marked with an arrow.

Very recently, Webeet all#6] reported the characterization of glycopep-
tides from recombinant coagulation factor Vlla by HPLC and HPCE using
UV and pulsed electrochemical detection (PED). The combination of the more
traditional methods of HPLC-UV and HPAEC-PED with capillary electro-
phoresis methods based on CZE-UV and CZE-PED allowed a better character-
ization of the glycopeptides’ heterogeneity. In addition, this report demon-
strated the potential of CZE-PED in the analysis of PNGase F-treated glyco-
peptides where, in contrast to UV detection, both the peptides and the released
carbohydrates can be detected simultanedtfly.
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D.2. Glycoprotein Glycoforms

Protein glycosylation can occur at two or more positions in the amino acid se-
guence, and the glycans at even a single position may be heterogeneous or may
be missing from some molecules. This leads to populations of glycosylated vari-
ants of a single protein, usually referred to as glycoforms, whose relative propor-
tions are found to be reproducible and not random. However, the glycoforms
may be affected by several factors including the environment in which the pro-
tein is glycosylated, the manufacturing process, and the isolation procedures.
This would affect the function of a glycoprotein, thus engendering the need for
high-resolution separation methods to allow the monitoring of glycoform popula-
tions especially for genetically engineered glycoprotein pharmaceuticals.

Several HPCE approaches have been described for profiling glycoprotein
glycoforms. Transferrin glycoforms were separated by CZE ané-&ifn
both modes of HPCE, at least five components corresponding to the di-, tri-,
tetra-, penta-, and hexasialo-transferrins differing from each other by one nega-
tive charge were resolved. The capillary columns used in this study were
coated with a layer of linear polyacrylamide on the inner wall to suppress EOF
and consequently provide better resolution and sharper focusing of the closely
related glycoforms by CZE and CIF, respectively. To assess the presence of
varying degree of sialylation among the various glycoforms, the action pattern
of neuraminidase on the electrophoretic behavior of the various isoforms was
monitored by HPCE. Neuraminidase is an exoglycosidase that liberates spe-
cifically the negatively charged sialic acids from the terminal non-reducing
positions in glycans. As shown in Figure 34, the electrophoretic analyses of
samples taken from the enzymatic digestion at various time intervals demon-
strated the gradual removal of sialic acid as manifested by the changes in the
relative proportions of the different isoforms with time. The electrophoretic
pattern of the final product was completely different from the starting material
and showed one main component, the asialo-transferrin. Thus, in the case of
transferrin, the major source of microheterogeneity seems to be the variation in
the terminal sialic acid of the glycans.

The microheterogeneity of glycoproteins results from sugar residues other
than the sialic acid residues. This is the case of ribonuclease B (RNase B)
whose glycans portions are of the high-mannose type. The separation of the five
different glycoforms of RNase B has been achieved through the formation of
anionic borate complexes with the hydroxyl groups of the glycan moiety (Fig-
ure 35)1201 The relative proportions of the various glycoforms correlated with
the relative proportions of the high mannose glycan populatiensfany-

Marng, determined by other more established analytical methafdsnass
spectrometry, high performance anion exchange chromatography (HPAEC)
and size exclusion chromatography on Bio-Gel P4. To further substantiate the
presence of the various glycoforms of RNase B, the time course for the diges-

79



tion of the protein withA. saitoia(1-2) mannosidase was monitored by CZE.
Mannosidase is an exoglycosidase that specifically cleaves mannose from the
non-reducing end of glycans. Figure 35b shows that after 25 hrs the glycoform
populations carrying MapMary structures were all reduced to a single popula-
tion carrying Mag. Thus, HPCE offers a direct method for analyzing
glycoforms at the protein level with high resolution and precision.

25
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Figure 34.CZE of iron-free transferrin following incubation with neuramini-
dase. Capillary, 18.5 cm50-um i.d.; electrolyte, 18 mM Tris-18 mM boric
acid-0.3 mM EDTA, pH 8.4; running voltage, 8 kV. The samples for electro-
phoresis were taken after various incubation times: (a) O; (b) 1; (c) 10; (d) 15;
(e) 25; (f) 45; (g) 200; (h) 500; (i) 1200 min. The proportions of the transferrin
isoforms (asialo, mono-, di-, trisialo, etc., marked 0, 1, 2, 3, etc.) changed with
time. The sample taken after 20 hr still contained transferrin molecules having
one and two sialic acids. The small peak (labeled with a star) appeared after
50-80 min, but did not increase in size on prolonged incubation time (g-i).
Reprinted with permissidhtd
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Figure 35. (a)CZE profile of ribonuclease showing the nonglycosylated form
of the protein, ribonuclease A, and the glycoforms of the same protein, collec-
tively known as ribonuclease B. RNase A is a contaminant of RNase B as sup-
plied by Sigma. RNase B remained unaffected during the digestion of the
oligosaccharide component of RNase B \itlsaitoi a(1-2) mannosidase.

(b) CZE profile of RNase B showing the time course for the digestion of the
glycoprotein with the exoglycosidage,saitoi a(1-2) mannosidase. Capillary,
fused silica 72 crx 75-um i.d.; applied voltage 1 kV for 1 min and 20 kV for

19 min, temp., 3TC; detection, UV at 200 nm; injection 1.5 s; electrolyte,

20 mM phosphate containing 50 mM sodium dodecylsulfate, 5 mM borate,
pH 7.2. Reprinted with permissiéiY]

Another example of high-mannose related microheterogeneity has been
the various glycoforms of recombinant human bone morphogenetic protein 2
(rhBMP-2)[121] The separation of rhBMP-2 glycoforms by CE necessitated
the use of simple phosphate buffer containing no additives. Under this condi-
tion, the rhBMP-2 sample yielded nine peaks which have been identified to be
glycoforms of rhBMP-2. The difference between any adjacent peaks is only
one mannose residue (M 162). The nine peaks obtained with intact
rhBMP-2 reduced into one major peak when the endo-H digested rhBMP-2
was analyzed by CE. Endo-H is an endoglycosidase specific for the cleavage
of high-mannose glycans from glycoproteins. This confirms that the microhet-
erogeneity of the glycoprotein is due to the high mannose-type carbohydrates.
The migration order of the glycoforms was found to follow the increasing
number of mannose residues in the analyte molecules. Mannose residue can
affect the separation by providing higher friction coefficient rather than by a
charge shielding effe€t?1]



Phosphorylation of glycans seems to be another source of glycoprotein
microheterogeneity. In fact, CE analysis of proteinase A glycoforms, both
native and underglycosylated, revealed charge heterogeneities attributed
to differences in the phosphorylation level of the carbohydrate moiety at
Asn-68[1221 The CE analysis was performed using an electrolyte consisting
of 100 mM acetate/phosphate buffer, pH 3.2. Both forms were separated into
three distinct peaks that probably correspond to charge heterogeneities due
to differences in carbohydrate phosphorylation.

The microheterogeneity of a glycoprotein is mostly the result of glycosy-
lation and is largely unaffected by the presence of other functionalities in the
protein. This is the case of ovalbumin, a phosphorylated glycoprotein. This
protein has one asparagine residue that can accommodate at least nine different
carbohydrate structures of the high mannose and hybridNtgbgcans. There
are also two potential phosphorylation sites at two serine residues, one at posi-
tion 68 and the other at position 344. The various glycoforms were separated
via borate complex formation with the hydroxyl groups of the carbohydrate
moieties of the protein using an untreated fused silica capf&yThis gly-
coprotein is a strongly acidic species and therefore would not undergo adsorp-
tion onto the naked capillary surface when using alkaline borate. To improve
the resolution of the ovalbumin glycoforms, putresaiee {,4-butanediamine),

a doubly charged cationic species, was added in small amounts (1 mM) to the
borate buffer. Using these conditions, five major protein peaks were separated,
indicating the presence of protein glycoforms. Upon dephosphorylation of the
glycoprotein with calf intestinal alkaline phosphatase or potato acid phos-
phatase, the five peaks were still resolved but shifted in the position to a more
rapid migration time, a behavior consistent with a loss of negative charge.
Based on this observation, it was suggested that all ovalbumin glycoforms are
phosphorylated to the same degree, and heterogeneity among ovalbumin
isoforms resides solely in the carbohydrate structures. Also, the same electro-
phoretic system was shown to permit the separation of pepsin glycoforms.

Realizing the benefit of including an amine additive (e.g., 1,4-butane-
diamine,DAB) into the running electrolyte in achieving the separation of
ovalbumin glycoforms prompted the investigation of other amine additives
such ast,w-bis-quaternary ammonium alkart&&! Three of thex,w-bis-
guaternary ammonium alkane additives, namely hexamethonium bromide
(CeMetBr), hexamethonium chloride §MetCl), and decamethonium bromide
(C,gMetBr), were examined and the results were compared to those obtained
using DAB as a buffer additiVé?4] The alkyl chain length and the cation
group ofa,w-bis-quaternary ammonium alkanes strongly influence the analy-
sis time and resolutidh?4! Under identical separation conditions J@etBr
was shown to yield a better resolution and shorter analysis time gNetRE.
Originally, with DAB, it was thought that such an additive exerts its effect by
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mainly altering the EOB23] The fact that the additives repressed EOF simi-
larly but the quaternary ammonium alkane additives allowed the resolution of
ovalbumin glycoforms in half the time required with DAB suggests that the
mechanism of action of these additives is not solely related to EOF repression.
Other mechanisms may be involved including protein-additive interactions,
protein-wall interactions, additive-wall coating interactions, or any combina-
tion of these. In the same report, seven of the eight glycoforms of human chori-
onic gonadotropin (hCG) were resolved by CE using 1 ngMeiBr and

25 mM borate pH 8.424 However, the eight glycoforms of the hCG were
near-baseline resolved using 25 mM borate and 5 mM diaminopropane and
separated in less than 50 rHif?!

Along the above separation strategies which include (i) the employment
of either borate complexation or amine additives and (ii) the use of specific en-
zymes directed either toward the glycan moieties or other protein functional-
ities, HPCE was applied successfully to the analysis of recombinant glyco-
protein glycoforms. In fact, the fractionation of the human recombinant tissue
plasminogen activator (rt-PA) by CE£6lwas recently reported. The CZE
analysis of two main glycosylation variants (type | and 1) of the same glyco-
protein showed different electrophoretic migration patterns. The study further
elucidated the microheterogeneity of the glycoprotein as was manifested by the
partial resolution of almost 15 glycoforms in a protein that has only four pos-
sible N-glycosylation sites. This report compared the CZE profile of an rt-PA
sample to that of a desialylated rt-PA obtained through neuraminidase treat-
ment, an approach similar to that introduced by Kilar and Hjertén for human
transferrin}1% The desialylated rt-PA exhibited a much simpler CZE profile
indicating that the glycoprotein microheterogeneity is mostly the result of dif-
ferent levels of sialylation. Along the same lines, Watson ané3ex-
tended the use of CZE to the separation of glycoforms of recombinant human
granulocyte-colony-stimulating factor (rhGCSF) produced in Chinese hamster
ovary cells. This glycoprotein contains only t®dinked carbohydrate moi-
eties that differ only in having one or two sialic acid residues. Due to its rela-
tive simplicity compared to other more complex glycoproteins, the rhGCSF
yielded two well- resolved and equally sized peaks using phosphate-borate
buffer, pH 8.0, and an untreated fused-silica capillary. Under these conditions,
the acidic protein was repelled from the negatively charged capillary wall and
no apparent solute adsorption was observed. When the glycoforms were incu-
bated with neuraminidase, a single peak was obtained eluting earlier than ei-
ther of the original two sialylated glycoforms.

The high selectivity of CZE was also demonstrated in the separation of the
glycoforms of recombinant human erythropoietin (tHUEP€$)12%a glyco-
protein hormone produced in the kidney of adult mammals that acts on bone
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marrow erythroid progenitor cells to promote their development into mature
blood cells.

James and co-work&t% demonstrated the usefulness of MECC in re-
solving recombinant interferopflFN-y) glycoforms produced by Chinese
hamster ovary cells. Separations were performed in uncoated fused-silica
capillaries at alkaline pH in the presence of SDS micelles. Optimal separation
was obtained with 400 mM borate buffer containing 100 mM SDS, pH 8.5. It
was noted that optimum separation of lifiylycoforms occurred at a pH close
to the pl of the protein (8.5-9.0) since it is most susceptible to hydrophobic
interaction at this pH. However, this electrolyte system did not resolve bovine
serum fetuin noa;-acid glycoprotein glycoforms and showed partial resolu-
tion for ribonuclease B and horseradish peroxidase glycofd#fis.

Very recently, a combination of HPLC and HPCE was found useful in the
analysis of the glycoforms of human recombinant factor Vila (rFVA?a).
Again the use of DAB was found to be essential for the separation of the vari-
ous glycoforms. The separation is reported to be based primarily upon the
different content oN-acetylneuraminic acid of the oligosaccharide structures
of rFVlla.

Another application of HPCE in the area of glycoforms has been the iden-
tification and determination of the isoforms of monoclonal F{&alyment
obtained after pepsin proteolysis of I§& The presence of these isoforms is
usually attributed to post-translational modification of the IgG molecule. It was
found that the variation in the pH of the background electrolyte can be effec-
tively employed in modulating selectivity of isoform separations with opti-
mum resolution observed at alkaline pH (9.50).

E.  Glycolipids

Recently, the potentials of HPCE have also been demonstrated in the separa-
tion of gangliosides, the sialic acid-containing glycosphingolipfi&33.134]

As shown in Figure 36, a ganglioside molecule has a hydrophilic sialooligo-
saccharide chain and a hydrophobic moietyceramide, that consists of a
sphingosine and fatty acid. Due to this inherent structural feature, the ganglio-
sides are amphiphilic solutes forming stable micelles in aqueous solutions with
very low critical micellar concentration values €000 M).[135] Further-

more, gangliosides most often exist at low concentrations and their structures
lack strong chromophores. Thus, two major obstacles must be overcome when
developing an HPCE method for the analysis of gangliosides, namely to be
able to (i) separate them as monomers and (ii) detect them at low levels. The
first obstacle has been addressed recently byeyati*34! and further elabo-

rated by Mechreétal.[56] while the second obstacle was overcome by
Mechrefet al[56]
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Figure 36. Structures of the gangliosides. Reprinted with permisibn.

On the other hand, Liu and CH&1¥! applied HPCE to the study of the behav-
ior of gangliosides in aqueous solutions. These resedféibdemonstrated

that CZE can separate some ganglioside micelles and consequently permitted
studies of the micellar properties of these amphiphilic species using untreated
fused-silica capillaries and on-column direct UV detection at 195 nm. The
ganglioside micelles were successfully analyzed within 10 min with mass
sensitivity in the order of 18 mol. Baseline resolution of a mixture of three
ganglioside micelles, namelyfg, Gp1p, and Gy, was achieved using

2.5 mM potassium phosphate, pH 7.40, as the running electrolyte (see Fig-
ure 37). The separation was mainly facilitated by the varying content of the
sialic acid residues in the ganglioside micelles, which imparted them with
different electrophoretic mobilities.
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sides shortly after mixing were analyzed by CE. The buffer was 2.5 mM potas-
sium phosphate, pH 7.40. Detection was by UV at 19%t)mime course of
mixed micelle formation between {gand G, Equimolar concentrations of
polysialogangliosides &, and Gr1,,(1651M) in 2.5 mM potassium phos-

phate, pH 7.40, were mixed by vortexing and incubated in a water bath at
37°C. At time intervals, the electrophoretic patterns of the ganglioside mix-
tures were analyzed. Electrophoretic conditions are as iR@rinted with
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However, upon incubation at 37, complete fusion between both micellar

peaks could be observed in less than 2.5 hrs (see Figure 37b). The fusion pro-
cess was accelerated by raising the incubation temperature. Also, it was found
that polysialogangliosides.g, Gp;5and Grqp) may have higher propensities

for micellar fusion than monosialogangliosideg)(,Gyy; and Gy,). Thus the

high resolution, high speed, and quantitative aspects of CZE were clearly dem-
onstrated in monitoring processes that may have important implications in the
distribution and function of gangliosides in biological membranes.

One of the many elegant features of HPCE is the ease with which the
electrophoretic behavior of the analytes can be altered through the simple
addition of specific reagents to the running electrolyte. Among the many buffer
additives described so f&#8! two kinds of additives are suitable for HPCE of
gangliosides, namely cyclodextrins (CDs) and acetonitrile (ACN). While CDs
can alter the electrophoretic behavior of a wide variety of compounds via
inclusion complexes, the extent of which is determined by the solute hydro-
phobicity and size, ACN improves analyte solubility as well as selectivity and
controls electroosmotic floW36] On this basis, Yoet allt34 demonstrated
the utility of CDs in the separation of native gangliosides at 185 nm. Among
the various CDsy-CD was the best buffer additive as far as the separation is
concerned. This may be due to the size of the cavity@D that best fit the
lipid moiety of the gangliosides.

Although the gangliosides could be detected at 185ffthe sensitivity
is rather low to allow their detection in biological matrices where they are nor-
mally found in minute amounts. To overcome this difficulty, Mechteil [°6]
have expanded the utility of the selective precolumn derivatization procedure
which has been developed originally for the tagging of carboxylated monosac-
charide&# (see Scheme I1) to include the derivatization of gasighs in order
to improve their detectability. Moreover, novel electrolytéesys were also intro-
duced for the analysis of derivatized gangliosides by HPCE. The derivatization
involved the tagging of gangliosides with either SA (a UV-absorbing tag) or
ANDSA (a UV absorbing and also fluorescent tag). The derivatization was
shown to occur uniformly on the sialic acid residues by monitoring the enzy-
matic digestion of SA-g, with neura-minidase. The SA{&g, yielded three
peaks upon digestion, which corresponded to be Hf\-SA-Gp;, and SA-
Gr1p, thus indicating that all three sialic acid residuesgf,@ere labeled?]

To separate the derivatized gangliosides in their monomeric forms, ACN
and CD were added to the running electrolyte to break up ganglioside micelles.
As can be seen in Figure 38, HPLC-grade acetonitrile at 50% (v/v) brought
about the separation of three ANDSA-derivatized gangliosides in their mono-
meric forms while, in the absence of ACN, the three ganglioside derivatives
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(i.e, ANDSA-Gy1, ANDSA-Gp 5 and ANDSA-Gp) migrated as a single
broad peal®!

The advantage of using ACN, whose UV cutoff is at 185 nm, was also
illustrated in the ability to separate and detect underivatized gangliosides at
195 nml>®! The use of ACN allowed the separation of the differently sialy-
lated gangliosides shown in Figure 38; however, it did not provide enough
selectivity to cause the separation of structural isomers ANDSA#hd
ANDSA-Gp,},. Partial separation was attained usinGD and 100 mM so-
dium borate, pH 10.88] Other additives such as polyvinyl alcohol and hy-
droxypropy! cellulose brought about a better resolution of the two isomers,
ANDSA-Gp;,and ANDSA-Gy,,, Complete baseline separation of the two
disialylated ganglioside isomers was attained by utilizinig aitu charged
micellar system composed of decanbiytnethylglucamide (MEGA 10)/
borate in the presence@fCD[8! (see Figure 39).
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Figure 38.Electropherograms of standard gangliosides labeled with ANDSA
at neutral (a and b) and high (c and d) pH in the presence (b and d) and ab-
sence (a and c) of acetonitrile in the running electrolyte. In (a) and (b): run-
ning electrolyte, 25 mM sodium phosphate, pH 7.0, at 0% (a) and 50% v/v
(b) acetonitrile; voltage, 25.0 kV. In (c) and (d): running electrolyte, 10 mM
sodium phosphate, pH 10.0, at 0% (c) and 50% v/v (d) acetonitrile; voltage,
20 kV; capillary, fused-silica, 50 cm (to detection point), 80 cm (total length)
x50-um i.d. Solutes, (1) (7, (2) Gy, (3) Grqy For structures refer to Fig-
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Figure 39.Electropherogram of standard ANDSA-1. Running electrolyte,
50 mM borate, pH 6.0, containing 5.0 MM MEGA surfactant and 15.0 mM
a-CD; running voltage, 18.0 kV; capillary, fused-silica, 50 cm (to detection
point), 80 cm (total lengthy 50-um i.d. Peaks: 1 = G, 2 = Gp1py 3 = Gpa.
Reprinted with permissidff!
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V. Conclusions

As this review reveals, HPCE in its various modes of separation and detection
is suitable for the analysis of a wide variety of carbohydrate species including
mono-, oligo-, and polysaccharides, glycopeptides, glycoproteins, and glycolipids.
This was facilitated in part by the progress made in the capillary column tech-
nology and by the introduction of novel electrolyte systems. However, the
major factors behind the advances made in HPCE of carbohydrates have been
the development of various detection systems and approaches which include

() indirect UV and LIF detection,

(i) electrochemical detection, and

(iii) precolumn labeling with suitable chromophores and fluorophores for the
sensitive UV and fluorescence detection, respectively.

In surveying the literature, precolumn derivatization seems to be the most
elegant approach for the separation and detection of carbohydrates. In fact, five
different reaction schemes have been introduced for the labeling of carbohy-
drates with various kinds of tags. All of these tagging processes have yielded
the sensitivity required for the analysis of carbohydrates at moderate and low
levels. Furthermore, the tagging of carbohydrates imparted the derivatized
carbohydrates with charges and/or hydrophobic functional groups that facili-
tated their efficient separation by various separation principles, thus leading to
varying degree of selectivity. It should be noted that multiply charged tags
such as ANDSA, ANTS and APTS are excellent labels for the HPCE of sugar
derivatives not only because of their high detection sensitivity by either UV or
LIF but also because they yield derivatives that are readily separated by HPCE.
Although major progress has been made in the area of precolumn labeling of
carbohydrates, there is still room for improvements regarding the introduction
of other tagging agents and optimizing the existing reaction schemes.

Although noncomplexing electrolyte systems have found some use in the
electrophoresis of a wide range of carbohydrate species, the bulk of HPCE
separation is still accomplished primarily by borate complexation regardless
whether the carbohydrates are derivatized or underivatized. Borate complex-
ation magnifies small structural differences among closely related carbohy-
drates, thus leading to a better resolution for multicomponent mixtures.

The ease with which the electrolyte systems can be modified and tailored
to fit a given separation problem is another important feature of HPCE. In fact,
glycolipids such as gangliosides which are not compatible with purely aqueous
electrolyte solutions were readily separated in their monomeric forms in hydro-
organic electrolyte systems.
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Furthermore, the unique selectivity and high separation efficiencies of
HPCE have proved extremely useful in the separation of all kinds of carbohy-
drate species. The technique provides an unsurpassed resolving power for
profiling and mapping closely related oligosaccharides cleaved from glycopro-
teins, glycolipids, and glycosaminoglycans. This high resolving power has also
allowed the efficient fingerprinting of complex glycoprotein glycoforms
which, in other separation techniques such as ion-exchange HPLC and tradi-
tional gel electrophoresis, would yield smeared, unresolved bands.

The advantages of HPCE over other separation techniques such as HPLC
and traditional polyacrylamide gel electrophoresis reside in its higher separa-
tion efficiencies, shorter analysis time, small sample requirements and, more
importantly, lower consumption of expensive reagents and solvents. With the
introduction of precolumn labeling with suitable fluorescent tags for LIF detec-
tion, HPCE can reach nanomolar detection limits, thus making the technique
extremely suitable for the analysis of minute amounts of carbohydrates. How-
ever, the major drawback of the technique is its limited preparative capability.
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