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Abstract

In this investigation, capillary electrochromatography (CEC) with a novel stationary phase proved useful for the separation
of neutral and acidic glycosphingolipids (GSLs). Four different gangliosides, namely G,,.., Gp1.: Gp1p aNd Gy, Served as
the acidic GSLs model solutes. The following four GSLs: galactosylceramide (GalCer), lactosylceramide (LacCe),
globotriaosylceramide (Gb,Cer) and globotetraosylceramide (Gb,Cer) served as the typical neutral GSLs. The stationary
phase, octadecyl sulfonated silica (ODSS), consisted of octadecyl functions bonded to a negatively charged layer containing
sulfonic acid groups. Porous and non-porous ODSS stationary phases were examined. The retention behavior of the acidic
and neutral GSLs was examined over a wide range of elution conditions, including the nature of the electrolyte and organic
modifier and the pH of the mobile phase. The porous ODSS stationary phase yielded the separation of the four different
gangliosides using a hydro-organic eluent of moderate eluent strength whereas the non-porous ODSS stationary phase
permitted the separation of the four neutral GSLs with a mobile phase of relatively high eluent strength. O 2000 Elsevier
Science BV. All rights reserved.
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1. Introduction

Glycosphingolipids (GSLs) are amphiphilic mole-
cules composed of a lipophilic tail and a carbohy-
drate polar head group [1]. The lipophilic moiety,
which is a ceramide, consists of a long chain base
(sphingoid) substituted at the amino group by a fatty
acid, see Fig. 1. The carbohydrate head group can
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vary in size from a monosaccharide to large branch-
ed structures composed of >20 monosaccharide
units [2].

GSLs are found in nearly all vertebrate cells as
well as in non-vertebrates such as insects and
molluscs, and even plants and microorganisms [1]. In
animal cells, GSLs exist mainly as components of
cell surface membrane whereby their hydrophobic
tail is embedded in the lipid bilayer while the sugar
polar head group extends to the outside. Thus, GSLs
serve as cell surface markers that can provide a
sengitive indicator of the development status of a
given cell. GSLs exhibit several biological properties
[3] acting, among other things, as immunogens.
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GalBl—3GalNAcP1—4GalP1—4Glcp1—s1Cer Guia Ganglioside of the
3 ganglio series
T
20NeuAc
Ga&Bl—>3Ga1NAc[31—)4Gal|31——>4G1c[31-—>1Cer Gpia Ganglioside of the
3 % ganglio series
20NeuAc 20NeuAc
GalB1—3GalNAcB1—-4Galp1—4Glcf1—1Cer Gpip Ganglioside of the
% ganglio series
2aNeuAc8«20oNeuAc
GalB1—3GalNAcf1—-4Galp1—4Glcp1—1Cer Gt Ganglioside of the
% % ganglio series
20NeuAc 2aNeuAc8+-2aNeuAc
GalB1—1Cer GalCer Gala series
GalB1—-4Glcf1—1Cer LacCer Lacto series
Gala1—4Galp1—4GlIcp1—1Cer Gb;Cer Globo series
GalNAcP1—3Galal »4GalB1—4GlcB1—1Cer Gb,Cer Globo series

Abbreviations used: Cer, ceramide; Glc, glucose; Gal, galactose; GalNac, N-
acetylgalactosamine; NeuAc, N-acetylneuraminic acid.

Fig. 1. Structures, abbreviations and types of the GSLs used in this study.
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GSLs can also serve as cell receptors for bacteria
toxins and possibly for bacteria and viruses. Al-
though the biological properties of GSLs are primari-
ly linked to their carbohydrate head group, the
lipophilic moiety appears essential in strengthening
the biological properties such as antigenicity, selec-
tive glycosylation, and possibly the organization and
orientation of the carbohydrate chains [1]. Thus,
analytical methods for the separation and determi-
nation of intact GSLs are of utmost importance.

There are two major classes of GSLs, neutral and
acidic GSLs. Neutral GSLs include typically the
mollu series; arthro series; gala, isogala and neogala
series; ganglio series; lactosyl and glucosyl-ceramide
series; globo and isoglobo series; and lacto and
neolacto series. In addition, the fucolipids including
the fucosylated GSL s of the globo, ganglio and lacto
series are among the neutral GSLs. The gangliosides
(or sidylated GSLs) derived from either the ganglio,
lacto or globo series, the phospho-GSLs and the
sulfated GSLs (sulfatides) belong to the class of
acidic GSLs. As can be seen in Fig. 1, four acidic
GSLs, namely gangliosides derived from the ganglio
series and four neutral GSLs of three different series
were used as model solutes in our studies.

Traditionally, thin layer chromatography [4,5],
low pressure liquid chromatography [6] and high-
performance liquid chromatography (HPLC) [7-9]
have been the techniques of choice for the isolation
and analysis of GSLs. Very recently, capillary elec-
trophoresis (CE) has proved useful for the analysis
of GSLs [10-12]. Thus far, and to the best of our
knowledge capillary electrochromatography (CEC)
has not been introduced yet to the analysis of GSLs
despite the need for complementary techniques of
unique selectivity such as CEC. As CE, CEC should
be suitable for the analysis of GSLs, which are often
only available in minute amounts.

Very recently, we introduced a novel silica-based
stationary phase for CEC with a relatively strong
electroosmotic flow (EOF) [13-15]. This stationary
phase consists of a relatively hydrophilic and
charged sublayer covalently attached to the silica
support and a non-polar top layer of octadecyl
functions chemicaly bonded to the sublayer. The
charge in the sublayer is ensured by the permanent
ionization of a strong sulfonic acid group providing a
strong EOF. The stationary phase, ODSS [15],

proved to be useful for the separations of some
nucleosides and their bases [14], some small and
large nucleotides [13]. In the present study, we report
the application of the ODSS stationary phase to the
separation of GSLs over a wide range of elution
conditions.

2. Experimental

2.1. Materials

Nucleosil silica, with an average particle diameter
of 5 wm, an average pore diameter of 120 A and a
specific surface area of 200 m?/g, was obtained from
Alltech Associates Inc. (Deerfield, IL, USA). Non-
porous silica having 2 pm mean particle diameter
with a specific surface area of less than 1 m?/g was
synthesized in-house according to well established
procedures [16,17]. HPLC grade acetonitrile and
isopropanol were from Baxter (McGaw Park, IL,
USA). HPLC grade methanol and sodium borate
were obtained from EM Science (Gibbstown, NJ,
USA). Sodium phosphate monobasic was obtained
from Mallinckrodt (Paris, KY, USA). Monosiaogan-
glioside (G,,,,), disidogangliosides (Gp.. Gpip)
and trisialoganglioside (G;,,) were obtained from
Matreya (Pleasant Gap, PA, USA), and are depicted
in Fig. 1. Galactosylceramide (GaCer), lac-
tosylceramide  (LacCer),  globotriaosylceramide
(Gh,Cer) and globotetraosylceramide (Gb,Cer) were
isolated and purified in our laboratory (G.K. Ostran-
der), and are illustrated in Fig. 1. The fused-silica
capillary columns (100 pm 1.D.X360 wm O.D.) were
from Polymicro Technologies (Phoenix, AZ, USA).

2.2. Instruments

The instrument for CEC was a P/ACE 5010
capillary electrophoresis system from Beckman In-
strument Inc. (Fullerton, CA, USA) equipped with a
UV detector and a data handling system comprised
of an IBM personal computer and P/ACE software.
A Shandon column packer from Keystone Scientific
(Bellefonte, PA, USA) was used for capillary column
packing.
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2.3. Sationary phases

The 5 pm porous ODSS and 2 pm non-porous
ODSS stationary phases were made in a three-step
process described previously [13—15] using 5 pm
Nucleosil silica, and 2 pwm in-house synthesized
silica, respectively. The stationary phases comprised
a sulfonated, relatively hydrophilic sublayer and an
octadecy! retentive top layer.

2.4. Methods and procedures

24.1. Capillary column packing

The capillary column preparation was described in
details in recent works from our laboratories [13—
15,18]. Briefly, fused-silica capillaries (360 pm
0.D.X100 pwm 1.D.) were packed with the ODSS
stationary phases using the pressure slurry packing
technique. Acetone was used to prepare the suspen-
sion of the ODSS stationary phase, and isopropanol
was used as the packing solvent. A moderately
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strong sintered porous frit was made at the outlet of
the fused-silica capillary by first tapping the capillary
end into bare 5 wm silica moistened with deionized
water, a step that filled a 0.5-1.0 mm segment at the
tip of the capillary, and second by heating the
capillary tip over a Bunsen burner for about 1 min.
Then the capillary column was packed with ODSS
stationary phase, followed by flushing the column
with deionized water for about 30—60 min, and
cutting it to the desired length. The inlet retaining frit
was made in the same way as the outlet frit. At last,
the column was washed with acetonitrile and
mounted to a Beckman capillary cartridge. In our
work, whole packed capillary columns were pro-
duced with a detection window at 6.5 cm from the
outlet end of the column, which was made before
packing by burning off the polyimide coating of the
capillary with a thermal wire stripper. This column
configuration gives an even conductance along the
capillary axis and a stable EOF profile, resulting in
much reduced bubble formation.
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Fig. 2. Electrochromatogram of four gangliosides obtained on porous ODSS stationary phase. Capillary column: packed with 5 pm ODSS
stationary phase, 20.5/27 cmXx100 pm |.D.; mobile phase: hydro-organic eluent containing 10 mM sodium borate and composed of
acetonitrile—methanol —aqueous sodium borate, pH 9.40, 30:50:20 (v/v); running voltage: 20 kV; electrokinetic injection: 1 kV for 2 s; solute

order: (1) Gyiar (2) Gpra (3) Goips (4) Grpe
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2.4.2. Capillary electrochromatographic
preconditioning

Before the CEC runs, the packed capillary column
mounted into the capillary cartridge was equilibrated
with acetonitrile at 2 kV for a period of 40 min,
followed by equilibration with a running mobile
phase of chosen composition a 4 kv for about
30-60 min until the detector output was constant.

3. Results and discussion
31. CEC of Gangliosides

3.1.1. Complexing mobile phase

In agueous solutions, gangliosides form stable
micelles with critical micellar concentration (CMC)
in the range of 10 '°-10"% M [19,20]. This fact
reguires mobile phase conditions in CEC that ensure

the separation of the gangliosides as monomers.
Reducing the sample concentration to below the
CMC poses a detection problem because the CMC is
far below the limit of detection of gangliosides in the
UV. In CE, the problem of self-aggregation of
gangliosides was circumvented by incorporating in
the running electrolyte organic solvents or additives
such as acetonitrile or cyclodextrins [11,12].

Fig. 2 shows the isocratic separation of the four
gangliosides obtained on the 5 pm porous ODSS
stationary phase with a hydro-organic mobile phase
containing 10 mM sodium borate and composed of
sodium borate buffer, pH 9.40—methanol—acetoni-
trile, 20:50:30 (v/v). This represents the optimum
separation conditions as far as the pH, borate con-
centration and organic modifier content are
concerned. The tetrahydroxyborate ion, which is the
predominant ionic species at alkaline pH, is known
to complex with the vicinal diols of sugars [21], thus
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Fig. 3. Effect of the organic modifier on the retention time of gangliosides. Mobile phase, hydro-organic eluent containing 10 mM sodium
borate and composed of organic modifier—agueous sodium borate, 80:20 (v/v). The amount of methanol was increased from 0 to 60% while
that of acetonitrile was decreased from 80 to 20% (v/v). Other conditions asin Fig. 2. Curves: 0, EOF marker: (1) Gy,1., (2) Gp1a (3) Gp s,

(4) Grype
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modifying the ionic character of the sugar head
group of the gangliosides. While acetonitrile was
used to allow the elution of the gangliosides and to
eliminate the aggregation of the gangliosides, metha-
nol was added to the mobile phase to primarily
adjust the selectivity of the system, and also to bring
about elution. When only acetonitrile was added to
the mobile phase, the gangliosides could not be fully
separated, and only three different peaks were de-
tected. G,,, and G, co-eluted over a wide range of
acetonitrile concentration in the mobile phase (for up
to 90%). The nature of the organic modifier had
significant influence on the electrochromatographic
behavior of gangliosides. As shown in Fig. 3,
successful separation of the mixture of gangliosides
depended to a large extent on the methanol content
of the mobile phase. In this figure, the mobile phase
consisted of 20% agueous sodium borate and a total
of 80% methanol and acetonitrile. A 30% (v/v)
acetonitrile content seemed to be the optimum

amount as far as the retention time and the disaggre-
gation of gangliosides are concerned and in turn the
peak sharpness, see Fig. 2. Increasing the methanol
content from 0 to 60% (v/v) resulted in a three-fold
increase in the retention time of all the gangliosides.
The eluent strength of methanol is weaker than that
of acetonitrile, and also hydro-organic mobile phases
containing methanol are more viscous than those
containing acetonitrile [22]. Only when the methanol
content is increased to 30—40%, can the isomers
Gp,, and G, be separated. When the methanol
content reached 50%, an optimal separation of the
gangliosides was obtained.

From Fig. 2, one can see that besides the main
four gangliosides, which were well separated within
7.5 min, each of the commercial gangliosides yielded
one or more small peaks in the capillary electro-
chromatogram. This may reflect a microheterogen-
eity in the ceramide portion of the gangliosides. To
get enough resolution for all the gangliosides and
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Fig. 4. Effect of the concentration of sodium borate on the retention time of gangliosides and the EOF marker. The system peak produced
by injecting pure acetonitrile was taken as the EOF marker. Other conditions as in Fig. 2. Curves: 0, EOF marker: (1) Gy1., (2) Gpia: (3)

GDlD’ (4) Gle'
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their associated small peaks, 10 mM sodium borate
in the mobile phase was needed. The microhetero-
geneity was not observed at a borate concentration of
8 mM or less. The lipophilic ceramide portion shows
microheterogeneity with regard to the sphingoid and
the fatty acid composition [23]. In fact, it has been
reported that with increasing sialic acid content brain
gangliosides show an increasing proportion of C,,.;
eicosasphing-4-enine over C,o, eicosasphing-4-
enine. Microheterogeneity in gangliosides can also
be attributed to the sialic acid moiety. Although the
predominant species is N-acetylneuraminic acid
(NeuAc) as the sialic acid moiety, brain gangliosides
may aso contain N,O-diacetylneuraminic acid and
trace amounts of N-glycolylneuraminic acid [23].
Fig. 4 shows the effect of borate concentration on
the retention time of gangliosides. The retention time
of the gangliosides and that of the EOF marker
increased as the borate concentration increased.
Increasing the ionic strength of the running elec-
trolyte decreased the EOF while increased the
amount of ganglioside—borate complex. The net
result was an increase in the migration time of the

0.0040 :

gangliosides. At a borate concentration of lower than
2 mM, the separation of isomers Gy, and G, was
not possible. When the concentration reached 6 mM,
the four gangliosides G,;;., Gpia Gpip ad Giyy
were well separated.

The migration times of all gangliosides decreased
as the pH of the borate-based mobile phase increased
from 8.0 to 10.0. This is due to the stronger
complexation with borate at higher pH values. In
reversed-phase  chromatography, increasing the
charge on the solute decreases its retention. This may
indicate that the retention of the gangliosides on the
ODSS stationary phase is a more significant factor in
controlling the migration of the gangliosides than
their electrophoretic mobility. It should be noted that
in the pH range 8.0-10.0, the EOF did not change
significantly, and, consequently, its effect on solute
migration could be neglected. The optimal pH for
maximum resolution of all the gangliosides was
found to be 9.4. Increasing the pH further did not
decrease the migration time substantially. In contrast,
decreasing the pH of the mobile phase from 9.4 to
8.0 not only increased the retention time but also
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Fig. 5. Eectrochromatogram of gangliosides obtained on porous ODSS stationary phase. Mobile phase asin as Fig. 2 but containing 10 mM
potassium phosphate, pH 6.00. Other conditions as in Fig. 2. Solute order: (1) Gy, (2) Gpiar (3) Gpipr (4) Grpp-



294 M. Zhang et al. / J. Chromatogr. A 887 (2000) 287-297

broadened the elution peaks, which resulted in the
poor resolution of gangliosides.

3.1.2. Non-complexing mobile phase

In order to better understand the electrochromato-
graphic behavior of the gangliosides, and to provide
other useful mobile phases for their separation,
potassium phosphate was also used as the electrolyte.
For comparison with the sodium borate-based mobile
phase, the experiments were performed under other-
wise identical conditions. As can be seen in Fig. 5,
the four gangliosides were all separated. However,
the retention times increased by 1.5-fold, and the
gangliosides did not yield small peaks in the electro-
chromatogram, which are believed to arise from the
microheterogeneity of the gangliosides.

The pH value of the running buffer was aso found
to influence the electrochromatographic behavior of
gangliosides in this kind of buffer system. Increasing
the pH of the running buffer resulted in the decrease
of the retention time of the gangliosides. The re-

tention time of all gangliosides decreased first drasti-
cally and then slowly as the pH increased first from
5.0 to 7.0 and then from 7.0 to 10.0. This behavior
parallels that of the EOF. In other words, the EOF
increased from 0.5 to 0.8 mm/s (60% increase) as
the pH increased from 5.0 to 7.0, while the EOF
increased from 0.8 mm/s to 1.1 mm/s when going
from pH 7.0 to 10.0 (an increase of 37%).

3.2, CEC of Neutral GS.s

3.2.1. Non-complexing mobile phase

Similarly to gangliosides, the neutral GSLs could
not be separated as monomers in agueous media
Unlike the gangliosides, the neutral GSLs could not
be eluted from the porous ODSS stationary phase
over a wide range of mobile phase composition.
Going to non-porous ODSS, the phase ratio was
reduced by a factor greater than 40, a condition that
alowed the elution and separation of the neutral
GSLs.
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Fig. 6. Electrochromatogram of some neutral GSLs obtained on non-porous ODSS stationary phase. Capillary column: packed with 2 pm
ODSS stationary phase, 20.5/27 ¢cmXx100 wm |.D.; mobile phase: hydro-organic eluent containing 2 mM ammonium phosphate and
composed of tetrahydrofuran—agueous ammonium phosphate, pH 7.00, 80:20 (v/v); running voltage: 20 kV; electrokinetic injection: 1 kV
for 2 s, peak order: O, tetrahydrofuran as a EOF marker: (1) GalCer, (2) LacCer, (3) Gb,Cer, (4) Gb,Cer.
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Neither methanol nor acetonitrile allowed the
solubilization of the GSLs, which excluded the use
of a mobile phase containing methanol and/or
acetonitrile. On the other hand, tetrahydrofuran
(THF) was a good solvent for the neutral GSLs. Fig.
6 shows the separation of the four neutral GSLs with
a mobile phase consisting of 80% (v/v) THF and
20% (v/v) agueous solution containing 2 mM am-
monium phosphate, pH 7.0. These are the optimum
conditions for the separation of the four GSLs,
namely, GalCer, LacCer, Gb,Cer and Gb,Cer, and
was achieved in about 8 min.

The amount of ammonium phosphate added to the
mobile phase influenced the retention time, see Fig.
7. The increase in retention time upon increasing the
ammonium phosphate concentration is primarily the
result of decreasing the EOF velocity. As expected,
in the ammonium phosphate concentration range
studied, the retention factor, k', of the neutral GSLs
remained about the same. The observed insignificant

295

fluctuations in the k" values of the neutral GSLs were
within the experimental errors (results not shown).
Since the four neutral GSLs were not soluble at all
in agueous solutions, it was imperative to investigate
the pure organic maobile phase. Under the identical
conditions described in the preceding section, but
substituting the 20% aqueous with 20% (v/v) metha-
nol and replacing ammonium phosphate with am-
monium acetate, resulted in increasing the migration
time of the four neutral solutes, see Fig. 8. Am-
monium acetate was used instead of ammonium
phosphate because the latter is not soluble in the
non-agueous mobile phase. When the methanol con-
tent of the mobile phase was increased from 20 to
50% while that of THF was decreased from 80 to
50%, the retention time increased simply because (i)
methanol is a weaker eluent than THF [22] and (ii)
the magnitude of the EOF decreased with increasing
the methanol content of the mobile phase, due to the
fact that methanol is more viscous that THF [22].
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Fig. 7. Effect of the concentration of ammonium phosphate on the retention time of some GSLs and the EOF marker on the non-porous
ODSS column. Other conditions as in Fig. 6. Curves: 0; system peak as the EOF marker: (1) GalCer, (2) LacCer, (3) Gb,Cer, (4) Gb,Cer.
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Fig. 8. Electrochromatogram of some GSLs obtained on non-porous ODSS stationary phase. Non-agqueous mobile phase, containing 2 mM
ammonium acetate and composed of tetrahydrofuran—methanol 80:20 (v/v). Other conditions as in Fig. 6. Peak order: 0; tetrahydrofuran as

an EOF marker: (1) GalCer, (2) LacCer, (3) Gb,Cer, (4) Gb,Cer.

3.2.2. Complexing mobile phase

Fig. 9 shows the separation of the four neutral
GSLs in the presence of a complexing mobile phase.
In this case, the ammonium phosphate was replaced
by sodium borate and the pH was raised from 7.0 to
9.0 to ensure the complexation of borate with the
sugar head group of the GSLs. As can be seenin Fig.
9, the four GSLs were well separated but the
retention time increased by a factor of 1.24 while the
retention time span for the four neutral GSLs de-
creased by a factor of 0.65. With a mobile phase of
80% (v/v) THF and 20% (v/v) agueous, substituting
ammonium phosphate with sodium borate decreased
the EOF from 1.39 to 0.57 mm/s.

4. Conclusions

The ODSS stationary phase proved very suitable
for the separation of acidic and neutral GSLs.

Optimization of the chromatographic conditions,
such as the type of electrolyte and its concentration,
the pH of the mobile phase, the type of organic
modifier and its amount, etc., resulted in successful
separation of various GSLs. The CEC separation of
the neutral GSLs required a non-porous ODSS
stationary phase and a mobile phase of high eluent
strength while the CEC separation of the gan-
gliosides was readily achieved on a porous ODSS
stationary phase with a maobile phase of moderate
eluent strength.
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