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A capillary-scale high-pH anion-exchange chromatography (HPAEC) system for the analysis of carbohydrates was developed, in c
ith two parallel on-line detection methods of sub-picomolar sensitivity: (1) pulsed amperometric detection (PAD); (2) capillary-scaleg

ollowed by electrospray ion-trap (IT) mass spectrometry (MS). The capillary chromatographic system combined the superb selectivity
hat allows routine separation of isomeric oligosaccharides with the information on monosaccharide sequence and linkage positions
S/MS fragmentation using the IT-MS. The applicability of the system in biomedical research was demonstrated by its use for the a
urine sample of a GM1-gangliosidosis patient. Isomeric glycans in the sample could be resolved by HPAEC and assigned on the ba
onosaccharide linkage information revealed by on-line IT-MS/MS.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Within the panel of analytical techniques available for the
haracterization of oligosaccharides, chromatographic meth-
ds play a central role[1,2]. While reverse-phase HPLC of
ligosaccharides requires derivatization[2,3], other stationary
hases such as normal-phase and porous graphitized carbon
llow the separation of both derivatized and native oligosac-
harides[2,3,4]. Photometric detection of native carbohydrates
s insensitive because they lack a natural chromophore or flu-
rophore, and therefore derivatization at the reducing end is
sually required to allow detection in the sub-picomol range by
uorescence detection[5]. An alternative, sensitive and widely
sed chromatographic system for the separation and analy-
is of underivatized carbohydrates is high-pH anion-exchange
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chromatography with pulsed amperometric detection (HPA
PAD) [6,7]. This chromatographic system is based on the
that carbohydrates are weak acids[8], which form anions in
an eluent of high pH. In addition, the presence of aldehy
ketones and multiple hydroxyl groups in carbohydrates m
them relatively attractive electrochemical analytes and pu
amperometry therefore allows the detection of oligosaccha
at low picomol levels[9] when using a 4 mm I.D. analytic
column.

Both on-line-coupling to mass spectrometry and downsc
of the column dimensions to the capillary- or nano-scale
important for the development of glycan analysis techno
that is compatible with current standards in biomedical rese
These requirements have already been met for the graph
carbon stationary phase[3,4,10], normal phase (NPLC)[11,12]
and reversed phase liquid chromatography (RPLC)[3,13]. In
the case of HPAEC-PAD, however, oligosaccharide separ
with on-line desalting and on-line mass spectrometry ha
far only been demonstrated at the narrow bore (2 mm co
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I.D.) [14–16] and at the analytical scale (4 mm column I.D.)
[17].

This study describes the implementation of a prototype cap-
illary bore (0.381 mm I.D.) column for HPAEC with on-line
pulsed amperometric detection and on-line electrospray ion-trap
mass spectrometry (IT-MS). MS coupling was made possible
with an experimental on-line capillary-scale desalter. The sys-
tem exhibits sub-picomol sensitivity, both in amperometric and
in mass spectrometric detection, and was found to be particularly
useful for the characterization of complex biological samples
due to its high chromatographic resolution combined with the
MS/MS capabilities of the ion-trap mass spectrometer.

2. Experimental

2.1. Chemicals

Analytical reagent grade sodium hydroxide (50%, w/w),
sodium acetate, sulphuric acid and sodium chloride were
obtained from J.T. Baker (Deventer, The Netherlands). Acetoni-
tril was from Biosolve (Valkenswaard, The Netherlands). All
solutions were prepared with water from a Milli-Q synthesis
system from Millipore BV (Amsterdam, The Netherlands). The
asialo diantennary glycan was a gift from Dr. D.H. van den Eijn-
den (Free University, Amsterdam). Chicory inulin was obtained
from Warcoing Research (Warcoing, Belgium).

2

t-up
i y-
v mp
a d a
0 on
t

-tra
m ny

equipped with an electrospray ionization source. A microbore
AGP-1 from Dionex was used as an auxiliary pump (see Section
2.3.2).

2.2.1. Flow splitter for providing the eluent
To accomplish a flow rate of 10�l/min, a homemade flow

splitter (split ratio 56:1) constructed entirely from PEEK was
inserted between the gradient pump and the autosampler. The
eluent flow was split up via a TEE (P-715; Scivex Upchurch
Scientific, Oak Harbor, WA, USA). The analytical column was
connected to the TEE by 1256 cm× 0.075 mm I.D. tubing. To
the other exit of the TEE 1316 cm× 0.125 mm I.D. and in addi-
tion 894 cm× 0.750 mm I.D. tubing was connected.

To determine flow rates at various places in the capillary
system a 25�l syringe without plunger was coupled to the appro-
priate exit and the filling time was measured with a stopwatch.

2.2.2. Analytical column
A prototype capillary column (250 mm× 0.381 mm I.D.)

packed with CarboPac PA200 resin was manufactured by
Dionex. The stationary phase is a 5.5�m diameter ethylvinyl-
benzene/divinylbenzene substrate (55% cross-linking), agglom-
erated with 34 nm MicroBeadTM 6% cross-linked quaternary
amine functionalized latex.
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.2. Chromatographic system

A schematic drawing of the complete instrumental se
s shown inFig. 1. The BioLC system from Dionex (Sunn
ale, CA, USA) consisted of a microbore GP40 gradient pu
Famos micro autosampler with a full PEEK-injector an

.41�l loop, and an ED40 electrochemical detector, all c
rolled by Chromeleon software (Dionex).

Coupled to the system was an Esquire 3000 ion
ass spectrometer from Bruker Daltonik (Bremen, Germa

Fig. 1. Schematic representation of the experimental set-up of cap
,

-

p
),

2.2.3. Flow splitter for detection
To avoid unacceptable loss of resolution, the detectors

coupled to the outlet of the analytical column in parallel.
desalter was connected to a PEEK TEE (P-715 from S
Upchurch Scientific Division) and put in-line with the mass sp
trometer with a total of 150 cm× 0.075 mm I.D. PEEK tubing
The electrochemical cell and 350 cm× 0.075 mm I.D. PEEK
tubing were connected to the other outlet of the TEE.
resulted in a split ratio of 11 to 5 for MS to PAD. The to
backpressure was 210 kPa, which was found to be sufficie
minimize system flow fluctuations.

HPAEC with electrochemical as well as on-line-mass spectrometric deteon.
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2.2.4. Desalter
To convert the eluent into an electrospray ionization (ESI)-

compatible solution, a capillary in-line desalter was prepared.
The desalter consisted of a Nafion cation-exchange capillary
(15 cm× 0.102 mm I.D.× 0.254 mm O.D.) housed in a PEEK
column (250 cm× 4 mm I.D.) with inlet and outlet liquid con-
necting ports. Provisions were made so that there were separate
fluid connections to the cation exchange capillary tubing in the
PEEK column. The cation exchange capillary was maintained
predominantly in the hydronium form by flowing dilute sulfuric
acid through the PEEK column so that the capillary was fully
immersed in the solution of sulfuric acid. Using the capillary
desalter, neutral and anionic compounds pass to the mass spec-
trometer, and the eluent is converted into water and acetic acid.

2.3. Detection

2.3.1. Electrochemical detection
The ED40 detector delivered to the electrochemical

cell the following waveform: E1 = 0.1 V (td = 0.00–0.20 s,
t1 = 0.20–0.40 s), E2 =−2.0 V (t2 = 0.41–0.42 s), E3 = 0.6 V
(t3 = 0.43 s),E4 =−0.1 V (t4 = 0.44–0.50 s) versus an Ag/AgCl
reference electrode[18]. A gold work electrode and a 25�m
gasket were installed. The inlet stainless steel tube of the cell
was removed to minimize void volume. The electrochemical
cell was placed in the low-pressure splitter outlet as described
i
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25.5% A + 12% B + 62.5% C (0–55 min). For analysis of uri-
nary oligosaccharides from patients with GM1-gangliosidosis
the gradient was as follows: 76% A + 24% B (−20 to−14 min;
isocratic); 88% A + 12% B (−14 to 0 min; isocratic); lin-
ear hydroxide gradient to 60% A + 40% B (0–9.1 min); 60%
A + 40% B (9.1–12.5 min; isocratic); linear gradient to 85.2%
A + 12% B + 2.8% C (12.5–21.6 min); linear acetate gradient to
60.5% A + 12% B + 27.5% C (21.6–104 min). The samples were
injected at 0 min.

2.5. Preparation of urine samples

Oligosaccharides of urine samples were isolated with graphi-
tized carbon solid phase extraction, according the method
described by Packer et al.[19]. Two hundred�l of urine was
diluted with 1800�l water and loaded on a Carbograph SPE
cartridge (300 mg; Alltech Associates Inc., Deerfield, IL, USA).
The cartridge was washed with water (6 ml) and the neutral
oligosaccharides were subsequently eluted with 3 ml 25% ace-
tonitrile. The eluate was concentrated under a stream of nitrogen
at room temperature until the volume was decreased to 50%. The
remaining solution was lyophilized and reconstituted in 200�l
water.

3. Results
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.3.2. Mass spectrometry
For efficient ionization of the eluted carbohydrates an

rder to get a stable electrospray, a make-up solution (0.6
aCl in 50% acetonitrile) was pumped into the eluent flow
MicroTEE (P-775 Scivex). To obtain a flow rate of 4.6�l/min

or the make-up solution, the auxiliary pump was equipped
homemade low-pressure PEEK splitter with a split rati

:46.5. The mixture was directed to the electrospray ionis
ESI) interface of an Esquire 3000 ion-trap mass spectrom
rom Bruker Daltonik. Neutral carbohydrates were detected
S in the positive ion mode as sodium adducts. Analyses

outinely performed in the automatic MS/MS mode. The m
pectrometer was operated at the following conditions: dry
erature 325◦C, nebulizer 103 kPa, dry gas 7 l/min, capill
3500 V and target massm/z 850.

.4. Separation conditions

The GP40 pumped with a flow rate of 10�l/min and was
rovided with the following eluents: eluent A, water; elu
, 500 mM NaOH; eluent C, 500 mM sodium acetate.
eparations were performed at room temperature. The
iantennaryN-glycan was chromatographed under isocr
onditions (70% A + 30% B). The ternary gradient for fr
an oligosaccharides was as follows: The column was
ashed with 76% A + 24% B (−20 to −14 min; isocratic) in
rder to convert the column into the hydroxide form, follow
y an equilibration with 88% A + 12% B (−14 to 0 min; iso
ratic). Elution was achieved with a linear acetate gradie
r
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-
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.1. Characterisation of the desalter

In order to determine the desalting capacity of the proto
n-line capillary desalter, various concentrations of NaOH w
umped through at a flow rate of 10�l/min over a time range of a

east 60 min, with a regenerant flow of 825�l/min. The regener
nt concentration was kept constant at 12.5 mM sulphuric
igher concentrations of regenerant were avoided in ord
revent the breakthrough of the sulphate ions according t
onnan-exclusion[20,21]. The conductivity of the effluent wa
ontinuously monitored and every 10 min the pH was che
ith universal pH-paper. It was determined that the desa
apacity of the capillary desalter is 225 mM NaOH for the te
luent flow rate of 10�l/min. The resulting effluent condu

ivity was 54�S/cm, the pH was 7 and was stable for at l
0 min. To determine to which extent the desalter contribut
eak broadening, the system was tested with a 0.41�l injection
f an inulin solution of 300�g/ml. Inulin contains two linea
omologous series of fructan oligosaccharides (FOS)[22,23].
he most abundant series terminates in sucrose, the ot

ructopyranosyl. FOS from inulin were separated with a sod
cetate gradient in sodium hydroxide with the electrochem
ell directly installed after the capillary column (Fig. 2A). Alter-
atively, the desalter in the sodium form was installed betw

he column and the electrochemical cell (Fig. 2B). For the reg
stered peak pair 1, which eluted in the isocratic part of
eparation, resolution was 0.94 and 0.70 without and with
esalter, respectively. For peak pair 2, which eluted in the
ient part of the separation, the resulting resolutions were
ersus 5.47. The retention time shift caused by the desalte
s and corresponded to an internal volume of 1.35�l.
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Fig. 2. Capillary HPAEC-PAD separation of fructan oligosaccharides. The chromatographic behaviour of fructan oligosaccharides from 123 ng nativechicory inulin
was compared with and without on-line-desalting. (A) The electrochemical cell was directly connected to the column. (B) The capillary desalter was positioned
between the column and the electrochemical cell.

3.2. Gradient performance and detection of fructan
oligosaccharides

To test the gradient performance of the instrumental set-up,
a solution of 1 mg/ml inulin was chromatographed. The esti-
mated gradient delay time to the electrochemical detector was
11.2 min. Extracted ion chromatograms (EIC) of FOS up to
DP13 (degree of polymerization) are shown inFig. 3. At higher
masses doubly charged sodium adducts were observed. By use
of extracted ion chromatograms co-eluting variants could be dis-
criminated such as two species eluting at approximately 20 min,
namely DP5 (m/z 851.3) and DP7 (m/z 1175.7). In each EIC
corresponding to a certain DP, two fully separated peaks were
present, representing sodium adducts of the two isobaric vari-
ants, which demonstrated the separation potential of the HPAEC
system. From the extracted ion chromatograms it turned out that

the homologous series terminating in fructopyranose exhibited
more retention than the series terminating in glucopyranose.

As analyses were performed in the automatic MS/MS mode,
fragmentation spectra were obtained for most of the FOS.
Fig. 4B and C shows MS/MS spectra of the two isobaric DP5
variants, which exhibited similar fragmentation patterns, yet var-
ied in the relative intensities of the fragment ions. The MS/MS
spectra show mainly cleavages of glycosidic linkages and ions
representing a loss of 90 Da (m/z 437.2 and 275.2). This loss of
90 Da can arise from ring fragmentation as indicated inFig. 4B.

3.3. Signal response of the detectors

Signal response of the system has been investigated for
both detectors under isocratic conditions with the asialoN-
linked diantennary glycan. Five concentrations in the range

F . Fru
H ion c -
i

ig. 3. Capillary HPAEC-on-line-MS analysis of fructan oligosaccharides
PAEC with on-line-desalting and electrospray-MS detection. Extracted

zation (DP) which were detected as sodium adducts.
ctan oligosaccharides from 410 ng native chicory inulin were analyzed by capillary
hromatograms are given for fructan oligosaccharides of various degrees of polymer
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Fig. 4. Mass spectra of the two isobaric sodium adducts of DP5 fructans. Part (A) shows the MS spectrum of [GF4 + Na]+; parts (B) and (C) are the MS2 spectra
with m/z 851.6 as precursor ion, where (B) represents GF4 and (C) F5. In the fragmentation scheme, F stands for fructofuranosyl and X is glucopyranosyl or
fructopyranosyl, R1 and R2 stand for the rest part of the oligosaccharide chain and R2 can also be a H.

of 0.16–100 pmol were tested in three fold. The IPAD signal
was linear up to 20 pmol, while the MS signal was linear over
the whole range investigated (regression coefficient >0.999 for
IPAD and MS). A sub-picomolar detection limit was achieved,
as demonstrated inFig. 5. From the total amount of 160 fmol
diantannary oligosaccharide injected on column, about 50 fmol
was directed to the electrochemical detector and 110 fmol to the
mass spectrometer.

3.4. Urine sample of a GM1-gangliosidosis patient

As a relevant example of a clinical application, a urine sample
of a GM1-gangliosidosis patient was analyzed with the sys-
tem. The resulting chromatogram is given inFig. 6. Oligosac-
charides from urine were extracted using a carbon cartridge,

F com-
b ined
f ntion
d cies.

and the equivalent of 400 nl urine was injected on the col-
umn. The electrochemical detector gave a complex peak pattern
(not shown). On-line mass spectrometric detection revealed the
presence of a dihexoside (most likely lactose) as well as com-
plex oligosaccharides of composition H3–7N1–5 (H: hexose;
N: N-acetylhexosamine), which were detected in monosodi-
ated form (H3N2 and H3N) or disodiated form (H5N3, H6N4
and H7N5; Fig. 6). In accordance with literature data[24,25],
we interpreted H3N2, H5N3, H6N4 and H7N5 as monoanten-
nary, diantennary, triantennary and tetraantennary endo-�-N-
acetylglucosaminidase cleaved products of complex typeN-
glycan structures, respectively. This assignment was corrobo-
rated by the obtained MS/MS data. Oligosaccharides of compo-
sition H3N were interpreted as glycolipid degradation products
and exhibited a reducing end hexose–hexose moiety, which is in
accordance with the lactosyl core structure of mammalian-type
glycolipids. Of the complex LC–MS/MS data set covering all
these species, the data for H3N2 species will be presented in
detail, as capillary HPAEC in conjunction with on-line desalt-
ing/mass spectrometry succeeded to completely resolve two
isobaric structures of this composition (Fig. 6). Both struc-
tures A (elution at 8.9 min;Fig. 6) and B (elution at 12.9 min)
were detected in sodiated form with a monoisotopic mass of
933.5 Da. The obtained MS/MS data of the two isomeric species
were acquired in the automatic mode and are assigned accord-
ing to the nomenclature of Domon and Costello[26] (Fig. 7A
a data
a truc-
t
B e
a nta-
t s,
t
8 e,
a sodi-
ig. 5. Analysis of an 160 fmol aliquot of an asialo diantennary glycan by
ined capillary HPAEC-PAD/online-MS detection. The chromatogram obta

rom the electrochemical detector (IPAD) is corrected for the 2.68 min rete
ifference with the online-MS detection (EIC) of the double-sodiated spe
nd B). Based on linkage-specific fragmentation, these
llowed the assignment of the two isomers to published s

ures of urine oligosaccharides in GM1-gangliosidosis[24,25]:
oth oligosaccharides seemed to contain aN-acetylhexosamin
t the reducing end, which displayed specific ring fragme

ions (0,2A at m/z 832 and2,4A at m/z 772). These fragment
ogether with the lack of a0,3A ring cleavage (no signal atm/z
02), are characteristic for a 4-substitutedN-acetylhexosamin
ccording to the ring fragmentation rules established for
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Fig. 6. HPAEC-on-line-MS of oligosaccharides from the urine sample of a GM1-gangliosidosis patient. TIC is the total ion chromatogram. The extracted ion
chromatograms (EIC) represent the major pseudomolecular ions registered. Several of the EIC show the separation of isobaric structures. Fragment-ion analysis of
the well-separated H3N2 species A and B is shown inFig. 7. H, Hexose; N,N-acetylhexosamine.

Fig. 7. Fragment ion analysis of H3N2 species. H3N2 species A and B, as indicated inFig. 6, were subjected to MS2 analysis in their sodiated form (m/z 933.5; A
and B, respectively). The observed fragment ions are schematically interpreted according to the nomenclature of Domon and Costello[26]. Empty circle, mannose;
filled circle, galactose; filled square,N-acetylglucosamine.
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ated oligosaccharides[27,28,29]. The observed series of B-ions
results in a monosaccharide sequence of HN H H N for both
isomers (Fig. 7A and B). For compound A, the observed ring
fragmentations (0,2A at m/z 670,0,3A at m/z 640 and0,4A at m/z
610) of the hexose next to the reducing-endN-acetylhexosamine
are typical for a substituent in the 6 position (Fig. 7A)
[27,28,29]. Based on this information, compound A was con-
cluded to be the GM1-gangliosidosis urinary oligosaccha-
ride Gal(�1–4)GlcNAc((�1–2)Man(�1-6)Man(�1–4)GlcNAc
(Fig. 7A), which has been characterized before[24,25]. A lack of
these ring fragments is typical for a substituent in the 3 position
[27,28,29]. We conclude, therefore, compound B to be the iso-
mer Gal(�1–4)GlcNAc((�1–2)Man(�1–3)Man(�1–4)GlcNAc
(Fig. 7B), which has likewise been found previously in GM1-
gangliosidosis urine[24,25].

4. Discussion

We here describe a capillary-scale HPAEC system for the
separation of oligosaccharides with both electrochemical and
on-line mass spectrometric detection. With respect to electro-
chemical detection, the system displayed the usual excellent
performance of HPAEC for the separation of oligosaccharides
[6,7]. The downscaling from a narrow bore to a capillary-scale
system involved reduction of the dead volume of a standard elec-
trochemical cell by the surprisingly straightforward exchange
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pared to the results with a 4 mm I.D. column published by
Rocklin et al.[9,18].

As the Esquire 3000 IT-MS used in the current study was for-
merly used for nano-scale (75�m I.D.) normal phase-LC/MS
of oligosaccharides, sensitivities of the systems can directly
be compared: nano-scale normal phase-LC–MS with a nano-
electrospray source exhibited sensitivities of approximately
1 fmol for both native[11] and derivatized oligosaccharides[12].
When correcting for the differences in column I.D., this would
yield a theoretical sensitivity of 25 fmol at the 380�m I.D. scale.

HPAEC with pulsed amperometric detection has been used
for diagnostic purposes of glycoprotein degradation disorders
[31]. From the chromatograms generated by HPAEC it was not
possible however to identify each observed component, such
in strong contrast to the system presented here which includes
on-line MS detection to provided mass and fragmentation data.
We have evaluated our system using GM1-gangliosidosis urinary
oligosaccharides. The total ion chromatogram ofFig. 6 shows
the most abundant oligosaccharides and their masses. Two sepa-
rated isomeric oligosaccharides could be assigned based on mass
and fragmentation patterns to urinary oligosaccharide structures,
which are described in the literature on GM1-gangliosidosis
[24,25]. Moreover, polymeric carbohydrates with the�1–6 link-
age type are known to elute faster from an anion-exchange resin
than isomers with a�1–3 linkage[6], which is in line with the
obtained results.
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f the metal inlet tube for a PEEK tube with a internal diam
f 75�m. Regarding mass spectrometric detection, an on
esalting step was incorporated in the system in order to
lectrospray ionization-MS at high sensitivity. The degre
eak broadening generated by the desalter was found

nsignificant, and the superb chromatographic performan
PAEC resulted in the resolution of isomeric structures.
S detector is particularly useful for the analysis of comp
ixtures as for example the fructan oligosaccharides, wh
llows the differentiation between co-eluting carbohydrate

While the desalter was found to work efficiently with c
entrations of sodium ions up to 225 mM for longer periods
ystem tolerated significantly higher concentrations of so
ons for short periods when run in the gradient mode. Du
he separation of fructan oligo- and polysaccharides of in
he eluent concentration raised up to 372.5 mM sodium, w
etection by IT-MS remained excellent, indicating that desa
as still sufficient.
In a previous study, HPAEC was performed at the mi

ore scale (column of 2 mm I.D.), allowing a lower detec
imit of 17 pmol for maltoheptaose (DP7 of (�1–4)-glucose
ligomer)[30]. When corrected for the different column diam

ers, this would result in a theoretical sensitivity of 615 fmol
80�m I.D. capillary system (17 pmol× (380�m/2000�m)2).
he capillary-scale system used in this study (380�m I.D.) actu-
lly exhibited even higher sensitivity, as demonstrated with
ass spectrometric detection of 110 fmol of a diantennary

an (3.3). When compared to the 2 mm I.D. system[30], mass
pectrometric sensitivity increased by a factor of 100. For am
metric detection, the detection limit was found to be aro
0 fmol, which means a sensitivity gain by a factor of 50 c
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Based on the presented data, we would like to conc
hat the system, which combines the high separation pow
PAEC at a thus far unattained capillary-scale with the oligo
haride sequence and linkage information provided by on
on-trap MS/MS, is a powerful new tool for (clinical) glycom
tudies.
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