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Abstract

High-performance anion-exchange chromatography (HPAEC) with pulsed amperometric detection has been widely used
for analysis of mono-, oligo- and polysaccharides. Many factors that affect separation of carbohydrates by HPAEC have been
evaluated, however effect of temperature has not been carefully studied. In the present study, neutral and sialylated
oligosaccharides from human milk and different types of N-linked oligosaccharides were analysed by HPAEC at
temperatures ranging from 13 to 308C. N-Acetyl neuraminic acid, galacturonic acid and stachyose were also analysed since
they have been used as internal standards when analysing various oligosaccharides by HPAEC. All oligosaccharides showed
decreased retention times with increased temperature. Even small differences in temperature (i.e. 658) resulted in
considerable changes in retention times. In addition, individual oligosaccharides showed different relative changes in
retention time with increased temperature. By changing the temperature, a switch in elution order of individual
oligosaccharides were sometimes found. These results show that retention times relative to an internal standard cannot be
used for oligosaccharide identification unless temperature is carefully controlled. Regulation of temperature is also a valuable
tool in achieving optimal separation of oligosaccharides by HPAEC.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction system gives a sensitivity in the nanomol range. The
column is built up of small anion-exchange resin

In the last decade, high-performance anion-ex- spheres ionically attached to larger cation-exchange
change chromatography (HPAEC) has proven to be a resin spheres. The material has a high stability even
useful tool for carbohydrate analysis. By this chro- at high pH, which is a prerequisite for separation of
matographic method separation is accomplished for neutral oligosaccharides [19]. Carbohydrates are
most carbohydrates. HPAEC has been used to ana- weak acids with respect to their hydroxyl groups,
lyse monosaccharides [1–4], sialic acids [5,6], milk with pK values of 12–14. The highly alkalinea

oligosaccharides [3,7–10], N-linked oligosaccharides conditions used in HPAEC makes it possible for
[11–15], O-linked oligosaccharides [3,16] and poly- some of these hydroxyl groups to be ionized and thus
saccharides [17,18]. Coupling the chromatographic interact with the anion-exchange matrix.
system to a pulsed amperometric detection (PAD) The order of elution is in part dependent on the

size of the oligosaccharides but also on substituents,
*Corresponding author. linkage positions and branching [2,20–22]. Oligo-
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saccharides with charged substituents will be re- gradient pump, PAD-2 detector with gold electrode,
tained more efficiently on the column. The sepa- autosampler (AS3500), a CarboPac PA-100 guard
ration is also affected by the accessibility of the column (5034 mm) and a CarboPac PA-100 (25034
oligosaccharide oxyanions to the functional groups mm) column from Dionex (Sunnyvale, CA, USA).
of the stationary phase, which is in turn dependent The gradient programs used were as described in
on the three dimensional structure of the oligo- Table 2. Gradient 1 was used for separation of
saccharide. It is therefore not always easy to foresee neutral milk oligosaccharides. Sialylated milk oligo-
the retention time of an individual oligosaccharide saccharides were separated using gradient 2, and
[23]. N-linked oligosacchaides using gradient 3.

Factors affecting separation and retention times of Eluants were filtered and degassed before use and
different oligosaccharides by HPAEC are the type of constantly held under helium pressure. For all analy-
eluent, the pH of the eluent, the pH gradient and ses a flow-rate of 1.0 ml /min was used and 25 ml of
counter ion gradient, flow-rate and temperature. sample was injected. Each run was directly pre-
Many of these factors have been evaluated, however ceeded by a similar run where water was injected.
the effect of temperature on HPAEC has not been The column was thermostated by circulating water in
studied thoroughly. a jacket. Temperatures ranging from 13–408C were

used.

2. Experimental 2.3. Theory

2.1. Materials The retention of a substance under isocratic con-
ditions was expressed from the following expression:

Milk oligosaccharides were from BioCarb (Lund,
Sweden) and stachyose was from Sigma (St. Louis, k9 5 (V 2V ) /V (1)r 0 0

MO, USA). A fucosylated sialylated biantennary
where k9 is the capacity factor, V is the retentionrcomplex type standard (A2F) was purchased from
volume of the analyte and V the retention volume of0Oxford Glycosciences (Abdingdon, UK). Desialyla-
an unretained molecule. The distribution of thetion of this compound was performed by mild acid
analyte between the mobile phase and the stationaryhydrolysis in 2 M acetic acid at 808C for 3 h [24]
phase is determined by the standard free energy(yielding NA2F). A nonfucosylated biantennary N-
change DG8, associated with the transfer of theglycan (NA2) was obtained from human transferrin
analyte from the mobile to the stationary phase. The(Sigma). N-Linked oligosaccharides were released
corresponding equilibrium constant, K, is given by:by N-glycosidase F digestion, reduced and purified

as previously described [25] and desialylated by mild
2DG8 / RTK 5 e (2)acid hydrolysis. A high-mannose N-glycan standard

(Man GlcNAc –Man GlcNAc ) was from Oxford5 2 9 2 and is related to k9:
Glycosciences. A reduced high-mannose N-glycan

k9 5 Kf (3)standard (Man GlcNAc -ol–Man GlcNAc -ol) was5 2 9 2

obtained from ribonuclease B (Sigma). N-linked
where F is the volume ratio of the stationary phaseoligosaccharides were released by N-glycosidase F
and the mobile phase in the column, which isdigestion, reduced and purified [25]. N-Acetyl
believed to be independent of temperature [26]. Thisneuraminic acid was from BioCarb. Structures of the
gives:standard oligosaccharides are presented in Table 1.

0 0ln k9 5 2 DH /RT 1 DS /R 1 ln f (4)
2.2. High-performance anion-exchange

0 0chromatography where DH and DS are the standard enthalpy and
entropy changes for analyte transfer from the mobile

The system used for HPAEC consisted of a phase to the stationary phase. When enthalpy and
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Table 1

entropy changes are temperature invariant, plots of ln higher temperature (25 and 308C) 3FL coeluted with
k9 versus 1 /T (Van ’t Hoff plots) are linear [27–29]. LNFIII instead. Stachyose was added to the oligo-

saccharide mixture since it has previously been used
as an internal standard when analysing milk oligo-

3. Results saccharides by HPAEC [8]. Stachyose was separated
from the other milk oligosaccharides at 13, 15, 25

3.1. Effect of temperature on HPAEC separation and 308C, but comigrated with LNnT at 208C (Fig. 1,
of neutral milk oligosaccharides peaks S and 7 respectively, Table 1). Increasing the

temperature from 15 to 258C resulted in a shift of
A mixture of neutral milk oligosaccharides were elution order of stachyose and LNnT. In general,

separated by HPAEC at different temperatures. At retention time was decreased with increased tempera-
low temperature (138C) sufficient separation was ture, however this effect was more pronounced for
achieved for all oligosaccharides except for LNDI 3FL and stachyose. This experiment shows that
and 3FL (Fig. 1, peak 1 and 2 respectively, Table 1). small changes in temperature greatly affects retention
As temperature was increased, separation of these times of milk oligosaccharides, but also that altering
two milk oligosaccharides was improved, however at temperature can be useful to achieve separation.
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Table 2
Different gradient programs for HPAEC

Program Time 0.2 M NaOH (%) 0.1 M NaOH/ Water (%)
(min) 0.5 M NaAc (%)

1 0 15 0 85
20 15 0 85
34 50 0 50
49 47 6 47
56 30 40 30
61 30 40 30
65 15 0 85
70 15 0 85

2 0 48 4 48
8 48 4 48

30 42 16 42
55 30 40 30
60 30 40 30
65 48 4 48
70 48 4 48

3 0 50 0 50
70 30 40 30
80 0 100 0
85 50 0 50
95 50 0 50

Optimal separation of the milk oligosaccharides was
accomplished at 158C.

3.2. Effect of temperature on HPAEC separation
of sialylated milk oligosaccharides

Sialylated milk oligosaccharides were also subject-
ed to HPAEC-analysis at different temperatures (Fig.
2, Table 1). Galacturonic acid was added to the
mixture since it has previously been used as an
internal standard in the analysis of milk oligosac-
charides [8]. At low temperature (13–158C) there
was poor separation of LSTc and 6SL, but separation
was improved as temperature was increased. Galac-
turonic acid showed a small change in retention time
in response to temperature differences compared to
the sialylated milk oligosaccharides.

3.3. Effect of temperature on HPAEC of reduced
and unreduced high mannose type oligosaccharides

A high mannose type N-glycan standard, consist-Fig. 1. Neutral milk oligosaccharides analysed by HPAEC–PAD at
ing of five to nine mannose residues linked to thedifferent temperatures. Gradient program 1 (Table 2) was used.

The individual oligosaccharide structures are listed in Table 1. chitobiose core (Man GlcNAc –Man GlcNAc ),5 2 9 2
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Fig. 2. Sialylated milk oligosaccharides analysed by HPAEC–PAD
at different temperatures. Gradient program 2 (Table 2) was used.
The individual oligosaccharide structures are listed in Table 1.

was analysed at 15 and 308C (Fig. 3A). When
column temperature was increased from 15 to 308C,
retention time of all high mannose type oligosac-
charides in the mixture decreased by approximately
2.0 min. A mixture of reduced high mannose oligo-
saccharides (Man GlcNAc -ol–Man GlcNAc -ol)5 2 9 2

Fig. 3. N-Linked high mannose type oligosaccharides analysed bywas also analysed by HPAEC–PAD at different
HPAEC–PAD at 15 and 308C. Gradient program 3 (Table 2) was

temperatures (Fig. 3B). The reduced oligosaccha- used. A: non reduced N-glycans Man GlcNAc –Man GlcNAc5 2 9 2
rides also showed decreased retention times with (M5–M9). B: reduced N-glycans Man GlcNAc -ol–Man -5 2 9

increasing temperature. However, temperature did GlcNAc -ol (M5–M9).2

not affect the smaller oligosaccharides with five and
six mannose residues to the same degree. When
temperature was increased from 15 to 308C the from 15 to 308C the retention time of NA2 decreased
retention time of these compounds only decreased 2.6 min, whereas the retention time of NA2F only
1.5 and 1.8 min respectively, compared to a decrease decreased 2.0 min. Retention time of Neu5Ac only
of 2.0 min for Man GlcNAc to Man GlcNAc (Fig. changed 1.2 min, when temperature was increased7 2 9 2

3). from 15 to 308C (Fig. 4).

3.4. Effect of temperature on HPAEC of complex 3.5. Temperature and pH dependence of HPAEC
type oligosaccharides of oligosaccharides

Two reduced complex type N-glycans (NA2 and There is a reverse relationship between tempera-
NA2F, Table 1), only differing in the internal fucose ture and pH of a solution. Thus, an increase in
substitution, were analysed together with Neu5Ac. temperature will lower the pH of a NaOH solution.
The nonfucosylated biantennary N-glycan (NA2) To analyse whether an increase in NaOH concen-
showed the largest change in retention time when tration could generate the same effects on retention
subjected to different column temperatures during times of oligosaccharides as a decrease in tempera-
HPAEC (Fig. 4). When temperature was increased ture, a mixture of lactose, LNFI, stachyose and
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Fig. 4. N-Linked complex type oligosaccharides analysed by
HPAEC–PAD at different temperatures. Gradient program 3
(Table 2) was used. The individual oligosaccharide structures are
listed in Table 1.

LNnT was analysed by HPAEC at a fixed tempera-
ture with different NaOH concentrations or at a fixed
NaOH concentration at different temperatures (Fig.
5A and B). An increased NaOH concentration
resulted in decreased retention times, whereas a
decrease in temperature resulted in increased re-
tention times of the oligosaccharides (Fig. 5). An
increase in NaOH concentration will increase the
ionic strength of the solution, which explains the
decreased retention times. This experiment clearly
shows that the effects of temperature on oligosac-
charide chromatography cannot be achieved only by
changing the NaOH concentration of the eluant.

Increased temperature usually results in decreased
retention times for most analytes in ion-exchange
chromatography [34]. A strict temperature depen-
dence according to Eq. (4) would predict that a plot

Fig. 5. Effect on retention time on HPAEC with varying NaOH
of ln k9 versus 1 /T (Van ’t Hoff plot) of a substance concentration and temperature. Lactose, LNFI, stachyose and
generates a linear relationship. Van ’t Hoff plots of LNnT were analysed. Isocratic eluton with varying concentrations

of NaOH (20–50 mM) was used with a fixed temperature of 208Clactose, LNFI, stachyose and LNnT analysed by
(A). In (B) temperature was varied between 15 and 408C with aHPAEC at a fixed NaOH concentration at different
fixed NaOH concentration of 30 mM.temperatures were found to be linear for all oligo-

saccharides with a strong dependence of k9 on
temperature (Fig. 6). This further indicates that the 4. Discussion
effects on retention times are primarily an effect of
temperature and not of other associated changes in In 1983 Rocklin and Pohl described temperature
the system. effects on retention times of some mono-, di- and
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rides, using a defined gradient program [2,3,7–
9,15,23,31,32]. To account for variations in retention
times between runs, relative retention time to an
internal standard has been suggested to give reliable
results [21,33].

In this study, we included three different com-
pounds that all have been used as internal standards.
Galacturonic acid and stachyose have earlier been
used to quantify milk oligosaccharides [8] and N-
acetyl neuraminic acid have been used as an internal
standard when analysing N-linked oligosaccharides
[29]. All of these standards showed a marked
different response to temperature changes compared
to the oligosaccharides which were analysed. Thus,
using an internal standard to correct retention times
is of no value unless temperature is carefully con-
trolled. On the other hand, when temperature isFig. 6. Van ’t Hoff plot of ln k9 versus 1 /T for the oligo-

saccharides: lactose, LNFI, stachyose and LNnT. Isocratic elution controlled, retention times of oligosaccharides on
with 30 mM NaOH was used. HPAEC will be highly reproducible. This study also

shows that slightly raising or lowering column
tetrasaccharides on HPAEC using a Dionex system temperature can improve separation of oligosaccha-
equipped with a CarboPac PA-1 column [30]. Re- rides by HPAEC. Temperature is thus an important
tention time of the glycans which were studied parameter to be considered for optimizing separation
generally decreased as temperature was increased. of neutral, sialylated, reduced or non-reduced oligo-
They also reported that there was a shift in elution saccharides. However, temperatures exceeding 458C
order of stachyose and maltose when temperature are not recommended when analysing oligosaccha-
was increased. Since then no studies have been rides by HPAEC, as degradation and epimerisation
focused on the temperature dependence of HPAEC of then will be an increased problem [30].
carbohydrates. In most studies, analyses of carbohy- An increased temperature generally leads to de-
drates by HPAEC have been performed at ambient creased retention times, which results in reduced k9

temperature. for all analytes [34]. Van ’t Hoff plots of a number of
In the present study, milk oligosaccharides and oligosaccharides in this study generated linear rela-

several N-linked oligosaccharides have been ana- tionships, indicating that the enthalpy and entropy
lysed by HPAEC using different temperatures. All of changes of each oligosaccharide are invariant of
the analysed oligosaccharides showed decreased temperature. Thus the effects of temperature on
retention time with increased temperature, but the oligosaccharide retention times are primarily due to
relative change in retention time differed for in- direct temperature dependence of k9.The slope of the

0dividual oligosaccharides. It was found that even curve in the Van ’t Hoff plot thus represents DH for
small differences in temperature (658) caused individual oligosaccharides (according to Eq. (4)).

0dramatic changes in oligosaccharide elution. Thus, The differences in DH may depend on different
the use of ambient temperature is not satisfactory for three-dimensional structures of the oligosaccharides,
HPAEC of oligosaccharides, especially not when which will, together with net charge, affect interac-
retention times are used to verify oligosaccharide tions with the stationary phase.
structures. Temperature is inversely correlated with the pH of

The high sensitivity and resolution of oligosac- a NaOH solution, but we did not find an inverse
charides analysed by HPAEC has prompted several relationship between changes in retention times for
researches to design standard chromatographic con- NaOH concentration and temperature. Thus NaOH
ditions for identification of individual oligosaccha- concentration and temperature will independently
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