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a b s t r a c t
Dextran, a family of natural polysaccharides, consists of an ␣ (1→6) linked-glucose main (backbone)
chain having a number of branches. The determination of the types and the quantities of branches in
dextran is important in understanding its various biological roles. In this study, a hyphenated method
using high-performance anion exchange chromatography (HPAEC) in parallel with pulsed amperometric
detection (PAD) and mass spectrometry (MS) was applied to qualitative and quantitative analysis of
dextran branches. A rotary cation-exchange cartridge array desalter was used for removal of salt from
the HPAEC eluent making it MS compatible. MS and MS/MS were used to provide structural information
on the enzymatically prepared dextran oligosaccharides. PAD provides quantitative data on the ratio of
enzyme-resistant, branched dextran oligosaccharides. Both the types and degree of branching found in
a variety of dextrans could be simultaneously determined online using this method.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Dextran, a family of natural polysaccharides consisting of an
␣ (1→6) linked-glucose main (backbone) chain and a number
of branches, is often produced as extracellular polysaccharide by
bacteria, such as Streptococcus, Lactobacillus, Leuconostoc mesenteroides, and Weissella [1–4]. Dextran is one of the most important
polysaccharides used widely in industrial and medical applications
[5–10]. The average molecular weight (Mw) of a dextran typically
determines its applications [11,12]. In addition, the types and the
quantity of its branches are important for dextran to play its different roles [13–16].
Gas chromatography coupled with mass spectrometry (GCMS), and nuclear magnetic resonance (NMR) spectroscopy are
two prominent strategies to investigate the types and number of branches in dextran [15–18]. However, multiple steps of
chemical derivatization, such as methylation, hydrolysis, acetylation, etc., are generally required before GC-MS analysis [19–23].
Structural information is often lost during these chemical processes [24]. Furthermore, the GC-MS method provides only linkage
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information rather than an accurate determination of the composition of branches due to differences in the ionization efﬁciency
of polysaccharide hydrolyzates in MS detection [25,26]. NMR is an
effective method to determine the structure and branching degree
of dextran [1,10,16,17,19]. However, NMR requires a large amount
of sample, and the NMR measurements and interpretation can be
very demanding and time consuming [27]. In our previous study,
a new method relying on an ultra-high performance hydrophilic
interaction chromatography coupled with quadrupole time-ofﬂight MS/MS (UP - HILIC - Q/TOF - MS/MS) was applied to analyze
enzymatically digested dextran oligosaccharides, which has linkage information of branches [28]. In that work, optimized UP-HILIC
afforded an effective separation of digested oligosaccharides based
on both size and linkage. The subsequent application of MS/MS was
used to sequence each oligosaccharide product, including those
branching domains. The enzyme-resistant oligosaccharides with
the linkages of 1–3 and 1–4 were recognized as the branching
points of original dextran with this method. Unfortunately, the
resolution of the isomers having the same dp but with different
linkages still left large room for improvement, and a quantitative
analysis of dextran branches was still remaining.
Anion exchange chromatography (HPAEC), also known as
ion chromatography (IC), with pulsed amperometric detection
(PAD) offers an effective platform to separate and quantitate
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carbohydrates with high selectivity, sensitivity and accuracy
[29–31]. However, the high concentration of nonvolatile salt used
in HPAEC-PAD prevents its direct application with MS, and PAD also
only provides limited structural information. A desalter is required
between HPAEC and MS to facilitate continuous online desalting,
converting the highly salted HPAEC eluent into an MS compatible solvent. In 2005, an ion suppresser with the electrolysis-driven
cation-exchange membrane had been used between HPAEC and
MS for carbohydrate analysis [32,33]. However, in those studies, the analytes were generally all monosaccharides [32] and the
chromatographic resolution and the quality of the MS data for
oligosaccharides were insufﬁcient to justify the use of HPAEC–MS
[33].
In this paper, the HPAEC was coupled in parallel with PAD and
electrospray ion (ESI) - Q/TOF-MS using a rotary cation-exchange
cartridge array desalter. This online system, HPAEC coupled with
PAD, MS and MS/MS, provides high resolution, quantitative data
and structural information of digested dextran oligosaccharides.
Based on the qualitative and quantitative analysis of dextrandigested products, the types and numbers of the branches in
dextran were determined.
2. Experimental
2.1. Materials
Dextran T-10, Dextranase from Penicillium sp. and sodium
acetate were purchased from Sigma–Aldrich (St. Louis, MO).
Dextran A, B and C were kindly provided by Bright-Gene Pharmaceutical Corp. (Suzhou, China). Sodium hydroxide solution 50% was
purchased from Merck (Darmstadt, Germany). High-purity water
(resistivity ≥18.2 M × cm, 25 ◦ C) was used throughout the study.
All other chemicals and reagents were of HPLC grade.
2.2. Dextran digestion
Dextran T-10 (5 mg) was dissolved in 0.5 mL water and incubated with 0.5 U dextranase at 37 ◦ C. Aliquots were taken at 1, 3, 12
and 24 h. Another 0.5 U dextranase was added to the forth aliquot
and it was incubated for an additional 12 h. The ﬁnal digestion products of dextran A, B, and C (1 mg) were obtained by incubation
with 0.1 U dextranase for 24 h, respectively. Boiling each aliquot for
20 min terminated the action of the enzyme. The denatured enzyme
was removed by centrifugation (1,5000 rpm) for 10 min.
2.3. HPAEC
Samples were analyzed on a Metrohm 850 Professional system
with a 919 IC auto-sampler plus, dual pumps and a PAD (Herisau,
Switzerland). Each aliquot of 20 L was injected on a CarboPac PA10 column (4 × 250 mm, Dionex, Sunnyvale, CA) at a ﬂow rate of
1 mL/min. The analysis was carried out at 30 ◦ C with a multistep
gradient, in which the mobile phase A was 100 mM NaOH, and
mobile phase B was 1 M NaOAc in 100 mM NaOH. The isocratic
mobile phase A (100 mM NaOH) was eluted for ﬁrst 35 min, and
a linear gradient from 0% to 12% of mobile phase B (1 M NaOAc in
100 mM NaOH) was eluted during the next 20 min. The PAD data
was acquired and analyzed with software MagIC Net 2.4 (Herisau,
Switzerland).
2.4. Desalting
The eluent after the column is split using a T-piece, in which
70% of the eluent went to PAD (0.7 mL/min), and 30% of the eluent (0.3 mL/min) went to the desalter, based on a suitable MS ﬂow

rate. The ratio of splitting was selected based on the backpressures from these two pathways, which were adjusted by selecting
the diameters and lengths of tubes. An ion suppressor MSM-HC
Rotor A (Metrohm, Switzerland) was used to remove sodium before
MS analysis. There were three cation-exchange cartridge units
installed in this column array. For continuous operation of the
desalter, the rotor rotates every 20 min. While one cartridge was
used for suppression, a regeneration step was performed on the
second one with dilute sulfuric acid (∼400 mmol/L) at a ﬂow rate
of 1 mL/min. The third cartridge was rinsed automatically with pure
water during this time. Thus, a freshly regenerated suppressor cartridge was always available. The eluent from the desalter with the
cation-removed went directly to the ESI-MS. A schematic diagram
of system is shown in Fig. 1.
2.5. MS parameters
Nitrogen gas was used in the nebulizer at a pressure of 40 psi as
drying gas. The spray voltage was 3.5 kV and a ﬂow of nitrogen gas
of 10 L/min at 350 ◦ C assisted in the drying process. The fragment
voltage was set to 20 V. A full MS scan between 100 and 2000 m/z
was performed. The collision-induced dissociation (CID) energies
used in MS/MS to dissociate disaccharide/trisaccharide, tetrasaccharide/pentasaccharide and hexasaccharide were set as 15–30 V
according to the molecular mass. All data were acquired at negative
ion mode with MassHunter 6.0 (Agilent Technologies).
3. Results and discussion
3.1. HAPEC-PAD analysis
The aliquots taken from digestion at different times were analyzed with the optimized HPAEC method (Fig. 2). The aliquot taken
at 1 h showed more than 24 peaks in its chromatogram corresponding to dextran oligosaccharides of degree of polymerization (dp) 2
to dp25, which were conﬁrmed with simultaneous MS analysis.
Oligosaccharides with larger dp were observed at longer retention
times (RT). These peaks showed a regular pattern of spacing implying they had the same structural properties and were primarily
derived from the 1–6 linked main (backbone) chains, consistent
with our previous analysis of this polysaccharide [28]. In the chromatogram of the aliquot taken at the 3 h time point, the peaks
corresponding to the larger oligosaccharides, dp > 6, were of low
intensity, the peaks corresponding to the smaller oligosaccharides,
dp2, 3 and 4, dominated the chromatogram, and a peak corresponding to the monosaccharide glucose (dp1) was present. Moreover,
additional peaks, not showing a regular pattern of spacing, were
observed from 25 to 35 min (Fig. 2 insert). These could correspond
to oligosaccharides with the linkages other than 1–6 and/or to
branched structures. After a 12 h digestion, the peaks corresponding to dp1 and 2 dominate the chromatogram, most of the regularly
spaced oligosaccharide peaks have disappeared, and some of the
irregularly spaced peaks, corresponding to oligosaccharides with
other linkages and/or branches, are present at higher intensity.
After 24 h digestion, the intensities of some of the irregularly spaced
peaks also decreased, i.e., peaks between 30 and 33 min, and some
increased, i.e., peaks between 28 and 30 min. The PAD proﬁle of
the 36 h aliquot was identical to that obtained on 24 h aliquot
(data not shown). These results suggest that all of the digestible
domains within dextran are broken down within 24 h, and some
oligosaccharides are resistant to enzymatic digestion and accumulate in the ﬁnal digestion product. The major enzyme-resistant
oligosaccharides are labeled as a through h in Fig. 2 insert. The
small peak observed at 24.9 min in Fig. 2 is the remaining 1–6
linked ﬁnal tetrasaccharide (dp4) product. The broad peak present
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Fig. 1. Schematic of HPAEC-PAD-MS system.

at 26.0–26.5 min in the ﬁnal product mixture is a non-carbohydrate
impurity. No speciﬁc oligosaccharide signal was observed in the following MS analysis of this peak and the intensity of MS signal is low
in negative mode. It was possibly peptide degradents coming from
enzyme. The MS spectrum of this peak was shown in supplementary data (Figure S1). Overall, the resolution of enzyme digested
dextran oligosaccharides obtained using HPAEC was much higher
than that obtained with previous HILIC method [28].

3.2. Online MS and MS/MS analysis
The conditions used in ESI require optimization to accurately
analyze oligosaccharides because of the presence of residual acetic
acid in the aqueous eluent after cation-exchange desalter. The fragment voltage, the most important factor for ionizing these sugars
properly, was optimized to 20 V. Details of the optimized conditions
are presented in the Supplementary data (Figure S2).
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Fig. 2. Overlaid chromatograms of enzyme digested dextran oligosaccharides taken from 1, 3, 12 and 24 h aliquots detected with PAD. dp, degree of polymerization. a–h,
peaks of enzyme-resistant oligosaccharides. asterisk, non-carbohydrate peak.
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Fig. 3. Overlaid TICs of enzyme digested dextran oligosaccharides taken from 1, 3, 12 and 24 h aliquots detected with MS. dp, degree of polymerization. a–h, peaks of
enzyme-resistant oligosaccharides. asterisk, non-carbohydrate peak.

The aliquots, taken at different digestion time points, were
analyzed by MS and MS/MS in parallel with PAD. The total ion chromatograms (TIC) of these aliquots are shown in Fig. 3. Because of the
existing of the dead volume (<250 L) in desalter, the peaks in the
TICs appeared to be broader than those in the PAD chromatograms.
Oligosaccharides of up to dp23 were resolved in the TIC of 1 h time
point. The mass spectra of dp2 to dp23 are shown in Fig. 4. Singly
charged molecular ions ([M-H]− ) of dp2–dp10 were observed as
major signals in each spectrum at m/z 341, 503, 665, 827, 989,
1151, 1313, 1475 and 1637. Doubly charged molecular ions [M2H]2− dominated the spectra of dp11–dp23 and were observed at
m/z 899, 980, 1061, 1142, 1223, 1304, 1385, 1466, 1547, 1628, 1628,
1709, 1790 and 1871, respectively. In addition, adducts molecular
ions containing two water molecules, [M+2H2 O-H]− or [M+2H2 O2H]2− , were always present along with [M-H]− or [M-2H]2− as a
result of the aqueous media and low fragment voltage that was
used. The TIC of each sample was similar to its PAD proﬁle. Some
oligosaccharides were present in the ﬁrst aliquot, new oligosaccharides appeared after 3 h digestion; and several oligosaccharides
were resistant to enzyme digestion and accumulated in the ﬁnal
product. The dp of enzyme resistant dextran oligosaccharides were
conﬁrmed with MS analysis, in which peaks a and c both corresponded to tetrasaccharides (dp4), peaks b, d and e corresponded
to pentasaccharides (dp5), and peaks f, g and h are corresponded
to hexasaccharide (dp6), heptasaccharide (dp7) and octasaccharide (dp8), respectively. The resolution obtained with HPAEC-MS
was considerably higher than observed using our previously developed HILIC method [28]. Oligosaccharides having the same dp
but with different linkages were separated. Some of these could
even be resolved with baseline separation. Compared to results
obtained using HILIC [28], one additional pentasaccharide could
be detected and identiﬁed in the enzymatic digestion ﬁnal product
mixture using HPAEC. The sequence analysis by MS/MS on these
well-separated oligosaccharides was next undertaken.
The nomenclature for describing the MS/MS fragmentation of
dextran oligosaccharides has been previously described [28]. The
presence of a series of cross ring cleavage ions, 0,2 A, 0,3 A and

Table 1
The enzyme-resistant structures detected with HPAEC-MS/MS.
Peaks

Structures

a
b
c
d
e
f

Glc 1–4 Glc 1–6 Glc 1–6 Glc
Glc 1–6 (Glc1–4) Glc 1–6 Glc 1–6 Glc
Glc 1–3 Glc 1–6 Glc 1–6 Glc
Glc 1–6 Glc 1–3 Glc 1–6 Glc 1–6 Glc
Glc 1–3 Glc 1–6 Glc 1–6 Glc 1–6 Glc
Glc 1–6 Glc 1–3 Glc 1–6 Glc 1–6 Glc 1–6 Glc

0,4 A,

is consistent with a 1–6 linkage, the presence of cross ring
cleavage ion, 2,5 A, indicates a 1–4 linkage, and the absence of
cross-ring cleavage ions suggests a 1–3 linkage. The spectra are
presented in supplementary data (Figure S3). The sequences of
most of the oligosaccharides present in the enzymatic digestion
ﬁnal product are provided in Table 1. These included a new pentasaccharide with a 1–3 linkage in the center of the oligosaccharide.
The MS/MS peaks for dp7 and 8 were of insufﬁcient intensity to be
assigned.
3.3. Branch degree quantitation

PAD analysis using a gold electrode is a well-established
method for analyzing carbohydrates. The current produced from
an oxidation reaction at the reducing end of carbohydrate
makes its detection highly sensitive and quantitative over a
wide range of concentrations [29–31]. The molar composition
of oligosaccharides can be calculated from the ratio of the
peak integrations obtained with PAD. The peaks in the chromatogram of the enzymatically digested ﬁnal products were
unambiguously identiﬁed as enzyme-resistant oligosaccharide
domains having 1–3 or 1–4 linkages by MS and MS/MS analysis. The degree of 1–3 and 1–4 branching of dextran was
calculated using the equations: (1–3 I4 +· · ·+1–3 In )/(I1 ×1+· · ·+In ×n)
and (1–4 I4 +· · ·+1–4 In )/(I1 ×1+· · ·+In ×n), respectively, in which I
represents the PAD integration of each peak, the labels at the left
superscript represent the linkage patterns, and the numbers at
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Fig. 4. MS spectra of dextran oligosaccharides from dp2 to dp23. dp, degree of polymerization.
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Table 2
Degree of branching of different dextran samples.
Samples

Dextran T10
Dextran A
Dextran B
Dextran C

4. Conclusions

Degree of branching (%)
1–3

1–4

Total

3.21%
n.d.
3.00%
4.74%

1.61%
9.80%
1.74%
0.10%

4.82%
9.80%
4.74%
4.85%

n.d., not detected.

right subscript correspond to the dp of the oligosaccharide. Since
only one reducing end is present in each oligosaccharide and it is
detected and quantitated by PAD, the sum of In ×n in denominator
corresponds to the total number of sugar residues in dextran. As
only one speciﬁc linkage pattern other than 1–6 was observed in
each oligosaccharide present in the ﬁnal product mixture, the number of each oligosaccharide equals to the corresponding number of
each speciﬁc linkage. Thus, the sum of 1–3 In or 1–4 In in numerator
corresponds to the number of 1–3 and 1–4 linkages in the dextran
chain, respectively.
The degree of 1–3 and 1–4 branching in dextran T-10 was
calculated using the equations presented above. An additional
three commercial dextrans were similarly digested, and their ﬁnal
products were then similarly analyzed using HPAEC-PAD-MS/MS
method. The sequence of each oligosaccharide, present in the ﬁnal
product mixture, was conﬁrmed and the degree of branching was
analyzed. The overlaid PAD chromatograms of those four dextrans
are shown in Fig. 5. The degree of 1–3, 1–4 branching, and the total
branching were calculated and are presented in Table 2. The total
degree of branching in dextran T10, and dextrans A and B are similar (∼5%), but the degree of 1–4 branching in dextran A was only
0.1%, much lower than that detected in dextran T10 and dextran
B, and correspondingly, the degree of 1–3 branching in dextran A
was signiﬁcantly higher than that detected in dextran T10 and dextran B. The dextran C seems totally different from all of the other
dextrans studied. The 1–4 linkage dominated all branching at 10%
and no 1–3 linkages were detected.

In this work a method with HPAEC-PAD-MS/MS was developed
for the qualitative and quantitative analysis of dextran branching. In this method, the oligosaccharides were efﬁciently separated
with an HPAEC column, and analytes were detected, in parallel, by both PAD and MS. The cation-exchange desalter removes
the nonvolatile salts after separation affording an MS compatible eluent. MS and MS/MS provide structural information on the
oligosaccharides and PAD provides quantitative data. Four dextrans from different sources were analyzed using this method. Their
different branching patterns were elucidated. In conclusion, this
method provides comprehensive approach for the analysis of dextran branching patterns and should be useful in the quality control
new applications of dextran.
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