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Alginates comprised of essentially alternating units of mannuronic (M) acid-guluronic (G) acid (MG-alginate), and G-blocks isola
seaweed where subjected to partial acid hydrolysis at pH 3.5 The chain-length distribution of oligosaccharides in the hydrol

nvestigated by statistical analysis after their separation with high-performance anion-exchange chromatography and pulsed am
etection (HPAEC–PAD). Simulated depolymerisation of the MG-alginate provided an estimate of the ratio between two acid h
ate constants (p = 8.3± 1) and the average distribution of the MM linkages in the original sample of polysaccharide chains. In con
e found HPAEC–PAD together with statistical analysis was a useful method to investigate the fine structure and some propertie
olysaccharides.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Statistical analysis of the chain-length distribution of
ligosaccharides obtained from the partial depolymerisation
f polysaccharides can yield information on the mechanism
f their formation, and the structure of the polysaccha-
ide they originated from[1]. Our current understanding of
he complex three-dimensional structure of amylopectin in
tarch granules is supported by analysis of the chain-length
istribution of its oligosaccharides generated by enzymatic
ydrolysis [2]. A similar approach, but using acid rather

∗ Corresponding author. Tel.: +47 73598225; fax: +47 73593337.
E-mail address: simon.ballance@biotech.ntnu.no (S. Ballance).

than enzymatic hydrolysis, also confirmed that the glyco
linkages in cellulose were most probably identical[3], and
that alginate contained some block sequences compris
alternating mannuronic (M) and guluronic (G) acid[4]. The
conclusions of this latter study were reached by using a
bination of gel-filtration chromatography and a kinetic the
to analyse the products of the partial mild acid hydrolys
a fragment of alginate. Oligosaccharides were fraction
according to their chain-length and the yield of each f
tion used in computer simulation. This enabled the statis
determination of the nearest neighbour frequencies in
starting polymer and ultimately a description of its seque
structure[4]. The success of this approach contributed to
understanding that the depolymerisation of natural algin

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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in weakly acidic media was due largely to intramolecular
catalysis of glycosidic cleavage by the carboxyl group in the
respective aglycone units[5].

In a more recent study[6], we showed that high-
performance anion-exchange chromatography (HPAEC) on
an analytical column of IonPac AS4A pellicular resin, com-
bined with pulsed amperometric detection, was a useful
and sensitive tool for the quantitative chain-length analysis
of a partially degraded de-acetylated bacterial (1→ 4)-�-d-
mannuronan, referred to as mannuronan hereon (Fig. 1A).
Statistical analysis of this distribution confirmed its structure
and revealed that hydrolysis of the glycosidic linkage in the
polymer chain occurred at random positions. This implied
that the process of acid hydrolysis of mannuronan under
mildly acidic conditions could be adequately described by
one rate constant. It proved to be a useful complementary
method to NMR spectroscopy[6].

The advantage of HPAEC using pellicular resins over
other methods, including other forms of chromatography
(such as that used by Larsen et al.[4]), is its superior abil-
ity to achieve baseline separation of defined populations of
oligosaccharides from polydisperse preparations. Oligosac-
charides, with a chain-length of up to 30–40 monomer units,
have previously been routinely separated without extensive
optimisation of the chromatographic conditions[7]. Even
trace constituents are captured in the analysis. It is there-
f d this
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sively studied of these originate from starch (see review by
Wong and Jane[8]).

Despite the potential, to our knowledge there have been
few instances where HPAEC with pulsed amperometric
detection (PAD) and statistical analysis have been applied
to study the chain-length distribution of oligosaccharides
originating from glycuronans, especially binary ones, such
as most alginates. A major reason for this is often the dif-
ficulty in obtaining appropriate oligosaccharide standards
of required purity. These are needed firstly to calibrate the
molar response of the PAD as a function of chain-length
and secondly, in the case of heteropolysaccharides, they are
needed to assist in the assignment of peaks in the result-
ing chromatograms. However, these obstacles are not insur-
mountable. In an investigation of the distribution of methyl
esters in poly-galacturonic acid, a lack of oligosaccharide
standards was circumvented by indirectly calculating the
PAD response, via UV detection of oligosaccharides tagged
with a chromaphore at their reducing-end[9]. Other workers
have used post-column enzyme reactors to convert eluting
oligosaccharides into equivalent amounts of easily quantifi-
able monomers[10,11].

In this study, we have utilised and extended the previ-
ous application of HPAEC–PAD and statistical analysis that
investigated the chain-length distribution of oligosaccharides
from mannuronan[6]. We now analyse two different algi-
n nves-
t ary
h )-
d o
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ents o
ore not a surprise that numerous other studies have use
echnique to assess the chain-length distribution of va
reparations of polysaccharide hydrolysates and then

his information to comment on the properties of the orig
olymer (see review by Zhang and Lee[7]). The most inten

Fig. 1. Conformational representation of segm
ates whose basic properties have both been prior i
igated by NMR. The first is an engineered linear bin
etropolysaccharide with a predominantly alternating [4�-
-ManpA-(1 → 4)-�-l-GulpA-(1→]n structure referred t
s MG-alginate hereon (Fig. 1B). This alginate was eng

f mannuronan (A), MG-alginate (B) and G-blocks (C).
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neered by in vitro epimerisation of every second M-residue
in mannuroan with the recombinant C-5 epimerase AlgE4.
Due to mode of action of this enzyme a fully epimerised
mannuronan has a molar fraction of guluronic acid (FG) of
0.47. It is thought that blocks of repeating MG units with
a number average length >20[12] are flanked by short [4)-
�-d-ManpA-(1→]n (M-blocks; Fig. 1A). Therefore, while
the majority of the polymer comprises two types of gly-
cosidic linkage,�-d-ManpA-(1 → 4)-�-l-GulpA (MG) and
�-l-GulpA-(1 → 4)-�-d-ManpA (GM), it also contains a
minor amount of a third linkage of�-d-ManpA-(1 → 4)-
�-d-ManpA (MM). In solutions with a pH from 2 and 4
these linkages are hydrolysed at very different rates. The
GM linkage is hydrolysed the fastest to generate a majority of
MG-oligosaccharides with M at their non-reducing end[4,5].
The second glycuronan we study has been extracted from sea-
weed alginate and comprises predominantly contiguous units
of [4)-�-l-GulpA-(1→]n and approximately 4% residual M.
We refer hereon to this polymer as G-block seaweed alginate
(Fig. 1C).

We now show for both partially acid hydrolysed glycuro-
nans, fractionated by HPAEC and detected by PAD, that it is
possible to separate and assign major oligosaccharide frac-
tions. This study demonstrates it is possible to determine the
yield of each chain-length fraction via calculation of their
respective relative molar response factors (MRF). Statis-
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2.2. Partial acid hydrolysis and preparation of purified
oligosaccharides

Five hundred milligrams of MG-alginate or 100 mg of G-
blocks was dissolved in water to a concentration of 3.5 and
5 mg/ml, respectively. The pH was then adjusted to 5.6 with
0.1 M HCl, prior to de-oxygenation with nitrogen, followed
by incubation at 95◦C for 3.5 h to undergo pre-hydrolysis.
The sample was then cooled, pH adjusted to 3.6 with 0.1 M
HCl, degassed and hydrolysed as before for a further 3.8 or
12 h for MG-alginate or G-blocks, respectively. After this
period the sample was again cooled, neutralised by addi-
tion of 0.1 M NaOH, and freeze-dried. These polysaccharide
hydrolysates comprised a distribution of oligosaccharides.
Hydrolysates of mannuronan were produced in a similar way
to that outlined by Campa et al.[6]. These were used as a
positive control and for comparison. All hydrolysates were
stored in the freezer prior to either direct use, or fractionated
according to their chain-length on three columns of prepara-
tive grade Superdex 30 (2.6 cm× 60 cm, serially connected)
eluted with 0.1 M NH4Ac (pH 6.9) to yield oligosaccha-
ride standards (mostly in their H+-form) in a similar manner
to that described before[6]. Analysis of these oligosaccha-
rides by1H and13C NMR spectroscopy together with elec-
trospray ionisation mass spectrometry (ESI-MS) confirmed
their identity and average chain-length to range from 2 to
1
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hen provide information on its number and weight-ave
hain-length, the structure of the parent polysaccharid
ligosaccharides originated from, and the process of thei
ation by acid hydrolysis. In addition, for the MG-algina

urther statistical analysis of chain-length distribution
imulated depolymerisation yields an estimate of the
etween two acid hydrolysis rate constants. Using the
ethod we also attempt to provide additional informatio

he average distribution of the MM linkages in the origi
olysaccharide chains.

. Materials and methods

.1. Preparation of MG-alginate and isolation of
-block seaweed alginate

MG-alginate was prepared by in vitro epimerisation
annuronan with AlgE4. It had a number average ch

ength (DPn) of 2400. The synthesis, de-acetylation
pimerisation of the mannuronan to generate the MG-alg

s described elsewhere[13–15]. It had aFG of 0.47 andFGG
f 0, as determined by1H and13C NMR[15] indicating there
ere still minor contiguous sequences of M monomers
ad not hosted AlgE4. G-blocks were isolated from the s
lginate of the seaweedLaminaria hyperborea. Purification
as carried out as described earlier[16,17] to yield a poly-
isperse preparation with aFG of 0.96 (FM = remainder) an
DPn of 42 as estimated by1H NMR [6].
5 [15].

.3. HPAEC–PAD

A stock solution of 0.01 mg/ml�-d-GalpA-(1 → 4)-d-
alpA was prepared in 1.5 mM NaOH for use as an inte

tandard. Oligosaccharide standards (0.4–2 mg) were
olved in the internal standard stock solution to a final
entration of 0.05 mg/ml. Polysaccharide hydrolysates
mg) were dissolved in the internal standard stock solu

o a concentration of 1 mg/ml. The chromatography sys
nd conditions used are identical to those described e

6]. In this study, however, buffer A comprised 0.1 M NaO
uffer B contained 1 M NaAc in 0.1 M NaOH and line
radients of acetate were produced by increasing the co

ration of buffer B from 0 to 70% over 80 min. The detect
ystem and pulsed amperometric waveform was identic
hat described earlier[6].

Each batch of oligosaccharide standards and polysa
ide hydrolysates, derived from the three different poly
haride preparations, was analysed in 1 day over a
ecutive period of 3 days. Analysis was repeated in t
onsecutive replicate series. Samples were prepared ind
ently at the start of each day. The buffers were refilled p

o the start of each analysis series from a freshly pre-prep
tock. The gold electrode was not cleaned at any time
ng the analyses but the combination pH/Ag/AgCl electr
as replaced once. All analysis was completed with
eriod of 2 months. Integration of peaks in the resulting c
atograms was made with PeakNet software following m
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ual adjustment of the baseline and peak threshold. Integrated
areas of multiple peaks observed for each chain-length were
summed.

2.4. Determination of relative molar response factors

In order to take into account that each oligosaccharide
standard was not pure but contained small amounts of± one
monomer residue in chain-length, relative molar response
factors (MRFrel) were determined for each standard in the
chain-length range 2–15 by using linear equations[6]. First a
unique relative response factor RF (fx) was assigned to each
oligosaccharide chain-length byfx = (Ax/Ai.s.)(mi.s./mx) fxi.s.,
wherem is the sum of moles for each chain-length in the sam-
ple; A is the integrated area of peak(s) from HPAEC–PAD
assigned to each chain-length and i.s. denotes the internal
standard. It then goes that the relative molar response fac-
tor (MRFrel) = (Ax/Ai.s.)(mi.s./mx). After determining MRFrel
for each sample in each batch, the mean MRFrel (n = 3)
for each series was plotted against chain-length. MRFrel
dependence on chain-length was then described by fit-
ting the data firstly to a standard first order logarithmic
function, and where applicable, to an equation that gave
a good description of each MRFrel data set. This rela-
tionship was used to calculate MRFrel for oligosaccha-
rides of longer chain-length (>15), as well as for the
m

2

l-
c s of
o
t ribed
p ain-
l d
p the
d e
e -
a ive
a ithin
t G-
b also
fi uares
a

2

ing
c onte
C for
t
s ation
b GM.
F a
D istri-

bution with a polydispersity index of 2[19]. In simulations
which take into account the presence of MM linkages in the
polymer chain, short M-blocks with a variable length (see
below), but complying to a total abundance of 6% of the
mass as dictated from a pre-determinedFG of 0.47, were
inserted at random positions. In the simulation process a
polymer chain was first selected at random (step A). This
was followed by random selection of one linkage within
this chain (step B). The selected linkage was hydrolysed
with a probability dependent on the sequence of adjacent
units (step C). These probabilities werepGM, pMG andpMM
for GM, MG and MM linkages, respectively. The steps A
to C were repeated until the required final DPn (α) was
achieved. In the final step of the simulation, the distribu-
tion of predicted oligosaccharide fractions was calculated
and compared with that obtained from the experimental
hydrolysis. The agreement was quantified by a means of
a error function (Serr) defined in Eq.(1), whereWi

obs and
Wi

cal are observed and calculated weight fractions ofith
oligosaccharide. Only the chain-length fractions were used
for which response factors had been experimentally deter-
mined (imin = 2; imax= 15).

Serr =
∑imax

i=imin
(Wi

obs− Wi
cal)

2

∑imax
i=i (Wi
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.5. Statistical analysis of chain-length distribution

Calculated and extrapolated MRFrel were used to ca
ulate the number and weight chain-length distribution
ligosaccharides in the polysaccharide hydrolysates (n = 3)

ogether with their corresponding averages as desc
reviously[6]. For comparison, the number-average ch

ength (DPn) was also measured with1H NMR as describe
reviously [6,15]. Kuhn equations were plotted using
egree of chain scission (α) calculated directly from th
xperimental data points[4,6]. In the case of the MG
lginate theα-value was weighed to reflect the relat
bundance of oligosaccharides in two populations w

he chain-length distribution. As an additional test (for
lock oligosaccharides only), the Kuhn equation was
tted to the experimental data points using a least sq
pproach.

.6. Simulation of the depolymerisation of MG-alginates

Depolymerisation of MG-alginates were simulated us
ustom developed software and a statistical approach (M
arlo simulation) similar to what has been described

he enzymatic hydrolysis of chitosans[18]. Acid hydroly-
is was simulated as a chemical reaction with an activ
arrier dependant on whether the linkage was MG or
irst an ensemble of∼10,000 MG-alginate chains with
Pn of 2400 was generated using a most probable d
min

alculations were performed as a function of DPn and no
ate constant (time dependence) was used. As a c
uence, to describe the hydrolysis of MG-alginate u
iven experimental conditions, it is sufficient to determ

he characteristic ratio:p = pGM/pMG and then the hydroly
is reaction can be described using only one variable
alue of thep-parameter is determined by minimising
alue ofSerr [18]. For p = 1, the model predicts a standa
uhn distribution of the reaction products, as expected

andom hydrolysis of a homopolymer with uniform lin
ges. It is important to note that the value ofp depends o

he experimental conditions, and here it is determined
or the hydrolysis reaction described above. For simula
hat included extra M-units, the experimentally determ
robability of hydrolysing MM linkages (pMM ) was used
ince it has recently been determined that MM linkage
ydrolysed under the conditions used in this study app

mately four times slower than GM linkages[15] we se
MM = 0.25pGM. In simulations II–IX (Table 1) the poly-
er chain was constructed by inserting M-blocks wit
iven length and at random positions to achieve anFG = 0.47.
he number of M-blocks, and therefore an average

ance between them, depends on the block length (Table 1).
ach average M- and MG-block length, expressed a
umber of monomers in the respective block, were d
ined in the simulation process.FMM , FMMM , FMMMM

alues were calculated using the average M-block le
nd assuming a ‘most probable distribution’ of block s

20].
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Table 1
The difference (Serr) between the experimentally determined and simulated (I–IX) weight distribution of chain-lengths in the partial hydrolysis products of an
MG-alginate as a function of the average M-block length

Simulation FG FM FMM FMMM FMMMM FM > 4 aAverage MG-block
length

aAverage MG-block
length

p Serr

I 0.5 0.50 0.000 0.000 0.000 0.000 DPn 0b 5.7 2.65
II 0.47 0.53 0.060 0.000 0.000 0.000 16 2c 24.5 9.43
III 0.47 0.53 0.005 0.004 0.004 0.047 100 12.8 6.5 1.52
IV 0.47 0.53 0.010 0.008 0.007 0.036 98 7.3 6.9 1.37
V 0.47 0.53 0.017 0.012 0.009 0.021 56 4.5 7.7 1.14
VI 0.47 0.53 0.020 0.013 0.009 0.018 48 4.0 7.4 1.04
VII 0.47 0.53 0.025 0.015 0.008 0.012 38 3.4 8.3 1.01
VIII 0.47 0.53 0.031 0.015 0.007 0.007 32 3.0 8.8 1.12
IX 0.47 0.53 0.036 0.014 0.006 0.004 26 2.7 10.0 1.53

In all simulations, except simulation I which represents a hypothetically pure MG-alginate with anFG of 0.5, the molar fraction of guluronic acid (FG) was
set at the experimentally determined value of 0.47.Serr is an error function as defined in Section2, andp represents the calculated ratio between the two acid
hydrolysis constantspGM andpMG. FMM , FMMM, FMMMM andFM > 4, respectively, represent the molar fraction of pure mannuronic acid dimers, trimers,
tetramers, and oligomers larger than tetramers in the partial hydrolysate of each simulation. Simulation VII (bold type) highlights the simulationparameters
that provide the best agreement between observed and predicted chain-length distributions.

a Expressed as monomer units.
b Result for the hypothetically pure MG-alginate which does not contain M–M linkages.
c Polymer in which extra M-units are distributed in mono-disperse M-blocks containing two M-units.

3. Results and discussion

3.1. Retention time on the anion-exchange resin as a
function of chain-length and sequence

Analysis of oligosaccharide standards and polysaccha-
ride hydrolysates by HPAEC–PAD showed it was possible
to obtain a high-resolution separation of oligosaccharides
according to chain-length (Fig. 2). This is because retention
time increases as the number of negatively charged functional
groups concurrently increase[21]. We managed to separate
oligosaccharides by their chain-length until they exceeded
between 30 and 35 monomer units (Fig. 2A–C).

From examination ofFig. 2D, it is seen that chains
of equivalent length but different monomer sequence also
have different retention times on the anion-exchange resin.
Oligosaccharides of mannuronan are more strongly retained
than those of the same chain-length derived from G-blocks.
But epimerisation by AlgE4 of every second M-residue in
mannuronan results in only a minor decrease in retention
time of ensuing oligosaccharides (Fig. 2A). On closer inspec-
tion of the MG-oligosaccharides with odd-numbered chain-
lengths (Figs. 2D, 3B and D) it is those with the highest
number of M which are retained the longest. The physical
and chemical factors, other than just monomer sequence, that
may explain these differences in retention are complex and
n pe
o ject.
H ntion
t nmen
o

ate
h es
w t than
t erate

an even-numbered chain-length two identical linkages must
be cleaved. Since the GM linkage is hydrolysed the fastest, the
majority of these oligosaccharides would favourably have an
M at their non-reducing end and G at their reducing end[5].
Indeed, from examination of the chromatogram obtained after
HPAEC–PAD of the1H NMR assigned dimer (Fig. 3A), it is
safe to assign the major peak to MG (non-reducing residue
on the left). The slightly smaller peak, which elutes about
a minute later, must therefore arise from GM. This trend is
repeated for other larger even-numbered chains (Fig. 3C).
For MG-oligosaccharides of equivalent sequence it is those
with an M at their reducing end that are retained on the
AS4A resin the longest. From the parallel analysis of pure M-
oligosaccharides of the same monomer length (not shown),
a third minor peak in the chromatogram of the1H NMR
assigned dimer fraction is firmly assigned as MM (Fig. 3A).

For those oligosaccharides with an odd-number of
monomers in their chain (Fig. 3B and D), roughly half should
have M at their non-reducing end. This is because to gener-
ate an odd numbered oligosaccharide both a GM and an MG
linkage must be broken. It is therefore not a surprise that two
major peaks of similar size are observed in the chromatogram
of the odd-numbered oligosaccharides (Fig. 3B and D). Given
what we now know about retention time as a function of
sequence we can easily assign these two peaks. Oligosaccha-
rides responsible for the second of the two major peaks must
h ss G
r rides
r rides
e d and
o

E erved
f pure
G MG-
ot fully understood[7,21]. It is therefore beyond the sco
f this article to invoke a detailed discussion on this sub
owever, on the basis of monomer sequence, the rete

rends described here can assist in the confident assig
f some of the observed chromatographic peaks.

From inspection of the chromatogram of the MG-algin
ydrolysate (Fig. 2B), it is quite evident that oligosaccharid
ith even-numbered chain-lengths were more abundan

heir odd-numbered counterparts. This is because to gen
t

ave terminal residues of M and overall comprise one le
esidue than M. The opposite is true for the oligosaccha
esponsible for the other major peak. These oligosaccha
lute earlier because they have a G residue at each en
verall comprise one less M (Fig. 3B and D).

Assignment of oligosaccharides from G-blocks (Fig. 3
–H) is even easier as there is only one major peak obs

or each standard/chain-length. It is firmly assigned as a
-oligosaccharide. Each oligosaccharide standard, both
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Fig. 2. Typical examples of HPAEC–PAD chromatograms of the oligosaccharide hydrolysis products generated by the partial acid hydrolysis of mannuronan
(A), MG-alginate (B) and seaweed alginate G-blocks (C). The abbreviation i.s. denotes the internal standard and the dashed line shows the acetate gradient
formed in 0.1 M NaOH at a flow rate of 1 ml min−1 which was used to elute the IonPac AS4A resin column. Peak labels refer to assigned chain-length. Panel
(D) shows the mean (n = 3) oligosaccharide retention time as a function of chain-length. Open circles (©), filled circles (�) and filled triangles (�) represent
oligosaccharides originating from mannuronan, seaweed alginate G-blocks and MG-alginate, respectively.

and G-, contains a small amount of oligosaccharide± one
monomer residue (Fig. 3) together with a host of smaller
peaks whose identity is uncertain. The former is a result
of the gel-filtration step[6] but the latter may have several
origins. Firstly, all the polysaccharides examined were not
compositionally pure (see Section2). It is likely that some
of the extra peaks arise from minor oligosaccharide fractions
of irregular sequence. Proton NMR assignments of the MG-
oligosaccharide standards from gel-filtration confirmed that
short chain-length fractions contained some MM sequences.
These are more abundant in oligosaccharides with an odd
number of residues in their chain[15]. This phenomenon can
be explained by the different degradation rates of glycosidic
linkages together with the length of M-blocks in the poly-
mer. An interspersion of MM dimer sequences within the
MG-chain would give irregular odd oligosaccharides with
the more rapid degradation of GM than MM and MG link-
ages. Perhaps this observation explains why, in HPAEC–PAD
analysis of these oligosaccharides, more small peaks flank
the major peaks in odd-numbered chains (Fig. 3B and D)
than in even-numbered ones (Fig. 3A and C). In addition
it is also likely that some of these additional peaks in the

oligosaccharide standards (mostly H+-form) arise from their
acid-catalysed modification during their formation and stor-
age. After paper chromatography of acid-generated alginate
oligosaccharides it was suggested that modification occurred
at the reducing end[4]. Whether alkaline�-elimination dur-
ing HPAEC–PAD analysis also makes a contribution cannot
be definitively ruled out, but it seems unlikely (see also[6]).
This process should generate monomers but these were not
observed to any extent in the chromatograms of purified stan-
dards (Fig. 3).

3.2. Relative molar response factors

Fig. 4A shows the mean (n = 3) MRFrel for each chain-
length obtained from the three glycuronans. Overall they
are quite well described by a standard first order loga-
rithmic functiony = y0 + a ln x, where MRFrel versus chain-
length plotted on a logarithmic axis has a linear relationship
(R2 = <0.96). We observed over the 2-month study period
that the PAD response per oligosaccharide batch, even when
corrected against the internal standard, decreased with each
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Fig. 3. Typical examples of HPAEC–PAD chromatograms of oligosaccharide standards DP 2–5 originating from MG alginate (A–D) and seaweed alginate
G-blocks (E–H). The abbreviation i.s. denotes the internal standard and the dashed line shows the acetate gradient formed in 0.1 M NaOH at a flow rate of
1 ml min−1 which was used to elute the IonPac AS4A resin column. Other peak labels refer to the assigned identity of oligosaccharides responsible for the
peak.

successive replicate series analysed. A gradual decrease in
carbohydrate peak areas over time due to working electrode
wear/recession is typical when, as in this study, positive elec-
trode cleaning potentials (+0.6 V, 120 ms) are used[22]. How-
ever, the overall MRFrel trends were consistent and highly
reproducible with G-oligosaccharides having slightly lower
response factors than their M and MG counterparts. The gra-
dient (a), obtained from a fit of a first order logarithmic
function to the calculated MRFrel values for each oligosac-
charide batch in each consecutive analysis series shows each
of the three successively analysed hydrolysis samples fitted
well to a straight line (R2 ≤ 0.98;Fig. 4A inset). In addition
each line had a similar gradient (Fig. 4A; inset). This serves
to validate the mean values (n = 3) and trends presented in
Fig. 4A and B as representative. Our study agrees with the
view that as long as a representative internal standard is used
when calculating MRFrel then it does not matter whether the
gold electrode is partially recessed, fouled, or even sanded
and re-polished at an interval during analysis[23]. Why G-
oligosaccharides have an overall lower MRFrel value than
corresponding M-oligosaccharides is at present unknown. As
with the factors that govern the subtle differences in retention
times on the anion-exchange resin more than one mechanism

may be responsible. These factors include rates of diffusion,
physical shape and chemical composition[24].

With the exception of mannuronan, which is shown for
comparison, it seems the MRFrel for the monomer frac-
tion is significantly underestimated when extrapolated by
the first order linear function (Fig. 4A). This has serious
adverse consequences when calculating chain-length distri-
butions and averages particularly were DPn is <10. G-block
oligosaccharides, and the extrapolated monomer fractions,
were better, but not perfectly described, by a second order log-
arithmic fit where MRFrel = y0 + a(ln x) + b(ln x)2; R2 = 0.96
(Fig. 4B). MRFrel for MG-oligosaccharides fitted better to
a sigmoidal distribution where MRFrel = a/1 + e−(x−x0)/b;
R2 = 0.97 (Fig. 4B). Extrapolation of response factors for
oligosaccharides with chain-lengths >20 are also prone to
some uncertainty[6] and should be taken into consideration
when assessing samples with an average DPn >10.

Comparison of calculated values of MRFrel for corre-
sponding M-oligosaccharides (Fig. 4) to those from a previ-
ous study[6] show they are about twice the size. The reason
for this discrepancy is that the molecular weight of a GalA
monomer was erroneously used in the earlier calculations
[6] instead of the correct molecular weight of the internal
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Fig. 4. Mean (n = 3) relative molar response factors (MRFrel) determined for
oligosaccharide standards (DP 2–15) originating from mannuronan (open
circles,©), seaweed alginate G-blocks (filled circles,�) and MG-alginate
(filled triangles,�). (A) A first order logarithmic function is fitted to the
data. (A) Inset (top left) is a plot of the gradient (a), calculated from the
fit of the first order logarithmic function for each oligosaccharide batch in
each consecutive analysis series. (B) A second order logarithmic function
and a sigmoidal function are fitted to the seaweed alginate G-blocks and
MG-alginate MRFrel, respectively.

GalA dimer standard. However, since the particular molec-
ular weight of the internal standard is only a scaling factor,
and scale is only relative, it has no influence on the use of the
MRFrel values in calculating chain-length distributions and
associated averages.

3.3. Chain-length distributions of partially hydrolysed
MG-alginate and G-blocks

The number and weight chain-length distribution is shown
in Fig. 5. Two distinct populations of MG-oligosaccharides
are evident in their chain-length distribution (Fig. 5A and
B). Each population exclusively comprises odd and even-
numbered chain-lengths and each is well described by a Kuhn
equation (lines inFig. 5A and B) calculated using the same
�-value (see Section2). The Kuhn equation also explains
the observed number and weight distribution of chains for
oligosaccharides generated by the partial acid hydrolysis of
G-blocks (Fig. 5C and D). It is therefore assumed that these G-

Table 2
Estimated DPn after partial acid hydrolysis of MG-alginate and G-blocks as
determined by1H NMR and HPAEC–PAD

HPAEC–PAD 1H NMR

DPn DPw DPn DPw

G-blocks 7.5 13.0 8.1 –
MG-alginate 5.8 10.1 6.5 –

oligosaccharides were generated via the random hydrolysis
of glycosidic linkages. For the MG-alginates depolymeri-
sation is more complex. It involves a combination of two
hydrolysis processes which are simultaneously operating at
different rates. However, glycosidic cleavage in each pro-
cess is random and it is this that generates the chain-length
populations described by the Kuhn equation. A comparison
between the DPn of the polysaccharide hydrolysates calcu-
lated via HPAEC–PAD and1H NMR spectroscopy shows
reasonable agreement (Table 2).

3.4. Simulated depolymerisation of MG-alginate

Fig. 6shows a comparison between experimentally deter-
mined weight fractions of oligosaccharide fractions in the
hydrolysate from an MG-alginate with anFG of 0.47 and
final DPn = 5.8 to that calculated by simulated depolymeri-
sation (simulation I,Table 1) of a hypothetically pure MG-
alginate (FG = 0.5, black bars) to the same final DPn. The
ratio between GM and MG hydrolysis rates,p was deter-
mined by minimising the difference between observed and
predicted weight fractions of oligosaccharides expressed by
Serr (Eq. (1)). The best agreement is obtained forp = 5.7,
which means that the M–G linkages are hydrolysed 5.7 times
slower than GM. However, this calculation does not take into
a not
p hort
b ssess
t , a
n egin
w M-
l mers
( for
p cu-
l most
p

imu-
l each
o no-
d e,
i -
b h a
p ver-
a his
l bered
o only
o can
ccount that the MG-alginate used in the experiment is
ure, and it contains 6% extra M-units distributed in s
locks. To more accurately simulate our polymer, and a

he influence of extra M-units within the polymer chain
umber of additional calculations were carried out. To b
ith we simulated a polymer in which all the extra 6%

inkages were randomly distributed as mono-disperse di
simulation II,Table 2). We then repeated the simulations
olymers in which M-blocks have length distribution cal

ated using average M-block length and assuming a ‘
robable distribution’ of block sizes[20].

There was no satisfactory agreement between s
ated and experimentally observed weight fractions of
ligosaccharide fraction when all the M-blocks are mo
isperse dimers (simulation II,Serr = 9.43). This is becaus

n a polymer with anFG = 0.47, the average minimum MG
lock length is 16 monomer units. More importantly suc
olymer would contain a large number of M-blocks at an a
ge interval of one for every eight repeating MG-units. T

eads to an almost equal number of odd and even-num
ligosaccharides being released from the hydrolysis of
ne linkage type. Hydrolysis of only the GM linkages



S. Ballance et al. / J. Chromatogr. A 1093 (2005) 59–68 67

Fig. 5. Number (A and C) and weight (B and D) distribution of oligosaccharides chain-lengths generated by the partial acid hydrolysis of seaweed alginate
G-block (filled circles,�) and MG-alginate (filled triangles,�). Kuhn equations for DPn = 7.7 and 5.8 calculated from the raw data for G-block oligosaccharides
and MG-alginate oligosaccharides are, respectively, fitted as black lines. In the latter case the fit has been weight adjusted and applied to two populations of
even and odd numbered chain-lengths within the chain-length distribution. Small dashes represent the Kuhn equation that best describes the data in terms of a
least squares fit.

Fig. 6. Weight fraction of MG-oligosaccharide chain-lengths obtained by
hydrolysing the starting polymer to an average DPn = 5.8. Experimental val-
ues (filled triangles,�) were obtained using the described HPAEC–PAD
method. Filled bars represent the simulated MG-oligosaccharide chain-
length fractions assuming the acid depolymerisation of a hypothetically pure
MG-alginate (FG = 0.5) and gives a ratio between GM and MG hydrolysis
rate asp = 5.7. Grey bars represent the same simulation but for an MG-
alginate (FG = 0.47) with an average M-block length of 3.4 monomer units.
The ratio between GM and MG hydrolysis rates wasp = 8.3.

produce both odd and even-numbered chain-lengths. For
example: MGMGMMG for a heptamer, and MGMGMG for
a hexamer. For this simulation (Table 1) p = 24.5. In a parallel
study using the same starting MG-alginate (FG = 0.47), sim-
ilar conditions of partial hydrolysis, and1H NMR to directly
determinep, a value of 10.7 was obtained[15].

A better agreement between the experimental and sim-
ulated data is obtained when a hypothetically pure MG-
alginate has a poly-disperse distribution of M-blocks inserted
into its polymer chain, shown as grey bars inFig. 6. TheSerr
is at a minimum, and 60% lower than what was obtained
for a hypothetically pure MG-alginate, when the average M-
block length is 3.4 monomer units (simulation VII,Table 1,
bold type). For this average length, M-blocks are distributed
as 41% dimer, 25% trimer, 13% tetramer and the remain-
der as pentamers or larger (correspondingFMM , FMMM ,
FMMMM values are shown inTable 1). Furthermore, the aver-
age MG-block length of this polymer is around 38 monomer
units (Table 1). This value is in good agreement with that
previously determined for the same polymer by NMR (see
Table 1in [12]). The calculated ratio between GM and MG
hydrolysis rates under the specific condition of our hydrol-
ysis is p = 8.3± 1 (estimated error). This is also in good
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agreement with the value measured independently using1H
NMR [15].

4. Conclusion

HPAEC–PAD is a useful tool to determine the distribution
of oligosaccharides derived from linear binary polysaccha-
rides, such as alginate. Together with other complementary
methods, such as NMR, chain-length analysis can reveal
physical and structural details of the parent polysaccharides.
Confident peak assignments of some major oligosaccharide
fractions were made by exploiting mild partial acid hydrol-
ysis as a method of depolymerisation. However, other than
on the basis of sequence composition we did not attempt
to explain the various chemical and physical factors that
governed oligosaccharide retention on the anion-exchange
resin.

Because of the presence of several unidentified smaller
peaks in the chromatograms integrated peak areas for each
chain-length had to be combined in order to calculate the rel-
ative molar response factor with some accuracy. A similar
approach to circumventing the influence of acid-catalysed
modification of alginate oligosaccharides was successfully
applied before[4]. Using MRFrel and extrapolation for the
monomer and chain-length fraction <15 we calculated chain-
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[25–27] are small and therefore difficult to accurately
integrate.
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