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Abstract

Gel permeation chromatography, in conjunction with a double detection system involving a low angle laser light
scattering apparatus (LALLS) and a refractive index monitoring device (RI), has been used to obtain both the
molecular weight and the molecular weight distribution of sodium salts of x-carrageenan and A-carrageenan in
saline solutions. The results, M, and M, are in excellent agreement with independent determinations of molar
mass based on static light scattering experiments, sedimentation-diffusion analysis and osmometry. The
relevance of the data is discussed with respect to current problems in carrageenan research.
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1. Introduction

Carrageenans are water soluble polymers ex-
tracted from red algae. They are mainly used in
the food industry as thickeners and gelling agents.
On the basis of their chemical structure, several
groups can be discerned: k-carrageenan, A-carra-
geenan and :-carrageenan. They differ in chemical
composition, which affects the linear charge den-
sity of the polysaccharides. k-Carrageenan has
only one negative charge per disaccharide unit,
t-carrageenan two and A-carrageenan bears on the
average 2.7 charges per disaccharide unit. The
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present work is an extension of previous light
scattering studies on k-carrageenan and A-carra-
geenan [1,2]. The case of «-carrageenan has been
deliberately omitted in these works as our own
earlier efforts as well as those of others failed to
secure reproducible measurements [3]. The current
status of our present experience with (-car-
rageenan solutions is the subject of a separate
research project [4]. The ideal chemical structure
of k-, - and A-carrageenan is shown in figure 1.
Their molecular weights depend upon the season
and the extraction procedure [5]. The precise
mechanism of the salt-induced gelation continues
to be a matter of debate and controversy [6,7].
Although there is general agreement on a two-step
mechanism of gelation, i.e. a coil-to-helix transi-
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tion followed by a rapid aggregation of the helices,
there appears to be neither extensive studies of the
polyelectrolyte behaviour of the carrageenans, nor
of the so-called coil-to-helix transition apart from
indirect information obtained from optical rota-
tion studies.

Meanwhile it has been shown by Smidsrad and
Grasdalen [8] as well as by our own work that, in
the absence of gelation, the coil-helix transition is
essentially an intramolecular process, a finding
which contrasts with the domain model involving
aggregated double helices as the physical cross-
links of the gels [9]. However, a study by static
and dynamic light scattering of the solution be-
haviour of k- and A-carrageenan failed to detect
specific differences between the solution be-
haviour of both species, the experimental findings,
however, being difficult to interpret by the com-
plexities of the charge effects arising from the
polyelectrolyte nature of the polysaccharides,
specific interactions with ions (I7) and polydis-
persity effects which obscure a straightforward
interpretation of the observed salt-induced changes
in the radius of gyration and the hydrodynamic
radius [1,2]. Because physical properties of the
solution (e.g. the viscosity) and the gel (e.g. the
modulus of rigidity [9] and the stress at fracture
[10]) are determined by the molecular weight and
the molecular weight distribution, knowledge of
these quantities is important in many applications.
Consequently, there have been a number of efforts
in the past to obtain this information from physi-
cochemical data [10,11] as well as from size exclu-
sion chromatography.

Molecular weight characterisation of water
soluble polyelectrolytes is mostly performed by
such conventional methods as light scattering,
sedimentation analysis and osmometry. These
methods are rather time consuming on the experi-
mental level and, with respect to a correct evalua-
tion of the data, charge effects have to be
accounted for.

Typical experimental problems inherent to the
field of carrageenan research have been reported
in a previous paper [1]. ‘Classical’ gel filtration
turned out to be very useful for the characterisa-
tion of carrageenans. Oligomers of k-carrageenan
were fractionated using modified silica packing

material [13]. Intermediate and higher molecular
weight carrageenans were separated on sepharose
[15]. Porous glass beads as well proved to be
practical for chromatography of carrageenans [9].
A serious disadvantage is, that unless a continuous
molecular weight detector is combined with the
fractionation columns, no real molecular weight
distribution can be obtained.

Gel permeation chromatography (GPC) of syn-
thetic polymers in organic solvents has been used
since long as a quick means to determine molecu-
lar weight distributions. On the contrary, high
speed GPC of aqueous solutions is much less
straightforward. Problems often referred to are the
limited chemical and physical stability of the gels
and adsorption of the polymer on the column
packing. The first problem is overcome by the
development of some high performance columns
[16]; adsorption can be suppressed by adding low
molar mass solutes to the solvent [17].

For polyelectrolytes, interactions between
charges on the polymer and the gel constitute new
difficulties. Using water as the solvent, electro-
static repulsion between charges on the gel matrix
and the polymer prevent the polyelectrolyte from
intruding the pores of the gel [18,19]. This is
referred to as ion exclusion. By using a salt solu-
tion as the eluent, size exclusion becomes the main
origin for fractionation. However, under these
conditions, a peak following the chromatogram is
observed due to the fact that some pores in the gel
are only penetrable for the salt, but not for the
polyelectrolyte, which gives rise to a Donnan dis-
tribution of the small ions [18,19]. This is referred
to as ion inclusion. When the salt concentration in
the eluent is relatively high (¢, > 0.05 M), a salt
peak appears at the total volume (},) of the col-
umn [20]. Other experimental difficulties when
working with newly developed columns for aque-
ous GPC have been reported elsewhere [21].
Specific problems [17], proper to polysaccharide
research, are the formation of aggregates, the high
solution viscosity and the elution of a fraction of a
high molecular weight polysaccharide near the void
volume of the column. Some of these limitations
can be recognised when using a continuous molec-
ular weight detector [22): the molecular weight
distribution can be determined on an absolute
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scale and becomes independent upon artifacts due
to polymer—gel interactions and poor column res-
olution.

In the present paper, the molecular weight dis-
tribution of k- and A-carrageenan is determined
by coupling a GPC to a low angle laser light
scattering apparatus (LALLS) and a refractive
index monitor (RI). The molecular weight aver-
ages obtained are compared with independent data
resulting from osmotic pressure, light scattering
and sedimentation—diffusion experiments. Some
of our results will be compared with another inde-
pendent GPC-LALLS study of carrageenans [23].

2. Materials and methods
2.1 Sample characterisation

The k- and A-carrageenan samples were com-
mercial products obtained from Sigma (lot 92F-
0406 and 122F-0520 respectively). The polymer
samples were ion-exchanged against Na® and
treated as described before [1]. Concentrations
were determined from C-analysis assuming the
ideal structure from Fig. 1.

2.1.1 Sulfatation

The sulfate content was determined from titra-
tion of the acid form of the carrageenan samples.
A 0.01 M NaOH solution, calibrated against ox-
alic acid, was used for titrations with a Radiome-
ter RTS 822 recording titration system.

2.1.2 Intrinsic viscosity

Intrinsic viscosities were measured at 25°C
using an Ubbelohde viscometer. The shear-rate
dependence was accepted to be negligible.

2.2 Molar mass determination

2.2.1 Refractometry

Refractive index increments of the car-
rageenans in 0.05 M and 0.1 M NaCl were de-
termined with a Chromatix KMX-16 differential
refractometer at a wavelength of 633 nm as out-
lined by Mandel et al. [24]. Stock solutions of k-
and A-carrageenan were dialysed against the ap-

propriate salt solutions and succesive dilutions
were made using the dialysate.

2.2.2 Light scattering

The excess scattered intensity of the solutions
of different polymer concentration was measured
with a Chromatix KMX-6 apparatus at a scatter-
ing angle of less than 6° using a 4 mW He-Ne
laser. The cleaning procedure of the LALLS flow
cell was the same as reported before [19]. Polymer
solutions for light scattering were filtered through
a 0.22 pum MF millipore filter. Alternatively, angu-
lar dependent light scattering experiments have
been obtained with an AMTEC MM 1000 pho-
tometer in the angular range from 25° up to
140°. The details of these experiments, data han-
dling and the results have been published elsewhere
[1,19].

2.2.3 Osmometry

Osmotic pressure measurements of carrageenan
solutions were carried out on a Knauer Membrane
osmometer at 25°C. Membranes were Sartorius
Ultrafilter type SM 11736 and Schleicher & Schuell
Standardfilter RC_51 for the Knauer and the
Wescan osmometer, respectively.

The osmotic pressure 7 of a polyelectrolyte of
concentration ¢ in a salt solution is related to the
number average molar mass M, of the solute
through eq. (1). Here R is the universal gas con-
stant, T the thermodynamic temperature and 4,
and A, are respectively the second and third virial
coefficient. M and A4, are obtained from a con-
ventional linear plot of #/c¢ vs. ¢. Such plots
deviate at high concentration from linearity due to
the increasing influence of the third virial coeffi-
cient A;.

m/c=RT(1/M, + dyc + Ayc* + ...) (1)

However, by using a square root plot, i.e. (7/c)'/?
is plotted versus ¢, the linearity is extended over a
broader range of concentrations [25]. This is very
useful as the osmotic pressure of high molecular
weight polymers at low concentration becomes
very small, a fact which may lead to a substantial
experimental error. By including measurements at
a somewhat higher concentration, precision in-
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creases without recurring to a quadratic plot. The
procedure involves the neglect of virial coefficients
of order higher than three and the approximation
of A4, by 0.25 43 M [26].

2.2.4 Hydrodynamical measurements

Experimental conditions and data treatment of
dynamic light scattering, ultracentrifugation and
density measurements have been reported
elsewhere [2].

2.2.5 Gel permeation chromatography

GPC measurements were carried out on a
Waters model 150 C HPLC. Three columns from
Toya Soda of different fractionation range i.e. G
6000 PW, G 5000 PW and G 4000 PW were used
together with a precolumn GPWPH. These col-
umn gels mainly consist of [CH,-CHOH-—CH ,-
O], groups [16], although some remaining
carboxylate groups [27] are present, necessitating
the use of a 0.1 M NaNO,; solution to suppress
electrostatic effects. The columns have a length of
60 cm and an inner diameter of 0.75 cm. The
temperature of the columns and the detectors was
kept at 25°C. The injected volume was 0.5 ml,
while the concentration of the polymer amounted
0.8 and 1.5 g/1 for k- and A-carrageenan, respec-
tively. The flow rate was 1 ml/min. As detectors,
a refractive index detector (RI) and a low angle
laser light scattering (LALLS) detector, which was
the same as for static measurements, were used. A
0.22 pm MF filter (Millipore) was placed between
the columns and the LALLS cell.

Table 1

Characteristics of k- and A-carrageenan

2.3 Gel permeation chromatography combined with
low angle laser light scattering

In an ideal gel permeation chromatograph with
infinite resolution, the polymer molecules are sep-
arated according to their size. By monitoring con-
tinuously at the end of the column the concentra-
tion ¢; by a refractometer and the excess scattered
light AR, by a low angle laser light scattering
apparatus, the molecular weight M, at each elu-
tion volume is obtained through the use of eq. (2)
as given in ref. [19]. Different average molecular
weight averages are subsequently calculated in the
usual manner:

M,= (X)) /(Xe/M,) (4)
M, = (ZCiMi)/EC:‘ (5)
M. =(LeM?)/(XeM,) (6)
3. Results

Differences in the charge density of k- and
A-carrageenan are apparent from a more complex
titration behaviour of A-carrageenan as compared
to k-carrageenan, indicating differences in the pK
values of the various sulfates on the A-carrageenan
backbone. In Table 1 the total sulfate content of
the k- and A-carrageenan samples is compared
with the values expected for the ideal structures
indicated in Fig. 1. The accuracy of all experimen-
tal data is indicated for 95% confidence intervals
[28]. For k-carrageenan, the experimental content
is then too high, as compared to the ideal struc-

Sulfate content

[#]in 0.1 M NaCl

Refractive index

(eq. H/mol dissach.) (d/g) 0.1 M NaCl 0.05 M NaCl
experim. ideal
k-Carrageenan 1.114+£0.02 1.00 6.71+0.2 0.14940.005 0.145 4+ 0.005
A-Carrageenan 2.43+0.04 2.70 9.54+0.2 0.108 +£0.013 0.116 + 0.002
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Fig. 1. Ideal chemical structure of k-carrageenan (a), ¢-carra-
geenan (b) and A-carrageenan (c).

ture. However, it has been reported that 9% of the
3,6 anhydro-a,D-galactose units in k-carrageenan
might be sulfated on the second carbon [29]. For
A-carrageenan, the lower experimental degree of
sulfatation might be due to a smaller amount of
sulfate substitution on the second carbon of the
1,3 linked galactose 2-sulfate than the indicated
70% (see Fig. 1). Also included in Table 1 are the
intrinsic viscosities of the two samples in 0.1 M
NacCl.

In Fig. 2, the refractive index above water is
plotted as a function of the carrageenan con-
centration in 0.1 and 0.05 M NaCl and the values
of the dn/dc¢ obtained from the slope of these
plots are collected in Table 1. According to refer-
ence [1], the refractive index increment of x-car-
rageenan was taken to be 0.150 ml/g. For A-car-
rageenan, we accept the dn/dc value with the
lowest standard deviation namely 0.116 ml/g.

In Fig. 3, the low angle laser light scattering
intensities are plotted for k- and A-carrageenan in
0.1 M NaCl. The weight average molecular weight
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Fig. 2. Refractive index relative to water of k-carrageenan ( X)
and A-carrageenan (+) at different carrageenanconcentration
(a: solvent is 0.1 M NacCl; b: solvent is 0.05 M NaCl).

(M, 1aLs) and the second virial coefficient
(Ay1aLLs) obtained from the intercept and the
slope respectively are shown in the first and the
fifth column of Table 2. Also included in the
second and the sixth column of Table 2 are the
values M ;4 and A, from angular dependent
light scattering as reported elsewhere [1].

An independent estimate of the weight average
molecular weight, obtained from sedimentation
data, is indicated in the third column of Table 2.
The z-average diffusion coefficients used here [2],
were obtained from the angular dependence of the
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Fig. 3. Low angle laser light scattering of x-carrageenan (x)
and A-carrageenan (+)in 0.1 M NaCl
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Fig. 4. Reduced osmotic pressure of x-carrageenan (X) and
A-carrageenan (+) in 0.1 M NaCl.

first cumulant when autocorrelation functions are
fitted to a three cumulant expression. The weight
average sedimentation coefficients were de-
termined [2] from ultracentrifugation experiments.

Osmotic pressure measurements of k-car-
rageenan and A-carrageenan in 0.1 M NaCl are
reported in Fig. 4. The number average molecular
weight (M, ) and the second virial coefficients
(A,,) for the two samples obtained from the
square root plot are indicated in the fourth and
the seventh column of Table 2. These results do
not deviate substantially from the results obtained
when using only the lowest concentrations in a
normal 7 /¢ vs.-¢ plot, but the standard deviations
are much lower.

Table 2

@ R

30 35 40 45 50 ‘ S5 60
Elution time (min}
(b)
25 30 35 40 45 50 55 60
Elution time (min)
Fig. 5. GPC LALLS signal (---) and RI signal (— — —) of

x-carrageenan (a) and A-carrageenan (b) in 0.1 M NaNO,.

After an adsorbtion test, k- and A-carrageenan
samples were both two times injected in the GPC.
The RI and LALLS signals of x- and A-car-
rageenan from the GPC unit are shown in Fig. 5.
After the RI peak corresponding to the main
concentration of the polymer emerged, the Rl

Molecular weight averages (10 g/mol) and second virial coefficients (10™2 mol ml/g?) of «- and A-carrageenan samples in 0.1 M

NaCl and 0.1 M NaNO; as obtained from different methods

LALLS LS Sed-diff Osm. LALLS LS Osm. GPC-LALLS
M M M A A A
Mw w w n 2 2 2 Mz Mw Mn
K-car. 353+£25 331426 332425 165+25 417+0.29 455+0.18 25403 565 323 142
A-car. 614+17 600425 500+45 123+ 9 1.89+0.06 2.5940.13 1.0+0.2 1034 664 131

981 636 216
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signal does not return to its original value. The
base line is reached at last after elution of the salt
peaks (here not shown). The LALLS signal is a
single peak, hence excluding the existence of very
large aggregates or gel particles eluting in the void
volume of the column. The results of the GPC-
LALLS coupling are shown in Table 2.

4. Discussion

The refractive index increment values reported
here depend upon the type of carrageenan. In-
deed, an analysis of earlier data suggests that
dn/dc probably increases in the order A > >k
[3], an observation which contrasts with literature
information [23]. Systematic investigations con-
cerning the dependence of the dn/dc¢ upon the
type of polysaccharide and the experimental con-
ditions are unfortunately lacking. The ratio of the
values of the dn/dc of k- and A-carrageenan
reported here (1.29 + 0.05) from refractometry
agrees with the ratio of the RI areas from the RI
detector normalised to the same concentration
(1.23 £ 0.18). Hence 0.150 and 0.116 are expected
to be close to the true values. The accuracy of the
light scattering measurements depends upon the
statistical error involved in determining the
scattered intensity (AR,) and the error in the
determination of the refractive index increment
(A(dn/dc)). These errors may be estimated from
linear least squares fitting of the light scattering
and the refractive index data, delivering the vari-
ance [30] from which then 95% confidence inter-
vals are constructed [28]. The errors in M, and
A, are calculated as normally from the propa-
gation of errors. As for LS and LALLS, the refrac-
tive index increment plays the same role in the
molecular weight determination, the only source
of difference being the uncertainty due to the
scattered intensity. The error bars around M, are
then nearly halved, but even then M ;5 and
M, s are indistinguishable.

The values of M,, have also been obtained by
the sedimentation-diffusion technique where the
absolute error of M ,..q.q4ir 1S estimated as indi-
cated in literature [31]. The values of M, for
k-carrageenan are in any case confirmed. More-

over, an independent estimate of the molecular
weight of k-carrageenan by high performance
size-exclusion chromatography on the same sam-
ple yielded the value of 303 x 10° g-mol ! with
an uncertainity of 15% [21]. For A-carrageenan,
some deviation is observed which might be due to
the fact that hydrodynamic measurements could
not be performed at low enough concentrations to
reach the dilute regime as discussed in a former
paper [2]. Experimental agreement between M,
from light scattering and sedimentation-diffusion
was already found for alginates [32]. From the
GPC-LALLS coupling, the true weight average
molecular weight is obtained, not influenced by
axial dispersion effects [19] as for GPC alone.
Values of the second virial coefficient (A, o115),
needed for the evaluation of the GPC-experiment,
are obtained from independent LALLS measure-
ments. From Table 2, it is clear that fair agree-
ment is found between M, from GPC-LALLS
and other methods. The limited column resolution
(diffusion) affects the values of M, and M, and
normally, a too small molecular weight distribu-
tion is predicted [33,34]. The uncertainty of the
M, value from GPC-LALLS is rather large. This
is mainly due to the limited sensitivity of the
LALLS signal to low molar mass polymer, further
obscured by a low RI signal. When only the
elution before 55 ml is taken into account, the M,
values are much higher and the scatter in the
GPC-LALLS data (M) is consequently reduced.
It was, however, shown [23] that the long tail
observed in chromatograms of carrageenans is not
due to polymer adsorption or degradation, but
corresponds to low molar mass polysaccharide
present in the sample. When the values of
M, GrcraLLs are compared with M ., the same
order of magnitude is observed. From the GPC-
LALLS measurements, in principle the whole
calibration curve of the column can be recon-
structed. This is shown in Fig. 6. It can be seen
that the A-carrageenan calibration curve is defi-
nitely different from the x-carrageenan calibration
curve. This is ascribed to interactions between the
polymer and the gel being different for the two
polymers due to differences in charge density and
chemical composition. These interactions also
show up in the slightly reduced reproducibility of
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Fig. 6. GPC-calibrationcurve of k-carrageenan (X} and A-car-
rageenan (O) in 0.1 M NaNO,.

the RI traces of duplo measurements. Recently
[35], it was found for polystyrene sulphonate, using
porous glass beads as gel matrix, that the
calibrationcurve was strongly influenced by the
salt concentration (even at 0.11 M NaCl). Only
for salt concentrations extrapolated to infinite
ionic strength, the mechanism for separation was
purely hydrodynamic and for molecular weights
below 10°, a single calibrationcurve was obtained.
Similar interactions may be important in our car-
rageenan system, warranting against the use of gel
permeation chromatography without LALLS de-
tection. These findings contrast with the identical
calibration curve for k- and (-carrageenan re-
ported by Lecacheux et al. [23]. However, their
measurements were made at 60 ° C, where interac-
tions are probably more or less suppressed.

From Table 2, differences in A4, can be ob-
served dependent upon the type of experiment
used. Unless for very high polydispersity, A4, is
expected to be equal within experimental error to
Ayparrs and A, [25]. However, the values for
A, , were obtained at a higher concentration in
order to improve the fit and use has been made of
a square root plot. The difference may then be
ascribed to the fact that in the osmotic pressure
measurements, the semidilute concentration reg-
ime is reached. By now, one can only stress that
interpretation of the concentration dependence of
the osmotic pressure in terms of virial coefficients
should be done with great care.

5. Conclusions

Good agreement is obtained for the weight
average molar mass of k- and A-carrageenan as
obtained from different methods, all based upon
the measurement of light scattering (LS, LALLS,
GPC-LALLS). Moreover, these weight average
molecular weights are as well in fair agreement
with independent sedimentation-diffusion mea-
surements. The determination of number average
molecular weights of carrageenans by a- GPC unit
connected to a low angle laser light scattering
detector remains difficult due to the long tail in
the carrageenan chromatograms and the finite res-
olution of the columns. However, the same order
of magnitude is found as for osmometry. The use
of a GPC unit without a LALLS detector might
lead to erroneous results. This is due to interac-
tions between the polysaccharide and the gel,
making it impossible to establish a universal
calibration curve.
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