












































































































































































































































































Chapter 3: Investigation of sample preparation for C£-LIF of carrageenans 

to check derivatised samples in cases where unexpectedly low values were found in CE, to 

assess if the problem was related to recovery or to reaction itself. 

Results from the methylene blue method are different from those obtained previously when 

comparing centrifugation and dialysis, which suggested that a significant amount of material 

was trapped on the filter during centrifugation. Differences could be due to the fact that 

methylene blue complexation detects the total amount of carrageenan present, whereas CE­

LIF detects fluorescent end groups and is therefore biased towards the low Mw part of the 

distribution. Further discussion of this point will be given later in Section 3.5. Some 

reservations must also be pointed out concerning the absolute values found. Additional 

experiments compared the slopes of the calibration curves with the 69 and 539 kDa 

fractions. The slope was found to be higher for the 69 kDa than for the 539 kDa fraction 

(0.0392 and 0.0355 f.lg.l mL respectively). Similarly, probably because derivatives are 

hydrolysed, the slope was found to be higher for the derivatised than for the intact kappa 

carrageenan standard (0.0340 versus 0.0306 f.lg.l mL). In this particular case the difference 

in slope could be due to the presence of salts. Other experiments performed in phosphate 

buffer showed a 25 % lower value of the slope. Use of the calibration curve prepared with 

intact carrageenan may therefore give an overestimate of the mass in the case of the 

derivatised material. The ratio of the slope of the native to that of the derivatised kappa 

carrageenan is 0.0306 / 0.0340 = 0.90. One can consider this value as a correcting factor 

and multiply the recovery values reported in Table 3.10, thus reducing them all by 10 %. 

The results are still acceptable, with 100 % recovery for the highest amounts derivatised and 

80 % for the lowest amount derivatised. The differences between the native 69 and 539 kDa 

fractions might be accounted for by a different water content of each sample, though they 

were obtained via fractionation of the same original kappa carrageenan sample. However, 

this series of experiments shows that the methylene blue method is very sensitive to the ionic 

environment of the polysaccharide and possibly also to its molecular weight. 

3.3.8 Estimation of the yield 

The kappa carrageenans oligomers of low DP were derivatised. Direct comparison of these 

oligomers and a kappa polymer is not possible using electrokinetic injection (EKI) in CE 

because of the large differences in ionic strength between the retentate of kappa polymer 

1I5 



Chapter 3: Investigation of sample preparation for CE-LIF of carrageenans 

and the intact oligomer reaction mixture. To make sure both oligomer and polymer are 

injected in the same ionic strength conditions, mixtures of neocarrahexaose-41.3·5-tri-O­

sulfate (kappa trimer) and 256 kDa kappa were prepared and diluted in different media in 

order to estimate the relative peak areas and thus, amounts of oligomer and polymer. The 

addition of an electrolyte such as heptanesulfonate improves the reproducibility ofEKI. The 

media investigated were ultra-pure water, 50 JlM ammonium acetate, and 50 JlM HS. The 

hexamer concentration was 4 nM, and the mass concentration of the polymer was 0.004 mg 

mL'\. 

The concentration of labelled sites, thus the yield of the derivatisation reaction on the 

polymer, can be deduced from the ratio of the normalised areas. Since EKI injects analytes 

in proportion to their electrophoretic mobility, it does not exactly reflect the proportions 

present in the sample solution. The faster migrating trimer is injected in larger amount than 

the polymer. Therefore one has to correct these areas with the ratio of the mobilities of the 

analytes, given by the inverse ratio of their migration times. 

A (kappa) 11· . 
[labelled sites] = n. X ~ X [tnmer] 

An(tnmer) 11 kappa 

[I b 
. A (kappa) (kappa 9 

a elled sItes] = n. X --x 4 x 10- M 
An(tnmer) (trimer 

Medium RSD/% [labelled sites] 110,8 M 

water 2.6 2.4 

So,..M HS 1.2 2.4 

SOIlM AA 0.9 2.3 

Table 3.11. Estimation of the concentration of APTS-derivatised molecules in 256 kDa 
kappa carrageenan of concentration 0.004 mg mL'\ diluted in different media. Samples were 
injected in triplicate. 

The concentration was found to be independent of the medium and equal to 2.4 x 10,8 M. 

Since the molecular weight of this fraction is known, as well as its mass concentration in the 
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sample, one can calculate an approximate value and compare it with 2.4 x 10,8 M. 

0004 L'· 
[labelledsites]= . 3

g 
.=1.6xI0-8M 

256x 10 g moI-

The comparison is satisfactory since both values are of the same order of magnitude. This 

is not proof that no degradation occurs, since probably both hydrolysis and reduction of the 

aldehyde groups happen at the same time. It is reassuring to know that we do not detect a 

significantly larger or smaller amount of carrageenans than what is supposed to be present. 

The value used for Mw is a mass average molecular mass and will be higher than the number 

average molecular mass MD, which is the average relevant for comparison with the CE 

results. Further discussion of the molecular mass averages will be given in Section 3.5. 

3.3.9 Determination of the working range 

There are two ways of determining the minimum detectable concentration in the case of 

derivatives. 'fhe value obtained by dilution reflects more the performance of the detector, 

and is the minimal concentration or amount ofthe species of interest loaded on the capillary. 

The value obtained when derivatising decreasing amounts of material shows the limitations 

of the protocol itself, and is the minimal absolute amount that can be handled. In each case 

this minimal value gave a detector signal equal to three times the noise level (IUPAC 1993). 

In the case of kappa carrageenan, the minimal concentration detectable after successive 

dilutions was found to be 1.5 /.lg mL'·. As far as derivatisation was concerned, the minimum 

detectable mass of carrageenan sample derivatised was 0.1 Jlg. Since the volume of this 

particular retemate was 18 JlL, this results in a concentration of 5 /.lg mL'·, This is higher 

than the value obtained by dilution. The reaction is therefore the limiting factor in the 

method, This value of 0.1 Jlg means that when derivatising ] 0 /.lg of starting material, one 

should be able to determine I % of carrageenan. However, the present determination was 

done using the carrageenan alone. In the presence of other components the viscosity of the 

sample is modified and filtration is difficult. 
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3.4 Study of the kappa oligomer ladder 

The use of 0.6 M citric acid as a catalyst caused substantial degradation of kappa 

polysaccharide, and produced a ladder of oligosaccharides. These oligomers were detected 

in the retentate, though most of this low molecular weight material had probably gone 

through the membrane. They were not detected in the eluate, probably due to the dilution 

in 300 J.lL resulting in very low signals hidden amongst those of the blank. 

Values for relative migration times were obtained from the electropherogram of the 120 kDa 

kappa carrageenan derivatised in the presence of 0.6 M citric acid as catalyst shown in Fig. 

3.4. The series ofRMTs is similar to that of the 539 kDa sample derivatised under the same 

conditions. One peak was identified as neocarrahexaose-tetra-O-sulfate (trimer of regular 

kappa carrageenan). The relative migration time values included this peak and the 17 

following ones. 

Assuming that the mobility of all derivatives is proportional to their charge to size ratio, a 

simple equation for the migration behaviour is the following: 

n+3 
).l=C 

n Xm +m APTS 

(3.6) 

where n is the number of residues, I-' the electrophoretic mobility of the oligomer with n 

residues, C a proportionality constant, m the mass per residue, and mAPTS the increase in 

mass resulting from the labelling reaction. It follows that 

3 3 
1+-

C 
1+ -

J.l=C n n -
m + mAPTS m l+mAPTS 

n m n 

If t is the migration time ofthe oligomer and RMT the relative migration time, since t <X I/~ 

and RMT = t / tAPTS it follows that 

1 + In APTS 

R M T = K _---"11-'-,1 ,---!!...n = K 
3 

1 +-
n 

l+a 
n 
1 

1 +b -
n 
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where K, a and b are parameters which can be tuned in order to fit the experimental data; 

a and b reflect the relative size and charge, respectively, of APTS and the kappa 

carrageenan residue. 

Two options are possible when investigating the ladder. One is to consider that hydrolysis 

degrades the biopolymer down to the level of the disaccharide repeat unit; then the values 

to be taken for n are 3, 4, ... 20. This is the assumption made by Sudor and Novotny when 

investigating the migration of kappa-carrageenan oligo saccharides derivatised with different 

fluorophores, following comparison with the migration time ofD-glucose-6-sulfate (Sudor 

& Novotny 1995). Their assumption is consistent with the observations mentioned by 

Myslabodski et al. (1996). In our case we have kappa oligomer standards and can identify 

one of the peaks as the trimer, corresponding to 3 kappa repeat units. Alternatively one can 

suppose that the chain is hydrolysed at any linkage between monosaccharide units, resulting 

in a series of oligomers containing 6, 7 ... 23 monosaccharide (galactose or 

anhydrogalactose) units. The equation above is then modified and two equations have to be 

considered depending on whether the monosaccharide residue carrying the reducing end is 

sulfated or not, which corresponds to values of n = 6, 8, 10 etc ... or n = 7, 9, 11 etc, 

respectively.'Options considering degradation to the monosaccharide or to the disaccharide 

were applied; experimental data were processed using non-linear least squares fits to 

functions. The best fit was obtained using the disaccharide model and is reported here. The 

molecular weight of the kappa disaccharide unit is m = 385.31. The ratio mAfYfS/m was 

calculated to be 438.39/ 385.31 = 1.14. This was set as the initial value of a for the non­

linear regression fitting, but varying this starting value did not have any influence on the final 

value of the parameter. Since K is the value for n -+ infinity, and the maximum value of tr 

found earlier for 539 kDa kappa carrageenan is 1.582, 1.6 was taken as the initial value of 

K. Different levels of fitting can be used: one can choose to fix the value of b to 3 (model 

I), or optimise it simultaneously with a and K (model 2). The results are summarised in 

Table 3.12. 
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Modell Model 2 

I 1 I +a - I +a -
RMT = K /I n 

1 RMT = K I 1+3 - I +b -
T! /I 

K = 1.551 K = 1.541 
a=2.091 a = 1.348 

b = 2.107 
?= 0.999 ? = 1.000 

Table 3.12. Modelling of the variation of RMT with DP, using the disaccharide as repeat 
unit. 

Allowing b to vary did not yield a significant improvement, and b = 3 better reflects the 

charge carried by APTS than does b = 2.107. a represents the ratio of the frictional 

coefficient of APTS to that of kappa carrageenan, of which we can give an approximate 

value using the size of the molecules. An approximate oflength for APTS is 1.1 nm. A value 

of 1 nm was used for the kappa carrageenan disaccharide (Knutsen et af. 1993). This leads 

to a value of a of 1. 1, which is clo er to the value found by Model 2. Fig. 3.16 hows the 

fitting in the ca e of the disaccharide repeat unit for b = 3, K = 1.551 and a = 2.09 I . The 

high values found for the correlation coefficient are promi ing and suggest that CE could 

give not only identification of carrageenan but al 0 molecular weight information. 

1.5 
CD 
E 
~ 1.45 c: 
0 

~ 
1.4 Ol 

'E 
CD 
> 1.35 ~ 
~ 

1.3 
0 5 10 15 20 25 

DP 

Figure 3.16. Fit of experimental relative migration times (0) wilh model I (- ). 
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3.5 Molecular weight measurements by SEC-MALLS-RI 

A typical chromatogram showing the mass concentration obtained from the Rl response and 

the molecular mass values (M) from MALLS is shown in Fig. 3.17. 

4 .E-05 1.E+07 

- 3.E-05 . 
-I 
E 

3 .E-05 
1.E+06 

t:n 
E ca - 2.E-05 C c -0 
;: 2.E-05 ~ ca 
~ - 1.E-05 c 1.E+04 C1) 
(.) 

c 5.E-06 
0 
(.) 

O.E+OO 1.E+03 

10 12 14 16 18 

volume/mL 

Figure 3.17'. Result from Rl and MALLS detector re ponses in SEC elution for kappa 
carrageenan, Sigma standard, non derivatised. Linear extrapolation (- -) u ed in calculating 
M at high elution volume. 

As observed in previous work (Hoffmann et al. 1996), the plot of log M ver u V wa not 

linear for very long and short chains, of which typically very little material i present. 

However, the hort chain are important for the determination of the number average 

molecular mass, which i the crucial parameter to determine in thi tudy concerning 

derivatisation of carrageenan . Two methods were used to proces the data. The fir t 

con isted in calculating a regression line for each ample from the raw MALLS data, 

extrapolating the data obtained in the elution vo lume range where the maximum amount of 

material eluted, which wa also where the respon e of the MALLS detector wa rno t 

reliable. Thus, each sample had it own calibration for M ver u elution volume. With this 

calibration, average values Mn, Mw and the polydi per ity index, Ip = Mw / Mil ' were 

obtained. Mw wa not ignificantly different from that calcu lated by the A tra oftware, but 

Mn was significantly lower. The regre sion line was slight ly different from fraction to 

fraction, and the slope of the line obtained for each derivati ed ample wa lightly different 

121 



Chapter 3: Investigation of sample preparation for CE-UF of carrageenans 

from that obtained for the corresponding native sample. The results from the method using 

individual calibrations are reported in Table 3.13. 

MnlIilla Mw /kDa Ip=Mw l Mn 

sample native derivatised native derivatised native derivatised 

69kDa 22 24 62.9 64.4 2.86 2.68 

120 kDa 42.4 34 117 73.3 2.76 2.15 

205 kDa 108 77.8 189 123 1.75 1.58 

256 kDa 129 67.9 231 142 1.79 2.09 

366 kDa 138 91 342 171 2.48 1.88 

539 kDa 204 82.5 670 191 3.28 2.31 

kappa 162 100 509 193 3.14 1.93 

iota 156 130 552 290 3.54 2.23 

lambda 231 188 913 497 3.95 2.64 

Table 3.13. Molecular masses and polydispersity index obtained using individual calibrations 
for native and derivatised carrageenan fractions. 

The second method used a common calibration of M versus elution volume for all kappa 

samples. This regression line was obtained by averaging data in the linear range of the plots 

of log Mw as a function of elution volume for all fractions of native samples of 

kappa carrageenans. The sample of lowest Mw , 69 kDa, was excluded because its curve 

hardly presented any straight fragment, probably because its M w was not in the fractionation 

range of the column material, and also because the response of the MALLS detector is not 

satisfactory in the low molecular weight range, where this sample has a significant 

proportion of material. These linear sections of the curves were the ones used previously to 

deduce the individual calibrations and are shown in Fig. 3.18. This figure also shows the 

master plot which was deduced from them. Values for Mn, Mw and Ip obtained with this 

general calibration are reported in Table 3.14. 
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CI:I 
C -(/) 
(/) 
CI:I 
:E ... 
~ 
;j 
(.) 
Q) 

'0 
:E 

1.E+07 
--69 

--120 

205 

-- 256 

1.E+06 --366 

--539 

--kappa 

--average 

1.E+05 

1.E+04 +----r----,.----r------,------,-------j 

10 11 12 13 

V/mL 

14 15 16 

Figure 3.1S. Log-linear plots of M versus V for the non-derivat ised kappa samples. The 
straight line i the calibration deduced in averaging all samples except 69 kDa. 

Mnl kDa Mw /kDa Ip =Mwl Mn 

sample native derivatised native derivatised native derivatised 

120 kDa 57.2 52.8 118 97.6 2.06 1.85 

205 kDa 92.7 73 . 1 226 146 2.44 2.00 

256 kDa 102 75 .3 254 157 2.49 2.08 

366 kDa 122 87.2 354 186 2.9 2. 13 

539 kDa 163 93.4 577 2 12 3.54 2.27 

kappa 128 86.9 497 2 11 3.88 2.43 

Table 3.14. Molecular rna e and polydi persity index obtained 1I ing an average 
calibration for kappa sample . 

Table 3.15 show the values for the ratio Mn (derivatised) I Mn (nalive) calcu lated using both 

the individual and general calibrations. Different value were obtained by the lWO method . 

Using either method, all carrageenan samples were found to be partially hydroly ed. The 

larger the molecular weight, the more ignificant was the hydroly i , reaching up to 40 % 
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(as calculated using the average calibration method) in the case of the highest molecular 

weight fraction of kappa. Iota and lambda carrageenans show a significantly lower 

degradation than kappa, with an approximate reduction in Mn of 20 % calculated from 

results shown in Table 3.13. This is consistent with literature data (Hjerde et al. 1996, 

Myslabodski et al. 1996). This series of experiments explains our findings in CE-LIF, that 

the increase in normalised area following derivatisation catalysed by acids of different pKas 

or concentrations is dependent on the molecular weight of the initial carrageenan sample 

(Sections 3.3.1 and 3.3.2), and its sub-type. Polydispersity is found to decrease on 

derivatisation. This can be explained as follows: the centrifugation used as purification 

procedure removes material of Mw below 30 kDa. Therefore, this may result in an increase 

of the Mn value for the derivative, and the value of Mw being less affected, the polydispersity 

is decreased. Another explanation is that hydrolysis occurring during derivatisation affects 

high M more than low M within the same sample, therefore it decreases the value of Mw to 

a larger extent than that of Mn. Ip = MjMn is consequently reduced after derivatisation. 

sample 

69kDa 

120 kDa 

205 kDa 

256 kDa 

366 kDa 

539 kDa 

kappa 

iota 

lambda 

M n (derivatised) 

M n(native) 

(a) individual calibration (b) average calibration 

1.09 

0.80 

0.72 

0.53 

0.66 

0040 

0.62 

0.83 

0.81 

0.92 

0.79 

0.74 

0.71 

0.57 

0.68 

Table 3.15. Ratios of number average molecular masses of the derivatised and the 
corresponding native samples calculated using (a) individual (b) general calibration plots of 
M versus V. 

Since the polydispersity is narrower in the case of the derivative and the highest degradation 

124 



Chapter 3: Investigation of sample preparation/or C£-LlF 0/ carrageellalls 

observed is 40 % (for the 539 kDa fraction), one can estimate that the hydroly i occurring 

during derivatisation can in the worst case induce an increase in 40 % reducing ends, thu 

potential labelling sites for derivatisation. Therefore, our labelling strategy can lead to an 

overestimate of the carrageenan material of 40 % in the case of kappa carrageenan. A far 

as iota and lambda are concerned, the hydrolysis occur to ales er extent, a reported in 

the literature (Hjerde et al. 1996) with an increase in reducing end of approximately 20 %. 

Using the general calibration, the molecular mass distribution wa calculated (Wyatt 

Technology software guide 1998; Billingham 1977). Fig. 3.19 shows thi di tribution for 

kappa Sigma standard. 

1 - 0.9 ~ 
C) 

0.8 .2 -32 0.7 

~ 0.6 
c: 0.5 0 
;: 
(,) 0.4 , ca 
~ - 0.3 -.s::. 
.~ 0.2 
(1) 

3: 0.1 

0 

1.E+03 1.E+04 1.E+05 

M IDa 

1.E+06 1.E+07 

Figure 3.19. Molecular rna s di tribution in native kappa arrag nan. 
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3.6 Summary 

Investigation of the derivatisation conditions confronted us with the possible hydrolysis of 

carrageenans in the presence of an acid as catalyst. Use of citric acid at a concentration 

higher than 0.3 M brought about complete loss of the main kappa peak, the signal consisting 

then of an oligosaccharide ladder. By derivatising kappa standards of different Mw, a simple 

method correlating molecular weight with relative migration time or peak area proved that 

citric acid catalysis caused a decrease in Mw in comparison to acetic acid catalysis. Working 

with dilute « 0.1 M) or buffered solutions of acetic acid in order to limit hydrolysis was not 

possible, since the yield was not satisfactory. Therefore, the concentration of acetic acid 

used was set to 0.6 M with a reaction time of 1 h to limit hydrolysis, in place of the 2.25 M 

concentration and 15 h reaction time used in previous work (Chapter 2). 

By examining normalised peak areas as a function of the sequence and time of addition of 

reagents acid catalyst, label and reducing agent, it was proved that sodium 

cyanoborohydride is able to destroy reacting sites in sugars, while hydrolysis by acetic acid 

creates reacting sites. It must be kept in mind that what happens in the labelling protocol is 

a competition involving all these processes. 

All results suggest that the derivatisation process has a significant influence on the molecular 

weight of carrageenans, though the molecular weight of a derivatised 256 kDa kappa 

carrageenan inferred from comparison of CE peak area to that of derivatised kappa­

hexasaccharide in comparison was within 50 % of that expected from calculation. 

Drop dialysis gave better results for kappa carrageenan in terms of recovery. in comparison 

to purification by centrifugation. However, the removal of interfering material was not 

sufficient for correct identification of lambda and iota, since fluorescent byproducts of 

reaction migrated in the time window of these two carrageenans. Consequently, 

microcentrifugation remained the method of choice, despite the disadvantages pointed out 

here. The procedure was slightly modified, performing three spins of exactly 15 or 10 

minutes. No effort was made to minimise the volume of the retentate. since pressure 

injection was used and was not affected by ionic strength. EKI, though more suitable for 
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sensitivity purposes, induces bias in the analysis. When the sample is not clean, the low Mw 

fluorescent byproducts are injected in larger proportion and provide greater interference. 

Pressure injection is more appropriate to compare samples and does not cause sample 

depletion. 

The protocol recommended for carrageenans when working with APTS is as follows: 

- required volume of 1 mg mL'l (can be increased to 2.5 mg mL'l) solution of carrageenans 

- 10 J.lL 3.0 M acetic acid 

- 2 f.lL 0.2 M APTS in water 

- 2 f.lL 1 M NaCNBH3 in THF 

- water to fill up to 50 ilL 

- incubation for 1 h at 55°C 

- microcentrifugation 

A limited number of experiments were performed with preparative SEC; unlike the other 

methods, they showed a total removal of the interfering fluorescent byproducts. No data 

concerning repeatability or comparison with the other methods are available, but this seems 

a very promising strategy to detect all macromolecules after derivatisation. Lyophilisation 

may be required in order to reconcentrate the sample, and some adjustments (sample 

quantity) may be needed to adapt it to true food samples. 
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Investigations using SEC-MALLS-R1 were performed at SKW on native and derivatised 

carrageenans. They allowed us to estimate the decrease in Mn and Mw undergone by 

carrageenans during the labelling reaction using 0.6 M acetic acid. Hydrolysis was found to 

increase with increasing Mw ofthe initial material, yielding a maximum degradation of 40 % 

for the highest M w fraction of 539 kDa kappa carrageenan. This means that, assuming all 

reducing ends are labelled, the APTS derivatisation leads to an overestimate of 40 % of the 

kappa carrageenan present initially in the sample. Hydrolysis was found to affect iota and 

lambda carrageenan to a lesser extent, with only 20 % decrease in Mn. When determining 

carrageenan amounts in samples, a calibration curve is produced under the same conditions, 

using the corresponding carrageenan Sigma standard. This should correct for the hydro lysis, 

provided that the molecular weight ofthe standard is in the same range of Mw as that of the 

sample. The molecular weight of commercial carrageenans are very similar, as reported for 

kappa by Hoffmann et af. (1996), so the present derivatisation method should provide good 

semi-quantitative results for carrageenans. 

From this series of hydrolyses one can deduce the rate constant of carrageenan using the 

formula 1 / Mw (t) = 1 / Mw (0) + (k1 X tIm) (cf. Table 3.1), with m the molecular mass of 

the disaccharide. Results for Mw(native) and Mw(derivatised) are taken as Mw(O) and Mw(t) 

respectively. with t the reaction time of60 min. Averaging the values of k for the 6 fractions 

gave kl = (1.6 ± 0.3) x 10·s min· l . The good fit of data for all carrageenan fractions, reflected 

in the relatively low standard deviation, supports use ofthe formula for variation of M w with 

time. The relationship with IIMw varying linearly with time shows that the lower the value 

of Mw. the slower the change in Mw. This is a reflection on the rate of hydrolysis being 

dependent on the rate for bond cleavage, and the more bonds there are in the chain. the 

faster the breakdown. Table 3.16 gives a comparison with results from previous work, 

discussed in Section 3.1.2. 
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Author Hydrolysis pH k, I min" (pH) kl I min'l (2.S) 
medium 

present work 0.6 M acetic acid 2S 1.6 x 10'5 (2.5) 1.6 x 10'5 

Singh & Jacobsson 0.012 M HCI 2 4.3 x 10.5 (2.0)b 1.4 x 10.5 

1994 0.088 M LiCI 

Hjerde et al. 1996 c 0.1 MHCl I 1.2 x 10.3 (1.0) 4.0 x 10's 
0.1 M LiI 

Table 3.16. Rate constant for acid-catalysed hydrolysis of kappa carrageenan, with present 
work compared to literature values. 
a pH measured at ambient temperature. The pKa of acetic acid is not significantly different 
at 25°C and 55 °C, therefore pH = 2.5 was also used when correcting the values of the rate 
constants found in the literature for different pHs. 
b Rate constant corrected for change in mass per residue. The authors assumed m = 192, i.e. 
the monosaccharide. We have shown that cleavage occurs at the disaccharide repeat unit, 
with m = 385. Thus the value given in the original paper, and in Table 3.1, has been 
multiplied by a factor 2. 
C The value of k) at 55°C was calculated using the Arrhenius equation with the activation 
energy and pre-exponential factor given in the paper. The authors used the formula liMn 
(t) = II Mn (0) + (k) x tim), with k' the rate constant for bond cleavage. The equation for 
Mw is then related to this as follows: II Mw(t) = II Mw(O) + (k3 x t 12 m). Thus kl = k3 /2 

The first thing to note is the very good agreement between the rate constant deduced in the 

present work and values reported in the literature. Such differences as there are could in part 

be due to differences ionic strength. Hjerde et al. (] 996) showed that the rate constant 

increased as the ionic strength decreased. This is as expected for a reaction involving ions 

of opposite charge, in this case the anionic polysaccharide and H+ as catalyst. In making the 

comparison between our value and results of previous workers, we assume that there is no 

contribution to the catalysis from acetic acid - i.e. the reaction is subject to specific rather 

than general acid catalysis. Finally, the pH in our reaction mixture increased during the run 

(due to consumption of acid by the CN' breakdown product of cyanoborohydride), therefore 

the value of k reported in Table 3.16 is probably an underestimate of the true value at pH 

2.5. 

It is possible to get an estimation of the extent of hydrolysis in our experiments in citric acid. 

where the duration of derivatisation was 15 h (Section 3.2.3.1). The pH value is 1.7 in 0.6 

M citric acid. Using the value ofrate constant corrected for pH and a time of 15 h gave a 

calculated final Mn of2.1 kDa for the derivative, which represents a number average DP of 
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5. This is likely to be an underestimate, since the pH will increase on formation of HeN 

during the 15 h of the reaction, so oligomers of higher OP could still be present. The 

electropherogram indeed showed the presence of a ladder, studied in detail in Section 3.4, 

where the OPs of the peaks were found to vary between 3 and 20. 

Ionic strength may have played a key role in the experiment reporting the influence of the 

acid and the reducing agent (Section 3.3.4). The reaction rate has been shown to decrease 

with increasing ionic strength (Hjerde et al. 1996). The reducing agent is the main source 

of ions in the reaction mixtures in our experiments. In Exp. 4 and Exp. 6, where 

cyanoborohydride was added only after an hour. a dramatic increase in normalised peak area 

was observed. indicative of substantial hydrolysis during the first 60 min. Hydrolysis by 

acetic acid during this time is favoured by both the low ionic strength and constancy of pH 

in the absence of the reducing agent. 
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4.1 Introduction 

4.1.1 Occurrence of carrageenans in food 

Carrageenans are used as such for their physical properties, but also in conjunction with 

other hydrocolloids such as locust bean gum (LBG) or with proteins such as casein (milk 

protein) or whey proteins (Fernandes 1996) in dairy products. Table 4.1 summarises the 

different uses of carrageenan in food applications (Glicksman 1983). 

Use Function Type 
Concentration 

I%w/w 

frozen desserts, stabilisation, 
K 0.01-0.03 ice cream meltdown control 

custards gelation K, K+ t 0.2-0.3 

whipped cream stabiliser A 0.15-0.5 

dairy dessert bodying, suspension K+LBG 0.2-0.5 

dessert gels gelation K + t., K+ t + LBG 0.5-1.0 

fat stabilisation, 
pet-food (canned) thickening, K+LBG 0.2-1.0 

suspending 

condensed milk stabilisation K+1.+A 0.01 

salad dressing emulsion stabilisation t 0.4-0.6 

Table 4.1. Use of carrageenans in the food industry 

When industrialists buy carrageenans as raw materials, they buy a product which presents 

the physico-chemical properties required for a particular application (e.g. aqueous matrix, 

dairy food). Since the content in each carrageenan sub-type can vary from batch to batch 

(more or less kappa precursor, for example), a certain amount of sugars is added to 

standardise the properties of the mixture, as well as salt (in particular containing potassium. 

which increases the proportion of ordered carrageenan and stability towards acid 

degradation), so that the properties remain the same for different batches of the same 

product. Some of the properties specified on the product sheet are rheology of the gel 
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formed, pH, and average particle size. 

Since in general the different types of carrageenans are present simultaneously in seaweed 

extracts, as shown in Table 1.2, and they are mixed with other polysaccharides in foodstuffs, 

analytical methods should ideally be able to identify carrageenan sUb-types as well as non­

carrageenan polysaccharides. 

4.1.2 Isolation of polysaccharide in food matrices 

Pechanek et al. (1982) described protocols for the removal of fats, enzymic degradation of 

starch and precipitation of proteins in various fmished products. Polysaccharides were 

recovered by precipitation in ethanol before electrophoresis on cellulose acetate strips. For 

carrageenans recovery was greater than 90 %. 

Two pretreatment methods were investigated by Quemener et al. (2000) for extraction of 

carrageenan from food samples (liver pate, custard) prior to analysis by methanolysis I RP­

HPLC. One of the pretreatment methods involved homogenisation with a mixer, removal 

oflipid with hexane, followed by Iyophilisation and grinding. The other pretreatment method 

consisted of extraction in water at 90-100 °C, centrifugation, concentration steps repeated 

4-5 times, precipitation in ethanol, filtration and drying. Both sample preparation methods 

gave recoveries above 80 %. The second procedure is the simplest, since it does not include 

fat removal and gives satisfactory results without interferences from the matrix components 

in the chromatogram. However, the yield from precipitation with ethanol was found to 

depend on the carrageenan concentration. This is a real drawback of the method, since the 

concentration is not known in many of the food samples presented for analysis. 

4.1.3 Aim of this chapter 

In the present chapter, the protocols developed in Chapter 2 for capillary electrophoresis 

conditions and in Chapter 3 for sample preparation have been applied to standards of 

carrageenan sub-types provided by SKW. These include kappa, iota, and their precursors 

mu and nu, lambda, and xi. SKW provided us with other seaweed extracts to test the utility 

135 



Chapter 4: Analysis of carrageenans in polysaccharide mixtures andfood samples 

of our electrophoretic method. Synthetic mixtures of carrageenans and other hydrocolloids 

were also investigated using the Sigma standards iota, kappa and lambda. Finally, analyses 

were carried out on commercial carrageenan raw materials, which are mixtures, and finished 

products, including an aqueous matrix and a dairy product. From the Mw measurements 

performed in Section 3.3.5, we deduced that the method could yield a maximum error in the 

estimation of 40 %, due to partial hydrolysis of the carrageenans during derivatisation. 

Derivatisation is not the only potential source of error, and this chapter investigates the 

effects of the sample matrix on the analysis. Several steps have to be added to the protocol 

when it is required to isolate carrageenans from other components of the food matrix, in 

particular fats and sugars. 
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4.2 Experimental 

4.2.1 Materials 

The carrageenan standards and the reagents used in this study were identical to those listed 

in Chapter 3. Sodium cyanoborohydride was purchased from Aldrich (Gillingham, UK) as 

a powder. APTS was obtained from Molecular Probes (Eugene, USA). Commercial 

carrageenan mixtures and blends for ice cream were from Nestle suppliers. Gum arabic, 

xanthan, alginate, agar and LBG were from Sigma. Carboxymethyl cellulose (CMC) and 

pectin from apple were from Fluka (Buchs, Switzerland). Furcellaran was from FMC 

(Philadelphia, US). Seaweed extracts were a gift from Patrick Boulenguer and Mireille Amat 

from SKW (Baupte, France). All filtration and dialysis devices were as in Chapter 3, Section 

3.2.1. 

4.2.2 Experimental conditions for CE 

As described ear1ier in Section 3.2.2, all experiments were performed on a Beckman PlACE 

5000 CE system equipped with a LIF detector connected to an Ar-ion laser (488 nm ex. 520 

nm em). Polyvinyl alcohol "eCAPTM N-CHO" coated capillaries of internal diameter 50 Jl m 

and various lengths, supplied by Beckman, were used. The capillary was thermostatted at 

25.0 0c. The background electrolyte used for all investigations was 25 mM ammonium 

acetate, pH 8.0, and the separation voltage was -25 kV. Between runs, the capillary was 

rinsed for 2 min with water, then for 2 min with the BGE. 

4.2.3 Derivatisation protocol 

Stock solutions of samples were prepared by weighing the powders into vials containing 5 

mL of high purity water with 0.002-0.03 % sodium azide. After vigorous stirring at room 

temperature, the solutions were heated and stirred at 65-70 °C for 30 min. They were 

subsequently left to cool down to room temperature. The desired volume of freshly 

dissolved carrageenan was dispensed into an Eppendorf tube. The following were then 

added: 2 IJL of labelling agent APTS (0.04 or 0.2 M). 10 IJL of 3.0 M acetic acid or 6 J-lL 

137 



Chapter 4: Analysis of carrageenans in polysaccharide mixtures andfood samples 

of 5.0 M acetic acid (resulting in a fmal concentration of 0.6 M in either case), 2 IJL of 1 

M sodium cyanoborohydride freshly dissolved in THF, and the required volume of water to 

give a total of 50 J.lL. The solutions were vortexed and incubated for 1 hat 55°C. 

4.2.4 Sample clean up 

Centrifugation 

The reaction mixtures were dispensed into microcentrifuge vials (Microcon 30 kDa 

molecular weight cut-off filters). The volume was brought up to 300 f.lL with high purity 

water. After vortexing, the samples were centrifuged for 10-15 min at 6,000 rpm in a 

microcentrifuge. This step was repeated two or three times more. The volume of the 

retentate was adjusted to 100 J.lL before injection. 

Dialysis 

Drop dialysis was performed as described in Section 3.9. Other dialyses performed before 

derivatisation used commercial dialysis bags. 

4.2.5. Calibration curves and carrageenan mixtures 

Stock solutions of carrageenans of concentration 2.5 mg mL'[ were prepared as described 

in Section 4.2.3. For calibration, derivatives of increasing masses of kappa (10, 25, 100 Ilg) 

and iota (25, 50, 75,100 J.lg) were prepared. Mixtures (MI-M9) were prepared with the 

compositions listed in Table 4.2. 
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Mixture mass iota / Il g mass kappa / Ilg mass lambda / Ilg 

MI 10 90 0 

M2 90 10 0 

M3 30 70 0 

M4 70 30 0 

M5 50 50 0 

M6 30 70 10 

M7 33 33 33 

M8 20 50 30 

M9 25 15 60 

Table 4.2. Composition of prepared mixtures of iota, kappa, and lambda carrageenans. 

Samples were derivatised according to the protocol described in Section 4.2.3 with a 

concentration of APTS of 0.2 M. Reaction mixtures were centrifuged as described in 

Section 4.2.4. All these samples were investigated using a 57 cm x 50 Ilm PYA coated 

capillary; th~ separation voltage was -25 kV (anodic detection): pressure injection was 

performed for 3 s at 0.5 psi. The data collection rate was 10 Hz. Before and after each 

sample injection, water was injected hydrodynamically for 3 s at 0.5 psi. 

4.2.6. Study of other polysaccharides 

Individual derivatives 

Concentrations for the stock solutions were 1.0 mg mL·1 for gum arabic. carrageenans. 

alginate and furcellaran. For pectin, xanthan, agar. LBG and CMC the concentration was 

0.2 mg rnL· 1• Agar and LBG were never completely dissolved. For derivatisation, 8 Il L were 

dispensed into Eppendorf tubes and derivatised according to the protocol described in 

Section 4.2.3 with a concentration of 0.04 M for APTS. The reaction mixtures were 

centrifuged as described in Section 4.2.4. All these samples were investigated using a 47 cm 

x 50 J,lm PYA coated capillary; the separation voltage was -25 kV (anodic detection); EKI 

was performed for 3 s at -10k V. The data collection rate was 20 Hz. Before and atter each 
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sample injection, water was injected hydrodynamically for 3 s at 0.5 psi. 

Mixtures of equal amounts of kappa carrageenan with other polysaccharides 

For each biopolymer, a stock solution of concentration 1 mg mL°1 was made up. Mixtures 

of kappa carrageenan with gum arabic, carrageenans, alginate and furcellaran were prepared 

by dispensing 16 ilL of kappa (16 Ilg) and 16 ilL of the other polysaccharide (16 Ilg) into 

an Eppendorf tube after the solutions had cooled to room temperature. Pectin, xanthan, 

agar, LBG and CMC solutions were pipetted when still warm, and 40 J.lL (8 J.lg) were mixed 

with 8 ilL of kappa (8 J.lg). A mixture of kappa, iota, and lambda (16 /-lg of each) was also 

derivatised. As a reference, derivatives of kappa carrageenan (8 and 16 Ilg) were also 

prepared. To all sugars were added successively 2 J.lI of a 0.04 M APTS solution, 8 J.lI of 

a 4.5 M acetic acid solution, 2 J.lI of 1 M sodium cyanoborohydride (NaCNBH3) and water 

to give a total of 60 III (resulting in a concentration of 0.6 M in acetic acid ). Incubation was 

performed for an hour at 55°C, followed by the drop dialysis treatment performed for about 

an hour in a beaker containing - 150 mL water. The volumes of the drops were carefully 

measured after recovery. In the case of the mixtures of kappa carrageenan with CMC and 

gum arabic, these could only be recovered partially. For these two samples the membrane 

sank below the surface of the water in the beaker during removal of the drop by pipette, 

causing sample loss by dilution into the very large volume. 

Mixtures of kappa with apple pectin, agar, LBG, xanthan, CMC, iota, furcellaran. alginate 

and gum arabic were investigated using a 47 cm x 50 J.lm PYA coated capillary: the 

separation voltage was -25 kV (anodic detection); pressure injection was performed for 6 

s at 0.5 psi. Mixtures of kappa with lambda, and iota and lambda, were injected on the 

same capillary shortened to 37 em after breakage. The voltage was reduced from -25 kV to 

-20 kV, to allow separation to occur at the same field strength (5.3 x 10-1 V mol). Under 

these conditions the current was exactly the same as in the 10 em-longer capillary (32 f..I A). 

The data collection rate was 20 Hz. Before and after each sample injection. water wus 

injected hydrodynamically for 3 s at 0.5 psi. 
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Mixtures oJkappa carrageenan with guar, LBO and CMC 

The composition of the samples is reported in Table 4.3. A calibration curve (2, 5, 15,25 

Ilg) was also prepared. The powders were not completely dissolved; it was assumed that all 

the carrageenan had gone into solution. Before dispensing 40 ilL of the solutions for 

derivatisation, the solids were allowed to settle out. Derivatisation was performed according 

to the protocol described in Section 4.2.3, with a concentration of 0.2 M for APTS. 

Reaction mixtures were filtered. The retentate volumes recovered for the synthetic mixtures 

were larger than for the kappa standards. Volumes were adjusted to 50 ilL for the 

derivatives of the calibration. For the mixtures they were measured and ranged from 175 to 

225 J.1L, resulting in theoretical concentrations in the range 0.02 - 0.05 mg mL'/. As a 

comparison, the concentration of carrageenan at the lowest point of the calibration 

corresponded to 0.04 mg mL". Experimental conditions for separation were the same as in 

Section 4.2.5. 

sample Gl G2 Cl C2 

guar / % w~w 68 64 

LBG/% w/w 21 31 78 71 

CMC/ % w/w 12 23 

kappa I % w/w 11 5 10 6 

total polysaccharide concentration / mg mL,j 1.8 1.9 1.8 2.4 

Table 4.3. Composition and total concentration of kappa carrageenan and other 
polysaccharides in mixtures imitating ice cream blends. 

4.2.7 Study of seaweed extracts, commercia) carrageenan samples and food samples 

Stock solutions of concentration 2.5 mg mL,j were prepared from all samples in powder 

form. 40 J.1L (representing 100 Ilg) were derivatised according to the protocol described in 

Section 4.2.3 with 0.2 M APTS, and were centrifuged 3 or 4 times according to the method 

in Section 4.2.4. 
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In the case of the seaweed extracts the volume of the retentates varied between 75 and 127 

J.lL. The derivatives were injected, without adjustment of the volume, into a 67 cm x 50 J.lm 

PV A coated capillary. Pressure injection was performed for lOs at 0.5 psi. The data 

collection rate was 20 Hz. 

Sample preparation for the jelly consisted of a simple dilution of the jelly dessert in which 

the carrageenans were already in an aqueous matrix. Two solutions of concentrations 5 g 

L-1 and 109 Lo 1 respectively were prepared. They were stirred at 55°C until dissolution was 

complete. Then 40 J.lL of these stock solutions (respectively 2 and 4 mg) were dispensed for 

derivatisation. Increasing amounts of iota and kappa carrageenan (10, 20, 50 and 100 J.lg) 

were derivatised simultaneously, to provide a calibration curve. The final volume after 

centrifugation was brought up to 100 J.lL by addition of water. 

In the case of the dairy desserts, sample preparation included fat removal. A suspension of 

the dessert (15 g in 100 mL) was prepared in dioxan and stirred at 60°C for - 30 min. This 

suspension was then filtered using a membrane filter (Millipore type FH, pore size 0.5 /lm, 

47 mm diameter) and washed twice with 50 mL dioxan and once with 50 mL ethanol on the 

filter. The filter precipitate was left to dry overnight in a dessicator under vacuum. This 

procedure removed the fat and the liquid phase of the dessert and reduced the mass of the 

sample by 80 to 90 %. The precipitate was then redissolved in water at 55°C. In order to 

remove particles, the solution was centrifuged at 7,000 rpm for 10 min. The resulting 

supernatant solutions were subsequently dialysed overnight using commercial devices (in 

one case a Slide-A-Lyzer® MINI Dialysis Unit, in the other case a SpectraIPor® 

DispoDialyzer) in 500 mL beakers of ultrapure water. In order to test the two types of 

dialysers, both dialysed and undialysed samples were derivatised. The volumes of the 

samples were measured to allow correction for any dilution occurring during dialysis. After 

derivatisation the volume of the retentates varied between 30 and 6011 L. Solutions were 

injected without further dilution into a 57 cm x 50 IJm PYA coated capillary. Pressure 

injection was performed for 3 s at 0.5 psi for the derivatives of the carrageenan mixtures. 

and 10 s for the derivatives of the dairy desserts. The data collection rate was 10 Hz. 
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4.3 Results and discussion 

4.3.1 Synthetic mixtures 

4.3.1.1 Determination of carrageenan composition in carrageenan mi..r:tllres 

In order to test the possibility of quantifying carrageenan ub-type , mixture of vari u ' 

proportions of kappa, iota, and lambda were prepared. Lambda carrageenan cannot be 

correctly integrated because of its peak profile, which show two peak ( ee Fig. 3.12), and 

the presence of a satellite peak of APTS, but increasing amounts of kappa and iota 

carrageenans were derivatised for caUbration, as described in Section 4.2.5. Fig. 4.1 hows 

the electropherogram of mixture 5. 
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Figure 4.1. Electropherogram of an APTS-derivatis d mi. tur s. (a) mix! ur f iota (I. 111 

mL'), and kappa (1.0 mg rnL-l ) carrageenan (M5); (b) mi tur f lamhda 1._ m m I). 
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The calibration curves for normalised areas. An. of iota and kappa versus mass derivatised 

gave satisfactory regression coefficients of values 0.989 and 0.997, respectively. Equations 

found were the following: 

for iota, An I lOS = (0.724 ± 0.045) X (mass I flg) - 1.4 ± 2.7 

for kappa, An I 105 = (0.615 ± 0.025) X (mass I flg) - 1.9 ± 1.3 

Linear regression allowed determination of the absolute amounts ofthese two carrageenans 

present in the mixtures. When only iota and kappa were present, the proportion of the total 

amount found could also be calculated. Peaks were integrated drawing a horizontal baseline, 

setting the limits at the minima between peaks, and dropping verticals. In the case of iota -

kappa carrageenan mixtures, the signal almost reached the baseline between the two 

carrageenans (Fig. 4.1). When lambda was present, especially in mixtures where it was the 

main species (Fig. 4.2), it induced a tailing on the iota peak, due to the double peak profile 

of lambda and its tailing out to long migration times (see Fig. 3.12). A consequence of this, 

when using the peak integration method as in Fig. 4.2, is an overestimate of the iota peak 

area. There will be a corresponding underestimate of the lambda peak area, although we do 

not attempt to quantify lambda in these mixtures. Results are summarised in Tables 4.4 and 

4.5. 

total mass of iota kappa Ideviationl 
carrageenan 1% w/w 

sample derivatised I mass 1 pg content I mass I pg content I 
pg % w/w % w/w 

actual found actual found actual found actual found actual found 

MI 100 106 10 18 10 17 90 88 90 83 7 

M2 100 85 90 74 90 87 10 II 10 13 3 

M3 100 63 30 32 30 51 70 31 70 49 21 

M4 100 68 70 51 70 75 30 17 30 25 5 

M5 100 142 50 72 50 51 50 70 50 49 1 

Table 4.4. Absolute amounts and compositions found for artiticial mixtures of iota and 
kappa carrageenans 

Adding the amounts found for each component of the mixture gave a value for the recovery 
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of the mixtures. This apparent recovery varied from 63 to 142 % in the case of derivatised 

mixtures of iota and kappa. This is not realistic, and most probably a physical effect must 

account for these results. One of the reasons may be a different viscosity for each sample, 

according to the content of each of the carrageenans, which leads to variations in amount 

injected into the capillary. This could explain the differences observed between the measured 

and true values. If viscosity is the reason for the discrepancy in absolute mass 

determinations, the contents are more likely to match the expected values, since pressure 

injection has no influence on the relative amounts injected for each species. Table 4.4 shows 

that the proportions found for iota and kappa are close to the actual values. An exception 

is the mixture M3, where an excessive proportion of iota was found. On average, the root 

mean square deviation from the actual values for the proportion was found to be 6 %. The 

root mean square deviation for the total amount found is ± 17 f.lg for 100 IJg. The higher 

RSD for mass than for proportion is consistent with the explanation suggested above. 

Iota and kappa carrageenan standards from Sigma contain a small fraction of each other, 

which has been estimated in previous work to be a maximum of 10% (Hjerde 1996). In our 

CE measurements there is a small peak of iota in kappa and vice versa. The content of each 

carrageenan in the other was estimated by peak height to be 4 %. Taking into account these 

values means that a 90 : 10 (iota / kappa) mixture is actually 87 : ]3, whilst 70 : 30 is 

corrected to 69 : 31, and 50 : 50 remains after correction 50 : 50. This cannot explain the 

discrepancy observed for mixture M3, but is in agreement with the trend observed for the 

90: 10 mixtures M 1 and M2. 

total mass of iota kappa iota I kappa ratio 
sample carrageenan mass l)1g mass l)1g 

derivatised /)1g 
derivatised found ~erivatised found dcrivatised found 

M6 110 30 33 70 41 0.4 O.S 

M7 100 33 40 33 21 1.0 1.9 

MS 100 20 37 50 41 0.4 0.9 

M9 100 25 31 15 11 1.7 2.8 

Table 4.5. Absolute amounts and ratios found for iota and kappa carrageenans in prepared 
mixtures of iota, kappa and lambda carrageenans 

145 



Chapter 4: Analysis oj carrageenans in polysaccharide mixtures andJood samples 

In the case of the mixtures containing lambda carrageenan, not only did the masses found 

for iota and kappa vary from the true values, but also the relative proportions of iota and 

kappa were significantly different from those expected. The presence of lambda influences 

the viscosity of the solution and also biases the determination of iota, because (as discussed 

before) part of the lambda peak co-migrates with iota. The values of the iota I kappa ratios 

are shown in Table 4.5 for samples M6-M9. They are systematically higher than expected, 

which means a systematic overestimation of iota with respect to kappa. 

4.3.1.2 Mixtures oJ kappa carrageenan with other hydrocolloids, 1:1 ratio 

Individual polysaccharides 

In order to test the possibility of interference with carrageenans, other polysaccharides were 

derivatised and analysed in a series including iota, kappa and lambda carrageenans, 

according to the protocol described in Section 4.2.6. After the usual recovery by fast 

spinning, the centrifugation filter was rinsed in order to recover possible remaining 

polysaccharide material. The solutions were then injected into the CE capillary. In the case 

of carrageenans, alginate and gum arabic some derivatised polysaccharide material was still 

found in the rinsing solution, but it gave a very low signal. In contrast, in the case of pectin, 

most material had not been removed in the first retentate, and significantly more material 

was detected in the rinsing solution. The electropherogram of the rinsing solution is shown 

in Fig. 4.2d. Nothing was detected in the rinsing solutions in other cases. 

Alginate, gum arabic, pectin and furcellaran gave peaks, but LBG, agar. xanthan and CMC 

did not. LBG is a neutral polysaccharide, therefore the only charges present are those of 

APTS end groups, which could not induce a sufficient mobility to reach the detection 

window in our analysis time. Agar carries only a small proportion of sulfate groups, 

therefore its mobility is also probably too small to be detected in our conditions. An 

unknown is the molecular weight of these polymers. If significantly higher than 

carrageenans, there would be insufficient end groups for derivatisution. CMC and xunthun 

are negatively charged polysaccharides. For xanthan, Mw and Mn were found to be 6.5 X 106 

Da and 1.9 x 106 Da, respectively (Runyon et al. 1996). This is significantly higher than the 
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molecular weight found for carrageenan (Section 3.5). 
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charge i 2 x-I x(0.25 to 0.30), which give a charge in th rang - .5 t - lim umhi 

is a complex polymer con isting of a galacto ba kb nc maining 
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iota alginate furcellaran kappa pectin gum arabic 

RMT 1.196 1.226 1.264. 1.560 1.802 2.330 
1.548. 
2.056 

charge per 
disaccharide -2 -2 >-1 -I -0.5 to -0.6 -0.6 

Table 4.6. Relative migration times (migration time divided by APTS migration time) and 
charge per disaccharide unit for polysaccharides analysed in 25 mM ammonium acetate 
buffer, pH 8.0. 

Furcellaran exhibits 3 peaks, the major one migrating at the migration time of kappa (at 4.1 

min), a smaller one close to iota (at 3.3 min) and a minor peak migrating at 5.4 min. 

Furcellaran is a polysaccharide of the carrageenan family, extracted from a different red 

seaweed, but very close to kappa in its properties. The structure of furcellaran is reported 

to be that of kappa carrageenan with a lower sulfate content (Piculell 1995). The 

electropherogram in Fig. 4.2a is more consistent with furcellaran being a three component 

mixture, including probably a low-sulfate content component migrating slower than kappa. 

Alginate is composed of mannuronic and guluronic acid residues. both of which carry a 

negative charge at pH 8.0. Therefore, it migrates in the carrageenan time window and gives 

a good quality single peak between iota and kappa but close to iota. The intense. thin peak 

observed in the electropherogram of alginate is present in the blank reaction and is du~ to 

an APTS impurity. The gum arabic peak has a good shape. and its low charge per 

disaccharide explains why its RMT is greater than that of kappa. The branched structure 

gives gum arabic a high frictional coefficient. This accounts for the higher RMT than for 

pectin, which has approximately the same charge per disaccharide. Pectin gave a very broad 

and late peak, with a low signal (by peak height) in comparison to the other polysaccharides. 

The migration behaviour of pectins is related to their degree of esterification (DE). and 

studies by Zhong et al. on native pectins detected by UV have shown that. in CZE. the 

mobility correlates with DE (Zhong et al. 1997; Zhong et al. 1998). 

From Table 4.6, one can deduce the possible interferences of polysaccharides with 

carrageenans. Alginate has a RMT close to iota and the peaks of these two polysacchurides 

would probably not be fully resolved if they were mixed. Furcellaran. being from the 
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carrageenan family, will interfere with both iota and kappa, as shown in the following study 

for the latter. 

Mixtures of polysaccharides with kappa carrageenan 

Dialysis was previously shown to produce samples with good recovery and reproducibility 

(Section 3.3.63), therefore it was used to investigate the possible effects of other 

polysaccharides on carrageenan derivatisation and recovery. Unfortunately, peaks for 

lambda, iota and the alginates migrate too close to the satellite peaks of APTS to be 

satisfactorily integrated. Kappa migrates slower and its peak is distinct from the satellite 

peaks. Therefore, 1: 1 w/w mixtures of kappa and of various individual polysaccharides were 

derivatised and dialysed as described in Section 4.2.6. Reference derivatised samples of 

kappa carrageenan were also prepared. For direct comparison they were injected under the 

same conditions as the mixtures. As discussed in Section 4.3.1 , peaks were integrated using 

a horizontal baseline and taking care to choose the same limits for peak start and peak end. 

In order to be compared, the areas were normalised with migration time and corrected for 

variations of volume, by normalisation to 100 ilL, as explained in Section 3.3.6.3. 

Recovered v~lumes V
r
, corrected areas for kappa, Ac' and relative migration times RMT for 

kappa are reported in Table 4.7 for mixtures with other carrageenans, furcellaran, alginate, 

and arabic gum (mixed with 16 Ilg of kappa carrageenan). Table 4.8 gives values from 

mixtures with pectin, agar, LEG, xanthan and CMC (mixed with 8 Ilg kappa carrageenan). 
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Polysaccharide mixed Vr/pL Ac(kappa) Ac(kappa)/ RMT 
with kappa Ac(standard) 

47 cm capillary 

none 105 40.1 1.574 

iota 168 44.5 1. J J 1.568 

furcellaran 191 51.2 1.28 1.573 

alginate 186 38.9 0.97 1.568 

gum arabic I 60 11.8 0.29 1.572 

37 cm capillary 

none 105 68.1 1.492 

lambda 187 70.3 1.03 1.495 

iota and lambda 260 82.7 1.21 1.496 

Table 4.7. Results of quantitative analysis of kappa carrageenan in 1: 1 w/w mixtures with 
other carrageenans. alginate and arabic gum. Total mass derivatised 16 IJg kappa + 16IJg 
of the other component, including in the mixture with iota and lambda (J 6 IJg of each). 
Sample purification by drop dialysis. 
I partially re~overed 

Polysaccharide mixed Vrl pL Ac(kappa) Ac(kappa)/ RMT 
with kappa Ac(standard) 

47 cm capillary 

none 100 18.4 1.571 

apple pectin 160 17.2 0.93 1.568 

agar 171 19.0 1.03 1.570 

LBG 120 19.0 1.03 1.566 

xanthan* 127 21.1 1.15 1.592 

CMC*·I 40 7.2 0.39 1.575 

Table 4.8. Results of the derivatisation of8IJg kappa carrageenan with apple pectin. agar. 
LBO. xanthan and CMC. Sample purification by drop dialysis. 
* Xanthan and CMC mixtures were injected on a different day to the others and in particular 
the 8 J.lg kappa standard. 
I . 
partially recovered. 
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The mixtures of kappa carrageenan with CMC and gum arabic were only partially 

recovered, as discussed in Section 4.2.6 because the membrane sank in the beaker while 

pipetting the solutions. Therefore a significant fraction of sample was lost. This explains why 

the results for corrected areas do not match the expected values in these two cases. 

The reported values for the peak areas of kappa carrageenan found in most polysaccharide 

mixtures are in good agreement with those of the standards. This means that one can be 

confident about the quantification of kappa carrageenan in 1: 1 wlw mixtures with other 

polysaccharides, when the clean-up procedure is drop dialysis. Considering all mixtures fully 

recovered, an average of Ac (kappa) lAc (standard) is 1.02 ± 0.07. This corresponds to an 

RSD of7 %. When excluding xanthan (injected on a different day from the standard), the 

average for the area ratio is 0.99 ± 0.04. This corresponds to a standard deviation of 4 %, 

which is close to the reproducibility of the drop-dialysis protocol, 3 %, determined 

previously (Section 3.3.6.3). 

Alginate and xanthan do not seem to have an influence on the detectable quantity of kappa 

carrageenan. Aggregates appeared in the xanthan-kappa carrageenan mixture (Fig. 4.3a), 

giving rise t~ spikes, which could be integrated separately and subtracted from the area of 

interest. If there is an interaction, it does not modify kappa's behaviour during the 

derivatisation process or its migration in the capillary. There may be an interesting effect of 

xanthan on the relative migration time of kappa. The value of RMT increases to 1.590, in 

comparison with the average 1.570 found. This would require further investigations. No 

overlap with the kappa peak was noticed except for pectin (see Figure 4.3b). In this case 

the peak of carrageenan was integrated with the pectin peak as baseline. Agar and LBO did 

not give any signal, as observed previously. 

151 



Chapter 4: Analysis of carrageenans in polysaccharide mi lures and food samples 

0.3 

0.2 

~ 
~ 0.1 

0 

-0.1 

2 

0.2 

0.1 
~ 
u.. 
CI: 

0 

-0.1 

0 

a 

3 

2 4 

4 
time! min 

6 
time!min 

5 6 

8 10 

Figure 4.3. Electropherogram of an APTS-derivati ed mi tur of (a) kappa arr g cnan 
(0.06 mg mL') and xanthan (0.06 rng mL-'); (b) kappa carrage nan (0.05 mg m I and 
pectin from apple (0.05 mg mL-'). CE condition : 47 cm x 50 J.lm PV c at d pill ry; 
pressure injection: 6 s at 0.5 p i. 

Results in Table 4.7 clearly indicate that both iota and furcellaran, whi h bel ng t th 

carrageenan group, contain a proportion of kappa carrageenan. Thi. is 

observations from the iota and furcellaran tandards. 

rdam \ ilh 
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4.3.1.3 Mixtures of kappa carrageenan with an excess of guar, CMC and LBG 

Blends used in the food industry for ice creams contain carrageenan mixed with locust bean 

gum, CMC, guar and emulsifiers. Synthetic mixtures reflecting real proportion determin d 

previously at Nestle were prepared with only the poly accharide compon nt . G I an 2 

contain guar and LBG, CI and C2 contain CMC and LBG. Kappa carrageenan wa added 

because this sub-type is used in ice cream (Glick man 1983). Preci e comp iti nand 

experimental details are reported in Section 4.2.6. A number of spike were pre ent on th 

kappa peak in the synthetic mixtures (see Fig. 4.4), therefore their area had t be 

substracted for correct integration. Further correction were made to account ~ r th 

difference in volume between the references and each mixture. 
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:@ 0 

-0.1 
4 4.5 5 5.5 6 6.5 7 

time / min 

Figure 4.4. Electropherogram of an APTS-derivati ed mi tur f kappa arrag cnnn (0. 4 
mg mL-I

), CMC, and LBG (C I). CE condition : 57 m x 50 pm PV A at d apillar : 
pre ure injection : 3 at 0.5 p i. 

ample GI G2 I .. 
actual/ % w/w 11 5 10 

determined / % w/w 19 7 I 5 

Idifferencel / % w/w 8 2 I 

Table 4.9. Quant ification of kappa carrageenan in polysa huridc mi lUI'S ntilining L1t1r 

and LBG (G I & G2) and LBG and CM (1 2). 
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The results concerning estimation of kappa in the mixtures are summarised in Table 4.9. The 

values found for kappa are in general higher than expected. but they are in the correct range. 

This proves that the presence of other polysaccharides does not significantly affect the 

derivatisation and identification of kappa carrageenan. The average difference from the true 

value is + 3.4 % w/w. The presence of guar, LBG, and CMC leads to overestimation of 

kappa carrageenan. 

4.3.2 Seaweed extracts 

Two groups of seaweed extracts were provided by SKW. Samples in the first group were 

standards, extracted from specific seaweeds, whose extraction products are well-known. 

These included kappa. iota, lambda, mu, nu, and xi. The precursors mu and nu cannot be 

isolated and are mixed with kappa and iota respectively; their content in the extract is in the 

range 20-30 %. Kappa and mu standards were isolated from Eucheuma cotonii, iota and 

nu from Eucheuma spinosum. Xi was from Gigartina acicularis. Samples in the second group 

of seaweed extracts were from different types of seaweeds. The lambda standard was a 
, 

fraction (A2) of an extract of this second group (sample A). In this group of samples the 

content in sub-type (kappa, iota, lambda, xi) was determined at SKW and provided to us 

after the CE experiments. 

Carrageenan standards of iota, kappa and lambda from Sigma were derivatised in this series 

of experiments for comparison, since they were used as references throughout this thesis 

work. Electropherograms of the derivatised standards provided by SKW and of 

lambda from Sigma are displayed in Fig. 4.5 a-g. 
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The relative migration times a defined in Chapter I w r cal ulat d t 'nnbl pre is 
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comparison of the migration behaviour of the carrageenan sub-types, and are reported in 

Table 4.10. 

sample Figure migration time- I relative migration times 
min 

kappa 4.5a 8.539 1.524 

mu 4.5b 6.556,8.013,8.593 1.166 1.426 ].529 

iota 4.5c 6.551, 6.577 1.164 
1.169 

nu 4.5d 6.549 1.163 

lambda 4.5e 6.315 1.129 

xi 4.5g 6.520 1.172 

iota b 6.581, 6.598 1.166 
1.169 

kappa b 8.569 1.538 

lambda b 4.5f 6.081,6.726 1.076 1.190 

A 4.6A 6.256, 6.905, 8.567 1.122 1.238 1.536 

Al 4.6AI&A2 6.934, 8.570 1.241 1.534 

A2 4.6AI&A2 6.315 1.129 

B 4.6B 6.708, 7.695, 8.630 1.185 1.360 1.525 

C 4.6C 6.667,6.949,8.630 1.180 1.322 1.521 

D 4.6D 6.651,6,947,8.631 ].] 78 ].230 ].528 

Table 4.10. Relative migration times of carrageenan standards and other seaweed extracts. 
a measured at peak maxima 
b S' Igma standards 

Kappa and iota carrageenans both gave peaks having the same appearance whether they 

were from Sigma or from SKW. Both iota samples showed a peak split at the top. L"",hda 

from Sigma exhibited two peaks. This sample exhibited different peak ratios according to 

the derivatisation procedure, as mentioned in Chapter 2. In all cases its peak area is smaller 

than that of the other carrageenans; this can be accounted for because the molecular weight 

of the native material is higher (see Section 3.5) and its hydrolysis rate is lower than the 

other two carrageenans. Peak area differences are more noticeable using the optimised 
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derivatisation conditions than when using the procedure described in Chapter 2. Because of 

the soft extraction conditions used, lambda is usually extracted with kappa's precursor mu, 

which could explain the second part of the peale. Stevenson & Furneaux (1991) reported the 

composition of lambda carrageenan from Sigma, which is extracted from Gigartina 

acicularis and pistil/ata. This lambda was found to be a hybrid or mixture of lambda and 

xi, with 1.8 % pyruvate residues. This means that a pyruvate ketal is present in I in 6 

disaccharide units, as 4,6-pyruvate ketal group on 3-linked galactosyl residues. Pyruvate 

brings a COO· group, therefore an additional charge to the residue. This means that the true 

structure of this carrageenan sub-type presents less sulfate groups than its theoretical 

formula, and that additional substituents can modify its frictional coefficient and charge in 

comparison to expectations. This helps in understanding its electrophoretic behaviour. The 

lambda standard provided by SKW gave one main peak, with a migration time lower than 

iota. This is consistent with lambda carrying more charge than iota. This sample is much 

purer than that provided by Sigma. 

The extract containing the precursor mu gave 3 peaks. Kappa was present as the major 

component, with some iota. In this sample, iota was not removed, whereas it had been from 
, 

the pure kappa standard. The precursor mu migrated faster than kappa, as expected, since 

it carries one extra sulfate group. The new peak added a shoulder on the normal kappa 

peak, which is consistent with the fact that precursors are hybrid molecules, with the 1,4-

linked ring partly sulfated at C6, partly in the 3,6-anhydrogalactose form. 

Nu carrageenan displayed a peak at a migration time almost identical to that of iota. The 

peak of the precursor is not separated from that of iota. When zooming on the peak, one 

notices a difference in peak shape, since the top of the peak i~ much thinner in the case of 

the nu sample. Because of counterion condensation, iota and IllI residues could huve the 

same net charge per residue. The iota residue contains an anhydrogalactose bridge, which 

could be responsible for a difference in its frictional coefficient. and induce a slightly 

different mobility. 

Xi carrageenan was more viscous than the other carrageenans, and its electropherogram 

shows residual peaks of small Mw fluorescent material. The migration behaviour of xi was 

similar to that of iota, as expected from its structure carrying two sulfate groups. In 
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mixtures containing iota and xi, iota will be overestimated. 

The electropherograms of other extracts are shown in Fig. 4.6. Sample Al and A2 are 

fractions of sample A. The electropherograms of samples A I and A2 displayed specific parts 

of the electropherogram of sample A. The patterns displayed by these samples are different 

from these given by the synthetic carrageenan mixtures studied in Section 4.3.1. Some 

material migrates at a time intermediate between those of iota and kappa carrageenans, and 

is deduced to be a hybrid. The hybrid nature of carrageenans has been demonstrated by 

Bellion et al. (1982). Boulenguer and Amat found that the composition in repeat units of 

sample B was 65 % kappa, 27 % iota, and 8 % lambda. Similarly, sample C was found to 

contain 55 % kappa, 15 % iota, and 30 % lambda. The electropherograms showed 

completely different distributions of the peak areas, with more material present as a hybrid 

in sample B than in sample C. The kappa peak area is greater in C than in B, implying the 

presence of a greater proportion of chains containing a majority of kappa units in sample C. 

None of the samples A-C gave a peak having the migration time expected for iota, 

suggesting that pure iota chains did not exist in these samples. Sample C resembles more 

the artificial mixtures of standards than does sample B, though the fluorescence signal doe.s 

not go as c1o~e to the baseline between the kappa and iota peaks as would be expected from 

mixtures of the two standards (cf. FigA.la). The composition of sample D was 50 % kappa, 

15 % iota and 35 % xi. Its electropherogram showed three main peaks; from these, kappa 

was the only clearly identified sub-type. The first peak has iota peak shape, but a slightly 

longer migration time. The peak at the intermediate migration time could be a hybrid. 
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eliminated most of the sucrose (peak at 5.2 min). As observed before in 3.3.5, this peak is 

probably glucose or I and fructose produced by hydrolysis of the disaccharide. The 

centrifugation step did not remove all of the small molecular weight fluorescent material in 

the case of these samples, but one can clearly identify iota and kappa carrageenans. In the 

case of mixture F, a peak is present between iota and kappa, closer to iota. This profile of 

the peaks and migration behaviour is very similar to that observed in Section 4.3.2 for 

sample D. We deduce that the manufacturer of this carrageenan mixture may have used the 

same type of seaweed or extraction procedure as for sample D. In the case of mixture 0, 

a peak is also present between iota and kappa, but closer to kappa. Its peak shape, round 

and broad, resembles that of the supposed hybrid, present in sample B, analysed previously 

in Section 4.3.2. Only one batch of each commercial sample was tested. It would be 

interesting to see if the content in hybrid varies with the batch, since the composition of 

seaweeds can vary with the season and the age of the plant. This ability to fingerprint 

carrageenan mixtures is a unique feature of the CE method, since in this case spectroscopic 

methods like NMR or IR would only detect the presence of iota and kappa repeat units. No 

information is provided by these techniques about the sequence of the polysaccharide. Since 

CE is based on the migration behaviour. it truly separates components of different charge­

to-size ratio~. 
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Figure 4.7. Electropherograms of two APTS-derivati ed commercial carrageenan miXlUr ., 
treated with and without dialysis before derivatisation. (a) F (non dialy ed 1.3 mg mL-', 
dialysed 2.5 mg mL-'), (b) G (non dialysed 1.3 mg mL-', dialy d I. mg mL-'). 
conditions: as in Fig. 4.4. 

4.3.4 Blend containing other polysaccharide and ernul iii r mono· and 

diglycerides), used for ice cream 

Real blends were derivati ed within the serie tudied in ec ti n 4 .. 1. P 1 sa 'haricJ ' 

component of these blends are carrageenan, LBG, M and gLl. r. arrag ' nan is a min r 

component of this blend. No carrageenan LIb-type nl nt i ' pr idcd b I h ' 

manufacturer. Non-poly accharide components are m n -

emulsifiers. The e blends did not completely di olve. W as umed thaI the arrtl~ \ fl tlllS 

had gone into solution after the time allowed to olubilisc th 

dispensed warm, in contrast to the other ample, b cau th vis' SiLi , r lh s mi. lur's 
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were higher. The volumes recovered after centrifugation were higher than for the Sigma 

standards, and the retentates were more coloured than in the case of the standard, te tifying 

to the difficulty for liquid to pass through the membrane becau e of the high vi co ity. 

Before pressure injection the so lutions were centrifuged at 14,000 rpm in order to remove 

particles, and the supernatant was used for injection. The electropherogram di played a lot 

of peaks due to APTS and byproducts (see Fig. 4.8), as expected from the colour of the 

retentates. Kappa carrageenan could be detected in the blend containing guar and LBO, but 

not in the blend containing CMC and LBO, which showed a complex electropherogram 

where even kappa carrageenan could not be identified. Integration of the kappa peak in the 

first blend, followed by correction for the volume yielded a content of 5 % w/w of 

kappa carrageenan in this blend. Analysis of this sample by methylene blue complexation in 

the carbohydrate laboratory at Nestle gave a value of 4. J %. 
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Figure 4.8. Electropherogram of APTS-derivati ed blend ntatntng arruo ' 'nnns 
(concentration in blend 1.5 mg mL·1). CE condition : as in Fig. 4.4. 

4.3.5 Food samples 

4.3.5. 1 Aqueolls matrix : jelly 

The electropherogram of the jelly showed two peak c rl' :p nding t iora and kappa, and 

a narrow peak at an intermediate migration tim (e ). Th migrnti n tim' f this 
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peak corresponded to that of glucose, due to its sucrose content. Not all of the sucrose was 

elimjnated by microcentrifugation. 
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Figure 4.9. Electropherogram of APTS-derivatised jelly sample containing carrageenans (4 
mg mL'). CE conditions: as in Fig. 4.4. 

Using the calibration curves for iota and kappa yielded an estimate of the carrageenan 

content reported in Table 4. II. 

content I % w/w 2 mg derivatised 4 mg derivatised 

iota 0.92 0.88 

kappa 0.94 0.89 

total carrageenan 1.86 1.7 

Table 4.11. Content of iota and kappa carrageenans in the jelly. 

The value found for the two reaction replicate were very imilar. Iota and kappa 

carrageenans were found to be pre ent in equal amount in thi ample. The determination 

by CE wa repeated. and a value of 1.4 % wa found , with a lightly different comp ilion 

(44 '10 iota, 56 % kappa). The content in carrageenan wa al determined by the methylene 

blue method described in Chapter 3. Since the slope is different for the different carrageenan 

ub-types, a 50/50 w/w mixture of the two carrageenan ' wa u ed a calibration. The total 
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carrageenan content was found to be 0.85 % w/w. When measuring the content of 

carrageenan in the blend, it was found to be 51 %, thus the total content of blend in the jelly 

is calculated to be 0.85 % 10.51 = 1.67 %. Using the blend as calibrating material, the jelly 

was measured to contain 1.56 % ofthis raw material. These values are consistent with each 

other, and with the actual composition of this finished product, supposed to be 1.28 % in 

blend. The value found by CE is systematically higher than that found by methylene blue. 

The study performed in Section 4.3.1.1 allows us to say that the value (1.7 % on average) 

found here by CE for the content of the carrageenans are significantly above the content 

determined by methylene blue. 

The stability of gelling carrageenans under processing conditions has been reported by Marrs 

(1998). The recommended pH for a water-based dessert is 4.1. It was shown that pH played 

a key role in the stability of carrageenans when processing them at 80 °C for 15 min. 

Ingredients in the jelly included 1 % carrageenan, 18 % sucrose, 0.32 % potassium citrate, 

0.35 % citric acid. Experiments carried out on kappa at pH 3.6 in the study by Marrs 

showed that there was more than 30 % of material with Mw < 100 kDa, which would not 

meet the standard for viscosity (see Chapter 1). Jellies containing kappa carrageenan were 

also processed at higher temperatures, in the range 85-140 °C, for 10-30 s. After processing, 

the content of material with Mw < 100 kDa was found to be within the range of native 

carrageenans, except in the case of the highest temperatures (130 and 140 0C), where it 

reached 20 and 35 %, respectively. Under appropriate conditions of pH and temperature, 

hydrolysis does occur, but within acceptable limits. 

In the particular case of the jelly analysed here, the range of conditions (pH, temperature and 

duration) possible during processing were disclosed. (For reasons of confidentiality these 

conditions cannot be given in the thesis). Using this information and the parameters given 

in the paper by Hjerde et al. (1996), as already described in Section 3.6, the extent of 

degradation of iota and kappa carrageenans was estimated, starting with a Mn value of 150 

kDa, as determined in Section 3.2.7 for native carrageenans. We found that Mn for iota 

could be reduced to as low as 50 kDa, and that of kappa to 30 kDa. Therefore. a very 

plausible reason for the overestimation by our CE method is that there was a higher content 

in reducing ends in the sample following the processing than in the unprocessed calibrating 

material. An advantage of analysis of carrageenans in this jelly by CE is that it provides 
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information on the relative amounts of iota and kappa carrageenans and on the hydrolysis 

undergone by the carrageenans during the processing. However, accurate quantification is 

hardly possible in these conditions, when the processing conditions are unknown. Moreover, 

since the hydrolysis of iota proceeds slower than that of kappa, it is likely that when 

degradations occurs, estimation by CE will lead to an overestimate of kappa and an 

underestimate of iota. 

4.3.5.2 Milk matrix: dairy dessert 

As discussed in the previous section, the commercial carrageenan samples were found to 

contain sucrose, which gave a narrow glucose peak between those of iota and kappa. Peaks 

due to sucrose appeared thus in all CE electropherograms of derivatised food samples. It 

should be noted that as well as being in the additive mixture, sucrose is frequently also an 

ingredient. Its peak did not interfere significantly with the integration of the kappa and iota 

peaks in the case of the jelly sample. Centrifugation did not clean the derivatised dairy 

dessert samples sufficiently to enable identification of iota or lambda, probably due to the 

high viscosity of the sample and the presence of ingredients such as proteins. In the dairy 

food samples, lactose was also present giving a sharp, intense peak on the leading edge of 

the kappa peak, and making it very difficult to identify kappa. To minimise the interference 

of small sugars in the electropherogram and their consumption of APTS, dialysis was 

performed on the food product before labelling. 

Fig. 4.10 shows the electropherograms of a dessert sample, non dialysed and dialysed with 

Slide-A-Lyzer® MINI Dialysis Units. This dialyser was found to be more efficient than the 

larger size one (SpectraJPor® DispoDialyzer). This shows that dialysis performed before 

labelling is a helpful procedure for detecting kappa carrageenan in finished dairy products. 

An estimation ofthe content of this dessert is 0.03 % w/w kappa carrageenan. The recipe 

indicates - 0.5 % w/w in blend, containing not only kappa carrageenan, but also iota. 

possibly other subtypes, and sucrose. Therefore. the value found is probably an 

underestimate of kappa carrageenan content in this product. 
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Figure 4.10. Electropherogram of APTS-derivatised dairy dessert sample containing 
carrageenans (non diaJysed 1.6 mg mL-1

, diaJysed in SpectraJPor® DispoDialyzers 2.9 mg 
mL-1, dialysed in MINI Dialysis Units 2.9 mg mL-1) . CE conditions : 57 cm x 50 f..Im PYA 
coated capillary; pressure injection: lOs at 0.5 psi. 
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4.4 Conclusions 

The study performed on synthetic mixtures showed that we can identify the main 

carrageenan sub-types, and that in the case where only gelling carrageenans are present, our 

method gives a fair estimate of the relative amounts of iota and kappa. The normalised areas 

cannot be related precisely to the absolute amounts present in the mixture, most probably 

due to differences in viscosities in samples containing different proportions of biopolymer. 

When it is present in the mixture, lambda carrageenan leads to an overestimation of iota. 

However, because of their different properties, the sUbtypes should seldom be found in 

equivalent proportions. In most cases, iota and kappa are expected to be the dominant 

species. Lambda is present in small proportions in certain seaweeds containing mainly the 

gelling fractions. Moreover, since lambda gives a lower peak area per unit mass derivatised, 

it should not interfere significantly in the quantification of iota. An appropriate standard and 

more investigations are needed for the analysis of this carrageenan SUbtype. 

The study of the artificial mixtures with other hydrocolloids showed that quantitative 

recovery of kappa carrageenan can be obtained when using a 1: I w/w ratio without 

significant in'terference apart from other carrageenans. Determination of iota carrageenan 

could be hindered if alginate occurred in the sample. The RSD was found to be 4 % on the 

area of all mixtures relative to the standard containing the same mass of derivatised kappa 

standard. In solutions containing a minor proportion of kappa carrageenan, the estimate was 

of the correct order of magnitude, as well as in the case of the ice cream blend. However, 

the clean up procedure was not able to remove efficiently all low Mw fluorescent material. 

It would probably be helpful to perform a preparative SEC clean up as described in Section 

3.3.6.6 to improve the separation of carrageenans from low Mw tluorescent material. The 

issue of variable viscosity affecting the volume injected may not be completely solved by 

preparative SEC clean up, since hydrocolloids will most probably be eluted with 

carrageenans. The same problem was encountered with the dairy sample even after fat 

removal. Pre-labelling dialysis was shown to be very efficient for removing small sugars such 

as lactose and sucrose. In experiments not reported here, maltose and lactose standards 

were derivatised and gave the same migration time, so one would expect interference from 

maltose with the kappa peak to be similar to that observed with lactose. Since they do not 
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carry negative charges, higher DP maltodextrins would migrate later than maltose, and 

would interfere less with the kappa peale This holds for other types of neutral 

oligosaccharides used in food (e.g. inulin). The labelling reaction is less efficient with non 

reducing sugars, but their eventual degradation products could give peaks, as mentioned for 

sucrose, which gives a peak at the migration time of glucose. 

The seaweed extracts provided by SKW helped us understand peak profiles observed in 

commercial mixtures. Of particular interest are iota-kappa hybrid structures, which yielded 

migration behaviour intermediate between that of iota and kappa. Unlike NMR and IR 

techniques, which detect individual repeat units of carrageenan sub-types, capillary 

electrophoresis accounts for the average charge / size of each chain, and can thus tell if the 

mixture contains pure kappa and iota types, as in the case of the jelly, or hybrid chains as 

in the case of the seaweed extracts and the commercial additive. The analysis of the jelly 

showed that the processing of the product could have a significant effect in decreasing Mn 

of the carrageenans, and hence lead to their overestimation by CE using standards of 

undegraded biopolymers. 

This chapter shows that capillary electrophoresis gives information about composition of 

samples in iota and kappa carrageenans. Spectroscopic and other chromatographic 

techniques give information about the content in repeat units or monosaccharide types. 

Since it does not require preliminary hydrolysis, capillary electrophoresis provides 

information about the behaviour of molecules of the polymer and thus, the distribution of 

repeat units in these chains, and the presence and proportion of hybrids. Another technique 

for identification of hybrids involves the use of specific enzymes, iota carrageenase or kappa 

carrageenase and fractionation. prior to NMR (Greer & Yaphe 1984, Knutsen et al. 1995). 

Methylene blue complexation gives the total amount of carrageenans present in a sample. 

A mixture of carrageenan standards with the appropriate composition should be used for 

calibration with methylene blue, in order to determine the absolute amount of carrageenan 

present in the sample. The use ofCE in combination with other spectroscopic methods (JR, 

NMR, colorimetry) would be the best way to characterise the sample. 
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5.1 Capillary electrophoresis 

The work reported here used an ammonium acetate BGE, which proved to be suitable for 

the separation of carrageenan sub-types according to their charge-to-size ratio and gave 

good results in term of repeatability of the amount injected. It should be noted that the peaks 

appeared to be split at the top in some cases, and that all carrageenans displayed fronting 

peak shapes. In CE, the mobility of the BGE is crucial to obtain good peak shapes. Since 

we use carrageenans and coated capillaries with the EOF suppressed, there are no acidic 

functional groups either on the analytes or the capillary wall, and buffering action is not 

required. It could then be possible to investigate the use a dilute solution of native 

kappa carrageenan as the BGE, which would have exact matching mobilities for the 

derivatised carrageenan to be analysed. This should remove any contribution from 

electromigration dispersion and improve the peak shape. 

A crucial feature of the CE method reported in this thesis is injection. In Chapter 3, we 

found that pressure injection is more reliable than electrokinetic injection, even though it 

injects smaller amounts and therefore has a higher limit of detection. However, in both EKI 

and PI, the amount injected depends on the viscosity of the sample, which varies 

dramatically with the content and type of hydrocolloids and emulsifiers present in finished 

products. An improvement could be obtained using higher temperatures both for separation 

and injection, so that the viscosity would be reduced in the sample. Separation is not 

affected by an increase in temperature, as shown in Chapter I. To have injection performed 

at higher temperature one would need the sample [0 be thermostatted, for example at 50°C, 

which is usually the maximum temperature allowed for commercial capillary electrophoretic 

systems. 

5.2 Sample preparation 

This thesis has investigated in detail the effects of the different parameters influencing the 

derivatisation reaction and the sample clean-up required to isolate the polysaccharides from 

the fluorescent material coming from the unreacted label. We have reached a compromise 
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in which carrageenans are partially hydrolysed, but sufficiently derivatised. The hydrolysis 

has been characterised by SEC and was found to occur to a maximum extent of 40 % in the 

case of kappa carrageenan, and of 20 % for iota and lambda. The principal potential error 

introduced by the CE method when determining carrageenans is in the range 20 - 40 %; 

however corrections are made for this by using of a calibration curve of the corresponding 

standard derivatised under the same conditions. Improvement could still be done to the 

derivatisation protocol, in order to reduce further the hydrolysis due to the presence of 

acetic acid. Hjerde et al. (1996) report that hydrolysis rates decreased with increased ionic 

strength. Adding a salt during the labelling reaction would thus decrease the hydrolytic 

effect of the acid catalyst. Another beneficial effect of a high ionic strength is that it screens 

charges, so it would favour the reaction between carrageenans and APTS, which are both 

anionic species and thus normally repel each other. One would have to be careful in the 

choice ofthe salt, particularly the cation, so that carrageenans would still be in the coil state 

during reaction at 55°C. Lithium or sodium ions would probably be appropriate choices, 

because the concentrations required to induce helix transition are higher than 0.5 M at the 

reaction temperature (Piculell 1995, Rochas & Rinaudo 1980). 

An important point of the derivatisation reaction is the yield as a function of Mw' Coupling 

a fluorescence detector to an SEC instrument would allow comparison of the distribution 

of the derivatised fraction with that of the whole carrageenan material. This would also help 

understand the peak shape and maybe gain additional Mw information from the 

electropherogram. 

Another improvement in sample preparation is the clean-up by preparative SEC. Few 

experiments were performed with this procedure. because it was only developed during the 

final stage of the project. The SEC protocol is very promising, since it provided very clean 

samples of carrageenans. One experiment not reported used preparative SEC for a tinished 

dairy product, and showed the same efficiency in clean-up. However. the signal from the 

derivatised carrageenans was close to the noise. due to the dilution occurring during the 

procedure. Lyophilisation may be required in the case of true samples, which contain low 

amount of carrageenans. The recovery of the procedure should also be estimated, probably 

using the methylene blue method. 
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5.3 Analysis of real mixtures 

The different mixtures analysed in Chapter 4 showed the advantages and the limitations of 

our approach. Derivatisation followed by CE-LIF can identify carrageenan sub-types 

according to their charge-to-size ratio. Iota and kappa are well defined gelling fractions and 

usually do not present problems when they are pure and present together. However, other 

carrageenan sub-types can also be present in commercial carrageenans. Lambda is often a 

hybrid structure containing repeat units from xi or kappa, and sometimes substituents other 

than sulfates. This results in a migration behaviour closer to iota and can give a peak with 

a broad shoulder. Another important issue is the presence in some seaweeds of a less 

sulfated form of non gelling carrageenan, xi carrageenan. This carrageenan, having a similar 

migration time to that of iota will directly interfere with iota. Amongst the precursors of the 

gelling carrageenans, only mu could be shown to display a different electrophoretic 

behaviour (hybrid containing both the disulfated. precursor repeat units and the 

anhydrogalactose containing, kappa repeat units). In general the precursors should not be 

found in commercial mixtures of iota and kappa, due to the extraction procedures which are 

designed to increase the content in gelling carrageenans, and thus convert precursors into 
I 

kappa and iota. However, precursors can appear in fractions of non gelling carrageenans 

like lambda or xi, extracted under milder conditions. Commercial mixtures were found to 

contain hybrid molecules, which cannot be differentiated from iota, kappa and lambda by 

other methods like NMR or IR. Our CE method, which does differentiate species, would 

be a useful tool for the investigation of seaweed extracts, and could potentially provide 

information on the polysaccharides linked in with the species and the age of the plant. 

Interferences from other thickeners should be limited, since they usually carry different 

substituents. One particular case is that of furcellaran, which is a polysaccharide from the 

carrageenan family and shows material migrating at iota and kappa migration times. Another 

polyelectrolyte is alginate, which could interfere with iota, but it is usually not found in 

mixtures with carrageenans. 

The polysaccharides used in the food industry in conjunction with carrageenans are locust 

bean gum, guar, and CMC. Being less charged than carrageenans, they do not display any 
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peaks, but they increase the viscosity and hamper the microcentrifugation sample clean up. 

So do emulsifiers and any type of matrix in food products. An improved clean-up procedure 

for these complex matrices could use preparative SEC, following the promising results 

obtained with the standards. Water or ammonium acetate solution could be used as eluent 

for this protocol, since they would avoid any aggregation of carrageenans. Lyophilisation 

may be required because of the dilution occurring during the process. The other 

polysaccharides will probably be eluted in the same fractions as the carrageenans, and 

increasing the temperature, as mentioned in Section 5.1, would help to reduce the viscosity 

for injection onto CE. 

The analysis of the jelly showed that CE could detect the occurrence of degradation during 

the processing of the dessert, creating more reducing ends than in the calibrating material. 

Such degradation cannot be detected by spectroscopic methods. This can be assessed by 

comparison of CE results with results obtained by the methylene blue method. In the case 

of the jelly, it could be directly concluded that CE lead to an overestimation because the 

matrix of this particular dessert was water and did not influence the injection. 

Dialysis performed before derivatisation proved to be a efficient procedure to remove small 

sugars present in excess, such as sucrose and lactose present in commercial mixtures and 

desserts. These saccharides not only consume APTS but also interfere in the 

electropherogram (especially neutral disaccharides, which co-migrate with kappa). This 

preliminary dialysis step can be conveniently performed overnight using the commercial 

dialysers. 

By implementing the suggestions given here, especially the sample clean-up required to 

detect the early peaks of iota and lambda, our method should be sensitive enough to be 

applied to dairy desserts. Used in conjunction with methylene blue, it could give a fair idea 

of the material present in the sample. 
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5.4 Other detection methods 

Our approach was derivatisation followed by LIF detection in order to have the maximum 

sensitivity using a commercial instrument. This led us to investigate the derivatisation 

reaction required for this type of detection. Other types of detectors, which would not 

require derivatisation, could potentially be used for carrageenans. One could consider using 

a refractive index detector in order to detect carrageenans in their native state. RI is widely 

used following size exclusion chromatography and has been reported for CE (Bruno et 

al. 1991). The difficulty in building such a detector is the size of the cell used for detection 

in CE (pathlength of 50 microns on the capillary). 

Another type of detection used for sugars is amperometric detection. Because it is based on 

oxidation, the different carrageenan SUbtypes are likely to have different responses. 

Amperometric detectors have been developed and reported for CE for the analysis of small 

molecules. They require high precision in the alignment of the electrode with the capillary, 

but are extremely sensitive. A potential drawback of this detection is that it uses high pH 

BGEs and could induce depolymerisation of carrageenans. 

Recent developments have been reported in the area of chemiluminescence detection for 

HPLC by an american company, Antek Instruments (Homan & Borny 2000). This type of 

detection exists for sulfur and may be used for carrageenans. Coupling of this type of 

detection to CE is under investigation. 

These various detection approaches would simplify the method and allow detection of native 

carrageenans. However, the issues of overlapping carrageenans and the presence of hybrids, 

for which no standard is available, wiJ) remain the same as in CE-LIF. No single analytical 

method is yet able to provide satisfactory information on carrageenans at the levels present 

in complex food samples. 

A challenge for the future is to have aJJ techniques necessary for carrageenan 

characterisation in a single laboratory and combine their results for identification and 

quantification. 
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