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The wide industrial application of phycocolloids (e.g. alginates, agar and carrageenans) is based on their
particular properties to form gels in aqueous solution. These seaweed polysaccharides present a chemical
structure related with the taxonomic position of the algae: carrageenans are produced by carra-
geenophytes (red algae belonging mainly to the genera Kappaphycus, Eucheuma, Chondrus, Gigartina and

Keywords: Chondracanthus). Recently, new spectroscopic techniques have provided more accurate identification of
Polysaccharides the natural composition of the polysaccharides produced by these seaweeds. With the combination of
?’E;‘év:ce:lloi ds two spectroscopic techniques (FTIR-ATR and FT-Raman) it is possible to identify the principal seaweed
Carrageenan colloids in ground seaweed samples as in extracted material. Since the seaweed samples receive the
FTIR-ATR minimum of handling and treatment (e.g. they are simply dried and ground), the composition deter-
FT-Raman mined represents, as accurately as possible, the native composition of the phycocolloids.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Many seaweeds produce hydrocolloids, associated with the cell
wall and intercellular spaces. Members of the red algae (Rhodo-
phyta) produce galactans (e.g. carrageenans and agars) and the
brown algae (Ochrophyta, Phaeophyceae) produce uronates (algi-
nates). Carrageenans represent one of the major texturising
ingredients used by the food industry; they are natural ingredients,
which have been used for decades in food applications and are
generally regarded as safe (GRAS).

The phycocolloid carrageenin, as it was first called, was discovered
by the British pharmacist Stanford in 1862 who extracted it from Irish
moss (Chondrus crispus). The name was later changed to carrageenan so
as to comply with the “-an’ suffix for the names of polysaccharides. The
modern carrageenan industry dates from the 1940s, receiving its
impetus from the dairy industry where carrageenan was found to be
the ideal stabilizer for the suspension of cocoa in milk chocolate.

* Corresponding author. Tel.: +351 239855229; fax: +351 239855211.
E-mail address: leonel@bot.uc.pt (L. Pereira).
URL: http://macoi.ci.uc.pt
1 Present address: Acadian Seaplants Limited, Dartmouth, 30 Brown Avenue, B3B
1X8 Nova Scotia, Canada.

0268-005X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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The commercial carrageenans are normally divided into three
main types: kappa-, iota- and lambda-carrageenan. The idealized
disaccharide repeating units of these carrageenans are given in
Fig. 1. Generally, seaweeds do not produce these idealized and
pure carrageenans, but more likely a range of hybrid structures.
Several other carrageenan repeating units exist: e.g. xi, theta, beta,
mu and nu (Fig. 1). The precursors (mu and nu), when exposed to
alkali conditions, are modified into kappa and iota, respectively,
through formation of the 3,6-anhydrogalactose bridge (Rudolph,
2000).

Infrared (IR) spectroscopy was, until recently the most
frequently used vibrational technique for the study of the chemical
composition of phycocolloids. This technique presents two main
advantages: it requires minute amounts of sample (milligrams),
and it is a non-aggressive method with reliable accuracy (Pereira,
Sousa, Coelho, Amado, & Ribeiro-Claro, 2003). However, conven-
tional IR spectroscopy requires laborious procedures to obtain
spectra with a good signal/noise ratio (Chopin & Whalen, 1993).
This limitation was overcome with the development of interfero-
metric IR techniques (associated with the Fourier transform algo-
rithm), known as FTIR spectroscopy (Fourier transform IR). More
recently, Pereira and collaborators had used a technique of analysis
on the basis of FTIR-ATR (from attenuated total reflectance) spec-
troscopy, allowing for the determination of the composition of the
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Fig. 1. Idealized units of the main types of carrageenan.

different phycocolloids from dried ground seaweed, without
having to prepare tablets of KBr (Pereira, 2006; Pereira & Mesquita,
2004).

In contrast to FTIR, the application of conventional Raman
spectroscopy was limited until recently, due to need for an incident
visible laser in dispersive spectrometers: the visible laser light often
excites electronic transitions in biochemical samples, which can
lead to either sample degradation or strong background signal from
unwanted laser-induced fluorescence. The use of Nd:YAG lasers
operating at 1064 nm (far from the visible region) in interfero-
metric spectrometers has been generalized to decrease the
fluorescence level and avoid sample degradation. The modern FT-
Raman spectrometers have been used to produce good quality
Raman spectra from seaweed samples (Dyrby et al., 2004; Matsu-
hiro, 1996; Pereira et al., 2003).

In this work, a combined FTIR-ATR and FT-Raman spectroscopy
study was used to identify the principal phycocolloids, namely,
alginate, kappa-, mu-, iota-, nu-, lambda-, theta- and xi-carra-
geenan. Since the analysis of ground seaweed samples required
minimal treatment (the seaweeds are simply dried and ground),

the determined composition represents, as accurately as possible,
the natural colloid composition of each seaweed.

2. Materials and methods
2.1. Algal material and standard samples of hydrocolloids

Specimens of red algae (Rhodophyta) Kappaphycus alvarezii
(Gigartinales), Eucheuma denticulatum (Gigartinales), Betaphycus
gelatinum (Gigartinales), C. crispus (cultivated strain, Giga-
rtinales), were collected respectively in Tanzania, Madagascar,
Philippines and Canada. Specimens of red algae (Rhodophyta),
Calliblepharis jubata (Gigartinales), Chondracanthus teedei and
Chondracanthus teedei var. lusitanicus (Gigartinales), C. crispus
(Gigartinales) were collected in the central zone of the western
coast of Portugal.

Standard samples were obtained from Sigma (kappa-carra-
geenan, type III, C-1263; iota-carrageenan, type V, C-4014 and CP
Kelco (pure lambda-carrageenan).

The sample composition and purity were controlled by NMR.



L. Pereira et al. / Food Hydrocolloids 23 (2009) 1903-1909

Table 1
Phycocolloid composition determined by NMR.

Species Lifecycle phase Phycocolloid composition

Alkali-extracted® (%mol)

Red algae (Rhodophyta)

Chondracanthus teedei Non-fructified 50.0 k, 50.0
G4S-DA, G4S-DA2S
Chondracanthus teedei Tetrasporophyte 67.0%,33.00

var. lusitanicus G2S-D2S, G2S-DA2S

Calliblepharis jubata Non-fructified 100.0 ¢
G4S-DA2S
Eucheuma denticulatum - 4.0 k, 96.0 L

G4S-DA, G4S-DA2S

Kappaphycus alvarezii - 93.0k,701
G4S-DA, G4S-DA2S

Betaphycus gelatinum - 50.0 , 50.0 B
G4S-DA, G-DA

3 Composition determined by 'H-NMR, except the analysis of C. teedei (tetra-
sporophyte) carrageenan, made by '>C-NMR; the carrageenans are identified
according to the Greek lettering system and letter code proposed by Knutsen et al.
(1994).

2.2. Preparation of ground seaweed samples for FTIR-ATR and
FT-Raman

The seaweed samples were rinsed in distilled freshwater to
eliminate salt and debris from the thallus surface and dried to
constant weight at 60 °C. The dried seaweeds were finely ground in
order to render the samples uniform. For FTIR analysis the samples
do not need additional treatment. The analysis by FT-Raman
requires that these are without pigmentation. The lack of
pigmentation can be achieved by sun drying (process used by
collectors/producers of commercial seaweeds) or by pigment
elimination in the laboratory by the addition of calcium hypo-
chlorite solution (4%, 30-60 s, 4 °C) (Pereira, 2004).

2.3. Phycocolloid extraction

Before phycocolloid extraction, the ground dry material was
rehydrated and pre-treated with a moisture of methanol 100% and
acetone 100% to eliminate the organosoluble fraction (Zinoun &
Cosson, 1996).

For extraction of the native phycocolloid, the seaweed samples
were placed in distilled water (50 mL/g), pH 7 at 85 °C for 3 h. For
an alkaline extraction (resembling the industrial method), the
samples were placed in a solution (150 mL/g) of NaOH (1 M) at 80-
85 °C for 3-4 h according to Pereira (2006), and neutralised to pH
6-8 with HCI (0.3 M).

Table 2
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The solutions were hot filtered, twice, under vacuum, through
cloth and glass fibre filter. The extract was evaporated under
vacuum to one-third of the initial volume. The carrageenan was
precipitated by adding the warm solution to twice its volume of
ethanol (96%). Coagula were dried in an oven for 48 h at 60 °C, and
then weighed to determine the phycocolloid content (Pereira &
Mesquita, 2004).

2.4. FTIR-ATR and FT-Raman analysis

Samples were softly milled to ensure homogeneity. Both ATR
and Raman require no more than 2 mm?> of sample (to cover the
ATR diamond window or to focus the laser beam).

The FTIR spectra of sample materials (ground dried seaweed,
native and alkali-modified carrageenan) were recorded on an IFS
55 spectrometer, using a Golden Gate single reflection diamond
ATR system, with no need for sample preparation. All spectra are
the average of two independent measurements with 128 scans
each at a resolution of 2 cm™ .

The corresponding FT-Raman spectra were recorded on an RFS-
100 Bruker FT-spectrometer using an Nd:YAG laser with an exci-
tation wavelength of 1064 nm. Each spectrum was the average of
two r?peated measurements, with 150 scans at a resolution of
2cm™ .

2.5. NMR analysis

TH-NMR spectra were taken on a Bruker AMX600 spectrometer
operating at 500.13 MHz at 65 °C. Typically 64 scans were taken
with an interpulse delay of 5 s (T; values for the resonance of the
anomeric protons of kappa- and iota-carrageenan are shorter than
1.5s). Sample preparation for the 'H-NMR experiments involved
dissolving the carrageenan sample (5 mg/mL) at 80°C in D,0
containing 1 mM TSP (3-(trimethylsilyl) propionic-2,2,3,3-d4 acid
sodium salt) and 20 mM NayHPOy4, followed by sonication for three
times 1h in a sonicator bath (Branson 2510) and aliquots of the
sonicated solutions were transferred to NMR tubes and analysed,
according to Pereira, van de Velde, and Mesquita (2007). Chemical
shifts (¢) are referred to internal TSP standard (6 =—0.017 ppm)
relative to the I[UPAC recommended standard DSS for 'H according
to van de Velde, Pereira, and Rollema (2004). Assignments of the
TH-NMR spectra were based on the chemical shift data summarized
by van de Velde and de Ruiter (2002) and van de Velde et al. (2004).

3. Results and discussion
The main results of the analyses are listed in Table 2 (FTIR-ATR)

and Table 3 (FT-Raman). The assignments of the IR spectra were
mostly based on the previous work of Chopin and Whalen (1993)

Identification of carrageenan types by infrared spectroscopy (adapted from Chopin & Whalen, 1993; Pereira, 2006).

Wavenumbers (cm~')  Bond(s)/group(s) Letter code

Type of carrageenan

Kappa (k) Mu(p) Iota(l) Nu(v) Beta(f) Theta(6) Lambda (X)) Xi(§)

1240-1260 S=0O0 of sulphate esters + dbde e At = 44 St 4t
1070 C-0 of 3,6-anhydrogalactose DA + - + - + + — —
970-975 Galactose G/D I s F s + -+ = —
930 C-0 of 3,6-anhydrogalactose DA + — + — T + _ _
905 C-0-S03 on C2 of 3,6-anhydrogalactose ~ DA2S - - + — + - _
890-900 Unsulphated B-p-galactose G/D - - - - + - — —
867 C-0-S03 on C6 of galactose G/D6S - + — + — — 4 _
845 C-0-S03 on C4 of galactose G4S + 4k A 4F = = —

825-830 C-0-S03 on C2 of galactose G/D2S - - - + + + n
815-820 C-0-S03 on C6 of galactose G/D6S - 4 = 4F = = + —
805 C-0-SO3 on C2 of 3,6-anhydrogalactose ~ DA2S - - 4= - 4k —

—, Absent; +, medium; ++, strong; +++, very strong; s, shoulder peak; n, narrow peak.
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Identification of carrageenan types by Raman spectroscopy (adapted from Pereira, 2006).

Wavenumbers (cm~')  Bond(s)/group(s) Letter code  Type of carrageenan
Kappa(k) Mu(u) Iota(t) Nu(v) Beta(B) Theta(6) Lambda(}) Xi(§)

1240-1260 S=0O0 of sulphate esters ++ ++ 4t . _ i 4+ S+
1075-1085 C-0 of 3,6-anydrogalactose DA AFFaE = AFEr = A 4F = =
970-975 Galactose G/D + + s s + + — _
925-935 C-0 of 3,6-anydrogalactose DA + — + - + + _ _
905-907 C-0-S04 on C; of 3,6-anydrogalactose DA2S - + — — + + +
890-900 Unsulphated B-p-galactose G/D - - - — + - — _
867-871 C-0-S04 on Cg of galactose G/D6S — s - + — - -
845-850 C-0-S04 on C4 of galactose G4S ++ -+ 4 4F — — — 4
825-830 C-0-S04 on G, of galactose G/D2S - - - 4 + + _
815-825 C-0-S04 on Cg of galactose G/D6S - S — S - — + 4F
804-808 C-0-S04 on C; of 3,6-anhydrogalactose ~ DA2S — - A = — + — _

—, Absent; +, medium; +-+, strong; ++-+, very strong; s, shoulder peak.

and Chopin, Kerin, and Mazerolle (1999). The Raman spectra were
assigned based on the IR information and on the comparison
between samples of known composition, controlled by NMR
spectroscopy (see Table 1).

3.1. Identification of carrageenan

The FTIR-ATR and FT-Raman spectra of K. alvarezii were
compared with those of commercial kappa-carrageenan in Fig. 2.
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Fig. 2. Spectra of commercial kappa-carrageenan and of ground seaweed sample
(Kappaphycus alvarezii): FT-Raman (a and b, respectively) and FTIR-ATR (c and d,
respectively).

The spectra of the ground seaweed show the main features of
commercial kappa-carrageenan: a strong Raman band at approxi-
mately 845 cm~! (with moderate intensity in the IR spectrum),
which is assigned to p-galactose-4-sulphate (G4S) and a relatively
strong band at approximately 930 cm~' in the FTIR-ATR spectra,
weak in FT-Raman spectrum, indicating the presence of 3,6-anhy-
dro-p-galactose (DA).
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Fig. 3. FT-Raman (a) and FTIR-ATR (c) spectra of commercial iota-carrageenan; FTIR-
ATR (d) spectra of ground seaweed sample (Eucheuma denticulatum); FT-Raman (b)
and FTIR-ATR (e) spectra of ground seaweed sample Calliblepharis jubata, non-fructi-
fied thalli.
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Fig. 3 presents the FTIR-ATR and FI-Raman spectra of iota-
carrageenan, of C. jubata (non-fructified thalli) and of E. dentic-
ulatum. The spectra of these samples also show the bands at
approximately 930 and 845 cm™~ !, with the same intensity pattern
as in kappa-carrageenan. However, an additional well-defined
feature is visible in both IR and Raman spectra, around 805 cm™,
indicating the presence of sulphate ester in the 2-position of the
anhydro-p-galactose residues (DA2S), a characteristic band of the
iota-carrageenan.

Fig. 4 shows the FTIR and FT-Raman spectra of kappa/iota-hybrid
carrageenan and of C. teedei. The spectra show two well-defined
bands at 805cm~! and 845 cm™, this later being particularly
intense in the FT-Raman spectra. The appearance of the two bands
indicates the presence of C2-sulphated 3,6-anhydro-p-galactose and
C4-sulphated galactose, respectively. The intensity ratio of the two
bands in FTIR spectra can be used to infer the degree of iota/kappa-
hybridisation (Correa-Diaz, Aguilar-Rosas, & Aguilar-Rosas, 1990).
The presence of 3,6-anhydro-p-galactose in the sample is confirmed
by the occurrence of a strong absorption band with intensity
maximum at 930 cm L

Fig. 5 illustrates the relevant contribution of Raman spectros-
copy in the identification of seaweed phycocolloids. The figure
presents the FTIR-ATR and FT-Raman spectra of ground seaweed
and of kappa/beta-hybrid carrageenan extracted from B. gelatinum,
the main industrial source of this type of colloid. The FTIR spectra of
these samples present moderate absorption bands at 845 cm~! and
890 cm™ . Both bands are much more intense in the corresponding
FT-Raman spectra. The lower frequency band indicates the

[T9)
o
[c9)

845
930

1240

(a)

" 1 " 1 " 1 " 1 " 1
600 700 800 900 1000 1100 1200 1300 1400
Wavenumber /cm ~!

Fig. 4. Spectra of kappa/iota-carrageenan and of ground seaweed sample (Chon-
dracanthus teedei, non-fructified thalli): FT-Raman (a and b, respectively) and FTIR-ATR
(c and d, respectively).

L n 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Fig. 5. Spectra of ground seaweed sample (Betaphycus gelatinum) and of kappa/beta-
hybrid carrageenan alkali-extracted from B. gelatinum: FT-Raman (a and b, respec-
tively) and FTIR-ATR (c and d, respectively).

presence of galactose units sulphated at the C-4 position, while the
other band is related to the presence of non-sulphated galactose
units. The intensity ratio of these two bands in FTIR spectra was
calculated and used as a reliable measure of the degree of kappa/
beta-hybridisation. A ratio of approximately 1 was obtained in both
samples, indicating the presence of a hybrid carrageenan with
identical percentage of kappa and beta fractions. In addition, the
analysis of the ground seaweed by FT-Raman reveals that the bio-
logical precursors, mu- and gamma-carrageenan are absent or
residual, as inferred from the absence of bands at 815 cm™! and
869 cm L

The FTIR-ATR and FT-Raman spectra of lambda-carrageenan and
ground C. crispus tetrasporophytes are shown in Fig. 6. These
samples present high sulphate content as indicated by the broad
band between 820 and 830 cm ! in FTIR-ATR spectra. The C. crispus
and lambda-carrageenan FT-Raman spectra show two combined
peaks between 815 and 830 cm ™.

Fig. 7 presents the FTIR-ATR and FT-Raman spectra of xi/theta-
hybrid carrageenan of C. teedei var. lusitanicus tetrasporophyte. The
FTIR-ATR spectra show a broad relatively intense band in the 800-
850 cm~! spectral region, with maximum at ca. 825 cm™. On the
other hand, the FT-Raman spectra evidence two well-defined low-
intensity bands in the same region, at 815 and 850 cm™ L The
occurrence of a band at 825 cm™~! has been related with the pres-
ence theta-carrageenan (Chopin et al., 1999), while the Raman
bands at 815 and 850cm~! evidence the presence of xi-
carrageenan.

On the whole, the presented results show that combination of
FTIR and Raman spectroscopy allows the identification of the main
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Fig. 6. FT-Raman (a) and FTIR-ATR (c) spectra of commercial lambda-carrageenan; FT-
Raman (d) spectra of alkali-extracted carrageenan (Chondrus crispus, cultivated strain);
FT-Raman (b) and FT-ATR (e) of ground seaweed sample (C. crispus, tetrasporophyte).

carrageenan composing the natural seaweeds. The principal spec-
tral features (infrared absorptions and Raman bands) used for this
discrimination are listed in Tables 1 and 2. The carrageenans are
identified by the Greek lettering and by the letter code proposed by
Knutsen, Myslabodski, Larsen, and Usov (1994).

All carrageenans considered but one (beta-carrageenan is the only
exception) present a broad band in the 1240-1260 cm™! spectral
region ascribed to the S=O stretching vibration of the sulphated
groups, being correlated to the sulphate content of the sample. Non-
sulphated galactose gives rise to a characteristic band at 890-900 cm ™,

Two bands around 1070 and 930 cm ™! are associated with the
presence of C3-0-C6 bridge of the anhydrogalactose residue. These
bands are absent in the spectra of the mu-, nu-, lambda- and xi-
carrageenan. On the other hand, the presence of the sulphate
groups gives rise to characteristic bands with the frequency being
dependent on the position of the sulphate ring within the galactose
and 3,6-anhydrogalactose units. For instance, when the sulphate
group occupies the 2-position within the 3,6-anhydrogalactose ring
(iota- and theta-carrageenan) two bands are expected at ca. 905
and 805 cm™. On the other hand, if the C-6 position of galactose is
sulphated as in mu-, nu-, lambda- and xi-carrageenan then the
characteristic bands are expected around 820 and 867 cm ™. Finally
sulphation at the C4- and C2-positions of galactose is expected to
give rise to bands around 845 and 830 cm™!, respectively.

4. Conclusions

The FTIR spectroscopy is useful in the comparative study of carra-
geenan types; however, it also shows that the complementary use of IR
and Raman spectroscopy provides relevant additional information,
allowing a better interpretation of the vibrational spectra and a more
accurate identification of diverse colloids and variants. In fact, due to

830
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Fig. 7. Spectra of xi/theta-carrageenan and of ground seaweed sample (Chon-
dracanthus teedei var. lusitanicus, tetrasporophyte): FT-Raman (a and b, respectively)
and FTIR-ATR (c and d, respectively).

the different selection rules, bands of weak intensity or even those
absent in the IR spectra may appear as sharp and intense bands in the
Raman spectra. This is particularly evident, for instance, in the spectra
of kappa/beta-hybrid carrageenan and xi/theta-hybrid carrageenan
(Pereira & Mesquita, 2004; Pereira et al., 2003).

Since the vibrational spectrometers are now standard equip-
ment in many laboratories, the techniques described in this work
are useful for study of carrageenophyte populations, in substitution
of the traditional tests of iridescence and resorcinol (Brown, Neish,
& Harwood, 2004; Pereira, 2004). These techniques are also useful
for the development and the implementation of strategies of
sustainable seaweed harvest, the evaluation of the natural seaweed
composition (e.g. carrageenophytes and alginophytes) with
industrial potential and the evaluation and control of the quality of
the different batches of algal material harvested and/or cultivated.
The increments of the knowledge of the polysaccharide composi-
tion of the different species contribute also for the development of
the phycocolloid chemotaxonomy. These spectroscopic techniques
are also useful to analyse the composition of pharmaceutical,
cosmetic excipients and food ingredients.

The main advantage of combining these two methods is that we
increase the accuracy of the analysis while maintaining the use of
small sample volumes. Moreover, this technique can be used on
seaweeds and thus for different field of research.
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