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Abstract

The yield and physicochemical properties of carrageenan
from Eucheuma isiforme harvested at the Yucatan coast
were investigated. Carrageenan was extracted under dif-
ferent alkali concentrations (0, 1, 3, 5 and 7% KOH) and
treatment durations (3, 4 and 5 h). Native carrageenan,
extracted without KOH, had the highest yield (~44.6%)
independently of treatment duration. After alkali treat-
ment, carrageenan yield ranged from 35.3 to 31.8%.
No significant differences in carrageenan vyield were
observed between 1 and 3% KOH. Native carrageenan
had low viscosity values (39-57.0 cPs), whereas carra-
geenan extracted with 1% KOH at 3 and 4 h increased
in viscosity (160.0-161.3 cPs). Alkali-treated carrageenan
formed very weak gels (<50 g cm?) in 1.5% solutions.
The chemical analysis and FTIR spectra revealed a pre-
ponderantly iota-carrageenan extract. Extractions per-
formed with 1% KOH for 3 h produced carrageenan with
suitable properties to be considered as a substitute for
traditional iota-carrageenan sources.

Keywords: carrageenan; Eucheuma isiforme;
extraction; gel properties; structure.

Introduction

Carrageenans are sulfated galactans composed of D-
galactose residues linked alternately in «-1,3 and 3-1,4
bonds. They are classified as kappa, iota or lambda
according to their sulfate substitution pattern and 3,6-
anhydrogalactose content. Worldwide use of carragee-
nan in food applications has been growing 5-7% per
annum, with primary application in the dairy industry for
stabilizing and texturing products, particularly flavored

milk (Bixler 1996). If this trend continues, more than25
000 metric tons of carrageenan will be needed by 2005
to meet industry needs. Current carrageenan sources are
insufficient to meet demand, particularly given the proc-
essing industry’s quality, price and volume flow require-
ments (Ask et al. 2003). For the last thirty years seaweed
supply for carrageenan production has been restricted
largely to harvesting of natural Chondrus crispus Stack-
house in Canada and France. However, carrageenan pro-
duction is now dominated by the warm water species
Kappaphycus alvarezii Doty and Eucheuma denticulatum
(Burnan) Collin et Harvey, cultivated mainly in the Phil-
ippines and Indonesia (McHugh 2001).

In Mexico, temperate carrageenophytes from the
Pacific coast have been analyzed for carrageenan con-
tent (Correa-Diaz et al. 1990) while the Gulf of Mexico
native Eucheuma isiforme (C. Agardh) J. Agardh has
been partially studied. This species was harvested and
exported to Denmark during the late 1970s for iota car-
rageenan production during a supply shortage of
Philippine E. denticulatum, the main source for iota-car-
rageenan (Peter Salling pers. comm.). Mariculture of E.
isiforme on the Yucatan Peninsula has been proposed
because the regional environmental and oceanographic
conditions are suitable for tropical seaweed farming
(Perez-Enriquez 1996, Muinoz et al. 2004) and its poten-
tial use in the carrageenan industry (Robledo 2005).
Thus, between 150 and 400 tons of carrageenan were
imported to Mexico in the 1990s, but current domestic
demand has increased to approximately 2600-3000 tons
(Robledo 2005). To date, there is only one company pro-
ducing carrageenan in Mexico, though its production
relies on carrageenophytes imported from Asia.

Several factors are known to affect carrageenan yield
and quality, including: the algal species (Craigie 1990),
seasonal fluctuations (Dawes et al. 1977, Yakovleva et al.
2001) and extraction conditions (Dawes et al. 1977,
McCandless et al. 1977, Hoffmann et al. 1995, Piculell
1995). The natural precursors of kappa- and iota-carra-
geenan (mu and nu, respectively) are non-gelling carra-
geenans due to irregularities in the 6-sulfate ester groups
on some D-galactose. Most of these 6-sulfate units con-
vert to the corresponding 3,6-anhydro-D-galactose dur-
ing alkaline industrial carrageenan extraction, imparting a
higher degree of regularity to the molecule.

Long reaction times and highly alkaline conditions are
used commercially to achieve a high level of precursor
conversion to kappa- and iota-carrageenan when maxi-
mizing gelling ability and/or protein reactivity in foods
(Falshaw et al. 2001). The present study evaluated the
quality of carrageenan from the tropical seaweed
Eucheuma isiforme in preparation for its commercial
production in Yucatan. Different alkaline conditions and
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treatment duration were used to extract carrageenan.
Native and alkali-treated carrageenan properties (i.e.,
yield, gel strength and viscosity) are described. Structural
analyses were also done, including sulfate, 3,6-anhydro-
D-galactose content and infrared spectroscopy.

Materials and methods

Sample collection and carrageenan extraction

Eucheuma isiforme was collected manually from natural
beds at Dzilam de Bravo (21°03'00” N, 88°57'50” W),
Yucatan, Mexico, in May 1998. Thalli were washed thor-
oughly with tap water to remove excess salts and sand,
oven-dried at 60°C and then milled prior to carrageenan
extraction. The collected algal material was free of epi-
phytes and thus considered “pure seaweed”.

The carrageenan from Eucheuma isiforme was
obtained using the hot alkaline extraction method de-
scribed by Stanley (1987), with some modifications. Alkali
concentrations between 0 and 7% KOH and treatment
duration from 3 to 5 h were used. Dry samples (5 g) were
rehydrated at room temperature for 12 h in the corre-
sponding KOH solution (0, 1, 3, 5 and 7%), followed by
the hot alkali extraction at 85°C at one of three treatment
durations (3, 4 or 5 h). The extract was mixed with dia-
tomaceous earth (Celite), pressure filtered and the filtrate
neutralized to pH 8.9 with 5 m HCI prior to the recovery
of the carrageenan from the solution.

Carrageenan was precipitated by slowly adding 250 ml
of 2% Cetavlon (hexadecyl-tri-methylammonium bro-
mide) in 9:1 (v/v) distilled water:acetone according to
Craigie and Leigh (1978) and Chopin et al. (1990), and
recovered over filter paper in vacuo. To remove Cetavlon
residues, the carrageenan fibers were carefully washed
three times with 63 ml of 95% ethanol saturated with
sodium acetate. Sodium acetate residues were then
removed by three final washes with 95% ethanol. Car-
rageenan was dried at 60°C for 24 h, weighed to calcu-
late the percent yield, and milled. Extractions and
carrageenan analyses were performed in triplicate for
each treatment.

Rheological and chemical analysis

Rheological properties were measured for the carragee-
nans extracted at different alkali concentrations and
treatment duration. Water gel strength was determined
according to Freile-Pelegrin and Robledo (1997) in a
1.5% w/v carrageenan solution using a Nikansui Shiki
gelometer with 1 cm? plunger (Kiya Seisakusho, Tokyo,
Japan). Viscosity was measured using a Cole Parmer Vis-
cosimeter (Vernon Hills, USA) with a low centipoise adap-
ter at 20 rpm (spindle number 8) on 18 ml samples of a
1.5% carrageenan solution. Samples were homogenized
and allowed to stabilize in a recirculating bath at 75°C.
Sulfate content was measured turbidimetrically after
hydrolyzing 25 mg carrageenan in sealed tubes for 12 h
in 1N HCI at 105°C (Jackson and McCandless 1978). The
3,6 anhydrogalactose content (3,6 AG) was determined
following Matsuhiro and Zanlungo (1983) and total car-
bohydrates were obtained by the phenol sulfuric acid

method (Dubois et al. 1956). These values were used to
calculate the molar ratio of galactose to 3,6 AG to ester
sulfate. The galactose content is expressed as total car-
bohydrate content in the algae minus the corresponding
3,6 AG content for each extraction condition.

Carrageenans extracted at different alkali and treat-
ment duration treatments were analyzed by Fourier trans-
formed infrared spectroscopy (FTIR). About 4.0 mg of
carrageenan were mixed thoroughly in a mortar with
200 mg of potassium bromide until homogenized. The
infrared spectra of native and alkali-modified carragee-
nan were recorded on a ThermoNicolet Nexus 670 FTIR
spectrometer (Madison, WI, USA) equipped with a DTGS
KBr detector and purge gas generator at a spectral
resolution of 0.09 cm and a wave length precision of
0.01 cm'. Each spectrum (32 scans) was acquired at a
resolution of 4 cm-".

Statistical analysis

Data were tested for normality (Kolmogorov-Smirnov)
and homogeneity of group variances (Bartlett’s test)
using statistical software (Statistica 6.0, Statsoft). When
necessary, variables were log x or log (x+1) transformed
to meet these assumptions. The interactions of KOH
concentration and treatment duration with carrageenan
properties were assessed with a two-way analysis of var-
iance (ANOVA). A post hoc analysis of the means using
the Tukey (HSD) test was done to compare between
treatments, and a Pearson’s correlation coefficient was
used to determine the correlation between carrageenan
properties.

Results

Carrageenan content and properties

Eucheuma isiforme extracted without KOH (native car-
rageenan) had the highest yields, with 44.5% at 3 h,
44.1% at 4 h and 45.3% at 5 h. No significant differences
between treatment durations at 3 and 4 h were found
(F,4=1.71, p>0.05) (Figure 1). Carrageenan Yyield
decreased after alkali treatment using 1 and 3% KOH,
with values ranging from 31.8 to 35.3%. Yield increased
after treatment with 5 and 7% KOH, with a maximum
value of 43.2% at 7% KOH for 5 h.
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Figure 1 Eucheuma isiforme: carrageenan yields of native and
alkali treated carrageenans obtained at different treatment dura-
tions: 3 h (white bar), 4 h (cross-hatched bar) and 5 h (black bar).
Means+SD; n=3.
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Figure 2 Eucheuma isiforme: carragenan properties of native
and alkali treated carrageenans obtained at different treatment
durations: 3 h (white bar), 4 h (cross-hatched bar) and 5 h (black
bar).
(A) Viscosity, (B) sulfate content, (C) 3,6 AG content. Means*SD;
n=3.

Carrageenan viscosities are shown in Figure 2A. Native
carrageenan showed significant differences (F,=347.9,
p<0.01) in viscosities between treatment durations at
3 h (67.0£0.9 cPs), 4 h (41.6x£0.9 cPs) and 5 h
(89.0+0.9 cPs). The 1% KOH treatment resulted in a two-
fold increase in viscosity in comparison to native carra-
geenan. Carrageenan viscosity at 3 h was 160.0 cPs and
for 4 h treatment duration it was 161.3 cPs, whereas at
5 h a 21.9% reduction in viscosity was observed. At 3%
KOH, viscosities decreased by 38.8% at 3-4 h and by
53.1% at 5 h. Extraction at 5 and 7% KOH produced
carrageenan with viscosities below 50 cPs. An inverse
relationship between carrageenan yield and viscosity was
observed for all treatments (r=-0.63 for 3 h; r=-0.79 for
4 h; r=-0.79 for 5 h; p<0.01). Alkali-treated carrageenan
formed soft gels (<50 g cm?) while native carrageenan
did not gel at all.

Carrageenan sulfate content is shown in Figure 2B.
Native carrageenan sulfate content varied from 32.3 to
34.7% with no significant differences between treatment

durations (F, ;=1.68, p>0.05). In general, alkali treatment
reduced carrageenan sulfate content by ~40% at 3 h
and ~22% at 4 h, with values ranging from 16.6 to
24.5%. No significant decrease in sulfate content was
observed in carrageenan extracted with alkali for 5 h in
comparison to native carrageenan (p>0.05).

Carrageenan 3,6 AG content is shown in Figure 2C.
The lowest 3,6 AG contents (26.3-27.47%) were record-
ed for the native carrageenan, with no significant differ-
ence between treatment durations at 3 and 4 h (F,,=
0.013, p>0.05). An increase of 14% was observed after
alkali treatment (contents ranging from 29.2 to 33.0%).
The highest 3,6 AG contents were recorded in carragee-
nan extracted at 3 h and decreased as treatment duration
increased (4-5 h), independently of KOH concentration.
A negative correlation was noted between carrageenan
yield and 3,6 AG content (r=-0.72 for 3 h, p<0.01; r=
-0.51 for 4 h, p<0.05; r=-0.53 for 5 h, p<0.05). A clear
inverse relationship was observed between 3,6 AG and
sulfate contents at 3 h (r=-0.68, p<0.01) and 4 h (r=
-0.55, p<0.05), but not at 5 h.

The individual and combined effects of KOH concen-
tration and treatment duration on carrageenan properties
are shown in Table 1. Alkali concentration and treatment
duration had a significant interaction effect on viscosity
and sulfate content.

Molar ratios

Molar ratios of galactose to 3,6 AG to ester sulfate were
calculated based on the total carbohydrate content in the
algae (54.5%) (Table 2). Native carrageenan molar ratios
were similar across treatment durations. Molar ratios var-
ied after alkali treatment with an increase in 3,6 AG and
a decrease in sulfate. This pattern was more evident for
3 h than 4 h treatment duration, across all KOH concen-
trations. It is noteworthy that for 5 h treatment duration
molar ratios were similar to those obtained for native
carrageenan.

FTIR spectroscopy

The FTIR spectra for the native and alkali-treated carra-
geenan from Eucheuma isiforme are shown in Figure 3.
All spectra displayed an absorption band at 1220-1240
cm related to sulfation level (Stancioff and Stanley
1969). A particularly intense signal was recorded in all
samples at 803-805 cm-', which is specific to 3,6-anhy-
drogalactose-2-sulfate. Another signal was observed at
845-847 cm (attributed to galactose-4-sulfate). Peaks
were also observed at 965-975 cm in all samples (3-
linked B-D-galactose 4-sulfate and 4-linked «-D-galac-
tose 2-sulfate). In general, the carrageenan from E.
isiforme extracted at 5 h had the highest intensities at
this signal (peak). The intense signal observed around
930 cm™ was consistent with the presence of 3,6 AG
(Stancioff and Stanley 1969). A slight intensity increase
at this peak was evident between the native and alkali-
treated carrageenans implying either absence or un-
detectable levels of the precursor, 1,4-linked galac-
tose-6-sulfate.

The ratio between 805 and 845 cm" absorption bands
in FTIR spectra was calculated (Rochas et al. 1986,
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Table 1 Eucheuma isiforme: two-way analysis of variance for carrageenan yield, viscosity, sulfate content and 3,6 AG.

Variable Sums of Degrees of F-value p-value
squares freedom
Yield
A 211.90 4 92.23 <0.001*
B 18.58 2 0.86 ns
AxB 1.95 8 1.49 ns
Viscosity
A 0.59 4 78.22 <0.001*
B 0.10 2 1.73 ns
AXB 0.01 8 386.63 <0.001*
Sulfate content
A 0.04 4 4.49 0.005*
B 0.12 2 22.93 <0.001*
AXB 0.01 8 43.39 <0.001*
3,6 AG content
A 0.00 4 717 0.002*
B 0.00 2 6.34 0.004*
AXB 0.00 8 0.57 ns

A=KOH concentration; B=treatment duration; AXB=KOH concentration and treatment duration interaction.

* Highly significant (p<0.001); ns=not significant (p>0.05).

Correa-Diaz et al. 1990, Pereira and Mesquita 2003) and
used as a qualitative parameter to determine the degree
of iota’kappa hybridization of the native and alkali-treat-
ed samples. The ratio for native carrageenan extracted
at 3 h and 4 h treatment duration was 0.65. Native car-
rageenan extracted at 5 h had a ratio similar to those
obtained for all alkali treated carrageenan (1.00).

Discussion

The native carrageenan yields of Eucheuma isiforme from
Yucatan were similar to those obtained by Dawes et al.
(1977) from Florida material. In the present study, yield
decreased as alkali concentration increased, which may
be related to degradation of the polysaccharide resulting
from the alkali concentration used. Dawes et al. (1977)
reported higher carrageenan yields after alkali transfor-
mation (59.7 %) than in the present results, though Perez-
Enriquez (1996) obtained similar yields from E. isiforme
from Yucatan extracted with the same method described
in Dawes et al. (1997).

Carrageenan viscosity increased after alkali modifica-
tion. However, a gradual decrease in this parameter was
observed. These viscosity values are in the ranges of
those reported for Eucheuma isiforme from Florida
(Dawes et al. 1977) and for other iota-producing species
(Azanza-Corrales and Sa-a 1990, Brenden and Bird

Table 2 Eucheuma isiforme: molar ratios of sugar residues and
sulfate content found in carrageenan extracted under the exper-
imental conditions.

KOH (%) Molar ratio of galactose:3,6 AG:sulfate

3h 4 h 5h
0 1:0.73:2.27 1:0.73:2.40 1:0.73:2.20
1 1:1.00:1.67 1:0.92:1.53 1:0.78:2.21
3 1:1.00:1.54 1:0.92:1.92 1:0.80:2.28
5 1:1.00:1.54 1:0.92:1.84 1:0.80:2.64
7 1:1.00:1.48 1:0.92:1.92 1:0.80:2.41

1994). The KOH concentrations above 1% used in the
present study may have caused carrageenan degrada-
tion, with an evident decrease in viscosity. The hot
alkaline extraction operations inevitably involve some
degradation of the polysaccharide due to the rigors (heat,
alkalinity) of processing (Stanley 1987). Although carra-
geenans are reasonably stable under alkaline conditions,
severe conditions, such as KOH concentrations >3%
and extended treatment duration could promote de-
polymerisation of the carrageenan (Critchley, pers.
comm.). Similar results were found by Dawes et al. (1977)
for E. isiforme from Florida, where high lime concentra-
tions and duration produced a drop in carrageenan gel
strength and viscosity.

Native carrageenan sulfate contents are within the
range for iota-producing Eucheuma species (Cheney et
al. 1987, Santos 1989, Fostier et al. 1992). Both alkali
concentration and treatment duration significantly affect-
ed sulfate content (Table 1), with maximum sulfate reduc-
tion occurring at 3 h for all the alkali concentrations
tested (Figure 2B). The 3,6 AG contents in alkali-treated
carrageenan from Eucheuma isiforme were higher than
previously reported for this species (26%) and for E.
spinosum J. Ag. (nom. illeg.) (25.3%) by Fostier et al.
(1992). In contrast, Dawes et al. (1977) reported lower
values for Floridian E. isiforme (19.4%). The present data
for 3,6 AG contents in carrageenan from E. isiforme were
also higher than those reported for other iota-producing
seaweeds precipitated with Cetavlon [i.e., 15.7% in
Agardhiella subulata (C. Agardh) Kraft et Wynne, Chopin
et al. 1990; and 14.5% in Cryptonemia crenulata (J.
Agardh) J. Agardh (Saito and de Oliveira 1990)]. The KOH
concentration and treatment duration significantly affect-
ed sulfate content and 3,6 AG content in the carrageenan
extracted (Table 1). An inverse correlation between sul-
fate and 3,6 AG was observed, except at 5 h treatment
duration. Under these conditions, there is no evidence
for a transformation of the precursor since neither sulfate
reduction nor increase in 3,6 AG occurs. Probably, severe
extraction conditions, such as strong alkali concentration
and extended treatment duration, affect carrageenan.
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Figure 3 Eucheuma isiforme: FTIR spectra of native and alkali
treated carrageenans obtained at 3, 4 and 5 h.

(A) 0% KOH, (B) 1% KOH, (C) 3% KOH, (D) 5% KOH, (E) 7%
KOH.

Nevertheless, other analytical techniques may be used to
corroborate this.

The native carrageenan from Eucheuma isiforme from
Yucatan did not gel, which agrees with previous reports
for the species from Florida (Dawes et al. 1977). With
alkali conversion, 3,6 AG content promotes double helix
formation and thus gelation. Very weak carrageenan gels
were produced in E. isiforme from Yucatan after alkali
treatment (<50 g cm). Similar values were reported by
Santos (1989) for the same species (53 g cm?), while
higher values were found by Dawes et al. (1977) for mod-
ified carrageenan (318 g cm®). However, comparison
between these two studies is difficult because the former

reported gel strength for carrageenan gels 2% w/v with
potassium chloride (0.2).

The FTIR spectra showed an intense signal at
803-805 cm, which is specific of iota carrageen-
an (Dawes et al. 1977). However, the signal at
845-847 cm corroborates the existence of a kappa-
and iota-carrageenan mixture (Chopin et al. 1990). All
spectra exhibited a shoulder at 867 cm-, attributed to
the sulfate group at C-6, indicating the presence of nu-
carrageenan, considered the biological precursor to iota-
carrageenan (Bodeau-Bellion 1983). This was cor-
roborated through chemical analysis that showed an
increase in 3,6 AG content and a reduction in sulfate after
alkali modification at 3 h and 4 h treatment duration. The
biological precursors of kappa and iota carrageenan (mu
and nu, respectively) both contain a sulfate ester group
at position C-6 of a 4-linked «-D-galactose unit with
characteristic bands at 820 and 867 cm-, respectively
(Bodeau-Bellion 1983, Chopin et al. 1990, Pereira and
Mesquite 2003). In Eucheuma isiforme from Yucatan, nu-
carrageenan may, therefore, be the common precursor
for both kappa- and iota-carrageenan since the predicted
precursor of kappa-carrageenan (D-galactose-6-sulfate)
was not detected (peak at 820 cm-). Bellion et al. (1981)
described this for the kappa-, iota- and nu-carrageenan
family. The hybrid structure of kappa-, iota- and nu-car-
rageenan has also been reported in E. isiforme var. denu-
datum Cheney [as E. nudum (Greer and Yaphe 1984)]
and in Agardhiella subulata (Chopin et al. 1990). The peak
at 867 cm was not recorded in previous studies of car-
rageenan from E. isiforme (Lawson et al. 1973, Dawes et
al. 1977). As Chopin et al. (1990) pointed out, the pres-
ence of a low abundance carrageenan component can-
not be detected by IR spectroscopy, though FTIR
spectroscopy is a much more powerful tool.

The FTIR spectra and molar ratios indicated that the
phycocolloids extracted from Eucheuma isiforme from
Yucatan have a dominant iota-carrageenan which is
similar to E. spinosum, a current commercial source of
iota-carrageenan (Deslandes et al. 1985). Theoretically,
the molar ratio of galactose to 3,6 AG to ester sulfate for
iota carrageenan is 1:1:2 (Anderson et al. 1973). In E.
isiforme from Yucatan the galactose to 3,6 AG ratios
increased after alkali modification, except for 5 h treat-
ment duration. This pattern has been described by Law-
son et al. (1973) and Dawes et al. (1977) for the same
species, though E. isiforme from Yucatan had higher 3,6
AG contents in both the native carrageenan (1:0.73) and
alkali-treated carrageenan (1:1) (Dawes et al. 1977,
1:0.4).

In conclusion, Eucheuma isiforme from Yucatan may
be a good source of relatively pure iota-carrageenan if
extracted under certain conditions. Extraction with 1%
KOH at 3 h produces carrageenan of sufficient quality to
serve as a substitute for traditional carrageenan sources
since sulfate levels fit the US Food and Drug Administra-
tion purity standard of 20-40% (dry weight) and meet the
industrial requirements of minimum carrageenan yield
and viscosity values of 39% (dry weight) and 5 cPs,
respectively (Bixler 1996). Higher KOH concentrations at
3 h and 4 h notably decrease viscosity, suggesting that
alkali concentrations <1% should be investigated. Future
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research should focus on use of E. isiforme carrageenan
for industrial applications, as well as more detailed char-
acterizations of carrageenan composition, perhaps
through NMR spectroscopy.
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