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The potential use of the underexploited Portuguese seaweed Mastocarpus stellatus as a source of
natural thickening and gelling agents for food applications has been investigated. The alkaline
pretreatment duration and extraction parameters (pH, temperature, and extraction duration) of
seaweeds have been systematically varied in order to produce «/-hybrid carrageenans exhibiting a
wide range of chemical properties. The mechanical spectra and the setting and melting temperatures
of gels obtained by cooling 1.5 wt % extracted biopolymers solutions in 0.05 mol/dm3 KCI were
measured by means of small amplitude oscillatory shear experiments. Gels showing elastic storage
moduli ranging from 250 to 2750 Pa with no water syneresis could be obtained, and the relationships
between the thermal properties and elasticity of the gels were evidenced. Gels mechanical properties
are shown to correlate well with polysaccharides chemical parameters such as the degree of sulfate
groups, the molecular weight distribution, and the relative content in (-carrageenan monomers as
determined by FTIR spectroscopy.
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1. INTRODUCTION the dynamical (9—11) and rheological (123) properties of

d gelling carrageenans, thus contributing to a better fundamental
understanding of the gel mechanisms. The now widely accepted
picture emerging from this intensive research is that gelation
results from the salt-induced or temperature-induced aggregation
of helical conformers. The internal aggregates structure and the
aggregates three-dimensional network that give rise to elasticity
depend on both carrageenan type and the salt used to promote
or stabilize the clusters. Consequently, gels can be obtained that

forms thermoreversible soft gels; angtarrageenan, which gives offer a wide variety of elastic and ther.mal propert'ies ranging
strong and brittle gels with water syneresis. But in reality, from weak gels to strong gels presenting syneresis.
carrageenan biopolymers possess a complex hybrid chemical However, all these studies dealt with model carrageenans
structure comprising-, -, or k-carrageenan monomers together Virtually made of a single type of monomer, thus presenting
with nongelling biological precursor monomers suchvar chemical structures very similar to ideal or x-carrageenan
u-carrageenan monomer3)( The relative amounts of gelling ~homopolymers. Only very recently/-hybrid carrageenans,
or nongelling monomers depend on the algal source from which €ssentially made of blocks of and«-carrageenan monomers,
they are obtained2—4), as well as on the extraction procedure have received a renewed intere$4{17), as they are most
used to recover the biopolymers)( Demand for carrageenan naturally frequent in seaweeds used for carrageenan production
is steadily rising as new nonfood applications are encountered,and because they present unique functional properties when
and manufacturers are pressed to screen the potential of newtompared to ideal carrageenan homopolyma8s 19). These
natural resources or new chemical processing for the productionproperties are evidently caused by the copolymer structure of
of carrageenan with preferentially good gelling properties. This these hybrid carrageenans, but the interplay between chemical
also boosted the research efforts witnessed during the passtructure and gel thermoviscoelastic properties or gelling
decade or so. A wide set of experimental techniques were mechanism still needs to be documented. We lately started
utilized for the structural investigatio®+8) and characterizing ~ working along this line of research, focusing our attention on
the biopolymers extracted from the underexploited Portuguese
* Corresponding author. Phone: (+351) 22 508 1686. FAX: (+351) SeaweedMastocarpus stellatus, which are a known source of
22 508 1449. E-mail: hilliou@fe.up.pt. «/i-hybrid carrageenand), The biopolymer chemical structure

Carrageenan is a generic name given to a family of sulfate
polysaccharides isolated from red seawedds These water-
soluble linear biopolymers are increasingly used as natural
thickeners, formulation stabilizers, or gelling agents in applica-
tions ranging from food industry (mainly dairy products) to
pharmaceutics?). Carrageenan is classified in three industrially
relevant types: A-carrageenan, which is a highly sulfated
galactan with viscosity enhancer propertiesarrageenan, which
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can be tuned by the careful control of extraction parameters Taple 1. Alkaline Pretreatment Duration (PT), Extraction Temperature
and alkaline pretreatment conditions, thus allowing the delivery (7), Extraction pH, and Extraction Duration (f) Used To Obtain the
of biopolymers with different- and k-carrageenan monomer  «/i-hybrid Carrageenans Samples from M. stellatus Seaweeds
compositions as well as molecular weight distributio?2@)( In

this paper, the thermal and viscoelastic propertiegeliybrid sample PT T ! y'f'da
carrageenans gels are presented. Small amplitude oscillatory__2%! ) () pH 0 (%)
shear experiments show that gels exhibiting elastic storage M9 42 95 8 2 17+1
moduli ranging from 250 to 2750 Pa with no water syneresis mg 47152; gg ? % ;gng
and gel melting temperatures ranging from 41 to’62can be M16 20 95 8 2 2742
obtained by cooling hot/-hybrid carrageenan solutions in 0.05 M17 48 95 9 2 47+5
mol/dn?® KClI salt down to 20°C. Mechanical spectra recorded M18 48 80 8 2 19+1
on equilibrated gels and gel thermal hysteresis suggestihat mgg jg %g g 35 ig
hybrid carrageenan copolymers build a space-filling network M4 48 95 8 1 17492
that is structurally reminiscent of the ones formed by ideal M25 48 95 8 2 20
k-carrageenan homopolymers. This structural feature is ex- ~ M26 48 95 8 4 25+1

plained by the chemical structure, which primarily contains
k-carrageenan monomers. Gels elastic properties correlate well #Corresponding extraction yields are given and calculated from the ratio of dry
with the chemical parameters of the biopolymers, such as thecarrageenan weight over dry seaweeds weight.

molecular weight distribution, the overall degree of sulfate
groups determined by a newly introduced FTIR intensity ratio, 10
and the relative content incarrageenan monomers as deter-
mined by FTIR spectroscopy.

2000 T T
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2. MATERIALS AND METHODS E :
. . ~10° I

2.1. Seaweeds Sampling and Alkaline Pretreatmenid. stellatus 10 -
seaweeds were hand-collected during May 2004 on the northern coast § .
of Portugal (Vila Praia de Ancora). No attempt was made to separate ""10,1 | o

algal specimen with different life phases (female or male gametophytes,

B

and carposporophytes). Seaweeds were first washed several times with S A —— 1000
tap water in order to remove nonalgal materials. An alkali pretreatment 20 30 40 50 60 70 0 500_0 10006 15000
(200 g of wet algae in 8 diof 0.1 mol/dni NaCOs; at room temperature (°C) time (s)
temperature) was then performed during a time (PT) varying between . . . . ————
20 and 70 h, in order to likely convert the carrageenan biological 102L 3%
precursors into gelling carrageenan monomgrs,(20). Excess sodium s OSSR
salt was removed after alkaline pretreatment by washing the seaweeds 10°F E
several times until the bathing water reached a pH of 7. Then, the & N 10
seaweeds were dried at 6C for 48 h in a ventilated oven and stored Q—/ E
at room temperature. I «ws 10

2.2. Biopolymer Extraction. Carrageenan extraction (40 g of dried (.'{10 V c
alga in 4 dnd of tap water) was performed at a temperatdreduring 0] 8 10"

a time ¢) and at a pH value monitored by the addition of 0.1 moffdm C
NaOH or 0.01 mol/drhHCI. Parameterd, t, and pH were separately 1l X N 2 R
varied from 80 to 11(°C, from 30 min to 4 h, and from 7 to 9, 10 102 107 10° 10’ 1020 30 40 50 60 70
respectively. The extract was then filtered with metallic screens followed frequency (Hz) temperature (°C)

by cotton clothes prior to water evaporation performed at®0The ) ) o
resulting concentrated extract was then precipitated in ethanol (95%). Figure 1. Experimental protocol used for the rheological characterization

The precipitate was separated from the watgthanol mixture by of «li-hybrid carrageenan gels. Dotted lines in A indicate the gel point
filtration and the recovered polysaccharide was washed with further Tg. Dotted lines in D indicate the gel melting temperature Ty, See Materials
ethanol. The product was then dried at’®&@under vacuum and milled. and Methods for details.

The resulting powder was purified by mixing in hot distilled water

during 1 h and subsequent centrifugation performed at 20* rpm recorded on biopolymers dissolved i@ and experiments were
and 38°C during 40 min. The supernatant was finally recovered and performed at 80C, on a Bruker ARX 400 NMR spectrometer (400
dried at 60°C under vacuum until constant weight was reached. MHz), using TMSPSA as internal standard. Number and weight average
Selected extractions were performed in triplicate in order to check the molecular weightsM, and My, respectively, were obtained by size
good qualitative reproducibility in the carrageenan gelling properties exclusion chromatography (Waters Co. apparatus equipped with a
and to determine the experimental error (error barBigures 8 and Waters Ultrahydrogel Linear column and a Waters 2410 differential
9) in the characterization of the corresponding biopolymer chemical refractive index detector) performed with 0.1% w/w carrageenan
structure and in the extraction yields (calculated on a dry basis) solutions in 0.1 mol/dfNaCl at 40°C. Under such salt, temperature,
displayed inTable 1together with the extraction parameters used during and concentration conditions, optical rotation experime3 indicate

the recovery of alk/-hybrid carrageenans. that«/t-hybrid carrageenans showing similar chemical composition are
2.3. Determination of the Chemical Structures and Molecular in the coil conformation. This conformation is explained by the presence
Weight Distributions of Extracted k/t-Hybrid Carrageenans. Fourier of biological carrageenan precursor monomers that prevent the forma-

transform infrared spectroscopy (FTIR) aitiNMR spectroscopy were tion of regular helical conformations. Details about the molecular weight
employed to assess the chemical structure of the extracted phycocol-distribution determination can be found elsewhere (20).

loids. Details about the chemical characterization can be found 2.2. Gel Thermal and Mechanical Characterization. Figure 1 il-
elsewhereZ0). FTIR spectra were recorded with a Perkin-Elmer 157G lustrates the experimental protocol used to characterize the gel setting
infrared spectrometer and experiments were carried out with carrageenartemperature (J, the gel melting temperature £ and the gel
films cast from dilute water solutions. THeél NMR spectra were viscoelastic properties of all extractedi-hybrid carrageenans (data
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shoulder intensities resolved at 5.26 ppm. However, alkaline
treatments with duration as long as 78 h were not sufficient for
achieving a complete conversion. As a consequence, signals
corresponding tou- and v-carrageenan monomers are still
resolved in the?H NMR spectrum of sample M26.

The FTIR spectrum inFigure 2 confirms the complex
6 & T3 5 1 0 structure of the extracted biopolymer, whose main spectral assets
ppm are indicated by three vertical dotted lines: an absorption band
930 845 805 at 805 cm! reminiscent ofi-carrageenan monomerg22); a
Poob stronger band at 930 crh, which is a common feature of both
k- and .-monomers 23); and a band at 845 crh which is
reported to be specific to-, -, v-, andu-monomers (4) as it
PN relates to the COS group located on the fourth carbon of the
L L L L . L ) galactose. These results are in harmony with a recent report on
1400 1300 1200 ;,L?gmlgggr (jg?) 800 700 600 kli-hybrid carrageenans extracted from gametophyte samples
) o . of similar seaweeds collected on the northern coast of Portugal
Figure 2. Chemical identification of the biopolymer extracted from M. (22). Furthermore, KCl fractionation carried out in a separate
stellatus: .1H NMR spectrum (top).and FTIR spectrum (bottom) of sample study @0) demonstrates thatcarrageenan biopolymers cannot
M26 obt_amed aiter 4 h of extraction at pH 8 and T'= 95 °C performed be separated fromcarrageenan biopolymers. Instead, either
on alkali-reated (48 h) seaweeds. an homogeneous viscous solution, a transparent gel, or a grainy,
for sample M11 are reported Figure 1). Hot carrageenan solutions turbid gel (when KCI concentrations in excess of 0.1 moffdm

(1.5% w/w biopolymer in 0.05 mol/d#&KCl) were loaded at 90C in and _blopolymer co_ncent_ratlons_ a}bc_)ve_ 1'5% w/w are used) is
the preheated plate—plate geometry of a stress-controlled rheomete@Ptained after centrifugation This is indicative of the copolymer
(AR2000, TA Instruments). Water loss was avoided by covering the nature (4) of the «/i-hybrid carrageenan extracted frolh
geometry with paraffin oil. Hot solutions were first cooled°/min) stellatus, which is to be seen as a macromolecular chain
down to 20°C while small amplitude oscillatory shear strain with 0.1% containing long sequences of and-carrageenan monomers
amplitude was applied at 1 Hz in order to probe the temperature (with sufficient length for allowing the formation of aggregating
evolution of I_inear viscoelastic_ propertie_s such asdatt_le tangent of helices) separated by shorter sequences and/or unitsasfd

the phase shift angk&between imposed sinusoidal strain and measured u-carrageenan monomers, rather than a mixture of essentially

sinusoidal stress (sdggure 1A). The point for which tand =1 was . -
; - > ideal «-carr. nan rr nan biopolymers.
defined as the gel-setting temperature. We note here that the Winter deal «-carrageenan anecarrageenan biopolymers

Chambon criterionZ1) for liquid—solid transition determination could 3.2. Mechanical Properties ofk/i-Hybrid Carrageenan

not be used, as the time evolution of dynamic moduli was too fast at Gels. Gels obtained by cooling/i-hybrid carrageenan hot
temperatures close to the liquid—solid transition and did not allow solutions down to 20C need more tha3 h to reach equilibrium
proper measurement of mechanical spectra on a sufficiently wide at this temperature, as illustrated by the time evolution of the
frequency range. The time evolution of the storage mod@uand storage shear modul@' measured at 1 Hz and presented in
the loss moduluss" was followed at 20°C (0.1% strain at 1 Hz), chart B of Figure 1. Shortly after reaching 26C, the gel

o e deermineon of g Ul NGO 18) e EIRSEEMY rapidly ncreases up to a maximum before sioiy
regime by performing frequency sweeps with a 0.1% strainigere decaying down to its equilibrium value. Similar gel kinetics has

1C). From this test, one can extract the value of the gel storage modulusP€€N measured with mixtures of ideatcarrageenan and

G' at 1 Hz Go), which essentially mirrors the gel elasticity at t-Carrageenan homopolyme@4) and with ideal-carrageenan
equilibrium and 20°C. Finally, the gels were heated {&/min) up to homopolymers€). Microstructural investigation$( 25) carried

90 °C andG' andG" were simultaneously measured at a 0.1% strain out at different times during equilibration evidenced a structural
and a frequency of 1 Hz, enabling the characterization of the gel melting rearrangement of the three-dimensional network responsible for
point (see chart D) again defined as the temperature for whickd tan  the water syneresis that accompanies the gel kinetics. Visual

N

=1 inspection ofi/i-hybrid carrageenan gels equilibrated at°20
during 24 h in sealed plastic cups shows that the gels do not
3. RESULTS release any water during equilibration. To further test the
3.1. Chemical Characterization of the Hydrocolloid Ex- hypothesis that shearing plates can stress the building gel and

tracted from M. stellatus.The IH NMR spectrum and FTIR  force trapped water to migrate toward the-gplate interfaces,
spectrum of sample M26 isolated from alkali-treated (during the experiment depicted Figure 1 was repeated with serrated
48 h) M. stellatusseaweeds after 4 h extraction performed at  plates. A comparison of the gel kinetics measured with the two
= 95 °C and at pH 8 are presented figure 2. Of special shearing plates on sample M11 is providedrigure 3. The
interest in the!H NMR spectrum are the peaks showing up at good qualitative reproducibility of both gel kinetidsigure 3A)

5.11 and 5.32 ppm, which are usually assigrn&)xt¢ «-carra- and gel equilibrium mechanical spectfidure 3B) rules out
geenan angcarrageenan monomers, respectively. An additional the syneresis of water during gel equilibration. We are therefore
peak located at 5.52 ppm can be resolved, together with aleft with the structural rearrangement of the gel network as an
shoulder appearing around 5.26 ppm. These two signals originateexplanation for the observed gel kinetics. A data analysis
from biological carrageenan precursor monomersand g, inspired from Fourier transform rheology concep6)( is
respectively. These precursors should normally be convertedproposed irFigure 4 in order to check whether the structural
into -carrageenan ang-carrageenan monomers, respectively, evolution is induced by the 0.1% strain used during the
by the alkali treatment. Indeed, fdi. stellatusseaweeds, a  mechanical testing or is an intrinsic gel building up. Any strain-
dedicated study (20) demonstrated that the alkaline treatmentinduced structure or damage developing in thehybrid
should at least last for 20 h for an effective conversion of carrageenan gels is reflected by some nonsinusoidal components
biological precursors, as inferred from the droplih NMR (nonlinearity) showing up in the measured stress response to



Thermal and Viscoelastic Properties of Hybrid Carrageenan Gels J. Agric. Food Chem., Vol. 54, No. 20, 2006 7873

10 - ; . . 10° preren : : .
o
& , A AAM R el
E 10°r 0 DO A gwg LSS
(&)
:_ . o mmm:mﬂm@
017 4 4wt St " )
O ) A . . . . =10 E'I‘?I:mzmﬂ:ﬂi‘jjjjjjjcpp
T T T T WWW
time (s)
10°gm ' ' ' T T T, ST ST
mummmwﬁ frequency (Hz)
§ 10°F 3 Figure 5. Frequency dependence of the tangent of mechanical phase
= shift angle 6 for equilibrated gels formed at 20 °C with samples M16
O 102k " "M 4 (O), M9 (A), and M26 (O). Inset: frequency dependence of corresponding
) B gels storage moduli G'.
10" bt " = = 5 experiment. In other words, the rather small torque nonlinearity
10t 10 1o 1010 iginates from the nonlinear deformation imposed by the
frequency (Hz) ongina ; .
rheometer (possibly caused by the use of pseudo-strain con-
Figure 3. Effect of shearing plates surfaces (squares, serrated plates; trolled experiments) and not from any strain-induced damaging
triangles, smooth plates) on the reproducibility of experimental data of the gels. On the contrary, the time evolution@fevidenced
collected for sample M11 at 20 °C. (A) Time dependence of the storage in Figures 3and4 may rather originate from intrinsic structural
modulus (open symbols) and loss modulus (solid symbols) measured at rearrangements taking place during the equilibrationc/of
1 Hz. (B) Frequency dependence of storage and loss moduli (same hybrid carrageenan gels at 2@ (see the discussion below).
symbols as in A) measured on the equilibrated gels at 20 °C. Examples of mechanical spectra measured on equilibrated
. . gels are presented Figure 5. Qualitatively similar viscoelastic
~ 3 behaviors were observed with the remainiiighybrid carra-
s § geenans listed ifable 1. For the three gels depictedrigure
= g g 5, the frequency dependence of the tangent of the phase shift
e |® angled (tan 6 = G"/G') shows a minimum, which suggests
2 the existence of two relaxation times located at frequencies
- higher and smaller than the experimentally accessible frequen-
(o] . 3 cies. Comparison of storage mod@i plotted in the inset of
3 Figure 5 with tan 6 data reveals that increased gel strength
g (higherG') correlates with increased elastic properties (smaller
time (au.) tano). This increase in gel elasticity is accompanied by a shift
10:01 7 o 10° in the location of the tap minimum toward higher frequencies

time (s) and a flattening of the shift angle frequency dependence. The
observed flattening is indicative of the widening of the time
distribution of the relaxation processes. In a recent study on
gels made with ideak-carrageenans in 0.1 mol/dnNacCl,
Meunier et al. (9) measured mechanical spectra very similar to
the ones shown ifrigure 5: this suggests that the gels made
the imposed sinusoidal strain. Signal nonlinearity can be, to a from«/i-hybrid carrageenans structurally resemble the gels made
first approximation, estimated by fitting the experimental data With pure x-carrageenans. In contrast to these features, weak

Figure 4. Analysis of the linearity of the stress response measured during
equilibration at 20 °C of a «/-hybrid carrageenan gel (sample M24). In
the insets, lines are the fits of eq 1 to the stress data (OJ) recorded at
selected times (indicated by arrows) during the gel kinetics.

to the following periodic function gels obtained from nonaggregatirecarrageenan in Nal salt
(12) as well as gels made with ideatarrageenans (13) both
o(t) = Asin(wt)+ Alg, sin(3wt+ ¢5,) 1) showG' andG" moduli with very weak frequency dependences.

3.3. Interplay between Gels Thermal Properties and Gels
whereA is the amplitude of the signal measured at a frequency Elasticity. The gel-setting temperatureégy) and the gel thermal
w = 1 Hz (the excitation frequencylg, is the scaled amplitude  hysteresis AT, calculated asAT = T, — Ty) are plotted in
of the nonlinearity showing up at the third harmonic with phase Figure 6 as a function of their corresponding gel equilibrium
shift ¢ In the insets ofigure 4, where the time evolution of ~ storage modulusGy measured at 20C for all «/i-hybrid
the gel storage modulu&’ measured with sample M24 is carrageenan samples listedTiable 1. Ty andAT are increasing
presented, the stress data are displayed at different times durindunctions ofGy. However, both thermal properties seem to level-
the gel kinetics, together with the corresponding fits obtained off for Gy values higher than 1500 Pa. The data representation
with eq 1 using the reporteld,, values. This satisfactory data proposed inFigure 6 suggests that gel thermal properties are
analysis (standard errors of 10% were typically observed for closely related to gel elastic properties: stronger gels are easier
all the I3, values obtained with the fitting procedure, which is to form (their gel-setting temperatures are higher) and melt at
acceptable, given the neglect of higher harmonics needed tohigher temperatures. Thermal hysteresis is usually reported as
fully describe a nonsinusoidal waveform) demonstrates that thea «-carrageenan gel fingerprini,(11) and is associated with
stress third harmonic scaled amplitude keeps values below 0.2%the existence of big aggregates of helical conformers (10)
The latter are smaller than thg, parameters calculated for all  exhibiting melting temperaturés, higher than the temperature
the corresponding strain signals throughout the duration of the Ty at which smaller aggregates start to percolate to form a three-
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| . L temperatures (above 8Q) as a kink in the otherwise monotonic
G 11 0|9|OZ and 2208%C (ng’oo temperature dependence@f, prior to the development of the
0 elastically strongek-carrageenan network.
Figure 6. Relationship between gels thermal properties and gel elastic 3.4. Correlation between Gel Elasticity and Molecular
properties at 20 °C. (A) Gel-setting temperature Ty as a function of the We_|ght I_D|st_r|bu_t|on. A comparison between the molecular
corresponding gel elastic modulus Go. (B) Thermal hysteresis AT as a weight distributions (characterized i, and M) of the «/i-
function of the corresponding gel elastic modulus Go. hybrid carrageenan biopolymers and the elastic mod@husf

the corresponding gels is proposed-igure 7. This representa-
dimensional elastic network. The widely accepted gel mecha- tion clearly indicates that bottM, and M, are decreasing
nism (1—3,5—12) for k-carrageenans provides a good expla- functions ofGy. This result is rather surprising if one notes here
nation for the interplay between thermal and mechanical that allM,, values are above thecarrageenan ideal homopoly-
behaviors: as more helices are bundled to form a mechanicallymer critical molecular weight beyond which gel elasticity shows
effective cluster, the latter becomes more elastic, since theno molecular weight dependence (28). This unexpected behavior
density of cross-links inside the aggregate is raised, and highercan be understood by bearing in mind the copolymer nature of
temperatures are needed to disrupt the bundles of heliges. the «/i-hybrid carrageenans. Indeed, a prerequisite for gel
andT,, values measured in the present study for the whole set formation is the existence of blocks of purecarrageenan or
of extractedc/-hybrid carrageenans are in fairly good agreement pure (-carrageenan monomers with lengths bigger than the
with values recently reported 7) for a commerciak/:-hybrid critical one for helix formation. In a recent studyg), minimum
carrageenan containing 50@4carrageenan monomers. A final  lengths for helix formation have been calculated: these are eight
comment on the thermal properties of #lehybrid carrageenan  or ninex-carrageenan monomers and two or threarrageenan
gels extracted fronM. stellatusdeals here with the monotonic  monomers. However, the presence of biological precursors may
decrease or increase of tanobserved during the cooling lead to a dramatic increase in this minimum length. The
(Figure 1A) or the heating Kigure 1D), respectively, of all monomers in th&/i-hybrid carrageenan macromolecular chain
samples listed inrable 1. Such smooth temperature depend- that do not participate in helix formation and subsequent
ences contrast with the thermal behavior measured some timeaggregation will essentially act as free dandling chains, thereby
ago by Parker et al.2@) for a mixture ofc-carrageenan and causing a plasticizing effect to the gel network. As such, bigger
(-carrageenan under similar salt conditions. The authors de-«/i-hybrid carrageenan molecular weights bring more free
scribed theG' temperature dependence as a “two-step gelation”, dandling chains to the gel structure, which exhibits inherent
attributed to the build-up of two phase-separated networks softer elasticity. One may conclude at that point (see below for
formed by:-carrageenan at higher temperatures and-ogr- a discussion of this result based on the statistical analysis of
rageenan at lower temperatures. The discrepancy between thishe data) that the gel elasticity of/i-hybrid carrageenans
nonmonotonic thermal behavior and the temperature sweepsextracted fromM. stellatuscan be tuned by controlling the
depicted inFigure 1 (the thermal dependence Gf was checked molecular weight of the polysaccharides. We showed in a
to be equally monotonic) is in favor of a statistical distribution previous study (20) that this control could be achieved by
of blocks ofi-carrageenan andcarrageenan monomers making monitoring the extraction time: the longer the extraction
up the present/i-hybrid carrageenan copolymer. Actually, such duration, the shorter the resulting biopolymers, with no modi-
macromolecular architecture impedes the microphase separatioriication of the polysaccharide chemical structure.
of k- and-carrageenan monomers, and the formation of two  3.5. Relationships between Chemical Structure and Gel
phase-separated or interpenetrated networks is consequentlyvlechanical Properties.In an attempt to correlate thé-hybrid
forbidden. Alternatively, under the present salt and polymer carrageenan chemical structure to product functional properties
concentration conditions, the network associated withrra- such as gel elasticity, we systematically plot mechanically
geenan monomers is elastically far weaker than the network relevant chemical properties as a function of gels elastigjty
associated witk-carrageenan monomers and cannot be resolved In Figure 8, the chemical characteristics determined with FTIR
during the temperature sweeps. Indeed, for all concentration spectroscopy are compared®g. The degree ot-¢ hybridiza-
tested so far and ranging from 0.2% to 2.5% w/w (27), tion can be calculated by computing a FTIR band intensity ratio
temperature sweeps with a single stefisirandG'’ have been (22,29): the 805 cm! absorption band intensity over the 845
recorded. However, experiments carried out with 0.1 mo¥/dm cm™! absorption band intensity. This ratio, hereafter denoted
NaCl salt and with biopolymer concentrations above 2% w/w as¢-content, can be seen as an indication of the relative amount
(27) revealed that thecarrageenan network shows up at high of (-carrageenan monomers with respect to all other gelling and
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sum of peak intensities recorded at 5.11, 5.32 foarrageenan
monomers), 5.52 (for-carrageenan monomers) and 5.26 ppm
(for u-carrageenan monomers). Data gatherdeignire 9 show
that the'H NMR peak intensity ratio giving the relative content

i . . in k-carrageenan monomers is roughly an increasing function
nongelling carrageenan monomers in the polysaccharide. Asqr g if data scattering at low, is neglected: relative content

such, and under the assumption of (i) a blockwise distribution ranges from 43% (softer gels) to 52% (stronger gels) for a

oLc-carrag(feenan lmtqnoml;arts alongtktga (t:optolyrgertﬁhaml, (”t)' the corresponding 10-fold increase in gel elasticity, (Bcreases
absence of correfations between nient and ofher e1asti- .54 250 to 2700 Pa). A recent stud¥$6) on a series of/i-

cally relevant parameters (see discussion below), and (iif) a gel hybrid carrageenans extracted from different seaweeds and

elasticity solely arising from-carrageenan monomers, the . 0 ) .
content is likely to be an increasing function@jf. The-content containing from 60% tp 100%-carrageenan monomers V.V't.h
less than 2% nongelling monomers showed a very similar

is plotted as a function of the gels elastictdy in Figure 8A. . . o .
Despite some scattering in the data at |Gy values (softer _relatlonsh|p between the gels elasticity and the relat|ve_ conte_nt
gels), results suggest that a higher content-tarrageenan I k-Carrageenan monomers. In contrast to that, peak intensity
monomers results in improved gel elastic properties. In a similar "atios computed for botkcarrageenan and biological carrag-
way, the degree of sulfate groups in the biopolymer (DS) is €€nan precursor monomerandu (the latter ratio is obtained
usually estimated from FTIR dat8@) by computing the ratio by summing the ratios corresponding tecarrageenan and

of the band intensity at 1250 cthover the band intensity at ~ u-carrageenan monomers) and displayed Figure 9 are
2920 cn1 (the latter corresponding to CH groups). Comparison Virtually not depending oBo. Poor NMR detection sensitivity

of DS with gel elastic properties is relevant, since DS is a direct (peak relative intensity ranging from 5 to 10% fecarrageenan
measure of the amount of nongelling carrageenan units in themonomers) is apparently responsible for the appreciable lack
polysaccharide. The increase in gel elasticity with decreasing of correlation betweef, and the relative content in biological
values of DS is widely documented in the literatutgfor ideal carrageenan precursor monomers. Note here that, in the light
«- or -carrageenan homopolymers and is explained by the factof the discussion developed above for DS, depressed gel
that biological sulfated precursors locally stop the homopolymer elasticity should correlate with polysaccharides containing more
stereochemical regularity (the blockwise distribution of gelllng bi0|ogica| precursors. The nondependencetmrrageenan
monomers is interrupted by nongelling monomers), thus restrict- monomers relative content on gel elastic properties is more
ing the polysaccharide conformational transition from coil to questionable, as this result is hard to reconcile with-tbentent

a_tggre_gating helice). Howeve_r, due to spectral width limita-  ,aasured with FTIR spectroscopy (égure 8). Actually, both
tions in our FTIR data (absorptions were recorded between Goochemical analyses should render the same experimental output,

1 .
;ahndb14?j0_ctm ),_Weéigé)éocn%ptegttﬁ pt;opgs_etthe ratio betwezn as both spectroscopic methods assess the same chemical
e band intensity a and the band intensity measure property. A plausible reason for the absence of consistent results

at 930 cnTl, as an alternative to the estimation®$. The use miaht again lie in the pookH NMR quantitative sensitivity to
of the band showing up at 930 cis motivated by the fact gntag > PoO! q . Y
small amounts of biological precursors, which hampers the

that the latter is specific to less sulfatedand-carrageenan . . ) . . .
monomers (422, 23). The new ratio DS is plotted iigure interpretation of computed peak intensity ratios. In particular,

8B, again as a function dBo. As expected, data indicate that #-Carrageenan monomers show up as a shoulder to-the
more elastic gels are obtained fafi-hybrid carrageenans fageenan peak in thél NMR line shape (se€igure 2), thus
bearing less sulfated groups and thus validate the use of theP0SINg serious Ilmlltatlon.s. to a correct quantitative measure of
proposed DS calculation. respective signals intensities. In the light of the results presented
A comparison betweefH NMR quantitative analysis and above, it seems that for the peculiar case Mf stellatus
Gy is summarized irFigure 9. ThelH NMR analysis relies on seaweeds, a quantitative analysis of the biopolymers chemical
the computation of ratios of peak intensities (integrated areas)structure is better achieved by means of FTIR spectroscopy,
assigned to a specific carrageenan monomer over the sum ofsince the latter technique produces chemical parameters that
all peak intensities considered in the analysis. For instance, thereliably correlate with the elastic properties efi-hybrid
relative content inc-carrageenan monomers is obtained from carrageenan gels.

Figure 8. Relationship between «/-hybrid carrageenan chemical structure
as measured by FTIR spectroscopy and equilibrium gel elastic modulus
Go. (A) t-content as a function of G,. (B) Degree of sulfate DS as a
function of Gy.
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formed, thereby increasing the cross-link density in the forming
gel. Consequently, the gel elasticity rises and the time evolution
of the storage modulu&' witnesses this structural build-up.
At longer times, the bundles are merging as helix aggregation
proceeds, resulting in a decrease in cross-link density, which is
mirrored by the decrease i@'. As such, a maximum in the
storage modulus is expected to show up during the gel kinetics.
The time evolution of the storage modul@ shows a A simple way to validate this structural picture is to look for
maximum as the gel progresses toward its mechanical equilib- correlations between the maximum amplitude or time location
rium. Before providing an interpretation for this maximum, a and parameters such &g or AT, which are known to be related
check for possible experimental artifacts first needs to be carriedto aggregation (1011). Such a statistical analysis is provided
out. It is worth noting here that gel kinetics similar to the ones in Table 2, where linear correlation coefficients computed with

Figure 10. Time dependence of the storage modulus G' measured at 1
Hz and 20 °C during the equilibration of gels obtained for different
concentrations of sample M25 in 0.05 mol/dm?3 KCI: () 0.2% wiw; (O)
0.3% wiw; (A) 0.5% wiw; (O) 0.9% wiw; (0) 1.3% wiw.

4. DISCUSSION

displayed inFigures 1, 3, and4 have been systematically
observed for all biopolymers listed rable 1 and for all sample

the Statistica software, version 6.1 (Statsoft, Tulsa, OK), are
reproduced. The rather low values of the coefficientFatle

thicknesses (ranging from 0.8 mm to 1 mm) used throughout 2 indicate that the kinetics of gel rigidity does not correlate

this study. In addition, a maximum i8' was also resolved in

with the gel melting behavior or gel thermal hysteresis,

tests performed with a cone and plate geometry: both maximumsuggesting that bundles of helices are not the only structural
amplitude and time location showed good reproducibility with units that contribute to gel elasticity. Clearly, additional work
tests performed with smooth plates. The use of excessive strainincluding in situ structural characterization is needed if one
as a possible source for experimental error has been suggestedants to provide a better understanding®fmaximum, as no
above, and Fourier transform analysis of both torque and strainfurther correlations between the maximum amplitude or time
signals has been performed to establish the absence of strainlocation and«/~-hybrid carrageenans chemical composition,
induced structural rearrangements within the gels. As an ultimate molecular weight distribution, and equilibrium elastic modulus

check, experiments depicted kigure 1A,B have been repro-

Gy could be evidenced.

duced with the strain set to 0. The mechanical spectrum of the Gels obtained from/:-hybrid carrageenans exhibit an equi-
gel obtained after this sample treatment showed a satisfactorylibrium elastic modulusGy that is related to gel thermal

reproducibility (G'andG" values differing by less than 15%)
when compared to data displayed Figure 1C: this result

properties (seeFigure 6). Moreover, Gy depends on the
molecular weight distribution (se&igure 7) and on the

confirms that strain-induced structural rearrangement is not biopolymer chemical composition as determined by FTIR
related with the observed gel kinetics. The latter is rather the experiments (seEigure 8). A tentative interpretation has been

signature of a structural property of carrageenan g&lsafd

given for each of these results, namely, helix aggregation and

should therefore depend on parameters such as the biopolymetridimensional networking, free dandling chains acting as gel

concentration. Preliminary studies are presentefigure 10,
where the time dependence @f is plotted for five different

plasticizers, and biological precursor monomers that limit the
extent of helix formation and subsequent aggregation. These

concentrations of biopolymers solutions obtained with sample interpretations are partly motivated by earlier reports on virtual

M25 (the latter showed the best gelling properties of the

model carrageenan systems-@, 5—12,14—16) and are based

hybrid carrageenans studied here). For concentrations belowon the hypothesis th&y solely depends on the parameter under

0.5% wi/w, G’ exhibits a monotonic increase before reaching
an equilibrium plateau. This gel kinetics is reminiscent from

study, whereas all the others are either kept constant or are
simply not correlated with the studied parameter or physical

the one obtained some time ago tecarrageenan solutions with
similar concentrations9). When the concentration is raised results in a set of samples that vary by more than one parameter.
above 0.5% wi/w, theG' maximum is resolved. The latter Therefore, statistical analysis of the correlations between all
appears at earlier times in the gel kinetics and with increased elastically relevant parameteff,( molecular weight distribution
amplitude as the concentration is increased. The maximum timeand chemical composition) is required in order to discern their
location and amplitude also depend on the cooling rate used torespective impact or, and validate the above-mentioned
set the gel (results not shown): a bigger maximum occurs at interpretation or alternatively underpin their complex interplay
earlier times if the cooling rate is slower. These features suggestwith Go. The results of the statistical analysis (performed as
that aggregation phenomena are involved in the intrinsic mentioned above) of data presented kigures 6—9 are
structural rearrangement of the gel. As the temperature isdisplayed inTable 3, where linear correlation coefficients
lowered, helices are formed and aggregate in bundles of heliceshetween all studied parameters are reported. The gel-setting
(1, 6—8). These bundles act as cross-links between the remainingtemperaturély is not correlated with any chemical parameters
parts of macromolecules that did not adopt a helix conformation, nor with the molecular weight distribution, since corresponding
as biological precursor monomers limit the extent of confor- coefficients are kept betweer0.59 and 0.36. Thus, the
mational transition§, 16). As time proceeds, more bundles are dependence o6, on chemical parameters and &k, or M,

property. Thex/i-hybrid carrageenans extraction proce28)(
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Table 3. Correlation Coefficients between Gel Physical Parameters LITERATURE CITED
(Tm, Ty, AT, Go) and Biopolymers Chemical Parameters (My, My, DS,

i-content, ¢, «, PREC) Measured for All Samples Listed in Table 1 (1) Piculell, L. Gelling carrageenans. Food Polysaccharides and

Their Applications; Stephen A. M., Ed.; Marcel Dekker Inc.:

Tn Ty AT Go My M, DS ccontent @  x? PREC? New York, 1995; pp 205—244.
T 1 092 0.94 0.87 —0.72 —0.69 —0.6 0.49 2026 035 —0.11 (2) Van de Velde, F.; Knutsgn, S.H.; Qsov, A. |.; Rollema, H. S.;
Ty 1 073074 —059 —0.52 -0.45 0.3 ~0.1 031 -019 Cerezo, A. S!H and**C high resolution MNR spectroscopy of
AT 1 087 -0.74 —0.74 -0.65 0.6 -0.36 0.35 -0.01 carrageenans: Application in research and indu$tsnds Food.
Go 1 -0.75 -0.71 -0.77 0.69 -0.36 0.4 -0.06 Sci. Tech2002,13, 73-92.
M, 1 095 058 —084 04 —027-0.09 (3) Lahaye, M. Developments on gelling algal galactans, their
Mh 1 04 -083 056 -0.47 -0.04 } ;
DS 1 062 013 004 —-015 structure and physico-chemistd.Appl. Phycol2001,13, 173—
1-content 1 -0.63 019 036 184.
i 1 -0.35 -0.52 (4) Chopin, T.; Kerin, B. F.; Mazerolle, R. Phycocolloid chemistry
EREC 1 10-62 as a taxonomic indicator of phylogeny in the Gigartinales,

Rhodophyceae: A review and current developments using

Fourier transform infrared diffuse reflectance spectroscopy.
a4, k, and PREC stand for the relative contents in --monomers, k-monomers, Phycol. Res1999,47, 167—188.

and biological precursor monomers, respectively, as determined by *H NMR and (5) Van de Velde, F.; Rollema, H. S.; Grinberg, N. V.; Burova, T

plotted in Figure 9. V.; Grinberg, V. Y.; Tromp, R. H. Coil-helix transition of
i-carrageenan as a function of chain regulaippolymers2002,

will not be blurred by its dependence di. The molecular 65, 299—312.

weight distribution is strongly correlated with the content in (6) Hermansson, A. M. Rheological and microstructural evidence
-carrageenan monomers as determined by FTIR (coefficients for transient states during gelation of kappa-carrageenan in the
of —0.84 and—0.83 for parameterbdl,, and M, respectively). presence of potassiur@arbohydr. Polym1989,10, 163—181.
This suggests that longef-hybrid carrageenan macromolecules  (7) MacArtain, P.; Jacquier, J. C.; Dawson, K. A. Physical charac-
possess proportionally lessarrageenan monomers. Unfortu- teristics of calcium induced-carrageenan networkSarbohydr.
nately, chemical parameters, which were obtained fidiNMR Polym.2003,53, 395-400.

spectra (with inherently big data scattering and experimental (8) Ikeda, S.; Morris, V. J.; Nishinari, K. Microstructure of ag-
errors as evidenced iRigure 9 and explained in the Results gregated and non aggregatedarrageenan helices visualized

by atomic force microscopBiomacromolecule200], 2, 1331~
1337.

(9) Meunier, V.; Nicolai, T.; Durand, D.; Parker, A. Light scattering
and viscoelasticity of aggregating and gellirgcarrageenan.
Macromolecules1999,32, 2610—2616.

(10) Ikeda, S.; Kumagai, H. Dielectric analysis of sol-gel transition

section) are not correlated with eithigk, or M. This analysis
thus cannot indicate if absentarrageenan monomers in longer
biopolymers chains are substituteddgarrageenan monomers
or rather nongelling units, which would favor the occurrence
of free dandling chains in the gels. A way to overcome this

lack of information is to focus now on the thermal hysteresis of k-carrageenan with scaling concept. Agric. Food Chem.
AT, which reflects the extent of aggregation of helices in the 1998, 46, 3687—3693.

gels. AT becomes smaller as the molecular weight is bigger (11) Takemasa, M.; Chiba, A.; Date, M. Gelation mechanism-of
(correlation coefficients are truly negative for bdil, andM, andi-carrageenan investigated by correlation between the strain-
parameters), which suggests that lorighybrid carrageenan optical coefficient and the dynamic shear moduMsicromol-

chains form less aggregates because they contain relatively less ecules2001,34, 7427—-7434.
helical conformers, whereas shorter biopolymers contain rela- (12) lkeda, S.; Nishinari, K. “Weak gel” type rheological properties
tively more helices. A final comment deals with the increased of aqueous dispersions of nonaggregat@drrageenan helices.
gel elasticityGo with the increasing relative content ircar- J- Agric. Food Chem2001,49, 44364441,
rageenan monomers, as depictedFigure 8. This positive (13) Hossain, K. S.; Miyanaga, K.; Maeda, H.; Nemoto, N. Sol-gel
correlation (the corresponding coefficient reads 0.6Fable transition behaviour of purecarrageenan in both salt-free and
3) is difficult to reconcile with thed/i-hybrid carrageenan gel added salt stateglomacromolecuIe§.001,2, 442_44,9'

. . . (14) van de Velde, F.; Peppelman, H. A.; Rollema, H. S.; Tromp, R.
elasticity, which seems rather dominated by-earrageenan- H. On the structure of/-hybrid carrageenan€arbohydr. Res.
like behavior as mentioned earlier: gel kinetics is slow and 2001.331 271-283.

presents a maximum ', mechanical spectra qualitatively  (15) Fajshaw, R.; Bixler, H. J.; Johndro, K. Structure and property

resemble that of pure-carrageenan gels, and baifT andGo of commercial kappa-2 carrageenan extracts |. Structure analysis.
values are seemingly bigger than those found in ptoarra- Food Hydrocolloid2001, 15, 441—452.

geenan gels under similar salt and concentration condit#)s ( (16) Van de Velde, F.; Antipova, A. S.; Rollema, H. S.; Burova, T.
As mentioned earlier, the-content is not an independent V.; Grinberg, N. V.; Pereira, L.; Gilsenan, P. M.; Tromp, R. H,;
parameter, as it strongly correlates with the molecular weight Rudolph, B.; Grinberg, V. Y. The structure of/:-hybrid
distribution. Therefore, it does not allow the simple rationaliza- carrageenans Il. Coil—helix transition as a function of chain
tion provided in the Results section and based on too strong or composition.Carbohydr. Res2005,340, 1113-1129.

unverified assumptions. (17) Chanvrier, H.; Durand, S.; Garnier, C.; Sworn, G.; Bourriot, S.;
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