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Abstract—This paper describes the effect of the k/i-ratio on the physical properties of k/1-hybrid carrageenans (synonyms: kappa-2,
k-2, weak kappa, weak gelling kappa). To this end, a series of k/1-hybrid carrageenans ranging from almost homopolymeric k-car-
rageenan (98 mol-% k-units) to almost homopolymeric-carrageenan (99 mol-% t-units) have been extracted from selected species of
marine red algae (Rhodophyta). The k/t-ratio of these x/1-hybrids was determined by NMR spectroscopy. Their rheological prop-
erties were determined by small deformation oscillatory rheology. The gel strength (storage modulus, G’) of the k/1-hybrids decreases
with decreasing k-content. On the other hand, the gelation temperature of the k-rich k/1-hybrids is independent of their composition.
This allows one to control the gel strength independent of the gelation or melting temperature.

The conformational order—disorder transition of the k/t-hybrids was studied using optical rotation and high-sensitivity differential
scanning calorimetry. High-sensitivity DSC showed that the total transition enthalpy of the k/1-hybrids goes through a minimum at
60 mol-% «x-units, whereas for the mixture of k- and 1-carrageenan, the total transition enthalpy is a linear function of the compo-
sition. With respect to the ordering capability, the k/1-hybrid carrageenans seem to behave as random block copolymers with length
sequence distributions truncated from the side of the small lengths. Intrinsic thermodynamic properties (e.g., transition temperature
and enthalpy) of k- and 1-sequences in these copolymers are close to those of their parent homopolymers. The critical sequence
length for k-sequences is 2-fold of that for 1-sequences.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carrageenans represent one of the major texturising
ingredients in the food industry. They are natural ingre-
dients used for decades in food applications and are re-
garded as safe.” The dairy sector accounts for a large
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part of the carrageenan applications in food products,
such as frozen desserts, chocolate milk, cottage cheese
and whipped cream.”* In general, carrageenan serves
as a gelling, stabilising and viscosity-building agent.
Carrageenan is the generic name for a family of polysac-
charides, obtained by extraction from certain species of
red algae (Rhodophyta). They are mixtures of water-sol-
uble, linear, sulfated galactans. They are composed of
alternating 3-linked B-p-galactopyranose (G-units) and
4-linked o-D-galactopyranose (D-units) or 4-linked
3,6-anhydrogalactose (DA-units), forming the ‘ideal’
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disaccharide repeating unit of carrageenans (see Fig. 1).
These sulfated galactans are classified according to the
presence of the 3,6-anhydrogalactose on the 4-linked
residue and the position and number of sulfate groups.
The most common types of carrageenan are tradition-
ally identified by a Greek prefix. The three commercially
most important carrageenans are called x-, 1- and A-car-
rageenan. In addition, two other types, called pu- and
v-carrageenan, are often encountered in carrageenan
samples obtained by mild extraction methods. The
p- and v-carrageenans are the biological precursors of,
respectively, k- and 1-carrageenan. The k- and 1-carrag-
eenans are gel-forming carrageenans, whereas A-carra-
geenan is a thickener/viscosity builder. In general
terms, k-carrageenan gels are hard, strong and brittle,
whereas 1-carrageenan forms soft and weak gels that
are shear reversible.” To describe more complex struc-
tures, a letter code based nomenclature for red algae
galactans has been developed.” The letter codes for
K- and 1-carrageenan are included in Figure 1.

The different types of carrageenan are obtained from
different species of the Rhodophyta. k-Carrageenan is
predominantly obtained by extraction of the tropical
seaweed, Kappaphycus alvarezii, known in the trade as
Eucheuma cottonii (or simply Cottonii).® Eucheuma den-
ticulatum (trade name FEucheuma spinosum or simply
Spinosum) is the main species for the production of
t-carrageenan. The largest commercial source of these
tropical species is the Philippines where wild harvesting
has been replaced by seaweed farming. The seaweeds are
usually extracted with alkali at elevated temperatures to
transform the biological precursors, p- and v-carra-
geenan, into k- and t-carrageenans. k/i-Hybrid carrag-
eenans (synonyms: kappa-2, k-2, weak kappa, weak
gelling kappa) are obtained from different species in
the Gigartinaceae family. The gametophytic thalli pro-
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Figure 1. Molecular structure of carrageenan repeating units.

duce k/i-hybrid carrageenans, whereas the sporophytic
thalli of these seaweeds produce A-carrageenan and
other related carrageenan types, such as &, 6 and m-
carrageenan.’®

The structure of the k/t-hybrid carrageenans has been
a major topic for several research groups. Several
schemes are conceivable for these k/i-hybrids: a mixture
of homopolymeric k- and 1-carrageenan chains or a
mixed or heteropolymeric chain comprising both «-
and 1-repeating units. In the later case, the distribution
can be either blockwise or random. Small amounts of
t-carrageenan present in K. alvarezii extracts are identi-
fied to be separated chains.” However, /t-hybrids with a
more equal distribution of k- and i-repeating units are
found to be heteropolymeric type of «/t-hybrids.!!%!!
From an industrial point of view, the x/i-hybrids are
of increasing importance for their specific functionalities
in dairy applications.*!"!> The term kappa-2 carra-
geenan has been arbitrarily given to x/i-hybrid carrag-
eenans with a «-content from 80 to 45mol-%
k-repeating units.'®!> Within this study the term x/i-hy-
brid carrageenan is preferred as the samples range from
homopolymeric k-carrageenan to homopolymeric i-car-
rageenan. The different algal sources producing these k/t-
hybrids are generally summarised in a so-called Stancioff
diagram'®!® (see also Fig. 3). The original, commercial
source of the x/i-hybrid carrageenan was Chondrus
crispus (from Canada), also known as Irish moss. At
present, Sarcothalia crispata, Gigartina skottsbergii and
Chondracanthus chamissoi (from Chile), known in trade
as Luga Negra, Gigartina broad leaf or simply Gigar-
tina are the important species for the commercial pro-
duction of this carrageenan. The harvesting from
natural populations has been and will be restricted by
several authorities and, thereby, stimulating the research
in seaweed production by aquaculture.®!*!> For this
reason several red seaweed species were analysed for
the presence of x/i-hybrid carrageenans in relation to
their functional properties. Moreover, a vast amount
of literature is available on the analysis of specific carra-
geenans produced by the different life stages of species
belonging to Gigartinales. The list of studied species
includes C. crispus, Gigartina alveata, G. clavifera,
G. decipiens, G. pistillata, G. skottsbergii, Gymnogongrus
torulosus, S. crispata, S. atropurpurea and several com-
mercial and underutilised species collected from the oc-
cidental Portuguese coast.®10-12:16-24

Although the functional properties in dairy applica-
tions have been studied for x/i-hybrids extracted from
specific species, no systematic analysis of the k/1-hybrids
has been reported. Most of the studies mentioned above
started from a certain seaweed species and studied the
functional properties of the carrageenans extracted. In
contrast, we focus on the physical properties of the
k/t-hybrids, whereby the botanical source is of second-
ary importance. We focused on purified «/i-hybrid
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carrageenans, without additional carrageenan repeating
units or contaminants, such as floridean starch or pyruvate
acetal side chains, disturbing their molecular structure.
Therefore, we investigated the effect of the x/i-ratio of
these x/t-hybrids on their physical properties. To this
end, we collected a series of k/1-hybrid carrageenans,
ranging from homopolymeric k-carrageenan (98 mol-
%) to homopolymeric i-carrageenan (99 mol-%), ex-
tracted from a wide variety of red algal species. 'H
NMR spectroscopy was used as the preferred analytical
technique to determine the molecular ratio of k- and
-repeating units.”> The coil-to-helix transition of the
samples was studied by optical rotation measurements
and high-sensitivity differential scanning calorimetry
(HSDSC). Their rheological behaviour was determined
by small deformation oscillatory measurements.

2. Experimental
2.1. Materials

Alkaline-extracted carrageenan samples were obtained
from CP Kelco (Lille Skensved, Denmark), Degussa
Texturant Systems (former SKW Biosystems, Boulogne,
Billancout Cedex, France) or the University of Coimbra
(Coimbra, Portugal). Carrageenan samples used in this
study are listed in Table 1. a-Amylase from porcine
pancreas was purchased from Aldrich-Sigma Chemie
(Zwijndrecht, the Netherlands). All other salts and
chemicals were of analytical grade.

2.2. Sample treatment

Samples containing floridean starch were treated with o-
amylase prior to alkaline treatment. Carrageenan (0.5%
wt/wt; 1 g) was dissolved in reversed osmosis (RO) water
at 85 °C and cooled to 30 °C. The pH was adjusted to
7.0 with concentrated HOAc. Porcine pancreas o-amy-
lase (100 pL) was added, and the mixture was incubated
for 16 h at 30 °C. Subsequently, an alkaline treatment
was carried out to hydrolyse the protein (see next
paragraph).

Samples containing precursor units (v- or p-carra-
geenan) were treated with hot alkaline solution. Either
carrageenan (0.5% wt/wt) was dissolved in RO-water
at 85 °C or the a-amylase-treated solution was used. A
concentrated NaOH solution was added to a final con-
centration of 0.25 M. The solution was heated under re-
flux for 3 h.

All samples were dialysed against NaCl solution to
obtain the k/1-hybrid carrageenans in the pure Na-form.
Either carrageenan (0.5% wt/wt) was dissolved in RO-
water at 85 °C or the previously prepared solutions were
used. While hot, EDTA (50 mM) was added to the car-
rageenan solutions to ensure the removal of divalent

metal ions. Solutions (200 mL) were dialysed against
sodium chloride (0.1 M NaCl containing 20 mM Na,H-
PO4; 2x21L), phosphate buffer (20 mM Na,HPOy;
3x2 L), water (1 x2 L) and lyophilised.

2.3. NMR spectroscopy

The ratio between k- and t-repeating units was deter-
mined by 'H NMR spectroscopy. "H NMR spectra were
recorded at 65 °C on a Bruker DRX 500 spectrometer
operating at 500.13 MHz. Typically 64 scans were taken
with an interpulse delay of 20 s (7 values for the reso-
nances of the anomeric protons of k- and t-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,O containing 1 mM
TSP (3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium
salt), followed by sonication for 3 x 1 h in a sonicator
bath (Branson 2510).

13C NMR spectra were taken on a Bruker DRX 500
spectrometer operating at 125.76 MHz essentially as
described in the literature.?>*® The sample preparation
was as follows. A solution of 5mgmL~' carrageenan
in H,O was prepared at 80 °C. This solution was soni-
cated three times for 30 min in melting ice (Heat Systems
XL 2020 sonicator, 12 mm tip, power 475 W, frequency
20 kHz), the solution was centrifuged at elevated tem-
perature to remove insoluble material. The sonicated
materials were dialysed against phosphate buffer
(20 mM Na,HPOy; 3 x2 L), water (1 x 2 L) and lyophi-
lised. Dialysis was performed to remove low-molecular-
weight impurities that could disturb the NMR spectra.
The material was dissolved at a concentration of 70—
100 mg mL~! in D,O containing 20 mM Na,HPO,
and 30 mM TSP. Chemical shifts () are referred to a
DSS standard (1sp = —0.170 ppm relative to DSS for
13C), and assignments of the NMR spectra were based
on the literature data.>>’

2.4. Size-exclusion chromatography—multiangle laser
light scattering (SEC-MALLS) analysis

Size-exclusion chromatography was performed at a con-
stant flow rate of 1 mL min~' using TSK-gel 6000PW
and TSK-gel 3000PW columns (Phenomenex) in series
with a TSK guard column (Phenomenex). Detection
was done simultaneously with a RI (refractive index)
detector (ERC-7510 RI; Erma Optical Works Ltd.), an
optical rotation detector (OR-1590 chiral detector;
Jasco), and a multi-angle laser light scattering detector
(Dawn DSP-F; Wyatt Technology Corp.). Data analysis
was performed using ASTRA for Windows software
(Wyatt Technology Corp.). The columns were thermo-
statted in a column oven (Waters chromatography). A
programmable HPLC pump (LC-10AT; Shimadzu) with
an in-line degassing unit (X-Act; Jour Research) was
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Table 1. Source and composition of the collected crude carrageenan samples

ID*  Species® Molecular composition based on 'H NMR Cation composition Supplier’
based on ICP-AES
(mol-%)°
Compostion of Other (%)?
carrageenans
(mol-%)°
K 1 p v X Pyr. ni. Starch Na K Ca Mg Name Code
K1 Agardhiella sp. 1 97 2 11 13 35 46 7 CP BRR 23/1-03
K20  Ahnfeltiopsis devoniensis G 20 80 86 11 3 0 ucC 174b
K17  Ahnfeltiopsis devoniensis G 17 81 2 92 6 3 0 ucC 194
K29  Ahnfeltiopsis devoniensis G 29 71 90 6 4 0 ucC 202
K35  Ahnfeltiopsis devoniensis G 35 65 83 14 2 0 ucC 216a
K22 Ahnfeltiopsis devoniensis G 22 78 83 15 2 1 ucC 216b
Caliblepharis jubata NF 2 89 9 25 89 9 1 1 ucC 101
K8 Catenella impudica 8 8 1 2 25 9 59 7 CP S-4990-1
Chondracanthus teedei FG 58 42 5 83 11 2 5 ucC 113
K50  Chondracanthus teedei NF 50 50 82 2 8 7 ucC 212a
K74 Chondrus crispus 75 25 5 85 8 2 CP CNS XP 31-48
Chondrus crispus 70 28 2 2 52 44 2 3 CP CNS kappaliota
Chondrus crispus 64 36 6 43 52 5 nd. SKW HI222B
K4 Eucheuma denticulatum 4 96 1 32 33 35 nd. CP C-181
K3 Eucheuma denticulatum 4 96 4 12 43 54 4 nd. SKW HI213
K83  Eucheuma platycladum 79 17 3 1 25 47 27 1 CP S-4683
K62  Gigartina skottsbergii 59 41 1 15 60 15 10 CP GSK kappa/iota
Grateloupia indica 39 53 8 5 25 41 30 5 CP S-5054-1
Gymnogongrus crenulatus TB 64 31 5 11 88 10 2 1 CU 234b
K98  Hypnea musciformis 98 2 1 2 95 2 1 CP 1015-9A
K93  Kappaphycus alvarezii 93 7 6 93 1 nd. CP U-004
K90  Kappaphycus alvarezii 9 10 1 35 o4 1 nd SKW H4576
K55  Mazaelle laminarioides 55 43 2 25 55 9 10 CP GNK kappa/iota
Mazaelle laminarioides + 45 47 8 6 7 57 40 3 nd. SKW HI119%4
Sarcothalia crispata
Sarconema scinaioides 4 68 2 26 14 15 4 11 79 6 CP S-4981-1
K57  Sarcothalia crispata 57 42 1 53 39 1 7 CP GBL kappaliota

21D used throughout this paper.

®FG = female gametophytes; G = gametophytes; NF = nonfructified thalli; TB = tetrasporoblastic thalli.

“Molar fraction of carrageenan repeating units.

9 Integrated area relative to the total integrated area; n.i. = not identified.

°n.d. = not determined.

fCP = CP Kelco; UC = University of Coimbra; SKW = Degussa texturant systems.

used. An autosampler (Dilutor 401; Gilson) coupled to a
waterbath (F3; Haake) was used for injection of the
samples. Analysis of the carrageenans in the coil conform-
ation was performed with a LiNOj solution (0.1 M) as
eluent and a system temperature of 45 °C. Samples were
prepared by adding MilliQ water (5 mL) to carrageenan
(10 mg). After storage overnight at 4 °C, the samples
were heated to 80 °C for 30 min. Before analysis the
samples were diluted with a conc LiNO; solution to
the concentration of the eluent.

2.5. Inductively coupled plasma—atomic emission spec-
trometry (ICP-AES) analysis

The cation composition of the crude and purified
samples was determined by inductively coupled plas-
ma-atomic emission spectrometry (ICP-AES analysis).
Carrageenan (25 mg) was incinerated and subsequently

dissolved in sulfuric acid (1 mL; 65% wt/wt). After dilu-
tion with double-distilled water (9 mL), the samples
were analysed using a Vista CCD simultaneous axial
ICP-AES from Varian. Calibration was done with a
multi-element solution containing Ca, K, Mg and Na.

2.6. Rheological measurements

Small-deformation measurements of storage modulus
(G"), loss modulus (G") and complex dynamic viscosity
(n* = (G + G")"?lw, where o is frequency in rad/s)
were performed using a Rheometrics Dynamic Stress
Rheometer (SR 200, Rheometric Scientific Ltd., UK)
with concentric cylinder geometry. The inner diameter
was 29.5 mm, and the outer diameter was 32 mm. The
inner cylinder had a length of 44.25 mm. Temperature
was controlled by a Julabo circulating water bath and
measured with a thermocouple attached to the stationary
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element. Low concentrations of KCl and CaCl, were
selected to combine reasonable G’-values with a low ten-
dency for syneresis, thereby avoiding ‘slip” between cup
and cylinder. Carrageenan solutions (10 mgmL™") in a
mixed K*/Ca**-solution (0.1% wt/wt KCI+ 0.1% wt/
wt CaCl,2H»0, corresponding to 13.4mM K" and
6.8 mM Ca’") for small deformation oscillatory mea-
surements were prepared from dried material, stored
overnight at 4 °C and then heated to 95 °C for 10 min.
Samples were loaded onto the rheometer in the solution
state at 85 °C, and their periphery was coated with light
silicone oil to minimise evaporation. They were then
cooled to 8°C, held for 150 min and re-heated to
85°C. The heating and cooling scans were made at
1 °C min~!, with measurements of G’ and G’ at 1 Hz
(6.28 rad/s). Stresses (1) between 1 and 100 Pa, depend-
ing on the sample, were applied so that the resulting
strain did not exceed the linear viscoelastic region.

2.7. Optical rotation measurements

The coil-to-helix transitions (cooling and heating curves)
were monitored by optical rotation at 365 nm on a Jasco
P1030 polarimeter in a jacketed cell with a 10-cm path
length. The sample chamber was flushed with nitrogen
to avoid condensation on the cell window at low temper-
atures. The temperature was controlled with a circulat-
ing refrigerated water bath (RTE 111, Neslab Inc.).
Temperature and optical rotation were measured at
10-s intervals. Specific optical rotation values are given
in degreesmM ' m~! (millimoles of repeating unit).
Samples were prepared by dissolving (at 95 °C) carra-
geenan (2mgmL ') in a NaCl solution (0.2 M). The
sample cell was equilibrated at 80 °C, filled with the
hot carrageenan solution and subsequently cooled to
10 °C at a cooling rate of 0.5°C min~!. The solution
was held at 10 °C for 30 min and heated to 80 °C at a
heating rate of 0.5 °C min~".

For comparison with the rheological data, carra-
geenan (2mgmL~') was dissolved (at 95°C for
30 min) in a mixed K*/Ca?" solution (0.1% wt/wt
KCI+0.1% wt/wt CaCl,2H,0, corresponding to
134mM KCI and 6.8 mM CaCl,). The sample cell
was equilibrated at 85 °C, filled with the hot carra-
geenan solution and subsequently cooled to 5°C at a
cooling rate of 0.5°C min~'. The solution was held at
5°C for 70 min and heated to 85 °C at a heating rate
of 1.0 °C min~".

2.8. HSDSC measurements

Stock solutions of carrageenans were prepared by an
incremental addition of the sample to water under con-
tinuous stirring and then left overnight to stand at room
temperature. The carrageenan concentration in the
stock solution was about 8 mg mL~". This concentration

was determined by the dry residue method at 105 °C.
Samples for calorimetric measurements with concen-
tration of 4 mgmL ™' were prepared by slowly adding
0.4 M NaCl to the stock solution. The solutions were
stirred vigorously for 30-60 min, then placed into a
hermetically closed vial and heated at 95 °C for 30 min
immediately before the calorimetric experiment.

Reference mixtures of - and k-carrageenans of differ-
ent compositions were prepared by mixing the stock
solutions of samples K1 (99 mol-% 1) and K98
(98 mol-% «) with the subsequent dilution by 0.4 M
NaCl to obtain a final carrageenan concentration of
4mgmL~"in 0.2 M NaCl.

Calorimetric measurements were carried out with dif-
ferential adiabatic scanning microcalorimeters, DASM-
4 and DASM-4A (NPO ‘Biopribor’, Pushchino, Russia),
in the temperature range of 10-80 °C under an excess
pressure of 2 bar. The heating rate was 1.0 °C min .
In each experiment, the measuring cell of the instrument
was filled with the sample at a temperature of about
30 °C. Scans were done in triplicate. In most cases, the
thermograms of the second and third scans coincided
completely. As a rule, the results of the second scan were
used for data processing.

The software package ‘NAIRTA’ (Institute of Bio-
chemical Physics, Moscow) was used for data processing
and calculation of the excess heat capacity functions of
order—disorder transitions. The transition base line was
approximated by a cubic polynomial. The transition
temperature, T, was determined as the peak temperature
of excess heat capacity function. The transition enthal-
py, A1, was calculated by integration of the excess heat
capacity function.

3. Results
3.1. Structural analysis and sample treatment

In order to study the effect of the k/i-ratio on the prop-
erties of k/t-hybrid carrageenans we collected a series of
carrageenans extracted from a wide variety of red algae
species (Table 1). These samples include commercial
k-carrageenan from K. alvarezii, commercial 1-carra-
geenan from E. denticulatum, k/1-hybrids from commer-
cial sources, for example, C. crispus and G. skottsbergii,
as well as homopolymeric k- and 1-carrageenan samples
from, respectively, H. musciformis and Agardhiella sp.
Moreover, k/t-hybrids obtained from noncommercial
sources completed this series to span the entire range
from homopolymeric k-carrageenan to homopolymeric
1-carrageenan. All samples were analysed by 'H NMR
spectroscopy to determine the molecular ratio of differ-
ent carrageenan repeating units.”>*” The chemical shifts
of the anomeric protons of the a-linked units found
for k- and 1-carrageenan were, respectively, 5.09 and
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5.29 ppm, which is in agreement with literature data.?’
From Table 1 it is clear that the different algae species
produce k/1-hybrids with different «/i-ratios. The k/1-ra-
tios observed for the k/i-hybrids extracted from C. cris-
pus (74 mol-% x-units) and G. skottsbergii (62 mol-%
k-units) correspond with those reported.'’ This con-
firmed the general observation that red algae species
produce a specific k/t-hybrid, whose k/t-ratio is indepen-
dent of the seasonal variations, such as times and place
of harvesting.

Although the crude samples were obtained by alkaline
extraction, several samples contained small amounts of
the precursor units p-carrageenan (5.24 ppm) and v-car-
rageenan (5.50 ppm). Samples containing these precur-
sor units were subjected to an additional alkaline
treatment to convert the p- and v-units into, respec-
tively, k- and t-units. Floridean starch (5.35 ppm), a
branched (1—4,1—6)-a-D-glucan structurally related to
plant amylopectins, was detected in many of the sam-
ples. Floridean starch is a water-soluble storage polysac-
charide of red algae, which can accompany carrageenans
in the extraction and precipitation steps. a-Amylase was
used to hydrolyse this contaminant, and a dialysis step
was applied to remove the hydrolysis products. Pyruvic
acid is a common component of many complex carrag-
eenans. It forms a cyclic acetal at positions 4 and 6 of
the 3-linked galactose residues.'®?>?® The resonance of
the anomeric proton of this substituted residue
(5.49 ppm) coincides with that of v-carrageenan
(5.50 ppm). In addition, the methyl protons give a char-
acteristic resonance at 1.44 ppm (Fig. 2, trace 1). The

m A w éé

presence of the pyruvate acetal has been confirmed in
the '>*C NMR spectrum of the carrageenan sample ex-
tracted from Sarconema scinaioides. Characteristic sig-
nals were observed at 27.6 ppm (methyl carbon) and
103.6 ppm (acetal carbon).”’ Pyruvate acetal substitu-
ents were detected in several of the samples, especially
in those having a high content of i1-carrageenan repeat-
ing units. As far as we know, no simple method is avail-
able to selectively remove the pyruvate acetals from the
carrageenan chain. Therefore, samples containing signifi-
cant amounts of pyruvate acetal groups were excluded
from further analyses. In a final step, the samples were
dialysed against NaCl solution to obtain the carra-
geenan samples in the sodium form. Due to the rather
small quantities of carrageenans extracted from sea-
weeds collected at the Portuguese coast, these samples
were used without further purification.

Subsequently, the purified samples (i.e., after consecu-
tive a-amylase treatment, alkaline treatment and dialy-
sis) were analysed by 'H NMR spectroscopy, size-
exclusion chromatography (SEC-MALLS) and atomic
emission spectroscopy (ICP-AES). Purified samples se-
lected for further analysis are homogeneous k/1-hybrid
carrageenans containing less than 2% (mol) disturbing
or precursor units, substituents or floridean starch, as
determined by "H NMR spectroscopy (Fig. 2). The se-
lected purified samples are summarised in Table 2 and
plotted in a so-called ‘Stancioff diagram’ in Figure 3.
The sample ID, which corresponds to the fraction of
K-repeating units, is used throughout this paper to
distinguish the different samples. The results of the

=

.
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Figure 2. Anomeric proton region (A) and entire "H NMR spectra (B) of the crude carrageenan sample extracted from Sarconema scinaioides (1)
and purified k/1-hybrids of different compositions: K1 (2); K35 (3); K74 (4) and K98 (5).
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Table 2. Composition of purified samples

1119

Sample ID* Species® K content (mol-%)° M, (kDa)? Na content (mol-%)°
K1 Agardhiella sp. 1 175 98
K3 Eucheuma denticulatum 3 388 98
K4 Eucheuma denticulatum 4 256 99
K8 Catenella impudica 8 168 98
K17 Ahnfeltiopsis devoniensis G 17 n.d. 92
K20 Ahnfeltiopsis devoniensis G 20 656 86
K22 Ahnfeltiopsis devoniensis G 22 1020 83
K29 Ahnfeltiopsis devoniensis G 29 n.d. 90
K35 Ahnfeltiopsis devoniensis G 35 n.d. 83
K50 Chondracanthus teedei NF 50 1148 82
K55 Mazaelle laminarioides 55 589 98
K57 Sarcothalia crispata 57 644 99
K62 Gigartina skottsbergii 62 411 97
K74 Chondrus crispus 74 599 98
K83 Eucheuma platycladum 83 370 98
K90 Kappaphycus alvarezii 90 404 98
K93 Kappaphycus alvarezii 93 444 98
K98 Hypnea musciformis 98 842 99
41D used throughout this paper.
®G = gametophyte; NF = nonfructified thalli.
°Molar fraction determined by "H NMR spectroscopy.
4 Determined by SEC-MALLS analysis; n.d. = not determined.
¢ Molar fraction from the cations present in the sample determined by ICP-AES analysis.
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Figure 3. k-content of purified k/t-hybrid carrageenans (‘Stancioff diagram’).

SEC-MALLS analysis showed a large variation in the
molecular weight of the carrageenans, ranging from
168 to 1148 kDa. The molecular weight of the carrag-
eenans depends on the sources as well as on the extrac-
tion procedure, as the Portuguese samples extracted
under laboratory conditions represent the highest
molecular weights. ICP analysis revealed that the so-
dium content of the samples after dialysis is above
95% (mol sodium ions per mol total cations).

3.2. Dynamic rheology

The dynamic moduli were determined in a mixed K*/
Ca’*-solution to lower the tendency for syneresis, there-
by avoiding ‘slip’ between cup and cylinder. Although
the k-carrageenan formed a strong gel under these con-
ditions, 1-carrageenan formed a weak gel. The storage
modulus (G’) and loss modulus (G”) were measured
at 1 Hz as a function of temperature for the series of
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k/1-hybrid carrageenans (Fig. 4A). To assess linear re-
sponse, the strain dependence of the storage modulus
was measured at 8 °C. The observed G’ was independent
of the strain over the strain range 0.1-50% for several
samples with different k-contents (data not shown).
Under the selected salt conditions, homopolymeric
k-carrageenans form a firm gel with a G’ of 15.5 kPa
at 8 °C (after 2.5 h). Moreover, the storage modulus
showed a continuous decrease with a decreasing fraction
of x-units in the k/i-hybrid polymeric chain. Samples
with a low fraction of k-units formed weak gels. For
example, sample K3 showed a G’ of 0.04 kPa at 8 °C
(Fig. 4). The gelation temperature, determined at the
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Figure 4. Storage modulus, G’, at 8 °C (A) and gelation temperature

(B) as function of the fraction k-units. Carrageenan concentration is
10mgmL~"in 13.4mM K* + 6.8 mM Ca**.

crossover point of the storage and loss moduli (G’ = G”,
thus tan(d) = 1), as a function of the fraction k-units is
given in Figure 4B. Due to the low gel strength of the
t-rich samples, Figure 4B shows only the gelation tem-
peratures of the samples with a high k-content. Little
effect of the k/i-ratio on the gelation temperature is ob-
served. At high fraction of k-units the gelation tempera-
ture is equal to that of homopolymeric k-carrageenan
(Tge1 = 25 °C). For homopolymeric k-carrageenan the
gelation temperature coincides with the onset tempera-
ture of the coil-to-helix transition observed by optical
rotation at comparable ionic conditions (see Fig. 7A).

3.3. Optical rotation

Initially, optical rotation measurements were performed
in the presence of 0.2 M NaCl as neither k-carrageenan
nor t-carrageenan shows specific affinity for sodium ions
(see, for example, Piculell*” and references cited therein).
Moreover, under these ionic conditions the coil-to-helix
transition of these carrageenans occur at different
temperatures.! The optical rotation as a function of tem-
perature (cooling curves) of homopolymeric k- and 1-
carrageenan and some k/t-hybrid samples is given in
Figure 5. The coil-to-helix transition of homopolymeric
K- and 1-carrageenan occurs at distinct temperatures.
The onset temperatures were 22 and 57 °C for k- and
t-carrageenan, respectively. Also the shape of the curve
is characteristic for each type of carrageenan. The tran-
sition temperatures as well as the shape of the curves are
in good agreement with the literature data.’**' At high
temperature the biopolymer molecules adopt the random
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Figure 5. Optical rotation (cooling curves) versus temperature for k/i-
hybrid carrageenans with different «/i-ratios as indicated in the graphs.
Carrageenan concentration is 2 mg mL™" in 0.2 M NaCl.
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Figure 6. Disordered—ordered transition temperature (A) and the
optical rotation increment (B), as a function of the fraction x-units.
Carrageenan concentration is 2 mg mL~" in 0.2 M NaCl. The curve in
panel B is calculated by the random block model (see text).

coil conformation (low optical rotation). The onset of
the coil-to-helix transition of the homopolymeric car-
rageenans is observed as a sharp increase in optical
rotation upon cooling. On further cooling, the optical
rotation of the homopolymeric carrageenans reached a
plateau value around 10 °C (the limit of our measure-
ment). This plateau value is assigned to that of the fully
helical conformation.

From Figure 5 it is clear that the onset temperature of
the coil-to-helix transition of the k/t-hybrids depends on
their composition. On the high t-content side of the ser-
ies (samples K1-K50), an increasing amount of k-units

is correlated with a decrease in transition temperature
and a broadening of the transition. This is in agreement
with the analysis of the coil-to-double helix transition of
1-carrageenan based on the zipper model.*” Interruption
of the regularity of the chain induced by disturbing units
leads to a decrease in the length of 1-sequences. This de-
crease in the chain length leads to a lowering of the tran-
sition temperature.?®

In Figure 6A the transition temperature is plotted
against the fraction of k-units present in the x/i-hybrid
chain. The transition temperature showed a gradual de-
crease from the high coil-to-helix transition temperature

o —o ©
O A
O
60
O s0F o
[ -
g O
© 40 |
@
g s O
< 30
il B
2 5 © 09
& 20
|_ =
10
O 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
Fraction of k-units (%)
0.8
- B
E o6}
- O O
s L
E - O O
N )
> © 0O O
S 04r O & 0
€ - O
E L
o
5 L
£
x 02F
©) L
OO 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100

Fraction of k-units (%)

Figure 7. Disordered-ordered transition temperature (A) and optical
rotation increment (B), as a function of the fraction k-units for
k/i-hybrids in mixed salt solution. Carrageenan concentration is
2mgmL~"in 13.4 mM KCI + 6.8 mM CaCl,.
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of homopolymeric 1-carrageenan to the low coil-to-helix
transition temperature of homopolymeric «-carra-
geenan. The optical rotation increment is defined as
the difference in specific optical rotation of the coil state
(at high temperature) and the specific optical rotation of
the helical state (at low temperature). The optical rota-
tion increment as a function of the k-content is given
in Figure 6B. This optical rotation increment goes
through a minimum at a x-content of around 60 mol-%.

Additionally, optical rotation versus temperature
curves were recorded in the mixed K*/Ca**-solution
used for the dynamic rheology measurements. Gener-
ally, the optical rotation versus temperature curves
obtained in the mixed K*/Ca®* solution had a compara-
ble shape to those obtained in Na* solution. In contrast
to the results obtained with sodium, the coil-to-helix
transition temperature showed a discontinuous relation
with the fraction of k-units (Fig. 7A). At high fractions
of k-units the transition temperature is equal to that of
homopolymeric k-carrageenan (25 °C), whereas at low
fractions of k-units the transition temperature is equal
to that of homopolymeric i-carrageenan (68 °C). At
intermediate «/i-ratios the transition temperature chan-
ged from that of homopolymeric t-carrageenan to
homopolymeric k-carrageenan while going from 40 to
60 mol-% x-units. Moreover, the effect of the x/i-ratio
of the k/1-hybrid carrageenans on optical rotation incre-
ment, measured in the mixed K*/Ca”" solution (Fig. 7B)

is less pronounced compared to the results obtained with
Na™ solution. Although, a shallow minimum can be de-
tected around 50% x-units.

3.4. HSDSC measurements

High-sensitivity differential scanning calorimetry was
used to study the helix-to-coil transition in the k/t-hy-
brid carrageenan samples with different content of x-
units. As a preliminary, we studied simple mixtures of
t- and k-carrageenans of different compositions (Fig.
8A), in a NaCl solution (0.2 M). It is clear that the ther-
mograms of the individual components, that is, homo-
polymeric 1- and x-carrageenans, are monomodal.
Alternatively, thermograms of the mixtures are bimodal.
The positions of their constituent peaks coincide with
that of the peaks of the individual components. It is also
seen that changes in the mixture composition result in
regular changes in areas of the constituent peaks.

The thermograms of the «/t-hybrids are also bimodal
in the NaCl solution (Fig. 8B) as well as in the mixed
K*/Ca®* solution (Fig. 8C). However, for most compo-
sitions the constituent peaks of thermograms were con-
siderably overlapping. This hampered the precise
determination of their thermodynamic parameters, for
example, peak temperature and transition enthalpy.
Therefore, the thermodynamic analysis was restric-
ted to estimates of the transition temperatures for the

Excess heat capacity, J/g/K

1 1 1
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Figure 8. Excess heat capacity functions of order—disorder transitions in mixtures of 1- and k-carrageenans (A) and vx-hybrids carrageenan (B, C)
of different compositions. k-Carrageenan fraction is of 0.0 (1), 0.25 (2), 0.75 (3), 1.0 (4) for (A) and 0.0 (1), 0.35 (2), 0.74 (3), 0.98 (4) for (B) and (C);
V—transition temperature of t-carrageenan blocks, T a; A—transition temperature of k-carrageenan blocks, 7, p. Experimental conditions:
carrageenan concentration 4 mg mL™'; heating rate 1 °C min~'; 0.2 M NaCl (A and B); 13.4 mM KCI + 6.8 mM CaCl, (C).
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constituent peaks (marked by triangles in Fig. 8) and to
the total transition enthalpy. The positions of the consti-
tuent peaks and evolution of the profile of the thermo-
grams with changing x/t-hybrid composition suggest
that the low-temperature (A) and high-temperature
(V) peaks can be ascribed to the transitions in the k-
blocks and 1-blocks, respectively.

Figure 9 shows the dependences of transition temper-
atures (Panel A) and the total transition enthalpy (Panel
B) on k-carrageenan content for the simple mixtures.
Evidently, the transition temperatures of the constituent
peaks of the thermograms coincide with the transition
temperatures of the individual components. The total
transition enthalpy is a linear function of the mixture
composition. These results illustrate a general behaviour
of simple mixtures—the absence of mutual influence of
the components. Figures 9 and 10 show that the «/t-hy-
brids behave quite differently.

The transition temperatures of 1- and k-blocks do not
undergo variations upon changing the x/t-hybrid com-
position (Fig. 9A). Their average values are close to

80 -

60-—
Ninasi v
S o o

T, °C

40

30 -

20 -

Ah,Jig

—O— HH

10 F

1 1
0.0 0.2 0.4 0.6 0.8 1.0
fraction of x-units, x;

Figure 9. Transition temperatures (A) and total transition enthalpy (B)
of simple vx-carrageenan mixtures and t/k-carrageenan hybrid sam-
ples versus molar fraction of k-carrageenan repeating units in 0.2 M
NaCl. A: B—t-blocks in the simple mixtures; [—x«-blocks in the
simple mixtures; @—1i-blocks in the hybrids; O—x«-blocks in the
hybrids; lines represent the global average transition temperatures for
- and k-blocks; B: (—simple mixtures; O—hybrids; the thin line is the
additive approximation for the simple mixtures; the thick line is
calculated by the random block model (see text).
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Figure 10. Transition temperatures (A) and total transition enthalpy
(B) of t/k-carrageenan hybrid samples versus molar fraction of -
carrageenan repeating units in 0.1% KCI1 + 0.1% CaCl,22H,0. A: @—
t-blocks; O—x«-blocks; lines represent the global average transition
temperatures for 1- and x-blocks; B: the curve is calculated by the
random block model (see text).

the transition temperatures of individual 1- and x-car-
rageenans and that of the mixtures of homopolymeric
k- and homopolymeric 1-carrageenan (Table 3). In this
respect the k/i-hybrids behave similarly to the simple
mixtures. A particular property of the «/i-hybrids is
the dependency of the total transition enthalpy on x/1-
hybrid composition. This dependency goes through a
minimum at a molar fraction of kx-units of 0.6. In con-
trast, the total transition enthalpy of the mixtures of
homopolymeric k- and homopolymeric i-carrageenan
is a linear function of the mixture composition (given
by curve 3 in Fig. 9B).

Similar features of the k/t-hybrids were observed in
the presence of potassium and calcium cations that are
promoters of gelation of k- and 1-carrageenans, respec-
tively (Fig. 10). Similar to the results obtained in the
presence of sodium, the transition temperatures of
- and k-blocks are equal to those of homopolymeric
k-carrageenan and homopolymeric 1-carrageenan.
Moreover, the dependence of the total transition enthal-
py on k/t-hybrid composition goes through a minimum
(Fig. 10B), although, this minimum is less pronounced
compared to the results obtained in NaCl solution. This
is in agreement with the results obtained by optical rota-
tion measurements.
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Table 3. Summary of the thermodynamic and model parameters of the model of random length distribution for sequences in different carrageenans

Carrageenan® Condition Sequence Thermodynamic Model parameters of random block
parameters distribution model
Critical sequence
length (n*)
T (°C) A (J1g) A (J1g) HSDSC® OR®
Homopolymers 0.2 M NacCl Kk-Sequence 34.0+0.2 25%2
1-Sequence 57.1£0.3 26+2
k/1-Hybrid 0.2 M NacCl K-Sequence 33+6 26+ 3 14+3 ~8
1-Sequence 534 262 5*1 ~2
Homopolymers 13.4mM KCl + 6.8 mM CaCl, Kk-Sequence 45+ 2 50£3.3
1-Sequence 57%2 20+3.3
k/1-Hybrid 13.4mM KCl + 6.8 mM CaCl, Kk-Sequence 41 +4 52+2 8+2
1-Sequence 562 20+2 2+1
v/i-Hybrid 0.8 M NacCl v-Sequence® n.a. n.a.
1-Sequence 302 2312

#Data for the homopolymeric and «/i-hybrid carrageenans obtained within this study; data for the v/i-hybrid from Van de Velde et a

1.26

® Critical sequence lengths obtained for high-sensitivity differential scanning calorimetry, carrageenan concentration 4 mg mL™".
© Critical sequence lengths obtained for optical rotation measurements, carrageenan concentration 2 mg mL ™.

9n.a.: not applicable as v-sequence do not form double helices.

3.5. Random length distribution model

To analyse the dependence of the total transition enthal-
py of the x/i-hybrids on their composition, we suggest
that the x/t-hybrids are random AB block copolymers.
In that case, there are length distribution functions for
AA and BB sequences, W(n) and Wpg(n), as a function
of copolymer composition (see Computations section).
Then we suggest that only sequences with a specific mini-
mum length can participate in cooperative conforma-
tional transitions. The minimum number of repeating
units necessary for a conformational transition is de-
fined as the critical sequence length, n} and nj for,
respectively, 1- and k-carrageenan sequences. Thus, the
total transition enthalpy can be expressed as a function
of the k/i-hybrid composition and the critical length of
the k- and 1-sequences.

The random length distribution model (Egs. 1-5 in
Computations section) could be satisfactorily fitted to
the experimental dependences of the total transition en-
thalpy on «/1-hybrid composition (bold lines in Figs. 9B
and 10B). The model parameters for 1- and k-sequences
(AA and BB sequences, respectively), obtained as a re-
sult of the fit, are summarised in Table 3. Note that
the subscripts A and B refer to, respectively, the 1- and
K-sequences in k/i-hybrids, whereas the subscripts 1
and k are used to identify the homopolymeric 1- and
k-carrageenan. The intrinsic parameters of 1- and «-se-
quences, for example, the transition temperatures and
specific transition enthalpies, agree well with the corre-
sponding parameters of individual homopolymeric t-
and k-carrageenans. Moreover, the critical lengths of
k-sequences are considerably larger than those of i-se-
quences. The calculated critical length of k-sequences
in the presence of potassium ions is in accordance with

the results of the direct spectroscopic data of Rochas
et al.>® on k-carrageenan oligomers, n* ~ 8-9.

In addition to the total transition enthalpies of the k/i-
hybrids, the optical rotation increments (Figs. 6B and
7B) were fitted using the same formalism (Eq. 6 in Com-
putations section). This relation describes well the exper-
imental data for x/t-hybrids in 0.2 M NaCl at n} ~ 2
and ny ~ 8 (curve in Fig. 6B). Note that again
ny < ny, but the values are smaller than those obtained
from the calorimetric data. The results of these fits are
included in Table 3. Moreover, from Figures 5 and 6B
it is clear that the onset temperature of the coil-to-helix
transition of the k/i-hybrids is dependent on their com-
position. On the high i1-content side of the series (sam-
ples K1-K50), an increasing amount of k-units showed
a decrease in transition temperature and a broadening
of the transition.

This random block formalism has been applied to
consider the HSDSC and OR data of v/i-carrageenans,
for example, copolymers of 1- and v-repeating units.?®
It is of importance to mention that v-sequences do not
form double helices. Only one peak corresponding to
the transition of 1-carrageenan was observed in the ther-
mograms of v-carrageenans. The total transition
enthalpy as well as the optical rotation increment of
1-carrageenan drop quickly with increasing content of
v-units (see Figs. 5 and 12 in Van de Velde et al.?®).
The peak of the total transition enthalpy disappeared
at a content of v-units larger than 10 mol-%. Within
experimental error the transition temperatures of v-car-
rageenans agreed with that of i-carrageenan. The total
transition enthalpy went down quickly with increasing
content of v-units. An attempt to approximate this
dependence by the random block model was less
convincing than that for the x/i-hybrids (not shown).
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Possibly, this was due to the fact that in the transient
range of content of v-units (of about 10%) values of
the transition enthalpy were too small to be detected
by the instrument used. Nevertheless, we could deter-
mine a critical length of 1-sequences in v-carrageenans
with reasonable precision: nj, = 30 & 2 (Table 3).

3.6. Hysteresis

Hysteresis is defined as the temperature difference be-
tween the transition temperature measured upon heating
and cooling. Hysteresis is generally observed in the pres-
ence of aggregation-promoting ions, such as K* in the
case of k-carrageenan. The hysteresis behaviour of k/1-
hybrid carrageenans has been measured by optical rota-
tion measurements and HSDSC, as well as in the two
different salt solutions. The hysteresis observed is plot-
ted as a function of the fraction of k-units in the k/i-hy-
brid carrageenans for these two salt solutions (Fig. 11).
This figure shows the dependency of the degree of
hysteresis on the fraction k-units. In 0.2 M NaCl a
maximum hysteresis of 16 °C is observed for homo-
polymeric k-carrageenan. The hysteresis showed a steep
decrease by decreasing the fraction of k-units in the
molecular chain. No hysteresis is observed below a
Kk-content of 80 mol-%. In the mixed K*/Ca*" solution
the maximum hysteresis is 28 °C. With increasing frac-
tion of t-units the observed hysteresis decreased and
below a k-content of 50% the transition temperatures
measured upon heating and cooling were equal.
Although calcium ions induce helix formation of
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Figure 11. Hysteresis as measured by optical rotation versus molar
fraction of k-units. Experimental conditions: O: 0.2M Na®; A:
3.4 mM KCI + 6.8 mM CaCl,; carrageenan concentration 2 mg mL ™"

1-carrageenan, hysteresis in t-rich samples was not
observed in the mixed K*/Ca®* solution.

4. Discussion

The hybrid nature of k/i-hybrid carrageenans has been
demonstrated by KCl-fractionation techniques for sam-
ples extracted from C. crispus and M. laminarioides/S.
crispata.' Although this fractionation technique has
not been applied to the series of k/i-hybrids presented
in this study, the difference in the k/i-ratio dependence
of the transition enthalpy between the hand-made mix-
tures and the x/t-hybrids (Fig. 9B) indicates strongly
that the studied samples are «/t-hybrids. The total tran-
sition enthalpy of the hand-made mixtures is a linear
function of the mixture composition. In contrast to the
simple mixtures, the total transition enthalpy of the
k/1- hybrids is dependent on the «/i-hybrid composition.
The transition enthalpy goes through a minimum.
Therefore, the «x/i-hybrid carrageenan samples used
within the current study are regarded as mixed chain
or heteropolymeric carrageenans comprising both k-
and t-repeating units on the same polymeric chain. This
study aimed at understanding the composition depen-
dence of the functional properties, for example, gel
strength, as well as the coil-to-helix transition of
k/t-hybrid carrageenans.

To this end we collected a series of k/t-hybrid carrag-
eenans extracted from a wide variety of red algae species
(Table 1). '"H NMR spectroscopy was used to determine
the molecular ratio of the different carrageenan repeat-
ing units and contaminants. After purification a unique
series of k/1-hybrid carrageenans was obtained ranging
from homopolymeric k-carrageenan to homopolymeric
t-carrageenan (Fig. 3). The purified samples contained
less than 2 mol-% disturbing or precursor units as deter-
mined by "H NMR spectroscopy (Fig. 2), and their
sodium content was above 95mol-%. The only
complicating factor was the large variation in the
weight-average molecular weight of the samples, which
ranged from 168 to 1148 kDa, depending on the source
and the extraction procedure.

As carrageenans represent one of the major texturis-
ing ingredients, their rheological properties are of key
importance. Although gel break force or penetration
tests of either water or milk gels are generally applied
to study the functional properties of these «/i-hy-
brids,®1%!? we preferred to use small deformation oscil-
latory rheology to measure the storage modulus (G’) and
loss modulus (G”) of the x/i-hybrids as a function of
temperature. Moreover, small deformation rheology of-
fers the advantage of relatively small sample volumes
compared to gel break force measurements and penetra-
tion tests. The storage modulus of homopolymeric k-
carrageenan (15.5 kPa) thus obtained is in agreement
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with the literature data measured under comparable
conditions.>**> Under the ionic conditions used for the
rheological measurements, the samples with a high «-
content form a macroscopic gel upon cooling, whereas
the 1-rich samples remain a viscous liquid at low temper-
atures. The storage modulus decreases with decreasing
fraction of x-units (Fig. 4A). In contrast, the gelation
temperature is independent of composition of the «/i-
hybrid carrageenans (Fig. 4B). A further comparison
of our results with the literature data is complicated as
the temperature dependence of this data is not included
in these publications. Moreover, the cation composi-
tions of the samples is not taken into account and sev-
eral extraction procedures, for example, NaOH and
Ca(OH),, have been applied.'’

The issue of the ordered conformation of gelling car-
rageenans has been intensively studied during the last
decades. The presence of an ordered conformation as
a prerequisite for the gelation of carrageenans as pro-
posed by D. A. Rees is nowadays generally accepted
(see, for example, Piculell”® and references cited therein).
Thus, the first step in carrageenan gelation at moderate
concentrations is an ion-induced, thermoreversible tran-
sition from a disordered (coil) state to an ordered (heli-
cal) state. In the second step a space-filling network is
formed through aggregation of these helices upon
increasing the carrageenan concentration or ionic
strength or a decrease in temperature. However, the nat-
ure of the ordered conformation is still a matter of de-
bate, either being a single or double helical state. The
existence of the single helices as the ordered conforma-
tion of both k- and 1-carrageenan has been established
at low polymer concentrations using light and X-ray
scattering techniques (LALLS, WALLS and SAXS).*¢3#
These single helices or single-helical regions aggregate
into large aggregates of multiple helices to form a gel
upon increasing salt or carrageenan concentration or
decreasing temperature. On the other hand, X-ray fibre
diffraction data showed a double-helical structure for
both k- and t-carrageenan in the solid state.***' The
double helix is also supported by a doubling of the ob-
served molecular weight of carrageenans while going
from the disordered to the ordered state.*’ In addition,
the specific optical rotation of the ordered conformation
of potassium t-carrageenan in solution coincides exactly
with the calculated value for the double helix.** More-
over, the formation of the i-carrageenan double helix
follows second-order reaction kinetics.** As for the sin-
gle-helical model, the double helices aggregate to form
junction zones that are responsible for the gel formation
of carrageenans.

A comprehensive survey of the literature on the ongo-
ing debate about the nature of the ordered state reveals
that this debate is focussed on k- and i-carrageenan.
Most studies use commercial k-carrageenan extracted

from K. alvarezii’’ or commercial i-carrageenan ex-

tracted from E. denticulatum,® although these carrag-

eenans contain generally 5-10% impurities of each
other (see Table 1 in this paper and Table 1 in Van de
Velde et al.!). The present study comprises these samples
from commercial origin as well as homopolymeric -
and 1-carrageenan and a series of k/i-hybrids. The coil-
to-helix transition of this series has been studied from
a thermodynamics point of view. The excess heat capac-
ity curve of i1-carrageenan (Fig. 7) clearly shows a sec-
ond-order phase transition. The double helix-to-coil
transition is a second-order phase transition and, there-
fore, the results of this study were analysed according to
the concept of double helices being the ordered structure
of both 1- and k-carrageenan.

The random length distribution model (Egs. 1-5 in
Computations section) was used to analyse the depen-
dence of the total transition enthalpy and the optical
rotation increments of the k/1-hybrids on their composi-
tion. This analysis results in the critical sequence lengths
necessary for a conformational transition, n}, and #} for,
respectively, 1- and k-carrageenan sequences (Table 3).
This random block formalism was also applied to con-
sider the HSDSC and OR data of v/i-carrageenans,
for example, copolymers of 1- and v-repeating units.*®
Based on the results of the analyses (Table 3), four
observations can be made:

1. The value for the critical sequence length of «-
sequences is higher than that of the 1-sequences.

2. The value for the critical lengths of the sequences in
these k/i-hybrids tend to decrease in the presence of
calcium and potassium ions that are promoters of
ordering and gelation in 1- and «x-carrageenan,
respectively.

3. The value for the critical length of the 1-sequences in
the v/i-hybrids is much higher than that in the x/i-
hybrids.

4. The value for the critical lengths calculated from the
OR data are smaller than those calculated from the
HSDSC data.

Firstly, the calculated value for the critical sequence
length of k- and 1-sequences of k/1-hybrids is discussed.
The critical lengths of k-sequences are larger than those
of 1-sequences. It is of interest to consider relationships
between the values that were obtained for the critical
lengths in more detail. The critical length of a helical se-
quence is supposed to be directly related with its nucle-
ation constant, ¢.*> A small value for ¢ is related to a
large critical length. Thus, comparing the critical lengths
of 1- and k-sequences one could expect that the nucle-
ation constant of the 1-sequences should be larger than
that of the k-sequences. To verify this suggestion we per-
formed calorimetric experiments with highly purified
reference samples of homopolymeric - and «-carra-
geenan in 0.2 M NaCl. The integral transition curves
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(not shown) were analysed in terms of a model of double
helix-coil transition.** The estimated o-values were for -
carrageenan ¢ =1.0%£0.2 and for x-carrageenan
g =0.5%0.1. Hence, one can assert that under compar-
able conditions the length distribution of 1-helices rela-
tive to that of x-helices is shifted towards smaller
lengths, because of smaller cooperativity of formation
of t-helices.

Secondly, the value for the critical length of 1- and x-
sequences in the k/i-hybrids tend to decrease in the
presence of the potassium and calcium cations. These
cations promote the gelation of the carrageenans and
thereby stabilise the helical conformation. A stabilised
helical conformation reduces the number of units neces-
sary to form a stable double helix. This explains the
decreased value for the critical lengths of the of 1- and
Kk-sequences in the presence of the potassium and cal-
cium cations. Our estimate of the value for the critical
length of k-sequences in the presence of potassium cat-
ions is compatible with the results of direct experiments
of Rochas et al.*

Thirdly, in the case in v/i-hybrids, the value for the
critical length of the i-sequences is much higher than
that in k/t-hybrids. In the case of the v/i-hybrids, not
only the nucleation constant (oj.,) is of importance,
but also the behaviour of t-units at the v/v-interfaces
needs to be taken into account. Therefore, the conform-
ation of the 4-linked galactose residues in the different
hybrids is of importance. In the k/t-hybrids the 4-linked
galactose residue of both k- and t-units, respectively,
DA and DA2S, adopt the ' C4-chair conformation. This
conformation, that results from the 3,6-anhydro bridge,
is crucial for the formation of the helical structure. On
the other hand, the D2S,6S residues of the v-units in
the v/i-hybrids, which lack the 3,6-anhydro bridge,
adopt the *C,-chair conformation and disturb the helical
conformation.*® Since the v-units are not able to form
an ordered helical structure, helix nucleation of t-units
at the i/v-interface should be unlikely. To all appear-
ances this should result in a much higher critical se-
quence length. This explains the large difference in the
critical lengths of the ti-sequences in the x/1-hybrids
and v/i-hybrids. Moreover, it explains the relative strong
dependence of the physical properties of v/i-carrageenan
on their composition®® compared to those of the k/i-
hybrid carrageenans presented in this study.

Finally, high-sensitivity differential scanning calorime-
metry and optical rotation are able to estimate the critical
lengths in different ways. HSDSC due to its dynamic ori-
gin can detect cooperative transitions with an appropri-
ate excess heat capacity, which are typical for long
sequences. OR measurements do not suffer from these
limitations. Optical rotation detects every change in
chirality including noncooperative ones. Thus HSDSC
detects only the cooperative double helix-to-coil transi-
tions, whereas optical rotation reflects also the noncoop-

erative transition typical for very short sequences.
Consequently, the value for the critical length deter-
mined by HSDSC has to be higher than that determined
by OR measurements.

5. Computations

To analyse the dependence of the total transition enthalpy
of the k/i-hybrids on their composition, we suggest
that the x/t-hybrids are random AB block copolymers.
In that case, there are length distribution functions for
AA and BB sequences, Wa(n) and Wg(n), as a function
of copolymer composition:*’

WA(I’I) = (1 — VAA)ZI/IV”ARI (ld)
W(n) = (1 — vgp)’nviy (1b)
where
VAA = 1- Lgl (23)
VBB — 1 - Lgl (2b)
2
Ly =22 (3a)
XAB
2
Ly =228 (3b)
XAB

xa and xp are molar fractions of A and B repeating
units, and xap is a fraction of AB junctions in primary
structure of the copolymer. For a random block copoly-
mer XaAg = 2XAXg.

Then we suggest that only enough long sequences can
participate in the conformational transitions. In other
words, we are interested in the length distribution func-
tions truncated from the side of small lengths. We call a
truncating limit expressed in the number of repeating
units as a critical sequence length, n} and nj; for AA
and BB sequences.

Thus we can express the total specific transition
enthalpy as a function of critical lengths of AA and
BB sequences and copolymer composition:

Ah(ny, ny, xp)
_ AthAMAéA(I’lR,XB)(I — XB) —+ AthBMgég(nB,XB)xB
MA(I —XB) +MBXB

(4)

where 04 (nh,xs) and Op(njy,xp) are fractions of A
and B repeating units participating in the transitions;
Aha and Aig are transition enthalpies of AA and BB
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blocks per repeating unit; M and My are molecular
weights of A and B repeating units. According to the
definition,

o0

> nWa(n)

n=n’,

Oa(ny,xp) = — (5a)

S nWa(n)

n=1

o0

> nWg(n)

On(1p,xn) = (5b)
Zl nWyg(n)

The same formalism could be used for analysis of
transition optical rotary changes of the «/i-hybrids,
A{a], as a function of their composition. In this case,
similarly to 4 we can get that

Ao] = Al 0a(1 = xa) + Afelydpxs  (6)

where A{o]a and AJo]g are transition optical rotary
increments of 1- and k-sequences; and the parameters
oa and og are defined by Egs. 5.

6. Conclusions

We successfully characterised a large series of possible k/1-
hybrid carrageenans from a wide variety of botanical
sources. Although the x/t-hybrid nature has not been
established by KCI fractionation, the composition
dependence of the total transition enthalpy of the k/t-hy-
brids is satisfactory evidence of the hybrid nature of this
series of samples. Different red algae species produce «/1-
hybrids with specific ratios of k-units and t-units inde-
pendent of seasonal variation. Pyruvate substitution
was frequently observed in samples with a high t-con-
tent. Traces or small amounts of floridean starch
were found in several samples independent of the
composition.

A selected set of purified x/i-hybrid carrageenans
ranging from almost homopolymeric k-carrageenan to
almost homopolymeric 1-carrageenan was used for fur-
ther analysis. The physical properties of these «/i-hy-
brids differ considerably from those of simple mixtures
of homopolymeric k- and i-carrageenan. The highest
gel strength, expressed in terms of the storage modulus
(G"), was observed for homopolymeric k-carrageenan.
With decreasing k-content the gel strength of the k/1-hy-
brids decreases. On the other hand, the gelation temper-
ature of the k-rich x/t-hybrids, defined as the crossover
point of the storage and loss moduli (G’ = G”) is inde-
pendent of their composition. This allows the gel
strength to be controlled independent of the gelation
or melting temperature.

In respect of ordering capability, v/x-hybrid carrag-
eenans seem to behave as AB random block copolymers
with length sequence distributions truncated from a side
of small lengths. Intrinsic thermodynamic properties of
AA and BB sequences in these copolymers are close to
those of their parent homopolymers. The truncating limit
for k-sequences is 2-fold larger than that for t-se-
quences. It seems to be caused by a difference in the
nucleation constants for k- and t-double helices. The
truncating limit for i-sequences in v-carrageenans is
much larger than that in the k/i-hybrids.
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