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ABSTRACT

Polysaccharides are versatile biopolymers available to mankind for multiple uses ranging from achieving
desirable food texture to serving as tissue scaffolds. Their complete utility, however, is yet unrealized by the lack
of precise knowledge on their structure function relationships. Herein, sodium iota-carrageenan (IC) is selected
as a model polysaccharide and its viscoelastic properties, molecular assembly, water mobility, microstructure
and melting behavior have been analyzed to understand the salt effect. Results demonstrate that while the
storage modulus, gel-sol transition temperature, thermal stability and helical aggregation increase, water
mobility decreases, with salt addition; the initial no-salt IC ordered microstructure transforms to an irregular
structure composed of larger cavities. These observations are intimately associated with the dynamic interactions
persistent at the molecular level between the anionic IC chains and salt ions. Overall, results help to move a step
closer to realize the functional behavior of iota-carrageenan and by extrapolation to other polysaccharides as

well.

1. Introduction

Marine algae encompass a series of polysaccharides that involve in
cell wall protection and energy storage apart from forming a crucial
carbon source for marine bacteria (Jonsson, Allahgholi, Sardari,
Hreggviosson, & Karlsson, 2020; Potin, Bouarab, Salaiin, Pohnert, &
Kloareg, 2002). Among these abundant natural resources, carrageenans
have drawn the attention of food scientists due to their ability to form
gels, thickeners and nutritional agents (Azevedo, Torres, Sousa-Pinto, &
Hilliou, 2015; Campo, Kawano, da Silva Jr, & Carvalho, 2009; Plaza,
Cifuentes, & Ibanez, 2008; Torres, Chenlo, & Moreira, 2016). These are
water-soluble sulfated galactans and hold promising pharmaceutical
applications too due to their anticoagulant (Farias, Valente, Pereira, &
Mourao, 2000), antitherapeutic (Carlucci, Ciancia, Matulewicz, Cerezo,
& Damonte, 1999), antitumor (Zhou et al., 2004) antiHIV (Nakashima
et al., 1987; Smit, 2004; Yamada, Ogamo, Saito, Uchiyama, & Naka-
gawa, 2000) and antiviral (Leibbrandt et al., 2010) activities. Further-
more, regular inclusion of carrageenans in diet reduces blood cholesterol
and lipid levels (Panlasigui, Baello, Dimatangal, & Dumelod, 2003;
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Valado et al., 2020). The basic chemical structure of carrageenans is a
linear galactan backbone having a disaccharide repeat of
—3)-p-p-galactopyranosyl-(1 — 4)-a-p-galactopyranosyl-(1— along with
variable amount of sulfation at hydroxyl positions O-2H, O-4H and
O-6H. Fifteen carrageenans, namely, k, 1, A, 0, 1, v, €, , B, ®, 0, T, v, 8 and
y have been identified, so far (Stortz & Cerezo, 2000). In this set, only k-,
1- and A-carrageenan have been subjected to considerable studies due to
their versatility.

Among these three, 1-carrageenan (IC) has been researched exten-
sively to understand its gelation behavior influenced by cations. The IC
solutions undergo reversible transformation of ordered (double helix) to
disordered conformation (random coil) depending on IC concentration,
salt type and amount and temperature (Tako, Nakamura, & Kohda,
1987; Piculell & Rochas, 1990; Vanneste, Mandel, Paoletti, & Reynaers,
1994; Bongaerts et al., 2000; Takemasa & Nishinari, 2004; Marcelo,
Saiz, & Tarazona, 2005; Hu, Du, & Matsukawa, 2016; Robal et al.,
2017). In the ordered state, helix-cation binding mode is dependent on
cation type; e.g. pairs of K" or Na™ ions are needed to join adjacent
helices in contrast to non-specific binding by larger NMej ions to each
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helix (Norton, Goodall, Morris, & Rees, 1983). The elastic modulus (G')
increases significantly for divalent ions than monovalent ions (Michel,
Mestdagh, & Axelos, 1997). The stress-strain plots with K™ and Na™ ions
illustrate a linear trend but Ca®" ions suggest two regions with different
slopes (Morris & Belton, 1982). The dynamic viscoelasticity measure-
ments indicate plastic nature with Ca®" ions but Newtonian and pseu-
doplastic behavior by K* ions (Chronakis, Doublier, & Piculell, 2000;
Tako et al., 1987). Selective binding of K" and Rb™ ions to IC chains is
also observed (Belton, Chilvers, Morris, & Tanner, 1984). However, ions
alone do not appear to be the sole contributors for gelation (Belton,
Morris, & Tanner, 1985) and IC concentration is important too.
High-sensitivity differential scanning calorimetry studies reveal two
conformational transitions composed of dissociation of dimers of double
helices followed by double helix-to-coil transition for K™ ions (Grinberg
et al., 2001; Hossain, Miyanaga, Maeda, & Nemota, 2001). Similarly,
photon transmission results point out dimer-to-dimer transition for Ca®*
ions (Kara & Pekcan, 2005). Overall, the known physicochemical
properties of IC bespeak the dominant role of cations. This forms the
hypothesis of the research reported in this manuscript that cations do
have a seminal role on iota-carrageenan gelation, albeit a crystal-clear
picture is yet to emerge. Herein, effect of NaCl on the viscoelastic and
thermal properties of IC, formation of microstructure, water distribution
and kinetics of molecular assembly have been carefully studied. It is
found that salt addition raises storage modulus, increases gel-sol tran-
sition temperature, enhances thermal stability and compactness but
reduces the water mobility. The outcome is expected to enable further
explorations on the structure-function relationships of carrageenans, in
particular, and polysaccharides, in general, for their effective and
improved utility in food, pharmaceutical and biological applications.

2. Materials and methods
2.1. Materials

A pure sample of IC (MW ~ 600 kD, RE-PR-4018) was provided by
DuPont Nutrition and Health, USA. Its composition was 87% carbohy-
drate, 8% moisture and 5% salt. The NaCl was purchased from Amresco
(Solon Ohio USA).

2.2. Solution preparation

The measured amount of IC was dispersed in double distilled water
to prepare 1.5% (w/v) concentration that was stirred at 90 °C, in a water
bath, for 15 min. Subsequently, predetermined weights of NaCl that
correspond to 50 and 100 mM were added in separate vials and stirred
for 15 min at 90 °C, in a water bath. Later, heat was turned off and the
samples were left in the same water bath for 24 h to cool and then were
stored at room temperature (22 °C) until use. The solutions were
referred as IC, IC50 and IC100, for brevity, in the rest of the discussion.

2.3. Rheological measurements

The viscoelastic properties were measured using the Anton Paar-
MCR92 rheometer (Austria) equipped with a CP/50-1/S cone plate ge-
ometry (1.002° angle, diameter 49.977 mm and gap 101 pm). The so-
lutions were heated at 90 °C for 5 min and subsequently transformed to
the rheometer plate and left to cool for about 10 min. Solutions were
covered with a plate to minimize water evaporation during measure-
ment. The strain sweeps were performed at 1 Hz and 5 °C in the strain
range 0.01-20% strain in order to establish the linear viscoelastic region
(Fig. S1). Later, frequency sweeps were carried out at 2% strain (within
the linear viscoelastic range) at 5 °C, and temperature ramps at 1 Hz
with the heating rate of 2 'C/min from 5 °C onwards. The elastic moduli
(G") and loss (G”) moduli were recorded as a function temperature. The
temperature ramp measurements were stopped five degrees above the
crossover of G’ and G” values i.e. once G’ is less than G”. Average values
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from duplicate measurements are reported.
2.4. Small angle X-ray scattering (SAXS) measurements

The SAXS experiments were performed using the SAXSess camera
(Anton-Paar, Graz, Austria). A PW3830 X-ray generator with a long fine
focus sealed glass X-ray tube (PANalytical) was operated at 40 kV and
50 mA. A focusing multilayer optics and a block collimator provide an
intense monochromatic primary beam of CuKa (A = 1.542 A). A semi-
transparent beam stop enables measurement of attenuated primary
beam at zero scattering vector. The samples were filled into a capillary of
1 mm diameter and 0.01 mm wall thickness. The capillary was placed in
a TCS 120 temperature-controlled sample holder unit (Anton Paar)
along the line shaped X-ray beam in the evacuated camera housing. The
sample-to-detector distance was set as 261.2 mm, and the temperature
was kept at 26.0 °C. Each measurement was collected for 30 min. The 2D
scattered intensity distribution recorded by an imaging-plate (IP) de-
tector was read out by a Cyclone storage phosphor system (PerkinElmer,
USA). The background scattering contributions from capillary and sol-
vent were corrected. Later, the 2D data were integrated into the one-
dimensional scattering function I(q) as a function of the scattering
vector q (¢ = 4nsin6/A and 26 is the scattering angle). The I(q)s were
normalized so as to have the uniform primary intensity at ¢ = 0 for
transmission calibration. In order to calculate the pair distance distri-
bution function p(r), the data were normalized, and the background
intensity and smeared intensity were subtracted using the SAXSquant 2D
and SAXSquant 3.0 software. The data were further analyzed using the
Generalized Indirect Fourier transformation (GIFT) technique to split
into form factor P(q), structure factor S(q). The P(q) was then used to
obtain the electron pair distance distribution function (PDDF, p(r)
function), which provides the required information on particles size and
shape (Bergmann, Fritz, & Glatter, 2000).

2.5. LF-NMR measurements

Approximately 2 g of sample in 2 mm diameter glass bottle was used
for measuring the water mobility and water distribution by the low field
nuclear magnetic resonance (LF-NMR) (MesoMR23-060V-1, Niumag
Electric Corporation, China) equipped with a magnetic field strength of
0.5 T. Samples were placed in the NMR glass tubes and then inserted into
a 40 mm radio frequency coil. The proton spin-spin Ty values were ac-
quired using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at
32 °C with the number of echoes (NECH) as 18,000 and number of scans
(NS) as 4. The duration between successive scans (Ty,) was set as 5000
ms and time of echoes (Tg) as 0.3 ms. The pulse width of 90° (P1) and
180° (P2) were 26.00, 54.00 ps, respectively.

2.6. Thermal stability

The melting nature of the solutions was carried out using the DSC
250 differential scanning calorimeter from the TA Instruments, USA.
Around 4 mg of solution was sealed hermetically in aluminum pans and
thermal transitions were recorded in the temperature range 0-120 °C at
the healing rate of 5 C/min. The Universal Analysis 2000 software (TA
Instruments, New Castle, DE) was used to estimate onset temperature,
peak temperature, end temperature and enthalpy of melting
endotherms.

2.7. Microstructure

The microstructure of solutions was analyzed using the cryogenic
scanning electron microscope (SU8010, Hitachi, Japan) equipped with
PP3010T Cryo-SEM preparation system. The SEM cold trap, SEM cryo
stage, prepare stage and cryo preparation chamber cold stage temper-
atures were —175, —140, —140 and —175 °C, respectively. Samples in
appropriate amount were placed into the rivets and immersed in liquid
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nitrogen slush to freeze rapidly. These were then put into cryo chamber
(PP3010T, Quorum, England), fractured with a razor blade and sub-
limed at —60 °C for 20 min. Then samples were coated with gold by
sputter for 30 s and images were collected at the accelerating voltage of
10 KV.

2.8. Statistical analysis

All experiments were conducted in duplicate and were analyzed by R
software (R x 64-3.3.3, 9205 NW 101%' St, Miami, Florida, United
States). The data were subjected to analysis of variance (ANOVA) and
means + standard deviations were reported. Mean separation was done
using the least significant difference (LSD) comparison test when sig-
nificant differences were detected at p < 0.05.

3. Results and discussion
3.1. Viscoelastic properties

The elastic moduli (G') of IC, IC50 and IC100 remains higher than the
loss (G”) moduli in the frequency range 0.1-10 Hz (Fig. S2) suggesting
the dominant elasticity proportion of the iota-carrageenan solutions.
The G’ and G” values of IC at 1 Hz are 86.2 and 3.8 Pa, respectively, and
salt addition raises G’ to 141.0 and 132.4 Pa, but G” stays put, with 50
and 100 mM salt, respectively. The influence of temperature on G’ and
G” is portrayed in Fig. 1. In the IC, these values at 5 °C are 86.7 and 2.7
Pa, respectively. The tendency of G’ greater than G” continuous up to
52 °C and later G” overtakes G’ signifying the solution nature of IC at
higher temperatures. The gel-solution transition (Tg-s) is found to be
52 °C. The addition of 50 mM salt increases G’ to 157.3 Pa, at 5 °C, but
G” hovers around 1.8 Pa. Furthermore, the Tg-s raises by about
7 °C-59.0 °C suggesting the dominant elasticity proportion of the so-
lution. However, it should be noted that the crossing of G’ and G” is
dependent on the frequency and heating rate at which temperature ramp
measurements are being carried out. At 100 mM salt, G’ and G” are
126.8 and 1.6 Pa, respectively with the Tg-s of 57 °C. The subtle drop in
G’ at 100 mM NacCl could be due to salt screening coupled with varia-
tions in the hydrogen bonding interactions in the carrageenan network.
Similar behavior of decreased G’ strength for 1.0% IC solutions at higher
NaCl amounts has been reported by Gobet et al., 2009. Their results
suggest that the G’ increases in the salt range 0.06-0.17 M but wilts
beyond 0.17 M. Overall, presence of excess salt appears to impair in-
teractions among the carrageenan helices and in-turn the gel stability as
salt ions compete with inter-helical hydrogen bonds and destabilize

1000 T T T T T

G'/G"(Pa)

R
10 20 30 40 50 60
Temperature (°C)

Fig. 1. Variation in the viscoelastic properties G’ (filled symbols) and G” (open
symbols) of the 1.5% iota-carrageenan solution in the presence of 0 (square), 50
(circle) and 100 mM (triangle) NaCl, as a function of temperature at 1 Hz and
2% strain (within the linear viscoelastic region).
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carrageenan network (Thrimawithana, Young, Dunstan, & Alany,
2010).

In general, the crossover temperature (Tg-s) could be considered as
an intuitive index to assess the gel-sol transition process of poly-
saccharide solutions. In the present case, its shift to higher temperature
signifies stronger interactions between the IC helices promoted through
salt ions. These observations readily reflect in tan & values that mirror
the cohesive gel strength. The G’ is higher than the G” up to around 52 °C
with tan & below 1 reflecting the gelling state of IC solutions. However,
beyond 52 °C it declines with a crossover (tan 6 = 1) of G’ and G”, and G”
is over G’ with tan § > 1 and individual values decrease progressively.
The reduction in G’ and G” suggests breakdown of carrageenan network
leading to solution state at high temperatures.

The observed changes in individual G’ and G” values could be due to
the involvement of sodium ions in the IC network and associated in-
teractions leading to aggregated structures. X-ray fiber diffraction
studies on the oriented fibers of sodium salt of IC reveal sodium ions role
in orchestrating the junction zone architecture of IC (Running, 2011).
Depending on the salt amount (0-150 mM) and IC concentration
(0.5-1.5%), half-staggered double helices and non-half-staggered dou-
ble helices arranged in nets of size 2.2-5.6 nm have been observed. Thus,
it appears that the number of carrageenan helices associated in the
junction zones of IC, IC50 and IC100 could be different and such fluc-
tuations at the atomic scale modulate variations in the G’ and G” values
at the macro level. Overall, viscoelastic properties of IC are influenced
by salt ions in forming aggregates that propagate to larger scale and
influence the solution behavior.

3.2. Chain assembly and kinetics of ordering

SAXS is a valuable technique to unravel structures of soft materials.
IC solutions in the presence of 0, 50 and 100 mM NaCl exhibit different
scattering intensity (Fig. S3), especially at the low-q region, clearly
suggesting microstructural variations of IC in the presence of sodium
ions. To further understand these differences, correlation length, which
is an indicator of distance between the dense objects-rich regions of soft
materials (Brogan et al., 2020), has been calculated using the approach
developed by Hule et al. (Hule, Nagarkar, Hammouda, Schneider, &
Pochan, 2009). The scattering intensity is modeled by the following
equation:

B
T —

A
B T

wherein, q is the scattering vector, and A and B are the constants. The
parameters m and & are the Lorentzian exponent and correlation length,
respectively.

The fitted SAXS curves are shown in Fig. 2. The correlation length (i.
e., &) of native IC is found to be 1.7 nm. It reduces to 1.5 and 1.2 nm in
the presence of 50 and 100 mM NaCl, respectively. A decrease in the
correlation length is an indication of tighter association among the
carrageenan chains. Thus, it appears that sodium ions significantly
promote IC assembly and increase the order of carrageenan system.
These observations are in agreement with the previous report (Denef,
Mischenko, Koch, & Reynaers, 1996) in which increment in the carra-
geenan concentration (3-17 mg/mL) or sodium ion strength (>0.06 M)
was found to enhance the molecular association.

The pair distance distribution function p(r) of IC and its complexes
with salt are shown in Fig. 3. Generally, globular particles display bell-
shaped p(r) functions with a maximum at about Dy,4y/2, While flattened
particles show a broad maximum that shifts to distances smaller than
Dnax/2 and particles consisting of well-separated subunits yield multiple
maxima (Svergun & Koch, 2003). In the case of IC, four peaks at 3.79,
10.88, 17.95 and 25.69 nm have been observed indicating particles
consisting of well separated four subunits. They correspond to particle
sizes of 7.5, 14.2, 14.8 and 7.5 nm, respectively, and to a maximum size
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Fig. 2. SAXS data for 1.5% iota-carrageenan solutions in the presence of (a) 0,
(b) 50 and (c¢) 100 mM NacCl. The solid lines are the fits to the functional form.

of 28.8 nm. Interestingly, after sodium ions binding to the IC helices,
these four peaks merge into one and the overall shape transforms to a
bell curve indicating that salt presence significantly alters the
self-assembly of carrageenan chains in solution. The observed peak at ca.
7.5 nm, for both IC50 and IC100, with a shoulder-like nature and a size
of 27.5 nm appears to result from flattened particles. They could
correspond to carrageenan aggregates due to phase transitions of IC
from coil state to an organized double helical state and furthermore to
more stable dimers states. From the shape of the IC50, it appears that the
ordered structure of carrageenan aggregates may be composed of or-
dered structures with a length (L) of 27.5 nm and thickness (or diameter
D) of 7.5 nm. As the concentration of NaCl increases to 100 mM, the
curve shape further bulges suggesting more helix aggregation and
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Fig. 3. The pair distance distribution function p(r) of iota-carrageenan and its
complexes with NaCl.

formation of oblate ellipsoids with relatively small subunits. Such
changes appear to be responsible for the observed variations in the
viscoelastic properties. Further research with various salt amounts and
type is warranted, however, to decipher the aggregation behavior of
iota-carrageenan in solutions.

3.3. Water mobility

Polysaccharides are water-hunger polymers and water play a vital
role in modifying polysaccharides properties by binding to various
functional groups. In this regard, understanding the water mobility and
distribution in polysaccharide solutions is important. The low field nu-
clear magnetic resonance (LF-NMR) is a non-destructive and rapid
technique, toward this end, to analyze changes in the water holding
capacity, water distribution and state of water in the polysaccharide
solutions and gels. It measures the spin-spin relaxation time (T3) and
allows to monitor the dynamic state of water in situ without removing
external solution (Li et al., 2019; Yan et al., 2019). Depending on the
state and surrounding environment, water displays various degrees of
freedom and consequently To gets modified. Furthermore, water mole-
cules that have high degree of freedom possess higher frequency of
motion than the resonance frequency of hydrogen protons that leads to
slower relaxation time with prolonged Ty (Li et al., 2019). Thus, by
measuring alterations in the Tj, insights on the water state and envi-
ronment in polysaccharide solutions and gels could be gained. Using the
relaxation curves, water populations such as bound water (Ty;: 1-10
ms), immobile water (T92: 10-100 ms) and free water (T23: 100-10000
ms) could also be identified (Gussoni et al., 2007). In the case of IC,
either bound water, i.e. water associated with the highly organized
double helical structure of IC or immobile water i.e. water located in the
network are not seen as the corresponding signal intensities are practi-
cally non-detectable. However, free water that is located outside the
carrageenan network and possesses good mobility could be visualized
(Fig. 4). The Ty3 of IC is found to be 1528.69 ms but declines to 1256.75
ms with 50 mM salt. This could be due to carrageenan aggregation in the
presence of salt leading to changes in Ty3. It also appears that water
freedom is curtailed and water mobility is restricted, and it readily re-
flects in the peak area that signifies the amount of water present in the
system (Tang, Godward, & Hills, 2000). The peak area of IC is found to
be 4,307,977 (arbitrary units) but decreases to 3,546,512 with 50 mM
salt. However, with 100 mM, the T23 increases to 1859.48 ms and the
corresponding peak area also raises to 5,105,125 (arbitrary units). The
presence of excessive salt in the network appears to weaken the carra-
geenan chain association ensuing a frail network that could
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Fig. 4. The relaxation time curves of iota-carrageenan in the presence of
0 (black), 50 (red) and 100 mM (blue) NaCl. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

accommodate more water with reduced gel strength, as observed in
Section 3.1. Overall, water mobility, water state and water distribution
in IC solutions are influenced by the salt presence leading to variations
in the viscoelastic properties.

3.4. Melting properties

The start temperature of the melting endotherm of IC is 53.6 °C along
with the peak temperature of 56.8 °C and end temperature of 64.8 °C
(Table 1). These values are more or less maintained with salt addition
but with subtle changes and are in agreement with reported carrageenan
solutions (Watase & Nishinari, 1987). The enthalpy of IC, IC50 and
IC100 is found to be 0.15(7), 0.31(3) and 0.22 (2) J/g, respectively.
Though these values are relatively low, they compare well with the re-
ported IC gels (Patel, Campanella, & Janaswamy, 2013). The differ-
ences, in the present case, are due to salt induced changes in the
structural ordering of IC. The relative increase of enthalpy in the pres-
ence of 50 mM salt could be due to ordering of carrageenan network and
the requirement of more energy to break thus the formed network.
Higher salt amount of 100 mM appears to thwart the carrageenan
network stability leading to reduced enthalpy.

3.5. Microstructure

Three-dimensional network structure and microstructure are
important functional attributes of polysaccharide solutions. The former
could be obtained from X-ray diffraction studies on the oriented fibers
whereas the later from Cryo-SEM analysis of frozen solutions. In the
present case, samples are frozen rapidly in liquid nitrogen and main-
tained at low temperatures (~-196 °C) and high vacuum (~1O’6 bar).

Table 1

Comparison of elastic moduli (G'), loss (G”) moduli and gel-to-solution transi-
tion temperature (Tg-s) of 1.5% iota-carrageenan solutions in the presence of 0,
50 and 100 mM NaCl along with thermal properties. The letters a, b and c in each
row represent significant differences (p < 0.05).

Parameter/NaCl (mM) 0 50 100
Temperature ramp, data at 1 Hz, 5 °C and 2% strain

G’ [Pa] 86.7 + 4.7° 157.3 +3.3° 126.8 + 3.1°
G’ [Pa] 2.7 £0.2° 1.8 +0.17° 1.6 + 0.28°
Tg-s (°C) 52.4407 59.0+0° 57.34+0°
Start temperature (°C) 53.6 + 0.1 52.8 + 0.4 53 +0°

End temperature (°C) 64.8 + 1.1¢ 70.5:+0° 67+ 0°

Peak temperature Tm (°C) 56.8 + 1.5 58.3 + 5.6° 58.5 + 0.9°
Enthalpy (J/g) 0.15 + 0.07° 0.31 + 0.03" 0.22 + 0.02°
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The rapid freezing reduces the ice crystal formation and preserves the
spatial structure of aqueous systems and indeed aids to study their
microstructure organization. The low temperature is to prevent evapo-
ration of water. It even protects samples from deformation leading
enhanced spatial structure (Sriamornsak, Thirawong, Cheewatana-
kornkool, Burapapadh, & Sae-Ngow, 2008; Li et al., 2019). The micro-
structure differences in IC without and with salt are shown in Fig. 5.
The IC network is composed of cavities and resembles an ordered
structure (Barahona et al., 2015; Thrimawithana et al., 2010). The
cavity size ranges from 5 to 15 pm, and the number of cavities in 50
square micrometers is around 50. They expand to 10-20 pm in IC50 and
further enhance to 20-30 pm in IC100 but with reduced number of
cavities of 40 and 20, in the same order. It is known that the size and
shape of cavity correspond to the ice crystals formed during the mea-
surement (Takano, Hayashi, Suzuki, & Takai, 1995). However, in the
present case, observed changes in the cavity density, size and shape
appear to be the result of the salt presence. In the case of
kappa-carrageenan, K' ions are found to promote rectangular size
cavities (Thrimawithana et al., 2010). In the similar lines, Ca®" ions
might yield more ordered cavities or even higher concentrations of
iota-carrageenan solutions but deserves further investigation.

3.6. Relationship between the multi-scale structure and gel properties

The Small Angle X-ray Scattering analysis enables to follow the ki-
netics of association of carrageenan chains from smaller aggregates to
larger nanosized networks. These are subsequently responsible for the
water mobility, control of available free water in the network (LF-NMR
analysis) and formation of ice crystals (Cryo-SEM analysis) accompanied
by microstructural transformations. These entropic structural changes
manipulate the thermal behavior of iota-carrageenan. For example,
melting enthalpies are affected by the sodium ion concentration due to
underlying differences in the microstructure. The dynamics of molecular
interactions taking place at the atomic level are key for the observed
changes in the viscoelastic properties, especially the elastic moduli (G)
and gel-sol transition temperature (Tg-s). Some established structural
details on the molecular and packing arrangement of IC could offer in-
sights to better comprehend these interesting solution properties.

X-ray fiber diffraction studies on the sodium salt form of IC confirm
that two carrageenan chains are intertwined and held strongly by a se-
ries of O-6H---O-2 hydrogen bonds while forming an ordered double
helix (Janaswamy & Chandrasekaran, 2001). More importantly, each of
these interchain hydrogen bonds is strengthened by bridging to a nearby
water molecule already linked to sulfate oxygen atoms of adjoining
anhydrogalactan residue. Since the negatively charged sulfate groups
are all located on the helix surface, the lateral association of helices is
rather limited due to electrostatic repulsion but is achieved by first
neutralizing the negative charges with positive sodium ions and then
stabilized by a series of water bridges to fill the unusually large gaps
between helices. In the final packing arrangement, inter-helical in-
teractions  fall under 10  distinct types:  4-S---W---4-S,
2-S--We-W--W---4-S, 2-S---Na---2-S, 2-S---Na---4-S, 2-S---Na---W---2-S,
4-S--W---W---4-S, 4-S.--Na--W---W---W---4-S, 2-S.--W---Na---4-S,
4-S.--Na---W---Na---4-S and 2-S---W---W---W---4-S, wherein 4-S, 2-S, Na
and W denote 4-sulfate group, 2-sulfate group, sodium ion and water
molecule, respectively. Thus, sodium ions and water molecules act as
space fillers between pairs of IC helices through strong ionic interactions
and hydrogen bonds (---) all of which promote junction zones in IC
network. Each bridge is formed with up to four space fillers; shorter
bridge is stronger. Any change in the sodium content or number of water
molecules would therefore perturb and reorganize the existing bridges
to produce alternate packing arrangements leading to pseudopolymor-
phic and polymorphic networks (Janaswamy & Chandrasekaran, 2005,
2006). Sodium ions and water molecules are thus the major players in
orchestrating the exploitable macroscopic physical properties of
iota-carrageenan.
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Fig. 5. The Cryo-SEM micrographs of iota-carrageenan (IC) are influenced by the amount of NaCl. The IC, IC50 and IC100 correspond to 0, 50 and 100 mM NacCl,

respectively.

It is known that carrageenan chains will be in the random coil state at
higher temperatures. Double helices mediated junction zones, formed
upon cooling, and strengthened with cations e.g. Na™, and ordered water
molecules lead to aggregates. Larger networks of IC are reported in the
presence of Rb™ and K* ions (Janaswamy & Chandrasekaran, 2005) and
Na™ ions (Running, 2011). With increased cations, IC junction zone
architecture could grow larger resulting in dimers as observed in ther-
mal studies (Grinberg et al., 2001; Hossain, Miyanaga, Maeda, & Nem-
ota, 2001) and photon transmission experiments (Kara & Pekcan, 2005)
insomuch that more ordered structural states could be possible in IC
ensuing fluctuations in rheological and other physicochemical
properties.

Though the above results offer some new insights on the overall
picture of the structure-function relationships of iota-carrageenan,
further studies are necessary to gain a fuller picture. For example, cor-
relation analysis between G’ and Tg-s with the results of SAXS, LF-NMR,
Cryo-SEM and DSC coupled with detailed statistical analysis are to be
undertaken. Upon completion, the mechanism of the salt effect on the
gel properties of iota-carrageenan, starting from the molecular state to
forming of aggregate structures, could be established better for further
utilization. The analysis could even be extended to kappa-carrageenan
and lambda-carrageenan to discern their preferred gelation in the
presence of potassium (Mangione et al., 2005; Robal et al., 2017; Thri-
mawithana et al., 2010) and iron ions (Running, Falshaw, & Janasw-
amy, 2012).

4. Conclusions

The viscoelastic properties, kinetics of molecular assembly, water
mobility, microstructure and melting behavior of iota-carrageenan have
been analyzed at two (50 and 100 mM) NaCl concentrations. It is found
that storage modulus, gel-sol transition temperature and enthalpy sta-
bility increase at 50 mM but subtle reduction in the values has been
observed at 100 mM salt. The water mobility is also influenced by the
presence of salt. The compact ordered microstructure of IC transforms to
larger cavities of irregular shapes with salt addition. The radius of gy-
ration, from SAXS analysis, increases with salt addition suggesting the
aggregation of IC helices. These results are interesting, however, to gain
a deeper understanding on the iota-carrageenan gelation behavior
further research involving a series of solution concentrations and salt
amounts is needed.

Overall, research reported in this study offers a unique opportunity
to gain thorough understanding on the gelation behavior of iota-
carrageenan in particular and polysaccharides in general. The
outcome could serve as a new tool for current and next-generation ap-
plications of carrageenans e.g protein-polysaccharide mixtures (Yan
et al., 2019), carries of bioactive compounds (Janaswamy, Gill, Cam-
panella, & Pinal, 2013; Janaswamy & Youngren, 2012; Polowsky &
Janaswamy, 2015), films (Larotonda, Torres, Goncalves, Sereno, &
Hilliou, 2015; Moreira et al., 2011; Wu et al., 2019) and fibers (Dong
et al., 2020; Kong & Ziegler, 2013), to name a few, leading to novel

carrageenan-based food supplements, functional foods and medicinal
foods.
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