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a b s t r a c t

The effect of cation concentration and ion valency (0–0.2% (w/v) of KCl or CaCl2·2H2O) on the mechanical,
micro-structural and rheological properties of aqueous kappa (�) and iota (�) carrageenan dispersions
were investigated using a texture analyzer, cryo-SEM and an oscillatory rheometer, respectively. The
probe penetration method demonstrated a decrease in “hardness” of carrageenan systems with increasing
cation concentration, after exhibiting an initial maximum. The Young’s modulus (E) of �-carrageenan
gels was determined using the uniaxial compression method. E was approximately 3 times the shear
eywords:
arrageenan
exture profile analysis
oung’s modulus
hear modulus
heology
ryo-SEM

modulus recorded under the same experimental conditions; indicating the elimination of slip by the use
of roughened parallel plates. The storage modulus of �-carrageenan gels with Ca2+ demonstrated a similar
trend to mechanical properties. However the syneresis observed in �-carrageenan systems with storage,
may have reduced the sensitivity of probe penetration method. Cryo-SEM observation of gels revealed a
microstructure consistent with the observed mechanical properties.

© 2010 Elsevier Ltd. All rights reserved.

hase diagrams

. Introduction

Carrageenan is a widely used anionic polysaccharide extracted
rom marine red algae. Chemically, this polymer is a linear, sul-
hated galactan which is composed of alternating disaccharide
epeating units of 3-linked �-d-galactopyranose (G units) and
-linked �-d-galactopyranose (D units) or 4-linked 3, 6-anhydro-
-d-galactopyranose (DA units). Depending on the number and
osition of sulphate groups, three main carrageenans have been

dentified: iota (�)-, kappa (�)- and lambda (�)-carrageenan (Van De
elde, 2008; Van De Velde, Peppelman, Rollema, & Tromp, 2001).
oth �- and �-carrageenan dispersions undergo sol–gel transition
pon cooling or the addition of counter ions such as Na+, K+ and
a2+ (Belton, Chilvers, Morris, & Tanner, 1984; Michel, Mestdagh, &
xelos, 1997; Nunez-Santiago & Tecante, 2007). However, at a par-

icular temperature the critical polymer concentration required for

elation is considerably lower in the presence of some alkali ions
Nijenhuis, 1996). Conversely, �-carrageenan does not undergo
elation; presumably due to its high degree of sulphate substitution
Wang, Rademacher, Sedlmeyer, & Kulozik, 2005).

∗ Corresponding author at: School of Pharmacy, Faculty of Medical and Health
ciences, University of Auckland, Private Bag 92019, Auckland, New Zealand.
el.: +64 9 373 7599x86139; fax: +64 9 367 7192.

E-mail address: t.thrimawithana@auckland.ac.nz (T.R. Thrimawithana).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.04.024
Many models have been proposed to describe the gelation pro-
cess of polymers; yet that widely accepted for carrageenan is the
“domain model”. Here, it is assumed that, in solution and at high
temperature, carrageenans exist as random coils; and reduction in
temperature induces the formation of double helices. This leads to
the formation of small independent domains involving a limited
number of chains via intermolecular association. However, when
cations are incorporated, helices of different domains aggregate to
enable long-range cross-linking which forms a cohesive network.
This quaternary structure contributes to the mechanical and rhe-
ological properties of the resultant gels (Morris, Rees, & Robinson,
1980).

The role of various cations in promoting cross-link forma-
tion has been previously studied. It has been shown that calcium
ions (Ca2+) favour the gelation of �-carrageenan whereas potas-
sium ions (K+) favour the gelation of �-carrageenan (Morris &
Chilvers, 1981; Tako & Nakamura, 1986; Tako, Nakamura, & Kohda,
1987). Calcium, being a divalent cation, is capable of forming
intra-molecular bridges between the sulphate groups of adjacent
anhydro-d-galactose and d-galactose residues of �-carrageenan.
Upon cooling, the quaternary structure forms due to intermolecular

Ca2+ bridging. Conversely, K+ induces intermolecular association of
�-carrageenan by forming an ionic bond between K+ and sulphate
group of d-galactose residues. This is followed by the formation of
a secondary electrostatic bond between K+ and the anhydro-bridge
oxygen atom of the adjacent galactose residue. Smaller univalent

dx.doi.org/10.1016/j.carbpol.2010.04.024
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:t.thrimawithana@auckland.ac.nz
dx.doi.org/10.1016/j.carbpol.2010.04.024
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ations, such as Na+ and Li+, are only able to bond ionically to the
ulphate groups reducing their efficacy in controlling the flexibil-
ty of disaccharide units of carrageenan (Nijenhuis, 1996; Tako &
akamura, 1986; Tako et al., 1987).

The effect of these cations on the physical properties of car-
ageenan gels has been investigated widely (Funami et al., 2007;
ermansson, Eriksson, & Jordansson, 1991; Hossain, Miyanaga,
aeda, & Nemoto, 2001; Ikeda & Nishinari, 2001; Macartain,

acquier, & Dawson, 2003, Mangione et al., 2005; Nunez-Santiago
Tecante, 2007). Nonetheless, the assessment and comparison of

he viscoelastic and mechanical properties of carrageenan gels at
ow polymer concentrations and a wide range of counter ions is
carce in the literature. Moreover, previous reports on the values of
oung’s modulus (E) are inconsistent or are not compared directly
ith shear modulus values obtained from rheological experiments.

The present study compares the mechanical and rheological
roperties of �-carrageenan and �-carrageenan dispersions in the
resence of both potassium and calcium ions at low polymer con-
entration. A wide concentration range of the selected counter ions
as studied to determine the optimum cation concentration for

ach system.

. Materials and methods

.1. Materials

Carrageenan, Genuvisco type × 930-03 (kappa) and type × 931-
3 (iota) were kindly gifted from CP Kelco (Lille Skensved, Den-
ark) and was used without further purification. �-Carrageenan

ample consisted of 5.1% (w/w) potassium, 1.6% (w/w) calcium and
.87% (w/w) of sodium whereas the �-carrageenan sample con-
isted of 5% (w/w) potassium, 0.031% (w/w) calcium and 4.8% (w/w)
odium (determined with ICP-OES). Potassium chloride (KCl) and
alcium chloride dihydrate (CaCl2·2H2O) were of analytical grade
nd purchased from Scharlau Chemie (Barcelona, Spain). Water
urified by ion exchange (Millipore, Bedford, USA) to a resistance
f 18.2 M� cm at 25 ◦C was used in the preparation of formulations
nd ion solutions.

.2. Sample preparation

Stock solutions of �- and �-carrageenan were prepared by
issolving the powder in an appropriate volume of water with
ontinuous magnetic stirring at 80 ◦C for 2 h. Polymer systems con-
aining various concentrations of counter ions were then prepared
y diluting the stock polymer solution with an appropriate amount
f water and then adding the required volume of either KCl or
aCl2·2H2O stock solution (2% (w/v)).

.3. Construction of ternary phase diagrams

To study the effect of potassium and calcium on the phase
ehaviour of �- and �-carrageenan aqueous systems, partial ternary
hase diagrams were constructed using Gibb’s triangles. The apices
f the triangle represent 100% by weight of one component,
hereas the axis joining the apices corresponds to two component

ystems. The area within the triangle corresponds to all possible
ombinations of the three components under investigation.

Formulations were prepared as described above and were stored
t room temperature (ca. 22 ◦C) for 24 h. Formulations were then

ssessed visually by tilting the sample vials to an angle of 90◦ and
ere categorised as gels, gels with syneresis, partial gels and solu-

ions. Gels with syneresis are systems with a water layer on the
urface of a well formed gel. Partial gels are defined as systems
omprising of gel clumps in solution.
ate Polymers 82 (2010) 69–77

2.4. Microstructure analysis

The microstructure of 0.4% (w/v) �- and �-carrageenan disper-
sions in the absence or presence of selected cations was examined
using a cryogenic scanning electron microscope (Philips XL30S
FEG, Netherlands). Samples were initially cured for 12 h at 4 ◦C
then loaded onto rivets and plunge frozen in liquid nitrogen slush
(−200 ◦C). These were then loaded into the cryo chamber (Gattan
Alto 2500, England), fractured with a razor blade and sublimed at
−80 ◦C under vacuum for 30 min. Samples were sputter coated with
gold (Polaron SC 7640 sputter coater, Quorum Technologies, Eng-
land) for 2 min and then viewed at an accelerating voltage of 5 kV
while being maintained at −180 ◦C.

2.5. Texture profile analysis

Mechanical properties such as “hardness”, “compressibility”,
“adhesiveness”, “cohesiveness” and “elasticity” of the carrageenan
systems were evaluated using a TA-XT plus texture analyzer (Sta-
ble Micro Systems, England). Samples were prepared and stored
in hermetically sealed containers and maintained at ambient tem-
perature (ca. 22◦C) prior to analysis. At 24 h or 7 days of storage,
an analytical probe (10 mm diameter) was compressed twice into
the sample to a depth of 15 mm at a cross-head speed of 2 mm s−1,
allowing a relaxation period of 30 s between compression cycles.
All measurements were done in triplicate. The data were statisti-
cally analysed by one-way ANOVA with Tukey’s HSD post hoc test
(p < 0.01 denoting significance) using SPSS version 16.0 for win-
dows (SPSS Inc., Illinois, USA).

2.6. Young’s modulus calculation

Young’s modulus of binary systems comprising of �-
carrageenan (0.4% (w/v)) and KCl (0.12–0.2% (w/v)) was determined
to compare compression measurements with dynamic measure-
ments. Compression measurements on free standing gels were
utilized to calculate the Young’s modulus to avert bias due
to buoyancy usually encountered with the probe penetration
method.

Liquid samples at 80 ◦C were poured into metal cylindrical
moulds (Ø20 mm × 20 mm). Moulds were over-filled by taping
around the upper section. Samples were then stored at room tem-
perature (ca. 22 ◦C) for 3 h. The excess gel was trimmed off prior to
analysis and the free-standing gel was placed at the centre of the
texture analyzer (TA-XT2, Stable Micro Systems, England) testing
platform. The gel was then compressed between parallel plates at
a speed of 0.2 mm s−1 to a depth of 10 mm at room temperature
(22 ◦C). A strain of 5% was used to obtain the Young’s modulus and
all measurements were carried out in triplicate. The rupture stress
and stain were also recorded as the gel fractured.

2.7. Rheological measurements

Dynamic viscoelastic properties of the carrageenan systems
were performed with a controlled stress rheometer (AR-G2, TA
Instruments, USA) equipped with a parallel plate (40 mm diameter)
geometry. The upper plate was covered with sand paper (wet/dry
P120) to minimize sample slip due to high amount of water present
in the investigated gels and a solvent trap was used to prevent
evaporation of water from the samples.
Carrageenan samples were placed on the peltier plate at 80 ◦C
and the gap was set to 1 mm. Temperature was decreased at a
rate of 5 ◦C min−1 and time sweeps were obtained at 22 ◦C over
3 h in the linear viscoelastic region. The storage shear modulus,
G′, and the loss shear modulus, G′ ′, were also measured over a
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Fig. 1. Partial ternary phase diagrams of �-carrageenan (A and C) and �-ca

requency range of 0.1–10 Hz at 22 and 4 ◦C after 10 min of equili-
ration.

. Results and discussion

.1. Effect of cations on phase behaviour of �- and �-carrageenan
ystems

Gibbs phase triangles (Fig. 1) show substantial differences
etween �- and �-carrageenan in their response to KCl and
aCl2·2H2O. As previously reported, �-carrageenan responds
romptly to K+ and undergoes the coil to helix transition (Chen,
iao, & Dunstan, 2002; Hermansson, 1989; Tako & Nakamura,
986). Conversely, �-carrageenan displays this transition in the
resence of low concentrations of Ca2+ (Hossain et al., 2001; Morris
Chilvers, 1981; Tako et al., 1987).
The minimum concentration of �-carrageenan required to

ndergo a sol–gel phase change in the presence of cations at
2 ◦C was found to be about 0.2% (w/v). Conversely a minimum
f 0.4% (w/v) polymer was required for the �-carrageenan system
o undergo the same phase change. Therefore a polymer concentra-
ion of 0.4% (w/v) was selected for the mechanical, microstructure
nd rheological characterization of these systems.
At relatively high counter ion concentrations, �-carrageenan
isplayed syneresis; the polymer helices aggregate tightly and
xtrude water from the system. This behaviour was not observed
ith �-carrageenan formulations. As counter ion concentration was

urther increased, both systems displayed partial gelling, demon-
enan (B and D) aqueous dispersions in the presence of KCl or CaCl2·2H2O.

strating insufficient polymer concentration to form a uniform gel
matrix.

3.2. Microstructure analysis

Rapid freezing with liquid nitrogen employed in cryo-SEM
reduces the ice crystal formation and preserves the spatial
structure of these highly aqueous systems for further inves-
tigation. Moreover, sample distortion due to dehydration can
be avoided in cryo-SEM (Echlin, 1992; Sriamornsak, Thirawong,
Cheewatanakornkool, Burapapadh, & Sae-Ngow, 2008).

Considerable differences in the SEM images of the two
carrageenan systems were observed (Fig. 2). �-Carrageenan disper-
sions in the absence of added cations, displayed no cross-linking;
the polymers being arranged as pleats (Fig. 2A). Addition of Ca2+

induced the appearance of cross-linked structures, with the for-
mation of rectangular pores (Fig. 2B and C). Nonetheless, a further
increase in Ca2+ concentration had a negative impact on the
microstructure of the �-carrageenan system (Fig. 2D).

In the absence of added K+, �-carrageenan displayed some reg-
ular order (cross-linking) (Fig. 2E). This was further enhanced by
the addition of K+ (Fig. 2F and G). Moreover, increasing K+ concen-
tration to 0.12% (w/v) visibly increased the density of cross-links

(Fig. 2G). The polymer arrangement of �-carrageenan systems
resembled a honeycomb structure; which may contribute to the
known high tensile properties of these systems. Again, the addi-
tion of 0.4% (w/v) K+ disrupted the cross-linking of �-carrageenan
(Fig. 2H). This negative impact may be attributed to saturation
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ig. 2. Cryo-SEM images of �-carrageenan dispersions (0.4%, w/v) in the absence of
aCl2·2H2O and �-carrageenan dispersions (0.4%, w/v) in the absence of added catio
ars = 20 �m).

f cross-linking zones, and aggregation of polymer groups which
ould disrupt the cohesive quaternary structure of the systems.

.3. Texture profile analysis

Texture profile analysis (TPA) is a simple and rapid analytical
echnique that has been used extensively in the food industry.
t is also used to some extent, in the pharmaceutical industry to
haracterize semi-solid formulations. The mechanical properties
hardness”, “cohesiveness”, “compressibility”, “adhesiveness” and
elasticity” of the carrageenan systems were derived from the force
s. time plots as described by Jones et al (Jones, Woolfson, Djokic,
Coulter, 1996; Jones, Woolfson, & Brown, 1997). The mechani-

al properties of �- and �-carrageenan systems in the presence of

arious concentrations of selected cations are shown below (Fig. 3).

The hardness profiles demonstrate the rapid cross-linking effect
f K+ on �-carrageenan when compared to Ca2+. Moreover, the
oncentration of KCl required to initiate intermolecular bridging
as 0.04% (w/v), whereas about 0.12% (w/v) of CaCl2·2H2O was
cations (A), and in the presence of 0.06%, w/v (B), 0.12%, w/v (C) and 0.4%, w/v (D)
and in the presence of 0.06%, w/v (F), 0.12%, w/v (G) and 0.4%, w/v (H) of KCl (scale

required. However, the maximum hardness of �-carrageenan gels
was comparable in both cation systems.

In addition, calcium induced �-carrageenan gels required longer
time to stabilize with the maximum mechanical properties attained
after 24 h of equilibration. This may be due to the inability of
Ca2+ to form the proposed bonding with the anhydrous oxygen
group and the sulphate groups of the adjacent disaccharide units,
which reduces intermolecular association. However, at higher Ca2+

concentrations, charge neutralization may lead to intermolecular
association at a slower rate. Alternatively, the long stabilization
time may reflect longer diffusion times caused by the cross-linking
of adjacent polymer molecules.

�-Carrageenan did not respond to KCl in the range tested, but
was able to form soft gels in the presence of divalent cation, Ca2+.

Maximum �-carrageenan gel strength was observed at 0.1% (w/v)
CaCl2·2H2O and was ca. 0.3× lower than the maximum hardness
of �-carrageenan gels. This high tensile strength of �-carrageenan
gels can be attributed to the microstructure of these systems (Fig. 2)
as typical honeycomb structures possess high ductility and are able
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Fig. 3. Effect of cations on the mechanical properties of 0.4% (w/v) �-carrageenan (�) and �-carrageenan (�) dispersions at 24 h (solid) or 7 days of storage (dashed) at various
KCl or CaCl2·2H2O concentrations. Mechanical properties presented are “Hardness” (A), “Compressibility” (B), “Cohesiveness” (C), “Adhesiveness” (D) and “Elasticity” (E).
Error bars represent SEM (n = 3) and *denotes significant changes from baseline (P < 0.01; ANOVA with Tukey’s HSD post hoc test).
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ig. 4. Effect of KCl concentration on the rupture strain of �-carrageenan gels. Error
ars represent standard deviation from the mean (n = 3).

o reduce local stresses by transferring forces (Wang, Qiu, & Zhang,
007).
Nonetheless, �-Carrageenan gels were more “cohesive” and
elastic” than �-carrageenan systems, which exhibited increasing
rittleness with increasing KCl concentration (Fig. 4). The brittle
ature of �-carrageenan is likely to be due to the syneresis of these
els which removes water from the gel structure. The difference in

ig. 6. Frequency dependence of G′ (filled) and G′ ′ (open) of �-carrageenan dispersions
oncentrations of KCl are 0.06% (�), 0.12% (�) and 0.2% (©) (w/v) (n = 3).
Fig. 5. Shear modulus (G′) (�; n = 2) and one-third of Young’s modulus (1/3E) (�;
n = 3) of �-carrageenan (0.4%, w/v) gels in the presence of various concentrations of
KCl. Error bars represent standard deviation from the mean.

observed microstructure may also be attributed to the variation in
elasticity of these gels, where an increase in cross-linking leads to
reduced flexibility of polymer chains.

TPA data demonstrates a general reduction in mechanical

properties of carrageenan dispersions with increasing cation con-
centration, after exhibiting an initial maximum. This correlates well
with the findings of MacArtain et al. (2003), who demonstrated a
reduction in gel strength with an increase in calcium to carrageenan

(0.4%, w/v) in the absence (♦) and presence of added KCl at 22 ◦C (A) and 4 ◦C (B).
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atio (MacArtain et al., 2003). Michel et al. (1997) also investigated
he effect of Ca2+, Cu2+, Na+ and K+ on the shear moduli of �- and
-carrageenan and demonstrated a threshold for the amount of salt
ncorporated. The authors concluded that beyond this threshold,
either the cation concentration nor the type of cation had any
ffect on shear moduli (Michel et al., 1997). In the present study we
ave demonstrated a reduction in mechanical properties of the car-
ageenan systems under investigation when the cation threshold
s exceeded.

.4. Rheological measurements

Syneresis of �-carrageenan gels has been sited frequently as
limiting factor in measuring the dynamic moduli of these sys-

ems, as the water removed from �-carrageenan systems leads to
lip effects. Slipping of testing geometry can result in erroneous
easurements and demonstrate considerably lower storage mod-

li (G′) to the actual (Richardson & Goycoolea, 1994). Therefore
errated geometry, sanded parallel plates, perforated concentric
ylinders or glued parallel plates have been used to overcome this
ssue (Chen, Liao, Boger, & Dunstan, 2001; Norziah, Foo, & Karim,
006; Richardson & Goycoolea, 1994). As shown by Chen et al.
2001) and Richardson and Goycoolea (1994), the glued parallel

late and the perforated cylinder methods, respectively, give con-
iderably larger values of G′ for aqueous gels compared to the other
ethods. However, the glued parallel plate method cannot be used

uccessfully for weak gel measurements, such as the systems under
nvestigation.

ig. 7. Frequency dependence of G′ (filled) and G′ ′ (open) of �-carrageenan dispersions (0
B). Concentrations of CaCl2·2H2O are 0.06% (�), 0.12% (�) and 0.2% (©) (w/v) (n = 3).
ate Polymers 82 (2010) 69–77 75

In order to minimize the effect of slip, a roughened geometry
was utilized in this study. The slip effect was evaluated by com-
paring the Young’s modulus (E) data derived from the uniaxial
compression to the shear moduli (G′) values obtained from the
dynamic rheology measurements (Fig. 5). Initially time sweeps at
22 ◦C (room temperature) were performed in the linear viscoelastic
region (LVR) to determine the period of testing and equilibration
of the �-carrageenan systems was reached within 3 h. As syneresis
of these systems was observed with extended storage, the moduli
(E and G′) were evaluated at 3 h of equilibration at 22 ◦C.

Theoretically the G′ of any material should satisfy the relation-
ship of E ≈ 3G′, derived from Eq. (1):

E = 2G′ (1 + �) (1)

where � is the Poisson’s ratio, ranging from 0 to 0.5 for all known
materials. For a perfectly incompressible gel, the Poisson’s ratio is
found to be near 0.5 (Menard, 1999).

G′ of �-carrageenan systems were comparable to one-third
E of the gels obtained from the compression measurements at
room temperature (22 ◦C) (Fig. 5). This confirmed the validity
of rheological measurements in the present study. Compression
measurements were also performed on larger samples (Ø40 mm);
however the E values calculated were not comparable to the G′ in

this instance. It was noted that these samples took longer to sta-
bilize as the E:G′ ratio was well below 2.5 for most gels at 3 h of
equilibration. Therefore the sample volume plays an important role
in satisfying the above relationship. Furthermore it was not possible
to compare the moduli of �-carrageenan at lower K+ concentra-

.4%, w/v) in the absence (♦) and presence of added CaCl2·2H2O at 22 ◦C (A) and 4 ◦C
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ions and the �-carrageenan systems, as these are too weak for large
eformation measurements (not stand alone gels). Attempts were
lso made to determine the shear moduli using the penetration
ethod outlined by Gregson, Hill, Mitchell, and Smewing (1999).
owever this was unsuccessful; probably due to variables such as
el height, diameter, probe width and buoyancy (Gregson et al.,
999).

Fig. 6a and b shows the effect of K+ concentration on the storage
G′) and loss (G′ ′) moduli of �-carrageenan at 22 ◦C and 4 ◦C, respec-
ively. The viscoelastic properties of these systems were dependent
n both cation concentration and the temperature. Addition of K+

ons induced cross-link formation as reflected by the relatively high
′ compared to G′ ′ (low tan ı) over the frequency range tested

Ferry, 1980). However, the limiting effect of K+, observed in TPA
as not apparent in these rheological measurements. Neverthe-

ess a rapid increase in G′ was not observed at KCl concentrations
bove 0.12% (w/v), whereas a 40-fold increase in G′ was observed
s the K+ concentration was increased from 0.06% (w/v) to 0.12%
w/v). The apparent reduction in �-carrageenan gel hardness that
as observed beyond 0.12% (w/v) K+ in TPA could be due to synere-

is of these gels observed with extended storage, which is likely to
educe the sensitivity of the penetration method.

The rheological measurements of �-carrageenan systems (Fig. 7)
how the soft nature of these systems compared to the �-
arrageenan systems. Nonetheless, cross-link formation was
bserved in �-carrageenan systems with added Ca2+ (low tan ı).
he temperature only had an effect on the �-carrageenan systems
ith lower Ca2+ concentration, confirming the maximum packing

r cross-linking density at 0.12% (w/v) of Ca2+. Moreover, a limiting
ffect of Ca2+ beyond 0.12% (w/v) was observed with a slight reduc-
ion in G′ as the cation concentration was increased from 0.12%
w/v) to 0.2% (w/v) at both 22 ◦C and 4 ◦C. This trend is similar to
hat was observed with TPA measurements, where a reduction in

el hardness, compressibility as well as adhesiveness was observed
s the Ca2+ concentration was increased from 0.12% to 0.2% (w/v).

. Conclusion

The present study details the effect of wide concentration range
f selected cations on mechanical, microstructure and rheological
roperties of aqueous �- and �-carrageenan dispersions. Compara-
le results were obtained from the texture profile analyzer and the
heometer. However, the sensitivity of probe penetration method
n detecting mechanical properties of the �-carrageenan systems

as reduced due to the syneresis observed in these gels with
torage/equilibration. The Young’s modulus of �-carrageenan gels
calculated using the uniaxial compression method) was approxi-

ately 3-folds the shear moduli recorded at 3 h of equilibration.
his confirmed the elimination of slip with the use of sanded
arallel plate method for systems under investigation. The rheo-

ogical measurements demonstrated a temperature dependence of
-carrageenan gels in the presence of added KCl (0–0.2% (w/v)).
onversely, at concentrations above 0.12% (w/v) of CaCl2·2H2O, �-
arrageenan did not display temperature dependence. Increasing
he counter ion concentration beyond a threshold also had a neg-
tive impact on microstructure and mechanical properties of the
nvestigated carrageenan systems.

The present study reinforces the significance of selected counter
on concentration on the physical properties of carrageenan sys-
ems. Consequently, fine-tuning of carrageenan to cation ratio can

e used to formulate a semi-solid system with requisite physical
haracteristics at a given temperature. In the future these systems
ill be investigated as drug delivery platforms, where variation in

ounter ion concentration is likely to modify the rate of release of
ntrapped particles.
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