
Molecular Structures of Gellan Gum Imaged with
Atomic Force Microscopy in Relation to the

Rheological Behavior in Aqueous Systems in the
Presence or Absence of Various Cations

TAKAHIRO FUNAMI,*,† SAKIE NODA,† MAKOTO NAKAUMA,† SAYAKA ISHIHARA,†

RHEO TAKAHASHI,‡ SAPHWAN AL-ASSAF,§ SHINYA IKEDA,|

KATSUYOSHI NISHINARI,§,|
AND GLYN O. PHILLIPS

§,⊥

Hydrocolloid Laboratory, San-Ei Gen F.F.I., Inc., 1-1-11 Sanwa-cho, Toyonaka, Osaka 561-8588,
Japan; Department of Chemistry and Chemical Biology, Graduate School of Engineering, Gunma

University, 1-5-1 Tenjin-cho, Kiryu, Gunma 376-8515, Japan; Glyn O. Phillips Hydrocolloid Research
Centre, North East Wales Institute, Plas Coch, Mold Road, Wrexham LL11 2AW, United Kingdom;
Department of Food and Human Health Sciences, Graduate School of Human Life Science, Osaka

City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan; and Phillips Hydrocolloids
Research Ltd., 45 Old Bond Street, London W1S 4AQ, United Kingdom

Aqueous solutions of gellan gum with comparable molecular masses but with different acyl contents
were investigated by atomic force microscopy and rheological measurements in the presence or
absence of various cations. For a high-acyl sample, no continuous network structures were identified
microscopically, except in the presence of Ca2+, where structural inhomogeneity was the highest in
terms of the height distribution of molecular assemblies. Rheological thermal hysteresis between
sol-gel transitions was detected in the presence of K+ and Ca2+, particularly Ca2+. The storage
modulus at 20 °C was larger in the order Na+ < Ca2+ < K+. For a low-acyl sample, continuous
network structures were identified in the presence of each cation, involving greater thermal hysteresis
than the corresponding data for the high-acyl sample. Structural homogeneity was the highest in the
presence of K+. Thermal hysteresis and elasticity of the system were discussed in terms of
continuousness and homogeneity of network structures.
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INTRODUCTION

Gellan gum is a linear, anionic heteropolysaccharide produced
by a microorganism, Sphingomonas elodea (1, 2) and has been
used in the food industry mainly as a gelling agent. Gellan gum
has a molecular structure based on a tetrasaccharide repeating
unit composed of (1-3)-�-D-glucose, (1-4)-�-D-glucuronic
acid, (1-4)-�-D-glucose, and (1-4)-R-L-rhamnose as the back-
bone with acyl substituents of L-glycerate and acetate at the
C-2 and C-6 (approximately 50%) positions of the (1-3)-linked
D-glucose, respectively (3). Gellan gum forms gels with various
physical and textural attributes depending on the acyl content
and also on the types and concentrations of cations added.
Generally, the low-acyl type forms texturally hard and brittle

gels in the presence of cations, particularly gel-promoting
cations, including Ca2+ and K+, with increased thermoirrevers-
ibility, whereas the high-acyl type forms texturally soft and
elastic gels even in the absence of cations (4, 5).

The gelation mechanism of gellan gum has been investigated
in aqueous systems (6-9). The gelation process is generally
considered to involve two separate thermoreversible steps.
Molecules of gellan gum are in a disordered coil (single chain)
upon heating in aqueous solutions. The molecules transform
into an ordered double helical conformation upon subsequent
cooling, followed by associations between the helices, which
results in the formation of thermoreversible weak gels. One
gelation mechanism (7, 10, 11) proposes the formation of distinct
junction zones, with disordered flexible polymer chains con-
necting adjacent junction zones. In this model, the elasticity
would arise from the entropic contributions of these flexible
polymer chains. Another mechanism has been proposed based
on light scattering measurements (12) and atomic force micros-
copy (AFM) studies (11, 13, 14) without assuming the presence
of distinct junction zones and disordered flexible polymer chains.
This is denominated as the “fibrous model”, where macroscopic
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network structures develop through the formation of nonasso-
ciated fibers or strands via either elongation or branching,
percolating throughout the entity. In this model, the elasticity
would arise mainly in an enthalpic manner from stretching and
bending of these fibrous strands.

The effects of cations on the gelation of gellan gum have
been investigated (4, 5, 14-19) because the carboxyl side groups
within the backbone can be affected greatly by inherent
counterions and cations added. The main function of cations is
to shield electrostatic repulsion between the helices and thus to
promote interhelical associations via hydrogen bonds. However,
the effectiveness varies between divalent cations and monovalent
cations and even within monovalent cations. Divalent cations
such as Ca2+ and Mg2+ fortify the gel matrixes efficiently at
lower concentrations than monovalent cations (4, 5, 15), and
this is attributed to the formation of direct polyanion-cation-
polyanion linkages (20) between adjacent double helices. The
binding force of the polyanion-cation-polyanion linkages
would be stronger than that of the polyanion-cation-water-
cation-polyanion linkages (21) formed in the presence of
monovalent cations (22). Among monovalent cations, Li+ and
Na+ are less effective in promoting gelation than K+, Rb+, and
Cs+ (14, 16-18, 23). Rheologically, the sol-to-gel and gel-to-
sol transitions shift to higher temperatures upon the addition of
cations, depending on the cationic species (18, 24-26) and also
on the polymer concentration (27, 28). Immersion in salt
solutions increases the gel elasticity of gellan gum, and this
effect of salts is in the order Li+ < Na+ < K+ < Cs+ when
compared at the same molar concentration (29). Bulky cations
(e.g., tetramethylammonium) are known to prevent interhelical
associations due to steric hindrance (11, 13, 26). In most studies
so far, the deacylated type has been a target for investigations,
and there is still insufficient information on the gelation behavior
of the acylated type.

In the present study, well-characterized samples with com-
parable average molar masses but different acyl contents were
investigated in terms of rheological and related microscopic
properties to clarify the effect of cations on the gelation of gellan
gum. Cations included Na+ and K+ as monovalent cations and
Ca2+ as a divalent cation, all of which were used in the form
of chloride salts. Our goal is to understand the gelation
mechanism and the structure-function relationship of gellan
gum, providing strategies for the best usage in the food industry.

MATERIALS AND METHODS

Materials. Two samples of gellan gum with different acyl contents
were supplied by CP Kelco (San Diego, CA). These samples were
denominated as HAGG (high-acyl gellan gum) and LAGG (low-acyl
gellan gum). LAGG was prepared by a deacylation process under a
certain alkaline condition using HAGG as the starting material. Both
samples were purified by ethanol precipitation and subsequently
changed to the sodium type as reported previously (30). NaCl, KCl,
and CaCl2 (Wako Pure Chemicals, Osaka, Japan) were all of reagent
grade and used without further purification.

Methods. Characterizations of Gellan Gum Samples. The cation
content (Na+, K+, and Ca2+) was determined by elemental analysis
using inductively coupled plasma optical emission spectrometry (ICP-
OES) as reported previously (30). Acyl groups, including glycerate and
acetate, were determined by high-performance ion chromatography
(HPIC) based on the method of the gellan gum manufacturer. The
weight-average molar mass (Mw) was determined by size exclusion
chromatography coupled with multiangle laser light scattering
(SEC-MALS) photometry using cadoxen (including cadomium oxide,
ethylenediamine, and deionized water) as a solvent (31). The SEC
system consisted of an LC-10ADVP HPLC pump (Shimadzu, Kyoto,
Japan), an LC-10ACVP column oven (Shimadzu), and a TSKgel

GMPWXL separation column (Tosoh Co., Tokyo, Japan). The solvent
was circulated throughout the system at a flow rate of 0.25 mL/min.
The MALS detections were carried out at 25 °C using a DAWN-EOS
instrument (Wyatt Technology Co., Santa Barbara, CA) with a vertically
polarized Ga-As laser at a wavelength of 684 nm. The scattering
intensity was determined at angles from 22° to 157° simultaneously
with multiple detectors. A 100 µL volume of gellan gum in aqueous
solutions (1 mg/mL), prepared by dissolving the respective sample in
cadoxen at room temperature with gentle stirring overnight, was injected
into the SEC system after passing through PTFE filters of 0.45 µm
pore size (ADVANTEC Toyo, Ltd., Tokyo, Japan). The increase in
the refractive index with concentration (dn/dc, mL/g), determined using
an OPTILAB DSP instrument (Wyatt Technology), was 0.139 mL/g.

Aqueous Solutions of Gellan Gum. Aqueous solutions of gellan gum
were prepared at concentrations sufficient to form molecular assemblies,
including associations, gels, and gel precursors. For rheological
measurements, each gellan gum sample was dissolved in deionized
water at 20 mg/mL with mechanical stirring at 90 °C for 10 min.
Aqueous solutions of NaCl or KCl were prepared separately at 0.2 M
without heating, whereas those of CaCl2 were prepared at 10 mM also
without heating. The gum solutions were mixed with an equivalent
volume of each salt solution at 90 °C, resulting in a final concentration
of gellan gum of 10 mg/mL and final concentrations of salts of 0.1 M
for NaCl or KCl and of 5 mM for CaCl2. Control treatment was prepared
in the same manner using deionized water instead of the salt solutions.
For the AFM imaging, each gellan gum sample was hydrated in
deionized water at 200 µg/mL with gentle stirring at room temperature
and then dissolved by heating at 90 °C for 1 h with an occasional vortex
mixing every 10 min. Aqueous solutions of NaCl or KCl were prepared
separately at 2 mM without heating, whereas those of CaCl2 were
prepared at 0.1 mM also without heating. The gum solutions were mixed
with an equivalent volume of each salt solution at 90 °C, resulting in
a final concentration of gellan gum of 100 µg/mL and final concentra-
tions of salts of 1 mM for NaCl or KCl and of 0.05 mM for CaCl2.
After being cooled to room temperature, the mixture was diluted further
with deionized water at 20 °C to 1 µg/mL gellan gum and to 0.01 mM
or 0.5 µM salts. Control treatment was prepared in the same manner
using deionized water instead of the salt solutions.

Rheological Measurements. Consecutive thermal scanning rheologi-
cal measurements were carried out using an ARES strain-controlled
rheometer (Rheometric Scientific, Piscataway, NJ) equipped with a
temperature-controlled water bath to determine the temperature depen-
dence of the dynamic storage modulus (G′) and dynamic mechanical
loss tangent (tan δ) defined by G′′/G′ (G′′ ) dynamic loss modulus).
Aqueous solutions of gellan gum (10 mg/mL) were placed into a double-
wall Couette (bob and cup) geometry (cup inner diameter 34 mm, bob
outer diameter 32 mm, gap 1 mm) as hot solutions at 90 °C after
adjustment of the weight using deionized water. The geometry was
preheated above 90 °C to avoid gelation in sample loading. Soon after
that, the surface of the sample was covered by a thin layer of silicone
oil to avoid water evaporation during measurement. After being held
at 90 °C for 10 min, the temperature decreased from 90 to 20 °C at a
constant rate of 0.2 °C/min and then increased from 20 to 90 °C at the
same rate. The applied strain was controlled automatically within the
linear viscoelastic region throughout the measurements, and the
frequency was fixed at 6.28 rad/s (i.e., 1 Hz). The gelling temperature
was determined as the intersection of the steepest slope for the portion
of the rapid increase in G′ and the horizontal axis (27, 28, 32). Thermal

Table 1. Physicochemical Properties of Gellan Gum Samples

HAGG LAGG

acyl contenta (%) glycerate 10.0 5.6
acetate 3.0 2.5
total 13.0 8.1

counterion composition
(µmol/g)b

Na 560.2 ( 29.3 563.3 ( 51.3
K NDc NDc

Ca 5.5 ( 1.1 6.9 ( 1.1

a Data from the manufacturer by high-performance ion chromatography. b Means
( SD of triplicate measurements by inductively coupled plasma optical emission
spectrometry. c Not detected.
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hysteresis was identified as the deviation between the descending curves
(sol-to-gel transition) and the ascending curves (gel-to-sol transition).
Dynamic frequency-sweep measurements were carried out from 10-1

to 102 rad/s at a constant temperature of 20 °C (at an intermediate
stage during consecutive thermal scanning rheological measurements)
and at a fixed strain of 0.1% to determine the relationships between
the dynamic complex viscosity (η*) and frequency (ω):

η*)Kω-n (0 < n < 1) (1)

where η* is defined by {(G′2 + G′2)1/2}/iω. The constant K represents
the dynamic consistency index and the exponent n the dynamic power-
law factor. When n is equal to 1, the system is completely elastic, and
η* decreases with increasing ω. When n is equal to 0, on the other
hand, the system is completely viscous, and η* stays constant regardless
of ω (33). Each type of measurement was repeated twice to confirm
the reproducibility.

AFM Imaging. A multimode scanning probe microscope (Digital
Instrument, Inc., Santa Barbara, CA) equipped with a J scanner and a
Nanoscope 3 controller was used to image the molecular structures or
assemblies for each gellan gum sample. Imaging was carried out in air
at ambient temperature and humidity using freshly cleaved mica as
the surface. The tapping mode was employed at a drive frequency of
ca. 300 kHz using a beam-shaped silicon cantilever of 125 µm nominal
length and of 40 N/m nominal spring constant. Aliquots (2 µL) of each
gellan gum sample (1 µg/mL) in an aqueous solution were deposited
onto a freshly cleaved mica surface and then dried at ambient
temperature and humidity for 15 min prior to imaging. Topographical
images scanned at 2 Hz and stored in 128 × 128 pixel format were
processed using Nanoscope version 5.12r5 software (Digital Instrument,
Inc.) to estimate the vertical height and the horizontal width of the
molecular features. Data on the vertical height are presented as means

( SD of 30 individual measurements, and the variation in height is
presented by the coefficient of variation (CV; %). The horizontal widths
were measured at the half-height position of the molecular features,
the data of which not being very quantitative as they were due to the
curvature radius of the AFM tip, affecting the contact between the tip
and the sample and resulting in overestimations in most cases.
Therefore, the “measured widths” were calibrated using the following
equations to estimate “real widths” by eliminating the tip broadening
effect under an assumption that each molecular feature visualized is in
a cylindrical shape (34):

r )wm
2/16R wr ) 2r (2)

where r and R represent the radii of the cylindrical feature and the
AFM tip (i.e., 10 nm), respectively. Also, wm and wr stand for the widths
before and after calibration, respectively. The data calibrated are
presented as means ( SD of at least 10 individual measurements, and
the variation is also presented by the CV (%).

Statistics. Data on the vertical height from the AFM experiments
were examined by analysis of variance with the significance defined at
p < 0.05. Significant differences among mean values were determined
by the Bonferroni test at the same significance level.

RESULTS AND DISCUSSION

Characterizations of Gellan Gum Samples. HAGG (13.0%)
was higher in acyl content, represented by the sum of glycerate
and acetate, than LAGG (8.1%) (Table 1). Glycerate was more
sensitive to alkaline deacylation than acetate. Counterions were
converted almost completely to sodium for each gellan gum
sample. The Mw values were comparable between the two
samples, 1.9 × 105 and 1.8 × 105 g/mol for HAGG and LAGG,

Figure 1. Temperature dependence of G′ and tan δ for aqueous solutions of the HAGG sample in the presence or absence of added salts: (a) no added
salts; (b) 0.1 M NaCl; (c) 0.1 M KCl; (d) 5 mM CaCl2. The concentration of gellan gum was 10 mg/mL in the test solutions. Tgel represents the gelling
temperature.
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respectively. Since the Mw was determined using a cadoxen as
a solvent to prevent unfavorable molecular associations, the data
obtained correspond to those of the monomer. Cadoxen is known
as a good solvent for cellulose (35) and xanthan gum (36, 37).
As a monomer equivalent, the Mw for LAGG was larger than
those reported previously using deacylated gellan gum, ca.
9.5-12.0 × 104 g/mol (38-41), which may be attributed to a
mild deacylation process in the present study, preventing
depolymerization of the backbone during the process. Since there
are no marked differences in the Mw or counterion between the
samples, the results are mainly associated with salts added and
the acyl content.

Rheological Measurements. High-Acyl Gellan Gum. The
temperature dependence of G′ and tan δ showed that HAGG
formed gel structures in the presence or absence of added salts
on lowering the temperature (Figure 1). No thermal hysteresis
was observed between the sol-to-gel and gel-to-sol transitions
in the absence of added salts and in the presence of NaCl,
whereas hysteresis was detected in the presence of KCl or CaCl2,
particularly CaCl2. The ascending curve for CaCl2 showed a
two-step decrease in G′, indicating the formation of gel
structures with different thermal stabilities. G′ at 20 °C was
larger in the order no added salts (2.0 × 102 Pa) < NaCl (2.4
× 102 Pa) < CaCl2 (2.7 × 102 Pa) < KCl (8.6 × 102 Pa).
When compared between the monovalent cations, the effect of
potassium on G′ was ca. 3.5 times greater than that of sodium.
These results may be a reflection of increased thermal stability
of network structures and increased energy stored there upon
the addition of potassium as found for κ-carrageenan (42). The

gelling temperature was higher in the order no added salts (45.3
°C) < CaCl2 (50.1 °C) < NaCl (55.8 °C) < KCl (56.1 °C). No
marked differences were seen in the gelling temperature between
the monovalent cations, which agrees with previous results (32).
This indicates that the effect of cations on the sol-to-gel
transition can be attributed predominantly to electrostatic
shielding. The frequency dependence of G′ and η* showed that
G′ was frequency-dependent in the absence of added salts and
in the presence of NaCl, while it was almost frequency-
independent in the presence of KCl (Figure 2). The effect of
CaCl2 was intermediate between NaCl and KCl. The exponent
n was larger in the order no added salts (0.92) < NaCl (0.93)
< CaCl2 (0.95) < KCl (0.98), and accordingly, the constant K
was larger in the order no added salts (1.9 × 102 Pa · s) < NaCl
(2.2 × 102 Pa · s) < CaCl2 (2.5 × 102 Pa · s) < KCl (8.4 × 102

Pa · s). These results indicate enhanced elastic character and
consistency of the system upon the addition of salts, particularly
KCl.

Low-Acyl Gellan Gum. The temperature dependence of G′
and tan δ showed that LAGG formed gel structures in the
presence or absence of added salts on lowering the temperature
(Figure 3). No thermal hysteresis was observed between the
sol-to-gel and gel-to-sol transitions in the absence of added salts.
However, in the presence of salts, hysteresis was detected
clearly, the degree of which was larger in the order NaCl <
KCl < CaCl2. Hysteresis for LAGG was more apparent than
that for HAGG in any case with salts. G′ at 20 °C was larger
in the order no added salts (8.1 × 101 Pa) < NaCl (1.3 × 103

Pa) < KCl (9.6 × 103 Pa) < CaCl2 (1.9 × 104 Pa). When

Figure 2. Frequency dependence of G′ and η* for aqueous solutions of the HAGG sample in the presence or absence of added salts at 20 °C: (a) no
added salts; (b) 0.1 M NaCl; (c) 0.1 M KCl; (d) 5 mM CaCl2. The concentration of gellan gum was 10 mg/mL in the test solutions. X and Y in the inset
regressions represent the frequency and η*, respectively.
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compared between the monovalent cations, the effect of
potassium on G′ was ca. 7 times greater than that of sodium.
G′ at 20 °C for LAGG was smaller than the corresponding data
for HAGG in the absence of added salts, while it was larger in
the presence of salts, particularly CaCl2. As in the case of
HAGG, the ascending curve for CaCl2 showed a two-step
decrease in G′, indicating again the formation of gel structures
with different thermal stabilities. The gelling temperature was
higher in the order no added salts (28.2 °C) < CaCl2 (40.7 °C)
< NaCl (42.6 °C) < KCl (49.0 °C), showing a similarity to
HAGG but a difference from HAGG in that the gelling
temperature for KCl was apparently higher than that for NaCl
as reported previously (28). These measured gelling tempera-
tures are in accordance with the calculated ones, 45.9 °C for
NaCl, 51.0 °C for KCl, and 42.7 °C for CaCl2, using an equation
proposed in a previous paper (28) for deacylated gellan gum in
the presence of cations:

Tgel
-1 )A log(Xp)+B log(Xi)+C (3)

where Tgel, Xp, and Xi stand for the gelling temperature (K),
polymer concentration (%), and cation concentration (mM),
respectively, although there may be a difference in the acyl
content in gellan gum between the studies. The gelling tem-
perature for LAGG was lower than that for HAGG in any case,
which agrees with previous reports (32, 43, 44). The frequency
dependence of G′ and η* showed that G′ was frequency-
dependent in the absence of added salts, while it was almost
frequency-independent in the presence of salts (Figure 4). The

exponent n was larger in the order no added salts (0.78) < NaCl
(0.94) < KCl (0.99) < CaCl2 (1.00), and accordingly, the
constant K was larger in the order no added salts (3.9 × 101

Pa · s) < NaCl (1.3 × 103 Pa · s) < KCl (1.0 × 104 Pa · s) <
CaCl2 (2.6 × 104 Pa · s). These results indicate enhanced elastic
character and consistency of the system upon the addition of
salts, particularly KCl and CaCl2. These power-law parameters
were smaller than those for HAGG in the absence of added
salts, and the other way around in the presence of salts with an
exception in the presence of NaCl, where n was comparable
between the gellan gum samples. Generally, the effects of salts
on these rheological characteristics are pronounced more at the
lower acyl content.

The results indicate that HAGG forms more elastic gels
than LAGG in the absence of added salts but less elastic
gels in the presence of salts. In the absence of added salts,
acyl groups decrease the charge density within the molecular
backbone, which would promote the stabilization of the
double helix (particularly via the glycerate group), leading
to increased elasticity of the gelled system. Salts reduce
electrostatic repulsion between helices, which accounts for
the inhibition of interhelical associations and thus the
formation of network structures. This effect of salts or cations
is pronounced more at the lower acyl content due to reduced
steric effects via acyl groups. It has been reported for
deacylated gellan gum (4, 5, 14-19) that potassium is more
effective than sodium in forming mechanically strong gels
and increasing thermal stability, and this is also the case for

Figure 3. Temperature dependence of G′ and tan δ for aqueous solutions of the LAGG sample in the presence or absence of added salts: (a) no added
salts; (b) 0.1 M NaCl; (c) 0.1 M KCl; (d) 5 mM CaCl2. The concentration of gellan gum was 10 mg/mL in the test solutions. Tgel represents the gelling
temperature.
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acylated samples. The greater effect of potassium can be
attributed to the similarity in size between the hydrodynamic
radius of the cation and the cavity which the helix creates,
fortifying the structures from both physical and electrostatic
aspects.

AFM Imaging. High-Acyl Gellan Gum. AFM images
showed the differences in molecular assemblies or network
structures for HAGG in the presence or absence of added
salts (Figure 5). For gelling polysaccharides including gellan
gum, concentration during air drying may lead to the
formation of a flat hydrated film on the substrate in situ which
does not exist originally in dilute solutions. Nevertheless,
studies on the film are important as a means of testing a
model for gelation of polysaccharides in bulk (45). Also, it
is difficult to understand the macroscopic rheological proper-
ties of polysaccharide gels or sols without information about
molecular assemblies or network structures because polysac-
charides do not function as individual molecules in real
systems.

In the absence of added salts and in the presence of NaCl
or KCl, none of the images showed continuous network
structures but identified branches with observable ends. In
the presence of CaCl2, on the contrary, continuous network
structures were visible with some inhomogeneities. This
structural continuousness relates to enlarged thermal hyster-
esis in rheological measurements. End-to-end-type interhelical
associations do not occur to any great extent on helix
formation in the presence of NaCl or KCl, where the
branching may arise from the formation of multiple interchain

associations because the widths of the fibrils are relatively
constant along their length. The fibrils visualized were
stretched and elongated in the presence of salts with
occasional cyclic features, which may form as a result of
intramolecular associations rather than intermolecular ones,
similar to the behaviors of ι-carrageenan (46) and scleroglu-
can (47). The average vertical height of the fibrils on the
image was 0.95 nm in the absence of added salts, which did
not change significantly upon the addition of salts. The height
of the fibrils was larger than that of a double helix of gellan
gum (ca. 0.5 nm) determined by small-angle X-ray scattering
using a deacylated sample (17), indicating that side-by-side-
type interhelical associations do occur locally in any case.
The electrostatic effect of salts in minimizing repulsion is
distinguishable among cationic species on end-to-end-type
interhelical associations, leading to the differences in the
formation of network structures. This effect of CaCl2 (0.5
µM) is at least 10 times as great as that of NaCl or KCl
(0.01 mM) when compared on the charge equivalent. The
steric effect of acyl groups in inhibiting interhelical associa-
tions is pronounced on side-by-side-type ones, which may
eliminate the differences in the effect among salts, resulting
in no apparent differences in the vertical height on the images.
Variation in the vertical height of the fibrils (CV) was 17.1%
in the absence of added salts. It increased to 20.4% and 24.1%
upon the addition of NaCl and CaCl2, respectively, while it
decreased to 14.3% upon the addition of KCl. The height
exhibited the sharpest distribution pattern in the presence of
KCl, but showed a broader pattern in the presence of NaCl

Figure 4. Frequency dependence of G′ and η* for aqueous solutions of the LAGG sample in the presence or absence of added salts at 20 °C:
(a) no added salts; (b) 0.1 M NaCl; (c) 0.1 M KCl; (d) 5 mM CaCl2. The concentration of gellan gum was 10 mg/mL in the test solutions. X and
Y in the inset regressions represent the frequency and η*, respectively.
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or CaCl2 than in the absence of added salts (Figure 6).
Particularly, in the presence of CaCl2, a marked increase in
height was found sporadically at cross sections between the
fibrils as circled in image d, contributing to an increased CV
(%). Molecular assemblies exhibited a more heterogeneous
population of fibrils with various heights in the presence of
NaCl or CaCl2. However, in the presence of KCl, the
assemblies were more homogeneous, contributing to an
increase of the elasticity of the system as represented by an

increased G′ in rheological measurements. This may be
attributed to the fact that potassium ions bind continuously
with the helices along the length of the fibrils, leading to the
uniformity of the molecular assemblies. The average hori-
zontal width of the fibrils and its variation (CV) were 8.52
nm and 19.3% in the absence of added salts.

The results support the fibrous model (11-14) as the gelation
mechanism of gellan gum, whereby nonassociated fibrils give
rise to elasticity via either elongation or branching. The elasticity

Figure 5. Topographical AFM images of the HAGG sample in the presence or absence of added salts in air: (a) no added salts; (b) 0.01 mM
NaCl; (c) 0.01 mM KCl; (d) 0.5 µM CaCl2. The concentration of gellan gum was 1 µg/mL in the test solutions. The scanning size of all images
is 1 µm × 1 µm. The inset data are on vertical height presented as means ( SD of 30 individual measurements with their CV (%) in parentheses.
Data with different superscripts are significantly different at p < 0.05.

Figure 6. Distribution (histogram) of the vertical height in AFM images for the HAGG sample in the presence or absence of added salts: (a) no added
salts; (b) 0.01 mM NaCl; (c) 0.01 mM KCl; (d) 0.5 µM CaCl2. The data were from 30 individual measurements using the images in Figure 5.
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arises mainly from energetic stretching and bending of the fibrils
rather than from entropic rubber-like contributions of flexible
polymer chains linking adjacent junction zones though the
contribution of entropy elasticity is not completely negligible
as reported for composite gel systems containing two types of
gellan gum with different acyl contents as a matrix and calcium
as a cross-linker (48).

Low-Acyl Gellan Gum. AFM images showed the differences
in molecular assemblies or network structures for LAGG in

the presence or absence of added salts (Figure 7). In the
absence of added salts, no continuous network structures were
visualized as in the case of HAGG, which is consistent with
the rheological data, showing no thermal hysteresis. The
fibrils were more stretched and dispersed than those of
HAGG, which can be attributed to increased charge density
within the backbone due to the decrease in acyl content. The
average vertical height in the image and its variation (CV)
were 0.91 nm and 21.3%, respectively. The height was almost

Figure 7. Topographical AFM images of the LAGG sample in the presence or absence of added salts in air: (a) no added salts; (b) 0.01 mM
NaCl; (c) 0.01 mM KCl; (d) 0.5 µM CaCl2. The concentration of gellan gum was 1 µg/mL in the test solutions. The scanning size of all images
is 1 µm × 1 µm. The inset data are on vertical height presented as means ( SD of 30 individual measurements with their CV (%) in parentheses.
Data with different superscripts are significantly different at p < 0.05.

Figure 8. Distribution (histogram) of the vertical height in AFM images for the LAGG sample in the presence or absence of added salts: (a) no added
salts; (b) 0.01 mM NaCl; (c) 0.01 mM KCl; (d) 0.5 µM CaCl2. The data were from 30 individual measurements using the images in Figure 7.
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equivalent to, but its variation was larger than, the corre-
sponding data for HAGG. This indicates that LAGG forms
more heterogeneous network structures, relating to decreased
elasticity of the system. The average horizontal width and
its variation (CV) were 3.57 nm and 16.2%, respectively,
both of which were smaller than the corresponding data for
HAGG. A decreased width indicates a lower degree of
interhelical associations, which may be due to increased
charge density.

In the presence of salts, continuous network structures were
identified, which is consistent with the rheological data,
showing enlarged thermal hysteresis. It seemed that network
structures were tightly packed in the presence of NaCl or
CaCl2, whereas the structures were extended in the presence
of KCl. The effect of salts is greater at the lower acyl content
on the formation of end-to-end-type interhelical associations
due to reduced steric hindrance via acyl groups. There was
no evidence of large aggregated or crystalline domains in
accordance with a previous paper (49). The average vertical
height in the image increased significantly upon the addition
of KCl or CaCl2 and was larger in the order NaCl (0.93 nm)
< KCl (1.09 nm) < CaCl2 (1.14 nm). In comparison with
the corresponding data for HAGG, however, the height did
not change significantly upon the addition of NaCl or KCl.
These results indicate that side-by-side-type interhelical
associations do occur locally but that the associations are
not enhanced drastically at the lower acyl content in the
presence of monovalent cations. These observations may
emphasize a role of end-to-end-type interhelical associations
in forming network structures and in determining rheological
characteristics of the gelled system. Variation in the vertical
height (CV) increased to 23.9% upon the addition of NaCl,
involving a sporadic marked increase in height as circled in
image b. It decreased, in contrast, to 9.4% and 19.0% upon
the addition of KCl and CaCl2, respectively, both of which
were smaller than the corresponding data for HAGG. The
height exhibited the sharpest distribution pattern in the
presence of KCl as in the case of HAGG, but showed a
bimodal pattern in the presence of NaCl or CaCl2 (Figure
8). The fibrils were fairly uniform in height with no
preferential alignment in the presence of KCl. Formation of
highly homogeneous network structures relates to increased
elasticity and consistency of the system in the presence of
KCl. Structural inhomogeneity is responsible for the stepwise
change in G′ of the system in the presence of CaCl2, where
molecular assemblies extremely large in size (i.e., >1.3 µm)
may contribute to an increase in elasticity to a great extent.
It is assumed that side-by-side-type interhelical associations
can increase elasticity even in inhomogeneous form if the
continuousness of the system is ensured through end-to-end-
type interhelical associations.

In conclusion, from the relationship between supermo-
lecular structures and rheological properties during the
gelation process of gellan gum in the presence or absence of
various cations, the continuousness of the network structures
relates to thermal hysteresis of the system as a result of end-
to-end-type interhelical associations. Calcium is the most
effective on the basis of the function to shield electrostatic
repulsion between the helices. The homogeneity of the
network structures relates to the elasticity and consistency
of the system as a result of side-by-side-type interhelical
associations with a considerable length. Potassium is the most
effective on the basis of the similarity in size between the
hydrodynamic radius of the cation and the cavity which the

helix creates. The effects of cations are pronounced more at
the lower acyl content due to reduced steric effects via acyl
groups in inhibiting interhelical associations.
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