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Heat-induced gelation of a cold-water insoluble polysaccharide, Curdlan, was investigated using atomic
force microscopy (AFM). Curdlan dissolved into NaOH aqueous solutions exhibited a spectral transition
around 0.2 mol/L NaOH, which is an indicative of conformational transitions from a single helix at a
lower alkali concentration to a disordered chain at a higher concentration. Nevertheless, AFM images
of Curdlan solubilized in 0.01 mol/L NaOH revealed the presence of heterogeneous supramolecular
assemblies of Curdlan: the majority of the molecules were in the form of microfibrils, the lengths of
which were on the order of micrometers and the cross-sectional heights of which were ∼2-3 nm,
whereas single molecular chains, partially dissociated from these microfibrils, were also observed.
Heating such a sol resulted in the formation of densely cross-linked microgel networks. Heat-induced
gelation of Curdlan appears to be initiated by partial dissociation of single chains from supramolecular
microfibrils and followed by cross-linking of microfibrils via hydrophobic interactions among these
partially dissociated chains.
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INTRODUCTION

Gel-forming polysaccharides are widely used in the food
industry because their abilities to provide the whole range of
viscoelastic properties are indispensable for obtaining the desired
stability, structure, and/or textural properties of products (1).
Many polysaccharides such as agar (agarose), carrageenans, and
gellan form a gel on cooling via coil-to-helix conformational
transitions, whereas those that form a gel on heating are also
known (2, 3). Curdlan, a microbial exopolysaccharide composed
entirely of 1f3-linkedâ-D-glucopyranoses, is among such heat-
gelling polysaccharides (4-7). In addition to the application as
a texture modifier, strong antitumor and immune-stimulatory
activities of (1f3)-â-glucans in general have been attracting
attention and have utility as food additives (8-10).

Curdlan is insoluble in water at an ambient temperature, but
its aqueous suspension may form a gel on heating. Two types
of heat-induced Curdlan gels have been recognized and tradi-
tionally referred to as low-set and high-set gels (11). A low-set
gel can be obtained by heating an aqueous suspension of Curdlan
to ∼55-65°C and subsequently cooling it to ambient temper-
atures. A high-set gel can be formed on heating at a higher
temperature, typically>80°C. A low-set gel melts on reheating,
whereas a high-set gel is stable against subsequent thermal
processing such as freezing and retorting, making this type of
Curdlan gel an effective material for controlling the physical

properties of food products (12). However, the exact molecular
mechanism of heat-induced gelation of Curdlan remains largely
unclear due to its insolubility into cold water. Dried Curdlan
powder particles suspended in water swell on heating to 55-
65°C by absorbing water. At this stage of heating, only a limited
number of Curdlan molecules are believed to be molecularly
solubilized (7). Therefore, a low-set gel may be regarded as an
assembly of packed cohesive swollen particles, interacting via
hydrogen bonding, whereas hydrophobic interactions should be
involved in the high-set gelation.

Three reported conformational states of Curdlan are triple-
stranded helix, single-stranded helix, and disordered single chain
(13,14). Commercially available Curdlan occurs as imperfectly
crystalline granules because its manufacturing processes include
solubilization using strong alkali and drying (7). Early X-ray
fiber diffraction studies have reported that an annealed form of
Curdlan crystallizes as a triple-stranded helix in a hexagonal
unit cell with the base-plane dimension of 1.44 nm (13). The
triple-helix structure is believed to denature to yield individual
disordered single chains in alkaline aqueous solutions or organic
solvents such as dimethyl sulfoxide (DMSO) (15, 16). Solid-
state13C NMR studies have concluded that hydrated Curdlan
molecules prepared from commercially produced spray-dried
powders predominantly adopt single-helical conformation and
that heating at high temperatures causes hydrophobic association
of the single helices as well as transformation of single helices
into triple helices to a limited degree (14). Associated single
helices and triple-helical parts are considered to be able to play
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a role as junction zones in network structure on the assumption
that a single molecular chain can be involved in more than one
junction zone.

Structures in supramolecular assemblies of Curdlan have been
investigated mainly using electron microscopy (17-21). Trans-
mission electron microscopy (TEM) images of negatively
stained specimens prepared from both unheated and heat-treated
Curdlan dispersions reveal network structures composed of
entangled microfibrils, the width of which is 10-20 nm without
heat treatments and increases to 30-40 nm by heating at 120
°C (18). Atomic force microscopy (AFM) is an alternative
microscopy method that allows direct observation of unstained
biopolymers and their assemblies at a high-resolution compa-
rable to or even better than TEM in optimum conditions (22-
24). AFM has been successfully utilized to visualize polysac-
charide microgels produced in aqueous sols (25,26) as well as
the surface of bulk polysaccharide gels submerged in aqueous
solutions of salts (27). An additional advantage of AFM over
TEM is that it provides quantitative information of heights of
objects in an image. The purpose of this study was to directly
visualize molecular and supramolecular structures in unheated
and heat-treated Curdlan using AFM in order to gain insight
into the mechanism of the heat-induced assembling phenomenon
of this water-insoluble polysaccharide.

MATERIALS AND METHODS

Materials. Spray-dried Curdlan powder (lot DL-15A) was supplied
by Takeda Chemical Industries, Ltd. (Osaka, Japan). A reagent grade
Congo Red and sodium hydroxide were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan), and Wako Pure Chemical Industries,
Ltd. (Osaka, Japan), respectively. Weighed amounts of Curdlan powders
were dispersed into 0.01-1 mol/L NaOH aqueous solutions in nitrogen
atmosphere to be 1% w/w and moderately stirred using a magnetic
stirrer overnight (15 h) at room temperature. Portions of the Curdlan
solutions containing 0.01 mol/L NaOH were heated at 90°C until
remarkable structural changes were detected using AFM. Congo Red
was dissolved into distilled water to be 0.03 mmol/L.

Visible Absorption Spectroscopy.Equal volumes of the Congo Red
solution and distilled water, NaOH aqueous solutions, or the above-
prepared Curdlan solutions containing NaOH were mixed thoroughly.
Visible absorption spectra of these mixed solutions were immediately
recorded at room temperature using a UV-vis spectrophotometer
(UVmini-1240, Shimadzu, Kyoto, Japan) in the wavelength range of
400-600 nm. Sample preparation and measurements were at least
triplicated, and averaged values of data are reported with estimated
errors.

Atomic Force Microscopy. Small amounts (0.1-0.3 mL) of the
unheated and heated 1% w/w Curdlan solutions containing NaOH were
diluted into 50 mL of distilled water or 1 mol/L NaOH. Aliquots (2
µL) of the diluted samples were immediately spread onto freshly cleaved
mica surfaces, air-dried, and imaged by AFM in air. AFM imaging
was made at room temperature using an alternating current (ac) cyclic
contact mode of a multimode imaging unit (SPA-400, Seiko Instruments
Inc., Chiba, Japan) equipped with a controller (SPI3800N, Seiko
Instruments Inc.). Samples were placed on top of the piezoelectric
scanner, the maximumxy imaging range of which is∼20 µm, and
scanned at a scanning frequency of 0.5-1 Hz using a beam-shaped Si
cantilever with a quoted spring constant of 12 N/m at a driving
frequency of 136 kHz. Sample preparation was at least triplicated, and
approximately 10-50 images were taken for each preparation.

RESULTS AND DISCUSSION

Molecular characterization of Curdlan can be hampered by
its insolubility in water at ambient temperatures. Among known
solvents of Curdlan, dilute aqueous solutions of alkali are
relatively harmless, compared to other organic solvents such

as DMSO or cadmium-containing cadoxen in which even
cellulose is soluble. Additionally, heat-induced gels prepared
from alkaline-solubilized Curdlan are fairly transparent and thus
suitable for physicochemical characterization such as light or
X-ray scattering studies (4, 5). When solubilized in a dilute
alkaline solution, Curdlan is believed to adopt a single-helical
conformation (14). It has been reported that Curdlan single
helices form a complex with an acid-base indicator, Congo
Red, in dilute alkaline solutions, providing a simple method
for detecting their presence (28-31). Figure 1 shows relation-
ships between the concentration of sodium hydroxide and the
peak wavelength at which the absorption of Congo Red reaches
its maximum in the wavelength range of 400-600 nm. In the
presence of Curdlan, the peak wavelength shifted from∼515-
520 to∼485-490 nm at the NaOH concentration slightly above
0.2 mol/L with increasing alkali concentration. These results
are consistent with previous papers (28-31) and considered to
reflect the conformational transition of Curdlan from a single
helix to a disordered random coiled conformation occurring
around 0.2 mol/L NaOH with increasing alkali concentration.

Figure 2 shows AFM images of Curdlan deposited onto the
freshly cleaved mica surface from a 0.6 mg/mL sol that has
been diluted into distilled water from a 1% w/w sol in 0.01
mol/L NaOH. It has been reported that similar preparation
conditions result in a fairly uniform single-layer coverage of
polysaccharide molecules on the mica surface as long as they
are sufficiently solubilized (22,23, 25-27). However,Figure
2a reveals discrete network-like structures. The heights of
microfibrils comprising these networks greatly vary but are
typically in the range of a few nanometers (Figure 2b). These
values are significantly larger than the reported dimension of
the unit cell base plane of a triple-helix Curdlan crystal (1.44
nm) (13), suggesting that the observed microfibrils are composed
of laterally associated bundles of Curdlan molecules. At higher
magnification, variations in height or thickness of individual
fibrils can be clearly seen (Figure 2c). The heights of thick
fibrils exceed 3 nm (Figure 2d), whereas those of the finest
fibrils are <1 nm (Figure 2e). These results provide the first
direct evidence for the structural heterogeneity in molecular
assemblies of Curdlan. The fine fibrils are considered to be
single molecular chains of Curdlan, although no X-ray crystal-
lographic data of single-helical Curdlan are available in the
literature as far as we are aware. It is also worth noting that
there is always a possibility that AFM-measured heights are
underestimated because objects may be vertically compressed
by the contacting probe tip (32). In the present case, Curdlan
was first dissolved into 0.01 mol/L NaOH and then diluted

Figure 1. Alkali concentration dependence of the wavelength at the
absorption maximum of Congo Red (peak wavelength) in the presence
(b) and absence (O) of Curdlan.
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into distilled water. Thus, even if Curdlan molecules are
molecularly solubilized in 0.01 mol/L NaOH, decreased alkali
concentration by dilution in water may cause a certain degree
of intermolecular reassociation. In fact, recent static light-
scattering studies have shown that the molecular association of
Curdlan progresses with decreasing NaOH concentration in the
range of 0.01-0.1 mol/L (4). Further intermolecular association
is then likely to occur during the following air-drying operation
after deposition on mica because of an increased polysaccharide
concentration. This network formation process may be parallel
to that of low-set gelation, involving partial solubilization by
moderate heating and molecular association via hydrogen
bonding on successive cooling.

The solubility of Curdlan was further investigated by dis-
solving into 1 mol/L NaOH. At this level of alkali, Curdlan
should be completely solubilized and in the conformation of
disordered random coils on the basis of the results shown in
Figure 1. Figure 3 is an AFM image of Curdlan deposited on
mica from a 0.2 mg/mL sol that has been diluted into 1 mol/L
NaOH from a 1% w/w sol with 1 mol/L NaOH. Observation
of Curdlan molecules in this condition was very much limited
because most areas on the mica surface were covered with alkali
solids precipitated during drying. It was still possible to find
unburied Curdlan molecules in the vicinity of precipitates.
Figure 3 reveals entangled and branched microfibrils, similar
to those shown inFigure 2. The heights of microfibrils greatly
vary, typically ranging from 0.5 to 3 nm. These results indicate
that at least a part of Curdlan molecules are not molecularly
solubilized even in 1 mol/L NaOH. If this is indeed the case,
even more microfibrils should remain insoluble in dilute alkaline
solutions such as 0.01 mol/L NaOH. Additionally, it is difficult
to exclude the possibility that not only single helices but also
triple-stranded helices originating from the native form are
preserved within the observed microfibrils. Spectroscopic
properties such as those shown inFigure 1 are perhaps
dominated by the majority of solubilized molecules, whereas
rheological properties that are quite sensitive to the presence
of polymer aggregates (26) could be influenced by the presence

of a small number of insoluble microfibrils. The present results
highlight the advantage of microscopy that directly visualizes
heterogeneity in the sample over other biophysical characteriza-
tion techniques that provide results spatially averaged over an
enormous number of molecules. AFM is particularly advanta-
geous in terms of resolution in comparison with TEM that
requires elaborate sample preparation procedures such as
negative staining.

Figures 4 and 5 represent images of Curdlan heated at 90
°C for 4 h in 0.01 mol/L NaOH before being diluted and

Figure 2. Topographical images of Curdlan dissolved into 0.01 mol/L NaOH to be 1% w/w, diluted into distilled water to be 0.6 mg/mL, and deposited
onto mica. (a) Image size is 15 µm × 15 µm. (b) Height profile of the cross section highlighted in image a. (c) Image size is 2.5 µm × 2.5 µm. (d, e)
Height profiles of the cross sections highlighted in image c.

Figure 3. (a) Topographical image of Curdlan dissolved into 1 mol/L NaOH
to be 1% w/w, diluted into 1 mol/L NaOH to be 0.2 mg/mL, and deposited
onto mica. Image size is 1.5 µm × 1.5 µm. (b) Height profile of the cross
section highlighted in image a.
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deposited on mica. Two types of supramolecular assemblies
were reproducibly observed after the heat treatment. The more
commonly observed structure was branched microfibrils with
partially dissociated single chains (Figure 4), similar to the
images shown inFigures 2cand3a. The heights of microfibrils
ranged typically from 0.5 to 3 nm, although a height profile
example is not shown here. These microfibrils are considered
to be fragments of larger network-like assemblies (e.g.,Figure
2a) and produced by heat-induced dissociation of hydrogen
bonds among molecules comprising the assemblies. Another
type of observed structures was densely cross-linked microgels
(Figure 5). Because the Curdlan sample used in this study did
not form a bulk gel in the examined condition, these are
considered to result from localized aggregation. Nevertheless,
the area covered by some microgels exceeded the maximum
maneuverable range of the scanner (approximately 20µm ×
20 µm) (not shown), indicating that these are indeed precursors
of a bulk gel. The driving force of cross-linking reactions in
the present case should be heat-induced hydrophobic interactions
that are possible among various species in the present system.
A free end of a partially dissociated single chain that has the
other end still woven into a microfibril may associate with
another free end of a partially dissociated chain or even directly
with another microfibril. It is also possible that such partially
dissociated single chains newly generate triple-stranded helices
that play a role as a cross-linker. Additionally, bundles of

microfibrils aligned in parallel can be seen inFigure 5b,
indicating the existence of hydrophobic patches on the surface
of microfibrils. The thickness of microfibrils shown inFigure
5a appears to be thinner than that shown inFigure 2c or 4.
This can be explained if Curdlan molecules in dried powders
are already in the form of entangled supramolecular microfibrils
and dissociate on heating in an aqueous medium yet to a limited
extent, and then these dissociated molecules reassociate via
hydrophobic interactions. It should be stressed here, however,
that the width of structures in an AFM image is influenced by
an effect known as probe-broadening and that the level of
broadening depends on various factors such as the shape or size
of the tip and the roughness of the sample (22). In the case of
individual polymer chains spread on the mica surface, the width
normally appears 10 times or more larger than that predicted
on the basis of the known molecular diameter, whereas recorded
heights that are free from probe-broadening can be used as a
reasonable measure of the molecular size (25-27). In the case
of thick samples such as microgels and bulk gels (27), however,
the height of individual fibrils is difficult to evaluate due to
difficulties in determining the base plane of each individual
fibril.

The present results suggest that heat-induced Curdlan gel
networks can be regarded as networks of partially dissociated
microfibrils that are cross-linked by newly developed triple
helices, associated single helices, and directly associated parts
of microfibrils. Unassociated single chains and partially opened
triple helices (33) are also likely to exist because of topological
obstruction in intermolecular association and are expected to
contribute mainly to viscous characteristics of a heat-induced
gel. On the other hand, the stiffness and the degree of branching
of microfibrils are considered to be critical factors for determin-
ing the elastic properties of a Curdlan gel. A similar structural
model, except for the cross-linking mechanism, has been
proposed for cold-setting gels prepared from double-stranded
helix-forming polysaccharides, such as agarose, carrageenans,
and gellan (25, 27, 34, 35). This model has been designated
the fibrous model because the gel network is entirely composed
of branched fibrous aggregates of double helices (25, 27, 34,
35). It is preferable to validate the present results against AFM
images of bulk gels. Our attempts at imaging heat-induced bulk
gels of Curdlan were, however, unsuccessful. AFM imaging of
a bulk gel of polysaccharide has succeeded only in limited cases
(27,35) because the bulk gel surface easily deforms on contact
with the probe during imaging. Further technical developments
for minimizing the contact force are needed to truly substantiate

Figure 4. Topographical image of heat-treated Curdlan deposited onto
mica. Curdlan was first dissolved into 0.01 mol/L NaOH to be 1% w/w,
heated at 90 °C for 4 h, diluted into distilled water to be 0.2 mg/mL, and
deposited onto mica. Image size is 2.5 µm × 2.5 µm.

Figure 5. Topographical images of heat-induced Curdlan microgel. Curdlan was first dissolved into 0.01 mol/L NaOH to be 1% w/w, heated at 90 °C
for 4 h, diluted into distilled water to be 0.2 mg/mL, and deposited onto mica: (a) image size is 2.5 µm × 2.5 µm; (b) image size is 1.2 µm × 1.2 µm.
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the proposed heat-induced gelation mechanism of Curdlan. Such
advanced technology will also allow us to test the generality of
the model with special attention to thermodynamic and kinetic
parameters depending on both temperature and solvent condi-
tions.

In conclusion, the high-resolution AFM images of molecular
assemblies of Curdlan obtained in this study provide the first
direct evidence for their structural heterogeneity, suggesting that
heat-induced gelation of this polysaccharide involves two steps.
Curdlan molecules in the commercially prepared powder sample
are suggested to be in the form of entangled microfibrils that
are predominantly composed of laterally associated single
helices and chains and a relatively small number of triple helices.
Such microfibrils were difficult to completely dissociate into
individual molecules even in the presence of 1 mol/L NaOH. It
is thus considered that the first step of heat-induced gelation of
Curdlan suspended in water is to release single molecular chains
from microfibrils. Some of these single chains are not com-
pletely dissociated: they have one free end in the medium, but
the other end is still trapped in a microfibril. These partially
dissociated single chains are presumably capable of cross-linking
the parent microfibrils through the formation of triple-stranded
helices, by hydrophobic association between multiple single
helices, and by association between a single helix and mi-
crofibril. Direct lateral association between microfibrils also
appeared to be involved. Consequently, heat-induced gel
networks of Curdlan can be regarded as networks of supra-
molecular microfibrils cross-linked by triple helices and associ-
ated single helices and microfibrils. This structural model shares
a common feature with the so-called fibrous model developed
for cold-set gels of double-stranded helix-forming polysaccha-
rides (25, 34, 35) in the sense that the gel network is
predominantly composed of microfibrillar aggregates at the
supramolecular level.
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