
Introduction

Curdlan is a bacterial polysaccharide composed en-

tirely of (� 1–3) linked D-glucose as shown in Fig. 1

[1]. Curdlan is a unique water insoluble polysaccharide

which can form gels by heating [2]. It has been reported

that thermo-irreversible hydrogels are formed when

curdlan suspension is annealed at a temperature higher

than ca. 60°C [3, 4]. The above type of gels is desig-

nated as high set gels (gel II). When the annealing tem-

perature is lower than 60°C, gels are thermoreversible

and designated as low set gels (gel I). It is considered

that the above categorization is not always acceptable

from DSC results [4] for the following reasons; (1) tran-

sition at around 60°C attributed to gel formation is an

endothermic peak, (2) the suspension was heated to

80°C, and a similar size of exothermic peak was revers-

ibly detected in the cooling curve, in spite of the

‘thermo-irreversible’ gel formation.

Methylcellulose (MC) is a water-soluble

polysaccharide and also is known to form soft gels

when aqueous solution is heated. MC hydrogels are

thermoreversible and transform to the sol state by

cooling [5]. Sol-gel and gel-sol transition of MC are

clearly seen by visual observation. In contrast,

gelation of curdlan aqueous suspension seems to oc-

cur in a more complex manner, although the

higher–order structure of curdlan gels prepared at var-

ious conditions, such as the presence of cations has

been reported by many researchers [3, 4, 6–9]. By

X-ray diffractometry, it is shown that curdlan forms

mainly single stranded helical structures and the re-

sidual part forms triple helices in wet conditions [10].

The above results are supported by 13C solid state nu-

clear magnetic spectroscopy (NMR) [11]. It is re-

ported that the triple helix is entirely formed when

curdlan is lyophilized from the displacements of the
13C chemical shifts [12].

By thermoanalytical measurements, it is reported

that an endothermic peak was observed at around

50–60°C [4, 13]. It is notable that thermal properties

of curdlan sample are strongly affected by the amount

of water in the suspension since the amount of water

swollen in curdlan molecular assemblies affects

markedly the hydrogelation. When curdlan gels are

formed, it is thought that water molecules restrained

by curdlan molecules play an important role. In this

study, the thermal properties of curdlan suspension

are investigated using a highly sensitive differential

scanning calorimeter (DSC) in order to examine the

proposed gelation mechanism [4, 13, 14], at the same
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Phase transition of water restrained by curdlan suspension annealed at a temperature from 20 to 110°C was investigated by differen-

tial scanning calorimetry (DSC). The melting temperature of water restrained by annealed curdlan discontinuously decreased at
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Fig. 1 Chemical structure of curdlan
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time, structural change of water restrained in different

types of gel is observed through melting of ice by

standard DSC.

Experimental

Sample preparation

Curdlan granules (Wako Pure Chemicals) were

ground, filtrated and 9 fractions with diameter from

15 to 100 �m were obtained. For the examination of

gel forming ability of curdlan by visual and weighing

method, the samples were prepared as followings; (1)

water (10 mL) was added to weighed dried curdlan

granules, (2) glass bottle was tightly sealed, (3) main-

tained at 20°C for 15 min and (4) heated at 105°C for

20 min. Various concentrations of curdlan aqueous

suspensions (0.2 to 3.0 wt %) were prepared. Another

series of samples were maintained at a temperature

lower than 60°C for various times, and then annealing

was carried out. The suspension portion was removed

using a syringe and gel ratio was calculated as follow.

Gel ratio = mgel /(mgel +msol) (1)

where mgel and msol were mass of gel and sol, respec-

tively. After weighing the gel portion, the gel was

heated at 100°C for 24 h in an air oven and curdlan

content included in gels was calculated. Water con-

tent in the gel was also calculated.

For the thermal measurement, curdlan granules

(38 �m) were placed in an aluminium sample pan and

water was added using a micro syringe. The sample

pan with curdlan and water was placed on a

microbalance and water content was adjusted by va-

porization. The pan was hermetically sealed and

weighed. After maintaining the sealed sample pan for

24 h at 25°C, no mass loss was confirmed by weigh-

ing. The samples thus obtained were used for the mea-

surement using a standard DSC. For highly sensitive

DSC, weighed curdlan granules were placed in a sil-

ver pan and 50 �L water was added using a micro sy-

ringe. The silver pan was maintained at 25°C for 24 h

before measurements.

When the amount of water in the sample was

small, water content were calculated as follows,

Water content =Wc=mwater/m dry curdlan (2)

where mwater and m dry curdlan were mass of water and

dry curdlan, respectively. When Wc was more than

20 g g–1, curdlan-water systems were defined by con-

centration (mass%).

Measurements

Two types of differential scanning calorimeters, a

standard DSC (Seiko Instruments 220) and a highly

sensitive DSC (Seiko Instruments 120) were used.

Aluminium sealed type pans (sample mass=ca. 5 mg)

were used for highly concentrated curdlan suspen-

sions. Temperature was in a range from –120

to 120°C and heating rate was 10°C min–1. Silver

sealed type pans (sample mass=50 �L) were used for

suspensions of 1 to 5 mass%. Temperature was in a

range from 0 to 100°C and heating rate was

1°C min–1.

Results and discussion

When curdlan suspension with a concentration

ranged from 0.2 to 5 % was annealed, fragile gels

were obtained by annealing at a temperature ranged

from 60 to ca.80°C and rigid gels formed from 90 to

110°C by visual observation. However, turbid sus-

pension was maintained and no gels were observed

until 60°C. The samples obtained at a temperature

higher than 60°C, gel portion and suspension could be

separated. Figure 2 shows the relationship between

concentration of gel and that of suspension. Gel form-

ing conditions are shown in the caption. The fact that

concentration of gels is higher than that of suspen-

sion, suggests that syneresis occurs by gelation.

Curdlan content in the gel annealed at various

temperatures is shown in Fig. 3 (left hand figure) to-

gether with water content in the gel (right hand fig-

ure). Both curdlan content and water content in

curdlan gel show a maximum point at around 80°C.
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Fig. 2 Relationship between concentration of suspension and

that of gel holding temperature= 25°C, holding time=10

min, annealing time = 20 min in a sealed vessel



This strongly indicates that structural change occurs

in the gel at around 80°C.

It is known that gel forming ability of polysac-

charides is markedly affected by conditioning at the

sol state, since the molecular relaxation of poly-

saccharide molecules in the presence of water is cru-

cial for cross-linking formation [15–17]. It was ob-

served that not only gelling conditions but also pre-

history of curdlan samples affected the gel ratio, sug-

gesting the cross linking formation is controlled by

equilibration of curdlan molecules in aqueous suspen-

sion. Gel ratio of curdlan hydrogels prepared by the

procedure as described in the experimental section in-

creased with increasing diameter of granules, i.e. gel

ratio was 0.32 for the sample with diameter 20 �m

and 0.48 for diameter 80 �m. Water content of ob-

tained gels decreased with increasing granule size.

This suggests that water diffusion inside the mo-

lecular assemblies is affected by the macroscopic

shape of curdlan. When suspension with various con-

centrations was maintained at a temperature from 20

to 60°C, gel formation ability markedly decreased at a

critical holding time, i.e. 102 min at 50°C and 20 min

at 60°C as shown in Fig. 4. The critical holding time

increased with increasing granule size. The above

facts suggest that curdlan gels are formed only when

curdlan molecules are not equilibrated in aqueous me-

dia at a temperature lower than 60°C. Hence, it is im-

portant to investigate the role of water during both

equilibration and gelation.

In order to analyze the phase transition behav-

iour of water restrained by curdlan molecules, differ-

ential scanning calorimetry (DSC) was extensively

carried out. Curdlan suspension with various water

contents were annealed at a temperature from 20 to

110°C for 10 min, cooled to –70° C at cooling rate of

10°C min–1, maintained at –70°C for 1 min and then

heated to a predetermined temperature at heating rate

of 10°C min–1. Figure 5 shows representative DSC

melting curves of water restrained by curdlan gels.

The left hand figure shows the system with water con-

tent 0.77 g g–1 and the right hand figure shows the

system with water content 2.52 g g–1. As clearly seen,

the shoulder peak can be observed when water con-

tent of the systems was 0.77 g g–1. Similar results

were obtained for samples with a water content

smaller than ca. 1.1 g g–1. When water content ex-

ceeded 1.1 g g–1, monotonous endothermic peak was

observed. Cooling curves were also obtained for sam-

ples with various water contents annealed in a tem-

perature range from 20 to 120°C. From DSC curves,

starting temperature of melting (Tmi’), intercept tem-

perature between tangential line of endothermic peak

and sample baseline (Tmi), melting peak temperature

(Tmp) and crystallization peak temperature (Tcp), were
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Fig. 3 Curdlan content in gel and water content in gel as a function of annealing temperature. Concentration of curdlan suspen -

sions (diameter of granule 38 �m) =1.5 mass%, holding temperature= 25°C, holding time=10 min annealing time = 20 min

in a sealed vessel

Fig. 4 Relationships between gel ratio and holding time; hold-

ing temperatures are shown in the figure



determined and values were correlated with annealing

temperature or water content.

Figure 6 shows relationships between annealing

temperature and Tm of curdlan-water systems. It is

clearly seen that a discrete gap is observed at around

60°C except for the sample with water content

0.77 g g–1. It has been reported that curdlan suspen-

sion transformed into gel by annealing at a tempera-

ture higher than ca 60°C [3, 4, 11, 13, 14]. The results

shown in Fig. 3 suggest that a distinct structural

change of water occurs at around 60°C. Tmi’, Tmi and

Tc shifted to the low temperature side when annealing

temperature exceeded 70°C, although the figures are

not shown. It was found that Tmi’, Tmi and Tc increased

with increasing water content. When water content

was less than 1.14 g g–1, melting peaks separated into

two peaks (Fig. 5). Tmp of the low temperature side

peak was markedly affected by water content.

Figure 7 shows the relationship between Tmp and

water content. Tmp values of gel are always observed

at a temperature lower than those of suspension, indi-

cating that water molecules are strongly restrained by

gel structure due to the introduction of defects in ice.

The fact that melting peak is observed at the low tem-
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Fig. 5 DSC melting of water restrained by curdlan-water systems annealed at various temperatures, Numerals in the figure show an-

nealing temperature, Heating rate= 10°C min–1. a – water content=0.77 g g–1, b – water content 2.52 g g–1

Fig. 6 Relationships between peak temperature of melting

(Tmp) and annealing temperature of curdlan-water sys-

tems. Water content is shown as numerals in the figure.

Open circles and rectangles are Tmp of the low tempera-

ture side peak



perature side suggests that the irregular ice formed in

the vicinity of curdlan molecules, especially in the

junction zone. The above fact suggests that structural

change of curdlan molecules accompanies with rear-

rangement of bound water molecules occurs. Bound

water content calculated from enthalpy of melting

[18, 19], increased discontinuously at 60°C. Figure 8

shows relationships between the amount of non-freez-

ing water (Wnf) and annealing temperature. The bound

water content changed discontinuously at around

70°C regardless of water content. This suggests that

the structure of molecular assemblies drastically

changed at around this temperature.

Water content dependency of the amount of

bound water is clearly seen, as shown in Fig. 9. The

above results showed no accordance with those of

water soluble polysaccharides obtained in the similar

experimental procedure [18, 19]. Generally, the

amount of bound water depends on the number of hy-

drophilic groups or ionic groups in the molecular

chain, if the water-polysaccharide systems are homo-

genously equilibrated. In the case of water insoluble

polysaccharide, such as cellulose, the amount of

bound water is affected by the higher order structure,

mainly the number of molecular chains in the amor-

phous region. Accordingly, the variation of number of

bound water molecules is moderate in a wide range of

water content, even if the higher order structure

changes slightly in water [20]. As shown in Fig. 7, Wnf

of curdlan drastically increases. The results shown

above strongly indicate that the higher order structure

of curdlan in both states depends on water content.

Suspensions with low curdlan concentrations

were studied using a highly sensitive DSC. Figure 10

shows DSC heating curves of curdlan suspensions

with various concentrations. An endothermic peak
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Fig. 7 Relationships between peak temperature of melting and

water content of curdlan gel and suspension

Fig. 8 Relationship between the amount of bound water (Wnf)

and annealing temperature. Numerals in the figure

show water content

Fig. 9 Relationships between the amount of bound water and

water content of curdlan in gel and suspension

Fig. 10 DSC heating curves of curdlan suspension with vari-

ous concentrations; heating rate = 1°C min–1. Numer-

als in the figure show concentration (mass%)



was clearly observed. Starting temperature (Ti) of the

transition was 50.0°C and peak temperature (Tp) was

maintained at 57.5°C regardless of concentration. It is

notable that transition was endothermic, although gel

was formed at a temperature higher than the transi-

tion. This strongly indicates that the transition is at-

tributable to decomposition of curdlan molecular

assemblies in the presence of excess amount of water.

Figure 11 shows the peak temperatures obtained

from heating and cooling curves (left hand figure) and

enthalpy of transition (�Hs–g) (right hand figure ) as a

function of concentration. Peak temperatures ob-

tained from both heating and cooling curves maintain

a constant value. Transition enthalpies increase lin-

early with increasing concentration. The values of

transition enthalpy were 0.1 to 0.6 J g–1, which are far

smaller than conformational transition enthalpies of

other polysaccharides, such as shizophyllan [21]. The

above facts strongly suggest that the amount of water

in the suspension affect the transition phenomena. In

order to investigate the effect of amount of water in

extreme condition, a highly concentrated suspension

was investigated using a standard DSC.

Figure 12 shows DSC heating curves of highly

concentrated curdlan suspension repeatedly annelaed

at various temperatures. Two endothermic peaks are

observed at a temperature higher than melting of ice,

when annealed temperature exceeded 60°C. By cool-

ing, two exotherms were clearly observed, although

DSC curves are not shown here. Peak temperatures

were designated as Tmp1 and Tmp2 from the low to high

temperature and results are shown in Fig. 13 (left

hand figure) together with results (Tcp1 and Tcp2) ob-

tained by cooling curves. Enthalpy of transition of the

two peaks obtained from both heating and cooling

curves is shown in Fig. 13 (right hand figure). As

shown in this figure, enthalpy values of the low tem-

perature side peak (�Hm1 and �Hc1) increase abruptly

from 60°C and the maximum is found at 80°C. In con-

trast, enthalpy values of the high temperature side

peak (�Hm2 and �Hc2) maintain a constant at around

2.5 J g–1. The values were far larger than those ob-

tained for the systems with a large amount of water.

As shown in Fig. 11, enthalpy of transition of samples

with concentrations from 1 to 5 mass% was in a range

from 0.1 to 0.7 J g–1.
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Fig. 11 Relationship between peak temperature of transition and enthalpy of transition (�Hs–g) and concentration

Fig. 12 DSC heating curves of curdlan suspension with

water content 0.77 g g–1 annealed repeatedly. An-

nealing temperature is shown in the figure. Heat-

ing rate = 10°C min–1



Conclusions

From the above results, the following facts were clari-

fied: (1) hygrogels can be formed at a temperature

higher than ca. 60°C by visual observation, (2) an en-

dothermic peak at around 60°C is observed in a wide

range of water content, even when the water content

of curdlan is extremely small to form suspension (3)

transition at 60°C is reversibly observed by DSC,

even when the maximum temperature of measure-

ments was 100°C, (4) transition enthalpy increases

with decreasing water content (5) melting tempera-

ture of water restrained by curdlan molecules and the

amount of bound water varied and discontinuously

decreased at around 60°C, (6) the amount of curdlan

aggregated in gel structure and water content in the

gel show the maximum at around 80°C. The repeat-

ability of the above results is confirmed when curdlan

suspension equilibrated in the same conditions.

From the above facts, it is reasonable to con-

clude that two different types of gel exist, however

the temperature forming the two types of gel obtained

in this study is different from that of the reported tem-

perature, i.e. one type of gel is formed from 60 to

80°C and the other type of gels is formed at a temper-

ature higher than 80°C. Distinct differences can be

seen by visual observation in this study. However, the

border of two types is ambiguous depending on ex-

perimental conditions. Structural change of water be-

tween two types of gel was undetectable. The thermal

transition observed at around 60°C in curdlan-water

system is thought to be a precursor transition before

gelation and is attributable to decomposition of

curdlan molecular assemblies. When the amount of

water is not sufficient to form suspension, molecular

assemblies decompose in a short range which can be

observed as a characteristic peak at a temperature lower

than the transition at 60°C, however, further investiga-

tion is necessary concerning this new peak. The facts

that preparation conditions of suspension markedly af-

fect the gelation indicate that curdlan gels can be formed

when suspension is in a non-equilibrium state.
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