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Abstract

In this study, the experimental results on annealing and subsequent cooling induced gelation obtained by the falling ball method (FBM)
and differential scanning calorimetry (DSC) have been summarized. By FBM measurements, it has become apparent that the gel-sol
transition temperaturel,_, increases by the annealing of the solution in the sol state. By DSC measurements, the anomalous behaviour
of non-freezing water was observed in the annealing process of the solution in the sol state, i.e. the amount of non-freezing water changed
oscillationally in the initial stage of annealing and then approached a constant value. Such an observation suggested that the structure that
induces gelation is formed by the homogenization of the system. It is thought that the homogenization of the system is caused by the diffusion
of polysaccharide chains removed from polysaccharide molecule assemblies by the dissociation. The phenomenological equation was
derived in order to describe the behaviour of non-freezing water taking into account the effect of homogenization of the system assuming
that the adsorption and desorption of water molecules on polysaccharide chains takes place. It was found that a large amount of water is
adsorbed in junction zones composed of polysaccharide chain assergh#i@80 Elsevier Science Ltd. All rights reserved.
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1. Introduction Nishinari & Sen-i To Kogyo, 1984; Richardson & Ross-
Murphy, 1987; Ross-Murphy et al., 1983; Milas et al.,
It is known that various kinds of polysaccharide electro- 1990; Williams et al., 1991; Williams et al., 1991; Williams
lytes form hydrogels when their aqueous solutions are main- et al., 1994), and it is usually used as a food additive which
tained at a temperature lower than the gel—sol transition increases the viscosity of the foods. XA is a polysaccharide
temperature(T4_g (Dickinson, 1991; Nishinari & Doi, produced by bacteridanthomonaus campestfi@avodson,
1994). However, it is known that a group of polysaccharide 1980). HA is an amino polysaccharide and is a major
electrolytes, such as xanthan gum (XA) and hyaluronic acid component of biopolymers found in cartilage, eye vitreous
(HA) do not readily form hydrogels by the usual gelation humor and synovial fluid (Atkins, Phelps & Sheehan, 1972).
method (Cuveir & Launary, 1986; De Smedt, Deckeyser, HA retains a large amount of water, and is compatible with
Ribitsch, Lauers & Demeester, 1993; Milas, Rinaudo, Knip- biopolymers and hydrophilic polymers (Laurent, 1957;
per & Shuppiser, 1990; Nishinari & Sen-i To Kogyo, 1984; Takigami, Takigami & Phyllips, 1993). On this account,
Richardson & Ross-Murphy, 1987; Ross-Murphy, Morris & HA is widely used in the medical field and has been inves-
Morris, 1983; Scott, Cummings, Brass & Chen, 1991; tigated under physiological condition (Yanaki & Yamagu-
Williams, Clegg, Day, Nishinari & Phillips, 1991; Williams,  chi, 1990). In our previous studies, however it was found
Day, Nishinari & Phillips, 1991; Williams, Annable, Phil-  that XA and HA form hydrogels when aqueous solutions are
lips & Nishinari, 1994; Yanaki & Yamaguchi, 1990). In annealed at a temperature higher than the characteristic
particular, XA has been considered as a non-gelling poly- temperature and subsequently cooled (annealing and subse-
saccharide in agueous solution (Cuveir & Launary, 1986; quent cooling induced gelation) (Fujiwara, Takahashi,
Hatakeyama & Hatakeyama, 1999; Quinn, Hatakeyama,
* Corresponding author. Tel.:+ 81-268-21-5461; fax:+ 81-268-21- Takahashi & Hatakeyama’ 1994; Yoshuja, TakahaShl,’
5461 Hatakeyama & Hatakeyama, 1998; Yoshida, Takahashi,
E-mail addressmhataka@giptc.shinshu-u.ac.jp (M. Takahashi) Iwanami, Tanaka, Hatakeyama & Hatakeyama, 1998). By
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60 for 3 days with occasional stirring, the sample tube was
annealed at the desired annealing temperature for a prede-
termined annealing time. Then, it was immersed in a ther-
40 * - mostat at 8C for 1 day for XA system and 2—3 days for HA
system to form gels. The glass tube was opened and a steel
ball of ca. 0.5 mg in weight with 0.8 mm diameter was
00 | 5 5 inserted into the gel. The gel in the glass tube was heated
DA a % from 5°C to a temperature higher than the gel—sol transition
L e temperature at a rate of ca. @3min in the thermostat. The
height of the steel ball was measured by a cathetometer and
0 ' 16 l 20 ' 30 recorded. The gel—sol transition temperature was deter-
Annealing Time / hr mined as the temperature at which the steel ball started to
fall in the gel. The detail of the method to determine gel-sol
Fig. 1. Relationship betweeR_sand the annealing time: XA 1 wt.% at transition temperature is described in our previous papers
40°C, @: XA 2wt.% at 40C, L. HA 3 wt.% at 60C. (Fujiwara et al., 1999; Yoshida et al., 1998).
In XA systems, solutions were heterogeneous when
the falling ball method, it was confirmed that this character- prepared at room temperature (Yoshida et al., 1998;
istic temperature corresponds with thig, The annealing  Yoshida et al., 1998). However, the solutions thus obtained
was also effective in the gelation of gellan gum, which is a were thermodynamically stable, and no precipitate was
representative gel forming polysaccharide electrolyte, i.e. it observed although the solutions were kept in a refrigerator
forms a tough and elastic gel when the gellan aqueous solu-for more than one week. When the solution was maintained
tions are annealed in the sol state (Quinn, Hatakeyama,at 40C for 1 day, it was transformed into a homogeneous
Yoshida, Takahashi & Hatakeyama, 1993; Yoshida & Taka- solution and by subsequent cooling 4C5a firm gel was
hashi, 1993). We also reported that structure of non-freezing obtained. The gel—sol transition temperat(Fg ¢ of 1 and
water surrounding XA and HA changes during the anneal- 2 wt.% xanthan aqueous solutions was measured by the fall-
ing process (Fujiwara et al., 1999; Yoshida et al., 1998; ing ball method. As shown in Fig. 1T,_s gradually
Yoshida et al., 1998). increased in the initial 10 h with increasing annealing time
In this study, the experimental results on the annealing and then approached a constant value 4C38ithin 24 h
and subsequent cooling induced gelation of XA and HA for 1 wt.%; and 42C for 2 wt.% system.
agueous solutions are summarized. By theoretical consid- In HA systems, the solutions prepared at room tempera-
eration, a phenomenological equation describing the beha-ture were optically homogeneous and clear. The FBM
viour of non-freezing water in systems is derived. measurements of 1, 2 and 3 wt.% solutions were carried
out. Gelation was not observed for 1 and 2 wt.% systems
annealed for any time at any temperature. However, 3 wt.%
systems formed a gel under the condition of annealing
temperatureT = 60°C and annealing timé longer than
6 h, although 3 wt.% systems annealed Tat= 40 and
50°C did not form gels (Fujiwara et al., 1999). The gel—
sol transition temperatureg_s measured by FBM are also
shown in Fig. 1 as a function of annealing time. Thes
gradually increased in annealing time region from 6 to 12 h
and then decreased after 20 h via the annealing time region.
The behaviour off;_s seems to be different from the beha-
viour of XA systems. However, HA is a thermolabile poly-
saccharide, and therefore the decreas@gofin the long
annealing time region seems to be due to the scission of HA
chain because of the annealing at relatively high tempera-
ture. Therefore, it can be concluded that the annealing time
dependence of,_is essentially the same as that of the XA
systems.
2.1. Falling ball method measurements The FBM measurements revealed thgts gradually
increased with increasing annealing time and approached
In the FBM measurements, a desired amount of XA or a constant value. These experimental facts are interpreted
HA powder and 5 ml of pure water were sealed into a glass to be as a result of a structural change, which enables the
tube, which was ca. 35 cm in length and 10 mm in diameter, systems to form gels, during annealing of these polysacchar-
with a stirrer chip. After maintaining at room temperature ide agueous solutions.
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2. Summary of experimental results

In this section, the experimental results obtained from the
falling ball measurements (FBM) for XA and HA gels and
DSC measurements in the annealing process of XA and HA
solutions are summarized.

In this study, XA powder provided by Mitsubishi Chemi-
cal Co. Ltd. and HA powder provided by Kibun Food
Chemical Co. Ltd. was used without further purification.
The molecular weights of XA and HA were 1Gand
2.2x 10°, respectively. The limiting viscosity of HA and
the content of protein contained in HA were 32 dl/g and
0.06%, respectively. Aqueous solutions of these polysac-
charides were prepared using pure water provided by
Wako Pure Chemical Industries Ltd. and all glassware
was sterilized before use.
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Annealing Time / hr Fig. 4. Comparison between experimental data and calculated values using

Eq. (9) of XA (2 wt.%). The parameter values are shown in the text.
Fig. 2. Changes ofH,, as a function of annealing timé&: XA 1 wt.% at
40°C, ®: XA 2 wt.% at 40C, [J: HA 3 wt.% at 60C.

the time dependence of the amount of non-freezing water in
2.2. Differential scanning calorimetry XA and HA agueous solutions during the annealing process

were measured by DSC. The experimental conditions of the

Water molecules in polysaccharide electrolyte/water DSC measurements were described in detail elsewhere

systems are categorized into three kinds of water, i.e. non-(Yoshida et al., 1998; Fujiwara et al., 1999).
freezing water, freezing bound water and free water. Non-  Annealing time dependence AH, of 1 and 2 wt% XA
freezing water is tightly bound to the polysaccharide elec- aqueous solutions at 20 and 3 wt.% HA aqueous solution
trolyte molecules and therefore cannot crystallize. Freezing at 60C are shown in Fig. 2. ThaH,, measured by DSC
bound water is weakly bound to polysaccharide electrolyte changed oscillationally during annealing via maximum at
molecules. Consequently, it can crystallize, but the melting annealing timet ~ 6 h and minimum at ~ 10 h in XA
temperature is lower than that of bulk water. Free water is system: for HA system the maximum is at 10 h and the
not influenced by polysaccharide electrolyte molecules, and minimum is at 25 h, and then it approached a constant
hence the physical properties of free water are the same ayalue. The final value odH,, seemed to be slightly smaller
those of bulk water. It is known that bound water, i.e. non- than the initial value. The annealing time dependence of
freezing water and freezing bound water, plays an important AH,, shows that the amount of non-freezing water
role in forming the junction zones in gel forming polysac- decreased in the initial 6 h and then increased and
charides (Hatakeyama, Nakamura & Hatakeyama, 1979;approached a constant value via a maximunt atound
Nakamura, Hatakeyama & Hatakeyama, 1981; Nakamura,10 hs in the XA system and 10 and 25 h for the HA system,
Hatakeyama & Hatakeyama, 1982; Nakamura, Hatakeyamarespectively. Annealing time dependence of the amount of
& Hatakeyama, 1985). In 1 and 2 wt.% XA and 3 wt.% HA non-freezing water Wnf (mg/mg) per 1 mg of water in the
systems, freezing bound water did not exist. Consequently,Systems was calculated from the dataAét,, in Fig. 2 by
it is thought that the structural change of XA and HA assuming that the relatiodH, = 333 mJ/mg for bulk
aqueous solutions during the annealing process can bewater is applicable to the free water in the systems studied
revealed through the change of non-freezing water content.here. The obtained results are shown in Figs. 3—-5. From the
The amount of non-freezing water restrained in polysac- results of the DSC measurements, the structural change in

charide hydrogels can be calculated based on the enthalpythe annealing process can be considered as described below.

of melting or crystallization of watesH,,,. On this account, The XA and HA molecules in the pre-annealed samples
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Fig. 3. Comparison between experimental data and calculated values usingFig. 5. Comparison between experimental data and calculated values using
Eq. (9) of XA (1 wt.%). The parameter values are shown in the text. Eq. (9) of of HA (3 wt.%). The parameter values are shown in the text.
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form molecular assemblies. In the initial stage of the anneal- system is in non-equilibrium state. Egs. (1)—(3) give

ing, the assemblies of polysaccharide molecules dissociate K

by desorbing water molecules. The decrease of non—freezinga + (k; + ky)n= El(N - Ny). 4)
water observed in the initial stage of the annealing can be

explained to be as a result of such dissociation of the assem- The right-hand side of Eq. (4) is expected to change with
blies of polysaccharide molecules. Subsequently, the solu-annealing timet by the removal of polysaccharide mole-
tion homogenizes by the diffusion of polysaccharide cules from assemblies and the subsequent homogenization
molecules, which are removed from the assemblies. After of the system. We assume the simple relation to describe the
the homogenization of the system was attained, the XA andtime evolution ofN—N

HA molecules form a junction structure which enables the d(N — N)

system to form gels by adsorbing the non-freezing water. i —a(n = Ngg(T)). ©)
Here,a (> 0) is the phenomenological constant, amg
3. Phenomenological theory (T) the equilibrium value ofi at the annealing temperature

T. From Egs. (4) and (5), the differential equation
In order to explain the behaviour of non-freezing waterin
the systems, we attempted to derive the phenomenologicalﬂ + (ky + kz)@ 4 kian _ Kianeq (6)
expression by the model described below. In our previous dt dt S S

paper, the behaviour of water was considered to be phenomss obtained. Here, the dependencyngfon T was not expli-
enological and was due to the competition between the citly expressed for the sake of simplification. Here, we re-

homogenization of solution by the diffusion of polysacchar- define new parametessandw and new variables by the
ide molecules and the association of polysaccharide mole-rg|ations

cules in which adsorption and desorption of water molecules
take place. Assuming that the total number of repeating , 2,
units of polysaccharide moleculesis N can be divided 2 S

into three groups as shown in Eq. (1). The number of repeat-  Here,y represents the averaged rate constant for adsorp-
ing units which adsorbed water molecullls, those not  tion and desorption of water molecules anglthe constant
adsorbing water moleculeN, and those being incapable representing the effect of the change of the number of
of adsorbing water moleculéd; are expressed as follows:  adsorption sites by the removal of polysaccharide molecules

_(kp + ky) kie 5
=== — =

N=nN~— Ngq )

_ and subsequent homogenization of the system on the time
N =N, + N, + N @ X
evolution ofn. It seems to be very strange thag does not
A repeating unit belonging tdl, + N, (=N —Ny) depend onk, explicitly. However, « represents the rate

constitutes an adsorption site of water molecules and isconstant for time evolution of the number of adsorption
considered to exist in the region where the density of repeat- sites (Eq. (5)) by the removal of the polysaccharide mole-
ing units is high. However, a repeating unit belonging\to cules from assemblies and the subsequent homogenization
is considered to exist in the region where the density of of the system. The removal of polysaccharide molecules
repeating units is low and can be regarded as a portion ofresulted from the dissociation of assemblies of polysacchar-
a dangling and freely moving chain of a polyelectrolytes-If ~ ide molecules accompanied by desorption of water mole-
monomers are needed to adsorb one water molecule, thecules. Thereforeq should be considered to depend lgn
number of water moleculesadsorbed in the polysaccharide i.e. wy depends ork, implicitly. By the replacement of Eq.
molecular assemblies and the number of adsorption sites (7), Eq. (6) is transformed to
unoccupied by water molecules in polysaccharide molecular
: . d’n = 2vdn
assemblies are given by — 4+ 2+ wdn=0. 8
dt? dt

In the case ofy < wq, Eq. (8) has the oscillational solu-

The number of water moleculesis expected to increase  tion
whenn, is sufficiently large and/on is sufficiently small.

N, = sn N, = sn.. 2

= - +
Therefore, the time evolution of is expected to obey n= Cexp—m) cosot +9) ©
an wherew = (w2 — ¥")*2. In Figs. 3-5, the theoretical curve
— =kin, — kon 3 calculated by Eq. (9) is drawn by the solid line along with

dt the experimental data di,; which is evaluated from the
herek; ( > 0) andk, ( > 0) represent the rate constants for data ofAH, in Fig. 2. Here, parameterg, C, v,  andé
adsorption and desorption of water molecules. Eq. (3) haswere selected asnyg= 0.0600Q C=0.0308Q y=
the simple solutionne, = knuwk, at the steady state 0.08660 w = 0.3142 andé = 1.5708 for the 1 wt.% XA
(dn/dt = 0). However,n changes with time according to system, ngq = 0.05100 C = 0.04297 y = 0.0898Q w =
Eq. (3) if n deviates from the equilibrium valug,, i.e. the 0.4488 and5 = 1.3464 for the 2 wt.% XA system ang, =
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0.1375 C = —0.03643 y = 0.05598 w = 0.2094 ands = Ms M. lijima who kindly assisted with the preparation of
—1.885 for the HA systems, respectively. The experimental this paper.
data agrees semi-quantitatively well with the calculated
value. Consequently, Eq. (9) qualitatively describes the
behaviour of water in annealing process of solution.
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rate constant for adsorption and desorption of water mole-
cules on polysaccharide chains. Therefdteand k, are ~ Atkins, E. D. T., Phelps, C. F., & Sheehan, J. K. (197&urnal of

. . Biochemistry 128 1255.
EXpeCted to have the same order of magthde’kh'e_T Cuveir, G., & Launary, B. (1986)Carbohydrate Polymers, 321.

ko = k. In this case, the conditiop < wy can be written as  payodson, R. L. (Ed.). (1980). Handbook of water-soluble gums and resins

sk< « (10) New York: MaGraw-Hill.
’ Dickinson, E. (Ed.). (1991Fo00d polymers gels and colloid€ambridge:
As already described above, the constamépresents the RSC Publication.

rate constant for time evolution of the number of adsorption P Smedt, S. C., Deckeyser, P., Ribitsch, V., Lauers, A., & Demeester, J.
(1993).Biorheology 30, 31.

sites (Eq. (5)) by the removal of polysaccharide molecules Fujiwara, J., Takahashi, M., Hatakeyama, T., & Hatakeyama, H. (1999).
from assemblies and the subsequent homogenization of the proceedings of the Fourth International Conference on Hydrocolloids
system. The homogenization of the system is based on the Amsterdam: Elsevier Science (in press).

diffusion of the polysaccharide chain. Since the relaxation Hatg'éeyama, T.,Nakamura, K., & Hatakeyama, H. (19R@}susokuteb,
time of the diffusion of polysaccharldg chain is expectgd to Laurent, T. C. (1957)Ariv. for Kemi, Band 11(56), 503.

be largely longer than that of adsorption and desorption of Milas, M., Rinaudo, M., Knipper, M., & Shuppiser, J. L. (1998)acro-
water molecules, it cannot be concluded thas larger than molecules23, 2506.

k. Therefores must be a small value less than one so as to Nakamura, K., Hatakeyama, T., & Hatakeyama, H. (198Igxtile
hold the conditiony < w,. This means that a large amount Research Journabl, 607.

of water molecules was adsorbed in polysaccharide mole- Naksg\%rfasﬁusgaégkeyama' T., & Hatakeyama, H. (198a)hbunshi
cular assemblies. In fact, 0.06 mg of water was adsorbed iNNakamura, K., Hatakeyama, T. & Hatakeyama, H. (198Spn-

0.01 mg of XA chains in 1 wt.% XA system, and 0.05 mg of Gakkaishj 41, 369.
water for 0.02 mg of XA in 2 wt.% XA system and 0.14 mg Nishinari, K., & Doi, E. (Eds.). (1994). Food hydrocolloids: structure,

of water for 0.03 mg of HA in 3 wt.% HA system. properties and functions New York: Plenum Press.

Nishinari, K. (1984).Sen-i To Kogyp49 (3), 84.

Quinn, F. X., Hatakeyama, T., Yoshida, H., Takahashi, M., & Hatakeyama,
4. Conclusion H. (1993).Polymer Gels and Networkg, 93.

Quinn, F. X., Hatakeyama, T., Takahashi, M., & Hatakeyama, H. (1994).

. . . . . . Polymer 35, 1248.
The following conclusions are obtained in this study: (1) Richardson, R. K., & Ross-Murphy, S. B. (198Wternational Journal of

gelation of the polysaccharide is markedly affected by the  gjojogical Macromolecules9, 257.
structure of the solution in sol state; (2) annealing the solu- Ross-Murphy, S. B., Morris, V. J., & Morris, E. R. (1988araday Sympo-
tion in sol state is effective to obtain firm gels; (3) a struc- sia of the Chemical Society8, 115. ‘ ‘
tural change of the solution accompanied by the complex Scojguih;-vzgzzgngs' C. Brass, A., & Chen, Y. (19®ipchemistry
behaviour of non-free;mg_ water takes place in the annealing Takigami, S., Tgkigami, M., & Phyllips, G. O. (1993}arbohydrate Poly-
process of the solution in the sol state; (4) the complex  yers22 153
behaviour of non-freezing water is explained by the compe- wiliams, P. A., Clegg, S. M., Day, D. H., Nishinari, K., & Phillips, G. O.
tition process between the change of adsorption site, which ~ (1991). In E. Dickinson (Ed.)Food polymers, gels and colloids
resulted from the removal of polysaccharide chains from _Cambridge: RSC Publication. -
assemblies and subsequent diffusion of polysaccharideW'Ilﬁgfé);I{;iasDjy;‘géH" Nishinari, K., & Phillips, G. O. (1991500d
chains, and the association of polysaccharide molecules inyjjiams, p. A., Annable, P., Phillips, G. O., & Nishinari, K. (1994). In K.
which adsorption and desorption of water molecules take  Nishinari & E. Doi (Eds.),Food hydrocolloids: structure, properties
place_ and functions(pp. 489). New York: Plenum Press.

Yanaki, T., & Yamaguchi, T. (1990Biopolymers 30, 415.

Yoshida, H., & Takahashi, M. (1993food Hydrocolloids 7, 387.
Acknowledgements Yoshida, T., Takahashi, M., Hatakeyama, T., & Hatakeyama, H. (1998).

Polymer 39, 1119.

. . . Yoshida, T., Takahashi, M., lwanami, T., Tanaka, R., Hatakeyama, T., &
This work was supported by the Grant-in-Aid for COE Hatakeyama, H. (1998). In M. Tokuyama & I. Oppenheim (Eds.).

Re_searCh (10CE2003) by the Ministry of Educaﬁon’ Statistical physics, experiments, theories and computer simulations
Science and Culture of Japan. The authors wish to thank (pp. 61). Singapore: World Scientific.



