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Abstract

Aqueous solutions of pectin annealed at various temperatures at sol state were mixed witbdl&i®h and calcium pectin gels with
various cross-linking ratios were prepared. A thermomechanical analyser (TMA) equipped with a sample holder, which was newly designec
at our laboratory was used. The sample holder was immersed in water whose temperature was controlled fron€3&veedithg behaviour
of hydrogels during equilibration was measured as a function of immersing time. Creep coefficient was calculated as functions of time and
temperature using a compression type probe. The creep coefficient of hydrogels increased with increasing swelling temperature and decreas
with increasing cross-linking ratio. Dynamic moduls)(was measured in water in a temperature range from 30 t€ 88 of the gel with
cross-linking ratio 0.36 decreased from %80 to 3.5x 10* Pa with increasing swelling temperature from 30 to 60
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction gree of methyl esterification (DE) of pectins is low, pectin
molecules react with divalent cations and hydrogels are eas-
A large number of water-soluble polysaccharides are ilyformed[10,11]. The gelation mechanism of polyguluronic
known to form physical gels in agueous media. The gelation acid of alginate has mainly been explained by the “egg-box”
ability of each polysaccharide depends on various factors, model. The gelation of low methoxyl pectin is also explained
such as chemical structure, higher order structure and geladin the same mechanisfh2,13]. We have reported that cal-
tion conditions. We have reported that gellan gum formsrigid cium pectin hydrogels, which were prepared after annealing
gels when it is annealed at a temperature higher than gel-soht sol state forms a greater number of soft gels than non-
transition[1,2]. Although xanthan gum and hyaluronan have annealed gelgl4]. When pectin sol was annealed at a tem-
been considered as non-gelling polysaccharides, it was foundperature higher than 5, Ca pectin hydrogels formed more
that gels are formed when they are fully annealed in the sol soft gels thanthose annealed atlow temperature. The swelling
state[3-5]. ratio measured by tea-bag method decreased with increasing
Pectin is a polysaccharide found in many plant tissues. It annealing temperature at sol state. The above fact indicates
consists of galacturonic acid having some carboxyl groups, that the effect of annealing temperature at sol state affects the
which are esterified by methyl grouf$-9]. When the de-  higher order structure of pectin molecular assembly, which
can be fixed by Ca ion.

* Corresponding author. Tel.: +81 776 22 8111; fax: +81 776 29 7891. Mechanical properties of hydrogels have mainly been in-
E-mail addressh-hatake@ccmails.fskui-ut.ac.jp (H. Hatakeyama). vestigated by viscoelastic measurement using a rheometer
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[15-17]. Even when the gel is rigid, mechanical testing of
hydrogels using a custom made machine is limited, since the
gel frame is frequently destroyed by cramping. Furthermore,
vaporization of water during measurements is neglected inthe
above method. In our previous study, we introduced a thermo- quartz prob
mechanical analyser (TMA) to measure dynamic modulus of
hydrogels in watef18,19]. By TMA, both static and dynamic
mechanical properties of hydrogels in water can be measured
[18]. Dynamic viscoelasticity measured by TMA covers dy-
namic modulus range from 4@o 1 Pa. Although dynamic
viscoelastic properties can be measured using a conventional
dynamic mechanical analyser (solid state) and a rheometer
(liquid state), it is difficult to measure the values shown in

water bath
—

deionized watel

the above dynamic modulus range. In our previous study sample Water
. . . . quariz plate
[18,19], it was suggested that TMA is appropriate in mea-
suring viscoelastic properties of ionically linked hydrogels, Fig. 1. Schematic conformation of TMA sample probe.

such as pectin or alginate. By introduction of a new sample
probe, it is possible to measure the hydrogels in water and2_2. Measurements
other solvents.

In this study, TMA equipped with a sample holder, which
was newly designed at our laboratory was used. Creep co-
efficient is calculated as functions of time and temperature
using a compression type probe. Dynamic modulus is mea-
sured at various temperatures. The Ca pectin gel formation
mechanism was investigated.

A Seiko thermomechanical analyser (TMA, Seiko Instru-
ments TMA/SS 150) equipped with a newly designed sam-
ple holder was used. Quartz rod with uniform cross-sectional
area (9.616< 10~%m?) was used as a probe. Sample setting
inthe probe isillustrated iRig. 1. The sample holder was im-
mersed in water whose temperature was controlled from 30
to 80°C by circulation of water from a constant temperature
bath (HAAKE FB8). In this stage, errors of water temperature
were within+1°C. The gel sample was placed in a quartz
sample pan with diameter 7 mm (inner diameter) and height
5mm and immersed in 70 ml water. And the sample was
compressed by quartz probe. Swelling behaviour by creep
measurement and dynamic modulus was calculated.

2. Experimental
2.1. Sample preparation

Pectin with the degree of methylesterification (DE)=
25.6% was obtained from Taiyo Kagaku Co., Japan. Molec-
ular weight calculated from viscosity measurement was
8.5x 10 [20]. Pectin was solved in deionised water af 25
to obtain 2% solutions. The solutions were stirred at 25, 50,

80 and 98C for 180 min. An aqgueous solution of calcium (1) the Samp|e was Compressed in water (at 30@0

chloride (CaC4) 2.28% was poured into an aqueous solu- (2) applied maximum stress was varied from 1:020° to

tion of pectin in a 20 ml glass container and mixed at@5 5.2x 103 Pa,

Transparent and flexible gels were formed immediately. The (3) initial sample length decreased until applied load reached

pectin concentration of samples at this stage was 1.7%. After  predetermined stress and then the load was maintained

stirring, samples were maintained at room temperature for  at constant,

24 hin order to complete the substitution. (4) compressed height at a constant load was measured as a
Quantitative analysis of Ca in Ca pectin gel was carried function of time and

out by atomic absorption spectrometer (Shimadzu AA-630- (5) measurement was completed in 60 min.

01). The degree of substitution (DS) of the Ca pectin gel was _ _

obtained using the measured concentration of Ca ion in the = The compression was expressed by negative value. Creep

sample and calculated value assuming 100% substitution. Incoefficient was calculated as functions of time and temper-

this case, all COOH is assumed to be substituted by Ca ions ature using a compression type probe. Sample compression
during equilibration was measured as a function ofimmersing
measured value of Ca

- x (1 — DE) (1) time. Creep coefficient function of time ¢ 1¢)/Iot) calcu-
calculated value of Ca lated.
Equilibrium DS values decreased with increasing annealing
temperature atsol state. DSwas 0.423,0.381,0.355and 0.31% .2 2. Dynamic measurement

at annealing temperature at sol state 25, 50, 80 ari€C98 Dynamic measurements were carried in water at 30860
respectively14]. by using a quartz rod probe. The probe was the same as that

2.2.1. Swelling behaviour by creep measurement
Creep measurements were carried out as follows:
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Fig. 2. Schematic TMA curves of creep of hydrogel in watgtime (min);
tc, time reached predetermined stress (mtinXime when thickness reached
constant (min)j, thickness as a function of time (mly, initial thickness
(m); I, thickness at; le, thickness ate (m); o, applied stress as a function
of time (Pa)

Fig. 4. Three-dimensional relationship betwegnDS and temperature
(Twater)-

used in creep measurements. Each sample was measured aftéfd stress. Values of ¢i-1c)/lo) x 100 increased linearly
equilibration swelling was attained at various temperatures. With increasing stress. A similar relationship is also ob-
After the gels were saturated by swelling, measurementsserved in other hydrogel1]. In the following measure-
were started at various temperatures. Operating frequencyments, samples were measured at the constant stress of
was 0.05 Hz. Measurements were carried out for 5min. The 2.08x 10°Pa (20mN). It was confirmed that the size of
above conditions were employed for all measurements to fa-g€ls was completely recovered when applied stress was

cilitate comparison of the variation i and tar$ as a func-
tion of DS and DE. From Lissajous diagrafd, and tarS
were obtained18].

3. Results and discussion
3.1. Swelling behaviour of calcium pectin hydrogels

Fig. 2shows schematic TMA curves of creep of hydrogel
in water, wherd, time (min);tc, time reached predetermined
stress (min)te, time when sample thickness reached a con-
stant value (min)|o, initial thickness (m)], thickness as a
function of time (m);l¢, thickness at; (m); lg, thickness at
te (M); o, applied stress (Pa) as a function of time angd
constant stress a(Pa), respectivel{18].

Effect of stress on creep of Ca pectin hydrogels was inves-

tigated Fig. 3shows relationship betweend{ I)/1p) x 100
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Fig. 3. Relationship between{( I¢)/lp) x 100 and stress {o

2.08x 10°Pa.

Fig. 4 shows three-dimensional relationship betwégn
DS and water temperaturee). Thete decreased with in-
creasingTwater and DS. It is thought that pectin molecular
chains are extended at high temperatures and water easily
penetrates cross-linking networks, hence the time for equili-
bration decreases. In contrast, as showFign4,te decreases
with increasing DS. This suggests that time molecular rear-
rangement in water under applied stress becomes short when
the number of pectin molecules between cross-linking points
decreases, i.e. time for equilibration under applied stress de-
creases.

Fig. 5 shows three-dimensional relationship be-
tween ((L—Ic)/lp) x 100, DS andTyater The values of
((le = 1)) x 100 increased with increasin@yate, and
decreasing with DS. It is thought that pectin molecular
chains are extended with increasing immersion temperature.
Soft gel is obtained when the number of cross-linking points
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Fig. 5. Three-dimensional relationship betweédg-{(l¢)/lp) x 100, DS and
temperature (Jater)-
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Fig. 6. Relationships betweete - I¢)/lpt and temperature (htey): (H)
DS=0.311; (a) 0.355; () 0.381; (@) 0.423. Fig. 7. Relationship betweene( Ic)/IoT and swelling ratio at 60C by
tea-bag method.

is small and molecular chain length between cross-linking 3.2. Dynamic modulus of calcium pectin hydrogels

points is largeg22] and soft hydrogels deform easily. It is b . lasticit d by th q
clearly seen irFig. 5, ((e — Ic)/lp) x 100 shows the highest yhamic viscoelasticity was measured by the procedure
values at DS =0 311. described in SectioB. Fig. 8shows relationship betwedi

andT. E decreases with increasing temperature. Values of
g tans were ca. 0.2, although data was not shown in figure.
As already shown iffrigs. 5 and 6, sample size, in this case
(Ie —Ic)g, increases with increasing temperature. This sug-
q gests that the network structure expands due to swelling, and
that the chain length between cross-linking points increases.
termolecular chains expand with increasifiger. The fact Itis reasonable to expect that dynamic modulus decreases as
that (k — I¢)/lot values are maintained constaari WHER a function of temperature when DS is constant. The results
excends B0C suggests that molecular chains fully exeprand indicate that gel networks are readily swollen with increasing

at a temperature higher than 8D under the applied stress terrllpergtuhre and lthat sm;}qller;jgels &ere:ooft. 460C. and
employed in this study. ig. 9shows relationships betwe&hat 40 an ,an

Creep coefficients were calculated as a function of temper- 2DSSO CWe hav(;a freporzt%c(i f&sﬂ vgll;esl%fstge ijmi sarr]nple at
ature from the gradient of each straight line in a temperature ranged from . t0 2.7x a[14]. As shown

T ,
from 30 to 50°C. The values of (l— I¢)/lpT increased with in thlsdf'|gu|re,.E'vaI|ues ag;(lacfrgnge frqm 4 TO 5 10° Eat;l
increasing DS. In our previous study, it was found that static accordingly, !t IS clear t_ of Ca pectin gels remarkably .
swelling ratio measured by tea-bag method increased Withdecreases with increasing temperature. When temperature is
increasing DY14]. This suggests that swelling ratio of Ca

constantE’ increases with increasing DE. decreased with

pectin hydrogels is influenced by the higher order structure increasing water temperaturewgler). It is thought that Ca

at sol state, although effect of DS is not ignored. Generally,

the swelling ratio increases when the molecular chains are al-

lowed to expand. Accordingly, molecular chain expansion is

restricted during swelling when gels have high cross-linking

density, which are formed by annealing at low temperature

in the sol state. The results showrFiy. 7 support the creep §

coefficient obtained by TMA, showed a similar tendency to A

that of swelling ratio measured by tea-bag method. x
Fig. 7 shows the relationship between € Ic)/1oT and ol

swelling ratio at 60C by tea-bag method. It is clear that

(Ie — 1)1 closely correlates with swelling ratio at 6G by

tea-bag method. Large value of ¢ 1:)/1oT indicate that the

shape of hydrogels markedly depends on temperature. From 30 20 50 60

this result, itis considered thag @ I¢)/1oT values can be used Tyater/ C

as an index of swelling behaviour under constant pressure of

hydrogels. Fig. 8. Relationship betwedt and temperature (fte).

Fig. 6 shows relationship between ¢ 1¢)/l1ot and Tyater:
The values of g — I¢)/Igt decrease with increasing DS an
gradients of straight lines are varied according to the change
of DS. As shown in the figure, values of ¢+ 1)/Iot decreases
with increasing DS at 50C, however, they are saturate
when Tyater €Xceeds 50C. It is thought that entangled in-
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6 (3) swelling behaviour of Ca pectin hydrogels can be mea-
atdoC sured by TMA.
)
4
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