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Abstract

Small-angle X-ray scattering (SAXS) and dynamic viscoelasticity measurements were carried out to clarify the static network structure of
curdlan gels in 0.01 N NaOH at the semi-dilute regime. The structural change during the gelation was also investigated by time resolved
measurement with a temperature jump procedure. It was revealed from the time resolved SAXS measurements that the gelation occurred via
a structural change from a heterogeneous network structure to a homogeneous network structure. The structural change at the semi-dilute
regime would be correlated to the dissociation of the molecular associations, from an associated state to a dissociated state, at the dilute
regime. It was also revealed from the results of SAXS measurements that the network structure of curdlan gel is characterized by a mass

fractal structure with the fractal dimension of 1.4.

It was clarified by a scaling theory that the curdlan gel consists of a homogeneous network structure. It was shown that the distance

between the neighboring cross-linking points could be related to the correlation length determined by the SAXS mea€ut&d@nt
Elsevier Science Ltd. All rights reserved.
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1. Introduction structure of a microbial brancheg}1, 3-D-glucan cinerean

in aqueous solution (Gawronski et al., 1996a; Gawronski et

Curdlan is an extracellular polysaccharide produced by al., 1996b), and clarified that cinerean dispersed in a rod-like

soil microorganism Alcaligens faecalis var. 10C3K structure in water.
(Kanzawa et al., 1987), and its linear structure consists of According to our previous investigation about the dispersed
B-1, 3-glycoside linkages. Sarko et al. clarified by X-ray structure of curdlan molecules in various concentrations of
diffraction measurements that curdlan crystallizes as a triple NaOH at the dilute regime, curdlan molecules associate in
helix in the solid state (Bluhm and Sarko, 1977; Deslandes lower concentrations of NaOH at 5, and they dissociate
et al., 1980). This neutral polysaccharide is not soluble in by heating to 68C (Tada et al., 1997). The molecular associa-
water but it is soluble in alkaline aqueous solution and polar tion is characterized as a multi-helical conformation at the
solvent like dimethyl sulfoxide (Harada et al., 1968; Ogawa higher concentrations of NaOH above 0.05 N (Tada et al.,
et al., 1972). Similar to the other microbial polysaccharide, 1998). However, at the lower concentrations of NaOH below
curdlan and its derivatives has bioactivity such as anti-HIV 0.02 N, the molecular association is characterized as a hetero-
activity and anti-tumor activity (Hatanaka, 1995; Yoshida et geneously aggregated coil, which consists of a hydrophilic
al., 1996; Hotta et al., 1993; Ito et al., 1990). The bioactivity surface and a hydrophobic core (Tada et al., 1997).
seems to depend on the higher order structure of polysac- Curdlan gels are easily formed in the concentrated
charides in solution. The small-angle X-ray scattering systems and the most of them are thermally irreversible.
(SAXS) measurement is an effective method to characterizeKanzawa et al. reported that curdlan gels obtained &t 60
the molecular structure of polysaccharide in aqueous and 90C show different mechanical properties (Kanzawa
systems. Recently, Gawronski et al. studied the dispersedet al., 1989a,b). The gel obtained by heating aboV&60

is optically transparent, which means that the gel is

* Corresponding author. Corresponding address: Division of Forest and constructed by a homogeneous network structure. Our

Biomaterials Science, Kyoto University, Kyoto 606-8502, Japan. previous study showed that the gelation occurred when

0144-8617/99/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0144-8617(98)00157-X



54 T. Tada et al. / Carbohydrate Polymers 39 (1999) 53-59

> at room temperature before preparing the alkaline aqueous

solutions, and no further purification was carried out.

Curdlan solutions in 0.01 N NaOH aqueous solutions were

prepared in the Natmosphere to prevent it from being

neutralized by C@in the air. All the measurements were

so|vent 7mple carried out against the samples freshly prepared by the
above procedure at the room temperature.

solvent trap

2.2. Dynamic viscoelasticity measurements

/ Dynamic viscoelasticity measurements were carried out
by Rheometrics Dynamic Analyzer RDA Il (Rheometrics
reserver . . g .
scientific F.E., Tokyo) using the parallel plates or cone-plate
L\/ geometry with a diameter of 50 mm. The cone angle was
0.04 rad, and the gap used for parallel plates ranged from 0.8
Fig. 1. The devise which prevents samples from drying. to 1.2 mm. A devise was used to prevent the samples from

drying during measurements as shown in Fig. 1. The air-
curdlan in lower concentrations of NaOH below 0.05 N is llquid interface of the sample solutions or gels between cone
heated above 6C, and pointed out the gelation mechanism and plate or plates was in saturated pressure of solvent.
would be correlated to the transition of the molecular asso- 1 €mperature was controlled ranging betweerfC3@nd

ciation from an associated state to a dissociated state in the?0°C within 0.5C by a heater gun equipped in RDA I
dilute regime (Tada et al., 1998). under flowing of the nitrogen gas. Dynamic strain amplitude

The SAXS measurement is useful to elucidate the fine at the edge of the parallel plates used in the present study
structure of not only isolated particles but also the network Was ranging from 0.0075 to 0.1 where all the samples
structure of gels. For instance, Kanaya et al. reported on theShowed linear viscoelasticity.
phase separation behavior and the network structure of poly
(vinylalcohol) gels by small-angle neutron scattering
(SANS) (Kanaya et al., 1994), and SAXS measurements
(Kanaya et al., 1995), and elucidated that the spinodal
decomposition exists during the gelation process. Yuguchi
et al. reported on the network structure of gellan gum, a
microbial polysaccharide, aqueous systems and determine
the cross sectional radius of gyration for the network chain

2.3. Small-angle X-ray scattering measurements

The SAXS measurement was carried out by the 6 m
SAXS camera at High Intensity X-ray Laboratory in
Kyoto University. The Ni filtered Cuk line, A = 1.54 A

enerated from 3.5 kW rotating anode X-ray generator (RU-
000C3, Rigaku Denki Co. Ltd., Japan) was used for the
" ; . measurements. Two-dimensional position sensitive propor-
consisting the gel (Ygguch| and M'wa’ 1996). tional counter (256*128 pixels) was used for a detector. The
The fractal dimension of self similar substances can also bending mirrors for the point focusing the X-ray were gold

be evaluated by the SAXS measurement (Keefer and Schae- . T : i
fer, 1986: Bale and Schmidt, 1984; hioet al., 1988), and coated in order to shorten the accumulation time. The isotro

kinds of gel o b tructed b fractall pic two-dimensional position of scattering intensity was
many kinds of gels seem fo be constructed by a tractaly azimuthally averaged. The scattering intensity of sample
rough structure. It is well-known that the fractal structure is

ructed b ted clust t the critical point of gel solution was corrected by subtracting the intensity of back-
constructed by aggregated clusters at the critical point orge a'ground. The sample-detector length of the present study was
tion. Kawai et al. determined the fractal dimension for the gels

f sodi linat ; Kawai et al. 1994 about 1.66 m, and temperature control is carried out at the
Of Sodium aiginate agueous systems (Kawali ela., ) temperature ranging from 26 to 60C by a heater with
In the present article, we discuss the static structure of

. . circulation of cold water. The time-resolved measurements
curdlan gel and the structural changes during the gelation

) S . were performed to clarify the structural change during the
b_ased on the time resolved .SAXS and dynamic wscoglasn— gelation, and the number of photons of scattered X-ray was
city measurements. The static structure of curdlan gel is also

. : ; accumulated every 600 s. The measurements were carried
discussed in terms of the scaling theory. out continuously for six intervals

2. Experimental 3. Results and discussion

2.1. Sample preparation 3.1. Gelation mechanism and structural changes during
gelation for 5 wt.% Curdlan in 0.01 N NaOH aqueous
The spray-dried powder of curdlan (biochemical grade) solution
was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). The powder of curdlan was dried in vacuum As mentioned in earlier previous article, the molecular
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Fig. 2. Temperature jump effect on time dependence of storadep@n
circles) and loss & (closed circles) for 5wt.% curdlan in 0.01 N NaOH
aqueous solution. The dynamic strain amplitydat the edge is 0.0075 and
angular frequency is 107 s™%.

association of curdlan dissociates at’@0and gelation

occurs in the concentrations of NaOH below 0.05 N. The
construction of network structure of the gel would be
accompanied with the dissociation. As curdlan is a hydro-

both the moduli can be divided into four regions as follows:
In the first region, just after th&jump (200 s<t < 300 s),

the storage and loss moduli slightly increase. This behavior
is originated from the expansion of the molecular associa-
tion, and the temporal cross-linking points are formed at the
boundaries of the molecular associations. In the second
region (300s< t < 480s), both the moduli rapidly
decrease, which is originated from the dissociation process
of the molecular association. Thermal energy of the mole-
cular chains in the molecular association overcomes the
hydrophobic interaction, and each molecule becomes diffu-
sive. This results in cleaving the temporal network formed
in the first region and decreasing the valuebfin the third
region (480s< t < 1800s), both the moduli slowly
increase, which is attributed to the new formation of the
intermolecular three-dimensional network. In the fourth
region ¢ > 1800 s), they reach an asymptotic value, in
which the system reaches equilibrium condition, and the
gelation is completed.

The structural change during the gelation is also investi-
gated by the time resolved SAXS measurement withTthe
jump procedure. Fig. 3 shows the Kratky plbfg)-g? vs.q)
for 5 wt.% curdlan in 0.01 N NaOH aqueous solution at the
intervals of 600 s. Herd(q) andq respectively represents
the scattering intensity and the magnitude of the scattering
vector,q, (q = 4 sin(6/2)/\; 6 andA being the scattering

phobic polymer, the nature of cross-linking points seems to angle and the wavelength of an incident X-ray). Th@mp

be the hydrophobic interaction (Kanzawa et al., 1987).
Fig. 2 shows the temperature jumpjump) effect on the
time dependence of the storage modul@s, and loss
modulus,G”, atw = 10°s™* for 5 wt.% curdlan in 0.01 N
NaOH aqueous solution. TAejump from 30C to 60C was
applied at about= 200 s and the temperature seems to be in
an equilibrium at about = 300 s. The time dependence of

40x1073
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30+ O t=0s
A t=600s
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Fig. 3. Temperature jump effect on time dependendéqé’vs g plot for
5 wt.% curdlan in 0.01 N NaOH aqueous solution.

from 25°C to 60C is applied at = 0 s. Dispersive points of
the Kratky plot in the value ofj larger than 0.18 A'was
originated from an experimental noise, as the valuga)fin

the largeg is very weak and difficult to detect. Two maxi-
mums are observed in the Kratky plot at abqut 0.15 Al

(in large value ofj) andq = 0.02 A (in the small value of

q), just after applyingl-jump. The structure corresponding
to the broad maximum in larggis smaller in scale than the
structure corresponding to that in smalin the real space.
Kanaya et al., reported the similar scattering profile, i.e. two
maximums in the Kratky plot become a single maximum
with constructing entangled network in the phase separation
behavior of poly(vinylalcohol) (PVA) aqueous system
(Kanaya et al., 1995).

Two maximums in our data at 25 suggest that the exis-
tence of different network structure in the scale. The maxi-
mum in the smallg gradually disappears, and this means
that the large structure disappears with time. After 1800 s,
there remains only a single maximum at layeand the
scattering curve is almost invariable beyond this time. It
should be noted that this time approximately agrees with
the time when the value o6’ reaches the equilibrium
value, as shown in Fig. 2. The disappearance of the maxi-
mum at the smalt seems to accompany with the gelation,
and this means that the homogeneous network structures can
be characterized by a relatively small structure in scale.

This suggests that there exist a structural change from a
heterogeneous structure to a homogeneous network struc-
ture in the gelation. The structural change at the semi-dilute
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25 Kawai et al. evaluated the fractal dimension for the gel of
5wt% curdlan / 0.01N NaOH 25°C - > 60°C a-L-guluronic acid-rich sodium alginate acids in MgCl
20 o agueous solution to be 1.45 (Kawai et al., 1994), and this
© O%Cb value is very similar to the value obtained in the present
154 . R study. It should be noted that the time for constructing the
Ag:% %%% fractal structure agrees with the time when the maximum is
- § o Q;éb smallqregion in the Kratky plot disappears. This means that
a 107 o . the formation of the fractal structure accompanies with the
= 3 structural change from the heterogeneous to homogeneous
8 054 structure. Based on the fact that the heterogeneous molecu-
O t=0s . lar association dissociates at’60) the heterogeneous struc-
0.0 é E?gggs - ture before gelation consists of both the long-range and
o t=1800s short range correlation lengths, and the homogeneous struc-
0.5 v t=2400s ture after gelation consists of single correlation length.
® t=3000s : Lo ; ;
The fractal dimension is useful to discuss the static struc-
1.0 | 0 . ture of gels. The value af is connected with the exponemt
25 2.0 -1.5 -1.0 -0.5 which represents the degree of expansion for a molecular

log(a/A™

chain as follows:

Fig. 4. Temperature jump effect on time dependence of(qpvs. logq
plot for 5 wt.% curdlan in 0.01 N NaOH aqueous solution.

av=1. (@)

Also the exponentv is correlated to the end to end

. . . . . distanceR as follows:
regime would be associated with the dissociation process of

the molecular association at the dilute regime.

Fig. 4 shows the SAXS profile during the gelation from
another aspect, wheté) andq for the same system as Fig. Here, b and N denote the unit segment length and the
3 is double logarithmically plotted. Here, an upturn is number of the segment in a polymer chain, and the value
observed in the SAXS curve at very small valuesqdbr of v is expected to be 1/2 and 3/5 for the Gaussian chain and
t= 0. This upturn is called the Picot—B€heffect (Bastide, the polymers in a good solvent, respectively. Schaefer et al.
1996), which is considered to be ascribed to the existence ofreported for the polystyrene in cyclopentane system that the
a long-range correlation in the networks and an interference value of« is 2 at the® temperature, and this value gradu-
between scattering objects. Thus the appearance of theally approaches to 5/3 with increasing temperature (Miyaji
Picot—Bend effect means the network consists of hetero- and Ogawa, 1989). Thus, the value®fis expected to be
geneous structure. The Picot—Béreffect disappears with ~ 1.67 for the polymers in a good solvent, and our values of
time after 1200 s, which suggests that a large structure infor curdlan gel would not be so far from 1.67. This suggests
scale disappears. This result agrees with the Kratky plot asthat the networks of curdlan gel would be similar to the state
shown in Fig. 2. of the polymers in a good solvent. This point will be

After 1800 s, the relationship betweHn) andgbecomes  discussed in Section 3 by using a scaling theory.
almost a straight line approximately over a decad€?.0 < As shown in Fig. 4, all of the SAXS profiles vary approxi-
log g < — 1.0, and this means thifg) is expressed by a  mately proportional t@ “in largeq (logq> — 0.75), that
single exponential function af. The absolute value of the is, the Porod region. The appearances of the Porod means
exponent,a, gives a fractal dimension of a substances as that the electric density of scattering objects has a clear
expressed by the following equation (Ogawa, 1990): boundary in sufficiently small length scale.

(@ ~q*“ @

Here, the fractal structure is divided into the surface frac-

tal (« = 2d-D) and the mass fractak(= D) in the d- The equilibrium structure of curdlan gel was studied
dimensional space. We can distinguish them easily from \5ing the scaling theory of des Cloizaux for the various
the value of the exponent i.e. 4 a < 3 for mass fractal  ¢oncentrations of curdlan in 0.01 N NaOH aqueous solu-
and 3< a < 4 for surface fractal, respectively in the three- jon  This scaling theory for polymers at the semi-dilute
dimensional space (Bastide and Candau, 1996). As the valugggime predicts the relationships between the osmotic pres-

of « in the present study is approximately estimated to be sure,I1, the correlation lengthe, the polymer volume frac-
1.4, the mass fractal structure seems to be constructed with[iOn &, and the osmotic bulk modulu,s as follows

the gelation. The construction of fractal structure SUQQEStS(BaStide and Candau, 1996):
that the gel consists of the homogeneous structure in macro- ’
scopic sense. I~ &%~ ¢° ~ Kos. 4

R~ bN". (©)

3.2. Network structure of Curdlan gel
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Fig. 5. Double logarithmic plot betweé(q) andq plot for various concen-
trations of curdlan in 0.01 N NaOH aqueous solution &Golid lines
denote the least square fitting curves of Ornstein Zernike equation.
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Here, the exponerstcan be connected with ass = 3dv/
(3dv-1) for thed-dimensional space, and the valuesas
expected to be 2.25 for the polymers in a good solvent (
3/5). According to de Gennes, the term ‘“semi-dilute
regime” means that the volume fraction of polymer is
much larger than the overlapping volume fraction of the
polymer chain,¢*, while much smaller than that of the
polymer matrix,

P <p<1

As Eq.(4) is derived from the c* theory, or mean field
theory, this scaling law fails in explaining the heterogeneous
networks and the local structure. In the case of the three-
dimensional space, the relationship between the correlation
length and the polymer volume fraction for polymer in a
good solvent is calculated from Eg. (4) as follows:

E~ ¢ 3 (5

The correlation length can be determined from the SAXS
measurement by using the Lorentzian type Ornstein—
Zernike equation as shown in Eq. (5) (Bastide and Candau,
1996; Berne and Pecora, 1990).
l(@) = 101 + ¢°&). (6)
Herel(0) denotes the zero angle scattering intensity.

The values of(q) for the various concentration of curdlan
in 0.01 N NaOH aqueous gels at°@8are double logarith-
mically plotted against in Fig. 5. Each SAXS curve is
vertically shifted by a shift factor A to avoid overlapping
them, except for 3 wt.%. We can estimate the value of corre-
lation length by the least-squares fitting of Eq. (6) as shown
by the solid lines in Fig. 5. For heterogeneous network
systems, the correlation length must be calculated by the
squared-Lorentz type Ornstein—Zernike equation that is
derived from the Debye—Bueche equation (Koberstein et
al., 1985). The values of correlation length estimated from
both the equations are approximately the same value. More-
over, the Picot—Berbeffect cannot be seen in the scatter-
ing profiles at 60C, we used the value of correlation length
estimated from the line shape Lorentzian equation for
simplicity. In general, this approximation is valid.

In Fig. 6, the correlation length is double logarithmically
plotted against concentration of curdlarf60The relation-
ship can be approximated by a straight line with a slope of
— 0.752, and the experimental results agree with the theo-
retical prediction from Eq. (5) under an assumption that the
relation between the volume fraction and the weight
concentration of polymer solutiom, can be written as =~
100+¢. This relationship suggests that the network in the gel
is constructed by the homogeneous structure. We can treat
the network structure of gel as that of the polymer chains in
a good solvent at the semi-dilute regime.

The scaling theory for the polymer in a good solvent at
the semi-dilute regime is extended to the swelling gel in a
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Fig. 7. Storage modulu§’ at @ = 10! s is double logarithmically
plotted against concentration of curdlan in 0.01 N NaOH aqueous solution
at 60C.

good solvent as following equation (Bastide and Candau,
1996; Horkay, 1989).

G(¢e) ~ V71, @

Here,¢.andG are the polymer volume fraction in the gel at
the maximum swelling and the shear modulus of the gel,

|/ Carbohydrate Polymers 39 (1999) 53-59

In Fig. 7, the value of Gin the plateau regions =
0.1s %) are plotted double logarithmically against the
concentrations of curdlan at 8D. The relationship is
approximately fitted by a straight line with slope of 2.25.
However, the slope seems to increase as the concentrations
of curdlan below 5 wt.%. This suggests that the threshold of
gelation seems not so far from 5 wt.%, and Eq. (7) is invalid
for the region near the gelation point.

In order to connect the results obtained from the SAXS
measurements with these obtained from the dynamic
viscoelastic measurements, we use a new equation by
connecting the equation for the swelling gel in a good
solvent with that for the polymer in good solvent as follows:

Glpe) ~ &) > ®

Fig. 8 shows the double logarithmic plot between the
value of G in the plateau region and the correlation length
for various concentrations of curdlan in 0.01 N NaOH
agueous solution at 80. As shown in Eq. (8), the exponent
of the correlation length is expected to be3. However, as
shown in Fig. 8, the absolute value of the exponent seems to
be slightly larger than 3. Considering the polydispersity of
the natural polysaccharide, this result is not so far from the
theoretical prediction. According to the rubber elasticity
theory, the plateau modulus can be estimated from the
number cross-linking density, which can be estimated
from the correlation length for the appropriate lattice. The
calculated values of the plateau modulus approximately

respectively. In the three-dimensional space, the exponentagree with the experimental values within the error of

of ¢ is expected to be 2.25 in the concentrations of polymer
sufficiently higher than the gelation point. It should be noted
that the value of exponent for a swelling gel is the same
value as the value of the polymer in a good solvent.

4.0
curdlan / 0.01N NaOH 60°C
3.5
©
o
o 3.0
o
ke)
2.5 slope : -3.6
2.0 T T 1
1.0 1.5 2.0 2.5 3.0
log €/ A)

Fig. 8. Storage modulu’ atw = 10" s *double logarithmically plotted
against the correlation length for various concentrations of curdlan in
0.01 N NaOH aqueous solution at°€Dd

0.35% on the assumption that the unit cell of the network
chain is the face-centered lattice. This implies that the rela-
tionship between structural information obtained by the
SAXS measurements and mechanical information obtained
from the dynamic viscoelasticity measurements seems to be
expressed by the simple scaling theory. This result implies
that the obtained value of correlation length is related to the
mechanical point which is an origin of elasticity, that is, the
correlation length seems to correspond to the distance
between the cross-linking points. The networks of curdlan
gel are characterized by blobs whose diameter is correlation
length.

4. Conclusion

It was clarified from the results of the time resolved
dynamic viscoelasticity and SAXS measurements that the
gelation of curdlan occurred via the structural change from a
heterogeneous structure to a homogeneous structure, and
each structure corresponds to the associated state and disso-
ciated state of the molecular association at the dilute regime.
According to the scaling theory, a good agreement can be
seen in the relationship between the results of dynamic
viscoelasticity and SAXS measurements. Also the growth
of the fractal structure during the gelation process is kineti-
cally investigate by time resolved SAXS measurements.
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gelation

59

Fig. 9. Models for the transition from inhomogeneous to homogeneous network structure. Left panel and right panel represent the heterogeneaunsi struc

homogeneous structure, respectively.

The fractal structure of gel is characterized by the mass
fractal of dimension about 1.4. The gelation process is

schematically illustrated as Fig. 9, in which the heteroge-
neous network at 2& becomes homogeneous network by

schizophyllan (SPG)I — its action as a mitogen and Ant-HIV ageit.
J. Immunopharmag12, 225-233.

Kanaya, T., Ohkura, M., Kaji, K., Furusawa, M., & Misawa, M. (1990).
Structure of poly(vinyl alcohol) gels studied by wide and small-angle
neutron scatteringlacromolecules27, 5609-5615.

dissociation, and after dissociation process, mass fractalkanaya, T., Ohkura, M., Takeshita, H., Kaji, K., Furusawa, M., &

structure is constructed.
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