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Abstract

The dynamic viscoelasitc behavior of Lentinan, one triple helical B-(1 — 3)-p-glucan from the fruiting body of Lentinus edodes, in water was
investigated as a function of concentration and molecular weight at 25 °C by using dynamic rheology. It was revealed that the shear storage
moduli (G'), viscous loss moduli (G"), and the dynamic complex viscosity (n*) exhibited strong dependence on concentration and molecular
weight. At low concentrations, the Lentinan/water systems displayed liquid-like behavior with G’ lower than G” at low frequencies and cross-
ing-over at high frequencies. With increasing concentration, the elastic response of the Lentinan/water system was stronger than the viscous
response, leading to the conclusion that the Lentinan/water systems displayed a predominantly solid-like behavior. The gel point (¢ ;) was de-
termined from Winter—Chambon method (frequency-independence of tan §). The most important point is that the c,.; was much lower than
some synthesized polymers and other flexible polysaccharides, which may be attributable to the high stiffness of triple helical Lentinan and
strong intra- and intermolecular interactions among polysaccharide chains. Furthermore, a decrease in molecular weight leads to a sharp increase
of Cgel. The dynamic strain sweep measurements proved that the gelation of Lentinan in water is induced by the extremely entangled and stiff
triple helices forming continuous network, and the Lentinan gel is structurally more like a solution that is unable to flow within a timescale of

usual observation.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past two decades, the naturally occurring polysaccha-
rides have received much attention because of their wide appli-
cability in industries as texture modifiers, gelling agents,
thickeners, emulsifiers, stabilizers and coating or packaging
films in various fields including foods, pharmaceuticals, cos-
metics, textiles and biomedical sectors [1,2]. Gellan and xan-
than gums are the most commonly applied for commercial
importance, and have been produced in a large scale by in-
dustrial fermentation. Gellan gum has been expected to be
not only a new gelling agent but also a good model for the
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study of thermo-reversible gelling process. However, it is not
a gel-forming polysaccharide, but forms a transparent gel resis-
tant to acid and heat in the presence of divalent cations [3]. Xan-
than is also a non-gelling polysaccharide that can exist in
solution as a rigid and ordered chain conformation, and show
shear-thinning flow behavior in concentrated solution. When
it is mixed with other non-gelling polysaccharides of the galac-
tomannan family, it can form gels. Therefore, it is used as thick-
ening agent now, and the rheological properties of the gels
formed from xanthan mixed with other non-gelling polysaccha-
rides of the galactomannan family have been the object of
extensive research [4—7].

Polysaccharides from fungi are an interesting source of
additives for several industries, in particular for the food and
pharmaceutical industries because of their safe and nonpoison-
ous functional properties in a variety of products. Lentinan,
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which is a neutral polysaccharide produced by Lentinus edodes,
consists of a B-(1 — 3)-p-glucan with a side chain of B-(1 —
6)-p-glucan [8]. Lentinan occurs as triple helix in aqueous so-
lution [9], and it transits from triple helix to random coils in
aqueous solutions containing dimethyl sulfoxide (DMSO) or
concentrated NaOH solution [10,11]. Interestingly, it is differ-
ent from the non-gelling polysaccharides such as gellan and
xanthan gums that Lentinan in water can form a gel at room
temperature without addition of anything. However, to our
knowledge, a rheological characterization of Lentinan in aque-
ous systems has been scarcely published. The study of gelation
of polysaccharides is not only scientifically interesting but also
important in food, pharmaceutical, biomedical, cosmetic, coat-
ing, painting, and related industries [12]. Therefore, the aim of
this paper is to present a thorough investigation of the dynamic
viscoelastic properties of Lentinan aqueous systems under dif-
ferent polymer concentration conditions to clarify the solu-
tion—gel transition process in water. This work will provide
important information of rheology for stiff polysaccharides,
and contribute to application of natural polysaccharides in
industry.

Dynamic rheology is one of the most extensive methods to
study rheological properties of polysaccharide solution. The
rheological characteristics in the vicinity of the solution—gel
transition can be described using the power laws or scaling
laws [13—15]. Three scaling laws, which have been exten-
sively applied to many types of polymeric gels (both chemical
and physical gels), are established for (i) the zero-shear viscos-
ity no [16—18], (ii) the dynamic moduli G’ and G” [19—23],
and (iii) the equilibrium modulus G, before, at, and beyond
the solution—gel transition, respectively [24—26].

noce " forp<p, (1)
G'(0)=G"(w)xw" atp, (2)
G, o ¢ forp> p, (3)

where ¢ = |p — p,|/p, is the relative distance of a gelling vari-
able p departing from the solution—gel transition point p,, and
p can be, for example, the degree of cross-linking, gelation
time, gelation concentration, or gelation temperature in a gela-
tion process; w is the angular frequency; v, n and z are the crit-
ical exponents determining the critical characteristics in the
vicinity of the solution—gel transition, which have been pre-
dicted theoretically by many models [26]. The three indexes
for the scaling laws are always positive. The critical exponent
n theoretically ranges from O to 1. The typical experimental
values of vy are between about 1.3 and 1.7, and the typically
reported values of z are to be 2.0—3.0 [26]. This approach de-
fines a critical gel point, p,, where G’ and G” exhibit the same
power law dependence with frequency over a broad frequency
range corresponding to the formation of a continuous network
at the percolation threshold. This work will study the solu-
tion—gel transition of Lentinan and examine if the solution—
gel transition behavior could be described by the scaling law
proposed by Winter and Chambon.

2. Experimental section
2.1. Sample preparation

Lentinan was isolated from fruiting bodies of L. edodes cul-
tivated in Fujian in China by extraction with 5% NaOH/0.05%
NaBH, two times, and precipitation with 36% acetic acid to
remove o-(1 — 3)-p-glucan, according to previously reported
method [9]. The supernatant was treated with 30% H,0, to de-
colorize. Aqueous solution of Lentinan was dialyzed against
distilled water for 4 days, and concentrated by rotary evapora-
tor at reduced pressure below 45 °C, and finally lyophilized to
obtain colorless flakes coded as LF-1. In order to investigate
the effect of molecular weight on the solution—gel transition,
LF-1 was dissolved in water with concentration of 1.5 wt%,
and degraded into three fractions by ultrasonic degradation
performed on the Ultrasonic Cleaning Machine MUS/1004
(Shenzhen Modern Ultrasonic Industrial Co., Ltd., China)
with different time such as 2, 4.5 and 10h at 25 °C. The
sample solutions were dialyzed, and lyophilized to get the
final fractions coded as LF-2, LF-3, LF-4, respectively. The
four samples LF-1-LF-4 were used in the following
experiments.

2.2. Intrinsic viscosity

The intrinsic viscosities ([n]) of Lentinan fractions in water
and dry dimethyl sulfoxide (DMSO) at 25 °C were determined
by using an Ubbelohde capillary viscometer. All fractions
have low critical overlap concentrations c* at which the tran-
sition from a dilute solution of independently moving chains
to a network occurred. For example, the ¢* value for LF-1
has been estimated to be about 3.8 x 107 g/mL, and those
for LF-2 and LF-3 are ~1 x 1073 g/mL. Therefore, all the
measurements were carried out in the dilute regimes
(c < c*). The kinetic energy was always negligible. The Hug-
gins and Kraemer equations were used to estimate the intrinsic
viscosity.

2 — (o] + Knfe 4)
In uB 2
— =l =Bl (5)

where 74,/c is reduced viscosity; 7, relative viscosity; ¢, poly-
mer concentration with unit of g/mL; k and (3, the constants for
given polymer in desired conditions.

2.3. Light scattering

The light scattering intensities of Lentinan fractions in pure
water (double distilled water) were determined by multi-angle
laser light scattering instrument (MALLS) (Wyatt DAWN
DSP, Santa Barbara, CA) at the angles of 26, 35, 43, 52, 60,
69, 80, 90, 100, 111, 121, 132, 142, 152, and 163° combined
with size exclusion chromatogram (SEC-LLS) equipped with
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a TSK-gel G4000 PWXL column (7.8 mm x 300 mm),
a TSK-gel G6000 PWXL column (7.8 mm x 300 mm), a dif-
ferential refractometer (Wyatt Optilable DSP) at 25 °C with
a polarized He—Ne laser of 633 nm in wavelength. The eluent
was second distilled water with a flow rate of 0.8 mL/min. The
solutions of desired polysaccharide concentrations were pre-
pared, and optical clarification of the solutions was achieved
by filtration through a sand filter followed by a 0.45 pm
pore-size filter (NYL, 13 mm Syringe filter, Whatman, Inc.,
USA). The injection volume is 200 pL. The light scattering in-
tensities of Lentinan in dry DMSO was measured by multi-
angle laser light scattering instrument (MALLS) (Wyatt
DAWN DSP, Santa Barbara, CA) at the angles of 49, 56, 63,
71, 81,91, 99, 109, 118, and 127°. The angular and concentra-
tion-dependences of scattered intensities were analyzed by
using Berry’s square root plot [27], that is (Kc/Ry)">
vs sin*(6/2) 4 kc. Here K is the optical constant, ¢ the polymer
mass concentration, k the ‘“stretch factor,” which scales the
contributions from c to be roughly equal to the contributions
from sin*(A/2), and R, the reduced scattering intensity at scatter-
ing angle 6. The instrument was calibrated by the usual method,
with toluene at 25 °C as the reference liquid. The Rayleigh ratio
of pure filtered toluene at 25 °C and 632.8 nm was taken to be
1.406 x 107> cm™"'. The normalization of the detectors and de-
termination of the interdetector volume were performed with
standard monodisperse pullulan (M,/M,, = 1.1) with the molec-
ular weight of 1.18 x 10* g/mol that did not show angular de-
pendence of the light scattering signal. The specific refractive
index increments (dn/dc) of Lentinan in water and DMSO
were measured by using Optilab refractometer (DAWN® DSP,
Wyatt Technology) at 633 nm and 25°C and found to be
0.140 and 0.060 mL/g, respectively. Astra software (Version
4.70.07) was utilized for data acquisition and analysis.

2.4. Rheological measurements

The dynamic viscoelastic behaviors of Lentinan fractions
were carried out on ARES-RFS III rheometer (TA Instru-
ments, USA). A double-concentric cylinder geometry (R,/
R> =32 mm/34 mm) was used to measure dynamic parame-
ters such as the shear storage modulus (G’) and loss modulus
(G”) as functions of angular frequency (w) at 25 °C. The rhe-
ometer was equipped with two force transducers allowing the
torque in the range from 0.004 to 1000 g cm. Dynamic strain
sweep measurements were carried out at 1 rad/s to determine
the linear viscoelastic regime of Lentinan fraction in water
with a strain range from 0.1 to 900% for Lentinan fractions
in water. Dynamic frequency sweep measurements of G’ and
G" were performed in a controlled-strain mode. For each
dynamic frequency sweep measurement, a fresh Lentinan
fraction solution was prepared and poured into the couette ge-
ometry instrument. Temperature control was established by
a julabo FS18 cooling/heating bath kept within +0.4 °C over
an extended time. The solution was covered with a thin layer
of low-viscosity silicone oil in order to prevent dehydration
during rheological measurements.

3. Results and discussion
3.1. Molecular characteristics of Lentinan

Fig. 1 shows the SEC/MALLS chromatogram for Lentinan
fraction LF-3 in water. It clearly appears that fractions with
highest molecular weight were eluted approximately at the
same elution time, leading to the non-Gaussian curve. This
is indicative of the dead time, implying that the columns
may not be the best condition to work for the sample having
high molecular weight and stiff chain conformation. However,
their molecular weight was detected by LLS, an absolute
method, so it is not a problem for the global weight-average
molecular weight determination. This result also suggests
that the chains of the sample adopt expanded conformation
in water, leading to the large exclusion volume. It is worth not-
ing that the plot of (Kc/Ry) vs sin2(6/2) for experimental data
becomes practically nonlinear in a broad angular range yield-
ing (s*)"* unreliably when the molecular weight of sample is
greater than 1 x 10° or the sample shows stiffness or the
distribution of molecular weight is polydispersed [28,29].
Fig. 2 shows angular dependence of (Kc/R,;)"? for Lentinan
fraction LF-3 at a concentration of 1.194 x 10> g/mL in wa-
ter. Obviously, the scattering envelopes in Fig. 2 show a nonlin-
ear angular dependence that has noticeable downward
curvature at high angles. Similar curvatures were also found
at other concentrations and for other Lentinan fractions in wa-
ter, which may be attributable to the multiple reasons such as
high molecular weight, chain stiffness and polydispersity of
molecular weight distribution. Fig. 3 shows the Zimm plot
of Lentinan fraction LF-1 in DMSO. The downward curva-
tures were also observed at high angles. It can be explained
as the polydispersity and the extension of polymer chains
due to the exclusion volume effect of flexible chains. Table 1
summarizes the intrinsic viscosities [n] and weight-average
molecular weight M, of Lentinan fractions from capillary vis-
cometer and light scattering. Obviously, the values of [n] in
water much higher than those in DMSO, and the ratios of
[7] in water to that in DMSO are higher than 5, indicating
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Fig. 1. SEC/MALLS curve of LF-3 in water at 25 °C.
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Fig. 2. Angular dependence of (Kc/Rz)"* for LF-3 with a concentration of
1.194 x 107> g/mL in water at 25 °C. The dashed line indicates the initial
slope.

that Lentinan fraction chains exist in completely different con-
formation in the two solvents. The higher viscosity in water
than in DMSO implies that Lentinan fraction exists as stiff
chains in water and flexible chains in DMSO, resulting in
a sharp decrease in intrinsic viscosity. The relationships be-
tween [n] and M,, of Lentinan fractions in water and DMSO
are estimated roughly as follows.

(] =2.0x 107*M;" (in water) (6)
(7] =9.9x 107°M27* (in DMSO) (7)

The exponents 1.1 and 0.72 further proved that Lentinan frac-
tions show considerable stiffness in water and flexibility in
DMSO, in consistency with our previous studies [9,10]. It is
well known that the Mark—Houwink exponent « is also re-
lated to the reverse of a fractal dimension dy as follows [30].

di=3/1+a) (8)
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Fig. 3. Zimm plot of LF-1 in DMSO at 25 °C.

Table 1

Molecular characteristics of Lentinan

Samples  [n] (mL/g) My, x107* My, in wae []in water
In In In In My, in pmso  [7)in DMSO
water DMSO  water DMSO

LF-1 906.9 128.3 160.1  52.0 3.1 7.1

LF-2 820.8 114.2 1412 444 3.2 7.2

LF-3 7443 1029 129.7 38.8 33 7.2

LF-4 459.9 80.3 97.5 27.1 3.6 5.7

From Eq. (8), d; of Lentinan fractions in DMSO can be calcu-
lated to be 1.74, revealing that DMSO is a good solvent for
Lentinan fractions and the polysaccharides exist as extended
coil chains in DMSO [31].

3.2. Dependence of dynamic viscoelastic
behavior on concentration

Fig. 4 shows the shear storage moduli (G') and loss moduli
(G") as a function of angular frequency for Lentinan fraction
LF-1 with various concentrations c. It is very interesting that
Lentinan fraction LF-1 is easily gelled at low concentration
(lower than 4.0 x 107> g/mL), whereas few general polymers
show similar phenomenon. At a concentration of 3.0 x
10~° g/mL, G’ and G” crossed-over at intermediate frequency,
indicative of concentrated solution or viscoelastic fluids or en-
tangled system [32]. This frequency-dependence of G’ and G”
can be explained as follows. At relatively low frequencies,
where substantial disentanglement of polymer chains can oc-
cur easily during the long period of oscillation, the predomi-
nant response to the imposed deformation is characterized
by the viscous storage G”; at relatively high frequencies, as
the rate of oscillation exceeds the timescale of molecular rear-
rangements, entanglement coupling becomes less distinguish-
able from “permanent” association of chains in the gel
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Fig. 4. Storage modulus G’ (solid symbols) and loss modulus G” (open sym-
bols) as a function of angular frequency w for LF-1 solutions at 25 °C. The
concentrations are 2 X 1073, 3 x 1073, 4 x 1073, 5x 1073, 6 X 1073,
7 x 1072 and 8 x 10~ g/mL from bottom to top. The data were shifted along
vertical axes by 10¢ to avoid overlapping.
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network, and plays a role of knots and forms a temporary
three-dimensional network, resulting in the overall response
approaching that of a gel where G’ predominates [32—35].
Moreover, the crossover frequency decreases with increasing
concentration, showing the ability of temporary network is en-
hanced by an increase in polysaccharide concentration. At
a concentration of 4.0 x 10> g/mL, the spectra have an obvi-
ous weak gel-like character, showing that G’ parallels to G”
and dominates over G” over the entire frequency range exam-
ined, but that both moduli still show a frequency-dependence
[32]. Based on the above experimental results, it can be con-
cluded that the solution—gel transition occurred between
3.0 x 102 and 4.0 x 1073 g/mL. When c is further increased,
the frequency-dependence of G’ and G” becomes weaker and
weaker and the value of G’ and G” also increase with increas-
ing concentration, suggesting an increase of the gel strength.
It has been reported that the exponent “n” of G’ « ", an-
other rheological parameter given by the slope of the log—log
plot of G’ vs w, can be used to describe the solution—gel tran-
sition. Fig. 4 gives nearly straight lines for log G’ vs log w over
the accessible frequency window (three decimal), following
the commonly observed relation G’ « w". The values of expo-
nent n show significant concentration-dependence (as shown
in Fig. 5). For n is around 1, the system behaves like a weak
gel, while when 7 tends to 0, the gel presents an elastic behav-
ior [21,36]. In our case, n varies within 0—1, suggesting that
Lentinan fraction LF-1 solutions tend to form elastic gels
with increasing concentration. The gel strength increases
with increasing concentration, as observed from the decrease
in the “n” value, in consistency with the result from Fig. 4.
Tan 6 is a measure of the relative contribution of viscous
components to the mechanical properties of the material. For
a conventional elastic gel, tan 6 < 0.1, while for a typical
weak gel, the moduli exhibit relatively large frequency-depen-
dence accompanied by a tan ¢ value >0.1 [37—39]. The G’ in
Fig. 4 and the corresponding G” values have been used to es-
timate the values of tan 6 for Lentinan fraction LF-1 at various
concentrations. Fig. 6 shows frequency-dependence of tan ¢ at
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Fig. 5. Exponent n of G’ ~ «" as a function of concentration for LF-1 in water
at 25 °C.
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Fig. 6. Loss tangent tan 6 as a function of frequency for LF-1 in water at 25 °C
and various concentrations. The concentrations are 2 X 10’3, 3 x 10’3,
4 x 10’3, 5x 10’3, 6x102and 8 x 1073 g/mL from top to bottom.

various concentrations for Lentinan fraction LF-1 in water.
Except for the lower two concentrations, the tan 6 shows fre-
quency-independence almost in the whole frequency range ex-
amined, revealing formation of gels [21,40]. The tan ¢ values
are smaller than 1.0 but slightly higher than 0.1 over the entire
frequency range, suggesting that Lentinan fraction LF-1
formed weak gels where the elasticity dominates these sys-
tems [41].

The similar dynamic viscoelastic behaviors were observed
for the other Lentinan fractions LF-2 and LF-3 as shown in
Figs. 7 and 8, and the gelation concentrations where the solu-
tion—gel transition occurred were strongly dependent on the
molecular weight of Lentinan fractions. Fig. 9 shows G’ and
G” as a function of angular frequency for Lentinan fraction
LF-4 solutions with various concentrations. In contrast to
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Fig. 7. Storage modulus G’ (solid symbols) and loss modulus G” (open sym-
bols) as a function of angular frequency w for LF-2 solutions at 25 °C. The
concentrations are 3 X 1073, 4 x 1073, 5% 1073, 6x1072 and 7 x 1073 g/
mL from bottom to top. The data were shifted along vertical axes by 10 to
avoid overlapping.
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Fig. 8. Storage modulus G’ (solid symbols) and loss modulus G” (open sym-
bols) as a function of angular frequency w for LF-3 solutions at 25 °C. The
concentrations are 4 x 107, 5x 1072, 5.5x 107, 6 x 107, 7 x 10~ and
8 x 107> g/mL from bottom to top. The data were shifted along vertical
axes by 10“ to avoid overlapping.

Lentinan fractions LF-1, LF-2 and LF-3, LF-4 show com-
pletely different dynamic rheological behavior. G’ and G”
crossed-over at a given frequency indicative of a concentrated
solution or an entangled system [32]. At a concentration of
1.0 x 1072 g/mL, the exponents n of the scaling relation:
G ~ " and G" ~ w" at low frequency are 2 and 1, respec-
tively, indicative of a typical liquid-like terminal behavior
[42,43]. At a concentration higher than 1.0 x 1072 g/mL, the
frequency-dependence of G’ and G” became weak, and the
values of n deviated from 2 and 1, which resulted from the for-
mation of network in water. However, the continuous network
or gel formation for Lentinan fraction LF-4 was not observed
in the range of concentration used in this experiment. It can be
explained as follows: when molecular weight decreased, the
chain stiffness increased and the trend of entanglement or
aggregation decreased resulting in the weakness of gelation.
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Fig. 9. Storage modulus G’ (solid symbols) and loss modulus G” (open symbols)
as a function of angular frequency w for LF-4 solutions at 25 °C. The concen-
trations are 1 x 1072, 1.5 x 1072 and 2 x 10~ g/mL from bottom to top.

Fig. 10 demonstrates the angular frequency of dynamic
complex viscosity, n* of Lentinan fraction LF-1 at different
concentrations. Obviously, no marked frequency-indepen-
dence of n* was observed for all the polysaccharide systems
with different concentration. With increasing concentration,
n* gave a rapid rise and exhibited marked shear-thinning
behavior at high angular frequency. Moreover, the critical
angular frequency where the shear-thinning behavior occurred,
decreased with increasing concentration, which was attribut-
able to the orientation of stiff chain under shear. Doi and Ed-
wards has shown theoretically that rod-like molecules in
solution will align and move longitudinally in a constrained
tube before the occurrence of intermolecular interaction under
the application of shear forces [44], namely, the shear force
dominates the Brownian motion, causing molecular alignment,
and results in the shear-thinning behavior at low frequency.

3.3. Dependence of dynamic viscoelastic
behavior on molecular weight

Fig. 11 shows G’ as a function of angular frequency for
Lentinan fractions in water with different molecular weight
at desired concentration. G’ increases with increasing molecu-
lar weight at given concentration. The slope of log G’ ~ log w
over the entire frequency range decreases sharply with increas-
ing molecular weight. At low frequency, G’ of Lentinan frac-
tion LF-1 is distinguishable from those of Lentinan fractions
LF-2 and LF-3, and shows very weak frequency-dependence,
indicating the formation of Lentinan fraction LF-1 gels and
higher strength of the gels.

Fig. 12 shows the frequency-dependence of dynamic com-
plex viscosity n* of Lentinan fractions in water with different
molecular weight. n* increases abruptly with increasing mo-
lecular weight at desired concentration, and frequency-inde-
pendence was not observed over the entire frequency range
for all the LF-series. At a concentration of 4.0 x 10> g/mL,
n* of Lentinan fraction LF-1 was much higher than that of
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Fig. 10. Complex viscosity n* as a function of angular frequency for LF-1 in
water at 25°C. The concentrations are 2 X 10’3, 3 x 10’3, 4 x 10’3,
5x 1073, 6 X 10’3, 7% 1073 and 8 x 1073 g/mL from bottom to top.
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Fig. 11. Storage modulus G’ as a function of angular frequency « for LF-series
in water with concentrations of 4 x 107> and 6 x 107> g/mL at 25 °C.

Lentinan fractions LF-2 and LF-3 at low frequency, but close
to each other at high frequency. It can be explained as follows:
Lentinan fraction LF-1 with higher molecular weight has
formed continuous gel network structure in water because of
the concentration larger than its cg resulting in the much
higher viscosity than Lentinan fractions LF-2 and LF-3. At
higher concentration of 7.0 x 1072 g/mL which is higher
than the ¢y of the Lentinan fractions, the shear-thinning
behavior became more strong, and 7* shows no marked differ-
ence between the samples having different molecular weights.
It can be attributed to the formation of continuous network for
all the chains in solution.

3.4. Determination of the critical gelation concentration

As mentioned in Section 1, the scaling law in Eq. (2) at the
gel point gives access to determination of the gel point such as
the critical gelation concentration [23,45,46] or the critical
gelation temperature [47,48]. Furthermore, Eq. (2) enables
establishment of the following relation [21]

G"(w)/G'(w) = tan § = tan(nw/2) 9)

LF-1
|
10'F E
—
4
@ 100 F E
: E
=
10F E
102
o (rad/s)
[ T T T T T T T
[ LF-1 c=7x10"° g/mL
u,
10°F Mmg 3
F \l\.\.
A,
LF-2 ™
—_ 00,
) A,
s 10" F LF-3 " 4a 3
o
x
=
10° F 3
AQR
A S
AQO M
A2i§i
10_1 PR | Ll PR | L .......;
102 107" 10° 10° 10?

o (rad/s)

Fig. 12. Dynamic complex viscosity n* as a function of angular frequency w
for LF-series in water with concentrations of 4 x 10~ and 7 x 107 g/mL at
25°C.

This frequency-independence of loss tangent in the vicinity of
the gel point has been widely used to determine the gel point
for chemical and physical gels. In this work, we also examine
this method for determining the solution—gel transition

14+
- -3
12+ i cge|—3.8x10 (g/mL)

tan § = 0.72

1.0 -
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0.6 |
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Fig. 13. Loss tangent tan ¢ as a function of polysaccharide concentration ¢ for
LF-1 in water at 25 °C and various angular frequencies. ¢, is the gel point.
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Table 2
The gel point ¢ for Lentinan fractions in water at 25 °C

Samples Cgel X 10% (g/mL)
LF-1 3.8
LF-2 6.9
LF-3 7.0

concentration of Lentinan gels from a multifrequency plot of
tan 0 vs polysaccharide concentration for Lentinan fraction
LF-1 in water as illustrated in Fig. 13. All curves have passed
through the common point at a certain concentration, which is
defined as the gel point or critical gelation concentration Cg
and determined to be 3.8 x 107> g/mL. As shown in Fig. 6,
at a concentration equal to or higher than 4.0 x 10~* g/mL,
tan 6 shows frequency-independence suggesting that gel for-
mation occurred. Furthermore, tan ¢ values are below 1 during
the entire gelation process suggesting that the system pos-
sesses the weak gel property [49], different from the tan o
values (higher than 1) for chemically cross-linking gel [23].
The value of tan ¢ at the gel point provides the information
about the scaling exponent n of Eq. (2), and then directly ob-
tained n=0.4 by using the relation (9). This value of n is
smaller than that (0.75) of poly(vinyl chloride) gels [23],
which may be attributed to the higher molecular weight
and the presence of extremely entangled triple helix [49].
Additionally, the exponent n is slightly higher than that of
Lentinan fraction LF-1 system with concentration of 4.0 x
1072 g/mL as shown in Fig. 2, implying that the gel point
lies in the vicinity of 4.0 x 102 g/mL. Additionally, fre-
quency-independence of loss tangent is observed for other
Lentinan fractions, and the values of ¢, are summarized in
Table 2. In order to observe the solution and gel status of Len-
tinan fraction in water directly, desired amount of Lentinan
fraction LF-1 was weighed to prepare the Lentinan/water sys-
tem with concentration of 6.0 x 1073 g/mL at 25 °C, which is
much higher than the cge (~3.8 x 1073 g/mL). The system
was stirred continuously until all samples were dissolved com-
pletely, and then held still at 25 °C exhibiting clear gel-like
state as shown in Fig. 14b. After taking picture of the gel, it
was diluted by adding desired amount of water to prepare
Lentinan fraction LF-1 solution with concentration of

3.0 x 107> g/mL and stirred continuously again. The gel was
broken gradually and turned into clear solution as shown in
Fig. 14a. This experiment proved that the solution—gel transi-
tion behavior of Lentinan fraction LF-1 occurred in water at
25 °C by changing the polymer concentration.

From the above analysis, Lentinan fractions LF-1, LF-2 and
LF-3 with relatively high molecular weight form gels at low
concentration, showing different solution behaviors from other
stiff polysaccharides such as xyloglucan, gellan gum, xanthan
gum, schizophyllan and so forth, which will not form gels by
itself at any concentration and room temperature but do form
when mixed with certain components. Furthermore, the cg is
very low compared to synthesized polymers [23], suggesting
that there is stronger intermolecular interaction in Lentinan/
water system. As shown in Table 2, the ¢, values increase
with decreasing molecular weight. Especially when M,, is
84.7 x 10* g/mol, the Cger Values increase sharply. For the tri-
ple helical Lentinan in water, the increase of molecular weight
resulted in the decrease of c,;, namely, the trend of aggrega-
tion or entanglements strengthened. This may be attributed to
the increases of chain flexibility with increasing molecular
weight, resulting in the increase of entanglements and the
length of building blocks for gelation.

3.5. Gelation mechanism of Lentinan in water

In order to examine the nature of the structure in Lentinan
gels and clarify the gelation mechanism, dynamic strain sweep
measurements for Lentinan fraction LF-1 in water with con-
centration of 6.0 x 107> g/mL were repeated for three runs.
Moreover, the second and third runs of dynamic strain sweep
measurements were done immediately after the end of the for-
mer run during which structures in samples had been broken
due to large deformation. Fig. 15 shows the results of the
above experiments. At the concentration of 6.0 x 10 g/mL,
the gelation has already happened and the system is in the
gel state. From Fig. 15, it can be seen that both G’ and G”
keep constant until strain = 100%, beyond which G’ and G”
decrease sharply resulting from the structure breaking due to
large deformation. Therefore, the strain of 100% can be taken
as the upper limit of the linear viscoelastic regime of the

Fig. 14. Photographs of LF-1 with different concentrations of 3.0 x 107> g/mL (a) and 6.0 x 102 g/mL (b) at 25 °C.
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Fig. 15. Strain dependence of G’ and G” determined by dynamic strain sweep
measurement at 1 rad/s for Lentinan fraction LF-1 in water at 25 °C. The poly-
saccharide concentration is 6 x 107> g/mL.

present Lentinan gels, which is much higher than that (10%) of
(0.8%) schizophyllan—(42%) sorbitol gels [49], revealing that
Lentinan has more strong ability to form gels in water than the
similar triple helical polysaccharide schizophyllan. As for the
results of repeated runs, both G’ and G” determined in the sec-
ond and third runs are almost the same as those determined in
the first run. The good reproducibility of G’ and G” during the
repeated experiments reveals that the network structure in
Lentinan gels is not permanent and can recover immediately
even if the existing structure was disrupted almost completely
in the former runs. Additionally, it implies that no junction
zones exist in the Lentinan gels; otherwise G’ and G” are irre-
producible after large deformation, similar to the gelation be-
havior of schizophyllan—sorbitol aqueous solution [49].
Moreover, dynamic frequency sweep measurements for
Lentinan fraction LF-1 in water with concentration of
6.0 x 107> g/mL were also repeated for two runs. The first
run was done from low to high frequency, and the second

—m— G'from low to high frequency
—0O— G"from low to high frequency

—@— G'from high to low frequency
—O— G"from high to low frequency

01 1l 1 20l 1 L1 o1l 1 L1l
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Fig. 16. Frequency-dependence of G’ and G” determined by dynamic
frequency sweep measurement at a strain of 1% for Lentinan fraction LF-1 in
water at 25 °C. The polysaccharide concentration is 6 x 107> g/mL.

run was performed from high to low frequency immediately
after the end of the former run. The results are shown in
Fig. 16. Obviously, both G’ and G” in the first run coincide
well with those obtained in the second run over the entire
frequency range, and no hysteresis was observed. This result
suggests that there is no time dependence in the examined
frequency range for Lentinan/water gel system.

4. Conclusion

The solution—gel transition of Lentinan, a triple hehical
B-(1 — 3)-p-glucan, in water at 25 °C was observed rheo-
logically. The gel point ¢y was determined by using the
Winter—Chambon method (frequency-independence of tan ¢
in the vicinity of the solution—gel transition). It was found
that the Winter—Chambon criterion worked well in determin-
ing the critical gelation point of the present system although
the system behaved as a weak gel before gelation. The cge
was relatively lower than some synthesized polymers and
other flexible polysaccharides, resulting from the high stiff-
ness of triple helix and strong aggregation as a result of
abundant hydroxyl groups. The ¢, decreased sharply with in-
creasing molecular weight. G’ and G” were found to follow
a power law behavior as a function of frequency (G’ ~ "),
and the exponents n are strongly dependent on concentration
and molecular weight. The Lentinan solution exhibited shear-
thinning behavior at low frequency because of the orientation
of the stiff chains under shear force. Compared to the non-
gelling Xanthan gum and schizophyllan, Lentinan could form
gels more easily at low concentration. The gelation mechanism
for Lentinan fraction in water is proposed as follows: the ex-
tremely entangled Lentinan chains make a continuous network,
conferring to the system the gel-like properties. The structure
of Lentinan gel has been proven not to contain junction zones.
The Lentinan aqueous gel is more like a very concentrated so-
lution that is unable to flow within a timescale of usual obser-
vation. The unique rheology of Lentinan in water would have
wide application in industries such as food, pharmaceutical,
cosmetics, oil recovery and so on.
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