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a b s t r a c t

The use of synergistic interactions between polysaccharides can represent an important approach for the
preparation of physical networks with a wide range of industrial applications, such as in the food and
biomedical fields. Locust Bean Gum and Xanthan, two biocompatible polymers, are able to form gels when
mixed together. A detailed study was carried out on three samples, prepared at different weight ratios
and two temperatures, by means of light scattering and rheological techniques. The solid-like character
eywords:
olysaccharides
ynergistic interactions
ydrogels
heology
ight scattering

of each sample was evaluated by measurements of the viscoelastic spectrum and intensity autocorre-
lation function. The contribution of fast and slow fluctuations to the static light scattered intensity was
also evaluated at different angles. The power law exponents for the sol–gel transitions were estimated
together with the fractal dimensions. The scattering results were found in good agreement with the
mechanical ones in revealing a strong dependence of the structural properties of the different samples
on their preparation conditions. Indeed, results show that a fine tuning of the properties of the mixed

he ch
el point gels is possible through t

. Introduction

Binary mixtures of certain polysaccharides often exhibit unex-
ected synergistic interactions, e.g., the mixture may gel under
onditions where the individual components are non-gelling.
triking example of this behaviour occurs when the bacterial
olysaccharide Xanthan gum (Scheme 1) is mixed with some plant
alactomannans (Morris, 1990). It is well known that the synergis-
ic gelation occurs by direct binding between the two polymers and
ot by thermodynamic incompatibility. Furthermore, X-ray diffrac-
ion pattern obtained from fibres prepared from the synergistic
el, are new patterns and not the simple sum of the diffraction
atterns of the component polysaccharides (Cairns, Miles, Morris,
Brownsey, 1988). In particular, Xanthan and Locust Bean Gum

LBG) (Scheme 1), when mixed together, give a network whose
trength depends on the temperature preparation and on the
eight ratio between the two components. A wide debate is still
pen in elucidating the actual mechanism leading to the gel for-
ation and, during the past decades, several models have been

roposed (Lundin & Hermansson, 1995; Richter, Boyko, Matzker,
Schröter, 2004; Richter, Brand, & Berger, 2005; Wang, Wang, &

∗ Corresponding author. Tel.: +39 06 49913557; fax: +39 06 49913133.
E-mail address: tommasina.coviello@uniroma1.it (T. Coviello).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.05.044
ange of the temperature preparation and/or the polymer weight ratio.
© 2010 Elsevier Ltd. All rights reserved.

Sun, 2002; Zhan, Ridout, Brownsey, & Morris, 1993). It is acquired
that the presence of the acetyl substituents on the Xanthan chains
(Ojinnaka, Brownsey, Morris, & Morris, 1998; Wang et al., 2002) as
well as the branching degree of the galactomannan are crucial for
gel formation (an increase of the number of galactose units hinders
gel formation (Dea, Clark, & McCleary, 1986)).

The possibility to modulate the mechanical properties of the
gel by varying the relative amount of the two polymers and tak-
ing also into account the different conformations assumed by the
Xanthan chains in distilled water at 25 ◦C (described in terms of
a double-helix ordered structure) and at T > 45 ◦C (random coil
conformation) (Coviello, Kajiwara, Burchard, Dentini, & Crescenzi,
1986; Hacche, Washington, & Brant, 1987) appears to be particu-
larly interesting. The temperature at which the helix–coil transition
occurs, Tm, deeply depends on several factors (ionic strength, con-
tent of pyruvate and acetate minor components) and therefore for
the “hot samples” preparation a rather high temperature, T = 75 ◦C,
was adopted. In the present work a comparison among three
samples prepared at different weight ratios and two tempera-
tures is reported: rheological characterization and light scattering

techniques were applied. Morphological features of the samples,
acquired by means of SEM spectroscopy, are also given.

The importance of a study on this binary mixture is also
supported by the fact that these polymers (both individually
and mixed together) are already widely used in food industry

dx.doi.org/10.1016/j.carbpol.2010.05.044
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:tommasina.coviello@uniroma1.it
dx.doi.org/10.1016/j.carbpol.2010.05.044
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Scheme 1. Repeating units

Dolz, Hernández, Delegido, Alfaro, & Muňoz, 2007; Mandala,
apetanakou, & Kostaropoulos, 2008; Pedersen, 1980; Ramírez,
arrera, Morales, & Vázquez, 2002; Sahin & Ozdemir, 2004;
ecouard, Malhiac, Grisel, & Decroix, 2003). Furthermore, it must
e pointed out that the single polymers are already used as excip-

ents in tablet formulations, and the LBG/Xanthan gels have been
roposed in pharmaceutical applications for slow release purposes
Baichwal, 2004; Fadden, Kulkarni, & Sorg, 2004; Mannion, Melia,

itchell, Harding, & Green, 1991; Rolf, 2003; Sugden, 1989; Ughini,
ndreazza, Ganter, & Bresolin, 2004; Venkataraju, Gowda, Rajesh,
Shivakumar, 2008). The biocompatibility of the two polysaccha-

ides, together with their peculiar synergic behaviour, can still offer
ew interesting applications. In this sense, even more significant
ppears to be any attempt to elucidate the molecular structure and
he spectroscopic characteristics of these mixed gels in order to
mprove and to better modulate their potential uses.

. Materials and methods

.1. Materials

Locust Bean Gum (LBG), from Ceratonia Campestris, was pro-
ided by Carbomer (USA). The ratio between mannose and
alactose, was estimated by means of 1H NMR (carried out at
0 ◦C with a Brucker AVANCE AQS 600 spectrometer, operating at
00.13 MHz) and an M/G value of ∼3.4 was found. The molecu-

ar weight (Mw) of LBG, 5.0 × 105, was estimated from the usual
imm plot analysis of static light scattering measurements car-
ied out at 25 ◦C in 0.1 M NaCl aqueous solutions of sterilized LBG.
he estimated radius of gyration was Rg = 102 nm and the second
irial coefficient A2 = −3.21 × 10−4 cm3 mol/g2. Procedure details
re given in the literature (Coviello et al., 1986).

Xanthan Gum, from Xanthomonas campestris, was provided by
luka (Italy). For each repeating unit, 1.6 acetate and 2.7 pyruvate
roups were estimated by 1H NMR measurements (carried out at
5 ◦C with a Brucker AVANCE AQS 600 spectrometer, operating at
00.13 MHz). The molecular weight (Mw) of Xanthan, 1.25 × 106,
as obtained by means of static light scattering measurements,

arried out at 25 ◦C in 0.1 M NaCl aqueous solutions of sterilized
anthan, and reported according to the classical Zimm plot rep-
esentation. The estimated radius of gyration was Rg = 140 nm and
he second virial coefficient A2 = +6.09 × 10−4 cm3 mol/g2.

The two polysaccharides were used after sterilization, centrifu-
ation and purification. A given amount of Xanthan, sodium salt,
polymer concentration, cp = 0.5%, w/v) was dissolved in distilled
ater, under magnetic and mechanical stirring, at room tempera-

ure for 48 h, while LBG (cp = 0.5%, w/v) was dispersed in distilled

ater, under magnetic and mechanical stirring, at 80 ◦C for 24 h and

t room temperature for 24 additional hours (Kok, Hill, & Mitchell,
999). The obtained solutions were autoclaved at 121 ◦C for 20 min
nd then centrifuged at 8000 rpm for 15 min at 25 ◦C. The super-
atant solutions (the polymer weight loss was ∼15% in the case
(left) and xanthan (right).

of Xanthan and ∼30% for LBG) were then exhaustively dialyzed at
4 ◦C against distilled water using dialysis membranes with a cut-
off 12,000–14,000. In order to convert the Xanthan polymer in the
sodium form, NaOH 0.2 N was added to the dialyzed solution up
to pH = 7.0. Finally, the samples were freeze-dried and stored in a
desiccator until use.

All other products and reagents were of analytical grade.

2.2. LBG/Xanthan hydrogel preparations

The LBG/Xanthan hydrogels were prepared by mixing appro-
priate amounts of LBG and Xanthan solutions (cp = 0.125%, w/v)
previously autoclaved at 121 ◦C for 20 min and filtered through
cellulose nitrate membranes with pore sizes of 8 and 1.2 �m in
sequence. It must be pointed out that the Xanthan chains undergo
an order–disorder transition during autoclaving and therefore a
renaturated state (where not necessarily perfect double-strands
are formed) should be considered in the subsequent interactions
with the LBG chains. Different aliquots of the two polymer solu-
tions were mixed for 15 min at 75 ◦C (“hot gelation”) (where the
Xanthan chains adopt a coil conformation (T > Tm)) or at room tem-
perature (“cold gelation”) (where the Xanthan chains are in double
helix conformation (T < Tm)), leading to samples with final different
weight ratios. The “hot samples”, after heating at 75 ◦C for 15 min,
were left to slowly cool down in the switched off thermostatted
bath, until room temperature was reached. Three samples were
prepared, namely 1:1 (50% of both, LBG and Xanthan solutions), 1:3
(25% of LBG solution and 75% of Xanthan solution), and 1:9 (10% of
LBG solution and 90% of Xanthan solution).

2.3. Rheological characterization

The rheological characterization of the LBG/Xanthan gels was
performed by means of a controlled stress rheometer, Haake Rheo-
Stress RS300 model, with a Thermo Haake DC50 water bath; a
grained plate-plate device (Haake PP35 TI: diameter = 35 mm; gap
between plates = 1 mm) was used in order to reduce the extent of
the wall slippage phenomena (Lapasin & Pricl, 1995). Rheological
properties were studied with oscillatory experiments; mechani-
cal spectra were recorded in the frequency range 0.001–10 Hz. The
linear viscoelastic region was assessed, at 1 Hz, by stress sweep
experiments; a constant deformations, � = 0.01, was used. All the
samples were analyzed at 25 ± 1 ◦C, 1 day and 6 days after the
mixing of the two polymer solutions.

2.4. Light scattering
Each sample was placed into a thermostatted cell com-
partment of a Brookhaven Instruments BI200-SM goniometer.
The temperature was controlled to within 0.1 ◦C using a ther-
mostatted recirculating bath. The light scattered intensity and
time autocorrelation function (TCF) were measured by using a
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rookhaven BI-9000 correlator and a 100 mW Ar laser (Melles
riot) tuned at � = 514.5 nm or a 50 mW He–Ne tuned at
= 632.8 nm. Measurements were taken at different scattering vec-

or q = 4�n�0
−1 sin(�/2), where n is the refractive index of the

olution, �0 is the wavelength of the incident light, and � is
he scattering angle. To overcome the non-ergodicity, typical of
elled systems (Pusey & van Megen, 1989; Rodd, Dunstan, Boger,
chmidt, & Burchard, 2001), the measurements were carried out
y collecting the signal over different regions of the specimen,
utomatically scanned by means of a motor-driven cell holder. In
ynamic light scattering (DLS) experiments the correlator operated

n the multi-� mode. About 150 measurements, lasting 7 min each,
ere taken over different sample positions; the intensity auto-

orrelation function was then obtained by their sum normalized
y the square of the total photon number. The average scattered

ntensity factor and its dependence on q-vector were obtained
y collecting the signal over large scattering volumes while the
amples were continuously rotating. Static light scattering data
ere corrected for the background scattering of the solvent and
ormalized by using toluene as calibration liquid. The static light
cattered intensity was also studied in terms of fluctuant and static
omponents (Barthès, Bulone, Manno, Martorana, & San Biagio,
007; Manno, Bulone, Martorana, & San Biagio, 2004). For this
urpose about 700 intensity values were collected over different
ample positions on a scattering volume corresponding to a sin-
le speckle. The integration time (TI) for a single measurement
as 1 s.

.5. Data analysis

Data distribution of the scattered intensity was analyzed with
n expression (Barthès et al., 2007; Manno et al., 2004) derived by
xtending the Pusey and van Megen theory for non-ergodic media
o the case of no completely frozen-in systems. Indeed, the core
f this expression is the ratio between the coherence time of the
cattering radiation and the integration time TI of the measure-
ent of the scattered intensity. As in the Pusey and van Megen

pproach, it was assumed that the total scattered field E is the sum
f a fast-fluctuating field EF due to small-size objects with an aver-
ge intensity IF and a coherence time �F < TI, and a slowly decaying
eld ES due to large-size slowly diffusing objects, with an average

ntensity IS and a coherence time �S > TI. By taking into account the
atio N = �F/TI, it was shown that the total time-integrated intensity
s given by two statistically independent contributions: an expo-
entially slow contribution with average ING = IS + 2IF /N, and a
aussian distributed fast contribution with average IG = IF − 2IF /N

nd variance �2 = I
2
G/N. The expression for intensity distribution

unction is:

(ITI
) = 1

IG

exp

{
−

[
I − IG

]
ING

}

×
[

erf

(
I

�
√

2
− IGING + �2

ING�
√

2

)
+ erf

(
IGING + �2

ING�
√

2

)]

× 1
2

exp

(
�2

2ING

)
C (1)
here erf(x) = 2
√

�
∫ x

0
e−t2

dt is the error function and C ≈ 1 is a

ormalization constant: C = 1/2[1 + erf(IG/�
√

2)].
The expression is correct to the first order in �F/TI and allows

o distinguish between a fast fluctuating and a slowly relax-
ng contribution even when their time scales are not completely
eparated.
lymers 82 (2010) 733–741 735

2.6. Scanning electron microscopy (SEM)

The SEM images were obtained using a FEI Quanta 400 FEG appa-
ratus. Freeze-dried hydrogels were mounted on appropriate stubs
and examined under vacuum (50 Pa), with no need of the gold
coating technique, at an accelerating voltage of 15 kV. All images
were acquired digitally using xTmicroscope Control software and
at 800× magnification.

3. Results and discussion

3.1. Rheological investigations

The mechanical spectra of the LBG/Xanthan samples, prepared
at different weight ratios in “hot” and “cold conditions” recorded
at 25 ◦C 1 day after and 6 days after the mixing of the two polymer
solutions (in the meanwhile the samples were kept at a constant
temperature of 25 ◦C), are shown in Fig. 1.

It is well known that both polymers, alone, are not capable to
form gels, while, when mixed in appropriate amounts, a three-
dimensional network is formed. It is evident that, when the polymer
solutions are mixed in “cold conditions” the degree of entangle-
ments and the number of effective physical cross-links is deeply
dependent on the weight ratio considered (see Fig. 1). If Xanthan is
the main component of the mixture (1:9), then the typical solution
behaviour is observed: the loss modulus is always higher than the
storage modulus and both show a strong dependence on the applied
frequency. If the amount of Xanthan is reduced, but still predom-
inant in comparison with LBG (1:3), the characteristic gel point is
observed. At the gel point the G′ and G′ ′ moduli overlap and increase
together, showing the typical power law behaviour (see below).
Further decrease of the Xanthan percentage in the mixture (1:1)
leads to the formation of a gel, i.e., in the whole range of explored
frequencies (ca. four decades), G′ is always higher than G′ ′. It must
be underlined that, for an appropriate comparison with LS exper-
iments, the used polymer concentration is quite low (cp = 0.125%).
As a consequence the formed gel is a weak network: the difference
between G′ and G′ ′ values is less than a factor ten. Furthermore,
the complete gel formation does not occur instantaneously: con-
sequently the time evolution of the moduli was followed and the
measurements were carried out also after 6 days (see Fig. 2(A–C)).
For the 1:9 and 1:1 ratios an increase of G′ is observed. For the 1:1
ratio the frequency dependence remains the same but the differ-
ence between the two moduli increases with time indicating an
increase of the number of the physically active bonds. A similar
behaviour is detected for the 1:9 ratio: the frequency dependence
does not change with time, the G′ ′ values are almost the same at 1
and 6 days while an increase with time is observed for G′. Never-
theless this increase does not change the nature of the system that
shows always a solution behaviour (G′ < G′ ′).

On the other side, when the two polymer solutions are mixed
in “hot conditions”, remarkable differences are registered in the
mechanical spectra (Figs. 1(C and D) and 2(D–F)). All absolute val-
ues of the moduli are higher than those of the “cold samples”
indicating that, when Xanthan is in a disordered conformation, a
more entangled network with a higher number of effective cross-
links can be formed in the presence of LBG (see Fig. 2). For the
sample with the 1:1 weight ratio, after 1 day, a gel is already formed,
although a slight dependence from the frequency can be observed
for both moduli (Fig. 2(D)). After 6 days, an almost independence on
the frequency is monitored (Fig. 2(D)): this is an indication that the

network evolves and more effective physical cross-links are formed
with time, which contribute to the elastic modulus.

Also for the network prepared at 1:9 ratio in “hot conditions”, an
evolution is observed (Fig. 2(F)); but, while for the “hot sample” a
gel point occurs already after 1 day (Fig. 2(F)) (similar spectra were
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ig. 1. Comparison among the mechanical spectra of LBG/xanthan samples prepare
nd B: T = 25 ◦C; C and D: T = 75 ◦C) and recorded at 25 ◦C 1 day (A and C) and 6 days

egistered for the 1:3 “cold sample”, Fig. 2(B)) the corresponding 1:9
cold sample” still shows mechanical spectra typical of solutions
fter 6 days (Fig. 2(C)). Clearly in the 1:9 “hot sample” the Xanthan
hains, being in the disordered conformation, are more capable to
orm physical entanglements with the LBG chains in comparison
ith the 1:9 “cold sample” where the solution behaviour is always

bserved (Fig. 2(C)). When a lower amount of Xanthan is present
1:3 ratio), for the “hot samples” (Fig. 2(E)) the evolution of a very
eak gel is monitored with time, while, for the “cold samples”, a

el point transition is always observed (Fig. 2(B)).
Summarizing: the variations with time of the moduli are more

ignificant in “hot samples” (Fig. 2(D–F)). For the “cold sam-
les” weak gel behaviour is monitored for the 1:1 ratio while
el behaviour is monitored for the corresponding “hot samples”
Fig. 2(A) and (D)). The 1:9 ratio “hot samples” show a gel point
ransition with a negligible evolution with time while, for the “cold
amples”, the corresponding spectra are those typical of solutions
Fig. 2(C) and (F)). For the 1:3 ratio the “hot samples” are weak gels
hile the “cold samples” are at the gel point (Fig. 2(B) and (E)).

The 1:1 ratio is the most effective leading to a gel for both tem-
erature preparation conditions (tough weak gel is formed in the
ase of the “cold samples”). The difference detected between the 1:3

gel point for the “cold samples”) and 1:9 ratios (gel point for the
hot samples”), indicates the crucial role played by the conforma-
ion of the Xanthan chains. When a high amount of Xanthan chains
s present in double helix conformation (1:9, “cold samples”), a
redominant liquid-like behaviour is observed. On the other side,
ifferent weight ratios (1:1, 1:3 and 1:9), prepared at two different temperatures (A
d D) after the preparation.

when the Xanthan chains are in the disordered conformation, also
for a high amount of the polysaccharide (1:9, “hot samples”), a gel
point transition is monitored.

It is interesting to point out that the critical exponents for gela-
tion, n, are very close to the theoretical one 0.5 (Chambon, Petrovic,
MacKnight, & Winter, 1986) for both 1:3, “cold samples” and 1:9,
“hot samples” (Table 1), i.e., for those samples showing a gel point
behaviour.

Actually such theoretical 0.5 value was firstly hypothesized by
Winter and Chambon (1986) as the universal parameter for the
sol–gel transition, nevertheless later works clarified that there is
no universal value for n that can assume any value between 0 and
1, depending on several parameters, such as cross-linker amount,
polymer concentration, molecular weight, and the specific pre-gel
history (Coviello & Burchard, 1992; Grisel & Muller, 1998; Hsu
& Jamieson, 1993; Matricardi, Dentini, Crescenzi, 1993; Michon,
Cuvelier, & Launay, 1993; Richter, Boyko, & Schröter, 2004; Richter,
Boyko, Matzker, & Schröter, 2004; Sandolo, Matricardi, Alhaique,
& Coviello, 2009; Winter, Izuka, & De Rosa, 1994). Usually, in a
cross-linking reaction, just beyond the gel point, G′ levels off as the
frequency decreases, and G′ ′ is proportional to ω. At later stages
of the reaction, the equilibrium modulus increases and G′ and G′ ′
depart from each other. This is actually what we observe for our
“cold samples” at different weight ratios: the solution behaviour for
the 1:9, the gel point behaviour for the 1:3 and the gel behaviour
for the 1:1 samples (Fig. 1(B)). In the case of “hot samples” the
solution behaviour is not detectable but gel point, weak gel and
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ig. 2. Comparison among the mechanical spectra of LBG/xanthan recorded at 25 ◦C
: 1:3 and C: 1:9. “Hot samples”: D: 1:1; E: 1:3 and F: 1:9.

el behaviours are monitored for the 1:9, for the 1:3 and for 1:1
amples, respectively (Fig. 1(D)).

The critical exponent value of 0.5 detected for the two cases
bove reported (1:9 “hot samples” and 1:3 “cold samples”) suggests
hat, in accordance with the critical exponent found for stoichio-

etric chemical cross-linkings, the networks are based on “one
o one” interactions between the LBG and Xanthan chains. In the
ase of the 1:9 “cold sample” there are actually too few LBG chains
ble to build up a three-dimensional network (Fig. 2(C)). As LBG
ncreases (1:3 “cold sample”) a gel point is observed indicating
hat a sufficient number of LBG chains can interact with Xanthan
Fig. 2(B)). Finally, for the 1:1 “cold sample” a real weak gel is
btained (Fig. 2(A)). In conclusion it can be assumed that, for the
cold samples”, the network is mainly dominated by LBG and the
etwork formation is mediated by the addition of an appropriate
mount of Xanthan chains. Furthermore, the usual evolution with
ime of the two moduli (and correspondingly of the mechanical

pectra) observed for a chemical cross-linking reaction, is detected
ere by changing the weight ratio between the two polymers
Fig. 1(B)).

A quite different situation occurs for the “hot samples”: at 75 ◦C
BG keeps its random coil conformation (present at room tem-

able 1
pparent exponents relative to the two moduli, n′ and n′ ′ , evaluated for two weight ratios

Rheology

“Cold samples” (1:3) “Hot samples” (1:

Time (days) n′ n′ ′ n′

1 0.56 0.54 0.53
6 0.47 0.43 0.50

Time (days) df (n′) df (n′ ′) df (n′)
1 1.92 1.95 1.96
6 2.04 2.08 2.00
and 6 days after the preparation at different weight ratios. “Cold samples”: A: 1:1;

perature) but also Xanthan is dispersed as single chains. Actually,
Xanthan is not allowed to renaturate during cooling, because it
is implied in the network formation with the LBG chains. In this
case no solution behaviour is ever detected: the 1:9 “hot sample”
is already at the gel point (Fig. 2(F)), thus showing that the differ-
ent conformations assumed by Xanthan play a crucial role in the
building up of the network. For the other ratios, 1:3 and 1:1, weak
gel and gel behaviours are monitored (Fig. 2(E) and (D)).

For the LBG/Xanthan cross-linking reaction it is also possible to
assume an analogy between the weight ratio and the reaction time
and to report the loss tangent (tan ı) as a function of the weight
ratio (instead of the reaction time). In fact, according to the defi-
nition of the gel point the loss tangent is given (Kramers–Kronig
relation) by tan ı = tan (n�/2) = G′ ′/G′ (Ferry, 1980), indicating that
tan ı, at the sol–gel transition, is independent on ω and its value
depends only on n. Fig. 3(A) shows the results obtained by dynamic
frequency sweep measurements for some selected ratios (1:9, 1:3

and 1:1 “cold samples”) by plotting tan ı measured at various fre-
quencies as a function of the LBG weight ratio. According to the
Winter–Chambon criterion (Winter, Morganelli, & Chambon, 1988)
the weight ratio at which tan ı curves converge is defined as the gel
point. For the samples, prepared in “cold conditions”, this value is

, power law exponents from the TCFs and the corresponding fractal dimensions, df .

Light scattering

9) “Cold samples” (1:3) “Hot samples” (1:9)

n′ ′ 	 	
0.59
0.56 0.48 0.44

df (n′ ′) df df

1.89
1.93 2.08 2.27
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angle the intensity from single speckles was collected with an inte-
gration time of 1 s over different sample positions. Data were then
normalized by their mean value and the data distribution was fit-
ted to the convolution of a Gaussian with an exponential function
ig. 3. (A) Tan ı of LBG/xanthan samples prepared in “cold conditions” and recorded
f LBG (e.g., LBG = 0.50 corresponds to 1:1 weight ratio). (B) Tan ı of LBG/xanthan sa
:9 ratios.

ractically coincident with the 1:3 weight ratio and is equal to 1. The
requency-dependent measurement at the gel point should exhibit
he same slope for G′ and G′ ′, as shown in Fig. 1(B) and reported
n Table 1. Thus, for the LBG/Xanthan weight ratios corresponding
o the gel point, 1:3 “cold sample” and 1:9 “hot sample”, tan ı ≈ 1
and therefore n ≈ 0.5), as shown in Fig. 3(B), for both systems, in
he whole explored frequency domain.

Furthermore, the power law observed at the gel point implies a
elfsimilar structure of the network (Muthukumar, 1985; Vilgis &

inter, 1988); thus, it can be assumed that also the LBG/Xanthan
etworks assume a selfsimilar structure when the gel point is
etected (1:3 “cold sample” and 1:9 “hot sample”), and such
onnectivity can be related to the fractal dimension, df. In fact,
ccording to an important, and still valid work (Muthukumar,
989), in the case that the excluded volume effect is fully
creened the following relation holds for a polydisperse system:
= d(d + 2 − 2df)/2(d + 2 − df), where d is the space dimension (i.e.,
). For the tested systems (see Table 1) at the gel point (1:3 “cold
ample” and “1:9 “hot sample”) n ≈ 0.5 and the corresponding df
alue is ≈2, the same of an isolated linear chain of infinite length
nder � conditions (Muller, Gérard, Dugand, Rempp, & Gnanou,
991). This df value could be surprising for a chemical cross-linking
eaction where at the gel point the polymer is a highly branched
acromolecule, but it can be reasonable for a physical gel. In this

ase the critical state is not due to the simultaneous chemical reac-
ion of many monomers, but to the physical interactions among
hains of quite long contour length (order of hundred of nm). As
consequence the build up of peculiar structures is observed, as

hose typical of biological networks that rarely can be strictly iden-
ified within the theoretical frameworks of electrical analogue or
ree-models.

.2. Light scattering investigations

The intensity autocorrelation functions (TCF) of LBG/Xanthan
amples prepared at the three different weight ratios in “hot” and
cold conditions”, were acquired 6 days after the preparation. DLS
easurements were carried out by collecting the signal on different

egions of each sample to take into account the non-ergodicity of
el systems. Results are shown in Fig. 4. Samples with a higher con-

ent of LBG display higher values of a no-decay component, which is
n indication of the presence of a higher fraction of scattered light
oming from scatterers unable to relax over the applied experi-
ental time scale. For a given weight ratio of LBG/Xanthan, “hot

amples” appear always more dynamically frozen than the cold
◦C 6 days after the preparation at different frequencies as a function of the content
s prepared in “hot” and “cold conditions” as a function of frequency for the 1:3 and

ones. By comparing the time dependence of TCFs it can be noted
that the dynamics of samples 1:1, either “hot” or “cold”, and 1:3
“hot”, appears to be almost entirely frozen, whereas the autocorre-
lation function of sample 1:9 “cold” displays a liquid-like character.
Furthermore, samples 1:3 “cold” and 1:9 “hot” follow a power-law
dependence, g(2) ≈ t−	, with an exponent 	 of 0.48 and 0.44, respec-
tively. This power law behaviour is usually taken as a mark of the
gelation threshold (Shibayama & Norisuye, 2002). The same two
samples were seen to be at the gelation point with a critical expo-
nent close to 0.5 by rheological results (see Section 3.1). Although a
relation between critical exponents obtained by DLS and rheology
is predicted by the Doi and Onuki theory (Richter, 2007), the criti-
cal exponents obtained by means of light scattering measurements
were, in the present study, lower than those derived by rheology, as
already observed by other researchers for several different systems
(Richter, 2007).

The dynamic properties of the samples were also investigated by
looking at the statistical properties of the scattered light. Indeed,
gel systems are characterized by the presence of very slow fluc-
tuations in the average intensity reflecting the reduced speckle
mobility (Rodd et al., 2001) and due to either dynamical or struc-
tural network inhomogeneities (Richert, 2002). For each scattering
Fig. 4. Intensity autocorrelation functions of LBG/xanthan samples obtained 6 days
after their preparation.
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ig. 5. Fraction of the fast relaxing contribution to scattered light vs. wave-vector q
verage scattered light intensity, measured for the LBG/xanthan at different weight
olecular weight (B).

see Eq. (1)), which allowed to distinguish the fast fluctuating and
lowly relaxing contribution. The fraction of the fast contribution to

he scattered light at different q-vector values is shown in Fig. 5(A).
lower fraction of the fast relaxing contribution, XF, is observed at

igher LBG content, with the “hot samples” being more frozen than
he “cold” ones, consistently with the DLS results. The decrease of

ig. 6. Scanning electron micrograph of surface morphology of freeze-dried samples
magnification 800×).
ated for the LBG/xanthan studied at different weight ratios (A). Log–log plot of the
s, vs. q-vector. Data were normalized by toluene scattering and the weight average

XF with q lowering implies that density fluctuations occurring over
larger length scale are more hindered. This was observed in all sam-

ples, including LBG 1:9 “cold”, that appears liquid in the range of
several ten nanometers.

Information on the structural properties can be provided by
the dependence of the scattered light intensity on q wave-vector.

of LBG, xanthan (top), and LBG/xanthan 1:1 (bottom) prepared at 75 and 25 ◦C
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ndeed, for a system of molecules in solution, the q-dependence of
he scattered light is given by:

(q) ∝ P(q)S(q)

here P(q) is the form factor of the single molecule and S(q) is the
tructure factor giving the intensity contribution due to the spa-
ial correlation between molecules in solution. In the case of fractal
ggregates, S(q) follows a power-law (Thill et al., 2000) of the form
(q) ∝ q−df . The law is valid only over a length scale smaller than the
ggregate dimension (R) and larger than the dimension of the pri-
ary particles assembled in the aggregate (r0), where P(q) ≈ 1. This

eads to the well known relation I(q) ∝ q−df with r0 « 1/q « R often
sed for determining the fractal dimension. The q-dependence of
he scattered intensities for LBG/Xanthan samples was obtained by
veraging the signal over different regions of the sample. Data for
ach sample, normalized for the weight average molecular weight,
re shown in Fig. 5(B).

Except for the absolute value, all samples display a very simi-
ar I(q) profile, despite their different dynamical behaviours. A sign
f curvature can be envied in S(q) profile at about 6 × 104 cm−1

corresponding to 170 nm) that could signal the approaching to
ome characteristic length of the system. At higher q values, I(q)
ollows a power-law with a slope of 2.4 ± 0.2. This value of frac-
al dimension indicates a selfsimilar and quite compact structure,
omehow larger, but anyhow comparable, than that obtained from
heology and DLS for samples 1:3 “cold” and 1:9 “hot”. However,
ample polydispersity may severely affect the accuracy of the frac-
al dimension determination by means of this type of data, since
ggregates of different sizes can contribute to scattered intensity
ith a different form factor. The similarity of I(q) profile for the dif-

erent samples suggests that the structure is almost the same, at
east on the length scale ranging from two hundred down to few
anometers. A further comment can be made on the variation of
he intensity absolute value for the different samples. Actually, we
bserve that the intensity increases with the increase of LBG con-
ent in the samples and the increase is even higher for those systems
ehaving as “strong” gels, although the average spatial coordina-
ion inside the aggregates does not appreciably change, suggesting
he formation of ticker or denser junction regions inside the same
ype of aggregates.

.3. Scanning electron microscopy characterization

The SEM micrographs, taken 6 days after preparation on freeze-
ried samples, support the considerations above discussed. In Fig. 6
he photographs of the two single polymers (LBG and Xanthan) and
f the two samples prepared at low and high temperature with a
eight ratio of 1:1 are shown. The last two systems are both gels, as

ndicated by the frequency spectra and by the TCFs, but the different
trengths of the networks, estimated with the absolute values of the
lastic moduli and by the decay behaviour of the two TCFs, is clearly
videnced by the different textures observed in the pictures.

It is interesting to appreciate the variations between the initial
spect of the single polymers, and the final situations, when the
ynergistic effects, deeply influenced by the preparation tempera-
ure, change dramatically also the macroscopic morphology of the

ixed systems.

. Conclusions
The LBG/Xanthan system leads to different types of network
epending on the ratio of the two polymers and on the preparation
emperature. In particular, for the 1:1 ratio a gel is always obtained;
or the 1:3 ratio a weak gel is observed in “hot conditions” while a
el point is detected in “cold conditions”; for the 1:9 ratio the gel
lymers 82 (2010) 733–741

point is monitored in “hot conditions” while the solution is present
in “cold conditions”. These results indicate how a fine tuning of the
properties of the mixed gels is possible through the variation of the
preparation temperature and/or the weight ratio between the two
polymers.

Interesting is the qualitative agreement between the two
approaches: the TCFs of 1:1 samples (“hot” and “cold” samples)
do not relax in the explored time window and similarly the cor-
responding mechanical spectra are those of a gel in the whole
explored frequency domain. Also for the other two weight ratios
a correspondence between the rheology and the DLS can be appre-
ciated.

Furthermore, looking at the values of Table 1, it is possible to see
the good accordance between the fractal dimensions, obtained with
the rheology approach, and the DLS technique for the two systems
that show sol–gel transition in the mechanical spectra and power
law behaviour in DLS.

The slight discrepancy between the two critical exponents is
reasonable: the theory mainly deals with chemical network for-
mation while in the present case physical interactions lead to the
gel: furthermore, the light scattering is a non-perturbative tech-
nique while a periodic deformation is applied in rheology partly
disturbing the cross-linking process with a possible shift in the
determination of the infinite cluster formation and detection.
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