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Abstract

In this work a gel was formed by complexation of two natural polyelectrolytes, chitosan and xanthan. Changes in the hydrogels rhe-
ological properties have been studied in terms of hydrogel concentration (7-10% w/w), chemical media used for the hydrogel dispersion,
and ‘test lag time’; i.e., the time between hydrogel dispersion in the chemical media and the start of the rheological test (up to 390 min).
The viscoelastic properties of this polysaccharide system were characterized by oscillatory shear measurements under small-deformation
conditions and the results show that chitosan/xanthan hydrogels behave like weak gels. The shear modulus increased almost linearly with
frequency in the range studied (0.1-65 s™!). The effects of hydrogel concentration and dispersion medium have been related to electro-
static equilibrium and by the presence of counter-ions modifying the internal structure of the hydrogel.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Chitosan—xanthan hydrogel formation

Chitosan is a linear polyether of high molecular weight
which has unique properties including bioactivity, biocom-
patibility, and biodegradability favourable for a broad
variety of industrial and biomedical applications (Gupta
& Majeti, 2000; Majeti, 2000). It is a hydrophilic polyelec-
trolyte of N-acetyl-pD-glucosamine, obtained from partial
deacetylation of chitin using a concentrated (~50%) solu-
tion of sodium hydroxide.

The properties of chitosan are related to average molec-
ular weight (from 10* to 10° g/mol), molecular-weight dis-
tribution, extent of deacetylation, and chain degradation
that occurs in the alkaline hydrolysis of chitin. One of
the most important parameter in the characterization of
chitosan is the degree of acetylation (DA), defined as the
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ratio of the number of formed NH, groups to the initial
number of NHCOCH; groups present in chitin (Marti-
nez-Ruvalcaba, 2001).

Xanthan gum is the extracellular polysaccharide
obtained from Xanthomonas campestris. Its chemical struc-
ture is composed of glucose, mannose, glucuronic acid ace-
tate and pyruvate. Its molecular weight is in the range of
several million. Xanthan gum will not form a rigid gel by
itself but will give a thermoreversible physical gel when
mixed not only with carob gum or tara gum, but also with
chitosan. The resulting gel has a fascinating texture, being
very elastic and having high rupture strength (Mitchell,
1976).

Polyelectrolytes, like chitosan or xanthan in solutions,
are polymers with potentially ionizable groups. In polar
solvents they dissociate into polyions and counter-ions.
Strong electric interactions between them are the source
of their characteristic properties in solution. Hydrogels
are usually formed by the covalent cross-linking of linear
hydrophilic polymers to form a network of material capa-
ble of absorbing water, yet still remaining insoluble. Heter-
ogeneous polymer mixtures may also be used to form
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hydrogels without the need for covalent cross-linking
(Noble, Gray, Sadic, & Uchegbu, 1999).

Chitosan hydrogels are usually covalently cross-linked.
Cross-linking agents such as glutaraldehyde and glyoxal
have been used in the production of chitosan hydrogels
(De Angelis, Capitani, & Crescenzi, 1998; Nakatsuka &
Andrady, 1992). In addition, semi-interpenetrating poly-
mer network hydrogels and co-network of two cross-linked
polymers have been produced (Noble et al., 1999); such
hydrogel materials have limited biocompatibility and bio-
degradability due to their complex structure and, some-
times, for the presence of synthetic polymers. Cho,
Heuzey, Bégin, and Carreau (2004) studied the gelation
of chitosan/B-glycerophosphate solutions. In their work,
the physical properties of the sol-gel transition were char-
acterized by dynamic mechanical testing under different
polymer and urea concentration. In gelation tests, the evo-
lution of the elastic and viscous moduli was monitored as a
function of temperature and results for the sol-gel transi-
tion at a critical temperature (gelation temperature) were
reported.

Non-covalent cross-linked chitosan gel mixtures can be
prepared from polyelectrolyte complexes of chitosan and
polymers such as carrageenan or xanthan. When two oppo-
sitely charged polyelectrolytes are mixed in an aqueous
solution, a polyelectrolyte complex is formed by electro-
static attraction. Polyelectrolyte complexes are highly
hydrophilic materials and form highly swollen systems in
water. Chitosan has been used for the preparation of vari-
ous polyelectrolyte-complex products with natural polya-
nions as alginate (Takka & Acartiirk, 1999),
carboxymethyl-cellulose (Argiielles-Monal, Hechavarria,
Rodriguez, & Peniche, 1993; Fukuda, 1980), dextran sul-
fate (Sakiyama, Takata, Toga, & Nakanishi, 2001), carb-
oxymethyl-dextran (Fukuda & Kikuchi, 1978), heparin
(Kikuchi & Noda, 1976; Kratz, Back, Arnander, & Larm,
1998), carrageenan (Sakiyama, Chu, Fujii, & Yano, 1993),
pectin (Chang & Lin, 2000; Mireles, Martino, Bouzas, &
Torres, 1992), collagen (Zhang, Liu, Ren, & Wang,
1997), and xanthan (Chelat et al., 2000; Chu, Sakiyama,
& Yano, 1995; Dumitriu & Chornet, 1996, 1998, 2000;
Dumitriu, Magny, Montane, Vidal, & Chornet, 1994; Ike-
da, Kumagai, Sakiyama, Chu, & Nakamura, 1995).

Dumitriu et al. (1994) presented a method for the prep-
aration of hydrogels from the complexation of chitosan
and xanthan. Stable hydrogels are able to retain between
65% and 95% of their weight in water. Water retention
and hydrogel properties are function of the degree of acet-
ylation (DA) of chitosan and the ratio chitosan—xanthan
used in gel preparation.

1.2. Viscoelastic properties of chitosan-based hydrogels

With respect to chemically cross-linked gels formed via
covalent association of chitosan, Argiielles-Monal,
Goycoolea, Peniche, and Higuera-Ciapara (1998) reported
a dynamic oscillatory study of chitosan—glutaraldehyde

chemical gels. They focused on the viscoelastic characteris-
tic as well as the mechanical properties as a function of
cross-linking degree of the formed gels. For the same sys-
tems Cheng et al. (1998) reported that the effect of water
content on the polymer network can be correlated with
the relaxation of the hydrogel network.

Rheological studies on semi-interpenetrating networks
are also available. Khalid, Ho, Agnely, Grossiord, and
Couarraze (1999) reported swelling properties and rheolog-
ical characterization of a semi-interpenetrating chitosan—
polyethylene oxide network. They showed how the
network displayed a high capacity to swell via pH modifi-
cation. The rheological properties showed that the semi-in-
terpenetrating network had increased elastic properties
from the presence of the polyethylene oxide physical
network.

The rheology of chitosan gel systems used in the phar-
maceutical field has been studied. Bodek (2000) reported
on the rheological properties of microcrystalline chitosan
hydrogels prepared by adding a methylcellulose hydrogel
to aqueous chitosan dispersions. The results showed that
a pseudoplastic or plastic system can be obtained depend-
ing on the kind and content of the pharmaceutical sub-
stances and on the interactions between the polymer and
these pharmaceutical substances. Ruel-Gariepy, Chenite,
Chaput, Guirguis, and Leroux (2000) for the case of chito-
san/glycerophosphate thermosensitive solution, which gels
at 37 °C, evaluated the in vitro release profiles of different
pharmaceutical model compounds and showed the effect
of temperature, chitosan deacetylation degree, molecular
weight, and substances present.

The understanding of rheological phenomena is based
on two types of theories. Phenomenological theories use
macroscopic stress—strain—time relationships; while molec-
ular theories provide evidence of viscoelastic behavior from
molecular structure and conformation. For synthetic
polymers, both theories have been successfully applied in
practice. However, biological systems, which are “hetero-
geneous dispersions”, exhibit considerable variability in
their rheological properties because of their inherent com-
plexity. This is why the application of classical rheological
models is limited (Zoon, Roefs, De Cindio, & Van Vliet,
1990).

Many weak gels and complex dispersions can be treated
as three-dimensional networks where weak interactions
ensure structure stability. In structured materials such as
gels, the most relevant theory is probably the one proposed
by Winter (1989): at the gel point, not only the longest
relaxation time diverges but the relaxation modulus follows
a power—law:

G(1) = Ar™", (1)

where 7 is a relaxation exponent and A is the gel strength.
The relation is valid for 1g < ¢ < 0o, /o being a characteris-
tic time for cross-over to small-scale dynamics. Eq. (1) can
be transformed for the case of oscillatory tests at fixed fre-
quency (w) as:
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G(w) = A" (2)

for 0 < w < 1/. The critical gel is assumed to correspond to
asolid. Therefore it does not flow, the viscosity being infinite.

Winter and Chambon (1986) developed a constitutive
equation based on the existence of an intermediate state
of the material at which the dynamic moduli, G'(w) and
G"(w), are congruent functions in the entire range
0 < w < oo. This work defined a new material property,
the strength or stiffness (S), easily measures in a single
oscillatory shear experiment during the cross-linking reac-
tion. In this case, the shear stress (1) is expressed as:

t
w(t)=S$ / (t—1)""%(¢) dr. (3)

Dynamic mechanical data near the gel point allow easy
determination of the parameters of the critical gel. The
parameters n and S can be obtained as follows (Winter &
Mours, 1997):

n= % tan! (%), (4)
_ G'(w)
~ w'cos(nm/2)I (1 —n)’ )

where I'(1 — n) is the Gamma function of 1 — n. Egs. (4)
and (5) are generally valid for viscoelastic liquids and sol-
ids. For n— 1, the material is purely viscous; and for
n — 0, the material is purely elastic. The case n = 0.5 was
called an ideal gel (Chambon & Winter, 1987).

Weak gels and dispersions behave like three-dimension-

al networks and have limited flowability. This suggests that
weak gels behave like critical gels as described earlier and
must be considered as gel-like networks able to flow
because they show a finite relaxation time. Gabriele, De
Cindio, and D’Antona (2001) weak gel model suggests that
the structure of a material corresponds to a cooperative
arrangement of flow units forming interacting strands.
Their model introduces the coordination parameter (z)
which is the number of flow units interacting with one
another. During dynamic oscillatory experiments, gel
strands may be considered as a combination of flow units
where z is the number of rheological units interacting with
one another in a three-dimensional structure. The complex
modulus can be expressed by:
G'(0) = \/ G (0) + G"(0) = 4p0', (6)
where Ap is the gel strength and can be interpreted as the
strength of the interactions between flow units. Eq. (6) is
a simple relationship but provides good qualitative repre-
sentations of the relationships between microscopic and
macroscopic properties of physical gels. This approach
gives useful information about the rheological structure
of hydrogels, considering the existence of a three-dimen-
sional network in which flow units are linked by more or
less weak interactions. However, when the loss modulus
is small (G"<G), G* ~ G and the model simplifies to:

G (w) = Apo'. (7)

In this work a study of the rheological behavior of chito-
san/xanthan gels is presented. The effect of the chemical
media used in dispersion, hydrogel concentration, and lag
time on gel rheology is presented and the results are ana-
lyzed using the models of Winter and Chambon (1986)
and Gabriele et al. (2001).

2. Materials and methods
2.1. Materials

The chitosan used was prepared from chitin obtained
from shrimp’s shells and produced by Kemestrie Inc., Sher-
brooke (Canada). A chitosan sample with degree of acety-
lation (DA) of 28%, polydispersity of 4.7, and weight
average molecular weight (M,) of 8.2x 10° g/mol was
used. The xanthan was supplied by Kelko Inc. Xanthan
gum is a high molecular weight (approximately 1 x 10° g/
mol) polysaccharide produced by a pure culture fermenta-
tion of a carbohydrate with X. campestris, then purified by
recovery with isopropyl alcohol, dried, and milled.

To prepare hydrogel dispersions, three different chemi-
cal media were used: distilled water, a buffer solution
(0.05 M potassium phosphate monobasic-sodium hydrox-
ide buffer with pH 7.00 at 25 °C by Fisher Scientific), and
0.05 M NaCl aqueous solution (analytical-grade sodium
chloride by Sigma). Analytical-grade hydrochloric acid
(BDH) and sodium hydroxide (Anachemia) were used for
chitosan solubilisation and neutralization. Further details
can be obtained from Martinez-Ruvalcaba (2001).

2.2. Samples preparation

2.2.1. Chitosan solutions preparation

Chitosan solutions were prepared as follows: 6.5 g of
chitosan were dissolved in 300 ml of 0.1 N HCIL. The solu-
tion was then neutralized with 0.2 N NaOH and distilled
water was added for a total volume of 1000 ml at pH 5.6.
To obtain good solutions, the chitosan powder was dis-
persed by agitation with a magnetic stirrer until total solu-
bilisation. The chitosan solutions were kept at 4 °C until
gel formation was performed.

2.2.2. Xanthan solutions preparation

A xanthan solution was prepared by adding 6.5 g of
xanthan to 1000 ml of distilled water and dispersion was
done with a magnetic stirrer until total solubilisation.

2.2.3. Hydrogel formation

Mixing 1000 ml of the chitosan solution with 1000 ml of
the xanthan solution formed the hydrogel. Agitation was
conducted for 10 min at room temperature and the hydro-
gel formed was separated out by filtration. The hydrogel
was washed repeatedly with water to remove free chitosan
and xanthan. The washed hydrogel was then lyophilized in
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a freeze dry system (LABCONCO). The study used a con-
trolled xerogel particle size: 55-75 um. In order to obtain
this fraction, the dried hydrogel was grounded using a Pul-
verisette 14 by Fritsch; and sifted using two USA standard
testing sieves by Fisher Scientific: #200 (75 um) and #270
(55 um).

2.2.4. Rheological samples preparation

For each dispersion media (distilled water, buffer solu-
tion at pH 7.0, and 0.05 M NaCl solution), different hydro-
gel concentrations (7-10 %) were prepared. As soon as the
hydrogel was weighted, it was dispersed in the selected
media until a homogeneous dispersion of the gel was
obtained. For better dispersion, it was necessary to per-
form manual agitation. For this reason only small quanti-
ties, between 8 and 15 g, were prepared for each batch.

2.3. Rheological tests

The rheological tests were performed using a controlled
rate Carri-Med Weissenberg rheogoniometer R20 to mea-
sure the dynamic properties of the hydrogels: frequency
sweep and time sweep tests. Flow measurements were car-
ried out at a temperature of 25 °C. In order to preserve
hydrogel moisture, a special setup was adapted allowing
circulation of water saturated air. For the oscillatory shear
rheology measurements, parallel plate geometry was used:
plates diameter =40 mm, gap = 1500 um, and strai
n = 3.0%. Logarithmic frequency sweeps were carried out
over frequencies between 0.1 and 65 s~'. Preliminary strain
sweeps test confirmed that the tests were in the linear visco-
elastic regime. Time sweep measurements were performed
for 1000s at a constant angular frequency of 1 and
10 Hz with a sequence of one experimental point each 60 s.

2.4. Determination of the degree of swelling

The hydrogel degree of swelling (o) was determined by
weighing the dry hydrogels before and after immersion in
the different chemical solvent media used in this study.
The degree of swelling is defined as:

o = {[(weight of hydrated gel)
— (weight of dry gel)]/(weight of dry gel)}
x 100. 8)

3. Results and discussion

The gels were prepared by mixing two oppositely
charged polyelectrolytes, chitosan and xanthan. The net-
work structure of these gels was maintained by ionic
cross-linking between polyelectrolytes (the gels are dis-
persed in water or in aqueous solutions). The charged state
of the polyelectrolytes functional groups contributes to the
gel network structure. The rheological properties of these
complex gels are now analyzed in terms of hydrogel

concentration (7%, 8%, 9%, and 10% w/w), chemical media
used for the hydrogel dispersion (distilled water, buffer
solution at pH 7.0, and 0.05 M NacCl solution), and lag
time (up to 390 min).

3.1. Hydrogel concentration effect

The concentration range was selected as the hydrogel
capacity to swell. The degree of swelling () was determined
by weighing the dry hydrogels before and after immersion
in each chemical media used for dispersion. Chu et al.
(1995) showed that chitosan—xanthan gels are sensitive to
the swelling medium and Table 1 presents that it is the case
for the hydrogels prepared in this work. For example,
chitosan—xanthan hydrogels dispersed in water have a
degree of swelling of 1521, meaning that this hydrogel
can absorb water 15.21 times its weight. In other words,
no free water will be present in hydrogels, when the hydro-
gel concentration is 6.57% or higher.

Fig. 1 presents the effect of concentration on the storage
modulus of chitosan—xanthan hydrogels dispersed in water
after a lag time of 90 min. For the frequency range avail-
able, the storage modulus (G’) increases with hydrogel con-
centration and frequency. There was no experimental
evidence for G’ being constant (reaching a plateau) in this
case.

3.2. Effect of the dispersion medium and test lag time
Three chemical media were used to disperse the hydro-

gels: distilled water, buffer solution at pH 7.0, and
0.05 M NacCl solution. The effect of these media on the rhe-

Table 1
Degree of swelling for chitosan—xanthan hydrogels
Dispersion medium o
Distilled water 1521
Buffer solution 1162
0.05 M Nacl solution 1028
1000 +
[ mc=7%
[ Ac=8%
[ c=9%
L Xc=10% x X
x x X . *
X X *
G' (Pa) 100 | x X5 ¢ a
FoX ¢ * A 4 =
[ o & ¢ ¢ A B -
A A 1 L
="
A ® -
[
n
10 t t |
0,1 1 10 100
Frequency (1/s)

Fig. 1. Storage modulus (G’) for chitosan—xanthan hydrogels dispersed in
water at different hydrogel concentrations and 25°C. Test lag
time = 90 min.
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ology of the hydrogels is presented in Fig. 2 for concentra-
tions of 7% and 10%, the lag time being constant at 90 min.
Fig. 2 shows that higher moduli are obtained for systems
having ionic nature: the buffer solution (phosphate anions)
and the sodium chloride solution (chloride anions); with
phosphate giving higher moduli. For chitosan solutions,
it is known that the presence of salts decreases viscosity
because of interactions between charged chains and small
ions in solution (Martinez-Ruvalcaba, Chornet, & Rodri-
gue, 2004; Martinez, Chornet, & Rodrigue, 2004). For
chitosan—xanthan hydrogels, a reverse trend is observed:
the modulus (viscosity) is higher for hydrogels dispersed
in ionic media.

Some hydrogels change their equilibrium characteristics
responding to external conditions such as pH, ionic
strength, temperature, and electric fields. For chitosan—
xanthan hydrogels, two ionizable functional groups are
present: the free carboxyl group of xanthan and the free
amino group of chitosan. Just before gel preparation, these
functional groups are considered to be oppositely charged
and both molecules can link electrostatically to each other.
During gel formation not all the ionizable functional
groups are neutralized. When the gel is dispersed in an ion-
ic medium, the un-neutralized amino group interacts with
the anion of the ionic medium, while the carboxyl group
holds the negative charge. Therefore, electrostatic equilibri-
um between both functional groups will change. In addi-
tion, counter-ions (like Na™) attracted by the negatively
charged carboxyl groups may modify the internal structure
of the hydrogel and this effect is observed as an increase of
the moduli (viscosity) of the hydrogel.

The dispersion medium has also an effect when we ana-
lyze the “test lag time”, defined as the time between the
moment when the hydrogel is dispersed and the moment
when the rheological test is started. Fig. 3 shows the effect
of test lag time for 7% chitosan—xanthan hydrogel dis-
persed in water and buffer solution. In this plot, storage
moduli are higher for systems dispersed in the buffer solu-
tion as in Fig. 2. In addition, the slope is higher for hydro-

1000 +
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L & A a8 A A
A 4 o o
a o o ©° ° o
A o o 0O
A o O
4 o O A 4o 4
o o g A A A
o A A
2 A A °
G'(Pa)100 1t g @ o © °©
[ e * ° ° -
° ]
e © ° n "
o © s " .
]
= " "
u mwater - 7% Owater - 10%
u © NaCl solution - 7% o NaCl solution - 10%
u Abuffer - 7% Abuffer - 10%
10 } L L Ly L L PR |
0,1 1 10 100
Frequency (1/s)

Fig. 2. Storage modulus of chitosan-xanthan hydrogels in different
dispersion media at two hydrogel concentrations (7% and 10%). Test lag
time = 9 min.
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Fig. 3. Storage modulus of chitosan—xanthan hydrogels at different test
lag times. The hydrogels were dispersed in water and buffer solution at a
concentration of 7%.

gels dispersed in water vs. hydrogels dispersed in the buffer
solution. There is also a point where both curves almost
superimpose. This can be explained by the effects of count-
er-ions in a polyelectrolyte system: decreased electrostatic
interactions strength by means of salt addition. For hydro-
gels dispersed in water, links formed between both poly-
electrolytes and water preserve the electrostatic
interactions preventing to attain constant moduli values
at different test lag times. Systems dispersed in NaCl solu-
tions have an intermediate behavior between the systems
dispersed in water and others dispersed in buffer solutions.
However, storage moduli are always greater with respect to
hydrogels dispersed in water because of electrostatic inter-
actions due to the salt addition.

Fig. 3 also shows that G’ decreases with increase in test
lag time. In general, a hydrogel system recently prepared
has higher moduli than one that has been rheologically
tested at longer times after its preparation. This effect is
more pronounced for systems dispersed in distilled water
than in buffer solutions. Fig. 4 presents how storage mod-
uli, at constant angular frequency, change with test lag
times for the systems presented in Fig. 3. It is clear that

1000
W water
Obuffer solution
o o o
G' (Pa)‘IOO o o
[ ]
]
- n
]
10 — —t —t —
0 100 200 300 400

Test Lag Time (s)

Fig. 4. Storage modulus as a function of test lag time at constant
frequency (1 Hz) for chitosan—xanthan hydrogels dispersed in water and
buffer solution at a concentration of 7%.
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the modulus is almost constant for buffer solutions; while
for hydrogels dispersed in water the moduli decreases with
increasing test lag time, tending to a constant value as time
increases. This different behavior indicates a faster equilib-
rium stabilization of the buffer solution. This kinetic effect
is discussed next using time sweep tests.

3.3. Time sweep tests

Oscillatory time sweep tests enabled to follow the evolu-
tion of the hydrogel rheology at a constant frequency. In
general, the effects observed in a time sweep test are similar
to the ones observed in a frequency sweep experiment.
Fig. 5 presents the evolution of the storage modulus of
chitosan—xanthan hydrogels dispersed in 0.05M NaCl
solutions for a lag time of 120 min. The storage modulus
(G’) increases with hydrogel concentration but the effect
of time is negligible: constant G’ value.

Fig. 6 presents the effect of the dispersion medium on
the hydrogel in a time sweep test. The systems presented
are 7% and 10% chitosan—xanthan hydrogels for a test
lag time of 120 min. The curves show similar results as
for frequency sweep tests: the storage modulus is higher

1000 ¢

, x
xxxxxxxxxxxxxxxxxx**x**x

sssggsaszszrzzrit
G' (Pa) 100+
Emmm Es S s EEEEEEEEEEEEEEESR

7% A8%
© 9% X10%

0 200 400 600 800 1000 1200 1400
Time (s)
Fig. 5. Storage modulus as a function of time at constant frequency (1 Hz)

for chitosan—xanthan hydrogels dispersed in 0.05M NaCl solution at
different hydrogel concentrations. Test lag time = 120 min.
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Fig. 6. Storage modulus as a function of time at a constant frequency
(1 Hz) for chitosan—xanthan hydrogels dispersed in different media and
concentrations. Test lag time = 120 min.

for systems with ionic strength (buffer solution and NaCl
solution). The dependence of the moduli with time is
almost insignificant; but for some systems, an increase at
larger times (nearly 1000s after test initiation) was
observed. This can be explained by the elastic character
of these systems (relaxation effect). Although small, possi-
ble evaporation effects leading to higher hydrogel concen-
tration with time may be present.

3.4. Comparison of the rheological properties between
chitosan—xanthan hydrogels and other polysaccharide gels

Chitosan—xanthan hydrogels are a special case of gels
among polysaccharide gels as they are formed by the com-
plexation of natural polyions: the interaction of acidic
polysaccharide (xanthan) and polycationic polysaccharide
(chitosan). Very little rheological information exists for
polysaccharide complexes formed by anion—cation interac-
tions. However, a comparison of the rheological behavior
of our system with the rheological properties reported for
other polysaccharide-containing hydrogels like carrageen-
ans, alginates, pectins or starch gels is made here.

Carrageenan gels are one of the most rheologically stud-
ied polysaccharide gels because of their dependence on ion-
ic strength. Carrageenan gels are sulphated polysaccharide
polymers that can be extracted from various genera of mar-
ine algae of the Rhodophyceae class. Carrageenan gels form
strong gels in the presence of K™ or Ca®* ions but almost
no gelation occurs in the presence of Li* or Na™* (Clark &
Ross-Murphy, 1987). Morris and Chilvers (1981, 1983)
made shear modulus measurements on carrageenan gels
and have plotted modulus—concentration relationships for
gels made in the presence of different cations. They have
also considered the effect of temperature range. Their
results confirmed the increase of gel rigidity (rigidity mod-
ulus, GR) with K ions, but they also showed that these
gels can be obtained in presence of Li* or Na™ under high
polymer and electrolyte concentrations. Moduli in the
order of 10-20 Pa at low polymer concentrations were
obtained. The modulus approaches 200 Pa for polymers
gelled with K™ ions and 600 Pa for carrageenans gelled
with Na' ions. The concentration range studied was from
0.25% to 3.0% in weight.

Strong and weak gels are classified on the basis of their
mechanical spectra. Typical strong gel spectrum consists of
two nearly horizontal straight lines; G’ typically 1-2 orders
of magnitude higher than G”. Weak gels have both moduli
showing a slight frequency dependence G’ exceeding G” at
all frequencies. Chitosan—xanthan hydrogels can be consid-
ered as weak gels because their G are function of frequen-
cy. However, the rheology of chitosan—xanthan hydrogels
can be compared to strong gel such as alginates gels.

Alginates are salts of alginic acid found as intercellular
material in brown algae. Their function as structure-form-
ing components appears to result from their capacity to gel
in the presence of certain divalent cations. Unlike carrag-
eenans gels, alginates do not form thermoreversible gels.
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But, like carrageenan gels, gel strength is function of the
cation used. Segeren, Boskamp, and van den Tempel
(1974) reported the rheological properties of Ca>" alginate
gels (1.4% w/w). As in the case of our chitosan—xanthan
hydrogels, the dynamic analysis was restricted to the stor-
age modulus G’ because the ratio G"/G' was lower than
1072 G’ values reported for these alginate gels were slightly
higher than 10° Pa and were essentially constant over all
the frequency range studied (10~'-10" rad/s).

The strong gel behavior in most of the strong polysac-
charide gels is frequently associated with high values of
the storage modulus. For alginate gels, they exhibit an
equilibrium shear modulus that is characteristic of visco-
elastic solids such as chemically cross-linked networks.
For chitosan—xanthan hydrogels, it is assumed that chain
associations result in three-dimensional networks having
various levels of connectivity and junction zones of differ-
ent length and strength. The frequency dependence of the
storage modulus can be approximated with simple models
such as the power-law. Some cases of polysaccharide
strong gels having moduli similar to values obtained with
chitosan-xanthan hydrogels have been reported. One
example is starch that is a complex polysaccharide present
as energy reserve in plants. Starch consists of two different
polysaccharides: amylose and amylopectin. The structural
and rheological data for both components are generally
reported separately.

Doublier and Choplin (1989) reported the mechanical
spectra of two amylose gels at low concentration (1.03%
and 1.33%). Like strong gels, they observed no variation
of G’ profiles within the experimental frequency range
and G’ was 1-2 orders of magnitude greater than G”. For
dilute gels, values of G’ lower than 10 Pa were measured.
These values are evidence that rigidity of these strong gels
is similar to the behavior observed for the chitosan—xan-
than hydrogels, but our hydrogels were prepared at a con-
centration having as a minimum 7%. The concentration
dependence of strong gels can be investigated more easily
since G’ is almost frequency independent and can therefore
be approximated by the equilibrium shear modulus. For
typical alginate gels, G’ shows a C> dependence whereas
for k-carrageenan in 0.1 M KClI it shows a C*** dependence
(Lapasin & Pricl, 1995). A special case was observed with
amylose gels. Ellis and Ring (1985), working with pea amy-
lose samples over the concentration range 1.5-7.0% w/w,
found on average that G’ varies as C”", with n comprised
between 7 (high degree of polymerization) and 4.4 (low
degree of polymerization). This behavior has been related
with high elasticity of the amylose gels.

Another case of polysaccharide gels of commercial
importance is pectins. Pectins are substances that originate
from plants, contain pectinic acid as a major component.
They are water soluble and are able to form gels under suit-
able conditions, by temperature changes, by the introduc-
tion of specific counter-ions or pH variations (Lapasin &
Pricl, 1995). Commercial pectins are divided into high ester
(HM) pectins and low ester (LM) pectins according to the

degree of methyl esterification. G’ modulus of LM-pectins
gels is 10 times that of G” and independent of frequency
over a wide frequency range, which indicates that the solid
character is predominant like a strong gel. An increase in
temperature leads to a sharp decrease in G’ (Durand,
Bertrand, Clark, & Lips, 1990). Watson (1966) found in
HM-pectin gels the presence of plastic flow, indicating
the existence of an elastic limit defined as the greatest stress
a material can sustain without any permanent strain.

Another comparison can be made with xanthan alone
which behaves almost like a gel for concentrations higher
than 1%. Since xanthan is a polyelectrolyte its rheological
properties are expected to change with ionic strength and
concentration. In the case of chitosan—xanthan hydrogels,
dissolution in electrolyte medium increases viscosity and
moduli; while for xanthan alone at low concentration
(0.15% w/w), the addition of an electrolyte such as NaCl
reduces slightly viscosity. Xanthan thus behaves like a
solution as it is the case for chitosan solutions (Martinez-
Ruvalcaba, 2001). However, at higher xanthan concentra-
tions, the presence of an electrolyte has the opposite effect:
a weak gel behavior is observed. Moduli and viscosity
increase with ionic strength is similar to chitosan—xanthan
hydrogels (Pettitt, 1982). For 1.0% w/w xanthan with
0.02M KCI, a weak gel behavior was observed: it was
not possible to obtain G’ independent of frequency. Moduli
values were of the order of G’ ~ 10> Pa and G” ~ 10' Pa
(Lapasin & Pricl, 1995). G’ values were similar to values
obtained for chitosan—xanthan hydrogels but the difference
is that the G” values were closer to G’ values and were mea-
sured. In our case it was impossible to measure G” because
of rheometer sensitivity.

We know that in weak gels there is no evidence for G’ to
converge to a finite value at high frequency. In the case of
xanthan hydrogels, Carnali (1992), based on the fact that
the frequency dependence changes with polymer concentra-
tion, took into account a series of reference frequency in
order to analyze the effects of concentration. He found that
in the 0.3-3.0% w/w concentration range, G’ was propor-
tional to C", where n decreases with increasing frequency,
tending to a limiting value of 1.9. In general, n values
extrapolated for weak gels are very small in comparison
with values obtained directly for strong gels.

After comparing the characteristics of several polysac-
charide gel systems, we can conclude that chitosan—xan-
than gels have moduli values similar to values observed
in other polysaccharide weak gels. However, some strong
gels also show similar values. The dependence of G’ with
concentration is clearly that of a weak gel.

3.5. Oscillatory shear flow modeling

Eq. (7) was first used to fit our experimental data and
some results are presented in Fig. 7 for chitosan—xanthan
gels dispersed in the three different media, for 7% and
10% hydrogel concentration (lag time =90 min). The
results reported in Table 2 and Fig. 7 reveal that the final
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Fig. 7. Storage modulus of chitosan—xanthan hydrogels dispersed in
different media for concentrations of 7% and 10%. Lines represent the
model of Gabriele et al. (Eq. (7)). Test lag time = 90 min.

structure and the final properties of these hydrogels are
function of hydrogel concentration and dispersion media,
but some interaction exists between both parameters.

3.5.1. Effect of hydrogel concentration

As expected, gel strength (Af) increases with increasing
concentration: G’ increases over the entire concentration
range. This means that independently of the number of
interactions (z value) the systems turns out to be stronger
when concentration increases.

3.5.2. Effect of the dispersion media

Hydrogels dispersed in distilled water were found to
have lower z and Ag values. This means a lower number
of interactions with lower networks strength with respect
to systems dispersed in NaCl and buffer solutions. When
compared to similar systems dispersed in NaCl and buffer
solutions the differences in z are not important; i.e., a sim-
ilar number of interactions. However, interactions in sys-
tems dispersed in buffer solutions are stronger (higher
values of Ag).

The results were also analyzed using the model of Win-
ter and Chambon (1986), as presented in Eq. (5). In our

Table 2
Model parameters of Eq. (7) for chitosan—xanthan hydrogels

case, since G” was not measured (below the rheometer sen-
sibility), it was impossible to evaluate the relaxation expo-
nent (n) from Eq. (4). In this case, a non-linear regression
procedure using only Eq. (5) enabled us to obtain the relax-
ation exponent (n) and the gel stiffness (S). The resulting
parameters are reported in Table 3.

A comparison between the numerical values reported in
Tables 2 and 3 indicates a clear relation between both sets
of parameters. The exponent (n) in the Winter and Cham-
bon model is the inverse of the number of flow units (z) in
the Gabriele et al. model; while gel stiffness (S) is similar to
the gel strength (Ag); both series of values reflects analo-
gous tendencies. Therefore, both models are similar for this
particular hydrogel: the strength of the interaction between
flow units in the hydrogel is mainly function of hydrogel
concentration and dispersion media. A comparison
between A and S is presented in Fig. 8 for different hydro-
gel concentration and a test lag time of 90 min. The plot
shows a similarity between both parameters which are
increasing with hydrogel concentration. As reported previ-
ously, a simple power—law relation can be used to deter-
mine the effect of concentration on Ag and S as:

Ap =aC’ or S=aC’ 9)

Table 4 reports the values for our hydrogels at a test lag
time of 0 and 90 min. The exponent b is comprised between
0.3 and 0.6 depending on dispersion media and lag time.
The value changes slightly for a lag time of 0 min. Howev-
er, for longer lag time, b decreases when the dispersion
media is a salt solution. These values are in accordance
with comparisons made in Section 3.4 between the rheolog-
ical properties of chitosan—xanthan hydrogels and other
polysaccharide gels. For weak gels, b values (0.3-0.6) are
small in comparison with values obtained for strong gels
(1-4).

4. Conclusion

Hydrogels formed by complexation of chitosan and xan-
than have been rheologically characterized by oscillatory

Dispersion media Test lag time (min)

Hydrogel concentration (%)

7 8 9 10
Distilled water 0 Ap = 66.8 Ap =670 Ap =161.7 Ap=197.2
z=6.30 z=15.05 z=6.07 z=15.75
90 Ar =253 Ar =389 Ar=287.6 Ar=146.9
z=3.73 z=4.18 z=4.78 z=15.50
Buffer solution 0 Ap=125.1 Ap =203.0 A =302.9 Ap =534.2
z=9.20 z=17.02 z=28.10 z=17.66
90 Ar =126.2 Ap =198.5 Ap =249.3 Ar =396.5
z="1748 z=>5.88 z=>5.56 z=6.02
0.05 M NacCl solution 0 Ar=285.3 Ar=143.6 Ar=169.1 Ap=247.1
z=9.85 z=1.76 z=6.27 z=15.79
90 Ar =56.5 Ar=93.0 Ar=134.4 Ar=217.7
z=>548 z=5.92 z=6.21 z=06.23
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Table 3
Model parameters of Eq. (6) for chitosan—xanthan hydrogels

Dispersion media Test lag time (min)

Hydrogel concentration (%)

7 8 9 10
Distilled water 0 S=615 S =60.6 S=148.4 S =180.3
n=0.159 n=0.198 n=0.165 n=0.174
90 S§=221 §=345 S=7838 S=1338
n=0.268 n=0.239 n=0.209 n=0.182
Buffer solution 0 S=117.9 S=188.3 S =283.7 S=498.4
n=0.109 n=0.143 n=0.123 n=0.131
90 S=117.6 S=181.7 S§=227.2 S=1363.8
n=0.134 n=0.170 n=0.180 n=0.166
0.05 M Nacl solution 0 S§=280.8 S=134.1 S=155.7 §=2259
n=0.102 n=0.129 n=0.159 n=0.173
90 S=515 S=2852 S=123.6 S§=200.3
n=0.182 n=0.169 n=0.161 n=0.161
500 o A Water uli were obtained for the phosphate anion than the chloride
@ Af - 0.05M NaCl Solution anion. This can be explained by electrostatic equilibrium

A Af - Buffer Solution . . . .
400|  ©S-Water . changes induced by the counter-ions; the ionic strength
A O e Bt S Soluton a modifies the internal structure of the hydrogel leading to
(Pa :1,1) 200 increased moduli of the hydrogel. It was shown in that case
I that G’ decreases with test lag time, reaching a constant
s A . value later on.

(Pag) 2001 A o Modelling of the hydrogels rheological properties was
- done using the Gabriele et al. model, which was established
100 | A 8 ° for weak gel systems. The model parameters obtained are
8 8 dependent on hydrogel concentration, dispersion medium
: . and test lag time. The structure of the hydrogel system is
P explained as a combination of flow units with parameters

Hydrogel Concentration (%)

Fig. 8. Gel strength (4g) and gel stiffness (S) as a function of hydrogel
concentration for different dispersion media. Test lag time = 90 min.

Table 4
Power-law concentration model parameters for the chitosan/xanthan
hydrogels

Test lag time (min) Dispersion media Ap=aC® S=aC®
a b a b
0 Distilled water 3.63 0.403 3.32 0.403
0.05M NaCl solution 9.78 0.322 9.96 0.311
Buffer solution 3.60 0.499 339 0.498
90 Water 0.37 0.599 0.30 0.611
0.05 NaCl solution 2.55 0444 229 0.446
Buffer solution 9.18 0375 8.53 0.373

shear measurements under small-deformation conditions.
The complex moduli are frequency dependent, increasing
slightly with frequency. Since G’ was always greater than
G”, chitosan—xanthan hydrogels are mainly elastic materi-
als (negligible viscous effects). Finally, G’ was found to
increase with chitosan—xanthan hydrogel concentration.
In comparison with systems dispersed in distilled water,
higher moduli were obtained in systems with ionic strength:
buffer solution and sodium chloride solution. Higher mod-

related to the number of rheological units correlated with
one another in a three-dimensional structure and to the
strength of the interactions between these flow units. The
results reveal that the final structure and the final proper-
ties of these hydrogels are functions of varying factors
(such as hydrogel concentration and nature of dispersion
medium), and that interactions between these factors must
be considered in order to prepare hydrogels with desired
properties. These results were confirmed using the Winter
and Chambon model, which is a more general model in
relation with the critical gel theory of Winter.
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