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Abstract Hydrogels are hydrophilic macromolecular
networks that are capable of retaining a large amount of
water. A precise description of these systems is actually
quite complex and the practical use of hydrogels for drug
delivery and biomedical applications is often not supported
by a well-defined knowledge of the overall structure of the
polymeric network. In this paper, we report the character-
ization of two different systems: a chemical network based
on Guar Gum (GG) and a physical gel prepared with
Xanthan (Xanth) and Locust Bean Gum (LBG). The
dynamo-mechanical properties of the gels were analysed:
the cohesiveness and the adhesion of the networks were
strongly dependent on time, temperature, and composition.
The kinetics of the chemical crosslinking was followed by
means of rheological measurements, i.e. recording the
mechanical spectra of the gelling system, and the power
law exponent at the gel point was evaluated. Furthermore,
the networks, loaded with model drugs with different steric
hindrance, were used as matrices for tablets and the rate
of release of such model drugs was studied. The diffusion
of the guest molecules was deeply dependent on their
dimensions; in the case of Xanth-LBG tablets the release
profiles were almost independent from the different cohe-
sion properties of the starting hydrogel composition.
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Introduction

In the field of drug delivery, much effort has been devoted,
in the last decades, to the study of appropriate systems with
special properties, in order to avoid or minimize the side-
effects and to improve the efficacy of the therapy. In this
sense, polymers appear to be very attractive for their pe-
culiar physico-chemical characteristics (Hoffman 2002).
In this paper, two different types of polysaccharidic
networks are considered: the chemical one and the physical
one. The first one, obtained with Guar Gum (GG) and
Glutaraldehyde (Ga), has been already tested for colon
drug delivery (Gliko-Kabir et al. 1998) and here a
mechanical characterization is reported as a function of
temperature. Furthermore, the gel point was detected and
the critical exponent was evaluated. For the second type
of gel, the Locust Bean Gum (LBG) and Xanthan (Xanth)
polymers have been tested and their potential use for
modified drug delivery was investigated; in fact, it is
known that Xanth forms elastic and thermoreversible gels
when mixed with LBG (Mao and Rwei 2006). Numerous
models, often even contradictory, have been proposed for
this network (Lundin and Hermansson 1995 and the refs.
therein; Bresolin et al. 1997, 1999; Ojinnaka et al. 1998;
Liu et al. 1998; Wang et al. 2002) and the gel formation
mechanism is still controversial. According to one of the
most recent research (Richter et al. 2005), the Xanth
molecules interact with LBG mainly via the backbones of
both polysaccharides. Entanglements are initially formed
between the Xanth and LBG chains and then, when the
supramolecular structure extends to the overall macro-
scopic sample, the gel point takes place. We confirmed that
the synergistic strength (Copetti et al. 1997) of the inter-
actions depends on the mixing temperature: below the
helix-coil transition temperature of Xanth, weak elastic
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gels are formed, while strong elastic gels are obtained on
heating the mixtures. Furthermore, the hardness and the
elastic modulus presented a maximum value when the two
polymers were mixed in the same weight ratio. The dif-
ferent networks have been tested as matrices for drug re-
lease of model drugs (theophylline, TPH and myoglobin,
MGB).

Experimental
Materials and methods

Guar Gum was the gift of Lamberti s.p.a. (Italy); LBG was
provided by Carbomer (USA), while Xanthan Gum from
Xanthomonas campestris (Xanth) was provided by Fluka
(Italy). All other products and reagents were of analytical
grade.

All polysaccharides were used after purification: a given
amount of Xanth (polymer concentration, cp = 0.5% w/v)
was dissolved in distilled water, under magnetic and
mechanical stirring, at room temperature for 48 h, while
GG and LBG (cp = 0.5% w/v) were dispersed in distilled
water, under magnetic and mechanical stirring, at 60 and at
80°C, respectively, for 24 h and at room temperature for 24
additional hours (Kok et al. 1999). The obtained solutions
were exhaustively dialysed at 4°C against distilled water
with dialysis membranes with a cut-off 12,000-14,000, and
they were then freeze-dried.

The lyophilized products were stored in a desiccator
until use.

GG/Ga hydrogels

For the mechanical characterization of GG/Ga (Ga at 50%
(w/v), Carlo Erba, Italy), the gels were obtained according
to a procedure already described (Coviello et al. 2006). In
a beaker, to the purified and acidified polymer solution
(cp = 1.5% wlv), the calculated amount of Ga, needed to
obtain a remarkable excess with respect to the stoichio-
metric ratio, was added. In our case, the ratio between the
crosslinker moles and the moles of polymer repeating
units () was set equal to 4. The reaction mixtures were
magnetically stirred for 30 min and then kept in a

OH OoH OH  oH
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R N

thermostatted bath at 37°C. At fixed time intervals, the
samples were then analysed with the Texture Analyzer
(see below) (Fig. 1).

For the release experiments from tablets, the reaction
mixtures were magnetically stirred for 30 min and then
kept in a thermostatted bath at 30°C for 48 additional hours
for gel setting. The obtained self-sustaining gels, which
settled in a 10-ml beaker, showed the geometry of a cyl-
inder with a diameter of 22 mm and a height of 18 mm.

The hydrogels of GG/Ga were previously dialysed at
4°C against distilled water, using dialysis membranes with
a cut-off 12,000-14,000, to remove the unreacted Ga,
which was spectrophotometrically determined in the dial-
ysate at the appropriate wavelength (polymeric form
A =235 nm; monomeric form A =280 nm), using quartz
cells with pathlengths of 1 cm. In fact, as described in the
literature, Ga exists in solution in various forms (free
aldehyde, mono- and dehydrated Ga, monomeric and
polymeric cyclic hemiacetals, and o,f-unsaturated poly-
meric forms) (Korn et al. 1972; Whipple and Buta 1974;
Kawara et al. 1992) and, therefore, it is not possible to give
an exact description of the resulting network.

After dialysis and freeze-drying, the hydrogels were
loaded with the model drugs, TPH (Carlo Erba, Italy) and
MGB (Fluka, Germany), using different loading proce-
dures: in the case of TPH, the GG/Ga samples were soaked
in a saturated solution of the drug for 48 h and then washed
with distilled water to remove the excess of the imbibing
solution. In the case of MGB, drug loading was carried out
by directly inserting with a needle a given amount of an
aqueous MGB saturated solution into the matrices until
they were completely and homogeneously imbibed, as
evidenced by the uniform brown colour acquired by the
matrix.

LBG/Xanth hydrogels

The LBG/Xanth hydrogels, for the release experiments
from tablets, were prepared by mixing appropriate amounts
of galactomannan and Xanth solutions at 75°C for 15 min,
previously autoclaved at 121°C for 20 min. The obtained
gels were loaded with MGB, dissolving a given amount of
the model drug in the LBG solution before the addition of
the Xanth solution (Fig. 2).

H = s |
+ HOC-(CH,);-CHO ——» | )

Fig. 1 Repeating unit of GG, chemical structure of Ga, and a photograph of the obtained chemical gel
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Fig. 2 Repeating unit of LBG, Xanth, and a photograph of the obtained physical gel

Tablets preparation

The tablets of GG/Ga and LBG/Xanth were prepared from
the freeze-dried samples obtained with the hydrogels using
an IR die (Perkin-Elmer hydraulic press) with a force of
5.0 kN for 30 s.

All tablets had a weight of 190 + 10 mg, a diameter of
13.00 = 0.05 mm, and a thickness of 1.50 = 0.10 mm.

Reference tablets were prepared by freeze-drying
aqueous solutions containing the single polymers and the
model drug, followed by compression at the same condi-
tions reported above.

Dissolution test

Release experiments from the model dosage forms were
carried out in distilled water (500 ml, pH = 5.4), according
to Ph. Eur. 5th, using the rotating basket apparatus at
37.0 £ 0.1°C and 100 rpm. Aliquots of dissolution medium
(4 ml) were taken at fixed time intervals and the amount of
released TPH or MGB was spectrophotometrically deter-
mined at 272 and 409 nm, respectively, using quartz cells
with pathlength of 1 cm. The release experiments were
carried out in triplicate.

The results are reported as the relative percentage re-
lease, (M/M..) X 100, where M, indicates the amount of
drug released at time ¢ and M., indicates the release of the
total amount of the drug loaded in the formulation.

Rheological characterization

The rheological characterization of the GG/Ga and LBG/
Xanth gels was performed by means of a controlled stress
rheometer (Haake Rheo-Stress RS300; 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 and Pricl 1995). Rheological prop-
erties were studied in oscillatory experiments; mechanical
spectra were recorded in the frequency range 0.001-10 Hz.
The linear viscoelastic region was assessed, at 1 Hz, by
stress sweep experiments; constant deformations y = 0.1

and y=0.01 for GG/Ga and LBG/Xanth hydrogels,
respectively, were used.

The GG/Ga hydrogels were tested immediately after the
addition of Ga at 37 + 1°C, while LBG/Xanth samples
were analysed, at 25 + 1°C, 6 days after the preparation.

The mechanical spectra of the GG/Ga system for the gel
point detection were recorded, on the same sample, in a
stepwise sequence during the reaction progress; a defor-
mation of y = 0.01 was applied in order to influence as
minimum as possible the gel forming process.

Texture analysis

A software-controlled dynamometer, TA-XT2i Texture
Analyzer (Stable Micro Systems, UK), with a 5 kg load
cell, a force measurement accuracy of 0.0025%, and a
distance resolution of 0.0025 mm (according to the
instrument specifications) was used for the mechanical
characterization of the gel samples (Tamburic and Craig
1997; Alves et al. 2000).

The hydrogel resistance to penetration and withdrawal
of the probe was measured at room temperature. The pre-
test speed was set up at 2.0 mm/s, the test speed at 1.0 mm/
s, and the penetration depth was variable, being imposed a
fixed deformation, ranging in the linear interval response of
20% for GG/Ga samples and 8% for LBG/Xanth gels, 20
and 25% for Xanth and LBG, with an acquisition rate of
200 pps.

An ebonite cylinder probe (P-10, diameter of 10 mm)
was used.

After their preparation, the gels of GG/Ga were kept at
37 + 1°C and analysed every 7 days until they degraded,
while LBG/Xanth samples were kept at room temperature
for 6 days before the measurements. All the systems were
tested in triplicate.

Results and discussion
Mechanical characterization of GG/Ga hydrogels

Texture analysis, initially employed in the mechanical
characterization of food materials, lately has emerged as a
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useful technique in the field of pharmaceutical gels studies
(Jones et al. 1996; Tamburic et al. 1996). From a pene-
tration experiment, a set of parameters can be acquired: the
system hardness, Fp,.x (the maximum positive force re-
quired to attain a given deformation), the cohesiveness
(given by the positive area under the force-distance curve
until the maximum value), the adhesiveness (the negative
area under the force-distance curve), and the Young
modulus E (obtained from the initial slope of the stress-
strain curve).

The profiles obtained for the GG/Ga gels at different
storage times are shown in Fig. 3a and the corresponding
calculated parameters are listed in Table 1. As it can be
observed, at 37°C, the network reaches the maximum sta-
bility after 21 days. After that time, the system looses
cohesiveness due to degradation reactions that, at the
chosen temperature, plays an important role. As shown in
Fig. 3b, the hardness steadily increases in the first few
weeks until the highest values are evidenced (3 weeks) and
then the degradation process prevails with a corresponding
decrease in cohesion. Obviously, also the Young modulus
follows a similar trend in the deformation interval that was
explored.

The gelation process of GG with Ga was monitored
following the behaviour of the shear storage and loss
moduli over a wide range of frequencies (Fig. 4). The
network structure is formed with the polymeric chains
interconnected by covalent bonds with the crosslinker
molecules. The gel point is reached when the largest
molecular or supramolecular cluster diverges to infinity
and, though it cannot be directly measured, rheological
properties are very sensitive indicators. Winter and
Chambon were the first ones who reported a power-law
behaviour for the shear modulus over a wide range of shear
frequencies of a permanently gelling system (Chambon and
Winter 1985), and they generalized a scaling law of
G'(w) <« G"(w) < 0" with 0 < n < 1.

The experiments were carried out at 37°C on samples of
GG immediately after the addition of Ga. In the beginning,

the mixture behaved classically as a concentrated polymer
solution, while, after ca. 1 h, a power-law for the frequency
dependent storage and loss shear moduli was observed
(Fig. 4):

G,((U) o (1)0‘48, G//(w) x 600'43.

Such power law is present over three decades in the
frequency window of @ = 0.01-10 rad/s. Because of the
occurrence of the crosslinkling reaction during the mea-
surement, in our case, the two exponents cannot show the
same value and, therefore, the given n value has to be taken
as an estimation in the vicinity of the gel point. The per-
colation theory predicts n = 0.73 (Adam and Lairez 1996;
de Gennes 1979; Alexander et al. 1984; Stauffer et al.
1982), the Rouse model (which assumes no hydrodynamic
interactions between the polymeric clusters) predicts
n = 0.66 (Adam and Lairez 1996), and mean-field theory
predicts n = 1 (Martin and Adolf 1991). From literature
data this exponent value ranges between 0.1 and 0.9
(Martin and Adolf 1991); thus, it appears that there is no
universal value for n that, experimentally, has been found
as depending upon several parameters, such as polymer
concentration, molecular weight, and the specific pre-gel
history (Richter et al. 2004a, b; Grisel and Muller 1998;
Michon et al. 1995; Winter et al. 1994; Hsu and Jamieson
1993; Matricardi et al. 1993; Coviello and Burchard 1992).
In particular, the relaxation exponent, n, decreases with
increasing cross-linker concentration (Izuka et al. 1992), as
it happens with our samples (n = 0.46 + 0.03). After the
gel point, the storage modulus G’ becomes larger than the
loss modulus G” and the system behaves as a visco-elastic
solid with moduli parallel to each other and independent
from the frequency.

Release studies from the GG/Ga matrix

The freeze-dried gels were used, after compression, to ob-
tain tablets and to study, in distilled water at 37°C, the

Fig. 3 Penetration profiles (per Force
. . 14E+07 b
unit volume) obtained on [ ) (a) (b)
hydrogel samples of GG/Ga LSE+07 For;ce
kept at 37°C for different ’ (N/m’)
periods of time (a); hardness r
. . 9.0E+06 |
(per unit volume) of the GG/Ga I
hydrogel samples reported as a 7, days LOE+07 1
function of ageing time (b) 14, days
L — 11, days
4.0E+06 | 28, days 5.0E+06 |
I 35, days
0.0E+00
-1.0E+06 “
0 25 5 0 10 20 30 40
time (s) time (days)

@ Springer



Eur Biophys J (2007) 36:693-700

697

Table 1 Mechanical parameters obtained with the GG/Ga hydrogel kept at 37°C for different periods of time

Time (days) Hardness® (x107® N/m?)

Cohesiveness® (x107 J/m>)

Adhesiveness® (J/m%) Young modulus, E (Pa)

7 222 +0.90
14 7.19 = 0.37
21 13.51 = 1.30
28 11.08 = 1.73
35 6.53 £0.75

1.67 + 0.06
5.27 = 1.55
534 +1.14
5.07 + 0.67
3.08 £ 0.22

158.20 + 26.81
106.76 + 52.34
34.15 = 19.88
91.99 + 50.07
26.58 = 18.74

3878.36 + 188.50
11031.63 + 203.05
18794.19 + 1214.62
13728.87 + 1275.12

8550.61 = 870.89

* The parameters are normalized per unit volume

100 A G', GH
(Pa)

10 ¢

1 AN EENTT] IR ERTIT (N ETRIT] (AN ERTIT] N ETIT]
0.001 0.01 0.1 1 10 100
f (Hz)

Fig. 4 Mechanical spectra of GG sample recorded, at 37°C, 56 min
after the addition of Ga. G”: dark filled square; G”: open square

release profiles of the model molecules previously loaded
into the network. The data obtained after 8 and 24 h are
reported in Table 2. TPH, a small molecule with a radius of
van der Waals of 3.7 A, was completely released already
after 8 h. MGB, a molecule with a remarkably higher steric
hindrance (21.0 A), remained practically entrapped within
the matrix. On the other side, when the reference tablets (i.e.
those obtained with the single polymers) were tested, a ra-
ther different behaviour was detected. For the smaller
molecule, a slightly prolonged release was detected, indi-
cating that the presence of fixed mesh size in the network
facilitates, somehow, the diffusion of the guest molecule out
of the matrix. When the dimensions of the model molecule
increase, almost no release was detected in the 24-h time
interval, indicating that the mesh sizes are much smaller
than that of MGB. Thus, the hydrogel is able to discriminate
between host molecules in relation to their dimensions in
comparison to the mesh size of the chemical gel.

Table 2 Theophylline (TPH) and MGB release in water, at 37°C,
after 8 and 24 h from tablets prepared with GG and GG/Ga

Drug GG, (M/M..) x 100 GG/Ga, (M,/M.,) x 100
t=8h t=24h t=8h t=24h

TPH 78.0 = 3.0 100.0 = 2.0 97.1 £ 3.1 96.8 = 3.0

MGB 7.0 £ 0.8 417 = 1.9 1.0+ 04 1.0+ 0.2

It must be pointed out that when the crosslinker was not
present the observed release was still very small but sig-
nificantly higher than in the presence of Ga as previously
observed also when other polysaccharides were used with
the same and other crosslinking agents (Coviello et al.
2006; Palleschi et al. 2006). This indicates that the entan-
glements of the polymeric chains act as a very efficient
obstacle in particular towards the release of MGB because
of its large steric hindrance. Nevertheless, being only a
physical network, the entanglements lifetime is not high
enough to avoid a partial liberation of the molecule. Fur-
thermore, after 24 h, when also a partial erosion of the
matrix occurs because of the dissolution of GG chains, a
significant release is observed.

Mechanical characterization of LBG/Xanth hydrogels

The LBG and Xanth solutions were mixed, at a different
weight ratio (Table 3), in water at 75°C; the Xanth chains
were in the disordered form (7}, = 43°C). The profiles
force—time (normalised per unit volume) obtained for the
different investigated weight ratios by means of penetration
experiments are shown in Fig. 5. The single polymers have
very low cohesion and hardness, almost negligible if
compared to the mixed samples. On the other side, the
mixed samples show, in almost all cases, a very high
hardness and also the adhesion is much higher with respect
to LBG and Xanth alone. It is interesting to note that the
maximum values are observed for the 1:1 mixture, fol-
lowed by the 1:3 and the 3:1 compositions. Rather less
cohesive appears to be the 9:1 sample and even weaker is
the 1:9. A similar trend was observed when the mechanical
spectra were recorded (Fig. 6). The highest storage mod-
ulus was found for the 1:1 sample, while the lowest one
was detected for the 1:9 ratio; furthermore, the 1:3 mixture
showed values higher than those of the 3:1 sample.

The storage and the loss moduli of the LBG/Xanth
samples show the characteristic profile of the gel systems
with G">> G” and with G being almost independent on
the frequency in a range of several decades. On the other
side, in the case of LBG and Xanth alone, the mechanical
spectra are those typical of concentrated solutions (for sake
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Table 3 Composition of the systems (X, c,) LBG, Xanth, and LBG/Xanth used for the preparation of the tablets and the corresponding MGB

release in water, at 37°C, after 8 and 24 h

X?* LBG Cgtoml CBLBG CBXamh (M/M..) x 100
t=8h t=24h
LBG 1.00 0.50 0.50 - 4.1 +09 14.0 £ 3.0
LBG/Xanth 9:1 0.90 0.50 0.45 0.05 6.0+24 10.1 £2.0
LBG/Xanth 3:1 0.75 0.50 0.33 0.13 32 +0.1 9.0+ 04
LBG/Xanth 1:1 0.50 0.50 0.25 0.25 22+0.7 6.3+ 1.8
LBG/Xanth 1:3 0.25 0.50 0.13 0.33 20+03 149 + 0.5
LBG/Xanth 1:9 0.10 0.50 0.05 0.45 93+15 438 £ 7.6
Xanth 0 0.50 - 0.50 98.5+ 1.0 100.0 = 1.0
* Weight ratio
" Polymer concentration, w/v
3.0E+05 Force —e—1:0 5 0:1 ——1:9
(N/m3) 1000 G'(Pa) —e—1 —e—1:1 —e—3:1
2.0E+05 0:1
1:0 10
1:9
1:3
1.0E+05 1:1
0.1 -
3:1 EpnanEl
9:1
0.0E+00 | ity 0.001
5 0.001 0.01 0.1 1 10
time (s) f @)
LOE+05 Fig. 6 Frequency dependence of storage modulus for LBG, Xanth,
- ORH and LBG/Xanth at different weight ratios prepared at 75°C
2.0E+05 exception of the systems 1:9 and 9:1, the ratios of E/Ge are
) ca. 3, in agreement with the theory of the elasticity for
isotropic viscoelastic solids at equilibrium (Ferry 1980).
3.0E+05 L Release studies from the LBG/Xanth matrices

Fig. 5 Penetration profiles (per unit volume) obtained on samples of
LBG, Xanth, and LBG/Xanth at different weight ratios prepared at
75°C

of clarity only G’ values are reported in Fig. 6). The
equilibrium shear moduli, Ge, have been also evaluated,
assuming that they can be taken as the experimental values
of G’ at 1 Hz (Lapasin and Pricl 1995). In Fig. 7, the Ge
values are reported together with the Young moduli for the
different LBG/Xanth systems. For a comparison also the G’
(1 Hz) and E values for the single polymers are given. It is
interesting to note that both parameters assume the maxi-
mum values in the case of 1:1 sample and that, with the
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The release from tablets of MGB, loaded in the hydrogel
prepared with different LBG/Xanth weight ratios, was
studied in distilled water at 37°C. The obtained results are
reported in Table 3. The release of the model drug is
almost negligible in the case of tablets prepared with
only LBG due to the difficulty of the polymeric chains to
dissolve in the surrounding medium. On the other side, in
the case of Xanth, the release is rather fast because this
polysaccharide is a polyelectrolyte that rapidly dissolves
leading to a complete release of the MGB.

When the tablets were prepared with the hydrogels at
different weight ratios, the release becomes deeply influ-
enced by the co-presence of the two polymers: the release



Eur Biophys J (2007) 36:693-700

699

350 E, G'
(Pa)

X, LBG

X, LBG 0 01 025 050 0.75 090 1
Eexp(Pa) 0 28 212 304 224 125 54
Eti¢ (Pa) 36 64 179 317 228 112 60
Gexp(Pa) 1 13 83 107 43 73 0
GrhHt(Pa) 0 31 73 98 72 39 13

Fig. 7 Dependence of the Young modulus (open square) and storage
modulus G’ (dark filled square) on the weight composition of LBG/
Xanth (X) samples prepared at 75°C. The fitting lines were drawn
applying a polynomial equation of 4th order: the corresponding
values, calculated at 1 Hz (G'g;, Ejy), together with the experimental
ones (G'exp, Eexp) are also listed

after 8 h is always very small and also after 24 h reaches a
maximum value of 15%, with only exception of the 1:9
LBG/Xanth where 44% of the drug is delivered after 24 h.
These data indicate that, though the mechanical properties
are very different depending on the different weight ratios
(see Fig. 7), once the hydrogels are freeze-dried and
compressed, the release behaviour is not simply related
to such properties. The release appears to be essentially
governed by LBG that, also when present in very small
amount, does not allow the diffusion of the host molecule
out of the matrices. Even when the LBG amount reaches
90%, more than half of MGB still remains entrapped in the
tablets.

Conclusions

The mechanical properties of the gel systems, obtained
by crosslinking carried out at different temperatures, are
remarkably affected by reaction temperature and ageing
time. The samples, kept at 37°C, show the maximum value
of cohesion and hardness after 3 weeks. Later, the degra-
dation processes prevail and the networks loose their
consistency. The gel point could be detected by means of
oscillatory tests: the evaluated critical exponent, n = 0.46,
lies in the experimental range of already found values for
several other systems. The disagreement with the perco-

lation theory prediction and with the Rouse model is
probably due to the fact that the gelation process takes
place in the presence of an excess of the crosslinking agent.
The tablets prepared with the chemical network evidenced
the presence of meshes with a size large enough to release
small molecules, leading to a delivery even faster than that
obtained when only the non-crosslinked polymer was
present. A different behaviour was observed in the case
of larger guest molecules: the network acted as an obstacle
to diffusion out of the matrix and the drug remained
entrapped even after 1 day.

Furthermore, for the first time, the physical gels ob-
tained by mixing, at different weight ratios, LBG and
Xanth have been tested as matrices for drug release.
Though the systems show remarkable differences in hard-
ness and cohesion, the release profiles, when the hydrogels
are used to prepare tablets, are not significantly different
and usually only a small amount of the model drug is
delivered. Only when Xanth is present with a percentage of
90%, the release becomes faster and a higher amount of
MBG is released. Thus, the freeze-drying and compression
processes reduce and smoothen the mechanical differences
among the networks and the release appears to be governed
essentially by the presence of LBG.

Acknowledgement This work was carried out with the financial
support of MIUR.

References

Adam M, Lairez D (1996) ‘‘Sol-Gel transition.”’ In: Cohen Addad JP
(ed) Physical properties of polymeric gels. Wiley, Chichester,
p 87

Alexander S, Grest GS, Nakanishi H, Witten TA Jr (1984) Branched
polymer approach to the structure of lattice animals and
percolation clusters. J Phys A Math gen 17:L185-L190

Alves MM, Antov YA, Goncalves MP (2000) Phase equilibria and
mechanical properties of gel-like water—gelatin—locust bean gum
systems. Int J Biol Macromol 27:41-47

Bresolin TMB, Sander PC, Reicher F, Sierakowski MR, Rinaudo M,
Ganter JLMS (1997) Viscometric studies on xanthan and
galactomannan systems composition. Carbohydr Polym
33:131-138

Bresolin TMB, Milas M, Rinaudo M, Reicher F, Ganter JLMS (1999)
Role of galactomannan composition on the binary gel formation
with xanthan. Int J Biol Macromol 26:225-231

Chambon F, Winter HH (1985) Stopping of crosslinking reaction in a
PDMS polymer at the gel point. Polym Bull 13:499-503

Copetti G, Grassi M, Lapasin R, Pricl S (1997) Synergistic gelation of
xanthan gum with locust bean gum: a rheological investigation.
Glycoconj J 14:951-961

Coviello T, Burchard W (1992) Criteria for the point of gelation in
reversibly gelling systems according to dynamic light scattering
and oscillatory rheology. Macromolecules 25:1011-1012

Coviello T, Alhaique F, Dorigo A, Matricardi P, Grassi M (2006)
Two galactomannans and scleroglucan as matrices for drug
delivery: preparation and release studies. Eur J Pharm Biopharm
doi:10.1016/j.ejpb.2006.10.024

@ Springer



700

Eur Biophys J (2007) 36:693-700

de Gennes PG (1979) Scaling concepts in polymer physics. Cornell
University Press, Ithaca, pp 137-152

Ferry JD (1980) Viscoelastic properties of polymers. Wiley, New
York

Gliko-Kabir I, Yagen B, Penasi A, Rubinstein A (1998) Low
swelling, crosslinked guar and its potential use as colon-specific
drug carrier. Pharm Res 15:1019-1025

Grisel M, Muller G (1998) Rheological properties of the schizophy-
llan-borax system. Macromolecules 31:4277-4281

Hoffman AS (2002) Hydrogels for biomedical applications. Adv Drug
Deliv Rev 54:3-12

Hsu SH, Jamieson M (1993) Viscoelastic behaviour at the thermal
sol-gel transition of gelatin. Polymer 34:2602-2608

Izuka A, Winter H, Hashimoto (1992) Molecular weight dependence
of viscoelasticity of polycaprolactone critical gels. Macromol-
ecules 25:2422-2428

Jones DS, Woolfson AD, Djokic J (1996) Texture profile analysis of
bioadhesive polymeric semisolids: mechanical characterization
and investigation of interactions between formulation compo-
nents. J Appl Polym Sci 61:2229-2234

Kawara J, Ohmori T, Ohkubo T, Hattori S, Kawamura A (1992) The
structure of glutaraldehyde in aqueous solution determined by
ultraviolet absorption and light scattering. Anal Biochem
201:94-98

Kok MS, Hill SE, Mitchell JR (1999) Viscosity of galactomannans
during high temperature processing: influence of degradation and
solubilisation. Food Hydrocolloids 13:535-542

Korn AH, Peairheller EM, Filachione EM (1972) Glutaraldehyde:
nature of the reagent. J] Mol Biol 65:525-529

Lapasin R, Pricl S (1995a) Rheology of industrial polysaccharides:
theory and applications. Blackie Academic & Professional,
London, pp 162-578

Lapasin R, Pricl S (1995b) Rheology of industrial polysaccharides.
Blackie Academic & Professional/Chapman & Hall, London/
New York, p 399, p 402

Liu CA, Craig DQM, Hampson FC, Dettmar PW (1998) An
investigation into the rheological synergy between xanthan
gum-locust bean gum mixtures. J Pharm Pharmacol 50(Sup-
pl):149

Lundin L, Hermansson AM (1995) Supermolecular aspects of
xanthan-locust bean gum gels based on rheology and electron
microscopy. Carbohydr Polym 26:129-140

Mao CF, Rwei SP (2006) Cascade analysis of mixed gels of xanthan
and locust bean gum. Polymer 47:7980-7987

@ Springer

Martin JE, Adolf D (1991) The sol-gel transition in chemical gels.
Ann Rev Phys Chem 42:311-339

Matricardi P, Dentini M, Crescenzi V (1993) Rheological gel-point
determination for a polysaccharide system undergoing chemical
cross-linking. Macromolecules 26:4386-4387

Michon C, Cuvelier G, Launay B, Parker A (1995) In: Dickinson E
(ed) Food macromolecules and colloids. The Royal Society of
Chemistry, London

Ojinnaka C, Brownsey GJ, Morris ER, Morris VI (1998) Effect of
deacetylation on the synergistic interaction of acetan with locust
bean gum or konjac mannan. Carbohydr Res 305:101-108

Palleschi A, Coviello T, Bocchinfuso G, Alhaique F (2006) Inves-
tigation on a new scleroglucan/borax hydrogel: structure and
drug release. Int J Pharm 322:13-21

Richter S, Boyko V, Schroter K (2004a) Gelation studies on a radical
chain cross-linking copolymerization process: comparison of the
critical exponents obtained by dynamic light scattering and
rheology. Macromol Rapid Commun 25:542-546

Richter S, Boyko V, Schréter K (2004b) Gelation studies: comparison
of the critical exponents obtained by dynamic light scattering
and rheology, 2*. A thermoreversible gelling system: mixtures of
xanthan gum and locust bean gum. Macromol Rapid Commun
25:1504-1509

Richter S, Brand T, Berger S (2005) Gelation studies, 3 comparative
monitoring of the gelation process of a thermoreversible gelling
system made of xanthan gum and locust bean gum by dynamic
light scattering and 1H NMR spectroscopy. Macromol Rapid
Commun 26:548-553

Stauffer D, Coniglio A, Adam M (1982) Gelation and critical
phenomena. Adv Polym Sci 44:105-158

Tamburic S, Craig DQM (1997) A comparison of different in vitro
methods for measuring mucoadhesive performance. Eur J Pharm
Biopharm 44:159-167

Tamburic S, Craig DQM, Vuleta G, Milic J (1996) An investigation
into the use of thermorheology and texture analysis in the
evaluation of W/O cream stabilised with a silicone emulsifier.
Pharm Dev Technol 1:299-306

Wang E, Wang YJ, Sun Z (2002) Conformational role of xanthan in
its interaction with locust bean gum. J Food Sci 67:2609-2614

Whipple E, Buta M (1974) Structure of aqueous glutaraldehyde. J Org
Chem 39:1666-1668

Winter HH, Izuka A, De Rosa ME (1994) Experimental observation
of the molecular weight dependence of the critical exponents for
the rheology near the gel point. Polym Gels Networks 2:239-245



	Characterization of polysaccharide hydrogels �for modified drug delivery
	Abstract
	Introduction
	Experimental
	Materials and methods
	GG/Ga hydrogels
	LBG/Xanth hydrogels
	Tablets preparation
	Dissolution test
	Rheological characterization
	Texture analysis

	Results and discussion
	Mechanical characterization of GG/Ga hydrogels
	Release studies from the GG/Ga matrix
	Mechanical characterization of LBG/Xanth hydrogels
	Release studies from the LBG/Xanth matrices

	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


