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Abstract: Scleroglucan is a natural polysaccharide, produced by fungi of the genus
Sclerotium, that has been extensively studied for various commercial applications
(secondary oil recovery, ceramic glazes, food, paints, etc.) and also shows several
interesting pharmacological properties. This review focuses its attention on the use of
scleroglucan, and some derivatives, in the field of pharmaceutics and in particular for the
formulation of modified-release dosage forms. The reported investigations refer mainly
to the following topics: natural scleroglucan suitable for the preparation of sustained
release tablets and ocular formulations; oxidized and crosslinked scleroglucan used as a
matrix for dosage forms sensitive to environmental conditions; co-crosslinked
scleroglucan/gellan whose delivery rate can be affected by calcium ions. Furthermore, a
novel hydrogel obtained with this polysaccharide and borate ions is described, and the
particular structure of this hydrogel network has been interpreted in terms of
conformational analysis and molecular dynamics. Profound attention is devoted to the
mechanisms involved in drug release from the tested dosage forms that depend,
according to the specific preparation, on swelling and/or diffusion. Experimental data are
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also discussed on the basis of a mathematical approach that allows a better understanding
of the behavior of the tested polymeric materials.

Keywords: Scleroglucan; Modified release; Hydrogel.

Introduction

Natural polysaccharides, as well as their derivatives, represent a group of polymers that are widely
used in pharmaceutical formulations [1-3] and in several cases their presence plays a fundamental role
in determining the mechanism and rate of drug release from the dosage form. Among these
macromolecules, scleroglucan (Sclg) [4] also seems to be potentially useful for the formulation of
modified release dosage forms and numerous studies have been devoted to this specific topic. Interest
in this polysaccharide was first aroused in 1967 [5]. Sclg is a general term used to designate a class of
glucans of similar structure produced by fungi, especially those of the genus Sclerotium. The
commercial product is termed Scleroglucan, but it is also known with other names according to the
company that produces the polysaccharide (e.g., Actigum, Clearogel, Polytetran, Polytran FS,
Sclerogum).

Because of its peculiar rheological properties and its resistance to hydrolysis, temperature and
electrolytes, Sclg has various industrial applications, especially in the oil industry for thickening,
drilling muds and for enhanced oil recovery [6, 7]. Other industrial uses include the preparation of
adhesives, water colors, printing inks and liquid animal feed composition [8].

In the cosmetic industry, Sclg may be used in hair control compositions [9] and in various skin care
preparations, creams and protective lotions [10, 11]. In pharmaceutical products, Sclg may be used as a
laxative [12], in tablet coatings [13] and in general to stabilize suspensions. In the food industry,
numerous Japanese patents describe quality improvements of frozen foods [14], Japanese cakes [15],
steamed foods [16], rice crackers [17] and bakery products [18].

The use of Sclg as an antitumor, antiviral and antimicrobial compound has also been investigated
[19-22]. Sclg has shown immune stimulatory effects [23] compared with other biopolymers, and its
potential contribution to the treatment of many diseases should be taken into account in therapeutic
regimens.

Sclg is a branched homopolysaccharide that gives only D-glucose upon complete hydrolysis. The
polymer consists of a main chain of (1—3)-linked B-D-glucopyranosyl units; every third unit it bears a
single B-D-glucopyranosyl unit linked (1—6) (Scheme 1).
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Scheme 1. Repeating unit of Scleroglucan.
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Oriented-fiber X-ray diffraction indicates that Sclg has a triple-helical backbone conformation [24]
and also that dissolved Sclg chains assume a rod-like triple helical structure [25, 26], in which the D-
glucosidic side groups are on the outside and prevent the helices from coming close to each other and
aggregating. In dimethyl sulfoxide, or in solutions of pH=12.5 or higher, the reduced viscosity, the
specific rotation and the sedimentation coefficient indicate, in each case, that Sclg molecules are
monodispersed in a single-chain random coil [24-26].

In this paper we will give an overview of the main lines of research carried out with Sclg, and its
derivatives, as a potential matrix for sustained drug release of bioactive molecules [27, 28]. In particular
the presentation will be divided in six sections: the first five refer to the different strategies used for the
preparation of the systems while the sixth one reports drug release and related theoretical calculations.
In fact, some features of this polymer, like the solubility in aqueous media, the biocompatibility and the
good chemical versatility due to the hydroxyl moiety easily accessible for grafting reactions, allow for
its quite widespread potential use, both as native polymer and/or after derivatization reactions.

Modified drug delivery

Native Scleroglucan

The peculiar physico-chemical properties of Sclg suggested its suitability as a slow release matrix;
tablets prepared with the polymer show a remarkable swelling process (see Scheme 2a), that can slow
down the diffusion of molecules previously loaded in the system [29].

A preliminary study showed the suitability of Sclg for its use as a monolithic matrix. The Sclg X-
ray scan revealed no diffraction peaks which indicated that the structure of the polymer is completely
amorphous. The sample loses humidity very rapidly (ca. 5 min) while a dried sample recovers it within
1 h and therefore the dried product should be protected to guarantee its stability upon storage. The water
uptake of Sclg powder indicated that the polymer interacts very slowly with water and therefore it may
be used as a matrix carrier for slow release preparations.
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Scheme 2. (a) Photographs of 500 mg Sclg tablets taken after immersion of the tablet in a
pH=2.0 solution for 3, 7, 12 and 24 h. The reference tablet (no immersion) is
in the center. Similar results were obtained when the experiment was
performed at different pH values; (b) Schematic diagram representing the
swelling of the tablets with the inward movement of diffusing front of the
solvent and the release of the drug.
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Furthermore, during the hydration process, the formation of a swelled layer which slows down the
penetration of the dissolution medium could be observed. This layer represents therefore the rate-

limiting step of water penetration, very important, eventually, for the release of model drugs (see
below).
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When a tablet, prepared with Sclg, undergoes a different compression force, the pattern of mean
pore radius and pore volume shows an inverse relationship with regards to the applied force. Even at the
maximum force level (50 KN) zero porosity is not reached, which otherwise would lead to tablet
decapping. X-ray and thermograms performed on Sclg tablets show how the tablet structure is similar to
that of the powder: this fact points out the absence of crystalline structure formation even under the high
compression force used (50 KN). All this experimental evidence indicated that Sclg can be used as a
directly compressible material yielding non-disintegrating, porous, swellable matrices for sustained
release tablets [30].

Native Sclg has been used to prepare oral dosage forms, and in Figure 1 it is possible to visualize
the trend of the release of a model drug (benzamide) from a Sclg tablet obtained by direct compression
of the polysaccharide. From the figure it comes out how it is possible to modulate the delivery rate by
addition of appropriate additives to the basic formulation of Sclg alone. In the upper plot the release is
increased by the presence of a hydrophilic additive, such as acacia gum, while in the plot below the
release rate is decreased by addition of a hydrophobic additive, in this case a stearate [31].

Figure 1. (a) Effect of increasing concentrations of acacia gum on the release of
benzamide. The cumulative amount of the model drug released from the tablets is
reported as a function of time. The dosage forms contained 50 mg of benzamide and
different percentages of acacia in the Sclg matrix (Ref.=reference without additive;
A=10%; B=15%; C=20%; D=30%); (b) Effect of increasing concentrations of
magnesium stearate on the release of benzamide. The cumulative amount of the model
drug released from the tablets is reported as a function of time. The dosage forms
contained 50 mg of benzamide and different percentages of stearate in the Sclg matrix
(Ref.=reference without additive; A=10%; B=20%; C=30%)).

401
301
()]
=
< 201
&
3
x
101
O T 1 1 4 A o
0 2 4 6 8 0 2 4 6 8
Time (hr) Time (hr)
(a) (b)

It is clear, as depicted in Scheme 2b, how the swelling of the tablet is a crucial point in determining
water uptake and therefore the delivery of the model drug. In order to elucidate the actual mechanism of
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delivery from a polymeric matrix one can apply several mathematical approaches. One of the simplest
equation was proposed by Pouisiex and others [32] for a mechanism controlled by the penetration of the
solvent inside the matrix:

Inm=-bt +a (1)
where
m = percentage of undelivered drug
t =time
and a and b are constants.

The linearity, obtained with different model drugs (see Figure 2), indicated that, at least according
to this mathematical approach, the release can actually be considered as modulated by the solvent
penetration.

Figure 2. Release of TPH (A), Polystyrene sulphonate sodium salt (Mw=1500) (B),
Benzamide (C) and Sodium salicylate (D) from Sclg tablets, plotted according

to eq. (1).
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On the other hand, when the same equation was applied to the release data obtained with model
molecules with increasing molecular weights, a remarkable deviation from linearity was obtained.
Studying the diffusing front within the tablet using the simple apparatus depicted in Scheme 3 and the
diffusion through a preformed Sclg gel using a three-compartment cell it was possible to conclude that
the release from a Sclg tablet is ruled by the molecular size of the drug: solvent penetration is the rate-
limiting step only for small molecules while, in the case of larger molecules, diffusion through the
swelled layer around the tablet becomes the main factor affecting the release from the dosage form [33].
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In subsequent work the effect of lubricants on the pharmacotechnical and dissolution properties of a
Sclg matrix was investigated. Tablets prepared with 20% and 30% of Sclg, theophylline (TPH) as a
model drug, dibasic calcium phosphate and different amounts (0.5 and 1%) of magnesium stearate or
sodium stearyl fumarate were compared.

Scheme 3. Scheme of the apparatus used for the evaluation of the solvent penetration into
the Sclg matrix. A coloured solution was used for the visualization of the
diffusing front.
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From crushing strength tests it was observed that higher concentrations of magnesium stearate or
sodium stearyl fumarate did not improve particle cohesion and therefore 0.5% concentrations of these
substances was considered sufficient to ensure lubrication during compression. In the presence of
stearate it was difficult (Sclg = 20%) or impossible (Sclg = 30%) to increase the tablet crushing
strength due to the weak particle cohesion induced by this lubricant while, by addition of stearyl
fumarate, it was possible to increase the tablet crushing strength. Release profiles of TPH from tablets
obtained with the various formulations were also analyzed (see Figure 3).

Figure 3. TPH release from tablets containing 20% and 30% of Sclg with 0.5% of
magnesium stearate (A20 S05, A30 SO05) or 0.5% stearyl fumarate (A20 P05,

A30 PO5).
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The experimental results showed very interesting features: the increase in Sclg concentration (from
20 to 30%) slowed down drug transport by increasing both the viscosity of the swelled layer around the
tablet and reducing the erosion process; whatever the polymer concentration used (20% or 30%), the
TPH release was prolonged with formulas containing magnesium stearate; the presence of sodium
stearyl fumarate, a less hydrophobic lubricant, accelerated drug release by increasing matrix wettability.
From this data it was evident how the lubricant choice is a determining factor in hydrophilic matrix

formulation studies [34].

Oxidized Scleroglucan

The glucopyranose side chain of Sclg can be oxidized, as shown in Scheme 4, by means of a two
step reaction, using, in sequence, first periodate, to form an aldehydic derivative, and then chlorite, that
leads to the carboxylated derivative (S-1.0) [35], hereafter called sclerox.

Scheme 4. Reaction scheme for the preparation of the carboxylated derivative of Sclg
(S-1.0).
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By varying the ratio between oxidizing agent and polysaccharide, the polymer can be oxidized to a
different extent, and it was found that, above a 60% oxidation, sclerox becomes sensitive to

environmental conditions giving a reversible sol-gel transition mediated by pH.
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Figure 4. Cumulative amount of TPH released as a function of time. Experiments were
performed at pH=2.0 and 6.8 (each tablet contained 5 mg of TPH and 100 mg

of the Sclg derivative).
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By means of diffusion studies it was possible to highlight how the permeation of model molecules
occurs at different rates through the sol and the gel and that, consequently, the release from sclerox
tablets [36] shows different profiles in the two environments simulating the gastric and the intestinal
fluids respectively, as shown in Figure 4. In acidic medium the formation of a swelled layer around the

dosage form acquires a fundamental role in determining the rate of delivery, while at higher pH values

erosion and dissolution become predominant. Furthermore, the release rate can be reduced in simulated
intestinal fluid by addition of an acid substance, such as citric acid, in the formulation. This maintains

an acidic microenvironment around the tablet and the swelled layer formation, even in a neutral solution

(Scheme 5).

Scheme 5. Schematic representation of the effect that an acid additive may have on the

pH value of the microenvironment around the dosage form during its swelling

in a pH 6.8 solution.
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Although the oxidized derivative of Sclg allows one to obtain a sustained release with respect to
classical tablet formulations, nevertheless the delivery appeared to be still too rapid in relation to the
transit time through the gastrointestinal tract. Thus another strategy was taken into account preparing
chemical gels of the polysaccharide, previously derivatized to introduce aldehydic or carboxylic groups
on the side chain, with crosslinking reactions capable to produce more stable three-dimensional
networks.

Crosslinked Scleroglucan

The reactions leading to the chemical hydrogels starting from scleraldehyde, the intermediate
product of the oxidation, and from sclerox, are shown in Schemes 6a and 6b.

Scheme 6. Reactions schemes to obtain the cross-linked polymers from Scleraldehyde
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The scleraldehyde with a low degree of oxidation (10 and 20%), prepared by a controlled oxidation
of Sclg, was found to retain essentially a triple-stranded helical conformation, while the triple-stranded
chain disentangles in single chains with increasing the degree of oxidation (40 and 100%). The
hydrogel prepared from scleraldehyde with a low degree of oxidation, according to SAXS profiles
analysis, can be represented by a network composed of randomly oriented triple helices interlinked at
the sites where the aldehyde groups are present [37, 38].

According to the degree of oxidation of the polysaccharide, to the length of the crosslinking agent
and to the “reagent/polymer” ratio, products with different properties were obtained. Both crosslinked
polymers gave hydrogels, i.e. systems capable to swell in aqueous medium to a different extent:
therefore their structure together with their suitability as matrices for controlled delivery of bioactive
materials were studied. In particular, the hydrogel obtained from sclerox [39] using hexamethylene
dibromide as a crosslinking agent, had a remarkable increase of weight when it was soaked in water. In
the case of the lower degree of crosslinking an appreciable percentage of carboxylic groups did not
react with the dihalide, thus this hydrogel, keeping markedly the characteristic of the starting
polyelectrolyte, was noticeably affected by environmental conditions such as ionic strength. In Figure
5 it is shown how swelling is actually affected by the presence of sodium chloride.

Figure 5. Effect of ionic strength on solvent uptake by the crosslinked polysaccharide
(=0.5), determined as a function of time at 37 °C. (A) in 0.9% (w/v) NaCl
solution, (B) in distilled water and (C) in 0.9% (w/v) NaClL
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This effect is reversible and the new hydrogel behaves almost as a sponge that is squeezed when the
ionic strength is increased and it is somehow relaxed in distilled water. Such behavior is very attractive
as it can be used to modulate the release of small molecules according to a variation of the surrounding
medium: this is the general case of the “intelligent” hydrogel, systems “on-off” capable to react to an
external stimulus, such as temperature [40, 41], pH [42] or ionic strength [43]. In fact these systems,
considered as soft condensed matter offer their unique feature of changing state according to some

external thermodynamic parameter [44].
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As expected, diffusion experiments through the hydrogel showed that diffusion of a model molecule
occurs at a lower rate in the presence of sodium chloride than in distilled water where the network of
the hydrogel is more expanded, because of the electrostatic repulsion between the charged groups,
leading to an increase of mesh size (Figure 6).

Figure 6. Diffusion profiles of TPH in distilled water (o) and in 0.9% NaCl (w/v) (e)
for the crosslinked polymer »=0.5 at 37 °C.
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When this hydrogel was used as a matrix for tablets it was possible to observe how the crosslinking

reaction actually induced a remarkable decrease of the rate of delivery with respect to the non-
crosslinked sclerox. With the highest ratio between crosslinker and polymer it was possible to prepare,
by solvent evaporation, a film that was used for permeation studies using TPH as diffusing species.
The experiments were carried out in distilled water and in 0.9% NaCl (w/v) and, as expected, the high
degree of crosslinking led to a negligible swelling of the network that was insensitive to different ionic
strengths of the medium; thus no appreciable variation of TPH permeation in the two environmental
conditions could be observed. Furthermore, an approximate estimation of mesh-size of the film was
determined by means of diffusion experiments carried out with polystyrene sulphonate of different
molecular weight and comparing the results with those obtained with dialysis membranes of known
cut-off values [45, 46].

Co-crosslinked Scleroglucan

Sclg has been also exploited for the preparation of a chemical gel using another polymer, like gellan
gum, as a crosslinker. The gellan is an anionic microbial polysaccharide that is well known for its
gelling properties in the presence of counterions, especially divalent ions, like calcium.

The behavior of gellan is quite different from that of Sclg and it is not suitable for the preparation
of slow release matrices. In fact, although the gel gellan-calcium shows a very well ordered and regular
structure both in the solid state and in solution [47-49], when it is tested as a matrix for tablet it swells
up and it is rapidly dispersed, leading to a quite fast release of the guest molecule.
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In order to induce a better stiffness and stability to the gellan gel and with the aim of obtaining a
matrix sensitive to environmental conditions, the properties of the two polysaccharides were taken by
means of a co-crosslinking reaction between gellan and Sclg.

First of all a physical gel was obtained with the two polymers and then the carboxylic groups of the
gellan were activated to give a chemical reaction with the hydroxyl groups of Sclg (see Scheme 7).

Scheme 7. Scheme of the synthesis of the gellan—Sclg co-crosslinked hydrogel starting
from a physical gel.
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In this way the physical entanglements of the previous physical gel were “frozen” via chemical
bonds that improve the stability of the gel to give a real physical-chemical gel. The new polymeric
network (CCP, Co-Crosslinked-Polymer) showed a sustained release behavior that was better
modulated than that obtained with the single polysaccharides. It should be pointed out that while
crosslinking reactions have already been carried out on these and other polysaccharides in organic
media, co-crosslinking reactions on mixed physical gels in an aqueous medium represented a novelty. It
is possible to consider the two polysaccharides almost like the woven structure of a cloth, the weft and
the warp of a fabric, in particular because of the regular structure of the starting gellan physical gel. To
characterize the new matrix the dynamic water uptake was evaluated; from the experimental data it was
found a very rapid penetration of the solvent into the network that was almost complete within the first
five minutes; at the same time, no appreciable increase of the hydrogel volume could be detected during
the experiment. This effect can be related to a very stable three-dimensional network of this chemical
gel; the co-crosslinking reaction was carried out on a pre-formed mixed physical gel and therefore some
kind of “freezing” occurred on the physical supramolecular structure already present, contributing to the



Molecules 2005, 10 19

dimensional stability of the network. The diffusion of a model drug, TPH, through the network was
studied showing that diffusion through the hydrogel was remarkably reduced with respect to the
diffusion through water; furthermore, the trend of the plots showed that the diffusion rate was
appreciably slower in water than in phosphate buffer (Figure 7).

Figure 7. Diffusion profiles of TPH through the CCP hydrogel both in water (®) and in
phosphate buffer (pH=7.4) (A). Reference (0) obtained in water and without
the polymer in the central compartment.
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This effect, quite usual for charged polymers, was related not only to the different pH conditions
that induce a variation of the degree of dissociation of the carboxylic groups on the co-crosslinked
polymer, but also to the “screening effect” that reduces the interaction between the charged polymer
and the diffusing species, thus leading to a faster permeation.

The new hydrogel was tested as a matrix for sustained delivery tablets and in order to compare its
behavior with that of the single polysaccharides, the release of TPH from the tablets prepared with the
co-crosslinked polymer as well as with Sclg and gellan alone, as blanks, was investigated. As reported
in Figure 8 the trend of the plots shows that the release rate from the tablets prepared with the new
matrix, although slower than that obtained with gellan alone, was still appreciably faster than that
observed when only Sclg was used.
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Figure 8. Release profiles of TPH in phosphate buffer (pH=7.4) at 37 °C from tablets
prepared with the CCP polymer (@), with Sclg (A) and with gellan (0).
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Keeping in mind that the starting idea was to couple the properties of the two polysaccharides,
studies were performed with tablets containing different amounts of CaCl, with the aim of attaining a
modulation of the rate of delivery (Figure 9).

Figure 9. Effect of Ca on the release profiles of TPH in phosphate buffer (pH=7.4). =0
(o), =0.2 (), =1.3 (0), =1.4 (m), r=2.4 (x), r=3.6 (A).
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Release profiles obtained from tablets at different » values (where » represents the ratio between the
equivalents of salt and the equivalent of carboxylic groups) indicate that as the Ca*2/gellan ratio
increased, a corresponding decrease of TPH delivery rate was obtained up to an » value above which
such effect remained almost constant.
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In Figure 10 the percentage of TPH released from the tablets after 8 h is reported as a function of 7:
a sharp decrease of the release was observed at a critical » value and that for » below its critical value a
linear relationship between release rate and Ca™ content is obtained (see the enlarged detail).

Figure 10. Effect of Ca () on the percentage of TPH released, after 8 h, from tablets
prepared with the CCP polymer and containing increasing amounts of
CaCl,. Inset: linear relationship between percentage released and r values.
Experiments were carried out in phosphate buffer (pH=7.4) at 37 °C.
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In order to verify that the effect of Ca*2 on the release rate should be actually attributed to the co-
crosslinked polymer and not only to the specific interaction of this ion with gellan, tablets containing a
physical mixture of gellan and Sclg were tested.

Figure 11. Release profiles of TPH in phosphate buffer (pH=7.4) at 37 °C from tablets
prepared with the CCP polymer and with a gellan/Scgl weight ratio equal to
85/15. Experiments were carried out in the absence and in the, presence of
Ca™. CCP, =0 (®); CCP, =3 (A); gellan/Sclg 85/15, r=0 (o); gellan/Sclg
85/15, =3 (A).
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In Figure 11 it is possible to see that the presence of Ca*2 had a negligible effect on the behavior of
the tablets obtained from the physical mixture of the polysaccharides, while in the case of the co-
crosslinked polymeric hydrogel the presence of Ca*? remarkably reduced the release rate (after 24 h
only 30% of the total amount of the drug present in the formulation was released), showing that the
presence of the chemical bonds, leading the three dimensional network of the hydrogel, is fundamental
to modify significantly the release of the model drug [50].

Scleroglucan/borax Hydrogel

It is well known [51-54] that polysaccharides can form gels in the presence of borate ions and also
that Sclg is able to react with borax [55, 56] to give a three-dimensional network. The gel, in this case,
is very peculiar as it appears to be formed via both physical and chemical linkages.

According to a rheological study, carried out at two different polymer concentrations, the presence
of borax gives more rigidity to the polymeric network as both moduli, G’ and G”, are lower in the case
of Sclg alone in comparison to the Sclg/borax sample, and the difference is more evident in the case of
the loss modulus. Also the range of linear viscoelasticity is wider for the system with borate ions and all
the effects were more pronounced as the polymer concentration increased. In terms of mechanical
behavior it can be concluded that the borax strengthens the gel without an appreciable variation of its
structure.  Considering the flow curves (Figure 12) it is clear that the flow properties of the
polysaccharide, with and without borax, are those typical of a macromolecular system with a shear
thinning behavior and a Newtonian region at low shear stress values. The presence of borax does not
modify qualitatively the dependence of m from t, while it determines a noticeable increase of the
Newtonian plateau and a shift towards higher values of the shear stress at which the system starts to
flow; furthermore, such effect is strongly dependent on polymer concentration.

Figure 12. Flow curves at 25 °C for Sclg and Sclg/borax (cp = 0.7 and 2.3%(w/v)).
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The hardness, the adhesiveness, the force of cohesion, the force of adhesion and the viscoelastic
loss of Sclg alone and in presence of borax have been also evaluated, as a function of temperature,
using the texture analysis approach that, only recently emerged as a useful technique in the field of
pharmaceutical gel analysis.

From the results obtained it came out that all the listed parameters are strongly dependent on the
polymer concentration and the highest effect was reflected into the hardness of the system. Even more
significant was the comparison, within a single concentration, when the borax was added to the polymer
solution. An increase of the obtained parameters was again observed: in the case of cohesivity there was
a change of more than two order of magnitude showing how crucial is the effect of borate ions in
organizing the triple helices of Sclg in a more compact arrangement; furthermore the effect was always
more evident for the higher polymer concentration.

Together with the dynamo-mechanical-rheological characterization, the gel samples were loaded
with model molecules of different size, namely TPH, Vitamin B12 (Vit. B12) and Myoglobin (MGB) to
study the delivery of these substances from the hydrogel matrix. The release profiles of the three
molecules from the hydrogel are shown in Figure 13; it is evident how this gel modulates the release of

the guest molecules as a function of their steric hindrance with relation to the mesh size of the network
formed with borate ions.

Figure 13. Release profiles of TPH, Vit. B12 and MGB from gel in Simulated
Intestinal Fluid at 37 °C.
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The two smaller molecules show a similar profile while, in the case of MGB, with dimensions more
than three times bigger than that of TPH, a marked reduction of the diffusion from the swelled matrix
was recorded. These data represent a clear evidence of the possibility to modify the release from the
hydrogel according to the molecular size of the tested molecules. The effect was even more pronounced
when the hydrogel was used to prepare tablets; the release profiles of the model molecules was again
strictly dependent by the size of the model molecules. For the TPH the release from the matrix was
quite fast while for Vit. B12 a significant reduction was observed and for the MGB only a small fraction
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of the drug (42%) was released after 24 hours. In order to better understand the structure of the network
at molecular level conformational analysis and molecular dynamics were performed: a structure of the
hydrogel was proposed in which the diol groups of the side chains of Sclg react with borate ions, via
chemical and physical interactions, to give a diligand complex in which the borate ions act as “bridge-
atoms” between the polysaccharidic chains, thus forming a three-dimensional network giving some kind
of channels along which only the smaller molecules can be allocated (Figure 14). In the case of MGB,
from energetic calculations, due to its higher steric hindrance, a different and more open structure was
proposed.

Owing to the structural features of the triple helix of Sclg and to the results obtained via molecular
dynamics, it was suggested that, in the swollen tablet, a possible parallel arrangement of more or less
close helices is present.

Figure 14. Proposed structure for Sclg/borax gel loaded with TPH, showing the channel
obtained from the aggregation of three helices including a molecule of the

model drug.
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In fact the swelling experiments of the tablets made with this hydrogel also supported such
hypothesis. An overall increase of weight of about 20 times was obtained and an equilibrium value was
reached after two days. When the experimental values are reported as a function of the square root of
time a straight line is obtained (Figure 15), pointing out that, macroscopically, the solvent penetration
occurs according to a Fickian process, at least within the interval of time reported in the figure.
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Figure 15. Water uptake data, relative to tablets of Sclg/borax, as a function of square
root of time in distilled water (pH= 5.4) at 37 °C.
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Furthermore, what is actually peculiar of this swelling is that the tablets behave almost as an
accordion showing an elongation only along the axial direction, as it is possible to observe in Figure 16.

Figure 16. Picture of a tablet before (left) and after (right) swelling.

dry
tablet

Most probably this unusual and unique swelling behavior is related to the microscopic structure: a
series of triple helices, i.e., rod-like molecules, tied together by the “glue borax™ along a preferential
direction that corresponds, for energetic reasons, to the helix axis [57, 58].
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Drug release from polymeric matrices

During the study of these polysaccharide matrices an important factor to be taken into account was
the diffusion of the model drug through the network. In fact, when polymeric matrices are brought in
contact with an external release medium (usually water or a physiological solution) the matrix network
swelling begins and the system internal structure changes accordingly from a glassy to rubbery state. In
the rubbery region, drug molecules eventually embedded in the matrix can diffuse through the net
meshes and the macroscopic drug release occurs. During the polymeric swelling phenomenon three
moving boundaries may form: the swelling front, the erosion front and the diffusion front [59-61]. The
swelling front separates the glassy portion of the system from the rubbery one, and moves towards the
glassy core. The erosion front separates the rubbery region from the external release liquid. Finally, the
diffusion front separates the regions of undissolved and dissolved drug, and follows the swelling front
in its motion. If the drug concentration used is well below its solubility threshold in the incoming
release liquid, the swelling front and the diffusion front coincide.

The characteristics of the drug release kinetics may be highly influenced by the interaction of the
dry matrix with the surrounding environment. At the swelling front, a molecular rearrangement of the
polymeric chains takes place due to the transition from glassy to rubbery state. The time required for
this rearrangement depends on the relaxation time # of the given polymer/liquid interface which, in
turn, is a function of both local release medium concentration and temperature. If ¢, is much lower than
the characteristic time of diffusion ¢4 of the liquid - defined as the ratio of the release liquid diffusion
coefficient at equilibrium and the square of a characteristic length (radius in case of spherical matrices)
- the release liquid absorption may be described by means of Fick’s law with a concentration-
dependent diffusion coefficient. On the contrary, if # is much greater than ¢4, a Fickian release liquid
absorption with constant diffusivity takes place. In both these cases, however, the diffusion of the drug
molecule in the swelling network may be described by Fick’s law with a non-constant diffusion
coefficient and the macroscopic drug release is said to be Fickian. When ¢ = #4, the release liquid
absorption does not follow Fick’s law of diffusion [62-64].

In such cases, the macroscopic drug release becomes anomalous or non-Fickian [65]. Defining the
ratio f4/t; as the polymer/release fluid system Deborah number De [66], when De = 0 or De = oo, a
Fickian liquid absorption (and, thus, drug release) takes place. When, on the contrary De = 1, a non
Fickian liquid absorption (and, thus, drug release) takes place.

From a macroscopic point of view, a Fickian drug release is characterized by a linear dependence
of the released (or absorbed) mass with the square root of time (in the case of drug release or liquid
uptake from a thin film); in a non-Fickian case, on the contrary, the mass released (or absorbed) varies
with time ¢ according to the following power law [67]:

L=y 05<n<l 2)
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where M, is the amount of drug released until time ¢, while M., represents the amount of drug released
after an infinite time (fickian release implies n equal to 0.5, 0.45 and 0.43 for a thin film, a cylinder
and a sphere, respectively) [68].

Although several approaches have been proposed to interpret and model the liquid absorption in a
glassy polymer matrix [69-74], the Camera-Roda and Sarti idea [75] of a diffusion flux depending on
time (and concentration, of course) proved to be successful [76, 77].

Basically, this model assumes that the dimensionless mass flux J  is given by the sum of two

contributes:
J =0 +J" (3)
where J; and J," are the Fickian and the relaxation contributions that are defined as:
Ji =-Df VC' 4)
J'=-D,"VC" -t oot (5)
and:
D =1 (6)
Dy = Ry exp(g Ce(C"-1))- Dr” (7)
T(C") = (De/R)exp(K Ceol1 - C) ®)

where De is Deborah number, Df and D,  are the Fickian and relaxation diffusion coefficients,
respectively, Ceq is the equilibrium penetrant concentration in the matrix, t~ is the dimensionless
relaxation time, Ry, K and g are adjustable parameters while C" is the dimensionless local liquid
concentration. The viscoelasticity of the matrix is accounted for by means of the unique relaxation time
1", Accordingly, the viscoelastic properties are described through the simple Maxwell model,
composed of an elastic Hookean spring (of rigidity G) and a viscous Newtonian dashpot (of viscosity
W) in series, and, hence, are characterized by the relaxation time © = W/G.

In order to improve the model, an extension to the generalized Maxwell model can be performed
[66] assuming that the non Fickian portion of the mass flux is the sum of N contributes, each one
characterised by its own relaxation time T;:

1= W/Gi ®
i=N i=N
F=2lioi/ Xo; (10
i=1 i=1
Ii'=-D; VC" 1" as")/o(t") (0

where ;" is the dimensionless form of 1; and o; is the weighting factor of the i" Maxwell element [59].
The application of this model on experimental data referring to water uptake from crosslinked Sclg

[46] reveals that only one Maxwell element is sufficient to describe water uptake and the

corresponding Deborah number De is of the order of 107 This indicates that water absorption
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essentially obeys Fick’s law, thus implying that Sclg chains relaxation at the swelling front is fast
compared to the water diffusion coefficient in the polymer.

The examination of drug release data from different swollen Sclg matrices [78, 45, 46, 57], reveals
that Fick’s law still holds for the three different drugs examined (TPH, Vit. B12 and MGB). Apparent
non Fickian behavior of TPH release kinetics from native swollen Sclg matrices has to be ascribed
only to the effect of particular boundary conditions [79]. Moreover, it was also proved that non Fickian
release kinetics from Sclg matrices cannot be attributed to polymeric network topology, namely a
highly disordered structure approximating a fractal percolative lattice [80, 81].

Conclusions

Sclg is a versatile polysaccharide whose applications range from secondary oil recovery to food,
paints, ceramic glazes etc.; furthermore, natural Sclg is present in some cosmetic formulations and is
being used, as an additive, in a few pharmaceutical dosage forms. The numerous studies carried out on
this polymer indicate the wide variety of possible applications in the field of pharmaceutics, both in its
native form and as a derivative. The hydrogels, that have been obtained by means of different
crosslinking agents, are suitable for a release modulation from various dosage forms and their
characterization, in terms of water uptake, diffusion studies, rheological and dynamomechanical
approaches supported by mathematical and, in some cases, also by structural approaches (molecular
dynamics), allow to understand the mechanisms of delivery obtained with the three different model
drugs that were tested. Sustained release and environment-controlled delivery systems that can be
obtained from chemical and/or physical crosslinked Sclg represent therefore an interesting challenge for
the future researches on this polymer that needs to be further investigated since it already showed
interesting and, in some cases, very peculiar properties indicating the wide potentiality of this
polysaccharide in several fields.
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