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RELEASED DICLOFENAC SODIUM SALT FROM CHITOSAN
EMBEDDING IN A HYDROGEL MATRIX. A THEORETICAL AND
EXPERIMENTAL STUDY

Maricel AGOPY 2 Vlad GHIZDOVAT?, Tudor PETRESCU?, luliana OPREA?,
Maria-Alexandra PAUN ©, VVIadimir-Alexandru PAUN’, Viorel-Puiu PAUN'?,
Simona VOLOVAT?®

Two formulations embedding diclofenac sodium salt into a chitosan hydrogel
matrix with different crosslinking degree were prepared by in situ hydrogelation. The
formulations were investigated by polarized light microscopy and scanning electron
microscopy, and the in vitro drug release was tested in a medium mimicking the
physiological environment. The mechanism of the drug release has been assessed by
a theoretical model which was developed and it was based on the multifractal theory
of motion. The drug release mechanism are described through continuous and non-
differentiable curves — multifractal curves.

Keywords: drug release, chitosan, diclofenac sodium salt, hydrogel matrix,
multifractal model

1. Introduction

Drug delivery became an extremely important field of medicine, mainly
targeting to suppress the secondary effects of the systemic administration of drugs,
by prompting a prolonged, controlled release [1, 2]. Many attempts were done in
this prolific domain, consisting in developing new approaches, formulations and
technologies for safely transporting bioactive compounds in a controlled manner to
assure a maximum therapeutic effect and minimum secondary consequences.
Among formulations, those based on hydrogels are of particular interest, due to the
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similarity with in vivo environment: they embed large amounts of water, allow the
diffusion of the active compounds and have similar rheological properties with
tissues [3, 4]. All these reasons make hydrogels an excellent matrix for
encapsulation of drugs and their prolonged release. Among hydrogels, those based
on chitosan are especially important, because chitosan is a biopolymer which totally
fulfills the requirements of the indwelling devices: it is biocompatible,
biodegradable and its decomposition products are non-toxic for beings [5, 6]. The
main concern related to the use of chitosan-based hydrogels for in vivo applications
is the use of crosslinking agents, which usually have a toxicity degree [7]. Recent
investigations related to the chitosan-based hydrogels revealed a new pathway for
its crosslinking with natural originating monoaldehydes leading to hydrogels with
no cytotoxic effect [8-12]. This new type of biomaterials demonstrated excellent
ability to accommodate bioactive compounds such as drugs or fertilizers and to
control their release by crosslinking density or by dilution of the system during in
situ hydrogelation [13-16]. The analysis of the structure — in vitro release
relationship of these systems suggested that a key role for the prolonged release
effect is given by the strong intermolecular forces developed between the chitosan
chains and the bioactive compound subjected to encapsulation. These forces start
to develop during the hydrogelation process and are maintained in the hydrogel and
xerogel state, respectively. The occurrence of such strong forces is favored by the
slower crosslinking of chitosan with monoaldehydes compared with polyaldehydes.
This suggests that the use of these hydrogels for encapsulation of drugs is beneficial
not only due to the overcoming of the toxicity barrier but also because they promote
the prolonged controlled release. The next step for the developing of these
promising formulations to reach real life applications is a deeper understanding of
the factors which control the prolonged release. To do this, we developed a
mathematical model using the multifractal theory of motion based on the
description of the drug release mechanism through multifractal curves.

2. Experimental setup

Materials

Chitosan of low molecular weight, salicylaldehyde, ethanol, glacial acetic
acid, phosphate buffer (PBS) (pH=7.4), diclofenac sodium salt were bought from
Aldrich and used as received.

Preparation of the formulations

A series of formulations were prepared by in situ encapsulation of
diclofenac sodium salt during the hydrogelation of chitosan with salicylaldehyde,
as described in the reference [14]. Shortly, the drug and monoaldehyde crosslinker
were dissolved together in ethanol and then slowly dropped into a chitosan solution
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under vigorous stirring. The amount of chitosan, salicylaldehyde and drug were
chosen to give two formulations with different crosslinking density but constant
amount of drug (Fig. 1).

H Chitosan (mg) SA (mg) DCF (mg)

50 - Code NH,:CHO
g 45 4 D15 1.5:1
E’ 40 - D2 2:1
=
@ 354
g 30 -
T 25
£ 20
g 15 -
310 4
=
=S / /’

0 T T

D1.5 D2
Fig. 1. Graphical representation of the components amounts of the drug delivery systems and their
code

Equipment and methods

The as obtained formulations were lyophilized to give the corresponding
xerogels, using a Labconco FreeZone Freeze Dry System equipment, for 24h at
—54°C and 1.512mbar.

The morphology of the formulations was investigated by acquiring
microimages of the xerogels on a Scanning Electron Microscope (SEM) EDAX -
Quanta 200.

The xerogels were observed with a polarized light microscope Leica DM
2500 to evaluate the supramolecular ordering of the formulations and the physical
state of the drug into the chitosan matrix.

The in vitro drug release was investigated during 10 days, mimicking a in
vivo environment by using phosphate buffer solution (PBS) of pH 7.4 at body
temperature of 37°C. Pellets of formulation xerogels were prepared using a
hydraulic press (2N/m?). The pellets were immersed into vials loaded with 10 mL
PBS. At certain times, 2 mL aliquots were withdrawn and substituted with 2 mL
neat PBS. The aliquots were subjected to UV-Vis spectrometry measurements to
determine the drug released, by measuring the intensity of the specific band at 275
nm and fitting on a prior drawn calibration curve [14, 17]. The cumulative release
of the DCF was estimated from the Lambert-Beer law. The UV-Vis spectra were
recorded on an UV-visible spectrophotometer (Perkin Elmer, Lambda 10).
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3. Results and Discussions

Two formulations were prepared by encapsulating diclofenac sodium salt
into a chitosan based hydrogel, by varying the crosslinking density.

The analysis of the formulations by polarized light microscopy (POM)
displayed strong birefringence as a continuous fine banded texture, characteristic
for the layered supramolecular architectures (Figure 2. a, b) [18]. This is in
agreement with the findings on the neat hydrogel [9], suggesting that the same
hydrogelation pathway was preserved in the presence of the drug. No crystals of
drug were found in the POM images, confirming that the most probably the drug
was encapsulated into the hydrogel as submicrometric particles [19]. Comparing
the images of the two formulations, it can be remarked a finer texture in the case of
the hydrogel with higher crosslinking density (D1.5) in agreement with the tight
structure with stronger intermolecular force imposed by the higher density of
crosslinking nodes.

The layered architecture of the formulations was confirmed by the X-ray
diffractograms too. As can be seen in the Figure 2c, the X-ray pattern consist from
a two main broad reflections: one centered around 20 °, characteristic for the
semicrystalline nature of chitosan, and another one around 6.5 °, characteristic for
the layered ordering [9, 20, 21].

intensity
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2thetaangle

a) D15 b) D2 0)

Fig. 2. a, b) POM images and c) X-ray diffractograms of the D1.5 and D2 formulations

The morphology of the hydrogels was studied by scanning electron
microscopy. As can be seen in Figure 3, the higher crosslinking density reflected in
smaller pores (D1.5) while a lower crosslinking density gave larger pores (D2) [22].
The lack of crystals in the POM images was confirmed by the SEM ones:
geometrical shapes characteristic to drug crystals were observed neither in the pores
nor in the pore walls. This definitely suggests that the drug was encapsulated into
the bulk hydrogel at submicrometric level, under the detection limit of the SEM
equipment.
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D1.5 D1.5
Fig. 3. SEM images of the D1.5 and D2 formulations

In vitro investigation given the release curves depicted in Figure 4. As can
be seen both formulations showed a similar release trend, with some small
differences. The hydrogel with higher crosslinking degree started to release the drug
in a slower manner succeeding to release around 70 % in 10 days. This is simply
explained by the tighter structure guided by the higher density of the crosslinking
nodes which imposed a slower swelling of the matrix and made more difficult the
diffusion of the drug molecules. On the other hand, the D2 released the drug faster,
succeeding to release almost 80% of drug in the same period of time. This is a result
of the lower crosslinking degree which allows a faster swelling of the hydrogel
matrix and an easier diffusion of the drug molecules.

Fig. 4. Curves of the in vitro drug release of the diclofenac sodium salt form the chitosan
based matrix

4. Theoretical model

Taking into account the complexity of the phenomena that take place in
release processes (drug diffusion, erosion of polymer matrix, drug solubility etc.),
it is admitted (evidently, as a work hypothesis) that this “complexity” can be
“covered” by multifractality. In other words, the polymer — drug complex system
release dynamics will be described through continuous and non — differential curves
(multifractal curves, not monofractal curves, i.e. of a single fractal dimension D ,
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as is the usual case in [23]). Then, the Multifractal Theory of Motion in its
hydrodynamic form becomes functional through the equations [24, 25]:

0.5 + V'V = —0'Q 1)
0w +0'(p78) =0 o
with
Q= ZAZ(dt)[%]ﬂM 3)
p
and

_ 2 5=2 aal—a(a) =123
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In relations (1) — (4), t is the non-fractal time having the role of an affine
parameter of the release curves, X' is the multifractal spatial coordinate, V3 is the
“multifractal fluid” velocity on differentiable scale resolution (the polymer — drug
complex system is assimilated to a “multifractal fluid”; for details on the “behavior”
of such a “physical object” — see [23-25]), p is the state density of the “multifractal
fluid”[26-29], A is the structural constant specific to the release process associated
to the multifractal — non — multifractal transition, dt is the scale resolution and f (a)
is the singularity spectrum of order « dependent on the fractal dimension Dy [30].
Operating with multifractal “manifolds” instead of monofractal ones (in the case of
dynamic release systems) has some advantages:

i) areas of the polymer — drug complex system — of a certain fractal
dimension — may be identified and can be characterized from a release dynamic
viewpoint. From here, the number of zones of the polymer — drug complex system
which have their fractal dimension in a certain interval of values may be identified;

il) universality classes can be identified in the domain of dynamic release
systems, even when the attractors have different aspects.

Equation (1) corresponds to the multifractal law of specific momentum
conservation, equation (2) corresponds to the multifractal conservation law of state
densities, while equation (3) corresponds to the multifractal specific potential as a
measure of the multifractalization degree of the release curves.

The multifractal hydrodynamic system (1) — (3) admits, in a one-
dimensional case, with clearly defined initial and boundary conditions, the solution
(for details see [24, 25]):

0;

_ Voe? + pPxt (4)
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&

V, is the initial velocity of the structural unit of the polymer — drug complex system,
and ¢ is the “parameter” of the initial distribution of state densities:

X\ 2 7
p(x,t =0) = pyexp [— (E) ], po = const. (1)
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the solution of the multifractal hydrodynamic system in the normalized form
becomes:
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Now, taking into account the significance of p (for details see [23-25]), the

derivative of (11) with respect to n, so the expression:
2 2,2 2,2 2,2
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by multiplying with the normalized mass of the polymer — drug complex system’s
structural unit, u,, allows the defining of the normalized released drug mass in the
form:

(-n)? ] (12)

1+02n?

M 9 13
P(n.a.u)=%=—uo£ 13)

In (13), M(n) corresponds to the drug mass released at the normalized
moment n, while M(w) corresponds to the drug mass released at the normalized
moment 7 (o).

Now, it is time to calibrate the theoretical model with respect to the
previously presented experimental data. So, let us first admit that the release
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dynamics of the polymer — drug complex system (assimilated to the “multifractal
fluid” dynamics [31-34]) are “uniform”.

Then, all the structural units of the polymer — drug complex system
“support” constant velocity dynamics:

- see (10), for & = n, situation in which (13) with y, = 1 chosen, takes the form:
M@m o’y (15)

M() 1+ 02772)%

In Figure 5 we have represented the 3D (a) and the contour plot (b)
representation of drug release quantity M, as defined through the multifractal
theoretical model. We notice a steep increase followed by a saturation regime. This
particular dependence follows well the empirical dependences seen in Figure 4. We
notice that similar behavior can be found at various fractalization degree. A certain
fractalization degree defined the dynamics of the drug release for one specific
polymer-matrix-drug system. This means means that various configuration of drug-
polymer systems will always be defined by functions similar to (15). The prediction
given by our model can be easily seen that it reads true for diclofenac sodium salt
release, as presented in Figure 4.
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Fig. 5. (a) 3D theoretical dependencies related to the normalized time n
(b) fractalization o function on the normalized time n

We present in Figures 5 a — b, the 3D and contour theoretical dependencies
specified through (15) related to the normalized time n for various degrees of
fractalization o.

In Figure 6 we have represented the theoretical fit, based on our multifractal
model, of the empirical data presented in Figure 4. The model follows well the
experimental evolution, with a R-square of 99.8 for D2 data set and 98.7 for D1.5
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data set. It results from Figure 6 that the theoretical model, through a convenient
choice of the normalized parameters from (8), is validated based on experimental
data presented in this work. We must note that, for 62n? « 1, (15) becomes:

M(n) 2 16
() - 0°n, (16)

situation in which the proposed model is reduced to the usual zero — order model,
commonly used to describe the dissolution behaviour of modified — release
pharmaceutical matrices and may also be used to describe the drug release from
composite nanoparticles [35-37].
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Fig. 6. Theoretical fit of the empirical data

The algorithms employed for the theoretical fit of the empirical data, based on
the multifractal analysis, were first used in the articles [38-41].

5. Conclusions

Diclofenac sodium salt has been encapsulated into a chitosan based
hydrogel by in sit hydrogelation with a monoaldehyde. The polarized light
microscopy images indicated a hydrogelation pattern via a layered architecting. The
scanning electron microscopy showed a microporous morphology with lower pores
for a higher crosslinking density. The crosslinking density influenced the drug
release by altering the diffusion process of the drug through the matrix. A
mathematical model in the frame of the multifractal theory of motion, i.e. based on
describing of the drug release mechanism through multifractal curves was
developed. Finally, this model was validated by means of the experimental data.
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