Materials Letters 326 (2022) 132941

ELSEVIER

Contents lists available at ScienceDirect
Materials Letters

journal homepage: www.elsevier.com/locate/matlet

materials letters

materialstoday

Check for

A chitosan/silica hybrid 3D scaffold for simultaneous entrapment of two e

different hydrophilic substances

Asmaa M. Elzayat ", Francisco F. Pérez-Pla“, Rafael Munoz-Espi ™"

2 Institute of Materials Science (ICMUV), Universitat de Valencia, C/ Catedratic José Beltran 2, 46980 Paterna, Spain

Y Physics Department, Faculty of Science, Mansoura University, 35516 Mansoura, Egypt

ARTICLE INFO ABSTRACT

Keywords:
Biopolymer
Chitosan
Silica
Hybrid
Scaffold
Drug release

We report the preparation of a hybrid chitosan/silica three-dimensional (3D) scaffold loaded simultaneously with
two model hydrophilic substances, ibuprofen sodium salt and erioglaucine disodium salt. The first substance is
entrapped in situ during the preparation of chitosan submillimetric beads by ionotropic gelation with sodium
triphosphate, while the latter is post-loaded during the scaffold formation. Controlled release experiments carried
out under neutral conditions demonstrate that the presence of nanostructured silica within the polymer matrix
retards the release of both hydrophilic substances and increases the structure stability of the scaffold. Release

profiles can be fitted to a two-component model with a diffusion-controlled term (Korsmeyer-Peppas model),
which dominates the release of the post-loaded substance, and a second swelling/erosion term, which becomes
relevant for the in situ entrapped drug.

1. Introduction

Natural polymers are good candidates for drug carriers due to their
excellent biocompatibility and biodegradability [1-3]. The incorpora-
tion of a drug into a biopolymer matrix enhances its protection against
degradation and can control the release [4,5]. In addition, the ability to
form hydrogels makes biopolymers ideal candidates for encapsulation of
therapeutic molecules [6]. In particular, chitosan, a linear poly-
aminosaccharide obtained by alkaline deacetylation of chitin, is a very
attractive biomaterial in this context [7-9]. In the last years, it has been
widely applied in tissue engineering and bone repair [10-12].

On the other hand, organic/inorganic hybrid structures are able to
protect the encapsulated payloads from the surrounding environment
and allow their release in a controlled manner [11,13-16]. In this sense,
silica nanoparticles in suspension can be formed by sol-gel process in the
presence of polysaccharides, yielding the formation of a hybrid polymer
structure with potential use in the delivery of therapeutic agents
[17-24].

In this work, a loaded hybrid chitosan/silica three-dimensional
scaffold was prepared by ionotropic gelation, which minimizes the use
of toxic organic solvents or chemical cross-linking agents. Its efficiency
for entrapping two different hydrophilic molecules was investigated.
Chitosan was used as the main polymer component, and silica was used
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as a structuring additive. Finally, release experiments were carried out
in phosphate buffer (pH = 7.4) at 37 °C by using erioglaucine and
ibuprofen sodium salts as hydrophilic substances.

2. Experimental procedure

Chitosan and chitosan/silica macroscaffolds were prepared in a two-
step process based on an ionotropic gelation method, schematically
represented in Fig. 1. Sodium triphosphate (STP) was used as an ionic
cross-linker. In the first step, analogously to a previously reported
strategy [25], chitosan and chitosan/silica submillimetric beads were
prepared by extrusion of a 3 wt% chitosan aqueous suspension (M, =
50,000-190,000 Da, 75-85 % deacetylated), acidified with acetic acid
(overall concentration: 2 wt%), into an aqueous STP solution (2.34 wt
%). For silica-containing particles, tetraethyl orthosilicate (TEOS) was
added to an analogous chitosan solution (overall TEOS concentration:
3.6 wt%), containing hydrochloric acid (1.0 wt%) in addition to acetic
acid. The first hydrophilic payload, ibuprofen sodium salt, was dissolved
in this suspension (10 wt%). In the second step, the wet beads were
placed in a circular Teflon mold (@ 20 x 9 mm) and gathered and
adhered with another chitosan solution that contains the second hy-
drophilic substance (erioglaucine disodium salt, 1 wt%). Erioglaucine is
entrapped via a post-loading mechanism during the formation of the
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scaffold. Samples without the payloads were prepared as references. The
different compositions of the scaffolds prepared in this work are sum-
marized in Table 1. Further details about the experiments are given in
the Supplementary Information.

3. Results and discussion

The morphology of the prepared chitosan scaffolds was compared to
the hybrid chitosan/silica ones by optical microscopy and scanning
electron microscopy (SEM). The corresponding micrographs are shown
in Fig. 2a—d. The pure chitosan scaffold (sample SF1) presents a regular
structure with a smooth surface, while chitosan/silica hybrid samples
(sample SF2) show a certain roughness, attributed to the presence of
silica nanostructures, embedded within the chitosan matrix during the
formation process. The average size of the beads is 800 + 50 pm, as
statistically measured from SEM micrographs. TEOS is added to the
chitosan solution in the pre-formation step of the beads, leading to a
sol-gel process under acidic conditions. The alkoxide groups of TEOS are
hydrolyzed to silanol, which condense to form nanostructured SiOa.
Silica is entrapped in the polymer matrix during cross-linking, being
responsible for the observed roughness of the hybrid structures. The
comparison of measurements by thermogravimetric analysis (TGA) of
samples with and without silica indicates a silica amount of ca. 10 % (see
Supplementary Information).
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Table 1
Formulation of the prepared scaffolds.
Sample  System Polymer:STP:TEOS In situ loaded Post-loaded
weight ratios drug drug
SF1 Chitosan 3:12:0 — —
SF2 Chitosan/ 3:12:4 — —
silica
SF3 Chitosan 3:12:0 Ibuprofen Erioglaucine
SF4 Chitosan/ 3:12:4 Ibuprofen Erioglaucine

silica

The swelling behavior of the prepared scaffolds, presented in
Fig. 2e—f, was evaluated in both neutral (pH = 7.4) and acidic (pH = 3)
buffers at different times. For samples without silica, the swelling per-
centage is higher in acidic than in neutral medium, which is related to
the dissolution of chitosan at low pH values. In contrast, as a result of the
increased structural stability of the silica-containing samples, the acidity
shows little effect on the swelling of silica/chitosan hybrids. The pres-
ence of silica retards and even avoids the dissolution of the chitosan
network, limiting the swelling of the scaffolds.

As previously reported [25], the entrapment efficiency of hydro-
philic substances in systems with silica increases significantly with
respect to systems without. Ibuprofen sodium salt was entrapped in situ
during the precipitation of the hydrogel beads, whereas erioglaucine
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Fig. 1. Schematic representation of the formation of chitosan/silica scaffolds in two steps: first, preparation of cross-linked chitosan/silica hydrogels encapsulating a
first hydrophilic substance by in situ loading, and second, collecting and adhesion process of hydrogel beads to form the hybrid scaffold.
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Fig. 2. Micrographs of a chitosan and a chitosan/silica scaffold by SEM (a,c) and optical microscopy (b,d), and swelling percentage at different times of chitosan and
chitosany/silica scaffold with different polymer:STP:TEOS weight ratio (3:12:0 and 3:12:4, respectively) in two different immersion media: (e) pH = 7.4 and (f) pH

=3.

disodium salt was post-loaded during the formation of the 3D-scaffold.
In phosphate buffer, the presence of silica retards the release of both
substances with respect to only chitosan samples (Fig. 3). The obtained
data of cumulative release as a function of time, Q(t), can be well fitted
to a two-term model, previously reported for drug release in mesoporous
silica [26,27], which follows the expression.

Qmax

() = 4 i+t €)

where the first term is a sigmoidal component related to modifica-
tions in the scaffold (swelling and/or erosion caused by degradation)
and the second term is related to diffusion (analogous to the Kors-
meyer—Peppas power law [28]). Qmax is the total release fraction at
infinite time, k1is a rate constant, t;ax is the time for the maximum rate
in the sigmoidal release, ks is a constant related to the diffusion, and n
the diffusional parameter typical of the release mechanism (see fitting
parameters in Supplementary Information). The percentage contribu-
tion of the second term to the final fitting indicates how much diffusion
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Fig. 3. Cumulative release of both ibuprofen and erioglaucine from the chitosan and hybrid chitosan scaffold in phosphate buffer pH = 7.4. Solid lines were

calculated from fitting data to Eq.(1).

controls the release. The results demonstrate that the release of erio-
glaucine occurs mostly by diffusion (diffusive contribution of 75 % for
SF3 75 % and of 100 % for SF4), that is, it follows a Korsmayer-Peppas
kinetics. In contrast, ibuprofen releases by a mixed mechanism (diffusive
contribution of 58.8 % and 66.7 % for SF3 and SF4, respectively), which
is explained by the “double barrier” that the drug needs to pass: a
liberation of the beads during the swelling process and a diffusion from
the scaffold to the release media. The swelling has an influence in the
liberation of the drug loaded during the formation of the particles
(ibuprofen), but it does not significantly affect the liberation of the one
entrapped outside during the formation of the scaffold (erioglaucine).

4. Conclusions

Chitosan was used as a polymer matrix for generating a hybrid
polymer/silica scaffold based on submillimetric beads prepared by an
ionotropic gelation method. The scaffolds, which are able two encap-
sulate simultaneously-two hydrophilic substances (i.e., erioglaucine and
ibuprofen sodium salts) are prepared by adhesion of the beads within a
mold. The incorporation of silica nanostructures in the scaffold increases
its structural stability and retards the release behavior in neutral envi-
ronments. Our results indicate that the release can be fitted to an
expression with two terms: a first one related to changes in the scaffold
structure by swelling or erosion (the latter caused by possible degra-
dation of the polymer matrix in the release medium), and a second one
related to diffusion. The two terms are important for ibuprofen,
embedded in situ during preparation of the beads, while the release of
the post-loaded erioglaucine is mainly controlled by diffusion.
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