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This work explores the development of bionanocomposite systems for controlled drug delivery of
metformin, the most extensively used oral drug for treatment of type 2 diabetes, also now proposed
for treatment of various types of cancer. These systems involve the incorporation of metformin—clay
intercalation compounds into a biopolymer matrix, chitosan or pectin, that it is further covered with
one or two more biopolymer coatings to ensure stability in the stomach (pectin coating) as well as
mucoadhesive properties (chitosan) to attain controlled release of metformin in the intestinal tract. Thus,
intercalation compounds involving the ion-exchange of interlayer cations of a natural Wyoming
montmorillonite (Cloisite®Na) and a synthetic hectorite (LAPONITE® XLG) were entrapped in chitosan or
pectin matrices, producing bionanocomposite beads that were coated with a pectin layer in the first
case, or with a chitosan layer and a second external layer of pectin in the second case, to produce
core—shell beads that were tested in the controlled release of metformin. The produced beads
were submitted to water stability and in vitro release tests simulating the changes of pH along the
gastro-intestinal tract with the aim to establish the performance of each type of core—shell bead as a
delivery system. It is expected to profit from the stability provided by pectin to reduce the delivery in the
stomach, to improve the residence time of the system in the intestinal tract using the mucoadhesive
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DOI: 10.1039/c9nj06433h properties of the chitosan, and to use the drug intercalated in the clay as a reservoir from which it
can be slowly released in the intestine, and so the combined action of the three components affords a

rsc.li/njc controlled delivery system for the oral administration of metformin.
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Introduction

Metformin (MF) is a biguanide-type drug (Fig. 1) for the
treatment of type 2 diabetes, being the most used oral medica-
tion for this chronic disease."”> However, this drug has certain
inconveniences due to its low absolute bioavailability (50-60%)
and short half-life (6.2 h), which make necessary the administra-
tion of large amounts of drug, which can cause gastrointestinal
problems.®* For this reason, the design of controlled drug delivery
systems (CDDS) is of great interest in pharmaceutical dosing, in
order to provide an optimal therapeutic level of the drug and
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maintain it throughout the treatment. To achieve this objective,
the design of the carrier is necessary to provide control in the
drug release and, if possible, to afford targeted release of
the drug in comparison with conventional release systems.>®
For example, in a conventional oral administration, the drug is
released almost immediately in the stomach, often requiring
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Fig. 1 Structures of metformin hydrochloride, chitosan and pectin.
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several daily doses, where high concentrations can reach toxic
levels and increase the possibility of side effects such as
gastrointestinal problems.®

In the last few years, several designs presenting biocompat-
ibility, biodegradability, nontoxicity, etc.” have been proposed for
the release of active substances. Currently, the most commonly
used materials are liposomes, nanoparticles, nanoemulsions,
natural and synthetic polymers, various inorganic solids (carbon
based, metals, silicates, clays, and layered double hydroxides),
etc.”7 Among inorganic carriers, clay minerals have proved to
be very efficient to develop controlled release systems, due to
properties like adsorption and ion exchange ability.>'%'>'*'® The
systems designed for controlled drug release in oral administra-
tion should consider the different environments that the drug will
find throughout its passage through the gastrointestinal tract. An
important factor is the pH change that occurs along the gastro-
intestinal tract, which can affect the stability of the DDS. For this
reason, clay minerals and their intercalation compounds can
be encapsulated in polymer or biopolymer matrixes forming
(bio)nanocomposite materials, in order to provide additional
control in the drug release.">'** Thus, several approaches to
the use of bionanocomposite systems have been recently reported
in which biopolymers of different characteristics (carboxymethyl-
cellulose, alginate, chitosan, pectin, zein, cellulose nanofibers,. . .)
are used as matrices in which the drug is further dispersed either,
intercalated into the layered solid (smectite clays, layered double
hydroxides,...), loaded into halloysite nanotubes or directly
adsorbed on sepiolite or modified sepiolite, to procure materials
than can be processed as films, tablets or beads for easier and
more controlled drug release.?"*>32

In this context, it is here reported the development of new
CDDS formulations for the release of metformin based on the
encapsulation of clay-metformin hybrids in a core-shell system
involving chitosan and pectin biopolymers. The intercalation
compounds of metformin in two lamellar clays, a Wyoming-
type natural Na-montmorillonite marketed as Cloisite™ (Mt)
and the commercial synthetic hectorite known as LAPONITE®™
XLG (Lap), commonly employed in cosmetics and pharmaceutics,
were reported in previous work.”>”>* Both biopolymers, chitosan
and pectin, are widely used in the food industry and in the area of
biomedicine as scaffolding, wound dressings or DDS.**® Chit-
osan is a polysaccharide extracted mainly from the exoskeleton of
crustaceans, which consists of poly[p-(1-4)-2-amino-2-deoxy-p-
glucopyranose] (Fig. 1). It is a cationic polymer at pH below 6
with protonated amino groups in the C2 positions of the glucose
rings. Given the known mucoadhesive properties of chitosan,*”~®
it is used in DDS in which the drug must have a residence time
in a specific mucosa, such as buccal or intestinal. In order to
overcome the disadvantage of the low stability of chitosan
at acid pH, many modifications or complex formation with
other polymers have been proposed to improve the stability
of chitosan in the stomach, its mucoadhesion and other
properties.>**® Unlike chitosan, pectin is an anionic polysac-
charide extracted from citrus fruits, consisting of residues of
(1,4)-a-p-galacturonic acid*' (Fig. 1). It is resistant to low pH
conditions and digestion by the proteases and amylases present
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in the stomach, but at the same time it is sensitive to the
pectinases present in the colon, facilitating its complete diges-
tion in the intestinal tract.*> In this way, we have previously
reported the use of chitosan-pectin combinations to afford the
targeted release in the colon tract of 5-aminosalicylic (5ASA), a
drug prescribed for treatment of ulcerative colitis and Crohn’s
disease.™ Hence, the combination of chitosan and pectin in a
core-shell system of clay-MF hybrids appears as a great oppor-
tunity to simultaneously benefit from the properties of both
biopolymers, and increase the residence time of the drug in the
intestine, maintaining a controlled release rate.

Results and discussion
Bionanocomposite systems based on clay-metformin hybrids

The preliminary results on the intercalation of MF in charged
layered silicates, such as Na-montmorillonite and LAPONITE®
XLG clay minerals, have been reported in previous works.>**3
Computational modeling studies were conducted to understand
the behavior of these silicates in the process of intercalation
and release of MF hosted in between the silicate layers. As these
MF-clay hybrid systems were not satisfactory formulations for
application as controlled release systems in oral administration
of metformin,*** the aim of the current work was the develop-
ment of new formulations by encapsulation of these clay-MF
hybrids within suitable biopolymer matrixes (pectin and
chitosan) in different core-shell configurations, in order to
improve their delivery properties. For comparison, three hybrids
have been selected in the current study: (i) Mt-MF, which
corresponds to an intercalation compound prepared in the
presence of a large excess of MF in solution to assure the system
is in the plateau of the adsorption isotherm, where it contains
around three times the CEC of the used Mt (243.6 mEq./100 g),**
(ii) Mt-MFw, the same intercalation compound but recovered
after thoroughly washing with water, in order to remove the
excess MF adsorbed on the external surface of the clay, to get
an amount of MF equivalent to the cation exchange capacity
(CEC) of the pristine Mt (93 mEq./100 g),°* and (iii) Lap-MF,
which incorporates an amount of MF equivalent to the CEC
of LAPONITE® XLG (63 mEq./100 g). The XRD patterns of the
Mt-MF and Mt-MFw hybrids (Fig. 2) confirm the intercalation of
MF from the X-ray diffraction patterns as they showed the
displacement of the (001) reflection to lower 2 theta angles.
Thus, the basal spacing changes from 1.20 nm in the pristine Mt
to 1.36 nm in the corresponding intercalation compounds,
resulting in a basal spacing increase of 0.40 nm. In the Lap clay,
the (001) reflection is observed at a distance of 1.44 nm due to
the greater content of water in this clay,”® whereas in the Lap-MF
hybrid this reflection peak appears at 1.32 nm, from which it is
possible to calculate a basal spacing increase of 0.36 nm. In all the
diffraction patterns of these hybrid materials, the appearance of
the (002) reflection peak at 0.65 and 0.63 nm for the Mt and the
Lap based hybrids confirms the formation of clay-MF inter-
calation compounds.”® Molecular modeling quantum mechan-
ical calculations performed using the Castep code*® based on
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Fig. 2 XRD patterns of pure MF-HCl, pristine Mt and Lap, and their
intercalation compounds. On the right there is also shown a model of
the intercalation compound determined by applying the Castep code
within the Materials Studio package.?>**

plane wave DFT (Density Functional Theory) confirmed that the
intercalation of MF cations in both types of clay follows an ion-
exchange mechanism, stabilizing a monolayer of MF ions in the
interlayer region, where the drug molecule is disposed more
parallel to the mineral surface in Lap than in Mt (Fig. 2).”°
Two configurations based on the encapsulation of the
selected clay-MF hybrids in chitosan or pectin were prepared
and evaluated in the present work. One of them is based on the
incorporation of the clay-MF hybrids in chitosan, forming
beads that were later coated with a pectin layer in a core-shell
configuration similar to that previously explored in LDH-5ASA
bionanocomposite bead systems.'® The pectin@chitosan/
clay-MF bionanocomposite systems were prepared by dispersing
the Mt-MFw intercalation compound in the chitosan matrix,
and the beads were coated with pectin from 0.5, 1 and 1.5% (w/v)
aqueous solutions of the biopolymer. Additionally, core-shell
beads incorporating the Mt-MF hybrid were coated with the
0.5% (w/v) pectin dispersion. For comparison, analogous core-
shell beads were prepared incorporating pure MF-HCI instead of
the clay-MF hybrids. The second configuration is based on the
encapsulation of the clay-MF hybrids in pectin beads that were
later coated with a first layer of chitosan and a second layer
of pectin. The pectin@chitosan@pectin/clay-MF beads were
developed by encapsulation of the Mt-MFw and Lap-MF hybrids
in the pectin core, and coated with a chitosan layer and an
external coating of pectin, as detailed in the Experimental
section, using 0.5% w/w solutions of each biopolymer. In both
configurations pectin was selected for the external coating, as it
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View Article Online

Paper

Table 1 Encapsulation efficiency and amount of loaded MF in different
formulations

Encapsulation
Formulation MF loading (%) efficiency (%)
CHT/MFO.1 0.6 + 0.2 25.0 £ 0.8
CHT/MF0.3 2.2 £0.5 29.5 + 1.0
CHT/MFO0.5 2.7 £0.3 31.7 £ 0.6
CHT/Mt-MFw 5.8 £ 0.2 58.2 £ 0.8
PECO0.5%@CHT/Mt-MFw 5.7 £ 0.1 56.8 + 1.0
PEC0.5%@CHT/Mt-MF 6.1 +0.3 60.9 £+ 1.0
PEC1%@CHT/Mt-MFw 5.7 £ 0.2 57.3 £ 0.9
PEC1.5%@CHT/Mt-MFw 5.7 £0.2 57.5 + 1.2
PEC/MF 6.9 + 0.4 69.3 £ 1.1
PEC/Mt-MFw 8.7 £ 0.3 87.3 £ 0.9
PEC@CHT@PEC/Mt-MFw 8.6 £ 0.2 86.2 + 0.8
PEC/Lap-MF 9.1 £ 0.9 91.1 £ 1.1
PEC@CHT®@PEC/Lap-MF 9.0 £1.2 90.0 £ 1.2

is very resistant to acidic pH, while chitosan was chosen due to
its mucoadhesive properties, which can be beneficial to increase
the permanence of the DDS in the intestinal tract.

Table 1 shows the amount of MF loaded in all the prepared
formulations as well as the encapsulation efficiency for each
system. The systems incorporating the pure drug in chitosan
(CHT/MF) have lower MF loading and encapsulation efficiency
compared to those loaded with the Mt-MF hybrids and to the
systems based on beads with a pectin core, showing encapsula-
tion efficiency values of 25.0, 29.5 and 31.8%, for the systems
prepared with starting amounts of 0.1, 0.3 and 0.5 g of
metformin, respectively. In contrast, an almost 70% encapsula-
tion efficiency was reached in the pectin formulations (PEC/
MF). This result may be related to the fact that MF-HCI in
solution is dissociated, giving the protonated MF species,
which may show electrostatic repulsion with the protonated
chitosan chains, making it difficult to increase the loading of
drug into the chitosan matrix. In fact, the increase of the
starting amount of MF added to chitosan does not result in
an increase of the drug loading. Therefore, 0.1 g of MF was used
as a reference to prepare the other bionanocomposite systems.
In the case of incorporating MF stabilized in the Mt-MFw hybrid,
it is possible to load a larger amount of drug with encapsulation
efficiencies close to 60% independently of whether the bead
contains just chitosan or it was later coated with different
amounts of pectin. The system prepared using the non-washed
hybrid (Mt-MF), with an MF content about three times higher
than that of the Mt-MFw hybrid, showed a very close encapsula-
tion efficiency (60.9%), which suggests that the use of clay-based
hybrids with a large excess of drug adsorbed on the external
surface of the clay is not necessary.

All the prepared pectin-core based bead materials show
higher encapsulation efficiency than the systems prepared with
chitosan. The PEC/Mt-MFw and PEC/Lap-MF beads exhibit very
good encapsulation efficiency, reaching values of 87 and 91%,
respectively, clearly higher than those formulations encapsulating
directly MF-HCI (69.3%). As observed in the chitosan-core based
systems, this result may be associated with the protective effect
exerted by the clay minerals, where the drug is protected within
the sheets of the layered silicates. Here again, the encapsulation

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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efficiency of the pectin/clay-MF beads and that of the core-
shell systems is practically the same, confirming that there is
no loss of drug during the coating of the beads to produce the
shell. Comparing the encapsulation efficiencies obtained for all
the formulations, the best results were obtained when pectin
was used in the core of the beads. The reduced values obtained
in the chitosan systems can be attributed to a competing effect
between the intercalated MF species and the protonated chit-
osan chains, which would be avoided using the negatively
charged pectin. Thus, the pectin-based systems seem more
appropriate for MF delivery purposes.

FE-SEM images of the cross-section of the PCT@CHT/
Mt-MFw and PEC@CHT@PEC/Mt-MFw bionanocomposite
beads are shown in Fig. 3. The pectin coating covering the
CHT/Mt-MF bionanocomposite core can be observed in Fig. 3A.
The external surface of the bead is homogeneous and smooth
(Fig. S1A and B, ESIt), while the cross-section presents a quite
homogeneous and porous pectin layer over a more compact
and bulky material in the bionanocomposite core, without
segregation of phases, confirming the good dispersion of the
hybrid in the polymer matrix (Fig. S2, ESIt). The two biopoly-
mer phases seem to have a good interaction, confirming the
adherence between the two biopolymers as already reported in
other works.'®** Fig. 3B shows the cross-section of the pectin
bead encapsulating the Mt-MFw hybrid with the double coat-
ing of chitosan and pectin again at the external surface. In this
FE-SEM image it is possible to distinguish the two layers of the
coating, with chitosan sandwiched between the external pectin
coating and the internal pectin bionanocomposite core. The
three phases are highly homogenous and show porosity created
during the lyophilization process used to dry the final beads.
The surface morphology of the beads encapsulating MF-HCI

Mt-MF hybrid

B clay \

O mF
pectin

% pectin
[] chitosan =

o

&,
~

PEC@CHT@PEC/Mt-MF

! pectin

o g B
Bt 2

Fig. 3 Schematic models of the MF-clay hybrid and the chitosan (CHT)/
pectin (PEC) bionanocomposite beads (on the left) and FE-SEM images (on
the right) of cross-sections of the PECQCHT@PEC/Mt-MFw (A) and
PEC@QCHT@PEC/Mt—MFw (B) bionanocomposite beads.
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and the Mt-MFw hybrid in pectin, without an external coating,
observed by FE-SEM (Fig. S1C and D, ESI{) seems also quite
smooth and does not present polymer agglomerates. The
FE-SEM image of the PEC/Mt-MFw beads (Fig. S1D, ESIt) shows
that the Mt-MFw hybrid is homogeneously dispersed in the
pectin matrix, and the external surface of the bead practically
does not show any roughness or cracking, confirming excellent
integration of the hybrid within the biopolymer matrix.

Water absorption properties of the beads

For controlled drug release applications, it is important to
study the water absorption capacity and swelling properties of
the beads. Thus, these parameters were evaluated for the
different systems in HCI solution (pH 1.2) and phosphate buffer
(pH 6.8). Fig. 4 shows the evolution in the content of water
absorbed by the beads as a function of the time in contact with
the aqueous media. It is observed that the water absorption of
the different formulations strongly depends on the pH of the
medium. This behavior is attributed to the protonation of the
amino groups in chitosan at acid pH, provoking the gradual
dissolution of the biopolymer until complete disintegration of
the beads.'® When the chitosan beads are covered with a pectin
layer, the stability in the presence of a large amount of H'
increases due to the insolubility of pectin at this pH, and all the
beads show lower absorption of water and do not disintegrate
during the time set for the experiment (Fig. 4A). In the
pectin@chitosan core-shell beads, the water uptake is reduced
in those systems incorporating the clay-MF hybrid in the core
instead of MF-HCI, probably due to a physical crosslinking
effect between the hybrid component and the chitosan matrix,
showing no relevant differences between PEC@CHT/Mt-MF
beads with different content of pectin in the external coating
at pH 1.2.

In contrast, the CHT/MF and CHT/Mt-MF beads exhibit the
greatest stability, with very similar water uptake profiles, when
immersed in phosphate buffer at pH 6.8 (Fig. 4B), which is due
to the insolubility of chitosan at this pH. Under these condi-
tions, the pectin-coated chitosan beads show higher water
uptake as the amount of pectin in the external coating
increases, which can be attributed to the solubility of pectin
at this pH and to the presence of phosphate ions in the
medium, which capture the calcium ions acting as bridges
between the pectin chains, facilitating the increase of water
uptake.”® On the other hand, the pectin beads prepared
with MF-HCI show the maximum uptake at pH 1.2 (Fig. 4C),
reaching a constant value around 10% after 5 min, although in
the present case the beads do not completely disintegrate. This
result was expected because of the insolubility of pectin at
acidic pH as mentioned above. The lower uptake of water at
pH 6.8 (Fig. 4D) corresponds to pectin beads incorporating the
clay-MF hybrids, being lower in the bionanocomposite based
on montmorillonite. As mentioned above, this effect may be
associated with the physical crosslinking established between
the Mt-MF hybrid and the biopolymer chains, resulting in a
greater resistance to swelling of these beads. However, the
water uptake results indicate that the interaction between the

New J. Chem., 2020, 44,10102-10110 | 10105
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Fig. 4 Water uptake of pectin@chitosan (A and B) and pectin@chitosan@pectin beads (C and D) immersed in water at pH 1.2 (0.06 M HCl) and pH 6.8
(phosphate buffer), graphics on the left and the right, respectively. Each value is the mean + S.D. n = 3.

Lap-MF hybrid and pectin is less strong and cannot counteract
the effect of pH and the phosphate ions. The beads containing
the pectin—chitosan core-shell structure show similar water
uptake, with lower values than those of PEC/MF or PEC/Lap-MF.
In view of the oral administration of these formulations, the water
uptake results confirmed that the coating of pectin on the beads is
crucial to protect chitosan from the low pH conditions of the
stomach. Given that those systems based on a pectin core show
higher MF loading (Table 1), the ternary core-shell beads seem to
be a very promising system for the release of metformin.

In vitro tests of metformin release

The in vitro release tests of metformin from the prepared
formulations were carried out simulating the gastrointestinal
tract, as detailed in the Experimental section. Fig. 5A shows
that the drug was completely released from the CHT/MF beads
in the first two hours at acid pH simulating the gastric condi-
tions. This result was already expected because chitosan is not
resistant to acid pH, as shown in the previous water uptake
study. The core-shell beads in which the chitosan bead was
further coated with pectin showed a higher resistance at low
pH, obtaining more controlled release over the 8 h of the
experiment simulating the gastrointestinal tract. When com-
paring core-shell systems incorporating clay-MF hybrids in the
chitosan core, it is observed that the MF release depends on the

10106 | New J. Chem., 2020, 44,10102-10110

core composition and also on the thickness of the pectin
coating. Thus, the system incorporating the non-washed hybrid
(PEC0.5@CHT/Mt-MF300) presents a fast initial release at
pH 1.2 of about 40% MF, which may be associated with
the presence of drug dispersed within the biopolymer matrix
coming from MF adsorbed at the external surface of the clay
in the Mt-MF hybrid during the bead preparation. Although
this PEC0.5%@CHT/Mt-MF system exhibits an initial release
greater than the washed hybrid, the release is then gradual in
comparison with the Mt-MF hybrid alone, but it only reaches a
total release of 80% after 8 h. In contrast, the PEC0.5@CHT/
Mt-MFw system shows more controlled release with about 20%
MF liberated at the pH of the stomach, and progressive and
continuous release at pH conditions simulating the intestinal
tract, reaching complete MF release upon the 8 h of the experi-
ment. When the beads present a thicker coating of pectin,
i.e., those prepared using pectin solutions of concentration
1 and 1.5% (PEC1@CHT/Mt-MFw and PEC1.5@CHT/Mt-MFw
beads, respectively), it is possible to reduce further the release of
metformin at the pH conditions of the stomach. However, the
release in the conditions of the intestine also slows down,
reaching in both cases up to 60% liberated MF after 8 h. These
results confirm the efficiency of the pectin coating on the
chitosan beads and suggest that the core-shell beads could be
used for the controlled release of metformin. However, these

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 5 Profiles of the in vitro release of metformin from various formula-
tions based on chitosan with and without a pectin coating (A) or a pectin
core protected or not with a double coating of chitosan and pectin (B). The
experiment simulates the pH conditions that occur in the passage through
the gastrointestinal tract (pH and residence time) and was carried out at
37 °C. Each value is the mean £ S.D. n = 3.

systems have the disadvantage of a low encapsulation efficiency
(around 60%) compared to those based on a pectin core (around
90%), as explained in the previous section. For this reason, the
MF release from pectin@chitosan@pectin/clay-MF systems was
also investigated.

Fig. 5B shows the release profiles from the beads prepared
from pectin incorporating MF-HCI, exhibiting an initial release
of about 40% at pH 1.2 and releasing 100% MF at pH 6.8 in the
conditions that simulate the first zone of the gastrointestinal
tract. Thus, the PEC/MF system is much more satisfactory than
the CHT/MF system, due to the higher stability of pectin at this
pH as mentioned above. For the systems incorporating the
clay-MF hybrids, i.e., PEC/Mt-MFw and Lap-MFw, the MF
release at pH 1.2 is considerably reduced, especially for that
based on the montmorillonite hybrid, due to the protection
afforded by the inorganic host in the intercalation compounds,
although different release rates are observed in this medium
depending on the clay nature. At pH 6.8 phosphate anions
capture the calcium ions that crosslink the biopolymer chains,
and the drug is released at a quite constant rate, reaching
100% MF released in approximately 6 hours. In the case of the
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double-coated core-shell beads, PEC@CHT@PEC/Mt-MF and
PEC@CHT®@PEC/Lap-MF, both systems show a quite similar
behavior with initial slow release kinetics in the acidic medium,
which corroborates the protective effect exerted by the external
pectin coating. In these systems, a significant slow release rate
is kept at higher pH values, 6.8 and 7.4, providing controlled
release of MF along the whole gastrointestinal tract.

Conclusions

The present work reports the development of biopolymer-based
drug delivery systems for the controlled release of metformin,
the drug most commonly used for the treatment of type 2
diabetes. The DDS were produced by encapsulation in the
biopolymers chitosan and pectin of clay-metformin hybrids
reported in previous studies, based on the intercalation of MF in
two lamellar clay minerals, a synthetic hectorite (LAPONITE® XLG)
and a natural Wyoming montmorillonite, by an ion-exchange
mechanism. The prepared DDS were designed to combine the
advantages of the three components, pectin, chitosan, and clays:
(i) the outer pectin coating protects the DDS in acidic media, in the
first zone of the gastrointestinal tract (stomach); (ii) the chitosan
matrix, used as an encapsulating matrix or as a protective coating
on pectin beads, provides the DDS with mucoadhesive properties
of interest for specific adsorption in the intestinal tract; and
(ili) the incorporation of the drug intercalated into the layered
clay results in a reservoir that offers the possibility of controlling
the kinetics of drug release when the biopolymer matrix
is degrading. The arrangement of these components and the
final structure of the beads can influence the release process
and its kinetics mainly by two effects, the swelling and diffu-
sion processes.

The first core-shell system studied in the current work
consists of the encapsulation of the clay-MF intercalation
compound in a chitosan matrix, further coated with a pectin
layer. A second configuration consists of pectin beads incorpor-
ating the clay-MF hybrid, which were coated first with a
chitosan layer and then with an external pectin coating. This
last system has proven to be more efficient as it is able to
encapsulate around 90% of metformin in contrast to the
60% reached in the chitosan-based formulations, which can
be attributed to the competing effect of the protonated chitosan
chains with the intercalated MF.

In vitro tests of MF release in fluids simulating the changes
in pH and residence time that occur during the in vivo passage
of the drug through the gastrointestinal tract demonstrated
higher efficacy of both types of core-shell bionanocomposite
systems compared to those prepared without protective
coatings or incorporating directly the drug without the clay
host. Another important factor is that the release kinetics can
be controlled by adjusting the concentration of the pectin
solution, which can lead to coatings of different thickness.
Thus, several proposed formulations are able to provide very
slow release at low pH, allowing controlled delivery of most of
the metformin in medium simulating the intestinal tract.
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These results may be of special relevance to prepare appro-
priate formulations for the controlled oral administration of
metformin, allowing the administration of lower amounts than
those usually indicated to obtain an optimal therapeutic effect.
With the proposed bionanocomposite CDDS, the residence time
of MF in the intestinal region could be increased and, conse-
quently, its efficiency may be higher, potentially avoiding the
common side effects caused by MF. In addition, the possibility of
including more specific functionalities in chitosan and/or pectin
could be exploited to make the release location even more
specific depending on the disease to be treated with metformin.
The advantages of these bionanocomposites for application as
CDDS are their availability, biocompatibility, biodegradability
and low cost, which make them a very promising approach for
the treatment of type 2 diabetes and other diseases.

Experimental
Starting materials and reagents

Metformin (MF) was purchased from Sigma-Aldrich as
1,1-dimethylbiguanide hydrochloride (C,H;,CIN;), with a MW
of 165.62 g mol™* and purity 97%. LAPONITE® XLG (Lap)
was kindly provided by BYK Additives & Instruments, and
Cloisite®Na by Southern Clay Products. Deionized water
(a resistivity of 18.2 MQ cm) was obtained using Elga Maxima
Ultrapure Water equipment. Chitosan (CHT) of medium mole-
cular weight (250 kDa) and 75-85% deacetylation and pectin
(PEC) from citrus fruit were purchased from Sigma-Aldrich.
Aqueous solutions were prepared from chemicals of analytical
reagent grade furnished by Sigma-Aldrich: HCl (37%, P.A.),
acetic acid (glacial), NaOH (98%), NaCl (>99%), NaH,PO,-H,0
(>99%) and CaCl,-2H,0 (>99%).

Methods

Intercalation of metformin in the layered silicates

The intercalation of metformin (MF) in montmorillonite (Mt)
and LAPONITE® XLG (Lap) was carried out as reported
in previous studies.’**® Briefly, 300 mg of metformin was
added to 20 ml of a Mt (0.15 g) dispersion for the preparation
of Mt-MF hybrids, while 62.58 mg of metformin was added
to a suspension of 0.2 g of Lap in 20 ml of water to obtain
the Lap-MF hybrids. After homogenization of each mixture
under magnetic stirring for 48 h, the solids were recovered by
centrifugation, and then dried at 60 °C directly (Mt-MF and
Lap-MF) or after washing to remove any excess MF weakly
adsorbed on the clay surface.

Preparation of the core-shell bionanocomposite beads

Preparation of pectin@chitosan/clay-MF beads. Chitosan-
pectin bionanocomposite beads encapsulating the clay-MF
hybrids were prepared following the procedure described by
Ribeiro et al.'® and schematized in Fig. S3 (ESI). Thus, 0.1 g of
pure drug (in the form of MF-HCI) or the amount of clay-MF
hybrid containing exactly the same amount of metformin was
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added to 1% (w/v) chitosan solution prepared in 1% acetic acid,
whose pH was previously raised to approximately 5 to avoid
possible alterations in the clays. After homogenization by
magnetic stirring, the resulting gel was introduced into a
burette and small drops were poured slowly into 2 M NaOH
solution. The rigid gel spheres formed due to the insolubility of
chitosan at alkaline pH values were collected after approxi-
mately 20 min and rinsed thoroughly until neutral pH. The
materials were labelled as CHT/MF, CHT/clay-MFw or CHT/
clay-MF. Subsequently, the beads were coated by pectin using a
dispersion of this biopolymer at a concentration of 0.5, 1 or
1.5% (v/w). The chitosan spheres remained in contact with the
pectin gel for approximately 10 min, and then were collected
using a Biichner funnel and immersed in a 10% solution of
CaCl, for approximately 15 min. The coated spheres were
collected and rinsed thoroughly with an excess of water
(approx. 300 ml) to remove the CaCl, excess. The samples were
labelled as PEC0.5%@CHT/clay-MFXw, PEC0.5%@CHT/clay-MF,
PEC1%@CHT/clay-MFXw, and PEC1.5%@CHT/clay-MFXw. The
prepared microspheres were frozen at —20 °C with liquid nitrogen
and lyophilized (Cryodos —80, Telstar) to produce the final beads
tested in the controlled release application.

Preparation of pectin@chitosan@pectin/clay-MF beads.
Pectin spheres incorporating MF, as a pure drug or in the
clay-MF hybrid materials, and then double-coated with a layer
of chitosan and another layer of pectin were prepared through
the following procedure. The pure drug (0.1 g) or a suitable
amount of clay-MF hybrid containing the same amount of MF,
ie, 0.1 g, was added to a 5% (v/w) pectin solution. After
complete homogenization, the resulting gel was slowly dripped
from a burette into 10% (v/w) CaCl, solution. After about
20 min, the formed spheres were collected and rinsed thoroughly
(approx. 300 ml of water) to remove residual Ca>* ions, the products
being denoted as PEC/MF, PEC/clay-MFw, and PEC/clay-MF. Next,
the pectin spheres were coated with a layer of chitosan by immer-
sing them in a 0.5% aqueous dispersion of chitosan for 10 min,
removed by filtration and then immersed into 2 M NaOH solution.
After approximately 10 min, the beads were collected by filtration
and washed with abundant water until neutral pH. Subsequently,
these spheres went through an additional coating step by immer-
sing them in a 0.5% (v/w) pectin solution. After 10 min, they were
transferred to a 10% CaCl, solution to consolidate the coating,
followed by washing with abundant water (approx. 300 ml) to
remove residual Ca®* ions. The bionanocomposite beads were
denoted as PEC@CHT@PEC/MF, PEC@CHT@PEC/clay-MFw,
and PEC@CHT@PEC/clay-MF. All the prepared materials were
frozen at —20 °C with liquid nitrogen and lyophilized (Cryodos
—80, Telstar) to produce the consolidated beads for later applica-
tion as drug delivery systems.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained using a
BRUKER DS8-ADVANCE diffractometer with a Cu-Ka source,
with a goniometer speed of 0.3 s per step between 3 and
70 degree 20 angle values. The organic content was determined
using a LECO CHNS-932 elemental analyser. The morphology
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of the materials was studied with a FEI NOVA NANO 230 high
resolution scanning electron microscope with an EDAX-Ametek
detector. The measurement of MF released from the prepared
systems was carried out measuring the drug concentration in
solution with the help of a UV-1201 spectrophotometer from
Shimadzu, using quartz cuvettes with 1 cm path length. Thus,
the absorbance of the solutions at 233 nm was used to determine
the drug concentration by applying the Lambert-Beer law.

Water absorption properties of the MF-loaded
bionanocomposite beads

The water uptake of the pectin-chitosan bionanocomposite
beads was evaluated at room temperature by immersing the
beads (~10 mg) in 25 ml of water or in a phosphate buffer
solution simulating the pH of the first intestinal zone (around
6.8). At predetermined times, the beads were removed from the
liquid, the excess water removed with absorbent paper, and
then weighed on an analytical balance. The percentage of
adsorbed water was determined from eqn (1)

Wt - W()

- 0

Water absorption (gg™') =
where W, and W, are the wet and initial mass of the beads,
respectively.

Determination of the encapsulation efficiency of metformin in
the pectin—chitosan bionanocomposite beads

After encapsulation of pure MF or the clay-MF hybrids in the
biopolymer matrix, the amount of drug incorporated and the
encapsulation efficiency were determined in each one of
the prepared systems. For this purpose, 0.2 g of beads were
immersed in a buffer solution of pH 6.8 prepared with 0.030 g
of NaOH, 0.40 g of NaH,PO,-H,0 and 0.62 g of NaCl to
completely extract the drugs from the beads. The system was
maintained under magnetic stirring at 37 °C for 24 h. The
supernatant was recovered by centrifugation at 9000 rpm for
10 min, and then the MF content was determined using
UV-spectroscopy. The percentage of incorporated metformin
and the encapsulation efficiency were calculated using eqn (2)
and (3), respectively.

%drug loading — amount of drug in beads

amount of beads x 100 )

amount of drug loading
theoretical loading

x 100

®)

%encapsulation efficiency =

In vitro metformin release studies

The study of the amount of MF released from the prepared
systems was carried out in vitro for 8 h, in solutions that
simulate the gastrointestinal tract. For this purpose, the mate-
rials selected for this study (approximately 5 mg of the clay-MF
hybrids or around 50 mg of bionanocomposite beads) were first
added to 100 ml of a 0.06 M HCI solution (pH 1.2) containing
0.1% (w/v) NaCl to simulate the fluid in the gastric tract. This
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medium was kept in a thermostatic bath at 37 °C for 2 h. Then,
the pH was raised to 6.8 by adding 0.03 g of NaOH, 0.40 g of
NaH,PO,-H,0 and 0.62 g of NaCl to the previous solution of
pH 1.2, in order to simulate the pH of the first zone of the
intestinal fluid (small intestine), and the studied systems were
kept in this medium for 2 h. Finally, the system was kept at
pH 7.4 for 4 h, by adding 1 M NaOH to the solution of pH 6.8,
in order to simulate the pH of the intestinal colon area. At
appropriate time intervals, an aliquot of 3 ml was withdrawn,
and the amount of MF released from the drug-loaded beads was
determined by UV spectrophotometry (4 = 233 nm), applying
the Lambert-Beer law with a molar absorption coefficient of
13424 1 mol™" em™". After the measurement, the aliquot was
added back into the solution in order to keep the volume
constant. All the experiments were carried out in triplicate.
For the measurement of MF released at pH 1.2, the pH was
raised to 7 by adding a buffer solution, so that the MF band at
A =233 nm can be observed. In this case, the collected aliquot
(1 ml) is not returned to the main solution, and 1 ml of fresh
PH 1.2 solution is replenished to keep the volume constant. All
the experiments were performed at least in triplicate.
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