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RESUMO

No presente trabalho, bionanocompositos a base de hidréxido duplo lamelares (HDL) e argila
montmorillonita (Mt) como dispositivos de administracdo de medicamentos por via oral. Com
esse objetivo, a amoxicilina, um antibiotico comumente indicado para diversos tipos de
infecgBes, foi intercalada no espago interlamelar da Mt e HDL, através de reacOes de troca
catibnica e reconstrugdo, respectivamente, aproveitando a possibilidade de obter cargas
positivas ou negativas na estrutura da amoxicilina, dependendo do pH da sintese. A partir das
diversas técnicas de caracterizacdo fisico-quimicas, i.e., DRX, FTIR, TG-DTA e SEM, foi
possivel inferir que moléculas de amoxicilina sdo dispostas em monocamada, cobrindo a
superficie entre as lamelas de ambos os so6lidos, neutralizando suas cargas, e consequentemente,
conferindo uma melhora na estabilidade térmica do medicamento. Para melhorar o desempenho
destes compostos de intercalacdo em meio acido, por exemplo em fluido estomacal (pH 1,2),
esses hibridos argila-amoxicilina foram incorporados em uma matriz de biopolimeros composto
pelo polissacarideo carboximetilcelulose e a proteina zeina, dando origem a esferas
bionanocompositos. Esses materiais bionanocompdsitos as quais foram avaliados em funcéo do
tipo de composto de intercalacdo e da quantidade de zeina, mostraram boa compatibilidade
entre seus componentes, oferecendo uma liberacdo mais controlada de amoxicilina em
comparacdo com o respectivo hibrido ou mistura pura de biopolimeros, permitindo que a

espécie ativa atinja o trato intestinal, melhorando a biodisponibilidade do farmaco.

Palavras-Chave: Montmorillonita, Hidroxidos Duplos Lamelares, Liberacdo controlada de

farmacos, Bionanocompositos, Amoxicilina.



ABSTRACT

In the present work bionanocomposite materials based on layered double hydroxide and
montmorillonite clay as drug delivery system for oral administration were prepared. With this
aim, amoxicillin, an antibiotic commonly indicated for diverse kind of infections, was
intercalated into Mt. or LDH interlayer space through cationic exchange and reconstruction
reactions, respectively, taking advantage of the possibility to obtain positively or negatively
charge in amoxicillin structure, depending on the pH of synthesis. From the diverse
physicochemical characterization techniques, i.e. XRD, FTIR, TG-DTA and SEM was possible
to infer that amoxicillin molecules are disposed as monolayer, covering the interlayer surface
of both solids, neutralizing the charge of the lamellae, and consequently, conferring an improve
in the thermal stability of the drug. In order to improve the performance of these intercalation
compounds in acid media, e.g. stomach fluid (pH 1.2), these clay-amoxicillin hybrids were
incorporated in a biopolymer matrix composed by carboxymethylcellulose polysaccharide and
zein protein, giving rise bionanocomposite beads. These bionanocomposite materials, which
were evaluated as a function of the type of intercalation compound and the amount of zein
protein, showed good compatibility between their components, offering a more controlled
release of amoxicillin compared to the respective hybrid or pure biopolymers blend, allowing

that the active specie reaches the intestinal tract, improving the bioavailability of the drug.

Keywords: Montmorillonite, Layered double hydroxide, Drug delivery, Bionanocomposite,

Amoxicillin.
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ARTICLE INFO ABSTRACT

In the present work bionanocomposite materials based on layered double hydroxide and montmorillonite clay as
drug delivery system for oral administration were prepared. With this aim, amoxicillin, an antibiotic commonly
indicated for diverse kind of infections, was intercalated into Mt. or LDH interlayer space through cationic
exchange and reconstruction reactions, respectively, taking advantage of the possibility to obtain positively or
negatively charge in amoxicillin structure, depending on the pH of synthesis. From the diverse physicochemical
characterization techniques, i.e. XRD, FTIR, TG-DTA and SEM was possible to infer that amoxicillin molecules
are disposed as monolayer, covering the interlayer surface of both solids, neutralizing the charge of the lamellae,
and consequently, conferring an improve in the thermal stability of the drug. In order to improve the perfor-
mance of these intercalation compounds in acid media, e.g. stomach fluid (pH 1.2), these clay-amoxicillin hy-
brids were incorporated in a biopolymer matrix composed by carboxymethylcellulose polysaccharide and zein
protein, giving rise bionanocomposite beads. These bionanocomposite materials, which were evaluated as a
function of the type of intercalation compound and the amount of zein protein, showed good compatibility
between their components, offering a more controlled release of amoxicillin compared to the respective hybrid
or pure biopolymers blend, allowing that the active specie reaches the intestinal tract, improving the bioa-

Keywords:
Montmorillonite

Layered double hydroxide
Drug delivery
Bionanocomposite
Amoxicillin

vailability of the drug.

1. Introduction

Nanostructured materials showing 2D lamellar structure based on
inorganic solids such as layered double hydroxides (LDH) or mon-
tmorillonite nanoclay (Mt) are extensively studied mainly due to the
high reactive surface, providing intercalation properties through an-
ionic or cationic exchange reactions, respectively (Choy et al., 2007;
Zhang et al., 2014; Calabrese et al., 2016; Calabrese et al., 2017; Bini
and Monteforte, 2018; Sciascia et al., 2019). Within this large family of
nanomaterials, it is worthy of note those prepared from the combina-
tion of layered clay minerals with biopolymers, that give rise to natural
clay-polymer nanocomposites (Bergaya and Lagaly, 2006) or so-called
bionanocomposite materials (Ruiz-Hitzky, 2003; Darder et al., 2007;
Cavallaro et al., 2014; Bertolino et al., 2016; Allou et al., 2017;
Cavallaro et al., 2018; Bertolino et al., 2018; Alcantara and Darder,
2018; Choi et al., 2018). These natural nanocomposites have received

* Corresponding author.
E-mail address: ana.alcantara@ufma.br (A.C.S. Alcantara).

special attention because they meet important requirements for bio-
compatibility and biodegradability, which are of great interest for a
wide variety of applications, such as in environmental remediation as
adsorbent materials (Alcantara et al., 2014), in electrochemistry as
potentiometric sensors (Darder et al., 2007), in food sector as biode-
gradable packaging (Alcantara et al., 2016), or in the biomedical sector
as devices for drug controlled release (Aguzzi et al., 2007; Choy et al.,
2007; Rives et al., 2014; Oliveira et al., 2017; Rebitski et al., 2018a,
2018b). Concerning this latter application, the versatility offered by
bionanocomposite materials based on lamellar solids is mainly related
to the ability of interlayer space to host active species (e.g. pharma-
ceuticals) and allow them to be gradually released.

Within this context, Mt. clay mineral is a phyllosilicate of the
smectite clay family, characterized by a 2:1 charged layered silicate,
where each layer consists of the repetition of octahedral alumina sheet
which is sandwiched by two tetrahedral silica sheets, sharing oxygen

1 present address: Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain.

https://doi.org/10.1016/j.clay.2019.02.024

Received 28 September 2018; Received in revised form 25 January 2019; Accepted 26 February 2019

Available online 13 March 2019
0169-1317/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2019.02.024
https://doi.org/10.1016/j.clay.2019.02.024
mailto:ana.alcantara@ufma.br
https://doi.org/10.1016/j.clay.2019.02.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2019.02.024&domain=pdf

E.P. Rebitski, et al.

atoms which are bonded to both sheets. Isomorphic substitution be-
tween the ions of Al*3 by Mg* 2 or Fe * 2 in the octahedral sheet, or Si**
by Al"2 in the tetrahedral sheet generates a negative surface charge,
which is compensated by cations in the interlayer region of the silicate
(Olphen, 1977; Bergaya and Lagaly, 2006). These cations can be easily
exchanged in aqueous media by other positively charged molecules
such as polymers, biopolymers, pesticides, alkylammoniums or drugs,
in order to be used for diverse applications (Gieseking, 1939; Bradley,
1945; Park et al., 2008; Darder et al., 2003; Calabrese et al., 2013;
Alcantara et al., 2016;). On the other hand, LDH are known as anionic
clays and consist of a large group of natural or synthetic materials that
show their general formula [MZ"_ ,,M3* (OH),](An "), n-zZH,0, where M
is ametal ion, and An"~ is an interlayer anion that maintains the electro-
neutrality of the positively brucite-like sheets (Bergaya and Lagaly,
2006; Forano and Prevot, 2007). LDH are biocompatible, biodegradable
and highly versatile platforms in which the combination with different
kind of anionic molecules, including species of pharmaceutical interest,
can be carried out by various synthesis procedures such as ion exchange
reaction, co-precipitation and reconstruction, giving rise to multiple
possibilities for obtaining different hybrid materials (He et al., 2006).
Similarly to Mt clay mineral, LDH have been extensively exploited in
order to obtain new materials for applications in catalysis, environ-
mental remediation or as vector of drugs to improve their bioavail-
ability and reduce side effects (Alcantara et al., 2010; Ribeiro et al.,
2014a; Mei et al., 2017). However, both LDH and Mt. layered solids can
show sensibility to changes of pH due to ions present in the media,
mainly in acidic conditions in drug delivery applications (generally
LDH due to basic nature), most of cases resulting in a burst release of
the drug confined in its interlamellar structure in few minutes of con-
tact (Alcantara et al., 2010; Parello et al., 2010; Rebitski et al., 2018a).
This behavior is mainly related to exchange reactions with cations or
anions present in the medium (e.g. H*, Na*, PO,>"), which making
these materials, sometimes, a non-viable support for drugs via oral
administration by itself (Zhang et al., 2006; Ribeiro et al., 2014a). In
this sense, several studies demonstrated the efficiency of protection of
hybrid materials based on the intercalation of drugs into Mt. or LDH by
biopolymers, as a protective matrix to forming a controlled release
bionanocomposite system. Thus, nanocomposites based on biopolymers
and diverse clay-drug intercalation compounds were recently reported,
for instance Mt-olanzapine (Oliveira et al., 2017), Mt-neomycin
(Rebitski et al., 2018b) and LDH-ibuprofen (Ribeiro et al., 2014b).
Considering these premises, in this work Mt and LDH solids were
used to encapsulate the amoxicillin drug. Amoxicillin (AMX) is a broad-
spectrum [3-lactam antibiotic and it is one of the most commonly used
antibiotics via oral administration for the treatment of many infections,
including dental postoperative, pneumonia, skin, throat and urinary
infections, among others (Yu et al., 2017). AMX shows an amphoteric
character, displaying different dissociation constants, which generate
positively or negatively structural charges allowing its incorporation
into either Mt or LDH solids, depending on the pH value (Fig. 1). Ad-
ditionally, in order to form more efficient and stable release systems
towards acidic conditions (e.g. pH of the first zone of gastrointestinal

a) HO
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N

N
Hy

Applied Clay Science 173 (2019) 35-45

tract), the hybrids resulting from the intercalation of AMX into Mt. or
LDH were combined with carboxymethylcellulose polysaccharide and
zein protein. Carboxymethylcellulose (CMC) is a hydrophilic anionic
polysaccharide obtained by the insertion of COOH groups into the
molecular chains of cellulose. An interesting property of CMC is the
ability to form beads by a crosslink process in aqueous media in the
presence of Al*3 or Fe* 3, In contrast, zein (Z) is a protein obtained
from maize, the presence of non-polar amino acids in its structure gives
zein hydrophobic properties (Shukla and Cheryan, 2001; Paliwal and
Palakurthi, 2014). These biopolymers are biocompatible, biodegradable
and non-toxic, which allow their applications in a range of biomedical
areas like tissue engineering, controlled drug release, among others
(Marin et al., 2018). Recently, the combination of both biopolymers
shown to be efficient as drug release systems for topical purposes,
through its combination with sepiolite or montmorillonite-antibiotic
hybrids (Rebitski et al., 2018b). Thus, the aim of this work is to study
the synthesis and characterization of hybrid systems based on the in-
tercalation of AMX into two lamellar inorganic solids of different
structures (Mt and LDH), as well as the evaluation of the release AMX
from bionanocomposite materials resulting of the combination of these
clay-drug hybrids and carboxymethylcellulose-zein biopolymers.

2. Materials and methods
2.1. Starting materials and reagents

Zein and carboxymethylcellulose biopolymers, as well as amox-
icillin antibiotic were purchased from Sigma-Aldrich. All the salts used
were chemicals of analytical reagent grade: AI(NO3)39H,O (> 99%,
Synth), Zn(NO3)>6H,0 (> 99%, Synth), NaOH (98%, Merck), NaCl
(> 99%, Sigma-Aldrich), NayCO3 (> 99%, Merck), NaH,PO4H->0
(> 99%, (Sigma-Aldrich) and CaCl, (> 99%, Dindmica). Homoionic
sodium montmorillonite (Na)g 33(AIMg)2(Si4010)(OH)>nH,0) corre-
sponds to a clay of Wyoming type supplied Southern Clay Products®,
with a Cation Exchange Capacity (CEC) of 93 mEq per 100 g. Ethanol
absolute grade was furnished from Synth.

2.2. Methods

2.2.1. Preparation of the montmorillonite-amoxicillin hybrid

For the preparation of montmorillonite-amoxicillin hybrid, 0.25 g of
AMX in 10 mL of bidistilled water was homogenized by means of an
ultrasonic bath for 30 min and the pH of the solution was reduced to 4.0
with a solution of HCl 0.1 M in order to obtain protonated amino groups
in the drug structure. Simultaneously, 0.5 g of Mt was dispersed into
25 mL of water applying magnetic stirring to properly disperse the clay.
The drug solution was added slowly in the suspension of Mt, forming a
single bath. Then, the resulting mixture was kept in magnetic stirring
for 24 h at room temperature. The solid product was isolated by cen-
trifugation and washed 3 times with bidistilled water and dried over-
night at 60 °C. The montmorillonite-amoxicillin hybrid material was
denoted Mt-AMX.

b) o

o)
CH,
o)
HO CH,
NH

Fig. 1. Structure of amoxicillin (a) protonated up to pH 4, (b) deprotonated at pH = 8.
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2.2.2. Preparation of the Zn’* A" /CO5? “layered double hydroxide

ZnAl LDH - carbonate [[Zn0'67Alo'33(oH)2](CO327)0V33'HH20] was
prepared by co-precipitation method from a mixture of Zn(NO3)6H>0
(6.20 mmol) and 1.16 g of AI(NO3)39H,0 (3.10 mmol) which was dis-
solved in 400 mL of bidistilled water. The aqueous salt solution was
added dropwise with a help of a burette to 100 mL of a solution 0.1 M of
Na,CO3 previously prepared. Simultaneously, a solution of NaOH 1 M
was also added dropwise to the aqueous system in order to keep a
constant pH between 9 and 9.2 during the whole synthesis. The pH
control was monitored by a pHmeter. The resulting suspension was
vigorously magnetic stirred for 24 h and the solid product was isolated
by centrifugation (4000 rpm), washed three times with bidistilled
water, and dried overnight at 60 °C.

2.2.3. Preparation of the LDH ZnAl-amoxicillin hybrids

For the preparation of ZnAl LDH-amoxicillin hybrids, the re-
construction method was employed, where the ZnAl LDH previously
prepared by co-precipitation, was calcined at 380 °C for 3h under air
flux to produce the corresponding layered double oxide (LDO). A so-
lution containing 0.5 g of AMX in 50 mL of bidistiled water at pH9, is
added to 0. 25 g of calcined ZnAl LDH (theoretical ratio 1:0.5), is kept
under magnetic stirring and nitrogen flow for 20 h. The solid is isolated
by centrifugation, washed three times with bidistilled water, and dried
overnight at 60 °C. The ZnAl LDH-amoxicillin hybrid material was la-
beled as LDH-AMX.

2.2.4. Preparation of carboxymethylcellulose-zein bionanocomposite beads

The carboxymethylcellulose-zein (CMC-Z) bionanocomposite beads
were prepared following the previously reported method by (Alcantara
et al., 2010) and (Rebitski et al., 2018b). In this case, different zein
amounts (0, 0.4 and 1.0 g corresponding to 0, 25 and 50% with respect
to total mass of biopolymers, respectively), together with 0.1g of pure
AMX or the necessary amount of Mt-AMX or LDH-AMX containing 0.1g
of AMX, were incorporated to 20 mL of ethanol — water (80%v/v). Once
homogenized, this mixture is gradually added to CMC aqueous solution,
where the concentration of CMC varied to reach a final total con-
centration of 2% of biopolymers (CMC:Z ratio 1:0, 1:0.25 and 1:1).
After this step, the biopolymer system was added dropwise in a 5%
solution of AlCl3, in which they were kept under magnetic stirring for
20 min in order to favor the crosslinking process. Following that, the
resulting beads were washed with approximately 200 mL of water to
remove residual AI>* ions and non-entrapped AMX. All materials were
dried at room temperature. The CMC-Zx beads prepared by in-
corporation of pure AMX were denoted as CMC-Zx/AMX and those
containing Mt-AMX and LDH-AMX intercalation compounds were la-
beled as CMC-Z/Mt-AMX and CMC-Zx/LDH-AMX, respectively, where

73]

x” corresponds to the percentage of zein in the formulation.
2.3. Characterization

The prepared materials were characterized by X-ray diffraction
(XRD) on a Bruker D2 Phaser using Cu radiation (A = 1.54 10\), a 10 mA
current, a 30 kV voltage and a LynxEye detector (192 channels). A 0.02°
step size, 0.2 mm divergent slit, 0.4 s length and 1 mm anti-air-scat-
tering screen were employed in the measurements. Infrared vibrational
spectroscopic data were collected using a Perkin-Elmer Spectrum 65 FT-
IR spectrometer coupled to a Perkin-Elmer Universal ATR sampling
accessory. The analysis range was 400-4000 cm ~'. The thermal beha-
vior of the prepared materials was evaluated by thermogravimetric
(TG) and differential thermal analysis (DTA) in a DTG-60AH. The ex-
periments were carried out under syntactic air atmosphere with a flux
of 100 mL/min~?, from room temperature to 900 °C at 10 °C/min ™"
heat rate. The surface morphology was observed in a NOVA NANOSEM
230 utilizing low and high vacuum (10 to 100 Pa). The amount of drug
in the intercalation compound was determined by CHN elemental
chemical microanalysis in a LECO-CHNS-932 analyzer.
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2.4. Estimation of AMX loading and encapsulation efficiency

To determine the AMX loading and the encapsulation efficiency in
the beads, 0.2 g of beads were dispersed in 100 mL phosphate buffer at
pH 6.8, and in order to ensure the disintegration of the bead and total
release of the incorporated drug, the system was maintained under
stirring for 24 h. Then, the solution was centrifuged, and the super-
natant was analyzed in a UV-1800 spectrophotometer (Shimadzu) at an
absorbance A = 273nm to determine the AMX content. The con-
centration of the drug was determined applying the Lambert-Beer law,
and from these data the percentage of drug loading was calculated
using the Eq. (1). This procedure was carried out by triplicate, and the
maximum drug loading for each system was obtained. The encapsula-
tion efficiency was calculated from Eq. (2) using the drug loading value
(in mass) obtained for each system, and the theoretical loading, which
is described as initial amount of drug added in the system (Babu et al.,
2006)

amount of drug in beads (g)

%drug loading = X 100
amount of beads (g) (€8]
%encapsulation efficiency = drug loadmgh (@) 100
theoretical loading (g) 2

2.5. Water uptake determination

The water uptake studies were performed by immersing 0.2 g of the
biopolymer beads in 50 mL of bidistilled water or phosphate buffer at
pH 6.8. At predetermined time interval the beads were withdrawn, after
removing the excess of water, weighed in an analytical balance. The
water uptake was calculated from the Eq. (3).

W =W

/g) water uptake =
(g/®) p W

3)
where W, and W, are the initial and wet mass of beads at time t, re-
spectively.

2.6. In vitro amoxicillin release studies

In vitro AMX release was conducted in conditions simulating the
sequential pH changes that occur during the oral drug administration.
For this, 0.2 g of beads was suspended in 100 mL of the chosen release
medium and the temperature was kept at 37 °C under magnetic stirring
(100 rpm). At appropriate intervals of time, an aliquot of 3 mL was
withdrawn, and the amount of AMX released from the drug-loaded
beads was evaluated by UV spectrophotometry (A = 273 nm) in order
to quantify the amount of drug released in the medium, applying the
Lambert-Beer law. After that, the aliquot was added back to the solu-
tion, in order to maintain the constant volume. All the experiments
were carried out in duplicate. The solutions employed to simulate the
gastrointestinal fluids were used as follows: pH1.2 (0.1g NaCl and
0.7ml HCI) for 2h, acting as simulated gastric fluid; pH 6.8 (0.03 g
NaOH, 0. 40 g NaH,PO4H,0 and 0.62 g NaCl) for 2h, simulating the
first zone of intestinal fluid; and, pH 7.4 (prepared by adding 1 M NaOH
to the pH 6.8 solution) for 4 h, simulating the second zone of intestinal
fluid (Alcantara et al., 2010).

3. Results and discussion
3.1. Intercalation compounds characterization

It is well known that both Mt and LDH solids can be employed as
host matrix for drug molecules through ionic exchange mechanisms, or
in the case of LDH, its ability of regenerate the hydroxidic layers from
their mixture of metal oxides obtained by calcination, through of
adding an aqueous solution containing compensating anions,
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Fig. 2. XRD patterns of (a) pure amoxicillin, pristine Mt. and MMT-AMX hybrid
prepared by ion-exchange reaction and (b) pure amoxicillin, pure ZnAl LDH-
carbonate, ZnAl-LDO and LDH-AMX hybrid obtained by reconstruction method.
The insert in (a’) and (b’) corresponds to the schematic representation of the
possible accommodation of AMX into Mt. and LDH layers, respectively.

commonly known as “memory effect”. In the present case, the possible
intercalation of AMX antibiotic in both solids was explored taking ad-
vantage of the dipolar structure of this drug which shows positive or
negative charges, depending on the pH (Fig. 1). The XRD patterns of
neat Mt, LDH and their derivatives after reaction with AMX are dis-
played in Fig. 2. From Fig. 2a, it can be clearly observed that the 001
reflection of neat Mt. shows an initial basal distance of 1.20 nm, which
was shifted towards lower angles in 20, whereas a basal distance of
1.47 nm is showed in the hybrid material, indicating the presence of
intercalated AMX into the interlayer space of Mt. clay. On the other
hand, Fig. 2b, presents evidence of the formation of ZnAl LDH, where
the carbonate ions are incorporated as anion charge compensation and
the (003), (006), (012), (015), (018), (110) and (113) rational orders
are evidenced (De De Roy et al., 2006), and its further transformation
into the intended ZnAl LDO by calcination of the ZnAl LDH - carbonate
material, demonstrating the presence of ZnO pointed as asterisk in the
respective diffractogram. However, when this LDO is treated with a
solution containing AMX in the anionic form (LDH-AMX), a clear shift
in the position of the most intense peak, ascribed to the (003) reflection
plane, towards lower angles in 26 in comparison to that ZnAl LDH-
carbonate is evidenced, confirming an AMX-intercalated phase. In this
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case, the resultant interlayer space changed from 0.76 nm in ZnAl LDH-
carbonate to 1.27 nm in LDH-AMX hybrid, clearly suggesting the ef-
fective inclusion of drug molecules as anion charge compensations in
the reconstruction of the layered hydroxide, where the well-separated
(110) and (113) diffraction peaks at higher angles are also observed,
confirming a well-crystallized lamellar structure in these materials.
Although an important drug intercalated phase takes place in LDH-
AMX, additional peaks related to the presence of crystalline AMX ad-
sorbed on the external surface of the LDH were also observed, as well as
the diffraction peak assigned to (003) reflection of ZnAl LDH-OH
(doo3 = 0.75), which could be attributed to hydroxyl intercalated ZnAl
LDH phase. This latter evidence has been also observed by Wang et al.
(2009) in studies about the possible reconstruction of calcined mag-
netic-LDH structure in presence of AMX.

Considering that the thickness of the Mt single layer and brucite-like
layer of LDH are approximately 0.96 nm (Aranda and Ruiz-Hitzky,
1999) and 0.48 nm (Crepaldi and Valim, 1998), respectively, it is pos-
sible to deduce a basal spacing increase of around of 0.51 nm for the
MMT-AMX and 0.79 nm for LDH-AMX materials, due to the AMX in-
tercalation. Since a single AMX molecule shows dimensions of
0.74 X 0.43 X 0.94 nm (Wang et al., 2009), a probable accommodation
of this antibiotic drug in the interlamellar region of the LDH and Mt can
be proposed (Fig. 2a” and b’, respectively), where the AMX molecules
are arranged as monolayers in both cases, but in Mt-AMX hybrid it is
suggested that the monolayer of AMX cations show a possible tilted
angle as the drug molecule dimensions is larger than the gallery height.
According to CHN chemical analyses, the amount of drug incorporated
per gram of layered solid was 70 and 274 mEq of AMX for 100 g of Mt
and LDH, respectively.

The infrared spectra of AMX, Mt., ZnAl LDH and their derivatives
are shown in Fig. 3. In pristine Mt (Fig. 3a), the characteristic vibration
modes of the 2:1 layered silicate are observed, where the OH stretching
vibration band appears at 3625 cm ™, 8o of water molecules in the
clay at 1628 cm ™, the Si—O stretching bands are observed around the
1100-990 cm ™! range, and deformation bands assigned to (Al;OH) and
(MgAIOH) appear between 930 and 840 cm™ ! region (Belver et al.,
2012; Alcantara et al., 2016). In Mt-AMX spectrum, the vibration of
both vc.n and y.y of secondary amide groups from the drug seems to be
overlapped with the typical vibrations modes of water molecules in Mt.
at 1628 cm ™!, making very difficult the interpretation of possible in-
teractions in this spectral zone. Nonetheless, it is observed that the band
assigned to the vy at 3452cm ™! in pure AMX is displaced towards
lower wavenumber values showing in the hybrid material at
3406 cm ', which can be an indicative of possible electrostatic inter-
actions between the negatively layer of Mt and the protonated amine
groups from AMX. Otherwise, ZnAl LDH spectrum (Fig. 3b) exhibits a
strong and broad band at 3382cm~! which is attributed to the
stretching vibration of OH groups of LDH layers and interlayer water
molecules. The observed band at 1357 cm ™' was ascribed to the
asymmetrical stretching vibrations of CO3~? interlayer anions. In ad-
dition to those bands assigned to LDH, in the LDH-AMX spectrum, ty-
pical bands which can be attributed to the intercalated drug are ob-
served. Comparing the pristine ZnAl LDH to and its hybrid compound, it
is possible to evidence the presence of additional signals from AMX
molecules. In this case, the intense band at 1770 cm ™! attributed to the
v(C=0) stretching vibration in free AMX disappears after incorporation
into the LDH matrix, showing bands at 1523 and 1401 cm ™! in the
hybrid materials that are assigned to the anti-symmetric (vas) and
symmetric (vs) stretching vibration modes of —COO— groups, respec-
tively (Bebu et al., 2011), corroborating the presence of the intercalated
AMX in its anionic form.This effect is induced by the experimental
condition (pH9) that which promotes the stabilization of the drug
molecule into LDH interlayer space in its anionic form, as similarly
observed by other authors (Wang et al., 2017).

Fig. 4 shows the TG/DTA curves carried out under synthetic air
atmosphere of the pristine layered solids and their hybrids Mt-AMX and
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Fig. 3. Infrared spectra (4000-600 em ™) for (a) Mt-AMX and (b) LDH-AMX
hybrids.

LDH-AMX. The thermal behavior of pure AMX (Fig. 4a) showed a mass
loss of 17% corresponding to an endothermic peak at 98 °C, which is
assigned to elimination of physically water molecules. Above 200 °C,
the drug molecule starts its degradation process, being observed con-
secutive mass losses until approximately 650 °C, representing a mass
loss of around 80%. These degradation processes were accompanied by
two representative endothermic peaks at 398 and 587 °C. The starting
Mt clay (Fig. 4b) show typical thermal curves of smectites, with a first
mass loss correspondent to removal of physically adsorbed water at
68 °C, and the dissociation of water molecules bonded to the interlayer
cations and structural hydroxyl groups, being evidenced in DTA curve
an intense endothermic event at 634 °C (Aguzzi et al., 2014; Oliveira
et al., 2017). The thermal stability of the Mt-AMX compound is very
similar to the pristine Mt., where the AMX decompositions steps cannot
be clearly defined, resulting in a more stable curve compared to the
pure drug (Fig. 4c). Thus, Mt-AMX curves showed three representative
mass losses, where the first one is related to elimination of physiosorbed
water at temperatures below 100 °C, followed by a discrete exothermic
event at 230 °C that can be associated with a possible decomposition of
drug, and the dehydroxylation of the clay at temperatures between 600
and 800 °C. Although only few decomposition events of the AMX in-
tercalated into Mt. clay are appreciated, it is important to highlight that
similar results of TG/DTA curves involving intercalation of drugs into
Mt. were recently reported (Oliveira et al., 2017; Rebitski et al., 2018a).
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On the other hand, pure ZnAl LDH (Fig. 4d) shows good thermal sta-
bility up to 180 °C, where only physically adsorbed and interlamellar
water elimination phenomena are observed, reflecting on the TG curve
with a mass loss of approximately 18%. Events related to the partial
dihydroxylation of brucite-like octahedral sheets together with the
decomposition of carbonate anions located in the interlayer space of the
LDH are evidenced between 180 and 320 °C, while those events as-
signed to total dihydroxylation of the material in order to form the ZnO
and ZnAlO, spinel are showed up to 770 °C, accompanied with a mass
loss of 15% (Constantino and Pinnavaia, 1995; De De Roy et al., 2006).
In contrast to Mt-AMX curves (Fig. 4c), a significant change in the
thermal behavior in the intercalated drug in LDH-AMX material is
evidenced (Fig. 4e). In this case, LDH-AMX hybrid exhibit three main
stages of thermal decomposition: i) up to 200 °C, showing an en-
dothermic peak attributed to those physically adsorbed and inter-
lamellar water; ii) in the 250-500 °C range, assigned to dihydroxylation
of the LDH layers and partial oxidative decomposition of AMX, which is
reflected as single exothermic peak centered at 378 °C; and iii) between
400 and 780 °C, which is likely attributed to the final decomposition of
AMX and LDH. Despite the thermal stability of the drug is clearly im-
proved after intercalation into LDH, where this latter acts as protector
matrix for the AMX, it is relevant to mention that the steps of de-
gradation of AMX molecule can be more evident in this case than
compared to Mt-AMX (Fig. 4c), mainly due to the presence of possible
drug crystals located on the external surface of the LDH, as indicated in
XRD pattern (Fig. 2), as well as the higher amount of intercalated AMX
in LDH than in Mt. silicate, as reported above.

The morphology of the LDH-AMX and Mt-AMX hybrids were ex-
amined by FE-SEM and the images are displayed in Fig. 5. SEM images
of the Mt-AMX (Fig. 5a and b) show a typical morphology of hybrid
materials based on montmorillonite (Darder et al., 2007; AlcAntara
et al., 2016; Carazo et al., 2018), where a layered aspect is evidenced.
The LDH-AMX hybrid (Fig. 5¢ and d) shows a usual morphology so-
called “rose sand” (Leroux and Taviot-Gueho, 2005), corroborating that
the material was well reconstructed. In contrast, it is possible to ap-
preciate the existence of particles located on the surface of the LDH,
which could be attributed to the presence of AMX crystals on the ex-
ternal surface of the LDH, as pointed out by XRD results (Fig. 2).

3.2. Carboxymethylcellulose-zein/layered systems based on Mt-AMX or
LDH-AMX hybrids

Bionanocomposite beads based on the incorporation of Mt-AMX or
LDH-AMX intercalation compounds into a carboxymethycelullose-zein
(CMC-Z) matrix with variable content of zein protein were prepared.
For comparison, CMC-Z systems incorporating pure amoxicillin were
also evaluated.

In order to evaluate the possible interaction between CMC and zein
protein fraction, FTIR spectroscopy studies were carried out in CMC-Z
blend (Fig. S1). It was observed that the spectrum of pure CMC-Z bio-
polymer blend prepared with 25% of zein (CMC-Z25), i.e. without drug
content, (Fig. S1) shows bands at 3296 and 1037 cm ™!, which corre-
spond to voy (H,O and —OH) and vco (O—C—O) vibrations of ether
groups from the polysaccharide. Typically, the band at 1638 cm ™! can
be the result of a possible overlapping of the vibrations attributed to vco
amide I groups of zein and COO™ from the carboxylate groups in CMC,
which can be related to possible interactions between the carboxylate
groups and protonated amino groups from the cellulose derivative and
the protein, respectively. These results are in accordance with those
related in the literature for polysaccharide-protein interactions
(Alcantara et al., 2010; Rebitski et al., 2018b).

The encapsulation efficiency and incorporated amounts of antibiotic
drug incorporated in each system of release are listed in Table 1. For all
systems studied, it is evidenced that increasing the zein content in the
formulation also increases the amount of AMX loaded. This effect can
be associated with the hydrophobic nature of this protein, favoring the
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entrapment of low water soluble drugs such as pure amoxicillin
(Alcantara et al., 2010. Nevertheless, it is observed that the systems
containing the drug previously immobilized in a lamellar matrix display
higher encapsulation values in comparison to those systems which the
AMX is directly associated to the biopolymer blend. A similar behavior
was reported in the literature for alginate (Ribeiro et al., 2014b), al-
ginate-zein (Alcantara et al., 2010) or chitosan-pectin (Ribeiro et al.,
2014a) bionanocomposite systems that encapsulate ibuprofen or 5-ASA
drugs intercalated in LDH, and such systems shown to be more stable
and compatibles than those encapsulating the free drug.

40

The morphology of the synthetized beads was analyzed by FE-SEM
and the micrographs are shown in Fig. 6. The images showed that all
the systems have a rough and homogenous aspect. The system CMC-Z0/
AMX, i.e., 0% w/w of zein (Fig. 6a and b) seems to show a higher
porosity in comparison to other systems that incorporate zein. In this
case, this system containing 50% (w/w) of protein (Fig. 6c and d) is
characterized as a more compact material with a rough surface. Ana-
logously to the CMC-Z systems that incorporate pure AMX, bionano-
composite beads containing Mt-AMX or LDH-AMX incorporated in a
50% (w/w) of protein matrix (Fig. 6e and f, respectively) show similar
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Fig. 5. SEM images of (a, b) Mt-AMX and (c, d) LDH-AMX hybrids.

surface morphologies in both cases, where a compact and free of cracks
structure is observed in both cases, which suggests a good compatibility
between the biopolymer and hybrid entities.

Taking into account that water uptake can play an important role in
the release of drug from the bionanocomposite systems, this property
was evaluated in the synthetized beads as a function of the exposure
time in a pH 5.5 bidistilled water (Fig. 7a) and in a pH of 6.8 phosphate
buffer media (Fig. 7b). It was observed that raising the exposure time in
the aqueous media leads to increase the amount of water uptaken by all
CMC-Z bionanocomposite systems. In the former case, CMC-Z beads
that incorporate AMX (CMC-Z/AMX), showed some stability after
30min of exposure, reaching a plateau at just over 5g of absorbed
water per g of bead for the CMC-Z0/AMX sample. For the bionano-
composite beads based on LDH-AMX, the presence of LDH particles in
the CMC-Z beads seems to promote equilibrium of water absorption by
the system after approximately 60 min of assay, as well as a significant
decrease in water absorption values when compared to CMC-Z/AMX
beads. In contrast, bionanocomposite beads that incorporate Mt-AMX
hybrid showed higher values of water absorption compared to analo-
gous materials based on LDH. Thus, the values can reach up to 4 g per g
of material for the CMC-Z0/Mt-AMX after 180 min of experiment, and

such effect is likely due to the hydrophilic character of the Mt clay,
conferring to these materials a higher degree of swelling.

In contrast, when these beads are introduced in phosphate buffer
(Fig. 7b), the values of water absorption are significantly increased after
a few minutes of assay for all the tested systems, reaching almost 8.5 g
of absorbed water per gram of bead in the CMC-Z0/AMX system. This
behavior can be related to the pH of phosphate medium (6.8) that
above the pKa of carboxylic groups from the CMC counterpart, which
convert these groups into their ionized (COO—) and favors both the
electrostatic repulsive force between negatively charged sites and the
consequently release of AI** ions from the crosslinked CMC three-di-
mensional network, increasing the adsorption of water (Pourjavadi
et al.,, 2006). However, the obtained amount of absorbed by the bio-
nanocomposite beads which incorporate the AMX intercalated into LDH
or Mt. layered solid are significantly lower compared to analogous
materials prepared by direct incorporation of AMX in CMC-Z matrix.
This fact indicates that the presence of the intercalation compounds
confers to the bionanocomposite beads an improved chemical stability
in the presence of salts, and this behavior could suggest that these bio-
hybrid systems show different features as controlled drug release sys-
tems when compared with similar systems but based only on

Table 1

Encapsulation efficiency and amount of AMX loaded in different carboxymethycelullose-zein systems.
Formulation Zein content in the system (%) Loaded-AMX content (%) Encapsulation efficiency (%)
CMC-Z0/AMX 0 13.3 + 0.15 26.7 = 0.45
CMC-Z0/Mt-AMX 12.8 + 0.21 26.5 = 0.69
CMC-Z0/LDH-AMX 15.7 = 0.26 31.5 = 0.31
CMC-Z25/AMX 25 18.7 + 0.12 37.4 = 0.22
CMC-Z25/Mt-AMX 19.9 + 0.34 39.8 = 0.87
CMC-Z25/LDH-AMX 20.8 = 0.16 41.6 = 0.44
CMC-Z50/AMX 50 20.4 = 0.71 40.5 = 0.38
CMC-Z50/Mt-AMX 22.3 = 0.29 44.2 = 0.20
CMC-Z50/LDH-AMX 26.0 = 0.32 52.1 = 0.53

)



E.P. Rebitski, et al.

Applied Clay Science 173 (2019) 35-45

Fig. 6. SEM images of (a and b) CMC-Z0/AMX, (c and d) CMC-Z50/AMX, (e) CMC-Z50/Mt-AMX and (f) CMC-Z50/LDH-AMX bionanocomposite beads.

carboxymethylcellulose-zein. It is important to highlight that CMC-Z/
LDH-AMX shows water uptake in phosphate buffer medium higher than
comparable systems based on Mt-AMX. This behavior could be asso-
ciated with the effect of phosphate anions acting as ion-exchange agents
replacing the intercalated AMX™ molecules. Moreover, it is worth
noting that the increase of zein in the blends causes a decrease in water
absorption in all the beads tested, independent of the medium em-
ployed, and this effect can be associated to the hydrophobic character
of this protein, which limits the passage of water molecules from the
medium throughout the bead, as previously reported in similar systems
based on alginate-zein (Alcantara et al., 2010).

3.3. In vitro release of amoxicillin from CMC-Z bionanocomposite beads

The release profiles of amoxicillin from LDH-AMX and Mt-AMX
hybrids in CMC-Z bionanocomposite systems at different pH that si-
mulate the gastrointestinal tract at 37 °C over 8 h of assay are shown in
Fig. 8. The CMC-Z biopolymer blend showed to be a suitable material
for the protection of the LDH-AMX hybrid. Thus, as observed in Fig. 8a,
pure LDH releases > 90% of intercalated amoxicillin molecules in the
first 30 min of assay, reaching 100% after 90 min, indicating that this
kind of inorganic matrix is not suitable itself for oral purposes due the
burst release caused by the fast dissolution of its layered structure in
acidic media, i.e. stomach juice. Alternatively, when this hybrid is in-
corporated in CMC-Z blend, a clear protective effect of the LDH-AMX
hybrid is observed, and only 15% of the drug is released in 30 min of
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assay for the bionanocomposite beads with 50% (w/w) of zein (CMC-
750/LDH-AMX), which would allow the carrier to reach other parts of
the body, such as intestinal juice at pH 6.8-7.4, releasing 80% of
amoxicillin in the end of this process. Therefore, these results indicate
that CMC-Z biopolymer blend are efficient in protecting the LDH-AMX
material from the acid medium, promoting a controlled release of
amoxicillin during its passage through the gastrointestinal tract. Ana-
logous results were obtained for the bionanocomposite system based on
Mt-AMX hybrid (Fig. 8b). On these terms, the montmorillonite clay
showed a higher chemical stability in acidic media, probably due to the
intrinsic structure and chemical composition, delivering around 85% of
amoxicillin after 2 h of assay. The resulting release profile of the AMX is
completely altered when the Mt-AMX is added to the biopolymer pro-
tective matrix. In this circumstance, it is observed that the bionano-
composite based on pure CMC, i.e. CMC-Z0/AMX, causes a delay in the
release of the drug in simulated stomach juice in comparison to the
hybrid alone, but in basic pH media (6.8 and 7.4), a fast release is
evidenced reaching 100% of AMX released by the end of the simulation.
Despite this, the presence of zein in the composition of the blend seems
to favor a more sustained released, including basic pHs, a plateau at
55% of drug release up to 240 min of assay for CMC-Z25/Mt-AMX and
at about 30% up to 150 min for CMC-Z50/Mt-AMX samples, increasing
considerably the release of AMX after these times, i.e., when pH 7.4 is
reached. This effect, which is evidenced for both LDH and Mt. biona-
nocomposite systems, can be associated with two main factors: i) the
leaching of AI®* cations from the biopolymer crosslinking network,
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favoring the water adsorption in the system, and consequently, the
release of the drug; and ii) the increase of the drug solubility in basic pH
facilitating the release of the drug towards the medium (Pourjavadi
et al.,, 2004). In addition, the possible contribution of ion exchange
process between the intercalated negatively charged AMX and the
phosphate anions present in the simulated intestinal medium should be
not disregarded in the case of LDH-based materials, as previously dis-
cussed in the water uptake studies.

When comparing the controlled release systems of amoxicillin de-
veloped in this work with the release of a commercial amoxicillin
capsule, as studied by Sahasathian et al. (2007) and Songsurang et al.
(2011), it is observed that commercial amoxicillin is released rapidly,
reaching its complete dissolution in approximately 1h. In these same
studies, biopolymer systems based on alginate, chitosan and ethyl cel-
lulose were used to improve the control the release. Comparing these
previous results involving commercial amoxicillin and biopolymer-
amoxicillin (Sahasathian et al., 2007; Songsurang et al., 2011), with
those obtained in this work, it is evident that the combination of
amoxicillin-layered solids based intercalation compounds with biopo-
lymers, seems to favor a more controlled release, likely due the con-
tribution of inorganic solids (Mt and LDH) as efficient excipients for
control in DDS systems, as already reported in the literature (Aguzzi
et al., 2007; Viseras et al., 2010; Carretero and Pozo, 2010).

Due to the high complexity of the physical-chemical processes in-
volving clay-based drug delivery systems, it becomes difficult to
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propose a releasing mechanism, since several factors can be related
with the dissociation of the drug molecules from hybrid systems. In the
case of bionanocomposite systems based on clays, ionic exchange re-
actions, diffusion and erosion processes, sensitive pH stimuli mechan-
isms, or even, a combination of them can take place in the drug release
process (Siepmann et al., 2012; Jafarbeglou et al., 2016). In present
case, the encapsulated drug seems to require additional time to be re-
leased from the LDH and Mt. inorganic matrices, since it is first ex-
pected that the beads undergo an swelling process, followed by an
erosion or degradation of the biopolymer matrix caused by exposure to
chemical substances present in the medium, and finally, the diffusion of
the drug accommodated between the layers of the inorganic solid, re-
sulting in a delay in the kinetics of diffusion of the drug, and conse-
quently a more controlled release.

4. Conclusion

The intercalation of amoxicillin into interlayer space of montmor-
illonite clay and ZnAl-layered double hydroxide inorganic solids was
successfully reached through cationic exchange mechanism and re-
construction reaction, respectively. From the XRD patterns, CHN ana-
lysis and FTIR spectroscopy results, it is possible to suggest that the
amoxicillin molecules are disposed as a monolayer, covering the in-
terlayer surface of both solids. In addition, the thermal analysis con-
firms a good thermal stability of the hybrid materials. Also in this study,
it was possible to incorporate amoxicillin from the LDH-AMX and Mt-
AMX intercalation compounds into a biopolymer matrix, forming bio-
nanocomposite beads. These new bionanocomposite materials showed



E.P. Rebitski, et al.

good compatibility between their components, displaying a more con-
trolled release of amoxicillin compared to the respective hybrid or
biopolymers alone. The figures suggest that these new layered clay-
based materials exhibit promising results for drug delivery systems,
promoting a sustained release of amoxicillin, increasing the bioavail-
ability of the drug by allowing the active specie to reach other areas of
the body, such as the intestinal tract.
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