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Layered double hydroxides (LDHs) and Zn layered hydroxide salts (LHSs) present different physicochemical and
interfacial properties derived from their dissimilar structure and composition, which affect the release behavior
of the intercalated drug. In this work, these aspects are studied using LDHs and LHSs intercalated with ibuprofen
(Ibu), naproxen (Nap) or ketoprofen (Ket) to understand the behavior of intercalation compounds as drug car-
riers. The structure of the solids and the interaction mode between the drugs and the layers were determined
by chemical analysis, PXRD, FTIR and NMR. Further, the interfacial properties (potential zeta and hydrophilic/

Keywords:
La;,,gvred double hydroxides hydrophobic character) of the solids, as well as their drug release profiles were also comparatively studied.
Layered hydroxide salts The drugs were attached by electrostatic interactions to LDH layers while coordinate bond was produced

in the case of LHSs. The different interaction modes, together with the higher drug density between LHS layers
produced more crystalline solids with larger basal spacing values than the corresponding LDH. This detailed
structural study allowed for establishing the correlations between structure, interactions, morphology, interfacial
properties and drug release behavior. Thus, the different interaction modes determined the surface charging
behavior, while the solubility of LHS layers led to a fast drug release in neutral media. Finally, the loose drug ar-
rangement in the hybrids caused a solubility increase in acid media. These correlations are helpful to predict and

Anion exchange
Ligand exchange
Charging behavior

optimize the behavior of drug delivery systems based on both LDHs and Zn-LHSs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Layered double hydroxides (LDHs) and layered hydroxide salts
(LHSs) are two groups of intercalation compounds with anion exchange
capabilities. They hold different layer structure and bonding (Fig. 1),
which leads to different physicochemical properties (Rojas and
Giacomelli, 2013). LDH layer structure (Fig. 1A) is derived from that of
brucite (Mg(OH)) by isomorphic substitution of divalent (M?*) by tri-
valent (M3 ™) ions in octahedral sites (Evans and Slade, 2006), while in-
terlayer anions (A" ™) establish electrostatic interactions with the
positively charged layers, the overall formula of these solids being
M2y MBT(OH),] (A" )x/nyH20. On the other hand, LHSs present
different structures with different binding modes between the interlayer
anions and the layers. Thus, LHSs with formula [Zns(OH)s]Az/, - mH,0
(Fig. 1B) are derived from that of brucite by elimination of a quarter
of Zn?* ions in octahedral sites while additional Zn?>* ions are placed
in tetrahedral sites at the bottom and top of each empty octahedron.
Three vertices of each tetrahedron are occupied by hydroxyl anions
of the layer, while the fourth is occupied by either water molecules
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(Arizaga et al., 2007; Biswick et al., 2009, 2012) or the interlayer anion
(Poul et al., 2000; Guadalupe et al., 2008; Rojas and Giacomelli, 2013).
In the first case, electrostatic interactions are mainly present between
the interlayer anions and the layers while, in the latter, the anions
are attached through a coordinate bond. The other layer structure
([Zn(OH); — x]Ax/n) shown in Fig. 1C, is obtained by replacing hydroxyl
groups of the brucite-like structure by an oxygen atom of A", which
is attached by coordinate bond. Attaining one or another layer struc-
ture is dependent on both the synthesis conditions (Miao et al., 2006;
Inoue and Fujihara, 2010) and the intercalated anion (Kongshaug and
Fjellvag, 2004).

As stated above, the differences in structure and bonding of these
solids are reflected in their physicochemical and interfacial properties.
Thus, exchange reactions are produced in both groups, but they are
more properly described as ligand exchange reactions when anions
are attached by coordinate bond (Meyn et al., 1993; Williams et al.,
2012). Further, electrostatic interactions allow detachment of anions
from the surface of LDH particles in aqueous dispersions, which results
in positively charged particles. On the other hand, coordinate binding
does not allow anion detachment from the particle surface and only li-
gand exchange reactions are possible when the interlayer anion is coor-
dinated to Zn-LHS layers. Consequently, these solids present neutral or

Please cite this article as: Rojas, R,, et al., Structural and physicochemical aspects of drug release from layered double hydroxides and layered
hydroxide salts, Appl. Clay Sci. (2015), http://dx.doi.org/10.1016/j.clay.2015.02.030



http://dx.doi.org/10.1016/j.clay.2015.02.030
mailto:rrojas@fcq.unc.edu.ar
http://dx.doi.org/10.1016/j.clay.2015.02.030
http://www.sciencedirect.com/science/journal/01691317
www.elsevier.com/locate/clay
http://dx.doi.org/10.1016/j.clay.2015.02.030

2 R. Rojas et al. / Applied Clay Science xxx (2015) Xxx-XXX

Fig. 1. Structure of LDH (A) and Zn-LHS (B and C) matrixes. Chloride was chosen as interlayer anion while water molecules were excluded from the scheme.

negatively charged particles (Rojas and Giacomelli, 2013). Finally, their
dissolution behavior is different, as can be expected from the solubility
of the hydroxides of the metal ions that constitute their layers (Parello
et al., 2010; Rojas, 2014).

LDHs are extensively studied for pharmaceutical applications: hy-
drotalcite can be found in commercial antacid formulations such as
Almax®© and Talcid©, and they have also been proposed for the con-
trolled release of anionic drugs due to their ease of preparation, high
drug loading, release mechanism, and drug protection ability. LDHs
have been intercalated with anti-inflammatory, antibiotics, antihyper-
tensives, anticarcinogens, among others (Costantino et al., 2008; Choy
et al, 2011; Rives et al.,, 2013, 2014; Rodrigues et al., 2013). Among
these drugs, non steroidal anti-inflammatory drugs (NSAIDs) have
been the most widely studied. Thus, large loadings of ibuprofen (Ibu),
naproxen (Nap) or ketoprofen (Ket) have been incorporated to these
solids using coprecipitation, anion exchange and reconstruction
methods (Rives et al., 2013; Rojas et al., 2014). The drug content is
completely released at either acid or neutral pH by matrix dissolution
or anion exchange, respectively (Rojas et al., 2012) at a release rate
that depends on factors such as particle size (Gunawan and Xu, 2008)
and the solubility and hydrophobic character of the intercalated drug
(Rojas et al., 2014). LHSS have also been intercalated with vitamins,
antioxidants and NSAIDs, which are released by mechanisms similar
to those of LDHs (Bull et al., 2011; Taj et al., 2013). Thus, LHSs have
been intercalated with the conjugated bases of diclofenac, ibuprofen,
mefenamic acid and 4-biphenylacetic acid, and formulated as tablets
and enteric-coated beads (Bull et al., 2011; Richardson-Chong et al.,
2012; Taj et al., 2013) in order to prevent matrix dissolution in acid
media and produce modified release profiles.

Nevertheless, few comparative studies of these structurally related
solids as well as their drug release behavior from LDH-drug (LDH-D)
and LHS-drug (LHS-D) hybrids have been published (Yang et al.,
2007). In order to explore the differences between these solids as
well as the effect of the physicochemical properties of the drug, LDHs
and LHSs intercalated with three NSAIDs (ibuprofen, naproxen and
ketoprofen, Fig. 2) were obtained. The structure and interaction
modes between the drugs and the layered matrix were determined by
chemical analysis, powder X-ray diffraction (PXRD), Fourier transform
infrared (FTIR) and solid state nuclear magnetic resonance (NMR) and
the interfacial properties (potential zeta and hydrophilic/hydrophobic

character) of the hybrids, as well as the drug release profiles were com-
paratively studied.

2. Materials and methods
Ibu, Ket and Nap anhydrous acids (>98% purity, Parapharm®,

Buenos Aires, Argentina), MgCl,-6H,0 (Baker), AlCl3-6H,0 (Anedra),
ZnCl, (Cicarelli), NaOH (Baker), NH4OH (Merck) and deionized water

/5=3\1 7// O
\4_/ \12:13 \\ 5—O0

©
(@)

Fig. 2. Structural formulae of the intercalated drugs: A) ibuprofen, B) naproxen,
C) ketoprofen.
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(Milli-Q system, 18.2 MQ), were used in the experiments, which were
carried out at room temperature (25 °C) unless otherwise stated.

2.1. Synthesis

Both LDH-D and LHS-D hybrids (containing either Ibu, Nap or
Ket) were synthesized by the coprecipitation method at constant pH
(He et al., 2006; Arizaga et al., 2007; Rojas et al., 2012; Rojas and
Giacomelli, 2013). A 0.1 L solution containing the metal ions (0.04 mol
AlCl3; 0.12 mol MgCl,) was added drop wise to a 0.1 L solution contain-
ing 0.06 mol of the corresponding drug (1.5 times excess against the
AlCl; amount) under vigorous stirring at pH = 9, controlled by addition
of a 2 mol L~ NaOH solution. The obtained slurries were centrifuged,
washed and finally dried at 50 °C until constant weight. The hybrids
were named LDH-Ibu, LDH-Ket and LDH-Nap according to the interca-
lated drug. For LHSs, the metal ion solution (0.06 mol ZnCl, in 200 mL
H,0) was added to a 200 mL solution of the corresponding drug
(0.036 mol) and pH was set to 7 by addition of 1 mol L~ ! NH,OH solu-
tion. The obtained slurries were aged overnight and then centrifuged,
washed and dried as previously described. The hybrids were denoted
as LHS-Ibu, LHS-Ket, and LHS-Nap.

2.2. Structural characterization

Mg and Al contents were determined by atomic absorption spec-
trometry in a Varian AA240 instrument. The samples were dissolved
in HNOs and afterwards diluted to meet the calibration range. C content
was determined using a CHN 2400 Series Il Elemental Analyzer, using
cysteine as reference. Water content was estimated by thermogravi-
metric analysis between 25 and 200 °C, carried out in a SETARAM
Setsys Evolution 16/18 instrument at a 5 °C min~ ! heating rate (Sup-
plementary material, Fig. S1). PXRD patterns were recorded with
a Phillips X'pert Pro instrument using a CuKa lamp (A = 1.5408 A)
at 40 kV and 40 mA between 3° and 60° (26) in step mode (0.05°,
1.2 s). FTIR spectra were measured with a FTIR Bruker IFS28 instrument
using KBr pellets (1:100 sample:KBr ratio). High resolution solid state
13C cross polarization/magic angle spinning (CP/MAS) NMR experi-
ments were performed on a Bruker Avance II-300 spectrometer (Larmor
frequency of 300.13 MHz and 75.46 MHz for 'H and '3C respectively)
equipped with a 4 mm MAS probe. All samples were spun at 10 kHz.
The '>C CP/MAS spectra were recorded using variable amplitude
ramped CP pulse (Harris, 1994) of 2 ms. TPPM sequence was used for
the heteronuclear decoupling during acquisition with a proton field
Hiy satisfying oiy/21m = yyH1y = 60 kHz (Bennett et al., 1995). The
recycling delay was 4 s. The quaternary carbon edition experiments
(Non Quaternary Suppression, NQS) were performed on all the samples
(Harris, 1994). These experiments allowed us to identify quaternary
carbon signals and methyl groups helping in the accurate assignment
of the signals. The assignments of the signals for the pure drugs were
done by comparing to the chemical shift measured with the molecules
in solution using ACD Labs NMR Predictor program and taking into
account the NQS experiment, while the assignments for the hybrids
were performed by comparing the chemical shifts to those of the pure
drug. The complete atomic numbering for the assignments is included
in Fig. 2.

2.3. Interfacial and morphological characterization

The hydrodynamic apparent diameter (d) and zeta potential () of
the samples were determined by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) measurements, respectively,
using a Delsa Nano C instrument (Beckman Coulter). Aqueous disper-
sions of the hybrids (0.1 gL~ "in 5-10~2 mol L~ ! NaCl) were prepared
and sonicated for 30 min. ¢ values were determined at different pH
values, adjusted by addition of a NaOH solution. d and polydispersity
values at pH = 9 were calculated from the autocorrelation function

(2®) using the cumulants method, while electrophoretic mobilities
were converted to ¢ using the Smoluchowski equation. Contact angle
(CA) measurements were performed by the sessile drop method using
a homemade goniometer and deionized water drops over tablets of
the corresponding hybrids prepared at 2 tons with an 11 mm die. Scan-
ning electron microscopy (SEM) images were obtained with a FE-SEM
Yigma instrument on samples covered with a Cr layer.

24. Drug release kinetics

United States Pharmacopoeia (USP) simulated intestinal (SIF,
0.05 mol L™ ! phosphate buffer pH = 6.8 + 0.1) and simulated gastric
(SGF, HCl pH = 1.2 £ 0.1 in 0.05 mol L™ ' NaCl) fluids without enzymes
was selected as release media. Drug release from particulate LDH-D and
LHS-D hybrids was studied in 0.05 L propylene tubes (triplicate experi-
ments) that were continuously shaken in an orbital agitator (60 rpm) at
room temperature. An accurately weighted amount of particulate hy-
brid, adjusted to contain 0.030 g of drug in all cases, was dispersed in
0.030 L of release medium. At defined time intervals, samples were
withdrawn and filtered, and the drug concentration ([D]) was deter-
mined by UV-vis spectroscopy (Shimadzu UV1601 instrument). The
percentage of dissolved drug (%D) was calculated as %D = [D] / [D]max
where [D]ax is the maximum [D] (1 g/L). The solubility of the pure
drugs in SGF was determined in 0.030 L dispersions containing 0.030 g
of the corresponding drug.

The drug release data were analyzed using two usual mathematical
models (Costa and Sousa Lobo, 2001): Higuchi (Eq. (1)), associated
with diffusion as the rate determining step of the process, and zero
order (Eq. (2)) related to surface reaction controlled kinetics:

%D = kt'/? (1)
%D = kt (2)

where %D is the percentage of dissolved drug at time t and k is the ki-
netic release constant.

3. Results and discussion
3.1. Structural characterization

The chemical analyses of the samples and their theoretical chemical
formulae are included in Table 1. The layers of LDH-D hybrids showed
similar composition ([Mg; _ ,Aly(OH),]*", x = 0.29). The Mg/Al ratio
of the samples was lower than that of the starting solution of the syn-
thesis, indicating a partial dissolution of Mg?* ions during the solid
washing (Jobbagy and Regazzoni, 2011). The D=/AI** ratio was near
1 in all cases, indicating that charge of the layers was completely com-
pensated for by the corresponding drug. Moreover, LDH-Ibu showed a
drug excess, which, according to previous works (Rojas et al., 2012),
was produced by incorporation of the anionic drug at the particle sur-
face. The incorporation of the anion excess was explained by hydropho-
bic interactions of the apolar section of the drug, which allowed for
overcoming the electrostatic repulsions produced once the layer charge
is completely compensated for. On the other hand, LHS-D hybrids
exhibited different OH/Zn ratios, which indicated that different struc-
tures were obtained: [Zns(OH)s]A;/n- mH,0 (Fig. 1B) for LHS-Ibu and
[Zn(OH), _ x]Ax-mH,0 (Fig. 1C) for LHS-Nap and LHS-Ket. A drug
excess was obtained for LHS-Ibu while, for LHS-Nap and LHS-Ket, its
presence could not be determined due to the non-stoichiometric
OH/Zn ratio.

The PXRD pattern of each sample (Fig. 3) was indexed with a single
set of cell parameters. The PXRD patterns of LDH-D hybrids were
indexed in a rhombohedral unit cell and displayed well developed
peaks at 26 below 30°, corresponding to 00 | reflections that led to
similar basal spacing values (22.0-22.2 A). These values were in good
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Table 1

Chemical composition and formula, cell parameters, contact angle (CA) and residual weight loss upon calcination at 1000 °C of the LDH-D and LHS-D hybrids.
Sample % Mg % Al % Zn % C % H,0 Chemical formula CA () % W, % WL
LDH-Ibu 11.0 52 - 372 9.5 Mgo71Alg.29(OH)Ibug 35-0.77 H,0 36 70.3 70.1
LDH-Ket 10.5 49 - 36.7 84 Mgo.71Alp.20(OH)2Ketg 26+ 0.65 H,0 65 69.5 68.5
LDH-Nap 119 5.3 - 349 9.3 Mgo.71Alp29(OH)>Napg 29-0.71 H,0 72 68.6 68.6
LHS-Ibu - - 325 36.7 42 Zns(OH)glbuy 4-2.2 H,0 85 57.3 59.1
LHS-Ket - - 28.7 46.3 44 Zn(OH)q 4Keto 0.6 Ho,0 65 68.6 67.8
LHS-Nap - - 236 45.6 4.0 Zn(OH);2Napog-0.9 H,0 87 71.8 71.5

@ % We, residual weight percentage at 1000 °C (experimental).
b % WL, residual weight percentage at 1000 °C (calculated from the chemical formula).

accord with those reported by other authors for LDH-D hybrids with Ibu
(Ambrogi et al., 2001; Costantino et al., 2008; Rojas et al., 2012), Nap
(del Arco et al., 2009; Carriazo et al., 2010) and Ket (Ambrogi et al.,
2003; San Roman et al., 2012). In those works, the basal spacing values
obtained were assumed to be due to a drug arrangement in a tilted
bilayer disposition (Berber et al., 2008; Carriazo et al., 2010), as the
size of the molecules (between 9 and 11 A) was less than the distance
between the layers, calculated by substraction of the layer thickness
(4.8 A) to the basal spacing.

The patterns of LHS-D hybrids showed narrower peaks than those
of LDH in all the measured ranges, indicating high ordering of the
solids. The pattern of LHS-Ibu was different from those of the LHS-Nap
and LHS-Ket ones, which confirmed the different layer structure of
these LHS-D hybrids. LHS-Ibu pattern was indexed in a hexagonal cell
unit, typical of solids with [Zns(OH)g]A, layers like simonkolleite
([Zns(0OH)g]Cl,-nH,0, JCPDS card 07-0155). Its basal spacing, calculated
from the (00 1) reflections, was 26.5 A. On the other hand, LHS-Nap and
LHS-Ket patterns were indexed in a monoclinic unit cell, as expected
from the composition of these solids. The structure of [Zn(OH); — x[Axn
layers were similar to that of zinc hydroxide nitrate (Zn3(OH)4(NOs)5,
JCPDS card 70-1361), and zinc hydroxide terephtalate (Zn3(OH)4(tp)2)
(Carton et al., 2006). The basal spacing values obtained (23.6 A and
22.9 A for LHS-Nap and LHS-Ket, respectively) were higher than those
of the corresponding LDHSs. This basal spacing increase was attributed
to the higher binding site density of LHS layers compared to LDH ones
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Fig. 3. PXRD patterns of LDH-D and LHS-D hybrids.

(Arizaga et al., 2007; Rojas and Giacomelli, 2013), which led to a more
compact and less tilted disposition of the anions in the interlayer of
the former (Yang et al., 2007).

The FTIR spectra of the samples (Fig. 4) presented bands assigned to
Vasym (between 1552 and 1581 cm™ 1) and Vsym (between 1390 and
1412 cm™ 1) of the carboxylate groups of the drugs as well as bands at
1448-1464 cm™ ! and 1352-1365 cm ™ ! due to 6(CH,). The difference
between the maximum of the asymmetric and symmetric vibration
bands of carboxylate groups (AU = Vasym — Vasym) is considered as in-
dicative of the type of interactions between the carboxylate group and
the layers (Wypych et al., 2005). Thus, Av for LDHs (between 150 and
164 cm™ 1) is lower than for LHSs (between 166 and 185 cm ™ !). This re-
sult indicated that the drugs presented non-directional, electrostatic in-
teractions with LDH layers, while a coordinate bond was established by
the carboxylate group of the drug with Zn?* ions of LHS layers. The
spectra also portrayed bands representative of each anion: a band at
1655 and 1658 cm™ ! corresponding to the ketone group was observed
in the case of LDH-Ket and LHS-Ket, respectively (Ambrogi et al., 2003).
On the other hand, ¥(C-0) and v(C-0-C) bands of the ether group were
registered at 1267-1263 cm™ ! and 1161 cm™ !, respectively, for the Nap
containing samples (del Arco et al,, 2004 ). None of the hybrids displayed
bands at 1700-1750 cm ™! (©(COOH)), which indicated the absence of
the drug acid form in the LDH-D hybrids (Nakamoto, 1997). This also
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Fig. 4. FTIR spectra of LDH-D and LHS-D hybrids.
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confirmed that the acid form was not co-intercalated between the
layers, the drug excess being exclusively placed as anions at the particle
surface.

The *C NMR spectra (Fig. 5) indicated that the drug molecular struc-
ture is preserved upon intercalation but the position and width of the
peaks are slightly changed, indicating that the drug arrangement is
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Fig. 5. NMR spectra of the LDH-D and LHS-D hybrids with ibuprofen (A), naproxen (B) and
ketoprofen (C). Spectra of pure drugs are also given as reference. The included numbers
indicate the position of the C atoms (see Fig. 2).

different from that of the pure drug (Mohanambe and Vasudevan,
2005). These changes allowed for determining the interactions between
the drugs and the layers as well as the degree of drug disorder in the
hybrids compared to that in the pure drug. Thus, the '3C spectra for
LDH-Ibu and LHS-Ibu showed broader resonances than that of pure
Ibu, which denoted a higher disorder when the drug was confined
between the layers. Due to the bilayer arrangement of the anions, the
anions interacted with the layers at both ends. As a consequence, the
main differences with the pure drug were expected for these sections
(del Arco et al., 2004), while the middle aromatic part only was expected
to be affected exclusively by the disorder increment. Nevertheless, the
613¢ values for carboxylate carbon (C12) and the neighboring carbons
(C11 and C13) were similar to that of the pure drug, which indicated
that the interactions between the layers and the drug were similar to
that with protons in the pure drug. On the other hand, the §;3¢ variations
for C8, C9 and C10 were indicative of a change to a less hydrophobic
environment of the isopropyl group of the drug in the hybrids.

Compared to Iby, a larger disorder increase was produced by Ket in-
tercalation between LDH and LHS layers. On the one hand, ;3¢ values of
the carboxylate carbon (C15) were lower for the intercalated drug than
for pure Ket, which indicated a weaker interaction with the layers.
On the other hand, the shift to higher 6;3¢ values of the ketone carbon
(C7) was indicative of an interaction between this group and the
layer, probably the opposite, considering the spatial disposition of
carboxylate and ketone groups.

Finally, a negligible resonance broadening was produced when Nap
was confined in LDH-Nap and LHS-Nap hybrids, which indicated a more
ordered arrangement of the drug molecules between the layers in these
hybrids. Moreover, Nap signals were split in the hybrids, indicating that
Nap anions were placed in two different, well defined environments.
The 6;3¢ values of the carboxylate carbon (C14) were higher than for
the pure drug, which indicated that strong interactions between Nap

20 -
—B— LHS-Ibu B
10 —O— LHS-Ket
] —/\— LHS-Nap
0
<~ -101 ‘@QK‘A’@\Q\
> 0
E 20 \4\
U K\‘
-30
(@]
404 ||
6 8 10 12
20 -
4 @\@ A
104 \O
| \O\(B
0 o — %
4 / il A
—~ -104 o A.;\A
= /
S .
~ -20- ___—E—n
NG | n
-304 —— LDH-lbu
—O— LDH-Ket
1 —/\— LDH-Nap
404
6 8 10 12

pH

Fig. 6. { vs. pH curves of LDH-D (A) and LHS-D (B) hybrids with ibuprofen, naproxen and
ketoprofen.
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anions and the layers were produced. This strong interaction caused the
higher ordering of the drug between the layers of the hybrid.

The TGA and DTA profiles of both LDHs and LHSs (Supporting infor-
mation, Fig. S1) were interpreted on the basis of three main processes:
interlayer water loss, dehydroxylation of the layers and drug degrada-
tion. The main difference between the profiles of LDHs and LHSs was
the temperature range where the dehydroxylation process was pro-
duced. For LDHs, dehydroxylation was produced at T > 200 °C, over-
lapped with the interlayer anion loss step while, it was produced at
T < 200 °C for LHSs, separated from dehydroxylation step and near to
the interlayer water loss one. The experimental residual weight of the
solids at 1000 °C was in good accord with that calculated from the
chemical formula proposed considering that only the metal oxides
remained at this temperature (Table 1).

3.2. Interfacial and morphological characterization

The ¢ vs. pH curves (Fig. 6) exhibited different profiles depending on
the solid structure. As already reported (Rojas et al., 2014), the ¢ profile
of LDH-D hybrids was strongly dependent on the intercalated anion:
LDH-Ibu particles were negatively charged in the whole pH range mea-
sured, while LDH-Ket present positive ¢ values up to pH = 11 approxi-
mately. This result indicated that, while Ket™ anions were exclusively
bonded to the inorganic matrix by electrostatic interactions, hydropho-
bic interactions are also concurrent in the case of Ibu™ anions (Hansch

et al.,, 1995). On the other hand, all LHS hybrids particles portrayed
slightly negative ¢ values at pH = 8, similarly to that obtained for
chlorobenzoate and chlorobenzylsulfonate intercalated Zn-LHSs
(Rojas and Giacomelli, 2013). The charging behavior of Zn-LHS hybrids
was explained by the coordinate bond of the drugs to Zn>* ions, which
caused a complete screening of the layer charge both in the bulk and on
the particle surface. As pH decreases, the absolute value of ¢ increased in
all cases, which was assigned to deprotonation of hydroxyl groups of the
hybrid surface (Rojas et al., 2010; Rojas and Giacomelli, 2013). On the
other hand, the hydrophobic/hydrophilic character of the solids was
mainly determined by the interlayer anion. Thus, LDH-D and LHS-D hy-
brids intercalated with the same drug exhibited similar contact angle
values (Table 1). Only Nap containing hybrids exhibited a different be-
havior, which was assigned to the ordered arrangement in these hybrids
(see NMR spectra discussion). Only LHS-Nap exhibited a different CA
than LDH-Nap, which was assigned to the much denser arrangement
of the drug on the surface of the LHS particles.

The particle size and shape of LDH-D and LHS-D hybrids were
assessed by DLS determinations and SEM images. According to DLS
measurements, both LDH-D and LHS-D hybrids presented large d
(around 6-10 um) and high polydispersity in aqueous solution (data
not shown). On the other hand, the SEM images showed the different
morphology of LDH and LHS particles. LDH particles were formed by
agglomeration of smaller units or platelets of around 300 nm (Fig. 7).
These platelets presented high diameter to thickness ratio and irregular

Fig. 7. SEM images of LDH-D and LHS-D hybrids with ibuprofen, naproxen and ketoprofen.
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shape (Zhang and Evans, 2012; Rojas et al., 2014). LHS-D particles
were also formed by agglomeration of larger platelets with a more
regular shape and a less compact disposition than LDH-D platelets.
Only LHS-Ket portrayed a smooth surface indicating a compact disposi-
tion of its platelets.

3.3. Drug release kinetics

The drug release behavior (Fig. 8) was affected by the different char-
acteristics of LDHs and LHSs as well as by the physicochemical proper-
ties of the intercalated drug. Drug release in SIF (Fig. 8A and B) was
slower from LDH than from LHS hybrids. A complete release of the
drug content was reached at approximately 240 and 120 min in each
case. A burst release was registered in all cases, but it was more signifi-
cant for LHSs (60-80%D) than for LDHs (20-40%D). According to previ-
ous works (Parello et al., 2010; Rojas et al.,, 2012), Mg-Al LDHs are
massively dissolved at pH values lower than 5, while at higher pH values
only selective, partial dissolution of Mg?* ions is produced. On the other
hand, LHS dissolution starts at pH values higher than 7 (Rojas and
Giacomelli, 2013). Hence, the first, fast step was assigned to the dissolu-
tion process of either LDH or LHS matrixes, as %D produced was consis-
tent with the different solubility of the matrixes. Matrix dissolution was
then the main release mechanism in the case of LHS-D hybrids, although
the occurrence of anion exchange processes cannot be discarded. On the
other hand, the best fits of LDH-D profiles were obtained with the
Higuchi equation (Supplementary material, Table S1), which indicated
that the main release mechanism was anion exchange. The similar
profile for all LDH-D hybrids was indicative of the high affinity for LDH
layers of phosphate anions, which induced a fast and complete release
independently of the drug.

The %D vs. t profiles in SGF (Fig. 8C and D) were mostly dependent
on the intercalated drug. Both LDH and LHS layers were fully dissolved
in SGF, the drug content being released to the media shortly after the
hybrid dispersion (Parello et al., 2010; Bull et al., 2011). Nevertheless,
the drug loading was not completely dissolved due to the low solubility
of the drugs in SGF. The final drug concentration was controlled by the
solubility of the drug, which increased in the order Nap < Ibu < Ket.
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Nevertheless, %D,49 was higher than that obtained for the pure drug
in experiments at the same conditions (2.7, 1.5 and 9.2 for Ibu, Nap
and Ket, respectively). The higher solubility of NSAIDs when interca-
lated in the LDH matrix has been reported by other authors (Berber
et al., 2008; del Arco et al., 2010; Rojas et al., 2012) and assigned to
the anionic form and confined arrangement of the drug between the
layers of the inorganic matrixes. This assumption correlated well with
the NMR spectra, which pointed to a disordered arrangement of the an-
ions in the interlayer of LDH-D and LHS-D hybrids. For LHS-Ibu, LDH-
Nap and LHS-Nap, the drug dissolution was so fast and/or so small
that it prevented fitting the kinetic profile. However, the remaining
datasets were best fitted with the zero order model, which indicated
that a surface reaction was controlling the kinetics of drug dissolution.
In a previous work (Rojas et al., 2012), this surface reaction was assigned
to the dissolution of the acid drug from the surface of particles of either
the pure drug or the hybrids. The effect of the layer structure in the
release profiles was more subtle than in SIF. However, the dissolution
profile from LHS-Ibu was quite different from those of LHS-Nap and
LHS-Ket, which was related to the different layer structure of the former.

4. Conclusions

NSAID hybrids with Mg-Al layered double hydroxides (LDH-D)
and Zn layered hydroxide (LHS-D) can be easily obtained by a
coprecipitation method at constant pH. The obtained hybrids differed
in their structure and interaction modes between the drug and the
layers. The different interaction modes, together with the higher drug
density between LHS layers produced more crystalline solids with larger
basal spacing values than the corresponding LDHs. The differences in
structure, interactions and composition were essential to explain the
interfacial properties and drug release behaviors of LDH-D and LHS-D
hybrids. Thus, the different interaction modes determined the surface
charging behavior, while the solubility of LHS layers led to a fast drug
release in neutral media. Finally, the loose drug arrangement in the hy-
brids caused a solubility increase in acid media. These correlations are
helpful to predict and optimize the behavior of drug delivery systems
based on both LDHs and Zn-LHSs.
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Fig. 8. Release profiles of LDH-D (A and C) and LHS-D (B and D) hybrids in SIF (A and B) and SGF (C and D).
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