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ABSTRACT

Ibuprofen-intercalated layered double hydroxides (LDH-IBU) have been
successfully synthesized via a co-precipitation method with a nominal [AI**]/[Mg®']
ratio of 0.5 and a variable molar IBU/([AI**]+[Mg?*]) ratio of 0, 0.15, 0.18, 0.24, 0.36
and 0.72. After an accurate determination of the composition, the nature of the
intercalated species and the effective intercalation yield from NOgz™ to IBU, it is shown
that the synthesis route used allows a good control of the quantity of intercalated IBU
within the LDH framework. This results in different samples with full or partial IBU
intercalation in the interlayer space in exchange of nitrate anions. The analysis of the X-
ray diffraction basal reflections reveals that the intercalation of IBU in the framework
only increases the basal distances with no alteration of the brucite-type layers. Also, a
computational study used to model the positions and shapes of the basal reflections

showed that the structure of the non-fully intercalated compounds follows a random



interstratification scheme. Finally three samples ranging from slightly to fully 1BU-
intercalated galleries were selected for preliminary in vivo assays. These tests showed a
strong tendency that after 24 hours the low yield of IBU-intercalated compounds are

almost as efficient as the fully intercalated sample.
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1. Introduction

Layered Double Hydroxides (LDH) compounds represent a huge family of
materials also known as anionic clays [1, 2]. They exhibit a lamellar structure based on
softly bonded brucite-type layers [Mg(OH2)] composed of edge-linked Mg(OH)e
octahedra [3]. Substitutions of Mg?* by other metals are possible; and in the case of
some M3, it leads to positively charged brucite-type layers, which then can be
compensated by negative charges in the interlayer space. Different anions can be
intercalated, typically COs%, SO4%, OH", F,, CI', Br or NOs, with a decreasing affinity
for the interlayer spacing in this list [4]. Among the most promising LDH materials in
this field are the aluminium-substituted magnesium compounds, referenced as Mg,Al-
LDH [1, 2, 5, 6]. Their general formula is [Mg5*,Al3* (OH),]** (A" )x/n.zH,0 [1, 2
7], where A"~ are interlayer anions, often carbonates and nitrates, which compensate for
the positively charged hydroxide brucite-type layers, x refers to the molar fraction
A3t /(Mg?* + AI3") usually ranging between 0.2 and 0.4 [1, 2], and z is the amount of

hydration water molecules.

Generally, LDH are of great interest in materials science and technology because
of their versatile structures, their intercalation properties [8] and their wide range of
applications [1, 2, 9] such as catalysis [10, 11], photochemistry [12, 13] and adsorbents
[14, 15]. More recently, they have been extensively studied as anionic drugs carriers
[16] due to their good ion-exchange properties, low cytotoxicity, high biocompatibility
and low cost [17]. For this application, the drug is intercalated into the LDH host
framework in order to improve its pharmacological activity and duration of action [5,

16].



Numerous works in the literature have been devoted to the synthesis of LDH-
IBU hybrids by various methods [9, 18, 19, 20, 21] and the study of drug release
properties. Among these, the co-precipitation method [22], based on the mixing of metal
salts at a constant pH, is the most widely applied due to its relative ease of use and good

control over the stoichiometry of the final product.

Since the year 2000, many molecules with biological activity presenting anionic
form have been successfully intercalated into Mg,Al-LDH [1, 23] This is notably the
case for ibuprofen (a-methyl-4-(2-methylpropyl) benzene-acetic acid), a non-steroidal
antiinflammatory drug (NSAID) widely used for the treatment of rheumatoid arthritis
and osteoarthritis [24]. Although efficient, this drug has a short half-life and side
effects, such as gastric irritability and risk of central nervous system ailment. Therefore,
the intercalation of ibuprofen into LDH can contribute for reducing the side effects of
this drug, prolonging its half-life and consequently its analgesic effect [24]. However,
few works have been reported concerning the in vivo assays [6] and, to the best of our
knowledge, there are no studies dealing with the behaviour of the LDH-IBU complex at
small intercalation yield in particular regarding their structure and analgesic activity.
For example, it is not clear how to obtain a long term analgesic activity using LDH-
IBU, whether LDH galleries must be fully or partially filled of IBU in order to achieve
the best drug release control. In addition, it is not clear whether the structure of slightly
intercalated compounds is characterised by staging phenomena or random

interstratification.

In this study, we report the synthesis, followed by a chemical and structural
characterization of LDH intercalated with ibuprofen (LDH-IBU) using variable molar
ratio IBU/([AP]+[Mg?*]) of 0, 0.15, 0.18, 0.24, 0.36 and 0.72. We also report a

structural analysis of the intercalation mechanism in these different compositions.
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Moreover, preliminary in vivo assays were performed for three samples ranging from
slightly to fully IBU-intercalated complex galleries in order to explore the long term

analgesic effects of LDH-IBU.

2. Experimental

2.1. Synthesis

Ibuprofen (labeled IBU hereinafter, Sigma-Aldrich Brazil Ltds 98%),
Mg(NOz)2.6H20 (Sigma-Aldrich, 98%), Al(NOz)3.9H.0 (Sigma-Aldrich, 98%), NaOH
(Sigma-Aldrich, 98%), CH3CH.OH (Alfa Aesar, 94-96%) were used as starting
reagents. Deionized water (ELGA Purelab) was decarbonated prior to the synthesis in
order to avoid the intercalation of COs? in the samples, and phosphate buffer pH = 7.00

+ 0.02 was purchased from Sigma-Aldrich.

The co-precipitation strategy [22, 25] was used to synthesize both pure LDH
(LDH-NO3) and ibuprofen intercalated LDH (LDH-IBU) samples. The cationic molar
ratio [AI**]/[Mg?*] was set to 0.5 for all samples and the IBU/([AI**]+[Mg?*]) nominal
molar ratios were 0; 0.15; 0.18; 0.24; 0.36; 0.72 respectively labeled LDH-NO3, LDH-

IBU(10:1); LDH-1BU(8:1); LDH-IBU(6:1); LDH-IBU(4:1); LDH-1BU(2:1).

The Mg(NO3)..6H20 and Al(NOz3)3.9H20 salts dissolved in water were slowly
added to a three-neck flask containing aqueous ethanol solution (50 vol.%) with or
without dissolved drug. To ensure the dissolution of IBU, the pH of the aqueous ethanol
solution was adjusted to 10.0 using a 2.0M NaOH solution. The addition was performed
at room temperature under vigorous stirring and N> gas flow to avoid carbonate
contamination. During the procedure the value of the pH was maintained by continuous

addition of the NaOH solution. The resulting suspension of LDH-IBU was kept under



reflux conditions at 80 °C for 24 h. The solid was then isolated by centrifugation and
washed thoroughly three times with aqueous ethanol solution (50 vol.%), and finally

dried for 24 h at 60 °C.

2.2. Sample characterization

The phase purity assessment and the structural characterisation of the sample
were performed by X-ray diffraction (XRD) and Raman and Fourier transform infrared
(FTIR) spectroscopies. The chemical and elemental compositions were determined
using inductively coupled plasma (ICP), coupled thermogravimetry and mass
spectroscopy (TG/MS), and UV-visible spectroscopies. The morphology of the powders

was characterized by field-emission scanning electron microscopy (FE-SEM).

The XRD diagrams of all the samples were collected from 1 to 80° (26) with a
step of 0.014° and an effective acquisition time of 2.31s per step using a Bruker D8
Advance diffractometer with Bragg-Brentano geometry and LynxEye PSD detector and
monochromatic CuKay radiation. The basal spacing values were obtained by performing
pattern decompositions using the Peakoc software [26] with a split pseudo-Voigt
function [27] to fit the experimental profiles. The structural characterisation of the
intercalation of IBU into LDH was performed by analysing the profile shape and
positions of the basal reflections using a home-made program written in Python
language [28] (see section 3.2.). Micrographs of the powder morphologies were
obtained thanks to a JEOL JEM 6700 FE-SEM with at an accelerating voltage of 5.0
kV. Raman spectra were recorded on a Jobin Yvon/Horiba (T6400) spectrophotometer
on raw powder samples using excitation wavelength of 514 nm, exposure time of 10 s,
power 3 mW, lens x50LWD. FTIR spectra of the samples pressed in KBr were scanned

(400 to 4000 cm™) on a Thermofisher (Nicolet 6700) spectrophotometer with a



resolution of 4 cm™. Each spectrum is the average of 32 successive scans. ICP
measurements were accomplished using a Perkin Elmer Optima 8300 instrument to
determine the relative amount [AI**]/[Mg?"] on powders calcined at 1000°C for 30
minutes. The thermogravimetric analyses were performed on a Netzsch instrument
(model STA 449F3, Germany). The analyses were carried out from 25°C to 1000°C at a
heating rate of 10°C/min in flowing argon gas (20 mL/min). The titration of 1BU
released from the intercalated samples was determined after dissolution of the LDH host
using a Shimadzu UV-2600 model UV-Vis spectroscope. The following method was
used: 5 mg of LDHs-IBU sample was dissolved in 2 mL of ethanol, 1 mL of 0.1M HCI
solution and successive dilution with phosphate buffer at pH 7.00 £ 0.02 in a 10 mL
volumetric flask. The concentration of IBU in the resulting solutions was determined by
measuring the absorbance at Amax = 264 nm and was calculated by regression analysis
according to a calibration curve obtained from a series of standard solutions of pure

IBU.

2.3. In vivo assays

The in vivo assays of the analgesic activity of LDH-IBU samples were
performed using 6 to 8 week-old male Swiss mice with an average weight of 20-25
grams obtained from colonies maintained at the Evandro Chagas Institute (Belém,
Brazil). The mice were housed in groups of 5 under environmentally controlled
conditions: 25 £ 2°C under a 12h/12h light/dark cycle. Food and water were supplied ad
libitum. The handling and use of the animals were in accordance with the institutional

guidelines (CEPAE 124-13).

The analgesic activities of LDH-1BU(10:1), LDH-IBU(6:1) and LDH-IBU(4:1)

samples were evaluated using the acetic acid-induced writhing method as described by



Koster et al. and de Lima et al. [29, 30]. For the test, a group of 5 mice was treated by
oral administration with 200 mg/kg (mass of sample per mice weight) of LDH-IBU
powder, employing the samples LDH-IBU (4:1), LDH-IBU (6:1) and LDH-IBU (10:1).
For comparison, the mice were also treated in the same way with pure LDH-NO3z (200
mg/kg), ibuprofen (200 mg/kg) and vehicle (saline plus 1% Dimethyl sulfoxide) at
equivalent volumes. The writhing was induced by intra-peritoneal injection of 0.6% of
acetic acid to the mice. After 24 hours, the mice were observed and the number of
writhing was counted for 30 min [29]. The contractions of the abdomen, elongation of
the body, twisting of the trunk and/or pelvis ending with the extension of the limbs were
considered as complete writhing. The number of writhing, expressed as mean + S.E.M.,
were compared using an analysis of variance (ANOVA) followed by a Student-
Newman-Keuls test [31], and values were considered significantly different when P <

0.05.

3. Results and discussion

3.1. Samples characterization

The XRD patterns of the synthesised samples are reported in Figure 1. They all
correspond to single phase compounds with no evidence of crystallised impurities such
as sodium nitrate or recrystallized ibuprofen. The pattern of the ibuprofen-free (i.e. non-
intercalated) sample (LDH-NO:s) is typical of the 3R1 polytype of the hydrotalcite
structure with ¢ ~ 24 A corresponding to the stacking of 3 brucite layers [32]. The basal

spacing, given by the 003 reflection, is about 8.70 A, which corresponds to typical

values found with intercalated nitrate ions [33, 34] The 01¢ reflections (i.e. 012, 015 and

018) are clearly asymmetric toward high angles, indicating the presence of stacking

faults in the brucite layers stacking sequence. The pattern of the sample with the highest
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nominal IBU content is clearly different. Its first and highest peak is located at lower
angles (~ 4°20), indicating a much larger basal spacing of about 22.2 A. This is
perfectly consistent with an effective intercalation of IBU anions into the brucite
interlayer spaces as described in previous studies [20, 24, 35, 36]. The five following
diffraction lines correspond to the successive integral orders of the first reflection, i.e.
with integer d-spacing ratios. Note that for the sake of comparison with the ibuprofen-
free sample, we used the same indexation of the first line (no experimental fact at this
level of analysis suggests 003 instead of 001). Now, focusing on the samples with
intermediate nominal IBU contents we can clearly observe a smooth evolution of the
corresponding XRD patterns. When increasing the amount of IBU, the 003 reflection
seems to split into two reflections. At first these two reflections are overlapped but then
progressively separate to finally correspond to the 006 and 009 reflections of the sample
with highest IBU content. In addition, a low intensity peak appears at very low angle
(~2.5° 20) and progressively increases in intensity and slightly shifts toward higher
angles to finally correspond to the 003 reflection of the sample with the highest IBU
content. This clearly does not correspond to a continuous increase of the interlayer
spacing. Instead, the basal reflections now form a non-integral reflection series (i.e. with
non-rational d-spacing ratios), typical of interstratification phenomena. This latter is
induced by the progressive intercalation of IBU into the interlayer spaces and will be
discussed in details in the intercalation process section. The only part of the diagram
that does not undergo significant change corresponds to the 110 reflection, which
appears at the same position (~60.5° 26) for all the samples, indicating that the structure

of the brucite layers is almost unaffected by the addition of IBU.
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Figure 1: XRD diagrams of LDH-NO3 and LDH-IBU samples.

The FE-SEM micrographs of the samples are shown in Figure 2. They are very
similar whatever the initial nominal content of IBU in the reaction mixture. The image
suggests an aggregated sheet-like morphology expected for hydrotalcite-like
compounds [24] characterized by a particle size of about 100 nm and a thickness of a
few nanometres. This thickness indicates that the particles are composed of a small
number of layers (typically less than 10). They are slightly larger that LDH-CI
hydrotalcites obtained by mecanochemistry and hydrothermal synthesis [37] but stay

within the same range and aggregation state.
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Figure 2: FE-SEM images of (a) LDH-NOs, (b)LDH-1BU(10:1), (c)LDH-1BU(8:1), (d)LDH-I1BU(6:1),

(e)LDH-1BU(4:1), (LDH-1BU(2:1).

The Raman spectra of all the samples are shown in Figure 3(a). In the LDH-NO3
sample, one can observe a band related to the nitrate (symmetry Dsp) at 1062 cm™ as
reported by Kloprogge et al. [38, 39]. The measured IBU spectrum confirms that the
drug is pure and matches well with the full indexation proposed by Vueba et al. [40]
Based on these previous measurements, the analysis confirms the successful
intercalation of IBU in the hosts as evidenced by the structural asymmetric vibrations of
CHjs at 2955 cm™, CHz symmetric stretching mode at 2867 cm™ and CHz asymmetric
stretching at 2912 cm™, all corresponding to IBU. Moreover, the band related to the
nitrate anion vanishes for samples with nominal IBU ratio of at least 0.36 (LDH-

IBU(4:1)). Finally, two distinct and well defined bands can be seen at 558 cm™ and

11



722 cmt, They are attributed to M-OH bonds and are not modified nor shifted during

the intercalation process, thus attesting no drastic change in the brucite-type layers.

IBU
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Figure 3: (a) Raman spectra (b) FTIR spectra of IBU, LDH-NOs, LDH-1BU(2:1), LDH-I1BU(4:1),

LDH-1BU(6:1), LDH-1BU(8:1), LDH-1BU(10:1).
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The measured FTIR spectra of raw and intercalated LDH, shown in Figure 3(b),
are in agreement with the previous observations issued from Raman. Indeed the
presence of NOsz is evidenced by a sharp characteristic peak at 1385cm™,
unambiguously assigned to its vs vibrational mode [41] for all the samples below the
IBU ratio of 0.36. All vibrational modes of raw IBU spectra match with a previous
assignment proposed by Vueba et al. [40] In the case of intercalated compounds,
specific bands are observed at 1400 cm™ and 1550-1554 cm™. They correspond
respectively to the symmetric and asymmetric vibration of carbonyl bond in the case of
a carboxylate function according to Mohanembe et al. [42]. This feature clearly

indicates the deprotanated nature of the intercalated IBU as compared to the raw one.

The results regarding the actual chemical composition of the samples are
gathered in Table 1. The cationic ratio obtained from ICP on the calcined samples
allowed calculating the composition and the positive charge of the brucite layer. As we
can see in Table 1, there is a slight deviation with respect to the target values. This
indicates a minor loss of AI** probably due to the possible formation of aluminium
complex [AI(OH)4] for such alkaline conditions [43] and its elimination during the
washing step. The amount of intercalated IBU and water of hydration per formula unit
were obtained using the weight percent of intercalated IBU determined using UV-Vis
spectroscopy analysis and the total weight loss measured by TG analysis (Table 1). For
the calculation, it was assumed that one ibuprofenate ion substitutes for one nitrate ion
in the intercalated compounds and that the total weight loss is due to the removal of
interlayer water molecules, the dehydroxylation of the brucite-type layers and the
decomposition of the interlayer anions (NOs", IBU"). This latter assumption is supported
by the mass spectroscopy data and the shape of the TG curves characterized by two

major weight losses as already observed by other authors [21, 34] (TG data are not
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shown here but can be provided on request). As we can see in Table 1, the hydration

yield is about 0.5 water molecules per formula unit, with slight variations from one

sample to another.

Table 1: IBU/([AI**]+[Mg?*]) nominal molar ratio, cationic ratio weight% of 1BU content, total weight

losses at 800°C and chemical compositions of the synthesized samples.

Nominal
molar Total
Cationic ratio Weight %
Sample IBU/([AI*] weight Average chemical composition
[AB])/[Mg2] # | of IBUx
+[Mg*]) loss i
ratio
LDH-NOs 0 0.48 0.0% 48.81% [Mgo.esAlo.32(OH)2]°3*[(NOs)o.52,0.36H20] %%
LDH-1BU(10:1) 0.15 0.47 22506 50.11% | [Mgo.ssAlo.s2(OH)2]%%2*[(NO3)o.101BU0.13,0.48H20]%%*
LDH-IBU(8:1) 0.18 0.47 27 7% 61.34% [Mgo.6eAlo.32(0OH)2]%32*[(NO3)0.151BU0.17,0.54H20]°%
LDH-|BU(6:1) 0.24 0.48 35.0% 64.87% [M90.68A|0.32(OH)2]0'32+[(N03)0.08|BU0.24,0.62H20]0'32'
LDH-1BU(4:1) 0.36 0.49 47.2% 67.34% | [MGos7Al033(OH)2]%%3*[(NO3)o.011BUo0.32,0.52H20]%%*
LDH-|BU(2:1) 0.72 0.47 46.5% 66.96% [M90.68A|0.32(OH)2]0'32+[(N03)0.01|BU0.31,0.49H20]0'32'

# based on ICP measurements, * based on UV-Vis titration, * based on TG analyses

The intercalation yields were finally deduced from the sample chemical

compositions. They are plotted as a function of the nominal IBU ratio in Figure 4. We

can clearly distinguish two evolution domains. From 0 up to about 0.34, the content of

intercalated IBU increases linearly, while above 0.34 it is constant and equal to a

maximum value of about 94%. This clearly indicates that saturation of the interlayer

galleries is reached above a nominal IBU ratio of 0.34. This also demonstrates that the
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synthesis route used in this work makes it possible to simply and precisely control the

quantity of intercalated IBU within the LDH framework.

106+
90- gobrmmmnmnemamnnnnnas -+-
80 .
70+ # :
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30- 4 .
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10+ s '

Intercalation yield

6 o1 02 03 04 05 06 07 08
Nominal IBU composition

Figure 4: Evolution of the IBU intercalation yield as a function of nominal I1BU ratio determined by

ICP, TG and UV-Vis methods.

3.2. Intercalation process

As discussed above, the changes in the experimental XRD patterns observed on
our samples with increasing the amount of intercalated 1BU do not correspond to a
continuous increase of the basal spacing. They instead suggest that there are only a
limited number of definite interlayer spacings, corresponding to gallery filled by either
the intercalant NOz™ or IBU™ anions or both (the gallery being partially or fully filled),
which are mixed and distributed with some degrees of randomness. This phenomenon is
known as interstratification or interlayering and can proceed via various schemes [44]
including: random interstratification (Hendricks-Teller scheme), partial ordering,
staging (i.e. regular alternation of interlayers) and segregation (i.e. the intercalant anions

are clustered into completely discrete domains). It has been observed for a long time in
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clay materials [44, 45] , including LDH [46], but its characterisation in the present case
of LDH-IBU compounds has received only limited attention, with only one reference in
the last years [36]. In order to clarify this point and access the proportions of layers
filled by IBU or NOs ions and their ordering sequence, we analysed the basal
reflections of the XRD patterns in terms of position and profile width and shape.
Different methods for tackling this problem can be found in literature [45, 47]. Here, we
considered the following simplified model. The LDH-IBU crystallites were modelled as
a stacking of identical layers, i.e. with identical structure factor, separated by only two
possible interlayer spacings. It was assumed that IBU™ anions do not induce significant
distortions of the relatively rigid brucite layers. As each brucite layer consists of two
adjacent hexagonal closed-packed arrays of hydroxide ions with Mg?*/AI** cations
filling all the octahedral spaces between them, it was modelled by 3 equidistant layers
of identical electronic density. In addition, the structure of the interlayers being not
well-known and the electronic density being low, their structure factors were simply
neglected. This simplification only affects the relative peak intensities but not the peak
positions and shapes. Finally, statistical fluctuations of the interlayers spacing and the
number of layers per crystallite were considered. For this latter, the well-suited Poisson
distribution was used. According to this simplified model, the scattered intensity
corresponding to the basal reflections can be written as (exclusive of Lorentz

polarization and other geometric or instrumental effects) [48]:

Nmax—1 Nmax

I1(s) =F?x{N +2 X Z Z p()(N —n) | x e 27°185* x (cos[2rd (n)s])

n=1 N=n+1

, Where s=2sin(#)/4 is the scattering vector length with wavelength A and scattering

angle 26, F is the layer structure factor, N and Nmax are the average number and
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maximum number of layers per crystallite respectively, p(n) the Poisson probability
mass function, ¢ the variance of statistical fluctuations of the interlayers spacing, d(n)
the distance between two n'-nearest neighbour layers. The average phase term in
brackets was evaluated using the recursive algorithm for frequency factors calculation
proposed by Reynolds [49] for two types of interlayers and nearest-neighbour
correlations (i.e. Reichweite parameter equal to 1). The calculations were performed
using a home-made program written in Python language [28].The input parameters were
N, &, the two interlayer spacings, da and dg, for interlayer filled with NOs™ and IBU
ions respectively, the percentage, Pg, of interlayer filled with IBU" ions, and the junction
probability, Pgg, of interlayer filled with IBU" ions following interlayer filled with IBU"

ions as well.

Different cases of interstratification schemes, ranging from random to ordered,
were tested. The best agreements between calculated and experimental data were
systematically obtained for the random interstratification model. They are plotted in
Figure 5a-d for samples LDH-IBU(4:1), (6:1), (8:1) and (10:1) respectively. The
calculation obtained for the (8:1) sample (i.e. with an intercalation yield of about 50%)
with a 2"-stage (i.e. perfectly ordered) model is also plotted for comparison. The
random model clearly gives the best agreement. All the calculations were performed
with N =8, §=0.3 A% da = 85 A, ds= 22.0 A, which corresponds to LDH-IBU
particles of about 10-15 nm in thickness. Only the proportions of layers filled with IBU"
were required to vary (as well as the junction probabilities accordingly). The obtained
values are 90%, 70%, 40% and 25% for the (4:1), (6:1), (8:1) and (10:1) LDH-IBU

samples respectively.
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As we can see from Figure 5, the agreement between the experimental and
calculated positions and profile shapes of the basal reflections of the four samples is
rather good. In addition, the obtained proportions of layers filled with IBU™ anions are
overall consistent (even if we can notice larger discrepancies with the lowest values)
with the measured intercalation yields (94%, 66%, 48% and 37%) given in the previous
section. All these results suggest that the synthesis method used in this work induces a

random filling of the LDH galleries. No staging was evidenced.
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Figure 5: Comparison between the experimental patterns of the LDH-1BU(4:1) (a), LDH-1BU(6:1) (b),
LDH-I1BU(8:1) (c) and LDH-1BU(10:1) (d) samples and the patterns calculated with a random
interstratification model. For LDH-1BU(8:1) (c), calculation obtained with a 2"-stage model is also
plotted for comparison. All calculations were performed with the following parameters: N =8,
5=0.3A2 da=85A ds=220A.
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3.3. The antinociceptive activity

The results of the preliminary in vivo tests of the analgesic activity are reported
in Figure 6. We can see that only the LDH-IBU samples present antinociceptive activity
after 24 hours. In contrast, the number of writhing measured for mice treated with free
IBU is statistically equal to that measured with vehicle or LDH alone, indicating that
free IBU has no effect after 24 hours. In addition, the decrease of writhing observed for
mice treated with LDH-1BU samples is significant, being larger than 60% even for the
sample with lowest intercalation yield. This result suggest that the long term analgesic
effects is observed only for LDH-IBU complexes, in other words, the intercalation of
IBU into LDH has a large delaying effect on its release within the mice body and that

IBU is still efficiently present in mice after 24 hours.
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Figure 6: Bar graph representing the number of writhing, expressed as Mean+S.E.M., measured 24
hours after the beginning of nociception induced by injection of acetic acid for mice treated with LDH-
IBU(10:1), LDH-1BU(6:1), LDH-1BU(4:1), LDH-NOs, IBU, and vehicle. The numbers above the bars
correspond to the percent decrease of the number of writhing with respect to that obtained with vehicle

alone.
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Curiously, there is no significant statistical difference between the analgesic
effects of the three LDH-1BU samples despite their very different intercalation yields. In
particular, the 40% intercalated LDH-IBU(10:1) sample is almost as efficient as the
fully intercalated LDH-IBU(4:1) sample after 24 hours. This fact is particularly
interesting as it suggests that achieving a long term antinociceptive activity does not
necessarily requires a large amount of intercalated drug and that low quantity of 1IBU
intercalated into LDH can also provide an efficient biological activity. It is certainly
related to the difference of IBU release kinetics between the fully and non-fully
intercalated samples, in particular at short time after administering LDH-IBU and its
precise understanding thus requires further investigation on the kinetics behaviours of
the samples. This, in turn, is likely related to the structure of the intercalated
compounds, in particular their random interstratification, as this latter can affect the

stability (e.g. with respect to defoliation) of the LDH-1BU crystallites within the body.

4. Conclusion

The co-precipitation method presented in this study allows obtaining pure
ibuprofen-intercalated layered double hydroxides (LDH-IBU) compounds with almost
constant LDH framework composition and precisely controllable intercalated 1BU
content. The cationic nominal ratio of these compounds which was set to
[AIF*]/[Mg?*]=0.5 was well respected in the final products. The quantity of intercalated
IBU increased linearly in the synthesized samples, until it reached its maximum
intercalation yield of about 94%. The spectroscopic studies confirmed that only the
unprotonated form of IBU intercalates within the basal spacing. The structural study of
the LDH-IBU compounds showed that the intercalation of IBU only affects the

interlayer area without major modification of the brucite-type layers. Furthermore, a
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computational modelling of the shapes and positions of the basal reflections showed
that intercalation proceeds via random interstratification, without staging phenomena.
The in vivo assays performed on male Swiss mice revealed a significant increase of the
antinociceptive effect of the LDH-IBU samples after 24 hours with respect to raw IBU.
More importantly, the tests also reveal that the low IBU-intercalated compounds are
almost as efficient as the fully intercalated sample. This latter result may have non

negligible impact on the optimal way of using LDH as a drug carrier.
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