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The purpose of this study is to investigate the influence of Mg/Al ratio of LDHs – as green
inorganic carriers - on the potential ability to intercalate captopril - an angiotensin
converting enzyme inhibitor-, and to release it in a controlled manner. LDHs matrices
were exploited for the preparation of the controlled release formulations of captopril. The
LDH-captopril nanocomposites have been synthesized through ion exchange treatment.
With a view to making correlations between the loading capacity and release profiles of a
loaded drug, the composites were characterized by XRD, N2 sorption, FTIR, DSC-TG,
particle size measurements and SEM were used. In order to determine the toxicity of the
composites, the Kärber method was used. It was found that the loading capacity of
captopril was directly correlated to the Mg/Al molar ratio of the matrices. LDH-captopril
toxicity was lower than that of the pure captopril. The prepared delivery system has the
advantage of a slow and gradual release pattern of the loaded drug, over a period of more
than 30 h, opening the opportunity for the prospective use as potential controlled release
formulation with only one daily administration.
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1. Introduction
Layered double hydroxides (LDHs) are a class of ionic lamellar solids with positively
charged brucite layers with two kinds of metallic cations and exchangeable hydrated gallery anions
[1-5]. The general formula of LDHs can be represented by [MII1-xMIIIx(OH)2]x+ An-x/n mH2O, where
MII and MIII are the divalent and trivalent cations that occupy the octahedral positions in the
brucite-like sheets, A is the interlayer anion and x is the molar MIII/MII+MIII ratio [6].
It was shown that layered double hydroxides are one type of important green carriers
which can accommodate beneficial polar organic compounds between their layers such as
aminoacids [7], DNA [8], plant growth regulators [9], pesticide [10], and drugs [11,12].
Particularly, a lot of attention was paid on the organic–inorganic layered double
hydroxides hybrid – containing biomolecules because of its unique properties, such as enhanced
dissolution property, increased thermal stability and controlled release rate [13].
The interlayer anionic groups of pristine LDHs can be replaced by pharmaceutically active
compounds. In this case, the pharmaceutically active compound is required to have at least one
anionic group in order to be intercalated among the layers of LDHs [14]. Intercalation is defined as
insertion of an organic guest into a preformed inorganic host leading to the host-guest
supramolecular organic-inorganic hybrids [15].
Because the release of drugs from loaded LDHs are potentially controllable, these
materials are the promising matrices in the pharmaceutical field for encapsulating functional
biomolecules, drugs and other pharmaceutically active compounds [16].
*
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There are many papers which describe the loading of drugs or biomolecules into the
brucite layers, the release behaviors of drugs under different physiological conditions [17], and the
toxicity tests of LDHs to the cells or in vivo. These experiments underlined the advantages of
LDHs-carriers: as good biocompatibility, low toxicity, capacity of a full protection for the loaded
drugs among the interlayers [18,19].
LDHs are able to upload and retain drugs by intercalating them among layers and to
release them in a desired controlled way.
The drug selected for intercation in this system was captopril. As well known, captopril is
an angiotensin-converting enzyme inhibitor commonly used for the treatment of arterial
hypertension. The dimensions of captopril molecule are of 0.9 x 0.57 x 0.33 nm. Captopril was
previously used as incorporating drug in various other delivery systems [12].
The purpose of this study is to investigate the impact and degree of influence of
the Mg/Al molar ratio of brucite layers on the capability to load captopril and release it in a
controlled manner.The study also investigated the toxicity of LDH and LDH captopril system.
2. Experimental
2.1. Materials
All nitrates Mg(NO3)2·6H2O, Al(NO3)3·9H2O used in the experiment were purchased from
Aldrich Chemicals. Commercial captopril tablets of 25 mg from S.C.Terapia S.A. Cluj-Napoca
were used, containing 25 mg captopril per tablet.
2.2. Synthesis of the nitrate forms of Mgx-Al-layered double hydroxides
The nitrate forms of MgxAl-layered double hydroxides with the Mg:Al ratios of 3:1, 2:1
and 1:1, were synthesized by co-precipitation method, at a constant value of pH=8.
In a typical synthesis, to a desired mixed metal nitrates solution (1M in total), at room
temperature, and under N2 atmosphere to avoid, or at least minimize the contamination with
atmospheric CO2, under magnetic stirring, was added 2M NaOH solution until the pH reached
value 8 and remained constant at that level [20]. After precipitation, the slurry was kept for 3 hours
at room temperature, followed by ageing at 343K for 24 hours.
The resulted solid was separated by filtration, washed several times with de-ionized water
and dried at 353K over night.
The obtained products were noted MgxAl-LDH, where x stands for the Mg/Al molar ratio
in initial mixture.
2.3. Intercalation of captopril into LDHs
In order to prepare the desired drug delivery system, the obtained MgxAl-layered double
hydroxides were used as host matrices for storage of captopril loaded by ion exchange process.
The loaded quantity of captopril, reflecting the loading capacity of the system, was evaluated as
function of chemical composition of matrices, expressed by Mg/Al molar ratios.
Before impregnation process, one gram of the LDH powder was dried at 200oC for 2
hours, and then the material was impregnated with 100 mL of captopril aqueous solution (50
mg/L) and stirred vigorously at room temperature for 3 days under N2 atmosphere [7]. The
resulting mixture was filtered, dried and used for subsequent investigations.
2.4. Characterization
X-ray diffraction analysis (XRD) was employed to identify and characterize the
morphology of the synthesized materials. The XRD patterns were recorded using a TUR M-62
powder diffractometer system with CuKα radiation (Kα = 0.1518 A°, 36 kV, 20 mA), a voltage of
36 kV, a current of 20 mA, and a goniometer speed of 0.5°/min). The samples were scanned for 2θ
values ranging from 5 to 70°.
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The infrared spectra were performed on a SPECORD Carl Zeiss Jena FT-IR spectrometer
(KBr pellets). Porosity and surface area were obtained from the N2-sorption isotherms performed
on a NOVA 2200e system using nitrogen as the adsorbate at liquid nitrogen temperature (-196 °C).
All the samples were outgassed under vacuum, for 6 hours at 298K before adsorption
measurements. The surface area was calculated using the BET method in the range of relative
pressure 0.05-0.35. Pore volume was calculated at the relative pressure of 0.95. Pore sizes
distributions were calculated from the adsorption branches of the N2 adsorption isotherms using
the Barett -Joyner-Halenda (BJH model).
The thermal behavior data were obtained on STA 429 system using range
20°C/20.0(K/min)/800°C for sample DSG(/TG) HING RG 3/S.
Particles size distribution and mean pore diameter (Dp, nm) measurements were recorded
using an optic measurement device SALD-7001 type Laser Diffraction Particle Size Analyzer
(Shimadzu, Japan).
The SEM images were obtained using a JSM 5510 microscope, operating at an
accelerating voltage of 15 kV.
2.5. In vitro drug release
A simulated intestinal environment was created using a phosphate-buffered saline media
(PBS).
PBS is a buffer solution commonly used in biological research. It is a water-based salt
solution containing sodium chloride 137 mmol/L, sodium phosphate 8.1 mmol/L, and (in some
formulations) potassium chloride 2.7 mmol/L, and potassium phosphate 1.76 mmol/L.
In PBS solution, the in vitro drug release was tested at pH of 7.4, with a solid/liquid ratio
of 0.1g/100mL at 37 ± 2 ºC for a period of 30 hours. A sample of 10 mL was withdrawn at
predetermined intervals and centrifuged. The amount of released captopril, accumulated in the
PBS solution was measured using UV-Vis spectrophotometer at fixed wavelength of 257.5 nm.
3. Results and discussion
3.1. Loading capacity variation with Mg/Al molar ratio
The variation of the loading capacity with the Mg/Al molar ratio is presented in Table 1.
Table 1. The influence of Mg/Al molar ratio on loading capacity
Sample
Mg/Al ratio
Loading capacity, % wt captopril
LDH-MgAl
[Mg0.63Al0.63(OH)2]
11.3%
LDH-Mg2Al
[Mg0.63Al0.32(OH)2]
17.5%
LDH-Mg3Al
[Mg0.63Al0.21(OH)2]
22.7%
The powder of MgxAl-NO3 matrices were chosen for captopril loading process, based on
ion-exchange, at room temperature. The above representation denotes a strong dependence
between the captopril amount loaded and the chemical parameter of matrix, expressed by Mg/Al
molar ratio. Due to the fact that Mg3Al-LDH loaded the highest quantity of captopril compared to
the captopril concentration of the usual oral commercial formulation (21 wt %), in the following
tests we chose to use this matrix.
3.2 Dimensional matrix characterization
The pristine Mg3Al-LDH matrix is a white powder, having a particle size distribution
presented in (Fig.1), as an average of the three consecutive measurements. The particle size
volumetric distribution of Mg3Al-LDH appeared to be bimodal, with particles averaging about 0.7
μm. Representing the numerical histogram we could say that the particle size distribution is
unimodal with the particle diameter of 0.3 μm. Measured values of the particle size distribution in
LDH are detailed in Table 2.
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Fig.1. Numerical and volumetric histogram of the particle size distribution for Mg3Al-LDH matrix.

ND-Numerical Distribution; VD- Volumetric Distribution
Fig. 2. Measured values of the particle size distribution in LDHs

3.3. XRD results
The matrices show diffraction patterns which are typical for the double layer hydroxides
structure with sharp and symmetric reflections of the basal (003), (006) planes and broad, less
intense asymmetric reflections for nonbasal (101) and (015) planes. The pick from 2θ= 61.6° is
due to (110) plane [19].

Fig. 2. Powder XRD patterns of (a) Mg3Al-LDH matrix and (b) intercalated captopril
sample Mg3Al-LDH - captopril
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The calculated basal spacing and lattice parameters (Table 1) are in agreement with the
values reported in the literature indicating the formation of well-crystallized small LDH
nanoparticles having nitrate anions in the interlayer gallery [21].
The a parameter of LDH, corresponding to the cation-cation distance within the brucitelike layer, can be calculated with the following formula a = 2 × 2d110. The c parameter is related to
the thickness of the brucite-like layer and the interlayer distance and can be deducted from the
formula c = 3d003. The results are shown in Table 3.
Table 3. Structural characteristics of the synthesized LDH samples

Sample
Mg1Al-LDH
Mg2Al-LDH
Mg3Al-LDH
Mg3Al-LDH -Captopril

d003, Å
7.60
8.02
8.41
14.60

c, Å
22.80
24.06
25.23
43.80

d110
1.49
1.50
1.51
1.51

a, Å
2.98
3.00
3.02
3.02

The literature data have indicated that the basal d spacing of the (003) plane is dependent
on the size of the guest anion in the interlayer of the NO3- form of LDH.
In Fig.2., the X-ray diffraction patterns of NO3− form of LDH and captopril–LDH system
were compared, and the basal d spacing value of NO3− -LDH layer was 8.75Å θ=10.10°);
(2
however, the basal reflection (003) of captopril - LDH shifts to lower 2θ (for 003 reflection:
2θ=7.48°) that is expanded to 14.60Å, indicating the intercalation of captopril into the interlayer of
Mg–Al-LDH.
The interlayer distance d003 of 14.60 Å, representing the combined thickness of the
brucite–like layer (3.02 Å) and the gallery height, is higher after captopril ion-exchange compared
with pristine LDH (Fig. 2) suggesting a successful captopril intercalation.

Fig. 3. Schematic structure representation of Mg3Al-NO3 - LDH and Mg3Al-LDH –captopril samples

3.4 FT-IR spectra
The intercalation mode of captopril into prepared matrices can be proved easily by FTIR
analysis, comparing the spectrum of the host matrix with that intercalated with captopril, as
depicted in Figure 4.
The broad absorption bands at 3446 - 3449 cm-1, respectively, arise from the stretching
modes of hydroxyl group in the brucite-like layers and interlayer water molecules (Fig.4b and 4c),
with occur at lower frequency in the region of 3400-3600 cm-1 due to the formation of hydrogen
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bonds between interlayer water and guest anions as well as the hydroxide groups of the host layers
[22].
The FTIR spectrum of captopril shows the presence of the weak peaks, centered at 2880
cm-1, 2940 cm-1 and 2980 cm-1 that could be attributed to the asymmetric C-H stretching vibration
of captopril anions (Fig.4a) and also the characteristic bands at 1749 cm-1, due to υ as (COOH) and
the band at cm-1, attributed to υ (S-H).
At the same time, the strong absorptions at 1592 and 1365 cm-1, are indicative of the υ as
(COO ) and υs (COO-), respectively, of the -COO- groups in pure captopril in line with dissociation
properties of these two groups [16]. Also, the band at 1445 cm-1, is due to the quaternary C atom
and the one at 1205 cm-1 to the υ (C-N) in captopril molecule. The band at 657 cm-1 is assigned to
the M-O lattice mode [23].
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Fig. 4. FTIR spectra of (a) Captopril, (b) Mg3Al-LDH -captopril, (c) Mg3Al-LDH

Upon intercalation of captopril, the red shift in the stretching frequency of carboxylate
anion of captopril provides evidence that the drug is electrostatically bonded to LDHs, as
previously reported by H. S. Panda [24].
3.5 Nitrogen adsorption/desorption isotherms
The N2-sorption measurements were used to characterize the textural properties of the
synthesized materials. As result, were obtained the isotherms and the corresponding pore size
distributions, as shown in the Fig.5.
According to IUPAC classification [25], all isotherms are of type IV, characteristic for
mesoporous materials, showing a hysteresis loop. In both cases, the hysteresis loops are
identifiable as H3 type that usually is given by the aggregates of platy particles or adsorbents
containing slit-shaped pores. Their different appearances suggest differences in porosity
characteristics after captopril intercalation.
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Fig. 5. The N2 adsorption/desorption isotherms and pore size distributions.

The broadness of the hysteresis loop leads to a large pore size distributions. Looking at the
pore size distributions of the samples we noticed that the structures contain voids having a highly
non-uniform sizes and/or shapes.
The BET specific surface areas, pore sizes, and the total pore volumes decrease after the
drug loading, confirming the intercalation of the drug between brucite layers of LDH.
3.6 Thermal analysis
The TG and DSC idem profiles of the studied samples are illustrated in Fig. 6. For pure
captopril powder (Fig.6a), the DSC curve shows three main thermal events. The first thermal event
occurs in the region of 90-190 °C, which corresponds to a sharp endothermic peak centered at 98
°C in the DSC curve, is attributed to the captopril melting and it is also associated to water
removal. The second thermal event occurs in the region of 200-350 °C, which corresponds to the
endothermic peak centered at 258 °C, is due to the thermal decomposition of captopril, in good
correlation with literature data [26] The last event, which occurs in the 370-600 °C temperature
range, is due to the burning out of captopril and is represented by a sharp exothermic peak
centered at 407 °C.
The LDH-captopril nanocomposite shows the TG and DSC curves presented in Fig.6b. It
could be observed four stages of weight losses. The processes which occur in the temperature
range of 50-160 °C, are assigned to the losses of both captopril melting and interlayer water. The
next weight loss occurs in the range 180-300°C and corresponds to the dehydroxylation of the
brucite layers and also to the captopril combustion from the edges or from the surface of the
crystallites, represented by an exothermic peak in the DSC diagram. The last mass loss occurs
between 300-540°C and is the result of the complete decomposition of the intercalated captopril
and characterizes by a sharp exothermic peak in DSC curve. The total amount of loaded captopril
was calculated to be of 22.7 wt % that is in good agreement with the maximum o loading capacity.
Also, it is observed that the thermal stability of captopril is potentiated after intercalation into
brucite layers.
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Fig. 6. DSC- TG profiles of Captopril (a), Mg3Al-LDH –Captopril (b)

3.7 SEM micrograph
From the Fig. 7 it can be observed that the spherical particles of captopril are attached to
the LDHs surface. Compared with non-intercalated LDHs material, CapH2-intercalated LDHs
form agglomerations, which appear due to the modification of LDHs surface by organic compound
intercalation.

LDH

LDH- captopril

Fig.7. SEM micrograph of the Mg3Al-LDH and LDH –captopril

3.8 Drug release
Knowing the basicity of LDHs, their use in drug delivery systems is questionable for the
gastric environment, where the pH is of 1-2, and determines the partial dissolution of brucite
layers.
In vitro release properties of the LDH-captopril system were investigated in simulated
intestinal fluid, pH=7.4, using phosphate buffer solution. The comparison between oral
commercial captopril formulation, grounded with sub-micron particles, and Mg3Al-LDH-captopril
powder nanocomposites was studied (Fig.8).
We observed that even after 30 hours of observation, a certain amount of captopril still
existed in the synthesized systems. The amount of released captopril, after 4 hours of observation,
represented 28.7 wt. % for LDH-captopril and 57.9 wt. % for the commercial formulation of
captopril.
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The Mg3Al-LDH-captopril powder has the advantage of the gradual release over a longer
time period as demonstrated by the presence of captopril in the solid formulation, even after 30
hours of observation.
In order to analyze the data obtained from the in vitro release studies and to evaluate the
kinetic release mechanism, we used the Korsmeyer and Peppas equation - a simple, semi-empiric
model, when diffusion is the main drug release mechanism, relating exponentially the drug release
to the elapsed time (t):
F = ktn
In which K is a kinetic constant characterizing the drug–carrier system, while n is an
exponent that characterizes the mechanism of drug release. If the exponent n ≤ 0.45, then the drug
release mechanism is a Fickian diffusion and if 0.45 < n < 0.89, then it is a non- Fickian or
anomalous diffusion.
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Fig.8. Captopril release in simulated intestinal fluid (PBS) and the representation of “n” pattern calculated
from the Korsmeyer–Peppas.

The initial 60% of captopril release at pH 7.4 fitted with the Korsmeyer–Peppas model
(Fig.8 bottom right), exponent “n” revealed that the captopril release mechanism from the
commercial formulation was more diffusion-based (n = 0.708) than in the case of LDH-captopril
sample (n = 0.869) [13, 14]. Therefore, the obtained results calculated according to the
Korsmeyer–Peppas model, show that the samples obtained by loading the drug in LDHs show the
non-Fickian diffusion mechanism. It can be see a good linearity between captopril releases in time:
the regression coefficient R2 ranging from 0.9160 to 0.9972.
3.9 Toxicity Analysis
A dose response on the toxicity was studied using by Trimmed Spearman Karber method
in Sprague-Dawley rats, after oral administration of the samples in animals.
According to the Hodge and Sterner toxicity scale, the substances with LD50 between
5'000 – 15'000 mg/kg display a very low toxicity, being practically non-toxic [15]. While the LD50
for captopril was evaluated at about 6590 mg/kgc, the toxicity values of the synthesized materials
were 7410 mg/kgc and 7315 mg/kgc for LDH and LDH-captopril, respectively. Evaluated by the
Trimmed Spearman Karber method, combinatia LDH-captopril proved to be non-toxic for human
beings (Fig.9).
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Fig.9. The Hodge and Sterner Toxicity Analysis.

4. Conclusions
MgxAl-LDH matrices- green carriers, having Mg/Al molar ratio of 1/1 to 3/1, and average
particle size of 274 nm, synthesized by coprecipitation method were subjected for the study of
their potential ability to intercalate an antihypertensive agent, as captopril - an angiotensinconverting enzyme inhibitor-, in order to storage, transport and release it in a controlled manner.
The LDH-captopril nanocomposites with intercalated antihypertensive agent were synthesized
through ion exchange treatment.
It was found that the loading capacity of captopril was directly correlated to the Mg/Al
molar ratio of matrices and the toxicity of intercalated captopril is lower than the pure captopril.
The advantages of the prepared delivery systems are the gradual captopril release behavior over a
period of more than 30 h, and the lack of toxicity, which opens the opportunity for their
prospective uses as for considering it as potential formulation with only one daily administration.
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