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Abstract

Layered double hydroxides (LDHs) present a potential application in medicine, as matrices, when intercalated with organic anions of

pharmaceutical interest. Once encapsulated, the drug can be released at a rate, depending on the pH of the solution, which may be due to the

destruction of the layer by acid attack.

The main objective of this work was to evaluate Mg(II)–Al(III)-LDHs for the sustained release of citrate. The citrate intercalated

LDHs were prepared by the constant pH coprecipitation technique followed by hydrothermal treatment. Materials were characterized

by PXRD, FT-IR, SEM, specific surface area, mean pore diameter analysis, and in vitro release. The release studies were made in a

dissolution system that simulates in vivo conditions, obeying the sink conditions. The amount of citrate released, which was determined

by HPLC, was 63.8% within 12 h. The total amount released was less than that observed with physical mixture (100%). Thus, these

systems seem to be promising for the sustained release of citrate. The data followed the Higuchi square root law ðr . 0:98Þ during the

release.

q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

For the last 40 years, one of the greatest challenges of

Pharmaceutical Sciences has been the ability of extending

the time of release of active compounds. Sustained release

drug delivery systems have received considerable attention

from the pharmaceutical industries because these system

offer advantages over conventional dosage forms [1]. The

aim of these systems introduce many benefits, such as

prolongation of drug action, reduction or elimination of side

effects, reduction of frequency of administration, better

patient compliance, and usually enhances the efficiency of

drug delivery.

Layered double hydroxides (LDHs) can be structurally

described as the stacking of positively charged layers with

hydrated anions in the interlamellar domain. The positively

charged layers result from the isomorphous substitution of

bivalent cations by trivalent ones in a brucite structure,

which consists of Mg(II) cations in the centre of octahedra,

sharing edges, with hydroxyl groups in the vertices,

resulting in a planar structure. To neutralize the positive

charge, anions must be intercalated between the layers; thus,

resulting in the hydrotalcite-like structure. The general

formula that can represent this class of materials is: ½M2þ
12x

M3þ
x ðOHÞ2�

xþAm2
x=m ·nH2O; where MII is a bivalent

cation, MIII is a trivalent cation, and A is an anion with

charge m2 [2,3]. LDHs can be used for different

applications such as adsorbents, ion exchangers, catalysts

and catalyst support, etc. [3–5]. LDHs present a potential

application in medicine, as matrices, when intercalated with

organic anions of pharmaceutical interest [6–11]. These

materials can combine both the drugs’ and LDH’s proper-

ties, resulting in another way of drug administration. Once

encapsulated, the drugs can be released at a rate that

depends on the pH of the solution. This rate may be due to

the destruction of the layer by proton attack and to the

exchange of the intercalated ions by ions from the solution.
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The most common commercial use of hydrotalcite com-

pounds in medicinal applications is as an antacid [6–12].

The aim of this work was to study the in vitro release of

citrate anions intercalated in LDHs (Mg–Al–Cit-LDH),

and compare the obtained results with that of the physical

mixture of sodium citrate plus Mg–Al–Cl-LDH.

2. Experimental methods

The Mg–Al–Cit-LDH was prepared using the constant

pH coprecipitation technique: a solution containing

0.250 mol of Mg(NO3)2 6H2O and 0.125 mol of Al(NO3)3

9H2O in 260 cm3 water was added in a solution containing

0.250 mol of the citrate anion in1050cm3 ofwater.During the

addition, a 2.0 mol dm23 NaOH solution was added in order

to keep a constant pH of 11.5(^0.2 units). The solid product

was separated and washed (water and ethanol) by centrifu-

gation. A portion of the material was dried under vacuum in

the presence of activated silica gel, at room temperature, and

the other portion was submitted to hydrothermal treatment.

The hydrothermal treatment was performed using a Parr 4842

reactor with mechanical stirring, and carried out in a solution

containing 0.250 mol of the citrate anion in 1050 cm3 water.

The pressure was adjusted to 3 bars with nitrogen. The

temperature was kept at 70 8C, and the ageing time was 18 h.

After the hydrothermal treatment, the resulted materials were

separated, washed, and dried as described above.

A Siemens D5005 X-ray diffractometer, using a graphite

crystal as monochromator to select Cu Ka1 radiation

(1.5406 Å), was used to obtain the powder X-ray patterns

(PXRD), in a step of 0.028 s21. Fourier transform infrared

(FT-IR) spectra were acquired over the range 4450–

450 cm21 with 60 scans per sample in an ABB Bomem

MB 100 instrument, using pressed KBr pellets containing

2% of the sample. The morphology of the powder LDHs

was analyzed by scanning electron microscopy (SEM) in a

Zeiss DSM 960-Digital Scanning Microscope. Surface area

values and mean diameter of pores were analyzed using

nitrogen absorption in a Micromerits ASAP 2000.

The rate of release of the citrate anions from the Mg–

Al–Cit-LDH was determined in a dissolution apparatus

with a dissolution paddle assembly (USP apparatus 2 or BP

Apparatus II). Samples containing 1.00 g of powdered

LDHs were added in 0.70 dm3 of a 0.01 mol dm23 HCl

solution. Dispersions were maintained at 37 8C ^ 1 for a

period of 12 h, under constant stirring at 50 rpm. At

established time intervals, 5.0 £ 1023 dm3 of the medium

was removed and replaced by an equal volume of fresh

receptor solution. The pH values were monitored during

every experiment.

The concentration of magnesium of the aliquots was

determined using a Shimadzu model AA-680 atomic

absorption spectrometer. A magnesium hollow-cathode

lamp was used at a 4 mA current. An air-acetylene flame

was obtained using the aspiration flow-rate at

1.0 £ 1023 dm3 min21 with the slit width of 0.5 nm. The

analytical wavelength was 285.2 nm. The concentration of

citrate anions release was determined by HPLC using a

system Shimadzu model SCL-10A VP with UV–VIS

spectrometer detector (l ¼ 210 nm). The column used was

a Merck C18 model PRP-X300, heated to 40 8C. The mobile

phase was H2SO4 at 1.0 £ 1026 mol dm23. The injection

volume was 20 £ 1026 dm3 and run time was 7.0 min [13].

After 12 h of in vitro release test, the remaining solid

product was analysed by PXRD and FT-IR. The release testes

were carried out in triplicate. The experiment under the same

conditions was accomplished using a physical mixture of

Mg–Al-LDH intercalated with chloride anions (prepared by

the constant pH coprecipitation technique) plus sodium

citrate (1.00 g of Mg–Al–Cl-LDH þ 0.120 g of NaCit).

3. Results and discussion

The PXRD patterns of the materials obtained by the

intercalation of citrate anions are shown in Fig. 1 (left).

Fig. 1. Left-PXRD patterns for (a) Mg–Al–Cit-LDH without hydrothermal treatment, (b) Mg–Al–Cit-LDH with hydrothermal treatment; Right-Proposed

model for the structure of Mg–Al–Cit-LDHs.
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The several orders of basal reflections ð00lÞ; indicate that the

Mg–Al–Cit-LDHs with hydrothermal treatment have a

very well-ordered structure. The values of basal spacing

were calculated by the Bragg equation from ð00lÞ peaks

using the average 1/3(d003 þ 2d006 þ 3d009). The basal

spacing value of ,12.0 Å obtained are consistent with the

intercalation of citrate anions and the model for the structure

of Mg–Al–Cit-LDHs is showed in Fig. 1 (right).

The FT-IR spectra for all LDHs were very similar, Fig. 2

(left). The presence of the intense broadband centred at

3410 cm21 is correlated with hydroxyl and water O–H

stretch; this band is common in all LDHs. The presence of

the citrate anions is confirmed by two bands related to the

carboxylate group at 1600 and 1400 cm21; characteristic of

the RCO2
2 asymmetric and symmetric stretches. The bands

between 840 and 650 cm21 present strong overlap and

correspond to the lattice vibration modes. These bands can

be attributed to metal-oxygen stretches.

The nitrogen adsorption–desorption isotherm for Mg–

Al–Cit-LDH with hydrothermal treatment is of type IV,

according to the BDDT classification, Fig. 2 (right), in

which the hysteresis of the curve is ascribed to a

mesoporous morphology [14]. The value of the specific

surface area was 43.7 m2g21.

The SEM images of the powder Mg–Al–Cit-LDHs are

shown in Fig. 3. The materials prepared without hydrother-

mal treatment present a spherical shape with an increased

number of pores. The material submitted to hydrothermal

treatment presents smoother surfaces due to the better

stacking of the particles in the planar form.

The curves of release for the citrate from Mg–Al–Cit-

LDH with hydrothermal treatment and for the physical

mixture (Mg–Al–Cl-LDH with sodium citrate) are shown

in Fig. 4a and b, respectively. The Mg–Al–Cit-LDH

presented a gradual release of the citrate anions as a function

of time. For this material, the first aliquot revealed a great

amount of the anions (burst effect) [15]. This probably

occurs due to the release of the citrate anions adsorbed in the

LDH. Subsequently, with the acid attack, there is a

destruction of the layered material and the intercalated

Fig. 2. Left-FT-IR spectra for (a) sodium citrate, (b) Mg–Al–Cit-LDH without hydrothermal treatment, (c) Mg–Al–Cit-LDH with hydrothermal treatment;

Right-N2 adsorption–desorption isotherm for Mg–Al–Cit-LDH with hydrothermal treatment.

Fig. 3. SEM images (a) Mg–Al–Cit-LDH without hydrothermal treatment, (b) Mg–Al–Cit-LDH with hydrothermal treatment.
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citrate anions are released. The destruction of the layers

increases the pH of the solution due to the release of

hydroxyl groups from the layers. In addition, the increase in

the pH values causes the decrease of the citrate release rate.

After 12 h of dissolution, 63.8% of the citrate was released

and the pH value was 4.12.

The proposed equation for release of the citrate from

Mg–Al–Cit-LDH is shown below:

MgxAlyðOHÞzðCitÞwnH2O þ mHþ

! xMg2þ þ yAl3þ þ wHaCitð32aÞ2 þ ðnþ zÞH2O ð1Þ

where a depends on the pH (protonation of the citrate), and

m ¼ waþ z: Every variable can be determined, except the a

parameter, that depends on the final pH.

The kinetic model for the citrate release from Mg–Al–

Cit-LDH was analysed by linear regression and Higuchi’s

square root law [16], Fig. 5a and b, respectively. The citrate

anions release from Mg–Al–Cit-LDH, presented a linear

coefficient value of 0.87 when analyzed by linear regression,

and a linear coefficient value of 0.95 when analyzed by

Higuchi model. Therefore, the Mg–Al–Cit-LDH follows

the Higuchi square root law because the concentration of

anion release increased with the square root of time. This

way, these results confirmed that the LDHs systems,

intercalated with organic anions of pharmaceutical interest,

presents a profile of sustained release for the anions.

On the other hand, the physical mixture (Fig. 4b) presents

different profiles for the pH and citrate anion release curves.

For this mixture, the total citrate content was immediately

released and the difference of the pH curve is possibly due to

the buffer effect caused by the initial elevated amount of

citrate anions in the solution.

The concentrations of magnesium ions released to the

solution from Mg–Al–Cit-LDH and from the physical

mixture, as a function of time, are shown in Fig. 6a and b,

respectively. Both systems present a similar release profile,

since both have magnesium constituted layers that are

destroyed by the acid attack [11].

The resultant solid material from the dissolution tests on

the Mg–Al–Cit-LDH system was analysed by PXRD and

FT-IR. The PXRD patterns indicated the basal spacing of

12.0 Å, consistent with the intercalation of citrate anions.

FT-IR showed two bands related to the carboxylate group.

In opposition to other studies [7,10], the resultant solid

material from the release tests on the Mg–Al–Cit-LDH

Fig. 4. Citrate release from (a) Mg–Al–Cit-LDH with hydrothermal treatment and (b) physical mixture of Mg–Al–Cl-LDH þ sodium citrate in

0.01 mol dm23 HCl solution.

Fig. 5. Citrate release from Mg–Al–Cit-LDH with hydrothermal treatment (a) analyzed by linear regression and (b) analyzed by Higuchi model.
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system did not show any replacements of intercalated

anions by chlorate anions from the solution. Therefore,

the Mg–Al–Cit-LDH present only one mechanism that

govern the release of the ionic species: the dissolution of the

ions due to proton attack.

These results suggest that the rate of the release depends

on the characteristics of the LDHs matrices. Matrices, with

higher chrystallinity and/or intercalated with anions of great

affinity for the layers, present more stability to the acid

attack and, consequently, have a minor rate of release of the

anions. In addition, the greater affinity of the intercalated

anions for the layers does not allow the exchange reaction

by anions of the solution.

4. Conclusions

The citrate anions were intercalated in Mg–Al-LDHs

using the constant pH coprecipitation technique. The

hydrothermal treatment after the coprecipitation improved

the structural organization. The citrate release from the

Mg–Al–Cit-LDH is due to the destruction of the layers by

acid attack. The results showed that Mg–Al–Cit-LDH

presents a profile of sustained release for citrate anions. In

addition, LDHs are ideal for the application as antacid due

to the buffer effect (pH ,4.0) produced by these materials

during the in vitro release tests. The present results

demonstrate that the LDHs, intercalated with pharmaceuti-

cally active compounds, may be a promising system

(matrices) for drug delivery, which also provides a sustained

release pattern.
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