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Abstract

A nanostructural drug-inorganic clay composite involving a pharmaceutically active compound captopril (Cpl) intercalated Mg–Al-

layered double hydroxides (Cpl-LDHs) with Mg/Al molar ratio of 2.06 has been assembled by coprecipitation method. Powder X-ray

diffraction (XRD), Fourier transform infrared spectra (FT-IR) and Raman spectra analysis indicate a successful intercalation of Cpl

between the layers with a vertical orientation of Cpl disulphide-containing S–S linkage. SEM photo indicates that as-synthesized Cpl-

LDHs possess compact and non-porous structure with approximately and linked elliptical shape particles of ca. 50 nm. TG-DTA

analyses suggest that the thermal stability of intercalated organic species is largely enhanced due to host–guest interaction involving the

hydrogen bond compared to pure form before intercalation. The in vitro release studies show that both the release rate and release

percentages markedly decrease with increasing pH from 4.60 to 7.45 due to possible change of release mechanism during the release

process. The kinetic simulation for the release data, and XRD and FT-IR analyses for samples recovered from release media indicate that

the dissolution mechanism is mainly responsible for the release behaviour of Cpl-LDHs at pH 4.60, while the ion-exchange one is

responsible for that at pH 7.45.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Organic–inorganic nanocomposites have been recog-
nized as one of the most promising research fields in
material chemistry [1]. Recently, organo-layered double
hydroxides, as an important subject in the area of
organic–inorganic nanocomposites, have deeply fascinated
chemists due to their unique properties [2–5].

Layered double hydroxides (LDHs), also known as
anionic clays, are a class of host–guest layered solids with
the general formula ½M2þ

1�xM3þ
x ðOHÞ2�

xþAn�
x=n �mH2O,

where M2+ and M3+ are di- and trivalent metal cations,
An� denotes organic or inorganic anion with negative
charge n, m is the number of interlayer water and x

( ¼M3+/(M2++M3+)) is the layer charge density of
e front matter r 2006 Elsevier Inc. All rights reserved.
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LDHs [5,6]. A wide variety of LDHs can be obtained by
the variation of cations M2+ and M3+ and the intercalated
anion An�, and some LDHs are biocompatible [5,7,8].
Owing to the intercalation property of LDHs, many LDH
compounds with intercalated beneficial organic anions,
such as DNA [8–11], amino acid [12–16], pesticide [17,18],
plant growth regulators [19] and drugs, [3,5,20–23] have
been prepared. Particularly, much attention has been
focused on the organic–inorganic LDH hybrid-containing
drug molecules because of its unique properties, such as
enhanced dissolution property [3,24], increased thermal
stability [25,26] and controlled release rate [3,20,21]. Once
encapsulated, the drugs can be released at a rate depending
on the pH of the release media [3,19].
Hussein et al. [19] reported the a-naphthalene-acetate

(NAA)-intercalated Zn–Al-LDH and its release property,
and found that the highest release rate and release
percentage were achieved from a highly acidic or highly
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alkaline media and that the release of NAA from the
lamella of intercalate was controlled by the first-order
kinetic during the time at the least from the beginning of
the release test up to 8 h. Ambrogi et al. [20] studied
diclofenac-intercalated Mg–Al-LDHs and its release pro-
cess. The amount of diclofenac released in phosphate
buffer at pH 7.0 was less than 70% after 10 h. The kinetic
analysis shows the importance of the diffusion through the
particle in controlling the drug release rate. Tronto et al.
[27] investigated citrate-intercalated Mg–Al-LDHs and
found that the citrate release is due to the destruction of
the layers by acid attack. Wei et al. [25] reported the
Mg–Al-LDHs with intercalated naproxen by ion-exchange
method and mainly discussed its thermal property,
indicating its potential application as the basis of a novel
drug reservoir. Recently, we investigated magnetic organo-
LDH systems involving the 5-aminosalicylicacid (5-ASA)-
intercalated Zn–Al-LDHs coated on magnetic ferrite and
found a further enhanced thermal stability of 5-ASA after
simultaneous intercalation between the LDH layers and
coating on MgFe2O4 cores [26].

In the present study, captopril (Cpl), 1-[(2S)-3-mercaptp-
2-methyl-1-oxypropyl]-L-proline (C9H15NO3S), an angio-
tensin-converting enzyme inhibitor widely used to treat
hypertensive disease [28,29], was selected as a model drug
and intercalated into Mg–Al-LDHs successfully by copre-
cipitation technique. We focus on the structure, thermal
property and slow/controlled release property of as-
synthesized drug–LDH composite intended for providing
basic data for organic–inorganic LDH hybrids. In addi-
tion, the possible release kinetic mechanism involved is also
studied.

2. Experimental

2.1. Materials

Captopril (C9H15NO3S, molecular weight 217, abbre-
viated as Cpl here) was purchased from Changzhou
Pharmaceutical Co. Ltd. (China), and used as received.
Other reagents were all of analytical grade (AR) and
purchased from Beijing Yili Fine Chemical Co. and used
without further purification. Deionized water was decar-
bonated by boiling and bubbling N2 before employing in
all synthesis steps.

2.2. Synthesis

2.2.1. Synthesis of Cpl-intercalated Mg–Al-LDHs

An aqueous solution (100mL) containing NaOH (1.52 g,
0.038mol) and Cpl (2.61 g, 0.012mol) was added dropwise
to a solution (250mL) containing Mg(NO3)2 � 6H2O
(3.08 g, 0.012mol) and Al(NO3)3 � 9H2O (2.25 g,
0.006mol) (initial Mg/Al ¼ 2.0) under nitrogen atmo-
sphere with vigorous stirring until the final pH of ca. 10.
The resulting slurry was aged at 25 1C for 48 h. Then the
resultant was filtered, washed with water until the pH of
ca. 7 and finally dried in vacuo at room temperature for
48 h. The product was denoted as Cpl-LDHs.

2.2.2. Synthesis of NO3-containing Mg–Al-LDHs

An aqueous solution (100mL) containing NaOH
(11.20 g, 0.28mol) was added dropwise to a solution
(160mL) containing Mg(NO3)2 � 6H2O (30.77 g, 0.12mol),
Al(NO3)3 � 9H2O (22.60 g, 0.06mol) and NaNO3 (9.06 g,
4.45mol) (initial Mg/Al ¼ 2.0) under nitrogen atmosphere
with vigorous stirring until the final pH of ca. 10. The
resulting slurry was aged at 70 1C for 24 h, was then filtered
and washed with water until the pH of ca. 7 and was finally
dried at 60 1C for 8 h giving the product NO3-LDHs.

2.3. Characterizations

Powder X-ray diffraction (XRD) was obtained on a
Shimadzu XRD-6000 powder X-ray diffractometer under
the following conditions: 40 kV, 30mA, CuKa radiation
(l ¼ 1.542 Å) and scanning rate of 51/min in the range of
3–701. Fourier transform infrared spectra (FT-IR) were
obtained on a Bruker Vector 22 spectrophotometer in the
range of 4000–400 cm�1 with 2 cm�1 resolution by using
the standard KBr disk method (sample/KBr ¼ 1/100). The
Raman spectrum was obtained on a JY-T64000 spectro-
meter (French) with 1 cm�1 resolution and the excitation
source of a solid laser (500mW, l ¼ 532 nm, Coherent Co.,
USA). A homemade PCT-1A thermal analysis system with
a heating rate of 10 1C/min in air atmosphere was used to
determine the thermal property of Cpl-LDHs. Metal and
sulphur elemental analysis was conducted by inductively
coupled plasma (ICP) emission spectroscopy on a Shimad-
zu ICPS-7500 instrument. CHN elemental microanalyses
were obtained on an Elementar Vario elemental analyser.
The SEM micrograph was recorded on a Hitachi S-3500N
scanning electron microscope.

2.4. In vitro drug release

A solution-simulated gastrointestinal and intestinal fluid
at pH 4.60 and 7.45 without pancreatine (phosphate-
buffered solution) was employed as release medium,
respectively. The release of Cpl from Cpl-LDHs into the
media was performed by adding about 0.2 g Cpl-LDHs
into 100mL release medium at 3771 1C. The paddle
rotation speed was 100 rpm. A sample of 2mL was
withdrawn at predetermined intervals and centrifuged.
The accumulated amount of Cpl released into the solution
was measured momentarily using UV–Vis spectrophot-
ometer at 205 nm.

3. Results and discussion

3.1. Dissociation property of Cpl

Dissociation of Cpl in water involves two steps arising
from the presence of an –SH function and a carboxyl
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Fig. 1. (a) Dissociation of Cpl in water and (b) three-dimensional molecular size of Cpl.
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function in its structure as illustrated in Fig. 1(a). The
values of pKa are Ka1 ¼ 3.7 (–COOH) and pKa2 ¼ 9.8
(–SH) [30,31]. According to the pH of the solution and pKa

values of Cpl, the distribution coefficient d can be
calculated. On the basis of the synthesis condition with
pH 10, the calculated values of d are d0 ¼ 3.16� 10�5%
(C9H15NO3S), d1 ¼ 38.16% [C9H14NO3S]

� and d2 ¼
61.38% [C9H13NO3S]

2�. Fig. 1(b) shows the three-dimen-
sional molecular size of Cpl estimated by the software
Chemoffice2004.

3.2. Crystal structure and chemical composition of LDH

compounds

The XRD patterns of Cpl-LDHs and NO3-LDHs are
shown in Fig. 2. The three intense lines in XRD patterns at
low 2y angle correspond to diffraction by planes (003),
(006) and (009) and the peak between 60 and 651 (2y) is due
to (110) plane [6]. These sharp and symmetric peaks
demonstrate the formation of a single well-crystallized
Mg–Al-LDHs. The interlayer distance d0 0 3 value, repre-
senting the combined thickness of the brucite-like layer
(0.48 nm) and the gallery height, is a function of the
number, the size and the orientation of intercalated anions
[6]. For Cpl-LDHs (Fig. 2a), the characteristic reflections
of LDH compounds, and the basal reflection (003) shift
to lower 2y angles (for (003) reflection: 2y ¼ 6.041) as
compared with that of NO3-LDHs (Fig. 2b, 2y ¼ 9.691),
indicating the intercalation of Cpl between the LDH layers
[2–5]. It can also be carefully seen that d003 of 1.462 nm and
d006 of 0.740 nm of Cpl-LDHs accord to the good multiple
relationship between the basal and second-order reflections
as d003 ¼ 2d006 of LDH compound.

The FT-IR spectra of Cpl and Cpl-LDHs with reference
to NO3-LDHs are shown in Fig. 3. The FT-IR spectrum of
Cpl as reference in Fig. 3a can be attributed as follows [31]:
(1) 2980–2880 cm�1 to C–H stretching vibration; (2)
2566 cm�1 to S–H stretching vibration; (3) 1748 cm�1 to
the COOH group and (4) 878 cm�1 to CH2 rocking. For
Cpl-LDHs (Fig. 3b), indicatives of Cpl intercalated in
LDHs interlayer space are clearly observed. The broad
absorption bands at ca. 3400 cm�1 arise from the stretching
mode of OH groups in the brucite-like layer and
physisorbed water. The bands in the range of
2980–2880 cm�1 are attributed to C–H stretching vibration
of intercalated Cpl anions, quite similar to that of Cpl
(Fig. 3a). However, the band at 1748 cm�1 due to the
COOH group disappears, while the two bands at ca. 1589
and 1402 cm�1 due to the anti-symmetric and symmetric
stretching vibrations of –CO2

� appear and shift to lower
wavenumber, compared to free –CO2

� in Cpl [31], indicat-
ing that the intercalation of Cpl in the interlayer space
involves hydrogen bonding, besides the obvious electro-
static attraction between the electropositive cations in layer
and organic anions in interlayer. And generally, the band
at ca. 552 cm�1 is attributed to M–O and M–O–H
stretching vibrations of Cpl-LDHs, which locates at ca.
20 cm�1 smaller than that of NO3-LDHs (Fig. 3c,
572 cm�1), also confirming the existence of host–guest
interaction between the interlayer Cpl anions and hydroxyl
groups of LDH layers. While, the deformation band of
interlayer water is likely to be overlapped by the broad
band of anti-symmetric stretching vibrations of –CO2

�. In
addition, the band in 2600–2500 cm�1 due to n(S–H)
disappears (Fig. 3b), which is associated with the dissocia-
tion of S–H group of Cpl at the synthesis pH.
The Raman spectrum of Cpl-LDHs shown in Fig. 4 gives

further evidence. Cpl in alkaline aqueous solution may
undergo oxidative degradation at its thiol function to yield
Cpl disulphide [31]. In fact, the n(S–H) band at �2570 cm�1
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Fig. 2. The XRD patterns for Cpl-LDHs (a) and NO3-LDHs (b).
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disappears in Fig. 4, whereas two new bands are visible
in the 715–500 cm�1 range; the vibrations at 510 and
711 cm�1 can be assigned to n(S–S) and n(C–S), respectively
[32], suggesting that the Cpl is more likely to form
disulphide metabolites with S–S bond in interlayer. As
for this point, Kok et al. [33] suggest that Cpl undergoes
rapid oxidation to disulphide both in vitro and in vivo, like
other thiols, and the disulphide metabolites can be reduced
intracellularly to the free thiol and as such these can act as
a reservoir for free Cpl. Therefore, it can be envisaged that
Cpl intercalated in Mg–Al-LDH interlayer domain as
disulphide form can also be a tunable promising reservoir
for free thiol form Cpl.
Given the thickness of 0.48 nm for Mg–Al-layer [6], the

interlayer spacing of Cpl-LDHs is estimated as 0.982 nm,
which is 0.456 nm larger than the molecular size of Cpl
(0.526 nm in Fig. 1(b)), but close to that of Cpl disulphide
metabolites, implying a vertical orientation of Cpl dis-
ulphide between the layers, that is, with the carboxylate
anions to both hydroxide layers with hydrogen bond.
A schematic supramolecular structure of Cpl-LDHs is
tentatively proposed and presented in Fig. 5.
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The morphology of Cpl-LDHs revealed by SEM is
shown in Fig. 6. It presents compact and non-porous
structure with approximately and linked ellipse-like shape
particles of ca. 50 nm. Some agglomerates are also
observed due to the modification of LDHs surface by
organic compound intercalation [2,19].

On the basis of ICP, CHN and UV–Vis analyses,
a formula of Cpl-LDHs is derived as [Mg0.67Al0.33
(OH)2]

0.33+ ([C9H13NO3S–SNO3C9H13]
2�)0.065 (CO3

2�)0.027 �
0.53H2O, where small amount of CO3

2� between the layers
is probably due to difficulty in completely avoiding
contamination from air. As shown in Table 1, the
calculated values are in good agreement with the experi-
mental data. Moreover, the UV–Vis measurement gives
quite similar Cpl loading in Cpl-LDHs to that from ICP
measurement.
3.3. Thermal stability

As one of the most important physical–chemical proper-
ties of organic–inorganic LDH compound, the thermal
stability of Cpl-LDHs is studied initially. The TG-DTA
profiles of Cpl and Cpl-LDHs are depicted in Fig. 7. In the
case of pure Cpl (Fig. 7a), three main thermal events are
clearly observed. The decomposition of Cpl proceeds with
turbulence formation, involving processes of product
vaporization [34]. The first slow event in the temperature
region 90–120 1C is attributed to the Cpl melting, which
corresponds to a sharp endothermic peak at ca. 108 1C; and
the followed stage (200–400 1C) is due to the decomposition
and subtle combustion of Cpl, which corresponds to a
weak endothermic peak at ca. 267 1C and a small radiative
one at ca. 302 1C. The last stage (400–600 1C) is due to the
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Fig. 6. The SEM image of Cpl-LDHs.

Table 1

Chemical compositions of Cpl-LDHs

Mg% Al% S% C% H% N% Cpl loading %

Determined 16.25a 8.89a 4.50a 12.90b 4.77b 1.72b 31.11a (30.23c)

Calculated 16.25 8.91 4.34 14.98 4.84 1.88 29.44

aBased on ICP analysis.
bBased on CHN elemental analysis.
cBased on UV–Vis measurement.
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strong combustion of Cpl, corresponding to a sharp
exothermic peak at ca. 487 1C.

However, the TG-DTA curves of Cpl-LDHs (Fig. 7b)
reveal five distinguishable weight loss steps. The first and
second steps between 50 and 180 1C are attributed to the
removal of surface physisorbed water molecules and
intercalated structure water, respectively. Correspondingly,
the DTA curve shows two endothermic peaks at ca. 91 and
150 1C. The followed mass loss (180–300 1C) corresponds
to a broad DTA effect between 180 and 250 1C and is due
to the removal of residual intercalated water and trace
dehydroxylation of the LDH layer. The mass loss in
300–500 1C corresponds to a broad radiative peak at ca.
318 1C, and is mainly attributed to the dehydroxylation of
the LDH layer accompanying with the formation of
layered double oxide [27,35] and the partial decomposi-
tion/combustion of intercalated Cpl disulphide under air
atmosphere. It should be noticed that this temperature
region is obviously higher than that of the pure free Cpl,
suggesting that the thermal stability of organic Cpl species
in Cpl-LDHs are clearly enhanced due to the host–guest
interaction involving the hydrogen bond demonstrated
previously by IR analysis. The last weak but distinguish-
able mass loss (500–600 1C) corresponds to a sharp
exothermic peak at ca. 556 1C, and can be attributed to
the major decomposition/combustion of intercalated Cpl
disulphide. Moreover, from TG curve, the mass loss in
300–600 1C of Cpl-LDHs (38.3%), which is much more
than UV-measured Cpl loading and elemental analysis
(30.23% and 29.44% in Table 1), is inferred. This is
because the dehydroxylation of LDH layer was incorpo-
rated in this temperature region. Compared to the melting/
vaporization and decomposition temperature of pure Cpl,
the thermal stability of Cpl is greatly improved after
intercalation between the LDH layers, implying that
Mg–Al-LDHs can be used as an alternative inorganic
matrix for storing organic drug molecules.

3.4. In vitro drug release of Cpl-LDHs

The in vitro release properties of the drug have been
investigated by adding the intercalation compound to
samples of simulated gastrointestinal and intestinal fluid.
Fig. 8 shows the release profiles of Cpl-LDHs in solutions
at pH 7.45 and 4.60, respectively. The release behaviour at
pH 4.60 is very fast during the first 1min, which can be
attributed to the partial dissolution of LDH layer at weak
acidic solutions [3,19]. Thereafter a slower release step
characterized as released percentage of ca. 66.7%, 85.1%
and 94.2% after 1, 10 and 140min, respectively, occurred
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however. This followed slow release step may be due to an
ion-exchange process between the intercalated anions in
interlayer and phosphate anions in the buffer [19,20,26]. At
pH 7.45, the release of Cpl-LDHs is a slow and persistent
process, and ca. 12.8%, 47.4% and 92.4% of released
percentage is obtained after 1, 10 and 140min, respectively.
It is worth noticing that there is no burst phenomenon
happened at the beginning of release test. This slow and
sustained release process may also be interpreted on the
basis of the ion-exchange process between the intercalated
anions and phosphate anions in the buffer [19,20,26]. On
the basis of the release profiles at pH 4.60 and 7.45, it is
found that the equilibrium percentage of Cpl released is not
up to 100%. This is probably due to the characteristic of
ion-exchange reaction [5,36,37], i.e. this is an equilibrium
process and the interlayer anions cannot be exchanged
completely, but the released organic species was removed
or consumed continuously.
The drug release based on drug–LDHs system could be
controlled either by dissolution of LDH particles [19,20], or
by diffusion through the LDH particle [20]. According to
literature [38,20], when the drug release fraction is slower
than 0.85, Bhaskar equation shown in Eq. (1) can be used
to evaluate whether the diffusion through the particle is the
rate-limiting step. Thus, the release profiles were fitted by
Bhaskar equation, together with the first-order equation (in
Eq. (2)), which is normally used to describe the dissolution
phenomena

� logð1� X Þ�t0:65, (1)

� logð1� X Þ�t, (2)

where X and t are the release percentage and release time,
respectively.
The fitting results are shown in Fig. 9. At pH 4.60,

the release of Cpl-LDHs did not follow both equations
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Fig. 10. The XRD (a) and FT-IR (b) patterns for samples reclaimed from the buffer solution at different pH values (� indicates the Al(OH)3 phase).
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very well. This phenomenon can be explained by the
possibility that the drug release is a co-effect behaviour,
including dissolution of nanocomposites and ion-exchange
between the intercalated anions in the lamella host and the
phosphate anions in the buffer solution. In the case of the
Bhaskar model linearity was obtained (r ¼ 0.9738), com-
pared with that of first-order model (r ¼ 0.9559). We can
suppose that the ion-exchange process is the main effect in
the co-effect. The same kinetic models applied to release
data at pH 7.45 were also considered. Fig. 9 shows the
plots according to the first-order and Bhaskar equations
with linear regression coefficients of 0.9891 and 0.9908,
respectively. In this case, as in the previous one, the
diffusion through the particle is the limiting step of the
drug release. The fitting data primarily follow the experi-
mental results.

In order to gain insight into the release mechanism of the
present drug–LDH system, we subsequently reclaimed the
resulting samples from the aqueous solutions after release
test and submitted to XRD, FT-IR and ICP analysis. The
XRD patterns for the reclaimed samples from pH 4.60 and
7.45 solutions are shown in Fig. 10a. Four sharp and
symmetric lines in XRD patterns correspond to diffraction
by planes (003), (006), (009) and (110), demonstrating the
formation of a well-defined Mg–Al-LDH [6]. While
comparing with Cpl-LDHs, the nanohybrid phase of Cpl-
LDHs experienced a reduction in d003 value from 1.462 to
1.070 nm, which is quite similar to the d003 value of
phosphate-containing LDHs [39], at both pH 4.60 and
7.45. This suggests that the ion-exchange between the
intercalated anions and phosphate anions in the buffer
may occur during the release process. The FT-IR analyses
(Fig. 10b) show the broad band at ca. 1090 cm�1 due to the
modes of d(P–OH) and n4(P–O), 847 cm�1 to n1(P–O) and
780 cm�1 to n4(P–O) [39,40], while the bands observed for
Cpl-LDHs disappear. These findings are in good agree-
ment with the XRD analyses. Furthermore, the ICP
analysis of both reclaimed samples show that �85%
intercalated Cpl were released at the end of release test.
While the content of Mg and Al decreases from 16.25%
and 8.89% of initial Cpl-LDHs to 14.69% and 8.59% for
pH 7.45 reclaimed sample, and to 12.74% and 8.59% for
pH 4.60 one. Consequently, the Mg/Al ratio before and
after release decreases from 2.06 to 1.93 (pH 7.45) and 1.52
(pH 4.60), indicating the occurrence of ion-exchange
reaction and partial dissolution of LDH layer at weak
acidic medium. Also, the partial dissolution of LDH layer
at weak acidic medium, especially a little larger amount of
Mg than Al dissolved during release process, probably
result in the formation of Al(OH)3 phase, consistent to the
XRD analysis (� in Fig. 10a).
Based on above analyses, it is conceived that the

sequence of events at pH 4.60 involves the rapid release
of intercalated organic anions resulting from the dissolu-
tion of the LDH layer and the slow release step by ion
exchange between the intercalated anions and phosphate
anions in the buffer. However, the sequence of events at pH
7.45 involves only the ion-exchange process between the
intercalated anions and phosphate anions in buffer.

4. Conclusions

Cpl-intercalated Mg–Al-LDHs with Mg/Al ratio of 2.06
as drug-inorganic composite has been successfully as-
sembled by coprecipitation technique. The larger interlayer
spacing of 0.982 nm for Cpl-LDHs determined by XRD
analysis than the molecular size of Cpl (0.526 nm), together
with FT-IR and Raman spectra analyses, suggest a vertical
arrangement of Cpl disulphide-containing S–S bond
between the layers with carboxylate anions to both
hydroxide layers. The SEM analysis reveals the compact
and non-porous structure of Cpl-LDHs composite with
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approximately and linked elliptical particles of ca. 50 nm.
The TG-DTA analysis demonstrates the obviously im-
proved thermal stability of intercalated organic species
after intercalating into LDH interlayer due to the
host–guest interaction. The in vitro release studies of Cpl-
LDHs show that both the release rate and release
percentages are markedly decreased with increasing med-
ium pH value. At pH 4.60, the release mechanisms
involving dissolution at the beginning of release test
followed by an ion-exchange mechanism result in a slower
release rate of Cpl-LDHs after the first 1min burst. At pH
7.45, the slower and persistent release process can be
interpreted on the basis of the ion-exchange process
between the intercalated organic anions and phosphate
anions in buffer only. The present study may offer broad
perspectives in utilizing Mg–Al-LDHs as an alternative
biocompatible inorganic matrix for a feasible drug
reservoir or a drug delivery carrier.
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