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Highly oriented nanoplates of layered double hydroxides as an ultra slow

release systemw
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A novel controlled molecular release based on highly oriented

nanoplates of layered double hydroxide was fabricated on

indium tin oxide substrates by electrophoretic deposition of

exfoliated LDH nanosheets. The LDH particle coating exhibited

a superior release performance of the order of hours.

Controlled release of specific molecules has attracted consider-

able attention in pharmaceutical industries during the past

several decades, since it leads to the use of smaller amounts

of drugs and minimizes fluctuation in drug concentration,

maintaining therapeutic activities throughout the treatment.1

Ideal drug carriers have a high storage capacity, biological

compatibility and a prolonged released time to achieve the

desired pharmaceutical response at a specific site without

harmful effects. Polymer based drug carriers2 are usually

applied in controlled release systems, but some inorganic

layered materials that can accommodate polar organic or bio-

molecules between their layers have also been studied for

delivering host materials, because of their easy absorption and

controllable drug release.3 Recently, layered double hydroxides

(LDHs) have received more attention as an emerging delivery

host in the pharmaceutical field due to their high biological

compatibility and unique host–guest structures, enabling control

of drug release depending on variation in pH.4

The LDHs are excellent anion-exchanging materials, having

positively charged metal hydroxide layers and diverse charge-

balancing anions.5 The chemical composition of LDHs can be

represented by the general formula [M2+
(1�x)M

3+
x(OH)2]A

n�
x/n�

mH2O, where M2+ and M3+ can be any divalent and trivalent

metal cations occupying the octahedral holes of the brucite-

like layer andAn� is any hydrated exchangeable anion positioned

in the gallery between the layers through a strong electrostatic

and intermolecular interaction. Owing to a wide range of

possible compositions and an extensive intercalation chemistry,

LDH materials have been applied in catalysts,6 separation

science,7 and especially in drug delivery systems.4 The release

of anions strongly relies on the physical and chemical properties

of the LDH hosts, such as surface potentials in the various

compositions of the LDH layers, crystalline sizes and inter-

particle interactions. However, most guest molecules are

released from the LDH gallery within a few minutes, due to

the large crystalline edge-to-volume ratio of the LDH particles

(Fig. 1a). Therefore, it is practically impossible to obtain a

sustained release from powdery LDHs by changing their

charge density without supplementary coating on the LDH

particle surface. When LDH host layers are stacked side-by-

side in the form of a multilayer (Fig. 1b), it can give a long

pathway for the release of guest molecules and be a very slow

release system with a constant molecular diffusion rate.

In this study, we have suggested a novel controlled release

system exhibiting an ultra-slow out-diffusion on the basis of an

assembled structure with a maximum face-to-face contact of

plate-like two dimensional nanosheets of exfoliated LDHs

being used for encapsulation of the guest molecules. The exfoliated

LDH nanosheets8 have 1–2 nanometer thick unilamellar

crystallinity and extremely high surface charge density.9 Here,

we synthesized the LDH thin film by electrophoretic deposition

(EPD) of the exfoliated LDH nanosheets in the form of a

closed packed structure with a high crystallographic orienta-

tion as schematized in Fig. 1b.z The LDH thin film exhibited

superior performance in prolonged release time in comparison

with the powdery LDHs. In order for an in situ observation of

Fig. 1 Synthesis and proposed release mechanisms for (a) F-LDH

nanocrystals and (b) orientated film of F-LDH–AQS.
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the anion release to be practical, we incorporated fluorescein

dyes as an indicator into the interlayer spaces of LDHs during

the assembly process, since fluorescein exhibits characteristic

photoluminescence with a large absorption coefficient and a

high quantum yield.10

The exfoliated LDH nanosheets were prepared from the

LDHs intercalated with anthraquinone-2-sulfonate anion

(AQS) which has an antiparallel arrangement11 providing a

fast exfoliation of LDH host layers by ultrasound treatment.8d

The X-ray diffraction (XRD) pattern (Fig. S1w) of the

LDH–AQS nanocrystals indicated the characteristic reflections

of a well crystallized LDH structure with a series of basal and

higher order (00l) reflections. The transmission electron micro-

scope (TEM) image (Fig. S2w) clearly shows the exfoliated

LDH nanosheet maintaining its plate-like structure, with a

diameter of a few hundred nm. The LDH thin films were

fabricated from the colloidal LDH–AQS nanosheet solution

using the EPD method12 under an applied voltage of 1.3 B
1.5 V for 1 h. The LDH layers were assembled onto the indium

tin oxide (ITO) substrates and a fluorescein sodium salt was

reacted with the LDH–AQS nanosheets, leaving a brown

LDH film on the ITO. The thin film of fluorescein co-inter-

calated LDH–AQS (F-LDH–AQS) showed a broad reflection

and low intensities around 4.41/2y and 9.01/2y (FWHM B
1.71/2y) compared with the LDH–AQS film (peak at 9.01/2y,
FWHMB0.81/2y), which might be ascribed to the co-

incorporation of fluorescein dyes in the F-LDH–AQS film.

The absence of a (101) peak in both the LDH–AQS and

F-LDH–AQS films indicates the crystallographic orientation

of the LDH layers perpendicular to the substrate planes

(Fig. S1w). A characteristic band shift and a reduced intensity

for S–O asymmetric stretching mode in FT-IR spectrum

(Fig. S3bw) supports the intercalation of the AQS into the

hydroxide layers in the LDH–AQS film. Two dominant peaks

(Fig. S3cw) at 1730 and 1376 cm�1 indicate the characteristic

bands for the cyclic ester in fluorescein dyes, which also

supports the co-intercalation of the dyes in the F-LDH–AQS

film. These results strongly suggest that the LDH nanosheets

were successfully assembled parallel to the substrate plane and

that the LDH films consisted of stacked LDH nanosheets with the

interlayer space being filled with AQS and/or fluorescein dyes.

Fig. 2 collects scanning electron microscope (SEM) images

of the F-LDH–AQS thin films. The top views show continuous

and smooth surfaces of the LDH layers deposited on the ITO

substrate. Interestingly, the cross sectional views clearly demon-

strate that the side-by-side LDH nanosheets were densely

packed on the ITO substrate with a layer-by-layer structure

in good accordance with the XRD results in Fig. S1.w The

thickness of the F-LDH–AQS films was 500 nm and 1 mm for

applied voltages of 1.3 and 1.5 V, respectively. The applied

voltage of 1.3 V gave dense LDH layers and clear surface-

edges in comparison with the case of an applied voltage of

1.5 V. The results indicate that the EPD process was more

efficient in forming the dense LDH layers that could effectively

block the molecular out-diffusion than the conventional layer-

by-layer technique using solution dipping.13 More impor-

tantly, both the interlayer stacking density and the c-axis

oriented crystallinity of the LDH layers were controllable by

changing the applied voltages of the EPD process.

We measured the fluorescein release from the F-LDH–AQS

layers under the condition of a 0.1 M phosphate buffer

(PB, pH 7.0). The photoluminescence was recorded with

emission spectra at 520 nm, the maximum fluorescence wave-

length of the fluorescein dyes. To compare the anionic release

rates, crystalline LDHs intercalated with fluorescein dyes

(F-LDH nanocrystal) and the aggregate form of LDHs inter-

calated with fluorescein dyes (F-LDH aggregate) were applied

to the release experiments under the same conditions

(see experimental details). The F-LDH–AQS layers held the

substrate in the buffer solution (Fig. 3c), and showed no

significant photoemission (Fig. 3d-3).

Fig. 4 shows the fluorescein release profile plots for the

de-intercalation of fluorescein anions from the F-LDH aggregate,

the F-LDH nanocrystal and the F-LDH–AQS film, respectively.

The oriented LDH film showed much longer release times than

both the F-LDH aggregate and the nanocrystal. In the aggre-

gate and nanocrystal samples, over 90% of the fluorescein

anions were released into the solution within one minute,

resulting from fast diffusion of the guest species due to the

large entering surface of the powdery LDHs. Surprisingly, the

oriented LDH film showed the sustained release of the fluor-

escein dyes of the order of hours with a constant release rate.

This long-period release of the fluorescein dyes was domi-

nantly ascribed to the densely packed layer-by-layer structure

of the LDH films, where the micrometer-scaled crystalline

edges of the LDH nanosheets were tightly covered by other

Fig. 2 SEM images of F-LDH–AQS films on an ITO substrate. Top

view (a), tilted view (b) and cross sectional views (c and d) of the

F-LDH–AQS films. Applied voltages were 1.3 V for sample (c) and

1.5 V for sample (d), respectively.

Fig. 3 Photographs of (a) LDH–AQS film, (b) F-LDH–AQS film,

(c) F-LDH–AQS film obtained by immersing the sample (b) into PB

for 12 h, and (d) photoemissions from PB solutions of (d-1) F-LDH

aggregates, (d-2) F-LDH nanocrystals, (d-3) F-LDH–AQS film.
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nanosheets through a strong electrostatic attraction. This

structure eventually gave a long pathway and a slow diffusion

rate of guest molecules being released during the host–guest

reactions. Therefore, the results suggest that the desired diffusion

rate of guest molecules can be obtained by modifying the

diameters of the LDH nanoplates, similar to polymeric host

materials where the slow diffusion of drugs strongly relies on a

highly cross-linked network of the polymer matrices.14

In conclusion, orientated LDH thin films for a sustained

molecular release system have been fabricated by an electro-

phoretic deposition of exfoliated LDH nanosheets. The release

profiles of the fluorescein dye demonstrated that the orientated

LDH thin film provided an ultra-slow release performance of

the order of hours having a constant release rate compared

with those of powdery LDHs. We produced the synthetic

strategy for the fabrication of LDH based designed delivery

systems. The diffusion characteristics of guest molecules can

be further improved by changing the stacking densities of the

LDH layers using the applied voltages in the EPD process, but

also by adopting the variable plate sizes of the LDH host

layers which can provide a desired diffusion path length.
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New and Renewable Energies Program of Korea Institute of

Energy Technology Evaluation and Planning (KETEP) (2011-

0546000), and Centre for Human Interface Nano Technology

(HINT) (2011-0142001).
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z Experimental details. Exfoliation of LDH–AQS: LDH–AQS (10 mg)
was mixed with 10 mL formamide in a vial. The mixture was
ultrasonically treated for 10 min, yielding a transparent suspension.
To remove possible unexfoliated particles, the resulting suspension
was treated by centrifugation at 5000 rpm for 10 min. No sedimenta-
tion was observed when the suspension was left standing for a month
at 4 1C.

Preparation of F-LDH nanocrystal and aggregate: The carbonate
form of MgAl–LDH powder (Mg :Al = 2 : 1) was synthesized by the
coprecipitation method,15 then hydrothermally treated to improve its
crystallinity.16 Subsequently, the LDH crystals were converted into a

nitrate by anion exchange in a salt–acetate buffer treatment,17 and
dried under 10�2 Torr for 24 h. For F-LDH nanocrystals, the dried
LDH-nitrate sample was reacted with 0.5 M of fluorescein sodium salt
at 60 1C for 12 h under Ar gas, then washed with degassed water by
filtration. The F-LDH aggregate was prepared by mixing 10 mg of the
fluorescein sodium salt in 20 mL of the colloidal LDH–AQS nanosheet
solution with 5 mL degassed water. The precipitate was brown and
remained a clear solution, meaning that most of the fluorescein dye
was attached to the LDH nanosheets. The sample was collected by
filtration. (ESI,w Fig. S4).

Fabrication of orientated LDH thin films: The substrates of ITO
were first cleaned by immersing them in deionized water in an
ultrasonic bath for 30 min, then purged with nitrogen gas. A 0.05 M
solution of tetraethylammonium bromide was used as the electrolyte
and a formamide was used as the dispersion medium. The solution was
stirred for 5 h and centrifuged at 3000 rpm to remove precipitates.
10 mg fluorescein sodium salt was added into 20 mL exfoliated
LDH–AQS solution to prepare the F-LDH–AQS films. The electro-
phoretic depositions were carried out on a conventional three-
electrode cell by using a potentiostat/galvanostat (Zahner, IM6) with
a Pt plate counter electrode, a saturated Ag–AgCl reference electrode
and an ITO substrate as a working electrode. The working and
counter electrodes were placed parallel to each other with a separation
of 1 cm.
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