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Recently there has been considerable interest in the nanohybrids
which often exhibit extraordinarily high synergetic and comple-
mentary behavior between two component materials.1,2 In par-
ticular, the combination of two-dimensional layered materials and
intercalation technique offers new areas for developing new
hybrids with desired functionality.3 One of the layered materials,
the layered double hydroxides (LDHs), also called “anionic clays”,
have received considerable attention due to their technological
importance in catalysis, separation technology, optics, medical
science, and nanocomposite materials engineering. LDHs consist
of positively charged metal hydroxide layers, in which the anions
(along with water) are stabilized in order to compensate the
positive layer charges. Various kinds of inorganic or organic
anions have been introduced between the hydroxide layers by
simple ion-exchange reaction or coprecipitation.4-7 In the present
study, we attempted, for the first time, to synthesize novel LDH
nanohybrids intercalated with biomolecular anions. Since the
nucleoside monophosphates and deoxyribonucleic acid (DNA)
are negatively charged,8 they can also be incorporated between
the hydroxide layers as the charge-compensating anion through
the ion-exchange route. The purpose of this study is not only to
prepare new bioinorganic nanohybrids but also to provide basic
data for developing new inorganic gene reservoirs or carriers.

First, the pristine Mg2Al(NO3)-LDH was prepared by copre-
cipitation under N2 atmosphere following the conventional route.
A mixed aqueous solution containing Mg2+ (0.024 M, from Mg-
(NO3)2) and Al3+ (0.012 M, from Al(NO3)3) was titrated dropwise
into a NaOH solution with vigorous stirring. During the titration,
the solution pH was adjusted to 10( 0.2, and the temperature
was controlled to 25°C. The resulting white precipitate was
collected by centrifugation and washed with deionized water
thoroughly.

The biomolecule-LDH hybrids were then prepared by ion-
exchanging the interlayer nitrate ions in the pristine LDH with
nucleoside monophosphates such as adenosine-5′-monophosphate
(AMP), guanosine-5′-monophosphate (GMP), and cytidine-5′-
monophosphate (CMP), and herring testis DNA (Sigma D-6898)
at pH ) 7. Prior to intercalation, the protein-free DNA was
extracted from the crude materials and then sheared off to the

size of 500-1000 base pairs as described in the literature.9 The
pristine LDH was dispersed in a deaerated aqueous solution
containing an excess of dissolved AMP, GMP, CMP, and DNA
and reacted for 48 h with a constant stirring. The reaction products
were then isolated and washed as described above. The stoichi-
ometry of each biomolecule-LDH hybrid was determined by
elemental analysis (CHN), thermogravimetry, and inductively
coupled plasma spectrometry (ICP) as shown in Table 1.

The X-ray diffraction patterns10 for the pristine LDH and its
biomolecule-LDH hybrids are shown in Figure 1A. The diffrac-

* To whom all correspondence should be addressed. FAX: 82-2-872-9864.
TEL: 82-2-880-6658. E-mail: jhchoy@plaza.snu.ac.kr.

(1) Ozin, G. A.AdV. Mater. 1992, 4, 612-649.
(2) (a) Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, T.J. Am. Chem. Soc.

1995, 117, 6117-6123. (b) Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, T.
Langmuir1996, 12, 3038-3044. (c) Costantino, U.; Casciola, M.; Pani, G.;
Jones, D. J.; Rozie`re, J.Solid State Ionics1997, 97, 261-267.

(3) (a) Choy, J. H.; Kwon, S. J.; Park, G. S.Science1998, 280, 1589-
1592. (b) Choy, J. H.; Park, N. G.; Hwang, S. J.; Kim, D. H.; Hur, N. H.J.
Am. Chem. Soc.1994, 116, 11564-11565.

(4) Cavani, F.; Trifiro, F.; Vaccari, A.Catal. Today1991, 11, 173-301.
(5) Meyn, M.; Beneke, K.; Lagaly, G.Inorg. Chem.1993, 32, 1209-1215.
(6) Constantino, V. R. L.; Pinnavaia, T. J.Inorg. Chem. 1995, 34, 883-

892.
(7) Choy, J. H.; Kwon, Y. M.; Song, S. W.; Chang, S. H.Bull. Korean

Chem. Soc.1997, 18, 450-453.
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Figure 1. (A) Powder X-ray diffraction patterns and (B) Infrared spectra
for (a) the pristine LDH, (b) CMP-LDH, (c) AMP-LDH, (d) GMP-
LDH, and (e) DNA-LDH.

Figure 2. Electrophoresis analyses for the DNA-LDH hybrids with
respect to pH. The pH of the solution dispersed with hybrid was adjusted
to 7.5, 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0, respectively, by adding 1 M HCl.
After 1 h incubation of mixtures at room temperature, each sample was
analyzed by 0.7% agarose gel electrophoresis and stained with ethidium
bromide. Lane 1,λ/HindIII cut DNA marker (descent to 23.1, 9.4, 6.5,
4.3, 2.3, 2.0 kbp); lane 2, 500 bp DNA marker; lane 3, DNA; and lane
4-10, DNA-LDH hybrids at pH 7.5, 6, 5, 4, 3, 2, and 1, respectively.

Table 1. Compositional Data for the Pristine LDH and
Biomolecule-LDH Hybridsa

sample chemical composition

pristine LDH Mg0.68Al 0.32(OH)2(NO3)0.32‚1.2H2O
AMP-LDH Mg0.66Al 0.34(OH)2(AMP)0.14(OH)0.20‚0.9H2O
CMP-LDH Mg0.66Al 0.34(OH)2(CMP)0.19(OH)0.14‚0.7H2O
GMP-LDH Mg0.66Al 0.34(OH)2(GMP)0.14(OH)0.20‚0.9H2O
DNA-LDH Mg0.66Al 0.34(OH)2(bp)0.17‚0.5H2O

a AMP, CMP, GMP:monoanion, bp () base pair of DNA):dianion.
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tion peak at 8.5 Å for the pristine LDH corresponds to the basal
spacing of NO3

- incorporated in hydroxide layers. Upon substi-
tuting NO3

- ions with biomolecules, the (00l) reflections shift to
lower angles, indicating that the hydroxide layers are further
expanded upon intercalation of bulky anionic biomolecules. In
addition, well ordered (00l) series imply that the anion-exchange
reaction occurs topotactically without any reconstruction of the
lamellar structure of the pristine hydroxide layers. Taking into
account the brucite-like LDH sheets (4.8 Å), the gallery heights
of biomolecule-LDH hybrids were estimated to be 9.7 Å (for
CMP), 12.1 Å (for AMP), and 13.6 Å (for GMP), which means
that the monophosphates tend to have a monolayer arrangement.
It is thought that the anionic substituents (phosphate groups) are
oriented toward the LDH layers to maximize the electrostatic
attraction as observed in organic-pillared LDHs and other
organoclays.11 An increase in the interlayer spacing (19.1 Å) of
the DNA-LDH complex corresponds to the thickness of the
intercalated DNA molecules when it adopts a helix oriented
parallel to the basal plane of LDH.8 Circular dichroism (CD)
technique12 is quite effective for probing the changes of the
secondary structure of DNA because the CD spectrum is very
sensitive to conformational variations of natural nucleic acid.
While the free herring testis DNA only exhibits a typical CD
curve of the B-form,13 the DNA-LDH hybrid shows a weakening
of longest wavelength CD band at∼275 nm. Such a collapse of
the CD band for this hybrid is very similar to that of DNA in a
salt solution with high concentration due to the efficient charge
neutralization of phosphate groups in DNA.14 It is therefore
concluded that the negative charge of DNA (particularly that of
the phosphate backbone) is compensated for by the positive
surface charge of LDH forming the DNA-LDH hybrid through
electrostatic interaction.

Figure 1B shows the infrared spectra15 for biomolecule-LDH
hybrids. All of the characteristic bands, corresponding to bio-
molecules, appear with the superimposition on those of LDH. At
first, the absorption band at 1360 cm-1 due to the stretching
vibration of NO3

- in the pristine LDH completely disappears after
the ion-exchange reaction, suggesting that the interlayer NO3

-

ion is completely replaced by biomolecules. The absorption bands
at 1000-1100 cm-1 correspond to theν1,ν3 (P-O) modes of
PO3

2- group in biomolecules.16 When the bands are compared

with the spectra of native biomolecules, however, they are
relatively broad owing to the interaction between biomolecules
and hydroxide sheets. The other characteristic bands due to various
functional groups such as the aromatic CdC or CdN and the
conjugates CdO and-N-CdO in biomolecules are also clearly
observed as shown in Figure 1B.

According to the UV-vis17 absorption spectra, the intercalated
samples exhibit characteristic absorption bands in the range of
250-300 nm, which are attributed toπ f π* or n f π*
transitions in the cytosine, adenine, and guanine groups.18 Here,
the absorption maximums are almost identical with those of native
biomolecules. This strongly suggests that the biomolecules are
intercalated in the hydroxide layers and preserve their integrity.

It is worthy to note here that the biomolecules can be stored
within the LDH layers and, if necessary, recovered very easily
in an acidic condition. Such a unique feature of LDH can be
applicable as a reservoir of genes or other biomolecules. Thus,
we attempted to test the pH-evolving stability of DNA-LDH
hybrids by gel retardation experiments. The DNA-LDH hybrids
were treated with an acidic solution and fractionated by 0.7%
agarose gel electrophoresis (Figure 2). The DNA-LDH hybrids
did not move from the wells above pH) 3, while the LDH
segments of the hybrids were disintegrated below pH) 2 with a
release of DNA without any degradation. This indicates that
biomolecule-LDH hybrids are pH-sensitive and applicable to a
gene reservoir.

In summary, it has been clearly demonstrated, for the first time,
that the biomolecules such as CMP, AMP, GMP, and even DNA
could be hybridized with an inorganic layer compound like LDH,
giving rise to a heterostructured nanohybrid which consists of
one biomolecular layer and inorganic hydroxide layer alterna-
tively. Comparing XRD, CD, IR, and UV-vis spectra among
the present biomolecule-LDH hybrids and the chemically well-
defined biomolecules and LDH, it is concluded that the biomol-
ecules stabilized in the interlayer space of LDH retain their
chemical and biological integrity as schematically illustrated with
an example of DNA-LDH hybrid in Figure 3. And also, this
hybrid is pH-sensitive and able to be recovered in acidic
conditions without any degradation. Therefore, it is expected that
the inorganic LDH can be a good host lattice for a gene reservoir.
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Figure 3. The schematic illustration of DNA intercalated into LDH inorganic layer.
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